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CHAPTER 1

GENERAL INTRODUCTION
The human cardiovascular system comprises a closed network of (connected) blood vessels
with a length of about 100,000 kilometers. This large and complex network allows the supply of
oxygen and nutrients to all organs and tissues in the human body, and mediates the clearance of
waste products1–3. These processes are central to human health, emphasizing the importance
of this transport system.
The inner surface of all blood- (arteries, veins, capillaries) and lymphatic vessels is lined by
a single cell layer of endothelial cells (ECs), also referred as the endothelium4,5. While ECs
were once considered as part of a passive layer that allows blood fluidity, they have now been
accepted as dynamic and active players in human physiology. For example, ECs control blood
pressure, coagulation, immunity (innate and acquired) and angiogenesis6–9. This range of
important functions is also reflected by the heterogeneity of endothelium-dependent activities10.
Notably, aberrant EC functioning forms the basis of many vascular diseases and abnormalities,
including vascular leakage, atherosclerosis and metastasis6–9.

Vascular homeostasis and endothelial barrier regulation
ECs line the vasculature and are supported by connective tissues and vascular smooth muscle
cells (VSMCs) (Figure 1)4,5. A healthy endothelium consists of quiescent ECs, although this
terminology does not reflect the active participation of ECs in vascular homeostasis. Namely, in
their “quiescent” state, ECs still control various vascular processes and continuously adapt to
the environment, such as plasma composition or blood pressure.

Figure 1. ECs line blood vessels and are exposed to the blood flow. Left) Perspective of ECs in a blood vessel,
forming the inner layer of blood vessels, surrounded by VSMCs and connective tissues. Right) Zoomed image of the
selection on the left, demonstrating that ECs are exposed to blood flow.
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The vascular transport system facilitates the blood flow through the human body. This
blood flow requires blood in a fluid, non-coagulated, state, controlled by EC activities11. The
healthy endothelium prevents blood clotting via inhibition of the blood coagulation cascade.
This is mainly regulated via EC-surface expression of anticoagulants, including endothelial cell
protein C receptor (EPCR), thrombomodulin (TM), and Protease-activated receptor-1 (PAR1).
Activation of these endothelial proteins, inhibits platelet aggregation and fibrin maturation,
thereby limiting blood clotting and maintaining blood fluidity11–13.
Blood flow is controlled by two distinct physical forces; blood pressure and shear stress14.
Together, these forces mediate vascular integrity via regulation of vascular tone, which is
in part a function of the diameter of the vessel wall. While the blood pressure exerts forces
perpendicular to the vessel wall and mainly acts on VSMCs, shear stress, sensed by ECs,
acts parallel to the vessel wall and creates longitudinal forces in the direction of the blood
flow14–17. Although the widening (vasodilation) and narrowing (vasoconstriction) of blood vessels
is directly mediated by VSMC dynamics, it requires strong regulation by the endothelium. Upon
shear stress sensing, ECs synthesize and release several vasodilating and/or vasocontractile
mediators, such as endothelium-derived relaxing factors (EDRFs, e.g. nitric oxide), endothelium
derived hyperpolarizing factors (EDHF, e.g. hydrogen peroxide (H2O2)), and endothelium derived
contracting factors (EDCFs, e.g. prostanoids)18. These endothelium-dependent vasoactive
mediators, in turn affect VSMC morphologies, controlling vessel diameter regulation and
consequently vascular tone.
Another determinant of vascular integrity relies on the function of the semi-permeable endothelial
barrier. While the endothelium prevents vascular leakage of plasma, it allows size-selective
transport via three different transport systems; i) paracellular transport (at EC borders), ii)
vesicular transport, and iii) transport through fenestrae19. These regulated mechanisms provide
all organs and tissues with oxygen and essential nutrients.

