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Introduction 

Cardiovascular disease is a common phenomenon in our society that, given time, affects a 
large part of the general population with disease burden ever increasing as we age. It remains 
the leading cause of mortality in the Western world and thereby has tremendous impact on the 
lives of individuals, as well as our society as a whole, since it is the most prevalent and 
expensive life-threatening disease that we are faced with today. The Framingham Heart Study 
has shown that the lifetime risk for individuals at age 40 was 49 percent in men and 32 percent 
in women. Even the lifetime risk of those that were free from disease at age 70 was still 35 
and 24 percent in men and women, respectively, giving some indication of the numbers of 
individuals that are affected during their lifespan 1. As a consequence of these daunting 
statistics, research efforts into elucidating the causes of cardiovascular disease and, more 
importantly, finding the potential solutions to this major health problem, have been extensive 
over the past decades. These efforts have given rise to many successful therapeutic modalities 
and, as a consequence, the rates of cardiovascular mortality have steadily declined in Western 
society. However, due to the fact that the prevalence is now increasing rapidly in developing 
countries and that the incidence of obesity and diabetes in the Western world is growing at an 
alarming rate, cardiovascular disease is expected to become the main cause of death globally 
within the next 15 years 2. Altogether, our current knowledge on the epidemiology of 
cardiovascular disease, combined with predictions on future development, indicates that the 
major challenge to decimate this disease and its deleterious consequences is ever present. The 
research described in this thesis is dedicated to obtaining a better understanding of the causes 
of cardiovascular disease and will hopefully contribute to improved prevention- and treatment 
strategies in the future. 

 
 

The cardiovascular system 

Function of the cardiovascular system 
In complex multicellular organisms, there is a constant demand of all tissues for oxygen and 
nutrients. In order for the entire organism to function properly, the metabolic requirements of 
every cell in every tissue need to be met at any given time. The cardiovascular system is 
equipped to perform this task by transportation and distribution of oxygen and nutrients by the 
blood and is thus crucial in ensuring the survival of the organism. In some pathologic 
conditions, the system may no longer be able to comply with the metabolic demands of tissues 
that are vital to the organism, resulting in functional failure or even definitive loss of these 
tissues. Ultimately, loss of these tissues may cause the organism to decease. In this thesis, 
particularly the pathological conditions resulting in the failure of blood vessels to supply their 
target tissues will be discussed. 
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12 

Build-up of the human vasculature 
The vasculature is a continuous system that runs throughout the human body and consists of 
arteries, capillaries and veins. The arteries conduct blood that is rich in oxygen and nutrients to 
the peripheral tissues, where in the capillaries the actual exchange takes place, supplying the 
tissue with all that is required for its proper functioning. The veins then drain the blood, which 
is now low in oxygen and contains waste products produced in the various tissues, away from 
the tissues to be re-oxygenated and detoxified. As the research described in this thesis is 
mainly focused on diseases involving the larger arteries in the human body, Figure 1 shows in 
detail the composition of a large human elastic artery. These arteries consist of three layers. 
Going from the outside to the inside of the vessel wall, we first identify the adventitia, which 
mainly contains collagen and strengthens and supports the vessel wall. In this layer, the vasa 
vasorum can be found, small bloodvessels that supply the wall of the larger arteries with 
oxygen and nutrients. The next layer is the media, which is separated from the adventitia by 
the external elastic lamina and contains mainly smooth muscle cells (SMC’s), which give the 
vessel its ability to change the compliance of the vessel wall upon mechanical or biochemical 
stimuli. The SMC’s are surrounded by varying amounts of elastic fibres and collagen and 
embedded in a homogeneously distributed substance, primarily containing proteoglycans. The 

fibroblast 

elastica interna 

endothelial cells 

smooth muscle cells 

intima 

media 

adventitia 

Figure 1. Schematic representation of the arterial vessel wall. Endothelial cells constitute the inner lining of 
the blood vessel and are separated from the smooth muscle cells by extracellular matrix proteins and the 
internal elastic lamina. 
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cells themselves produce these interstitial components and they are the primary energy 
consumers within the vessel wall. The innermost layer is the intima, which consists of a single 
layer of endothelial cells and is accompanied by the underlying basal lamina throughout the 
vessel. The intima is separated from the media by the internal elastic lamina, which consists 
mainly of longitudinally oriented elastic fibres. These fibres do not form a continuous layer, 
thereby permitting the exchange of nutrients and other metabolites between the subendothelial 
space and the media. The endothelial cells form the barrier between the flowing blood and the 
underlying vessel wall and thereby have a crucial role in maintaining vessel wall homeostasis. 
The next paragraphs will elaborate on the various functions of the endothelium and describe 
some of the pathological conditions that may arise if the endothelial cells are unable to 
perform some of their essential tasks. 

 
The endothelium 

Endothelial cells are the primary mediators of vessel wall homeostasis. They form a crucial 
interface between the flowing blood and the underlying vessel wall and tissues. In specific 
conditions, it is necessary for the endothelial cells to allow transport of various substances or 
even cells across the endothelial layer. Endothelial cells have the capability to permit this 
transport in a tightly regulated fashion and thereby form a selective barrier. Over the past 
decades, it has become apparent however, that endothelial cells are not only “gate keepers” 
controlling exchange of substances and cells with the underlying tissue, but that they are also 
involved in numerous other processes. A vast amount of research has taught us that they play 
an active role in many processes involving both the blood and the vasculature and thereby are 
importantly engaged in the pathophysiology of many diseases. We now know that, in addition 
to their regulatory properties in controlling the metabolic processes of the tissues, the 
endothelium is also vital in the production and turnover of many substances that regulate 
important processes in the blood as well as in the vessel wall. These properties of endothelial 
cells  are necessary to allow proper execution of many processes, including the control of 
vasomotor tone, maintaining the fluidity of the blood, regulation of permeability and the 
formation of new bloodvessels 3. To facilitate all of these processes, endothelial cells are 
required to be highly metabolically active. The great variation in all of the processes that the 
endothelial cells control, reflects their potential to respond to the various needs of the 
underlying tissues. Endothelial cells have the unique capacity to change their properties, 
depending on the location in the vasculature or the point in time that these properties are 
required 4. An important consequence of this phenotypic heterogeneity is that the endothelium 
is also heterogeneous in its response to various pathophysiological stimuli and thus contributes 
to the focal nature of many vasculopathic disease states. It is beyond the scope of this thesis to 
discuss all the processes at length that the endothelium is involved in. In this thesis, focus will 
remain on a pathological condition of the human artery that is the major cause of 
cardiovascular disease and its clinical manifestations: atherosclerosis. This process will be 
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discussed as well as the intimate role of the endothelial cell in the initiation and progression of 
this vascular disease state. 

 
Atherosclerosis and inflammation 

The process of atherosclerosis is the prime contributor to the development of cardiovascular 
disease and its dreaded clinical manifestations.  It is a progressive disease that is characterized 
by the accumulation of lipids in the vascular wall and may take decades to become clinically 
manifest. In the past decade, it has become increasingly clear that inflammation plays a key 
role in both the initiation and progression of atherosclerosis. As early as the first decade of 
life, the first signs of the development of atherosclerosis can be observed in humans. The early 
lesions are small subendothelial accumulations of lipids, called “fatty streaks”. The presence 
of these lipids leads to an inflammatory response in the vascular wall that facilitates the 
development of atherosclerosis. As the process of atherogenesis involves lipid accumulation in 
the vessel wall, one of the major risk factors for developing atherosclerosis is elevated levels 
of certain lipid-particles in the blood, especially low-density lipoprotein (LDL) 5. Normal 
functions of lipids and proteins that LDL consists of (e.g. cholesterol and apolipoprotein B) 

include contributing to hormone 
synthesis and maintaining the integrity 
of cellular membranes. However, in the 
initiation of atherogenesis there is 
unwanted accumulation of LDL in the 
intima of the bloodvessels which 
subsequently may lead to oxidation of 
its lipid- and lipoprotein components.  
In the intima, the presence of these 
oxidized lipids (ox-LDL) may lead to 
cellular inflammatory responses in the 
vessel wall 6;7, subsequently allowing 
the process to propagate, as discussed 
below. The phase that follows the 
accumulation of oxidized lipids in the 

Figure 2. Activated endothelial cells facilitate 
the recruitment of monocytes, which differen-
tiate into macrophages. Further activation of 
these cells by ligation of the toll-like receptor 
leads to the release of chemokines and cyto-
kines that ultimately cause the inflammatory 
tissue damage that is the inception of athero-
genesis. 
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vessel wall is characteristic of atherosclerosis. As illustrated in Figure 2, this phase is 
characterized by the recruitment of leukocytes into the vessel wall. The trigger for this process 
is provided by the endothelial cells, which respond to the presence of the oxidized lipids by 
expressing a number of molecules, like Vascular Cell Adhesion Molecule-1 (VCAM-1) and E-
Selectin, surface receptors which aid in attracting leukocytes (monocytes and lymphocytes) to 
these particular areas. This process of attracting inflammatory cells, and subsequent 
infiltration into the vessel wall, is characterized by several steps. Each of these steps displays 
the expression of particular molecules by both the endothelial cell and the leukocyte that is 
crossing the endothelial barrier. The first step is the rolling of leukocytes along the arterial 
wall, which is primarily mediated by selectins, like E- and P-selectin. Studies of deficiency in 
these molecules in mouse models have demonstrated their involvement in atherosclerosis 8. 
Next, firm adhesion of the leukocyte to the endothelial barrier is mediated by VLA-4, which 
interacts with VCAM-1 on the endothelium. The role of these molecules in atherosclerosis has 
been demonstrated both in vitro and in vivo 9. Finally, the actual entry into the vascular wall, 
termed diapedesis, is triggered by Monocyte Chemoattractant  Protein-1 (MCP-1) and its 
receptor CCR2 on the leukocyte. Mice deficient in either of these molecules also display 
attenuated atherosclerosis. Once the monocytes have entered the subendothelial space, their 
differentiation and proliferation is regulated by macrophage colony stimulating factor (M-
CSF), transforming them into macrophages. The crucial role of macrophages in 
atherosclerosis is underlined by the fact that M-CSF null mice show reduced lesion formation 
10.  Through increased expression of scavenger receptors, like scavenger receptor-A (SR-A) 
and CD36, the macrophages start to take up the oxidized lipids that have accumulated in the 
intima. Other pattern-recognition receptors for innate immunity that are upregulated, like toll-
like receptors (TLRs), recognize several endogenous and microbial molecules (e.g. apoptotic 
cellfragments and bacterial endotoxins), which further induce activation of the macrophage 
that TLRs are expressed on 11;12.  In time, the macrophages become cholesterol-engorged, 
turning them into so-called “foam cells”. These foam cells characterize the early 
atherosclerotic lesion and, with their presence cause the intima to expand, give rise to the 
formation of the neointima. Other leukocytes that are attracted include T-cells, predominantly 
CD4+T-cells, that specifically recognize the disease-related antigens, like ox-LDL 13. Within 
the atherosclerotic lesion, activated T-cells differentiate into type 1 helper T (Th-1) effector 
cells and begin to secrete interferon-g (IFN-g), which further activates the resident 
macrophages, thereby significantly contributing to the inflammatory response. Following the 
influx of leukocytes and the process of foam cell formation, smooth muscle are now attracted 
to the neointima by various mediators secreted by the foam cells, like platelet-derived growth 
factor (PDGF) and transforming growth factor-b (TGF-b). These mediators activate the SMCs 
and cause them to change their quiescent state and acquire a synthetic and migratory 
phenotype. The SMCs migrate into the neointima and the collagens that they produce will 
form a fibrous cap, covering the fatty core of the plaque, which provides the plaque with a 
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degree of mechanical stability. The degree of inflammation within the plaque is an important 
determinant of its stability. Locally operating macrophages may secrete metalloproteinases 
and other proteases that break down the collagen fibrils and thereby weaken the fibrous cap 
that is stabilizing the contents of the plaque. These processes may lead to a significant 
destabilization of the plaque and consequently an increase in the risk of the most feared 
complication of atherosclerosis, namely rupture of the plaque, resulting in subsequent 
exposure of its thrombogenic contents to the bloodstream. This event will cause a potent 
activation of the clotting cascade, resulting in thrombus formation. If this thrombus becomes 
sufficiently large, it may completely obstruct the vessel lumen, causing acute deprivation of 
oxygen and nutrients in the tissue that is supplied by the vessel concerned, resulting in 
infarction of the tissue. 

 
The focal nature of atherosclerosis: shear stress and endothelial function 

Many of the risk factors, that are associated with an increased incidence of cardiovascular 
disease and the development of atherosclerosis, are well known and have been studied 
extensively. These risk factors, such as hypercholesterolemia, smoking, hypertension and 
diabetes have in common that they exert their deleterious effects systemically, throughout the 
entire human vasculature. Atherogenesis, however, does not initiate randomly. Rather, there is 
a very distinct and reproducible pattern in the human arterial tree in which atherosclerotic 
plaques are found. This implies that, next to systemic risk factors, local factors determine the 
development of atherosclerosis. An important observation on the distribution of 
atherosclerotic lesions within the vasculature was made when pathologists linked the 
development of atherosclerosis to local variations in the hemodynamic environment 14. Where 
the geometry of the arterial tree was irregular, like in bends, bifurcations and at branchpoints, 
atherosclerotic lesions were observed at a significantly higher frequency. Studies on in vivo 
flow patterns later demonstrated that the locations of the plaques were associated with a 
turbulent flow type, whereas segments of arteries in which laminar, undisturbed flow was 
observed were relatively protected from plaque development 15. Within the vessel wall, the 
forces exerted by the pressure and flow of the circulating blood importantly influence the 
biology of the endothelial cells. The dragging frictional force that the flowing blood exerts on 
the endothelial cells, termed shear stress, is a primary component of the biomechanical 
influence of flowing blood on the endothelium. It is defined as the tangential force exerted on 
a fixed surface area, and is expressed in dyne/cm2 (=0.1N/m2). The presence of shear stress is 
paramount to the biology of the vessel wall, as shown by studies that have expanded on the 
initial observation that local bloodflow-types correlate to the development of atherosclerosis. 
By reproducing flow conditions in scale human carotid bifurcation models, the biomechanical 
forces that determine plaque development were further analyzed 16. In parts of the vessel 
where turbulent flow was observed, it was shown that the shear stress exerted on the 
endothelium was lowest. Specifically at the outer wall of the bifurcation, opposite the flow 
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divider apex, lowered shear stress was calculated to be present. Importantly, intimal 
thickening was observed to be most prominent at this specific location (Figure 3), thereby 
directly correlating the initiation of atherogenesis to a relatively decreased shear stress. The in 
vivo correlation between the development of atherosclerosis and changes in shear stress levels 
has since been described in numerous other studies. Various techniques and models have been 
used to establish the direct link between the biomechanical force of shear stress and the 
initiation of atherogenesis in humans and in animal models 17-19.  

As outlined previously, the endothelium is intimately involved in the very first steps of the 
atherosclerotic inflammatory process. The endothelial cells provide important triggers for the 
inflammatory process to initiate, particularly by expressing adhesion molecules that allow 
inflammatory cells to transmigrate to the subendothelial space. In view of the focal nature of 
atherogenesis and its relation to the biomechanical force of shear stress, it is readily 
hypothesized that lowered shear stress may influence endothelial function such that 

 1 

Introduction 

turbulent flow: 
low shear stress, 

initiation of 
atherogenesis 

laminar flow: 
high shear stress,  
healthy vessel wall 

Figure 3. Flow behavior was measured in an ex-vivo human coronary artery using a solution containing 
latex microparticles. Laminar flow in the left main coronary artery and at the inner wall of the left anterior 
descending coronary artery creates high shear stress, as calculated from measured flow rates. Disturbed 
flow is observed at the branches of the trifurcation, creating lowered shear. Increased vessel wall thickness 
is observed at these sites. Adapted from Asakura et al. Circ Res 1990;66:1045-1066. 
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atherogenesis is facilitated. Conversely, the protection from atherosclerosis that is provided by 
high shear stress is conceivably mediated by a beneficial influence of high shear on 
endothelial function. These concepts of the interplay between shear stress, endothelial function 
and atherogenesis have generated the incentive for an impressive number of studies that have 
attempted to elucidate the molecular mechanisms by which shear stress influences endothelial 
function. By using in vitro models that mimic the nature and magnitude of shear stress 
calculated to be present in vivo, researchers have studied the effects of the exposure of 
endothelial cells to shear on the function and the properties that these cells display. In these 
studies, important aspects of endothelial function and its potential influence on vascular 
homeostasis are highlighted. Indeed, it has become apparent that many basic functions of the 
endothelium are profoundly influenced by the magnitude of the exerted shear stress. 
Prominent features of the biochemical and cellular alterations, that take place in endothelial 
cells exposed to shear, are changes in cell shape and orientation. These changes take place by 
virtue of modifications to the actin cytoskeleton, allowing the endothelial cells to align in the 
direction of the flow 20, thereby reducing the dragging force of the shear that is applied to the 
cell membrane 21. These differences in cell shape have also been documented in vivo 22, 
demonstrating a possible relation between cytoskeletal rearrangement, resulting in changes in 
cell shape and the function of endothelial cells. A very important function of the endothelium, 
that is influenced by shear, is its ability to maintain the fluidity of the blood by strictly 
regulating the expression of the various antithrombotic factors. Prostacyclin was the first 
platelet aggregation inhibitor that was shown to be released from the endothelium upon 
stimulation with shear stress 23. Other prominent examples of antithrombotic factors that are 
increased by shear are tissue plasminogen activator 24 and thrombomodulin 25. Especially with 
regard to the latter, the potency of its anticoagulant properties was convincingly demonstrated 
in a murine model of endothelial-specific thrombomodulin deficiency, in which spontaneous 
and fatal thrombosis in the arterial and venous circulation was observed 26. With regard to the 
early stages in atherogenesis, shear stress influences the endothelial cell-mediated process of 
leukocyte transmigration. By influencing the expression of various chemoattractants and 
adhesion molecules, shear stress exerts an inhibitory effect on leukocyte transmigration into 
the subendothelial space. One of the most prominent mediators of the adhesion of monocytes 
to the endothelium is VCAM-1, which is increased in endothelial cells surrounding 
atherosclerotic plaques 27. Several groups have shown that shear stress is able to effectively 
downregulate the expression of VCAM-1, thereby inhibiting the adhesion of monocytes to the 
endothelium in vivo 28-30. The process of attracting monocytes to the vessel wall is importantly 
mediated by MCP-1, which is produced by the endothelium. The involvement of MCP-1 in 
early atherogenesis was demonstrated by knockout in a murine model of atherosclerosis, 
which showed significantly decreased numbers of macrophages in the aorta 31. Shear stress is 
able to decrease the levels of MCP-1 mRNA 9, thus inhibiting the attraction of monocytes to 
the vessel wall. An important physiological function of the endothelium is the regulation of 
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vascular tone. Shear stress is able to control vascular tone by regulating the release from the 
endothelium of various molecules and peptides that may have both vasodilatory and 
vasoconstrictive effects, thereby influencing blood pressure regulation profoundly. One of the 
most important mediators of the vasodilation that is observed upon exposure of the vessel wall 
to high shear stress is nitric oxide (NO). It is produced by an enzyme that is present in the 
endothelium, endothelial nitric oxide synthase (eNOS) 32;33. It has been shown that both the 
expression and the activity of this enzyme are increased by shear stress 34. Ample research into 
the role that eNOS and its product NO play in endothelial function has led to the discovery 
that NO is not only able to promote vasodilation through inhibition of smooth muscle cell 
tone, but that it also mediates other processes, such as inhibition of platelet aggregation and 
decreasing leukocyte binding to the endothelium 35. Absence of eNOS leads to hypertension, 
poor response to inflammatory stimuli and enhanced atherosclerosis as demonstrated in 
several mouse models that lack the gene encoding eNOS 36-38. Indeed, because eNOS is 
involved in these various crucial processes guarded by the endothelium, it is often considered 
to be the most important indicator of proper endothelial function 39. 

For shear stress to exert the effects on endothelial function as described above, extensive 
changes in the regulation of endothelial gene expression are required 40. To invoke all of these 
changes in gene expression, complex signal transduction pathways exist that regulate and fine-
tune the expression of the final common mediators that determine endothelial function under 
normal and inflammatory conditions. To obtain greater insight in the genesis of endothelial 
(dys)function and to ultimately try to achieve the goal of improving endothelial function in 
vascular disease states, a complete and thorough understanding of the molecular mechanisms 
by which shear-regulated signal transduction takes place is required. There are countless 
changes in signal transduction within the shear-exposed endothelial cell, taking place on many 
different levels 41. To effectively investigate the most pivotal aspects of shear-induced signal 
transduction, it seems wise to focus on pathways that lead to changes in expression of genes 
that importantly influence endothelial function in health and disease. To this end, it is 
reasoned that transcription factors, which may control the expression of multiple important 
genes, are a valuable target for research 42. As a consequence of its potential influence on the 
expression of various genes, a transcription factor may change the pattern of gene expression 
in a given situation, resulting in profound changes in cellular state and activation. Rather than 
focusing on the change of a single gene, this may provide a more comprehensive change in 
cellular behavior and may also offer the greatest chance of therapeutically influencing 
endothelial gene expression and –function in a favorable way. 

 
KLF2: a transcription factor influencing vascular development and cell fate  

Krüppel-like factors (KLFs) are DNA binding transcriptional regulators that belong to a 
distinct family of transcription factors. The nomenclature of this protein family is derived 
from the Krüppel protein in Drosophila, which was found to be responsible for altered 
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thoracic and abdominal segments in Drosophila embryos homozygous for Krüppel 43. These 
obsevations demonstrate the aptness of the name Krüppel, which is the German word for 
“cripple”. A typical characteristic of the KLFs is that they contain three Cys2/His2 zinc-
fingers, structures in which two cysteins and two histidines are tetrahedrally organized around 
a single zinc atom. Located at the extreme C-terminus of the protein, these zinc fingers are 
able to bind specific DNA sequences. In itself, the Cys2/His2 motif is the most abundant motif 
that is present in transcription factors residing in the human genome 44. However, in addition 
to the location of its zinc fingers, there are two more characteristics that make the family of 
Krüppel-like factors a unique group of transcription-factors. First, the KLFs share a highly 
conserved inter-finger space sequence 45. Second, three critical residues that are responsible 
for DNA binding specificity were identified in structural studies. These residues are thought to 
account for the ability of KLFs to bind their specific CACCC response elements 45;46. As 
conserved as their zinc-finger regions appear, the non-DNA-binding regions of the KLFs 
display a surprising amount of divergence. Activation- as well as repression domains that 
profoundly influence transcriptional activity have been identified in several family members.  

For the purpose of this thesis, and elaborate discussion on the diverse roles and functions 
of all 16 mammalian members of the family of KLFs is not warranted. For a more complete 
understanding of the roles of these proteins in development and cellular differentiation, the 
reader is referred to several comprehensive reviews 45;47. In this thesis, the focus will remain 
on the second member of the family of KLFs, KLF2, also known as lung Krüppel-like factor 
(LKLF).  

KLF2 was first cloned in 1995 48 and has since been implicated in a wide range of 
functions in several cell types. In humans, KLF2 was found to be primarily expressed in lung, 
heart, placenta, pancreas and skeletal muscle 49. Several studies aimed at characterizing the 
human KLF2 gene have increased our understanding of its structure and possible functions 
49;50. The human KLF2 gene was mapped to chromosome 19p13.1 and the entire cDNA was 
found to be contained within 3 Kb of sequence. It contains three exons, separated by two small 
introns. The coding sequence for the DNA binding zinc fingers lies within the last part of the 
second exon and first part of the third exon. Furthermore, the gene contains a CpG island that 
spans approximately 1.6 Kb, stretching from the promoter region to the end of the second 
exon. The promoter region itself contains a 75 bp stretch that is essentially identical to its 
murine counterpart, implying that transcriptional regulation may be highly conserved between 

ZN2 ZN2 

Transactivation KLF2 Transrepression 

1 110 267 354 

DNA binding 

Figure 4. Shematic representation of the KLF2 protein with its transcriptional activation- and repression 
domains. DNA binding takes place at the indicated site of the zinc-fingers. 
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species. The deduced protein consists of 355 amino acids, with a calculated molecular mass of 
37.4 kD. With a proline-rich N-terminal activation domain and a conserved C-terminal zinc 
finger domain, it shows high homology to its murine counterpart, which had been cloned some 
time before 48. As shown schematically in Figure 4, further mechanistic studies into the 
transcriptional properties of KLF2 led to the discovery that next to the transactivation domain, 
which is located at amino acid position 1-110, KLF2 also contains a potent transcriptional 
repression domain, located between amino acids 111-267 of the protein 51.  

The impact of KLF2 on cell-specific developmental processes was demonstrated in a study 
that assessed the role of KLF2 in single positive (SP) T-cells 52. KLF2 was shown to be highly 
expressed in mature SP T-cells, but not in the more immature CD4+/CD8+ double positive 
cells. Furthermore, it was elegantly shown that T-cell Receptor (TCR)-mediated activation of 
the naïve SP T-cells led to a dramatic decrease in KLF2 mRNA and protein. T-cells that were 
deficient in KLF2 displayed a spontaneously activated phenotype and underwent apoptosis, 
demonstrating that the maintenance of T-cell quiescence is a highly active process that 
requires expression of KLF2.  These data were a first solid indication that KLF2 acts as a 
major switch in determining cellular activation and may constitute a crucial regulator that 
profoundly influences cell fate. 

To obtain a better understanding of the role of KLF2 in embryonic development, studies 
were performed to generate KLF2 knockout mice 53. The results of these studies established 
that KLF2 plays a crucial role in vascular development. KLF2 was shown to be expressed 
from embryonic day 9.5 in the developing vasculature, specifically in CD34+ endothelial cells 
of both capillaries and large vessels, not in vascular smooth muscle cells (VSMCs). Although 
vasculogenesis and angiogenesis were shown to occur normally, KLF2-/- animals died at 
embryonic day 12.5-14.5 due to severe intra-embryonic and intra-amniotic hemorrhaging. 
These bleeding complications were shown to be caused by severe defects in bloodvessel 
morphology within the embryo itself, as well as abnormalities of the umbilical vein and 
arteries. The observed defects consisted of an abnormally thin tunica media, due to failure of 
the VSMCs to organize into a compact layer, with impaired recruitment of VSMCs and 
pericytes to the vessel wall. This lack of structural support in the KLF2-/- vessels led to 
aneurysmal dilation, rupture and hemorrhaging. These data suggest that KLF2 acts as a crucial 
mediator in the communication between the endothelium and the underlying vessel wall in 
embryonic development and led to the hypothesis that in the adul, KLF2 may not only 
determine endothelial properties, but may also be important in maintaining vessel wall 
homeostasis.  

A potentially very important role for KLF2 as an influential protective factor in the 
development of atherosclerosis first became clear in microarray studies performed to further 
elucidate the molecular mechanisms that determine the atheroprotective influence of laminar 
shear stress on gene expression in human endothelial cells 54. In these studies, transcriptional 
profiling was performed on HUVEC that were exposed to prolonged shear stress as well as 
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various pro-inflammatory stimuli. These studies revealed that KLF2 was specifically induced 
by prolonged laminar shear stress and furthermore, that it was repressed by the pro-
inflammatory stimulus TNF-α. This was a first clear indication that KLF2 may function as an 
important molecular mediator that determines a transcriptional switch between the pro- and 
anti-inflammatory state of the endothelial cell. To demonstrate the potential in vivo relevance 
of these findings, the expression of KLF2 was studied in ex-vivo human vascular tissue, using 
non-radioactive in situ hybridization. It became apparent that KLF2 is specifically expressed 
in the endothelial cells and not in VSMC. Within the endothelium, a clear pattern could be 
observed correlating the expression of KLF2 to the biomechanical force of shear stress. In 
areas of the vessel where high shear was expected, the expression of KLF2 was found to be 
relatively high. In contrast, the low-shear areas that are prone to the development of 
atherosclerosis showed little or no expression of KLF2. This strongly suggested that the 
expression of this shear-induced transcription factor correlates to the protection from 
atherogenesis, which is observed in vessel segments that are exposed to high laminar shear 
stress.  

Altogether, these findings have prompted further research into the molecular mechanisms 
that determine the regulation of KLF2 expression in endothelial cells. Furthermore, focus has 
also been on identifying the direct- and indirect transcriptional targets of KLF2 to gain greater 
insight into the mechanisms by which it is able to confer specific properties to endothelial 
cells, that may allow them to protect the underlying vessel wall from inflammation and the 
initiation of atherogenesis.  

 
Aim of this thesis 

Atherogenesis initiates at sites within the arterial tree where endothelial cells become 
dysfunctional due to flow turbulence. When the endothelium is activated, in concert with 
systemic risk factors for atherosclerotic disease, this may lead to accumulation of pro-
atherogenic lipids within the vessel wall and an inflammatory response that is initiated and 
sustained by the attraction and transmigration of leukocytes. An improved understanding of 
the regulatory mechanisms that govern these processes within endothelial cells and 
monocytes/macrophages, may help to gain further insight in potential therapeutic strategies to 
prevent atherosclerosis, rather than having to deal with its sequelae. The research in this thesis 
is aimed at obtaining a better understanding of the functional role of KLF2 within these 
processes. To this end, both studies elucidating KLF2 regulation, as well as studies clarifying 
the functional effects of this transcription factor were undertaken. The role of KLF2 in two 
important cell types within atherogenesis, endothelial cells and monocytes/macrophages, is 
discussed. Results of these research efforts are described in this thesis and are intended to 
provide an improved understanding of the function of KLF2 in vascular health and disease. 
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Abstract 

Lung Krüppel-like factor (LKLF/KLF2) is an endothelial transcription factor that is 
crucially involved in murine vasculogenesis, and specifically regulated by flow in vitro. 
We now show a relation to local flow variations in the adult human vasculature: 
decreased LKLF expression was noted at the aorta bifurcations to the iliac and 
carotid arteries, coinciding with neointima formation. The direct involvement of shear 
stress in the in vivo expression of LKLF was determined independently by in situ 
hybridization and laser microbeam microdissection/RT-PCR in a murine carotid artery 
collar model, where a 4-30 fold induction of LKLF occurred at the high-shear sites. 
Dissection of the biomechanics of LKLF regulation in vitro demonstrated that steady-
flow and pulsatile-flow induced basal LKLF expression 15 and 36-fold above ~5 dyne/
cm2 of shear stress, whereas cyclic stretch had no effect. Prolonged LKLF induction 
in the absence of flow changed the expression of ACE, endothelin-1, adrenomedullin 
and eNOS to levels similar to those observed under prolonged flow. LKLF repression 
by siRNA suppressed the flow-response of endothelin-1, adrenomedullin and eNOS 
(p<0.05). Thus, we demonstrate that endothelial LKLF is regulated by flow in vivo and 
is a transcriptional regulator of several endothelial genes that control vascular tone in 
response to flow. 
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Introduction 

The focal development of atherosclerosis has been linked to the local variations in blood flow 
that are observed near the irregular blood vessel geometries of bifurcations and bends.1,2 
Continuous exposure of endothelial cells to flow in vivo generates a tangential force, shear 
stress, across their apical surfaces. A large number of studies support the hypothesized anti-
atherosclerotic effect of shear stress on the endothelium, and are mainly based on the ability of 
shear stress to modulate endothelial gene expression.3 Over the recent years, a collection of 
shear-stress responsive endothelial genes has been established.4-8 Usually no clear distinction 
is made between genes induced by prolonged shear and those induced by short term shear (< 
24 h), although the latter class typically represents a general stress response also observed with 
turbulent flow types and seems more related to endothelial dysfunction. Based on the rationale 
that only genes induced by prolonged shear would represent the healthy transcriptome, we 
previously identified a limited number of genes that are still highly induced after exposing 
human umbilical vein endothelial cells (HUVEC) to flow for 7 days, but which are not 
induced by various other (inflammatory) stimuli.6 The expression of one of those genes, the 
transcription factor lung Krüppel-like factor (LKLF/KLF2), was restricted to the endothelium 
in the healthy adult human aorta. Furthermore, the inflammatory cytokine tumor necrosis 
factor-a (TNF-α) repressed LKLF expression in HUVEC, making LKLF a potential marker 
for the resting, non-activated state of the endothelial cell. The inverse regulation of LKLF by 
shear stress and cytokines was later confirmed by others and LKLF was shown to inhibit the 
induction of cell adhesion molecules by cytokines.9 These findings suggest that the 
combination of shear stress magnitude and inflammation can be the prime modulator of 
endothelial LKLF expression in vivo. Endothelial-cell gene expression in vivo, however, is 
under the control of a complex combination of biomechanical, humoral and various other 
biological stimuli. This necessitates isolation of these distinct stimuli in dedicated animal 
models to resolve the prime source of the regulation of the expression of single genes, such as 
LKLF, in vivo. 

One of the major, well-studied effects of shear stress on endothelial physiology is its 
ability to control vascular tone by regulating the transcription of genes that encode proteins 
with potent vasodilatory or vasoconstrictive properties.10,11 Well-known examples are the 
shear-repressed endothelin,12 angiotensin-converting enzyme (ACE),13 and adrenomedullin,14 
and the shear-induced endothelial nitric oxide synthase (eNOS).11 It was recently 
demonstrated that LKLF potently induces functional eNOS expression by directly binding its 
promoter.9 In general, relatively little is known about the signaling pathways used by shear 
stress to regulate the transcription of these genes, and whether there is a common denominator 
in these routes and/or transcription factors that mediate their highly endothelial-specific 
response to flow. 

To date, expression of LKLF has been demonstrated in a limited number of cell types, i.e. 
endothelial cells,6,15 naive T-cells,16 and pre-adipocytes.17 High LKLF expression that is 
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observed in naive T-cells and pre-adipocytes is rapidly lost during cell activation/
differentiation, thereby presenting LKLF as a marker for cell quiescence or a specific stage of 
cell differentiation.16,17 Gene-knockout studies in mice have revealed that the expression of 
LKLF in the endothelium is essential for vasculogenesis in embryonic mice, which elaborated 
into the concept that downstream products of endothelial LKLF would have a critical role in 
stabilization of the (new) vessel wall.15,18 

To gain more insight into the potential flow-mediated spatial expression of LKLF in 
endothelial cells, we have studied its detailed in vitro biomechanical regulation and in vivo 
expression in various human vascular tissues. Using a mouse model in which endothelial shear 
stress can be locally increased,19 the moderate basal expression of endothelial LKLF was 
shown to be elevated by shear stress in vivo. Overexpression and knock-down of LKLF in 
HUVEC revealed that the flow-responsive genes that are involved in the regulation of vascular 
tone are under transcriptional control of LKLF. 

