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1.1 Atherosclerosis

Atherosclerosis is a disease of the arterial blood vessels that is affecting a rapidly growing 
number of people worldwide. An increasing prevalence of obesity and diabetes in the 
Western world as well as in developing countries has now made ischaemic heart disease 
and cerebrovascular disease the main causes of death (Lopez et al., 2006). The formation of 
atherosclerotic plaques is characterized by the accumulation of oxidized lipids and cellular 
debris accompanied by a chronic, low-grade infl ammation and fi brosis of the vessel wall 
(Hansson, 2005). The disease process starts in early adolescence and spans decades without 
clinical symptoms, because lumen narrowing caused by the growing plaque is compensated 
largely by outward remodeling of the artery (Glagov et al., 1987). 

One of the earliest measurable events in atherogenesis is dysfunction of the vascular 
endothelium, the single cell-layered barrier between the blood and the vessel wall that 
in normal, healthy conditions keeps tight homeostatic control over vascular tone, blood 
coagulation, and vessel wall permeability. When this homeostatic balance is disturbed, 
the endothelium becomes dysfunctional as manifested by altered vasoreactivity, increased 
permeability to plasma lipoproteins and increased adhesiveness for mononuclear leukocytes. 
It is thought that lipid-containing low-density lipoprotein (LDL) particles enter the sub-
endothelial space, where they are subsequently modifi ed and oxidized by resident enzymes 
(Hansson, 2005). Oxidized lipids retained in the intima can further activate the overlying 
endothelial cells by inducing the expression of selectins and of other cell adhesion molecules 
resulting in recruitment of circulating leukocytes to the site. There clearly is a critical role for 
the immune system in the developing atherosclerotic plaque (Hansson and Libby, 2006). When 
monocytes are recruited to the fatty streak and extravasate into the intima, they differentiate 
into macrophages. Macrophages take up oxidized lipids through scavenger receptors, and 
eventually they become packed with lipid vesicles giving them a foamy appearance under a 
microscope, hence, the term ‘foam cells’ was coined for these macrophages. Moreover, the 
macrophages start secreting chemokines and cytokines, thereby enhancing the infl ammatory 
process in the plaque and recruiting more cells of the immune system, including T-cells. T-cells 
enter the vessel wall and are activated by antigens that are locally presented by macrophages 
and dendritic cells. In later stages of plaque development, activated smooth muscle cells 
enter the lesion and contribute to the formation of a fi brous cap by proliferating, migrating 
and excreting fi brotic material. Advanced stage lesions can become unstable when the fi brous 
cap is weakened by the degradation of the extracellular matrix by matrix metalloproteinases 
(MMPs) produced by macrophages. When such a vulnerable plaque ruptures, it becomes the 
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culprit lesion causing acute thrombotic events and the subsequent clinical manifestations of 
myocardial and cerebral ischemia and infarction. 

1.2 Infl ammatory signaling in endothelial cells and monocytes

Infl ammation is a key characteristic of atherosclerosis. In the early stages of plaque 
formation, activated endothelial cells express selectins and adhesion molecules that tether 
and arrest blood-borne monocytes, which subsequently transmigrate to the subendothelial 
space. Monocytes differentiate into macrophages which become activated by the local plaque 
environment and start to secrete infl ammatory cytokines and growth factors. These factors 
activate other macrophages, T-cells, endothelial cells and smooth muscle cells, thus amplifying 
the infl ammatory response. Endothelial cells contribute to the ongoing infl ammatory process 
by expressing even higher levels of adhesion molecules as well as chemokines that attract 
and induce growth of leukocytes. The effect of infl ammatory factors on signal transduction 
and gene expression has been extensively studied in multiple cell types and pathologies. 
Different kinds of receptors, including integrins, receptor tyrosine kinases and G-protein 
coupled receptors, transduce the extracellular signals through specifi c phosphorylation 
cascades, eventually resulting in activation of transcription factors. 

Mitogen-activated protein kinases (MAPK) are a family of Ser/Thr protein kinases widely 
conserved among eukaryotes and are organized hierarchically into three-tiered modules. 
MAPKs are phosphorylated and activated by MAPK-kinases (MAPKKs), which in turn are 
phosphorylated and activated by MAPKK-kinases (MAPKKKs). The MAPKKKs are in 
turn activated by interaction with the family of small GTPases and/or other protein kinases, 
connecting the MAPK module to cell surface receptors or external stimuli. At present, four 
major MAPKs have been discovered: ERK1/2, JNK, p38 and ERK5 (Figure 1) and each 
can activate an array of transcription factors like c-Jun, c-Fos, ATF2 and MEF2. Important 
mediators in other major signaling pathways include the transcription factors nuclear factor 
(NF)-κB (activated by infl ammatory cytokines and growth factors), STATs (activated by 
interferons, interleukins and growth factors) and SMADs (activated by the TGF-β receptor 
family). Potent induction of infl ammatory gene expression often depends on the actively 
promoted formation of a complex of transcription factors and co-activators, also called the 
enhanceosome. The proteins that constitute signal transduction pathways are usually not 
regulated at the expression level but are rather activated by post-translational modifi cations 
like phosphorylation that alter their conformational structure, which allows propagation or 
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termination of the signal. In contrast, regulators that fi ne-tune the signal transduction 
pathways, such as phosphatases or modulators of G-protein activity, are commonly regulated 
at the gene expression level. 

1.3 Hemodynamic forces and the focal nature of atherosclerosis

In large ongoing epidemiological studies like the Framingham Study, a clear connection 
has been established between atherosclerosis and classical risk factors such as 
hypercholesterolemia, hypertension, diabetes, smoking and obesity (Kannel et al., 1979; 
Wolf et al., 1988; Castelli et al., 1986; Doyle et al., 1964; Sundstrom et al., 2003; Kannel 
et al., 1967; Kannel et al., 1971). Moreover, it was recently reported that the top 3 risk 
factors contributing most to global mortality are high blood pressure, smoking and high 
cholesterol (Lopez et al., 2006). Despite the systemic nature of these risk factors, initial fatty 
streak formation clearly has an asymmetric, focal nature. These specifi c plaque locations 
correlate with bifurcations, branches and areas of great curvature in the vascular tree. The 
striking non-random distribution of plaques points toward hemodynamic forces as causal 
pathophysiological stimuli for atherogenesis (Gimbrone et al., 2000). 

The fl ow of a viscous fl uid like blood through a vessel generates hemodynamic forces in the 

Figure 1 - Mitogen activated protein kinase pathways. Pathway diagram reproduced courtesy of Cell Signaling 
Technology, Inc. (www.cellsignal.com).
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arterial vasculature. Especially endothelial cells, being the cellular layer in direct contact with 
the blood, experience wall shear stress, which is the tangential force derived by the friction of 
the fl owing blood on the endothelial surface. Uniform laminar blood fl ow primarily occurs 
in unbranched tubular arterial segments, giving rise to a pulsatile, unidirectional shear stress 
with a magnitude that varies between 15 to 70 dyne/cm2. In contrast, disturbed laminar 
blood fl ow occurs in the presence of geometric irregularities such as curvatures, branches, 
bifurcations (or upstream and downstream of stenoses) and these locations are typically 
associated with the earliest appearance of atherosclerotic lesions (Figure 2). Here, pulsatile 
disturbed laminar fl ow, involving regions of fl ow separation, recirculation, and reattachment, 
generates low and/or oscillatory shear stress (0 to 10 dyne/cm2). While low shear stress is 
still unidirectional, oscillatory shear stress is characterized by signifi cant changes in both 
direction and magnitude. It was recently shown in vivo that both low and oscillatory shear 
stress associate with atherosclerosis, but that plaque composition and phenotype differed 
signifi cantly between the two types (Cheng et al., 2006).

Figure 2 - Effects of shear stress on endothelial cells. Reprinted from Resnick et al., 2003 with permission from 
Elsevier. 
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1.4 Role of hemodynamic forces in blood vessel development and   
 arteriogenesis

It is hypothesized that the development of the embryonic vasculature, also called 
vasculogenesis, is regulated for an important part by hemodynamic forces. The appearance of 
a closed circulatory system is accompanied by a fi rst onset of shear stress on the endothelial 
cells and this key event is thought to drive vascular remodeling and maturation of the heart 
and blood vessels (Jones et al., 2004). In fact, shear stress is crucial for maintenance of 
mature blood vessels as cessation of fl ow causes regression of the vessel (Meeson et al. 
,1996). In addition, shear stress is also an important stimulus for remodeling of pre-existing 
arterioles (collaterals) in the adult vasculature, a process called arteriogenesis (Figure 2). 
When narrowing or occlusion of an artery occurs, blood supply to the downstream tissue 
can be restored through enlargement of the collaterals by active growth and proliferation 
of endothelial and smooth muscle cells (Schaper and Ito, 1996). In this process, increased 
collateral fl ow is the primary and strongest stimulator of collateral artery growth (Pipp et al., 
2004; Eitenmuller et al., 2006). 
 

1.5 Mechanosensing in endothelial cells

The individual endothelial cell as well as the endothelial layer can sense shear stress through a 
variety of mechanisms. Among the proposed sensory mechanisms located at or near the plasma 
membrane are G protein-coupled receptors (GPCR), receptor tyrosine kinases (RTK), the 
glycocalyx, cilia, caveolae, Ca2+ channels, integrins, focal adhesions, the actin cytoskeleton 
and intercellullar junctions (Davies, 1995; Chien, 2007). The sensory systems transduce the 
mechanical force into a chemical signal, propagated further into the cell by second messengers 
and ultimately leading to modulation of protein activity and gene expression (Figure 3). One 
of the earliest visible phenotypical changes is endothelial cell alignment in the direction of the 
fl ow (Davies et al., 1997). Alignment and general motility of endothelial cells is thought to be 
coordinately driven by members of the Rho family of small GTPases, including RhoA, CDC42 
and Rac. RhoA is responsible for the assembly of actin stress fi bres and focal adhesions, Rac 
regulates actin polymerization at the cell periphery to produce lamellipodia and membrane 
ruffl es, while CDC42 triggers fi lopodia formation (Hall and Nobes, 2000). 

1.6 Shear stress and oxidative stress in endothelial cells

Changes in shear stress magnitude and direction produce reactive oxygen species in endothelial 
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cells (Lehoux, 2006). The production of reactive oxygen species has several potential 
sources: NAD(P)H oxidases, xanthine oxidases, eNOS-uncoupling, the mitochondrial 
respiration chain, and cytochrome P450. The main ROS produced is the superoxide radical. 
The superoxide radical is transformed into hydrogen peroxide by superoxide dismutases or 
to peroxynitrite through interaction with nitric oxide produced by nitric oxide synthases. At 
low levels, ROS act as important mediators of signal transduction but too much oxidative 
stress can be detrimental to the cell. To protect cells from oxidative stress, a cellular system of 
anti-oxidant enzymes has evolved. Many of these enzymes are regulated through a common 
transcription factor binding site in their promoters, the anti-oxidant response element (ARE). 
The DNA sequence of the ARE is bound by heterodimers of the nuclear factor erythroid 
2-like 2 (Nrf2) and small MAF proteins in response to oxidative or electrophilic stimuli. It 
was recently demonstrated that shear stress activates Nrf2 and induces ARE-dependent gene 
expression (Chen et al., 2003; Hosoya et al., 2005; Jones et al., 2007).

1.7 Endothelial signaling and gene expression modulated by    
 atherosclerosis and shear stress

Expression profi ling of porcine aortic endothelial cells at sites predisposed to or protected 
from atherosclerosis (thus chronically exposed to laminar or disturbed fl ow) showed specifi c 
expression of pro-infl ammatory and anti-oxidant transcripts in predisposed regions (Passerini 
et al., 2004). In comparable studies in mice, Hajra and co-workers found that the NF-κB 
signal transduction pathway in aortic endothelial cells is primed for activation in regions 
predisposed to atherosclerotic lesion formation and that LPS treatment in the C57BL/6 

Figure 3 - Shear stress sensory mechanisms. Adapted from Chien, 2007; used with permission.
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mice or hypercholesterolemia in LDLR-/- mice caused activation of NF-κB and expression 
of its target genes specifi cally in the regions with a high probability for the formation of 
atherosclerotic plaques (Hajra et al., 2000). Multiple studies identifi ed large panels of genes 
that are regulated by shear stress, with different signaling pathways involved. There is a 
marked temporal pattern in shear stress-mediated signal transduction and subsequent gene 
expression, probably refl ecting a specifi c sequence of activation (Chien and Shyy, 1998). It 
was shown that the shear-induced activation of the MAP kinases ERK and JNK, as well as 
the mRNA expression of their transcriptional targets (c-Fos and MCP-1), was transient and 
eventually decreased to levels below those of static controls after several hours (Figure 4). 

Several groups have studied the transcriptional response of endothelial cells to different 
magnitudes and time periods of shear stress using microarray gene expression profi ling. After 
1 hour, a clear induction of immediate early genes like Egr1 and c-Fos could be observed 
(Peters et al., 2002). The expression of these immediate early genes might be part of a general 
cellular response to stress, since these genes are rapidly induced in various cell types by 
cytokines and growth factors (Murphy and Blenis, 2006), serum stimulation (Chai et al., 
2002), mechanical stretch (Yamazaki et al., 1995) and ionizing radiation (Weichselbaum 
et al., 1994). Moreover, it was postulated that co-expressed genes in temporally defi ned 
clusters have similar functions, for instance in the feedback regulation of growth factor 

Figure 4 - Temporal effects of shear stress. Adapted from Chien, 2007; used with permission.
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signaling (Amit et al., 2007). After 6 to 24 hours of shear stress, several genes related to 
infl ammation and EC proliferation were downregulated, whereas genes involved in EC 
survival, the antioxidant response and vascular remodeling were upregulated (Chen et al., 
2001; McCormick et al., 2001; Wasserman et al., 2002). Prolonged shear stress for more than 
24 hours most specifi cally upregulated the transcription factor Krüppel-like factor 2 (KLF2) 
in endothelial cells, when compared to other stimuli (Dekker et al., 2002). The latter study 
also demonstrated endothelial expression of KLF2 mRNA in human arteries exclusively at 
sites that are exposed to an atheroprotective laminar blood fl ow. 

1.8 Relation between shear stress and the transcription factor KLF2

KLF2 is induced by shear stress through sequential activation of MEK5, ERK5 and ultimately 
MEF2C, which binds the MEF transcription factor binding site in the KLF2 promoter 
(Garin and Berk, 2006). Homozygous KLF2 null mice die between embryonic day E11.5 
and E14.5 (Kuo et al., 1997; Wani et al., 1998; Lee et al., 2006), showing signs of severe 
abnormalities in blood vessel and cardiac development. Highly similar phenotypes are seen 
with targeted homozygotic deletion of kinases in the signal transduction cascade leading to 
KLF2 expression: MEKK3 (Yang et al., 2000), MEK5 (Wang et al., 2005), ERK5 (Regan 
et al., 2002) and MEF2C null mice (Lin et al., 1998) all die between embryonic day 9.5 and 
11. Moreover, global as well as endothelial specifi c ablation of ERK5 in adult mice led to 
lethality within 2-4 weeks as a result of perturbed vascular integrity, with signs of irregular 
alignment and apoptosis of endothelial cells in the blood vessels (Hayashi et al., 2006). In 
recent years, the crucial role of KLF2 in endothelial biology has been underlined by a myriad 
of studies employing tools to induce or repress KLF2 expression. These reports demonstrated 
that KLF2 inhibits infl ammation, angiogenesis and migration, it regulates vascular tone and 
endothelial thrombotic function and it promotes cell survival and quiescence (SenBanerjee 
et al., 2004; Bhattacharya et al., 2005; Lin et al., 2005; Dekker et al., 2005; Dekker et al., 
2006). 

KLF2 was also shown to be induced by HMG-CoA reductase inhibitors, the statins. Next 
to lowering LDL-cholesterol levels, there is clinical evidence that statins induce anti-
infl ammatory and vasculoprotective effects, independent from LDL-cholesterol-lowering 
(Greenwood and Mason, 2007). By inhibiting HMG-CoA reductase, statins not only block 
cholesterol biosynthesis, but also the formation of isoprenoid intermediates, farnesyl- 
and geranylgeranyl-pyrophosphate (Figure 5). Farnesyl and geranylgeranyl are critical 
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lipid attachments for proper translocation and activity of the Ras and Rho family of small 
GTPases. The induction of KLF2 by statins was shown to be dependent on the inhibition of 
geranylgeranyled small GTPases, including RhoA, Rac1 and Cdc42, rather than farnesylated 
GTPases like Ras (Senbanerjee et al., 2005, Parmar et al., 2005). The statin-mediated inhibition 
of the Rho pathway and subsequent induction of KLF2 in endothelial cells could very well 
explain the cholesterol-independent anti-infl ammatory and vasculoprotective effects of HMG-
CoA reductase inhibitors. Interestingly, several bacterial species can modulate activation 
of the host immune system by producing exotoxin C3 which inhibits RhoA activation and 
induces expression of KLF2 in endothelial cells, thereby dampening NF-kappaB activation 
and expression of infl ammatory cytokines (SenBanerjee et al., 2005; O’Grady et al., 2007). 

Modulating activity of other components of the Rho pathway has proven fertile in the search 
for new treatments to combat cardiovascular disease. In recent years Rho-kinase (ROCK), the 
kinase activated by RhoA, has emerged as an important therapeutic target in cardiovascular 

 

Figure 5 - Working mechanism of statins on cholesterol biosynthesis and prenylation.
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medicine (Shimokawa and Takeshita, 2005). The ROCK inhibitor Y-27632 inhibited early 
atherosclerotic plaque development in LDLR-/- mice (Mallat et al., 2003), while ROCK 
inhibition with Fasudil improved endothelial function in human subjects with coronary artery 
disease (Nohria et al., 2006). 

1.9 Role of monocytes and macrophages in atherosclerosis

A role for monocytes and macrophages in atherosclerosis has been clearly established in studies 
both in vitro and in vivo. Defi ciency of leukocytes and endothelial cell adhesion molecules in 
mice fed a high-fat diet prevents the formation of atherosclerotic plaques (Nageh et al., 1997; 
Cybulsky et al., 2001). A similar decrease in atherosclerosis is observed when crossing apoE-
/- mice with mice lacking the monocyte-attracting chemokine MCP-1 (Boring et al., 1998) or 
LDLR-/- mice with mice defi cient in the MCP-1 receptor CCR2 (Gu et al., 1998). One of the 
hallmarks of atherosclerosis is the presence of foam cells in all stages of plaque development 
(Galis et al., 1995).  Foam cells are formed when macrophages have taken up large amounts 
of oxidized lipids. Transcriptome analysis of foam cells excised from atherosclerotic 
lesions in LPS-treated apoE -/- mice using laser capture microdissection (LCM), showed 
transcriptional induction of VCAM-1, ICAM-1 and MCP-1, compared to untreated mice 
(Trogan et al., 2002). Gene expression profi ling of PMA-treated THP1 monocytic cells loaded 
with oxidized LDL to mimic foam cell formation revealed upregulation of multiple genes 
including scavenger receptors and nuclear receptors involved in lipid metabolism (Schiffman 
et al., 2000). Furthermore, it was shown that the transcription factor NF-κB was essential 
for foam cell formation (Ferreira et al., 2007). In advanced lesions, foam cell death marks a 
key event in plaque destabilization and contributes to a growing necrotic core (Libby et al., 
1996). The central position of monocytes and macrophages in atherosclerosis merits special 
interest in these cells as potential targets for prevention and treatment of this disease.

1.10 Role of monocytes and macrophages in arteriogenesis

A pivotal role in arteriogenesis is attributed to monocytes and macrophages (Bergmann et 
al., 2006). After obstruction of an artery, the increase in fl ow through pre-existing collateral 
arteries leads to a higher shear stress and activation of the endothelial cells that start expressing 
leukocyte adhesion molecules and chemokines like MCP-1, causing monocyte recruitment to 
the underlying vessel wall. The recruited monocytes differentiate into macrophages and are 
thought to be the source of local production of cytokines and growth factors that coordinately 
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induce growth and strengthening of the collateral vessel in a timespan of 1-2 weeks (Arras et 
al., 1998; Scholz et al., 2002; Carmeliet, 2000). Interestingly, in humans a large heterogeneity 
exists in the arteriogenic response upon coronary obstruction (Pohl et al., 2001). This 
heterogenic response could well be rooted in transcriptome differences in circulating cells, 
given their critical role in collateral artery growth. In support of this, CD44 expression was 
shown to be functionally involved in arteriogenesis in mice and it was differentially regulated 
in stimulated monocytes from patients with either a suffi ciently or an insuffi ciently developed 
coronary collateral circulation (van Royen et al., 2004). This result established for the fi rst 
time that there are imprinted differences in the activation response and/or differentiation of 
monocytes from different individuals that correlate with their arteriogenic response. 

1.11 Aim of this thesis

This thesis aims to identify pivotal signaling pathways and gene expression in two cell 
types, endothelial cells and monocytes/macrophages, which play a key role in the initiation 
and progression of atherosclerosis and in the arteriogenic response to arterial obstructive 
disease. Although putative roles of individual genes in these processes have been identifi ed 
in the past, a comprehensive mechanistic understanding is still lacking. Moreover, successful 
results in experimental animal models have proven to be diffi cult to translate to the human 
situation due to confounding factors resulting from inter-individual variation, life-style or 
presence of other associated diseases, like diabetes. The advent of genome-wide expression 
profi ling techniques has made it possible to study gene expression at an unprecedented scale 
and level of completeness. In addition, currently available databases for regulatory sequences 
in gene promoters allow identifi cation of co-ordinately expressed gene panels under control 
of specifi c transcription factors and signaling pathways. The collection of suffi cient amounts 
of expression data and analysis thereof at the level of the entire biological system will aid 
in our understanding of the complex homeostatic balance in the healthy vessel wall and 
its disturbance in vascular pathologies like atherosclerosis. Ultimately, this will pave the 
way for novel, knowledge-based experimental and therapeutic strategies for the treatment of 
cardiovascular disease.
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Abstract

The transcription factor KLF2 is considered an important mediator of the anti-infl ammatory 
and anti-thrombotic properties of the endothelium. KLF2 is absent from low-shear, 
atherosclerosis-prone sites of the vascular tree but is induced by HMG CoA-reductase 
inhibitors (statins) in vitro We studied KLF2-dependent induction of important determinants 
of the atheroprotective status of the endothelium, to determine whether pharmacological 
intervention by e.g. statins can potentially replace shear stress. Shear stress and statin effects 
in combination with TNF-α were determined in human umbilical vein endothelial cells 
(HUVEC) by quantitative measurements of the steady state levels and stability of mRNA for 
KLF2 and its down stream target genes thrombomodulin (TM) and endothelial nitric oxide 
synthase (eNOS). We demonstrate that prolonged shear stress has a superior potential to statins 
to induce the KLF2-dependent expression of eNOS and TM, especially in the presence of the 
pro-infl ammatory cytokine tumor necrosis factor-α (TNF-α). These effects can be attributed 
to the sustained stabilization of KLF2 mRNA by shear, leading to an increased KLF2 protein 
expression, and concomitant strong induction of KLF2 downstream targets. The stabilization 
of KLF2 mRNA is demonstrated to be dependent on signaling involving phosphoinositide-3-
kinase (PI3K). The stabilization of KLF2 steady-state levels, as induced by prolonged shear 
stress but not by statins, may be essential for sustaining the quiescent, atheroprotective status 
of the vascular endothelium under infl ammatory conditions. 
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Introduction

The vascular endothelium is the primary mediator of vessel wall homeostasis. Endothelial 
dysfunction is currently considered to be at the base of many diseases involving the vasculature, 
of which atheroslerosis is one of the most prominent examples. This complex multifactorial 
disease takes decades to develop into a clinically manifest entity and is considered a chronic 
infl ammatory process, occurring in the vessel wall of large- and medium-sized muscular 
arteries (Hansson, 2005). Although many of the known risk factors for atherosclerosis are 
systemic in nature, atherogenesis initiates specifi cally at sites in the arterial tree were blood 
fl ow patterns are disturbed, due to the presence of branches or bifurcations (Friedman et al., 
1975; Topper and Gimbrone, 1999). The endothelial cell dysfunction resulting from exposure 
to turbulent fl ow is in clear contrast to the strong anti-infl ammatory and anti-thrombotic 
properties displayed by cells exposed to high shear stress, essential characteristics that enable 
these endothelial cells to protect the underlying vessel wall from atherogenesis (Traub and 
Berk, 1998). Studying the regulation of genes involved in endothelial cell (dys)function 
in relation to shear stress is therefore pivotal for our understanding of the pathogenesis of 
vascular disease.

Lung Krüppel-like Factor (LKLF/KLF2) is a zinc-fi nger transcription factor that we have 
previously shown to be specifi cally responsive to prolonged fl uid shear stress (Dekker et al., 
2002). We have also shown in ex vivo human vascular tissue that KLF2 is exclusively present 
in the endothelium and is highly expressed in high-shear regions, correlating the expression of 
KLF2 to the atheroprotective force of shear stress (Dekker et al., 2002; Dekker et al., 2005). 
KLF2 has a distinct function in mediating the anti-coagulant properties of the endothelium 
(Lin et al., 2005) and is importantly involved in angiogenesis (Bhattacharya et al., 2005). 
Recently, we showed that KLF2 is involved in the control of vascular tone-regulating gene 
expression in response to prolonged shear stress (Dekker et al., 2005) and that it governs 
many other processes that ensure proper physiological endothelial function (Dekker et al., 
2006). The induction of KLF2 transcription by shear stress has been studied in great detail 
in cultured cells and animal models and was shown to be specifi c for atheroprotective fl ow-
patterns (Dekker et al., 2002; Dekker et al., 2005; Wang et al., 2006).  The molecular signal 
transduction of shear stress into  induction of KLF2 gene transcription depends largely on 
the activity of the MEK5-ERK5-MEF2 axis (Parmar et al., 2006), although involvement of 
PI3K-dependent chromatin remodeling and nucleolin has also been suggested Huddleson et 
al., 2005; Huddleson et al., 2006). 
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KLF2 was shown to exhibit anti-infl ammatory potential, not only in endothelium (SenBanerjee 
et al., 2004), but recently also in monocytes (Das et al., 2006). Recent reports indicate that 
KLF2 is also a mediator of anti-infl ammatory effects of HMG-CoA reductase inhibitors 
(statins), a class of drugs that, independent of their cholesterol-lowering effects, confers many 
benefi cial properties directly to the endothelium (Schonbeck and Libby, 2004). KLF2 was 
demonstrated to be particularly important with respect to the statin-induced expression of 
endothelial nitric oxide synthase (eNOS) and thrombomodulin (TM), molecules that confer 
important anti-infl ammatory and anti-thrombotic properties to the endothelium (Parmar et 
al., 2005; SenBanerjee et al., 2005). 

In the present study, we directly compared the potentially atheroprotective gene expression 
regulation downstream of KLF2 with regard to its induction by prolonged shear as well as 
statin-treatment. We found that prolonged shear stress is superior in inducing KLF2-mediated 
gene expression of eNOS and TM, despite similar transcriptional induction of KLF2 mRNA. 
Furthermore, we observed that shear-exposed endothelial cells are able to maintain higher 
levels of eNOS and TM in the presence of a pro-infl ammatory stimulus. We now show that 
the underlying mechanism that may explain this differential response upon prolonged shear 
or statin treatment is shear-mediated stabilization of KLF2 mRNA, which involves PI3K-
dependent signaling.
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Methods
Cell culture conditions and chemicals

HUVEC were isolated as described (Horrevoets et al., 1999) and cultured in Medium-199 
(Gibco-BRL, Paisley,Scotland), supplemented with 20% (v/v) fetal bovine serum (FBS), 
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). The procedures conform 
with the principles outlined in the Declaration of Helsinki for medical research involving 
human material. Cells were passaged no more than 3 times before being plated on fi bronectin-
coated Thermanox coverslips (NUNC, Napierville, IL) in growth medium containing 8.0-12.5 
μg/ml ECGS prior to exposure to shear or static conditions. Lovastatin, the PI3K inhibitor 
LY294002 and the p38 inhibitor SB203580 were purchased from Sigma. Simvastatin was 
obtained from BUFA B.V. (Uitgeest, the Netherlands). Human recombinant TNF-α was 
purchased from R&D Systems (Abingdon, UK).

Shear stress apparatus and fl ow conditions

HUVEC were exposed to laminar shear stress either in an artifi cial capillary system or in 
a parallel-plate perfusion chamber as described (Dekker et al., 2005). For prolonged shear 
stress experiments, HUVEC were seeded into fi bronectin-coated artifi cial capillary cartridges 
(Polypropylene70, Cat No. 400-025; Cellco) in medium containing 8 μg/mL ECGS. Using 
the CellMax Quad pump system, fl ow was gradually increased to correspond to a pulsatile 
(1Hz) shear stress of 19 ± 12 dyne/cm2, which was maintained over the next 4 -7 days with 
intermediary medium changes. Alternatively, in the parallel plate system, steady laminar 
fl ow was generated for 24 - 48 h by dampening the pulsatile fl ow of a peristaltic pump 
[Masterfl ex 7524-05 pump drive with a 7518-10 pump head] (Cole-Parmer, Instrument 
Company, Chicago, IL) by placing 2 three-way taps with windkessels (~70 mL air), followed 
by a resistance cannula between the pump and fl ow cell. This generated a steady fl ow of 25 
dyne/cm2, on top of which an independent 1.2Hz fl ow pulse with an amplitude of 5.7 dyne/
cm2 could be generated by placing the Celmax Quad pump between the damper assembly 
and the fl ow cell.

Real-time RT-PCR and RACE-PAT 

Real-time RT-PCR was performed using the MY-IQ single color real-time PCR detection 
system (BioRad) on total RNA isolated, using the Absolutely RNA RT-PCR miniprep kit 
(Stratagene, La Jolla, CA) as described (Dekker et al., 2005). Gene-specifi c primers for 
human KLF2, eNOS, TM, and the housekeeping control ribosomal protein P0 were designed 
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using Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi), resulting in 
the following primer sequences: KLF2 Fw: 5′-GCAAGACCTACACCAAGAGTTCG-3′ 
Rv: 5′-CATGTGCCGTTTCATGTGC-3′, eNOS Fw: 5′-TGGCTTTCCCTTCCAGTTC-3′ 
Rv: 5′-AGAGGCGTTTTGCTCCTTC-3′, TM Fw: 5′-TTGTGGAATTGGGAGCTTGG-
3′ Rv 5′-TCTCATGAACTGGATGGGGTG-3′, P0 5′-TGCACAATGGCAGCATCTAC-
3′ Rv 5′-ATCCGTCTCCACAGACAAGG-3′. After normalization to the P0 control, the 
mRNA levels were expressed as ratios of the control cultures. Rapid Amplifi cation of 
cDNA Ends-PolyA Test (RACE-PAT) was performed as described (Weber et al., 2005). 
In brief, 2 μg total RNA was hybridized with 0.5μmol/L of the oligo (dT)12 primer 5’-
GCGAGCTCCGCGGCCGCGT(12)-3’ and then incubated at 50 °C for 60 min with 1 μl 
Superscript III reverse transcriptase (200 U/μl, Invitrogen). RT-generated heterologous pools 
of cDNA were amplifi ed by polymerase chain reaction (PCR) using the KLF2-specifi c Fw-
primer 5’-cacctggcgctgcacat-3’ and the RT oligo(dT)12 Rv-primer. PCR was performed 
using 1 μl cDNA and Taq DNA polymerase (Invitrogen). The settings for the thermal cycler 
were 94 °C for 3 min; 35 cycles of 94 °C for 45 sec, 55 °C for 30 sec, 72 °C for 1 min 30 sec; 
and termination at 72 °C for 10 min. The RACE-PAT products were analyzed by 2% agarose 
gel electrophoresis.

Immunofl uorescence and p-Akt measurement.

Fluorescence immunomicroscopy was performed as described (Dekker et al., 2005; Dekker 
et al., 2006) using either antisera against two separate synthetic peptides of human KLF2, 
raised in rabbits by the Eurogentec Double-X program (Eurogentec, Seraing, Belgium) 
or a commercial anti-eNOS antibody (BD Transduction Laboratories, San Diego CA), 
and images were obtained using the MRC 1024 (BioRad). Linear color corrections to the 
photomicrographs were made using Adobe Photoshop version 5.0 (Adobe Systems Inc., 
San Jose, CA). Levels of phospho-Akt were determined using the colorimetric assay of 
the FACE-Akt Elisa kit (ActiveMotif, Rixensart, Belgium) according to manufacturers 
instructions. In short, HUVEC exposed to shear- or static conditions were fi xed, washed, 
blocked and incubated with the provided phospho-Akt primary antibody overnight at 4°C. 
After washing and incubation with the secondary antibody for one hour at room temperature, 
the colorimetric assay was performed and the absorbance at 450 nm was determined. The 
values were subsequently corrected for cell number using the absorbance values at 595nm 
resulting from the optional Crystal Violet cell staining.
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RNA interference

A stable knock-down of the KLF2 mRNA was achieved using a lentiviral expression vector 
carrying an siRNA expression cassette directed against KLF2, as described previously 
(Dekker et al., 2005). An otherwise identical vector containing an siRNA cassette directed 
against the sequence (5′-GATATGGGCTGAATACAAA-3′) of fi refl y Luciferase was used as 
a control (Reynolds et al., 2004).  First passage primary HUVEC cultures were transduced 
with the lentiviral KLF2 siRNA at 50% confl uency for 24 hours and cultured for an additional 
2 days before seeding on Thermanox coverslips (Nunc, Rochester, NY) or into the artifi cial 
capillaries, followed by a 4-day fl ow exposure as described. Effective KLF2 silencing was 
confi rmed by real-time RT-PCR.

Statistical analysis 

Expression data are given as mean ± the standard error of the mean (SEM) for the indicated 
number of experiments. The unpaired Student’s t-test was used to calculate the statistical 
signifi cance of the expression percentage versus control cultures. P-values less than 0.05 
were considered statistically signifi cant.
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Results
Induction of KLF2, eNOS and TM by statins and prolonged shear

To compare the transcriptional effects of prolonged shear stress to the effects of statin-
treatment, HUVEC were exposed to prolonged pulsatile fl ow at arterial levels and compared to 
HUVEC treated for 24 and 48 hours with Lovastatin (10 µM) (Figure 1). For this experiment, 
this specifi c concentration and duration of exposure to statins was chosen because it resulted 
in the most pronounced increase in mRNA levels of KLF2 and its downstream targets eNOS 
and TM (Supplemental Figure 1). Lovastatin was chosen, as in our hands it produced the 

Figure 1 - Transcriptional effects of prolonged shear stress and statin treatment in HUVEC. Depicted are mRNA 
levels of control and stimulated HUVEC cultures as determined by real-time RT-PCR. KLF2 (A), eNOS (B) and TM 
(C) expression levels upon exposure to prolonged pulsatile shear stress and treatment with Lovastatin are compared. 
Data are represented as means ± SEM (N=3). *P<0.05; ** P<0.01.
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most pronounced  atheroprotective effects on HUVEC when compared to other statins,  like 
Simvastatin (Supplemental Figure 2). This confi rms earlier reports that showed moderate 
differences in responses by HUVEC to various statins (Parmar et al., 2005; SenBanerjee et 
al., 2005). As can be seenin Figure 1A and 1B, both prolonged shear stress and statin treatment 
were able to induce KLF2 mRNA levels to a similar extent. However, a signifi cant difference 
in the magnitude of induction of the KLF2-target genes eNOS and TM was observed. Shear 
stress (48h) was able to induce eNOS and TM mRNA approximately 8 to 12-fold, whereas 
treatment with Lovastatin (48h) resulted in an increase of only ~2 to 3-fold for these genes 
(Figure 1C-F). These high inductions were maintained in shear-exposed HUVEC for up to 7 
days (Figure 1D,F). 

Induction of eNOS and TM by statins and shear is directly dependent on KLF2

We next performed stable siRNA-mediated knock-down of KLF2 by using our previously 
described lentiviral system (Dekker et al., 2005) to demonstrate the direct involvement of 
KLF2 in the induction of eNOS and TM by both statins and shear in our HUVEC model. 
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Lovastatin-induced KLF2 mRNA levels were signifi cantly reduced by the KLF2 siRNA 
as compared to mRNA levels in cells transduced with control siRNA (Figure 2A).  The 
inductions of eNOS and TM mRNA by statins were completely inhibited by knocking down 
KLF2 mRNA (Figure 2A), which could also be observed at the protein level (Supplemental 
Figure 3). Effi cient KLF2 knock-down in HUVEC exposed to prolonged shear  also resulted 
in a signifi cant inhibition of the shear-induction of eNOS and TM (Figure 2B). 

Prolonged shear stress induces resistance to suppression of KLF2 by TNF-α 

As infl ammation is a hallmark of atherogenesis, we next investigated the suppressive effect 
of the pro-infl ammatory cytokine TNF-α on KLF2 levels (Dekker et al., 2002) in the setting 
of the present study. Therefore, we determined the infl uence of TNF-α treatment (25ng/ml, 
6h) on KLF2 mRNA levels in control cells and after induction by either prolonged shear or 
treatment with statins. As depicted (Figure 3A), KLF2 mRNA levels induced by Lovastatin 
(10µM) were strongly suppressed in the presence of TNF-α, whereas the reduction observed 
in KLF2 mRNA levels induced by prolonged shear  was less pronounced (Figure 3B). The 
resulting Lovastatin-induced mRNA levels were no longer signifi cantly elevated compared 
to control, while shear-induced KLF2 remained signifi cantly elevated above the amount 
observed in the control cells (P<0.01). We next analyzed whether this resistance to TNF-α 
was refl ected in the levels of the KLF2 transcriptional targets eNOS and TM (Figure 3C-
F). We observed that combined effects of shear and TNF-α results in mRNA levels of both 
genes well above those in control HUVEC. This was in clear contrast to the observations in  
HUVEC treated with Lovastatin and TNF-α, where mRNA levels of eNOS and TM were no 
longer increased and even reduced after 48h. Using lower concentrations of Lovastatin or 
TNF-α did not change these results (Supplemental Figure 4.).  

Shear stress  effectively enhances KLF2 protein production

To investigate the underlying cause of the clear distinction between the downstream 
transcriptional effects of shear- and Lovastatin-induced KLF2, we analyzed induction of 
KLF2 by shear and Lovastatin at the protein level. To this end, we used rabbit antiserum 
directed against KLF2 for immune fl uorescence, which we have previously employed to 
demonstrate KLF2 overexpression by lentiviral transduction and induction of KLF2 by shear 
stress (Dekker et al., 2005; Dekker et al., 2006).  When comparing HUVEC treated with 
vehicle only to Lovastatin-treated and shear-exposed cells, we observed that the intensity of 
the signal was clearly higher in sheared HUVEC than that in Lovastatin-treated cells (Figure 
4A). These fi ndings indicated that an apparent difference in KLF2 protein expression lies at 
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the basis of the increased expression of KLF2 downstream effector genes that is observed 
under shear. Obtaining a more quantitative determination of varying KLF2 protein levels 
was not feasible, as there are currently no working antibodies available that detect KLF2 by 
Western-blot analysis in HUVEC. To further characterize the potential differences between 

24 hours 48 hours

m
R

N
A

 le
ve

ls
 re

la
tiv

e 
to

 c
on

tr
ol

0

5

10

15

20

25

24 hours 48 hours

m
R

N
A

 le
ve

ls
 re

la
tiv

e 
to

 c
on

tr
ol

0

2

4

6

8

10

12

14

24 hours 48 hours

m
R

N
A

 le
ve

ls
 re

la
tiv

e 
to

 c
on

tr
ol

0

2

4

6

8

10

12

14

48 hours 7 days

m
R

N
A

 le
ve

ls
 re

la
tiv

e 
to

 c
on

tr
ol

0

5

10

15

20

25

48 hours 7 days

m
R

N
A

 le
ve

ls
 re

la
tiv

e 
to

 c
on

tr
ol

0

2

4

6

8

10

12

14

48 hours 7 days

m
R

N
A

 le
ve

ls
 re

la
tiv

e 
to

 c
on

tr
ol

0

2

4

6

8

10

12

14

BA

C D

E F
TM

eNOS

KLF2

*

*
*

*

**
**

*

*

*

*

*

**

**

**

**

*

*

*

**

N.S.

N.S.

N.S.
N.S.

P=.053

Lovastatin (10µM) Prolonged shear

Control
Lova
Lova +TNF

Control
Lova
Lova+TNF

Control
Lova
Lova+TNF

Control
Shear
Shear+TNF

Control
Shear
Shear+TNF

Control
Shear
Shear+TNF

Figure 3 - Analysis of transcriptional effects of TNF-α in HUVEC during shear- or statin exposure. Shown are 
mRNA levels, obtained by real-time RT-PCR, of HUVEC cultures under control and stimulated conditions, in the 
presence or absence of TNF-α. Expression levels of  KLF2 (A-B), eNOS (C-D) and TM (E-F) in HUVEC cultures 
exposed to prolonged shear stress or Lovastatin, followed by addition of TNF-α (25 ng/ml, 6h) or vehicle (PBS/
0.1%BSA), are compared to expression levels in control cultures. Data are represented as means ± SEM (N=3 to 6). 
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shear- and statin-induced gene regulation in endothelial cells, we also performed staining 
for F-actin in control, shear-exposed and statin-treated HUVEC cultures (Figure 4B). We 
observed marked differences in the distribution of F-actin when comparing these conditions. 
Whereas in the static control culture the actin fi bers showed a classical cortical distribution 
pattern, the Lovastatin-treated cells displayed an apparent reduction in the amount of F-actin 
fi laments, with a seemingly disorganized arrangement of the fi bers that were observed. In the 
shear-exposed cells, the formation of actin stress fi bers was seen, a hallmark phenomenon in 
endothelial cells exposed to shear stress (McCue et al., 2004; Searles et al., 2004). 

Shear stress stabilizes KLF2 mRNA

We decided to explore the possibility that differential effects on KLF2 mRNA stability could 
explain the observed differences in shear- or statin-induced KLF2 functional effi cacy, based 
on a number of recent reports of other shear-regulated genes (Davis et al., 2001; Inoue et al., 
2002). By using Actinomycin D to block initiation of transcription, we studied KLF2 mRNA 
decay in HUVEC exposed to fl uid shear stress, and compared this to mRNA degradation in 
cells kept under static conditions (Figure 5A). Before the addition of Actinomycin D, HUVEC 
were pre-conditioned by exposure to 25 dyne/cm2 of shear stress for 2h or they were cultured 
in the absence of fl ow. In clear contrast to the rapid decay of KLF2 mRNA in cells cultured 
without fl ow, mRNA degradation was effectively halted by shear stress, as determined in an 

raehScitatS Lovastatin

KLF2 

A

F-Actin

B

Figure 4 - Effects of shear-exposure and statin treatment on KLF2 protein expression and cytoskeletal rearrangement 
in HUVEC. Fluorescence immunochemistry using specifi c KLF2 antisera or phalloidin-TRITC was performed on 
HUVEC control cultures and cultures exposed to 24h of shear stress (25 dyne/cm2) in the parallel-plate system or 
Lovastatin-treatment (10 µM, 24h), as indicated. (A) KLF2 staining using specifi c antisera. (B) F-actin staining 
using Phalloidin-TRITC. 
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elaborate shear time series in which 3 to 6 independent HUVEC isolates were used for each 
observation. This effect was equally signifi cant (P<0.01) at every individual time point that 
was analyzed, demonstrating a robust stabilization of a specifi c sub-fraction of KLF2 mRNA 
by shear stress, thereby keeping absolute mRNA levels elevated well above levels in HUVEC 
that were not exposed to fl ow. The protective effect of shear on KLF2 mRNA stability is 
established rather rapidly, as we did not fi nd any signifi cant differences in effects between 
18h and 2h of shear pre-conditioning (data not shown). In marked contrast, analysis of KLF2 
mRNA stability in Lovastatin-treated HUVEC revealed no signifi cant difference compared 
to mRNA stability observed in vehicle-treated cells (Figure 5B). 

TNF-α does not infl uence shear-induced KLF2 mRNA stabilization

We showed in Figure 3 that prolonged shear stress confers resistance of KLF2 mRNA to the 
suppressive effect of TNF-α and thereby enhances the downstream transcriptional effects of 
KLF2 on eNOS and TM. Therefore, it was of interest to demonstrate whether the observed 
shear-induced stabilization of KLF2 mRNA may be the cause of this effect. We investigated 
this by performing experiments in which HUVEC were exposed to shear stress in our parallel-
plate system or cultured without fl ow and kept in the presence or absence of TNF-α. Again, 
stability of KLF2 mRNA was studied in this setting by blocking initiation of transcription 
through addition of Actinomycin D, after pre-conditioning the cells in the presence or absence 
of shear for two hours. As can be seen in Figure 5C, TNF-α (25 ng/ml, 4h) did not infl uence 
KLF2 mRNA stability in HUVEC exposed to shear stress as again, a sub-fraction of the 
KLF2 mRNA pool displayed resistance to rapid degradation. Furthermore, in shear-exposed 
HUVEC, KLF2 mRNA levels were again signifi cantly elevated compared to levels in cells 
kept without fl ow, confi rming the stabilizing effect of shear stress on KLF2 mRNAs. 

Inhibition of PI3K stabilizes KLF2 mRNA

The effect of shear stress on stabilization of KLF2 mRNA prompted us to test several 
mechanisms or signal transduction pathways known to be involved in shear-stabilization of 
mRNA.  To investigate the possibility that, like for eNOS (Weber et al., 2005), differential 
polyadenylation may explain the shear-induced stabilization of KLF2 mRNA, we performed 
a Rapid Amplifi cation of cDNA Ends-PolyA Test (RACE-PAT). However, exposing HUVEC 
to increasing shear magnitudes did not result in changes in polyadenylation of KLF2 mRNA, 
as the PCR resulted in the expected major product of approximately 600 bp, and  further 
bands that were detected, were not differential between shear and static conditions (Figure 
5D). Next, we used the p38 inhibitor SB203580, to explore a possible role of p38, implicated 
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Figure 5 - (A) Effects on KLF2 mRNA stability in time upon exposure of HUVEC to shear. After 2h of pre-
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in the stabilization of e.g.COX-2 (Clark et al., 2003). We observed no signifi cant effect of 
SB203580 on the stability of KLF2 mRNA in HUVEC, thereby making direct involvement 
of p38 in KLF2 mRNA stabilization unlikely (data not shown). As PI3K has been implicated 
in destabilization of COX-2 mRNA in a single report (Monick et al., 2002), we tested the 
effect of its specifi c inhibitor, LY294002, on the stability of KLF2 mRNA. Indeed, inhibition 
of PI3K by LY294002 resulted in a long-term stabilizing effect on ~50% of KLF2 mRNA 
(Figure 5E), very similar to the effect observed for shear stress (Figure 5A). Previous reports 
have shown a transient activation of PI3K dependent Akt phosphorylation (Dimmeler et al., 
1998; Dimmeler et al., 1999), reason why we exposed HUVEC to 24h of pulsatile shear and 
determined the levels of phosphorylated Akt in our experimental setup. As shown in Figure 
5F, levels of phospho-Akt were indeed lowered by approximately 20% in HUVEC exposed 
to prolonged shear, as compared to HUVEC kept without fl ow.
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Discussion

Shear stress is widely regarded as a stimulus that is an absolute prerequisite for proper 
physiological endothelial function. The observation that high shear stress protects the vessel 
wall from atherogenesis has been the subject of a myriad of investigative efforts into the 
mechanism by which shear stress exerts its benefi cial infl uence on endothelial function. The 
shear-responsive transcription factor KLF2 has recently emerged as an important mediator 
of many favorable effects on endothelial gene expression (Dekker et al., 2006; Parmar et al., 
2006), by virtue of its induction by shear stress (Dekker et al., 2005; Dekker et al., 2006) 
as well as HMG CoA-reductase inhibitors (Parmar et al., 2005; SenBanerjee et al., 2005). 
The expression of TM and eNOS, two major contributors to the antithrombotic and anti-
infl ammatory/anti-adhesive properties of healthy endothelial cells (Landmesser et al., 2004; 
Esmon, 2003), has been shown to be dependant on a common mediator, KLF2 (Dekker et al., 
2005; Lin et al., 2005; Dekker et al., 2006; Sen Banerjee et al., 2004). In endothelial cells, the 
presence of TM is of great importance for maintaining a non-thrombogenic surface at arterial 
shear-rates (Cadroy et al., 1997). The potential of shear stress to induce the expression of TM 
was demonstrated previously (Takada et al., 1994). The fi nding that, in addition to shear stress, 
statins are also able to induce KLF2 transcription (Parmar et al., 2005; SenBanerjee et al., 
2005), suggested for the fi rst time that it would be possible to devise novel pharmacological 
interventions that could mimick the atheroprotective effects of shear stress. We now present 
direct comparative data that establish a superior potential of prolonged shear to statins to 
induce the KLF2-dependent expression of eNOS and TM in endothelial cells (Figure 1). This 
is highly remarkable as we show that both are direct targets of the transcription factor KLF2 
in our model (Figure 2). We demonstrate that the potent induction of KLF2-targets eNOS and 
TM by prolonged shear is likely explained by increased stability of KLF2 mRNA (Figure 5), 
resulting in an increase in the amount of KLF2 protein (Figure 4). In the current study, we 
thus established the effects of the transcription factor KLF2 on the steady state mRNA levels 
of eNOS, which was borne out also at the protein level (Supplemental Figure 3). For its full 
physiological function, however, eNOS vasodilatory and anti-infl ammatory actions are also 
regulated in many convoluted ways at the protein level, e.g. by Akt-driven phosphorylation 
(Dimmeler et al., 1998; Dimmeler et al., 1999), something we did not address in the current 
study.

The effects of TNF-α on endothelial gene expression are widely studied because of the 
relevance to many infl ammatory diseases such as atherosclerosis. An infl ammatory stimulus 
like TNF-α may impart pro-adhesive and pro-thrombotic properties on the endothelium 
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(Berk et al., 2001). The expression of both TM and eNOS, two important molecular 
mediators infl uencing these effects, has been shown to be effi ciently repressed by TNF-α 
in static cultures of HUVEC (Conway and Rosenberg, 1988; Yoshizumi et al., 1993). The 
direct control of the expression of both molecules by KLF2 suggests that the suppressive 
effects of TNF-α on eNOS and TM are a direct consequence of the well established KLF2 
repression by TNF-α (Dekker et al., 2002; SenBanerjee et al., 2004; Kumar et al., 2005). 
Accordingly, it was also shown that both adenovirus-mediated high overexpression of murine 
KLF2 and moderate, prolonged lentiviral overexpression of human KLF2 in endothelial 
cells, attenuate the infl ammatory response elicited upon stimulation with TNF-α (Dekker 
et al., 2006; SenBanerjee et al., 2004). The signifi cance of these fi ndings with regard to 
physiological protection of the vessel wall seems challenged, however, by the observation 
that endogenous KLF2 is rapidly downregulated by such cytokines in the absence of fl ow 
(Dekker et al., 2002; Kumar et al., 2005). We now show that, even in the presence of TNF-
α, shear-exposed endothelial cells maintain increased mRNA levels of KLF2, eNOS and 
TM, whereas Lovastatin-treated cells do not show these effects (Figure 3). Thus, our current 
fi ndings may resolve this paradox, as we show that prolonged shear stress has the potential 
to maintain increased expression of TM and eNOS in the presence of infl ammation, which 
may be explained by the inability of TNF-α to repress the shear-stabilized sub-fraction of 
KLF2 mRNA. These data provide evidence for the existence of a mechanism by which fl uid 
shear stress increases KLF2 protein levels in HUVEC by infl uencing the stability of KLF2 
mRNA, whereas this mechanism is apparently not operational in Lovastatin-treated HUVEC. 
One observation related to this issue is a clear difference between the infl uence of shear and 
statins on the rearrangement of the actin cytoskeleton (Figure 4), which has been described 
to infl uence gene-expression and mRNA stability (Searles et al., 2004). 