The endothelium and vascular pathologies
As deduced from previous examples, the endothelium dynamically regulates various biological
responses to maintain healthy physiology and vascular homeostasis. In general, the endothelium
can be considered as a well-balanced system, in which EC signaling requires continuous sensing
and adaptations to environment. Consequently, disrupted and dysregulated EC signaling forms
the fundamental basis of many vessel associated acute and chronic pathologies.
First of all, the endothelium plays a central role in inflammation6,20. While quiescent ECs
lack inflammation-promoting surface molecules (e.g. ICAM-1 and VCAM-1), in response to
infections or damage, released cytokines and chemokines trigger leukocyte-EC interactions
and -associated signaling21. Via series of dynamic events, this results in the transendothelial
migration (TEM) of leukocytes, either via the paracellular or the transcellular (through the EC body)
route. While TEM of leukocytes is required for removal of foreign body material or pathogens,
it can also induce vascular leakage22. Persistent infections and immune system activation can
even result in excessive fluid accumulation and tissue swelling, a vascular pathology defined
11
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as edema12,19. Consequences of edema range from mild to life-threatening, depending on the
affected tissue type and the extent of leakage.
Next to its function in inflammation, TEM also comprises a critical step in later stages of cancer.
Although very rare, ECs can interact with circulating tumor cells (TCs), thereby facilitating TEM
of TCs into underlying tissues23. TEM of TCs is furthermore facilitated by the formation of new,
relatively leaky, blood vessels (angiogenesis)23,24. Angiogenesis promotes TC invasiveness,
via EC growth, migration and differentiation. Moreover, angiogenesis is required for nutrient
supply, and consequently tumor growth. Collectively, the endothelium-dependent processes of
angiogenesis and TC TEM support cancer progression and metastasis.
Finally, we here briefly address specific pathologies related to vascular aging. Major examples
of vascular aging comprise hypertension and atherosclerosis, which are leading pathologies in
terms of morbidity and mortality25–27. The complexity of these vascular diseases is underscored
by additional risk factors, including: genetic background, inflammation, smoking, diet, and
lack of physical activity. Furthermore, hypertension can contribute to atherosclerosis and vice
versa, but they are both considered as unique entities28. Briefly, hypertension is characterized
as systemic vascular pathology and has been extensively linked to the endothelium. While
previous paragraphs already highlighted endothelial-dependent blood pressure regulation,
hypertension relies on several aberrant EC signaling cascades (reviewed in18). Moreover, this
vascular disease is preceded by vascular stiffness, a direct predictor of mortality29,30.
Atherosclerosis is defined as complex, lipid-driven pathology which links to the formation and
growth of plaques, comprising lipids and immune cells in the subendothelial space within the
vascular wall. In contrast to systemic hypertension, atherosclerosis concerns localized vascular
defects. These localized pathologies predominantly occur at bifurcations and curvatures31,32.
These are specific sites of endothelial-dependent blood flow disturbances, with both low- as
well as high shear regions33–37. In addition to soluble factors such as hormones and growth
factors, also flow-mediated mechanical stimulation is an essential factor limiting (e.g. laminar
flow) or inducing (e.g. turbulent flow) endothelial activation and vascular health (reviewed in38).

Endothelial barrier regulation towards a molecular level
Many EC functions and pathologies rely on endothelial barrier regulation. While endothelial barrier
regulation is subject to localized and specific responses to agonists, changes in flow, hypoxia
or vascular damage in distinct tissues and organs5,10, all EC monolayers are dependent on
general mechanisms which govern cell-cell contacts. These mechanisms feed into two types of
intercellular junctions, namely tight junctions (TJ) and adherens junctions (AJ). TJs are composed
of occludin, claudins and junctional adhesion molecules (JAMs)39–41. These transmembrane
proteins regulate the paracellular, i.e. junctional, transport of water, ions and small molecules, and
are involved in cell polarization19. In contrast to TJs, AJs are mainly composed of a single-span
vascular transmembrane protein, Vascular Endothelial cadherin (VE-cadherin)42. Homophilic,
intercellular VE-cadherin interactions is a major determinant of vascular permeability, leukocyte
TEM and angiogenesis43. In general, the composition and levels of tight- or adherens junction
12
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complexes depend on the characteristics of individual tissues. For example, maintenance of the
blood-brain-barrier requires limiting permeability and thus high numbers of TJs44–46. However,
most organ systems abundantly express AJs, allowing a dynamic exchange between circulation
and tissues of fluids, solutes, macromolecules and immune cells46–48.
The endothelial barrier is regulated by the anchorage of VE-cadherin, through its intracellular
domain, to the actin cytoskeleton. This connection is mediated by adaptor proteins, including
α-, β-, and γ-catenin (plakoglobin) and p12042,43,49. These interactions in turn are modulated
by the actomyosin contractile machinery, which generates myosin II-dependent tension. While
basal tensile forces re-enforce VE-cadherin interactions, high levels of tension disrupt the VEcadherin complex50–53. Roughly, the actin cytoskeleton switches between different modes of
activation, generating forces through cortical- or radial actin bundles (stress fibers)54–56. Cortical
actin localizes parallel to cell-cell contacts, it stabilizes AJs and concomitantly promotes
the endothelial barrier. Conversely, stress fibers localize perpendicular to cell-cell contacts,
and disrupt the endothelial barrier via AJ destabilization. Together, tension mechanisms and
the organization of the actin cytoskeleton coordinate endothelial barrier regulation. These
mechanisms are under tight control of signaling by Rho GTPases, which are major regulators of
actin cytoskeleton remodeling and force generation. These, and other molecular players, will be
discussed in the following sections.

