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Thesis aim
The aim of this thesis is to identify the role of KLF2 in the shear stress-mediated 

atheroprotective phenotype of ECs, which conveys local atheroprotection despite the presence 
of systemic risk factors. KLF2 was hypothesized to be responsible for the atheroprotective 
phenotype of ECs exposed to high physiological shear stress. To study this concept, we used 
lentiviral overexpression of KLF2 in the absence of flow and lentiviral siRNA-mediated 
silencing of KLF2 in the presence of flow. We found that KLF2 has anti-migratory, anti-
fibrotic, anti-inflammatory and anti-thrombotic properties (Chapter 2-4) and accounts for 
about 60% of the genesets that is induced by shear stress (Chapter 5) (Figure 1). Furthermore, 
KLF2 functionally alters the endothelial actin cytoskeleton in a manner similar to shear stress 
(Chapter 6) and improves EPC functions (Chapter 7). Together, these properties make KLF2 
an ideal candidate for the development of novel anti-atherosclerosis and/or anti-vascular 
dysfunction therapies that targets ECs.

KLF2 in endothelium based vascular processes
The role of KLF2 in various EC based vascular processes in vivo is still poorly understood, 

but can be predicted from the findings described in this thesis. The first of five processes 
discussed here is atherosclerosis. Lack of shear stress is generally accepted to be the only 
factor that causes the predilection for atherosclerosis to develop in certain focal areas despite 
the systemic nature of all other known risk factors.1 Since KLF2 is specifically present in 
ECs that are exposed to atheroprotective shear stress levels, it is straightforward to postulate 
that its absence could cause atherosclerosis at sites of disturbed blood flow. This thesis 
describes that ECs that express KLF2 have healthy, anti-inflammatory, anti-thrombotic, anti-
migratory, anti-fibrotic and anti-oxidant properties, which are all characteristics attributed to 
ECs that are exposed to atheroprotective shear stress levels. KLF2 even induces a functional 
morphology change that is reminiscent of ECs exposed to shear stress, thereby mimicking the 
anti-atherosclerotic effects of shear stress. So, it is likely that the mere exogenous expression 
of KLF2 in ECs at atherosclerosis-prone sites of the arterial tree could prevent atherogenesis. 
However, this conclusive experiment still needs to be performed (further discussed below). 
Vice versa, experimental EC-specific depletion of KLF2 could cause atherosclerosis in 
specific animal models, but this experiment is complicated by the embryonic lethality of the 
endothelial-specific conditional KLF2-/- mouse.2

The second process that is described here is neovascularization. This term describes the 
postnatal formation of new blood vessels, for which EPCs have been shown to be essential.3 
EPCs home to sites of neovascularization and differentiate into ECs and/or secrete paracrine 
factors that stimulate other EPCs and ECs to form new blood vessels. The role of KLF2 
in this process is still poorly understood, even though KLF2 was found to be expressed in 
EPCs (Chapter 7). However, KLF2 overexpression increases the number of EPCs ex vivo, 
suggesting a positive role for KLF2 in EPC function and thus neovascularization. This is 
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further corroborated by the positive correlation found between EPC function and KLF2 
expression. Also in this case, conclusive in vivo proof needs to be acquired, for instance using 
a murine hind-limb ischemia model in combination with EPCs that exogenously express 
KLF2.

A third (closely related to the second) vascular process is angiogenesis, describing the 
formation of new capillaries through endothelial sprouting from an original blood vessel. 
Recently, it was found that KLF2 negatively regulates angiogenesis in a VEGF-induced 
mouse ear angiogenesis model.4 In conjunction, in chapter 2 it is shown that KLF2 is anti-
migratory in ECs, likely through the concerted induction of SEMA3F and inhibition of 
VEGFR2, even though the latter is still capable of conveying VEGF signaling in the presence 
of KLF2. Angiogenesis is considered to be atherogenic as capillaries that sprout from the 
vaso vasorum to invade existing, advanced plaques, significantly contribute to an unstable 
plaque phenotype.5 Thus, a negative role for KLF2 in angiogenesis does correlate with a role 
for KLF2 as anti-atherosclerotic factor.