Shear-induced increases in gene expression through stabilization of mRNA have been 
described for a number of important endothelial genes, including  eNOS (Davis et al., 2001) 
and COX-2 (Inoue et al., 2002). We now show that the stabilization of KLF2 involves a 
novel mechanism, in which the phosphatidyl-inositide-mediated signal transduction pathway 
and PI3K seem to play a pivotal role, as inhibition of this kinase mimics the observed shear 
effects (Figure 5). PI3K is a lipid kinase that is involved in signal transduction controlling 
a wide array of important cellular functions (e.g. cell survival/apoptosis) in several types of 
cells (Oudit et al., 2004). A rapid (15 s) but transient activation of PI3K by onset of shear 
mediates the endothelial response to turbulent shear, thereby linking PI3K-activation to 
atherogenesis (Tzima et al., 2005). In HUVEC exposed to prolonged shear, however, we 
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found levels of phospho-Akt, one of its effector proteins,  to be decreased (Figure 5), which 
is in full accordance with previous fi ndings showing that shear-induced activation of Akt is 
transient Dimmeler et al., 1998). Recently, several reports have indicated a possible negative 
correlation between PI3K activity and increased KLF2 protein expression. First, knock-out 
mice for the lipid phosphatase PTEN, a negative regulator of PI3K, display a phenotype 
that is very reminiscent of KLF2 knockout mice (Hamada et al., 2005; Kuo et al., 1997). 
Furthermore, impaired PTEN activity in adult animals resulted in increased angiogenesis due 
to differential regulation of several vascular growth factors (Hamada et al., 2005) analogous 
to the inhibitory effects of KLF2 on VEGF-mediated angiogenesis in vivo (Bhattacharya et 
al., 2005) and endothelial cell migration in culture (Dekker et al., 2006). Secondly, a recent 
report shows that increased activity of another inositol-phophatase, SHIP-1, increases KLF2 
expression in T-cells, suggesting a possible direct relation between the PI3K-Akt pathway 
and the expression of KLF2. 

In conclusion, we believe that the observations made in this study are a strong indication 
that prolonged shear stress is the most important stimulus for increasing the expression of 
endothelial genes that protect the vessel wall from infl ammatory processes and that KLF2 
is a pivotal transcription factor for these effects. Induction of an increased stability of KLF2 
mRNA is crucial to this robust atheroprotective potency of healthy fl ow profi les, which is 
lacked by statins, eventhough both induce similar expression levels of KLF2. This suggests 
that potential pharmacological interventions could be directed at stabilizing KLF2 mRNA, 
rather than at inducing its expression. Establishing the molecular mediators of the observed 
stabilization of an infl ammation-resistant KLF2 mRNA pool by shear stress may lead to 
effective strategies to improve endothelial function in cardiovascular disease. 
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Supplemental Figure 1 - Transcriptional effects of 
time- and concentration courses of Lovastatin treatment 
in HUVEC. Depicted are mRNA levels of control and 
stimulated HUVEC as determined by real-time RT-PCR. 
KLF2 (A), eNOS (B) and TM (C) expression levels 
upon exposure to Lovastatin in different concentrations 
and time span are compared. Data are represented as 
means ± SEM (N = 3). *P < 0.05; **P < 0.01.

Supplemental Figure 2 - Transcriptional 
effects of time- and concentration courses 
of HUVEC treatment with Simvastatin 
compared to Lovastatin. (A) Depicted 
are KLF2 mRNA levels of control and 
stimulated HUVEC as determined by 
real-time RT-PCR. (B) Depicted are 
eNOS and TM mRNA levels of control 
and stimulated (10 μM statin, 24 h) 
HUVEC as determined by real-time RT-
PCR. Data are represented as means ± 
SEM (N = 3). *P < 0.05; **P < 0.01.
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Supplemental Figure 3 - eNOS protein induction in Lovastatin-treated HUVEC is dependent on KLF2. Fluorescence 
immunochemistry using specifi c eNOS antisera was performed on HUVEC transduced with mock lentivirus (mock) 
or anti-KLF2 shRNA producing lentivirus (siRNA), as described (Dekker et al., 2005). Shown is the specifi c effect 
on Lovastatin treatment (24 h, 10 μM). (A) Mock-transduced cells, (B) mock-transduced cells with statin, (C) siRNA 
KLF2 cells, (D) siRNA KLF2 cells with statin.

Supplemental Figure 4 - Transcriptional effects of TNF-α 
in HUVEC during statin treatment. Shown are mRNA levels, 
obtained by real-time RT-PCR of HUVEC cultures under control 
and stimulated conditions, in the presence or absence of TNF-
α. (A) Expression levels of KLF2, eNOS and TM induced by 
Lovastatin (1 μM) are effi ciently repressed by addition of TNF-α 
(25 ng/ml, 6 h). (B) Induction of KLF2, eNOS and TM mRNA 
levels by treatment of HUVEC with Lovastatin (10 μM) is 
repressed by the addition of TNF-α (10 ng/mg, 6 h). *P < 0.05, 
**P < 0.01, compared to control. N.S. indicates not signifi cant, 
compared to control.

control 10µM Lovastatin
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Abstract

Absence of shear stress due to disturbed blood fl ow at arterial bifurcations and curvatures 
leads to endothelial dysfunction and pro-infl ammatory gene expression, ultimately resulting 
in atherogenesis. KLF2 has recently been implicated as a transcription factor involved 
in mediating the anti-infl ammatory effects of fl ow. We investigated the effect of shear 
on basal and TNF-α-induced genome-wide expression profi les of human umbilical vein 
endothelial cells (HUVECs). Cluster analysis confi rmed that shear stress induces expression 
of protective genes including KLF2, eNOS and thrombomodulin, whereas basal expression 
of TNF-α-responsive genes was moderately decreased. Promoter analysis of these genes 
showed enrichment of binding sites for ATF transcription factors, whereas TNF-α-induced 
gene expression was mostly NF-κB-dependent. Furthermore, human endothelial cells 
overlying atherosclerotic plaques had increased amounts of phosphorylated nuclear 
ATF2 compared to endothelium at unaffected sites. In HUVECs, a dramatic reduction of 
nuclear binding activity of ATF2 was observed under shear and appeared to be KLF2-
dependent. Reduction of ATF2 with siRNA potently suppressed basal pro-infl ammatory 
gene expression under no-fl ow conditions. In conclusion, we demonstrate that shear stress 
and KLF2 inhibit nuclear activity of ATF2, providing a potential mechanism by which 
endothelial cells exposed to laminar fl ow are protected from basal pro-infl ammatory, 
atherogenic gene expression.
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Introduction

Atherosclerosis is a vascular disease with a clear focal nature, which has been shown to 
correlate with shear stress levels on the endothelium, resulting from specifi c blood fl ow 
patterns (Dai et al., 2004). Absence of shear stress due to oscillatory blood fl ow at arterial 
bifurcations and curvatures leads to endothelial dysfunction as characterized by a diminished 
barrier function and pro-infl ammatory gene expression. These conditions facilitate the entry 
of lipids and infl ammatory cells in the vascular wall, ultimately leading to the formation 
of an atherosclerotic plaque. On the other hand, endothelial cells exposed to high levels of 
shear stress maintain an atheroprotective gene expression profi le and have a differentiated, 
quiescent phenotype (Gimbrone et al., 2000). Transcription factors, being the integrators 
of various mechanical and biological stimuli, play a pivotal role in the regulation of gene 
expression and determine the resulting biological effect. A possible candidate that could 
be critical in the protection from atherogenesis is the shear-inducible transcription factor 
Krüppel-like factor 2 (KLF2). It has become clear in recent publications that KLF2 plays a 
signifi cant role in maintaining an atheroprotective, quiescent endothelial phenotype (Parmar 
et al., 2006; Dekker et al., 2005; Dekker et al., 2006). Protective genes like endothelial nitric 
oxide synthase (NOS3) and thrombomodulin (TM) are induced by KLF2, whereas expression 
of the pro-atherogenic monocyte chemoattractant protein 1 (CCL2) and endothelin (EDN1) 
is reduced. 

The infl ammatory component in atherosclerotic pathology suggests that infl ammatory gene 
expression is activated in the atherosclerotic vascular wall, which is mediated by transcription 
factors associated with infl ammation. Infl ammatory gene expression has been detected 
at sites predilected for plaque formation (Hansson, 2005). Furthermore, the transcription 
factor nuclear factor-κB (NF-κB) and its inhibitor IκB were shown to be present at elevated 
levels in the cytoplasm of endothelial cells at sites exposed to disturbed blood fl ow (Hajra 
et al., 2000). These cells, however, do not show increased nuclear levels of NF-κB, which 
only becomes transcriptionally active when translocated to the nucleus after liberation from 
its inhibitor IκB. This translocation was only observed after infl ammatory activation by a 
secondary stimulus like LPS or atherogenic diet, which then indeed occurred much more 
prominently at the low-fl ow regions (Hajra et al., 2000). Thus, endothelial cells at sites with 
disturbed blood fl ow should not exhibit infl ammatory gene expression to the same magnitude 
in the absence of induction by cytokines. Indeed, a moderate induction of pro-infl ammatory 
gene expression was observed at the disturbed fl ow regions of the porcine carotid artery 
bifurcation (Passerini et al., 2004). A potent induction of infl ammatory gene expression by 
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cytokines depends on the actively promoted formation of a transcriptional complex, usually 
composed of NF-κB, activator protein-1 (AP-1) and co-activators like CREB-binding protein 
CBP/p300 (Kracht and Saklatvala, 2002). The transcriptional effects of TNF-α on HUVECs 
are considered a physiological representative of atherogenesis (Horrevoets et al., 1999) and 
are indeed mediated by both NF-κB and the AP-1 activating p38 mitogen-activated protein 
kinase (MAPK) (Viemann et al., 2004). Pharmacological interventions and the protective 
effects of short-term fl ow preconditioning in vitro suggested a dominant role of the former 
transcription factor (Viemann et al., 2004; Chiu et al., 2005). The anti-infl ammatory action of 
shear-induced KLF2, however, was shown to be mainly dependent on co-factor modulation, 
rather than on directly affecting NF-κB activation and nuclear translocation (SenBanerjee et 
al., 2004), consistent with the documented effects of fl ow in vivo. 

Given the absence of translocated, nuclear NF-κB at non-infl amed atheroprone sites in vivo 
and the complex effects of long versus short-term shear and KLF2 on NF-κB activity, we 
decided to re-evaluate prolonged shear and KLF2 modulation of pro-infl ammatory gene-
expression. In the present study, we demonstrate that shear stress and KLF2 can modulate 
transcription factor activity and basal infl ammatory gene expression of HUVECs. We show 
that shear stress inhibits, in a KLF2-dependent manner, the nuclear activation of activating 
transcription factor 2 (ATF2), one of the heterodimeric components of AP-1. Moreover, 
elevated levels of phosphorylated ATF2 protein are shown in endothelial cells overlying early 
atherosclerotic plaques, compared to healthy endothelium. This provides a novel mechanism 
by which shear stress might protect endothelial cells from a pro-atherogenic phenotype. 
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Methods
Cell culture and shear stress experiments

HUVECs were isolated and cultured in Medium-199 (M199, Invitrogen, Carlsbad, California, 
USA), supplemented with 20% (vol/vol) fetal bovine serum (FBS), 50 µg/mL heparin (Sigma, 
St Louis, Missouri, USA), 6-25 µg/mL endothelial cell growth supplement (ECGS; Sigma), 
and 100 U/mL penicillin/streptomycin (Invitrogen) as described (Horrevoets et al., 1999). 
24-hour shear stress experiments were performed in a parallel plate-type fl ow chamber with 
pulsatile fl ow (12 ± 7 dynes/cm2) as described (Dekker et al., 2005; Dekker et al., 2002), 
using a CellMax Quad positive-displacement pump (Cellco, Germantown, MD). Long term 
shear stress exposure (6 days) was performed as described (Dekker et al., 2005; Dekker et 
al., 2002). Briefl y, HUVECs were seeded in fi bronectin-coated artifi cial capillary cartridges 

(Polypropylene 70, Cellco; DIV-BBB cartridge, Flocel Inc, Cleveland, Ohio, USA) in 
medium containing 10 µg/mL ECGS. Cells were allowed to adhere and reach confl uency 
overnight, with medium fl owing through the extra-capillary space using the CellMax Quad 
pump system to provide oxygen and nutrients.  Next, fl ow was guided through the capillaries 
and gradually increased to correspond to a pulsatile shear stress of 19 ± 12 dynes/cm2, which 
was maintained over the next 6 days with intermediary medium changes. For static controls, 
HUVECs from the same isolate were seeded in fi bronectin-coated cell culture fl asks and 
grown to confl uency. After indicated treatments, either total RNA was obtained using Trizol 
reagent (Invitrogen) or nuclear extracts were made. 

Infl ammatory cytokine stimulation during shear stress experiments

TNF-α (R&D systems, Abingdon, United Kingdom) was reconstituted in PBS supplemented 
with 1% (wt/vol) BSA and used at a fi nal concentration of 25 ng/mL in the culture medium 
during the fi nal 6 hours of shear stress exposure or static culture. 

Real-time RT-PCR

cDNA from 0.5-1 µg of total RNA was synthesized according to the manufacturers 
protocol (Invitrogen) and diluted 10x for gene-specifi c analysis with real-time reverse 
transcriptase-polymerase chain reaction (RT-PCR). All RT-PCR reactions were performed 
in a 15 µl reaction on an iCycler thermal cycler system (Biorad Laboratories, Veenendaal, 
Netherlands). Measured mRNA level were expressed as normalized ratios compared to 
ribosomal phosphoprotein P0 expression levels. Gene-specifi c primers were designed using 
Beacon Designer 3 software (Premier Biosoft International, Palo Alto, CA) and optimal 
melting temperature was obtained using a temperature gradient reaction. 
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Microarray probe synthesis and hybridization

A human oligonucleotide library containing 18.659 gene specifi c 65-mer sequences was 
purchased from Sigma/Compugen (Sigma, Saint Louis, MO; Compugen, San Jose, CA) 
and spotted on glass slides by the Microarray Department of the University of Amsterdam. 
Microarrays and coverslips were pretreated for 1 hour at 40°C in a buffer containing 25% 
formamide (vol/vol), 5X SSC, 0.2% (wt/vol) SDS and 0.1% (wt/vol) BSA. All microarray 
experiments were performed using a common reference RNA, composed of a pool of RNA 
from HUVEC, the monocytic cell line THP-1, and whole mount human carotid and aortic 
arteries. Up to 1 µg of total RNA from samples or common reference was amplifi ed a single 
round using the T7-based Ambion MessageAmp kit (Ambion, Huntingdon, UK), with 50% of 
rUTP ribonucleotides replaced by aminoallyl-rUTP (Sigma). Aminoallyl-modifi ed amplifi ed 
RNA (aRNA) was labeled with either Cy3 (common reference) or Cy5 (samples) monoreactive 
dyes (GE Healthcare, Uppsala, Sweden). Next, labeled probes were fragmented followed by 
purifi cation using the RNeasy mini kit (Qiagen, Hilden, Germany). RNA concentration as 
well as dye incorporation was measured using the Nanodrop Spectrophotometer (Nanodrop 
Technologies, Wilmington, DE). Equivalent amounts of labeled aRNA were applied to 
pretreated oligonucleotide microarrays in duplicate and hybridized for 16 hours at 40°C. 
After hybridization slides were washed and subsequently scanned using an Agilent-II Scanner 
(Agilent Technologies Palo Alto, CA). Feature extraction was done using Arrayvision 8.0 
software (GE Healthcare Europe, Diegem, Belgium) and background subtracted intensities 
were subsequently normalized using locally weighted linear regression smoothing (LOESS) 
in the R software environment (LIMMA package, Bioconductor software, http://www.
bioconductor.org). Normalized data was imported into Rosetta Resolver (Rosetta Biosoftware, 
Seattle, WA).
 
Microarray data analysis

Re-ratio based experiment defi nitions were constructed in Rosetta Resolver, followed 
by initial analysis, consisting of marker gene verifi cation and hierarchical clustering. For 
promoter analysis, data was exported from Rosetta Resolver and analyzed using whole 
genome rVista software (http://genome.lbl.gov/vista/index.shtml). These calculations used 
a database of all transcription factor binding sites (TFBSs) conserved in the human to mouse 
whole genome alignment of May 2004. Locus link identifi cations of the genes from each 
group (listed in Supplemental Table 1) were used as input. Calculated were the TFBSs over-
represented in 500 base pair upstream regions of these genes using all upstream regions of 
human genes in release 3 of the Reference Sequence (RefSeq) database (http://www.ncbi.
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nlm.nih.gov/RefSeq/) as outgroup (Supplemental Table 2). 

Immunohistochemistry

Human vascular tissue specimens were collected from organ donors after obtaining informed 
consent with approval of the Academic Medical Center (AMC) Medical Ethical Committee, 
and procedures conformed to the Declaration of Helsinki. Paraffi n sections were deparaffi nized 
and dried, followed by antigen retrieval by boiling the slides for 10 minutes in a 10 mM citrate 
buffer at pH 6.0. Primary antibody incubation with Thr71-phosphorylated ATF2 antibody was 
performed overnight at 4°C. Next, biotinylated secondary antibodies were used for 1 hour at 
room temperature, followed by incubation with streptavidin-biotin complexes conjugated to 
horseradish peroxidase (Dako, Glostrup, Denmark). Peroxidase substrate coloring with the 
VECTOR NovaRED substrate kit (Vector Laboratories, Burlingame, CA) was allowed to 
proceed for 10 minutes. Sections were examined using a Zeiss Axiophot microscope equipped 
with 2.5 x /0.075 numeric aperture (NA), 5 x /0.15 NA, 10 x /0.3 numeric aperture (NA), 20 
x /0.5 NA, 40 x /0.65 NA, and 63 x /0.8 NA Plan Neofl uar objectives (Zeiss, Oberkochen, 
Germany) and photographed using a Sony DXC-950P digital camera (Sony Corp., Tokyo, 
Japan) operated with the Leica QWin software (Leica Imaging Systems Ltd., Cambridge, 
UK). Images were processed using Adobe Photoshop CS2 9.0 software (Adobe Systems, 
San Jose, CA). Overview images of entire vessels were obtained by scanning the slides on an 
Epson EU-35 fl atbed scanner (Seiko Epson Corp., Nagano, Japan) with a resolution of 6400 
dpi and importing the images into Adobe Photoshop CS2 9.0 (Adobe Systems) using Epson 
TWAIN Pro software (Seiko Epson Corp.).

Lentiviral KLF2 overexpression and knock-down 

Stable lentiviral KLF2 overexpression or knock-down experiments were performed by 
transducing HUVECs with lentiviral vectors expressing KLF2 cDNA or specifi c short hairpin 
RNA sequences directed against KLF2 and fi refl y luciferase (FLUC), as described (Dekker et 
al., 2005; Dekker et al., 2006).  

Nuclear extract preparation and transcription factor enzyme-linked immunosorbent assay 
(ELISA)

Nuclear proteins were prepared with the nuclear extract kit in accordance with the 
manufacturer’s protocol (Active Motif Europe, Rixensart, Belgium). Transcription factor 
activity was determined with TransAM MAPK family kit (Active Motif Europe). In brief, 2-
20 μg of nuclear extract was added to each microtiter plate well into which an oligonucleotide 
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with an ATF2 or NF-κB consensus binding site had been immobilized. Transcription 
factors bound to their cognate DNA binding site were detected using specifi c horseradish 
peroxidase-conjugated antibodies for p65 or Thr71-phosphorylated ATF2 supplied in the kit. 
After substrate coloring, absorption at 450nm was measured on an EL808 microplate reader 
(BioTek, Winooski, VT).

Immunofl uorescence

For immunofl uorescence, mock- and KLF2-transduced HUVEC were grown on gelatin-
coated glass coverslips and fi xed with 4% (vol/vol) formaldehyde. Primary antibody 
incubation using Thr71-phosphorylated ATF2 antibody (Cell Signaling Technology, 
Danvers, MA) was performed overnight at 4°C. Alexa488-labeled secondary antibodies were 
used for 1 hour at room temperature, followed by Hoechst nuclear staining, mounting and 
fl uorescence microscopy analysis. Photomicrographs were acquired using a Zeiss Axioplan 
2 microscope equipped with 10 x /0.3 numeric aperture (NA), 20 x /0.5 NA, 63 x /1.4 NA, 
and 100 x /1.5 NA Plan Neofl uar objectives (Zeiss, Oberkochen, Germany) and a Coolsnap 
HQ digital camera (Roper Scientifi c, Ottobrunn, Germany). Images were processed using 
Adobe Photoshop CS2 9.0 software (Adobe Systems).

RNA interference with duplex siRNA and Western blotting

HUVEC from 3 different isolates were grown to 80% confl uency according to cell 
culture methods described above. Cells were then changed to 1 ml/well of Optimem 
reduced serum medium (Invitrogen) and transfected with 325 pmol of non-specifi c (5’-
CAGUCGCGUUUGCGACUGG-3’ synthesized siRNA, Ambion) or ATF2 siRNA (Silencer 
pre-designed siRNA #16704, Ambion) using the Oligofectamine reagent (Invitrogen) 
according to manufacturer’s protocol. After 4 hours, 2 ml of M199 supplemented with 20% 
(vol/vol) FBS, 50 µg/mL heparin, 12.5 µg/mL ECGS and 100 U/mL of penicillin/streptomycin 
were added to the Optimem medium in each well.  After 24 hours, medium was changed to 
2 ml of full M199 containing 12.5 µg/mL ECGS and RNA or protein was harvested after 
48 hours. Where applicable, cells were stimulated with 10 ng/ml of TNF-α or vehicle (PBS 
+ 1% BSA) during the fi nal 6 hours of the experiment. Western blotting was performed as 
described (Fontijn et al., 2001). Total ATF2 protein levels were detected using a monoclonal 
ATF2 antibody (Cell Signaling Technology) and an α-tubulin staining was performed as a 
control for equal loading. Densitometric quantifi cation of the Western blot was performed 
using cyQuant software version 2003.03 (Amersham, Piscataway, NJ).
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Statistical analysis

Experimental data are shown as mean of normalized ratios ± standard error of the mean 
(SEM) for the indicated number of experiments. The paired or unpaired Student’s t-test 
was used to calculate statistical signifi cance of expression ratios or optical densities versus 
controls. P-values of less than 0.05 were considered statistically signifi cant.
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Results
Shear stress inhibits basal but not TNF-α-induced expression of infl ammatory genes

The artifi cial capillary system (Dekker et al., 2002) was used to obtain gene expression profi les 
of endothelial cells stimulated by infl ammatory cytokines, comparing their infl ammatory 
response under prolonged, unidirectional pulsatile laminar fl ow to static conditions. We 
studied the effects of these conditions using genome-wide expression profi ling. Figure 
1A shows a hierarchical clustering of a selection of genes modulated more than 2-fold by 
shear, TNF-α, or shear and TNF-α combined, with all 3 treatments relative to static control 
conditions. Three main cluster groups can be discriminated: group A contains genes whose 
expression is down-regulated by shear, but that are unaffected by TNF-α (Supplemental 
Table 1A); group B contains genes whose expression is up-regulated by TNF-α under both 
static and shear conditions (Supplemental Table 1B); group C contains genes that are up-
regulated by shear stress and are unaffected or down-regulated by TNF-α (Supplemental 
Table 1C). Validation of microarray expression data by real-time PCR was performed for a 
selection of genes from each group and showed that the expression of 8 out of 9 genes agreed 
with the microarray data (Figure 1B-D). In endothelial cells under prolonged pulsatile fl ow 
compared to static conditions, EDN1 and plasminogen activator inhibitor 1 (PAI-1) from 
group A were down-regulated or unchanged, respectively,  whereas PAI-1 was only slightly 
induced after 6 hours of TNF-α, which did not match the microarray expression data (Figure 
1B, Supplemental Table 1A). In contrast, several adhesion molecules and chemokines were 
potently induced by TNF-α and moderately suppressed by shear stress (Figure 1C). In line 
with our previous reports, mRNA levels of KLF2, NOS3 and TM were found to be highly 
up-regulated by prolonged shear stress and to be inhibited by TNF-α (Figure 1D).

To gain insight in the coordinate regulation of genes within a specifi c group, a search for 
transcription factor binding elements in upstream regions of constituent genes was performed 
using whole genome rVISTA. This software package evaluates which TFBSs, conserved 
between pairs of species, are statistically signifi cantly overrepresented in upstream regions 
in a group of genes (Loots et al., 2002). Using the human-mouse alignment of May 2004, 
and setting a 500 bp upstream search region, we found overrepresentation of distinct 
transcription factor binding sites in each of the 3 main groups (Supplemental Table 2). 
Importantly, the TNF-α-responsive group B is enriched in binding sites for NF-κB and the 
AP-1 family of transcription factors (indicated in Supplemental Table 2 as AP1FJ). Group 
B also shows enrichment of an ATF4 binding site. Furthermore, ATF3 and ATF4 binding 
sites are overrepresented in group A, composed of genes down-regulated by shear stress 
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but not modulated by TNF-α. The latter is also evident from a lack of enrichment of NF-κB 
binding sites in group A. Thus, it seems that group A and B share ATF binding site enrichment 
as well as down-regulation of unstimulated basal expression by shear stress. In group C, 
composed predominantly of shear induced genes, enrichment of AP-1 and Nrf2 binding sites 
is detected. 
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Figure 1 - Analysis of the effect of shear stress on basal and TNF-α-induced gene expression in endothelial cells. 
(A) Hierarchical clustering of a selection of genes modulated more than 2-fold by shear, TNF-α, or shear and TNF-α 
combined, all three treatments relative to static control conditions. Three main cluster groups can be discriminated, 
which were analyzed for the presence of overrepresented transcription factor binding sites in the promoters of the 
genes in each group compared to the whole genome in conserved 500 basepair upstream regions in the human-
mouse alignment of May 2004. A selection of transcription factors with overrepresented binding sites is shown for 
each cluster group and highlighted in orange are transcription factors that are well-described to be involved in in-
fl ammatory signaling. (B-D) Real-time PCR validation of gene expression as obtained by microarray. PCR analysis 
was done for a selection of genes from each of the three cluster groups as identifi ed by microarray data analysis. 
Real-time PCR was performed in duplicate on HUVECs cDNA from 3 independent  isolates, comparing static con-
ditions to either 7 days of pulsatile shear stress (19 +/- 12 dynes/cm2), a 6 hour treatment of TNF-α (25 ng/ml), or 
both. Expression levels relative to P0 housekeeping gene were obtained for a selection of genes from each cluster 
group and represented relative to static controls. Error bars indicate SEM. Signifi cant difference versus static control 
conditions is indicated (*P<0.05; **P<0.01); ns indicates not signifi cant.
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Evidently, there seems to be a clear distinction in identity of different members of the AP1/
ATF families in the different clusters. Detailed inspection showed this to be based on subtle 
sequence differences as homo- or heterodimers of the ATF family bind the cAMP response 
element 5’-TGACGTCA-3’ which differs by one nucleotide from the consensus AP-1 binding 
site 5’-TGAC/GTCA-3’ (Karin, 1995); Hai et al., 1983). One of the most studied members 
of the ATF transcription factor family, ATF2, is crucial for cytokine-induced expression 
of E-Selectin in endothelial cells (Read et al., 1997; Min and Pober, 1997). Furthermore, 
the ATF2 transcription factor has been described to be constitutively expressed (Karin, 
1995), including in HUVECs (Nawa et al., 2002), which makes it a prime target through 
which down-regulation of unstimulated basal expression of group A and B genes by shear 
stress could be mediated. In contrast to this, key members of the AP-1 family, c-Jun and 
c-Fos, are known to be inducible transcription factors at the expression level in response 
to growth factors, cytokines and stress (Eferl and Wagner, 2003). ATF3 and ATF4 also are 
inducible transcription factors, acting mostly through increased expression in response to 
endoplasmatic reticulum (ER) stress (Zhang and Kaufman, 2004), with ATF3 having almost 
no detectable levels in unstimulated endothelial cells (Nawa et al., 2002). We validated this 
in our microarray expression profi les from unstimulated endothelial cells. Signal intensity 
levels for ATF3, ATF4 are around or below reliable detection levels, whereas the ATF2 signal 
is well above this threshold. The constitutive expression of ATF2 in unstimulated endothelial 
cells and its key role in pro-infl ammatory signaling prompted us to further investigate its role 
in the atheroprotective effect of shear stress. 

Human lesional endothelial cells are positive for phosphorylated ATF2

To our knowledge, ATF2 has not been described in the context of shear stress and/or 
atherosclerosis, therefore its potential physiological relevance was fi rst assessed. The presence 
of active, phosphorylated ATF2 in endothelial cells from healthy or early atherosclerotic 
lesions was probed by immunohistochemistry (Figure 2). After determining the presence of 
a continuous layer of endothelial cells by CD31 staining in human iliac and carotid arteries, a 
clear and consistent positive signal for phosphorylated ATF2 could be seen in endothelial cells 
overlying early atherosclerotic lesions. In contrast, endothelium overlying morphologically 
healthy vessel wall is completely devoid of phosphorylated ATF2, although a strong positive 
signal for phosphorylated ATF2 was present in the media, presumably in smooth muscle cells.

Shear stress suppresses nuclear levels of activated ATF2 via KLF2

Based on the promoter analysis and immunohistochemical data described in the 2 previous 
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Figure 2 - Phosphorylated ATF2 is expressed specifi cally in lesional endothelium. (A) Human donor tissue (iliac 
artery, male, age 43, died from subdural hematoma after fall) was probed for the presence of a continuous layer of 
endothelial cells by immunohistochemical CD31 staining. After confi rmation of CD31 positivity, adjacent sections 
were stained for Thr71-phosphorylated ATF2 (p-ATF2). The left part of the panel shows an overview of the entire 
vessel, indicating the lesional and lesion-free areas that are enlarged in the composite images on the right, which 
show p-ATF2 or CD31 staining as reddish brown coloration. (B-E) Enlarged parts of lesional and lesion-free areas 
stained for p-ATF2 or CD31, taken from panel A as indicated by the red-lined boxes. Similar enlargements are shown 
for two other vascular specimens, obtained from human donor (panels F-I; iliac artery, female, age 35, died in falling 
accident), or human obduction tissue (panels J-M; internal carotid artery, male, age 85, died from liver failure). All 
sections were counterstained for nuclei with hematoxylin. The enlargements in panels A and B were obtained using 
a 63x magnifi cation. 
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headings of “Results”, we investigated the role of ATF2 in the modulation of gene expression 
by shear stress in more detail. For this purpose, we used an ELISA-based assay which measures 
nuclear levels of activated transcription factors that are able to bind to oligonucleotides 
containing their cognate DNA-binding sites. Nuclear extracts from HUVECs exposed to 
pulsatile fl ow show a clear reduction in levels of phosphorylated ATF2, most prominently after 
5 days of shear (Figure 3A). Stable lentiviral overexpression of KLF2 for 7 days resulted in 
a suppression of nuclear activated ATF2 to a level similar to that reached by prolonged shear 
(Figure 3B). The reduced nuclear levels of phosphorylated ATF2 were not due to a change in 
total ATF2 levels, since neither shear stress, nor KLF2 overexpression altered ATF2 mRNA 
expression compared to static or mock controls, as measured by RT-PCR (Supplemental 
Figure 1). Knock-down of KLF2 using lentivirally delivered small interfering RNA (siRNA) 
abrogates the shear stress-mediated inhibition of ATF2, implicating a direct dependence on 
KLF2 in this observation (Figure 3C). Even under static conditions, KLF2 siRNA increases 
ATF2 levels signifi cantly compared to a control siRNA against FLUC. The latter observation 
correlates with an increase in expression levels of several pro-infl ammatory genes in static 
cells transduced with KLF2 siRNA, compared to mock siRNA (Supplemental Figure 2).

KLF2 overexpression inhibits TNF-α-induced nuclear activation of ATF2

To further investigate the mechanism by which shear stress mediates its effects on ATF2, 
we measured TNF-α-induced nuclear activation of ATF2 in cells overexpressing lentiviral 
KLF2. KLF2 has been shown to be the causal factor in shear-mediated inhibition of several 
genes involved in infl ammation and vascular tone (Parmar et al., 2006; Dekker et al., 2005; 
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Figure 3 - Functional analysis of nuclear ATF2 activity in endothelial cells exposed to prolonged shear and its 
dependence on KLF2. Nuclear extracts from HUVECs exposed to 24h or 5 days of pulsatile fl ow (A) or HUVECs 
overexpressing KLF2 (B) were assayed for the presence of  functional Thr71-phosphorylated ATF2 protein. Data 
from 3 independent isolates are expressed relative to static or mock controls. (C) HUVECs containing lentiviral 
delivered double-stranded siRNA directed against KLF2 or a control siRNA against FLUC were exposed for 5 days 
to shear stress or to static conditions and assayed for nuclear activated ATF2. The means of 3 different isolates are 
expressed relative to static FLUC. Error bars indicate SEM. Signifi cant difference versus static or mock control 
conditions is indicated (*P<0.05; **P<0.01); ns indicates not signifi cant.
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Dekker et al., 2006; SenBanerjee et al., 2004). Figure 4A shows that nuclear ATF2 was 
potently suppressed by KLF2 compared to mock-transduced cells in the unstimulated control, 
confi rming the results seen in Figure 3B. TNF-α-induced activation of nuclear ATF2, as seen 
in mock transduced cells, was completely abolished by KLF2. Conversely, it appeared that 
TNF-α-induced activation of NF-κB component p65 was only partly inhibited by KLF2, 
whereas basal levels showed no signifi cant difference between mock- and KLF2-transduced 
cells (Figure 4B). 

Phosphorylated ATF2 is excluded from the nucleus by KLF2

Since the activated transcription factor assay cannot discern between the degree of nuclear 
localization and the degree of phosphorylation, immunofl uorescence was used to clarify this 
issue. Fluorescent staining of phosphorylated ATF2 in HUVECs showed a clear and predominant 
cytoplasmic localization of phosphorylated ATF2 in KLF2-overexpressing cells (Figure 5B), 
whereas mock transduction resulted in exclusive nuclear staining of phosphorylated ATF2 
(Figure 5A). These observations were confi rmed by an additional nuclear staining with Hoechst 
(Figure 5C-D), which led to merged pictures (Figure 5E-F), clearly identifying the major effect 
of KLF2 on the localization of phosphorylated ATF2. Quantifi cation of the immunofl uorescence 
data from 2 independent experiments show a clear reduction in p-ATF2 positive nuclei from 
85% in mock cells to 25% in KLF2-transduced cells (Figure 5G).
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ATF2 knock-down leads to reduction of basal and TNF-induced pro-infl ammatory gene 
expression levels

Having shown that ATF2 is inhibited by shear stress via KLF2, we next investigated the effect 
of direct inhibition of ATF2 on pro-infl ammatory gene expression employing duplex siRNA 
against ATF2. A solid knock-down of ATF2 mRNA and protein levels by ~80% was achieved 
in HUVECs 48 hours after addition of ATF2 siRNA (Figure 6A-C). The siRNA-mediated 
inhibition of ATF2 was equally potent in vehicle- and TNF-α-treated cells, even though TNF-
α caused a minor 1.5-fold increase in ATF2 expression in the non-specifi c siRNA control 
(Figure 6Di). Knock-down of ATF2 caused a reduction in both basal and TNF-α-induced 
expression levels of pro-infl ammatory genes from cluster groups A (EDN1) and B (SELE, 
CCL2, VCAM1, IL8) which could be confi rmed by real-time PCR (Figure 6Dii-vii). The 
expression of PAI-1 was not signifi cantly reduced by siATF2 by neither vehicle nor TNF-α 

Figure 5 - KLF2 suppresses nuclear lo-
calization of phosphorylated ATF2. HU-
VECs transduced with mock (A,C,E) or 
KLF2 (B,D,F) lentivirus were fi xed with 
paraformaldehyde and stained for Thr71-
phosphorylated ATF2 protein by immu-
nofl uorescence (A,B). Nuclei were made 
visible with a Hoechst nuclear staining 
(C,D) and picture were merged (E,F). 
Photographs representative for 2 indepen-
dent experiments were obtained by fl uo-
rescence microscopy using a 63x magnifi -
cation. (G) Quantifi cation was performed 
by counting nuclei with strong nuclear 
p-ATF2 positivity in 3 representative 
microscopic fi elds from mock and KLF2 
transduced cells taken from the 2 indepen-
dent experiments, each fi eld containing 
on average ~350 cells. **Signifi cant dif-
ference in pATF2-positive nuclei between 
mock and KLF2 values (P<0.01).
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treatment. Interestingly, the inducibility of pro-infl ammatory genes by TNF-α as seen in cells 
treated with the non-specifi c control, was preserved when ATF2 was knocked down.
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Figure 6 - ATF2 knock-down reduces basal and TNF-α-induced expression of pro-atherogenic genes. Total cell 
mRNA and protein were harvested from HUVECs that were untransfected (control) or transfected with non-specifi c 
(siNS) or ATF2 siRNA (siATF2). (A) ATF2 mRNA expression levels represented relative to ribosomal protein P0, 
as measured by real-time PCR. (B) Total ATF2 protein levels were measured using Western blot and equal loading 
was verifi ed with α-tubulin. Protein levels were quantifi ed and shown in (C) as ratios versus siNS, corrected for 
α–tubulin. (D) Inhibition of basal and TNF-α-induced expression of genes from cluster groups A and B by knock-
down of ATF2 compared to a non-specifi c control. ATF2 expression was inhibited by siATF2 during both vehicle 
and TNF-α treatment (i), resulting in reduction of basal and TNF-α-induced expression of SELE (ii), CCL2 (iii), 
IL8 (iv), VCAM1 (v) and EDN1 (vii), but not of PAI-1 (vi). Represented are the mean P0-corrected, relative mRNA 
expression levels from 3 different HUVEC isolates measured in duplicate by RT-PCR. Error bars indicate SEM. 
Signifi cant difference versus nonspecifi c siRNA is indicated (*P<0.05; **P<0.01).
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Discussion 

There is still no defi nitive explanation for the cause of the moderate pr0-infl ammatory status 
of endothelium in the absence of fl ow in vitro or at disturbed fl ow regions of the vasculature 
in vivo. In this study we focused on non-cytokine-induced gene expression as modulated 
by prolonged shear stress. The promoters of genes that are down-regulated by prolonged 
exposure to shear stress, show a clear enrichment for ATF binding sites (Figure 1A-D). Our 
present results show that both shear stress and the shear-induced transcription factor KLF2 
inhibit the activity of the constitutively expressed pro-infl ammatory transcription factor 
ATF2, by inhibiting its nuclear translocation in HUVECs (Figures 3 and 5). Furthermore, 
constitutive and cytokine-induced expression of the panel of infl ammatory genes, several 
adhesion molecules and chemokines (Dekker et al., 2006), is indeed sensitive to ATF2 activity 
as shown by siRNA mediated knock-down (Figure 6C) and their expression is suppressed by 
both shear stress and KLF2 (Figures 1 and 3). Interestingly, knock-down of residual KLF2 
results in a further increase of constitutive expression of these genes under static conditions 
(Supplemental Figure 2). Together, these data strongly suggest that blunting of ATF2 activity 
is one prominent mechanism by which shear stress and KLF2 inhibit the constitutive pro-
infl ammatory gene expression observed in the absence of biomechanical stimulation of 
endothelium. The physiological relevance of these in vitro data are supported by our novel 
observation that endothelial cells overlying human early atherosclerotic plaques have vastly 
increased levels of phosphorylated ATF2, compared to healthy endothelium (Figure 2). 
Interestingly, we consistently observed a much stronger staining for phosphorylated ATF2 
in medial smooth muscle cells, located directly underneath the endothelial layer in plaque-
free areas, compared to neointimal smooth muscle cells. This fi nding demonstrates for the 
fi rst time a differential expression of activated, phosphorylated transcription factor ATF2 
between medial and intimal smooth muscle cells, suggesting that it could be one of the 
molecular mediators of the phenotypic change undergone by smooth muscle cells during 
plaque formation. Together, these fi ndings warrant further detailed investigation into the role 
of ATF2 during in vivo atherosclerosis.

The effect of shear stress on basal and TNF-α-induced gene expression was investigated 
by genome-wide expression profi ling and cluster-based promoter analysis showing three 
general cluster groups. Promoters of genes in cluster group B, composed of TNF-α-induced 
genes, showed enrichment in TFBSs for NF-κB and AP-1 (Figure 1A), confi rming that both 
transcription factors are crucial for a potent transcriptional response to cytokine stimulation 
(Viemann et al., 2004). It is well-documented that potent induction of infl ammatory gene 
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expression depends on formation of a transcriptional complex, the enhanceosome, composed 
of NF-κB, AP-1 and co-factor CBP/p300 (Kracht and Saklatvala, 2002). ATF2, together 
with Jun and Fos subfamilies, collectively constitute the family of AP-1 transcription 
factors, which are homo- and heterodimers composed of basic-region leucine zipper (bZIP) 
proteins (Karin, 1995). Jun proteins form stable homodimers or heterodimers with Fos that 
bind the AP-1 DNA recognition element 5’-TGAG/CTCA-3’. However, ATF2 also forms 
homodimers or heterodimers with Jun that bind preferentially to the slightly different 
sequence of the CRE, 5’-TGACGTCA-3’. The latter response element is also the preferential 
binding site for other members of the CRE-binding family (CREB), including ATF3 and 
ATF4. However, involvement of ATF3 and ATF4 in shear stress-mediated inhibition of basal 
pro-infl ammatory transcription is less likely, because, like c-Jun and c-Fos, they are normally 
expressed at low levels in resting cells and are usually induced at the expression level (Kracht 
and Saklatvala, 2002; Min and Pober, 1997; Nagel and al., 1999). Still, a role for other ATF 
members in prolonged infl ammatory signaling is evident as Gargalovic and co-workers very 
recently showed that both basal and ox-PAPC-induced expression of CCL2, IL6 and IL8 
was partly dependent on ATF4 (Gargalovic, Gharavi et al., 2006; Gargalovic, Imura et al., 
2006). Furthermore, TNF-α apparently overrides the suppressive effects on ATF2 by highly 
inducing NF-κB, as shown by induction of genes containing NF-κB binding sites under 
stimulated conditions in both static and sheared endothelial cells (Figure 1) and by increased 
nuclear NF-κB protein even during overexpression of KLF2 (Figure 4). Indeed several 
reports have directly shown that NF-κB prevails over p38/AP-1 driven expression after TNF-
α activation (Viemann et al., 2004; Chiu et al., 2005). In line with this, the actual induction 
of pro-infl ammatory genes by TNF-α was preserved in cells in which specifi cally ATF2 had 
been knocked down by siRNA, even though ATF2 knock-down did attenuate both basal and 
TNF-α-stimulated pro-infl ammatory transcription levels (Figure 6). This fi nding seemingly 
contradicts previous reports that show a decrease in cytokine-induced infl ammatory gene 
expression in endothelial cells after up to 24 hours of pre-exposure to laminar fl ow (Yamawaki 
et al., 2003; Chiu et al., 2004). It has become increasingly evident, however, that these time 
points may still be regarded as pre-conditioning and are not suffi cient for termination of 
transient shear effects or for establishing the full KLF2 effect (Dekker et al., 2006; Dekker et 
al., 2002). We now indeed show that a full suppression of activated ATF2 in nuclear extracts 
from HUVECs requires more than 24 hours of arterial-level shear exposure to reach the same 
suppression level as caused by overexpressing KLF2 (Figure 3). 

KLF2 has been shown to control multiple processes that maintain a healthy, functional 
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endothelium and confer protection from initiation of atherosclerosis (Parmar et al., 2006; 
Dekker et al., 2006; Dekker et al., 2002). For cluster group C, real-time PCR validated 
that shear stress increased KLF2, NOS3 and TM mRNA expression compared to static 
conditions, and that these genes were inhibited by TNF-α (Figure 1D). Both observations 
are in accordance with previous results (Parmar et al., 2006; Dekker et al., 2002). KLF2 
was also shown to dampen IL-1β induced pro-infl ammatory gene expression (Parmar et al., 
2006; SenBanerjee et al., 2004). Paradoxically, we and others report that TNF-α and IL-
1 inhibit KLF2 expression (Dekker et al., 2002; Lin et al., 2005) and KLF2 moderately 
inhibits NF-κB activation (SenBanerjee et al., 2004) (Figure 4B). It is likely that prolonged 
cytokine stimulation through NF-κB and AP-1 will therefore lift KLF2-mediated inhibition 
of pro-infl ammatory genes, allowing a transient but potent infl ammatory response. Along 
these lines, we argued that the protective effects of shear stress and KLF2 are more likely 
due to suppression of basal infl ammatory gene expression depending on ATF2. In support 
of this view, the absence of shear stress indeed elevates basal expression levels of adhesion 
molecules and chemokines, an effect that is KLF2 dependent (Parmar et al., 2006; Dekker et 
al., 2005) (Figures 1 and 3). Additionally, knock-down of KLF2 in static cells elevated basal 
transcription of these pro-infl ammatory genes (Supplemental Figure 2).  

Recruitment of CBP/p300 has recently been implicated in the KLF2 mediated inhibition of 
cytokine-induced gene expression via NF-κB (SenBanerjee et al., 2004; Lin et al., 2005). 
Another recent study in monocytes has shown that KLF2 can also recruit the PCAF co-factor 
away from the NF-κB complex (Das et al., 2006). Interestingly, ATF2 has intrinsic histone 
acetyltransferase (HAT) activity and might recruit other HATs, like co-factors CBP/p300 and 
PCAF (Kawasaki et al., 2000). Suppression of phosphorylated ATF2 levels in the nucleus 
by shear stress, would result in decreased HAT-activity, reduced co-factor recruitment, and 
ultimately decreased constitutive transcription of genes (partially) dependent on ATF2. 
Thus, a straightforward explanation is supplied for the observed decreased CBP/p300 and 
PCAF activities and the effects on NF-κB-dependent gene expression reported previously 
(SenBanerjee et al., 2004; Lin et al., 2006). The next challenge is to explain the mechanism 
by which shear stress and KLF2 modulate nuclear ATF2 levels as in HUVECs overexpressing 
KLF2, total ATF2 phosphorylation does not seem to be affected (Figure 5). It could be that 
the nuclear import and export machinery is directly involved, possibly through c-Jun as 
a prerequisite nuclear anchor for ATF2 (Liu et al., 2006) or that modulation of upstream 
MAP kinase pathways is affected (Yamawaki et al., 2003). Further investigation is currently 
undertaken to fi nd the detailed mechanism underlying the crucial observation of suppression 
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of ATF2 nuclear localization by KLF2. 

In conclusion, our in vitro results show a prominent role for the activated transcription 
factor ATF2 in basal but also inducible infl ammatory transcription in endothelial cells, with 
endothelial activated ATF2 being present in vivo only at lesional areas of the human vasculature. 
This pro-infl ammatory status is repressed by both shear stress and KLF2, which are also able 
to inhibit the nuclear activity of the transcription factor ATF2 in vitro. This strongly suggests 
that shear stress through KLF2, inhibits pro-infl ammatory gene expression in regions of the 
vasculature that appear to be protected against the focal initiation of atherosclerosis.
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Supplemental Figures and Tables
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Supplemental Figure 1 - Shear stress and KLF2 do not mo-
dulate ATF2 expression levels. HUVEC were exposed to pro-
longed shear stress or were transduced with the lentiviral KLF2 
overexpression vector for 5-7 days. ATF2 mRNA levels were 
measured in duplo by RT-PCR and compared to ATF2 levels 
in the corresponding static and mock controls. Represented are 
mean expression levels normalized to expression of ribosomal 
protein P0 in 3 (shear stress) or 4 (KLF2 overexpression) dif-
ferent HUVEC isolates. Error bars indicate SEM. ns indicates 
not signifi cant.
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Supplemental Figure 2 - KLF2 knock-down increases basal expression of pro-infl ammatory genes. KLF2 levels in 
static HUVEC cultures were reduced by 50% by transduction with a lentiviral mock or siKLF2 vector for 4 days (i). 
Transcription of SELE (ii), CCL2 (iii), IL8 (iv), VCAM1 (v), PAI-1 (vi) and EDN1 (vii) was measured by RT-PCR 
and represented as the mean normalized to expression of ribosomal protein P0 of 4 different HUVEC isolates. Error 
bars indicate SEM. Signifi cant difference versus mock control is indicated (*P<0.05).
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10 NAT2 -1.3 -2.0 -1.2
22 ABCB7 1.1 -2.2 -1.1
34 ACADM -1.8 -2.1 -1.5
81 ACTN4 -1.2 -2.2 -1.4
86 ACTL6A -1.7 -2.3 -1.2
133 ADM -1.4 -2.5 -1.2
285 ANGPT2 -2.3 -2.7 -1.1
328 APEX1 -1.5 -2.0 -1.1
471 ATIC -1.5 -3.1 -1.6
636 BICD1 -2.0 -1.9 -1.1
652 BMP4 -2.0 -3.0 -1.5
672 BRCA1 -1.9 -2.1 -1.3
805 CALM2 -1.6 -2.1 -1.2
824 CAPN2 -2.0 -2.3 -1.4
894 CCND2 -1.6 -2.1 -1.0
908 CCT6A -2.7 -2.6 -1.2
983 CDC2 -3.3 -4.4 -1.3
990 CDC6 -2.2 -3.5 -1.5
1012 CDH13 -1.7 -2.5 -1.1
1017 CDK2 -1.6 -2.5 -1.1
1073 CFL2 -1.4 -1.7 -2.3
1134 CHRNA1 -2.0 -2.1 1.4
1195 CLK1 -2.2 -2.5 -1.5
1238 CCBP2 -2.2 -2.1 -1.0
1281 COL3A1 -1.7 -2.9 -2.0
1303 COL12A1 -2.4 -1.8 -1.0
1399 CRKL -1.2 -2.3 -1.1
1401 CRP -2.1 -1.9 -1.3
1429 CRYZ -2.0 -2.0 -1.4
1454 CSNK1E -1.5 -2.2 -1.1
1488 CTBP2 -1.7 -2.1 -1.2
1490 CTGF -1.6 -2.1 -1.3
1499 CTNNB1 -1.7 -2.2 -1.1
1515 CTSL2 -1.5 -2.2 -1.2
1525 CXADR -2.8 -2.3 -1.4
1536 CYBB -1.4 -2.1 -1.0
1647 GADD45A -2.2 -1.2 1.0
1793 DOCK1 -3.8 -1.0 -2.4
1794 DOCK2 -2.0 -1.2 -1.9
1809 DPYSL3 -1.8 -2.1 -1.1
1834 DSPP -1.1 -2.5 -1.4
1870 E2F2 -2.3 -3.8 -1.3
1892 ECHS1 -1.8 -2.2 1.1
1906 EDN1 -2.7 -2.0 -1.1
2012 EMP1 -1.8 -2.1 -1.4
2020 EN2 -4.8 -11.4 -2.3
2037 EPB41L2 -1.8 -2.3 1.5
2130 EWSR1 -1.4 -3.1 -1.2
2131 EXT1 -2.2 -2.4 1.0
2171 FABP5 -2.2 -2.0 1.2
2172 FABP6 -2.1 -4.2 -1.2
2202 EFEMP1 -1.7 -2.0 -1.3
2568 GABRP -1.8 -8.3 -2.5
2571 GAD1 -3.0 -3.1 -1.3
Supplemental table 1A – Expression data (fold change) for genes in cluster group A.

