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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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CHAPTER 2

ABSTRACT
Cell adhesion and migration are regulated through the concerted action of cytoskeletal
dynamics and adhesion proteins, the activity of which is governed by Rho GTPases. Specific
Rho GTPase signaling requires spatio-temporal activation and coordination of subsequent
protein-protein and protein-lipid interactions. The nature, location and duration of these
interactions are dependent on polarized extracellular triggers, such as cell-cell contact, and
intracellular modifying events, such as phosphorylation. RhoA, RhoB, and RhoC are highly
homologous GTPases that, however, succeed in generating specific intracellular responses.
Here, we discuss the key features that contribute to this specificity. These not only include
the well-studied switch regions, the conformation of which is nucleotide- dependent, but
also additional regions and seemingly small differences in primary sequence that also
contribute to specific interactions. These differences translate into differential surface
charge distribution, local exposure of amino acid side-chains and isoform-specific posttranslational modifications. The available evidence supports the notion that multiple regions
in RhoA/B/C cooperate to provide specificity in binding to regulators and effectors. These
specific interactions are highly regulated in time and space. We therefore subsequently
discuss current approaches means to visualize and analyze localized GTPase activation
using biosensors that allow imaging of isoform-specific, localized regulation.

INTRODUCTION
The family of Rho GTPases, part of the superfamily of Ras- like GTP-binding proteins, was
first described 3 decades ago1. There are approximately 20 Rho GTPases described in
mammals, a small number of which such as RhoA, Rac1 and Cdc42 have been studied
2,3

in great detail . Rho family members show high amino acid sequence and structural
homology, but cellular responses can be GTPase-specific, even for the isoforms RhoA,
RhoB and RhoC that show 88% sequence homology (Fig. 1)4. Rho GTPases are best
known for their regulation of cytoskeletal dynamics and, as a consequence, of cell adhesion
and migration5,6. RhoA controls actin stress fiber formation and acto-myosin contraction
at the rear of the cell, Rac1 regulates formation of membrane ruffles and Cdc42 controls
formation of filopodial extensions at the leading edge. RhoB expression is regulated by
growth factors such as EGF, inflammatory cytokines such as TNFα and stress stimuli
including UV radiation7. RhoB is localized to endosomes as well as to the plasma membrane
and has been implicated in cytoskeletal dynamics and the regulation of TNFα signaling in
primary human endothelial cells. RhoC is strongly associated with cell motility. MiRNAmediated regulation of RhoC expression is implicated in metastasis and cancer8,9. Recent
studies using Rho GTPase biosensors, however, indicate a more complex functional
relationship between these proteins (see below). It is well accepted that GTPase-specific
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2

Figure 1. Alignment of the RhoA, RhoB, RhoC, Rac1 and Cdc42 amino acid sequences. G motifs are marked with
a blue box. Switch I, switch II, the insert region and the hypervariable C-terminus are highlighted in gray, sites for lipid
modification are underlined. Sequence differences in RhoB and RhoC compared to RhoA are shown in red. Secondary
structures (α-helices as cylinders, β-strands as arrows) are referring to RhoA and indicated below the amino acid sequence.

responses (e.g. cell contraction by RhoA versus protrusion by Rac1) are the result of tightly
controlled spatio-temporal activation and signaling10. Detailed studies based on structural
and mutational analysis have identified a series of regions and amino acid residues within
Rho GTPases that are required for their specific localization, activation and downstream
signaling. These data imply that, within a particular cellular context, Rho GTPases find a
way to selectively activate subsets of effector proteins at selected locations within the cell.
Most Rho GTPases are molecular switches cycling between an inactive guanine
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nucleotide diphosphate (GDP)-bound state and an active guanine nucleotide triphosphate
(GTP)-bound state2,3,11. In the active conformation, GTPases specifically interact with
effector proteins to initiate downstream signaling. Rho GTPases show a high affinity for
guanine nucleotides, and a slow intrinsic GDP/GTP exchange rate and GTP hydrolysis.
Because this does not allow fast on/off rates, cells use a series of regulatory proteins to
control spatio-temporal signaling by Rho GTPases. These include Rho guanine nucleotide
exchange factors (RhoGEFs, reviewed in refs. 3, 13), which stimulate the release of bound
GDP and form a complex with the nucleotide-free GTPase. Since the concentration of GTP
in the cell is higher than that of GDP, this favors GTP binding and GTPase activation. Another
large group of regulators are the Rho GTPase activating proteins (RhoGAPs, reviewed in
refs. 3, 13), which accelerate the slow intrinsic GTP hydrolysis which leads to Rho GTPase
inactivation. Finally, most Rho GTPases bind to chaperones, called guanine nucleotide
dissociation inhibitors (RhoGDIs), which are cytosolic proteins that lack enzymatic activity.
GDIs retain Rho GTPases in the inactive conformation, sequester them from cellular
membranes and protect the GTPase from effector binding and proteolytic degradation12.
Until recently, analysis of Rho GTPase signaling mostly relied on biochemical assays
or image analysis in combination with ectopic expression of active or inactive mutants.
Over the past ~10 years however, this field has seen a growing set of tools in the form
of isoform-specific antibodies as well as biosensors, which allow researchers to study
agonist-induced, localized signaling by endogenous Rho GTPases in living cells. In this
overview, we will focus on the structure-function relation of a subset of Rho GTPases,
limiting the discussion to the closely related family members RhoA, RhoB and RhoC. We
will discuss the GTPase-specific interaction with regulators and effectors and discuss the
use of GTPase-based biosensors in studies on localized activation and signaling. We will
address the main question on how structural differences may allow specificity between
such highly homologous GTPases. An important conclusion that emerges from this
overview is that the molecular basis of GTPase-specific output lies in the fact that several
regions within the GTPase structure, including the hypervariable portion outside the core
G (guanine nucleotide binding) domain, provide key contributions to signaling specificity.