 
Material and methods 

Cell culture, shear stress and stretch experiments 
HUVEC were isolated, cultured and exposed to shear stress in a parallel plate-type flow 
chamber as described.6,20 The pulsatile flow of a peristaltic pump [Masterflex 7524-05 pump 
drive with a 7518-10 pump head] (Cole-Parmer, Instrument Company, Chicago, IL) was 
dampened by placing 2 three-way taps with windkessels (~80 mL air) followed by a resistance 
cannula between the pump and flow cell. For the unidirectional pulsatile flow experiments, an 
independent 1.2 Hz flow-pulse with an amplitude of 5.7 dyne/cm2 was generated on top of this 
controllable steady flow (2-30 dyne/cm2) by placing a CellMax Quad positive-displacement 
pump (Cellco, Germantown, MD) between the damper assembly and flow cell. For all pump 
settings, the steady and pulsatile flow patterns were recorded and used to calculate the mean, 
minimal and maximal shear stress.6 

For the cell-stretch experiments, second-passage HUVEC cultures were grown to 
confluency on fibronectin-coated BioFlex Collagen I plates (Flexcell Inc., Hillsborough, NC). 
Uniaxial cyclic strain of either 5 or 15% was applied for various time intervals, using a FX-
3000 Flexercell Strain Unit (Flexcell) at a cycle frequency of 1 and 0.3 Hz, respectively. 

 
Vascular tissues and immunohistochemistry 
Human vascular tissue specimens were collected from multiorgan donors after obtaining 
informed consent (approved by the AMC Medical Ethical Committee). For 
immunohistochemistry and in situ hybridization (ISH), vascular tissues were handled and 
pretreated as described.6 

Murine carotid arteries were stained immunohistochemically with antibodies directed 
against HAM-56 (dilution 1:50), von Willebrand Factor (vWF) (rabbit anti-human/dilution 
1:250), proliferating cell nuclear antigen (PCNA) (monoclonal mouse anti-human/dilution 
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1:100), AIA (rabbit anti-mouse/dilution 1:5000), Ly-6G (dilution 1:500). Secondary 
antibodies were biotin-labeled rat anti-mouse for PCNA (dilution 1:400) and goat anti-rabbit 
for vWF and AIA (dilution 1:200), which were detected using the StreptABComplex/HRP kit 
(DakoCytomation, Glostrup, Denmark). 
 
Murine carotid artery collar model 
Carotid artery collar experiments were performed as described.19 For ISH, male Apo E‑/‑ mice 
of 20 weeks were fed a semi-synthetic Western-type diet. After 2 weeks, constrictive collars 
(diameter 0.3 mm, length 2 mm) were placed around both carotid arteries. Sham-operated 
mice were handled and operated identically, but no collar was placed. After continuing 
feeding the mice a Western-type diet for either 2, 5 or 9 days, the carotid arteries were 
excised, fixed at 4°C for 24 hours in 4% (v/v) paraformaldehyde in PBS, embedded in 
paraffin, and sectioned at 20 μm for ISH. Female wild type C57BL/6 mice (normal diet) and 
male Apo E-/- mice (Western-type diet) of 8 weeks were used for laser microbeam 
microdissection (LMM). Collars were placed for a 4-day period, after which the carotid 
arteries were perfusion-fixed with methacarn (methanol-chloroform-glacial acetic acid at a 
6:3:1 ratio), embedded in paraffin and sectioned at 10 μm for LMM. 
 
Laser microbeam microdissection 
Murine carotid artery sections were mounted onto slides for membrane-based microdissection 
(Leica Microsystems, Wetzlar, Germany) and subsequently deparaffinized in xylene, followed 
by washing in absolute ethanol. No staining was performed on these sections to ensure an 
optimal yield of RNA. Using LMM (P.A.L.M. Microlaser Technologies AG, Bernried, 
Germany), the endothelium/media was circumferentially excised from 18 proximal and 18 in-
collar sections each from the same carotid arteries. Microdissected tissues were collected and 
stored at -80°C in proteinase K digestion buffer (Ambion, Austin, TX) until further 
processing. Total RNA was isolated and DNase I treated, using the paraffin block RNA 
isolation kit (Ambion). 
 
Semi-quantitative real-time RT-PCR 
Real-time RT-PCR was performed on total RNA isolated using the Absolutely RNA RT-PCR 
Miniprep Kit (Stratagene, La Jolla, CA) as described.6 Gene specific primers for human and 
mouse LKLF, hypoxanthine phosphoribosyltransferase (HPRT), endothelin‑1, 
adrenomedullin, ACE, eNOS, and CD31 were designed using Primer3 (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).21 After correction for HPRT, the human 
LKLF mRNA levels were expressed as ratios compared to the control cultures.  
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Non-radioactive mRNA in situ hybridization 
The ISH procedure was performed essentially as described.6,22 Riboprobes were derived from 
the following cDNA fragments: 460-bp BstNI-BstNI fragment of the human LKLF cDNA 
(GenBank: H28611), a 192-bp fragment of human vWF cDNA 8239-8442 bp (GenBank: 
X04385), 400-bp SalI-PacI fragment (complete 3’ untranslated region) of mouse LKLF 
cDNA (GenBank: AA184928), and a 200-bp fragment of mouse vWF cDNA (GenBank: 
W20754). All cDNA clones were obtained from the UK Human Genome Mapping Project 
Resource Centre (Cambridge, U.K.) as IMAGE-consortium cDNA clones.23 Nuclear counter-
staining was performed with nuclear fast red (Sigma, St. Louis, MO). Sections were examined 
using a Zeiss Axiophot microscope (Carl Zeiss, Jena, Germany) and photographed using a 
Sony DXC-950P digital camera (Sony Corporation, Tokyo, Japan) operated with the Leica 
QWin software (Leica Imaging Systems Ltd., Cambridge, UK). Linear color corrections to the 
photomicrographs were made using Adobe Photoshop version 5.0 (Adobe Systems Inc., San 
Jose, CA). 
 
Lenti-viral LKLF overexpression 
The entire human LKLF open reading frame was obtained by RT-PCR, cloned behind the 
human phosphoglycerate kinase (PGK) promoter of the pRRL-cPPT-PGK-MCS-PRE-SIN 
vector, and verified by sequencing. Lentiviruses were generated in HEK293T cells as 
described24,25 and virus-containing supernatants were titrated on HUVEC to determine the 
titers needed to transduce >95% of the cells. The otherwise identical vector, but without KLF2 
cDNA, was used to generate mock viruses for control transductions. First passage HUVEC 
cultures were transduced at ~50% confluency for 24 hours and grown to confluency in passage 
2 within the next 7 days. KLF2 overexpression was confirmed by real-time RT-PCR, Western 
blotting and fluorescence immunohistochemistry using antisera against two separate synthetic 
peptides of human LKLF, raised in rabbits by the Eurogentec Double-X program (Eurogentec, 
Seraing, Belgium). 

 
RNA interference 
A stable knock-down of the KLF2 mRNA was achieved by Lentiviral delivery of an 
expression cassette encoding an siRNA directed against the target sequence 
AAGACCTACACCAAGAGTTCG. This sequence is unique to KLF2, as determined by the 
Whitehead Institute siRNA selection program.26 The siRNA expression cassette was obtained 
by PCR amplification of the RNA polymerase III H1 promoter from the pSUPER vector,27 
employing the  forward  T3 p r imer  and  a  reverse  pr imer  5’ -
CTGTCTAGACAAAAAGACCTACACCAAGAGTTCGTCTCTTGAACGAAC 
TCTTGGTGTAGGTCGGGGATCTGTGGTCTCATACA-3’. The reverse primer 
incorporates a 19 bp hairpin DNA sequence preceded by an XbaI restriction site. The PCR 
product was cloned into the pGEM-T easy vector (Promega, Madison, WI), digested with 
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XbaI and SpeI restriction enzymes and ligated into an NheI site of the Lentiviral vector LV-
CMV-GFP(dU3/NheI) (kindly provided by Dr. N. A. Kootstra, Sanquin Research at CLB, 
Amsterdam, The Netherlands).24,25,28 Viral constructs were packaged and transduced into 
HUVEC as described in the previous section. The otherwise identical Lentiviral vector lacking 
the siRNA expression cassette was used as a control. First passage primary HUVEC cultures 
were transduced with the Lenti KLF2 siRNA and cultured for an additional 2 days prior to 
seeding into the artificial capillaries, followed by a 4-day flow exposure as described.6 
Effective KLF2 silencing under prolonged flow was confirmed by real-time RT-PCR. 
 
Statistical analysis 
Expression data are given as mean ± SEM for the indicated number of experiments. The 
unpaired Student’s t test was used to calculate the statistical significance of the expression 
ratios versus control cultures. P values less than 0.05 were considered statistically significant. 

 
 

Results 

LKLF is consistently expressed in healthy human arteries at all ages 
As a detailed description of the expression of LKLF in the human vasculature is still lacking, 
we first examined the expression of LKLF in human umbilical vessels by performing ISH on 
cross sections of a human umbilical cord. High levels of LKLF mRNA were observed in the 
endothelium of the umbilical arteries and vein (Figure 1A,B). The qualitative spatial 
expression of LKLF in the vascular tree was further investigated by performing ISH on adult 
human vascular tissue specimens taken from three different positions in the aorta (aortic arch, 
abdominal aorta and aorta bifurcation/iliac arteries) of donors of various ages (13 months – 57 
years). Specimens with an intact, vWF-positive endothelium, as evaluated by ISH, were 
selected to study the expression of LKLF (Table 1). Moderate to high endothelial LKLF 
hybridization signals were found in all tested sections from donors of all ages (Figure 1C-H). 
The LKLF mRNA was never detected in the vascular smooth muscle cells (SMC). High 
endothelial expression was observed particularly in the aorta of a 13‑month-old donor (Figure 
1G). In some specimens, an LKLF hybridization signal was observed in medial and/or 
neointimal cells (e.g. Figure 1C), possibly originating from LKLF-expressing infiltrated T-
cells16 or transdifferentiated endothelial cells.29 
 
Differential expression of LKLF near vessel bifurcations 
Our previous in vitro studies demonstrated that LKLF is exclusively induced in HUVEC that 
are exposed to laminar flow, i.e. high shear stress.6 Sudden contrasting differences in 
endothelial shear stress levels can be observed in vivo near bifurcations, particularly those of 
the aorta.1,30,31 Thus, from the preselected specimens described in the previous paragraph, the 
following selection was made: the abdominal aorta bifurcation, the common iliac artery, and 
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Figure 1. Endothelial-specific LKLF mRNA expression in human vascular specimens. Non-

radioactive ISH for LKLF was performed on sections of a human umbilical cord. (A) Umbilical artery. (B) 

Umbilical vein. The aorta or iliac arteries were obtained from different donors (see Table 1), sectioned and 

used for ISH. Vascular tissues were: common iliac artery (C) and abdominal aorta (D) from a 12 year old 

male, common iliac artery from a 41 year old female (E), abdominal aorta from a 49 year old female (F), 

and the descending aorta from a 13 month old female (G) and a 76 year old male (H). The detection of the 

mRNA-riboprobe hybrid results in a blue color associated with the nuclei. Original magnifications x25 (C,E), 

x100 (F,H), x200 (D,G) and x400 (A,B). 
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the branch of the common carotid artery from the aortic arch. In the aortic arch of a 13-year-

old donor, at the geometrically regular sites where laminar flow is generally observed, 

moderate to high endothelial LKLF expression levels were observed (Figure 2A-C). In 

contrast, considerably lower amounts of endothelial LKLF mRNA were detected on the 

shoulder of the vessel wall, separating the aorta and carotid artery (Figure 2D). 

It has been demonstrated in various model systems and by in vivo measurements, that the 

endothelium at the inner walls of the common iliac arteries, immediately after the aorta 

bifurcation, is generally exposed to laminar flow and thus higher levels of shear stress (Figure 

3A).1,30,31 Using ISH, high endothelial LKLF signals were observed at the inner walls of the 

common iliac arteries obtained from a 34-year-old female donor (Figure 3B,C). At the outer 

wall, an early lesion was present and the hybridization signal of LKLF was substantially lower 

in the endothelium covering this neointima area (Figure 3D). Finally, LKLF expression was 

evaluated in the region of the common iliac artery, directly following the aorta bifurcation of a 

57-year-old male donor. Slight neointimal thickening at the outer walls of the bifurcation was 

Figure 2. Differential LKLF mRNA expression in the human aortic arch to carotid artery branch. 

LKLF expression was assessed in the aorta-carotid bifurcation of a 13-year-old female donor, using ISH. A 

schematic overview of the aorta-carotid artery flow divider in the aortic arch is presented (A), with the site 

indicated where sections were made. An overview of the complete section (B) shows that the LKLF mRNA 

is exclusively detected in the endothelium of the aorta (large vessel) and carotid artery (smaller vessel). 

Magnifications of panel B (red boxes) are shown in panels (C and D). High levels of the LKLF mRNA were 

detected in the aorta on both sides of the thin vessel wall that forms the separation between the aorta and 

carotid artery (C). On top of the aortic side of this separation, LKLF expression was substantially decreased 

(D). Original magnifications x30 (B) and x200 (C,D). 
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Figure 3. Differential LKLF mRNA 

expression in human iliac arteries. 

Using ISH, expression of LKLF was 

determined in sections of the iliac 

artery of a 34 (B‑D) and 57 year old 

(E,F) donor. Sections were taken 

approximately 0.5-3 cm distal to the 

abdominal aorta bifurcation, as 

indicated by the arrow in the 

schematic overview (A). A complete 

overview of a section from the iliac 

artery of the 34-year-old donor, 

showing inner and outer walls, is 

presented in (B) (C and D are 

magnifications of the boxed areas). 

High LKLF mRNA levels were 

detected in the endothelium covering 

the inner walls, relative to the 

bifurcation, of the iliac artery of both 

donors (C,E). Reduced expression of 

the LKLF mRNA was observed at the 

outer walls (D,F). Neointimal (NI) 

areas are indicated by arrows. 

Original magnifications x25 (B), x100 

(C,D,F) and x200 (E). 

F i g u r e  4 .  Q u a n t i t a t i v e 

determination of LKLF induction 

by flow in the murine carotid 

artery collar model. An overview of 

a typical hematoxylin/eosin-stained 

in-collar carotid artery section during 

(A) and after (B) LMM is presented. 

(C) Real-time RT-PCR analysis of 

LKLF expression in the carotid artery 

endothelium of 3 C57BL/6 and 3 

A p oE - / -  m i c e ,  wh i c h  wa s 

microdissected from 18 pooled 

proximal and 18 pooled in-collar 

sections for each of the 6 carotid 

arteries separately. The relative 

LKLF mRNA levels in these samples 

where corrected for CD31. (D) End-

point analysis of the real-time RT-

PCR reactions by agarose-gel 

electrophoresis showing single gene-

specific PCR products for the RT-

PCR reactions in panel (C), including 

the endothelial-specific marker CD31 

for RNA quality control. Original 

magnification x200 for panels A and 

B. n.d. is not detectable. 
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observed. Again, the expression of LKLF was higher in the endothelium covering the inner 
wall (Figure 3E) compared to the outer wall (Figure 3F). In general, LKLF is consistently 
expressed in the endothelium of the aorta, but expression is lower at or near bifurcations of the 
aorta, both in the aortic arch and the abdominal aorta. 

 
LKLF is induced by flow in a murine carotid artery collar model 
There is limited access to human vascular tissues, tissue quality is variable, and observed 
differences in LKLF expression at bifurcations can only be indirectly related to predicted local 
flow variations. Therefore, we have used a well-defined mouse model, in which partly 
constrictive collars are placed around both carotid arteries, to locally increase endothelial 
shear stress in vivo19 (see Figure 5A). The fold increase in endothelial shear stress is 
proportional to the fold decrease in lumen diameter, which is caused by placement of the 
collar, raised to the third-power assuming constant flow, i.e. a ~50% decreased lumen 
diameter will roughly lead to an 8-fold increase in shear stress. We performed LMM and real-
time RT-PCR to accurately assess the effect of flow on the expression of LKLF in the 
endothelium of the murine carotid arteries. Carotid arteries of three wild-type C57BL/6 mice 
and three ApoE-/- mice received a partly constrictive collar for 4 days, after which they were 
microdissected along the outer elastic laminae to ensure the isolation of the complete and 
intact endothelial cell layer (Figure 4A,B). The LKLF mRNA present in these isolates is 
exclusively of endothelial origin, since no LKLF expressing cells were detectable by ISH and 
RT-PCR in the media. The relative LKLF mRNA levels in the endothelium of the proximal 
and in-collar sections of six different carotid arteries were determined using real-time RT-PCR 
(Figure 4C,D). In all cases, high LKLF expression was observed inside the collared region. In 
one carotid artery of each wild-type and ApoE-/- group, LKLF was detectable proximal to the 
collar but expressed at a >4‑fold lower level than inside the collar. In four carotid arteries the 
LKLF mRNA was not even detectable in the endothelium proximal to the collar, even though 
the validity of the experimental procedure and endothelial RNA integrity of these samples was 
established by results for the endothelial-specific marker CD31 (PECAM-1) and GAPDH. 
(Figure 4D). Thus, based on a comparison of the number of PCR cycles that fails to detect 
KLF2 in these samples to those enabling detection in the high shear area we can estimate a 5-
30 fold induction of LKLF in the high-shear region inside the collar as compared to the 
proximal low-shear area. 

Next, the spatio-temporal expression of LKLF in the collared carotid arteries was studied 
by ISH. In 4 groups of two ApoE-/- mice each, either silastic collars were placed around both 
carotid arteries for 2, 5 or 9 days (Figure 5A), or an identical sham operation was performed 
without placing collars. Afterwards, sections were taken from the middle (in-collar) and 0.5 
mm proximal of the collar to compare high and low shear stress regions within one specimen, 
respectively. The presence of an intact endothelium was verified using immunohistochemistry 
and ISH for murine vWF. Immunohistochemistry confirmed the absence of proliferating SMC 
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Figure 5. Expression of LKLF mRNA in a murine carotid artery collar model is flow-controlled. A 

constrictive, silastic collar was placed around both carotid arteries of Apo E
‑/‑
 mice (A). After 2 (C,D), 5 

(E,F) and 9 (G,H) days, the carotid arteries were removed, fixed, embedded and sectioned. Non-

radioactive ISH were performed using a murine LKLF antisense riboprobe. Sham-operated mice showed 

low endothelial LKLF expression (B). Intra-collar (in-collar) sections of the carotid arteries (C,E,G) revealed 

substantially increased endothelial expression of LKLF mRNA after 2 (C), 5 (E), and 9 (G) days. 

Approximately 0.5 mm proximal to the collar, sections showed lower LKLF mRNA levels after 2 (D), 5 (F), 

and 9 (H) days, compared to the intra-collar sections. Original magnification x200 for panels B-H. 
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(PCNA staining), granulocytes (Ly-6G staining) and macrophages (AIA staining) in the media 
and intima (data not shown). In the carotid arteries from the sham-operated mice, low LKLF 
expression was generally observed (Figure 5B). Within 2 days and extending to at least 9 
days after collar placement, LKLF hybridization signals were consistently increased in the 
high-shear in-collar sections (Figure 5C,E,G), compared to the low-shear region 0.5 mm 
proximal to the collar in the same specimen (Figure 5D,F,H). In the proximal-to-collar 
sections low LKLF expression levels were found, confirming the higher sensitivity of mRNA 
detection by direct ISH compared to RT-PCR, as the latter requires elaborate handling for the 
isolation of RNA from minute amounts of cells. 

 
Dissection of the response of LKLF to biomechanical stresses 
Having established the induction of endothelial LKLF expression inside the collared regions 
of the murine carotid arteries, a possible additional effect on LKLF expression of other 
(biomechanical) forces than shear stress has to be taken into account. This is particularly 
relevant as by placement of the constrictive collar, the elasticity of the carotid artery can be 
reduced. The pulsatile pressure-related distension of the vessel wall, generating endothelial 
cyclic strain, can thus be reduced and be (partially) responsible for the increase in LKLF 
expression at this site. We therefore determined the response of LKLF to cyclic endothelial-
cell stretch and steady shear stress in HUVEC to identify the hemodynamic component that 
primarily drives endothelial LKLF expression. First, as determined by real-time RT-PCR, 5 
and 15% cyclic strain caused a transient 2‑fold reduction of LKLF expression compared to 
static cultures, which returned to baseline levels within 24 hours (Figure 6A). 

Second, as technical limitations preclude a direct determination of the actual shear stress 
increase inside the collared segments of the murine carotid arteries, we assessed the sensitivity 
of LKLF expression to steady and pulsatile flow to establish what variations in the magnitude 
and waveform of shear stress are sufficient to cause significant differential expression of 
LKLF. To that end, HUVEC were exposed for 6 hours to varying magnitudes of steady or 
pulsatile flow, and LKLF mRNA levels were determined by real-time RT-PCR. Although a 
single time point was chosen for this study, we have previously shown that shear-increased 
LKLF levels are remarkably stable for 4 h to 7 days. The shear-responsiveness of LKLF is 
clearly biphasic, showing relatively stable LKLF levels below ~5 dyne/cm2 of shear stress, 
similar to the levels observed in static cultures. Above ~5 dyne/cm2 a marked 5-36 fold 
increase above this basal level is observed (Figure 6B). The responses of LKLF expression to 
steady and pulsatile flow were comparable up to ~15 dyne/cm2. At higher shear levels, steady-
flow induced LKLF expression reached a plateau at 15-fold induction, while pulsatile-flow 
increased LKLF levels showed a linear increase to at least 36‑fold at 30 dyne/cm2 (Figure 
6B). These findings imply that at shear levels above ~5 dyne/cm2 the endothelium adjusts its 
LKLF levels in an almost linear dose-dependent manner in response to flow-variations. 
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Figure 6. Effect of cyclic strain and flow on 

endothelial LKLF mRNA expression. (A) HUVEC 

cultures were exposed for various time intervals to 

either 5% (1 Hz cycles; open circles) or 15% (0.3 Hz 

cycles; filled circles) of sinusoidal uniaxial cyclic 

strain, and LKLF expression was subsequently 

determined by RT-PCR. Differences in LKLF mRNA 

level are expressed as the HPRT-corrected 
2
log ratio 

compared to unstrained control cultures. (B) Using a 

parallel-plate flow chamber, HUVEC cultures were 

exposed to increasing levels of steady (open circles) 

or pulsatile (filled circles) shear stress. After the 

exposure of HUVEC to flow for 6 hours, LKLF mRNA 

levels were determined by real-time RT-PCR and 

compared to the control cultures (open and filled 

triangles), which were not exposed to flow (n = 4). 

Figure 7. Real-time RT-PCR analysis of the 

expression of vascular-tone regulating genes 

after LKLF overexpression and prolonged flow 

combined with RNAi LKLF knock-down. HUVEC 

cultures were either transduced with an LKLF 

overexpressing Lentivirus, a mock-Lentivirus, or 

exposed to prolonged shear stress with or without 

prior RNAi-mediated knock-down of LKLF. 

Fluorescence immunohistochemistry, using a specific 

LKLF antiserum, was performed to demonstrate 

increased nuclear expression of LKLF by shear 

stress and after transduction with Lenti KLF2. (A) 

Static cultures, (B) cultures exposed to shear stress 

for 24 hours in a parallel-plate flow cell,
6
 (C) mock-

Lentivirus, and (D) 7 days of Lentivirus-mediated 

overexpression of LKLF. (E) Differences in the 

mRNA levels of endothelin-1 (EDN), adrenomedullin 

(ADM), ACE, eNOS (NOS3), CD31 and LKLF (KLF2) 

were determined 7 days post-transduction with Lenti 

KLF2 by real-time RT-PCR. The data are expressed 

as the ratios of Lenti KLF2 over mock-virus 

transductions (filled bars; n = 5), 7 days of pulsatile 

shear stress over static control cultures (open bars; n 

= 3), and RNAi-mediated LKLF knock-down followed 

by a 4-day shear exposure over mock-virus 

transduced cultures (gray bars; n = 3). Prolonged 

shear stress experiments were performed in an 

artificial capillary flow system as previously 

described.
6
 The RT-PCR data was corrected for 

HPRT. * P < 0.05 
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LKLF regulates transcription of genes involved in vascular tone control 
The direct relation between LKLF expression and shear stress levels make it a candidate 
transcription factor to be involved in the regulation of vascular tone, which is known to be 
regulated primarily by shear forces.10 To gain insight into the role of LKLF in flow-controlled 
endothelial physiology, LKLF was stably overexpressed in HUVEC under static conditions 
using a Lentiviral overexpression system. By driving the viral overexpression of LKLF with 
the relatively mild PGK promoter, a stable 20 ± 3‑fold (n = 5; P < 0.006) induction of the 
LKLF mRNA could be achieved, as determined by real-time RT-PCR. The Lenti-viral 
induction is shown to result in an increase of LKLF protein that was correctly targeted to the 
endothelial nucleus (Figure 7A,B) and is similar to the LKLF increase and nuclear 
localization that is observed under prolonged shear stress (Figure 7C,D). Seven days after 
transduction of HUVEC with the mock or LKLF Lentivirus, real-time RT-PCR was used to 
study the expression of the following known shear-regulated genes: endothelin-1,12 
adrenomedullin,14 ACE,13 and eNOS.11 The results reveal consistent transcriptional regulation 
of these genes by prolonged expression of LKLF in the absence of flow (n = 5) (Figure 7E). 
In parallel, non-transduced HUVEC cultures were exposed to prolonged flow for 7 days and 
real-time RT-PCR was performed to verify their published flow response (n = 3). The results 
show similar levels of transcriptional induction/repression as those observed after Lentivirus-
mediated overexpression of LKLF in static cells (Figure 7E). As control, CD31 levels were 
shown not to be affected by LKLF, which is in agreement with its consistent expression in 
both the high and low-shear regions of the murine collar model (Figure 4D). 

To determine if the regulation of these flow responsive genes by shear stress is directly 
caused by a flow-induced increase of LKLF, RNA interference was used to knock-down 
LKLF expression under prolonged flow. A short interfering hairpin RNA (shRNA), which 
was selected to effectively target the LKLF mRNA, was over expressed in HUVEC using the 
Lentiviral expression system, followed by a 4-day exposure to pulsatile flow in an artificial 
capillary flow device. The efficient knock-down of LKLF expression after the flow exposure 
was confirmed by RT-PCR (Figure 7E), and was found to be at least 6-fold lower compared 
to mock-virus transduced HUVEC under flow. The transcriptional response of endothelin-1, 
adrenomedullin, and eNOS to shear stress was effectively reduced by the knock-down of 
LKLF (n = 3; P < 0.05), demonstrating that the regulation of their expression by flow is highly 
dependent on LKLF (Figure 7E). 

 
Discussion 

Our analysis of the vascular expression of LKLF reveals that, in addition to its critical 
involvement in vasculogenesis,15 LKLF continues to be expressed in the endothelium of the 
adult blood vessel. Using the murine carotid artery collar model we established that increased 
in vivo endothelial expression of LKLF can be achieved in large muscular arteries by locally 
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manipulating the lumen diameter to artificially increase endothelial shear stress. In addition to 
the intentional shear stress increase, however, placement of a collar around an artery might 
affect the local hemodynamics or endothelial gene expression in other ways. Yet, no 
meaningful effect of cyclic strain on LKLF expression in HUVEC was observed in vitro, 
conceivably ruling out the effect of a hemodynamic force other than shear stress. Also, 
immunohistochemistry confirmed the absence of granulocytes, macrophages and proliferating 
vascular SMC in the media of the collared arteries, thereby excluding the potential 
interference of inflammation, which might have been induced by placement of the collar. 

Our in vitro data demonstrate that due to the non-linear response of LKLF to shear stress 
and its high induction only above ~5 dyne/cm2, large differences in LKLF expression can be 
caused by relatively small increases in endothelial shear stress (Figure 6B). This sensitive 
response of LKLF expression to flow supports our observation that the endothelial expression 
of LKLF is always high at the geometrically regular sites of the human vascular specimens 
tested, where laminar flow and high shear stresses are generally expected (Figure 1). Finally, 
our finding that the response of the in vitro LKLF expression to pulsatile flow is significantly 
higher compared to steady flow is possibly of importance for its in vivo expression. The larger 
elastic arteries are primarily exposed to pulsatile flow, thus resulting in high endothelial LKLF 
expression at the sites where flow is mainly laminar. Particularly in relation to the initiation 
and progression of atherosclerosis, there is a specific interest in the endothelial dysfunctioning 
that is caused by locally decreased levels of atheroprotective shear stress. A strong correlation 
between disturbed blood flow and the highly focal process of atherogenesis has been firmly 
established over the recent decades.1-3 Interestingly, in several iliac arteries we observed a 
correlation between substantially decreased LKLF levels with a substantial, SMC-rich 
neointima. In this respect, the down-regulation of endothelial LKLF expression by the 
inflammatory cytokine TNF-α we have previously reported,6 might work together with a flow 
turbulence-related decrease in endothelial shear stress to focally repress LKLF expression. 
Thus, a causal relation between decreased LKLF expression and atherosclerosis, as well as 
other pathologies involving endothelial dysfunction, might be envisioned. 

The immediate-early response of LKLF expression levels to flow6 implies that this 
transcription factor is one of the direct functional effects of shear stress on endothelial 
function, rather than an indirect consequence thereof. The endothelium responds to changes in 
its biological/biomechanical environment by adapting its gene expression pattern 
accordingly.2 These changes in gene expression result from modulation of either the 
production or the activity of transcription factors.32-34 By stably overexpressing LKLF in 
cultured endothelial cells we now show that a distinct group of known shear-stress regulated 
genes involved in controlling vascular tone, ACE, EDN, ADM and NOS3, can be 
transcriptionally regulated by LKLF. Furthermore, knock-down of LKLF using RNA 
interference revealed that the response of these genes to flow is largely dependent on LKLF, 
with the exception of ACE. The transcriptional response of ACE to flow was recently 
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demonstrated to be dependent on a combination of the Barbie and GAGA response element in 
the promoter of rat ACE.35 To date, these response elements have not been described as 
functional LKLF response elements or as working together with Krüppel-like transcription 
factors to regulate gene transcription. Thus, the apparently independent regulation of ACE by 
flow and LKLF overexpression therefore suggests that inactivation of LKLF under flow is not 
sufficient to abolish the flow response of ACE. The dependency of the flow response of 
endothelin-1, adrenomedullin and eNOS on LKLF does not exclude the possibility that LKLF 
is an indirect transcriptional regulator of these genes and a further detailed dissection of the 
resultant gene network is required. However, long-term expression of LKLF, which would 
also occur under sustained flow in vivo, is the most physiologically relevant situation that 
reflects the equilibrium gene expression repertoire of a completely flow-adapted endothelial 
cell layer. Based on the direct involvement of LKLF in the flow response of the studied 
vascular-tone related genes, LKLF is expected to function as a positive transcriptional 
regulator of shear-dependent endothelial function, in particular vasodilation by decreasing the 
expression of the potent vasoconstrictor endothelin-1 and by simultaneously inducing the 
expression of vasodilating eNOS. The product of eNOS, nitric oxide, is a strong vasodilator 
and its decreased bioavailability is closely associated with endothelial dysfunction.11,36 In 
agreement with our findings, increased eNOS protein has previously been reported in the 
endothelium of the collared high-shear segments of the murine carotid artery collar model that 
was used in this study, thus correlating increased eNOS with increased LKLF expression in 
vivo.19 In addition, LKLF and eNOS expression are positively correlated with calculated high 
shear levels in the developing embryonic chicken heart and negatively correlated with 
endothelin-1 expression,37 which we show here to be transcriptionally repressed by LKLF. 
Finally, direct proof for transcriptional induction of functional eNOS by LKLF at the promoter 
level was recently demonstrated in vitro.9 

In conclusion, high levels of endothelial LKLF expression, which are consistently 
observed in vivo, can be achieved by laminar flow. The ability of LKLF to regulate the 
expression of several prime genes that control endothelial vasomotor function and to modulate 
proinflammatory endothelial gene expression9, suggests an important role for LKLF in 
relaying the healthy, anti-atherosclerotic effects of sustained pulsatile flow to the endothelium 
at the transcriptional level. Unraveling the pathway that leads to the induction of LKLF would 
supply novel leads for therapeutically targeting the endothelium to induce a vasodilating and 
anti-inflammatory phenotype in vascular disease. 
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Abstract 
Objective: The transcription factor KLF2 is considered an important mediator of 

the anti-inflammatory 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.  

Methods: Shear stress and statin effects in combination with TNF-α were 
determined in human umbilical vein endothelial cells 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). 

Results: 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-inflammatory cytokine Tumor Necrosis Factor-a (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).  

Conclusion: 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 inflammatory 
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 inflammatory process, occurring in the vessel wall of large- and medium-
sized muscular arteries [1]. Although many of the known risk factors for atherosclerosis are 
systemic in nature, atherogenesis initiates specifically at sites in the arterial tree were blood 
flow patterns are disturbed, due to the presence of branches or bifurcations [2,3]. The 
endothelial cell dysfunction resulting from exposure to turbulent flow is in clear contrast to the 
strong anti-inflammatory 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 [4]. 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-finger transcription factor that we have 
previously shown to be specifically responsive to prolonged fluid shear stress [5]. 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 [5,6]. KLF2 has a distinct function in mediating 
the anti-coagulant properties of the endothelium [7] and is importantly involved in 
angiogenesis [8]. Recently, we showed that KLF2 is involved in the control of vascular tone-
regulating gene expression in response to prolonged shear stress [6] and that it governs many 
other processes that ensure proper physiological endothelial function [9]. 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 specific for atheroprotective flow-patterns (5, 6, 39).  The 
molecular signal transduction of shear stress into  induction of KLF2 gene transcription 
depends largely on the activity of the MEK5-ERK5-MEF2 axis [10], although involvement of 
PI3K-dependent chromatin remodeling and nucleolin has also been suggested [11, 38].  