Rho GTPase signaling via GEFs and GAPs and GDIs
Rho GTPases represent small signaling proteins (Mw ± 21 kD) that act as molecular switches57.
They cycle between an active GTP-bound and inactive GDP-bound state and the balance
between the two states is regulated by Rho guanine exchange factors (GEFs), Rho GTPase
activating proteins (GAPs) and Rho guanine dissociation inhibitors (GDIs)58–61. While GEFs
activate Rho GTPases by promoting the exchange of GDP for GTP, GAPs facilitate intrinsic
GTP hydrolysis and return Rho GTPases to their inactive conformation. In addition, a third
group of regulators (GDIs) sequester inactive Rho GTPases in the cytoplasm. Although of great
interest, deciphering Rho GTPase signaling networks remains challenging. One of the main
difficulties comprises the large number of Rho GTPases and Rho GTPase regulators; today ±
80 GEFs, 70 GAPs, 3 GDIs and 22 Rho GTPases have been identified. To a greater or lesser
extent, these GEFs, GAPs, GDIs and Rho GTPases are expressed in the endothelium62,63.
Furthermore, several studies have reported on Rho GTPase signaling and endothelial barrier
regulation (reviewed in64). Since this subject exceeds the focus of this thesis, we limit us to a
selection of Rho GTPases and GEFs that play a significant role in the following chapters of this
thesis.
The Rho GTPases Rac1, Cdc42 and RhoA are the most well-studied Rho GTPases in the
endothelium. Rac1 is mainly linked to the formation of cortical actin networks and stabilization
of AJs65,66. Within this context, Rac1 mediates lamellipodia-driven localized spreading
and cell migration via Arp2/3-mediated signaling67,68. Conversely, a few studies described
Rac1-mediated disruption of the endothelial barrier, emphasizing its potential for differential
13
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signaling69–71. The Rho GTPase Cdc42 acts on several effector proteins (e.g. WAVE, mDia and
Arp2/3) and promotes the formation of F-actin-rich filopodia structures67,68. Filopodia promote
junction assembly and enhance the endothelial barrier72. Cdc42 also inhibits myosin light chain
phosphatase (MLCP), thereby generating basal levels of intracellular tension73. As mentioned
above, this is required for AJ stabilization. While Rac1 and Cdc42 are mainly involved in barrier
stabilization, RhoA mediates AJ destabilization and concomitant barrier disruption. These
RhoA-mediated effects are generated via two main effector proteins; mammalian homolog of
Diaphanous (mDia) and Rho associated coiled-coil-containing kinase (ROCK)67,68. While mDia
is involved in reorganization of the actin cytoskeleton, ROCK activates myosin II. Together,
these processes contribute to F-actin stress fiber formation, contractility, AJ destabilization and
concurrent disruption of the endothelial barrier.
Since members of both the GEF as well as the Rho GTPase family share high sequence
homology, GEF-Rho GTPase interactions often lack specificity and show redundancy. For
instance, in vitro studies have demonstrated activity of the GEF Vav2 towards Rac1, Cdc42
and RhoA74. While in ECs, stimulated by vascular endothelial growth factor (VEGF) receptor
2, Vav2 have been linked to Rac1 and RhoA activation, but not to Cdc4275. Variable Rho
GTPase activation was also observed for phosphatidylinositol-3,4,5-triphophate dependent
Rac exchange factor 1 (pRex1). Purified pRex1 shows highest GEF efficiency towards Cdc42,
and also activates the Rac family (Rac1, Rac2, Rac3 and RhoG)76,77. However, in vivo pRex1
favors Rac activation, lacking Cdc42 activation and a Cdc42-specific phenotype76.
Under pro-inflammatory conditions pRex1 has been identified as a GEF involved in endothelial
barrier disruption78. Another GEF, involved in endothelial barrier disruption, is p115 RhoGEF.
This GEF shows pronounced activation of RhoA, RhoB and RhoC77, and promotes endothelial
permeability via Thrombin-induced Rho activation79. Based on in-vitro experiments, ITSN1
and TIAM1 show specificity towards Cdc42 and the Rac family, respectively77. TIAM1 has
been extensively linked to endothelial barrier enhancement80. As revealed by pulmonary-mice
experiments, ITSN1 might be a critical positive regulator of vascular integrity81. To our knowledge,
this has been the only study reporting on ITSN1-mediated endothelial barrier regulation.