THE STRUCTURAL CORE OF RHO GTPASES
The G domain
Rho GTPase are monomeric proteins of around 20 kDa. Their structure comprises the
core G domain, a hallmark of Rho GTPases and other members of the Ras-like GTPase
superfamily2,3,11, next to a short ‘insert region’ and the C-terminal short hypervariable region
(Fig. 1 and 2A–C, G–I). Guanine nucleotide binding is mediated through the G domain
which contains a 6-stranded mixed β-sheet surrounded by 5 α-helices and is extended
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by the helical insert region which is characteristic for the family of Rho GTPases (Fig. 2A–
C, G–I). The G domain is characterized by 5 conserved sequence motifs G1-G5. The G1
motif (also known as P-loop) coordinates the β-phosphate of the bound nucleotide and the
Mg2+ ion which is required for nucleotide binding. RhoA, RhoB and RhoC have identical
sequences in this region (Fig. 1). Introducing the steric mutation Gly14Val in RhoA/B/C leads
to a constitutively active, ‘GTP-locked’ protein whereas the mutation Thr19Asn in RhoA/
B/C results in a low nucleotide affinity which in turn leads to a high affinity binding to GEF
proteins. This renders this mutant dominant negative. Both mutants have been commonly
used in biochemical and cell biological experiments as tools to identify specific interaction
partners and explore the biological activities of the GTPases. In contrast to the G1 motif,
low sequence homology among all Rho GTPases, including RhoA, RhoB and RhoC, has
been observed for the G4 motif and the G5 motif which both mediate the interaction with
the guanine base (Fig. 1).
The isoforms RhoA, RhoB and RhoC have an identical sequence in the switch I (residues
27–43 in RhoA) and switch II regions (residues 57–68), except for the positions 29 and 43
which are both located in switch I (Fig. 1 and 2A–C). Whereas RhoA and RhoB have a valine
at position 43, RhoC encodes a hydrophobic, but bulkier, amino acid, an isoleucine (Fig.
2D–F), which plays a crucial role in RhoGEF and effector binding (see below). Intriguingly,
RhoA and RhoC contain at position 29 a glutamine whereas RhoB has a negatively charged
glutamate residue at this position (Fig. 2A–C). In contrast, the switch I region among RhoA,
Rac1 and Cdc42 shows only low sequence homology (Fig. 1). The switch II region contains
a highly conserved glutamine (Gln63 in RhoA/B/C) which is remarkably conserved between
all Rho GTPases. This amino acid coordinates the nucleophilic water relative to the GTP
γ-phosphate and is thus required for the intrinsic and GAP-catalyzed GTP hydrolysis2,3,11.
Mutating this residue to a leucine or alanine renders a Rho GTPase constitutively active.
The switch I and switch II regions sense whether a GDP or a GTP molecule is bound,
and these regions change their conformation accordingly (Fig. 1 and 2A–C). In detail, the
main chain NH groups of the highly conserved Thr37 (switch I) and Gly62 (switch II) in
RhoA form 2 hydrogen bonds with the oxygen of the γ-phosphate in the nucleotide. This
phosphate is only present in GTP but not in GDP. Loss of the γ-phosphate following GTP
hydrolysis leads to loss of these hydrogen bonds and to the relaxation of the entire switch I
and switch II regions into the GDP- bound form. This mechanism, based on these structural
changes in the switch regions, is universal to small GTPases and is known as ‘loading-spring’
mechanism2,11,13. Mainly dependent on these structural differences, regulatory proteins and
effectors detect the nucleotide conformation of the Rho GTPase and interact with both
switch regions. However, although most described interactions involve the switch regions,
there is sufficient evidence for additional portions of small GTPases, such as the insert region
or a polybasic C-terminal domain, to contribute or even determine specific interactions with
Rho GTPases (see below).
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The Rho insert region
A hallmark of all members of the Rho GTPase family is the Rho insert region (residues 123–137 in
RhoA) which is located between the G4 and G5 motif and extends the core G domain by about 13
residues (Fig. 1 and 2A–C)2,3,11. The insert region is involved in GEF binding14, but serves primarily
in the binding and activation of effector proteins such as the NADPH oxidase15, IQGAP16, ROCK17
and mDia18.
The insert region of RhoA and RhoC is identical, except for the Asn123 in RhoA which has,
however, a similar side-chain as the Gln123 in RhoC (Fig. 1 and 2A–C). The insert region of RhoB
differs in 4 amino acids. At position 123, RhoB contains a serine, a polar but smaller residue
than the respective asparagine in RhoA and glutamine in RhoC. Furthermore, RhoB harbors a
hydrophobic valine instead of a polar threonine in RhoA and RhoC at position 127 and an arginine
at position 133 which is also a positively charged residue like the lysine in RhoA and RhoC. More
interesting is residue 129 which is a polar threonine in RhoB, but a positively charged arginine
in RhoA and RhoC. Whether the insert region may indeed mediate RhoB-specific interactions
has not yet been demonstrated. In contrast, it has been shown that this region, which is also
remarkably different between RhoA, Rac1 and Cdc42 (Fig. 1), determines isoform-specific binding
of these GTPases to several effector proteins (see below).