LLID Gene Symbol static vs shear static vs shear TNF static vs static + TNF
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2619 GAS1 -1.4 -2.3 -1.5
2631 GBAS -2.1 -1.9 -1.1
3192 HNRPU -2.1 -2.2 -1.2
3202 HOXA5 -1.7 -2.5 -1.1
3337 DNAJB1 -2.8 -2.8 -1.3
3490 IGFBP7 -3.0 -2.3 -1.4
3550 IK -1.3 -2.2 -1.4
3709 ITPR2 -1.8 -2.2 1.4
3763 KCNJ6 -1.3 -2.3 -1.2
3815 KIT -3.4 -3.3 -1.2
3875 KRT18 -1.5 -2.6 -1.2
3910 LAMA4 -2.6 -9.1 -2.1
3929 LBP -1.6 -2.0 -1.3
3936 LCP1 -1.0 -2.2 -2.1
4090 SMAD5 -1.7 -2.4 -1.6
4154 MBNL1 -1.6 -2.5 -1.9
4162 MCAM -1.9 -1.5 -2.1
4173 MCM4 -1.7 -2.2 -1.3
4193 MDM2 -2.1 -2.5 -1.4
4212 MEIS2 -1.2 -2.0 -1.2
4297 MLL -1.9 -2.4 -1.2
4303 MLLT7 -1.4 -1.7 -2.6
4343 MOV10 -1.4 -2.3 1.1
4430 MYO1B -3.2 -2.7 1.2
4481 MSR1 -1.5 -2.6 -1.2
4678 NASP -1.8 -2.3 -1.2
4717 NDUFC1 -1.6 -2.5 -2.6
4763 NF1 -2.1 -2.2 -1.4
4771 NF2 -1.7 -2.2 -1.1
4774 NFIA -1.1 -2.1 -1.9
4781 NFIB -1.6 -2.3 -2.0
4848 CNOT2 -2.0 -2.3 -1.2
4879 NPPB -3.5 -3.2 -1.1
4899 NRF1 -1.5 -2.3 -1.2
4908 NTF3 -2.0 -1.8 -1.7
5010 CLDN11 -2.2 -1.4 1.1
5054 SERPINE1 -1.6 -2.4 -1.0
5087 PBX1 -1.3 -2.7 -2.0
5111 PCNA -2.7 -4.7 -1.4
5228 PGF -2.5 -2.5 -1.1
5340 PLG -2.5 -3.1 -1.3
5351 PLOD1 -1.6 -2.1 -1.0
5393 EXOSC9 -1.5 -2.2 -1.2
5445 PON2 -1.6 -2.3 -1.2
5526 PPP2R5B -1.5 -2.0 -1.3
5527 PPP2R5C -1.4 -2.0 -1.1
5557 PRIM1 -1.0 -2.3 1.3
5567 PRKACB -1.1 -1.7 -2.2
5581 PRKCE -1.8 -2.1 -1.2
5591 PRKDC -2.0 -2.6 -1.2
5701 PSMC2 -2.0 -2.3 -1.1
5719 PSMD13 -1.7 -2.3 -1.2
5825 ABCD3 -1.9 -2.3 -1.3
5861 RAB1A -1.3 -2.4 -1.1

LLID Gene Symbol static vs shear static vs shear TNF static vs static + TNF

Supplemental table 1A – continued
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5879 RAC1 -2.2 -2.1 1.3
5902 RANBP1 -2.0 -2.8 -1.2
5925 RB1 -1.5 -2.0 -1.5
5984 RFC4 -2.1 -2.7 -1.3
5985 RFC5 -1.7 -2.1 -1.1
6049 RNF6 -3.4 -2.8 -3.3
6117 RPA1 -1.8 -2.2 -1.3
6124 RPL4 -1.9 -2.7 -1.1
6184 RPN1 -1.5 -2.5 1.0
6241 RRM2 -1.7 -2.0 -1.3
6304 SATB1 -1.3 -1.7 -2.2
6332 SCN7A -1.7 -3.2 -1.6
6392 SDHD -1.6 -2.2 -1.4
6414 SEPP1 -1.5 -1.2 -2.0
6451 SH3BGRL -1.5 -2.4 -1.4
6453 ITSN1 -1.6 -2.2 -1.2
6453 ITSN1 -3.2 -3.1 -1.1
6595 SMARCA2 1.3 -1.6 -2.0
6608 SMO -1.4 -2.1 -1.3
6611 SMS -2.1 -2.6 -1.0
6625 SNRP70 -1.4 -2.8 -1.1
6645 SNTB2 -1.3 -2.3 -1.5
6853 SYN1 1.0 -1.4 -2.3
6943 TCF21 -2.8 -2.9 -1.6
7044 LEFTY2 -2.8 -1.5 -1.0
7074 TIAM1 -3.1 -1.0 -1.6
7114 TMSB4X -1.3 -2.0 1.0
7169 TPM2 -1.4 -2.4 -1.4
7184 TRA1 -2.1 -1.9 -1.2
7200 TRH -4.7 -1.6 -1.5
7204 TRIO -2.0 -2.3 1.4
7249 TSC2 -1.8 -2.7 -1.1
7257 TSNAX -1.9 -2.9 -1.1
7298 TYMS -2.2 -3.2 -1.3
7322 UBE2D2 -2.2 -2.7 1.3
7398 USP1 -2.0 -2.0 -2.0
7436 VLDLR -1.6 -2.4 -2.0
7545 ZIC1 -2.0 -2.0 -1.4
7670 ZNF117 -2.9 -3.7 -1.6
7757 ZNF208 -2.1 -2.7 -1.4
7818 DAP3 -1.9 -2.7 -1.3
7862 BRPF1 -1.6 -2.1 -1.1
7884 SLBP -2.0 -2.0 -1.1
8318 CDC45L -1.5 -2.1 -1.2
8507 ENC1 -2.9 -4.2 -1.4
8534 CHST1 -1.5 -3.2 -1.0
8607 RUVBL1 -1.9 -2.0 -1.0
8833 GMPS -1.6 -2.4 -1.5
8836 GGH -2.3 -2.1 1.2
8847 DLEU2 -2.3 -2.7 -1.1
8862 APLN -1.6 -2.5 -1.2
8941 CDK5R2 -1.9 -2.2 -1.3
9134 CCNE2 -1.5 -2.2 -1.4
9184 BUB3 -2.1 -2.3 -1.3

LLID Gene Symbol static vs shear static vs shear TNF static vs static + TNF

Supplemental table 1A – continued
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9262 STK17B -1.4 -2.3 -2.4
9315 C5orf13 -1.0 -1.3 -2.9
9397 NMT2 -1.5 -2.3 1.1
9404 LPXN -28.5 -8.4 -10.8
9512 PMPCB -1.2 -2.0 -1.1
9518 GDF15 -3.4 -1.8 -1.0
9585 MPHOSPH1 -1.1 -2.6 -2.0
9617 MTRF1 -1.5 -2.1 -1.4
9622 KLK4 -2.7 -1.2 -1.7
9636 G1P2 -2.1 -1.2 -1.1
9639 ARHGEF10 -2.4 -2.1 -1.1
9643 MORF4L2 -2.2 -2.9 -1.0
9697 TRAM2 -1.5 -2.6 -1.6
9741 LAPTM4A -1.4 -2.3 -1.0
9788 MTSS1 1.3 -1.2 2.2
9857 CAP350 -1.8 -1.5 -2.2
9865 KIAA0644 -1.1 -2.4 -2.5
9871 SEC24D -1.2 -2.2 1.4
10002 NR2E3 -3.8 -2.1 -1.1
10026 PIGK -1.6 -2.1 -1.3
10051 SMC4L1 -2.7 -2.9 -1.3
10092 ARPC5 -2.1 -1.7 -1.4
10151 HNRPA3P1 -2.6 -1.9 -2.2
10234 LRRC17 -3.9 -3.8 -1.3
10367 CBARA1 -1.5 -2.1 -1.3
10422 UBADC1 -1.6 -2.1 -1.1
10542 HBXIP -2.0 -2.2 -1.2
10587 TXNRD2 -1.5 -2.0 -1.4
10635 RAD51AP1 -1.4 -2.1 -1.7
10656 KHDRBS3 -1.3 -1.3 -2.0
10659 CUGBP2 -2.3 -2.0 -1.3
10694 CCT8 -2.2 -3.5 -1.2
10826 C5orf4 -2.5 -1.6 -1.1
10935 PRDX3 -1.6 -2.3 -1.3
10950 BTG3 -2.1 -1.4 1.1
10971 YWHAQ -1.8 -3.2 1.5
10982 MAPRE2 -2.1 -1.8 -1.1
10988 METAP2 -2.2 -2.7 -1.2
10989 IMMT -1.8 -2.3 -1.0
11075 STMN2 -1.8 -2.3 -1.2
11086 ADAM29 -2.0 -2.1 -1.3
11164 NUDT5 -1.7 -2.1 -1.1
11165 NUDT3 -2.0 -2.0 -1.2
11171 STRAP -1.5 -2.3 1.0
11177 BAZ1A -1.8 -2.0 -1.1
11179 ZNF277 -1.3 -2.2 -1.1
11321 XAB1 -2.1 -2.1 -1.2
11339 OIP5 -1.5 -2.0 -1.4
22871 NLGN1 -2.0 -1.2 -1.1
22891 ZNF365 -1.1 -2.8 -1.4
22920 KIFAP3 -2.4 -1.5 -1.1
22943 DKK1 -2.2 -1.9 -1.2
22948 CCT5 -2.0 -2.1 -1.0
23042 KIAA0251 -3.4 -3.5 -4.3

LLID Gene Symbol static vs shear static vs shear TNF static vs static + TNF

Supplemental table 1A – continued



Chapter 3

82

23092 ARHGAP26 -1.6 -2.0 1.3
23139 MAST2 -1.6 -2.1 -1.3
23194 FBXL7 -1.9 -2.5 1.4
23274 KIAA0350 -2.1 -2.4 -1.1
23303 KIF13B -2.8 -3.5 -1.3
23308 ICOSLG -1.6 -2.4 -1.4
23348 DOCK9 -1.6 -2.0 1.2
23463 ICMT -1.5 -2.4 -1.1
23476 BRD4 -2.6 -1.8 1.0
23594 ORC6L -1.9 -3.0 -1.2
23613 PRKCBP1 -1.4 -2.2 -1.4
23635 SSBP2 -1.1 -2.1 -1.3
23677 SH3BP4 -1.8 -2.2 -1.6
25788 RAD54B -2.3 -2.9 -1.6
25801 GCA -1.4 -1.3 -5.2
25814 ATXN10 -2.0 -1.8 -1.1
25925 ZNF521 -1.1 -2.0 -2.8
26060 APPL -1.8 -2.5 -2.1
26082 DKFZP434L187 -1.2 -2.2 -1.2
26271 FBXO5 -2.2 -2.3 -1.2
26999 CYFIP2 -1.8 -2.4 -1.4
29128 UHRF1 -2.7 -6.3 -1.4
29902 HSU79274 -1.6 -2.2 -1.3
29970 SCHIP1 -3.0 -3.4 -1.1
30014 SPANXA1 -1.8 -2.6 -1.2
51053 GMNN -1.4 -2.8 -1.3
51056 LAP3 -2.1 -1.4 -1.6
51061 TXNDC11 -2.0 -1.7 -1.0
51071 DERA -1.8 -2.2 -1.5
51138 COPS4 -2.0 -2.5 -1.4
51232 CRIM1 -1.6 -3.0 1.0
51324 SPG21 -1.8 -2.1 -1.0
51377 UCHL5 -2.2 -2.5 -1.6
51433 ANAPC5 -2.1 -1.6 -1.0
51441 YTHDF2 -1.5 -2.0 1.2
51567 TTRAP -1.3 -2.2 -1.1
51714 SELT -1.4 -2.2 1.1
51761 ATP8A2 -1.1 -3.5 1.1
54664 FLJ11273 1.1 -9.7 1.0
54733 SLC35F2 -1.6 -2.0 1.0
54796 BNC2 -1.6 -2.6 -1.3
54873 PALMD -1.8 -3.1 -3.1
54887 C6orf107 -2.0 -2.5 -1.3
54931 RG9MTD1 -2.3 -2.8 -1.3
54969 FLJ20534 -1.8 -2.9 -1.5
55049 FLJ20850 -1.9 -2.1 -1.6
55166 C6orf139 -2.0 -1.4 -1.9
55209 FLJ10707 -1.6 -2.6 -1.3
55222 LRRC20 -2.5 -1.6 -1.9
55326 AGPAT5 -1.5 -2.3 -1.4
55338 FLJ11292 -1.5 -2.1 -1.3
55379 PRO1855 -2.1 -1.8 1.2
55486 PSARL -1.4 -2.2 1.0
55578 FAM48A -2.1 -2.1 -1.4
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55691 FRMD4A -2.0 -2.2 1.2
55729 ATF7IP -1.4 -3.2 -1.2
55752 SEPT11 -2.3 -1.8 1.2
55758 RCOR3 -1.7 -2.2 -1.2
55802 DCP1A -1.5 -2.2 1.3
55858 TPARL -1.7 -2.0 -1.0
55914 ERBB2IP -2.8 -3.7 -1.2
56034 PDGFC -2.1 -1.6 -1.2
56062 KLHL4 -1.4 -2.2 -2.7
56925 LXN -2.3 -3.0 -1.5
56987 BBX -1.5 -2.6 -1.1
56990 CDC42SE2 -1.5 -2.5 1.2
57134 MAN1C1 -2.0 -2.5 -2.2
57154 SMURF1 -2.3 -3.4 1.2
57192 MCOLN1 -2.8 -2.0 -2.2
57211 GPR126 -1.7 -2.7 -2.0
57509 MTUS1 -2.4 -3.3 -1.7
57730 KIAA1641 -2.9 -3.2 -1.3
57820 CCNB1IP1 -1.4 -2.1 -1.4
63892 THADA 1.0 -2.0 1.2
64105 FKSG14 -2.1 -3.0 -1.3
64754 SMYD3 -1.6 -2.6 -1.1
64860 ARMCX5 -2.1 -1.3 1.0
64901 RANBP17 -2.1 -2.6 1.1
64943 FLJ12442 -2.0 -2.5 -1.1
65244 SPATS2 -2.3 -2.0 -2.2
79650 FLJ13154 -1.5 -2.1 -1.3
79682 MLF1IP -3.3 -4.5 -1.5
79843 FLJ22746 -2.0 -2.4 -2.1
80041 FLJ11996 -2.7 -2.1 -1.2
85464 SSH2 -2.4 -4.0 1.1
91319 DERL3 -1.2 -1.0 -3.3
91624 NEXN -2.2 -1.7 1.0
91768 CABLES1 1.1 -1.4 -2.0
93550 ANUBL1 -1.7 -2.2 -1.5
93663 ARHGAP18 -1.3 -2.6 -2.8
94241 TP53INP1 -1.9 -2.0 -1.6
131873 LOC131873 -2.0 -40.2 -13.3
140707 BRI3BP -1.4 -2.3 -1.5
143187 VTI1A -1.3 -2.1 -1.1
143872 FLJ32810 -1.9 -2.2 -1.0
144455 E2F7 -2.4 -2.0 -1.5
147495 APCDD1 -1.6 -2.0 -2.0
148206 LOC148206 -1.3 -2.1 -1.2
154043 MAGI1 -2.1 -2.2 -2.4
160518 MGC24039 -1.3 -2.2 -1.7
170959 ZNF431 -1.9 -2.5 -1.2
220042 FLJ25416 -1.7 -2.3 -1.1
220441 RNF152 -2.0 -3.8 -2.6
347853 TBX10 -1.6 -2.4 -1.1
374286 CDRT1 -1.3 -2.1 -1.5
389337 FLJ41603 1.1 -2.0 -2.0
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246 ALOX15 1.0 1.9 3.2
382 ARF6 1.1 2.0 1.8
444 ASPH 1.8 2.3 1.9
624 BDKRB2 1.1 1.7 2.1
669 BPGM -1.2 2.4 1.6
710 SERPING1 2.6 1.4 2.0
961 CD47 1.6 2.4 1.7
1004 CDH6 1.5 2.3 1.9
1155 CKAP1 2.0 2.9 1.3
1318 SLC31A2 1.3 2.4 2.0
1437 CSF2 -1.2 6.0 10.0
1540 CYLD 1.3 2.7 2.2
1871 E2F3 -1.3 4.3 3.2
1942 EFNA1 -1.3 2.5 2.7
2131 EXT1 -1.0 2.1 1.6
2167 FABP4 -2.1 4.2 1.1
2315 MLANA 1.1 2.6 2.6
2322 FLT3 1.3 1.7 2.1
2920 CXCL2 1.7 6.0 8.0
2921 CXCL3 -1.2 4.7 13.6
3134 HLA-F 1.2 3.3 2.5
3263 HPX 1.2 4.0 3.1
3383 ICAM1 1.1 3.3 3.5
3434 IFIT1 1.9 2.1 2.5
3558 IL2 1.4 2.1 2.2
3569 IL6 1.4 3.0 2.4
3576 IL8 -1.5 9.8 7.6
3600 IL15 -1.2 1.7 2.4
3601 IL15RA 1.8 2.9 2.0
3604 TNFRSF9 1.1 2.0 3.5
3627 CXCL10 3.0 2.1 3.5
3633 INPP5B 1.1 -1.0 2.3
3683 ITGAL 1.3 2.1 1.9
3778 KCNMA1 1.4 2.1 1.6
3781 KCNN2 1.3 1.6 2.6
3918 LAMC2 -1.0 1.5 2.3
4050 LTB -1.0 1.5 5.4
4185 ADAM11 1.8 2.8 1.6
4314 MMP3 -1.4 -1.8 2.6
4487 MSX1 2.2 3.2 1.9
4495 MT1G 1.6 1.9 2.1
4502 MT2A 1.2 3.3 2.8
4792 NFKBIA 1.0 4.6 3.4
4824 NKX3-1 1.0 1.4 3.1
4864 NPC1 1.1 2.1 2.0
4969 OGN 2.0 2.0 2.0
5271 SERPINB8 1.3 3.6 1.5
5473 PPBP 1.3 2.4 1.8
5699 PSMB10 1.7 2.2 1.8
5796 PTPRK -1.1 2.4 2.5
5796 PTPRK 1.5 4.1 2.4
5896 RAG1 -1.2 5.1 2.8
6347 CCL2 -2.4 1.8 2.2
6364 CCL20 -1.2 4.3 3.6
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6372 CXCL6 -2.2 -2.5 2.8
6372 CXCL6 -1.1 1.2 3.3
6373 CXCL11 1.0 1.3 3.7
6376 CX3CL1 -1.0 13.4 18.8
6401 SELE 1.4 51.1 26.1
6558 SLC12A2 -1.7 1.1 2.1
6558 SLC12A2 -1.2 1.1 2.2
6616 SNAP25 1.5 2.5 2.0
6648 SOD2 1.0 1.6 2.3
6648 SOD2 -2.3 5.5 3.0
6668 SP2 2.8 5.6 3.4
6894 TARBP1 1.6 4.0 3.2
7126 TNFAIP1 1.9 3.2 2.3
7128 TNFAIP3 -1.3 1.4 2.2
7185 TRAF1 1.2 3.1 4.1
7369 UMOD 1.1 1.3 2.8
7424 VEGFC 1.2 3.0 2.0
8293 SERF1A 1.1 2.1 2.1
8484 GALR3 1.4 2.4 1.7
8605 PLA2G4C -1.2 -1.1 2.0
8767 RIPK2 -1.3 2.1 2.9
8809 IL18R1 2.6 16.1 5.6
8858 PROZ -1.2 2.8 2.7
8927 BSN 1.8 6.2 4.3
8995 TNFSF18 1.0 1.6 2.1
9076 CLDN1 1.4 2.1 1.9
9450 LY86 1.5 2.1 1.7
9463 PRKCABP 1.4 3.1 2.1
9839 ZFHX1B 1.5 4.2 5.0
9945 GFPT2 1.1 3.2 2.1
10124 ARL4A 1.2 2.0 1.6
10133 OPTN -1.1 1.4 2.2
10318 TNIP1 1.1 4.5 3.7
10391 CORO2B -1.4 2.9 2.4
10537 UBD -1.0 1.8 2.6
10803 CCR9 2.9 5.2 3.0
11082 ESM1 -1.7 2.7 1.5
11182 SLC2A6 -1.1 1.7 2.1
11345 GABARAPL2 1.2 1.2 2.1
23362 PSD3 1.3 2.1 1.8
23406 COTL1 -1.2 4.1 2.8
23657 SLC7A11 1.1 2.0 2.5
23759 PPIL2 -1.2 1.8 2.3
24138 IFIT5 2.1 2.0 2.2
26052 DNM3 1.4 2.4 1.7
26280 IL1RAPL2 -1.1 2.1 2.6
27289 RND1 -1.2 3.4 3.8
29760 BLNK -1.0 2.2 1.7
50717 WDR42A 1.0 2.1 2.7
51177 CKIP-1 -1.0 2.8 2.4
51296 SLC15A3 1.6 1.3 2.0
51719 CAB39 -1.0 2.1 1.5
51738 GHRL -1.0 2.6 2.0
53820 DSCR6 -1.0 2.7 2.6
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55542 DKFZp434O0320 1.1 2.2 1.9
55628 ZNF407 -1.3 3.6 2.7
57007 CMKOR1 2.0 3.3 2.7
57007 CMKOR1 1.3 2.1 1.9
57526 PCDH19 -1.6 -1.0 2.4
59067 IL21 2.0 5.1 2.5
60494 FLJ23514 1.2 1.3 2.1
64135 IFIH1 1.6 2.1 2.1
64135 IFIH1 1.5 3.8 3.8
64174 DPEP2 1.4 2.8 3.6
64219 PJA1 1.3 2.1 1.7
64763 ZNF574 -1.4 2.8 2.3
65999 MGC3036 1.0 2.2 1.7
79132 LGP2 1.4 2.3 2.2
79940 C6orf155 2.0 1.4 2.4
80833 APOL3 1.5 1.4 2.2
84444 DOT1L 1.3 2.6 2.1
84920 ALG10 1.6 2.1 2.3
84981 MGC14376 1.3 2.2 1.6
90102 PHLDB2 -2.3 1.2 1.3
90342 LOC90342 -1.0 4.6 3.9
91949 COG7 1.1 2.0 2.8
127703 FLJ38984 1.3 2.0 1.4
150992 DKFZp434G179 -1.0 2.1 1.8
151636 DTX3L 1.3 2.1 1.9
201191 LOC201191 1.3 2.0 1.7
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187 AGTRL1 4.2 1.2 -1.1
420 DO 1.8 2.1 1.4
444 ASPH 2.6 2.4 1.1
491 ATP2B2 1.6 2.2 1.1
493 ATP2B4 1.9 2.5 1.5 
660 BMX 1.0 2.7 1.4
719 C3AR1 2.3 1.9 -1.0
862 RUNX1T1 1.7 -1.1 -2.8
866 SERPINA6 1.3 2.5 1.1
892 CCNC 2.3 -1.2 -1.4
934 CD24 2.7 3.9 1.4
945 CD33 3.0 2.0 -1.2
947 CD34 2.2 2.8 1.0
1193 CLIC2 2.0 2.2 1.3
1207 CLNS1A 2.2 4.1 -1.2
1230 CCR1 3.8 4.5 -1.6
1357 CPA1 1.7 4.2 -1.1
1387 CREBBP 1.8 2.4 1.1
1404 HAPLN1 1.4 2.0 -1.5
1501 CTNND2 2.5 2.6 1.1
1543 CYP1A1 2.5 2.8 1.1
1545 CYP1B1 6.1 3.4 -1.1
1587 ADAM3A 2.8 4.2 1.8
1627 DBN1 3.2 3.2 1.2
1728 NQO1 3.0 2.7 -1.1
1739 DLG1 1.6 2.0 -1.0
1756 DMD 1.7 2.4 1.1
2165 F13B 1.7 2.3 1.6
2261 FGFR3 2.2 1.7 1.2
2277 FIGF 1.4 2.1 1.1
2296 FOXC1 1.7 -1.1 -2.0
2555 GABRA2 2.3 2.7 -1.3
2670 GFAP 3.2 5.3 1.1
2744 GLS 1.8 3.3 -1.1
2781 GNAZ 2.3 1.2 -1.2
2852 GPR30 2.1 -1.0 1.1
3157 HMGCS1 2.2 4.0 1.0
3371 TNC 1.8 3.4 -1.1
3373 HYAL1 3.2 2.5 1.1
3386 ICAM4 1.6 3.0 1.7
3507 IGHM 1.6 2.4 1.3
3551 IKBKB 2.1 1.7 1.4
3598 IL13RA2 2.1 2.5 -1.2
3605 IL17 2.0 3.6 1.8
3693 ITGB5 1.2 2.3 1.2
3694 ITGB6 1.5 2.2 1.1
3708 ITPR1 2.0 -1.0 2.1
3881 KRTHA1 2.2 1.6 -1.0
3950 LECT2 2.8 2.7 1.2
3953 LEPR 2.5 2.7 -1.5
3960 LGALS4 1.3 2.4 -1.0
3976 LIF -1.1 2.5 1.3
4005 LMO2 1.5 -1.2 -2.1
4189 DNAJB9 1.2 2.4 1.1
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4256 MGP 3.1 1.8 1.0
4296 MAP3K11 2.0 2.9 -1.0
4312 MMP1 1.7 2.6 1.2
4435 CITED1 1.1 2.0 1.1
4552 MTRR 2.2 1.5 1.2
4604 MYBPC1 3.0 1.5 2.0
4774 NFIA 1.8 2.1 1.1
4846 NOS3 3.0 1.8 -2.3
5055 SERPINB2 5.3 15.1 2.1
5265 SERPINA1 1.7 2.8 -1.1
5266 PI3 1.1 2.0 1.3
5272 SERPINB9 2.5 2.7 -1.1
5341 PLEK 2.0 1.7 1.1
5367 PMCH 1.9 2.2 1.0
5420 PODXL 2.3 2.9 1.5
5537 PPP6C 1.1 2.3 1.3
5644 PRSS1 2.0 1.8 1.0
5645 PRSS2 3.0 3.7 -1.1
5646 PRSS3 2.4 2.6 -1.1
5692 PSMB4 2.0 2.6 1.1
5743 PTGS2 1.1 2.2 1.2
5744 PTHLH 2.5 2.1 -1.1
5801 PTPRR 1.2 2.5 1.5
5884 RAD17 2.4 2.5 1.1
5908 RAP1B 3.7 3.0 -1.1
5969 REGL 1.3 2.0 1.5
6307 SC4MOL 2.4 2.2 -1.2
6324 SCN1B 2.8 2.3 -1.5
6403 SELP 2.7 3.2 -1.0
6462 SHBG 1.7 2.1 1.0
6542 SLC7A2 1.0 2.1 1.5
6557 SLC12A1 2.6 -1.2 1.7
6567 SLC16A2 2.0 1.9 -1.2
6578 SLCO2A1 4.3 4.0 1.1
6582 SLC22A2 1.7 3.3 1.6
6643 SNX2 2.4 4.5 -1.4
6779 STATH 1.3 2.0 -1.1
6788 STK3 8.1 5.6 1.2
6860 SYT4 1.3 2.0 1.2
6904 TBCD 2.2 3.7 1.2
6991 TCTE3 1.8 2.3 1.1
6999 TDO2 2.9 1.7 1.9
7025 NR2F1 1.2 2.1 -1.0
7026 NR2F2 1.5 -1.0 -2.4
7033 TFF3 3.5 3.0 1.0
7056 THBD 3.1 1.6 -3.1
7189 TRAF6 2.8 2.0 1.0
7299 TYR 1.1 3.1 1.8
7456 WASPIP 2.1 2.9 -1.0
7754 ZNF204 2.0 1.0 -1.2
7879 RAB7 1.5 2.1 -1.0
7980 TFPI2 1.6 2.5 1.3
8021 NUP214 2.4 2.9 -1.0
8029 CUBN 2.1 2.1 -1.2
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8337 HIST2H2AA 2.0 2.6 1.3
8341 HIST1H2BN 2.2 1.7 1.3
8515 ITGA10 2.4 2.1 -1.1
8542 APOL1 2.4 3.4 1.4
8547 FCN3 2.4 1.7 -1.4
8611 PPAP2A 1.8 2.0 1.2
8705 B3GALT4 2.6 2.2 -1.1
8729 GBF1 2.2 2.2 -1.2
8735 MYH13 2.4 1.7 3.1
8817 FGF18 1.1 2.6 1.2
8838 WISP3 2.1 2.2 1.2
9037 SEMA5A 2.3 2.3 1.6
9064 MAP3K6 1.3 2.3 1.4
9173 IL1RL1 2.9 3.6 -1.1
9173 IL1RL1 1.8 2.2 1.1
9424 KCNK6 1.8 2.3 1.0
9429 ABCG2 2.4 1.7 -1.4
9507 ADAMTS4 2.0 2.9 1.3
9709 HERPUD1 1.5 2.6 1.2
9754 STARD8 2.9 2.3 -1.1
9914 KIAA0703 3.7 5.6 1.0
9951 HS3ST4 1.7 2.0 1.1
10068 IL18BP 4.6 7.1 2.0
10161 P2RY5 1.3 1.1 -2.2
10186 LHFP 1.7 2.5 1.2
10203 CALCRL 1.8 -1.1 -2.4
10211 FLOT1 2.6 2.8 -1.2
10212 DDX39 2.5 1.7 -1.0
10344 CCL26 2.1 3.7 -1.0
10365 KLF2 2.0 1.1 -1.2
10384 BTN3A3 2.1 1.9 1.7
10397 NDRG1 2.9 3.1 1.5
10435 CDC42EP2 1.2 2.2 1.2
10717 AP4B1 4.1 -4.1 1.0
10762 NUP50 1.3 2.0 1.0
10855 HPSE 3.2 2.3 -1.5
10950 BTG3 1.6 2.1 -1.2
10974 C10orf116 2.8 2.3 -1.4
11034 DSTN 2.3 2.5 1.0
11064 CEP1 1.2 2.2 1.1
22821 RASA3 2.1 1.9 1.6
22921 MSRB2 3.1 2.2 -1.2
23002 DAAM1 1.8 4.5 2.0
23002 DAAM1 1.4 2.1 1.2
23052 KIAA0830 2.4 1.2 -1.5
23209 MLC1 1.4 2.1 1.2
23336 DMN 2.6 1.8 -1.3
23506 KIAA0240 2.5 2.5 2.3
23576 DDAH1 1.4 2.2 -1.2
23614 PPY2 1.6 2.1 1.1
23705 IGSF4 2.3 2.6 1.0
26040 SETBP1 3.2 2.1 -1.4
26338 OR5L2 1.4 1.3 -4.5
26353 HSPB8 1.0 2.1 1.2
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26499 PLEK2 3.3 3.6 -1.0
27005 USP21 1.2 2.7 -1.2
27063 ANKRD1 1.2 3.8 1.2
27092 CACNG4 2.3 2.5 1.5
27175 TUBG2 2.4 1.5 1.5
27185 DISC1 2.2 2.6 -1.0
29949 IL19 1.4 2.6 1.3
30062 RAX 1.5 2.0 1.2
30814 PLA2G2E -1.1 3.0 -1.2
49855 ZNF291 2.6 1.6 1.3
51063 FAM26B 2.4 -1.2 -1.8
51175 TUBE1 1.2 2.3 1.2
51225 ABI3 2.0 2.1 1.1
51270 TFDP3 2.1 2.4 -1.2
51274 KLF3 1.6 2.6 1.3
51646 YPEL5 1.0 2.2 1.2
51655 RASD1 1.4 3.7 1.5
54438 GFOD1 2.7 -1.2 -2.1
54480 CSGlcA-T 2.2 2.6 1.1
54507 TSRC1 1.6 2.0 1.1
54508 FLJ11235 2.1 2.0 1.2
54541 DDIT4 2.2 2.0 -1.4
54585 LZTFL1 1.8 3.2 -1.2
54682 MANSC1 1.5 1.1 -2.2
54861 SNRK 1.2 2.7 1.3
54899 PXK 6.0 3.6 1.1
54922 RASIP1 1.8 2.3 1.4
55036 FLJ20753 2.7 3.2 1.4
55223 TRIM62 1.2 1.1 -2.6
55273 FLJ10970 2.8 1.0 -1.1
55422 ZNF331 2.2 1.3 -1.3
55573 H41 1.9 2.8 1.2
55600 ITLN1 3.9 3.3 1.1
55625 ZDHHC7 2.9 2.9 -1.0
55679 LIMS2 3.5 3.0 1.2
55743 CHFR 3.1 -1.0 1.1
55745 C14orf108 1.1 2.2 1.7
55766 H2AFJ 1.7 2.1 -1.2
55816 DOK5 1.1 2.0 1.3
56889 SMBP 1.3 2.0 1.0
57099 AVEN 1.8 2.0 1.1
57121 GPR92 1.9 2.3 -1.4
57165 GJA12 2.0 1.6 -1.0
57520 HECW2 1.1 2.5 1.3
57628 DPP10 1.8 2.9 1.9
57707 KIAA1609 1.7 2.8 1.4
57761 TRIB3 -1.0 2.7 1.5
58473 PLEKHB1 2.1 2.3 -1.1
58530 LY6G6D 2.7 2.1 1.0
64081 MAWBP 2.9 2.5 -1.2
64084 CLSTN2 1.4 2.7 1.2
64097 EPB41L4A 2.3 2.1 -1.0
64100 ELSPBP1 1.6 2.0 -1.0
64207 C14orf4 2.5 2.2 -1.2
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64215 DNAJC1 1.5 2.4 1.0
64838 FNDC4 1.6 2.3 1.1
79071 ELOVL6 2.6 2.5 -1.0
79573 TTC13 2.1 2.1 -1.1
79586 CHPF 2.7 3.2 1.1
79686 C14orf139 2.2 1.7 -1.3
79774 GRTP1 2.2 2.1 1.3
79912 FLJ22028 1.4 2.8 -1.1
79923 NANOG 2.0 1.7 1.3
79933 SYNPO2L 2.3 -1.6 3.8
79983 POF1B 1.1 2.2 -1.2
80055 PGAP1 2.4 1.6 -1.0
80216 ALPK1 2.0 2.6 1.1
80740 LY6G6C 6.5 5.7 4.1
80853 KIAA1718 1.1 2.4 1.6
83636 C19orf12 2.1 2.2 1.1
83643 CCDC3 2.1 1.5 -1.3
83699 SH3BGRL2 1.7 2.0 -1.1
84663 CYorf15B 2.1 3.4 1.0
84909 C9orf3 2.9 2.4 -1.1
84909 C9orf3 2.8 4.0 1.2
90141 C14orf143 2.2 2.0 -1.2
90355 LOC90355 1.0 2.3 1.5
93664 CADPS2 2.6 2.4 -1.1
122553 TRAPPC6B 1.6 2.0 1.0
134429 STARD4 2.1 2.0 -1.4
146227 BEAN 4.1 2.6 1.2
148867 SLC30A7 1.2 3.0 1.4
158586 ZXDB 1.3 2.1 1.1
169611 OLFML2A 2.0 1.6 1.1
196883 ADCY4 2.8 2.8 1.3
220064 ORAOV1 2.1 -1.1 -1.2
221421 C6orf206 1.1 2.1 1.8
253959 GARNL1 2.3 2.3 -1.1
257152 LOC257152 1.4 2.9 1.5
283070 LOC283070 3.5 5.1 1.8
284018 LOC284018 1.2 2.8 1.1
389715 LOC389715 2.1 1.7 1.5
474344 GIMAP6 2.0 2.0 -1.9

LLID Gene Symbol static vs shear static vs shear TNF static vs static + TNF

Supplemental table 1C – continued. LLID = Entrez Gene Identifi cation number.



Chapter 3

92

Cluster A MAZR 517 24746 22.809
 E2F1DP1 296 14251 13.222
 SP3 218 10431 10.218
 POU6F1 97 4057 7.4842
 E2F1DP2 211 11260 6.3931
 RFX1 228 12365 6.3433
 BARBIE 143 7087 6.1815
 E2F1DP1RB 27 741 5.5149
 HFH3 84 3823 5.2031
 POU1F1 96 4548 5.1405
 IRF1 89 4195 4.9019
 DR3 202 11359 4.7838
 E2F4DP1 24 683 4.728
 ZID 159 8627 4.6609
 TFIIA 144 7683 4.6256
 BRN2 108 5444 4.5735
 POU3F2 9 118 4.554
 SOX9 110 5592 4.4986
 E2F4DP2 54 2357 4.047
 CIZ 35 1354 3.7774
 TFIII 146 8175 3.747
 FOXP3 116 6240 3.7413
 MYOGENIN 80 4003 3.6744
 TANTIGEN 97 5147 3.4343
 LBP1 112 6142 3.3445
 MEIS1 101 5497 3.1882
 ATF4 135 7722 3.1679
 SMAD3 112 6227 3.1428
 TCF4 42 1911 2.9599
 ATF3 74 3910 2.8292
 IK1 102 5733 2.782
 HFH1 27 1114 2.6734
 PITX2 121 7060 2.631
 CMYB 115 6679 2.5945
 SOX5 98 5587 2.5255
 LPOLYA 9 227 2.4786
 MINI20 211 13297 2.4698
 STAF 138 8296 2.4593
 FOXO4 83 4705 2.2964
 RREB1 81 4581 2.2801
Cluster B NFKAPPAB65 22 676 10.242
 NFKAPPAB 88 7958 8.8522
 IRF1 52 4195 6.9989
 AREB6 94 9943 6.3059
 IK3 31 2025 6.2661
 ATF4 75 7722 5.5904
 ICSBP 11 354 5.2819
 ETS2 35 2881 4.7841
 RFX1 104 12365 4.7407
 SOX5 55 5587 4.4533
 ISRE 6 126 4.1381
 AP1FJ 88 10478 4.1074
 IK1 54 5733 3.9096

 TF symbol hits (cluster) hits (whole genome) -log10(P-value)

Supplemental table 2 – Transcription factors with DNA binding sites that are conserved and overrepresented in 
promoter regions of genes in each of the 3 cluster groups, as compared to the whole genome.
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 ETS1 50 5225 3.8286
 HNF4ALPHA 71 8201 3.8158
 NRF2 70 8071 3.7938
 POU1F1 44 4548 3.5499
 BARBIE 62 7087 3.5351
 PR 62 7180 3.3945
 ELF1 28 2540 3.3047
 LEF1TCF1 58 6798 3.1007
 FOXP3 54 6240 3.0653
 NFKAPPAB50 12 749 2.9912
 IRF2 3 40 2.8648
 E2F1DP2 86 11260 2.809
 NFE2 23 2156 2.6523
 AMEF2 29 2979 2.5996
 PITX2 57 7060 2.5462
 FOXO4 41 4705 2.5346
 ZTA 14 1106 2.4449
 SOX9 46 5592 2.3138
 PTF1BETA 8 476 2.297
 E2F1DP1 101 14251 2.2405
Cluster C MAZR 334 24746 7.2653
 FXR 13 381 3.8285
 RFX1 164 12365 3.6394
 IRF1 63 4195 2.9137
 NRF2 109 8071 2.8949
 CETS168 68 4629 2.857
 AP1FJ 135 10478 2.6788
 BARBIE 96 7087 2.6667
 PR 97 7180 2.6547
 LMO2COM 85 6268 2.4485
 POU1F1 64 4548 2.3215
 HP1SITEFACTOR 39 2518 2.2466

 TF symbol hits (cluster) hits (whole genome) -log10(P-value)

Supplemental table 2 – continued. TF = transcription factor. 
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Abstract

The fl ow-responsive Kruppel-like factor 2 (KLF2) is crucial for maintaining endothelial cell 
quiescence. Here, we describe its detailed effects on transforming growth factor-β (TGF-
β) signaling, which normally has pro-atherogenic effects on endothelium. In-depth analysis 
of genome-wide expression data shows that prolonged lentiviral-mediated overexpression 
of KLF2 in human umbilical vein endothelial cells (HUVEC) diminishes the expression 
of a large panel of established TGF-β-inducible genes. Both baseline and TGF-β-induced 
expression levels of plasminogen activator inhibitor 1 (PAI-1) and thrombospondin-1 are 
greatly diminished by KLF2. Using a combination of ectopic expression, small interfering 
RNA-mediated knockdown and promoter activity assays, we show that KLF2 partly inhibits 
the phosphorylation and subsequent nuclear accumulation of Smad2, thereby suppressing 
the TGF-β-induced Smad4-mediated transcriptional activity. This is achieved through 
TGF-β-independent induction of inhibitory Smad7. Additionally, a full inhibition of TGF-β 
signaling is functionally achieved through a simultaneous suppression of activator protein 1 
(AP-1), which is an essential co-factor for TGF-β-dependent transcription of many genes. 
The concerted mechanism by which KLF2 inhibits TGF-β signaling through induction of 
inhibitory Smad7 and attenuation of AP-1 activity, provides a novel mechanism by which 
KLF2 contributes to sustaining a quiescent, atheroprotective status of vascular endothelium.
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Introduction

The role of TGF-β in vascular biology and pathology is still enigmatic, even though it has 
been the subject of many studies. This is likely due to the complexity of the processes that 
take place in the vessel wall, involving many cell-types, each of which responds differently 
to TGF-β depending on the specifi c cellular context. For example, TGF-β signaling in 
macrophages, smooth muscle cells and T-lymphocytes is deemed atheroprotective, as it was 
found to be associated with a decrease in infl ammation and vulnerable plaque formation 
in atherosclerosis (Robertson et al., 2003; Grainger, 2004; Argmann et al., 2001). TGF-β 
signaling in large vessel endothelium however promotes apoptosis and increases permeability 
through mitogen activated protein kinase (MAPK) p38 (Hyman et al., 2002; Goldberg et al., 
2002). Furthermore, TGF-β induces the endothelial oxidized-LDL receptor (OLR1) (Minami 
et al., 2000), plasminogen activator inhibitor 1 (PAI-1) (Sawdey et al., 1989) and monocyte 
chemotactic protein 1 (MCP-1) (Wu et al., 2006), all of which are considered pro-atherogenic. 
A more detailed understanding of the mechanisms that can control the various aspects of 
TGF-β signaling in endothelium are thus of great interest for understanding a variety of 
vascular processes including atherosclerosis. 

TGF-β signaling occurs through a heteromeric complex of type I and type II TGF-β 
receptors (Heldin et al., 1997). Endothelial cells express one type II receptor and two type I 
receptors, activin receptor-like kinase (ALK) 5 and ALK1. Stimulation with TGF-β results 
in phosphorylation of either ALK1, which leads to phosphorylation of receptor-regulated 
Smads (R-Smads) Smad1 and Smad5, or ALK5, which leads to phosphorylation of R-Smads 
Smad2 and Smad3. Phosphorylated R-Smads subsequently translocate to the nucleus with 
Smad4, where gene expression is regulated through binding to Smad binding elements. 
Parallel to signaling through Smad proteins, TGF-β signaling has also been described to 
occur through MAPKs, probably synergistically with Smad signaling (Javelaud and Mauviel, 
2005). MAPKs like Jun N-terminal kinase (JNK) and p38 act through activation of activator 
protein 1 (AP-1), which consists of a homo- or heterodimer of members of the Jun, Fos, 
musculoaponeurotic fi brosarcoma oncogene homolog (MAF) or activated transcription factor 
(ATF) families (Wisdom, 1999). Known attenuators of TGF-β signaling are the inhibitory 
Smads (I-Smads) Smad6 and Smad7, which compete with R-Smads for association with the 
type I TGF-β receptor, thereby inhibiting phosphorylation of R-Smads. Moreover, Smad7 
induces degradation of the type I receptor by recruiting ubiquitinases (Kavsak et al., 2000). 
Interestingly, Smad7 is a TGF-β target gene itself, thus contributing to a negative feedback 
loop in TGF-β signaling. Inhibitory Smad7 is known to be endothelial specifi c and to be 
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induced in vivo by shear stress (Topper et al., 1997; Nakao et al., 1997). 

We have previously identifi ed the transcription factor Kruppel-like factor 2 (KLF2) to 
be exclusively expressed by endothelial cells exposed to high shear stress (Dekker et al., 
2002). Furthermore, we recently showed that KLF2 affects the expression of vascular tone-
regulating genes (Dekker et al., 2005) and establishes a differentiated quiescent endothelial 
gene expression pattern (Dekker et al., 2006). Endothelial KLF2 was also shown to inhibit 
pro-infl ammatory response (SenBanerjee et al., 2004; Lin et al., 2006), to suppress pro-
thrombotic function (Lin et al., 2005) and to attenuate angiogenesis (Bhattacharya et al., 
2005). Mice lacking KLF2 die in utero due to severe vascular malformations, caused by the 
inability of endothelial cells to properly organize smooth muscle cells in the vessel wall, 
resulting in hemorrhage (Kuo et al., 1997). Here, we report that KLF2 robustly inhibits 
TGF-β signaling in endothelial cells by abrogating the phosphorylation of Smad2 in cultured 
cells and in vivo, and suppressing both Smad3/4- and AP-1-mediated activation of TGF-β 
inducible promoters. Using a combination of lentiviral overexpression and small interfering 
RNA-mediated knockdown, we provide evidence that the inhibition of TGF-β signaling by 
KLF2 is mediated through the induction of Smad7 and through the suppression of the active 
AP-1 component c-Jun.



Chapter 4

102

Methods
Cell culture and reagents

HUVEC were isolated and cultured as previously described (Jaffe et al., 1973). Shear 
stress experiments were performed as previously described (Dekker et al., 2002). Confl uent 
monolayers were grown from freshly isolated HUVEC and used before the fourth passage. 
TGF-β3 was generously provided by Dr. Iwata (OSI Pharmaceuticals, Farmingdale, NY) 
and SB431542 was purchased from Sigma (St. Louis, MO). The anti-KLF2, anti-Smad2/3, 
anti-p-Smad2 and anti-Smad7 antibodies were described elsewhere (Persson et al., 1998; 
Korchynskyi et al., 1999; Dekker et al., 2006). The antibodies against total c-Jun and c-
Jun phosphorylated at Serine63 (p-c-Jun) were purchased from Cell Signaling Technology 
(Danvers, MA) and the antibodies against p-Smad3 were from EMD Biosciences (San Diego, 
CA). Anti-HAM56 and anti-CD31 antibodies were from Dako (Glostrup, Denmark).

Bioinformatics

A custom gene set was created mainly from the TGF-β target genes described by Wu and 
colleagues (Wu et al., 2006). Analysis of this gene set within our previously published 
microarray expression dataset (Dekker et al., 2006) of the effects of lentivirally overexpressed 
KLF2 in HUVEC was performed using gene set enrichment analysis (GSEA) (Broad Institute 
of MIT and Harvard, Cambridge, MA)  as described (Subramanian et al., 2005). GenMAPP 
2.0 software (Gladstone Institutes, University of California at San Francisco, CA) was used 
to visualize the gene-expression profi ling intensity ratios superimposed on the resulting core-
enriched genes and the TGF-β signaling cascade (Dahlquist et al., 2002).

Lentiviral overexpression, Western blotting, transcription factor ELISA

Long-term lentiviral overexpression of KLF2 was performed as previously described 
(Dekker et al., 2006). Microscopy and Western blotting were performed as described (Dekker 
et al., 2006). Nuclear extracts were purifi ed using the nuclear extract kit from Active Motif 
(Carlsbad, CA), according to the manufacturer’s protocol. DNA binding activity of active 
nuclear localized c-Jun was measured using the TransAM AP-1 quantitative transcription 
factor ELISA (Active Motif, Carlsbad, CA), following the manufacturers instructions. 
Quantifi cation was performed using cyQuant software version 2003.03 (Amersham, 
Piscataway, NJ). 

Immunohistochemistry, immunofl uorescence and microscopy

Human vascular tissue specimens were collected from organ donors after obtaining informed 
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consent with approval of the AMC Medical Ethical Committee, and procedures conformed to 
the Declaration of Helsinki. Immunohistochemistry and immunofl uorescence was performed 
essentially as described (Dekker et al., 2006; Dekker et al., 2005),  with the following 
modifi cation: paraffi n sections were deparaffi nized and dried, followed by antigen retrieval 
by boiling the slides for 10 minutes in a 10mM citrate buffer at pH 6.0. Primary antibody 
incubation was performed overnight at 4ºC. Next, biotinylated secondary antibodies were used 
for 1 hour at room temperature, followed by incubation with streptavidin-biotin complexes 
conjugated to horseradish peroxidase (Dako, Glostrup, Denmark). Substrate coloring 
(Novared peroxidase kit, Vector laboratories, Burlingame, CA or DAB, Dako, Glostrup, 
Denmark) was allowed to proceed for maximally 3 minutes. Microscopy was performed as 
described (Dekker et al., 2006; Dekker et al., 2005).

Luciferase reporter constructs and assay

Murine Smad7-derived and (CAGA)12 luciferase reporter constructs were described elsewhere 
(Brodin et al., 2000; Dennler et al., 1998). Firefl y luciferase reporter constructs and a GAPDH-
Renilla luciferase control construct were transfected into HUVEC by electroporation using 
the nucleofector system (Amaxa, Cologne, Germany). Luciferase activity was measured with 
the dual luciferase reporter assay system following the manufacturer’s protocol (Promega, 
Madison, WI).

RNA silencing by double-stranded RNA oligonucleotides

Double-stranded siRNA oligonucleotides were synthesized by Ambion (Austin, TX). 
The sequence used against Smad7 was 5’-GCUCAAUUCGGACAACAAG-3’ and the 
non-specifi c sequence used was 5’-CAGUCGCGUUUGCGACUGG-3’. Oligofectamine 
(Invitrogen, Carlsbad, CA) was used as transfection agent for introduction of the siRNA 
oligonucleotides into HUVEC, according to the manufacturer’s instructions.

Real-time RT- PCR

Real-time RT-PCR was performed as described (Dekker et al., 2005). Primer sequences were: PAI-
1, 5’-CCCTAGAGAACCTGGGAATG-3’ and 5’-CGTTCACCTCGATCTTCACT-3’; THBS1, 5’-
GGATTATTCATGGAACAGGAAGAAG-3’ and 5’- GTCAACTACTTGCTCTCAAACAC-3’; 
TGF-β1, 5’-CCTCCTCCTGCCTGTCTG-3’ and 5’-GTGTTGCTATGGTGACTGAATG-3’; TGF-β2, 
5’- ATGCCCGTATTTATGGAGTTCAG-3’ and 5’- ATGTAGTAGAGAATGGTTAGAGGTTC-3’; 
TGF-β3, 5’-GAGGAAAGGGATGGTAAGTTGAG-3’ and 5’- AGCAGATGTGGTACAGCAATG-
3’; Smad6, 5’-ATCTCCGCCACCTCCCTACTC-3’, 5’-GCCTGGTCGTACACCGCATAG-
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3’; Smad7, 5’-CTGCCTGCCCTGGTGACATC-3’ and 5’-GGACATCCCCGCTTGCTGG-3’; 
Smurf1, 5’- GGTGCTGCCCTGCCTCTC-3’ and 5’-CGACACTCACACAACCGATGAC-3’; 
Smurf2, 5’-TGAAGAGCGACGAGCAAGATTG-3’ and 5’-GGGCTTTCGGCAGGTTGTTAG-
3’; KLF2, 5’-CAAGACCTACACCAAGAGTTCG-3’ and 5’-CATGTGCCGTTTCATGTGC-3’; 
Housekeeping control gene, ribosomal protein p0, 5’-TCGACAATGGCAGCATCTAC-3’and 5’-
ATCCGTCTCCACAGACAAGG-3’.