KLF2 was shown to exhibit anti-inflammatory potential, not only in endothelium [15], but 
recently also in monocytes [40]. Recent reports indicate that KLF2 is also a mediator of anti-
inflammatory effects of HMG-CoA reductase inhibitors (statins), a class of drugs that, 
independent of their cholesterol-lowering effects, confers many beneficial properties directly 
to the endothelium [12]. 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-inflammatory and anti-
thrombotic properties to the endothelium [13,14].  

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 
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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-inflammatory 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. 

 
Methods 

Cell culture conditions and chemicals 
HUVEC were isolated as described [36] 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 fibronectin-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 PI3Kinase 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 flow conditions 
HUVEC were exposed to laminar shear stress either in an artificial capillary system or in a 
parallel-plate perfusion chamber as described [6]. For prolonged shear stress experiments, 
HUVEC were seeded into fibronectin-coated artificial capillary cartridges (Polypropylene70, 
Cat No. 400-025; Cellco) in medium containing 8 μg/mL ECGS. Using the CellMax Quad 
pump system, flow 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 flow was generated for 24-
48 h by dampening the pulsatile flow of a peristaltic pump [Masterflex 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 flow cell. This generated a steady flow of 25 dyne/cm2, on top of which an 
independent 1.2Hz flow pulse with an amplitude of 5.7dyne/cm2 could be generated by 
placing the Celmax Quad pump between the damper assembly and the flow cell. 
 
Real-time RT-PCR and RACE-PAT  
Real-time RT-PCR was performed using the MY-IQ single color real-time PCR detection 
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system (BioRad) on total RNA isolated, using the Absolutely RNA RT-PCR miniprep kit 
(Stratagene, La Jolla, CA) as described [6]. Gene-specific primers for human KLF2, eNOS, 
TM, and the housekeeping control ribosomal phosphoprotein P0 were designed 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 Amplification of cDNA Ends-PolyA Test (RACE-PAT) was performed as described 

[20]. 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 
amplified by polymerase chain reaction (PCR) using the KLF2-specific 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. 
 
Immunofluorescence and p-Akt measurement. 
Fluorescence immunomicroscopy was performed as described [6, 9] 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 fixed, 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 
450nm was determined. The values were subsequently corrected for cell number using the 
absorbance values at 595nm resulting from the optional Christal Violet cell staining. 
 
RNA interference 
A stable knockdown of the KLF2 mRNA was achieved using a Lentiviral expression vector 
carrying an siRNA expression cassette directed against KLF2, as described previously [6]. An 
otherwise identical vector containing an siRNA cassette directed against IV the sequence (5′-
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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 ± SE (N=3). *P<0.05  ** P<0.01 
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GATATGGGCTGAATACAAA-3′) of firefly Luciferase was used as a control [37].  First 
passage primary HUVEC cultures were transduced with the lentiviral KLF2 siRNA at 50% 
confluency for 24 hours and cultured for an additional 2 days before seeding on Thermanox 
coverslips (Nunc, Rochester, NY) or into the artificial capillaries, followed by a 4-day flow 
exposure as described. Effective KLF2 silencing was confirmed by real-time RT-PCR. 
 
Statistical analysis  
Expression data are given as mean ± SEM for the indicated number of experiments. The 
unpaired student’s t-test was used to calculate the statistical significance of the expression 
percentage versus control cultures. P-values less than 0.05 were considered statistically 
significant. 
 
 
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 flow at arterial levels and compared 
to HUVEC treated for 24 and 48 hours with Lovastatin (10 mM) (Figure 1). For this 
experiment, this specific 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 (see online supplemental Figure 1). Lovastatin was chosen, as in our 
hands it produced the most pronounced  atheroprotective effects on HUVEC when compared 
to other statins, like Simvastatin. This confirms earlier reports that showed moderate 
differences in responses by HUVEC to various statins [13, 14].  As can be seen (Figure 1A 
and 1B), both prolonged shear stress and statin-treatment were able to induce KLF2 mRNA 
levels to a similar extent. However, a significant 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 knockdown of KLF2 by using our previously 
described Lenti-viral system [6] to demonstrate the direct involvement of KLF2 in the 
induction of eNOS and TM by both statins and shear in our HUVEC model. Lovastatin-
induced KLF2 mRNA levels were significantly 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. Efficient KLF2 knockdown in HUVEC 
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exposed to prolonged shear  also resulted in a significant inhibition of the shear-induction of 
eNOS and TM (Figure 2B).  
 
Prolonged shear stress induces resistance to suppression of KLF2 by a pro-
inflammatory stimulus 
As inflammation is a hallmark of atherogenesis, we next investigated the suppressive effect of 
the pro-inflammatory cytokine TNF-α on KLF2 levels [5] in the setting of the present study. 
Therefore, we determined the influence 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(10mM) were strongly 
suppressed in the presence of TNF-α, whereas the reduction observed in KLF2 mRNA levels 

Figure 2. Real-time RT-PCR analysis of 
KLF2 and its transcriptional targets 
eNOS and TM in HUVEC cultures 
exposed to shear or statin-treatment 
combined with siRNA-mediated  KLF2 
knockdown. HUVEC cultures were (A) 
treated with Lovastatin(10mM) for 24h or 
(B) exposed to prolonged shear (4 days). 
Both treatments were performed in the 
presence of  lent iv i rus-mediated 
expression of either KLF2 siRNA or 
control siRNA. Expression levels of 
control cultures and stimulated cultures 
are compared. Data are represented as 
means ± SE (N=3 to 5). *P<0.05  ** 
P<0.01 
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induced by prolonged shear  was less pronounced (Figure 3B). The resulting Lovastatin-
induced mRNA levels were no longer significantly elevated compared to control, while shear-
induced KLF2 remained significantly elevated above the amount observed in the control cells 
(P<0.01). We next analyzed whether this resistance to TNF-α was reflected 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 
(see online 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 fluorescence, which we have previously employed to demonstrate 
KLF2-overexpression by Lenti-viral transduction and induction of KLF2 by shear stress [6,9].  
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 findings indicated that an apparent 
difference in KLF2 protein expression lies at 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 no antibodies 
available that detect KLF2 by Western-blot analysis in HUVEC. To further characterize the 
potential differences between 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 fibers showed a 
classical cortical distribution pattern, the Lovastatin-treated cells displayed an apparent 
reduction in the amount of F-actin filaments, with a seemingly disorganized arrangement of 
the fibers that were observed. In the shear-exposed cells, the formation of actin stress fibers 
was seen, a hallmark phenomenon in endothelial cells exposed to shear stress [16, 17].  
 
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 efficacy, based 
on a number of recent reports of other shear-regulated genes [18,19]. By using Actinomycin D 
to block initiation of transcription, we studied KLF2 mRNA decay in HUVEC exposed to 
fluid shear stress, and compared this to mRNA degradation in cells kept under static 
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Figure 3. Analysis of transcriptional effects of TNF-a 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-a. 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-a 
(25ng/ml, 6h) or vehicle (PBS/0.1%BSA), are compared to expression levels in control cultures. Data are 
represented as means ± SE (N=3 to 6). *P<0.05  ** P<0.01 . 
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conditions (Figure 5A). Before the addition of Actinomycin D, HUVEC were pre-conditioned 
by exposing them to 25 dyne/cm2 of shear stress for 2h or were cultured in the absence of 
flow. In clear contrast to the rapid decay of KLF2 mRNA in cells cultured without flow, 
mRNA degradation was effectively halted by shear stress, as determined in an elaborate shear 
time series in which 3 to 6 independent HUVEC isolates were used for each observation. This 
effect was equally significant (P<0.01) at every individual time point that was analyzed, 
demonstrating a robust stabilization of a specific sub-fraction of KLF2 mRNA by shear stress, 
thereby keeping absolute mRNA levels elevated well above levels in HUVEC that were not 
exposed to flow. The protective effect of shear on KLF2 mRNA stability is established rather 
rapidly, as we did not find any significant 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 significant difference compared to mRNA stability 
observed in vehicle-treated cells (Figure 5B).  
 
TNF-α does not influence shear-induced KLF2 mRNA stabilization 
We showed (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 flow and kept in the presence or absence of TNF-α. Again, 
stability of KLF2 mRNA was studied in this setting by blocking transcription initiation 
through addition of Actinomycin D, after pre-conditioning the cells in the presence or absence 
of shear for two hours. As can be seen (Figure 5C), TNF-α (25ng/ml, 4h.) did not influence 
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 significantly elevated compared to levels in cells 
kept without flow, confirming 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 [20], differential polyadenylation 
may explain the shear-induced stabilization of KLF2 mRNA, we performed a Rapid 
Amplification of cDNA Ends-PolyA Test (RACE-PAT). However, experiments exposing 
HUVEC to increases in shear magnitude did not result in changes in polyadenylation, as the 
PCR resulted in the expected major product of approximately 600 bp, and  further bands that 
were detected, were not differential when comparing shear and static conditions (Figure 5D). 
Next, we used the p38 inhibitor SB203580, to explore a possible role of p38, implicated in the 
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Figure 4. Effects of shear-exposure and statin treatment on KLF2 protein expression and cytoskeletal 

rearrangement in HUVEC. Fluorescence immunochemistry using specific 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 (24h,10mM), as indicated. (A) KLF2 staining using 

specific antisera. (B) F-actin staining using Phalloidin-TRITC.  

stabilization of e.g.COX-2 [21]. We observed no significant 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 [22], 

we tested the effect of its specific 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 [23, 41], reason why we exposed HUVEC to 24h of pulsatile shear and 

determined the levels of phosphorylated Akt in our experimental setup. As shown (Figure 

5F), levels of phospho-Akt were indeed lowered by approximately 20% in HUVEC exposed 

to prolonged shear, as compared to HUVEC kept without flow. 

 

Discussion 

Shear stress is widely regarded as a stimulus that is an absolute prerequisite for proper 

physiological endothelial function. The observation that high shear protects the vessel wall 

from atherogenesis has been the subject of myriad investigative efforts into the mechanism by 

which shear exerts its beneficial influence on endothelial function. The shear-responsive 

transcription factor KLF2 has recently emerged as an important mediator of many favorable 

effects on endothelial gene expression [9,10], by virtue of its induction by shear stress [5,6] as 

well as HMG CoA-reductase inhibitors [13,14]. The expression of TM and eNOS, two major 
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contributors to the antithrombotic and anti-inflammatory/anti-adhesive properties of healthy 
endothelial cells [24,25], has been shown to be dependant on a common mediator, KLF2 [6,7, 
9, 15]. In endothelial cells, the presence of TM is of great importance for maintaining a non-
thrombogenic surface at arterial shear-rates [26]. The potential of shear stress to induce the 
expression of TM was demonstrated previously [27]. The finding that, in addition to shear 
stress, statins are also able to induce KLF2 transcription [13,14], suggested for the first 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. For its full physiological function, however, eNOS vasodilatory and 
anti-inflammatory actions are also regulated in many convoluted ways at the protein level, e.g. 
by Akt-driven phosphorylation [23,41], something we did not address in the current study. 

The effects of TNF-α on endothelial gene expression are widely studied because of their 
relevance to many inflammatory diseases such as atherosclerosis. An inflammatory stimulus 
like TNF-α may impart pro-adhesive and pro-thrombotic properties on the endothelium [28]. 
The expression of both TM and eNOS, two important molecular mediators influencing these 
effects, has been shown to be efficiently repressed by TNF-α in static cultures of HUVEC 
[29,30]. 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 [5,15,31]. 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 inflammatory response 
elicited upon stimulation with TNF-α. [9,15]. The significance of these findings 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 flow [5,31]. 
We now show, however, 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 findings 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 inflammation, 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 fluid shear stress increases KLF2 protein levels in 
HUVEC by influencing the stability of its mRNAs, whereas this mechanism is apparently not 

 3 

S
hear stress sustains atheroprotection through K

LF2  

Proefschrift JVvT 
page 59

 
Composite

Tuesday, November 25, 2008 14:46



60 

Figure 5.  (A) Effects on KLF2 mRNA stability in time upon exposure of HUVEC to shear. After 2h of pre-
conditioning by shear (25dyne/cm2), transcription was blocked by addition of actinomycinD (2mg/ml), after 
which KLF2 mRNA levels were measured and plotted as a percentage of control cultures taken before pre-
shearing. (B) Upon 24h of Lovastatin (10mM) or vehicle (EtOH) treatment, actinomycinD was added and 
KLF2 expression was determined and depicted relative to levels in control cultures taken at t=0h (C) After 
2h of pre-shear (25dyne/cm2), transcription was blocked by adding actinomycinD and shear-exposed and 
static HUVEC were kept in the presence or absence of TNF-a. KLF2 mRNA levels were depicted as a 
percentage of control cultures taken before pre-shear. (D) Agarose gel electrophoresis of PCR product 
obtained from static and shear-exposed HUVEC by RACE-PAT procedure. (E) After 1h of pre-incubation 
with the PI3K inhibitor LY294002, KLF2 levels were measured and plotted as a percentage of control 
cultures at t=0h (F) Levels of phospo-Akt in HUVEC exposed to shear and static conditions. Data are 
represented as means ± SE (N=3 to 6) NS indicates not significant. 
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operational in Lovastatin-treated HUVEC. One observation related to this issue is a clear 
difference between the influence of shear and statins on the rearrangement of the actin 
cytoskeleton (Figure 4), which has been described to influence gene-expression and mRNA 
stability [17].  

Shear-induced increases in gene expression through stabilization of mRNA have been 
described for a number of important endothelial genes, including  eNOS [18] and COX-2 [19]. 
We now show that the stabilization of KLF2 involves a novel mechanism, in which the 
phosphatidyl-inositide-mediated signal transduction pathway and PI3K seems 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 [32]. 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 [33]. In HUVEC exposed to prolonged 
shear, however, we found levels of phospho-Akt, one of its effector proteins,  to be decreased 
(Figure 5), which is in full accordance with previous findings showing that shear-induced 
activation of Akt is transient [23]. 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, [34] display a phenotype 
that is very reminiscent of KLF2 knockout mice [34, 35]. Furthermore, impaired PTEN 
activity in adult animals resulted in increased angiogenesis due to differential regulation of 
several vascular growth factors [34] analogous to the inhibitory effects of KLF2 on VEGF-
mediated angiogenesis in vivo [8] and endothelial cell migration in culture [9]. Second., 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 guard the vessel wall from inflammatory 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 flow profiles, 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 inflammation-resistant KLF2 mRNA pool by shear stress may lead to 
effective strategies to improve endothelial function in cardiovascular disease.  
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Abstract 

Absence of shear stress due to disturbed blood flow at arterial bifurcations and 
curvatures leads to endothelial dysfunction and pro-inflammatory gene expression, 
ultimately resulting in atherogenesis. KLF2 has recently been implicated as a 
transcription factor involved in mediating the anti-inflammatory effects of flow. We 
investigated the effect of shear on basal and TNF-α-induced genome-wide 
expression profiles of human umbilical vein endothelial cells (HUVECs). Cluster 
analysis confirmed 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-
inflammatory gene expression under no-flow 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 flow are protected 
from basal pro-inflammatory, 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 specific blood flow 
patterns (Dai et al., 2004). Absence of shear stress due to oscillatory blood flow at arterial 
bifurcations and curvatures leads to endothelial dysfunction as characterized by a diminished 
barrier function and pro-inflammatory gene expression. These conditions facilitate the entry of 
lipids and inflammatory 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 athero-protective gene expression profile 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 
significant 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 inflammatory component in atherosclerotic pathology suggests that inflammatory 
gene expression is activated in the atherosclerotic vascular wall, which is mediated by 
transcription factors associated with inflammation. Inflammatory 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 flow 
(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 inflammatory activation by a 
secondary stimulus like LPS or atherogenic diet, which then indeed occurred much more 
prominently at the low-flow regions (Hajra et al., 2000). Thus, endothelial cells at sites with 
disturbed blood flow should not exhibit inflammatory gene expression to the same magnitude 
in the absence of induction by cytokines. Indeed, a moderate induction of pro-inflammatory 
gene expression was observed at the disturbed flow regions of the porcine carotid artery 
bifurcation (Passerini et al., 2004). A potent induction of inflammatory gene expression by 
inflammatory cytokines depends on the actively promoted formation of a transcriptional 
complex, usually composed of nuclear factor kappa-B (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 
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activating p38 mitogen-activated protein kinase (MAPK) (Viemann et al., 2004). 
Pharmacological interventions and the protective effects of short-term flow preconditioning in 
vitro suggested a dominant role of the former transcription factor (Viemann et al., 2004; Chiu 
et al., 2005). The anti-inflammatory 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 
flow in vivo.  

Given the absence of translocated, nuclear NF-κB at non-inflamed atheroprone sites in 
vivo and the complex effects of long versus short-term shear and KLF2 on NF-kB activity, we 
decided to reevaluate prolonged shear and KLF2 modulation of pro-inflammatory gene-
expression. In the present study, we demonstrate that shear stress and KLF2 can modulate 
transcription factor activity and basal inflammatory gene expression of human umbilical vein 
endothelial cells (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.  
 
Methods 
Cell culture and shear stress experiments 
Human umbilical vein endothelial cells (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 flow chamber with pulsatile flow (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 as described (Dekker et al., 
2005; Dekker et al., 2002). In brief: HUVECs were seeded in fibronectin-coated artificial 
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 
confluency overnight, with medium flowing through the extra-capillary space using the 
CellMax Quad pump system to provide oxygen and nutrients.  Next, flow 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 fibronectin-coated 
cell culture flasks and grown to confluency. After indicated treatments, either total RNA was 
obtained using Trizol reagent (Invitrogen) or nuclear extracts were made.  
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Inflammatory 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 final concentration of 25 ng/mL in the culture medium 
during the final 6 hours of shear stress exposure or static culture.  
 
Real-time RT-PCR 
cDNA from 0.5-1 mg of total RNA was synthesized according to the manufacturers protocol 
(Invitrogen) and diluted 10x for gene-specific analysis with real-time reverse transcriptase-
polymerase chain reaction (RT-PCR). All RT-PCR reactions were performed in a 15 ml 
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-specific 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.  
 
Microarray probe synthesis and hybridization 
A human oligonucleotide library containing 18.659 gene specific 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, comprised of a pool of RNA 
from HUVEC, the monocytic cell line THP-1, and wholemount human carotid and aortic 
arteries. Up to 1 mg of total RNA from samples or common reference was amplified a single 
round using the T7-based Ambion MessageAmp kit (Ambion, Huntingdon, UK), with 50% of 
rUTP ribonucleotides replaced by aminoallyl-rUTP (Sigma). Aminoallyl-modified amplified 
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 purification 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, 
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Bioconductor software, http://www.bioconductor.org). Normalized data was imported into 
Rosetta Resolver (Rosetta Biosoftware, Seattle, WA). 
  
Microarray data analysis 
Re-ratio based experiment definitions were constructed in Rosetta Resolver, followed by 
initial analysis, consisting of marker gene verification 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 identifications of the genes from each 
group 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.nlm.nih.gov/RefSeq/) as outgroup  
 
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. Paraffin sections were 
deparaffinized 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 
Neofluar 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 flatbed 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.). 
 
Lenti-viral KLF2 overexpression and knock-down  
Stable lenti-viral KLF2 overexpression or knock-down experiments were performed by 
transducing HUVECs with lentiviral vectors expressing KLF2 cDNA or specific short hairpin 

Proefschrift JVvT 
page 70

 
Composite

Tuesday, November 25, 2008 14:46



71 

C
hapter 

RNA sequences directed against KLF2 and firefly 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 
with an ATF2 or NF-κB consensus binding site had been immobilized. Transcription factors 
bound to their cognate DNA binding site were detected using specific 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). 
 
Immunofluorescence 
For immunofluorescence, mock- and KLF2-transduced HUVEC were grown on gelatin-coated 
glass coverslips and fixed 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 fluorescence 
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 Neofluar objectives (Zeiss, Oberkochen, Germany) and a Coolsnap HQ digital 
camera (Roper Scientific, 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% confluency 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-specific (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 final 6 hours of the experiment. Western blotting was 
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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 inflammatory 

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 identified by microarray data 

analysis. Real-time PCR was performed in duplicate on HUVECs cDNA from 3 independent  isolates, 

comparing static conditions to either 7 days of pulsatile shear stress (19 +/- 12 dynes/cm
2
), 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. Significant difference versus static control conditions is indicated (*P<.05; **P<.01); ns 

indicates not significant. 
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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 quantification of the Western blot was 
performed using cyQuant software version 2003.03 (Amersham, Piscataway, NJ). 
 
Statistical analysis 
Experimental data are shown as mean of normalized ratios ± SEM for the indicated number of 
experiments. The paired or unpaired Student t test was used to calculate statistical significance 
of expression ratios or optical densities versus controls. P values of less than .05 were 
considered statistically significant. 
 
 
Results 

Shear stress inhibits basal but not TNF-α-induced expression of inflammatory genes 
The artificial capillary system (Dekker et al., 2002) was used to obtain gene-expression 
profiles of endothelial cells stimulated by inflammatory cytokines, comparing their 
inflammatory response under prolonged, unidirectional pulsatile laminar flow to static 
conditions. We studied the effects of these conditions using genome-wide expression 
profiling. 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; group 
B contains genes whose expression is up-regulated by TNF-α under both static and shear 
conditions; group C contains genes that are up-regulated by shear stress and are unaffected or 
down-regulated by TNF-α. 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 flow 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). 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 specific 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 significantly over-represented in upstream regions in 

 4 

Flow
 and K

LF2 inhibit A
TF2-m

ediated transcription  

Proefschrift JVvT 
page 73

 
Composite

Monday, November 24, 2008 16:50



74 

Figure 2. Phosphorylated ATF2 is expressed specifically 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 confirmation of CD31 

positivity, adjacent sections were stained for Thr71-phosphorylated ATF2 (pATF2). 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 pATF2 or CD31 staining as red coloration. (B-

E) Enlarged parts of lesional and lesion-free areas stained for pATF2 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 

magnification.  
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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 over-representation of distinct transcription 
factor binding sites in each of the 3 main groups. Importantly, the TNF-α-responsive group B 
is enriched in binding sites for NF-kB and the AP-1 family of transcription factors. Group B 
also shows enrichment of an ATF4 binding site. Furthermore, ATF3 and ATF4 binding sites 
are overrepresented in group A, comprised of genes down-regulated by shear stress but not 
modulated by TNF-α. The latter is also evident from a lack of enrichment of NF-kB 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, comprised 
predominantly of shear induced genes, enrichment for AP-1 and NRF2 binding sites is 
detected.  

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 

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 5 days of pulsatile flow 
(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. Significant difference versus static or mock control conditions is indicated (*P<.05; 
**P<.01); ns indicates not significant. 
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Figure 4. Effect of TNF-α on nuclear transcription factor activity in mock- and KLF2-tranduced 

HUVECs. Nuclear activation of ATF2 (A) or p65 (B) was determined in mock- and KLF2-overexpressing 

HUVECs activated for 0-3 hours with TNF-α (10 ng/ml). Basal and TNF-α-induced ATF2 levels were 

strongly suppressed by KLF2, whereas basal p65 levels were not changed and TNF-α-induced p65 levels 

were only partially inhibited. Data are represented as mean ratios of 2-3 different isolates relative to the 

unstimulated mock condition. Error bars indicate SEM. Significant difference between mock and KLF2 

values is indicated (*P<.05; **P<.01); ‡, significant difference (P<.01) between TNF-–stimulated and 

unstimulated control values. 

Figure 5. KLF2 suppresses nuclear 

localization of phosphorylated ATF2. 

HUVECs transduced with mock (A,C,E) or KLF2 

(B,D,F) lent iv irus were f ixed with 

paraformaldehyde and stained for Thr71-

phospho r y l a t ed  ATF2  p r o t e i n  by 

immunofluorescence (A,B). Nuclei were made 

visible with a Hoechst nuclear staining (C,D) and 

picture were merged (E,F). Photographs 

representative for 2 independent experiments 

were obtained by fluorescence microscopy using 

a 63x magnification. (G) Quantification was 

performed by counting nuclei with strong nuclear 

pATF2 positivity in 3 representative microscopic 

fields from mock and KLF2 transduced cells 

taken from the 2 independent experiments, each 

field containing on average ~350 cells. 

**Significant difference in pATF2-positive nuclei 

between mock and KLF2 values (P<.01). 
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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 profiles 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 proinflammatory 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 first 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 
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 flow 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. 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 significantly compared to a control siRNA against FLUC. The latter observation 
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Figure 6. ATF2 knockdown 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-specific (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 verified with α-tubulin. Protein levels were quantified 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-specific 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. Significant difference versus 
nonspecific siRNA is indicated (*P<.05; **P<.01). 
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correlates with an increase in expression levels of several pro-inflammatory genes in static 
cells transduced with KLF2 siRNA, compared to mock siRNA. 
 
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 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 
inflammation and vascular tone (Parmar et al., 2006; Dekker et al., 2005; 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. Furthermore, 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-kB 
component p65 was only partly inhibited by KLF2, whereas basal levels showed no 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, immunofluorescence 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 confirmed 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. 
Quantification of the immunofluorescence 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). 
 
ATF2 knock-down leads to reduction of basal and TNF-induced pro-inflammatory 
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-inflammatory 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-specific siRNA control 
(Figure 6Di). Knock-down of ATF2 caused a reduction in both basal and TNF-α-induced 
expression levels of pro-inflammatory genes from cluster groups A (EDN1) and B (SELE, 
CCL2, VCAM1, IL8) could be confirmed by real-time PCR (Figure 6Dii-vii). The expression 
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of PAI-1 was not significantly reduced by siATF2 by either vehicle or TNF-α treatment. 
Interestingly, the inducibility of proinflammatory genes by TNF-α as seen in cells treated with 
the nonspecific control, was preserved when ATF2 was knocked down. 
 
Discussion  

There is still no definitive explanation for the cause of the moderate pr-inflammatory status of 
endothelium in the absence of flow in vitro or at disturbed flow regions of the vasculature in 
vivo. In this study we focused on noncytokine-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 proinflammatory transcription factor ATF2, 
by inhibiting its nuclear translocation in HUVECs (Figures 3 and 5). Furthermore, 
constitutive and cytokine-induced expression of the panel of inflammatory genes, several 
adhesion molecules and chemokines (Dekker et al., 2006) is indeed sensitive to ATF2 activity 
as shown by siRNA mediated knockdown (Figure 6C) and their expression is suppressed by 
both shear stress and KLF2 (Figures 1 and 3). Interestingly, knockdown of residual KLF2 
results in a further increase of constitutive expression of these genes under static conditions. 
Together, these data strongly suggest that blunting of ATF2 activity is one prominent 
mechanism by which shear stress and KLF2 inhibit the constitutive proinflammatory 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 finding demonstrates for the first time a differential 
expression of activated, phosphorylated transcription factor ATF2 between medial and intimal 
smooth muscle cells, suggesting that it would be one of the molecular mediators of the 
phenotypic change undergone by smooth muscle cells during plaque formation. Together, 
these findings 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 profiling and cluster-based promoter analysis showing three general 
cluster groups. Promoters of genes in cluster group B, comprised of TNF-α-induced genes, 
showed enrichment in TFBSs for NF-κB and AP-1 (Figure 1A), confirming 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 inflammatory gene 
expression depends on formation of a transcriptional complex, the enhanceosome, composed 
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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 proinflammatory 
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 inflammatory 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-
inflammatory genes by TNF-α was preserved in cells in which specifically ATF2 had been 
knocked down by siRNA, even though ATF2 knock-down did attenuate both basal and TNF-
α-stimulated pro-inflammatory transcription levels (Figure 6). This finding seemingly 
contradicts previous reports that show a decrease in cytokine-induced inflammatory gene 
expression in endothelial cells after up to 24 hours of preexposure to laminar flow (Yamawaki 
et al., 2003; Chiu et al., 2004). It has become increasingly evident, however, that these time 
points may still be regarded as preconditioning and are not sufficient 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 over-expressing KLF2 (Figure 3).  

KLF2 has been shown to control multiple processes that maintain a healthy, functional 
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-inflammatory gene expression (Parmar et al., 2006; 
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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-
inflammatory genes, allowing a transient but potent inflammatory response. Along these lines, 
we argued that the protective effects of shear stress and KLF2 are more likely due to 
suppression of basal inflammatory 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-inflammatory genes.   

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 find the detailed mechanism underlying the crucial observation of suppression 
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 inflammatory transcription in endothelial cells, with 
endothelial activated ATF2 being present in vivo only at lesional areas of the human 
vasculature. This pro-inflammatory 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-inflammatory gene expression 
in regions of the vasculature that appear to be protected against the focal initiation of 
atherosclerosis. 
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Abstract 

The shear stress-induced transcription factor Krüppel-like factor 2 (KLF2) confers 
anti-inflammatory properties to endothelial cells through inhibition of activator protein 
1 (AP-1), presumably by interfering with upstream mitogen activated protein kinase 
(MAPK) cascades. To gain further insight into the global effects of KLF2 on the 
endothelial phospho-proteome we used Kinex antibody arrays, followed by validation 
using conventional techniques. This showed two major modulatory roles for KLF2 on 
the MAPK network. First, KLF2 represses its own production by a MAPK-mediated 
negative feedback loop, through activation of RhoA and inhibition of externally 
regulated kinase 5 (ERK5) and myocyte enhancer factor 2 (MEF2). Both were 
previously implicated in the activating effects of both shear stress and HMG-CoA 
reductase inhibitors (statins) on anti-inflammatory KLF2 levels. Second, the 
phosphorylation of several actin cytoskeleton-associated proteins, like focal adhesion 
kinase, is markedly repressed by KLF2 explaining its effect on cellular architecture. 
Furthermore, we demonstrate that KLF2 inhibits the activation of all isoforms of Jun 
NH2-terminal kinase (JNK) and its downstream targets ATF2 and c-Jun in a 
cytoskeleton-dependent manner. Finally, the delayed effects of KLF2 are related to its 
slow accumulation, associated with a similarly timed gradual formation of actin fibers, 
and increasing suppression of inflammatory gene expression, mimicking the effects of 
prolonged flow on endothelial morphology and gene expression. Collectively, these 
findings provide mechanistic molecular explanations for the suppressive effects of 
shear-induced KLF2 on MAPK signaling that constitute an important part of the anti-
inflammatory and auto-regulatory effects of KLF2 in vascular homeostasis and 
disease. 
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Introduction 

Endothelial cells (ECs) in the arterial tree are chronically exposed to pulsatile blood flow and 
shear stress. But, at sites where shear stress is severely reduced or oscillatory, ECs show signs 
of dysfunction, which is generally regarded as the first event in the development of 
atherosclerosis.1, 2 We and others have identified the endothelial transcription factor Krüppel-
like factor 2 (KLF2) to be specifically induced by shear stress.3, 4 Recently, 3-hydroxy-3-
methyl-glutaryl-CoA reductase inhibitors (statins) were also found to induce KLF2 through 
inhibition of RhoA activity.5, 6 Transcriptional induction of KLF2 by these stimuli was shown 
to involve a concerted mitogen activated protein kinase (MAPK) signaling pathway consisting 
of MAPK kinase 5 (MEK5), extracellular signal regulated kinase 5 (ERK5) and myocyte 
enhancer factor 2 (MEF2).7 Inhibition of transcription of the KLF2 gene by inflammatory 
cytokines was shown to depend on direct inhibition of MEF2 by histone deacetylase (HDAC) 
4 and nuclear factor (NF)-κB.8 Overexpression of KLF2 was also shown to diminish 
endogenous KLF2 mRNA levels,9, 10 suggesting that KLF2 interferes with the MAPK 
signaling pathway leading to transcription of the KLF2 gene.  

MAPK signaling consists of basically four distinct signaling routes with complex 
interactions and has been implicated in numerous processes including inflammatory signal 
transduction in ECs.11 These four canonical routes comprise the ERK1/2, ERK5, Jun NH2-
terminal kinase (JNK) and p38 pathways. The anti-inflammatory and anti-atherosclerotic 
effects of shear stress on ECs have been attributed to MAPK signaling.11 Shear stress was 
shown to inhibit TNF-α-mediated MAPK signaling through the JNK pathway and 
simultaneously induce the MEK5/ERK5 axis, which prevents apoptosis.12, 13 Cellular 
structures involved in endothelial MAPK signal propagation include the actin cytoskeleton 
and focal adhesions.14, 15 

In recent years, it has been established that KLF2 acts as a central transcriptional regulator 
that establishes functional quiescent differentiation in endothelium.9, 10, 16-22 Most of these 
studies were performed using a functional genomics approach and therefore not designed to 
directly identify KLF2-mediated changes on the level of protein activity. Nonetheless, KLF2 
was found to indirectly inhibit post-transcriptional activation of c-Jun and activating 
transcription factor 2 (ATF2), both members of the activator protein 1 (AP-1) complex.16, 18 
AP-1 is activated through phosphorylation by the MAPKs ERK1/2, JNK and p38.23 To 
elucidate how KLF2 regulates the complex MAPK network, we analyzed the phosphorylated 
proteome (kinome) in the absence and presence of exogenously expressed human KLF2 in 
human umibilical vein endothelial cells (HUVECs). We show that KLF2 inhibits the MEK5/
ERK5/MEF2 MAPK pathway, activates RhoA and blocks the JNK MAPK pathway with the 
targets ATF2 and c-Jun in a cytoskeleton-dependent fashion.  
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Materials and methods 

Cell culture and reagents 
Human umbilical vein endothelial cells (HUVECs) were isolated and cultured as previously 
described.24 Confluent monolayers were grown from freshly isolated HUVECs and used 
before the fourth passage. Actinomycin D, Cytochalasin D, Lovastatin and Trichostatin A 
were purchased from Sigma (St. Louis, MO). 
 
