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Chapter 8

8 GENERAL DISCUSSION

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

8.1 Gene transcription profi ling.

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

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

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

8.2 Transcriptome modulation

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

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

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

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

8.3 The endothelial barrier

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

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

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

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

8.4 Concluding remarks

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

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