Statistical analysis

Microarray data were analyzed with Rosetta Resolver analysis software (Rosetta Biosoftware, 
Seattle, WA), as previously described (Dekker et al., 2006). Statistical analysis was performed 
using false discovery rate (FDR)–corrected probability (P) values, involving a recalculation 
of the P-values using the Benjamini-Hochberg correction for multiple testing. Other data 
were analyzed by the unpaired student’s t-test and are represented as means ± standard error 
of the mean (SEM). P-values were considered signifi cant when less than 0.05.
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Results
KLF2 abrogates TGF-β-induced gene expression

Recently, we described the initial analysis and validation of a genome-wide microarray 
expression profi ling study into the general effects of prolonged lentivirus-mediated 
overexpression of human KLF2 at physiological levels in HUVEC (Dekker et al., 2006). We 
now performed an in-depth analysis of these expression data probing for affected canonical 
signaling pathways, using the recently published GSEA (Subramanian et al., 2005). One 
of the highest ranking canonical pathways affected by KLF2 is TGF-β signaling, which 
is substantially suppressed (nominal P-value 0.023). Based on the initial default analysis, 
a custom gene set for endothelial cell TGF-β targets was constructed containing the core-
enriched signaling and downstream effector genes. Figure 1A shows an overview of the 
TGF-β signaling cascade and the core-enriched downstream targets from the GSEA, with 
superimposed the expression ratio data showing KLF2-upregulated (red) and KLF2-
downregulated genes (green). The numbers in the fi gure indicate fold change in microarray 
intensity signals of mRNA from KLF2-transduced cells compared to mock-transduced 
HUVEC. Validation of the KLF2-suppressed basal expression of most of the archetypal 
TGF-β downstream genes depicted, most notably MCP-1, PAI-1 and THBS1 were presented 
previously (Dekker et al., 2006). 
To investigate the mechanism by which KLF2 represses TGF-β target gene expression, 
we studied the expression of THBS1 and PAI-1. These genes are known to be induced by 
TGF-β, are highly expressed in endothelium, are robustly downregulated by KLF2 and are 
considered to be pro-atherogenic (Sawdey et al., 1989; Freyberg et al., 2001; Negoescu et 
al., 1995). Upon stimulation of HUVEC with TGF-β, mRNA levels of THBS1 and PAI-1 
increased approximately fi ve- and ten-fold, respectively, as measured by RT-PCR (Figure 1B 
and 1C). In KLF2-overexpressing HUVEC, not only the basal expression levels of THBS1 
and PAI-1 were signifi cantly lower but also their induction by TGF-β is severely blunted. 
These data illustrate that KLF2 suppresses the expression of THBS1 and PAI-1 both in the 
absence and the presence of exogenous TGF-β, which suggests that the attenuation of TGF-
β signaling by KLF2 occurs at the receptor level or downstream thereof, and not by altered 
levels of secreted biologically active TGF-β isoforms.  

KLF2 increases Smad7 independent of ALK5-mediated TGF-β signaling

Next, we studied the expression of various genes known to be involved in the regulation 
of TGF-beta signaling through Smad-proteins by RT-PCR (Figure 2A). The expression of 
four of the examined genes is signifi cantly affected by KLF2. TGF-β1 is two-fold down-
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regulated, TGF-β2 is four-fold down-regulated and the I-Smads Smad6 and Smad7 are 
upregulated four- and three-fold respectively. Smad7 was reported to be induced in vivo by 
shear stress (Topper et al., 1997), as was KLF2 (Dekker et al., 2005). Long-term laminar 
shear stress induces Smad7 levels in our cultured endothelial cells to the same levels as 
observed when overexpressing lentivirally encoded KLF2 to physiological levels (Figure 2B 
and Supplemental Figure I). As Smad7 promoter activity is induced by TGF-β, the inhibitory 
Smad7 normally acts as a negative feedback on this signaling cascade (Nakao et al., 1997). 
The KLF2-mediated induction of Smad7, however, is independent of ALK5-mediated TGF-β 

Figure 1 - KLF2 represses TGF-β target gene expression. (A) Microarray expression profi ling intensity ratios of 
KLF2- versus mock-transduced HUVEC (Dekker et al., 2006) are superimposed on a customized scheme of the 
TGF-β signaling cascade, generated with GenMAPP2.0 to include the downstream genes that were found to be sig-
nifi cantly downregulated by KLF2 using GSEA. Depicted are genes induced (red) or suppressed (green) by KLF2 
(absolute ratio>1.3-fold and false discovery rate (FDR) corrected P-value<0.001), while genes of equal expression 
are visualized in yellow (when expressed in HUVEC) (absolute ratio<1.3-fold or FDR P-value>0.001) or gray (no 
reliable intensity data). Numbers indicate fold change in microarray signal intensities in KLF2- compared to mock-
transduced HUVEC. (B and C) HUVEC transduced with mock- or KLF2-lentivirus were stimulated with TGF-β3 
for 2 or 24 hours or left unstimulated. RNA levels for PAI-1 and THBS1 were analyzed by real-time RT-PCR (N=3). 
*P<0.05.
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signaling, as shown by the results in the presence of the specifi c receptor blocker SB431542 
with both mock- and KLF2-transduced HUVEC (Figure 2B). KLF2 induction of Smad7 is 
confi rmed at the protein level by Western blot analysis (Figure 2C). 

Cytoplasmic localization of Smad7 is required for inhibition of phosphorylation of Smad2, 
which occurs near the plasma membrane, whereas nuclear localized Smad7 was shown to be 

Figure 2 - KLF2 regulates genes involved in TGF-β signaling, most notably Smad7. (A) Expression of genes in-
volved in the regulation of TGF-β signaling were analyzed in mock- and KLF2-transduced HUVEC (N=3). Fold 
induction by KLF2 versus mock is indicated. (B) HUVEC were exposed to pulsatile fl ow (19 +/- 12 dynes/cm2) 
for 7 days (N=3) or kept under static conditions. Mock- and KLF2-transduced HUVEC (N=3) were treated with 
SB431542 for 16 hours. mRNA levels for Smad7 were measured by real-time RT-PCR. Fold induction compared 
to controls is indicated. Panel (C) shows a Western blot analysis, performed with antibodies raised against Smad7 
or α-tubulin on cell lysates of mock- and KLF2-transduced HUVEC. Bars indicate quantifi cation of Smad7 levels 
corrected for α-tubulin levels. (D) This panel illustrates immunofl uorescence images of mock- and KLF2-transduced 
HUVEC. Smad7 is visualized in red, Hoechst nuclear staining in blue. Bars indicate 10 µm. *P<0.05 compared to 
their individual controls.
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inactive (Kavsak et al., 2000). Figure 2D shows immunofl uorescence microscopy images of 
HUVEC with Smad7 protein in red and nuclear staining in blue. Overexpression of KLF2 
is shown to increase active cytoplasmic and plasma membrane localized Smad7 protein, but 
also to a lesser degree, inactive nuclear localized Smad7. Also visible is the smaller size of 
KLF2-transduced cells, as we described previously (Dekker et al., 2006). Taken together, 
these experiments signify that KLF2 augments active Smad7 protein, independent of TGF-β 
signaling.

KLF2-induced Smad7 suppresses Smad2 phosphorylation and Smad3/4-dependent 
transcriptional activation

To determine whether KLF2-induced Smad7 inhibits TGF-β signaling by inhibiting 
phosphorylation of R-Smads, we used specifi c antibodies raised against phosphorylated 
Smad2 (p-Smad2) and Smad3 (p-Smad3). Western blot analysis revealed that KLF2-
transduced HUVEC contain lower levels of p-Smad2 and p-Smad3 compared to mock-
transduced cells, while total Smad2 levels are unaltered (Figure 3A and Supplemental Figures 
II and III). Also, TGF-β stimulation induces phosphorylation in mock-transduced HUVEC 
both not in KLF2-transduced cells. Upon phosphorylation, Smad2 typically translocates to 
the nucleus to infl uence transcriptional activity. Immunofl uorescence analysis confi rmed that 
p-Smad2 is indeed located predominantly in the nucleus in both mock- and KLF2-transduced 
cells, but is lower in KLF2-transduced cells (Figure 3B and Supplemental Figure II). These 
results indicate that KLF2 inhibits the TGF-β signaling pathway in HUVEC upstream of the 
phosphorylation of Smad2, leading to lower levels of active p-Smad2 in the nucleus. 
Next, we used an established Smad3/4-binding and TGF-β-responsive promoter element 
(Dennler et al., 1998) to elucidate whether the observed abrogating effect of KLF2 on 
phosphorylation of R-Smads leads to actual transcriptional suppression. This artifi cial 
(CAGA)12 luciferase reporter is known to be activated only by Smad3/4 binding and can thus 
be used to specifi cally determine Smad3/4-mediated TGF-β signaling. Mock- and KLF2-
transduced HUVEC were transfected by electroporation with the (CAGA)12 luciferase reporter 
and subsequently treated with the ALK5 inhibitor SB431542, to minimize residual autocrine 
TGF-β activity, or with TGF-β for 16 hours before measuring luciferase activity (Figure 
3C). As expected, stimulation with TGF-β greatly induces reporter activity to approximately 
18-fold in mock-transduced cells, when compared to SB431542-treated cells. In contrast, 
reporter activity in TGF-β-treated KLF2-transduced cells increases only fi ve-fold compared 
to SB431542 treated KLF2-transduced cells. This implies that KLF2 inhibits TGF-β signaling 
in HUVEC partially by specifi cally diminishing Smad3/4 transcriptional activity.



KLF2 inhibits TGF-beta signaling

109

Figure 3 - KLF2 inhibits phosphorylation of Smad2 in a Smad7-dependent manner and suppresses Smad3/4-me-
diated transcription. (A) Western blot analysis was performed with total cell lysates of mock- (M) and KLF2- (K) 
transduced HUVEC that were treated with 10 ng/ml TGF-β3 or vehicle for 16 hours. Blots were probed with anti-
bodies raised against p-Smad2 and with antibodies against α-tubulin. The bar graph indicates quantifi ed levels of p-
Smad2 corrected for α-tubulin. (B) This panel illustrates immunofl uorescence images of HUVEC after stimulation 
with 10 ng/ml TGF-β3 for 16 hours. P-Smad2 is visualized in red, Hoechst nuclear staining in blue. Bars indicate 
10 µm. (C) Cells were transfected by electroporation with luciferase reporter constructs containing the Smad3/4 
specifi c (CAGA)12-artifi cial promoter (N=3). Luciferase activity was measured 16 hours after addition of 10 µM 
ALK5 inhibitor SB431542 or 10 ng/ml TGF-β3. (D) Western blot analysis was performed with total cell lysates 
of mock- and KLF2- transduced HUVEC, 24 hours after transfection with double-stranded RNA oligonucleotides 
designed either to specifi cally silence Smad7 (siSmad7) or to be non-specifi c. Blots were probed with p-Smad2 or 
α-tubulin antibodies. The bar graph illustrates quantifi ed levels of p-Smad2 corrected for α-tubulin (N=3). *P<0.05, 
**P<0.01, ***P<0.0005. 
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To determine whether the decrease in phosphorylation of Smad2 by KLF2 is mediated 
by Smad7, mock- and KLF2-transduced HUVEC were transfected with either double-
stranded RNA oligonucleotides to specifi cally silence Smad7 (siSmad7) or with non-specifi c 
control oligonucleotides (Figure 3D). Introduction of siSmad7 reduces Smad7 mRNA in 
KLF2-transduced cells to about the same levels observed in cells transfected with control 
oligonucleotides (Supplemental Figure IV). This reduction of Smad7 is suffi cient to restore 
phosphorylation of Smad2 in KLF2-transduced cells to approximately the levels observed 
in mock-transduced endothelial cells (Figure 3D). These data suggest that KLF2 inhibits 
the TGF-β signaling cascade by decreasing phosphorylation of Smad2 through induction of 
Smad7.

Endothelial p-Smad2 levels are diminished in vivo in atheroprotected arterial regions

We examined sections of a mouse carotid artery collar model (Dekker et al., 2005) and 
human arteries using immmunohistochemical techniques, to assess whether p-Smad2 levels 
are also diminished in vivo in endothelium that expresses increased levels of KLF2 (Figure 4 
and Supplemental Figure V). Mouse carotid artery sections and human donor arterial tissue, 
displaying either an early focal fatty streak or a more advanced lesion, which tend to develop 
at the low shear stress side of the artery (Dekker et al., 2005) were stained for KLF2, p-
Smad2, HAM56 and CD31. Endothelial cells overlying lesions display diminished levels 
of KLF2 and enhanced p-Smad2 levels compared to healthy endothelium from the same 
section. Collectively, these data suggest that high endothelial expression of KLF2 provoked 
by shear stress is inversely correlated to phosphorylation of Smad2 in vivo.

KLF2 decreases c-Jun transcriptional activity on a TGF-β responsive promoter

An apparent discrepancy is revealed when comparing the partial, Smad-dependent effects of 
KLF2 on an artifi cial (CAGA)12-promoter (Figure 3C), to its complete inhibitory effect on 
endogenous gene expression (Figure 1). Therefore, we studied its effects on an established 
TGF-β-responsive core promoter, originally derived from the murine Smad7 gene. This core-
promoter fragment contains a synergistic module composed of both a Smad3/4 binding site 
and an AP-1 binding site, as is frequently observed in TGF-β-responsive genes (Brodin et 
al., 2000). Luciferase activity was measured for the wild-type reporter or reporter constructs 
containing mutations in either the AP-1 binding site or the Smad binding element (SBE) after 
incubation with TGF-β or SB431542 for 16 hours. The activity of the TGF-β-responsive part 
of the wild-type reporter was indeed induced by TGF-β in mock-transduced cells compared 
to SB431542 treatment (Figure 5A). In contrast, induction of luciferase activity after TGF-β 
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stimulation in KLF2-transduced HUVEC is completely abrogated. Notably, baseline levels 
are similar to mock-transduced cells, indicating that there is no direct effect of KLF2 on the 
expression of this Smad7 core-promoter. Mutation of the SBE leads to a marked drop in 
transcriptional activity and loss of TGF-β responsiveness in both mock- and KLF2-transduced 
HUVEC, confi rming that Smad3/4 binding is essential for both baseline and TGF-β-induced 
transcriptional activity (Figure 5A). 

Mutation of the AP-1 binding site equally results in a loss of TGF-β responsiveness of this core-
promoter, confi rming the crucial role of AP-1 in Smad-driven transcription. Interestingly, we 
also noted a signifi cantly decreased basal transcriptional activity of the AP-1 site containing, 

Figure 4 - Endothelial p-Smad2 levels are diminished in regions protected from atherogenesis coinciding with incre-
ased KLF2 levels. Previously, we described the induction of KLF2 by shear stress in vivo in a mouse carotid artery 
collar model (Dekker et al., 2002) (A). Sections from mouse carotid arteries (B and C), sections from the abdominal 
aorta from a 41-year old female donor (G and H) and sections from an iliac artery from a 49-year old male donor 
(L and M) were stained for KLF2 (brown/red). A staining for p-Smad2 (D, E, I, J, N and O) or HAM56 (F and K) 
was also performed on serial sections. Counter-staining was performed with either haematoxylin, visualizing nuclei 
in blue (B-F and I-O) or with light-green, showing collagen in green (G and H). Carotid artery sections exposed to 
low shear stress (proximal to the collar) are visualized in (B and D) and intra-collar sections are shown in (C and E). 
Magnifi cations are shown of a region where a fatty streak was observed (G and I) and of a healthy region (H and J) in 
the abdominal aorta section. Furthermore, a region where an atheroma was observed (L and N) and a healthy region 
(M and O) in the iliac artery section were magnifi ed. Arrow heads indicate positive endothelial cells.
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Figure 5 - KLF2 inhibits AP-1 activity and promoter response. (A) Luciferase reporter constructs containing either 
the wild-type TGF-β responsive part (-613 to +112) of the murine Smad7 promoter or the same part with mutations 
in either the Smad binding element (SBE mut) or the AP-1 binding element (AP1 mut) were used as a measure for 
physiological TGF-β signaling (Brodin et al., 2000). Luciferase activity was measured 16 hours after addition of 
10 µM ALK5 inhibitor SB431542 or 10 ng/ml TGF-β3 to either mock- or KLF2-transduced HUVEC (N=4). (B) 
Using a transcription factor ELISA, DNA binding activity of nuclear localized p-c-Jun was measured in mock- and 
KLF2-transduced HUVEC (N=3). (C) This panel illustrates immunofl uorescence images of HUVEC. P-c-Jun is vi-
sualized in red, Hoechst nuclear staining in blue. Bars indicate 10 µm. (D) Western blot analysis was performed with 
antibodies raised against c-Jun or α-tubulin on cell lysates of mock- and KLF2-transduced HUVEC. Bars indicate 
quantifi cation of c-Jun levels corrected for α-tubulin levels. (N=3). *P<0.05, **P<0.01, N.S.: P>0.05.
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SBE-mutated construct in the KLF2-transduced cells. We therefore analyzed the levels of 
active AP-1 in KLF2- and mock-transduced cells. c-Jun is a main component of AP-1, but to 
be active it needs to be localized in the nucleus in a phosphorylated form (p-c-Jun) (Wisdom, 
1999). This was directly assessed by transcription factor analysis of nuclear extracts, which 
shows that KLF2 indeed reduces the levels of active nuclear localized p-c-Jun by 80% (Figure 
5B). In addition, p-c-Jun localization was analyzed by immunofl uorescence, showing that 
KLF2 suppresses both the nuclear-localized amount and the total intracellular amount of 
p-c-Jun (Figure 5C). In marked contrast, total c-Jun protein levels are unaffected by KLF2 
(Figure 5D), indicating that KLF2 inhibits the phosphorylation, rather than the expression 
levels of c-Jun.

Figure 6 - KLF2 inhibits TGF-β signaling via two distinct routes. KLF2-mediated induction of Smad7 leads to the 
inhibition of phosphorylation of Smad2, which leads to diminished transcriptional activity of Smad4. To establish 
full abrogation of TGF-β target genes, KLF2 simultaneously inhibits the activation of the TGF-β signaling co-factor 
AP-1.
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Discussion

The present study provides evidence that endothelial KLF2 attenuates transcription of many 
TGF-β target genes, including PAI-1 and THBS1 (Figure 1B and C) and completely abrogates 
transcriptional activity on endogenous TGF-β inducible promoter fragments (Figure 5A). This 
is shown to be partially achieved by the induction of Smad7 (Figure 2), which subsequently 
suppresses the phosphorylation of Smad2 (Figure 3A and 3D) and inhibits transcriptional 
activity of Smad3/4 (Figure 3C). Synergistically, KLF2 inhibits the phosphorylation and thus 
activation of the essential co-factor for TGF-β signaling AP-1 (Figure 5). These fi ndings are 
supported by the observation that p-Smad2 levels are indeed higher in vivo at sites of the 
vasculature that correlate with suppressed endothelial KLF2 levels (Figure 4). 

Smad7 has been described to be specifi cally expressed in endothelium and to be induced 
by both shear stress and TGF-β (Topper et al., 1997; Nakao et al., 1997). KLF2 is also 
exclusively expressed by endothelial cells exposed to high shear stress (Dekker et al., 2002). 
Since we describe that KLF2 inhibits TGF-β-dependent transcription, this should lead to 
a decrease in Smad7 transcription. Here it is shown, however, that KLF2 induces Smad7 
independent of ALK5-mediated TGF-β signaling (Figure 2B). KLF2 indeed does not induce 
the expression of Smad7 through the TGF-β responsive part of its promoter in the presence 
or absence of the ALK5 inhibitor SB431542 (Figure 5A). Therefore, KLF2 must act either 
directly or indirectly via one of its many downstream genes, on a different part of the Smad7 
promoter or intergenic regions. Unfortunately, neither a specifi c consensus binding sequence 
for KLF2 nor for any of its KLF family members has been defi ned, except for the core 
binding sequence (CACCC) (Feinberg et al., 2004) which is ubiquitously present in the 
human genome making it at present diffi cult to pinpoint a specifi c putative KLF2 binding 
site in the Smad7 promoter.

We show that induction of Smad7 is responsible for the suppression of p-Smad2 by KLF2. 
However, p-Smad2 is not completely absent in KLF2-transduced cells (Figure 3A, 3B and 
3E) and this could explain the relatively mild reduction in Smad3/4-dependent transcription 
(Figure 3C). On the contrary, a complete inhibition on target gene expression (Figure 1B and 
C) and the full abrogation of TGF-β responsiveness on the endogenous TGF-β responsive 
promoter piece of Smad7 (Figure 5A) by KLF2 were observed. A plausible explanation 
for this observation is that endogenous TGF-β-induced gene expression requires not only 
Smad3/4, but also its co-factor AP-1 (Brodin et al., 2000). In support of this explanation, we 
show that KLF2 diminishes AP-1 activity (Figure 5B) and that mutation of the SBE alone in 
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the Smad7-derived promoter fragment does not abolish decreased transcriptional activity in 
KLF2-transduced cells compared to control cells (Figure 5A). Indeed, promoters of three of 
the most down-regulated genes in KLF2-transduced cells, Endothelin-1, MCP-1 and PAI-1 
(Figure 1A) have all been shown to contain both essential Smad3/4 and AP-1 binding sites 
(Dennler et al., 1998; Rodriguez-Pascual et al., 2003; Xiao et al., 2002). Since active p-c-
Jun is reduced by KLF2, but total c-Jun protein levels are unaffected by KLF2 (Figure 5D), 
it is likely that KLF2 directly or indirectly inhibits JNK to reduce phosphorylation of c-Jun 
(Figure 6).

Previously, we reported that KLF2 establishes endothelial quiescence by directly and 
indirectly regulating the expression of over a thousand genes (Dekker et al., 2006). We now 
show that KLF2 specifi cally inhibits TGF-β signaling through a novel, concerted mechanism 
involving both Smad7 and AP-1. Thus, one of the mechanisms that explains part of the 
vast, indirect transcriptional regulation that constitutes KLF2-driven endothelial quiescence 
has been established. Furthermore, this is shown to directly result in a downregulation of a 
distinct set of TGF-β-inducible genes, which are considered pro-atherogenic (Hyman et al., 
2002; Goldberg et al., 2002; Minami et al., 2000; Sawdey et al., 1989; Wu et al., 2006) and/or 
pro-fi brotic (Lee and Ha, 2005) (Figure 1A). Collectively, these results suggest that healthy 
fl ow-induced KLF2 will contribute directly to a quenching of the pathological role of TGF-β 
in various vascular processes, including atherosclerosis.

Acknowledgements

We thank Drs. Heuchel and Heldin for providing the Smad7 reporter construct. 



Chapter 4

116

Supplemental Figures

Supplemental Figure I - KLF2 mRNA levels after lentivirus-mediated overexpression of KLF2 are similar to those 
observed under high shear stress stimulation. HUVEC were exposed to pulsatile fl ow (19 +/- 12 dynes/cm2) for se-
ven days (N=4) or kept under static conditions. Seven days after transduction, mock- and KLF2-transduced HUVEC 
(N=4) were harvested and mRNA levels for KLF2 were measured by real-time RT-PCR. **P<0.01.

Supplemental Figure II - KLF2 inhibits Smad2 phosphorylation and nuclear accumulation. Western blot analysis 
was performed with total cell lysates and nuclear extracts of mock- (M) and KLF2- (K) transduced HUVEC. Blots 
were probed with antibodies raised against total Smad2, phosphorylated Smad2 (p-Smad2), α-tubulin (total cell 
lysates) or LaminB (nuclear extracts). The bar graph indicates quantifi ed levels of p-Smad2 corrected for α-tubulin 
or LaminB. *P<0.05.
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Supplemental Figure III - KLF2 inhibits phosphorylation of Smad3. Phosphorylated Smad3 (p-Smad3) levels were 
examined by Western blot analysis in mock- and KLF2-transduced HUVEC. Quantifi cation of p-Smad3 levels cor-
rected for α-tubulin is visualized in the bar graph (N=3). ***P<0.0005.
 
Supplemental Figure IV - siRNA-mediated knockdown reduces Smad7 mRNA levels in KLF2-transduced HUVEC. 
Mock- and KLF2-transduced HUVEC (N=4) were transfected with double-stranded RNA oligonucleotides designed 
either to specifi cally silence Smad7 (siSmad7) or to be non-specifi c. Twenty-four hours after transfection, mRNA 
levels for Smad7 were measured by real-time RT-PCR. *P<0.05. 

Supplemental Figure V - Tissue sections contain CD31 positive endothelium. Serial sections to those visualized 
in fi gure 4 from mouse carotid arteries (A and B), the abdominal aorta from a 41-year old female donor (C and D) 
and an iliac artery from a 49-year old male donor (E and F) were stained for CD31 (brown/red). Nuclei were stained 
with hematoxylin (blue).
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Abstract

Atheroprotective blood fl ow induces both expression of anti-infl ammatory Krüppel-like 
factor 2 (KLF2) and activation of the anti-oxidant transcription factor nuclear factor erythroid 
2-related factor 2 (Nrf2) in vascular endothelium. As our previously reported KLF2-induced 
gene expression profi les in endothelial cells (ECs) contained several Nrf2 target genes, 
we established the role of KLF2 in shear stress-mediated activation of Nrf2-dependent 
gene expression. Elevated expression of Nrf2 and its transcriptional targets NAD(P)H 
dehydrogenase quinone 1 (NQO1) and heme oxygenase (HO-1) by shear stress and KLF2 was 
demonstrated by RT-PCR. KLF2 knock-down under shear stress showed that shear-induced 
expression of Nrf2 was not dependent on KLF2, whereas NQO1 and HO-1 were partially 
KLF2-dependent. Lentiviral KLF2 overexpression in the absence of fl ow resulted in a more 
effi cient activation of Nrf2 by tert-butyl hydroquinone (tBHQ) through enhanced nuclear 
localization, and promoted the expression of a large panel of Nrf2-dependent, anti-oxidant 
response element (ARE)-containing genes, resulting in superior protection of endothelial 
cells from a strong oxidative stimulus. A genome-wide transcriptome comparison of shear-, 
KLF2- and Nrf2-modulated expression profi les showed that the majority of shear-modulated 
gene sets is controlled by either KLF2 or Nrf2. We report that KLF2 is necessary to prime the 
Nrf2 pathway for optimal activation, and that the combined activity of only two transcription 
factors, KLF2 and Nrf2, explains the major part of the shear stress-dependent transcriptome 
in endothelial cells.   
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Introduction

The arterial endothelium is profoundly affected by fl uid shear stress and the resulting effect 
on the signalling and transcriptional networks of endothelial cells (ECs) are thought to lie 
at the basis of the focal development of atherosclerotic plaques. The largest part of the 
endothelium is exposed to a laminar fl ow of blood and hence, high shear stress levels. High 
shear stress levels for prolonged periods of time have been shown to activate protective 
mechanisms in ECs that preclude atherosclerotic plaque formation (Dekker et al., 2002). 
Oscillatory or even absence of shear stress in local areas of disturbed blood fl ow, mainly 
near branches and bifurcations, enables detrimental atherogenic effects such as infl ammation 
and oxidative stress to take full effect (Jongstra-Bilen et al., 2006; Fledderus et al., 2007). 
An important protective mechanism is mediated by the shear-responsive transcription factor 
KLF2. In recent years KLF2 is emerging as a master regulator of endothelial quiescence, anti-
infl ammatory and anti-thrombotic properties and vascular tone by activating transcription 
of endothelial nitric oxide synthase (NOS3) and thrombomodulin (THBD) and inhibiting 
monocyte chemoattractant protein 1 (CCL2) and endothelin 1 (EDN1) (Dekker et al., 2005; 
Dekker et al., 2006).

We have previously studied genome-wide transcriptional effects of prolonged shear stress 
and infl ammatory stimuli, where we divided co-ordinately regulated genes into three groups 
and found several conserved transcription factor binding elements commonly present in the 
promoters of the genes in each group (Fledderus et al., 2007). In that study, we could show 
that shear stress, via KLF2, inhibits nuclear activity of a member of the activator protein-1 
(AP-1) transcription factor family, activating transcription factor 2 (ATF2). ATF2 binds to 
the ATF response element present in promoters of pro-infl ammatory genes like E-Selectin 
(SELE), monocyte chemotactic protein 1 (CCL2) and vascular cell adhesion molecule 1 
(VCAM1), that can be induced by the cytokine tumor necrosis factor alpha (TNF-α). The 
second gene cluster, which was inhibited by shear stress, showed over-representation of 
SMAD binding elements that are occupied by SMAD3/4, which together with AP-1 drives 
transcription upon stimulation with TGF-β. We recently reported that this inhibition was 
dependent on KLF2, which induces the inhibitor SMAD7 and reduces nuclear levels of the 
AP-1 member c-Jun (Boon et al., 2007). 

A third cluster showed enrichment for the anti-oxidant response element (ARE), suggesting 
a role for nuclear factor erythroid 2-like 2 (Nrf2) that binds the ARE (Fledderus et al., 2007). 
It has become evident that shear stress activates a protective transcriptional program through 
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co-ordinate induction of detoxifying phase II enzymes and anti-oxidant enzymes containing 
an ARE in their promoter (Chen et al., 2003). Phase II enzymes are crucial in the cellular 
defence against electrophilic compounds and reactive oxygen species (ROS) (Motohashi 
and Yamamoto, 2004). The molecular sensor for electrophiles and ROS in the cell is the 
Nrf2-Keap1 system. Keap1 (Kelch-like ECH-associated protein 1) acts as an inhibitor by 
binding Nrf2 and the actin cytoskeleton, thereby keeping it sequestered in the cytoplasm and 
promoting its degradation by the proteasome. Keap1 has multiple cysteine residues that can 
be modifi ed by a variety of electrophilic compounds. Keap1 modifi cation by electrophiles 
is thought to disrupt its ability to target Nrf2 to the proteasome, thereby allowing nuclear 
accumulation Nrf2 and ARE-dependent gene expression (Kensler et al., 2007). Several groups 
have now reported that Nrf2 is activated in endothelial cells upon exposure to shear stress 
(Chen et al., 2003; Hosoya et al., 2005; Dai et al., 2007; Warabi et al., 2007), and that this 
effect can be blocked by reducing oxidative stress levels with ROS scavengers (Warabi et al., 
2007; Jones et al., 2007). Furthermore, activation of the Nrf2/ARE pathway inhibited TNF-
α-induced infl ammation in endothelial cells (Chen et al., 2006) and Nrf2 gene transfer has 
anti-infl ammatory and anti-oxidant effects in the vessel wall in vivo (Levonen et al., 2007). 
Interestingly, our studies of human umbilical vein endothelial cells (HUVEC) overexpressing 
KLF2 showed that KLF2 upregulates several phase II detoxifying enzymes and antioxidant 
genes, including NQO1, HO-1, glutamate-cysteine ligase modifi er subunit (GCLM) and 
catalase (CAT) (Dekker et al., 2006), which are all known target genes of Nrf2. 

Having demonstrated a pivotal role for KLF2 in the modulation and localization of 
transcription factors like AP-1 and SMAD3/4, we decided to study the role of KLF2 in the 
shear stress-induced activation of Nrf2. To expand our knowledge on the different pathways 
that are activated by shear stress, we utilized novel strategies for identifying Nrf2 target 
genes and compared this with shear- and KLF2-controlled expression profi les.

We conclude that, although KLF2 and Nrf2 play individual roles in the shear-induced 
transcriptome, there is a much stronger detoxifying and anti-oxidant response in the presence 
of KLF2 as a result of priming of Nrf2 activation through enhanced nuclear localization.
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Methods
Reagents

Tert-butyl hydroquinone (tBHQ) and tert-butyl hydroperoxide (tbH2O2) were purchased 
from Sigma-Aldrich (St Louis, MO), dissolved in the vehicle dimethyl sulfoxide (DMSO) 
and used at indicated concentrations, while taking care that the fi nal DMSO concentration in 
culture medium did not exceed 0.1%.

Cell culture and shear stress

HUVECs were isolated and cultured in Medium-199 (M199, Invitrogen, Carlsbad, CA), 
supplemented with 20% (vol/vol) fetal bovine serum (FBS), 50 µg/mL heparin (Sigma-
Aldrich), 6-25 µg/mL endothelial cell growth supplement (ECGS; Sigma-Aldrich), and 
100 U/mL penicillin/streptomycin (Invitrogen). Long term shear stress exposure (6 days) was 
performed as previously described (Fledderus et al., 2007). After a 24-hour period to allow 
attachment of the endothelial cells to the fi bronectin coated capillaries, fl ow was gradually 
increased to a pulsatile shear stress of 19 ± 12 dynes/cm2, which was maintained over the 
next 6 days with intermediary medium changes. For static controls, HUVEC from the same 
isolate were seeded in fi bronectin-coated cell culture fl asks and grown to confl uency. Total 
RNA was extracted using Trizol reagent (Invitrogen).

siRNA mediated knock-down and lentiviral overexpression

Stable overexpression of KLF2 and Nrf2 in HUVEC for at least 5 days was achieved by 
transducing HUVEC with lentiviral vectors expressing KLF2 or Nrf2 cDNA (Dekker et al., 
2006). For KLF2, stable knock-down was achieved using a lentivirally delivered specifi c short 
hairpin RNA sequence directed against KLF2 (Dekker et al., 2006). All lentiviral experiments 
included control cells that were transduced with an empty vector. Nrf2 knockdown was done 
with Nrf2 siRNA (SC-37030; Santa Cruz Biotechnology, Santa Cruz, CA) that was transfected 
into HUVEC using Oligofectamine reagent (Invitrogen) as described before (Fledderus et al., 
2007; Boon et al., 2007).

Immunofl uorescence

Fluorescent imaging of Nrf2 protein in mock- and KLF2 transduced HUVEC was performed 
as described (Boon et al., 2007). The Nrf2 antibody (SC-722) was purchased from Santa 
Cruz Biotechnology.
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Viability assay and ROS measurement

Freshly isolated HUVEC were transduced with mock or KLF2 lentivirus, cultured for 4 days 
and then pre-treated for 24 hours with 20 μM tBHQ or vehicle (DMSO). Following pre-
treatment, cells were stimulated for 30 minutes with 200 μM tbH2O2, washed once with 
Hank’s balanced salt solution (HBSS), incubated in fresh culture medium and allowed to 
recover for 6 hours (viability assay) or 3 hours (ROS measurement). To determine cellular 
viability, cells were washed with HBSS after the recovery period and subsequently incubated 
in normal culture medium with the addition of 0.5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT; Sigma-Aldrich). After 2 hours, medium was discarded 
and the formazan crystals that formed were dissolved in isopropanol, and optical density 
was measured in triplicate at 590 nm with reference at 650 nm. For the ROS measurement, 
cells were washed once with HBSS and incubated with 10 μM 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofl uorescein diacetate (Invitrogen) in HBSS for 30 minutes at 37°C. Hereafter, 
the dye solution was removed and cells were incubated in fresh medium for 30 minutes at 
37°C. Finally, the cells were washed once more with HBSS and fl uorescence was measured 
(λexcitation = 485 nm and λemission = 530 nm) on a Varioskan Flash spectral scanning multimode 
reader (Thermo Electron Corporation, Breda, The Netherlands).
 
Real-time reverse transcriptase polymerase chain reaction

Real-time reverse transcriptase polymerase chain reaction (RT-PCR) was performed as 
previously described (Fledderus et al., 2007). In brief, cDNA from 0.5-1 µg of total RNA was 
synthesized with Superscript II reverse transcriptase (Invitrogen) according to manufacturers 
protocol and diluted 10x for gene-specifi c analysis with real-time PCR. All PCR reactions 
were performed in a 15 µl reaction on an iCycler thermal cycler system (Biorad Laboratories, 
Veenendaal, Netherlands). Primers were designed using Primer3 software (http://frodo.
wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). After correction for the house-keeping 
control large ribosomal phosphoprotein P0, the mRNA levels were expressed as ratios 
compared to unstimulated or mock transduced control cultures.

Microarray experiments and analyses

Probe synthesis, hybridization, feature extraction and normalization by linear correction 
methods were all performed as described (Fledderus et al., 2007). Normalized data were stored 
in our Rosetta Resolver database (Rosetta Biosoftware, Seattle, WA). Gene set enrichment 
analysis (GSEA) was done with GSEA version 2.0 using 10log ratios exported from Rosetta 
(Subramanian et al., 2005). Analyses were performed with 10 permutations with a gene set 
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permutation type. Output lists were ranked based on the normalized enrichment score. The 
ranking, nominal P-value and FDR q-value for individual gene sets was used to compare 
results between experimental conditions. For transcription factor binding site analysis, the 
rVISTA (Loots et al., 2002) and Genomatix MatInspector (Cartharius et al., 2005) algorithms 
were fed with the gene symbols or Entrez GeneID of the top 50 genes from the ranked genelist 
for Nrf2 versus mock overexpression in HUVEC. In rVISTA, the Human March 2006 (hg18) 
assembly conserved in the alignment with the Mouse February 2006(mm8) assembly was 
used to calculate over-represented transcription factor binding sites (TFBSs) located in 500 
basepair upstream regions of the 50 genes and using all upstream regions of human refseq 
genes as outgroup. The resulting list of enriched TFBSs was queried to determine which 
of the 50 genes had a NFE2 binding site. In MatInspector, the top 50 genes were searched 
for common TFBSs and positive hits in both DNA strands for the matrix names V$AP1R/
V$NFE2.01 and V$AP1R/V$NFE2L2.01 were selected. 

Statistical analysis

Experimental data are shown as mean of normalized ratios ± standard error of the mean 
(SEM) for the indicated number of experiments. Unpaired Student’s t-tests were used to 
calculate statistical signifi cance. P-values of less than 0.05 were considered statistically 
signifi cant.
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Results
Prolonged shear stress induces Nrf2 and ARE-dependent target genes

Shear stress has been described as an inducer of the Nrf2-dependent expression of anti-
oxidant and detoxifying enzymes in endothelial cells. To verify the induction of the Nrf2 
system by shear stress, RT-PCR for Nrf2 and 2 downstream genes (NQO1 and HO-1) was 
performed on cDNA samples from HUVEC exposed to prolonged shear stress in an artifi cial 
capillary system as previously described (Fledderus et al., 2007). Prolonged shear stress 
potently induced mRNA expression of Nrf2 and this increase was followed by an increase 
in functional Nrf2 protein, because NQO1 and HO-1, whose expression has been shown to 
depend on direct interaction of Nrf2 with the ARE in their promoter (Dhakshinamoorthy et 
al., 2005; Martin et al., 2004), were concomitantly induced (Figure 1A).
    
KLF2 overexpression increases Nrf2, NQO1 and HO-1 mRNA levels

To identify a possible role of KLF2 in the induction of Nrf2 and downstream genes by shear 
stress, the effect of lentiviral KLF2 overexpression on Nrf2 and its transcriptional targets was 
studied in HUVEC under static conditions. Stable overexpression of KLF2 for 7 days caused 
a signifi cant 1.9-fold increase in Nrf2 expression and had effects of similar magnitude on 
NQO1 and HO-1 (Figure 1B). The effect on NQO1 was dependent on Nrf2 as Nrf2 knock-
down with a small interfering RNA (validated in Figure 1C) abrogates NQO1 expression, in 
both mock- and KLF2-overexpressing cells (Figure 1D). Together, these results indicate that 
KLF2 causes a small, but signifi cant induction of Nrf2 which contributes to expression of 
Nrf2 target genes NQO1 and HO-1.

KLF2 is required for shear-mediated induction of NQO1 and HO-1

Next, we determined the contribution of KLF2 to the activation of the Nrf2 pathway in 
HUVEC by exposing the cells to shear stress in the presence of a lentiviral delivered siRNA 
directed against KLF2 (siKLF2). RT-PCR experiments showed that, although KLF2 knock-
down under shear did not affect Nrf2 mRNA, it reduced expression levels of NQO1 and 
HO-1 compared to a mock vector (Figure 1D). This fi nding suggests that KLF2 contributes 
to the expression of Nrf2 target genes by shear stress, and that this occurs most likely through 
activation of Nrf2 protein already present in the cell.

KLF2 augments tBHQ-mediated Nrf2 activation and protection against oxidative stress 

A well-known inducer of Nrf2 and ARE-driven gene expression is tBHQ, commonly used 
as an antioxidant in the food industry (Yankah et al., 1998). tBHQ has been reported to 
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Figure 1 - KLF2 and shear stress induce Nrf2 and the ARE-dependent target genes NQO1 and HO-1 in a KLF2-and 
Nrf2-dependent manner. (A) Determination of Nrf2 (black bars), NQO1 (dark grey bars) and HO-1 (light grey bars) 
mRNA levels in 3 different isolates of HUVEC exposed to prolonged shear stress (20 +/- 12 dyne/cm2 for 6 days) 
or static conditions. (B) Fold induction of KLF2, Nrf2, NQO1 and HO-1 mRNA levels in HUVEC overexpressing 
KLF2 relative to mock. All 4 genes were signifi cantly up-regulated by KLF2 compared to their respective mock ex-
pression level. Expression of Nrf2 (C) and NQO1 (D) in HUVEC overexpressing mock or KLF2 treated for 48 hours 
with an siRNA directed against Nrf2 (grey bars) or a non-specifi c sequence (black bars). (E) Nrf2, NQO1, HO-1 and 
KLF2 (white bars) expression levels were measured in static or sheared HUVEC during siRNA-mediated mock- or 
KLF2 knock-down. Statistical signifi cance between the “shear mock” and “shear siKLF2” situation is indicated. 
*P<0.05, **P<0.01, #P=0.13, N.S. indicates not signifi cant.
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render Keap1 inable to target Nrf2 for proteosomal degradation, thereby allowing Nrf2 to 
enter the nucleus to infl uence transcription (Lee et al., 2003). This was verifi ed in HUVEC 
by stimulation with tBHQ in the presence of an siRNA against Nrf2 (siNrf2) or a non-
specifi c control sequence. Effective knock-down of Nrf2 by siNrf2 was verifi ed by PCR 
(Figure 2A). As expected, siNrf2 reduced both basal as well as tBHQ-induced NQO1 levels. 
Treatment of mock-transduced HUVEC with tBHQ resulted in a robust induction of NQO1 
expression while Nrf2 mRNA levels were unaltered, suggesting that tBHQ indeed promotes 
the activation of Nrf2 rather than increasing its expression (Figure 2B). Adding tBHQ under 
KLF2 overexpression resulted in an enhanced expression level of NQO1 but did not affect 
the magnitude of induction. To study how KLF2 induces Nrf2 activity, mock- and KLF2-
transduced ECs were treated with tBHQ or vehicle for 4 hours. Immunofl uorescence analysis 
of Nrf2 revealed that tBHQ indeed induces nuclear accumulation of Nrf2 protein both in the 
presence and absence of KLF2 and that levels of nuclear Nrf2 are higher in KLF2-transduced 
ECs, when compared to mock-transduced cells (Figure 2C). The immunofl uorescence results 
were quantifi ed by scoring Nrf2-positive nuclei. To determine the functional effect of Nrf2 
activation by KLF2 as seen in Figures 2A-C, we measured ROS levels and determined cell 
viability in mock- and KLF2-transduced HUVEC, pretreated for 24 hours with tBHQ or 
vehicle (DMSO) and subsequently stimulated with tbH2O2. In unstimulated conditions without 
tBHQ pretreatment, KLF2 overexpression lowers ROS levels and increases cell viability 
signifi cantly (Figure 3A). However, this does not confer increased protection against an 
oxidative insult, as exposure of KLF2-transduced cells to tbH2O2 even exacerbates loss of cell 
viability compared to mock transduction. In support of this fi nding, ROS levels after tbH2O2 
treatment are much higher in KLF2-expressing cells than in mock cells. Pretreatment with 
tBHQ slightly increases cell viability in unstimulated cells but renders complete protection 
of both mock- and KLF2-transduced cells to tbH2O2 in terms of cell viability, accompanied 
by a reduction of ROS levels to below those measured in unstimulated mock cells. Figure 3B 
shows representative photomicrographs of the cells used in the experiments of Figure 3A.  

The Nrf2-dependent transcriptome is primed by KLF2 and shear stress

Following a more general approach for the identifi cation of Nrf2 transcriptional targets, we 
used a lentiviral vector to overexpress Nrf2 in HUVEC. Functional overexpression of Nrf2 in 
8 different isolates was fi rst confi rmed by RT-PCR for both Nrf2 and NQO1 (Supplemental 
Figure 1), followed by gene expression profi ling and GSEA. Several previously reported 
Nrf2 targets as well as many novel candidate target genes are present in the top 50 of genes 
induced by Nrf2 compared to mock (Supplemental Table 3). Moreover, promoter analysis 
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Figure 2 - KLF2 primes the activation of the Nrf2 pathway by inducing nuclear localization of Nrf2. HUVEC were 
treated with siRNA directed against Nrf2 (grey bars) or a non-specifi c (black bars) and then stimulated with tBHQ 
or vehicle (DMSO) for 24 hours. Relative expression for Nrf2 (A) and NQO1 (B) was measured with RT-PCR. (C) 
Relative NQO1 mRNA levels in mock- and KLF2-transduced HUVEC treated for 24 hours with 20μM tBHQ (grey 
bars) or vehicle (DMSO; black bars). (D) Immunofl uorescent detection of Nrf2 protein was performed with a prima-
ry Nrf2 antibody followed by Alexa488-coupled secondary antibody (red), nuclei were stained with Hoechst33342 
(blue). The scale bars represents a distance of 10μm. (E) Nrf2-positive nuclei were scored in four separate photomi-
crographs from the experiment shown in (D).
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revealed the presence of an Nrf2 response element in the promoter of many of the top 50 
and almost all of the top 10 genes. As expected, Nrf2 overexpression also signifi cantly up-
regulated the Nrf2-induced gene set (Table 1).

The potentiating effect of KLF2 on the tBHQ-induced Nrf2-dependent gene expression 
(Figure 2B) was next studied at the genome-wide level. HUVEC stably overexpressing 
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Figure 3 - KLF2 alone is not suffi cient for full protection against cytotoxic H2O2 stimulus but a second Nrf2-acti-
vating stimulus is needed. (A) HUVEC were transduced with mock (white bars) or KLF2 (black bars) lentivirus for 
4 days, pretreated for 24 hours with 20 μM tBHQ or vehicle (DMSO) and exposed to 200 μM tbH2O2 or PBS for 
30 minutes. After refreshing the culture medium and a brief recovery period, intracellular reactive oxygen species 
levels or cell viability were measured. (B) Representative phase-contrast microscope photographs of the cells used 
in the experiment described in (A). 
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KLF2 or control cells were stimulated for 24 hours with 20μM tBHQ or vehicle (DMSO). 
Array data were analyzed using GSEA, specifi cally focussing on a literature-based Nrf2-
induced gene set (Lee et al., 2003) and 3 gene sets based on the presence of Nrf2 binding 
sequences in their promoter (Supplemental Table 1). Stimulation with tBHQ clearly leads 
to a highly signifi cant up-regulation of the Nrf2-induced gene set under both control and 
KLF2 overexpression conditions (Table 1). More than twice as many Nrf2-dependent genes 
are enriched by tBHQ under KLF2 than under mock conditions (Supplemental Table 2), 
showing that the activation of Nrf2-controlled detoxifying and antioxidant pathways is 
greatly enhanced by KLF2 (Figure 4). The Nrf2-induced gene set was also up-regulated 
by shear stress and KLF2 overexpression compared to static or mock controls (Table 1). In 
addition, the Nrf2 motif gene sets 1 and 2 (ARE sequence variants) received a much higher 
ranking and smaller nominal P-value with tBHQ treatment in KLF2 overexpressing cells 
(Table 1), indicating that the potentiating effects of KLF2 are general for genes with a Nrf2 
binding site in their promoter and are not restricted to selected single genes. The third so-
called Nrf2 motif gene set present in TRANSFAC, turned out to correspond to the binding 
motif for the GA-binding protein transcription factor (GABP), also called nuclear respiratory 
factor 2. This motif was not enriched underscoring the signifi cance and specifi city for Nrf2/
ARE priming by KLF2 and shear stress (Table 1).

Role of KLF2 and Nrf2 in the shear stress-modulated endothelial gene expression profi le

Next, we analysed our combined transcriptome database to dissect the roles of KLF2 and 
Nrf2 in shear stress-modulated gene expression, by comparing gene set enrichment analysis 
results from the shear-, KLF2- and Nrf2-modulated expression profi les. The number of gene 
sets up-regulated by shear stress versus static was 582 out a total of 1765. About 76% of 
these 582 gene sets were also up-regulated by overexpression of KLF2 or Nrf2 versus mock 
(Figure 5A). Shear stress down-regulated 831 gene sets and 65% thereof could be attributed 

Figures and Tables 

Comparison tBHQ vs VEHICLE 
(in mock cells) 

tBHQ vs VEHICLE 
(in KLF2 cells) NRF2 vs MOCK SHEAR vs STATIC KLF2 vs MOCK 

Gene set Motif sequence Name rank NOM
p-val rank NOM

p-val rank NOM
p-val rank NOM

p-val rank NOM
p-val 

NRF2 gene set NRF2_INDUCED_GENES 2 <10-3 6 <10-3 7 <10-3 8 <10-3 209 <10-3

NRF2 motif gene set 1 TGASTMAGC TGASTMAGC_V$NFE2_01 27 <10-3 2 <10-3 92 <10-3 230 0.5 76 <10-3

NRF2  motif gene set 2 NTGCTGAGTCAKN V$NRF2_Q4 42 <10-3 5 <10-3 61 0.20 48 <10-3 158 <10-3

NRF2 motif gene set 3 ACCGGAAGNG V$NRF2_01 329 0.6 NR NR NR NR NR NR NR NR

Table 1: Upregulation of Nrf2 gene sets by different conditions. For each gene set, its ranking based on the normalized enrichment score 

and the corresponding nominal p-value in the list of upregulated gene sets is indicated for 5 comparisons. NR indicates not ranked, implying 

that the gene set in question is not upregulated in that particular comparison. Special nucleotide abbreviations: S=C/G, M=A/C, K=G/T, 

N=A/C/T/G.

Table 1 - Up-regulation of Nrf2 gene sets by different conditions. For each gene set, its ranking based on the norma-
lized enrichment score and the corresponding nominal P-value (NOM p-val) in the list of up-regulated gene sets is 
indicated for 5 comparisons. NR indicates not ranked, implying that the gene set in question is not up-regulated in 
that particular comparison. Special nucleotide abbreviations: S=C/G, M=A/C, K=G/T, N=A/C/T/G.
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Figure 4 - Nrf2-dependent genes up-regulated by tBHQ under mock or KLF2 overexpression. Treatment with tBHQ 
under KLF2 or mock conditions upregulated a specifi c Nrf2-induced gene set. Projected onto pathways for gluta-
thione homeostasis (A), detoxifi cation of H2O2 and iron homeostasis (B) and NADPH homeostasis (C) are core 
enriched genes in the Nrf2-induced gene set that is up-regulated by tBHQ in mock- or KLF2-overexpressing endo-
thelial cells. The color of the boxes indicates up-regulation by tBHQ under mock (yellow), KLF2 (red) or in both 
(orange) conditions.
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to the transcriptional effects of KLF2 and Nrf2 (Figure 5B). The implications of these 
observations are that the transcriptional effects of shear stress are, for the largest part, a result 
from the coordinated activation of the KLF2 and Nrf2 transcription factors. The remaining 
gene sets that are modulated by shear stress in a KLF2- and Nrf2-independent manner hint at 
involvement of additional regulatory pathways and/or transcription factors.
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upregulated gene sets downregulated gene sets

Figure 5 - Comparison of up-regulated gene sets between 3 transcriptomes. Venn diagram representations of up-
regulated (A) or down-regulated (B) gene sets in the comparisons shear stress versus static (SHEAR), KLF2 versus 
mock (KLF2) and Nrf2 versus mock (NRF2). Out of a total of 1765 gene sets, shear stress up-regulated 582 and 
down-regulated 831 gene sets. The number of gene sets specifi cally up- or down-regulated by each condition is 
indicated, as is the percentage from the total amount of shear stress-modulated gene sets.
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Discussion

Shear stress has been established as a major factor controlling the transcriptome and thus 
phenotype of vascular endothelium by suppressing the pro-infl ammatory and promoting the 
anti-oxidant response. We and others previously showed KLF2, a transcription factor that 
is induced by shear stress, to promote a healthy endothelium by keeping it in a quiescent 
state and bestowing upon it anti-thrombotic, vasorelaxing and anti-infl ammatory properties 
(Fledderus et al., 2007; Dekker et al., 2005; Dekker et al., 2006; Lin et al., 2005). KLF2 is thus 
an effector of shear-induced  inhibition of the transcriptional activity of pro-infl ammatory 
factors like ATF2, c-Jun and Smad3/4 (Fledderus et al., 2007; Boon et al., 2007). Although 
our published KLF2-modulated transcriptome (Dekker et al., 2006) revealed a moderate 
induction of anti-oxidant genes like NQO1, HO-1, GCLM and CAT, this could not explain 
the effi cient shear-dependent induction of these genes. Indeed, these are considered as target 
genes for the transcription factor Nrf2, which binds to the specifi c ARE-elements of their 
respective promoters. In the present study we report that KLF2 is required for full shear 
stress-mediated Nrf2 activation and concomitant ARE-dependent target gene expression. 
Although KLF2 induces Nrf2 transcription and protein activity, KLF2 induction alone is 
not suffi cient to induce Nrf2 target genes comparably to shear stress. An additional Nrf2 
activating signal is needed for full activation of anti-oxidant protective mechanisms and 
KLF2 primes this by inducing Nrf2 nuclear translocation. This was supported by analysis 
of microarray data from HUVEC treated with tBHQ versus vehicle (DMSO) under mock or 
KLF2 overexpression which revealed that under KLF2, tBHQ stimulation results in much 
higher ranking and smaller FDR q-value of Nrf2-dependent gene sets than under mock 
conditions (Table 1). Activation of Nrf2 by shear stress occurs most likely through generation 
of reactive oxygen/nitrogen species and lipid peroxidation (Hosoya et al., 2005; Warabi et al., 
2007). The moderate effects of KLF2 overexpression alone on Nrf2 and NQO1 expression 
could not fully explain the large increase of NQO1 and HO-1 caused by shear stress, even 
though KLF2 knockdown diminishes shear stress-mediated induction of NQO1 and HO-
1. This indicates that even in the presence of KLF2, a specifi c Nrf2-activating stimulus is 
needed for full transcriptome effects, most probably represented by the ROS that are known 
to be induced by shear stress (Tai et al., 2002).