Lentiviral overexpression, Western blotting, microscopy and RT-PCR 
Long-term lentiviral overexpression, microscopy and Western blotting were performed as 
previously described.10 The open reading frame of human MEF2B cDNA including stop 
codon was cloned into the pENTR-D-TOPO vector and shuttled to the pLenti4-V5-DEST 
vector according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA). The P-ERK5 and 
RhoA antibodies was purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and the P-
JNK, P-c-Jun and P-ATF2 antibodies were from Cell Signaling Technology (Danvers, MA). 
The KLF2 antibody was described previously.17 Real-time reverse transcriptase-polymerase 
chain reaction (RT-PCR) was performed as described.17 
 
Luciferase reporter constructs and assay 
KLF2 promoter fragments were obtained by PCR using KpnI and XhoI restriction sites-
containing primers and human chromosomal DNA. Mutation of the transcription factor 
binding site was accomplished by PCR overlap mutagenesis, with which the core binding 
sequence for MEF2 (5′-TTTA-3′) was mutated into 5′-CGCG-3′. The core MZF1 site (5’-
CCCC-3’) and the core TBP site (5’-TATA-3’) were mutated into 5’-TTTT-3’ and 5’-GGCC-
3’, respectively. These constructs were cloned into the pGL3 basic Firefly luciferase reporter 
vector and transferred to the modified pRRL-cPPT-CMV-X2-PRE-SIN lentiviral vector, using 
the NotI and SalI restriction sites, according to our recently described procedure.25 A control 
thymidine kinase promoter driven Renilla luciferase construct was likewise transferred to the 
modified lentiviral vector. HUVECs were transduced at least 48h before luciferase activity 
was measured with the dual luciferase reporter assay system following the manufacturer’s 
protocol (Promega, Madison, WI) as recently described.25 
  
Kinex® protein array and microarray analysis 
For protein array analysis, HUVECs from two independent isolates were lysed seven days 
after lentiviral transduction following the manufacturer’s protocol (Kinexus, Vancouver, 
Canada). These lysates were shipped and analyzed in duplicate by the manufacturer 
(Kinexus). Results were analyzed using a moderated t-test to correct for multiple testing.26 
Microarray analysis was performed as described.10 Briefly, three independent HUVECs 
isolates were transduced with KLF2 lentivirus or empty control virus. Cells were lysed and 
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RNA was isolated at 24h, 48h and 72h after transduction. For each timepoint and isolate, 
KLF2-transduced and control RNA were hybridized in duplo. 
 
RhoA activity assay 
Confluent monolayers of HUVEC were lysed in 50mM Tris-HCl, containing 1% NP-40, 
protease- and phosphatase-inhibitors. Active GTP-bound RhoA was isolated using GST-
tagged Rhotekin (Tebu-bio, Heerhugowaard, the Netherlands) and glutathione-agarose beads 
(Sigma). RhoA levels were analyzed by Western blot. 
 
Statistical Analysis 
Data were analyzed using unpaired student’s T-tests, when comparing two situations, or a one-
way ANOVA with Bonferroni correction for multiple comparisons. Probability-values of less 
than 0.05 were considered significant. Protein array data were analyzed using a moderated T-
test specifically designed for array analysis.26 Microarray data was analyzed as described.10 
 
Results 

Delayed KLF2 protein accumulation and downstream effects after lentiviral 
overexpression 
KLF2 confers a quiescent phenotype to ECs by inducing various transcriptional changes in 
both direct and indirect ways.10 One of the indirect effects of KLF2 is the inhibition of the AP-
1 pathway, through inhibition of phosphorylation and nuclear localization of c-Jun and 
ATF2.16, 18 Interestingly, inhibition of ATF2 by KLF2 was found to occur only marginally 
after 24 hours of shear stress, while complete abrogation of ATF2 activity was observed after 
long-term shear stress exposure (five days).18 To optimize lentiviral KLF2 overexpression to 
mimic the long-term effects of shear stress, we analyzed KLF2 protein levels in time after 
lentiviral transduction (Figure 1A). KLF2 protein levels gradually increase and correlate to 
the expression levels of the two best-known direct transcriptional targets of KLF2, endothelial 
nitric oxide synthase (eNOS) and thrombomodulin, as measured using real-time RT- PCR 
(Figure 1B). The optimal induction of these target genes is only reached after 72 hours of 
lentiviral KLF2 overexpression. Furthermore, the previously reported effect of exogenous 
overexpression of human KLF2 on greatly decreasing mRNA levels of endogenous KLF2 in 
HUVECs9 was subject to a similar timecourse (Figure 1B), thereby suggesting a direct 
negative feedback loop. This suppression seems a result of diminished synthesis as exogenous 
KLF2 did not affect stability of the endogenous KLF2 mRNA (Figure 1C), 
 
KLF2 modulates the endothelial kinome 
To understand how accumulated KLF2 completely inhibits MAPK signaling to AP-1,16, 18 a 
global insight into the KLF2-mediated effects on the endothelial phospho-proteome (kinome), 
was analyzed on total protein lysates of mock- and KLF2-transduced HUVECs seven days 
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after transduction using the Kinex® protein kinase antibody array, simultaneously probing 
changes in over 600 proteins (Table 1). Surprisingly, only a limited number (16/623 induced, 
18/623 repressed) of phosphoproteins was significantly changed by KLF2. As positive control 
of the validity of the Kinex array, inhibition of phosphorylation of c-Jun by KLF2, shown 
previously by our group,16 could readily be confirmed by this array-based technique (Table 1). 
The most prominent KLF2-mediated effect on the endothelial kinome, however, is the 
inhibition of phosphorylation of focal adhesion kinase (FAK) (Table 1). FAK is known to be 
involved in actin cytoskeleton signaling as are other proteins regulated by KLF2, like 
crystallin αB and heat-shock protein 27 (HSP27). Another striking effect of KLF2 on the 
endothelial kinome, is the inhibition of phosphorylation of ERK5, which is known to be 
pivotal in the transcriptional activation of the KLF2 gene. These two pivotal observations were 
analyzed in more detail using conventional techniques. 
 
KLF2 inhibits transcription of the KLF2 gene through inhibition of MEF2 
ERK5 is known to induce KLF2 transcription through activation of MEF2, which directly 
interacts with the KLF2 promoter.7 The observed downregulation of ERK5 phosphorylation 
by KLF2 (Table 1), could be quantitatively confirmed by Western blot analysis (Figure 2A).  
To further analyze the KLF2 promoter and the putative involvement of MEF2 in its auto-
feedback regulation, we made use of our recently described lentiviral luciferase reporter assay, 

Table 1. Summary of the effects of KLF2 on the endothelial (phospho-)proteome. The Bayesian P-
value and fold induction by KLF2 are indicated, with repressed proteins listed on the left and induced pro-
teins on the right. Proteins highlighted in dark grey are implicated in MAPK signaling and proteins high-
lighted in light grey are implicated in actin cytoskeleton/integrin signaling. 

 

Symbol Phosphosite Bayes.p Fold   Symbol Phosphosite Bayes.p Fold 
FAK Y576 0.0005 -3.02   PKCg T514 0.0036 2.24 
FAK S732 0.0008 -2.81   Abl Y412 0.0048 1.62 
CDK1/2  T14+Y15 0.0091 -1.67   RSK1/2 S363/S369 0.0117 3.16 
Hsp27 S82 0.0150 -1.93   Src Pan-specific 0.0179 1.61 
FKHRL1 T32 0.0155 -3.65   HO2 Pan-specific 0.0267 2.04 
Hsp27 S82 0.0169 -2.41   ATF2 T51+T53 0.0273 1.44 
CDK7 Pan-specific 0.0203 -1.45   p38a Pan-specific 0.0336 1.48 
HspBP1 Pan-specific 0.0217 -1.49   PKCb2 T641 0.0380 2.42 
c-Jun S63 0.0324 -3.54   STAT5A Y694 0.0418 3.41 
Crystallin aB S19 0.0351 -1.57   S6Ka T389 0.0462 2.53 
IRAK4 Pan-specific 0.0426 -4.10   Bad S75 0.0506 1.42 
PKCq  S676 0.0472 -1.39   EGFR Pan-specific 0.0570 1.54 
Ksr1 Pan-specific 0.0489 -1.68   PKCg Pan-specific 0.0575 2.04 
Rb S780 0.0498 -1.62   FAK Y397 0.0667 1.81 
PP6C Pan-specific 0.0586 -1.34   Erk4 Pan-specific 0.0668 1.33 
Tau S518 0.0595 -1.28   Kit Y730 0.0690 1.20 
EGFR Y1148 0.0602 -1.94       
ERK5  T218+Y220 0.0618 -1.44       
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which enables stable integration of reporter constructs in the endothelial genome27 . A first 
analysis with constructs containing different lengths of the KLF2 promoter, confirmed the 
validity of this approach. The 367bp minimal KLF2 promoter fragment immediately upstream 
of the translational start site contains the essential regulatory elements to study regulation of 
the KLF2 gene, as exemplified by its induction by an HMG-CoA reductase inhibitor. In depth 
analyis of this part of the promoter for the presence of evolutionary conserved putative 
transcription factor binding sites (TFBS) using Genomatix software (Munich, Germany), 
confirmed the presence of the reported MEF2 site, and revealed the presence of myeloid zinc 
finger 1 (MZF1) and TATA box-binding protein (TBP) binding sites within this region. We 
confirm that the MEF2 site is indeed functional in our reporter construct, as lentiviral 
overexpression of human MEF2B induces transcriptional activity of the wild-type minimal 
KLF2 promoter, but not of the promoter in which the core MEF2 site is mutated (Figure 2B). 
Next, using KLF2 promoter constructs containing mutations in these putative TFBS, we show 
that the magnitude of basal promoter activity is dependent on all analyzed TFBS, but the 
relieve of the reduction by KLF2 overexpression is only observed by mutation of the MEF2 
site (Figure 2C). As specified by the numbers next to the bars, which indicate the fold 
induction by KLF2 overexpression, transcription through the promoter fragment where the 
MEF2 site is mutated is only 1.5-fold repressed by exogenous KLF2, in constrast to the three- 
to four-fold reduction in promoters containing the functional MEF2 site.  
 
KLF2 inhibits the MEK5/ERK5 pathway and activates RhoA 
To investigate the KLF2-mediated regulation of MEF2 activity, HUVEC transduced with the 
minimal KLF2 promoter reporter construct were stimulated with the class I and II HDAC 
inhibitor Trichostatin A (TSA), or Lovastatin, two known inducers of MEF2-dependent 
transcription (Figure 3A).6, 8 TSA directly inhibits HDACs associated with MEF2 and 
Lovastatin inhibits the addition of geranylgeranyl pyrophosphate moieties to RhoA, which 
normally inhibits MEK5/ERK5 signaling to MEF2.6 While TSA induces KLF2 promoter 
activity in both mock- and KLF2-transduced HUVECs, Lovastatin greatly induced promoter 
activity in mock-transduced cells, but only to a minor extent in KLF2-transduced HUVECs, 
which is exemplified by the 6.3 fold repression by KLF2 in the presence of Lovastatin. 
Previously, it was shown that the MEK5/ERK5 pathway leading to KLF2 expression is 
sensitive to inhibition by RhoA, which can be alleviated by statin treatment6 . Our data 
confirm this mechanism, as substantiated by the finding that activity of the MEF2-mutated 
promoter construct was not affected by either treatment (Figure 3A, left bar-graph). To 
functionally test the involvement of RhoA in the KLF2-mediated inhibition of the MEK5/
ERK5 signaling pathway, active GTP-bound RhoA levels were measured by Rhotekin assay 
in mock- and KLF2-transduced HUVECs, which revealed that KLF2 indeed induces RhoA 
activity in ECs (Figure 3B).  
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Figure 1. KLF2 mRNA expression, protein levels and transcriptional activity after lentiviral 
transduction. 
(A) HUVECs were transduced with mock (M) or KLF2 lentivirus (K), as previously described.17 After 24, 48 
and 72 hours cells were lysed and KLF2 levels were analyzed by Western blot and densitometric 
quantification (N=3). α-Tubulin was used as a loading control. (B) HUVECs were transduced with mock- or 
KLF2-lentivirus for 24h, 48h and 72h and mRNA levels of the indicated genes were measured using real-
time RT-PCR (N=5). Ratios of KLF2/Mock levels for each time point are expressed as fold change. (C) 
Mock- and KLF2-transduced HUVECs were treated with Actinomycin D (2 μg/ml) for 1, 2 or 4 hours or left 
untreated (set to 1 for each condition). Shown are average mRNA levels of endogenous KLF2 in three 
independent experiments, as quantified by real-time RT-PCR.  
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Figure 2. The KLF2-induced negative feedback loop inhibits KLF2 promoter activity through the 
conserved MEF2 site. 
(A) Western blot analysis and quantification thereof showing levels of phosphorylated ERK5 (P-ERK5) in 
the presence (KLF2) or absence (Mock) of exogenous KLF2. (N=3). (B) Transduction with either MEF2B- 
(black bars) or mock-lentivirus (white bars) was performed at least five days before measurement and 
transduction with the -367 bp. to +1 bp. reporter lentivirus or a mutant thereof (-MEF2 site) was performed 
48h before measurement. Average levels of luciferase activity of at least 3 experiments are shown. (C) 
Luciferase activity was measured after transduction with lentiviral reporter vectors containing parts of the 
wild-type KLF2 core promoter (-367 bp. to +1 bp. relative to ATG start-codon) or mutations thereof (MEF2, 
MZF1 and TATA box-binding protein sites mutated). Numbers next to the bars indicate fold change by 
KLF2 transduction vs. control (N=3).  *P<0.05 
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Figure 3. KLF2 induces a negative feedback 
loop through induction of RhoA. 
(A) Luciferase reporter assay, performed at least 
five days after transduction with either KLF2- (black 
bars) or mock-lentivirus (white bars) and 48h after 
transduction with the -367 bp. to +1 bp. reporter 
lentivirus or a mutant thereof (-MEF2 site). 
Trichostatin A (TSA) (1 μM) and Lovastatin (10 μM) 
were added 16 hours before luciferase 
measurement. Averages of at least 3 experiments 
are shown. Numbers next to the bars indicate fold 
induction by KLF2 transduction vs. control. (B) 
Active RhoA was isolated using GST-tagged 
Rhotekin and a representative subsequent Western 
blot for RhoA is shown. Three independent 
experiments were quantified and corrected for α-
Tubulin. *P<0.05 

KLF2 regulates the phosphorylation of actin cytoskeleton associated proteins 
KLF2 regulates the levels of many (phosphorylated) proteins that are associated with actin 
cytoskeleton signaling (Table 1), which is consistent with the morphological changes seen in 
actin cytoskeleton architecture10 as well as with RhoA activation (Figure 3B), when KLF2 is 
overexpressed. Notably, KLF2 regulates phosphorylation of specific residues of proteins like 
crystallin αB, focal adhesion kinase (FAK) and heat-shock protein 27 (HSP27), without 
affecting their total protein levels (Table 1). FAK phosphorylations at tyrosine residue 576, 
described to be induced by auto-activation28, and at serine residue 732, induced by neuronal 
cyclin dependent kinase 5 (CDK5),29 are most significantly inhibited by KLF2 (Figure 4A). 
On the other hand, phosphorylation of FAK on tyrosine residue 397, known for its 
involvement in the activation of PI3K, is slightly induced by KLF2. Two different array 
antibodies specific for HSP27 phosphorylated at serine residue 82, show that KLF2 inhibits 
HSP27 activation (Figure 4B), normally a product of activated p38, protein kinase C and 
protein kinase D.30 Based on these results, we hypothesized that KLF2 might regulate MAPK 
signaling through actin cytoskeleton associated proteins, which we next set out to study.  
 
KLF2 inhibits JNK and downstream targets c-Jun and ATF2 in an actin cytoskeleton-
dependent manner 
FAK has been implicated in the phosphorylation of JNK, the upstream kinase activating both 
AP-1 components c-Jun and ATF2. Actin-mediated activation of JNK via FAK only requires a 
small (140 amino acids) domain of FAK.31 KLF2 inhibits phosphorylation of serine residue 
732 (Table 1), which lies in this domain, suggesting that KLF2 might interfere with JNK 
phosphorylation. Western blot analysis showed that phosphorylation of JNK1 and JNK2/3 is 
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indeed inhibited by KLF2 (Figure 4C, left two lanes). To assess the role of the actin 

cytoskeleton in the KLF2-mediated inhibition of JNK activity, the actin cytoskeleton in mock- 

and KLF2-transduced HUVECs was disrupted with Cytochalasin D, which specifically binds 

actin dimers with very high affinity, thereby inhibiting actin polymerization.32 Cytochalasin D 

treatment prevented typical actin fiber formation in KLF2-transduced ECs, as assessed by 

fluorescence microscopy (Figure 4D). Strikingly, the mere disruption of the actin 

cytoskeleton completely blocked the inhibitory effect of KLF2 on phosphorylation of all JNK 

isoforms (Figure 4C). 
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Figure 4. KLF2 inhibits JNK phosphorylation in an actin-dependent manner. 

(A and B) Summary of levels of the different post-translationally activated forms of FAK and Hsp27 in 

KLF2-transduced compared to mock-transduced cells, as analyzed using the Kinex
®
 antibody micro-array. 

The category axis shows antibody specificity for the indicated phosphorylated amino acid residue. Fold 

induction by KLF2 is indicated on the Y-axis. (C) Western blot analysis of P-JNK1, 2 and 3 levels in mock- 

(white bar) and KLF2-transduced HUVECs (black bar) in the presence of DMSO (control) or Cytochalasin 

D (200 nM). α-Tubulin was used as a loading control. Quantifications are shown for four independent 

experiments. (D) Fluorescent photomicrographs of mock- and KLF2-transduced cells treated with DMSO or 

200 nM Cytochalasin D, showing filamentous actin in red and nuclei in blue. The scale bar indicates 10 µm. 

*P<0.05, **P<0.01 
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Figure 5. KLF2 inhibits nuclear localization of P-c-Jun and P-ATF2 in an actin-dependent manner. 

Immuno-fluorescent photomicrographs and quantification thereof of mock- (A, E, I, M, Q, U, C, G, K, O, S 

and W) and KLF2-transduced (B, F, J, N, R, V, D, H, L, P, T and X) HUVECs treated with DMSO (A, B, E, 

F, I, J, M, N, Q, R, U and V) or Cytochalasin D (200 nM) (C, D, G, H, K, L, O, P, S, T, W and X). 

Phosphorylated c-Jun on serine residue 63 (A-H) or serine residue 73 (I-P) or phosphorylated ATF2 on 

threonine residue 71 (Q-X) are stained red and nuclei are stained blue with Hoechst 33342 (E-H, M-P and 

U-X). The scale bar indicates 10 µm. (Y) Average nuclear intensity was measured for the indicated 

fluorescent staining and condition (N=5). For each staining, student’s T-tests were performed comparing 

KLF2/DMSO vs. Mock/DMSO and KLF2/CytD vs Mock/CytD. ***P<0.001, N.S. P>0.05 
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Figure 6. Actin cytoskeleton changes induced by KLF2 overexpression occur rapidly but are not 

involved in the negative feedback loop of KLF2. 

(A) Mock- and KLF2-transduced HUVECs were fixated with paraformaldehyde at 24, 48 and 72 hours after 

transduction. F-actin is visualized in red, KLF2 in green and nuclei in blue. (B) Mock- and KLF2-transduced 

HUVECs were transduced with the 367bp. KLF2 promoter construct 48h before luciferase measurement. 

Cytochalasin D (200 nM) or DMSO (0.1%) was added 16h before luciferase measurement. Averages of 

three experiments are shown. Numbers indicate fold induction by KLF2. *P<0.05 
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Figure 7. KLF2 attenuates the 
MEK5 /ERK5 / MEF2  ca sc ade 
through RhoA activation and 
inhibits JNK and subsequent c-
Jun and ATF2 activation in an 
actin-dependent manner. 
Schematic representation of the 
indirect KLF2-mediated inhibition of 
the JNK MAPK pathway via the actin 
cytoskeleton and the RhoA 
dependent attenuation of the 
ups t ream MEK5 /ERK5 /MEF2 
cascade.  

Figure 6. (C) Modified Venn analysis 
of microarray expression data at 24h, 
48h, 72h and 168h after lentiviral 
KLF2 transduction. Indicated are the 
numbers of genes per timepoint that 
meet the indicated criteria, but do not 
meet the criteria for an earlier 
timepoint. Inflammatory genes, TGF-
β signaling genes and vasodilatation 
genes were previously published to 
be KLF2-dependent.10, 16-18  
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The involvement of the actin cytoskeleton in the KLF2-mediated attenuation of JNK 
phosphorylation was tested for its involvement in downstream signaling to the JNK targets c-
Jun and ATF2. To that end, mock- and KLF2-transduced HUVEC were treated with 
Cytochalasin D and we performed immunofluorescence analysis of phosphorylated c-Jun and 
phosphorylated ATF2 levels and localization. Using antibodies against two different 
phosphorylated forms of c-Jun (P-Ser63 and P-Ser73) and one antibody against 
phosphorylated ATF2 (P-Thr71), we show that disruption of the actin cytoskeleton can reverse 
the inhibitory effect of KLF2 on nuclear localization of both of these JNK-activated 
transcription factors (Figure 5).  
 
Anti-inflammatory gene expression follows the KLF2-mediated changes in actin 
cytoskeleton architecture 
Given the delayed effects of KLF2 on gene expression and autoinhibition (Figure 1), we next 
evaluated the effect on cytoskeleton rearrangements in more detail. As shown in Figure 6A, 
the effects of KLF2 on actin stress fiber formation and maturation follows a similar 
timecourse as the slow accumulation of KLF2 (Figure 1). To test whether actin fiber 
formation is also required for the inhibitory effect of KLF2 on its own promoter, the actin 
cytoskeleton was disrupted with Cytochalasin D in mock- and KLF2-transduced cells. 
However, treatment with Cytochalasin D did not alter KLF2 promoter activity (Figure 6B). 

Finally, effects on gene expression during this slow maturation were followed by genome-
wide transcriptome analysis (Figure 6C). A modified Venn analysis of KLF2 induced genes 
during different stages of KLF2 overexpression, indeed shows that of the 1281 genes that are 
regulated by prolonged KLF2 overexpression (7 days, 168h), only 16% (206 genes) is 
significantly regulated at 72h after KLF2 transduction. Of the 206 genes that were 
significantly regulated at 72h of KLF2 overexpression, only 72 genes (35%) are affected at 
48h. At 24h after KLF2 transduction, only the transcript of KLF2 itself is induced, in accord 
with the results shown in Figure 1. The earliest transcriptional targets of KLF2 comprise the 
known direct targets thrombomodulin (THBD) and eNOS, but also some of the most 
significant10 KLF2 downstream genes like aquaporin 1 (AQP1), cytochrome P450 1B1 
(CYP1B1), hyaluronidase 2 (HYAL2) and the prostaglandin transporter SLCO2A1. The genes 
that constitute the previously reported anti-inflammatory effects of KLF2,10, 16, 18 however, are 
all regulated after full maturation of the actin fiber network (at 72h and 168h after 
transduction). 
 
 
Discussion 

The shear stress-induced transcription factor KLF2 inhibits both its own production and the 
pro-inflammatory state of ECs cultured in the absence of flow. Using array-based 
phosphoproteome profiling we now show the concerted effects of KLF2 on the endothelial 
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kinome. The two major MAPK routes affected are schematically represented in Figure 7. 
First, MEF2-dependent transcription of the KLF2 gene itself is similarly repressed through 
RhoA-mediated inhibition of upstream MAPK signaling. Second, we show that KLF2 
attenuates MAPK-mediated posttranslational activation of the AP-1 components c-Jun and 
ATF2 in an actin cytoskeleton-dependent manner and that anti-inflammatory gene expression 
is only displayed after KLF2-mediated changes in cytoskeleton architecture. In general, these 
results complete the basic architecture of the KLF2-dependent effects on MAPK signaling in 
ECs. Furthermore, this corroborates its role as a repressor of MAPK activation, as recently 
also demonstrated in relation to the proposed contribution of KLF2 to negative feedback 
effects that control EGF signaling in tumorigenesis.33 

Previous reports have established the essential contribution of the MEK5/ERK5/MEF2 
axis to KLF2 transcription.7, 21 We now show that the essential MEF2 site in the KLF2 
promoter lies in an evolutionarily conserved region, as assessed using Genomatix software. In 
the same region, a putative MZF-1 binding site was identified, which also appears to be 
essential for normal transcription of the KLF2 gene in static ECs (Figure 2C). MZF-1 is 
known to be expressed in a myeloid-specific manner, which is in concurrence with the 
expression pattern for KLF2,34 offering a potential explanation for the cell type-specific 
expression of KLF2. Furthermore, MZF-1 is known to induce transcription of myeloid-
specific genes in cells from the myeloid lineage, but to repress the same genes in non-myeloid 
cells,35 indicating that additional factors are required for lineage-specific transcription, such as 
MEF2. In accordance with this, ERK5, which activates KLF2 transcription via MEF2, has also 
been described to regulate tissue specific gene expression.7 Based on our phosphoproteome 
analysis (Table 1), we show that the signaling pathway leading to KLF2 expression is 
controlled by a negative feedback mechanism involving RhoA. Strikingly, this is precisely the 
molecule inhibited by HMG-CoA reductase inhibitors to induce KLF2 expression (Figure 7). 
This is achieved by inhibiting the synthesis of essential geranylgeranyl pyrophosphate 
moieties of RhoA, thereby increasing MEK5/ERK5/ERK5 activity, as was also shown for 
another RhoA inhibitor, exotoxin C3.6 Similarly, shear stress also induces KLF2 expression by 
activation of the MEK5/ERK5/MEF2 signaling pathway (Figure 7).21 Collectively, these data 
are consistent with a model in which the activating MEK5/ERK5/MEF2 signaling pathway is 
balanced by a concerted inhibition by KLF2-induced RhoA. 

Negative feedback mechanisms are essential to establish tightly regulated and controllable 
protein levels36 and the current model (Figure 7) has all the characteristics of a classic 
“negative feedback amplifier” so frequently described in MAPK signaling networks.37 In 
accordance with such model, KLF2 levels are indeed precisely regulated in a linear 
proportional relation to shear stress levels,17 for which we now postulate an underlying 
molecular mechanism. The details of this auto-inhibitory feedback loop, specifically how 
KLF2 might activate RhoA, need further detailed investigations, as no specific clues could be 
found in the current kinome data (Table 1) or expression data.  
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The second issue we addressed at the global kinome level, concerns the anti-inflammatory 
effects of KLF2, most notably through our previously reported effects on the AP-1 members 
ATF2 and c-Jun.16, 18 The current data confirm our previous findings that KLF2 largely 
inhibits c-Jun phosphorylation but not its total protein levels,16 whereas ATF2 levels and 
phosphorylation are even slightly increased, but the active form (phosphorylated on Thr71) is 
excluded from the nucleus.18 Surprisingly, no gross changes in the MAPK network upstream 
of JNK could be detected (Table 1). Rather, a widespread effect of KLF2 on actin 
cytoskeleton related proteins and kinases was found. We now show that it is indeed the actin 
cytoskeleton itself that is responsible for the suppression of MAPK signaling, with all 
isoforms of JNK being affected (Figure 4C). Moreover, disruption of the actin cytoskeleton 
with cytochalasin D completely abolished the inhibitory effects of KLF2 on activation and 
nuclear localization of c-Jun and ATF2 (Figure 5) and suppression of inflammatory gene 
expression by KLF2 only occurs after full maturation of the actin cytoskeleton (Figure 6). 

The actin fibers that are indirectly formed by KLF2 are highly similar in appearance to 
stress fibers formed by shear stress. Rho activation is known to underlie actin polymerization 
due to shear stress and this is in agreement with the finding that KLF2 induces RhoA (Figure 
3B). In vivo, KLF2 expression levels are regulated by the fine balance between the shear 
stress-mediated activation through the MEK5/ERK5/MEF2 pathway and the inhibition 
through RhoA activation by KLF2. This could offer an explanation for the well-established 
atheroprotective effects of Rho Kinase inhibition, by Fasudil for instance, which would shift 
the balance towards induction of KLF2 and its downstream anti-inflammatory effects.38, 39 
Furthermore, it explains the reduced potency of statins versus shear stress, we previously 
reported, as direct RhoA inhibition by statins will induce KLF2 expression in the absence of 
actin fiber formation.40 The importance of the actin cytoskeleton in the development of 
atherosclerosis, typically initiated due to absence of shear stress and hence KLF2, has recently 
been shown directly. Romeo and colleagues41 investigated the role of profilin-1 (Pfn1), an 
essential protein that dynamically regulates actin polymerization, proving that its diminished 
expression prevented pro-atherogenic MAPK signaling in endothelial cells and suppressed in 
vivo atherosclerosis in a mouse model. That study also showed that ATF2 activation was 
impaired in (atheroprotected) Pfn1+/- mice, which is in accordance with previous data18 and the 
data presented here that KLF2 inhibits activation of ATF2 in an actin dependent manner. 
Previously, we described that KLF2 inhibits the TGF-β-mediated induction of PAI-1, partly 
through inhibition of MAPK signaling to c-Jun.16 In accordance with this finding, TGF-β-
induced PAI-1 expression through MAPK signaling was also found to be actin cytoskeleton-
dependent.42 

JNK has long been known as a pro-inflammatory mediator in many cell-types involved in 
atherosclerosis13, 43 and insulin resistance.44 More recently, JNK was shown to be the central 
mediator of the inflammatory and atherogenic effects of advanced glycation endproducts in 
ECs.45 Our finding that KLF2 utilizes the actin cytoskeleton to indirectly inhibit JNK 
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signaling suggests that the KLF2-mediated regulation of the actin cytoskeleton forms an 
essential part of the anti-inflammatory and anti-atherosclerotic effects of shear stress. Onset of 
shear stress induces remodeling of the actin cytoskeleton and the ECs align in the direction of 
the flow within 6 hours and the typical shear-induced actin stress fibers become visible 
approximately 24 hours after shear exposure.46 Furthermore, short-term shear stress exposure 
(for less than 6 hours) is known to activate JNK signaling.47 And even though KLF2 mRNA 
expression is induced in this short time-frame,3 its downstream targets like eNOS and 
thrombomodulin (which are indicative of KLF2 protein function) are not induced, while this is 
well established for prolonged shear stress (more than 24 hours).17, 40 Similarly, KLF2 effects 
are evident only after prolonged overexpression, correlating with direct downstream target 
regulation as earliest events (Figures 1B and 6C) and actin fiber formation and inhibition of 
pro-inflammatory JNK and TGF-β signaling as delayed effects (Figures 5, 6A and 6C). 

In conclusion, the current comprehensive analysis of KLF2 effects on endothelial MAPK 
signaling completes a general lay-out of the architecture of the suppressive effects of KLF2 on 
MAPK signaling that constitute an important part of the anti-inflammatory and auto-
regulatory effects of KLF2. A future, more detailed knowledge of this integrated signaling 
network might supply specific points of intervention that could mimick the protective effects 
of both shear stress and statins on endothelial function to prevent vascular disease.  
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Abstract 

Introduction  Interventional cardiology has contributed greatly to the treatment of 
patients suffering from coronary atherosclerotic disease. However, in-stent restenosis 
and thrombosis constitute significant clinical problems that partly nullify the success of 
coronary interventions. Delayed endothelial covering of coronary stents is considered 
to contribute importantly to the pathogenesis of these phenomena.  

Methods and results  We show, in an in vivo model of endothelial regeneration, 
that Krüppel-like factor 2 (KLF2) and its target endothelial nitric-oxide synthase 
(eNOS) are highly expressed in endothelial cells involved in restoring the integrity of 
the vascular intima. The increased expression of KLF2 is shown to be independent 
from cell-cycle regulation and the influence of MEF2-dependent transcriptional 
activity. Rather, we demonstrate that KLF2 expression is increased upon disruption of 
VE-cadherin dependent cell-cell interaction and is responsible for significant 
upregulation of eNOS and Thrombomodulin, two essential endothelial mediators that 
confer protection from in-stent restenosis and - thrombosis.   

Discussion The expression of KLF2 and its targets eNOS and Thrombomodulin 
in the regenerating endothelium may represent an important mechanism by which the 
vascular intima protects itself from the deleterious response that is elicited by 
vascular injury. Mechanistically, KLF2 expression seems to be primarily dependent on 
cell-cell interaction, specifically the functional presence of VE-cadherin. These 
findings may aid in the development of more effective therapeutic modalities for the 
prevention of in-stent restenosis and -thrombosis. 
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Introduction 

Myocardial infarction, a most feared consequence of atherosclerotic disease, is often the direct 
result of pathologic conditions in which the integrity of the endothelial layer is compromised. 
The disruption of the vascular intima causes instantaneous initiation of bloodcoagulation, thus 
occluding the affected coronary artery, leading to ischemia and ultimately irreversible damage 
to the myocardium. 

Interventional cardiology has greatly decreased the incidence of mortality and morbidity 
caused by myocardial ischemia, by enabling revascularisation of occluded coronary arteries by 
means of balloon angioplasty. Since its first successful treatment of coronary artery disease 
was demonstrated, the treatment modality of percutaneous transluminal coronary angioplasty 
(PTCA) has taken great strides in its development. Stenting of the target lesion with bare 
metal stents (BMS) has reduced the rate of restenosis, a frequently seen complication of 
coronary angioplasty 1. However, due to in-stent restenosis, the need for target lesion 
revascularisation remained substantial (10-15%). The advent of drug-eluting stents (DES) has 
further reduced this problem. As shown in meta-analyses, the use of anti-proliferative drugs 
like Paclitaxel and Sirolimus has significantly reduced the rate of in-stent restenosis 2;3.  
However, there has been increasing concern that DES may be associated with in-stent 
thrombosis. Studies have shown increased rates of late (>30 days) in-stent thrombosis in DES 
4, whereas these harmful effects are less frequently observed in BMS within this timeframe 5. 
It is thought that these effects may be mediated by delayed reendothelialization of the stented 
coronary segment, as shown in post-mortem studies 6;7 as well as in in vivo angioscopic 
studies 8. Gaining further insight into the determinants of endothelial regeneration is therefore 
of pivotal importance to aid in the development of new strategies that may prevent in-stent 
thrombosis and restenosis. 

The transcription factor KLF2 has, in recent years, emerged as a critical regulator of proper 
physiologic endothelial function. We and others have shown that KLF2 is a key molecular 
player in the maintenance of the flow-mediated anti-inflammatory and anti-coagulant 
properties of endothelial cells (summarized in 9). 