The fourth vascular process that requires ECs is arteriogenesis, which is the outward 
remodeling of pre-existing collateral arteries that occurs when blood flow through the main 
artery is severely reduced.6 Arteriogenesis is shear stress-mediated and requires the influx 
of monocytes. One of the cytokines that has been described to be critically involved in this 
influx is monocyte chemotactic protein 1 (MCP1, CCL2).7 A role for KLF2 in this process has 
not been described, even though increased shear stress is regarded as the trigger for the onset 
of arteriogenesis. However, KLF2 is probably a negative regulator of arteriogenesis as the 
inflammatory cytokine MCP1 is the most downregulated gene after KLF2 overexpression. A 
possible explanation for this apparent discrepancy is the difference between onset or short-
term effects of shear (less than 24h), with mainly pro-inflammatory NFκB activation,8 and the 
effects of prolonged shear stress exposure (more than two days), which is anti-inflammatory. 
The anti-inflammatory effects of KLF2 are only apparent after long shear stress exposure 
(Chapter 4) or KLF2 overexpression (Chapter 6). In case of arteriogenesis, where shear stress-
mediated remodeling is an acute process, the lag in anti-inflammatory KLF2 functionality 
leaves a time-window of 24 hours for the influx of monocytes. Hereafter KLF2 acts as a 
potent suppressor of the inflammatory stimulus and thus arteriogenesis. Quite similarly, 
KLF2 was recently reported to act as a negative feedback regulator of EGF signaling.9 This 
is in conjunction with the observation that the influx of monocytes during the arteriogenic 
process is crucial only during the first day of arteriogenesis and is dispensable thereafter.10 

However, when shear stress is experimentally increased in the collateral vessel, the process 
of arteriogenesis is enhanced, even though high endothelial KLF2 levels would be expected.11 
But in a shunt model, where shear stress levels are much higher than physiologic levels, 
Rho is activated, which inhibits KLF2 expression (Chapter 6), thereby allowing a prolonged 
influx of monocytes and subsequent arteriogenesis.12

The fifth and last endothelium-directed vascular process discussed here is vascular tone 
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regulation. Vascular tone is the tension that the medial smooth muscle cells of a vessel exert, 
thereby determining the vessel diameter, which is in a constant balance between vasodilation 
(decrease of vascular tone) and vasoconstriction (increase of vascular tone). Blood pressure is 
largely regulated through vascular tone regulation and hypertension is one of the most severe 
independent risk factors for atherosclerosis.13 KLF2 potently induces eNOS and represses 
ADM and EDN1 (Chapter 2),14 which collectively suggests that KLF2 reduces vascular tone. 
Remarkably, vasodilative genes are some of the first to appear in the KLF2 transcriptome 
(Chapter 6). Still, the endothelial-specific KLF2-/- mouse suffers from a lack of vascular 
tone.2 This discrepancy might imply that compensatory mechanisms have evolved in the 
knockout, or that KLF2 plays different roles in embryonic development and adult endothelial 
homeostasis, as is known for a number of transcription factors.15-17 In accordance with this 
hypothesis, KLF2 was found to be expressed in both pluripotent embryonic stem cells and 
adult endothelial cells (Chapter 7). However, during differentiation towards the endothelial 
lineage, KLF2 was transiently diminished. Another possible explanation lies in the difference 
between acute shear stress changes and prolonged shear stress exposure, as discussed above. 
Normally, vascular tone is acutely decreased by shear stress, resulting in an increased vessel 
diameter and concomitant drop in shear stress levels. Even though KLF2 is responsible for 
the prolonged shear-induced basal expression of eNOS, the enzyme responsible for the acute 
shear-induced vasodilation, KLF2 is probably not directly involved in the acute vascular 
tone regulation, which is regulated through phosphorylation of eNOS and Ca++ currents.18 
Furthermore, many transcriptional mechanisms control eNOS gene expression. Indeed, 
KLF2 silencing only attenuates shear induction of the eNOS gene, not its basal expression.14, 