Functional relevance of this fi nding was demonstrated using ROS measurement and an MTT 
viability assay. KLF2 overexpressing cells displayed lower ROS levels and an increased 
viability compared to mock control cells. Surprisingly, when challenged with tbH2O2 
KLF2 overexpressing cells exhibited a dramatic increase in intracellular ROS levels and a 
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concomitant decrease in viability compared to identically challenged controls. Protection 
against tbH2O2 challenge was only seen when Nrf2 was fi rst activated by tBHQ, causing 
complete normalization of ROS levels and viability (Figure 3A). This is in contrast with 
previous fi ndings (Parmar et al., 2006) that did show protection against tbH2O2 by adenoviral 
KLF2 overexpression alone, when assessed morphologically. We also observed that the H2O2-
challenged KLF2 cells exhibit more membrane blebbing and nuclear condensation, both signs 
of apoptosis (Figure 3B). It is likely that exogenous KLF2 overexpression, under control of 
an artifi cial promoter that is not sensitive to negative feedback, sensitizes endothelial cells 
to apoptosis-inducing tbH2O2 exposure, because KLF2 inhibits the transcriptional activity of 
NF-κB (Fledderus et al., 2007; SenBanerjee et al., 2004) that confers endothelial protection 
against apoptosis by activating anti-apoptotic protein expression (Kucharczak et al., 2003), 
as well as expression of superoxide scavenging superoxide dismutases (SOD). In support of 
this hypothesis, manganese SOD (SOD2) was indeed found to be decreased by KLF2 (data 
not shown).

In a recent report, Nrf2-dependent gene expression as induced by atheroprotective levels 
of shear stress (Dai et al., 2007) was studied by blocking this induction using a Nrf2-
specifi c siRNA under fl ow. In the present study, a complementary approach was used with 
lentiviral overexpression of Nrf2. Next to previously described transcriptional targets like 
NQO1 and HO-1, several novel target genes were identifi ed, including ESM1, MMP1, 
MMP3 and SLC7A11, SRPX2, PLCG2 and HEPH. These genes indeed all have an Nrf2 
response element in conserved parts of their promoter suggesting they are direct targets of 
this transcription factor (Supplemental Table 3). Of note, inspection of our array database 
suggested that these genes, with the exception of MMP1, were not upregulated by shear stress, 
indicating that under shear stress only a specifi c fraction of Nrf2-target genes is induced. The 
obtained Nrf2-modulated transcriptome gave us the opportunity to perform a meta-analytic 
comparison between gene sets that are changed by shear stress, KLF2 and Nrf2 compared to 
their respective control conditions. Quite unexpectedly, our results show that the majority of 
the transcriptional effects elicited by the complex biomechanical stimulus of shear stress can 
be attributed to the combined activity of only 2 transcription factors, KLF2 and Nrf2. Still 
further research is needed to elucidate the nature of key regulators of the minor part of the 
shear stress-induced transcriptome that remains undisclosed at this time.

Collectively our results imply a crucial, indirect role for KLF2 in attaining adequate protection 
against electrophilic and oxidative stress to endothelial cells. By increasing Nrf2 expression 
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and nuclear translocation, KLF2 primes the Nrf2 pathway for activation, but subsequent 
activation of Nrf2 is needed for induction of anti-oxidant and phase II detoxifying enzymes. 
Thus KLF2 is an essential accessory factor for full activation of the anti-oxidant Nrf2 
pathway by shear stress-generated ROS, and together these 2 transcription factors could be 
responsible for most of the reported atheroprotective effects of shear stress.  
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Supplemental Figure and Tables
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** Supplemental Figure 1 - Validation of Nrf2 overexpression and 
NQO1 induction by Nrf2 lentivirus. Expression levels as determined 
by RT-PCR of Nrf2 (black bars) and NQO1 (grey bars) in HUVEC 
transduced with mock or Nrf2 lentivirus for 5 days. **P<0.01.

Supplemental Table 1A - Constituent genes of the Nrf2-induced gene set used in Table 1. Genes in a set called 
NRF2_INDUCED_GENES that were manually incorporated based on Lee et al., 2003. All gene sets were used in 
the gene set enrichment analysis (GSEA) of which the results are shown in Table 1.

SLC7A11 solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 (SLC7A11)
SLC6A5 solute carrier family 6 (neurotransmitter transporter, glycine), member 5 (SLC6A5)
SLC6A9 solute carrier family 6 (neurotransmitter transporter, glycine), member 9 (SLC6A9), transcript variant 1
SLC1A1 Solute carrier family 1 (neuronal/epithelial high affi nity glutamate transporter, system Xag), member 1
SLC1A2 Solute carrier family 1 (glial high affi nity glutamate transporter), member 2
SLC1A3 solute carrier family 1 (glial high affi nity glutamate transporter), member 3 (SLC1A3)
SLC1A4 solute carrier family 1 (glutamate/neutral amino acid transporter), member 4 (SLC1A4)
SLC1A5 solute carrier family 1 (neutral amino acid transporter), member 5 (SLC1A5)
SLC1A6 solute carrier family 1 (high affi nity aspartate/glutamate transporter), member 6 (SLC1A6)
SLC1A7 Solute carrier family 1 (glutamate transporter), member 7
GCLM glutamate-cysteine ligase, modifi er subunit (GCLM)
GCLC glutamate-cysteine ligase, catalytic subunit (GCLC)
PRDX1 peroxiredoxin 1 (PRDX1), transcript variant 1
PRDX3 peroxiredoxin 3 (PRDX3), nuclear gene encoding mitochondrial protein, transcript variant 1
PRDX4 peroxiredoxin 4 (PRDX4)
PRDX6 peroxiredoxin 6 (PRDX6)
GPX1 Glutathione peroxidase 1
GPX2 glutathione peroxidase 2 (gastrointestinal) (GPX2)
GPX3 glutathione peroxidase 3 (plasma) (GPX3)
GPX4 glutathione peroxidase 4 (phospholipid hydroperoxidase) (GPX4)
GPX5 glutathione peroxidase 5 (epididymal androgen-related protein) (GPX5), transcript variant 1
GPX7 glutathione peroxidase 7 (GPX7)
MGST1 microsomal glutathione S-transferase 1 (MGST1), transcript variant 1b
MGST2 microsomal glutathione S-transferase 2 (MGST2)
GSTA2 glutathione S-transferase A2 (GSTA2)
GSTA4 glutathione S-transferase A4 (GSTA4)
GSTM3 glutathione S-transferase M3 (brain) (GSTM3)
GSTM5 glutathione S-transferase M5 (GSTM5)
GSTP1 glutathione S-transferase pi (GSTP1)
GSTT1 glutathione S-transferase theta 1 (GSTT1)
GSTT2 glutathione S-transferase theta 2 (GSTT2)
GSTO1 glutathione S-transferase omega 1 (GSTO1)
GSTZ1 glutathione transferase zeta 1 (maleylacetoacetate isomerase) (GSTZ1), transcript variant 3
SOD1 superoxide dismutase 1, soluble (amyotrophic lateral sclerosis 1 (adult)) (SOD1)
SOD2 Superoxide dismutase 2, mitochondrial
SOD3 superoxide dismutase 3, extracellular (SOD3)
FTH1 ferritin, heavy polypeptide 1 (FTH1)
CAT catalase (CAT)
TXN thioredoxin (TXN)
TXNRD1 thioredoxin reductase 1 (TXNRD1), transcript variant 1
TXNRD2 thioredoxin reductase 2 (TXNRD2), nuclear gene encoding mitochondrial protein, transcript variant 1
TXNRD3 Thioredoxin reductase 3
HMOX1 heme oxygenase (decycling) 1 (HMOX1)
BLVRA biliverdin reductase A (BLVRA)
BLVRB biliverdin reductase B (fl avin reductase (NADPH)) (BLVRB)
TKT transketolase (Wernicke-Korsakoff syndrome) (TKT)
TALDO1 transaldolase 1 (TALDO1)
G6PD Glucose-6-phosphate dehydrogenase
ME1 malic enzyme 1, NADP(+)-dependent, cytosolic (ME1)
ME2 malic enzyme 2, NAD(+)-dependent, mitochondrial (ME2), nuclear gene encoding mitochondrial protein
NQO1 NAD(P)H dehydrogenase, quinone 1 (NQO1)
CYP1A1 cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1)
CYP1B1 cytochrome P450, family 1, subfamily B, polypeptide 1 (CYP1B1)

SYMBOL DESCRIPTION
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ABCA2 ABCA2 AAAS
ABCB6 ABCB6 ACIN1
ABCD1 ABCD1 ACP2
ABCF3 ABHD4 ACTR2
ABHD4 ADAM15 ACVR2
ADAM15 ADCK4 AGL
ADCK4 ADCYAP1 AKAP12
ADRA1A AF1Q AKT1S1
AKT3 AKT3 ALX3
ALDOA ALDOA AP1GBP1
ANGPTL4 ALS2 AP1M1
APBA2BP APBA1 ARF3
ARHGAP8 APBA2BP ARHGAP1
ASS ARHGAP8 ARHGAP4
BACH1 ARK5 ARHGEF7
BAG2 ASS ARL8
BAZ2A ATP1B1 ARPC5
BLMH ATP6V0A1 ATBF1
BNIP3 BACH1 ATP6V1D
BTK BAG2 AZ2
C14ORF140 BAZ2A B3GAT3
C5ORF16 BCL9L BAT1
C6ORF166 BCLP BAT4
CA9 BEX2 BAZ1A
CALB2 BLMH BCL2
CAMKK1 BLVRB BCL2L1
CD44 BNIP3 BIN3
CDH23 BRD2 BIT1
CLC BTK BLP2
CLDN15 C10ORF118 BTAF1
CLIC1 C10ORF30 C10ORF25
CMAS C14ORF140 C10ORF7
CPA6 C14ORF43 C13ORF12
CPNE8 C20ORF112 C14ORF108
CRYBA2 C20ORF24 C14ORF119
CRYGS C6ORF62 C2F
CSGLCA-T CACNB2 C2ORF17
DDX17 CANX C2ORF24
DHRS3 CAPN12 C2ORF27
DIRAS1 CAPN6 CAP1
DKFZP434B0335 CD44 CBX8
DLX1 CDH23 CD2BP2
DNCH1 CHP CDA08
DTNA CLC CHERP
DTX2 CLDN15 CHUK
DUSP13 CLECSF13 CKS1B
E2F3 CNTN6 CLMN
EIF4E CPNE8 COX15
EIF4G1 CRYBA2 CPEB4
ELA1 CRYGS CPSF5
ENO1 CSGLCA-T CPT2
ENO3 CSMD3 CRB3
ETV5 CSNK1G2 CSAD
EYA1 DCTN2 CSGLCA-T
FBI4 DDX17 CSNK2B
FBXO2 DKFZP434B0335 CUGBP1
FBXO30 DKFZP566E144 CUTC
FBXO44 DKFZP686L1814 DAXX
FGF11 DMD DAZAP2
FGF9 DRP2 DDIT3
FLJ21019 DTX2 DDOST
FLJ35695 DUSP13 DDX5
FLJ35767 EDG1 DDX50
FLJ35827 EEF1A2 DHX8
FLJ36268 EIF4G1 DIABLO
FLJ36525 ELA1 DIPA
FLT1 ENO1 DKFZP547A023
FOSL1 EPB41L1 DKFZP564C186
GABARAPL1 EPHB2 DKFZP566C0424
GADD45A ESRRG DLST
GADD45G ETV5 DNAJC1
GAPD F2RL2 DNAJC7
GAS FBXO30 DNMT1
GSTP1 FCHSD1 DPP8
HDAC3 FGF1 DR1
HS3ST2 FGF11 DRP2

Supplemental Table 1B - Constituent genes of the 3 Nrf2 motif gene sets in GSEA used in Table 1.

TGASTMAGC_V$NFE2_01 V$NRF2_Q4 V$NRF2_01
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HSPA9B FGF12 DTX2
IDS FGF9 E2F4
IL18RAP FLJ10159 ECGF1
IL6 FLJ10747 EGFL4
ITPKC FLJ12760 EGR2
KIAA0152 FLJ12892 EIF2B2
KIAA0182 FLJ21019 EIF2S1
KIAA0779 FLJ23360 EIF3S7
LAMA3 FLJ33651 EIF5A
LCN7 FLJ33817 ELK4
LENEP FLJ35767 EPN1
LIMK1 FLJ35827 ERCC1
LOC147991 FLJ36268 FBXL9
LOC196463 FLJ46020 FBXO22
LOC51333 FLNC FBXO3
LOC55954 FOXN1 FBXW9
LOC90768 FRMD4 FGFR1OP2
LOC91056 FTSJ3 FIBP
LRP1B GADD45G FLJ10439
LRRC2 GAPD FLJ10637
LRRFIP2 GAS FLJ10871
MAP2K1 GAS2L1 FLJ10979
MAP4 GDF8 FLJ12529
MAPRE3 GK FLJ12592
MCART1 GPR21 FLJ13448
MDFI GPX2 FLJ20156
MDM2 GTF2A1 FLJ20291
MFN2 H3F3B FLJ20487
MGC10772 HOXA3 FLJ21128
MGC16491 HSPA9B FLJ21616
MGC16703 HSPCB FLJ21816
MGC35440 HSPG2 FLJ21919
MGC4677 IDS FLJ22028
MMP19 IL6 FLJ22318
MMP9 INHA FLJ23342
MMRN2 IPO13 FLJ32549
MPP5 ITM2B FLJ32942
MT3 ITPKC FLJ37673
MYBPH KCNA2 FLJ39441
MYO10 KCND1 FMR1
NCDN KCNH3 FRBZ1
NEFH KIAA0063 FRS2
NR1D1 KIAA0182 FYCO1
NRD1 KIAA0746 GALNACT-2
NUDT10 KIAA1582 GNAI2
NUDT11 KIAA1622 GNAI3
OMG KIF5A GSPT1
P2RXL1 KRTHA3B GTF2A2
PADI4 KRTHA6 GTF3C1
PAK6 LAMA3 HERC4
PDE4D LAMC1 HMG20A
PEA15 LGI3 HNRPD
PFN1 LIMK1 HRD1
PHLDA2 LMO4 HSPC152
PLCD1 LOC51333 HSPC171
PLEC1 LOC90693 HSPH1
PLS3 LOC90768 HSRG1
PNUTL2 LOC92558 HTATIP
PPP1R9B LOXL4 HUMAUANTIG
PPP2CA LRP1 IDN3
PPP2R2C LRP1B ING4
PRDM1 LRRFIP2 INSIG2
PROCR MAP2K1 IQGAP1
PSMA3 MAPRE3 ITM2C
PSMD1 MASP1 JARID1C
PSMD11 MAST2 KCNAB2
PSMD12 MCF2 KIAA0152
PSMD2 MDFI KIAA1441
PSMD7 METTL2 KIS
PTPRN MGC10772 LIN28
PVALB MGC14376 LISCH7
RAB13 MGC33486 LOC115509
RAB3D MGC33637 LOC115950
RABEP1 MGC35274 LOC144097
RB1CC1 MGST1 LOC144233
RBBP7 MIA2 LOC149469
RICS MINK LOC196264

TGASTMAGC_V$NFE2_01 V$NRF2_Q4 V$NRF2_01
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RIT1 MMP19 LOC284345
ROM1 MMRN2 LOC339451
RTN3 MNT LOC51035
S100A2 MO25 LOC54499
SEC24D MRPL32 LOC56181
SERPINB5 MYH14 LOC57149
SFTPC NDRG2 LOC90799
SH3BGRL2 NOG LOC92906
SKP1A NOTCH4 LRRC1
SLC16A6 NR1D1 LZIC
SLC22A18 NR5A1 MARK3
SLC22A1LS NRXN2 MED8
SLC26A1 NUDT10 MGC20410
SLITRK6 NUDT11 MGC20419
SMPX OGG1 MGC20983
SNCB PAFAH1B1 MGC2941
SNCG PDE4D MGC3123
SNX10 PDZRN4 MGC3248
SPATS2 PER2 MGC48972
SPTA1 PFN2 MRPL3
SQSTM1 PHLDA2 MTF1
SYNPO PIAS1 MTMR2
SYT2 PITPNC1 MTMR4
SYTL1 PKN3 MTPN
TARSH PLEC1 MUF1
TIAL1 PPP1R9B NCE2
TLL1 PPP2R2B NF1
TLX2 PPP2R2C NKIRAS2
TMEM24 PRDM1 NMNAT1
TNXB PRX NOD3
TTC1 PSMA2 NR1H2
TUBA1 PSMA3 NRAS
TUBA4 PSMC5 NUDT5
TUBA6 PSMD1 PAFAH1B2
TUBB4 PSMD12 PAI-RBP1
TZFP PSMD2 PEN2
UNQ2446 PSMD4 PHF6
USP13 PSMD7 PHKB
VASP PSME4 PLOD3
VAT1 RAB6A PME-1
VDR RABEP1 PRDX5
WDFY3 RAN PRKACB
XLKD1 RARG PRKCSH
XPOT RB1CC1 PRP19
ZA20D1 RBBP7 PSMD12
 RDH5 PSMD13
 RGS2 PYM
 RHOH RAB1B
 RNPC2 RAB25
 ROM1 RAP2C
 RTN3 RCD-8
 SAST REA
 SEC24D RGL1
 SFXN5 RGS19
 SH3BGRL2 RNPS1
 SKP1A RPL27
 SLC11A1 RPL29
 SLC16A6 RPL34
 SLC26A1 RPL37
 SLC38A2 RPL6
 SMAD6 RPS10
 SMPX RPS18
 SNCG RPS5
 SOST RRAS
 SPEC1 SAS
 SPTA1 SCAMP2
 SPTBN4 SCN4B
 SQSTM1 SDHD
 SRPUL SEC10L1
 SYNPO SEC24C
 SYT2 SENP1
 SYTL1 SET8
 TA-KRP SF3B4
 TBL1X SFRS4
 TBL1Y SFRS6
 TBXAS1 SHC1
 TFAP4 SIRT3

Supplemental Table 1B - continued

TGASTMAGC_V$NFE2_01 V$NRF2_Q4 V$NRF2_01
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 TFEC SLC6A14
 TFPI2 SPC18
 TGIF STK11IP
 TIAL1 STK4
 TLL1 SYT5
 TNXB TBC1D17
 TOMM70A TBCC
 TREX1 TCF7
 TTC1 TFCP2
 TUBA1 THAP10
 TUBA4 TIGD6
 TUBA6 TIMM8B
 TUBB TNFRSF1A
 TXNRD1 TNKS2
 UBE2L3 TOMM22
 UBXD2 TOMM40
 UCHL1 TOMM70A
 UNQ2446 TRIM44
 USP13 TUFM
 USP14 U2AF1L3
 VCP UBE1
 VPS26 UBE1DC1
 WBP4 UBE2N
 WNT2 UFC1
 XPOT UGCGL2
 YIF1 UNQ1912
 YWHAG UQCRH
 ZFH4 USF1
 ZIC1 VAX1
 ZIC4 VMP1
 ZNF9 VPS52
  WWP2
  ZBTB11
  ZBTB26
  ZDHHC5
  ZNF184
  ZNF22
  ZNF23
  ZNF322A
  ZNF384
  ZNF408
  ZNF585A
  ZNF585B
  ZNHIT1

Supplemental Table 1B - continued. All gene sets were used in the gene set enrichment analysis (GSEA) of which 
the results are shown in Table 1.
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NQO1 NAD(P)H dehydrogenase, quinone 1 3 1,851 0,126 Yes

HMOX1 Heme oxygenase (decycling) 1 5 1,701 0,243 Yes

TKT Transketolase (Wernicke-Korsakoff syndrome) 53 1,198 0,317 Yes

GPX4 Glutathione peroxidase 4 (phospholipid hydroperoxidase) 185 0,881 0,356 Yes

BLVRB Biliverdin reductase B (fl avin reductase (NADPH)) 205 0,866 0,412 Yes

SLC7A11 Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 226 0,845 0,467 Yes

GCLM Glutamate-cysteine ligase, modifi er subunit 466 0,670 0,474 Yes

ME1 Malic enzyme 1, NADP(+)-dependent, cytosolic 605 0,610 0,493 Yes

GPX3 Glutathione peroxidase 3 (plasma) 1436 0,376 0,383 No

MGST1 Microsomal glutathione S-transferase 1 1834 0,303 0,339 No

MGST2 Microsomal glutathione S-transferase 2 2190 0,239 0,298 No

GCLC Glutamate-cysteine ligase, catalytic subunit 2317 0,217 0,292 No

PRDX1 Peroxiredoxin 1 2333 0,214 0,305 No

GSTA4 Glutathione S-transferase A4 2438 0,195 0,301 No

GSTM3 Glutathione S-transferase M3 (brain) 2454 0,193 0,312 No

TXN Thioredoxin 2551 0,178 0,308 No

GSTT1 Glutathione S-transferase theta 1 2713 0,152 0,293 No

CYP1B1 Cytochrome P450, family 1, subfamily B, polypeptide 1 3030 0,100 0,248 No

GSTT2 Glutathione S-transferase theta 2 3425 0,033 0,186 No

SOD1 Superoxide dismutase 1, soluble (amyotrophic lateral sclerosis 1 (adult)) 3770 -0,034 0,132 No

PRDX4 Peroxiredoxin 4 4016 -0,075 0,097 No

TXNRD1 Thioredoxin reductase 1 4064 -0,084 0,096 No

SOD2 Superoxide dismutase 2, mitochondrial 4091 -0,090 0,097 No

PRDX3 Peroxiredoxin 3 4176 -0,107 0,091 No

TALDO1 Transaldolase 1 4363 -0,140 0,070 No

GSTP1 Glutathione S-transferase pi 4438 -0,152 0,069 No

BLVRA Biliverdin reductase A 4573 -0,179 0,059 No

TXNRD2 Thioredoxin reductase 2 5114 -0,311 -0,008 No

GSTZ1 Glutathione transferase zeta 1 (maleylacetoacetate isomerase) 5116 -0,312 0,014 No

SOD3 Superoxide dismutase 3, extracellular 5390 -0,389 -0,004 No

PRDX6 Peroxiredoxin 6 5400 -0,394 0,021 No

G6PD Glucose-6-phosphate dehydrogenase 5824 -0,598 -0,007 No

ME2 Malic enzyme 2, NAD(+)-dependent, mitochondrial 6088 -0,921 0,014 No

PROBE DESCRIPTION RGL RMS RES CE

Supplemental Table 2A - Core enriched genes in the Nrf2-induced gene set that is up-regulated by tBHQ under 
mock or KLF2 overexpression. This table shows the GSEA enrichment results for the Nrf2-induced gene set as vi-
sualized in Figure 4. Listed genes are up-regulated by tBHQ versus vehicle under mock conditions. RGL = rank in 
gene list; RMS = rank metric score; RES = running enrichment score; CE = core enrichment.
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PROBE DESCRIPTION RGL RMS RES CE

Supplemental Table 2B - Core enriched genes in the Nrf2-induced gene set that is up-regulated by tBHQ under 
mock or KLF2 overexpression. This table shows the GSEA enrichment results for the Nrf2-induced gene set as vi-
sualized in Figure 4. Listed genes are up-regulated by tBHQ versus vehicle under KLF2 overexpression conditions. 
RGL = rank in gene list; RMS = rank metric score; RES = running enrichment score; CE = core enrichment.

HMOX1 Heme oxygenase (decycling) 1 0 3,424 0,180 Yes

TKT Transketolase (Wernicke-Korsakoff syndrome) 5 1,936 0,281 Yes

BLVRB Biliverdin reductase B (fl avin reductase (NADPH)) 22 1,261 0,345 Yes

MGST1 Microsomal glutathione S-transferase 1 65 0,996 0,390 Yes

GSTM3 Glutathione S-transferase M3 (brain) 87 0,935 0,436 Yes

GCLM Glutamate-cysteine ligase, modifi er subunit 158 0,816 0,468 Yes

TALDO1 Transaldolase 1 195 0,762 0,502 Yes

NQO1 NAD(P)H dehydrogenase, quinone 1 457 0,582 0,490 Yes

GPX3 Glutathione peroxidase 3 (plasma) 566 0,533 0,500 Yes

ME2 Malic enzyme 2, NAD(+)-dependent, mitochondrial 638 0,500 0,515 Yes

GSTA4 Glutathione S-transferase A4 759 0,460 0,520 Yes

GSTP1 Glutathione S-transferase pi 807 0,446 0,535 Yes

TXNRD1 Thioredoxin reductase 1 921 0,407 0,538 Yes

SOD1 Superoxide dismutase 1, soluble (amyotrophic lateral sclerosis 1 (adult)) 946 0,401 0,556 Yes

SLC7A11 Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 1024 0,381 0,563 Yes

PRDX1 Peroxiredoxin 1 1181 0,340 0,556 Yes

ME1 Malic enzyme 1, NADP(+)-dependent, cytosolic 1204 0,335 0,570 Yes

PRDX6 Peroxiredoxin 6 1216 0,332 0,585 Yes

CYP1B1 Cytochrome P450, family 1, subfamily B, polypeptide 1 1255 0,324 0,596 Yes

GSTZ1 Glutathione transferase zeta 1 (maleylacetoacetate isomerase) 1343 0,302 0,598 Yes

GSTT1 Glutathione S-transferase theta 1 2075 0,170 0,488 No

SOD3 Superoxide dismutase 3, extracellular 2704 0,064 0,389 No

SOD2 Superoxide dismutase 2, mitochondrial 2910 0,032 0,357 No

GCLC Glutamate-cysteine ligase, catalytic subunit 3274 -0,020 0,299 No

BLVRA Biliverdin reductase A 3530 -0,057 0,260 No

MGST2 Microsomal glutathione S-transferase 2 3800 -0,097 0,222 No

PRDX4 Peroxiredoxin 4 3947 -0,117 0,204 No

GSTT2 Glutathione S-transferase theta 2 4640 -0,243 0,104 No

GPX4 Glutathione peroxidase 4 (phospholipid hydroperoxidase) 4868 -0,288 0,082 No

G6PD Glucose-6-phosphate dehydrogenase 5278 -0,377 0,035 No

TXNRD2 Thioredoxin reductase 2 5893 -0,606 -0,033 No

TXN Thioredoxin 5964 -0,673 -0,009 No

PRDX3 Peroxiredoxin 3 6073 -0,804 0,016 No
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NFE2L2 Nuclear factor (erythroid-derived 2)-like 2 

IL8* Interleukin 8 Zhang et al., 2005

NQO1*# NAD(P)H dehydrogenase, quinone 1 Dai et al., 2007; Lee et al., 2003; Kraft et al., 2004

HMOX1* Heme oxygenase (decycling) 1 Dai et al., 2007; Martin et al., 2004; Lee et al., 2003

TXNRD1*# Thioredoxin reductase 1 Dai et al., 2007; Lee et al., 2003; Kraft et al., 2004

ESM1*# Endothelial cell-specifi c molecule 1 

MMP3*# Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 

PLA2G4A* Phospholipase A2, group IVA (cytosolic, calcium-dependent) 

MMP1*# Matrix metallopeptidase 1 (interstitial collagenase) 

USP18* Ubiquitin specifi c peptidase 18 

TFPI2 Tissue factor pathway inhibitor 2 

ISG15 ISG15 ubiquitin-like modifi er 

CYP26A1 Cytochrome P450, family 26, subfamily A, polypeptide 1 

MAPBPIP mitogen-activated protein-binding protein-interacting protein 

PCDH9 Protocadherin 9 

DAB2* Disabled homolog 2, mitogen-responsive phosphoprotein (Drosophila) 

UGT8 UDP glycosyltransferase 8 (UDP-galactose ceramide galactosyltransferase) 

SERPINE1* Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1 Dai et al., 2007

BRAP BRCA1 associated protein 

TSPAN11* Tetraspanin 11 

OPTN* Optineurin 

IFI44* Interferon-induced protein 44 

HIST1H2BH Histone cluster 1, H2bh 

MPZL1* Myelin protein zero-like 1 

NUFIP2* CDNA FLJ10976 fi s, clone PLACE1001399 

TALDO1 Transaldolase 1 Kraft et al., 2004

ALDH1L2* Aldehyde dehydrogenase 1 family, member L2 Lee et al., 2003; Kraft et al., 2004

MGST1 Microsomal glutathione S-transferase 1 Kraft et al., 2004

SLC7A11*# Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 

ZNFX1* Zinc fi nger, NFX1-type containing 1 

PGD Phosphogluconate dehydrogenase 

SERPINE2 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 2 

SRPX2*# Sushi-repeat-containing protein, X-linked 2 

PKIG Protein kinase (cAMP-dependent, catalytic) inhibitor gamma 

PTX3* Pentraxin-related gene, rapidly induced by IL-1 beta 

UBE1L2* Ubiquitin-activating enzyme E1-like 2 

TSPAN31* Tetraspanin 31 

KDELR3* KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 3 

BST2 Bone marrow stromal cell antigen 2 

PLCG2*# Phospholipase C, gamma 2 (phosphatidylinositol-specifi c) 

PGF* Placental growth factor, vascular endothelial growth factor-related protein 

EVA1* Epithelial V-like antigen 1 

LEFTY2 Pyrroline-5-carboxylate reductase family, member 2 

CTSL Cathepsin L 

HEPH*# Hephaestin 

IFIT3* Interferon-induced protein with tetratricopeptide repeats 3 

UCP1 Uncoupling protein 1 (mitochondrial, proton carrier) 

PPP6C Homo sapiens protein phosphatase 6, catalytic subunit (PPP6C), mRNA. 

CD55 CD55 molecule, decay accelerating factor for complement (Cromer blood group) 

ZNF574* Zinc fi nger protein 574 

Gene symbol Description Reference

Supplemental Table 3 - Top 50 genes from the ratio-based ranked gene list induced by Nrf2 overexpression. High-
lighted are genes with an NFE2 binding site in their promoter, as determined by the Genomatix MatInspector algo-
rithm (*) or in promoter regions conserved between human and mouse as determined with rVISTA (#). References 
are shown for publications in which genes from the table were previously described as a target gene for Nrf2.
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Abstract

Knowledge about the in vivo role of endothelium in chronic human atherosclerosis has 
mostly been derived by insights from mouse models. Therefore, we set out to establish by 
microarray analyses the gene expression profi les of endothelium from human large arteries, 
as isolated by laser microbeam microdissection, having focal atherosclerosis of the early or 
the advanced stage. Within individual arteries the endothelial transcriptomes of the lesional 
and unaffected sides were compared pairwise, thus limiting genetic and environmental 
confounders. Specifi c endothelial signature gene sets were identifi ed with changed expression 
levels in either early (N=718) or advanced atherosclerosis (N=403), relative to their paired 
plaque-free controls. Gene set enrichment analysis identifi ed distinct sets of chemokines and 
differential enrichments of NF-κB-, p53- and TGF-β-related genes in advanced plaques. 
Immunohistochemistry validated the discriminative value of corresponding endothelial 
protein expression between early (CX3CL1, IP10, TBX18) or advanced (BAX, NFKB2) 
stages of atherosclerosis and versus their plaque-free controls. The functional involvement of 
TGF-β signaling in directing its downstream gene repertoire was substantiated by a consistent 
detection of activated SMAD2 in advanced lesions. Thus, we identifi ed truly common, local 
molecular denominators of pathological changes to vascular endothelium, with a marked 
distinction of endothelial phenotype between early and advanced plaques. 
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Introduction

Infl ammatory activation of vascular endothelium plays a central role in the development of 
atherosclerosis (Hansson, 2005). This occurs via traffi cking and retention of leukocytes into 
the vessel wall by an enhanced expression of chemokines and adhesion molecules, such as 
chemokine CC motif receptor 2 (CCR2), E-Selectin (SELE), intercellular adhesion molecule 
1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) (Charo and Taubman, 2004; 
Muller, 2003). The infl ammatory status of the endothelium can be enhanced by a diverse set 
of local and systemic stimuli, such as oxidized (ox)-LDL, interleukin (IL)-1, tumor necrosis 
factor (TNF)-α and C-reactive protein (CRP) (Ross, 1999; Libby et al., 1995; Venugopal 
et al., 2005). Nuclear factor (NF)-κB, which can be activated by several of these stimuli, 
including cytokines and oxidized lipids (Matsunaga et al., 2003; Yeh et al., 2001), has been 
shown to be an important transcription factor responsible for modulating this enhanced pro-
infl ammatory status (Brand et al., 1997). In addition, hemodynamic forces have been shown to 
modulate endothelial infl ammation, and the development of atherosclerotic plaques (Lehoux 
et al., 2006; Cheng et al., 2006). Over the past decade inbred mouse models of accelerated 
atherosclerosis have also signifi cantly contributed to the large body of pathophysiological 
knowledge on the development of atherosclerosis (Lusis et al., 2004). In addition to these 
mouse studies and single gene approaches, a number of recent studies have assessed the role 
of transcriptome changes in the development of human atherosclerosis (Bijnens et al., 2006). 
However, there is little direct knowledge about the in vivo role of the endothelium in the 
development of chronic atherosclerosis in humans. 

Previous human gene expression profi ling studies, in which atherosclerotic tissues were 
compared with plaque-free tissues from different individuals, have been complicated by 
confounding effects of inter-individual genetic variation, differences in vessel-specifi c 
transcriptomes and differences in systemic parameters (Bijnens et al., 2006). One of the 
distinctive properties of human atherosclerosis is, however, the focality of its lesions, 
probably related to differences in local hemodynamics (Lehoux et al., 2006; Cheng et al., 
2006). Hence, within a single artery distinct regions with early or advanced plaques co-exist 
with morphologically normal looking vascular wall, despite the fact that both individual 
genetic background and exposure to systemic risk factors like high LDL levels or pro-
infl ammatory cytokines are identical. Apparently, as this is observed in all major arteries 
affected by the disease, there must be common functional denominators that lie at the basis of 
pathological changes of the vessel wall, irrespective of genetic background, vascular origin 
or systemic factors. We chose to study this by applying laser microbeam microdissection 
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(LMM) for the isolation of the arterial endothelial cells. Since the introduction of LMM it has 
become possible to obtain cell type-enriched isolates from vascular material (Tuomisto and 
Yla-Herttuala, 2005). In addition, T7 RNA polymerase-mediated mRNA amplifi cation has 
enabled reliable microarray gene expression profi ling from small quantities of input mRNA, 
both in vitro and ex vivo (Van Gelder et al., 1990; Polacek et al., 2003; Passerini et al., 2004; 
Tuomisto et al., 2003; Trogan et al., 2002; Scheidl et al., 2002). In order to identify only the 
genes that are potentially functionally involved in lesion formation, irrespective of arterial 
location and individual differences, we used a diverse set of human large arteries of which the 
types as well as the locations were randomly selected. In order to minimize the individual or 
local confounders, we envisioned a paired comparative approach thereby enabling us to study 
gene expression differences in a limited set of arteries. Thus, we compared, within individual 
arterial sections with focal atherosclerosis, the endothelial microarray expression profi les of 
endothelium from plaque-free regions with endothelium overlying atherosclerotic plaques of 
either the early or the advanced stage. Strikingly, we observed that there was little overlap 
between the genes with changed microarray intensities in the early and advanced stages of 
atherosclerosis, as compared to the plaque-free controls. At the molecular pathway level these 
plaque-stage specifi c differences in the microarray data, as assessed by gene set enrichment 
analysis (GSEA) (Subramanian et al., 2005), revealed important roles for transforming growth 
factor (TGF)-β-signaling in endothelium during advanced atherosclerosis. In addition, the 
present study confi rmed the involvement of NF-κB- and p53 signaling, and of chemokines 
during plaque-progression in human subjects.
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Methods
Collection of human vascular material and classifi cation of atherosclerosis

Human large arteries were collected post-mortem after disease in compliance with institutional 
guidelines, being an informed consent as approved by the Medical Ethical Committees of 
the Academic Medical Center (Amsterdam, the Netherlands) or the Academic Hospital 
Maastricht (Maastricht, the Netherlands), and in full compliance with the principles and ethical 
considerations of the Declaration of Helsinki (1989). Samples collected in the Department 
of Pathology, were stored in the Maastricht Pathology Tissue Collection (MPTC) and use of 
tissue and patient data were performed in agreement with the “Code for Proper Secondary 
Use of Human Tissue in the Netherlands” (http://www.federa.org/ ?s=1&m=78&p=&v=4). 
The atherosclerotic plaques were classifi ed according to Virmani (Virmani et al., 2000). The 
main criterion for discriminating between early and advanced plaques was the presence of a 
fi brous cap.

Endothelial cell isolation, RNA isolation, microarray analysis and statistical analysis

Human arteries were fi xed in Zinkfi x (24 hours at 4 oC). Zinkfi x was prepared as described by 
Scheidl (Scheidl et al., 2002). For the isolation of endothelial cells, 10 µm thick cross-sections 
were cut by using a microtome (#340E, MICROM International, Germany), and attached 
to UV-cross-linked PET-membrane Frame Slides (#11505151, Leica, Germany) by using 
0.001% (w/v) poly-L-lysine (P8920, Sigma-Aldrich, St. Louis, MO). After deparaffi nization 
(100% Xylene, 1 minute; 100% ethanol, 1 minute) and subsequent air-drying for 2 hours at 
room temperature (RT), Laser Microbeam Microdissection (LMM) was applied for isolation 
of the endothelial monolayer from four serial cross-sections (P.A.L.M. systems, Bernried, 
Germany). CD31 immuno-positivity was used as a marker for endothelial integrity. RNA was 
isolated after Proteinase K digestion (2 hours at 45oC) by using the Paraffi n Block Kit (#1902, 
Ambion, Austin, TX), including the digestion with DNase I. The RNAs were then linearly 
amplifi ed for two rounds (RiboAmp kit, kit0102, Arcturus, Mountain View, CA), followed by 
a third round amplifi cation (MessageAmp aRNA kit, #1750, Ambion), synthesizing antisense 
cRNAs with an average baselength of 500 nucleotides (see Supplemental Figure 1). Within 
these cRNAs the molar ratio of incorporated aminoallyl-rUTP (A5660, Sigma, St. Louis, 
MO) to rUTP was 1:1. Cy3 or Cy5 mono-reactive dyes (PA23001, PA25001, Amersham 
Biosciences, Piscataway, NJ) were coupled according to the manufacturer’s instructions. 
Labeled cRNA was purifi ed using the RNeasy purifi cation kit (Qiagen GmbH, Hilden, 
Germany). Each endothelial cRNA sample (1.5 µg; Cy5-labeled) was hybridized in duplicate 
against a common reference cRNA sample (1.5 µg; Cy3-labeled), on glass-based microarrays 
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representing 18,649 unique oligonucleotide sequences (Micro Array Department, University 
of Amsterdam, The Netherlands, http://www.microarray.nl/libraries.html). The common 
reference cRNA sample comprised equal quantities of the following three components: (1) 
human umbilical cord endothelial cells (HUVEC), stimulated with TNF-α (50 µg/ml, 6 hrs); 
(2) THP-1 cell line incubated for 24 hours with phorbyl myristate (PMA, 100 µg/ml), and 
subsequently for 6 hours with lipopolysaccharide (LPS, 1 µg/ml), and (3) a mix of whole 
mount human aorta and iliac artery. The microarray intensity data were acquired and imported 
in the Rosetta Resolver database after Loess-normalization (limma package, Bioconductor) 
and were statistically analyzed by a paired Cyber-T test,  essentially as previously described 
(Dekker et al., 2006), and analyzed at the functional group level by using GSEA, of which 
the methodology has been described (Subramanian et al., 2005). 

Statistical analyses

After combining the duplicate microarray data per sample, a paired Cyber-T test was applied 
to the microarray intensity data, as previously described (Dekker et al., 2006). Criteria for 
signifi cant differences: Bayesian p-value<0.05 and an average microarray intensity>20. The 
genome-wide microarray expression profi les were analyzed at the functional group level, 
by using GSEA, of which the methodology has been described (http://www.broad.mit.edu/
cancer/software/gsea/wiki/index.php/Gsea_Algorithm) (Subramanian et al., 2005). The 
dataset that was used for GSEA comprised 8574 unique gene symbols. Filtering criteria for 
the microarray dataset gene set were the presence of a gene symbol, and an average microarray 
intensity>20. The molecular signature database that was used for the GSEA was a modifi ed 
version of the original set named c2.symbols.gmt (online: http://www.broad.mit.edu/gsea/
msigdb/msigdb_index.html) that was extended with the most relevant KEGG pathways 
and consisted of 594 gene sets. Analysis settings were 100 permutations on phenotype, and 
gene sets with more than 50 genes were included in the analysis. The gene sets named NF-
κB-induced, p53-signaling and TGF-β-induced consisted of 61, 77 and 89 genes that were 
respectively present in the microarray dataset.

Immunohistochemistry

A separate set of human arteries from different individuals with focal atherosclerosis was 
used for immunohistochemical validation (nr. 11-20, Table 1). Individual cross-sections were 
incubated with the listed antibodies (Table 2). All antibodies were diluted in TBS containing 
BSA (1% weight/volume (w/v), Sigma) and Tween-20 (0.01% (w/v)). The incubations with 
the listed secondary biotin-conjugated antibodies were followed by amplifi cation with a 
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streptavidin-HRP complex (#K0377, DAKO), and a peroxidase-substrate staining (SK-4800, 
Nova Red kit, Vector Labs, Burlingame, CA).
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Results
Endothelial gene expression profi ling in atherosclerosis

The atherosclerotic plaques were classifi ed according to Virmani (Virmani et al., 2000). 
The main criterion for discriminating between early and advanced plaques was the presence 
of a fi brous cap. The transcriptome differences between the endothelium of plaque-free 
sections and sections having initial plaques or plaques of the advanced stage were probed 
by microarray gene expression profi ling. LMM was applied for the isolation of arterial 
endothelium (Figure 1A-B). To fi nd the truly common local molecular denominators of 
pathological changes to the vascular wall a pairwise comparison was made within individual 
arteries. A representative example of this approach in an individual human carotid artery with 
a lateral plaque of the advanced stage is shown (Figure 1C). Furthermore, within this artery 
the endothelial microarray intensity data of the sections with and without atherosclerosis can 
be directly compared, using Rosetta Resolver statistics as shown in the scatterplot (Figure 
1D). 

1 I plaque-free, early IX female 43 SAH
2 C plaque-free, early IX female 70 pneumonia and AML
3 C plaque-free, early IX female 30 OC
4 C early (GSEA) IX male 58 aortic rupture
5 C plaque-free, early, advanced IT, IX, FCA male 85 CH (trauma)
6 C plaque-free, early, advanced PIT, FCP male 85 fatal MI, liver failure
7 A plaque-free, early, advanced IX, FCP male 43 CH (trauma)
8 I plaque-free, advanced FCA male 43 CH (trauma)  
9 C plaque-free, advanced FCA female 62 VC
10 I plaque-free, advanced FCA female 51 CH (trauma)
11 EI plaque-free, early IT male 30 acute trauma
12 C plaque-free, early IX male 36 unknown
13 C plaque-free, early IX female 77 unknown
14 A plaque-free, early IX female 41 SAH
15 CI plaque-free, early IX male 41 Sepsis
16 CI plaque-free, early IX male 55 fatal MI
17 C plaque-free, advanced FCA male 60 unknown
18 C plaque-free, advanced FCA male 70 unknown
19 CI plaque-free, advanced FCA male 49 alcohol intoxication
20 AB plaque-free, advanced FCP male 48 Brain infarction
21 C plaque-free, advanced FCP female 62 unknown

Table 1 - Human donor arteries used in LMM and immunohistochemistry. Abbreviations: Myeloid Leukemia 
(AML), Cerebral Hemorrhage (CH), Ovarium Carcinoma (OC), Myocardial Infarction (MI), Subarachnoïdal Hem-
orrhage (SAH), Vulva Carcinoma (VC). Abbreviations Virmani-classifi ed lesions: early plaques; Intimal Thicken-
ing (IT), Pathologic Intimal Thickening (PIT), Intimal Xanthoma (IX), advanced plaques; Fibrous Cap Atheroma 
(FCA), and Fibro-Calcifi c Plaques (FCP). Arteries: abdominal aorta (A), aortic bifurcation (AB), carotid (C), com-
mon iliac (CI), external iliac (EI).

NR type atherosclerosis classifi cation sex age cause of death
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At the moment it is technically impossible to isolate 100% pure endothelium by LMM from 
human arterial walls, because, in contrast to mice, the intimal layers of human large arteries 
without histological signs of atherosclerosis often contain smooth muscle cells (SMCs). 
In order to verify whether the level of SMC-contamination was comparable in our LMM-
endothelium samples, we checked for these samples whether there were differences between 
the microarray intensities of 13 SMC-specifi c genes, based on a publication of Nelander and 
co-workers (Figure 1 E-H) (Nelander et al., 2003). Paired statistical Cyber-T tests, comparing 
the plaque-free situation with either the early or the advanced stage of atherosclerosis, 
respectively, showed that there were no differences between the microarray intensities (see 

Figure 1 - LMM to identify differential endothelial genes within a single carotid artery with focal atherosclerosis. 
Representative photomicrographs of arterial cross-sections show the isolation of intimal endothelium from an ath-
erosclerotic arterial cross-section by LMM (A,B), and show a carotid artery (nr. 5, Table 1) having a lateral advanced 
plaque (fi brous cap atheroma), opposite to a plaque free artery section (C). An overview (A) and an enlargement 
of the white square in (A), showing the microdissected intimal layer denuded from endothelium, are given (B). 
Here the laser track surrounding the dissected area is indicated by the black arrows with dotted line. Two separate 
endothelial samples were isolated from serial cross-sections of the carotid artery (C), being endothelial cells of the 
plaque-free vessel wall and of the advanced plaque. (D) The M versus A plot compares the endothelial microarray 
intensity profi les from the advanced plaque with the plaque-free section (re-ratio experiment; Rosetta Resolver). M 
indicates log10-ratio (advanced / plaque-free), and A indicates log10 (advanced + plaque-free /2). The advanced 
plaque has 165 genes with increased intensity (red dots); the plaque-free part has 113 genes with increased intensity 
(green dots) (p<0.05 (Rosetta Resolver)). Error bars: standard deviation of the intensities. (E-F) M versus A plots 
depict the endothelial microarray data for a set of 13 smooth muscle cell (SMC)-marker genes (red dots), based on 
Nelander (Nelander et al., 2003), for the paired comparisons between the plaque-free situation and either early (E) 
or advanced (F) atherosclerosis, respectively. Paired statistical comparisons of these groups (Cyber-T tests) showed 
that for these SMC-markers there were no differences between the microarray intensities of the plaque-free situation 
and early or advanced atherosclerosis, see Supplemental Table 1. The microarray intensities of these SMC-markers 
are depicted for all the individual LMM-endothelium samples (G, red lines), and their average values are given for 
the plaque-free situation (white bars), and early (grey bars) and advanced atherosclerosis (black bars), respectively 
(H). Error bars represent the standard-deviations.
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Supplemental Table 1).

Differential gene expression profi les in early and advanced plaques

The individual paired analyses for a diverse set of large human arteries (Table 1) were 
collectively analyzed by paired Cyber-T statistical analysis, corrected for the false 
discovery rate (FDR) by the Benjamini-Hochberg method (Reiner et al., 2003). A large set 
of reproducibly differential genes were detected at high statistical signifi cance, which were 
commonly differential between lesional endothelium versus the endothelium overlying the 
apparently normal sites of the same arteries. Intriguingly, these signature sets revealed a 
clear distinction between the sets of genes showing differential microarray intensities in 
endothelium overlying plaques of the early or the advanced stage relative to their plaque-
free controls, with a very limited overlap (Figure 2A). Heat maps show reproducibility of 
these fi ndings between the different individual arteries that constitute the two distinct groups 

Figure 2 - Paired Cyber-T analyses reveal genes with differential microarray intensity ratios in atherosclerosis. 
These analyses compared within arteries the endothelium from plaques of either the early- (N=7 arteries) or the 
advanced stage (N=6 arteries) to their plaque-free controls, respectively. In the early plaques N=762 sequences had 
differential microarray intensities (N=375 up, and N=387 down), whereas N=447 sequences had differential inten-
sities in the advanced stage (N=252 up; N=195 down), as compared to their plaque-free controls. The genes that 
were signifi cantly changed in these separate paired statistical analyses are compared in a Venn-diagram (A). Two-
way hierarchical clustering of these genes, comparing the microarray intensity ratios of (B) early atherosclerosis 
divided by plaque-free and (C) advanced atherosclerosis divided by plaque-free, are also given. Clustering method: 
WPGMA (weighted average); Similarity measure: Euclidean distance. Colored arrows, as compared to plaque-free 
controls: red; increased, green; decreased. The corresponding lists of genes are given in Supplemental Table 2 (2A: 
early stage, 2B: advanced stage, 2C: overlap early and advanced stages).
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(Figure 2B-C). Manual inspection revealed that the absence in these sets of a number of 
established marker genes derived from murine models was caused by a lack of statistical 
signifi cance mainly due to low intensity levels on microarray, the relatively small sample size, 
or lack of consistency between all the samples analyzed. Thus, increased levels of ICAM-
1 and VCAM-1, and decreased levels of KLF2 were detected, although not at statistically 
signifi cant levels.  Still, we could confi rm increases at the level of e.g. ICAM-1 protein 
expression in atherosclerotic plaques of the early and the advanced stage by paired semi-
quantitative immunohistochemical analysis (Table 3). These data corroborate earlier fi ndings 
that microarray mRNA expression profi ling analyses are not suitable to detect all expected 
known genes, especially in the low intensity range where background noise can be an issue. 
Rather, microarray expression profi ling is typically suited for detection of large numbers of 
novel (panels of) genes and of genome-wide signatures.  