In the present study, we sought to determine the potential role of KLF2 in endothelial 
growth and regeneration in the event of a compromised endothelial monolayer. We 
demonstrate that KLF2 is significantly upregulated during endothelial regeneration in vivo, 
correlating with increased expression of its downstream target eNOS. Mechanistically, we 
show that regulation of KLF2 expression within these processes is importantly dependent on 
VE-cadherin-mediated cell-cell interaction, and is responsible for the concomitant 
upregulation of eNOS and thrombomodulin. This demonstrates an important role for KLF2 in 
the functional properties of the endothelial monolayer during the process of endothelialization 
after vascular injury. 
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Materials and methods 

Mice  
All procedures involving experimental animals were performed in accordance with the 
principles and guidelines established by the National Institute of Medical Research 
(INSERM). They were housed in stainless steel cages in groups of 5, kept in a temperature-
controlled facility on a 12-h light-dark cycle, and fed normal laboratory mouse chow diet. 
Wild type corresponds to female C57BL/6J mice and transgenic mice had at least eight 
backcrosses with C57BL/6J mice.  
 
Mouse carotid injury and en face confocal microscopy 
The carotid electric injury was performed essentially as previously described 10. Briefly, the 
left common carotid artery was exposed as described above. The electric injury (in fact 
primarily thermal) was applied to the distal part (4 mm precisely) of the common carotid 
artery with a bipolar microregulator. One to 3 days later, the endothelial regeneration process 
was evaluated by en face confocal microscopy.  

Intravascular blood was first removed with an intra cardiac injection of PBS 1X. The 
carotids were carefully dissected and fixed for 20 min in PBS containing 4% 
paraformaldehyde. Carotids were longitudinally opened and fixation was quenched with 100 
mM glycine (pH 7.4), permeabilized for 10 min in 0.1% Triton X-100, and washed in PBS. 
Fixed tissues were blocked with a solution I (75 mM NaCl, 18mM Na3citrate, 2% goat serum, 
1% BSA, 0.05% Triton X-100, and 0.02% NaN3) during 2 h at room temperature. Primary 
antibody are diluted in solution I and incubated with carotids during 48 h at 4°C. Then, tissues 
were washed with solution II (75 mM NaCl, 18 mM Na3citrate, 0.05% Triton X-100) for 2 h 
and rinsed in PBS. Carotids were incubated, 1h at room temperature, with fluorophore-
conjugated antibodies (Molecular probes) diluted in solution I. Finally tissues were washed in 
solution I for 1h at room temperature. Primary antibodies used were: CD31 (01951D, 
Pharmingen), eNOS (sc654, Santa Cruz Biotechnologies), von Willebrand Factor (A0082, 
Dako), KLF2 (rabbit polyclonal 12,20), EGR1 : rabbit anti mouse (4153, Cell Signaling). 
Secondary antibodies (Invitrogen) were all conjugated with Alexa Fluor 633. To label the 
nuclei, propidium iodide was used (Sigma-Aldrich). All preparations were mounted with 
Kaiser’s glycerol gelatin (Merck). All microscopy imagery and quantification was performed 
with LEICA SP2 and ZEISS LSM 510 software, respectively. Lengths of the reendothelialized 
area (RE) and of the retrograde proliferating zone (RetroP) are means of at least 10 measures 
spanning the carotid.  
 
BrdU incorporation and staining  
Mice received an intraperitoneal injection of 100 µL 5-Bromo-2-deoxyuridine solution (33 
mg/mL, Roche Diagnostic) 15 hours before sacrifice. After tissue recovery, samples were 
fixed in 100% methanol during 30 min and permeabilized with 2N HCl during 7 min at 37°C. 
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After 3 washes in PBS, samples were treated with a Borate solution (24.6 g/L Na2B4O7, 4.36 
g/L KH2PO4) during 15 min. Carotid arteries were subsequently incubated with solution I 
(previously described) for 2 hours at room temperature. Finally, tissues were incubated with 
anti-BrdU antibody conjugated with Alexa fluor 633 (Invitrogen) during 1 h at room 
temperature and rinsed in solution II (described above). A mean length of each area (REGEN, 
RE, RetroP) was measured using the confocal microscopy software (Zeiss LSM Data Server, 
Carl Zeiss Jena Gmbh) 
 
Cell-cycle arrest, synchronization, and flow cytometry. 
HUVEC were isolated and cultured in Medium-199 (Gibco-BRL), supplemented with 20% 
fetal bovine serum (FBS), 50 μg/ml heparin (Sigma), 6–25 μg/ml Endothelial Cell Growth 
Supplement (ECGS) (Sigma), 100 U/ml penicillin/ streptomycin (Gibco-BRL), as described12. 
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. To 
synchronize cells, near-confluent cultures were blocked at the G1/early S stage by addition of 
hydroxyurea to the medium to a final concentration of 2 mM. After 20 h, cells were released 
from the block by washing them three times with serum-free medium and growing them on 
complete medium. For monitoring synchrony by flow cytometry, cells were briefly 
trypsinised, pelleted by centrifugation at 200 x g and resuspended in 2 ml PBS. While gently 
mixing on a vortex, ethanol was added to a final concentration of 75%. Shortly before flow 
cytometry, propidium iodide staining was performed. Cells were centrifuged at 200 x g and 
carefully resuspended in 0.25ml PBS. The actual staining was performed during 30 min at 
37ºC in 1 ml PBS containing 0.025 mg/ml propidium iodide, 0.01 % saponin and 1 mg/ml 
RNAse A. Subsequently, cell-cycle distribution of the cells was determined by analyzing their 
DNA-content on a Becton Dickinson FACSVantage SE flow cytometer. Data were analysed 
using WinMDI 2.8 software (Dr. J. Trotter, Scripps Research Institute, La Jolla, CA). 
 
RNA isolation and Northern blot analysis.   
RNA was isolated from synchronized cultures and analyzed by Northern blotting as described 
previously11. As probes we used agarose-purified restriction fragments containing RB6K 
cDNA nucleotides 1712-2972 or cyclin B as an insert of approximately 1.5 kb from IMAGE 
clone 549825. The fragments were labeled to high specific radioactivity using the random 
primers DNA labeling system (Life Technologies) and [α-32P]-dATP (Redivue, Amersham). 
Unincorporated nucleotides were removed by the Qiaquick nucleotide removal kit (Qiagen). 
Radioactivity was quantified using a STORM and ImageQuant software (Molecular 
Dynamics). VE-cadherin- and KLF2 mRNA levels were determined as described under semi-
quantitative real-time reverse transcription (RT)-polymerase chain reaction (PCR).    
 

 6 

K
LF2 in endothelial regeneration  

Proefschrift JVvT 
page 111

 
Composite

Monday, November 24, 2008 16:52



112 

Incubation of HUVEC with VE-cadherin antibodies.  

Mouse antibodies against the extracellular domain of VE-cadherin were obtained from BD 

biosciences (catalog number 610251). Preservatives were removed from the antibody 

preparation by ultrafiltration on Microcon YM10 centrifugal filter units (Millipore).  First 

passage human umbilical cord endothelial cells (HUVEC) were grown in EGM-2 medium 

(Lonza). 48 h after HUVECs had reached confluency,  antibodies were added to the medium 

to a final concentration of 30 µg/ml and culturing was continued in the presence of the 

antibodies during 8 h, after which RNA was isolated.   

 

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

Total RNA was isolated using the aurum total RNA kit (BioRad Laboratories, Veenendaal, 

The Netherlands), according to the manufacturer’s instructions. 0.5 µg of total RNA was used 

for RT on (dT)12-18 primer using Superscript II (Invitrogen) according to the manufacturer’s 

instructions. PCR reactions were performed in a volume of 15 µl on an iCycler system (Biorad 

Laboratories). β-actin levels were used to normalize levels of the assayed mRNAs. Primer 

sequences: β-actin (forward) GGG AAA TCG TGC GTG ACA TTA AG, (reverse) TGT GTT 

GGC GTA AG GTC TTT G. VE-cadherin (CDH5): (forward) 5’-CGT GAG CAT CCA GGC 

AGT GGT AGC-3’, (reverse) 5’-GAG CCG CCG CCG CAG GAA G-3’ KLF2 (forward) 5'-

GCA AGA CCT ACA CCA AGA GTT CG-3' (reverse) 5'- CAT GTG CCG TTT CAT GTG 

C -3', eNOS (forward) 5'-TGG CTT TCC CTT CCA GTT C -3' (reverse) 5'-AGA GGC GTT 

TTG CTC CTT CTT C -3' 

 

Western blotting and immunofluorescence 

Western blotting and immunofluoresence were performed as described.30 Thrombomodulin 

(TM), eNOS, and tubulin antibodies were from R&D Systems, Abcam (Cambridge, United 

Figure 1. Expression of 

KLF2, EGR1 and eNOS 

d u r i n g  i n  v i v o 

endothelial regeneration.  

Expression of EGR1 and 

KLF2 in endothelial cells 

r e g ene r a t i n g  a f t e r 

perivascular aortic injury 

is shown by en face 

confocal microscopy at 

the indicated timepoints 

(Figure 1A). Increase of 

EGR1 protein levels 

precedes the rise of KLF2 

expression in the process 

of reendothelialization.  

(continued on page 113) 
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Kingdom), Biopool (Umea, Sweden) and BD Transduction Laboratories (San Diego, CA), 

respectively. Specific peptide antisera against human KLF2 were previously described.12,30 For 

immunofluorescence, HUVECs were grown on gelatin-coated glass coverslips, fixed with 

paraformaldehyde, and embedded in 10% Mowiol (Calbiochem, San Diego, CA). 

Photomicrographs were acquired using a Zeiss Axioplan 2 microscope  (Zeiss, Oberkochen, 

Germany) and a Coolsnap HQ digital camera (Roper Scientific, Ottobrunn, Germany) 

 

Statistical analysis 

Data are given as mean with error bars representing the standard error of the mean (SEM) for 

the indicated number of experiments. The unpaired Student t test was used to calculate the 

statistical significance of the expression ratios versus control cultures. P values less than .05 

were considered statistically significant. 

 

Results 

Involvement of KLF2 in endothelial regeneration in vivo 

To investigate a possible involvement of KLF2 in reendothelialization in vivo, we used a 

murine perivascular electric injury model. This model allowed direct evaluation of gene 

expression within the regenerating endothelium in the presence of normal physiological 

conditions, particularly shear stress. Injured, regenerating and healthy aortic vessel segments 

were subjected to “en face” confocal microscopy and the expression of EGR-1, KLF2 and 

eNOS was evaluated in these segments.  

In accord with previous reports19, the expression of EGR-1 was the first to be detected in 

endothelial cells responding to the compromised integrity of the intimal layer after vascular 

injury. Shortly thereafter, the abundant expression of KLF2 was observed within the 

Figure 1B demonstrates an 

increase in the incorporation 

of BrDU and the expression of 

eNOS, KLF2 and EGR-1 in 

quiescent vs. regenerating 

endothelium. An overlap 

between the incorporation of 

BrDU and the expression of 

KLF2 and its target eNOS is 

observed. 
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Figure 2. KLF2 expression in regenerating endothelium is cell-cycle independent. Figure 2A shows a 
schematic depiction of the localization of transcription factor binding sites within the KLF2 promoter, as 
determined by analysis of highly conserved stretches of the core promoter region, using Genomatix 
software (MEF2, Myocyte Enhancer Factor 2; MZF Myeloid Zinc Finger; TBP, Tata Binding protein; EGR, 
Early Growth Response).   
FACS analyses of a synchronized population of HUVEC are shown in figure 2B. The results establish, in 
time, percentages of the population in the various phases of the cell cycle. 
Figure 2C demonstrates the absence of a relation of the expression of KLF2 and CADH5 (VE-cadherin) 
with the expression of cell cycle-dependent genes Cyclin B and Rabkinesin 6 (RB6K).  
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endothelial cells that were restoring the vascular intima (Figure 1A). The fact that expression 
was by far the most abundant in the regenerating endothelial cells indicated that not shear 
stress, but the recovery of the endothelium was the prime stimulus for KLF2 expression under 
these circumstances. Within the same timeframe that KLF2 expression occurred, a 
considerable increase in the expression of eNOS was observed (Figure 1B). This correlates 
with previously published observations that KLF2 is the most potent inducer of eNOS mRNA 
expression in the endothelium 12;13. To evaluate a possible relation between the expression of 
KLF2 and cell proliferation, BrDU incorporation in the endothelial cells migrating into the 
wounded area was analysed. There was a clear overlap in the observed pattern of KLF2 
expression and the incorporation of BrDU, indicating a possible relation of KLF2 expression 
to cell proliferation, migration or cell confluence (Figure 1B). 
 
Analysis of KLF2 promoter in proliferation-related differential expression  
To identify the potential regulators of KLF2 differential expression during endothelial 
regeneration, we performed in silico analysis of the first 1046 bp of the KLF2 promoter. Using 
Bayesian phylogenetic footprint analysis, we identified three stretches of highly conserved 
sequence, as determined by human-murine interspecies alignment. Within these conserved 
sequences, we used Genomatix software to identify putative transcription factor binding sites 
(TFBS), which led to the identification of several potentially interesting candidates that may 
be related to the observed differential expression of KLF2 during endothelial growth and 
regeneration (Figure 2A). Along with the Myocyte Enhancer Factor 2 (MEF2) binding site, 
which has been previously identified as a functional site within the KLF2 promoter 14, we 
located the presence of a Cell cycle Dependent Element/Cell cycle genes Homology Region 
(CDE/CHR) element15. Furthermore, we discovered a putative Early Growth Response 1 
element, close to the TFBS for Tata Binding Protein (TBP) (Figure 3A).  
 
KLF2 expression in endothelial cells is not cell cycle-related 
In light of the observation that KLF2 is differentially expressed during regeneration of the 
endothelial monolayer, the presence of the CDE/CHR element within the KLF2 promoter led 
us to determine whether a possible relation exists between KLF2 expression and the 
endothelial cell cycle. We performed experiments to compare, during the cell cycle, the 
expression of KLF2 to the expression of genes that are both known to be cell-cycle regulated 
and known to have a functional CDE/CHR element. The cell-cycle phase of the studied 
populations of HUVEC was determined in time (Figure 2B) and mRNA expression of KLF2, 
cadherin 5, cyclinB and Rabkinesin 6 (RB6K)11 were determined (Figure 2C). Whereas 
CyclinB and RB6K expression showed the reported11,33 clear relation to the amount of cells in 
G2/M, there was no significant differential expression of KLF2 nor CADH5 (VE-cadherin) 
during the cell cycle (Figure 2C). 
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Figure 3. Proximal KLF2 promoter does not control confluence-dependent KLF2 expression. 
Promoter-deletion analyses demonstrate significant loss of activity upon deletion of sequence within the 
last 367 basepairs before the transcription start site (Figure 3A). Figure 3B shows the induction of KLF2 
promoter activity upon stimulation of HUVEC by shear stress and treatment with Lovastatin (10 µM). 
Deletion of the MEF2 binding site within the promoter leads to significant loss of this induction. Figure 3C 
demonstrates the absence of influence of cell confluence on KLF2 promoter activity. There is no significant 
effect on KLF2 promoter activity upon deletion of either the MEF2- or EGR1 transcription factor binding site. 
* p<0.05; N.S. P>0.05 
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Analysis of KLF2 core-promoter transcriptional activity 
To further elucidate KLF2 transcriptional regulation in relation to endothelial growth and 
regeneration, we performed deletion analysis of the KLF2 promoter using our previously 
described lentiviral system16 to stably transduce HUVEC with luciferase reporter constructs. 
We found that the most significant loss of transcriptional activity indeed occurred upon 
deletion of conserved sequence within the promoter (Figure 3A). To characterize the 
contribution to transcriptional activity of the putative TFBS that were determined in silico, we 
focused on the MEF2 and EGR-1 binding sites, as MEF2 is known to be functionally involved 
in flow- and statin-induced KLF2 expression 17;18 and EGR-1 is well known to be upregulated 
in endothelial cells regenerating after injury 19. We performed PCR overlap-extension 
mutagenesis of the MEF2 and EGR-1 sites and determined the influence of cell density on 
KLF2 transcriptional activity in the absence and presence of the intact TFBS. With these 
lentiviral reporter constructs, we could indeed confirm a MEF2-dependent upregulation of 
KLF2 promoter activity in HUVEC exposed to statins, as well as show for the first time the 
importance of this MEF2 site in the shear response (Figure 3B). There were, however, no 
significant changes in transcriptional activity in subconfluent HUVEC when compared to fully 
quiescent, confluent cells, nor did the deletion of either the MEF2 or EGR-1 TFBS change 
KLF2 promoter activity under these conditions (Figure 3C). As we have previously 
demonstrated that flow-induced KLF2 expression is importantly determined by KLF2 mRNA 
stabilization 20, we performed experiments to investigate if this mechanism may also be 
involved in confluence-dependent KLF2 expression. We observed no significant difference in 
mRNA stability when comparing subconfluent to confluent cells (data not shown). 
 
Differential expression of KLF2 protein and its downstream targets during formation of 
the endothelial monolayer 
To further study the dynamics of KLF2 expression in endothelial cells during the formation of 
a confluent monolayer, we performed in vitro studies in which KLF2 expression in HUVEC 
was assayed at the protein level. Using immunofluorenscence to detect KLF2 protein, we 
observed a striking pattern of expression. In HUVEC that had not reached confluence, high 
expression of KLF2 protein in the nucleus was observed, whereas a precipitous decrease in 
expression was seen in cells that were adjoining into a confluent cell layer (Figure 4A). Next, 
we determined protein levels of two of the most influential KLF2 transcriptional targets, 
eNOS and TM, in sparse vs. confluent endothelial cells. Upon quantification of the protein 
levels by Western blotting analysis, we found a robust increase in protein expression of eNOS 
and TM in subconfluent endothelial cells (Figure 4B). This data indicates a direct relation of 
KLF2 expression to the integrity of the endothelial monolayer, which is mirrored by the, likely 
KLF2-driven, expression of its effector genes eNOS and TM. 
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Figure 4. KLF2, TM and eNOS protein expression is increased in subconfluent cells. KLF2 protein 
expression in a mixture of subconfluent and confluent HUVEC (Figure 4A). High expression is seen in 
sparse cells, whereas confluently grown HUVEC display a pattern of strongly diminished KLF2 expression. 
Figure 4B shows the quantification of protein levels of the KLF2 transcriptional targets eNOS and TM in 
subconfluent HUVEC, when compared to cells kept in confluent state. Substantially higher expression of 
eNOS and TM was observed in sparse endothelial cells. 
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Loss of cell-cell junctions by disruption of VE-cadherin interactions increases 
expression of KLF2 in confluent endothelium 
In the previous experiments we could not find evidence for a direct involvement of shear 
stress, cell-cycle regulation or an EGR-1 mediated stress response in the increased expression 
of KLF2 in regenerating endothelial cells. As our in vitro experiments showed a clear relation 
of KLF2 expression to cell confluency, we investigated the influence of cell-cell interaction on 
KLF2 expression. To this end, we studied the expression of KLF2 in confluent endothelium in 
the presence and absence of intercellular interactions of VE-cadherin, an adherence junction 
protein of utmost importance in the maintenance of endothelial cell-cell interaction and vessel 
homeostasis 21. Treatment of a confluent endothelial monolayer with a VE-cadherin blocking 
antibody resulted in the expected loss of adherens junction organisation (Figure 5A). 
Importantly, we observed a significant increase in the expression of KLF2 protein (Figure 
5A) and mRNA (Figure 5B) in the endothelium with disrupted intercellular VE-cadherin 
interactions. 

 
Discussion 

In the present study, we identify the endothelial transcription factor KLF2 as a potentially 
important player in the process of endothelial recovery after vascular injury, using a murine 
model mimicking the vascular injury that is incited by coronary angioplasty. Given the known 
beneficial effects of increased KLF2 expression on the anti-inflammatory and anti-thrombotic 
properties of the endothelium 9, our experiments demonstrating the in vivo endothelial 
overexpression of KLF2 and the concomitant increase in eNOS expression after vascular 
injury indicate the initiation of an anti-inflammatory vascular healing response aimed at 
preventing neointimal proliferation and thrombosis. 

In interventional cardiology, in-stent restenosis and in-stent thrombosis remain significant 
problems in daily practice. A recent meta-analysis included 19 trials with 7060 patients and 
showed an angiographic restenosis rate of 10.5% at 6-9 months 22, indicating that restenosis 
has not been eliminated by the introduction of DES. Often of even greater clinical 
significance, in-stent thrombosis was shown in an observational study of 8146 patients to 
occur at a rate of 2.9% at 3 years 23. It has been suggested that very late (>1 year) in-stent 
thrombosis is seen significantly more often in DES when compared to BMS 24;25. Even though 
angiographic restenosis and target lesion revascularisation are significantly decreased when 
employing DES as compared to BMS22, the lack of effect on all-cause mortality rates may be 
explained, in part, by these findings. Guidelines issued by the ACC/AHA have stated the 
requirement of prolonged antiplatelet therapy in DES, in order to prevent the dreaded event of 
acute in-stent thrombosis26. Indeed, within the first six months after treatment with DES, 
discontinuation of antiplatelet therapy is the most important predictor of in-stent thrombosis27. 
The observation that only after use of DES, but not BMS, mural thrombi can be detected by 
angioscopy 8 further strengthens the hypothesis that delayed endothelial covering of DES, due 
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Figure 5. Functional blocking of VE-Cadherin increases 

KLF2  p ro te in  and  mRNA exp ress ion . 

Immunofluorescence of confluent endothelial monolayers 

upon staining for KLF2 and VE-cadherin (CDH5, Figure 5A). 

Upon blocking of VE-cadherin-mediated cell-cell interaction 

using anti-CDH5 antibodies, loss of intercellular 

connections is observed. Treatment with these antibodies 

resulted in a clear increase in the expression of KLF2 

protein within the endothelial monolayer. Hoechst staining 

is shown as a control for integrity of the endothelium. Figure 

5B shows the increase in KLF2 mRNA upon treatment of 

endothelial cells with the VE-cadherin blocking antibodies. 

to the effects of anti-proliferative drugs, may explain the tendency to increased rates of in-

stent thrombosis. New insights in the process of endothelialization after vascular injury are 

therefore necessary to further limit restenosis and stent thrombosis. 

Our investigations into the functional consequences of modulation of KLF2 during 

endothelial regeneration show its pivotal involvement in the expression of its two main 

effector down-stream targets: eNOS and TM. It has been demonstrated that endothelium-

derived NO mediates attenuation of the inflammatory response within injured vessel 

segments. Furthermore, NO strongly attenuates SMC proliferation thereby profoundly limiting 

in-stent restenosis in experimental animal models 28;29. Timely restoration of an endothelial 
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monolayer, exhibiting increased KLF2 expression, may also aid in the prevention of in-stent 
thrombosis, as KLF2-mediated increased expression of TM confers potent anti-thrombotic 
properties to the endothelium20;30;31.  

Our studies into the mechanism by which the injured endothelium may invoke an 
increased expression of KLF2 have led to several findings. Analysis of KLF2 transcriptional 
regulation has excluded several potential regulators of injury-induced expression. First, EGR-
1 was shown over a decade ago to be importantly involved in endothelial recovery after 
vascular injury 19. Since then, it has been shown that EGR-1 plays critical role in many aspects 
of cardiovascular pathobiology 32. In our in vivo model, a clear response of EGR-1 expression 
upon endothelial injury is shown. Despite the presence of a putative EGR-1 element within the 
KLF2 promoter, there was no evidence of a direct relation between the presence of this 
element and KLF2 promoter activity in our experiments. It is therefore plausible that the stress 
response that provokes EGR-1 expression can be functionally separated from the role that 
KLF2 fulfils in the regenerating endothelium. Second, despite the well-documented role of 
MEF2 in the KLF2 transcriptional response to shear stress and statins 17;18, we could not find 
evidence for a role of MEF2 in the regulation of KLF2 expression in the process of 
endothelialization, indicating existence of a novel mechanism capable of inducing KLF2 
protein expression. Third, the CDE/CHR element is known to be required for cell-cycle 
regulated transcription from cyclin B1 and cyclin B2 promoters through repression in G0 and 
G1, followed by release in G2/M 15;33. The presence of this element within the KLF2 promoter 
was intriguing, as it may indicate a role for KLF2 in cell cycle-dependent regulation of 
reendothelialization upon vascular injury. Our results show, however, that increased 
expression of KLF2 is not related to endothelial proliferation, but rather seems to reflect 
changes in the spatial architecture of the endothelial monolayer, putatively involving cell-cell 
contact invoked signalling. 

The marked increase in KLF2 protein expression that we observed upon treatment of 
confluent endothelial cultures with VE-cadherin antibodies indicated that the prime stimulus 
for increased expression of KLF2 in endothelial injury is loss of cell-cell interaction through 
disruption of VE-cadherin. The direct effect on expression may be mediated by inhibition of 
the GTPase RhoA, which has been shown to be responsible for the statin-induced, increase in 
KLF2 expression18. Furthermore, RhoA was demonstrated to be inhibited upon loss of VE-
cadherin clustering34. Given, however, that our present data demonstrate a lack of effect on 
KLF2 expression upon deletion of the MEF2 binding site, future studies are required to 
investigate the novel regulatory pathway that may mediate these effects. Defects in vascular 
morphogenesis in KLF2-deficient mice 35, as well as VE-cadherin deficient mice 36, further 
strengthen the relation of both KLF2 and VE-cadherin to maintenance of architectural 
integrity of the vascular intima and the underlying vessel wall.  

In conclusion, the response of regenerating endothelium to increase the expression of 
KLF2, when the integrity of the vascular intima is compromised, constitutes an important 
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defence mechanism to protect the vascular wall from an overzealous inflammatory, 
proliferative and thrombotic response that may lead to the clinically troublesome phenomena 
of restenosis and stent thrombosis. KLF2 may therefore represent an interesting new target to 
improve the restoration of a functional endothelial monolayer after vascular injury. 
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Abstract 

Aim. Statins have beneficial vascular effects beyond their cholesterol-lowering 
action. Since macrophages play a central role in atherogenesis, we characterized the 
effects of simvastatin on gene expression profile of human peripheral blood 
monocyte-macrophages (HPBM).   

Methods. Gene expression profile was studied using Affymetrix gene chip 
analysis. Lentiviral gene transfer of Kruppel-like factor 2 (KLF-2)  was used to further 
study its role in macrophages. 

Results. Simvastatin treatment lead to  downregulation of many proinflammatory 
genes including several chemokines (e.g. monocyte chemotactic protein-1 (MCP-1), 
macrophage inflammatory proteins-1a and β, interleukin-2 receptor-β), members of 
the tumor necrosis factor family (TNF) (e.g. lymphotoxin beta), vascular cell adhesion 
molecule-1 and tissue factor (TF). Simvastatin also modulated the expression of 
several transcription factors essential for inflammation: NF-kB relA/p65 subunit and 
ets-1 were downregulated, and an atheroprotective transcription factor KLF-2 was 
upregulated. The effects of simvastatin on MCP-1 and TF could be mimicked by KLF-
2 overexpression using lentiviral gene transfer. 

Conclusions. Simvastatin has a strong anti-inflammatory effect on HPBM 
including upregulation of  the atheroprotective factor KLF-2. This may partly explain 
the beneficial  effects of statins on cardiovascular diseases. 
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Introduction 

Inflammation and vessel wall macrophages play important roles in the pathogenesis of 
atherosclerosis.  Lesion macrophages secrete a number of growth factors, cytokines and other 
molecules, such as matrix metalloproteinases (MMPs), which are involved in lesion 
progression: they activate T-cells, enhance SMC proliferation, and contribute to endothelial 
dysfunction, lesion rupture, and blood coagulation1. Therefore, to effectively prevent and treat 
cardiovascular events treatments targeting macrophages would be desireable. 

The HMG-CoA inhibitors, statins, have other beneficial effects on atherogenesis in 
addition to their lipid-lowering action. These pleiotropic effects include e.g. the upregulation 
of the production of nitric oxide in endothelial cells (ECs), decreased proliferation of vascular 
smooth muscle cells (SMC), inhibition of platelet activation and increased fibrinolytic 
activity2;3. Importantly, statins have been shown to modulate the inflammatory process in the 
vessel wall. They reduce both the number and the activity of inflammatory cells within 
atherosclerotic plaques 4. Favorable effects include the modulation of cytokine secretion and 
signaling3;5, decreased monocyte-endothelial cell adhesion 6, decreased expression of tissue 
factor (TF) and MMPs 4 in macrophages, and  inhibition of oxLDL-induced macrophage 
proliferation 7.  Our recent finding that human lesion macrophages overexpress HMG-CoA 
reductase gene may explain why statins effectively reduce inflammation in the vessel wall 8. 

Mechanisms underlying these pleiotropic effects remain incompletely understood. Studies 
implicate that the inhibition of isoprenoid synthesis [geranyl-geranyl-pyrophosphate (GGPP) 
and farnesyl-pyrophosphate (FPP)] mediates the effects of statins on GTP-binding proteins 
(e.g. Ras and Rho)2;3;9. For example, Rho regulates eNOS gene expression and controls SMC 
proliferation 10. Statins have been shown to influence the activity of  some transcription 
factors: they inhibit the binding of NF-kB and activator protein AP-1  to nuclear proteins in 
SMCs and ECs 11. Additionally, simvastatin has been shown to block TNF-α-induced NF-
kappaB transcriptional activity and IkappaB phosphorylation/degradation. Interestingly, 
statins have recently been shown to upregulate the expression of Kruppel-like factor-2 (KLF-
2) in ECs 12.  KLF-2 is a transcription factor identified from the endothelial “atheroprotective 
phenotype”: its overexpression inhibits pro-inflammatory and pro-thrombotic gene expression 
in endothelial cells, such as vascular cell adhesion molecule-1 (VCAM-1) and plasminogen 
activator inhibitor-1 (PAI-1) expression, and its overexpression enhances the expression of 
eNOS and thrombomodulin 12-15. KLF-2 expression in ECs is modulated by shear stress, and 
thus it might partially mediate the atheroprotective effects of steady laminar flow 16;17. Less is 
known about the role of KLF-2 in monocytes, but according to recent study, KLF-2 regulates 
the proinflammatory activation of monocytes, which suggests an anti-inflammatory role for 
KLF-2 in monocytes 18. 

ETS-1 transcription factor takes part in vascular inflammation and remodeling. It regulates 
the expression of a number of vascular-specific genes, such as adhesion molecules, 
chemokines (e.g. MCP-1), and matrix metalloproteinases 19;20.  Its expression can be induced 
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e.g. by proinflammatory cytokines and vasoactive peptides such as angiotensin II 19, but there 
are no studies implicating statin effects on its expression. 

Although there is already evidence that statins have anti-inflammatory properties, the 
mechanism of action remains incompletely understood. Especially, very little is known about 
the global effects of statins on macrophage gene expression.  In this study we show that 
simvastatin has a strong anti-inflammatory effect on human peripheral blood monocyte 
macrophages (HPBM), including downregulation of the expression of several cytokines, 
members of the TNF-family and TF. These effects are mediated by the effects on transcription 
factors: simvastatin reduces NF-kB signaling pathway and c-ets, and upregulates KLF-2, 
which implicate an atheroprotective role for KLF-2 also in macrophages. These findings may 
at least partly explain the beneficial pleiotropic effects of statins on cardiovascular diseases.  

 
Methods  

Cell culture studies 
Human peripheral blood monocytes (HPBM) were isolated from buffy coats from healthy 
blood-donor volunteers (Finnish Red Cross, Helsinki, Finland) using Ficoll-Paque gradient 
centrifugation 21. None of the blood donors were on statin therapy.  During isolation, 
monocytes from 3-4 individuals were pooled. Adherent cells were cultured in standard 
medium (RPMI 1640-medium with 20% human serum [Cambrex], 1 % Penisillin and 
Streptomycin and 1 % L-Glutamine) for differentiation into macrophages. The macrophage-
phenotype at day 7 after isolation was confirmed with the typical shape of macrophages and 
also by macrophage-immunostaining (mAB CD68, DAKO, Denmark), where macrophages 
presented >95% of the cell population (data not shown). Human monocytic THP-1 cells 
(ATCC TIB-202) were cultured in RPMI-1640 medium according to ATCCs instructions. 
Cells were stimulated by 0.1 mM phorbol 12-myristate 13-acetate (PMA) (Sigma, USA) to 
induce differentiation into macrophages (=”THP-1 macrophages”). The study protocol has 
been accepted by the Ethical Committee of the University of Kuopio. The investigation 
conforms with the principles outlined in the Declaration of Helsinki for use of human tissues. 
 
Simvastatin treatment 
Simvastatin was a gift from Merck & Co. The inactive lactone form of simvastatin was 
hydrolyzed to the corresponding β-hydroxy acid. The HPBM-macrophages were treated with 
statin at day 7 after the isolation and the THP-1 cells at day 4 after the PMA-stimulation. 12 
hours prior to statin treatment the cell growth media were changed to serum-free media. The 
statin-treated (10 mM simvastatin in serum-free media) cells were collected at 12 h and 24 h 
for Affymetrix analyses. Statin-stimulated THP-1 macrophages were collected also at 48 h and 
72 h time-points for TaqMan analyses. The simvastatin treatment was also carried at lower 
concentrations of simvastatin (0.025 - 1 mM) in THP-1 macrophages for TaqMan analysis.  
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The toxicity of  simvastatin was assessed in cell culture: 5x concentration of simvastatin (50 
mM) had no effect on cell viability.  
 
Inhibition of protein prenylation  
The THP-1 macrophages were stimulated by 20 mM concentration of farnesyl transferase 
inhibitor (FTI-277, Sigma) and geranyl-geranyl-transferase inhibitor (GGTI-298, Sigma). FTI 
and GGTI were dissolved in DMSO. Control cells were incubated with an equivalent 
concentration of DMSO.  

 
RNA isolation 
Total RNA was isolated from the cells using Trizol reagent (Gibco BRL, USA) according to 
manufacturers’ instructions. The quality of RNA was assessed by spectrophotometry 
(NanoDropÒ, USA) and by agarose gel electrophoresis.  
 
Microarray analyses 
For Affymetrix analyses three separate HPBM cell isolation and simvastatin experiments were 
performed (HPBMs from 3 individuals at each time, total n=9). Cells were collected at 12 h 
and 24 h after the statin treatment. Total RNA was isolated as above. cDNAs were prepared 
from RNAs (5 mg of RNA) with reverse transcriptase (Superscript II primed by a poly (T) 
oligomer/T7 promoter). cDNAs were subsequently used as a template to make biotin-labeled 
cRNA with an  in vitro transcription reaction. cRNAs (15 mg) were hybridized to Affymetrix 
HGU133 Plus 2.0 oligonucleotide arrays, which was processed and scanned according to 
manufacturer’s instructions. Each array quantifies the expression of over 47 000 transcripts 
(including  full-length mRNA sequences and ESTs) derived from build 133 of the UniGene 
database (www.affymetrix.com). 
 