GPCR signaling
Rho GTPase signaling networks are controlled by G-protein-coupled receptors (GPCRs).
GPCRs comprise the largest family of membrane receptors and respond to a wide variety
of external cues, e.g. hormones, peptides, neurotransmitters, amino acids, ions, odorants
and light82,83. Recent advances in the identification of the general GPCR structure have been
considered as major breakthroughs in the field of GPCR signaling and drug discovery84,85.
The importance of GPCRs as drug targets is also emphasized by the fact that 30-40% of all
drugs affect GPCR activity. In short, a generic GPCR comprises 7 transmembrane-spanning
domains, an extracellular, N-terminal ligand binding domain and an intracellular C-terminus that
binds heterotrimeric G-proteins. Ligand binding initiates GPCR conformational changes, that in
turn propagates the signal towards their associated G-proteins86. The family of heterotrimeric
14
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G-proteins includes Gs/olf, Gi/0, Gq/11 and G12/13 subfamilies, with all members consisting of a Gαsubunit and a Gβγ dimer. Where 16 genes encode for distinct α-subunits, β- and γ-subunits
are encoded by 5 and 12 genes, respectively87,88. In addition, both the Gα-subunit as well
as the Gβγ dimer signal towards downstream components89, illustrating the magnitude and
complexity of GPCR networks.