The C-terminus of Rho GTPases
The C-terminus of Rho GTPases comprises, next to the hypervariable region, the CAAX-box
to which a lipid anchor is attached allowing GTPase binding to membranes (Fig. 1)2,19. RhoA,
RhoB and RhoC differ in this posttranslational lipid modification, which has consequences for their
subcellular localization. The lipid anchor regulates the interaction with RhoGDIs and with regions
within the plasma membrane (RhoA, RhoC) or endosomal vesicles (RhoB)4,12. RhoA and RhoC are
geranylgeranylated, whereas RhoB has both a palmitoyl anchor and a farnesyl or geranylgeranyl
group4.
The hypervariable region also functions as protein binding site and determines, at least in part,
specific binding to regulatory or effector proteins (see below). In most Rho GTPases, including
RhoA and RhoC, this region of around 10 residues harbors a polybasic stretch that binds the inner
leaflet of the plasma mem- brane (Fig. 1). Once more, RhoB shows a special feature since it does
not have positively charged amino acids (lysine, arginine) in its C-terminal domain but contains
mainly polar residues (serine, glutamine), which may form hydrogen bonds with interaction partners.
In summary, RhoA, RhoB and RhoC have a very similar structure of the G domain and the
insert region (Fig. 2A–C). However, the differences in their surface charge distribution in these
domains (Fig. 2G–I; Movies S1–S3), are likely important for isoform-specific interactions with
GEFs, GAPs, GDIs and effector proteins. Additional charge differences are provided by the
hypervariable C-termini (basic in RhoA/C, polar in RhoB; not included in the representation in
Fig. 2G–I). Moreover, the differential targeting of RhoA, RhoB and RhoC as determined by the
lipid anchor(s) and/or the hypervariable region will allow localized GTPase activation and signaling,
which further contributes to signaling specificity.
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Figure 2. 3D structures of the RhoA, RhoB and RhoC G domain. (A–C) Ribbon representation of (A) RhoA (4–180 aa;
Protein Data Bank (PDB) ID: 1FTN)75, (B) RhoB (4–185 aa; PDB ID: 2FV8)76 and (C) RhoC (3– 179 aa; PDB ID: 2GCN)77.
Structures are shown in the same orientation. Switch I, switch II and the insert region are highlighted in gray, GDP is shown
in yellow sticks. Residues marked in cyan differ among RhoA/ B/C (underlined labeling in A) and are different compared to
Rac1/Cdc42 (labeling in C). (D–F) Zooms of A–C highlighting that RhoA and RhoB contain at position 43 a valine, whereas
RhoC has an isoleucine which has slightly bulkier side chain which underlies isoform-specific GEF- and effector binding
(see text). (G–I) Electrostatic potential of the solvent accessible surface of the G domains of (G) RhoA, (H) RhoB and (I)
RhoC represented in the same orientation as in A–C, lower panels show cognate structures rotated by 180. Note that the
hypervariable C-termini are not included in this representation. Electrostatic potential was calculated using the Adaptive
Poisson-Boltzmann Solver (APBS) software, combined with the PDB2PQR server, at a pH of 7.5 and a thresh- old of
±5 kTe-1 (red – negative charge; blue – positive charge)78. Figures were prepared with PyMol (PyMol Molecular Graphics
System, Schroedinger, LLC).

33

CHAPTER 2

SEQUENCE DIVERSITY DETERMINES BINDING AND FUNCTION
RhoGDIs
In contrast to RhoGEFs and RhoGAPs, only 3 GDIs isoforms have been described in
mammals12. GDIs consist of 2 domains. The N-terminal regulatory domain interacts with the
switch I and switch II regions of the Rho GTPase. The C-terminal domain, which is required
for the membrane extraction of the GTPase, binds to the switch II region, the α3-helix and the
lipid anchor. Structural and biochemical studies have identified Thr37, Tyr66, Arg68, Leu69 and
Leu72 in RhoA as key residues for GDI-binding20-22. These amino acids are identical among
RhoA, RhoB and RhoC (Fig. 1). However, RhoA and RhoC, but not RhoB, bind to GDI112,23.
Conversely, RhoB, but not RhoA and RhoC, forms a complex with GDI3. Further studies are
required to determine whether these isoform-specific interactions are based on differences in
sequence and/or intracellular localization of the Rho proteins.

RhoGEFs
Over 70 different GEFs for Rho GTPases have been described in mammals3. RhoGEFs bind
to both switch regions of the GTPase and thus have overlapping binding sites with GAPs,
GDIs and effector24. The largest and best-known group of RhoGEFs contains a Dbl Homology
(DH) domain, often in combination with a Pleckstrin Homology (PH) domain. Many of these
multidomain proteins show only limited binding specificity which makes spatio-temporal
regulation necessary to allow specific signaling. For example, the canonical GEF Dbl as well as
the GEFs Vav1, 2, 3 can activate RhoA, but also Rac1 and Cdc4224. However, there are also
examples in which other regions within the GTPase were found to be required for a specific
interaction. Leukemia-associated RhoGEF (LARG) and p190RhoGEF specifically activate
RhoA, RhoB and RhoC, but not Rac1 and Cdc42, as shown in structural and biochemical
studies25,26. This specificity is mediated through electrostatic interactions and determined by 2
negatively charged residues, Asp45 and Glu54, in the β2- and β3-strand of RhoA/B/C (Fig. 1
and 2A–C). These residues are located in between the switch I and II regions, underscoring the
notion that residues outside these regions also contribute to signaling (i.e. activation) specificity.
In addition, another residue outside of switch II, the Asp76 in the α2-helix of RhoA/B/C, is also
crucial for LARG binding (Fig. 1 and 2A–C). The residues at position 45, 54 and 76 in Rac1
and Cdc42 are all polar, rather than negatively charged, which may explain the selectivity of the
GEFs (Fig. 1). Similarly, the RhoGEF Ect2 (epithelial cell transforming sequence 2) specifically
activates RhoA, but not Rac1 and Cdc42, as shown in NIH3T3 fibroblast cells and with purified
proteins27. It was recently described that Ect2 also activates RhoB in human breast and cervical
cancer cell lines28. However, which residues in the GTPase determine the specific binding and
whether Ect2 is also an activator for RhoC remains to be investigated.
RhoGEFs that differentiate between the highly related RhoA, RhoB and RhoC isoforms are
relatively rare. XPLN, which also belongs to the Dbl-RhoGEF family, shows GEF activity toward
RhoA and RhoB, but not RhoC, and promotes assembly of stress fibers and focal adhesions
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in NIH3T3 fibroblasts29. Studies with purified proteins and in NIH3T3 fibroblasts indicate that
residue 43 defines the isoform distinction, which is one of the very few sequence differences in
the N-terminal part of RhoA, RhoB and RhoC (Fig. 1 and 2A–F)29,30. Although the structure of
the complex of Rho and XPLN has not been resolved yet, it has been suggested that Ile43 in
RhoC, which has a slightly bulkier side chain than Val43 in RhoA and RhoB, interferes with the
binding and activity of XPLN (Fig. 2D–F).
Another example is the atypical GEF SmgGDS which was found, using purified proteins and
studies in HEK293 cells, to activate RhoA and RhoC but not RhoB31. The C-terminal polybasic
region of RhoA and RhoC, in conjunction with the N-terminal portion of the GTPase, is required
for the nucleotide exchange by SmgGDS. The lack of exchange activity of SmgGDS toward
RhoB may be explained by the different hypervariable region of RhoB which consists mainly of
polar residues (see above). This would be reminiscent of the activation of Rac1 by the GEF β–
PIX, which is also dependent on the Rac1 hypervariable region32, albeit that structural evidence
for the direct binding of SmgGDS to the C-terminus of a Rho GTPase is currently lacking.