Distinctive gene programs and pathways in early and advanced plaques

The transcriptome differences between the normal plaque-free situation and the early and 
advanced stages of atherosclerosis, respectively, were further analyzed by pathway-based 
GSEA. The resulting identifi cation of corresponding top-100 signature gene panels rank-
ordered according to the intensity differences between these three situations are visualized 
by hierarchical clustering (Figure 3A). A further in-depth analysis of the expression profi les 
was performed with gene set and pathway analysis software to detect specifi c functional or 
diagnostic signatures. At the molecular pathway level, we fi rst focused on the differences 

CD31 mouse moAb M0823 JC70A DakoCytomation Denmark A/S overnight @ 4 oC

smooth muscle alpha-actin  M0851 1A4  1 hr @ RT

monocyte / macrophage  M063201 HAM56  2 hr @ RT

BAX mouse moAb 18-0218 2D2 Zymed, South San Francisco, USA overnight @ 4 oC

CD81 mouse moAb MCA1847 1D6 Serotec, Oxford, UK 

CX3CL1 mouse moAb mAB3651 81513 R&D Systems, Minneapolis, MN, USA 

CYP1B1 rabbit poAb CYP1B11-A - Alpha Diagnostics, San Antonio, TX, USA 

ICAM-1 mouse moAb 18-0173 My13 Zymed, South San Francisco, USA 

IP10 goat poAb AF266 - R&D Systems, Minneapolis, MN, USA 

NFkappaB2 rabbit poAb ARP32043 - Aviva Systems Biology, San Diego, CA, USA 

phosphorylated-SMAD2* rabbit poAb - - Persson et al. 

TBX18 rabbit poAb PAB-11145 - Orbigen, San Diego, CA, USA 

mouse IgG-Biotin goat poAb E0433 - DakoCytomation Denmark A/S 30 minutes @ RT

rabbit IgG-Biotin goat poAb E0432 - DakoCytomation Denmark A/S 

goat IgG-Biotin donkey poAb BAF109 - R&D Systems, Minneapolis, MN, USA 

antibody-reactivity host species code clone manufacturer incubation

Table 2 - Antibodies used for immunohistochemistry. *For details about the antibodies raised against the active 
phosphorylated forms of SMAD1- and SMAD2, respectively, see Persson (Persson et al., 1998). Abbreviations: 
moAb; monoclonal antiboby, poAb; polyclonal antibody.
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between plaques of the early stage and the plaque-free situation. GSEA showed that seven 
gene sets were enriched in early atherosclerosis with nominal P-values <0.01 (data not 
shown), whereas one gene set, named Leukocyte Chemotaxis Adhesion and Diapedesis, was 
enriched with high signifi cance (nominal P-value < 0.001; % False Positives = 22), including 
monocyte chemotactic protein 1 (CCL2) and CX3CL1 (see Supplemental Table 4). Indeed, 
by immunohistochemical analyses we specifi cally confi rmed elevated protein expression 
of CX3CL1 (Table 3, Figure 5) in early and advanced atherosclerotic lesions, compared 
to the plaque-free control sections. Next, our novel fi nding of the distinct differences in 
atherosclerosis-related transcriptome in early versus advanced atherosclerosis was analyzed 
at the pathway level by GSEA. This revealed that three gene sets, named NF-κB-induced, 

Figure 3 - GSEA of the microarray data identifi es differential genes and pathways between plaque-free, early and 
advanced atherosclerosis. An hierarchical clustering of the top-100 of most differential genes between plaque-free, 
early and advanced atherosclerosis, as defi ned by GSEA, is given (A). Corresponding GSEA lists of the top-100 of 
most differential genes are shown in Supplemental Table 3. GSEA, directly comparing atherosclerotic plaques of the 
advanced stage with the early stage, identifi ed three gene sets with specifi c enrichments in advanced atherosclerosis, 
being NF-κB-induced (B), p53-signaling (C) and TGF-β-induced (D), compared to early atherosclerosis having 
4.0, 0.01 and 8.2% of false positives (Benjamini FDR-correction), respectively. Gene symbol colors, comparing 
the intensity ratios of advanced with early atherosclerosis: Red, increased in advanced plaques; Green, increased 
in early plaques. Although this GSEA did not identify enriched gene sets in early atherosclerosis, individual genes 
within the NF-κB and TGF-β sets were enriched in this early stage. These “early”-enriched genes are depicted as 
green symbol (B, D). Values at the rights side of each gene symbol represent the GSEA ranking. A one-way average 
linkage clustering of the core genes with enrichments within the NF-κB, p53 and TGF-β sets, as shown in panels 
B-D, is given (E). Hierarchical clustering (A, E): colors of the squares represent the relative expression of the genes 
in the artery section 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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p53-signaling, and TGF-β pathway, were enriched in the advanced situation (nominal P-
values < 0.0001). In contrast, no specifi c gene sets or functional pathways were enriched in 
early atherosclerosis, despite the large number of individual genes found differential with 
either normal-looking or advanced stage atherosclerosis endothelium. The early- or late 
atherosclerosis-enriched core genes within these sets, as defi ned by GSEA, are given (Figure 
3B-D), showing the increased expression of NF-κB, p53 and the TGF-β gene sets specifi cally 
in advanced atherosclerosis. After combining the microarray profi les of the core genes from 
these three gene sets, hierarchical clustering visualizes the two distinct groups of genes with 
an elevated relative expression level in either early or advanced atherosclerosis, respectively 
(Figure 3 E). 

Chemokine involvement in human arterial endothelium

Remarkably, there was a considerable overlap at the individual gene level between the NF-
κB- and TGF-β-induced gene sets (Figure 3 B, D), including several chemokines, being 
CXCL-2, -3, -6, -10, IL-8, CX3CL1, and RANTES (CCL5). These chemokines have 
specifi c, differential chemotactic and adhesive properties for leukocytes to the endothelium. 
Therefore we made a scheme of the most important genes involved in interactions between 
endothelial cells and leukocytes, showing the GSEA results comparing early with advanced 
atherosclerosis (Figure 4A). We found that a greater number of genes involved in leukocyte 
activation, adhesion, and chemotaxis was identifi ed in advanced than in early atherosclerosis 
(advanced; N=19 genes: early; N=6 genes). These genes form two separate panels as 
visualized by hierarchical clustering (Figure 4B).

CX3CL1 0/6 5/6 0/5 3/5
CYP1B1 1/6 3/6 2/5 2/5
ICAM-1 0/6 5/6 0/5 4/5
IP10 3/6 6/6 4/5 4/5
TBX18 0/6 3/6 1/5 1/5
BAX 0/6 1/6 0/5 3/5
NFKB2 0/6 1/6 0/5 5/5
pSMAD2 0/6 1/6 0/5 5/5
Table 3 - Paired evaluation of the microarray data by immunohistochemistry in endothelium from large human 
arteries with focal atherosclerosis of the early or the advanced stage. Immunohistochemistry was performed on 
cross-sections from human arteries (nr. 11-21, Table 1) with focal atherosclerosis of the early (N=6) or the advanced 
stage (N=5). Ratio scores: the number of artery sections with clusters of immuno-positive endothelial cells over the 
total number of evaluated sections. A cluster is defi ned as more than three adjacent cells with immuno-positivity 
(Figure 5-6).

 early versus plaque-free advanced versus plaque-free
antibody plaque-free early plaque-free advanced
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Validation of microarray identifi ers at protein level by immunohistochemistry

Next, we validated our transcriptome analysis for a small set of genes by immunohistochemical 
analysis, again in a paired fashion within individual arteries. This should verify that 
differential microarray intensities could be translated to potential functional differences at 
the level of actual protein expression. A separate set of arteries from different individuals, 
not included in the initial microarray analysis, was used for this immunohistochemical 
validation (Table 1), to prevent potential bias caused by the limited number of samples and 

Figure 4 - Microarray data of genes involved in leukocyte endothelial cell interactions in advanced versus early 
atherosclerosis. A scheme showing the GSEA results is presented, separating these genes into specifi c functional 
categories, being the chemotaxis, rolling, and fi rm adhesion to the arterial endothelium, diapedesis, and the activa-
tion of leukocytes (A). See Supplemental Table 4 for the individual GSEA ranks of these genes. Symbol colors: red, 
core-enriched in advanced atherosclerosis; green, core-enriched in early atherosclerosis; yellow, expressed by the 
endothelium (intensity>20); grey, below the detection limit (intensity<20). Numbers of enriched genes: chemotaxis, 
advanced (n=9); early (n=2); fi rm adhesion, advanced (n=6), early (n=2); diapedesis, advanced (n=0), early (n=2); 
leukocyte activation, advanced (n=4), early (n=0). A one-way average linkage clustering of the genes that were core-
enriched in either early (n=6) or advanced (n=19) atherosclerosis, depicted as green or red symbols in (A), is shown 
in (B). Colors, as explained in the legend of Figure 3.



Chapter 6

170

human subjects. Representative photomicrographs are shown for all of the proteins assessed, 
comparing within two separate arteries the endothelial immuno-positivity in atherosclerotic 
plaques of the early and the advanced stage with their plaque-free control sections (Figure 
5). The combined results of the immunohistochemical evaluation are summarized in Table 3, 
showing that for all of the assessed genes immuno-positive clusters of endothelial cells can be 

Figure 5 - Representative photomicrographs of differential protein expression in focal atherosclerosis of  the early 
and advanced stage, based on transcriptome data. Photomicrographs depict two human arteries (nr. 14 and 20, 
Table 1) with early (A, C-S) and advanced atherosclerosis (B, T-AL). Overviews of macrophage HAM56 immuno-
histochemistry are shown for these two arteries (A, B). Rectangles within these pictures indicate the magnifi ed areas 
used for the paired comparisons of the plaque-free sections (C-J; S-Z) with early (K-R) or advanced atherosclerosis 
(AA-AH). Black arrowheads indicate immuno-positive endothelial cells. Shown are immunohistochemical stainings 
for PECAM-1 (C, K, S, AA), CX3CL1 (D, L, T, AB), CYP1B1 (E, M, U, AC), ICAM-1 (F, N, V, AD), IP10 (G, O, 
W, AE), TBX18 (H, P, X, AF), BAX (I, Q, Y, AG), and NFKB2 (J, R, Z, AH). All cross-sections had endothelium, 
as indicated by their PECAM-1 immuno-positivity (C, K, S, AA). Immuno-positive endothelium: CX3CL1 (L, AB), 
CYP1B1 (M), ICAM-1 (N, AD), IP10 (G, O, W, AE), TBX18 (P), BAX (Q, AG), and NFKB2 (AH). See Table 2 for 
antibody details. Calibration bars: 3.0 mm (A, B); 100 µm (C-AH).
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found specifi cally in at least half of either the initial or the advanced atherosclerotic plaques. 
In the plaque-free sections, with the exception of IP10, little or no endothelial immuno-
positivity was found. The distribution of endothelial immuno-positivity among the different 
stages of atherosclerosis corresponded well to the microarray data for the majority of the 
genes, being BAX, CX3CL1, ICAM-1, NFKB2 and TBX18. Only for CYP1B1 the GSEA 
and the immunohistochemistry data seem confl icting as the increased expression level is only 

D) plaque-free

E) early atherosclerosis

F) advanced atherosclerosis

A

D

C

F

E

B

Figure 6 - Representative endothelial p-SMAD2 immuno-stainings in different stages of atherosclerosis. Composite 
photomicrographs of immunohistochemistry for macrophage-detecting HAM56 are shown for three human large 
arteries having focal atherosclerosis of the early (A, B) and advanced stage (C), respectively. Artery donor informa-
tion: Table 1, donors 15, 12, and 19, respectively. Rectangles within these overview pictures indicate the magnifi ed 
areas of the plaque-free sections (D), and of the sections early- (E), or advanced-plaques (F). Black arrowheads 
mark p-SMAD2 immuno-positive endothelial cells. Calibration bars: 3.0 mm (A-C); 100 µm (D-F).
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refl ected by endothelial immuno-positivity in a minority of the atherosclerotic plaques. 

Distinct involvement of TGF-β signaling during advanced atherosclerosis

A strong involvement of TGF-β signaling molecules and downstream proteins was noted in 
the transcriptome data (Figure 3D). TGF-β signaling, like most signal transduction cascades, 
is marked by phosphorylation of the distinct pathway intermediates SMAD1 en SMAD2, 
rather than by altered mRNA expression levels. Therefore, we tested specifi cally the presence 
of phosphorylated forms of these key effector molecules. In the human donor arteries we only 
identifi ed scattered individual lesional endothelial cells positive for phosphorylated SMAD1 
(data not shown). In contrast, the antibody against phosphorylated SMAD2 (p-SMAD2) 
stained large clusters of p-SMAD2 immuno-positive endothelial cells, preferentially in 
plaques of the advanced stage, whereas little or no clusters of p-SMAD2 immuno-positive 
endothelium were observed in early plaques or in the healthy arterial wall, respectively (Table 
3). Representative photomicrographs are given (Figure 6). 
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Discussion

Our combined use of LMM with linear RNA amplifi cation and microarray expression 
profi ling has enabled an unprecedented comparison of global gene expression profi les from 
human arterial endothelial cells in different stages of human atherosclerosis. For the fi rst 
time, the presence of distinct repertoires of genomic endothelial expression in different stages 
of the disease is detected, and dominant functional roles for chemokines and the NF-κB-, 
p53- and TGF-β-signaling pathways in advanced atherosclerosis are shown. The sensitivity 
and specifi city of our approach is illustrated by the protein validation for the majority of 
the selected genes. We tested several different approaches, as the statistical treatment of 
microarray expression data has been a topic of much debate. We found that in most cases 
specifi city goes at the expense of sensitivity, i.e. in trying to exclude false positives, many false 
negatives are created. Thus, most of the genes for which we were able to validate differential 
expression at the protein level were considered as non-signifi cant by statistical application 
of the Bonferroni correction for multiple-testing and the paired Signifi cance Analysis of 
Microarrays (SAM)-test at a FDR of 5%. A paired Cyber-T test with Benjamini-Hochberg 
multiple testing correction, which employs a Bayesian estimate of the expression variance 
(Long et al., 2001), produced best results as shown also in a previous in vitro study where 
we reported a 100% validity of identifi ed candidates (Dekker et al., 2006). Similarly, the 
employed pathway-oriented GSEA has proven to be highly suitable for analyzing microarray 
data to identify more subtle variations in human in vivo material, as it detected statistical 
signifi cance in crucial genes in diabetic muscle, masked by conventional statistics (Mootha 
et al., 2003). 

A large number of genes are found to be consistently differentially expressed between lesional 
endothelium versus endothelium overlying normal-looking vessel wall, thus validating our 
initial hypothesis that consistent, specifi c functional signatures do exist, irrespective of 
differences of individual genetic make-up, systemic risk factors or vascular origin. One of 
the most distinguished novel fi ndings is the difference in endothelial transcriptomes between 
early and advanced stages of atherosclerosis, indicating that one is dealing with quite distinct 
cellular phenotypes. This has signifi cant implications for future applications like site-specifi c 
lesional imaging or therapy. We identifi ed specifi c sets of chemokines and leukocyte-
adhesive proteins, as having increased microarray intensities in either the advanced- or the 
early- stages of atherosclerosis. Remarkably, the two chemokines we show to predominate 
in early lesions are CX3CL1 and IP10, which are known to be endothelial-associated rather 
than soluble cytokines. Thus they can locally enhance the adhesion of monocytes and T-
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cells, whereas at later stages soluble chemokines for a variety of leukocytes are detected. 
The endothelial glycocalyx-binding IP10 was expressed specifi cally in lesional endothelium, 
but its corresponding protein was also detected in artery sections without plaques, consistent 
with locally enhanced plasma levels (Kawamura et al., 2003). In contrast, CX3CL1 is truly 
endothelium-anchored by a transmembrane domain, and its protein module is expressed 
specifi cally in endothelial cells (Umehara et al., 2004). Indeed, due to this property the 
CX3CL1 protein was detected much more discriminatively in endothelium overlying early 
lesions only. Therefore, when considering the suitability of these chemokines as markers for 
early atherosclerosis, our data indicate that CX3CL1 is more suitable than IP10. 

In line with our microarray intensity data, several single-gene studies in humans have shown 
that the expression levels of the genes CX3CL1, ICAM-1, RANTES and IP10 were elevated 
in atheroma, as compared to non-atherosclerotic tissue (Mach et al., 1999; Bursill et al., 
2004; van der Wal et al., 1992; DeGraba et al., 1998; Nuotio et al., 2003). In mouse models, 
elevated expression levels of these genes have also been identifi ed in atherosclerotic plaques, 
and functional blocking of the majority of these genes has shown to reduce lesion size and 
leukocyte recruitment (Bursill et al., 2004; Veillard et al., 2004; Heller et al., 2006; Nakashima 
et al., 1998; Collins et al., 2000). However, the plaque stage-specifi c expression patterns of 
most of these genes differ between our human data and the data from the mice. Important 
factors that possibly explain these inter-species discrepancies are the species differences 
in timespan of plaque development, and the differences in the methodology, analysis, and 
interpretation of the microarray data as has recently been discussed in detail (Bijnens et al., 
2006).

Members of the NF-κB family play distinctive roles in endothelial physiology, and numerous 
studies have addressed this issue in cultured cells and mouse models. We found by GSEA 
that sets consisting of NF-κB-induced and NF-κB-activating genes were enriched in 
advanced human atherosclerosis. These NF-kappa B-induced genes mainly consisted of pro-
infl ammatory chemokines and cytokines whereas the NF-κB-activating genes, being present 
also in the p53 signaling set, comprised RelA, TP53BP2, TRAF1, and TRAF5. In addition, the 
increased expression of the infl ammation-induced NF-κB subunit NFKB2 (Shu et al., 1993) 
was validated by an increased immuno-positivity, specifi cally in advanced atherosclerotic 
plaques. These data provide support that, especially in advanced atherosclerosis, NF-
κB-activation is involved in the induction of pro-infl ammatory genes, mainly involved 
in the chemotaxis and adhesion of leukocytes (Brand et al., 1997; Lehoux et al., 2006). 
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Furthermore, our analyses also confi rm the key involvement of NF-κB and p53 in apoptosis-
related processes during atherosclerotic plaque progression (Chen et al., 1999; Geng, 2001). 
Our observation of the increased endothelial BAX immuno-reactivity in advanced plaques, 
which may be crucial in the induction of endothelial cell apoptosis by oxidative stress (Choy 
et al., 2001), indicates that in this late stage of atherosclerosis the endothelial cell tends 
towards a pro-apoptotic status. Clearly, this is balanced by anti-apoptotic mechanisms of 
anti-oxidant oxidative stress-response genes such as heme oxygenase (Basuroy et al., 2006; 
Parfenova et al., 2006), as we did not fi nd evidence of endothelial erosion in our samples. 
Other NF-κB-directed anti-apoptotic mechanisms are also present in endothelium of the 
human atherosclerotic vessel wall, in agreement with our previous reports on expression of 
proteins like cIAP (inhibitor of apoptosis protein) (Horrevoets et al., 1999). 

GSEA showed specifi c enrichments of sets of TGF-β downstream genes, mainly in advanced 
atherosclerosis. We confi rmed activation of the intracellular TGF-β signaling pathway 
intermediate SMAD2, by showing a wide, sustained presence of phosphorylated SMAD2 in 
endothelium overlying advanced atherosclerotic plaques in a diverse set of human arteries. 
The activation of SMAD2 mainly occurs through phosphorylation by the ubiquitously 
expressed TGF-β receptor ALK5 (Goumans et al., 2002), whereas active SMAD1 was only 
infrequently detected (data not shown), arguing against a dominant role of the endothelial-
specifi c receptor ALK1.  In many cell types ALK5-driven TGF-β signaling is involved in the 
regulation of proliferation, differentiation, migration, and survival (Bertolino et al., 2005). 
However, it is still debated whether TGF-β signaling plays a pro- or an anti-atherogenic role 
in the endothelium. In mouse models of accelerated atherosclerosis there is evidence for an 
anti-atherogenic role for TGF-β for its partial disruption has shown to induce expression 
levels of the pro-atherogenic leukocyte adhesive molecules ICAM-1 and VCAM-1 (Grainger 
et al., 2000), and to result in a more infl ammatory and less fi brotic lesion type (Lutgens et 
al., 2002). Recent evidence from in vitro studies indicates that TGF-β activation leads to the 
induction of pro-atherogenic responses in the human endothelium by aggravated endothelial 
permeability through SMAD2-dependent p38 activation (Lu et al., 2006; Goldberg et al., 
2002), and by induction of pro-atherogenic genes like lectin-like oxidized LDL receptor-1 
(Minami et al., 2000), the atherothrombotic factor PAI-1 (Sawdey et al., 1989), the leukocyte 
adhesive protein ICAM-1 (Suzuki et al., 1994; Kang et al., 1996) and the chemokine CCL2 
(Wu et al., 2006).
 
In summary, the present study provides evidence that distinct genome expression profi les 
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distinguish endothelium overlying early versus advanced atherosclerotic plaques. Furthermore, 
we establish the involvement of specifi c chemokines and NF-κB during human atherosclerosis 
in vivo, as previously identifi ed based on mouse models of accelerated atherogenesis and 
cultured human cells. Most specifi cally, we are the fi rst to present consistent evidence for 
a widespread activation of the TGF-β pathway in endothelium overlying advanced human 
atherosclerotic lesions, which was not previously identifi ed in this cell type in murine models 
for atherosclerosis.

Acknowledgement

We kindly thank Dr Allard C. van der Wal, José Popma and Fred W.F. Ultee (Academic 
Medical Center, Amsterdam, The Netherlands) for providing us the artery sections, and Prof. 
Peter ten Dijke (Molecular Cell Biology, Leiden, The Netherlands) for providing us the anti-
phosphorylated-SMAD-1 and -2 antibodies.



Expression of chemokines and TGF-beta in human atherosclerosis

177

Supplemental Figure and Tables

Supplemental Figure 1. BioAnalyzer profiles of endothelial anti-sense cRNA 

molecules after 1, 2 and 3 linear amplification rounds 

An RNA 6000 Pico Assay (Agilent Technologies) was used in combination with the BioAnalyzer 

instrument to analyze the size-distribution of the cRNA samples (1.0 ng/ul) that had been linearly 

amplified for 1 (brown line), 2 (blue line) or three rounds (purple line). Baselengths of the RNA 

ladder-peaks (RNA 6000 Ladder, Ambion) are depicted as red numbers.  

Supplemental Figure 1 - BioAnalyzer profi les of endothelial anti-sense cRNA molecules after 1, 2 and 3 linear am-
plifi cation rounds. An RNA 6000 Pico Assay (Agilent Technologies) was used in combination with the BioAnalyzer 
instrument to analyze the size distribution of the cRNA samples (1.0 ng/ul) that had been linearly amplifi ed for 1 
(brown line), 2 (blue line) or three rounds (purple line). Baselengths of the RNA ladder peaks (RNA 6000 Ladder, 
Ambion) are depicted as red numbers.

Symbol Description Entrez GeneID average intensity fold FDR % fold FDR %
ACTG2 Actin, gamma 2, smooth muscle, enteric 72 107 1.02 100 1.21 100
CNN1 Calponin 1, basic, smooth muscle 1264 912 1.01 100 1.01 100

FAM118A Family with sequence similarity 118, member A 7380 58 1.03 96 1.05 100
FOSL2 FOS-like antigen 2 2355 407 1.01 100 -1.06 100

GALNT4 WD repeat domain 51B 8693 35 1.08 79 1.04 100
LMOD1 Leiomodin 1 (smooth muscle) 25802 4643 -1.08 100 1.83 100
MRVI1 Murine retrovirus integration site 1 homolog 10335 249 1.06 100 1.17 100
PMP22 Peripheral myelin protein 22 5376 238 1.07 95 1.03 100

SECTM1 Secreted and transmembrane 1 6398 125 1.03 100 1.05 100
SLC2A4 Solute carrier family 2, member 4 6517 2468 -1.04 100 1.17 100
SLMAP Sarcolemma associated protein 7871 2237 -1.10 100 1.11 100
TAGLN Transgelin 6876 26 -1.06 100 -1.09 100

VCL Vinculin 7414 41 1.03 100 -1.18 100

paired Cyber-T tests, versus plaque-free
early advanced

Supplemental Table 1 - Endothelial microarray data of smooth muscle cell marker genes in early and advanced 
atherosclerosis. These SMC-marker genes are based on Nelander (Nelander et al., 2003). The results of the paired 
Cyber-T tests, comparing our endothelial microarray data of sections having early or advanced plaques with the 
plaque-free sections, are given for the set of N=13 SMC marker genes. The fold-differences and the signifi cance 
levels (paired Cyber-T tests, % false positives, Benjamini / Hochberg multiple-testing correction) of these SMC 
markers are given for the paired comparisons of early (N=7) or advanced atherosclerosis (N=6) with their plaque-
free controls, respectively.

Supplemental tables 2 and 3 - Due to their large size, these tables are available at http://ajp.amjpathol.org/.
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Supplemental Table 4. GSEA core-enriched genes in early plaques within the gene set, named Leukocyte chemotaxis, adhesion and diapedesis

Symbol DESCRIPTION EntrezID rank: early versus plaque-free
CD84 CD84 antigen 8832 1
RAC3 ras-related C3 botulinum toxin substrate 3 5881 40

CX3CL1 chemokine ligand 1 6376 47
CD81 CD81 antigen 975 61
ITGA8 Integrin, alpha 8 8516 97
CCR7 chemokine receptor 7 1236 111
EVA1 epithelial V-like antigen 1, transcript variant 1 10205 181

SEMA4D sema domain, immunoglobulin domain, transmembrane domain and short cytoplasmic domain, 4D 10507 191
CCL2 chemokine ligand 2 6347 196

PECAM1 platelet/endothelial cell adhesion molecule 5175 206
IL2 Interleukin 2 3558 294

CD164 CD164 antigen, sialomucin 8763 306
MIF macrophage migration inhibitory factor 4282 415

TM4SF6 tetraspanin 6 7105 473
GPA33 glycoprotein A33 10223 483
IGSF4B Immunoglobulin superfamily, member 4B 57863 511
ICOSLG Inducible T-cell co-stimulator ligand 23308 518
PSME1 proteasome activator subunit 1, transcript variant 1 5720 536
EMR1 egf-like module containing, mucin-like, hormone receptor-like 1 2015 557
NID2 nidogen 2 22795 632
VAV3 vav 3 oncogene 10451 673

CDH16 cadherin 16, KSP-cadherin 1014 686
SELP selectin P 6403 715
F11R F11 receptor 50848 797
CDH5 cadherin 5, type 2, VE-cadherin 1003 886
ITGB7 integrin, beta 7 3695 946
FGF2 basic fibroblast growth factor antisense mRNA, partial cds. 2247 952
ITGB3 integrin, beta 3 3690 984
ITPKA inositol 1,4,5-trisphosphate 3-kinase A 3706 1111
OCLN occludin 4950 1137
CCRL2 chemokine receptor-like 2 9034 1154
EDG1 endothelial differentiation, sphingolipid G-protein-coupled receptor, 1 1901 1169
CFL1 cofilin 1 1072 1180

SEMA5A Sema domain, seven thrombospondin repeats, transmembrane domain and short cytoplasmic domain, 5A 9037 1203
APBA1 amyloid beta precursor protein-binding, family A, member 1 320 1262
CPNE1 copine I, transcript variant 3 8904 1328

GSEA parameters: 1000 permutations on "tag". GSEA comparison LMM endothelial microarray intensity profiles: early lesions (N=8) versus plaque-free (N=13)

Supplemental table 4 - GSEA core-enriched genes in early plaques within the gene set, named Leukocyte chemo-
taxis, adhesion and diapedesis. GSEA parameters: 1000 permutations on “tag”. GSEA comparison LMM endothe-
lial microarray intensity profi les: early lesions (N=8) versus plaque-free (N=13).
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Abstract

Macrophage death in advanced atherosclerotic lesions is a key event in the conversion of 
benign lesions to vulnerable plaques. One fundamental signal, that has been shown to play 
an important role in cell death and survival, is nuclear factor-κB (NF-κB). However, the 
relevance of this key transcription factor for macrophage-derived foam-cell survival has not 
been unequivocally resolved. THP1 monocytic cell lines were generated in which NF-κB 
activation is specifi cally inhibited by overexpressing a trans-dominant, non-degradable form 
of IκBα (IκBα (32A/36A)) under control of the macrophage-specifi c SR-A promoter. In the 
present study, we generated a detailed gene expression profi le of NF-κB-dependent genes, 
implicated in foam cell formation. The three largest functional gene clusters identifi ed and 
validated by independent techniques, were those involved in lipid metabolism, apoptosis 
and oxidative stress. The net result of these combined gene-expression changes invoked by 
inhibition of NF-κB activation during lipid loading is a reduction of foam cell survival. Thus, 
the NF-κB-dependent gene repertoire seems essential for sustained macrophage survival 
during the process of lipid loading.
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Introduction

The accumulation of macrophage-derived foam cells into fatty streaks is a critical event 
in early atherogenesis. Foam cells arise from macrophages, residing in the sub-endothelial 
space of the vasculature, which have internalized large quantities of low-density lipoprotein 
(LDL) (Schaffner et al., 1980; Gerrity and Naito, 1980). Foam cells are present in all stages 
of atherosclerosis from the earliest fatty streaks to the most advanced atheromas (Galis 
et al., 1995), meriting special interest as potential targets for prevention and treatment of 
this disease. The ultimate death of lipid-laden macrophages in advanced atherosclerotic 
lesions is a key event in the conversion of stable to vulnerable plaques (Libby et al., 1996). 
Dead macrophages give rise to the “necrotic” core of vulnerable plaques as indicated by 
immunohistochemical data, showing that the core debris is largely of macrophage origin 
(Ball et al., 1995). Many studies have established that nuclear factor-κB (NF-κB) plays a 
fundamental role in cell death and survival. Members of the Rel/NF-κB family of transcription 
factors regulate diverse processes such as infl ammation, the cell cycle and apoptosis. The 
active form of NF-κB is a dimeric molecule, composed of two subunits from the Rel/NF-κB 
family, including Rel-A (p65), Rel-B, c-Rel, p50 (cleavage product of NF-κB1/p105) and 
p52 (cleavage product of NF-κB/p100) (Baldwin, 1996). In most cellular systems, NF-κB 
exists as an inactive form due to association with an inhibitory protein of IκB family (IκBα, 
IκBβ, IκBε and Bcl3). This association sequesters NF-κB in the cytoplasm. Activation of 
NF-κB is achieved by phosphorylation of IκB, followed by its degradation via a ubiquitin-
proteasome-mediated degradation pathway (Karin, 1999). Degradation of IκB allows NF-κB 
to translocate to the nucleus, where it binds κB DNA consensus sequences and modulates the 
transcription of numerous target genes.

Several studies have shown that a variety of NF-κB-dependent genes, crucial for progression 
of atherogenesis, are expressed in macrophages. Indeed, the presence of activated NF-κB 
has been demonstrated in lesions, but not in unaffected vascular tissue (Brand et al., 1996). 
At face value, contradictory observations have been reported on the function of NF-κB in 
the conversion of macrophages into foam cells. Moreover, the functional role of Rel/NF-κB 
in macrophages-foam cell death and survival has been a matter of debate, and both pro-
apoptotic and anti-apoptotic roles have been ascribed to activated NF-κB. In this regard, NF-
κB can activate genes that promote death as well as genes that act to endorse survival (Qin et 
al., 1999). The mechanisms underlying this dual nature of NF-κB is not well understood.

Here, we describe that inhibition of nuclear translocation of NF-κB has signifi cant 
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consequences for the viability of macrophage-derived foam cells. The effect of inhibition of 
NF-κB activation on apoptosis and oxidative stress, in the context of lipid accumulation by 
macrophages is reported, yielding data that provide insight into the relation between the NF-
κB system and resistance to apoptosis of oxidized (ox)-LDL-loaded macrophages.
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Methods 
Cell culture and differentiation 

Human monocytic THP1 cells were obtained from the American Type Culture Collection. 
Cells were maintained in RPMI/fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml 
streptomycin, plated at a density of 1 x 106 cells per ml and pretreated for 24 h with 100 nM 
of phorbol myristate acetate (PMA) (Sigma Co., St. Louis, MO) to induce differentiation into 
adherent macrophages. Subsequently, cells were washed with RPMI 1640 medium to remove 
PMA. Then, 100 µg/ml ox-LDL in RPMI/FBS was added to induce foam-cell formation and 
culturing was continued for 0, 2 or 5 days with intermediate refreshing of medium after 3 
days. The foam cell-like phenotype of wild-type (WT) THP1 cells was further substantiated 
by increased appearance of the surface receptors Cla1, Lox1, SR-A and CD36, and an 
accumulation of cytoplasmic lipid droplets (data not shown). THP1/IκBα (32A/36A) cells 
were generated as described previously.

Uptake of ox-LDL 

Ox-LDL uptake by murine macrophages and human THP1 cell lines was quantifi ed by oil red 
O staining. Counterstaining was done with eosin-hematoxylin. The data were subsequently 
analyzed by light microscopy and the stained areas were quantifi ed, using the Image J 
software package. 

Uptake of DiI-ox-LDL and DiI-ac-LDL 

5 x 105 human THP1 cells were seeded into each well of 24-well plates and pretreated for 
24 h with 100 nM of PMA. Subsequently, cells were washed with RPMI 1640 medium to 
remove PMA. Fluorescently labeled DiI-ox-LDL (100 µg/ml) or DiL-ac-LDL (50 µg/ml) 
(Intracel, Frederick, MD) was added to the medium and the cells were cultured for 5 days. 
Then, the cells were washed fi ve times with PBS, lysed by sonication and DiI-ox-LDL, or 
DiI-ac-LDL, was extracted with 1 ml of 2-propanol. The extracts were centrifuged for 30 
minutes at 12,000 g. The relative fl uorescence intensity of the supernatant was determined by 
excitation at 524 nm and, subsequent measuring of the emission at 567 nm. The experiment 
was performed for each cell line in 6-fold.

RNA isolation and RT-PCR  

Total RNA was extracted from WT THP1 and THP1/IκBα (32A/36A) cells stimulated with 
PMA, followed by treatment for 5 days in the absence or presence of ox-LDL as described 
before, using the Absolutely RNA RT-PCR Miniprep kit (Stratagene, La Jolla, CA). cDNA 
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was generated by reverse transcription from 1 µg of total RNA with 0.5 µg oligo (dT)12-18 
primer and Superscript II (Gibco-BRL, Paisley, Scotland). Real-time RT-PCR was performed, 
using the FastStart DNA Master SYBR Green I kit (Roche, Mannheim, Germany) in the 
LightCycler (Roche) according to the manufacturer’s instructions. Specifi c primer pairs were 
designed for selected genes and the primer pairs for protein P0 as reference gene.

Microarray probe synthesis, hybridization and data analysis

Microarray probe synthesis, hybridization, feature extraction and data normalization were 
essentially performed as previously described (Fledderus et al., 2007). Expression profi les 
obtained from the microarray experiments were analyzed using Gene Set Enrichment 
Analysis (GSEA) version 1.0, that uses knowledge-based gene sets to interpret genome-
wide expression profi les (Subramanian et al., 2005). For GSEA analysis, the 5- and 8 h 
timepoints of PMA or PMA/ox-LDL treated WT THP1 cells were regarded as biological 
replicates (4 conditions in total). For the THP1/IκBα (32A/36A) cells, two different cell lines 
were used (A3 and A12) and the 5- and 8 h time-points from both lines were also combined 
(8 conditions in total). A total number of 8524 genes, each having a positive array signal in at 
least 6 out of 12 conditions, were imported into the GSEA program.
 
RNA isolation and reverse transcription–multiplex ligation-dependent probe amplifi cation 
assay        
Total RNA was isolated using the Nucleospin RNA isolation kit (Macherey-Nagel, Düren, 
Germany). Reverse transcription–multiplex ligation-dependent probe amplifi cation assay 
(RT-MLPA) procedure was performed as described previously. Briefl y, 100 ng total RNA 
was reverse transcribed using a gene-specifi c probe mix. The resulting cDNA was annealed 
overnight at 60°C to the MLPA probes. Annealed oligonucleotides were covalently linked by 
Ligase-65 (MRC, Amsterdam, The Netherlands) at 54°C. Ligation products were amplifi ed 
by PCR (33 cycles, 30 seconds at 95°C, 30 seconds at 60°C, and 1 minute at 72°C), using one 
unlabeled and one 6-carboxy-fl uorescein–labeled primer (10 pM). PCR products were run on 
an ABI 3100 capillary sequencer in the presence of 1 pM ROX 500 size standard (Applied 

Biosystems, Warrington, United Kingdom). Results were analyzed using the programs 
Genescan analysis and Genotyper (Applied Biosystems). Category tables, containing the area 
for each assigned peak (scored in arbitrary units), were compiled in Genotyper and exported 
for further analysis with Excel spreadsheet software (Microsoft, Redman, WA). Data were 
normalized by setting the sum of all signals at 100% and expressing individual peaks relative 

to the 100% value. 
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Quantifi cation of apoptosis

The percentage of cells in treated and control cultures undergoing apoptosis was measured 
using an ApoTag kit (Oncor, Gaithersburgh, MD). For these experiments, WT THP1 and 
THP1/IκBα (32A/36A) cells were stimulated with PMA, followed by treatment for 5 days in 
the absence or presence of ox-LDL as described before. Cultures were then rinsed with ice-
cold 1× phosphate-buffered saline and the assays conducted according to the manufacturer's 
instructions. Fluorescence microscopy analysis was performed on a Leica, eight random 
fi elds of 100 cells were counted, and the percentage of apoptotic cells was expressed (100 × 
average number of fl uorescent cells/total number of cells). 

Western blotting  

Total lysates of cultured cells were prepared in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl  
(pH 7.5), 1% (v/v) NP40, 0.5% (w/v) sodium-deoxycholate, 0.1% (w/v) SDS, 1 mM EDTA), 
supplemented with protease inhibitors (Invitrogen, Carlsbad, CA). Ten µg total protein of 
each sample was separated by 12% (w/v) SDS-polyacrylamide gelelectrophoresis. Proteins 
were then transferred to nitrocellulose membranes. Cleaved caspase 3 protein was identifi ed 
by incubation of the membranes with a rabbit anti-human cleaved caspase 3 polyclonal 
antiserum, directed against a synthetic peptide corresponding to residues surrounding the 
cleavage site of human caspase 3 (Cell Signaling Technology Inc, Danvers, MA). Tubulin 
was employed as internal control for equal loading. Detection of immunoreactive proteins was 
done by an enhanced chemiluminescence blot detection system (Amersham Inc., Arlington 
Heights, DC). 

Measurement of reactive oxygen species (ROS)

ROS generation in THP1 cells was assessed using 2,7-dichlorofl uorescein diacetate (DCFDA, 
Molecular Probes, CA, USA), a non-fl uorescent probe, which upon oxidation by ROS and 
peroxides is converted to the highly fl uorescent derivative DCF. WT THP1 and THP1/IκBα 
(32A/36A) cells were stimulated with PMA, followed by treatment for 5 days in the absence 
or presence of ox-LDL, as described before. Cells were incubated with DCFDA (10 µM) for 
30 min at 37o C before being cultured for 1 h in RPMI/FBS medium, without phenol red. 
Fluorescence was evaluated in the Facscalibur and was determined using the Cell Quest 
software program. An excitation wavelength of 480 nm was used.

Statistics



Inhibition of NF-kappaB activation impairs foam cell survival

193

Statistical signifi cance was determined by using the Student’s t-test. P-values less than 0.05 
were considered signifi cant. 
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Results
Identifi cation of the NF-κB transcriptional targets

We previously described the generation of stable human THP1 monocytic cell lines in which 
NF-κB activation is specifi cally inhibited in cells differentiated into macrophages. This was 
achieved by overexpressing a trans-dominant, non-degradable form of the physiological 
inhibitor of NF-κB, IκBα (IκBα (32A/36A)) (Traenckner et al., 1995) under control of the 
macrophage-specifi c scavenger receptor A (SR-A) promoter (Ferreira et al., 2006). Following 
activation with PMA, THP1/IκBα (32A/36A) and WT THP1 cells were cultured for 5 to 8 
days in presence of ox-LDL to create ox-LDL-laden foam cells. To determine the complete 
repertoire of NF-κB dependent genes in foam cells, gene expression analysis was performed, 
using oligonucleotide-based microarrays containing specifi c, 60-mer oligonucleotides for 
about 18,600 human genes. For each experiment, fl uorescently-labelled cRNA probes, 
derived from mRNA of THP1/IκBα (32A/36A) and WT THP1 cells, cultured for 5 to 8 days 
in the presence or absence of ox-LDL, were hybridized against a common reference RNA 
composed of a pool of all experimental samples.

Pathway analysis

To obtain a global view of pathways that are of particular interest to foam cell biology, we 
performed an analysis on the data of the genome-wide expression pattern to assign the large 
number of NF-κB downstream genes to functional biological gene sets. To that end, gene set 
enrichment analysis (GSEA) was performed. Among the top ranking gene sets that showed 
enrichment upon inhibition of NF-κB activation after lipid loading were those involved in 
lipid metabolism, cell death and oxidative stress (specifi ed in Supplemental Table I). The 
direct or indirect involvement of NF-κB in the expression of a selected number of the key 
genes for these distinct functional classes was validated by real-time RT-PCR (Figure 1). 
With regard to lipid metabolism, we checked differential mRNA expression of the ABC 
transporters A1 (ABCA1) and G1 (ABCG1) and for the scavenger receptor CD36, whereas 
for oxidative stress verifi cation of differential expression of the marker genes NAD(P)H 
quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1) was chosen. The results 
show that all genes tested were regulated to a similar or a higher extent, when assayed by 
independent RT-PCR analysis, as compared to microarray analysis. Real-time RT-PCR values 
for the indicated genes, expressed in PMA- and ox-LDL-treated THP1/ IκBα (32A/36A) cells 
and WT THP1 cells, are presented relative to expression in the absence of ox-LDL (Figure 
1). Thus, a robust NF-κB- responsive gene repertoire, implicated in foam cell formation, has 
been reliably identifi ed by a downstream statistical analysis.
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NF-kB controls foam-cell apoptosis

We previously investigated the effect of NF-κB expression on lipid loading in macrophages 
ex vivo and in vitro. Clearly, inhibition of NF-κB activation causes a reduction of intracellular 
lipid accumulation in THP1/IκBα (32A/36A) cells as compared to THP1 cells, as illustrated 
by Figure 2A and B. Concomitant with a reduction of lipid accumulation, due to inhibition of 
NF-κB activation, we observed a decreased cell survival both at 5 and 8 days of lipid loading 
as monitored by trypan blue colouring (Figure 2C). To determine the nature of the cellular 
death process, we initially measured apoptosis by using the ApoTag assay as described in the 
Methods section (Figure 3). Compared to WT THP1 cells, we detected an enhanced apoptotic 
susceptibility of the THP1/ IκBα (32/36A) cells at both 5 days and 8 days of lipid loading as 
compared to WT cells. As to the mechanism responsible for increased death, we focused on 
a potential role of the caspase family of proteins. There is ample evidence that caspases are 
key molecules in the regulation of apoptotic and anti-apoptotic pathways (Hida et al., 2000). 
The active form of the pro-apoptotic protein caspase 3, being the most downstream member 
of the caspase gene family, was monitored by Western blotting. Clearly, the cleaved form of 
caspase 3 was more abundantly present in PMA- and ox-LDL treated THP1/ IκBα (32/36A) 
cells than in similarly treated WT cells (Figure 4). Activation of caspase 3 during apoptosis 
has shown to be under control of the anti-apoptotic gene XIAP (Lin et al., 2001) of which 
expression is NF-κB-dependent, suggesting that increased activation of caspase 3 would 
be due to decreased inhibition. Taking the data together, we provide evidence for a critical 

Fig. 1

Figure 1 - Expression of differentially expressed NF-kB 
dependent genes in WT THP1 and THP-1/IκBα (32/36A) 
cells. Total RNA was purifi ed from WT THP1 and THP1/ 
IκBα (32/36A) cells as described in the Methods section, 
followed by ox-LDL treatment for 0 (solid bars) or 5 days 
(hatched bars). RNA preparations were reverse transcri-
bed and amplifi ed by PCR for ABCA1, CD36, ABCG1, 
NQO1, HMOX1 and 28S cDNA as described in the Me-
thods section. Specifi c sets of primers were used for each 
gene. The signal intensity of real-time PCR products was 
divided by that of 28S cDNA and the calculated value 
was normalized against the PMA-treated sample in the 
absence of ox-LDL. The data represent three independent 
experiments (mean ± SD).
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involvement of NF-κB in the survival of macrophages during lipid loading, an essential event 
for the transition of macrophages to foam cells.

NF-kB-dependent pro- and anti-apoptotic genes

To study the regulation of apoptosis in foam cells in more detail, a multiplex RT-PCR was 
performed. For that purpose, the expression of 36 different pro- and anti-apoptotic genes 
was monitored in PMA-treated THP1/ IκBα (32/36A) cells and WT THP1 cells after 5 and 
8 days of culture in absence or presence of ox-LDL. The most representative, differentially 
expressed pro- and anti-apoptotic genes are presented in Figure 5A and B (for a complete list 
of genes see Supplemental Table II). As expected, previously described NF-κB-dependent 
antiapoptotic genes, such as Flip (Micheau et al., 2001), are down-regulated at 5 and 8 days 
of ox-LDL treatment in the THP1/ IκBα (32/36A) as compared to the WT THP1 cells. By 
contrast, well-known p53-dependent pro-apoptotic genes, like PUMA (Fujioka et al., 2004), 
Bax1 (Chipuk et al., 2004), Bmf and Noxa, are up-regulated. In this respect, it is interesting 
to note that some of the pro-apoptotic genes, that reveal a higher level of expression upon 
inhibition of NF-κB activation, were originally described as transcriptionally regulated by 

Fig. 2

B

A

C

Figure 2 - Lipid loading and cell survival by WT THP1 cells and THP1/IκBα (32A/36A) cells. (A) THP1 (WT) 
cells and THP1/IκBα (32A/36A) cells were cultured for 24 h with PMA and then for 0, 5 or 8 days with 100 μg/ml 
ox-LDL. The cells were visualized by light microscopy after oil red O staining. (B) Quantifi cation of lipid loading 
by THP1 and THP1/IκBα (32A/36A) cells, using the Image J software package. Results represent the mean value ± 
SD of three independent experiments. (C) Quantifi cation of WT THP1 and THP1/IκBα (32A/36A) cell survival by 
trypan blue coloring. Results represent the mean value ± SD of six independent experiments.
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p53. Consequently, we analyzed the expression level of p53 in THP1/ IκBα (32/36A) cells 
and WT THP1 cells by microarray analysis. The mRNA expression of p53 was slightly 
up-regulated after inhibition of NF-κB activation (1.5 fold, data not shown). In addition, 
several studies have provided evidence for transcriptional cross-talk between NF-κB and 
p53 and show that both transcription factors can inhibit each other’s ability to stimulate 
gene expression (Webster and Perkins, 1999; Culmsee et al., 2003). These studies are in 
line with our results, demonstrating that the pro-apoptotic p53-dependent genes are clearly 
up-regulated when NF-κB activation is inhibited. In summary, our results further support the 
notion that the balance between pro- and anti-apoptotic genes appears highly dependent on 
direct or indirect regulation by activated NF-κB.

NF-kB controls oxidative stress

The GSEA indicated that inhibition of NF-κB activation evidently affected the expression 
of genes associated with oxidative stress. Superoxide accumulation is a direct parameter for 
oxidative stress of foam cells. To determine levels of ROS in THP1/ IκBα (32/36A) cells and 

Fig. 3

Figure 3 - Inhibition of NF-κB in THP1 cells leads to an increase 
in apoptosis. WT THP1 and THP1/IκBα (32A/36A) cells were 
prepared as described in the Methods section, followed by ox-
LDL treatment for 5 or 8 days and analyzed by fl uorescence mi-
croscopy. Eight random fi elds of 100 cells were counted, and the 
percentage of apoptotic cells was expressed (100 × average num-
ber of fl uorescent cells/total number of cells). Data shown are a 
compilation of three independent experiments (mean ± SD).

Fig. 4

Figure 4 - Caspase 3 protein expression in WT THP1 
and THP1/IκBα (32A/36A) cells. Ten μg of protein from 
total lysates of THP1 and THP1/IκBα (32A/36A) cells, 
stimulated with PMA as described in the Methods sec-
tion followed by ox-LDL treatment for 0 or 5 days, were 
subjected to 12 % (w/v) SDS-polyacrylamide gel elec-
trophoresis. After transfer of the proteins,the cleaved 
form of caspase 3 and actin were detected by incubation 
of the blot with specifi c anti-human antisera. Detection 
of immuno-reactive proteins was done by using an ECL 
kit.
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WT THP1 cells, the cells were incubated with 2,7-dichlorofl uorescein (CM-H2DCFDA) and 
the internal fl uorescence was analyzed by FACS as described in the Methods section. The 
ability of cells to oxidize these dyes provides a measure for the intracellular ROS concentration. 
FACS histograms represent the average value for all cellular cells analyzed (see Supplemental 
Figure I). Comparison of the average CM-H2DCFDA fl uorescence between WT THP1 cells 
and THP1/ IκBα (32/36A) cells indicates that the latter show a statistically signifi cant higher 
fl uorescence (P < 0.01 by the K-S test). Hence, the data obtained indicate that THP1/ IκBα 
(32/36A) cells contain higher intracellular ROS levels than their WT counterparts. Indeed, 
we show that more indirect markers for oxidative stress, like NQO1 and HO-1, showed a 

Fig. 5A Fig. 5A

Fig. 5A
Fig. 5A

Fig. 5B

Fig. 5BFig. 5B

Fig. 5B
Figure 5 - Expression of Flip, Apol-
lon, XIAP, Bcl-XL, PUMA, Bax1, 
Bmf and Noxa mRNA in WT THP1 
and THP1/THP1/ IκBα (32A/36A) 
cells. Total RNA was purifi ed from 
WT THP1 and THP1/THP1/ IκBα 
(32A/36A) cells stimulated with PMA 
as described in the Methods section, 
followed by ox-LDL treatment for 0 
(solid bars), 5 days or 8 days (hat-
ched bars). RNA preparations were 
reverse transcribed and amplifi ed in 
a multiplex RT-PCR experiment as 
described in the Methods section. 
The calculated value was normalized 
against the PMA-treated sample in 
the absence of ox-LDL. (A) Data for 
the NF-κB-dependent anti-apoptotic 
genes Flip, Apollon, XIAP and Bcl-
xL. (B) Data for the P53-dependent 
NF-κB pro-apoptotic genes PUMA, 
Bax1, Bmf and Noxa. The data are 
representative of two independent ex-
periments (mean ± SD).
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similar pattern of expression (Figure 1). As a direct marker for oxidative stress, we monitored 
the expression of the ferritin heavy chain (FHC) gene at 5 and 8 days of ox-LDL treatment 
(data not shown). The data were consistent with a higher level of oxidative stress in THP1/ 
IκBα (32/36A) cells than in WT THP1 cells.
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Discussion

To elucidate the role of NF-κB in the transition of macrophages into foam cells, stable human 
cell lines have been developed that can acquire the properties of macrophages. In this model 
system, a dominant-negative mutated form of IκBα was overexpressed in macrophages under 
control of the macrophage-specifi c SR-A promoter (Horvai et al., 1995). Of note, prevention 
of nuclear translocation of NF-κB by retaining NF-κB/IκB complexes in the cytoplasm 
reduces foam cell formation.

In the present study, we obtained a detailed gene expression profi le of NF-κB-dependent 
genes, implicated in foam cell formation. The three largest functional gene clusters identifi ed 
were those involved in lipid metabolism, apoptosis and oxidative stress. Ex vivo and in vitro 
studies on foam cell formation, previously described by our group, showed that THP1/ IκBα 

(32A/36A)-expressing macrophages are altered in their ability to accumulate modifi ed LDL. 
We demonstrate here that NF-κB is central in the process of macrophage survival and death 
during the process of lipid loading. Actually, we recently described the role of the NF-κB/IκB 
in the so-called ox-LDL-PPARγ-CD36 ‘feed-forward cycle’. Specifi cally, IκBα (32A/36A) 
macrophages load fewer lipids than WT cells and in the present study we report that this 
impairment in foam cell formation correlates with an increased cell death. Indeed, inhibition 
of NF-κB in our system clearly leads to differential expression of numerous genes related 
to apoptosis. Several anti-apoptotic genes, reported as NF-κB-dependent like XIAP, were 
downregulated upon inhibition of NF-κB activation. Inhibitors of apoptosis proteins (IAP) 
are also encoded by NF-κB-target genes and exert their anti-apoptotic function through direct 
inhibition of caspases. For example, the caspase 3 activity is inhibited by XIAP (Lin et al., 
2001). Here, we demonstrate that the active form of the caspase 3 was more abundantly 
present in cells upon inhibition of NF-κB activation.