GPCR and Rho GTPase signaling networks in perspective
GPCR and Rho GTPase signaling events are tightly connected and control the endothelial
barrier function. Two major examples of GPCR-mediated endothelial barrier control, are the
signaling pathways induced by Thrombin (barrier-disrupting) and Sphingosine-1-Phosphate
(S1P, barrier-enhancing). The coagulation protease Thrombin acts on a subfamily of proteaseactivated receptors (PARs), which are expressed in the endothelium, including PAR1 and
PAR4. Although expressed in ECs, PAR2 is irresponsive to Thrombin90. PAR1 is considered
as the dominant PAR, present in vessels and regulating the endothelial barrier91. Thrombin
proteolytically cleaves an extracellular, N-terminal PAR1 fragment, between the residues Arg-41
and Ser-42. This generates a new N-terminal sequence that intramolecularly binds PAR1 itself,
initiating intracellular G-protein signaling. PAR1 couples to three heterotrimeric G-proteins; Gi,
G12/13 and Gq92. However, PAR1-Gi coupling and subsequent adenyl cyclase activation remains
controversial93,94. Both G12/13 and Gq are linked to Thrombin-mediated barrier disrupting effects
via the Rho GTPase RhoA. The Gα subunit of G12/13 initiates RhoA signaling via the RhoGEFs
LARG, p115 RhoGEF, Lbc RhoGEF and PDZ-RhoGEF95,96. The Gα subunit of Gq acts via PKCα,
phosphorylating GDI1, and thereby reducing GDI1-RhoA interactions and facilitating RhoA GDPGTP exchanges97–99. Collectively, these signaling mechanisms regulate actomyosin contractility,
AJ destabilization and ultimately loss of endothelial integrity. Of note, Gαq also mediates Ca2+dependent AJ destabilization through the induction of myosin-based contractility100,101.
While Thrombin primarily initiates barrier disruption, S1P is a critical determinant in barrier
enhancement. This bio-active phospholipid is present in high concentrations in plasma
and is generated by ECs, blood cells, and in limiting amounts by activated platelets102–110.
Exogenous S1P stimulates three different endothelial S1P receptors: S1PR1, S1PR2 and
S1PR3, respectively110. In contrast to S1PR2/3-coupling to Gi, G12/13, and Gq, the S1PR1
exclusively couples to Gi111. The S1PR1 comprises the most abundant S1PR in ECs and is
the main regulator of S1P-mediated barrier stabilization and vascular integrity112,113. Upon S1P
stimulation, Gi mediates PI3K-dependent activation of Rac1, resulting in cortical actin formation
and AJ stabilization114–116. Although a recent study has proposed a role for the Rac1 GEF TIAM1
in this signaling axis116, the field of S1P-mediated Rac1 GEFs and barrier regulation remains
largely unexplored. In contrast to the S1PR1, S1PR2/3 have been linked to endothelial barrier
disruption via RhoA signaling117,118. The expression of different S1P receptors can vary even
within a blood vessel, such as the aorta, correlating with local changes in endothelial integrity
and vulnerability to inflammation119. Thus, vascular integrity strongly depends on local S1PR
expression levels, regulating permeability in different vascular beds. Consequently, dysregulation
15
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of S1PR expression levels is at the basis of various vascular pathologies120.
Summarizing, Thrombin and S1P represent critical determinants in endothelial barrier
regulation. Although corresponding GPCR-Rho GTPase signaling networks have been
highlighted in the previous paragraphs, molecular details are still not fully delineated. Existing
knowledge of PAR1 and S1PR1 signaling, and their distinct effects on endothelial barrier
regulation, are illustrated in Figure 2.

Figure 2. GPCR-Rho GTPase signaling networks that control the endothelial barrier. The left GPCR signaling network
demonstrates Thrombin-induced Gα12/13-GEF-RhoA activation, resulting in stress fiber (red structures) formation and
disruption of the VE-cadherin complex (purple structure at cell border). The right GPCR signaling network demonstrates
S1P-induced Gαi-GEF-Rac1 activation, resulting in cortical actin (red structures) formation and VE-cadherin (purple
structure at cell border) stabilization.

How to unravel endothelial signaling pathways?
Our understanding of GPCR-Rho GTPase signaling networks has significantly expanded since
the discovery of fluorescent proteins (FPs). Combining this technology with several advanced
microscopy techniques, allows us to study protein localization and dynamics in (live) cells. Besides
regular microscopy-based localization studies, another key development in the unraveling of
signaling networks, relies on non-radiative Förster resonance energy transfer (FRET)121. This
spectroscopy-based technique requires overlapping emission and absorbance spectra of donor
and acceptor light-emitting FPs, respectively. Here, the most widely-used FRET pair, consisting
of a donor cyan fluorescent protein (CFP) and acceptor yellow fluorescent protein (YFP), will be
used to explain how FRET is monitored in microscopy experiments. When in close proximity
(less than 10 nm), light-excited CFP can transfer its emission energy to in turn excite a YFP. This
16
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results in a decreased CFP emission and a concomitant increase in YFP generated fluorescence.
When the CFP and YFP proteins are used in a fusion with potentially interaction cellular proteins,
FRET can be used to monitor such interactions in live cells. Subsequently, quantitative imaging
of the local YFP/CFP emission ratios can be used to study local and dynamic protein-protein
interactions, for example in response to an extracellular agonist. One of the major applications of
FRET measurements in GPCR and Rho GTPase signaling networks, is the use of FRET-based
biosensors for specific signaling events122. To understand the principle of this approach, we will
briefly discuss a RhoA FRET biosensor. This FRET sensor consists of, from N- to C-terminus, a
Rho-binding domain (RBD) which binds only to activated RhoA, YFP, a small linker for optimal
spacing of the FRET pair, CFP and a wild-type RhoA (Figure 3A). This multi-domain protein can be
expressed as a single-chain sensor in live cells. Upon RhoA activation by endogenous GEFs, the
active RhoA-RBD binding results in a conformational change of the sensor, bringing YFP and CFP
in such close proximity that FRET can occur, detected as a local YFP/CFP ratio increase (Figure
3A, B). Subsequent live-cell imaging processing allows spatiotemporal analysis of RhoA activation
in cells. Finally, this FRET-based biosensor strategy can be applied for multiple Rho GTPases,
e.g. Rac1 and Cdc42, which allows charting differential activation in time and space of a growing
number of small GTPases. This methodology is at the core of various chapters in this thesis.