RhoGAPs
Although around 80 different RhoGAPs are known in mammals3, only a few GAPs have been
described to show specificity for the different Rho-like GTPases. In particular, RhoGAPs which
are able to differentiate among RhoA, RhoB and RhoC have not yet been identified. Several
structural and biochemical studies showed that Rho GTPases interact with RhoGAPs through
the P-loop, the switch I and switch II regions3,33. For example, p190RhoGAP specifically
inactivates RhoA, but not Cdc42 and Rac1, as shown with purified proteins and in fibroblasts
where it inhibits stress fiber formation34. Even the GAP domain alone shows this behavior
suggesting that certain residues in RhoA determine the isoform specificity. However, the crucial
amino acids remain to be identified. In contrast, p190RhoGAP is not able to distinguish between
RhoA, RhoB and RhoC, as was shown in several cell types such as fibroblasts, human bladder
cancer, breast cancer and melanoma cells35,36.
The RhoGAP ARHGAP21 (also known as ARHGAP10) shows specificity for RhoA and RhoC, but
not for Cdc42, to control cancer progression in human PC3 prostate cancer cells37. In contrast,
previous studies using purified proteins and in HeLa cells revealed that ARHGAP21 inactivates
predominantly Cdc42 and much less RhoA and Rac1 to regulate cytoskeletal dynamics at the
Golgi complex38. This indicates that the cellular context is a key factor in controlling GTPase
specificity of ARHGAP21. Which cellular factors or residues in the Rho GTPase determine the
isoform-specific binding to ARHGAP21 have not been investigated in these studies.

Effector proteins
In literature, the role of structural determinants in the binding of activated GTPases to downstream
effectors has been most extensively analyzed. For RhoA, RhoB and RhoC, these effectors
comprise protein kinases such as ROCK (Rho-associated kinase) and PKN/PRK (Protein
kinase C-related kinase), as well as several formins, such as mDia (mammalian diaphanous)
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or FMNL (formin-like). The studies that have addressed the regions in Rho GTPases that are
essential for Rho-effector interactions have usually focused on the so-called effector domain
in the N-terminus (amino acids 27–41 in RhoA), which overlaps with the switch I region (Fig.
1). The switch I and II regions show the largest conformational change associated with GTP
binding and it is therefore not surprising that these regions are most relevant for effector binding.
However, additional regions are also important for isoform-specific downstream signaling.
Studies based on mutational analysis using chimeras of RhoA and Rac1 demonstrated
already in 1995 that these GTPases comprise additional effector-binding regions in the
C-terminal portion of the protein39. Later studies identified the region in the α5-helix (residues
167–179 in RhoA) as being important for effector binding such as shown for the CRIB (Cdc42/
Rac1 interactive binding) effectors such as PAK1 (p21 activated kinase 1) or WASP (WiskottAldrich syndrome protein)33,40,41. Similarly, binding of the NADPH oxidase, which belongs to
another effector group, to Rac1 is dependent on residues in the α3-helix and the α5-helix and
thus regions outside of the classical interaction sites such as the switch regions42.
The hypervariable C-terminus has also been implicated in effector binding. This was initially
shown for Rac1, using peptides binding to the p67 subunit of the neutrophil NADPH oxidase43.
Later, a similar finding based on biochemical and structural data has been reported for Rac1
binding to the PRK1 kinase44. A recent study using purified proteins in scintillation proximity
assays analyzing the interactions of RhoA, RhoB and RhoC with the binding domains of the
PRK1–3 effector kinases (the HR1 domains) showed that the hypervariable region of RhoB,
but not that of RhoA or RhoC, promotes the interaction with the HR1 domain of PRK3, but not
of PRK1 or -245. The hypervariable region of RhoB allows a distinct, in this case preferential,
type of interaction since it harbors primarily polar residues instead of a polybasic stretch as
in RhoA and RhoC (Fig. 1). Co-immunoprecipitation experiments indicate, in contrast, that
predominantly RhoC, and less RhoA and RhoB, forms a complex with PRK3 in various epithelial
cancer cells to promote tumor invasion and metastasis46.
Several studies have implicated the insert region (residues 123–137 in RhoA) in effector
binding or regulation. The insert region was found to promote activation of ROCK by RhoA
and thus to induce stress fiber formation in NIH3T3 fibroblasts, albeit that the insert region
is not involved in ROCK binding17. A detailed structural and biochemical analysis focusing
on the interactions between Rho GTPases and formins, showed that specificity in binding of
RhoA and RhoC to mDia1 is determined by the insert helix and Phe106 in the Rho α3-helix
(His104 in Rac1/Cdc42) and by Glu40 in the effector domain (Asp38 in Rac1/Cdc42) (Fig. 1
and 2A–C)18,47. RhoB, which was not included in this study, also contains the residues Phe106
and Glu40. A previous study indeed showed that RhoB directly interacts with mDia148. This
interaction was proposed to regulate actin assembly on vesicular membranes and vesicle traffic
in human MelJuso melanoma cells49.
The formin FMNL2 specifically binds activated RhoC, but not RhoA or RhoB, to control tumor
invasion in MDA-MB435 breast cancer cells50. Part of this selectivity in effector binding was
linked to the RhoC-specific isoleucine at position 43, which is also crucial for specificity in
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RhoGEF binding (see above, Fig. 1 and 2A–F). Mutating this residue to a valine as in RhoA
and RhoB, reduced binding to FNML2, which suggests that this amino acid cooperates with
the effector domain in controlling effector specificity. The related FMNL3 was also found to be a
specific effector for activated RhoC, but not RhoA, to control cell shape and invasion of human
PC3 prostate cancer cells51. However, the structural basis for this selectivity was not further
investigated.