During our genome-wide analysis of the impact of NF-κB inhibition on apoptosis-related 
genes, we unexpectedly found that previously reported p53-dependent apoptotic genes 
displayed an altered level of expression. Ryan and colleagues (Ryan et al., 2001) have 
recently shown that p53-induced apoptosis is essentially dependent on the p53-mediated 
activation of NF-κB. However, in other experimental systems, opposing results have been 
obtained, showing an inhibition of NF-κB activation by p53 (Webster and Perkins, 1999) or, 
alternatively, inactivation of p53 by NF-κB (Pise-Masison et al., 2000). The latter results are 
consistent with a recent study proposing interference between p53 and NF-κB by competing 
for a limiting pool of the transcriptional co-activator proteins p300 and CREB-binding protein 
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(Webster and Perkins, 1999). Thus, it is conceivable that the NF-κB and p53 pathways are 
cross-regulated at several levels in a cell-type specifi c manner. These results on the pattern 
of expression of pro- and anti-apoptotic genes in foam cells point out the central role of 
NF-κB in the mechanism of survival and death of foam cells during the process of lipid 
accumulation, leading to plaque rupture. We demonstrate in our system, and in agreement 
with those studies, an increased oxidative stress after inhibition of NF-κB activation, an 
observation which is also confi rmed by the increased expression of NQO1 and HO-1 after 
oxidative stress via nuclear factor erythroid 2-like 2 (Nrf2). The measurement was made via 
ROS activity detection and correlates with a down-regulation of the FHC gene expression 
due to the absence of NF-κB. Recent studies have shown that ROS activity is subject to 
negative feedback regulation by NF-κB and that the negative regulation of ROS is key for 
the essential role of NF-κB in survival and death of foam cells during the process of lipid 
loading, leading to plaque rupture (Bubici et al., 2006).

In conclusion, our results demonstrate a central role for the NF-κB/IκB system in the survival 
of macrophages during the process of foam cell formation. Signifi cant fi ndings have been 
reported that support the notion that macrophages in atherosclerotic plaques become resistant 
to apoptosis. Furthermore, we show that THP1/ IκBα (32A/36A) macrophages load fewer 
lipids than WT THP1 cells and enter the apoptotic process more rapidly than their WT 
counterparts. Inhibition of NF-κB activation alters the expression pattern of the death and 
survival genes, resulting in a prominent expression of pro-apoptotic genes. Taken together, 
this study provides insight into genes and mechanisms implicated in the foam cell death and 
survival and complements recent studies this area (Martinet and Kockx, 2001; Schiffman et 
al., 2000; Conway and Kinter, 2005; Hung et al., 2006; Zhang et al., 2005).
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Supplemental Tables and Figure

Supplemental Table I. Gene Set Enrichment Analysis: comparison of differential expression of 
pathways in wildtype THP1 cells and THP1 IκBα (32/36A) cells treated with PMA in the presence 
or absence of ox-LDL

wildtype THP1 cells PMA/oxLDL  
versus

wildtype THP1 cells PMA 

I B  (32/36A) THP1 cells PMA/oxLDL
versus

I B  (32/36A) THP1 cells PMA 

1.Fatty acid degradation 1.Cell death 

2.Fatty acid metabolism 2.Toll pathway 

3.NF-B-induced genes 3.TNFR2 pathway 

4.relA pathway 4.CD40 pathway 

5. NF-B pathway 5.Oxidative stress pathway 

wildtype PMA/oxLDL  
versus

I B  (32/36A) THP1 cells PMA/oxLDL

I B  (32/36A) PMA/oxLDL
versus

wildtype THP1 cells PMA/oxLDL

1.Fatty acid metabolism 1.ARE NRF2 pathway 

2.Pyruvate metabolism 2.Caspase cascade 

3.Reg cascade of cyclin expression 3.Death pathway

4.Fatty acid synthesis 4.IL10 pathway 

Supplemental Table I. Gene Set Enrichment Analysis: comparison of differential expression of 
pathways in wildtype THP1 cells and THP1 IκBα (32/36A) cells treated with PMA in the presence 
or absence of ox-LDL

wildtype THP1 cells PMA/oxLDL  
versus

wildtype THP1 cells PMA 

I B  (32/36A) THP1 cells PMA/oxLDL
versus

I B  (32/36A) THP1 cells PMA 

1.Fatty acid degradation 1.Cell death 

2.Fatty acid metabolism 2.Toll pathway 

3.NF-B-induced genes 3.TNFR2 pathway 

4.relA pathway 4.CD40 pathway 

5. NF-B pathway 5.Oxidative stress pathway 

wildtype PMA/oxLDL  
versus

I B  (32/36A) THP1 cells PMA/oxLDL

I B  (32/36A) PMA/oxLDL
versus

wildtype THP1 cells PMA/oxLDL

1.Fatty acid metabolism 1.ARE NRF2 pathway 

2.Pyruvate metabolism 2.Caspase cascade 

3.Reg cascade of cyclin expression 3.Death pathway

4.Fatty acid synthesis 4.IL10 pathway 

Supplemental Table I - Gene set enrichment analysis. Upper panel: Selected gene sets enriched in PMA-exposed 
WT THP1 or THP1/ IκBα (32/36A) cells treated with ox-LDL versus  vehicle. Lower panel: Selected gene sets 
enriched in WT THP1 or THP1/ IκBα (32/36A) cells treated with PMA and ox-LDL. 

Supplemental Table II - Multiplex RT-PCR of WT THP1 and 
THP1/IκBα (32A/36A) cells treated for the indicated periods 
with PMA and ox-LDL.

Supplemental Figure I - Production of ROS following addition of ox-LDL to WT 
THP1 and THP1/IκBα (32A/36A) cells. THP1 (black line and purple area) and 
THP1/IκBα (32A/36A) cells (green line) were incubated with DCFDA as described 
in the Methods section. The intensity of fl uorescence was measured by fl ow cytome-
try. Typical results from one of three experiments performed are shown. As several 
groups of cells had different levels of fl uorescence, we used geometric mean (Geo 
Mean) to calculate the total intensity of fl uorescence.

Bcl-w 1.18 1.18 0.47 1.60
Flip 1.75 1.25 1.11 0.44
Bcl-XL 2.03 2.11 2.50 2.37
Noxa 0.60 0.55 0.70 0.81
Bcl2 1.00 1.10 1.44 1.37
A1 0.33 0.74 0.09 0.23
MCL1-S 1.70 1.64 1.50 1.10
MCL1-L 1.03 1.12 1.30 1.02
B2M 1.56 1.02 1.30 0.79
BAD 1.60 1.01 0.90 1.17
Bax1 0.86 0.94 0.50 0.99
Bax 2 0.90 1.12 1.27 1.03
Bak 1.00 0.90 1.60 0.69
Bim 1.30 0.78 1.70 1.52
Bid 0.80 0.59 0.52 0.60
Bcl-Rmb 1.20 1.15 1.30 1.33
Bcl-G 4.40 1.44 0.30 4.00
XIAP 1.65 1.18 1.00 1.00
Apollon 1.15 0.90 1.30 1.30
Puma 1.08 1.50 1.30 1.30
PARN 1.00 0.85 0.94 0.94
AIF 0.78 0.70 0.90 0.90
MAP1 1.70 0.95 1.30 1.30
NIX 1.60 1.45 2.74 2.74
APAF-XL 1.32 0.85 0.53 0.53
APAF 0.80 0.75 0.52 0.52
NIP3 2.30 2.18 2.30 2.30
DIABLO 1.10 1.07 1.03 1.03
BMF 1.50 1.60 1.78 1.78

  THP1   IκBα (32A/36A) clones

Symbol 5 days 8 days 5 days 8 days  
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Abstract 

Collateral artery growth, also termed arteriogenesis, occurs upon narrowing or occlusion of 
a major artery. Attempts to stimulate arteriogenesis in patients have not been successful yet. 
Interestingly, a large heterogeneity exists in the arteriogenic response upon arterial occlusion 
in man. Experimental models showed that circulating cells orchestrate arteriogenesis. We 
hypothesized that circulating cells of either good or bad arteriogenic responders display 
differential transcriptomes, thereby disclosing potential new therapeutic strategies for the 
stimulation of arteriogenesis. A total of 45 patients scheduled for percutaneous coronary 
intervention of single-vessel coronary artery disease underwent intracoronary measurements 
of collateral fl ow index to distinguish between good and bad arteriogenic responders. 
Monocytes were stimulated with lipopolysaccharide or cultured to macrophage-like cells 
in order to mimic the phenotype of monocytes involved in arteriogenesis. Whole genome 
transcriptome analysis was performed on all cell types. Stimulated monocytes showed 244 
genes differentially expressed between the two patient groups (adjusted P-value<0.05). 147 
of these genes were more strongly induced in bad-responders. Stimulated monocytes from 
bad-responders showed a strongly increased response in several interferon- and apoptosis-
related genes, which was corroborated at the protein level. Macrophage gene expression 
correlated with stimulated monocytes, whereas resting monocytes and stem cells did not 
display differential gene regulation. Increased activity of anti-arteriogenic pathways, rather 
than decreased activity of pro-arteriogenic pathways, is observed in patients with insuffi cient 
collateral artery growth. Inhibiting the interferon pathway in bad-responders might be a novel 
therapeutic approach for the stimulation of collateral artery growth.
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Introduction

Arterial obstructive disease leads to cardiovascular complications such as myocardial 
infarction, stroke and peripheral vascular disease. Post-natal collateral artery growth, 
a process referred to as arteriogenesis, is observed in most cases of arterial obstruction 
(Carmeliet, 2000). It alleviates symptoms of ischemia like angina pectoris, stroke and 
intermittent claudication, and the extent of myocardial infarction is diminished if a suffi cient 
collateral network is present (Sabia et al., 1992). Therefore, pharmacological stimulation of 
arteriogenesis is of potential benefi t to a large number of patients. 

Despite the large body of evidence for the feasibility of pharmacological stimulation 
of arteriogenesis in the experimental setting, none of the large randomized clinical trials 
demonstrated benefi cial effects in patients (Grines et al., 2002; Lederman et al., 2002; Henry 
et al., 2003; van Royen et al., 2005). The lack of knowledge of arteriogenesis in patients 
might explain, in part, the disappointing results of the clinical trials, and therefore studies 
on the molecular background of human arteriogenesis are required. Interestingly, a large 
heterogeneity exists in man in the arteriogenic response upon coronary obstruction (Fulton, 
1965; Pohl et al., 2001). Hence, comparative studies of patients responding with either 
suffi cient or insuffi cient collateral artery growth can provide insights in collateral artery 
growth in humans and might reveal new targets for therapeutic arteriogenesis. 

Circulating cells orchestrate collateral artery growth (Bergmann et al., 2006). Especially 
monocytes and macrophages, but potentially also stem cells (Urbich et al., 2005), are known 
to be of great importance in this process and we hypothesized that the observed heterogeneity 
in arteriogenic response in patients can be attributed to differences in transcriptional activity 
of circulating cells. In a previous study, we showed that CD44 expression is functionally 
involved in arteriogenesis in mice and is differentially regulated on stimulated monocytes in 
patients with either a suffi ciently or an insuffi ciently developed coronary collateral circulation 
(van Royen et al., 2004). Cells in this study were stimulated because stimulated monocytes 
more closely mimic the phenotype of monocytes/macrophages during arteriogenesis. This is 
especially true when using the toll-like receptor-4 (TLR4) agonist lipopolysaccharide (LPS) 
since endogenous agonists of TLR4 were recently shown to stimulate monocytes in vascular 
remodeling (Termeer et al., 2002; Okamura et al., 2001). 

Here, we determined genome-wide transcriptional activity of resting monocytes, stimulated 
monocytes, cultured macrophages, and CD34+ stem cells of patients with either a suffi ciently 
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or an insuffi ciently developed collateral circulation, so-called good arteriogenic responders 
and bad arteriogenic responders. We report differential monocyte response between good-
responders and bad-responders upon stimulation and provide evidence of increased interferon 
(IFN) signaling in monocytes from bad-responders. 
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Methods
Patient selection

This study was approved by the institutional medical ethics committee. Between April 
and December 2006, 45 Caucasian patients scheduled for elective percutaneous coronary 
intervention (PCI) for stable coronary artery disease were included after giving informed 
consent. Patients were considered eligible if they had single vessel coronary artery disease 
(diameter stenosis ≥ 70%) and symptoms of angina pectoris for ≥ 4 weeks. Exclusion criteria 
were: multi-vessel disease, previous myocardial infarction, previous cardiac surgery or PCI, 
depressed left ventricular function, diabetes mellitus, neoplastic disease and signs of acute or 
chronic infl ammatory illness. 

Collateral fl ow index (CFI)

Patients underwent coronary angiography following intra-coronary injection of 0.1 mg 
nitroglycerine. Quantitative coronary angiography (Medis, Leiden, The Netherlands) was 
performed to determine the percentage stenosis using perpendicular images. Collateral fl ow 
to the recipient artery during baseline conditions was assessed by two blinded observers 
according to the Rentrop score (Rentrop et al., 1985). A 0.014” pressure guide wire (BrightWire, 
Volcano, Rancho Cordova, CA) was used for intracoronary pressure measurements. During 
a one-minute balloon infl ation the pressure distal to the coronary occlusion (wedge pressure, 
Pw) as well as aortic (Pao) pressure was determined. CFI was calculated as (Pw-5mmHg)/
(Pao-5 mmHg) as previously described (Seiler et al., 1999). Patients were dichotomized into 
two groups according to CFI, using a cut-off value of 0.21. This cut-off value to discriminate 
between patients with either a suffi cient or an insuffi cient collateral network was validated by 
Seiler et al. in a cohort of > 500 patients (Christian Seiler, personal communication).

Isolation, culture and gene expression analysis of monocytes and stem cells

A volume of 60 ml of peripheral blood was withdrawn from the arterial sheath at the beginning 
of the procedure and transferred into heparinized blood tubes. Blood was immediately 
processed for monocyte isolation according to standard procedures. Briefl y, resting, 
unstimulated monocytes were directly isolated from 5 ml whole blood at 4ºC by means of 
immunomagnetic separation with anti-CD14 beads (Dynabeads, Invitrogen, Carlsbad, CA). 
Following the necessary washing steps, cells were lysed on the beads with RNA lysis buffer 
(Stratagene, La Jolla, CA) and frozen at -80ºC. Monocyte purity was confi rmed to be > 
90% by fl ow cytometry using an APC-labeled mouse anti-human CD14 antibody (Caltag, 
Invitrogen). 
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From the remaining portion of whole blood the mononuclear cell fraction was isolated using 
Ficoll density separation (General Electric, Fairfi eld, CT). CD34+ cells were positively 
isolated by immunomagnetic separation using anti-CD34 beads (Dynabeads), washed and 
lysed. Lysates were stored at -80 ºC for further processing. CD34+ cell purity was > 90% 
as determined by fl ow cytometry using a FITC-labeled mouse anti-human CD34 antibody 
(BD Biosciences, San Jose, CA). The residual CD34-negative cells were then subjected to 
monocyte negative isolation using immunomagnetic separation with a monocyte negative 
isolation kit (Dynal, Invitrogen). A purity of ≥ 90% of the bead-free monocyte population 
was confi rmed by fl ow cytometry using an APC-labeled mouse anti-human CD14 antibody. 
The negatively isolated cells were seeded in culture wells at a concentration of 2x106 cells/
ml in standard monocyte culture medium (RPMI, Gibco, Invitrogen) containing 10% FCS 
and 1% penicillin/streptomycin. Monocytes were then activated by 3-hour incubation with 
10 ng/ml lipopolysaccharide (Sigma-Aldrich, Munich, Germany). Another fraction of the 
monocytes was differentiated towards macrophages after cultivation for 20 hours. For both 
stimulated monocytes and macrophages, only adherent cells were lysed for RNA-isolation, 
thereby increasing the purity to > 95%. 

Total RNA was isolated from all cell lysates (Absolutely RNA microprep kit, Stratagene, 
La Jolla, CA). RNA samples from 42 patients were amplifi ed and biotinylated using the 
Illumina TotalPrep RNA amplifi cation Kit (Ambion, Austin, TX). 120 samples that passed 
quality control, from baseline monocytes, stimulated monocytes and from macrophages 
were randomly allocated to Sentrix HumanRef-8 Expression bead chip arrays (Illumina, San 
Diego, CA) and the eight positions on each chip, while keeping the proportion of different 
cell populations balanced. Forty technical replicates were also performed. Furthermore, 32 
stem cell samples plus eight technical replicates with adequate quality were selected for 
hybridization. Samples were hybridized to the beadchip arrays, followed by scanning and 
feature extraction, all performed at ServiceXS (Leiden, The Netherlands). 

Assessment of CD34+ cell numbers in peripheral blood using fl ow cytometry

A total of 100 μl peripheral blood was incubated with 20 μl FITC-labeled mouse anti-
human antibody (clone 581, BD Pharmingen) for 45 minutes in the dark. Samples were then 
washed and lysed using an ammonium-chloride based formaldehyde-free lysing solution 
and subjected to fl ow cytometry. Total number of CD34+ cells in the lymphocyte gate was 
counted and adjusted for the total number of mononuclear cells and the total number of white 
blood cells. 
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Validation of gene array results by RT-PCR

cDNA samples from all 45 patients were reverse transcribed from total RNA using Superscript 
II according to the manufacturer’s instructions (Invitrogen). Diluted cDNA was subjected to 
real-time PCR using the MY-IQ single color real-time PCR detection system (Biorad, Hercules, 
CA). Primers were designed using Primer3 (Rozen and Skaletsky, 2000). mRNA expression 
levels were corrected for expression of ribosomal protein P0 and displayed as relative 
expression values. RT-PCR was performed for a selection of differentially expressed genes on 
the gene array, using the following primers: CXCL10 (Fw 5’-ACCTTTCCCATCTTCCAAGG-3’, 
Rv 5’-GGTAGCCACTGAAAGAATTTGG-3’), CXCL11 (Fw 5’-TGAAAGGTGGGTGAAAGGAC-
3’, Rv 5’-GCACTTTGTAAACTCCGATGG-3’), IFN-γ (Fw 5’-TATCTCAGGGGCCAACTAGG-3’, 
Rv 5’ AAAGCACTGGCTCAGATTGC-3’), IFN-β (Fw 5’-TGGGAGGATTCTGCATTACC-3’, Rv 
5’-CAATTGTCCAGTCCCAGAGG-3’), MMP1 (Fw 5’ CACAAATGGTGGGTACAAAAAG-3’, 
Rv 5’ GGTGACACCAGTGACTGCAC-3’), MMP10 (Fw 5’ CATTGCTAGGCGAGATAGGG-3’, 
Rv 5’-TCAGTGCAATTCAAAAGCAAG-3’), NQO1 (Fw 5’ AACACTGCCCTCTTGTGGTG-3’, 
Rv 5’-CAGCCGTCAGCTATTGTGG-3’), P0 (Fw 5′ TGCACAATGGCAGCATCTAC-3′, Rv 5′-
ATCCGTCTCCACAGACAAGG-3′). 

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed for the detection of IFN-β and IFN-γ in the supernatants of the LPS-
stimulated samples according to the manufacturer’s description (R&D, Minneapolis, MN). 
In brief, samples were incubated on a 96-well plate coated with anti-IFN-β antibody or an 
anti-IFN-γ antibody, respectively. After the necessary washing steps, a biotinylated antibody 
and subsequently streptavidin-conjugated horseradish-peroxidase are linked to the adherent 
probes. Using tetramethyl-benzidine (TMB) as a substrate, absorption was measured at 450 
nm in an EL808 spectrophotometer (BioTek, Winooski, VT). 

Statistical analysis

Clinical characteristics are presented as mean ± standard deviation or median and interquartile 
range for quantitative variables and as observed numbers (%) for nominal variables. Fisher’s 
exact test was used for testing association in 2x2 contingency tables. Quantitative clinical 
characteristics, hemodynamic measurements, PCR and ELISA data were tested for normal 
distribution using a Kolmogorov-Smirnov test. Comparisons among the two groups were 
performed by Student’s t-test for normally distributed parameters and Mann-Whitney U test 
for non-normally distributed parameters.
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Array data were extracted using Illumina’s BeadStudio software. One mislabeled array and 
ten low-signal arrays (corresponding to seven unique samples and one triplicate sample) with 
less than 30% of the probes having a detection p-value <0.01 were removed. For monocytes, 
this left a total of 151 arrays available for analysis (including 39 technical replicates). From the 
CD34+ cell samples, 38 arrays were analyzed, including 8 technical replicates. Normalization 
and statistical analysis of the bead summary data from the arrays was carried out using the 
limma package (Smyth, 2005) and in-house scripts in R/Bioconductor (Gentleman et al., 
2004). Bead summary intensities were log2-transformed and then normalized using quantile 
normalization (Bolstad et al., 2003). To fi nd differentially expressed genes, we performed 
a linear model analysis. Technical replicates were handled by estimating a common value 
for the intra-replicate correlation and including it in the linear model (Smyth et al., 2005). 
Differential expression between the treatments of interest was assessed using a moderated 
t-test (Smyth, 2004). This test is similar to a standard t-test for each probe except that the 
standard errors are moderated across genes to ensure more stable inference for each gene. 
Resulting P-values were adjusted for multiple testing controlling the expected false discovery 
rate to be less than 5% (Benjamini and Hochberg, 1995).

To test whether patient status (good-responder or bad-responder) can be predicted from 
the gene expression profi les of the stimulated monocytes, a diagonal linear discriminant 
analysis (DLDA) classifi er was used. The classifi ers were validated with the repeated 
random sampling strategy as described by Michiels and colleagues (Michiels et al., 2005). 
We divided the data set (N=38, expression data of technical replicates was averaged) into 
500 training sets (size n) and 500 associated validation sets (size N–n) using resampling 
without replacement. Resampling was done in such a way that the proportion of adequate 
and inadequate responders in training and validation sets was similar to the proportion in 
the full data set. For each training set a molecular signature was identifi ed from the 5, 10, ... 
100 probes for which expression was most highly correlated with prognosis as determined 
by the t-statistics between the two sample groups. The optimal number of genes for inclusion 
in the classifi er was selected with 5-fold cross-validation on the training set. Accuracy 
(proportion of correctly predicted samples), specifi city (proportion of correctly predicted 
good-responders), and sensitivity (proportion of correctly predicted bad-responders) of the 
resulting classifi er were assessed for each associated validation set. This set-up guarantees 
independent validation of the classifi er since the validation data are not involved in gene 
selection and training of the classifi er. To study the infl uence of sample size, the size of the 
training set n was varied from six to 36 in steps of two. Remaining samples were attributed to 
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the validation set that, therefore, varies from 32 to two. Hierarchical clustering was performed 
in Spotfi re, using a cosine correlation distance measure and weighted average linkage.
We used Metacore™ (Shipitsin et al., 2007) to study differential gene expression at the 
systems biology level by evaluating their presence in canonical pathways and gene ontology 
categories. Normalized array data were imported into the Metacore™ data manager using 
gene symbols as identifi er. Nominal P-values were used for pathway analyses with a cut-off 
at 0.05. Additionally, gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was 
performed on all data sets. Furthermore, GenMAPP (Dahlquist et al., 2002) was used for 
pathway analysis and visualization of the enriched pathways found. This platform makes 
use of GO (gene ontology) and canonical pathways of the KEGG (Kyoto Encyclopedia of 
Genes and Genomes) database. Finally, we used Panther (Thomas et al., 2003) software for 
the analysis of enriched biological processes and molecular functions. 

Accession codes

All microarray data have been submitted to the Gene Expression Omnibus (GEO) under 
accession number GSE7547.
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Results 
Patient characteristics of good-responders and bad-responders

Patients were aged 62.8±12.0 years, CFI ranged from 0.04 to 0.57 (mean value 0.23±0.11). 
We selected 42 patients for whole genome gene expression analysis. Baseline characteristics 
were well matched between good-responders (22 patients, mean CFI 0.32±0.10) and bad-
responders (20 patients, mean CFI 0.14±0.04) (Table 1). The two groups did not differ in 
the severity of the stenosis of the coronary artery to be dilated, as measured by Quantitative 
Coronary Angiography (QCA). Furthermore, patient groups did not differ with respect 
to characteristics that could potentially infl uence collateral artery growth (age, gender, 
medication, lipid profi le) (van Royen et al., 2003). Bad-responders showed more evident 
ST-segment elevation as a sign of ischemia during balloon coronary occlusion (1.88±1.40 
mm vs. 0.50±0.99 mm, P=0.001) and had a lower modifi ed Rentrop score (0.23±0.43 versus 
0.95±0.89, P=0.001). However, on a scale of 0 to 3, 93% of all patients had a score of 0 or 

Age – years  62.9±12.0 62.6±12.2 0.93
Male sex. – no. (%) 15 (68.2) 14 (70) 1.0
Body mass index (BMI) 26.54±3.20 26.67±2.82 0.89
Body surface area (BSA) 1.98±0.21 1.99±0.12 0.95
Hypertension – no. (%) 13 (59.1) 12 (60) 1.0
Hypercholesterolemia – no. (%) 11 (50) 10 (50) 1.0
Family history of CAD – no. (%) 14 (63.6) 10 (50) 0.53
Current smoker – no. (%) 5 (22.7) 4 (20) 1.0
Ex smoker – no. (%) 10 (45.5) 10 (50) 1.0
Weeks anginal symptoms* 26 [9.75; 52] 11 [5.25; 36.5] 0.16
Beta-blockers – no. (%) 19 (86.4) 16 (80) 0.69
Statins – no. (%) 20 (90.1) 18 (90) 1.0
Aspirin – no. (%) 21 (95.5) 18 (90) 0.60
Clopidogrel – no. (%) 11 (50) 15 (75) 0.12
Calcium antagonists – no. (%) 9 (40.9) 7 (35) 0.76
Nitrates – no. (%) 12 (54.5) 11 (55) 1.0
ACE-inhibitors/ARBs – no. (%) 7 (31.8) 7 (35) 1.0
Diameter coronary stenosis (QCA) (%) 74±8 76±9 0.41
Diuretics – no. (%) 3 (13.6) 3 (15) 1.0
C-reactive protein* – mg/dl  2.6 [0.73; 7.88] 1.8 [0.98; 4.70] 0.61
NT-proBNP* - µg/l 87.5 [53.75; 238] 141.5 [56.5; 623] 0.32
Glucose – mmol/l  5.76±0.81 5.77±1.0 0.96
LDL-cholesterol – mg/dl 2.07±0.69 2.03±0.81 0.86
Lipoprotein A* – mg/dl  103 [39.5; 371.5]  118 [35.25; 533.5] 0.82
Peripheral blood mononuclear cells/µl 2524±786 2410±597 0.61

Characteristics CFI ≤0.21 (n=22) CFI >0.21 (n=20) P-value

Table 1 - Baseline characteristics. Good-responders and bad-responders did not show differences in clinical cha-
racteristics. CFI = collateral fl ow index. CAD=coronary artery disease. ARBs = Angiotensin receptor blockers. ACE 
= angiotensin converting enzyme. QCA=quantitative coronary angiography. NT-proBNP = N-terminal – pro-brain 
natriuretic peptide. *data expressed as median [1. quartile, 3. quartile].
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1. Thus, in contrast to CFI, the Rentrop score does not permit separation of good-responders 
and bad-responders in this patient population.

Gene expression analysis – resting monocytes

Numbers of circulating monocytes did not differ between good-responders and bad-responders 
(518±116/µl versus 529±154/µl, P=0.80). Resting monocytes did not express differentially 
regulated single genes between the two patient groups (adjusted P-value >0.4 for all genes). 
However, analysis on the pathway level showed that the epidermal growth factor receptor-, 
fi broblast growth factor receptor- and insulin signaling pathways were differentially regulated 
between good-responders and bad-responders (Supplemental Table 6). 

Gene expression analysis – stimulated monocytes

Evaluating the effect of stimulation on monocyte gene expression regardless of good-responder 
and bad-responder designation, resting monocytes, stimulated monocytes and macrophages 
showed distinctively different gene expression when subjected to unsupervised hierarchical 
clustering (Figure 1). LPS-stimulation of monocytes (Table 2) as well as cell culture towards 
macrophages (Table 3) resulted in marked upregulation of genes expected with these stimuli 
compared to resting monocytes. In addition, differential gene expression of stimulated versus 
resting monocytes was analyzed on the pathway level, showing the most signifi cant changes 
in pathways of TLR-mediated immune response, cytokine and chemokine mediated signaling 
and cell cycle pathways (Supplemental Table 3). LPS is known to induce infl ammatory 
signaling through TLR4, thereby activating both the NF-κB (MyD88-dependent) as well 
as the TICAM-1/IRF3 (MyD88-independent) branch which leads to IFN-mediated signal 
transduction (Trinchieri and Sher, 2007), as shown in Figure 2. 

NM_000600.1 IL6 361 6.77E-53 4.65E-49
NM_004591.1 CCL20 (MIP3α) 342 5.85E-54 6.03E-50
NM_000575.3 IL1a 328 3.21E-54 6.03E-50
NM_002089.1 CXCL2 (MIP2α) 233 5.87E-49 2.42E-45
NM_002983.1 CCL3 (MIP1α) 227 1.47E-41 1.45E-38
NM_000584.2 IL8 211 1.57E-43 2.31E-40
NM_002982.3 CCL2 (MCP1) 133 1.40E-40 1.20E-37
NM_002575.1 SERPINB2 (PAI2) 121 1.13E-42 1.22E-39
NM_000594.2 TNFα 39 2.63E-37 1.02E-34
NM_001565.1 CXCL10 17 2.21E-25 5.18E-24
NM_002176.2 IFNβ 12 6.65E-20 6.00E-19

Table 2 - Upregulated genes in monocytes stimulated for 3h with LPS as compared to unstimulated monocytes 
(paired analysis). LPS-stimulation of isolated monocytes resulted in strong upregulation of genes related to infl am-
matory response, immune response, cytokine activity and apoptosis compared to baseline monocytes, as expected 
with this stimulus.

Accession no.  Symbol Fold-induction P-value adjusted P-value
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When comparing good-responders with bad-responders, LPS-stimulated monocytes showed 
a total of 244 differentially expressed genes (adjusted P<0.05). Of these 244 genes, 147 genes 
were more strongly induced in monocytes from bad-responders. A heat map illustrating the 
100 most differentially expressed genes shows 95% of the genes to be more strongly induced 
in bad-responders (Figure 3). In the cell population cultured towards macrophages, three 
genes were found differentially expressed (adjusted p<0.05): galactose mutarotase, vitelline 
membrane outer layer-1 homolog and a hypothetical protein (LOC149134).

A good agreement was observed between stimulated monocytes and macrophages when 
comparing differential expression of good-responders and bad-responders. From the 100 

Figure 1 - Cluster analysis of the three monocyte populations. Paired analysis of whole genome mRNA expression 
of the three monocyte populations (resting monocytes, stimulated monocytes, macrophages) revealed distinct ex-
pression patterns of the three cell populations, and hierarchical cluster analysis showed separation of the differently 
treated monocyte cell populations as indicated by strongly separate clustering. Red denotes genes that are relatively 
more highly expressed (compared to the other cell populations), green those that are more lowly expressed.
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most differentially expressed genes in the stimulated monocytes, 82% showed differential 
expression in the same direction in the macrophage sample (exact binominal test P<10-10) 
and their moderated t-statistics were signifi cantly correlated (Spearman’s rank correlation = 
0.56, P<10-15). Such agreement was not present between stimulated and resting monocytes 
(data not shown).

Classifi cation analysis

We used the stimulated monocytes samples for classifi cation analysis. When using 500 splits 
in a training set of 26 patients and a validation set of 12 patients, patients in the validation set 
were classifi ed as either good-responder or bad-responder with an average accuracy of 70% 
(CI 50 to 92%, mean sensitivity: 65.2%, mean specifi city: 75%). Unsupervised clustering 
of expression profi les from stimulated monocytes from either good-responders or bad-
responders when using classifi er genes is shown in Figure 4. Of note, all but one classifi er 
gene (cystathionin beta synthase (CBS), top row of the clustering fi gure) were more strongly 
induced in bad-responders.

Increased IFN signaling in bad-responders

Among the genes most strongly overexpressed in stimulated monocytes from bad-responders 
were IFN-β as well as a large number of IFN-related genes (Supplemental Table 1 and 2). 
Also several genes in the classifying set were related to the IFN pathway. Pathway analysis 
revealed pathways of immune response most signifi cantly differentially expressed (Table 
4, Supplemental Table 4). Interestingly, the two top ranking pathways, IFN alpha/beta and 
the TICAM-1 specifi c signaling pathways, belong to the MyD88-independent arm of the 
TLR signaling pathway. Closer analysis of these pathways showed that the vast majority 
of genes, including IFN-α/β, STAT1/2, IRF1/2, and IFI6, were more highly expressed in 
the bad-responders. Figure 5 illustrates the selective induction of the TICAM-1 specifi c, 

NM_002991.2 CCL24 110 2.60E-20 2.58E-18
NM_002543.2 OLR1 68 1.84E-34 1.26E-30
NM_004994.2 MMP9 48 5.33E-25 2.15E-22
NM_000584.2 IL8 41 1.93E-20 1.96E-18
NM_001838.2 CCR7 24 1.16E-22 2.23E-20
NM_002982.3 CCL2 (MCP1) 20 3.04E-15 9.36E-14
NM_002423.3 MMP7 15 1.37E-19 1.17E-17
NM_002990.3 CCL22 13 6.40E-18 3.49E-16

Table 3 - Upregulated genes in macrophages cultured for 20h as compared to unstimulated monocytes (paired ana-
lysis). Culturing monocytes towards macrophages also resulted in signifi cant upregulation of infl ammatory genes as 
typically expressed by macrophages more than by resting monocytes.

Accession no.  Symbol Fold-induction P-value adjusted P-value
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MyD88-independent arm of the TLR signaling pathway in bad-responders. At the same time, 
we found evidence for an overexpression of anti-infl ammatory genes in good-responders: the 
IL-10 family member cytokines IL-19, IL-20 and IL-24 were found signifi cantly enhanced 
in stimulated monocytes from good-responders. Furthermore, anti-infl ammatory SOCS-7, an 
inhibitor of the IFN pathway, was found more strongly induced in good-responders. Pathways 
of immune response, particularly the IFN-α/β pathway showed consistent overexpression in 
bad-responders also in other pathway analysis software used (data not shown). Transcription 
factor binding site analysis in GSEA using motif genesets further corroborated the important 
role of IFN-β, showing 52 genesets enriched in the bad-responders (adjusted P<0.25), 14 of 
which are genesets based on IFN-related motifs, including IFN-stimulated response element, 
IFN consensus site binding protein, IFN response factor, and STAT (data not shown). In 
the macrophage population, fewer pathways were differentially expressed, but the IFN-α/β 
signaling pathway again showed stronger activation in bad-responders (Supplemental Table 
5). 

Monocytes from bad-responders display enhanced apoptosis-related gene activity

Stimulated monocytes of bad-responders displayed increased expression of cytotoxic 
factors like Perforin, CD95 (FAS) and TRAIL (TNFSF10). Furthermore, the anti-apoptotic 
oxidoreductase NQO1 (Ahn et al., 2006) was found to be more highly induced in good-
responders. Supporting these expression differences on single gene level, pathway analyses 
also pointed at enhanced apoptosis in monocytes of bad-responders. The apoptosis-related 

Figure 2 - Monocyte infl ammatory cascade upon LPS stimulation. A GenMAPP showing the effect of LPS stimulati-
on. Both MyD88-mediated infl ammatory cytokine production and IFN-mediated pathways are strongly up-regulated 
when comparing LPS-stimulated with resting monocytes. Red boxes denote upregulation upon stimulation, green 
annotates down-regulation. A fold-change threshold of 2 and a nominal P-value cut-off of 0.05 were used.
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pathways showed that pro-apoptotic FASL, FAS receptor CD45 and CASP7 genes were all 
increased in bad-responders.

Factors upregulated in good-responders

A total of 97 genes was found to be signifi cantly upregulated in stimulated monocytes from 
good-responders. Among these was CBS, which was also the only classifi er gene with higher 

Figure 3 - Heatmap showing most differentially 
expressed genes. Signifi cantly differentially re-
gulated genes (adjusted p<0.05) of stimulated 
monocyte samples from good-responders and 
bad-responders were sorted according to their 
fold change. The 100 genes with the largest fold 
change are visualized in a heatmap, where patients 
were sorted by CFI (columns). Red denotes genes 
that are relatively higher expressed, blue those that 
are relatively lower expressed. Of note, of these 
100 most differentially expressed genes, 95% are 
more strongly induced in bad-responders.
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expression in good-responders. CBS metabolizes homocysteine, which tended to be lower 
in plasma from good-responders (12.9±1.7 versus 16.5±7.9 mg/dl, P=0.09). Furthermore, 
matrix-metalloproteinase (MMP)1 and MMP10 were found to be more strongly induced in 
monocytes from good-responders. 

Stem cell gene expression in good-responders and bad-responders

Numbers of CD34+ cells did not differ between good-responders and bad-responders 

Figure 4 - Genes classifying patients as good-responder or bad-responder. Subjecting the classifi er genes from 
panel A to hierarchical clustering reveals separation of good-responders (G, left side of the panel) and bad-respon-
ders (B, right side of the panel) by these genes. Green displays lowly expressed genes, whereas red denotes highly 
expressed genes. All but one classifi er gene (CBS, top row of the clustering fi gure) are more strongly induced in 
bad-responders.

Immune response 9 1 54
Growth and Differentiation 8 5 1
Cell Death / Apoptosis 7 2 8
Metabolism 7 28 20
Regulation of Transcription 3 15 11
Proteolysis 3 5 6

 No. of Differentially No. of Genes No. of Genes 
Group Name Regulated Pathways Good-responders >  Bad-Responders >    
  Bad-Responders Good-Responders

Table 4 - Differentially regulated pathways between good-responders and bad-responders in stimulated monocytes 
were arranged according to their function. The third and fourth column show, for each functional group, the num-
ber of genes that are more strongly induced in good-responders or bad-responders, respectively (adjusted P<0.05). 
Genes related to immunity or apoptosis were found overexpressed almost exclusively in bad-responders (see also 
Supplementary Tables 4-7).
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(3.99±3.19/µl versus 4.28±2.73/µl, P=0.75). Purity of positively isolated CD34+ cells was > 
90% as determined by fl ow cytometry. When comparing stem cell gene expression between 
the two patient groups, we did not fi nd differentially regulated single genes after correction 
for multiple testing. Analyzing differentially expressed pathways showed the IFN-α/β 
pathway again to be differentially regulated, with genes belonging to this pathway being 
higher expressed in bad-responders (Supplemental Table 7).

Figure 5 - Differential induction of the IFN pathway in bad-responders. A GenMAPP shows the selective stronger 
induction of the MyD88-independent IFN pathway in bad-responders upon stimulation with LPS. A cut-off of 0.05 
for the nominal P-value was used along with a threshold of an induction or suppression of 1.2-fold. Red boxes indi-
cate higher expression in bad-responders.

NM_002176.2 IFN-beta -2.04 3.19E-08 5.05E-05 -3.23 0.02
NM_000619.2 IFN-gamma -1.96 4.07E-11 4.19E-07 -2.58 0.02
NM_001565.1 CXCL10 -2.19 9.36E-04 0.07 -3.81 0.01
NM_005409.3 CXCL11 -3.18 1.52E-10 7.85E-07 -4.36 0.02
NM_000903.2 NQO1 1.58 0.001 0.07  1.65 0.04
NM_002421.2 MMP1 1.75 0.002 0.10  3.10 0.01
NM_002425.1 MMP10 1.58 3.63E-04 0.04  1.90 0.03

   Array   PCR
Acc. no. Symbol Fold P-value adjusted  Fold  P-value
  Change   P-value Change

Table 5- Confi rmation of gene array results with real-time PCR. A negative sign in the fold changes denotes less 
strongly induced genes in good-responders. The table shows that, when validating differentially regulated genes 
using PCR, for all targets tested almost identical results are obtained as compared with the gene expression levels 
from the arrays.
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Real-time RT-PCR

We performed RT-PCR to validate gene array results from a selection of differentially 
expressed genes in the stimulated cell samples. Weaker induction of genes of the IFN pathway 
in good-responders was confi rmed for all tested targets (IFN-β, IFN-γ, CXCL10, CXCL11), 
as was stronger induction of MMP1, MMP10 and NQO1 (Table 5).

ELISA

To confi rm the different gene expression levels of IFN-β in the two patient groups at the 
protein level, we examined the supernatants of the LPS-stimulated monocytes. ELISA analysis 
showed signifi cantly less secretion of IFN-β in good-responders versus bad-responders 
(36.54±16.65 versus 60.47±32.62 pg/ml, P<0.005, Figure 6). IFN-γ was not detectable in 
monocyte culture supernatants (data not shown).

Figure 6 - ELISA confi rming increased 
IFN-β production in monocytes from bad-
responders. ELISA analysis of the cell cul-
ture supernatant of stimulated monocytes 
confi rmed enhanced IFN-β expression at 
the protein level (secreted into culture me-
dium) in bad-responders (60.47±32.62 ver-
sus 36.54±16.65 pg/ml, P=0.0045).

MANUSCRIPT ID: CIRCULATIONAHA/2007/729566 

35

Figure 6: ELISA confirming higher levels of IFN-beta in bad-responders 
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Discussion

The present study clearly demonstrates that monocytes from good-responders versus bad-
responders distinctively differ in their gene expression profi les. Stress testing by in vitro 
stimulation of monocytes with LPS most strongly revealed these differences. Also, culture 
towards macrophages showed differential gene expression between good-responders and 
bad-responders. Resting monocytes as well as stem cells displayed no differentially expressed 
genes. IFN-β and IFN-related pathways were consistently more strongly induced in three out 
of four examined celltypes in bad-responders. 

Clinical trials on stimulation of collateral artery growth conducted in recent years were 
hitherto unsuccessful (Grines et al., 2002; Lederman et al., 2002; Henry et al., 2003; van 
Royen et al., 2005). In most cases, pro-arteriogenic factors are identifi ed in experimental 
models of collateral artery growth. However, there are several pitfalls involved in 
experimental explorative strategies, such as variances between species and co-morbidities 
like dyslipidemia and diabetes that are seldom implemented in the experimental models. 
An investigation of the molecular mechanisms of arteriogenesis in humans is thus required. 
Unlike studies comparing diseased and healthy populations, in the present study all patients 
have the same disease entity (i.e. atherosclerotic coronary artery disease) but only differ in the 
arteriogenic response to the disease. Therefore we took great care to separate good-responders 
from bad-responders with the best available tools and calculated CFI using intracoronary 
pressure measurements (Seiler et al., 1998) and cautiously matched the two patient groups. In 
another recent study, analyzing resting monocyte gene expression in patients with coronary 
artery disease in relation to their collateral status, differential regulation of several genes 
was claimed but these data were not corrected for multiple testing (Chittenden et al., 2006). 
This failure to show differential expression might be due to the restricted number of patients 
(n=16), but also to the varying degree of underlying coronary artery disease among these 
patients. Also, in the study by Chittenden et al., collateral hemodynamics were not invasively 
assessed but estimated from a spontaneously visible Rentrop score. It has been demonstrated 
that the Rentrop score does not allow very accurate separation of good-responders and bad-
responders (van Liebergen et al., 1999).

Currently, a number of trials are being conducted comparing the transcriptome of different 
tissues of diverse patient populations. When analyzing circulating cells such as monocytes, 
however, it is important to keep their plasticity in mind: Monocytes barely have a functional 
role as long as they circulate, whereas they become key players of several (patho-) physiological 
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processes upon extravasation, stimulation and transformation into macrophages. Only then 
do they turn on disease-specifi c gene expression profi les. We reasoned that monocytes have 
to be stimulated ex vivo to disclose arteriogenesis-related differences in gene expression, 
and therefore stimulated the cells with the TLR4 agonist LPS. Indeed, the differences 
between good-responders and bad-responders were revealed only after stimulation with LPS 
or cultivation towards macrophage-like cells. This approach of cellular stress testing might 
prove to be valuable also in other disease entities in which circulating cells are involved such 
as atherosclerosis or metastatic cancer.

When comparing LPS-stimulated monocyte expression profi les from the two patient groups, no 
differences were found in gene expression of the MyD88-dependent pathway, whereas strong 
differences were found in the expression of the MyD88-independent, TICAM-1 regulated, 
IFN-induced pathway (Figure 5). While this study provides fi rst evidence on the role of type I 
IFNs in collateral artery development (arteriogenesis), their importance in capillary sprouting 
(angiogenesis) has been extensively investigated. Taking the inhibitory effects of IFN-α 
(Dinney et al., 1998) and IFN-β (Lee et al., 2006) on angiogenesis together with the results 
from this study, it can be concluded that type I IFNs have an inhibitory effect on vascular 
growth and proliferation. A possible therapeutic approach to stimulate arteriogenesis would 
therefore involve inhibition of the IFN pathway and hence modulation of the infl ammatory 
response of circulating cells. For the fi rst time, a possible pro-arteriogenic therapy would thus 
not be pro-infl ammatory, but rather anti-infl ammatory. This may have enormous consequences 
given the increased risk of deteriorating atherosclerosis or destabilizing existing plaques that 
is shown to be associated with current pro-arteriogenic therapies based on pro-infl ammatory 
agents (Epstein et al., 2004). Of note, in this study, none of the growth factors hitherto tested 
for the stimulation of arteriogenesis was found differentially expressed. 

Besides upregulation of the IFN-axis, monocytes from bad-responders showed enhanced 
susceptibility for apoptosis, showing several apoptosis related genes and pathways more 
strongly induced than good-responders upon stimulation. At the same time, the oxidoreductase 
NQO1 (Ahn et al., 2006) was more highly expressed in monocytes of good-responders, 
pointing towards anti-apoptotic properties. Reduced apoptosis is one of the mechanisms by 
which GM-CSF stimulates arteriogenesis (Buschmann et al., 2001). Furthermore, NQO1 is 
part of the protective cellular response activated upon exposure to oxidative stress (Dinkova-
Kostova et al., 2005),which affects collateral artery growth (Rocic et al., 2007). CBS was 
found more strongly induced in good-responders. CBS is known to metabolize homocysteine 
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(Chwatko et al., 2007), and high levels of homocysteine were earlier described to inhibit 
angiogenesis in a rat model of hindlimb ischemia (Duan et al., 2000). Interestingly, plasma-
levels homocysteine tended to be higher in good-responders in our study. Furthermore, 
monocytes from good-responders showed signifi cant upregulation of MMPs which are 
known to play an important role in vascular remodeling (Cai et al., 2000).  

Stem cells, especially so-called endothelial progenitor cells, have been reported to induce 
neovascularization. Interestingly, progenitor cells have been shown to possess monocytic 
features (Urbich et al., 2003; Rehman et al., 2003). In our study, CD34+ cells did not show a 
single gene that was differentially expressed between good-responders and bad-responders. 
These negative data are in agreement with experimental studies that also could not show an 
important role of stem cells in arteriogenesis (Ziegelhoeffer et al., 2004). They might also 
be explained by the relatively small number of samples or by the fact that these cells were 
resting circulating cells. Potentially, differentiation or analysis of subpopulations like EPCs 
would reveal differences.

In the present study we have unraveled for the fi rst time some of the molecular backgrounds 
of arteriogenesis in man. Cellular stress testing revealed differential monocyte gene 
expression profi les of patients with suffi cient or insuffi cient collateral networks. This strongly 
suggests that, also in humans, monocytes orchestrate the development of collateral arteries. 
In a reversed bedside-to-bench approach we provide new strategies for the stimulation of 
arteriogenesis which are now to be tested in experimental models. Surprisingly, the majority 
of differentially regulated genes was found to be overexpressed in bad arteriogenic responders, 
indicating that differential activity of anti-arteriogenic pathways rather than pro-arteriogenic 
pathways is responsible for the heterogeneity of patients in their arteriogenic response upon 
arterial obstruction. This can lead to a shift in paradigm in the research on stimulation of 
arteriogenesis, suggesting the modulation of anti-arteriogenic IFN and apoptosis pathways 
as a potential therapeutic approach to stimulate collateral artery growth. 
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Supplemental Tables

Interferon-pathway / immune response related   
NM_005409.3 CXCL11 0.314 7.85E-07
NM_145659.3 IL27 0.452 7.85E-07
NM_181782.2 NCOA7 0.483 3.27E-05
NM_002176.2 IFNB1 0.491 5.05E-05
NM_004833.1 AIM2 0.498 4.09E-04
NM_001031683.1 IFIT3 0.506 3.13E-02
NM_000619.2 IFNG 0.511 4.19E-07
NM_016489.11 NT5C3 0.522 4.48E-02
NM_002416.1 CXCL9 0.555 6.31E-04
NM_023035.1 CACNA1A 0.587 1.46E-09
NM_002053.1 GBP1 0.588 3.78E-02
NM_001781.1 CD69 0.597 2.46E-03
NM_012420.1 IFIT5 0.601 4.67E-03
NM_033109.2 PNPT1 0.606 1.25E-02
NM_000243.1 MEFV 0.607 3.19E-02
NM_005218.3 DEFB1 0.631 6.10E-03
NM_004235.3 KLF4 0.631 1.03E-02
NM_017414.2 USP18 0.638 1.07E-02
NM_000882.2 IL12A 0.669 3.55E-05
NM_004159.4 PSMB8 0.685 1.65E-03
NM_004972.2 JAK2 0.688 2.28E-02
NM_000491.2 C1QB 0.521 5.27E-03
NM_002445.2 MSR1 0.553 2.14E-06
NM_052941.2 GBP4 0.570 1.21E-02
NM_021822.1 APOBEC3G 0.644 8.56E-04
NM_032206.2 NOD27 0.674 3.67E-02
NM_002262.2 KLRD1 0.689 3.91E-02

Apoptosis   
NM_005041.3 PRF1 0.498 4.77E-02
NM_033339.3 CASP7 0.593 6.53E-03

Miscellaneous   
NM_144573.1 NEXN 0.445 2.21E-04
NM_022147.2 RTP4 0.516 1.14E-03
NM_144590.1 ANKRD22 0.517 1.12E-03
NM_001010919.1 LOC441168 0.519 1.03E-02
NM_207315.1 LOC129607 0.531 2.39E-02
NM_001014279.1 LOC389289 0.548 4.98E-05
NM_144975.2 MGC19764 0.552 3.56E-04
NM_138402.3 LOC93349 0.595 1.59E-03
NM_152574.1 C9orf52 0.599 1.72E-02
NM_017633.1 FAM46A 0.623 1.56E-02
NM_018042.2 FLJ10260 0.643 5.06E-03
NM_024956.3 TMEM62 0.644 5.05E-05
NM_145000.2 FLJ25422 0.645 4.98E-05
NM_016255.1 FAM8A1 0.652 4.09E-04
NM_032844.1 MASTL 0.660 2.99E-04
NM_152569.1 C9orf66 0.669 6.70E-06
NM_017654.2 SAMD9 0.676 1.02E-03

Access. no. Symbol Fold change Adjusted P-value

Supplementary Table 1- Genes less strongly induced in good-responders.
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NM_180989.3 ITR 0.676 2.70E-02
NM_015257.1 KIAA0286 0.680 1.38E-04
NM_205545.1 LYPD2 0.695 3.68E-02
NM_020904.1 PLEKHA4 0.698 8.86E-03
   
Chemotaxis, cell-cell signalling, Cell adhesion   
NM_021991.1 JUP 0.540 2.87E-02
NM_178232.2 HAPLN3 0.624 1.65E-03
NM_001955.2 EDN1 0.648 6.45E-04
NM_194284.1 CLDN23 0.670 1.05E-02
   
Cellular Activation   
NM_138810.2 TAGAP 0.644 1.03E-02
   
Growth Factor   
NM_006207.1 PDGFRL 0.598 1.81E-02
   
Lipid metabolism   
NM_030641.2 APOL6  0,642 8.13E-03
NM_015900.1 PLA1A 0.679 1.01E-02
   
Cell metabolism   
NM_152542.2 PPM1K 0.624 2.90E-02
NM_003896.2 ST3GAL5 0.676 9.88E-03
NM_020119.3 ZC3HAV1 0.678 2.92E-04
   
Ubiquitination/Proteosome   
NM_138287.2 DTX3L 0.642 4.19E-02
   
Transcription Factor   
NM_138456.3 BATF2 0.479 6.82E-05
NM_024625.3 ZC3HAV1 0.567 5.04E-04
NM_019555.1 ARHGEF3 0.643 1.14E-03
NM_152373.2 ZNF684 0.657 1.25E-02
NM_014784.2 ARHGEF11 0.679 1.22E-02
NM_018023.3 YEATS2 0.687 1.59E-03

Access. no. Symbol Fold change Adjusted P-value

Supplementary Table 1- continued. Stimulation of monocytes revealed distinct gene expression in good-respon-
ders versus bad-responders. A selection of differentially expressed genes (fold change < 0.7 (i. e. genes that are less 
strongly induced in good-responders), adjusted P< 0.05) is shown here. Most strikingly, genes of the interferon and 
apoptosis pathways are found less highly induced in good-responders.
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Access. no. Symbol Fold change Adjusted P-value

Supplementary Table 2 - Genes more strongly induced in good-responders. Stimulation of monocytes revealed 
distinct gene expression in good-responders versus bad-responders. A selection of differentially expressed genes (fold 
change > 1.3 (i. e. genes that are more strongly induced in good-responders), adjusted P< 0.05) is shown here. 