19 Within the first 24 hours of shear stress exposure, eNOS transcription is activated by NFκB, 
which is known to be inhibited by KLF2.20 In the absence of KLF2, NFκB might induce 
eNOS beyond 24 hours of shear stress exposure, resulting in prolonged high eNOS levels and 
NO production, thereby causing the lack of vascular tone ultimately leading to embryonic 
lethality in the KLF2-/- mouse. This could also explain the puzzeling observation that the 
KLF2-/- mouse does not have reduced eNOS levels, as compared to wild-type littermates.2 

However, the lack of vascular tone and apparently normal eNOS levels could also be the 
result of other compensatory mechanisms that are induced when KLF2 is abolished. 

KLF2 and statins
Multiple groups have described that HMG-CoA reductase inhibitors, also known as 

statins, induce transcription of the KLF2 gene.19, 21, 22 Statins are also the most-prescribed 
drugs in the Western world and their lipid lowering effects are well documented as well as 
their pleiotropic beneficial effects independent of lipid lowering.23 These favorable effects 
rely on the statin-mediated induction of anti-inflammatory and anti-thrombotic molecules 
like eNOS and thrombomodulin, for which KLF2 has been shown to be essential.24, 25 

Next to statins, other (LDL) lipid lowering drugs and HDL increasing drugs have been 
used in clinical trials (in familial hypercholesterolemia patients). However, lowering LDL 
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cholesterol by combining ezetimibe, which decreases cholesterol absorption in the intestine, 
and simvastatin does not inhibit atherosclerosis formation in the carotid artery more than 
simvastatin treatment alone.26 This occurs despite the significantly lower LDL levels in the 
ezetimibe/simvastatin combination therapy group compared to the simvastatin group. 

Likewise, increasing HDL cholesterol levels by torcetrapid (a cholesteryl ester transfer 
protein (CETP) inhibitor) treatment in combination with atorvastatin also does not reduce 
atherogenesis more than atorvastatin alone.27, 28 On the contrary, despite a large increase in 
HDL and a considerable decrease in LDL cholesterol levels, use of atorvastatin/torcetrapib 
combination therapy as compared to atorvastatin monotherapy in heterozygous familial 
hypercholesterolemia patients, was associated with progression of atherosclerosis in the 
common carotid artery. This raises the question whether therapeutic altering of the classical 
LDL/HDL ratio is truly the main effect that influences atherosclerosis development, or 
that the main reason why statins are effective in attenuating atherosclerosis progression is 
because of their pleiotropic effects, for which KLF2 is of critical importance. Evidence for 
the latter option was already provided in murine models.29 Therefore, to improve the effects 
of statins, it would be logical to design statins that are most efficient in raising KLF2 levels 
(in endothelial cells or circulating mononuclear/progenitor cells), rather than reducing total 
plasma cholesterol, which is achieved through HMG-CoA reductase inhibition in the liver.

Figure 1. KLF2 acts as a central transcriptional mediator of the anti-atherosclerotic 
endothelial phenotype.
A schematic representation of the endothelial pathways and functions that are regulated 
by KLF2. Collectively these pathways contribute to the healthy quiescent atheroprotective  
phenotype, normally only attributed to shear stress.
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Perspectives
Even though KLF2 seems to be a promising target for improving EC and EPC function to 

combat vascular disease, there are still several questions remaining. First, whether endothelial 
KLF2 also confers the anti-atherosclerotic properties of shear stress to ECs in vivo still needs 
to be conclusively addressed. Critical for this study is the development of a model in which 
KLF2 is overexpressed in ECs specifically at sites predilected for atherosclerosis formation 
due to flow turbulence, which can be achieved by introducing a KLF2 transgene under the 
control of the endothelial-specific Tie2-promoter in combination with an NFκB enhancer 
element, for instance. To answer a similar question, whether lack of KLF2 can cause focal 
atherosclerosis, an inducible endothelial specific KLF2-/- mouse needs to be developed. This 
could prove challenging, as the inducible ERK5-/- mouse model (of which the total knock-
out model shows a phenotype very similar to the systemic KLF2-/- mouse) exhibits lethal 
vascular problems within 2-4 weeks after gene ablation induction, perhaps through loss of 
KLF2 expression.30