Regulation of Rho GTPases by phosphorylation and ubiquitylation
As an additional layer of complexity determining specificity of signaling, RhoA/B/C are
posttranslationally modified in several ways. The best-studied event is the PKA- and PKGmediated phosphorylation of RhoA on Ser188, which is located in the hypervariable C-terminus
(Fig. 1). This phosphorylation serves as a Rho-inactivating signal, as it promotes GDI binding
and membrane dissociation and protects RhoA from proteolytic degradation52. In addition, this
phosphorylation interferes with RhoA binding to ROCK53, further underscoring a role of the
C-terminus in effector interactions. It is important to note that this Ser188 is not present in RhoB
(Asn191) or RhoC (Arg188) (Fig. 1), which provides the cell with a specific means to regulate
RhoA output.
RhoC, but not RhoA, was recently shown to be phosphorylated on Ser73 in the α2-helix by
the kinase Akt in SUM149 breast cancer cells54 although Ser73 is highly conserved among all
3 Rho-isoforms. Intriguingly, phosphorylation of RhoC was required for downstream signaling
and invasiveness, which contrasts markedly with the inactivating phosphorylation at Ser188 in
RhoA.
Finally, wild type and activated RhoA is ubiquitylated on Lys6 and Lys7 in the β1-strand (Fig.
1 and 2A–C) by the E3 ubiquitin ligase Smurf1 resulting in local RhoA degradation55. These
residues are also present in RhoB and RhoC and similar regulation at these sites may be
expected. A recent study identified activity-independent RhoA ubiquitylation by the FBXL19
ubiquitin E3 ligase as an alternative pathway toward RhoA degradation56. In this case, polyubiquitylation takes place on Lys135 in the insert helix, which is highly conserved among
RhoA, RhoB and RhoC (Fig. 1 and 2A–C). However, whether FBXL19 can also ubiquitylate
RhoB and RhoC remains to be investigated. Although ubiquitylation likely serves to induce
proteolytic degradation, there is ample evidence for ubiquitylation to serve as an anchor for
protein binding or to drive internalization and lysosomal degradation of membrane-associated
proteins57. Whether ubiquitylation serves such distinct roles in Rho GTPase signaling remains
to be established.