Figure 3. Principle and design of the RhoA FRET sensor A) Schematic representation of the RhoA FRET sensor in “low”
and “high” FRET state. FRET sensor consists of (from N- to C-terminal) a RBD, YFP, CFP and RhoA. B) CFP and YFP
emission spectra, corresponding to the FRET sensor states represented in A). Exc = excitation.
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Scope of the thesis
In this thesis, we describe the development and use of a variety of FRET-based biosensors to
address spatiotemporal aspects in G-protein and Rho GTPase signaling. We focus on GPCRmediated Rho GTPase signaling networks that control the endothelial barrier function, with special
emphasis on Thrombin and S1P.
Chapter 2 reviews structural and functional characteristics of the highly homologous RhoA,
RhoB and RhoC GTPases. Despite their sequence similarities, these Rho GTPases generate
specific intracellular responses, regulated by distinct GEFs, GAPs, GDIs and effector proteins. We
furthermore highlight current FRET approaches to measure Rho GTPase activation.
In chapter 3, we introduce our newly developed RhoB and RhoC FRET sensors, which are based
on an already existing RhoA FRET sensor. By responding to physiologically-relevant stimuli (e.g.
Thrombin) these FRET sensors report localized GEF and GAP activity in primary human ECs, with
distinct spatial activation profiles for RhoA/C and RhoB.
In chapter 4 we use these FRET sensors to study RhoA/B/C signaling under flow. In contrast to
RhoA/C, flow upregulates RhoB expression levels in ECs, while all three Rho GTPases become
activated upon flow. Following stimulation by Thrombin or S1P, we also demonstrate that flow
induces prolonged responsiveness to these agonists. This is reflected by prolonged effects on
endothelial barrier integrity and on Rho GTPase activation.
Chapter 5 describes the development of a G13 FRET sensor. In ECs, this FRET sensor shows
responsiveness to Thrombin. G13 inhibition suppresses thrombin responsiveness, demonstrated
by complete inhibition of the FRET signal, as well as by the absence of Thrombin-induced EC
contraction.
Chapter 6 connects GPCR and Rho GTPase signaling in endothelial barrier regulation by S1P,
describing a barrier-enhancing S1PR1-Gαi-Rac1/Cdc42- and a barrier disrupting S1PR2G12/13-RhoA signaling axis. We demonstrate that RhoA counteracts Rac1, but not Cdc42 and
vice versa. In addition, we show that Gq signaling was not involved in S1P-mediated barrier
regulation.
In Chapter 7 we provide an overview of endothelial GEFs that signal towards the Rho GTPase
Cdc42. The full-length versions of the GEFs FGD1, PLEKHG1 and PLEKHG2 induced the
highest Cdc42 activation. Most efficient Cdc42 activation, induced by truncated GEFs
comprising only the catalytic domain, was observed for ITSN1, ITSN2 and PLEKHG1.
In Chapter 8 we report on Cdc42-mediated cell spreading and demonstrate both Gβγ and
pRex1-dependent, S1P-mediated Cdc42 signaling. These findings propose a S1PR1-GβγpRex1-Cdc42 signaling axis that positively regulates the endothelial barrier.
Chapter 9 summarizes and discusses the work described in this thesis.
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