Miscellaneous   
NM_198153.1 TREML4 2.452 6.84E-03
NM_145244.2 DDIT4L 2.015 3.99E-04
NM_006752.4 SURF5 1.348 4.09E-04
NM_015654.3 NAT9 1.334 6.53E-03
NM_182752.3 FAM79A 1.325 1.03E-02
NM_013349.3 NENF 1.309 2.39E-02
   
Ion binding   
NM_022450.2 RHBDF1 1.326 2.44E-02
NM_024706.3 ZNF668 1.320 5.76E-03
   
Signal Transduction   
NM_152221.2 CSNK1E 1.361 4.09E-04

MMPs   
NM_002425.1 MMP10 1.583 3.57E-02
   
Anti-infl ammatory   
NM_153758.1 IL19 1.699 7.39E-03
   
Cell metabolism   
NM_021154.3 PSAT1 1.438 1.29E-02
NM_000071.1 CBS 1.435 4.75E-02
NM_001605.1 AARS 1.339 3.61E-03
NM_002973.2 ATXN2 1.313 4.25E-02
NM_133443.1 GPT2 1.302 1.26E-03
   
Lipid metabolism   
NM_015922.1 NSDHL 1.328 3.89E-03
   
Transcription Regulation   
NM_152557.3 FLJ31413 1.389 2.79E-03
NM_012258.2 HEY1 1.321 9.88E-03
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Regulation of G1/S transition (part1)  cell cycle  1.46E-05 57 62
TLR ligands and common TLR signalling  immune response  3.32E-05 45 48
pathway leading to cell proinfl ammatory response
Ligand-Dependent Transcription of Retinoid  transcription  4.07E-05 109 129
Target genes
IFN gamma signaling pathway  cytokine and chemokine  4.97E-05 57 63
 mediated signaling pathway, 
 immune response
AKT signaling  protein kinase cascade  6.17E-05 52 57
Role SCF complex in cell cycle regulation  cell cycle  6.28E-05 38 40
Notch Signaling Pathway  response to extracellular  8.68E-05 37 39
 stimulus
IL22 signaling pathway  cytokine and chemokine  1.36E-04 24 24
 mediated signaling pathway, 
 immune response
Anti-apoptotic TNFs/NF-kB/IAP pathway    1.51E-04 30 31
TGF-beta receptor signaling  intracellular receptor-mediated  1.95E-04 52 58
 signaling pathway, response to 
 extracellular stimulus
MIF-JAB1 signalling  immune response  1.97E-04 23 23
Anti-apoptotic TNFs/NF-kB/Bcl-2 pathway    2.10E-04 39 42
TNFR1 signaling pathway  cell death, apoptosis  2.38E-04 43 47
Notch activating pathway for NF-kB  transcription, response to  3.13E-04 33 35
 extracellular stimulus
Regulation of lipid metabolism via LXR, NF-Y  transcription  3.13E-04 33 35
and SREBP
GTP-XTP metabolism    3.23E-04 54 61
Apoptotic TNF-family pathways cell death, apoptosis  3.83E-04 37 40
NGF activation of NF-kB  intracellular receptor-mediated  5.16E-04 36 39
 signaling pathway, transcription,
 transcription, response to
 extracellular stimulus 
FAS signaling cascades  cell death, apoptosis  5.62E-04 40 44
Phosphatidylinositol metabolism   5.62E-04 40 44

Map   Cell Process P-Value Genes

Supplementary Table 3 - Pathway analysis of stimulated versus resting monocytes. Metacore™ pathway analysis 
platform was used to disclose signifi cantly differentially expressed pathways in monocytes after stimulation with 
LPS as compared to baseline monocytes (independent of patient designation). Differential maps are listed, followed 
by a description of the cellular process they belong to. The column “genes” lists the number of genes found diffe-
rentially expressed in this comparison, followed by the total number of genes in this pathway. Most remarkably, the 
pathway “TLR ligands and common TLR signal-ling pathway leading to cell proinfl ammatory response” was found 
among the most signifi cantly differently regulated pathways.  
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IFN alpha/beta signaling pathway  cytokine and chemokine mediated  4.07E-05 12 30
 signaling pathway, immune
 response
Role of TLRs 3 and 4 in cell antiviral response:   immune response  1.70E-04 12 34
TICAM1-specifi c signalling pathways
Role of IAP-proteins in apoptosis  cell death, apoptosis  3.14E-04 12 36
Cytoplasm/mitochondrial transport of proapoptotic  cell death, apoptosis  9.72E-04 11 35
proteins Bid, Bmf and Bim
TNFR1 signaling pathway  cell death, apoptosis  1.33E-03 13 47
EPO-induced MAPK pathway  intracellular receptor-mediated  1.50E-03 15 59
 signaling pathway, response to 
 extracellular stimulus
Methionine-cysteine-glutamate metabolism    2.09E-03 7 18
Apoptotic TNF-family pathways  cell death, apoptosis  3.21E-03 11 40
Methionine metabolism    5.41E-03 6 16
Cross-talk VEGF and angiopoietin 1signaling  intracellular receptor-mediated  5.58E-03 10 37
 signaling pathway, response to 
 extracellular stimulus
FAS signaling cascades  cell death, apoptosis  7.06E-03 11 44
VEGF signaling via VEGFR2 - generic cascades  intracellular receptor-mediated  7.06E-03 11 44
 signaling pathway, response to 
 extracellular stimulus
Ligand-Dependent Transcription of Retinoid- transcription  7.17E-03 24 129
Target genes
NGF activation of NF-kB  intracellular receptor-mediated  8.31E-03 10 39
 signaling pathway, transcription, 
 response to extracellular stimulus
WNT signaling pathway. Part 1. Degradation of  proteolysis, response to  8.93E-03 8 28
beta-catenin in the absence of WNT signaling extracellular stimulus
Caspases cascade  cell death, apoptosis  9.69E-03 9 34
Alanine, cysteine, and L-methionine metabolism    9.85E-03 7 23
Lymphotoxin-beta receptor signaling  cell death, apoptosis, immune  1.20E-02 10 41
 response
Antiviral actions of Interferons  immune response  1.24E-02 18 93
CXCR4 signaling via second messenger  cytokine and chemokine mediated  1.32E-02 12 54
 signaling pathway, G-protein 
 coupled receptor protein signaling 
 pathway
Role of ZNF202 in regulation of expression of    1.68E-02 8 31
genes involved in Atherosclerosis
Anti-apoptotic TNFs/NF-kB/IAP pathway    1.68E-02 8 31
IFN gamma signaling pathway  cytokine and chemokine mediated 1.87E-02 13 63
 signaling pathway, immune 
 response

Map   Cell Process P-Value Genes

Supplementary Table 4 - Pathway analysis of stimulated monocytes: good-responders versus bad-responders.
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VEGF signaling and activation  intracellular receptor-mediated  1.95E-02 10 44
 signaling pathway, response to 
 extracellular stimulus
dGTP metabolism    2.77E-02 9 40
PDGF signaling via STATs and NF-kB  intracellular receptor-mediated  2.77E-02 9 40
 signaling pathway, response to 
 extracellular stimulus
Leptin signaling via JAK/STAT and MAPK  response to hormone stimulus,  3.50E-02 7 29
cascades response to extracellular stimulus  
NAD metabolism    3.59E-02 11 55
O-glycan biosynthesis    3.68E-02 12 62
Oncostatin M signaling via MAPK in mouse cells  cytokine and chemokine mediated  3.70E-02 9 42
 signaling pathway, immune 
 response
Anti-apoptotic TNFs/NF-kB/Bcl-2 pathway    3.70E-02 9 42
Regulation activity of EIF2  translation  4.04E-02 11 56
Oncostatin M signaling via JAK-Stat in mouse cells  cytokine and chemokine mediated  4.11E-02 5 18
 signaling pathway, immune 
 response
Oncostatin M signaling via MAPK in human cells  cytokine and chemokine mediated  4.24E-02 9 43
 signaling pathway, immune 
 response
dCTP/dUTP metabolism    4.24E-02 9 43
Role of the C5b-9 complement complex in cell  immune response  4.42E-02 10 50
survival
Role of Akt in hypoxia induced HIF1 activation  protein kinase cascade,   4.42E-02 10 50
 proteolysis, transcription
Putative ubiquitin pathway  proteolysis  4.86E-02 7 31

Supplementary Table 4 - continued. Pathway analysis was used to compare differential gene expression in stimu-
lated monocytes of good-responders and bad-responders. Notably, the “interferon-alpha/beta signaling pathway” as 
well as the TICAM-1 specifi c part of the TLR4 pathway which regulates interferon expression were the two most 
differentially expressed pathways. 

Map   Cell Process P-Value Genes
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Propionate metabolism p.2    4.93E-05 7 22
Insulin regulation of the protein synthesis  translation, response to hormone  2.37E-04 10 55
 stimulus
Receptor-mediated HIF regulation  transcription, transcription  5.07E-04 8 40
Regulation activity of EIF4F  translation  6.44E-04 10 62
GDNF signaling  response to extracellular stimulus  9.33E-04 6 25
Regulation activity of EIF2  translation  1.22E-03 9 56
Insulin regulation of glycogen metabolism    1.39E-03 9 57
Propionate metabolism p.1    3.49E-03 4 14
Insulin receptor signaling pathway    3.91E-03 7 43
Insulin signaling:generic cascades  response to hormone stimulus  4.28E-03 8 55
Leucune, isoleucine and valine metabolism.p.2    5.82E-03 5 25
WNT signaling pathway. Part 1. Degradation of  proteolysis, response to  9.57E-03 5 28
beta-catenin in the absence of WNT signaling  extracellular stimulus
CDC42 in cellular processes  small GTPase mediated signal  1.08E-02 9 77
 transduction
Aspartate and asparagine metabolism    1.35E-02 4 20
G-alpha(q) regulation of lipid metabolism    1.39E-02 6 42
Oncostatin M signaling via MAPK in mouse cells  cytokine and chemokine mediated  1.39E-02 6 42
 signaling pathway, immune 
 response
PTEN pathway  protein amino acid 1.51E-02 7 55
 dephosphorylation
Oncostatin M signaling via MAPK in human cells  cytokine and chemokine mediated  1.56E-02 6 43
 signaling pathway, immune 
 response
CoA biosynthesis    1.60E-02 4 21
Cholesterol Biosynthesis    1.60E-02 4 21
Glycolysis and gluconeogenesis p. 1    1.60E-02 4 21
FGFR signaling pathway  intracellular receptor-mediated  1.65E-02 7 56
 signaling pathway, response to 
 extracellular stimulus
FAK signaling  cell adhesion, protein kinase  1.79E-02 8 70
 cascade
IGF-RI signaling  intracellular receptor-mediated  2.09E-02 8 72
 signaling pathway, response to 
 extracellular stimulus
TNFR1 signaling pathway  cell death, apoptosis  2.34E-02 6 47
CCR3 signaling in eosinophils  cytokine and chemokine mediated  2.38E-02 11 117
 signaling pathway, immune 
 response, G-protein coupled 
 receptor protein signaling 
 pathway
Cholesterol metabolism    2.65E-02 3 14

Map   Cell Process P-Value Genes

Supplementary Table 5 - Pathway analysis of culture macrophages: good-responders versus bad-responders.
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Insulin regulation fatty acid methabolism    3.34E-02 6 51
ERBB-family signaling  intracellular receptor-mediated  3.34E-02 6 51
 signaling pathway, response to 
 extracellular stimulus
Ras family GTPases in kinase cascades (scheme)  small GTPase mediated signal  4.22E-02 4 28
 transduction
Regulation of acetyl-CoA carboxylase 2 activity in  response to extracellular stimulus  4.45E-02 3 17
muscle
Membrane-bound ESR1: interaction with growth  response to hormone stimulus,  4.82E-02 5 42
factors signaling  transcription, response to 
 extracellular stimulus
Transcription regulation of aminoacid metabolism    4.82E-02 5 42
CREB pathway  second-messenger-mediated  5.15E-02 9 101
 signaling, small GTPase mediated 
 signal transduction, transcription
Ascorbate metabolism    5.18E-02 7 71
CCR4-induced leukocyte adhesion  cytokine and chemokine mediated  5.25E-02 5 43
 signaling pathway, cell adhesion, 
 immune response, G-protein 
 coupled receptor protein signaling 
 pathway
Regulation of CDK5 in CNS  intracellular receptor-mediated  5.25E-02 4 30
 signaling pathway, G-protein 
 coupled receptor protein signaling 
 pathway, response to extracellular 
 stimulus
IFN alpha/beta signaling pathway  cytokine and chemokine mediated  5.25E-02 4 30
 signaling pathway, immune 
 response

Map   Cell Process P-Value Genes

Supplementary Table 5 - continued. Pathway analysis of cultured macrophages revealed differential gene expres-
sion between good-responders and bad-responders. Again, the “interferon-alpha/beta pathway” showed differential 
expression.
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EGFR signaling via small GTPases  intracellular receptor-mediated  3.21E-04 8 39
 signaling pathway, small GTPase 
 mediated signal transduction, 
 response to extracellular stimulus
EGFR signaling via PIP3  intracellular receptor-mediated  1.16E-03 6 27
 signaling pathway, second-
 messenger-mediated signaling, 
 response to extracellular stimulus  
Insulin signaling:generic cascades  response to hormone stimulus  3.34E-03 8 55
Regulation activity of EIF2  translation  3.74E-03 8 56
FGFR signaling pathway  intracellular receptor-mediated  3.74E-03 8 56
 signaling pathway, response to 
 extracellular stimulus
dATP/dITP metabolism    9.07E-03 7 52
Serotonin - melatonin biosynthesis and metabolism    9.12E-03 11 106
dGTP metabolism    9.12E-03 6 40
G-Protein alpha-12 signaling pathway  G-protein coupled receptor protein 1.01E-02 7 53
 signaling pathway
Membrane-bound ESR1: interaction with growth  response to hormone stimulus,  1.15E-02 6 42
factors signaling transcription, response to 
 extracellular stimulus
Role PKA in cytoskeleton reorganisation  protein kinase cascade  1.24E-02 9 82
Insulin receptor signaling pathway    1.29E-02 6 43
IL4 signaling pathway  cytokine and chemokine mediated  1.44E-02 6 44
 signaling pathway, immune 
 response
Insulin regulation of glycogen metabolism    1.47E-02 7 57
Angiotensin activation of Akt  G-protein coupled receptor  1.47E-02 7 57
 protein signaling pathway, 
 response to extracellular stimulus
Tryptophan metabolism    1.66E-02 9 86
EPO-induced MAPK pathway  intracellular receptor-mediated  1.76E-02 7 59
 signaling pathway, response to 
 extracellular stimulus
CCR3 signaling in eosinophils  cytokine and chemokine mediated 1.82E-02 11 117
 signaling pathway, immune 
 response, G-protein coupled 
 receptor protein signaling pathway
ATP metabolism    1.92E-02 7 60
CREM signaling in testis  transcription  1.92E-02 4 23
Ligand-dependent activation of the ESR1/AP-1  response to hormone stimulus,  2.22E-02 4 24 
pathway  transcription
Regulation activity of EIF4F  translation  2.26E-02 7 62
IFN gamma signaling pathway  cytokine and chemokine mediated  2.44E-02 7 63

Map   Cell Process P-Value Genes

Supplementary Table 6 - Pathway analysis of resting monocytes: good-responders versus bad-responders.
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 signaling pathway, immune response  
Insulin regulation fatty acid methabolism    2.81E-02 6 51
G-Proteins mediated regulation p38 and JNK  G-protein coupled receptor protein 2.85E-02 7 65
signaling signaling pathway
MIF - the neuroendocrine-macrophage connector  immune response  2.97E-02 9 95
Leptin signaling via PI3K-dependent pathway  response to hormone stimulus,  3.06E-02 6 52
 response to extracellular stimulus  
EPO-induced PI3K/AKT pathway and Ca(2+)  response to extracellular stimulus 3.29E-02 7 67
infl ux
Receptor-mediated HIF regulation  transcription, transcription  3.46E-02 5 40
Spindle assembly and chromosome separation  cell cycle  3.58E-02 8 83
Ras family GTPases in kinase cascades (scheme)  small GTPase mediated signal  3.72E-02 4 28
 transduction
Insulin regulation of the protein synthesis  translation, response to hormone  3.89E-02 6 55
 stimulus
FAK signaling  cell adhesion, protein kinase  4.04E-02 7 70
 cascade
Ligand-independent activation of ESR1 and ESR2  intracellular receptor-mediated  4.19E-02 6 56
 signaling pathway, response to 
 hormone stimulus, transcription, 
 response to extracellular stimulus  
A2B receptor: action via G-protein alpha s  G-protein coupled receptor  4.51E-02 6 57
 protein signaling pathway
Membrane-bound ESR1: interaction with  response to hormone stimulus,  4.60E-02 7 72
G-proteins signaling response to extracellular stimulus  
Regulation of CDK5 in CNS  intracellular receptor-mediated  4.63E-02 4 30
 signaling pathway, G-protein 
 coupled receptor protein signaling 
 pathway, response to extracellular 
 stimulus

Map   Cell Process P-Value Genes

Supplementary Table 6 - continued. Metacore™ pathway analysis of resting monocyte revealed differential ex-
pression particularly of EGFR and FGFR pathways, whose genes were all but one upregulated in good-responders.

ATM/ATR regulation of G2/M checkpoint  cell cycle  6.75E-03 3 29
IFN alpha/beta signaling pathway  cytokine and chemokine mediated  7.43E-03 3 30
 signaling pathway, immune 
 response
Brca1 as transcription regulator  cell cycle, transcription  7.43E-03 3 30
O-glycan biosynthesis    9.61E-03 4 62
Antiviral actions of Interferons  immune response  3.66E-02 4 93

Map   Cell Process P-Value Genes

Supplementary Table 7 - Pathway analysis of stem cells: good-responders versus bad-responders. Subjecting 
gene expression of CD34+ cells from good-responders and bad-responders to pathway analysis disclosed few sig-
nifi cantly differentially regulated pathways. However, of note, the interferon-alpha/beta pathway was again found 
to be differentially regulated.
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The aim of this thesis is to identify regulatory networks of signal transduction and gene 
expression in atherosclerosis and arteriogenesis. Contrary to monogenetic disorders defi ned 
by a single culprit gene, atherosclerosis and arteriogenesis are multifactorial processes that 
are controlled by signal transduction pathways and expression of large panels of genes. To 
shed light on the nature of these regulatory networks, we adopted a genome-wide approach, 
generating and comparing transcriptomes of endothelial cells, monocytes and macrophages 
in vitro as well as ex vivo human and murine tissues. 

Endothelial signaling and gene expression modulated by shear stress

In the natural situation in vivo, endothelial cells are permanently exposed to shear stress 
throughout their lifespan. Shear stress is a complex biomechanical stimulus that has major 
implications on both endothelial cell signaling and transcription. Next to direct induction 
of atheroprotective gene expression, it is thought that shear stress suppresses infl ammatory 
signaling or gene expression elicited by cytokines (Yamawaki et al., 2005). However, 
this hypothesis would render endothelial cells exposed to protective levels of shear stress 
insensitive for activation by infl ammatory cytokines. More likely, there is a balance between 
protective and infl ammatory gene expression that can be shifted by shear stress or cytokines. 
In Chapter 3 it is shown that basal levels of pro-infl ammatory genes are inhibited by 
prolonged shear stress via KLF2. This effect was dependent on nuclear exclusion of the 
phosphorylated form of ATF2, a member of the dimeric AP-1 transcription factor, and it 
constitutes an explanation for the absence of diet-induced infl ammation in the protected 
vessel wall. In this context, it is important to discriminate between prolonged (>24h) and 
short (<24h) exposure to fl ow, since adaptation to fl ow takes at least 24 hours during which 
infl ammatory signaling and expression of immediate early genes are fi rst increased and later 
decreased, dipping below basal levels in static endothelial cells (Dekker et al., 2002; Chien, 
2007). Interestingly, prolonged shear stress did not inhibit TNF-α-induced infl ammatory 
gene expression compared to levels seen in statically grown cells. It was recently shown that 
TNF-α can inhibit KLF2 expression in an NF-κB-dependent manner (Kumar et al., 2005). 
The following hypothesis can be put forward: TNF-α temporarily lifts the KLF2-controlled 
inhibition of basal infl ammatory expression, allowing for a full-blown infl ammatory response 
due to the coordinated action of transcription factors NF-κB and AP-1. A second wave of gene 
expression, including the NF- κB inhibitor IκB, rapidly shuts down the primary activation 
and restores everything to the original situation. In regions of the vasculature that are exposed 
to disturbed fl ow profi les, the dominant inhibitory effect of KLF2 is lacking, suggesting that 
some degree of infl ammation, or pro-infl ammatory priming, exists even in the absence of 
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cytokines. The latter corresponds perfectly with fi ndings reported in a recent study in mice, 
which described low-grade infl ammation in regions of the normal arterial intima predisposed 
to atherosclerosis (Jongstra-Bilen et al., 2006).     

Transcriptome modulation by KLF2 and Nrf2

The identifi cation of KLF2 as a transcription factor specifi cally induced by shear stress 
(Dekker et al., 2002) prompted an intensive search for transcriptional targets of KLF2 by 
employing viral overexpression techniques in combination with microarray gene expression 
profi ling. This led to the implication of KLF2 in a large number of important vasoprotective 
mechanisms (SenBanerjee et al., 2004; Dekker et al., 2005, Lin et al., 2005; Bhattacharya 
et al., 2005; Parmar et al., 2006; Dekker et al., 2006). In Chapter 4 of this thesis, KLF2 
turned out to be a negative regulator of the TGF-β pathway in endothelial cells by inducing 
inhibitors of TGF-β signaling, Smad7 and Smad6, as well as suppressing AP-1 component c-
Jun, which is a necessary co-activator for potent induction of TGF-β-mediated transcription. 
It had already been reported that shear stress induced expression of Smad7 and Smad6 in 
endothelial cells (Topper et al., 1997). The results from the in vitro study in Chapter 4 were 
corroborated ex vivo by showing increased TGF-β signaling in human endothelium overlying 
atherosclerotic plaques, compared to healthy looking endothelial cells in the same vessel 
as well as in a mouse carotid artery model for atherosclerosis-priming by disturbed shear 
(Chapter 6). As many KLF2-mediated effects have an inhibitory character, this leads to the 
emergence of a picture in which KLF2 acts as a transcriptional repressor. Recently, KLF2 was 
put forward as a negative regulator of gene expression in EGF growth factor signaling as part 
of a cohort of functionally related genes involved in a temporal feedback mechanism (Amit et 
al., 2007). Consistent with their role in negative regulation of growth factor signaling, KLF2 
and other genes within this cluster were downregulated in diverse tumor types, in correlation 
with clinical outcome. Only two exceptions have been documented as directly positively 
induced by KLF2 through distinct sites in their promoters, eNOS and TM, two very important 
effectors of the vasodilative and anti-thrombotic properties of the endothelium. Following the 
protective paradigm for KLF2, down-regulation of these genes by TNF-α is indeed actively 
prevented through shear-stabilization of KLF2 mRNA (Chapter 2).

Although the KLF2-controlled transcriptome was reported to consist of >1000 genes 
(Dekker et al., 2006), only 15 procent of all genes regulated by atheroprotective fl ow were 
KLF2 dependent at the single gene level (Parmar et al., 2006), suggesting the involvement 
of other transcriptional regulators. A good candidate is Nrf2 which is a shear stress-activated 
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transcription factor controlling the expression of anti-oxidant and detoxifying enzymes to 
protect the cell against the detrimental effects of reactive oxygen species. The comparative 
genomic analysis in Chapter 5 show that the transcriptional effects of Nrf2 and KLF2 together 
explain the vast majority of gene expression regulated by shear stress at the gene set level, 
demonstrating the power of our integrated genomics approach to dissect the transcriptional 
network of a complex biomechanical stimulus like shear stress into a distinct set of molecular 
mediators.

Genomics from bedside to bench

The advent of the genomics era has allowed a more comprehensive and thorough approach 
towards the unraveling of human disease. There is a growing demand for the identifi cation of 
biomarkers to aid in making early, accurate clinical diagnoses and designing and monitoring 
effective treatments. In Chapter 8, we demonstrate the feasibility of a bedside-to-bench 
approach in human patients with coronary atherosclerosis that led to the identifi cation of a 
well-defi ned set of classifi er genes in stimulated circulating monocytes that can distinguish 
between patients with a suffi cient or insuffi cient arteriogenic response. Quite surprisingly, 
the majority of differentially regulated genes were more highly expressed in bad arteriogenic 
responders, contrary to the popular view of repressed expression of e.g. growth factors in 
the non-responder group. This indicates that anti-arteriogenic mechanisms are activated 
in the latter group, as opposed to the model in which arteriogenesis is stimulated in good 
arteriogenic responders. This fi nding provokes a shift in paradigm in the arteriogenesis 
research fi eld and has direct implications for therapeutic stimulation of arteriogenesis to be 
targeted at the suppression of anti-arteriogenic pathways, rather then trying to stimulated 
arteriogenesis with cytokines and growth factors like MCP1, as these showed the adverse 
effect of also stimulating atherosclerosis in mice (van Royen et al., 2003). 

Perspectives

The major issue emerging from these molecular studies is the question how KLF2 keeps 
ATF2 and c-Jun out of the nucleus, while promoting translocation of Nrf2 into the nucleus. 
A number of possibilities can be envisioned: ATF2 is phosphorylated by MAP kinases p38 
and JNK. Perhaps KLF2 infl uences MAP kinase-mediated phosphorylation of ATF2 through 
transcriptional modulation of dual-specifi city phosphatases (DUSPs). Indeed, overexpression 
of KLF2 upregulates DUSP3, 5, 7 and 22 while inhibiting DUSP6 (Dekker et al., 2006 
Supplemental tables 1-2). Post-translational modifi cations like phosphorylation are known 
to infl uence protein localization. Kondoh and colleagues describe an interesting example of 
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how phosphorylation regulates intracellular localization (Kondoh et al., 2006). The authors 
show that ERK5 possesses a functional nuclear export signal when the C-terminal half of 
the protein is bound to the N-terminal half. Upon phosphorylation of ERK5 by MEK5, the 
nuclear export signal is lost, resulting in nuclear accumulation of ERK5. 

An alternative explanation could be involvement Rho GTPases play a role in transcriptional 
regulation. This is based on the observation that two members of the Rho family of GTPases, 
Rac1 and Cdc42, initiate an independent kinase cascade regulating JNK activity (Coso et 
al., 1995). Potential targets of these GTPases in the JNK pathway include members of the 
MEKK group (MEKK1-4), the mixed-lineage protein kinase group (MLK1, MLK2, MLK3, 
dual leucine zipper bearing kinase (DLK) and leucine zipper-bearing kinase (LZK)), the 
apoptosis signal-regulating kinase (ASK) group (ASK1 and ASK2), TGF-b-activated kinase 
(TAK)1 and TPL2 (Turjanski et al., 2007). KLF2 and Rho GTPases have a close connection 
as statins can induce KLF2 expression dependent on inhibition of RhoA geranyl-geranylation 
(SenBanerjee et al., 2005). Moreover, in a previous report, our group demonstrated major 
reorganization of the cytoskeleton after prolonged KLF2 overexpression, characterized by the 
formation of typical stress fi bers (Dekker et al., 2006) which is a hallmark of RhoA activation 
(Hall and Nobes, 2000). The many possible mechanisms proposed here warrant thorough 
investigation in the future. Unraveling these pathways will generate novel targets for better 
therapeutic modulation of atheroprotective signaling and gene expression, independently 
from shear stress.

Our results from studies on transcriptional regulation in atherosclerosis and arteriogenesis 
using microarray-based gene expression profi ling, indicate that modulation of signal 
transduction pathways is a common theme in (patho-) physiological processes. For a more 
detailed understanding at the protein level, future studies should be taken a step further 
towards large scale analysis of the activity and phosphorylation state of protein kinases in 
signal transduction cascades. To this extent, novel array platforms are becoming available, 
based on kinase substrates or phospho-specifi c antibodies. Data from genomics, proteomics 
and kinomics can then be combined to generate a truly comprehensive overview of the 
systems biology of the cell in health and disease, and will direct an evidence-based choice of 
methods for optimal interfering with the corresponding pathways. This knowledge is urgently 
needed, given the fact that therapies based on single gene analyses have often failed to make 
the transition from bench to bedside.
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This thesis aims to identify key signal transduction pathways and gene expression in the 
development of atherosclerosis (Chapters 2-7) and arteriogenesis (Chapter 8). Two cell 
types that play a key role in both processes, endothelial cells (Chapters 2-6) and monocytes 
/ macrophages (Chapters 7 and 8), are studied through a synergistic genomics approach 
performing gene expression profi ling of individual cells in vitro and of human and murine 
ex vivo tissue.

Atherosclerosis is a disease of the large arteries with a very complex etiology involving 
multiple cell types. The non-random, asymmetrical distribution of atherosclerotic plaques 
at bifurcations and large curvatures strongly suggests a key role for hemodynamic forces 
in atherogenesis, independent from systemic risk factors. The fl ow of blood through 
blood vessels generates shear stress on the endothelial cell layer, which is transduced to 
intracellular biochemical signals. High shear stress levels generated by laminar blood fl ow 
in straight arterial sections are known to protect against atherosclerosis. Detailed knowledge 
of how signal transduction and gene expression are modulated by shear stress in endothelial 
cells is paramount for the development of new anti-atherosclerotic therapeutic strategies to 
complement and improve current pharmacological tools like statins. 

Previous studies have already demonstrated a pivotal role for the shear stress-inducible 
transcription factor KLF2 in regulating the anti-atherogenic properties of shear stress in 
endothelial cells.  Chapter 2 demonstrates that prolonged shear stress and statins induce 
KLF2 mRNA in human endothelial cells to a similar extent. This is now thought to be one 
of the mechanisms by which statins exert their pleiotropic benefi cial effects next to and 
independent from cholesterol lowering. Despite this, shear stress has a superior potential 
to that of statins to induce KLF2-dependent atheroprotective gene expression, even in the 
presence of the infl ammatory cytokine TNF-α. A possible mechanism for these observations 
is provided, showing that only prolonged shear stress stabilizes KLF2 mRNA transcripts 
depending on PI3K signaling. The stabilization of KLF2 steady-state levels, as induced 
by prolonged shear stress but not by statins, may be essential for sustaining a quiescent, 
atheroprotective status of vascular endothelium under infl ammatory conditions.

In Chapter 3, the effect of prolonged shear stress on basal- and TNF-α–induced genome-
wide expression profi les of human endothelial cells was investigated in more detail. Next 
to induction of a cluster of atheroprotective genes, shear stress inhibits basal- but not TNF-
α–induced infl ammatory gene expression. We demonstrate that shear stress inhibits basal 
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infl ammatory gene expression through KLF2-dependent reduction of nuclear phosphorylated 
ATF2 levels, thereby preventing p-ATF2 binding to its specifi c recognition binding sequence 
in these genes. Furthermore, human endothelial cells overlying atherosclerotic plaques have 
increased amounts of nuclear phosphorylated ATF2 compared to endothelium at unaffected 
sites. This study provides a possible mechanism by which endothelial cells exposed to laminar 
fl ow are protected from atherogenic gene expression, without compromising their ability to 
respond to pro-infl ammatory cytokines.  

In atherosclerosis, the cytokine TGF-β appears to possess paradoxical properties, having been 
attributed an anti-atherogenic role in smooth muscle cells, macrophages and T-lymphocytes, 
and a pro-atherogenic role in endothelium. In Chapter 4, we provide evidence that KLF2 
inhibits expression of a large panel of TGF-β-induced genes in endothelial cells by suppressing 
signal transduction through the TGF-β-receptor associated signalling pathway. Independent 
from TGF-β -mediated ALK5-activation, KLF2 induces expression of the inhibitory Smad7, 
leading to a decrease in Smad2/3 phosphorylation. In addition, KLF2 suppresses both 
Smad3/4- and AP-1–mediated activation of TGF-β-inducible promoters, by attenuating 
nuclear levels of AP-1-component c-Jun. We show in vivo that Smad2 phosphorylation is 
indeed decreased in human and murine endothelium at arterial sites exposed to high shear 
stress, which are protected from atherosclerosis. Collectively, these results suggest that KLF2 
will contribute directly to a quenching of the pathological role of TGF-β in vascular diseases, 
including atherosclerosis.

All cells in the human body have to cope with an oxidative stress that is produced by the 
generation of reactive oxygen species and other electrophilic compounds by a variety of 
cellular processes including metabolic and enzymatic reactions or by exogenous sources. 
Natural defensive mechanisms are present in the form of antioxidant and detoxifying phase 
II enzymes that control the homeostatic redox balance in the cell and this balance is thought 
to be disturbed in several vascular pathologies, including atherosclerosis. Chapter 5 focuses 
on the role of KLF2 in the activation of the transcription factor Nrf2 by shear stress. Nrf2 
controls the expression of many antioxidant and phase II enzymes via an antioxidant response 
element (ARE) in the promoter of the genes coding for these enzymes. Our results show that 
KLF2 is essential for full shear stress activation of the Nrf2 pathway by increasing nuclear 
translocation of Nrf2. This functionally results in a better protection of the endothelium 
against noxious oxidative attack. Furthermore, comparative genomic analysis at the pathway 
level demonstrated that up to 75% of the transcriptional effects elicited by shear stress can be 
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attributed to the activity of KLF2 and Nrf2.

The pathogenic properties of infl ammatory mediators and TGF-β in atherosclerosis, already 
eluded to in chapters 3 and 4, are further substantiated in Chapter 6, in which gene expression 
between healthy and atherosclerotic arterial endothelium was compared. We generated gene 
expression profi les of endothelial cells isolated by laser microbeam microdissection from 
human arterial tissue sections. Inter-individual differences were avoided as best as possible 
by choosing a paired approach, directly comparing endothelial cells overlying an early or 
advanced atherosclerotic plaque to those overlying the healthy looking vessel wall within 
a single artery of each individual. Distinct gene expression repertoires were observed 
in different stages of the disease, with little overlap between early and advanced plaque 
endothelium. Furthermore, we show prominent roles for specifi c chemokines and NF-κB 
in atherosclerosis, as well as clear activation of the TGF-β signaling pathway in endothelial 
cells overlying advanced human atherosclerotic lesions.

A critical event in early atherogenesis is the accumulation of lipid-laden macrophages, called 
foam cells, in the sub-endothelial space of the vessel wall. In advanced plaques, foam cell 
death contributes to the formation of a necrotic core, promoting the conversion of stable to 
vulnerable plaques. Chapter 7 investigates the role of NF-κB, a key regulator of infl ammation 
and cell death, in foam cell formation and apoptosis. A monocytic cell line was used in 
which NF-κB activation is specifi cally inhibited by overexpressing a trans-dominant, non-
degradable form of IκBα under control of the macrophage-specifi c SR-A promoter. Our results 
demonstrate a central role for the NF-κB/IκB system in the survival of macrophages during 
the process of foam cell formation, supporting the notion that macrophages in atherosclerotic 
plaques become resistant to apoptosis.

Post-natal collateral artery growth, a process referred to as arteriogenesis, is observed in most 
cases of obstructive arterial disease, for instance coronary atherosclerosis. Circulating cells, 
especially monocytes, macrophages and possibly progenitor cells are known to be of great 
importance in this process. Arteriogenesis can effectively alleviate symptoms of ischemia and 
the extent of myocardial infarction by increasing blood fl ow through a suffi ciently expanded 
collateral network. Interestingly, a large heterogeneity exists in the arteriogenic response in 
humans suffering from coronary artery occlusion. In Chapter 8, we describe transcriptomes 
of circulating monocytes, LPS-stimulated monocytes, cultured macrophages and circulating 
CD34+ progenitor cells, all from individual patients with coronary atherosclerosis in whom 
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the extent of collateral artery development was measured invasively. Circulating monocyte 
and progenitor cell gene expression did not differ signifi cantly between patients. LPS-
stimulated monocytes and, to a lesser extent, macrophages showed increased activity of IFN-
related and apoptotic pathways in patients with insuffi ciently developed collateral arteries 
(bad-responders) than in patients with well-developed collateral arteries (good-responders). 
These gene expression data were independently validated by measuring a higher production 
of IFN-β protein in bad-responders. For the LPS-stimulated monocytes from these patients, 
a well-defi ned set of classifi er genes is identifi ed by an unbiased statistical approach that 
distinguishes between bad- and good-responders with an average accuracy of 70%, again 
containing several members of the IFN signaling pathway. In conclusion, this study provides 
evidence for the existence of anti-arteriogenic mechanisms in bad-responders related to 
IFN-signaling, rather than an increased pro-arteriogenic activity in good-responders. Thus, 
in addition to its potential diagnostic value, new avenues of putative treatment modalities 
are opened targeted at inhibiting these suppressive mechanisms in the bad-responder patient 
population. 
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In dit proefschrift worden signaaltransductie routes en genen geïdentifi ceerd die een 
belangrijke rol spelen bij het ontstaan van atherosclerose (Hoofdstuk 2-7) en bij arteriogenese 
(Hoofdstuk 8). Met behulp van genomics worden twee celtypes bestudeerd die een cruciale 
functie vervullen in deze processen, endotheelcellen (Hoofdstuk 2-6) en monocyten/
macrofagen (Hoofdstuk 7 en 8), waarbij de totale genexpressie van zowel gekweekte 
individuele celtypen als humaan- en muizenweefsel in kaart wordt gebracht

Atherosclerose is een aandoening van de grote arteriën met een zeer complexe oorzaak en 
ontstaansgeschiedenis, waar meerdere celtypes bij betrokken zijn. De ongelijkmatige en 
asymmetrische verdeling van atherosclerotische plaques, voornamelijk voorkomend bij 
tweesplitsingen en sterk gekromde delen in het arteriële systeem, maakt een causaal verband 
tussen lokaal heersende hemodynamische krachten en het ontstaan van atherosclerose zeer 
aannemelijk, onafhankelijk van algemene risicofactoren zoals een te hoog cholesterol, te 
hoge bloeddruk, roken en te weinig lichaamsbeweging. 

De stroming van bloed door de bloedvaten creëert een wrijvingskracht (vlakschuifspanning 
of shear stress) op de endotheelcellen en deze biomechanische kracht wordt omgezet in een 
intracellulair biochemisch signaal (een proces dat signaaltransductie genoemd wordt) dat 
uiteindelijk via transcriptiefactoren leidt tot een verandering in genexpressie van de cel. 
Al lang geleden werd geobserveerd dat voornamelijk de rechte delen van arteriën zonder 
vertakkingen, waar een laminaire bloedstroom zonder wervelingen (en dus een grote shear 
stress) bestaat, beschermd zijn tegen atherosclerose. Gedetailleerde kennis over hoe shear 
stress signaaltransductie en genexpressie beïnvloedt is van groot belang voor de ontwikkeling 
van nieuwe strategieën om atherosclerose te bestrijden, ter aanvulling en verbetering van de 
huidige geneesmiddelen zoals de statines.

Eerdere studies hebben al laten zien dat KLF2, een transcriptiefactor die geactiveerd wordt 
door shear stress, een centrale rol speelt bij de manier waarop shear stress in endotheelcellen 
bescherming biedt tegen het ontstaan van atherosclerose. Hoofdstuk 2 laat zien dat langdurige 
shear stress en statines een vergelijkbare inductie van KLF2 mRNA veroorzaken in humane 
endotheelcellen uit de navelstreng. Deze observatie zou een mogelijke verklaring kunnen zijn 
voor de gunstige pleiotrope effecten van statines, naast verlaging van het cholesterolniveau. 
Toch zorgt shear stress voor een krachtiger inductie van anti-atherosclerotische genexpressie 
via KLF2 dan statines, zelfs in aanwezigheid van ontstekingseiwitten (cytokines) als TNF-
α. Een mogelijke uitleg voor deze resultaten wordt gegeven, waarbij wordt aangetoond dat 
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langdurige shear stress KLF2 mRNA transcripten stabiliseert via PI3K signaaltransductie. 
Stabilisatie van KLF2 door shear stress en niet door statines zou essentieel kunnen zijn voor 
het behoud van een niet-geactiveerd vasculair endotheel dat beschermd is tegen atherosclerose 
onder infl ammatoire condities.

In Hoofdstuk 3 wordt het effect van langdurige shear stress op zowel de basale als TNF-
α-geïnduceerde genexpressie van het totale genoom van humane endotheelcellen nader 
onderzocht. Naast inductie van een groep genen die beschermen tegen atherosclerose, remt 
shear stress de basale maar niet de TNF-α-geïnduceerde infl ammatoire genexpressie. We 
laten zien dat shear stress basale infl ammatoire genexpressie remt via KLF2-afhankelijke 
verlaging van de gefosforyleerde transcriptiefactor ATF2 in de celkern. Hierdoor kan minder 
gefosforyleerd ATF2 binden aan specifi eke bindingsplaatsen op het DNA in de promoter 
van deze genen. Bovendien hebben humane endotheelcellen op atherosclerotische plaques 
een verhoogde hoeveelheid gefosforyleerd ATF2 in de celkern, vergeleken met endotheel op 
gezonde, plaque-vrije plekken. Concluderend beschrijft deze studie een mogelijk mechanisme 
waardoor endotheelcellen, die zijn blootgesteld aan een laminaire bloedstroom, beschermd 
zijn tegen atherosclerose, zonder hun vermogen te reageren op ontstekingseiwitten aan te 
tasten.

In atherosclerose heeft het cytokine TGF-β schijnbaar tegengestelde eigenschappen; het wordt 
anti-atherosclerotische eigenschappen toegeschreven in gladde spiercellen, macrofagen en T-
cellen, en een pro-atherosclerotische rol in endotheel. In Hoofdstuk 4 laten we zien dat KLF2 
de expressie van een groot aantal TGF-β-geïnduceerde genen remt door de signaaltransductie 
via de TGF-β receptor naar de celkern te verhinderen. KLF2 induceert expressie van de 
signaaltransductie remmer Smad7, buiten de gebruikelijke route via TGF-β-gemedieerde 
ALK5 activatie om, wat leidt tot een vermindering van de hoeveelheid gefosforyleerd 
Smad2/3. Daarnaast remt KLF2 zowel Smad3/4 als AP-1 afhankelijke activatie van de TGF-
β-gevoelige promoters door de hoeveeldheid gefosforyleerd nucleair c-Jun, een van de AP-1 
componenten, te verminderen. Ook laten we in vivo zien dat Smad2 fosforylatie inderdaad 
verlaagd is in humane en muizen endotheelcellen die zijn blootgesteld aan een hoge shear 
stress en dus beschermd zijn tegen atherosclerose. Samenvattend kan geconcludeerd worden 
dat, op basis van deze resultaten, KLF2 bijdraagt aan het reduceren van de pathologische 
effecten van TGF-β in vaatziekten zoals atherosclerose.

Alle cellen in het menselijk lichaam moeten het hoofd bieden aan een oxidatieve stress 
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veroorzaakt door reactieve zuurstofradicalen en andere elektrofi ele verbindingen die ontstaan 
bij verschillende processen in de cel, waaronder metabole en enzymatische reacties, of die 
afkomstig zijn van buitenaf. Er bestaat een natuurlijke verdediging tegen oxidatieve stress in 
de vorm van anti-oxidant enzymen en ontgiftings enzymen (fase II enzymen) die samen de 
homeostatische redox balans in de cel bewaren. Bij meerdere vasculaire ziekten, waaronder 
atherosclerose, is deze balans verstoord. In Hoofdstuk 5 wordt gekeken naar de rol van 
KLF2 bij de activatie van de transcriptiefactor Nrf2 door shear stress. Nrf2 controleert de 
expressie van veel anti-oxidant- en fase II-enzymen via een anti-oxidant gevoelige DNA 
sequentie in de promoters van de genen die coderen voor deze enzymen. De resultaten in dit 
hoofdstuk laten zien dat KLF2 essentieel is voor volledige activatie van het Nrf2 systeem 
door shear stress, door translocatie van Nrf2 naar de kern te stimuleren. Dit leidt tot een 
functionele verbetering van de bescherming van het endotheel tegen schadelijke oxidatieve 
verbindingen. Tenslotte wordt een vergelijkende transcriptoom analyse op het niveau van 
functionele modules gemaakt. Deze vergelijking toont aan dat 75% van de transcriptionele 
effecten van shear stress verklaard kan worden door de activiteiten van KLF2 en Nrf2.

De pathogene eigenschappen van ontstekingseiwitten en TGF-β in atherosclerose, eerder 
behandeld in hoofdstukken 3 en 4, worden verder uitgewerkt in Hoofdstuk 6, waarin 
genexpressie profi elen van gezond en atherosclerotisch endotheel met elkaar vergeleken 
worden. De genexpressie profi elen konden gemaakt worden door endotheelcellen uit humane 
arteriële weefselcoupes te snijden met behulp van een microscoop en een zeer fi jne laser. 
Inter-individuele verschillen werden zo veel mogelijk uitgesloten door per individu een direct 
vergelijk te maken tussen endotheelcellen die boven een vroege/late atherosclerotische plaque 
liggen en endotheel dat boven een gezond deel van hetzelfde vat ligt. Specifi eke genexpressie 
patronen werden gevonden voor verschillende stadia van atherosclerose, waarbij opviel dat 
er weinig overlap was tussen endotheelcellen boven een vroege of boven een late plaque. 
Verder laten we zien dat er een prominente rol is weggelegd voor specifi eke chemokines en 
NF-κB in atherosclerose en dat de TGF-β signaaltransductie route duidelijk geactiveerd is in 
endotheelcellen die boven vergevorderde atherosclerotische plaques liggen.

Een belangrijke gebeurtenis tijdens het ontstaan van atherosclerose is de ophoping van 
vetstapelende macrofagen (schuimcellen) in de vaatwand direct onder de endotheelcellen. In 
vergevorderde plaques draagt het afsterven van deze schuimcellen in hoge mate bij aan het 
ontstaan van een necrotische kern, wat de overgang van een stabiel naar een kwetsbaar plaque 
type bevordert. Hoofdstuk 7 bestudeert de rol van NF-κB, een belangrijke transcriptiefactor 
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die ontsteking en celdood kan beïnvloeden, bij het ontstaan en het in apoptose gaan van 
schuimcellen. Hierbij werd gebruik gemaakt van een monocytaire cellijn waarin NF-κB niet 
geactiveerd kan worden door specifi eke overexpressie van een trans-dominante vorm van 
de natuurlijke remmer van NF-κB, IκBα, die niet wordt afgebroken in het proteasoom. De 
overexpressie staat onder controle van een macrofaag-specifi eke SR-A promoter waardoor 
het construct alleen tot expressie komt na differentiatie van monocyten naar macrofagen. De 
resultaten wijzen op een centrale rol voor het NF-κB/IκB systeem bij het in leven blijven van 
macrofagen tijdens hun vorming tot schuimcel. Dit ondersteunt de hypothese dat macrofagen 
in atherosclerotische plaques resistent worden tegen apoptosis.

Post-natale groei van collateraal vaten (natuurlijke bypass-vaten), ook wel arteriogenese 
genaamd, vindt plaats bij de meeste gevallen van vernauwing of verstopping van een 
bloedvat, zoals atherosclerose van de kransslagaders. Circulerende cellen, in het bijzonder 
monocyten, macrofagen en wellicht ook stamcellen, spelen een belangrijke rol bij dit proces. 
Arteriogenese kan de symptomen van ischemie verlichten en de omvang van een hartinfarct 
verminderen door de toevoer van bloed gedeeltelijk te herstellen via een voldoende gevormd 
netwerk van collateraal vaten. Vreemd genoeg bestaat er een grote heterogeniteit in de 
mate van collateraal vorming in verder vergelijkbare patienten met een afsluiting van een 
kransslagader. In Hoofdstuk 8 worden transcriptomen van circulerende monocyten, LPS-
gestimuleerde monocyten, tot macrofagen gekweekte monocyten en circulerende CD34-
positieve stamcellen vergeleken van patienten met atherosclerose in één van de kransslagaders 
waarbij de mate van collateraal vorming invasief is gemeten. De patienten werden ingedeeld 
in 2 groepen, een groep met een goed gevormd netwerk van collateraal vaten en een groep 
met waarbij dit niet goed is gevormd. De genexpressie van circulerende monocyten en 
stamcellen verschilde niet tussen de 2 groepen. Echter, de LPS-gestimuleerde monocyten 
en - in mindere mate - de macrofagen van de groep met slechte collateralen lieten een 
sterkere activatie van de interferon-gerelateerde alsook apoptose-gerelateerde genexpressie 
zien. De veranderingen op genexpressie niveau werden onafhankelijk gevalideerd door aan 
te tonen dat LPS-gestimuleerde monocyten van patienten met slechte collateralen meer 
interferon-β eiwit produceren dat monocyten van patienten met goed gevormde collateraal 
vaten. Middels een onbevooroordeelde statistische aanpak wordt voor de LPS-gestimuleerde 
monocyten een goed gedefi nieerde set classifi catie genen gepresenteerd die met een 
gemiddelde nauwkeurigheid van 70% onderscheid kan maken tussen patienten met goed of 
slecht gevormde collateraal vaten. In deze set zitten ook een aantal genen uit de interferon 
signaaltransductie route. Samenvattend geeft deze studie aanwijzingen voor de aanwezigheid 
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van arteriogenese-remmende, interferon-gerelateerde mechanismen in patienten met een 
slecht gevormd netwerk van collateraal vaten en niet zozeer het bestaan van arteriogenese-
bevorderende mechanismen in patienten met goed gevormde collateralen. Naast de mogelijk 
diagnostische waarde van deze uitkomsten, openen zich ook nieuwe wegen naar effectieve 
behandelmethoden die gericht zijn op het wegnemen van de remmende invloeden die 
arteriogenese belemmeren in patienten met atherosclerose in de kransslagaders.
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