Visualization of Rho GTPase Activation and Downstream Signaling
The above overview underscores that signaling specificity involves several different regions
within the small Rho GTPase structure, including the well-established effector region, the insert
region and the hypervariable C-terminal domain. In addition, regulatory proteins such as GEFs
and GAPs contribute to signaling specificity and localized activation and output, although this
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notion is only partly developed. An important tool in the analysis of GEF-mediated specificity
has been the development of GTPase biosensors, which allow visualization of localized GTPase
activation. Below, we discuss the available information on biosensors for RhoA/B/C GTPases.
Over the past 2 decades much time has been devoted to developing biosensors to image
Rho GTPase activation in living cells. The dominant approach, based on Förster resonance
energy transfer (FRET), employs the property that a fluorescent donor molecule can transfer its
energy to a nearby energy acceptor when they are in close proximity (~10 Angstrom). When
fluorescent donors and acceptors are used and the emission spectrum of the donor and
excitation spectrum of the acceptor overlap, FRET can be detected58. By introducing in vivo
FRET probes comprising Rho GTPases, researchers can now study the activation of these
small proteins with high spatio-temporal resolution.
Current Rho GTPase biosensors display similarities in that 4 specific domains are required.
These domains consist of the GTPase of interest, a Rho GTPase-binding domain (RBD) derived
from an effector protein and 2 fluorescent proteins, fused to the GTPase and to the RBD in a
single chain or bimolecular format. Thus, these probes show where in cells GTPase activation
occurs and therefore are essentially “GEF-activity sensors”. One of the first examples of a
GTPase biosensor originates from a study of Kraynov et al. who used a bimolecular sensor to
detect Rac1 activity in living cells59. In this study, the sensor consisted of Rac1 fused to a green
fluorescent protein (GFP) and a portion of the Rac effector protein PAK1 labeled with Alexa-546
(Fig. 3A). By using this approach, increased FRET was observed when the individual molecules
came in close proximity, revealing Rac1 activation in the leading edge of migrating fibroblasts.
The major disadvantage of a bimolecular biosensor is potentially uneven expression of the 2
constructs. Therefore, Mochizuki et al. introduced the first intramolecular GTPase FRET probe:
a Ras and interacting chimeric unit (Raichu-Ras)60. In this approach, the 4 required FRET probe
domains were fused to create a single GTPase FRET chain (Fig. 3B). The RBD and the GTPase
were here placed in the inner core of the molecule, flanked by a yellow-emitting mutant of
GFP (YFP) and a cyan emitting mutant of GFP (CFP), respectively. In addition, the C-terminal
region of Ras was coupled to the CFP, thereby constitutively targeting the construct to the
plasma membrane. A similar strategy was used to make additional Raichu FRET probes for the
Rho GTPases Rac1 and Cdc4261. However, the Ras C-terminal region of the original Raichu
FRET probe induces enforced, constitutive membrane targeting of the sensor and prevents
regulation by a GDI, thus interfering with proper targeting of the GTPase. Therefore, this region
was replaced with the corresponding C-terminal region of the sensor GTPase to create more
representative sensors for RhoA, Cdc42 and Rac162. In contrast to the design of these GTPase
FRET probes, Pertz et al. introduced a RhoA biosensor where the 2 required fluorophores
were placed at the central portion of the biosensor, thereby leaving full-length RhoA intact for
binding to GDIs and the plasma membrane (Fig. 3C)63. The localization of this sensor closely
mimics that of endogenous RhoA and as a result, many of the current Rho GTPase biosensors
rely on this ‘free C-terminus’ design. In addition to these cellular studies, structural modeling
also shows that this is not trivial, since the hypervariable C-terminus may become mislocalized
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Figure 3. The structure of Rho GTPase FRET biosensors. Schematic representation of (A) an intermolecular FRET
probe and (B and C) intramolecular FRET probes based on (B) Yoshizaki et al.62 and (C) Pertz et al.63 (D–G) The insertion
of a fluorescent protein (FP) in the RhoA G domain may lead to mislocalization of the RhoA C-terminus and may impair
binding of interaction partners such as RhoGDI. Homology model, calculated using the Phyre2 protein structure prediction
server,79 of RhoA-(1–180 aa)-FP-RhoA-C-terminus-(181–193 aa) alone (D) and in complex with RhoGDI (E) as well as of
FP-RhoA-(1–193 aa) alone (F) and in complex with RhoGDI (G). Models are based on the structure of RhoA-GDP (PDB
ID: 1FTN)75 and GFP (PDB ID: 1H6R)80 as top-scoring prediction events. Position of RhoGDI and GDP (from the complex
Rac1-GDP-RhoGDI, PDB ID: 1HH4)81 was obtained through the overlay of Rac1 and RhoA. GDP in yellow sticks; RhoA in
green; FP in cyan, GDI in orange. Figures were prepared using PyMol.
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relative to the rest of the GTPase structure (i.e., the G-domain) when a FP is inserted (Fig. 3D
compare to Fig. 3F). Figure 3D–F reflect predictions, based on structural modeling, because
such fusion protein structure has not yet been resolved by crystallography or NMR. Since the
GTPase C-terminus, in conjunction with more N-terminal regions, contributes to the binding to
the GDI and to some of the GEFs, GAPs and effectors, also this region needs to be correctly
positioned relative to the rest of the protein in FRET sensors (Fig. 3E compare to Fig. 3G). Finally,
additional parameters can be fine-tuned in order to develop biosensors with an optimized FRET
efficiency. For example, Fritz et al. used circularly permutated fluorescent protein variants and
optimized linker lengths to create a high efficient RhoA biosensor64.
RhoA regulates actin stress fiber formation and acto-myosin contraction at the rear of
the cell. However, the use of biosensors has revealed a more complex relationship between
the global function of RhoA, i.e. contraction, and its site of activation. Several studies not only
observed localized RhoA activation at the contractile rear, but also at the front of randomly
migrating cells63,65-67. More specifically, RhoA activation was detected during the protrusive
phase of membrane ruffling where it requires simultaneous Cdc42 activation and where it
antagonizes Rac1 activity. Detailed spatio-temporal analyses revealed that RhoA activation is
mainly present within a region of 2 mm at the cell edge and highest Rac1 and Cdc42 activation
was observed just behind this 2 mm boundary with a delay of 40 seconds67. Based on these
findings, Machacek et al. suggested RhoA to be involved in initial protrusive events, while Rac1
and Cdc42 may be essential in the strengthening and stabilization of these protrusions.
Neither RhoB nor RhoC has been thoroughly studied using biosensors. Currently, there
is one published example of a RhoB biosensor, consisting of a CFP-RhoB and YFP-mDia2
construct68. By expressing these constructs in a murine cell line, an interaction was observed
between activated RhoB and mDia2 specifically on endosomes. Zawistowski et al. have
recently characterized the first RhoC biosensor69 and compared this FRET probe with an
already established RhoA biosensor63. While comparable RhoA and RhoC activation patterns
were observed at the cell edge, temporal differences were shown in the more distal region.
Here, RhoC preceded RhoA activation during the formation of cell protrusions, suggestive for
a distinct function of these GTPases. Earlier studies had shown that high RhoC activation was
observed in the areas around invadapodial structures where it regulates cofilin activity70,71. This
cofilin pathway is essential in the cancer-related processes of tumor cell invasion, migration and
metastasis. By restricting cofilin activity to the inner core of invadopodia, RhoC is suggested to
be a key player in invadopodia-mediated cancer cell invasion.

FRET imaging in 3 dimensions
Although major progress has been made regarding the use of Rho GTPase biosensors in live
cell imaging, the ultimate goal is to use this novel technique in living organisms. The scattering
of light in tissues complicates the applicability of this technique72, but there are already a few
examples of Rho GTPase biosensor imaging in 3 dimensional (3D) structures. In a study of Ponik
et al., a RhoA biosensor was expressed in breast epithelial cells embedded in a 3D collagen
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matrix73. These analyses showed active RhoA at cell-extracellular matrix adhesions, with an
inactive RhoA pool at cell-cell contacts. Another example is provided by a study in glioblastoma,
the most common and aggressive tumor type in the field of brain cancer74. Glioblastoma cells
that stably expressed a FRET GTPase biosensor (either Rac1, Cdc42 or RhoA) were inoculated
into rat brains and different activation patterns of these GTPases were subsequently observed
using 2- photon imaging during tumor cell penetration of a specific brain area.
In summary, the introduction of FRET biosensors into the field of GTPase biology has
provided us with sophisticated reagents to study the activation of these proteins with high
spatio-temporal resolution. Over the past years the design of these FRET sensors has been
further optimized, resulting in a biological applicable tool for broad use in live cell and tissue
imaging.

CONCLUDING REMARKS
An emerging concept from these studies is that specific inter- actions of small Rho GTPases,
inactive or active, with regulators and effectors are not mediated by a single, well-defined part
of the protein (i.e., the effector domain). Rather, these interactions may involve several portions
of the GTPase at the same time. This is true for interactions with the GDI, some of the GEFs,
GAPs as well as a subset of the effectors. Moreover, the classical view of the hypervariable
C-terminus driving membrane association through its lipid anchor and a polybasic region is
most likely correct but at the same time incomplete. Although some interactions occur in the
absence of the GTPase C-terminus, its hypervariable nature is exquisitely fit to contribute to
signaling specificity. This portion of the protein acts in concert with the switch I and II regions
and perhaps even with the insert region in allowing efficient and selective interactions with
upstream regulators and downstream effectors. Thus, the specific outcome of Rho GTPase
signaling is the sum of protein-protein and protein-lipid interactions, mediated by a several
interacting regions that control selective binding to cellular membranes, localized GEFs and
effectors.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST
No potential conflicts of interest were disclosed.