Microarray data analysis 
Affymetrix GeneChip® Operating Software (GCOS) was used to generate .CEL files which 
were then converted into .DCP files using dChip (http://www.dchip.org) V1.3 software 22. The 
arrays were normalized to baseline array with median probe intensity, and gene expression 
data were generated calculating model-based expression values. The t-statistic is computed as 
(mean1 – mean2) / sqrt (SE(mean1)2 + SE(mean2) 2), and its p-value is computed based on the 
t-distribution and the degree of freedom is set according to Welch modified two-sample t-test.  
In this study, genes were considered differentially expressed if they changed more than 1.5-
fold (90% confidence bound of the fold change), absolute difference of signals was >100, at 
least 40% of the samples were called present in both groups and False Discovery Rate (FDR) 
was ≤ 1%. Hierarchical clustering was performed by dChip using Pearson correlation with a 
centroid-linkage method 23. Gene function analysis was performed by using the gene ontology 
mining tool GoSurfer incorporated in dChip program. The .CEL files and pivot table .txt 
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tabdelimited files (GCOS) are available at GEO repository (www.ncbi.nlm.nih.gov/GEO) with 
series record GSE4883. 
 
Real-time quantitative RT-PCR (TaqMan) analyses 
TaqMan analyses were performed to validate gene expression changes of the selected genes. 
TaqMan analyses were performed from the same HPBM-samples as Affymetrix analyses and 
in THP-1 macrophages with protein prenylation inhibitors. Total RNA was converted to 
cDNA by in vitro transcription reaction (M-MuLV Reverse Transcriptase, Finnzymes, 
Finland). cDNAs (10-25 ng of cDNA depending on the gene) were used as templates for 
TaqMan qRT-PCR with ABI Assays-on-Demand on ABI Prism 7900 sequence detection 
system. The specific assays used were Hs00360439-g1 (KLF-2), Hs00234140-m1 (MCP-1), 
Hs00175225-m1 (TF), Hs00234142-m1 (MIP-1α), Hs00242737-m1 (LTB), and Hs00231279-
m1 (p65/RelA). All samples were run in quarduplicate, and rRNA assay (Ribosomal RNA 
control reagent, ABI) was used as an internal control to normalize the RNA amount. 
Quarduplicates were averaged to calculate an expression value for each sample, and data was 
presented as mean expression value relative to the control ± standard deviation. To evaluate 
statistical significances, independent samples t-test was used for the appropriate parameters 
(Microsoft Excel). 
 
Western blot analyses  
HPBM and THP-1 cells treated with protein prenylation inhibitors were lysed in lysis buffer 
(50mM Tris, Ph 7,5, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0,5% sodium 
deoxylacholate, 0,1% SDS, 10% glycerol). Cells were incubated on ice for 10 min and 
centrifuged (10000 g) for 10 min at +4°C. Supernatants were transferred into new tubes and 
the protein concentration was determined using the BCA protein assay kit (Pierce, USA). For 
Western blot, sample (20 µg of protein) was separated in 12% SDS-PAGE gel. After 
electrophoresis proteins were transferred onto nitrocellulose membranes (Trans-Blot Transfer 
Medium, Bio-Rad Laboratories, CA). Membranes were blocked over night at +4°C (5% goat 
serum,Vector laboratories) in Tris-buffered saline with 0.1% Tween-20 (TBS/T), pH 7.6. 
Membranes were incubated with a diluted primary antibody (Anti-KLF-2, Abcam Cambridge, 
UK, 3 μg/ml) in 5% goat serum in TBS/T over night at +4°C. After washing with TBS/T, 
membranes were incubated with a diluted secondary antibody (Peroxidase-conjugated 
Affinipure Donkey Anti-Goat, Jackson Immunoresearch, USA, 8 ng/ml). Antigen-antibody 
complexes were detected by chemiluminecence (Supersignal West Dura Extended Duration 
Substrate, Pierce) and exposed to a high performance chemiluminescence film (Amersham 
Biosciences, UK). 
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KLF-2 overexpression studies  
The lentiviral vector constructs and the preparation of the viruses have been described 
elsewhere 17;24. As controls for lentivirus overexpressing KLF-2 we used respective virus 
without KLF-2 and no-virus-containing control. THP-1 derived macrophages were transduced 
overnight using MOI 5 and MOI 10. After 7 days RNA was isolated for TaqMan analyses of 
KLF-2, MCP-1 and TF expression as above.  Costimulations of simvastatin and lentiviral 
overexpression of KLF-2 were performed with THP-1 macrophages. 7 days after lentiviral 
overexpression of KLF-2 (MOI 10) and/or statin stimulation (day 6, 10 mM simvastatin)  
RNA was isolated and used for the analysis of  KLF-2, MCP-1 and TF expression as above.  
 
Results 

Simvastatin attenuates the expression of inflammatory genes in HPBMs 
To examine the transcriptional response to simvastatin by HPBMs we performed genome 
wide gene expression analysis using Affymetrix gene chips at time-points 12 h and 24 h after 
the statin treatment. From the ~47000 transcripts on the Affymetrix gene chip, a total of 589 
genes showed statistically significant changes in expression either at 12h or 24h as compared 
to the control group using a value of 1.5 for the lower bound of the 90% confidence interval 
for the fold change as a cutoff. When analyzed separately, 280 genes were either up- or 
downregulated at 12h and 502 genes at 24h.  As a general phenomenon, we found more 
downregulated genes that upregulated genes after the statin treatment.  

To assess the relationships and coordinate expression profiles between the regulated genes 
we performed a cluster analysis of the pooled data set. The analysis showed ten well-defined 
clusters, which contained several genes that were related (e.g. the same gene family or the 
functional group), for example "inflammatory gene cluster" (cluster 3), "cell structure" (cluster 
2), "cholesterol-metabolism-cluster" (cluster 5), "signal transduction with 
downregulation" (cluster 4) and  "signal transduction with upregulation" (cluster 6),  "KLF-
cluster" (cluster 8), and "metallothionein cluster" (cluster 10) (Figure 1).  
   We found that the inhibition of HMG-CoA reductase in macrophages and the subsequent 
reduction in the cholesterol synthesis lead to compensatory changes at 24 h in several genes 
functioning in the cholesterol metabolism: HMG-CoA reductase was induced 1.85-fold, as 
well as enzymes participating in the HMG-CoA synthesis (Acetyl-CoA synthase 1.73-fold; 
HMG-CoA synthase 2.82-fold). We also found induction of  downstream enzymes, such as 
farnesyl transferase (1.53) and squalene epoxidase (1.96). Additionally, LDL-receptor gene 
was induced 1.79-fold. A similar pattern of changes in gene expression (upregulation at 24 h) 
was also seen in cholesterol-metabolism-related genes in cluster analysis: the above-
mentioned genes formed a separate cluster (cluster 5) (Figure 1). Therefore, we concluded 
that the simvastatin treatment was efficient enough to affect cholesterol and prenyl 
metabolism, and the Affymetrix system was sensitive enough to detect these changes in gene 
expression. 
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Figure 1. Cluster analysis of gene expression data. Clustering reveals 10 well-defined clusters including 

"leukotriene signalling" (cluster 1), "cell structure" (cluster 2), “inflammatory genes” (cluster 3), "signal 

transduction, downregulated" (cluster 4), “cholesterol metabolism” (cluster 5), "signal transduction, 

upregulated" (cluster 6), "orosomucoid-cluster" (cluster 7), “KLF-cluster” ( cluster 8), "tiny cluster" (cluster 9) 

and “metallothioneins” (cluster 10). Red indicates upregulated expression relative to control (baseline), 

green indicates downregulated expression. The list of genes in different clusters are presented in Table 2 

in supplementary data.  
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Simvastatin treatment led to a reduced mRNA expression of many inflammatory genes 
(Table 1). These genes include several chemokines, such as MCP-1 and macrophage 
inflammatory protein-1a (MIP-1a) and -b, RANTES, CXC9, and  CXC10;  several members 
of TNF superfamily, such as TRAIL and lymphotoxin beta (LTB); interleukin receptors, 
adhesion molecules, such as VCAM-1 and ICAM-3; and TF. Several inflammatory genes and 
mediators of inflammatory gene signaling had similar expression patterns in macrophages, as 
demonstrated by cluster analysis. The cluster number 3, which includes genes with 
downregulated gene expression, contains almost entirely inflammatory genes, and includes the 
above mentioned members of the cytokine and TNF-families.  

The expression changes in cytokines MCP-1 and MIP-1α, TF, and a member of TNF-
family (LTB) were further confirmed by TaqMan analyses in HPBM as well as in THP-1 
derived macrophages (Figure 2A and B). Downregulation of MCP-1 and TF sustained for 48 
and 72 h in THP-1 cells (results not shown).         

 
Simvastatin attenuates inflammatory signalling in macrophages: downregulation of 
NF-kB relA/p65 subunit mRNA expression and upregulation of KLF 2 expression 
In Affymetrix analysis, simvastatin treatment lead to reduced expression of several genes that 
mediate inflammatory signaling in cells, including several guanylate binding proteins (GBP 1-
5), Ras and Rho-proteins; and several transcription factors, such as NF-kB  relA/p65 protein,  
PPARd, and v-ets. The expression of KLF-2 was strongly induced (3.9-fold upregulation at 12 
h, 9.3-fold at 24 h). Additionally, the KLF family members KLF-3 and -4 had increased 
expression levels.  Most of the inflammatory signaling-related genes clustered together with 
other inflammatory genes to cluster 3, which shows decreasing expression pattern, whereas 
KLFs 2-4 formed a separate cluster with increasing expression patterns (cluster 8) (Figure 1).  

In Affymetrix analysis, several members of the NF-kB signaling pathway showed a trend 
to reduced RNA expression levels, for example NF-kB /rel protein RelA/p65 (-2.0-fold 
decrease at 24 h), RelB and  NF-kB p50, but all the changes were not statistically significant. 
Additionally, several members of the signaling cascades leading to NF-kB activation had 
downregulated expression, e.g. protein kinase C (-1.4) and Akt and Cot (-1.4). Also JAK-
STAT (STAT -1.6 fold) signaling pathway was donwnregulated. 

The expression changes of relA/p65 and KLF-2 were further studied with TaqMan in  
HPBM and THP-1 macrophages (Figure 2), and KLF-2 protein expression by Western blot 
analysis (Figure 2). TaqMan analysis confirmed the downregulated levels of relA/p65 mRNA 
in HPBM cells (Figure 2A), as well as the induction of KLF-2 expression in HPBM and THP-
1 macrophages (Figure 2A and B). There was also an increase in the KLF-2 protein (Figure 
2C). The effect of simvastatin on KLF-2, TF and MCP-1 expression was detected also at 
concentration of 1 mM simvastatin as studied by TaqMan analysis (data not shown). However, 
at lower concentrations of simvastatin (0.025- 0.1 mM) the effect was not as remarkable. 

 

 7 

S
im

vastatin is anti-inflam
m

atory in m
acrophages  

Proefschrift JVvT 
page 133

 
Composite

Tuesday, November 25, 2008 17:25



134 

Figure 2. Effect of simvastatin and protein prenylation inhibitors on gene expression of selected 
genes in HPBM and THP-1 derived macrophages. A. TaqMan analysis of mRNA expression of MCP-1, 
TF, MIP-1α, LTB, relA and KLF-2 in HPBM macrophages after simvastatin (sim) treatment. Expression 
relative to control, fold induction and repression. B. TaqMan analysis of mRNA expression of MCP-1, TF 
and KLF-2 in THP-1 derived macrophages after simvastatin and GGTI and FTI treatments.  C. Effect of 
simvastatin and protein prenylation inhibitors on protein expression of KLF-2. Western blot analysis. 
Expression relative to control. ***  P<0.001, ** P<0.01, * P<0.05 compared with control by independent 
samples t-test.  
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The inhibition of protein prenylation has the same effect on KLF-2, MCP-1 and TF 
expression as simvastatin 
THP-1 macrophages were treated with protein prenylation inhibitors GGTI (inhibitor of 
geranyl-geranyl transferase) and FTI (inhibitor of farnesyl transferase). Both GGTI and FTI 
treatments lead to the downregulation of MCP-1 and TF mRNA expression, and to the 
upregulation of KLF-2 expression (Figure 2B). Moreover, simvastatin, GGTI and FTI 
treatments had similar effects on KLF-2 protein expression (Figure 2C).   
 
MCP-1 and TF are KLF-2 target genes in macrophages  
To test whether MCP-1 and TF  are KLF-2 target genes in macrophages, we performed 
lentiviral-mediated KLF-2 overexpression in THP-1 macrophages. Lentiviral transduction led 
to very strong (~6000 and ~12000-fold at 7 days for MOI 5 and MOI 10, respectively) 
expression of KLF-2 in macrophages (Figure 3A). In macrophages overexpressing KLF-2 the 
expression of MCP-1 was repressed -5.9-fold (MOI 10) and TF -1.9-fold (MOI 10) relative to 
control virus (Figure 3A). We also studied the effects of lentiviral KLF-2 overexpression in 
combination with statin treatment in THP-1 macrophages (Figure 3B). However, simvastatin 
treatment had no additional effects over KLF-2 overexpression. 

 
Discussion 

This gene expression array study of simvastatin effects on macrophages shows that 
simvastatin has a global anti-inflammatory effect on macrophages, which includes attenuated 
expression of several pro-inflammatory cytokines, TNF family members, TF, adhesion 
molecules and molecules mediating inflammatory signaling. All these molecules play 
important roles in atherogenesis. Interestingly, also some less known TNF-family members, 
such as TRAIL and LTB, were attenuated by simvastatin.  

Clustering of gene expression data to several well-defined clusters suggests that the effects 
on simvastatin on gene expression are mediated by several different pathways. The potency of 
the cluster analysis in finding groups of genes with similar regulatory mechanisms is 
demonstrated by  the clustering of genes coding for proteins participating in cholesterol and 
lipid metabolism to a separate cluster (cluster 5): this can be explained by the control of their 
expression by sterol regulatory elements: cholesterol deprivation induces their expression via 
SREBP1 25. Additionally, many cytokines and other inflammatory proteins had similar 
decreasing expression profiles (cluster 3), which might suggest that the effects of simvastatin 
on proinflammatory gene expression are mediated by the same mediators.  Additionally, the 
KLFs 2-4 formed a separate cluster (cluster 8), as well as metallothioneins (cluster 10). 
Several metallothioneins (MT 1E, X, G and 2A), which participate in the metal homeostasis as 
well as the control of REDOX-balance, inflammation and cell proliferation 26,  are induced at 
12h by simvastatin in a similar manner.  However, their role in macrophages has not been 
established, and there is no previous information about their regulation by statins. 
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The anti-inflammatory effect of simvastatin can be at least partly explained by its impact 
on proinflammatory signal transduction. Several members of the NF-kB signaling pathway 
had reduced mRNA expression levels, for example NF-kB complex proteins p65/RelA, RelB 
and p50. Additionally, several members of the signaling cascades leading to NF-kappaB 
activation had downregulated expression, e.g. Janus kinases, protein kinase C, Akt and Cot. It 
has been previously shown that statins inhibit the binding of NF-kB to nuclear proteins 11, and 
inhibit the phosphorylation and degradation of the NF-kB inhibitory protein IkB 27. We show 
here that simvastatin downregulates mRNA expression of the NF-kB subunits in HPBM cells. 
Besides NF-kB signaling, a potent pro-inflammatory transcription factor c-ets, which mediates 
e.g. MCP-1 and phospholipase expression 19;20, as well as the family of guanylate binding 
proteins (GBPs 1-5), and  JAK-STAT signaling pathway were downregulated by simvastatin.  

We show here that KLF-2, as well as its family members KLF-3 and KLF-4, are induced 
in macrophages by simvastatin. KLFs are recently characterized zinc finger transcription 
factors that have several important functions; they modulate cell differentiation, organ 
development and proliferation 16. KLF-2, -4,-5 and -6 have particular importance in the 
vasculature, and they have functional as well as pathological roles 16.  KLF-2 has been shown 
to be essential for the vascular development 16, and it has been identified as part of the 

Figure 3. Effect of lentiviral KLF-2 
overexpression in THP-1 macrophages. 
A. TaqMan analyses of KLF-2, MCP-1 and 
TF expression levels at 7 days after 
transduction with MOI 5 and MOI 10. Bars 
show expression levels relative to 
respective virus controls. ***  P<0.001, ** 
P<0.01, * P<0.05 compared to control by 
independent samples t-test.  B. 
Costimulation of THP-1 macrophages with 
simvastatin and lentiviral overexpression of 
KLF-2. TaqMan analyses of  gene 
expression of KLF-2, MCP-1 and TF at 7 
days after lentiviral overexpression of KLF-
2 (MOI 10) and/or statin stimulation (day 6, 
10 mM simvastatin). Expression relative to 
control, fold induction or repression. 
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“atheroprotective phenotype” of  ECs.  It is induced by steady laminar flow28;29, and inhibited 
by TNF-α28 and  IL-1β 14 in ECs. It has several anti-inflammatory properties, such as reduction 
of adhesion molecule expression 14. Additionally, KLF-2 has been shown to regulate the 
thrombotic function of ECs, e.g. the expression of  thrombomodulin, eNOS and  PAI-1 as 
wells as cytokine-mediated production of TF 13. Global analysis of gene expression changes 
after adenoviral overexpression of KLF-2 in ECs showed that induction of KLF-2 resulted in 
the regulation of endothelial transcription programs controlling inflammation, thrombosis/
hemostasis, vascular tone, and blood vessel development 12. Moreover, another microarray 
study showed that KLF-2 acts as a general transcriptional switch point between the quiescent 
and activated status of ECs where lentiviral overexpression of KLF-2 resulted in changes in 
several key functional pathways such as cell migration via VEGFR2, inflammation and 
hemostasis 30. 

Recently, it has been shown that statins upregulate KLF-2 expression in ECs, which might 
partly explain the atheroprotective effects of statins 12;15. The statin effect on KLF-2  was 
dependent on the ability of statins to inhibit Rho-pathway, as adenoviral overexpression of 
Rho-protein decreased KLF-2 expression 15. 

Very little is known about the role of KLF-2 in macrophages. A recent study showed that 
KLF-2 regulates proinflammatory activation of monocytes: overexpression of KLF-2 inhibited 
LPS-activated production of cytokines and reduced phagocytic activity 18. Interestingly, the 
expression of KLF-2 was reduced in circulating monocytes in patients with  CAD 18.  In this 
study we showed that KLF-2 is induced by simvastatin in mature human macrophages. We 

Figure 4. Simvastatin has a 
strong anti-inflammatory 
e f f e c t  o n  H P B M 
macrophages. The inhibition 
of NF-kB and ets signaling and 
the upregulation of KLF-2 
signalling by simvastatin leads 
to attenuated expression of 
many pro-inflammatory genes 
(see also Table 1).  
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also showed that the mechanism of induction of KLF-2 by simvastatin in macrophages is 
dependent on the inhibition of protein prenylation. Additionally, by lentiviral overexpression 
of KLF-2 we showed that MCP-1 and TF are KLF-2 target genes in macrophages, and KLF-2 
represses their expression. Moreover, several KLF-2 endothelial cell target genes 12, e.g. 
CXCL10, CCL5 and TNF had changed expression levels in simvastatin-stimulated 
macrophages, which suggests them to be potential KLF-2 target genes in macrophages as well. 
Taken together, this suggests an anti-inflammatory and vasculoprotective role for KLF-2 in 
macrophages.   

In addition to the induction of KLF-2, we showed that also its family members KLF-3 and 
KLF-4 are induced by simvastatin. However, the functions of KLF-3 and KLF-4 are poorly 
known and further studies are needed to clarify their role in macrophages and other cell types. 

The inhibition of protein prenylation by inhibitors of geranyl-geranylation and 
farnesylation had similar effects on KLF-2, MCP-1 and TF expression as simvastatin. 
Isoprenoid binding to Ras and Rho proteins is essential for the initiation of G-protein 
signaling, which controls for example cell proliferation and stress responses. Farnesylated 
proteins include e.g. Ras, whereas Rho and Rac activation are dependent on geranyl-
geranylation9. The similar effects achieved by protein prenylation inhibitors and simvastatin 
suggest that the simvastatin effects might be dependent on the inhibition of protein 
prenylation. It would be interesting to study whether alterations  in cellular cholesterol content 
correlate with these effects and whether similar effects on cellular transcriptional machinery 
could be achieved via other means that can alter cellular cholesterol levels. 

In conclusion, we show here that simvastatin has a strong anti-inflammatory effect on 
macrophages including attenuated expression of several cytokines, TNF family members and 
some proinflammatory signaling molecules. Most interestingly, transcription factor KLF-2 is 
upregulated by simvastatin in macrophages. These findings support the notion that statins have 
other antiatherogenic actions beyond their effects on plasma cholesterol. 
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Abstract 

Introduction: HMG CoA reductase inhibitors (statins) beneficially influence the 
process of atherogenesis by inhibiting both lipid accumulation and inflammatory gene 
expression in macrophage foam cells. Recently, the transcription factor KLF2 was 
implicated as one of the molecular mediators of these effects. We set out to 
determine the implications of these modulatory processes to increase our ability to 
attenuate vascular disease. Methods/Results: Expression of KLF2 is strongly 
decreased upon human monocyte to macrophage differentiation, but can be potently 
induced by statin treatment in a MEF2-dependent way. Lentiviral overexpression of 
KLF2 in THP-1 macrophages does not reproduce inhibition of lipid accumulation 
observed with Lovastatin. The KLF2-modulated genome-wide transcriptome in 
macrophages was established, revealing complex effects on macrophage phenotype, 
different from its documented transcriptome in endothelial cells and T cells. After 
LPS-stimulation, KLF2 suppresses transcription of MCP-1, CXCL10 and CXCL11, but 
not of a panel of NFkB-dependent cytokine genes. Finally, we show that CD68-
promoter-driven, macrophage-specific KLF2 expression in LDLr-/- mice on Western-
type diet results in larger, macrophage-enriched atherosclerotic lesions. Conclusion: 
These studies establish that although the transcriptional role and regulation of KLF2 
in statin-modulated macrophages is primarily anti-inflammatory, in isolation this does 
not lead to attenuation of atherosclerosis in vivo. 
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Introduction 

The role of monocytes and macrophages in the initiation and progression of atherogenesis has 
been extensively studied in the past decades, in order to elucidate the cellular and molecular 
mechanisms that govern some of the first steps in the process of atherosclerosis. The 
progression of atherosclerosis has been shown to be importantly determined by the 
extravasation of monocytes into the vessel wall, where these cells differentiate into 
macrophages and mediate many aspects of the inflammatory process by not only promoting 
the formation of the atherosclerotic plaque, but also by affecting plaque phenotype and 
stability. For all these events, the accumulation of lipid-laden macrophages is central to the 
process of atherosclerotic plaque formation.1;2 

HMG CoA reductase inhibitors (statins) are a class of drugs widely used in the prevention 
of cardiovascular disease. Part of the beneficial effects of statins has been attributed to their 
ability to prevent lipid accumulation in macrophages.3 Over recent years, a number of reports 
have claimed that, in addition to its lipid-lowering effects, statins would also directly suppress 
the inflammatory status of macrophages. In a collaborative study, we showed a clear 
atherosclerosis-suppressive effect of Rosuvastatin in ApoE3-Leiden mouse, independent from 
its effects on plasma lipid levels4. Importantly, Rosuvastatin suppressed the expression of pro-
inflammatory mediators like MCP-1 and TNF-α by various vascular cells, including 
endothelial cells and macrophages. Recently, we demonstrated in a collaborative effort that 
KLF2, a transcription factor that has emerged as a key regulator of endothelial function5, was 
in part responsible for the anti-inflammatory effects of statins on human macrophage gene 
expression 6. A study that focused on monocytic cells revealed that KLF2 also displays anti-
inflammatory effects of KLF2 in circulating monocytes7. Additionally, studies showing that 
KLF2 and its beneficial effects can be induced by statins have generated important insights 
into the perspective of pharmacological intervention in endothelial KLF2 regulation8-10.  

In the present study, we set out to establish in more molecular detail to which degree the 
modulation of lipid loading and inflammatory processes can be attributed to KLF2. We 
employed lentiviral overexpression of KLF2 in macrophages to study effects on lipid loading, 
macrophage phenotype and LPS-induced pro-inflammatory gene expression. The complex 
array of KLF2-modulated gene expression, that we observed in vitro, was tested during in vivo 
atherogenesis in LDLr-/- mice, employing lentiviral vectors containing macrophage-specific 
CD68-promoter expression modules for KLF2 and GFP, respectively. This showed a 
substantially increased lesion size after 9 weeks of Western-type diet, primarily attributed to 
increased macrophage numbers, without significant further changes in plaque composition. 
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Materials & Methods 

Cell culture conditions and chemicals 
Primary human monocytes were isolated from buffy-coats of blood donors, obtained from the 
Dutch Central Bloodbank Sanquin. After isolation by Ficoll-Paque (PharmaciaBiotech) 
gradient centrifugation, monocyte-negative selection kit (Dynal) and adhesion-mediated 
purification, cells were cultured at a density of 0.5-1x106 cells/ml in macrophage SFM 
medium (GIBCO) supplemented with 10% FBS (vol/vol) and allowed to differentiate into 
macrophages.  

Human monocytic THP-1 cells (ATCC) were cultured in RPMI 1640, 10% fetal bovine 
serum (FBS) (vol/vol) and 100 U/ml penicillin/streptomycin (GIBCO-BRL). Cells were plated 
in 12-well plates at a density of 0.5x106 cells/ml, differentiated into macrophages by phorbol 
myristate acetate (PMA) (100 ng/ml) for 48 hours. After differentiation, cells were washed 
twice with PBS and kept in medium for the indicated timeframe. Reagents used were PMA 
(Sigma), DiI-labeled ox-LDL (Intracel-RP-173) and Lovastatin (Sigma). 

 
Lentiviral KLF2 overexpression 
The human KLF2 open reading frame was cloned behind the human phosphoglycerate kinase 
(PGK) promoter of the pRRL-cPPT-PGK-MCS-PRE-SIN vector (kindly provided by Dr. J. 
Seppen, department of Experimental Hepatology, Academic Medical Center, Amsterdam, The 
Netherlands) and lentiviruses were propagated in HEK293T cells as described11. The 
otherwise identical vector, but without KLF2 cDNA, was used to generate mock viruses for 
control transductions. Virus-containing medium was harvested at 48 hours and 72 hours after 
transfection, filtered through 0.45μm filters and concentrated by ultra centrifugation for 2 
hours at 4°C). Viral titers were determined as described by Sastry12. THP-1 cells and primary 
human macrophages were transduced with recombinant lentivirus for 24 hours at a 
multiplicity of infection of 3 in the presence of 10 μg/ml DEAE-dextran or 4 μg/ml polybrene, 
respectively. After transduction, THP-1 cells were cultured in suspension for 72 hours, 
differentiated into macrophages and cultured as described above. KLF2 overexpression was 
confirmed by real-time reverse transcriptase (RT) polymerase chain reaction (PCR). 

 
Lipid loading and quantification 
THP-1 cells treated with Lovastatin (10μM) for 24 hours or transduced with lentiviral 
constructs as indicated, were incubated with Dil-labeled oxidized LDL for 24 hours, 
subsequently washed with PBS and lysed with isopropanol. After sonification followed by 10 
minutes centrifugation (13,000 x g), DiI-labeled ox-LDL content was measured by 
fluorometry. 
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Luciferase reporter constructs and assay 
KLF2 promoter-luc constructs were generated by PCR and cloning into the pGL3 basic vector 
(Promega). Mutation of the MEF2 binding site was accomplished by PCR-overlap 
mutagenesis, with which the core binding sequence 5′-TTTA-3′ was mutated into 5′-CGCG-3
′. The lentiviral vector pRRL-cPPT-CMV-X2-PRE-SIN was modified for use as carrier of 
promoter-reporter cassettes as follows: a unique NotI restriction site was eliminated by 
cleaving with NotI, filling of the overhangs and re-ligation. Next, a NheI-ClaI fragment 
containing the CMV promoter and the multiple cloning site were replaced by a new, synthetic 
multiple cloning site. The resulting lentiviral vector was then used to accommodate promoter-
reporter cassettes, excised from existing pGL3-based plasmids. For normalization purposes, a 
cassette containing Renilla luciferase under control of the constitutive HSV-TK promoter was 
cloned. KLF2 promoter-reporter cassettes were transferred from pGL3-basic (Promega) as 
NotI-Sal fragments containing successively a synthetic pA/transcriptional pause site, a KLF2 
promoter fragment, the Firefly luciferase reporter gene and the SV40 (late) pA signal. The 
resulting lentiviral KLF2 promoter-firefly luciferase reporter vector was then packaged, in the 
presence of a small amount (5% w/w) of the HSV-TK Renilla luciferase vector, using 
HEK293T cells as described13;14. Virus-containing supernatants were used for transductions 
and luciferase activities were measured after at least three days, using the dual luciferase 
system (Promega). Renilla luciferase activities were used to normalize Firefly luciferase 
activity. 

 
Microarray expression profiling 
Total RNA was isolated using the Trizol reagent (Invitrogen, Carlsbad, CA) and enriched for 
poly-A+ using the Oligotex mRNA Minikit (Qiagen, Hilden, Germany). Aminoallyl (AA)–
labeled first-strand cDNA probes were synthesized from 1.5 µg poly-A+ RNA using 
SuperScript II (Invitrogen) with a molar ratio of aminoallyl-dUTP (Sigma) to dUTP of 4:1. 
Labeled cDNA was purified using the QIAquick PCR Purification Kit (Qiagen), and Cy3 or 
Cy5 mono-reactive dyes (Amersham Biosciences, Piscataway, NJ) were coupled according to 
the manufacturer's instructions. Purified Cy3- and Cy5-labeled cDNAs were hybridized to the 
microarrays for 20 hours at 40°C in Microarray Hybridization Solution (Amersham) and 35% 
formamide (Sigma). Microarrays were glass based containing 60-mer oligonucleotide 
sequences (Sigma/Compugen Library), which represent 18 650 human genes (Micro Array 
Department, Swammerdam Institute of Life Sciences, Amsterdam, The Netherlands). Images 
were acquired using the Agilent-II scanner (Agilent Technologies, Palo Alto, CA) and 
processed by ArrayVision 8.0 software (Imaging Research, St Catharines, ON, Canada). 
Background-subtracted intensities were Loess normalized (Limma package, Bioconductor 

Software, http://www.bioconductor.org) and imported into the Rosetta Resolver database and 
analysis software (Rosetta Biosoftware, Seattle, WA). Statistical analysis was performed using 
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false discovery rate (FDR)–corrected P values, involving a recalculation of the P values as 
previously described 15. 
 
Real-time RT-PCR 
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 described11. Gene-specific primers for human KLF2 and 
phosphoprotein P0 were designed and used as previously described 11. After normalization to 
the P0 control, the mRNA levels were expressed as ratios of the control cultures. 
 
Construction of vectors for macrophage-specific KLF2/GFP expression  
Macrophage-specific expression was driven by a 342-base pair fragment located immediately 
upstream of the human CD68 translation startcodon and comprising 151 bp upstream of the 
CD68 transcription start site in addition to 191 bp of the CD68 5’UTR. For this purpose, a SalI 
fragment from the LZRS-SIN-CD68S-HA-EGFP vector (a kind gift of Dr. E.W. Raines, 
Department of Pathology, University of Washington, Seattle)16 was ligated in the pRRL-
cPPT-CMV-X2-PRE-SIN vector that had been linearized with XhoI and dephosphorilized 
using alkaline phosphatase (vector kindly provided by Dr. J. Seppen, Department of 
Experimental Hepatology, Academic Medical Center, Amsterdam, The Netherlands). 
Restriction digest analysis was used to select clones in which the viral 5’LTR and the CD68 
gene promoter fragment were in opposite transcriptional orientations. From the resulting 
construct, the original CMV promoter and multiple cloning site were removed by combined 
digestion with SpeI and ClaI and a new multiple cloning site was introduced by ligation of a 
synthetic adapter, containing restriction sites SpeI-AgeI-BclI-SalI-XbaI-ClaI. Subsequently, 
either KLF2 or eGFP cDNA were ligated as SalI-XbaI fragments. Finally, the SV40 late poly 
(A) signal was introduced as XbaI-ClaI fragment.  
 
Experimental animals 
All animal work was approved by the regulatory authority of Leiden University and performed 
in compliance with the Dutch government guidelines. LDLr-/- mice were obtained from the 
local animal breeding facility (Leiden, the Netherlands). Bone marrow-transplanted mice were 
housed in sterile filter-top cages and fed a chow diet (Special Diet Services). Drinking water 
was infused with antibiotics (83 mg/L ciprofloxacin and 67 mg/L polymyxin B sulfate) and 
6.5 g/L sugar and was provided ad libitum. 

To induce bone marrow aplasia, female LDLr-/- mice were exposed to a single dose of 9 Gy 
(0.19 Gy/min, 200 kV, 4 mA) total body irradiation, using an Andrex Smart 225 Röntgen 
source (YXLON International) with a 6 mm aluminium filter, one day before transplantation. 

Subsequently, bone marrow cell suspensions were prepared from male LDLr-/- mice and 107 
cells/well were plated in a 12 well plate. Viral transductions were performed by incubating the 
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cells with either LV.CD68-GFP or LV.CD68-hKLF2 (m.o.i. = 15) in the presence of 10 μg/
mL DEAE-dextran The next day, cells were injected into the tail vein of the recipients (n=10 
per group). After 8 weeks of recovery, the mice were placed on a Western-type diet, 
containing 0.25% (w/vol) cholesterol and 15% (w/vol) cacao butter (Special Diet Services) for 
10 weeks. At 18 weeks after transplantation, the mice were anaesthetized and in situ fixation 
through the left cardiac ventricle was performed. Lesions in the aortic root were analyzed for 
lesion quantification.  
 