The second question remaining is: Which genes are directly regulated by KLF2, or what 
fraction of KLF2 effects can be attributed to direct targets, compared to indirect effects like 
anti-flammatory actin rearrangements or inhibition of TGF-β signaling? As a transcription 
factor, KLF2 is thought to act directly through binding specific DNA sequences in the promoter 
regions of target genes and thereby inducing or repressing transcription of these genes. The 
consensus binding site for KLFs is CACC, which is ambiguously present in the genome and 
can in principle be bound by all KLF family members and consequently, in practice, it can 
not be used to identify putative direct KLF2 target genes. Furthermore, KLF2 overexpression 
induces or represses over a thousand genes (Chapters 2 and 6) of which the majority is 
probably not a direct target (i.e. KLF2 does not bind to the promoter of these genes). This 
makes it very challenging to identify the direct transcriptional targets, especially since the 
anti-inflammatory effects of KLF2 are regulated through actin cytoskeleton rearrangement 
(Chapter 6) and are therefore indirect effects. Moreover, up till now binding of KLF2 to the 
promoter of potential transcriptional targets has only been proven for eNOS and thromodulin 
in ECs.31 Perhaps the only direct effect of KLF2 is the induction of vasodilatory genes, as 
is apparent after 48 hours of KLF2 overexpression (Chapter 6). This observation could 
also explain why in the KLF2-/- mouse only vascular tone is affected and no abnormalities 
in inflammation regulation could be identified.2 But, as KLF2 regulates over a thousand 
genes while only directly targeting a few, the indirect effects of KLF2 also need to be quite 
substantial for which the actin cytoskeleton regulation by KLF2 is pivotal. So, perhaps KLF2 
is dispensable for endothelial homeostasis, as long as the actin cytoskeleton is kept in a shear-
like confirmation, possibly through activation of Rho or related small GTPases.

Third, KLF2 is expressed by several different cell types, including ESCs, naïve T-cells, 
monocytes, EPCs and ECs (Chapter 7) and the role of KLF2, through its transcriptional 
targets, in these cells is also quite different.24, 32 For example, in ECs KLF2 induces eNOS and 
thrombodulin (Chapter 2), while its main effects in T-cells rely on induction of S1P1, CD62L 
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and β7 integrin.33 It remains to be resolved what determines these different roles for KLF2 in 
specific subsets of cells. To this end, it is important to map the co-factors with which KLF2 
can interact in the specific cell-populations, such that it can differentially activate target genes 
depending on the cellular context. In ECs, KLF2 was shown to interact with p300/CBP, a co-
factor with intrinsic histone acetyl transferase activity, which induces transcriptional activity 
by epigenetically increasing accessibility of the DNA.

Fourth, to induce KLF2 as a treatment modality, specific inducers of KLF2 gene 
transcription or protein activity need to be developed. To this end, Rho and p38 inhibitors 
or, as discussed above, statin-like molecules could be used. Another potential target is the 
transcriptional inducer of KLF2, ERK5, for which a specific activating compound could be 
designed. And finally, if co-factors are found that reduce or augment KLF2 activity in certain 
cellular contexts, these could also be inhibited or activated with specific compounds.

Together, the findings in this thesis about the functions and roles of KLF2 in vascular 
biology form a fundamental basis for the understanding of the atheroprotective properties of 
shear stress on endothelial cells. This basis warrants the further in vivo validation of KLF2 as 
an atheroprotective factor and establishes KLF2 as a very promising target for the treatment 
of vascular diseases. 
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