ACKNOWLEDGMENTS
We thank Dr. Mar Fernandez-Borja for critical reading of the manuscript.

41

2

CHAPTER 2

FUNDING
This work was supported by the Landsteiner Foundation for Blood Transfusion Research (LSBR
project no. 903) and a grant from the Netherlands Organization of Scientific Research to PLH
(ZonMW MKMD project 40-42600-98-026).

AUTHOR CONTRIBUTIONS
A.S. and N.R.R wrote the manuscript; P.L.H. wrote the manuscript and provided supervision.

REFERENCES
1.

Madaule P, Axel R. A novel ras-related gene family. Cell 1985; 41:31-4

2.

Wennerberg K, Rossman KL, Der CJ. The Ras superfamily at a glance. J. Cell Sci. 2005; 118:843846.

3.

Cherfils J, Zeghouf M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol Rev. 2013;
93:269-309.

4.

Ridley AJ. RhoA, RhoB and RhoC have different roles in cancer cell migration. J. Microsc. 2013;
251:242-249.

5.

Ridley AJ. Rho GTPases and actin dynamics in membrane protrusions and vesicle trafficking. Trends
Cell Biol. 2006; 16:522-529.

6.

Jaffe AB, Hall A. Rho GTPases: biochemistry and biology. Annu. Rev. Cell Dev. Biol. 2005; 21:247269.

7.

Kroon J, Tol S, van AS, Elias JA, Fernandez-Borja M. The small GTPase RhoB regulates TNFalpha
signaling in endothelial cells. PLoS. One. 2013; 8:e75031.

8.

Rosenthal DT, Zhang J, Bao L, Zhu L, Wu Z, Toy K, Kleer CG, Merajver SD. RhoC impacts the
metastatic potential and abundance of breast cancer stem cells. PLoS. One. 2012; 7:e40979.

9.

Ma L, Teruya-Feldstein J, Weinberg RA. Tumour invasion and metastasis initiated by microRNA-10b
in breast cancer. Nature 2007; 449:682-688.

10.

Pertz O. Spatio-temporal Rho GTPase signaling - where are we now? J. Cell Sci. 2010; 123:18411850.

11.

Wittinghofer A, Vetter IR. Structure-function relationships of the G domain, a canonical switch motif.
Annu. Rev. Biochem. 2011; 80:943-971.

12.

Garcia-Mata R, Boulter E, Burridge K. The ‘invisible hand’: regulation of RHO GTPases by RHOGDIs.
Nat. Rev. Mol. Cell Biol. 2011; 12:493-504.

13.

Vetter IR, Wittinghofer A. The guanine nucleotide-binding switch in three dimensions. Science 2001;
294:1299-1304.

42

TOWARD UNDERSTANDING RHO GTPASE SPECIFICITY: STRUCTURE, FUNCTION AND LOCAL ACTIVATION

14.

Thomas C, Fricke I, Scrima A, Berken A, Wittinghofer A. Structural evidence for a common
intermediate in small G protein-GEF reactions. Mol. Cell 2007; 25:141-149.

15.

Nisimoto Y, Freeman JL, Motalebi SA, Hirshberg M, Lambeth JD. Rac binding to p67(phox).
Structural basis for interactions of the Rac1 effector region and insert region with components of the
respiratory burst oxidase. J. Biol. Chem. 1997; 272:18834-18841.

16.

McCallum SJ, Wu WJ, Cerione RA. Identification of a putative effector for Cdc42Hs with high
sequence similarity to the RasGAP-related protein IQGAP1 and a Cdc42Hs binding partner with
similarity to IQGAP2. J. Biol. Chem. 1996; 271:21732-21737.

17.

Zong H, Kaibuchi K, Quilliam LA. The insert region of RhoA is essential for Rho kinase activation and
cellular transformation. Mol. Cell Biol. 2001; 21:5287-5298.

18.

Lammers M, Meyer S, Kuhlmann D, Wittinghofer A. Specificity of interactions between mDia isoforms
and Rho proteins. J. Biol. Chem. 2008; 283:35236-35246.

19.

ten Klooster JP, Hordijk PL. Targeting and localized signalling by small GTPases. Biol. Cell 2007;
99:1-12.

20.

Scheffzek K, Stephan I, Jensen ON, Illenberger D, Gierschik P. The Rac-RhoGDI complex and the
structural basis for the regulation of Rho proteins by RhoGDI. Nat. Struct. Biol. 2000; 7:122-126.

21.

Longenecker K et al. How RhoGDI binds Rho. Acta Crystallogr. D. Biol. Crystallogr. 1999; 55:15031515.

22.

Hoffman GR, Nassar N, Cerione RA. Structure of the Rho family GTP-binding protein Cdc42 in
complex with the multifunctional regulator RhoGDI. Cell 2000; 100:345-356.

23.

Zalcman G, Closson V, Camonis J, Honore N, Rousseau-Merck MF, Tavitian A, Olofsson B. RhoGDI-3
is a new GDP dissociation inhibitor (GDI). Identification of a non-cytosolic GDI protein interacting with
the small GTP-binding proteins RhoB and RhoG. J. Biol. Chem. 1996; 271:30366-30374.

24.

Snyder JT, Worthylake DK, Rossman KL, Betts L, Pruitt WM, Siderovski DP, Der CJ, Sondek J.
Structural basis for the selective activation of Rho GTPases by Dbl exchange factors. Nat. Struct.
Biol. 2002; 9:468-475.

25.

Jaiswal M, Gremer L, Dvorsky R, Haeusler LC, Cirstea IC, Uhlenbrock K, Ahmadian MR. Mechanistic
insights into specificity, activity, and regulatory elements of the regulator of G-protein signaling (RGS)containing Rho-specific guanine nucleotide exchange factors (GEFs) p115, PDZ-RhoGEF (PRG),
and leukemia-associated RhoGEF (LARG). J. Biol. Chem. 2011; 286:18202-18212.

26.

Kristelly R, Gao G, Tesmer JJ. Structural determinants of RhoA binding and nucleotide exchange
in leukemia-associated Rho guanine-nucleotide exchange factor. J. Biol. Chem. 2004; 279:4735247362.