FACS analysis 
After erythrocyte lysis, white blood cell suspensions were incubated with 1% mouse serum in 
PBS and stained for surface markers (0.25 μg/200,000 cells, Immunosource, Halle-Zoersel, 
Belgium), after which surface marker expression was analysed by FACS analysis 
(FACScalibur, BD Biosciences). 

To differentiate among cell populations, T-cells were stained with αCD4-APC and αCD4-
PerCP, while B-cells were labeled with CD19-PE antibody. Monocyte subsets were stained 
with αCD11b-PerCP, αCCR2 conjugated to rabbit-PE and αCX3CR1 conjugated to rabbit-
biotin and Strep-APC. Neutrophils were distinguished as the CD11b+Gr1high cell population 
after staining with CD11b-PE and Gr1 (Ly6G)-APC antibodies. 
 
Morphometry 
The atherosclerotic lesion areas in oil-red O stained 10 μm thick cryostat sections of the aortic 
root were quantified using the Leica image analysis system (Leica Ltd). Mean lesion area (in 
µm2) was calculated from 10 oil-red O-stained sections. Macrophage content of the lesions 
was assessed from the MOMA-2 stained plaque area (Serotec) collagen was stained using a 
Masson’s Trichrome staining kit (Sigma-Aldrich), whereas neutrophils were stained with a 
Naphtol-AS-D chloroacetate esterase staining kit (Sigma-Aldrich). The necrotic core area was 
defined as the a-cellular, debris-rich area as percentage of total plaque area, quantified with 
Leica QWin software. All morphometric analyses were performed in a blinded manner by an 
independent operator (I.B.). 
 
Statistical analysis 
Expression data are given as mean±SEM for the indicated number of experiments. The 
unpaired Student t test was used to calculate the statistical significance of the expression ratios 
versus control. P-values less than 0.05 were considered statistically significant. 
 

 8 

M
acrophage-specific K

LF2 aggravates atherosclerosis  

Proefschrift JVvT 
page 147

 
Composite

Tuesday, November 25, 2008 17:25



148 

Results 

Statin- and lentivirus-induced KLF2 expression in human primary- and THP-1 
monocytes/macrophages 
To study the dynamics of KLF2 expression in the differentiation of monocytes/macrophages, 
we analyzed expression-levels in both primary human monocytes and the human monocytic 
cell line THP-1. We found that the expression of KLF2 in primary cells is downregulated 
during culturing of these cells in macrophage differentiation medium. Within 24 hours, a 
significant decrease in expression was observed (Figure 1A), which was continued up to 48 
hours and then remained at a very low level for up to 3 weeks in culture (Figure 1C). Parallel 
to these experiments, the expression of KLF2 in the human monocytic cell line THP-1 was 
determined. We found a similar expression pattern of KLF2 when comparing these cells to 
primary monocytes. Whereas the mRNA levels of KLF2 in unstimulated THP-1 were 
relatively high, expression was downregulated when the cells were differentiated into 

Figure 1. KLF2 mRNA expression in human primary- and THP-1 monocytes/macrophages during 
differentiation, Statin treatment and Lentiviral transduction. Expression levels of resting monocytic cultures 
were compared to those in cells undergoing differentiation to macrophages. (A) Significant reduction of 
KLF2 mRNA in primary human monocytes within 24 hours. (B) Upon stimulation with PMA (48 hours), 
KLF2 mRNA levels are strongly reduced in THP-1 monocytes. (C) Prolonged time course of KLF2 
expression in primary human monocytes. Sustained low expression of KLF2 in macrophages as compared 
to levels in resting monocytes. (D) Induction of KLF2 mRNA levels, as determined by real-time RT PCR, in 
THP-1 monocytes and macrophages upon lentiviral overexpression or stimulation with Lovastatin (10mM) 
for 24 hours. Fold induction is shown as compared to levels in resting THP-1 monocytes. Comparable 
induction of KLF2 mRNA in lentiviral overexpression and Lovastatin treatment was observed. Data are 
represented as means ± SE (N=3). 
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macrophages by stimulation with PMA (Figure 1B). As statins have been shown to increase 
KLF2 expression in endothelial cells8-10 and primary macrophages6, we performed 
experiments to study the effect of treatment with Lovastatin on the expression of  KLF2 in 
THP-1 monocytes and macrophages. As shown in Figure 1D, the expression of KLF2 mRNA 
was strongly increased when monocytes and macrophages were treated with Lovastatin 
(10μM) for 24 hours, as compared to expression levels in unstimulated monocytes. To enable 
further comparison of the functional effect of statin treatment and the effect of increased 
KLF2 expression, we next employed lentiviral overexpression of KLF2 in THP-1 monocytes/
macrophages. As can be seen in Figure 1D, the increase in KLF2 mRNA expression upon 
lentiviral transduction was comparable to the increase seen after statin-treatment. 

 
Statin-induced KLF2 expression is dependent on MEF2 and does not influence lipid 
loading in THP-1 macrophages 
To dissect how KLF2-dependent effects of statin treatment may be regulated at the 
transcriptional level, we combined lentiviral transduction and a luciferase reporter system to 
stably transduce THP-1 monocytes with a luciferase reporter that is driven by the KLF2 
promoter. In our construct, we included promoter sequence that contained the binding site for 
Myocyte Enhancer Factor 2 (MEF2) which has been shown, in endothelial cells, to 
importantly determine KLF2 transcriptional responses to a diversity of pro- and 
antiatherogenic stimuli.9;17 We determined the transcriptional response of KLF2-transduced 
monocytes to treatment with Lovastatin (10uM) in the presence and absence of the intact 
MEF2 binding site within the KLF2 promoter. Our results show a significant induction of 
luciferase activity in monocytes and macrophages that were treated with Lovastatin (Figure 
2A). Furthermore, we found that promoter sequence lacking the MEF2 binding site conveyed 
significantly lower transcriptional activity and was no longer able to mediate the induction that 
was observed upon exposure to Lovastatin (Figure 2A).  

To further study functional properties that KLF2 may mediate, we decided to study if the 
known beneficial effect of statin treatment on lipid loading in macrophages3 may be explained 
by the increased expression of KLF2. We therefore performed experiments to assess the 
ability of KLF2-transduced cells to accumulate oxidized LDL (oxLDL). To assess the effects 
of statin treatment on macrophage lipid accumulation, we treated THP-1 macrophages with 
Lovastatin (10 μM) and determined their lipid loading capacity after 24 hour incubation in the 
presence of oxLDL (Figure 2B). Our results demonstrate that statin-treatment in macrophages 
modestly, but significantly, decreases their lipid-loading capacity (Figure 2C). However, no 
significant effect of KLF2 overexpression was observed on the lipid-loading capacity of 
macrophages (Figure 2D). 
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Figure 2. Transcriptional regulation of KLF2 and effects on lipid loading. (A) Analysis of KLF2 promoter 

activity in THP-1 monocytes and macrophages upon treatment with Lovastatin and deletion of the MEF2 

transcription factor binding site. KLF2 promoter activity is significantly induced upon treatment of 

monocytes and macrophages with Lovastatin (10 mM) for 24 hours. Deletion of the MEF2 binding site 

resulted in a significant reduction of basal promoter activity and abolished the induction of promoter activity 

upon statin treatment. Data are represented as means ± SE (N=3). * / # P<0.05  ** / ## P<0.01  N.S. 

indicates not significant. (B) Accumulation of oxLDL in THP-1 macrophages treated with Lovastatin (10 

mM) for 24 hours or subjected to lentiviral KLF2 overexpression. Photomicrographs of THP-1 monocytes 

incubated with oxLDL and subsequently stained with oil-red O in indicated conditions. (C) Significant 

reduction of lipid accumulation in THP-1 macrophages treated with Lovastatin for 24 hours as compared to 

control cultures. (D) No significant effect of lentiviral KLF2 overexpression on lipid accumulation in THP-1 

macrophages. Data are represented as means ± SE (N=3). N.S. indicates not significant. 
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The macrophage-specific KLF2 transcriptome exerts complex effects on macrophage 
phenotype. 
As we have recently shown, the anti-inflammatory effects conveyed to macrophages by statin 
treatment are in part KLF2 dependent6. We therefore further characterized the KLF2-specific 
effects on the macrophage transcriptome to better decipher the specific contribution of KLF2 
to the modulation of macrophage phenotype.  

To this end, we employed Lentivirus-mediated overexpression of KLF2 in human primary 
macrophages. We then performed genome-wide expression profiling to characterize the 
influence of increased KLF2 expression on a diversity of functions that may importantly 
determine the modulation of the macrophage inflammatory response. First, the top-25 most 
significantly regulated genes were grouped. One of the most striking genes found to be 
upregulated was CCR5, a chemokine receptor that is known to have complex influences on 
macrophage inflammatory response and atherosclerosis development18. Next, the resulting 
data were further categorized into functional clusters, resulting in several interesting findings. 
Upon analysis of genes that have previously been established as KLF2 targets in endothelial 
cells, we observed no significant modulation in their expression. Furthermore, we analyzed the 
effect of KLF2 on the expression of a large array of chemokines and interleukins, again 
revealing very little differential regulation. Importantly, we also found the expression of 
several crucial regulators of macrophage lipid metabolism (CD36, ABCA1, SR-A) to be 
unaffected. 

As shown in Figure 3, validation of the expression profiling was performed by RT-PCR to 
confirm and quantify the differential expression of KLF2 and a selection of candidate-genes 
that may importantly influence macrophage phenotype. Interestingly, we found Prostaglandin 
E synthase (PGES) to be upregulated, indicating possible involvement of KLF2-induced 
specific downregulation of the macrophage inflammatory response. We also observed a 
significant induction of CD163, which has been shown to be expressed in macrophages of the 
'alternative activation' phenotype, playing a major role in dampening the inflammatory 
response19.  

 
KLF2 does not direct macrophages towards M1 or M2 activated phenotype 
The observed effects led us to investigate a possible role for KLF2 in directing the activation 
of macrophages towards a classical (M1) or an alternatively (M2) activated phenotype. To this 
end, we first treated KLF2-transduced macrophages with a potent inflammatory stimulus 
(LPS) and determined the effect of KLF2 on the induction of the prototypical M1 genes 
CXCL10 and CXCL11. We observed a clear inhibition of the expression of both genes in the 
presence of KLF2, indeed indicating a possible regulatory role for KLF2 in classical 
macrophage activation (Figure 4A-B). Therefore, we next treated macrophages with LPS or 
IL-4, the primary activating stimulus that directs toward the anti-inflammatory, alternative 
activation phenotype. We then determined the expression of IL-10 and IL-12, important 
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Figure 3. Quantification of mRNA levels in macrophages having lentivirus-mediated CD68-driven KLF2 
overexpression. (A) Potent induction of KLF2 mRNA in KLF2 lentivirus-transduced macrophages. (B) 
Significant increase in CCR5 mRNA expression in KLF2-overexpressing macrophages. (C) 2.5-fold 
induction of CD11b mRNA in KLF2 macrophages. (D) No significant difference in CD68 mRNA levels in 
mock vs. KLF2-transduced macrophages. (E) Increase of PTGES expression in KLF2 macrophages. (F) 
Augmented CD163 mRNA expression upon increased macrophage KLF2 expression. * P<0.05 
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markers for M1 and M2 macrophage activation, respectively. The results showed that there 
was no specific effect of KLF2 on the expression of either of these genes, important for M1 
vs. M2 macrophage differentiation (Figure 4C-D). 
 
KLF2 partly suppresses LPS-induced inflammatory response 
Although there seemed to be no conclusive evidence for KLF2-directed M1/M2 differentiation 
in macrophages, the dampening effect of KLF2 on LPS-induced gene-expression led us to 
further investigate whether KLF2 may affect the response of macrophages to this pro-
inflammatory stimulus. The response to LPS stimulation is primarily mediated by Toll-like 
Receptor 4 (TLR4), a key regulator in adaptive and innate immune responses. Stimulation of 
this receptor ultimately leads to the production of inflammatory cytokines, mainly through 
activation of NFkB, thereby contributing to tissue-inflammation. We therefore determined the 
expression of several classical inflammatory cytokines, to verify if KLF2 may indeed suppress 
their induction upon stimulation by LPS (Figure 5A-F). We found that LPS-induced MCP-1 
expression was significantly inhibited in the presence of KLF2 overexpression. The 
expression of another classical NFkB-response cytokine, TNF-α, as well as expression of 
several other well-studied cytokines were, however, not influenced by KLF2.  
 
Macrophage-specific expression of KLF2 in mice. 
In light of the complex effects of KLF2 overexpression on the macrophage inflammatory 
response in vitro, we studied the effects of the KLF2-modulated macrophage phenotype on 
atherogenesis in vivo. To this end, we used an approach, involving transplantation of bone 
marrow (BMT) that was transduced with a CD68-driven lentiviral vector expressing KLF2, in 
LDLr-/- mice. Use of the CD68 promoter in a retrovirus to direct macrophage specific 
expression has previously been demonstrated to be effective for gene therapy in ApoE-/- 
mice.16 We performed experiments to confirm macrophage-specific expression of our novel 
lentiviral vector by using GFP as a marker of overexpression. FACS-analyses showed that 
macrophage-specific GFP expression was clearly detected in LDLr-/- mice, 8.5 weeks after 
transfer of lentivirally transduced bone marrow. Figure 6 shows the results of the FACS 
analyses of spleen-derived innate immune cells and demonstrates that CD68-driven GFP 
expression in macrophages is increased approximately 3-fold compared to control, exceeding 
expression in monocytes by 8-fold. No expression was detected in granulocytes, CD4+ and 
CD8+ T cells or B cells. As control, we included transduction with a lentiviral vector where 
GFP expression was driven by the constitutively active PGK promoter, which demonstrated 
equal GFP-expression in all of the analyzed cell populations. 
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Figure 4. Determination of M1/M2 
differentiation markers in LPS- and IL-4 
stimulated macrophages overexpressing 
KLF2. (A) Reduced induction of CXCL10 
mRNA levels in LPS-stimulated, KLF2 
overexpressing macrophages. (B) 
Decrease of CXCL11 mRNA induction in 
KLF2-macrophages stimulated with LPS. 
(C) No significant difference in mRNA 
expression of IL-10 upon LPS- or IL-4 
treatment in mock vs. KLF2 transduced 
macrophages. (D) No difference in IL-12 
mRNA levels in mock vs. KLF2-
macrophages stimulated with LPS or IL-
4. 

Figure 5. Incomplete dampening of 
LPS-induced macrophage inflammatory 
response by KLF2. (A) Reduction of 
LPS-induced MCP-1 mRNA expression 
in KLF2 overexpressing macrophages. 
(B-F) No significant inhibition of LPS-
induced expression of IL1-β, MIP1-α, 
MIP1-β and TNF-α in macrophages 
displaying lentivirus-mediated increased 
KLF2 expression. 
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Macrophage-specific expression of KLF2 increases atherosclerotic lesion size in 
LDLr-/- mice. 
We next proceeded with experiments aimed at directing macrophage-specific expression of 
KLF2 in LDLr-/- mice. Bone marrow was harvested and transduced with the CD68-driven 
lentiviral vectors expressing either KLF2 (n=10) or, as a control, GFP (n=10). Subsequently, 
BMT was performed; mice were allowed to recover for 8 weeks and placed on a Western-type 
diet for an additional 10 weeks. Using FACS analysis, we did not detect any significant 
changes in leukocyte counts, or monocyte subtypes (data not shown). The animals were 
sacrificed and processed for analyses of various tissues. To our surprise, analysis of plaque-
size in the aortic roots revealed that plaques in mice with macrophage-specific KLF2 
expression were substantially larger compared to those in control animals (Figure 7A,B). The 
observed size difference was quantified (Figure 7C) and proved to be statistically highly 
significant (p=0.0016). Subsequently, plaque composition was analysed, revealing additional 
differences between the groups. Macrophage content was shown to be significantly higher in 
the KLF2-group (Figure 7D), accompanied by a larger plaque necrotic core (Figure 7E), but 
without significant difference in collagen content (Figure 7F). 

 
Discussion  

The egress of monocytes from the bloodstream into the vascular wall is an event that is 
primarily elicited by inflammatory stimuli or injury. Whereas this process is tightly regulated 
to prevent the unwanted injurious effects of a prolonged inflammatory response, the sustained 
activation of mononuclear cells and their subsequent differentiation into macrophages can lead 
to chronic inflammatory vascular diseases such as atherosclerosis.20 It is therefore of great 
interest to identify factors that control this activation and differentiation, as we may thereby be 
able to elucidate molecular mechanisms that mitigate the emergence and progression of 
atherosclerosis. 

KLF2 has recently emerged in multiple studies as an important beneficial molecular 
mediator in vascular disease by virtue of the anti-inflammatory properties that it confers to 
endothelial cells.5 In addition to these studies, T-cell activation and migration21;22, was also 
demonstrated to be importantly determined by KLF2. More recently, studies were performed 
showing that KLF2 inhibits LPS-mediated induction of several pro-inflammatory mediators in 
monocytes7 and the beneficial effects of statins on macrophage inflammatory properties were 
indirectly linked to increased KLF2 expression 6.  

In the present work, we therefore further characterized the functional role of KLF2 in 
human monocytes/macrophages and set out to elucidate the molecular pathways that 
determine its potentially beneficial influence on the development of atherosclerosis. First, we 
show that KLF2 expression is strongly downregulated upon differentiation of monocytes to 
macrophages and is increased by treatment with statins through a transcriptional response that 
is dependent on MEF2, analogous to its transcriptional regulation in endothelial cells9. 

 8 

M
acrophage-specific K

LF2 aggravates atherosclerosis  

Proefschrift JVvT 
page 155

 
Composite

Tuesday, November 25, 2008 14:51



156 

Figure 7. Increased atherosclerotic plaque formation in LDLr-/- mice overexpressing macrophage-specific 

KLF2. (A) Photomicrographs of aortic roots of CD68-GFP transduced mice after 10 weeks of Western-type 

diet. (B) Aortic roots of CD68-KLF2 transduced mice show increased plaque size. (C) Quantification of 

plaque size demonstrates significantly larger plaque area in mice overexpressing macrophage-specific 

KLF2. (D) Plaques of CD68-KLF2 mice show significantly increased macrophage content. (E) Significantly 

larger plaque necrotic core in CD68-KLF2 mice. (F) No significant difference in plaque collagen content. ** 

P<0.01 * P<0.05 
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endothelial cells.5 In addition to these studies, T-cell activation and migration21;22, was also 
demonstrated to be importantly determined by KLF2. More recently, studies were performed 
showing that KLF2 inhibits LPS-mediated induction of several pro-inflammatory mediators in 
monocytes7 and the beneficial effects of statins on macrophage inflammatory properties were 
indirectly linked to increased KLF2 expression 6.  

In the present work, we therefore further characterized the functional role of KLF2 in 
human monocytes/macrophages and set out to elucidate the molecular pathways that 
determine its potentially beneficial influence on the development of atherosclerosis. First, we 
show that KLF2 expression is strongly downregulated upon differentiation of monocytes to 
macrophages and is increased by treatment with statins through a transcriptional response that 
is dependent on MEF2, analogous to its transcriptional regulation in endothelial cells9. 
Although little is known about the function of MEF2 in monocytes/macrophages, it has been 
shown that the expression of MEF2 correlates to promyeloid to monocyte differentiation23, 
indicating its potential to additionally influence cellular differentiation of monocytes/
macrophages. We next showed that the documented ability of statins to inhibit lipid 
accumulation in macrophages can not be reproduced by lentivirus-mediated increased KLF2 
expression alone.3;24 We thereby provide evidence that the inhibitory effect of statins on lipid 
accumulation is mainly mediated by influencing other factors that determine cholesterol 
uptake and efflux in these cells, as has been studied previously25;26. 

To gain further insight into the functional role of KLF2 in the macrophage inflammatory 
response, we established the KLF2-modulated macrophage transcriptome. Immediately 
striking were the clear differences from the previously established endothelial transcriptome27, 
and from KLF2 effects on the T cell transcriptome28, indicating functional separation of the 
role of KLF2 in macrophages from that in both endothelial cells and T cells. Congruent with 
the lack of effect of KLF2 on lipid loading, no effects on a panel of genes involved in that 
process was established. Among the most significantly regulated genes of interest was 
macrophage CCR5, which has been implicated in atherosclerosis development. Its role has, 
however, proven difficult to characterize. It was shown that blocking CCR5/Rantes interaction 
prevents infiltration of macrophages in the vascular wall 29;30 However, CCR5-/- mice have 
shown inconsistent effects on atherosclerotic development 31-33. Very recently, it was shown 
that a novel RANTES antagonist prevents progression of established atherosclerotic lesions in 
mice34, but only combined inhibition of CCL2, CX3CR1, and CCR5 almost completely 
abolished atherosclerosis in hypercholesterolemic mice35, stressing the complexity of the 
regulation of macrophage influx into the atherosclerotic plaque. The observation that KLF2 
increases CCR5 expression therefore proves difficult in generating a straightforward 
hypothesis on the role of KLF2 in atherosclerotic development. 

CD163 is a hemoglobin scavenger receptor exclusively expressed in the monocyte-
macrophage system36. It is used as a marker for macrophage activity in inflammatory disease 
(e.g. rheumatoid arthritis)37. Our observation that CD163 expression in macrophages is 
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increased by KLF2 overexpression is interesting in light of its importance as a marker of the 
M2 differentiation of macrophages, directing towards dampening of the inflammatory 
response19. However, subsequent analysis of the expression of the classical M1 and M2 
differentiation markers IL-10 and IL-12 did not substantiate a more general involvement of 
KLF2 in directing macrophages toward either of these phenotypes. The induction of PTGES 
by KLF2 was, however, another indication that KLF2 may invoke an anti-inflammatory 
response, since PGE2 is known to induce suppression of inflammatory mediators in 
macrophages38. 

A dampening by KLF2 of specific parts of the classic TLR4-mediated macrophage 
inflammatory response, as induced LPS stimulation, was observed. TLR4 has been linked to 
atherosclerosis development, as it was shown that minimally modified LDL initiates 
atherosclerosis through TLR439. Furthermore, activated TLR4 on macrophages stimulates 
expression of inflammatory cytokines40. However, our data did not consequently point toward 
downregulation of TLR4-mediated inflammation, consistent with the previously reported lack 
of effect on NFkB activation by KLF2 in macrophages6. Since statins have been shown to 
inhibit the MyD88-independent TLR4 inflammatory pathway41, further study of the effects of 
KLF2 on this inflammatory cascade is warranted, as both CXCL10 and CXCL11 are markers 
of this pathway. Thus, we conclude that the presented expression data indicate a clear, but 
restricted anti-inflammatory phenotype of macrophages overexpressing KLF2, which is 
independent from NFkB inhibition. Our in vivo observation that macrophage-directed KLF2 
overexpression substantially increased atherosclerotic plaque formation would indicate that, 
although KLF2 activation is an inherent effect of statins, absence of simultaneous NFkB 
inactivation is not beneficial to atherosclerosis-repression. The increased macrophage numbers 
in the plaques themselves may hint towards an increased influx and/or retention of 
macrophages in the earlier stages of plaque development, as also substantiated by our finding 
that CD11b expression is increased in KLF2-tranduced macrophages. We hypothesize that the 
combination of increased amounts of macrophages and an insufficient dampening of the 
macrophage inflammatory response by KLF2 lead to increased atherosclerosis in this setting. 

In conclusion, these studies clearly establish that, despite its clear, but restricted, anti-
inflammatory properties, KLF2 overexpression in itself modulates the macrophage 
inflammatory response such that this leads to a substantial aggravation of atherosclerosis. 
Application of KLF2 induction as an anti-atherosclerotic agent would thus necessitate use of 
additional agents, most likely an NFkB inhibitor. 
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The research described in this thesis is aimed at providing novel insights into the pathogenesis 
of atherosclerosis, specifically by detailed studies of the role of the transcription factor KLF2 
and its functions in endothelial cells and macrophages. Functional properties of KLF2 in the 
inflammatory process of atherogenesis were studied, as well as the molecular pathways that 
regulate its expression in conditions reflecting both function and dysfunction of the cells in 
which it is expressed. These research efforts are ultimately directed at devising novel 
pharmacotherapeutic strategies that may aid in mitigating the development of vascular disease. 

 
Functional properties of endothelial KLF2: regulation of vascular tone and 
inflammation 
The initiation of atherogenesis is importantly determined by the presence of turbulent 
bloodflow, causing lowered shear stress on the endothelial monolayer. The mainstay of 
atherosclerosis development in low-shear regions of the vasculature is endothelial dysfunction. 
Vasomotor function is regulated strictly by the endothelial monolayer through intricate 
communication between blood-borne mediators and the vascular smooth muscle cells that 
effectuate vessel tone. Hypertension is the most common contributor to the risk factor profile 
that determines the initiation of atherogenesis 1. It has been well documented that adequately 
targeting hypertension by pharmacological treatment may contribute greatly to prevention 
strategies in cardiovascular disease 2. Chapter 2 highlights the important contribution of KLF2 
to the proper regulation of vessel tone in the shear-exposed endothelium, demonstrating its 
potential in mediating shear-induced endothelial function. On balance, KLF2 seems to exert 
vasodilating, i.e. anti-hypertensive actions, through regulation of major determinants of vessel 
tone (eNOS, ACE, endothelin-1). A murine model of endothelial cell-specific knockout of 
KLF2 resulted in high-output cardiac failure that could only be corrected by the catecholamine 
phenylephrine 3, indicating the existence of a delicate balance of vasoconstrictive and 
vasodilatory mediators controlled by KLF2. To adequately control hypertension, the use of 
multiple anti-hypertensives is often necessary 2. The control exerted by KLF2 on multiple 
determinants of vessel tone, may offer the possibility of devising a pharmacological 
intervention that is effective by the use of only a single anti-hypertensive. 

The endothelial inflammatory response importantly contributes to flow turbulence-
mediated atherogenesis. Current prevention strategies for diminishing atherosclerosis 
development are mainly based on cholesterol-lowering drugs, anti-hypertensives and anti-
coagulants. In these strategies, the inflammatory components that initiate atherosclerosis 
development are not efficiently targeted. Notwithstanding, the anti-inflammatory properties of 
statins have become an important pathophysiological explanation for their pleiotropic effects 
4. Although clinical significance of these effects is often difficult to establish, cholesterol-
independent actions of statins have led to clinical trials aimed at evaluating their efficacy of 
statins in multiple auto-immune diseases 5. Chapter 3 illustrates the crucial role of KLF2 in 
mediating these pleiotropic effects in the endothelium. However, the data presented establish 
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that fluid shear stress confers an even more potent anti-inflammatory response, indicating that 
pharmacological anti-inflammatory therapy may indeed be amenable to improvement, should 
it become possible to more efficiently target increased KLF2 expression. Exercise-induced 
increases in shear may also augment the expression of anti-inflammatory, anti-thrombotic and 
anti-oxidant proteins in vivo 6;7. As a testament to the increased inflammatory status of patients 
who develop atherosclerosis, increased levels of Cell Adhesion Molecules (CAMs) and 
inflammatory mediators like MCP-1 and TNF-α  have been well documented 8-10. It has been 
shown that physical exercise reduces levels of inflammatory markers like TNF-α11 and that it 
is the most important physiological stimulus of nitric oxide (NO)-mediated vasodilation. 
Findings presented in Chapter 3 demonstrate that especially shear-induced increases of KLF2 
result in anti-inflammatory and anti-thrombotic gene expression, in the presence of 
inflammatory mediator TNF-α, may provide the molecular basis for the importance of 
exercise-induced NO-release and suppression of the inflammatory response. 

 
Molecular mechanisms of endothelial inflammatory modulation by KLF2 
Studies into the pathways that regulate endothelial inflammatory activation have lead to the 
analysis of myriad regulatory networks. In the literature, NF-kB is the prime transcription 
factor implicated in atherogenesis, however it is known to exert protective actions as well 12. It 
has been shown that NO diminishes inflammatory gene expression by inducing and stabilising 
the NF-kB inhibitor IkBα 13;14. Furthermore, it has been demonstrated that NF-kB is primed 
for activation in endothelium that is exposed to decreased shear 15. Given these data, it is not 
surprising that KLF2 was documented to counteract some of the pro-inflammatory actions of 
NF-kB 16. However, data presented in Chapter 4 strongly support an important role for 
prolonged shear stress-induced KLF2 in the repression of chronic inflammatory activation, by 
preventing nuclear translocation of the AP-1 constituent ATF2, while NF-kB activation may 
be reserved for facilitating the acute inflammatory response. Thus, modulation of the basal 
inflammatory status of endothelium is possible, without sacrificing the vital capability of 
endothelial cells to respond to acute inflammatory stimuli via NF-kB activation. These 
properties make KLF2 even more interesting as a potential target for therapeutic intervention 
in vascular inflammatory states. 

Identifying the exact mechanism by which transduction of the biomechanical signals 
exerted by shear stress are translated into an effective anti-inflammatory response, as 
described above, has proven difficult. A model that has arisen in literature is the tensegrity 
model of shear-transduction, in which the cell itself, as well as its contacts with neighbouring 
cells and the subcellular matrix, serves as the operative mechanosensor 17. This model 
involves an intricate network of communication between integrins, matrix proteins, the 
cytoskeleton, and signal transduction by MAPKinases. Chapter 5 outlines the involvement of 
KLF2 in such a network, in which a negative feedback mechanism is established to operate 
through cytoskeleton-dependent MAPK signalling involving RhoA, a GTPase known to 
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participate in integrin-mediated mechanosensing 18. These findings provide evidence for the 
existence of a regulatory network that enables KLF2 to create a robust and controllable 
cellular response to diverse stimuli. The involvement of VE-cadherin in regulating KLF2 
expression, as presented in Chapter 6, further illustrates the important link toward signalling 
involving cytoskeletal proteins. Upon vascular injury, the role of KLF2 in counter-balancing 
the inflammatory response appears to be controlled by VE-cadherin expression, as KLF2 
expression is importantly diminished upon restoration of cell-cell contacts in the new 
endothelial monolayer. The involvement of VE-cadherin in a mechanosensory complex, that is 
able to mediate shear-responses19, again links the regulatory pathways that determine KLF2 
expression to the influence of biomechanical forces. Taken together, the studies presented in 
this thesis further elucidate the crucial molecular link between mechanotransduction of 
laminar shear stress and the concomitant anti-inflammatory cellular responses governed by 
KLF2. 

 
KLF2 in macrophage inflammatory signalling. 
Given the well-documented anti-inflammatory properties that statins may convey to 
monocytes/macrophages 4, studies described in Chapter 7 led to the hypothesis that KLF2, in 
analogy to its induction of a quiescent endothelial state 20, may function as a molecular switch 
between an activated and more quiescent phenotype of monocytes/macrophages. The results 
indeed showed that KLF2 mediates some of the important pleiotropic anti-inflammatory 
effects of statins. However, further detailed analyses of the KLF2-mediated macrophage 
transcriptome, as described in Chapter 8, only partially corroborated this hypothesis. Contrary 
to expectations, a clear indication for a KLF2-induced phenotypic drift towards an anti-
inflammatory (M2) state of differentiation could not be established. Given the partial, but 
distinct, influence of KLF2 on LPS-induced inflammatory activation, the involvement of 
TLR4-dependent signalling was hypothesized, which would indicate use of inflammatory 
signalling also elicited by microbial pathogens. Indeed, the modulation of KLF2 expression by 
microbial pathogens has been described 21, linking TLR-mediated signalling to KLF2 
regulation. TLR4 is known to be expressed on macrophages in both human and murine lipid-
rich atherosclerotic plaques 22. Like TLR4, its adapter protein MyD88 has been linked to 
atherosclerosis, as MyD88 null mice display reduced atherosclerosis, based on defective 
recruitment of macrophages upon inflammatory stimuli 23. Although the macrophage content 
of atherosclerotic plaques in mice overexpressing macrophage KLF2 was significantly 
increased, the presented in vitro data may primarily point towards MyD88-independent 
signalling. Downstream inflammatory signalling occurring through this pathway involves the 
chemokines CCL5, IP-10 and Interferon-b (IFN-β). As a consequence, this may indicate 
involvement the IFN-β response, which was recently shown to be enhanced in insufficient 
arteriogenesis 24, a process also known to depend on influx of monocytes/macrophages and 
their TLR-mediated inflammatory activation in the vessel wall. 
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Perspectives 
The studies described in this thesis add to the amassing evidence that demonstrates KLF2 to 
be a major molecular regulator in inflammatory vascular disease, by importantly determining 
cellular functions in multiple cell types involved in atherosclerosis 25. Its beneficial effects on 
endothelial function may not only contribute to preventing focal atherosclerosis but may also 
prevent endothelial dysfunction provoked by systemic disease risk factors, as illustrated by 
studies that demonstrate systemic mediators of diabetes to induce endothelial dysfunction 
through inhibition of signal transduction driving KLF2 expression 26. These findings further 
substantiate the notion that not only focal, but also systemic KLF2-mediated improvement of 
endothelial function may mitigate risk factors predisposing to atherosclerosis.  

Data pertaining KLF2 function in macrophages presented herein, illustrate that the 
inflammatory balance may easily be disturbed, leading to unwanted effects, as has also been 
shown in studies on the effects of NF-kB inhibition in macrophages, which led to increased 
atherosclerotic plaque size 27. This further supported a function for NF-kB in the resolution of 
inflammation 28. These caveats are also stressed by reports showing bacterial pathogens, 
employing toxins, to augment KLF2 anti-inflammatory effects during infection 21. Herein lays 
the danger of unwanted side-effects such as impaired immune responses to bacterial or viral 
pathogens.  

Notwithstanding, current evidence showing that, in the endothelium, KLF2 is the 
transcription factor that counter-balances the inflammatory responses mediated by AP-1 and 
NF-kB, makes it a most interesting target for pharmacological intervention. Here too, past 
research efforts have taught us that there is a delicate balance between pro- and anti-
inflammatory mechanisms, but our increasing knowledge about the regulation of endothelial 
KLF2 expression may eventually enable us to safely and effectively use its potential to protect 
the vessel wall from inflammation and thereby further decrease the burden of atherosclerotic 
disease. 
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Summary 

 
The aim of this thesis is to further our understanding of the process of atherosclerosis, in 
particular by studies on the role of the transcription factor Krüppel-like factor 2 (KLF2) in two 
cell types that are crucially involved in both the initiation and the progression of 
atherosclerosis. Both functional studies and studies on the regulation of KLF2 in endothelial 
cells (chapters 2-6) and macrophages (chapters 7, 8) are described to elucidate the complex 
pathways that govern inflammatory responses involving KLF2 expression, thereby hopefully 
providing a lead for future investigations into possible pharmacologic intervention strategies. 
 
Chapter 1 introduces atherogenesis as an inflammatory process of the vessel wall that 
initiates in a non-random distribution within the vascular tree. Atherosclerotic plaques develop 
at sites where turbulent bloodflow exists, which causes endothelial dysfunction, initiating the 
process of lipid-deposition and monocyte-influx at these sites. These events are the crucial 
first steps in the process of atherosclerotic plaque formation, which then ensues under the 
influence of systemic risk factors that maintain a low-grade inflammatory status. In order to 
prevent atherogenesis, we must first understand the molecular basis of endothelial and 
macrophage dysfunction by elucidating the proteins and regulatory pathways that determine 
these processes.  
 
Previous studies have shown that the transcription factor KLF2 is induced by prolonged shear 
stress and may thus be crucial in relaying the beneficial effects of shear stress on endothelial 
function. Chapter 2 documents the distribution on KLF2 expression in the human vasculature 
and relates its expression to the healthy, shear stress-exposed parts of the vascular tree. In 
contrast, KLF2 expression is shown to be diminished at sites where the process of 
atherosclerosis initiates, as evidenced by neo-intima formation. In a murine carotid artery 
collar model, the in vivo shear stress-induction of KLF2 expression is confirmed and 
quantified by endothelial laser microdissection and quantitative PCR. The expression of the 
important vascular tone-regulating genes endothelial nitric oxide synthase (eNOS), 
angiotensin converting enzyme (ACE), adrenomedullin and endothelin-1 (ET-1) is shown to 
be induced by lentiviral KLF2 overexpression. The expression of these genes is established to 
be directly dependent on KLF2 expression, as siRNA-mediated repression of KLF2 mRNA 
significantly reduces their expression. Hereby, a potentially important role of KLF2 in the 
control of vascular tone is established. 
 
In chapter 3, it is shown that not only shear stress, but also HMG-CoA reductase inhibitors 
(statins), frequently prescribed drugs for cardiovascular patients, are able to induce endothelial 
KLF2 expression. Furthermore, it is established that some of the important anti-inflammatory 
and anti-thrombotic “pleiotropic” effects of statins are mediated by KLF2. In a direct 
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comparison of shear stress and statins, prolonged shear stress displayed a superior potential to 
induce KLF2-dependent atheroprotective gene expression, even in the presence of the pro-
inflammatory cytokine TNF-α. The mechanism by which this may be achieved is shear stress-
dependent KLF2 mRNA stabilization, which involves PI3Kinase-dependent signalling. The 
shear stress-induced stabilization of KLF2 mRNAs may therefore be essential in relaying  
maximal atheroprotective effects on endothelial gene expression exerted by KLF2, especially 
in inflammatory vascular diseases such as atherosclerosis. 
 
To further elucidate how KLF2 is able to mediate its anti-inflammatory effects in endothelial 
cells, the influence of prolonged shear stress on basal- and TNF-α-induced genome-wide 
expression profiles was described in chapter 4. We demonstrate that basal inflammatory gene 
expression is reduced by shear stress, while the inflammatory response to TNF-α remains 
intact. These effects are shown to be mediated through KLF2-dependent inhibition of the 
nuclear localisation of phosphorylated ATF2, dampening the transcriptional induction of 
downstream inflammatory genes. In ex-vivo human vascular tissue, nuclear levels of 
phosphorylated ATF2 are increased in endothelium overlying atherosclerotic plaques. This 
study shows that the anti-inflammatory effects of shear stress on endothelial cells are 
attributable to a KLF2-ATF2  dependent mechanism, without affecting the ability of 
endothelium to respond to infectious stimuli. 
 
Chapter 5 describes the regulatory mechanism by which KLF2 regulates its own expression 
through negative feedback, using MAPKinase signalling. The identified signal cascade 
involves the inhibition of RhoA, externally regulated kinase 5 (ERK5) and myocyte enhancer 
factor 2 (MEF2), three factors previously implicated in regulation of KLF2 expression and in 
mediating KLF2-dependent pleiotropic effects of HMG-CoA reductase inhibitors. The 
activation of focal adhesion kinase (FAK) and several other actin cytoskeleton-associated 
proteins was found to be inhibited by KLF2, implicating the cytoskeleton as an important 
mediator of KLF2-dependent endothelial gene regulation. Furthermore, inhibition of the 
activation of Jun NH2-terminal kinase, ATF2 and c-Jun by KLF2 is established. The 
formation of actin fibers and the simultaneous decrease in inflammatory gene expression 
relates directly to a gradual increase in KLF2 levels, and mimicks the effects of prolonged 
flow on endothelial morphology and gene expression. Together, these findings further 
elucidate the molecular pathways by which KLF2 regulates its own expression and represses 
AP-1-mediated inflammatory signalling. 

The clinically troublesome phenomena of in-stent restenosis and -thrombosis are related to 
delayed endothelial regeneration in the vessel wall that has been injured by stent-placement. In 
chapter 6, the potentially important role of KLF2 in counteracting an overzealous 
inflammatory reaction upon vascular injury is described. In an in vivo model of endothelial 
injury, it is shown that KLF2 is highly expressed in the regenerating endothelium, which is 
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accompanied by the increased expression of the important anti-inflammatory and anti-
thrombotic proteins eNOS and thrombomodulin (TM). The mechanism that controls KLF2 
expression is shown to be cell cycle-independent. Rather, VE-cadherin dependent cell-cell 
contacts are demonstrated to be essential for increased KLF2 expression after disruption of the 
intact and functional endothelial monolayer. Collectively, these findings strongly imply a 
crucial role for KLF2 in regulating anti-inflammatory and anti-coagulant gene expression 
during recovery of the damaged endothelial monolayer. 
 
Chapter 7 describes the effects of HMG-CoA reductase inhibitors (statins) on the phenotype 
of human macrophages. It is shown that statins convey important anti-inflammatory properties 
to macrophages, as delineated by the genomewide analysis of statin-induced gene expression. 
Important inflammatory mediators like Monocyte Chemotactic Protein-1 (MCP-1), Vascular 
Cell Adhesion Molecule-1 (VCAM-1) and Tissue Factor (TF) were shown to be 
downregulated upon statin treatment. Additionally, the expression of KLF2 was shown to be 
upregulated, an effect that was dependent on protein-prenylation. Lentivirus-induced 
overexpression of KLF2 in macrophages mimicked the suppressive effects of statins on MCP-
1 and TF. These studies support the notion that statins mediate beneficial pleiotropic effects 
through induction of anti-inflammatory gene expression in macrophages, which seems partly 
dependent on KLF2. 
 
Chapter 8 further studies in more detail the effects of KLF2 overexpression on the phenotype 
and inflammatory responses of human macrophages. KLF2 expression is strongly 
downregulated upon monocyte to macrophage differentiation, but can be potently induced by 
treatment with HMG-CoA reductase inhibitors (statins). It is established that the statin-
induced inhibition of macrophage lipid accumulation is not mediated by KLF2. Rather, the 
KLF2-modulated effects on the macrophage transcriptome revealed complex effects on the 
macrophage phenotype. This is illustrated by a distinct, but incomplete inhibition of LPS-
induced inflammatory gene expression by KLF2, which is primarily NF-kB independent, 
suggesting that KLF2 affects other TLR4-mediated signalling cascades. In an established 
model of atherosclerosis, it is shown that KLF2 substantially aggravates plaque formation, 
which is accompanied by increased macrophage influx in the atherosclerotic plaques. These 
results demonstrate that partial inhibition of the macrophage inflammatory response by KLF2 
leads to aggravation of atherosclerotic disease. 
 
In Chapter 9, the potential benefits of our increasing understanding of the function and 
regulation of KLF2 in vascular disease are discussed. The important role of KLF2 in 
controlling vessel tone reflects its potential as a therapeutic target in the treatment of 
hypertension, a prevalent riskfactor in cardiovascular disease.  As the pleiotropic effects of 
statins, which are shown to be mediated by KLF2, are outweighed by the KLF2-mediated 
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atheroprotective properties that are conveyed to the endothelium by laminar shear stress, the 
importance of physical exercise in combating the emergence of cardiovascular disease is again 
emphasized. Dissection of the molecular pathways that KLF2 uses to exert its potent anti-
inflammatory properties may provide the opportunity to devise pharmacological strategies that 
convey enhanced protection from the cellular inflammatory state that determines the 
development of atherosclerosis. Interference with these pathways must, however, be 
performed with caution, as disruption of inflammatory signalling may easily lead to unwanted 
aggravation of inflammatory vascular disease. Together, the findings provided in this thesis 
mark KLF2 as a most promising target in the treatment and prevention of vascular disease.  
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Samenvatting 

 
Dit proefschrift beoogt het bevorderen van onze kennis over het proces van atherosclerose, 
specifiek door middel van studies over de rol van de transcriptie factor Krüppel-like factor 2 
(KLF2) in twee celtypes die onlosmakelijk betrokken zijn bij het ontstaan en de voortgang van 
atherosclerose. Zowel functionele studies als studies betreffende de regulatie van KLF2 in 
endotheelcellen (hoofdstuk 2-6) en macrofagen (hoofdstuk 7,8) worden beschreven, met als 
doel het vergroten van ons inzicht in de complexe regulatie van de inflammatoire processen 
waarbij KLF2 betrokken is. Hiermee hopen we op langere termijn een gerichte 
farmacologische interventie in cardiovasculaire ziekten haalbaar te maken. 
 
Hoofdstuk 1 introduceert atherosclerose als een inflammatoir proces in de vaatwand, dat op 
specifieke plaatsen in de arteriële vaatboom optreedt. Het ontstaan van atherosclerotische 
plaques vindt immers plaats op locaties waar zich een turbulente bloedstroom manifesteert, 
hetgeen lokaal het proces van infiltratie van lipiden en monocyten bevordert. Deze 
gebeurtenissen zijn de belangrijkste eerste stappen in het ontstaan van de atherosclerotische 
plaque, die verder in omvang zal toenemen onder invloed van systemische risico-factoren die 
een milde, algemene ontsteking veroorzaken. Om atherosclerose te voorkomen dienen wij 
eerst de moleculaire basis van endotheel- en macrofaag-dysfunctie te begrijpen door het 
doorgronden van de signaaltransductie-cascades die deze processen bepalen. Dit zal ons in 
staat stellen om in te grijpen met geneesmiddelen, die direct op de vaatwand gericht zijn en op 
die manier zouden kunnen helpen in de preventie van het ontstaan of de progressie van 
atherosclerose. 
 
Voorgaand aan deze thesis hebben studies laten zien dat de transcriptie factor KLF2 wordt 
geïnduceerd door de bestaande vlakschuifspanning (shear stress) die het stromende bloed 
uitoefent op de vaatwand. Daarmee leek KLF2 van cruciaal belang te zijn in het overbrengen 
van de gunstige effecten die shear stress heeft op de functies van het endotheel. Hoofdstuk 2 
documenteert de verdeling van KLF2 expressie in de humane vaatboom en relateert de 
expressie ervan aan de gezonde, aan laminaire shear blootgestelde, delen van de vaatwand. In 
tegenstelling hiermee is KLF2 expressie sterk verminderd op plaatsen waar het proces van 
atherogenese al is begonnen, zoals af te leiden aan de aanwezigheid van een neo-intima. In een 
muizen-model, waarbij shear stress in de arteria carotis lokaal verhoogd wordt door 
mechanische constrictie, werd de in vivo verhoogde expressie van KLF2 gekwantificeerd door 
middel van microdissectie van het endotheel, gevolgd door RT-PCR. De expressie van de 
belangrijke vaattonus-regulerende genen endothelial nitric oxide synthase (eNOS), angiotensin 
converting enzyme (ACE), adrenomedullin en endothelin-1 (ET-1) wordt direct geïnduceerd 
door KLF2, zoals wordt bewezen door lentivirale overexpressie en siRNA-gemedieerde 
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onderdrukking van KLF2 mRNAs. Hiermee wordt de potentieel belangrijke rol van KLF2 in 
de regulatie van de vaattonus vastgesteld. 
 
In hoofdstuk 3 wordt beschreven dat niet alleen shear stress, maar ook HMG-CoA reductase 
remmers (statines), medicijnen die zeer frequent worden voorgeschreven aan patiënten met 
cardiovasculair lijden, in staat zijn om endotheliale KLF2 expressie te induceren. Eveneens 
wordt vastgesteld dat een aantal van de belangrijke “pleiotrope” effecten van statines worden 
verzorgd door KLF2. Bij een direct vergelijk van shear stress en statines bleek dat shear stress 
een groter vermogen had om KLF2-afhankelijke atheroprotectieve genexpressie teweeg te 
brengen dan statines, zelfs in aanwezigheid van TNF-α. Het mechanisme waarmee dit effect 
bereikt wordt is shear stress-afhankelijke mRNA stabilisatie, waarbij PI3Kinase een 
belangrijke rol speelt in de signaaltransductie cascade. De shear stress-geïnduceerde 
stabilisatie van KLF2 mRNA zou daarom van essentieel belang kunnen zijn bij het optimaal 
overbrengen van de atheroprotectieve effecten van shear stress op het endotheel, met name bij 
een primair inflammatoir vaatlijden zoals atherosclerose. 
 
Om de manier waarop KLF2 zijn anti-inflammatoire effecten op endotheelcellen uitoefent op 
te helderen, werd de invloed van shear stress op de basale- en TNF-α-geïnduceerde 
genexpressie-profielen van endotheelcellen bestudeerd in hoofdstuk 4. Wij laten zien dat 
basale inflammatoire genexpressie wordt verminderd door shear stress, terwijl de 
inflammatoire respons op TNF-α-stimulatie intact blijft. Deze effecten worden bereikt door de 
KLF2-gemedieerde remming van nucleaire lokalisatie van gefosforyleerd ATF2, een remming 
die op zijn beurt de verdere inductie van inflammatoire genen dempt. In ex-vivo humaan 
vaatmateriaal worden toegenomen hoeveelheden gefosforyleerd ATF2 waargenomen in de 
kernen van het endotheel dat zich boven atherosclerotische plaques bevindt. Deze studie laat 
zien dat de anti-inflammatoire effecten van shear stress op het endotheel kunnen worden 
toegekend aan een KLF2-ATF2-afhankelijk mechanisme, zonder dat het vermogen om te 
reageren op infectieuze stimuli verhinderd wordt. 
 
Hoofdstuk 5 beschrijft het mechanisme waarmee KLF2 in staat is zijn eigen expressie te 
reguleren, gebruikmakend van MAPKinase-gemedieerde signaaltransductie. De betrokken 
signaalcascade bevat RhoA, externally regulated kinase 5 (ERK5) en myocyte enhancer factor 
2 (MEF2), allen betrokken bij eerder beschreven regulatie van KLF2 expressie en het 
effectueren van KLF2-afhankelijke pleiotrope effecten van statines. De activatie van focal 
adhesion kinase (FAK) en een aantal andere cytoskelet-geassocieerde eiwitten wordt geremd 
door KLF2, hetgeen de betrokkenheid van het cytoskelet bij KLF2-afhankelijke genregulatie 
aantoont. Tevens werd remming van de activatie van Jun NH2-terminal kinase, ATF2 en c-Jun 
vastgesteld. Het ontstaan van actine filamenten en de gelijktijdige afname van expressie van 
inflammatoire genen is direct gerelateerd aan een geleidelijke toename van KLF2 expressie en 
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bootst het effect van laminaire shear stress op endotheel-fenotype en -genexpressie na. 
Tezamen verduidelijken deze bevindingen de moleculaire signaaltransductie waarmee KLF2 
zijn eigen expressie reguleert en tegelijkertijd de AP-1-gemedieerde inflammatie remt. 
 
In-stent restenose en –thrombose na stent plaatsing zijn twee klinisch belangrijke problemen 
die bepaald worden door vertraagde regeneratie van de beschadigde endotheellaag. In 
hoofdstuk 6 wordt de potentieel belangrijke rol belicht die KLF2 vervult bij het tegengaan 
van een te sterke inflammatoire reactie na vasculair letsel door stent plaatsing. In een in vivo 
model van endotheel schade wordt aangetoond dat KLF2 hoog tot expressie komt in het 
herstellende endotheel, wat vergezeld wordt door de expressie van de belangrijke anti-
inflammatoire en anti-thrombotische mediatoren eNOS en thrombomoduline (TM). Het 
mechanisme dat KLF2 expressie verzorgt is onafhankelijk van de cel cyclus. Aangetoond 
wordt dat het verbreken van VE-cadherin-afhankelijke cel-cel interactie essentieel is voor de 
verhoogde expressie van KLF2 na beschadiging van de intacte, functionele endotheliale 
monolaag. Tezamen schetsen deze bevindingen een mogelijk essentiële rol van KLF2 bij het 
onderdrukken van inflammatie en coagulatie tijdens de herstelfase van het beschadigde 
endotheel. 
 
Hoofdstuk 7 beschrijft de effecten van statines op het fenotype van humane macrofagen. 
Aangetoond wordt dat statines belangrijke anti-inflammatoire effecten bewerkstelligen in 
macrofagen, zoals geïllustreerd door de analyse van statine-geïnduceerde genexpressie. 
Belangrijke ontstekingsmediatoren als Monocyte Chemotactic Protein-1 (MCP-1), Vascular 
Cell Adhesion Molecule-1 (VCAM-1) en Tissue Factor (TF) worden onderdrukt door 
stimulatie met statines. Tevens werd gezien dat de expressie van KLF2 verhoogd was, een 
effect dat afhankelijk was van eiwitprenylering. Lentivirus-geïnduceerde KLF2 overexpressie 
in macrofagen bootste het onderdrukken van MCP-1 en TF door statines na. Deze bevindingen 
steunen het concept dat statines hun pleiotrope effecten uitoefenen door het onderdrukken van 
inflammatoire genexpressie in macrofagen, hetgeen deels afhankelijk lijkt van hun inductie 
van KLF2 expressie. 
 
In hoofdstuk 8 wordt nader ingegaan op de effecten van KLF2 overexpressie op het fenotype 
en de inflammatoire responsen van macrofagen. KLF2 expressie wordt sterk gereduceerd 
tijdens monocyt tot macrofaag differentiatie, maar kan fors toenemen door behandeling met 
statines. Gevonden werd dat KLF2 de verminderde lipiden-opname, die statines 
bewerkstelligen, niet kan nabootsen. De veranderingen in het genoom van macrofagen, die 
KLF2 teweeg brengt, zijn complex. Dit wordt geïllustreerd door een duidelijke, maar 
incomplete, remming van LPS-geïnduceerde genexpressie, die vooral NF-kB-onafhankelijk is, 
wat suggereert dat KLF2 andere, TLR4-afhankelijke, signaalcascades gebruikt. In een 
gevalideerd atherosclerose-model wordt aangetoond dat KLF2 plaque-formatie in belangrijke 
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mate verergert, wat samen gaat met een toegenomen macrofaag-influx in de atherosclerotische 
plaque. Deze resultaten tonen aan dat de slechts gedeeltelijke remming van de inflammatoire 
respons van macrofagen, veroorzaakt door geisoleerde KLF2 overexpressie, juist resulteert in 
een toename van atherosclerose. 
 
In hoofdstuk 9 worden de implicaties van onze toegenomen kennis over de functie en 
regulatie van KLF2 besproken in relatie tot vasculaire aandoeningen. De belangrijke rol van 
KLF2 in het controleren van de vaattonus geeft aan dat het mogelijk kan zijn om (inductie 
van) KLF2 te gebruiken als therapeuticum voor de behandeling van hypertensie, een 
prevalente risicofactor voor hart- en vaatziekten. Gezien de bevinding dat de KLF2-
afhankelijke pleiotrope effecten van statines worden overtroffen door de atheroprotectieve 
eigenschappen die laminaire shear stress via KLF2 op het endotheel overbrengt, wordt het 
belang van lichaamsbeweging in het bestrijden van hart- en vaatziekten wederom 
onderstreept. Ontrafeling van de moleculaire signaaltransductie die KLF2 gebruikt om zijn 
potente anti-inflammatoire effecten uit te oefenen zou een kans kunnen bieden om 
farmacologische interventies te ontwikkelen die een nog betere bescherming bieden tegen de 
inflammatoire status die de progressie van atherosclerose bepaalt. Een dergelijke interventie 
dient echter met voorzichtigheid uitgevoerd te worden, aangezien een onjuiste interventie in 
inflammatoire signaaltransductie ook tot verergering van atherosclerose zou kunnen leiden. 
Samengenomen brengen de bevindingen in dit proefschrift KLF2 naarvoren als een 
veelbelovend doelwit in de behandeling en preventie van hart- en vaatziekten. 
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Dankwoord 

 
In veel opzichten is promoveren een van de meest leerzame, afwisselende en leuke periodes in 
in je leven. Congressen, symposia, cursussen, op alle mogelijke manieren wordt voorzien in 
geestelijke (en lichamelijke) verrijking . Ook is promoveren vaak afzien, volhouden, soms 
balen en vooral niet het vertrouwen verliezen in je eigen kunnen. Dat vooral de leuke 
herinneringen op de voorgrond staan, heb ik te danken aan een grote groep collega’s, waarmee 
ik altijd weer het goede pad heb kunnen vinden in de promotie-doolhof. Zonder de steun van 
al deze mensen, maar zeker ook van hen die niet direct betrokken waren bij de totstandkoming 
van dit proefschrift, was het afzien en het volhouden misschien wel niet haalbaar geweest. Ik 
wil eenieder die mij geholpen heeft bij het gevarieerde werk, dat voor de totstandkoming van 
dit boekje nodig is geweest, bij deze hartelijk danken voor de gegeven steun. Een aantal 
personen wil ik vanzelfsprekend met name bedanken: 

 
In de eerste plaats veel dank aan mijn beide promotores. 

Hans, ik heb nog het voorrecht gehad om ruim voor je emeritaat onder jouw begeleiding te 
mogen werken. Je input in de werkbesprekingen, altijd strak gepland op de maandagochtend, 
heeft regelmatig geleid tot een nieuwe impuls voor productieve en doelgerichte proeven, die 
mijn onderzoek in belangrijke mate vooruit geholpen hebben. Ook nadat je fysiek minder 
aanwezig was, als gevolg van je emeritaat, heb ik vaak mogen profiteren van de 
bewonderenswaardige combinatie van oog voor detail en de grote lijn tegelijk, die jou eigen 
is. 

Anton, als mijn directe begeleider heb jij mij geleerd hoe solide en doelmatig 
wetenschappelijk onderzoek te verrichten. Als geen ander was jij in staat om lijn te scheppen 
in de veelheid van resultaten waar de gedane proeven ons soms mee konden confronteren. 
Zeker bij het laatste, lastige gedeelte van mijn promotie, waarin mijn klinisch werk inmiddels 
de boventoon voerde, heb je me er met grote vastberadenheid doorheen gesleept. Daarnaast 
heb je me vooral ook geleerd vertrouwen te hebben in de waarde van mijn eigen onderzoek. 
Door onze bevindingen, wanneer daar goede aanleiding toe was, uitdagend te presenteren (zie 
ook de titel van dit proefschrift!), wordt wetenschappelijke discussie optimaal gestimuleerd. Ik 
dank je voor je aanhoudende inzet en hulp, het heeft geleid tot de degelijke inhoud van dit 
proefschrift. 
 
Dan mij collega’s op de werkvloer. Met heel veel plezier heb ik met jullie allemaal 
samengewerkt. Altijd was er een luisterend oor als ik weer eens bacterieel DNA in mijn PCR 
tevoorschijn had getoverd of gewoon om het terugkerend gezwets over mijn hobby’s aan te 
horen. Dank voor jullie gezelschap en geduld! 

Rob, in de eerste, belangrijke fase was jij mijn dagelijks begeleider op het lab. Jij leerde 
me de kneepjes van goed labwerk (ga er maar aanstaan met zo’n arts!). Je aandacht voor de 
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details sprak me aan, ik denk dat onze manier van werken wat dat betreft aardig overeen 
kwam. Verder heb ik natuurlijk vooral ook mogen profiteren van je ongekende vermogen om 
uit elke denkbare woordspeling een schuine mop te fabriceren! Anita, als jij er toch niet was 
geweest...brrrrr. Ik heb ontzettend veel gehad aan je niet-aflatende hulp om dat lastige 
monocyten-verhaal op papier te krijgen. Jij was mijn hoop in bange dagen om het laatste stuk 
van mijn proefschrift te kunnen voltooien en nu is het gelukt! Een betere analist met het 
vermogen om strakke planning te handhaven en bergen werk te verzetten had ik me niet 
kunnen wensen! Ruud, jij bent voor iedereen op het lab, dus zeker ook voor mij, altijd een 
baken geweest in de duistere wereld van de onbegrijpelijk mislukte proeven. Altijd was je in 
staat een list te verzinnen om toch tot betrouwbare resultaten te komen. Dat je tussen alle 
klussen voor anderen (mijzelf niet in de laatste plaats!) door ook nog gepromoveerd bent, zegt 
alles over je capaciteiten als onderzoeker. Yvonne, het is alweer langer geleden, maar ik ben 
je hulp bij de inleidende beschietingen voor het monocyten-verhaal niet vergeten (en ook de 
slappe lach boven die muizencoupes niet!). 

Mijn mede-AIO’s, met wie ik menig cursus en symposium van adequate hoeveelheden 
alcohol en kletspraat heb mogen voorzien. Altijd gezellig, een baantje bowlen in Houthalen! 
Peter, samen waren wij het medisch bestand tussen de ras-labnerds en we hebben ons goed 
gehouden, vind je ook niet? Ook voor jou is het einde in zicht, hou vol, want het voelt goed als 
het zover is! Joost, met jou voelde ik altijd de grootste verbintenis als er stroeve tijden waren, 
deste groter is de beloning als het allemaal af is. Jij hebt je er met vlag en wimpel doorheen 
geslagen, ze boffen met je in Utrecht! Reinier, tja, wat zal ik zeggen? Met het risico dat je nog 
verder naast je schoenen gaat lopen: een strakkere promotie in ons soort onderzoek heb ik 
nooit gezien. Jaloezie en bewondering vechten om voorrang. Dank voor je hulp, zo is er toch 
nog wat moois gebeurt met die ...-constructen van mij. Jakub, our favorite Tsjech. Ik heb altij 
enorm veel bewondering gehad voor de manier waarop jij je een plek hebt weten te verwerven 
in ons vreemde kikkerlandje. Met groot genoegen denk ik terug aan je onnavolgbare e-mails 
om ons naar het bier in de Wildeman te lokken (de AMC beerdrinking advisory). Nu ben je 
weer terug naar het geboorteland van de pils....Thijs, jij hebt je AIO-plek ooit met een strakke 
presentatie binnengehaald en dat was de aanzet voor een periode waarin noeste arbeid je nu 
mooie resultaten heeft opgeleverd. Ook jouw boekje nadert, top! Oscar, wij hebben de 
vaatbank samen verrijkt, een heerlijke routineklus voor “verstand op nul met een muziekje 
erbij.” Het ga je goed in de VU. Richard, het is alweer lang geleden dat wij tegelijk op een 
lab werkzaam waren. Jij bent mijn grote voorbeeld geweest dat de aanhouder gewoon toch 
wint! Mijn studenten Kinge en Gerben wil ik bedanken voor hun niet aflatende inzet, maar 
zeker ook hun waardevolle input en goede gezelschap! 

Mariska, Claudia, Germaine, Vivian, Karin, Maaike, Astrid. De gladde spiercelclub 
wil ik bedanken voor hun adviezen, goede steun en gezellige kletspraat in de koffiekamer en 
daarbuiten! Carlie, dank voor je luisterend oor en het scherp houden van mijn 

D
ankw

oord 

 

Proefschrift JVvT 
page 181

 
Composite

Tuesday, November 25, 2008 17:26



182 

onderzoeksvraagstelling. Valerie, Rogier, dank voor de hulp bij het in leven houden van die 
heerlijke primaire macrofagen. 

Alle overige collega’s van de Medische Biochemie dank ik voor hun hulp, constructieve 
commentaar en gezelligheid tijdens allerhande lab-uitjes. Saskia, geheel belangeloos nam jij 
mij uren achtereen bij de hand achter het FACS-apparaat en leerde je mij de kneepjes van de 
buffycoat, je bent een onverbeterlijke schat. Annette, Duco, Romana, jullie houden de 
afdeling draaiende, dank voor alle hulp en ondersteuning! 

Mijn collega’s in Leiden, Ilze, Saskia, Erik, Paula en Johan, onder leiding van Prof. van 
Berkel, wil ik danken voor een vruchtbare samenwerking, zij het helaas vaak op enige 
afstand. Jullie expertise is telkens onmisbaar geweest om een degelijk verhaal naar een hoger 
niveau te tillen. My colleagues in Kuopio, especially Tiina Tuomisto and Prof. Ylä-
Herttuala, thank you for a fruitful cooperation on a subject that does not cease to amaze us. 

 
Mijn commissieleden wil ik hartelijk danken voor de tijd en moeite om mijn manuscript 
kritisch te evalueren. Harry, jij stelde me ooit in contact met Jeff Weitz in Hamilton, dat was 
het begin van mijn leven in het basaal wetenschappelijk onderzoek. Ik ben er nog steeds blij 
mee dat je mij die kans gegeven hebt. Marcel, mijn opleider op de racefiets, dank voor je 
steun aan die internist-in-spe die zich zonodig ook nog wil bemoeien met moleculaire 
biologie. Je vertrouwen dat ik me in deze mooie combinatie zou kunnen bekwamen heb ik 
ontzettend gewaardeerd. Prof. Arnal, je suis heureuse que vous avez voulu venir à 
Amsterdam. En plus, je vous remercie pour aider nous avec l’expertise de votre laboratoire. 
Hans, jarenlang stelde jij bij de biochemie-werkbespreking de meest relevante- en vaak ook 
de lastigste vragen. Ik ben blij dat je nu ook deel uitmaakt van mijn commissie en ik hoop je 
nog één keer de goede antwoorden te kunnen geven. Johan, zoals hierboven al gememoreerd, 
de hulp vanuit jouw laboratorium is de kwaliteit van het nu voorliggend werk ten goede 
gekomen. Dank dat je nu ook nog de kritische evaluatie wil gaan verzorgen. 

Dan mijn collega’s bij de interne geneeskunde. Het opleidingsklimaat bij de interne heb ik 
steeds als geweldig goed ervaren en dat kan alleen maar dankzij een groep mensen die in staat 
is om een leuke, constructieve en vrienschappelijke sfeer te onderhouden. Ik heb me van het 
begin af erg welkom gevoeld, jullie zorgen er met z’n allen voor dat het vak nog 
aantrekkelijker is om steeds weer verder in te blijven gaan. Een aantal van jullie weet ook 
maar al te goed hoe het is om de opleiding en een promotie te combineren. Dank voor jullie 
geduld, morele steun, gezelligheid en vrienschap. Goda, zonder jou was dit proefschrift er 
überhaupt niet geweest, super dat je deze digibeet toch nog zo’n mooi boekje hebt weten te 
geven! 

Mijn paranimfen wil ik danken voor het tesamen doorstaan van een mooi, maar toch ook 
wel spannend ritueel. Peter, beroepsmatig hebben wij niet veel raakvlakken en dat heb ik 
altijd erg leuk gevonden. Ik vind het super om mijn eigen broer op deze manier toch nog een 
keer mijn wereldje in te kunnen slepen en dan ook nog voor een mijlpaal als deze! Emile, juist 
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omdat wij samen wel zoveel raakvlakken hebben (met name dat van een dun rubber bandje 
met het asfalt), vind ik het geweldig dat jij mij ook bijstaat tijdens mijn uurtje zweten om 
andere redenen dan zware lichamelijke inpanning. 

Tot slot mijn lieve familie, zonder wie er überhaupt niks van mij terecht gekomen zou zijn. 
Lieve zus, ik heb in de afgelopen jaren aan jou een voorbeeld gehad waar het gaat om stug 
volhouden om een doel te bereiken wat je voor ogen hebt. We werken teveel en we zien elkaar 
te weinig, maar ik bewonder je volharding en ambitie en ik ben ervan overtuigd dat je gaat 
komen waar je zijn wilt. Lieve pa, lieve mama, met dit proefschrift is er dan nu ook een 
tastbaar bewijs gekomen van het geduld en het denk- en doorzettingsvermogen dat jullie mij 
meegegeven hebben. Dankzij jullie jarenlange steun en toewijding ben ik gekomen waar ik 
ben en ben ik geworden wie ik ben. Het is teveel om in woorden uit te drukken, daarom hoop 
ik jullie met dit werk wat terug te geven in de vorm van trots op jullie oudste kind. 
 
Lieve Lotte, waar ik nu ben geëindigd, ga jij net beginnen. Zoals jij mij gesteund hebt, wil ik 
jou ook steunen, het liefst voor de rest van mijn leven. Wij horen bij elkaar lieve, ik hou van 
je. 
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Curriculum Vitae 
 
De auteur van dit proefschrift werd geboren op 1 april 1975 in Haarlem. Nadat hij in 1994 
geslaagd was voor zijn eindexamen Gymnasium β, begon hij aan zijn studie Geneeskunde aan 
de Universiteit van Amsterdam. Na het behalen van het Doctoraal Geneeskunde, werkte hij in 
‘98/’99 in Hamilton (Ontario, Canada) op het laboratorium van Jeff Weitz, waar hij onder 
leiding van Rick Austin de kneepjes van goed laboratoriumwerk en ijshockey leerde. Terug in 
Nederland begon hij aan zijn co-schappen, waarna het arts-examen volgde in november 2001. 
Zonder dralen startte hij daarna met zijn eerste baan, als arts-onderzoeker op de afdeling 
Medische Biochemie in het Academisch Medisch Centrum, binnen het Moleculair Cardiologie 
Programma van de Nederlandse Hart Stichting. Na ruim vier jaar op het lab was het moment 
gekomen om het klinisch werk weer op te pakken en begon de opleiding tot Internist in het 
Academisch Medisch Centrum. Vanaf april 2010 zal hij zich verder gaan specialiseren binnen 
de Interne Geneeskunde in het aandachtsgebied Oncologie. 
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