27.

Solski PA, Wilder RS, Rossman KL, Sondek J, Cox AD, Campbell SL, Der CJ. Requirement
for C-terminal sequences in regulation of Ect2 guanine nucleotide exchange specificity and
transformation. J. Biol. Chem. 2004; 279:25226-25233.

28.

Srougi MC, Burridge K. The nuclear guanine nucleotide exchange factors Ect2 and Net1 regulate
RhoB-mediated cell death after DNA damage. PLoS. One. 2011; 6:e17108.

29.

Arthur WT, Ellerbroek SM, Der CJ, Burridge K, Wennerberg K. XPLN, a guanine nucleotide exchange
factor for RhoA and RhoB, but not RhoC. J. Biol. Chem. 2002; 277:42964-42972.

43

2

CHAPTER 2

30.

Sloan CM, Quinn CV, Peters JP, Farley J, Goetzinger C, Wernli M, DeMali KA, Ellerbroek SM.
Divergence of Rho residue 43 impacts GEF activity. Small GTPases. 2012; 3:15-22.

31.

Hamel B, Monaghan-Benson E, Rojas RJ, Temple BR, Marston DJ, Burridge K, Sondek J. SmgGDS
is a guanine nucleotide exchange factor that specifically activates RhoA and RhoC. J. Biol. Chem.
2011; 286:12141-12148.

32.

ten Klooster JP, Leeuwen I, Scheres N, Anthony EC, Hordijk PL. Rac1-induced cell migration requires
membrane recruitment of the nuclear oncogene SET. EMBO J. 2007; 26:336-345.

33.

Dvorsky R, Ahmadian MR. Always look on the bright site of Rho: structural implications for a
conserved intermolecular interface. EMBO Rep. 2004; 5:1130-1136.

34.

Ridley AJ, Self AJ, Kasmi F, Paterson HF, Hall A, Marshall CJ, Ellis C. rho family GTPase activating
proteins p190, bcr and rhoGAP show distinct specificities in vitro and in vivo. EMBO J. 1993;
12:5151-5160.

35.

Thomas S, Overdevest JB, Nitz MD, Williams PD, Owens CR, Sanchez-Carbayo M, Frierson HF,
Schwartz MA, Theodorescu D. Src and caveolin-1 reciprocally regulate metastasis via a common
downstream signaling pathway in bladder cancer. Cancer Res. 2011; 71:832-841.

36.

Wang L, Yang L, Luo Y, Zheng Y. A novel strategy for specifically down-regulating individual Rho
GTPase activity in tumor cells. J. Biol. Chem. 2003; 278:44617-44625.

37.

Lazarini M, Traina F, Machado-Neto JA, Barcellos KS, Moreira YB, Brandao MM, Verjovski-Almeida
S, Ridley AJ, Saad ST. ARHGAP21 is a RhoGAP for RhoA and RhoC with a role in proliferation and
migration of prostate adenocarcinoma cells. Biochim. Biophys. Acta 2013; 1832:365-374.

38.

Dubois T, Paleotti O, Mironov AA, Fraisier V, Stradal TE, De Matteis MA, Franco M, Chavrier P. Golgilocalized GAP for Cdc42 functions downstream of ARF1 to control Arp2/3 complex and F-actin
dynamics. Nat. Cell Biol. 2005; 7:353-364.

39.

Diekmann D, Nobes CD, Burbelo PD, Abo A, Hall A. Rac GTPase interacts with GAPs and target
proteins through multiple effector sites. EMBO J. 1995; 14:5297-5305.

40.

Bishop AL, Hall A. Rho GTPases and their effector proteins. Biochem. J. 2000; 348 Pt 2:241-255.

41.

Hemsath L, Dvorsky R, Fiegen D, Carlier MF, Ahmadian MR. An electrostatic steering mechanism of
Cdc42 recognition by Wiskott-Aldrich syndrome proteins. Mol. Cell 2005; 20:313-324.

42.

Toporik A, Gorzalczany Y, Hirshberg M, Pick E, Lotan O. Mutational analysis of novel effector domains
in Rac1 involved in the activation of nicotinamide adenine dinucleotide phosphate (reduced) oxidase.
Biochemistry 1998; 37:7147-7156.

43.

Joseph G, Gorzalczany Y, Koshkin V, Pick E. Inhibition of NADPH oxidase activation by synthetic
peptides mapping within the carboxyl-terminal domain of small GTP-binding proteins. Lack of amino
acid sequence specificity and importance of polybasic motif. J. Biol. Chem. 1994; 269:2902429031.

44.

Modha R, Campbell LJ, Nietlispach D, Buhecha HR, Owen D, Mott HR. The Rac1 polybasic region
is required for interaction with its effector PRK1. J. Biol. Chem. 2008; 283:1492-1500.

45.

Hutchinson CL, Lowe PN, McLaughlin SH, Mott HR, Owen D. Differential binding of RhoA, RhoB,
and RhoC to protein kinase C-related kinase (PRK) isoforms PRK1, PRK2, and PRK3: PRKs have
the highest affinity for RhoB. Biochemistry 2013; 52:7999-8011.

44

TOWARD UNDERSTANDING RHO GTPASE SPECIFICITY: STRUCTURE, FUNCTION AND LOCAL ACTIVATION

46.

Unsal-Kacmaz K, Ragunathan S, Rosfjord E, Dann S, Upeslacis E, Grillo M, Hernandez R, Mack F,
Klippel A. The interaction of PKN3 with RhoC promotes malignant growth. Mol. Oncol. 2012; 6:284-298.

47.

Rose R, Weyand M, Lammers M, Ishizaki T, Ahmadian MR, Wittinghofer A. Structural and mechanistic
insights into the interaction between Rho and mammalian Dia. Nature 2005; 435:513-518.

48.

Watanabe N, Kato T, Fujita A, Ishizaki T, Narumiya S. Cooperation between mDia1 and ROCK in Rhoinduced actin reorganization. Nat. Cell Biol. 1999; 1:136-143.

49.

Fernandez-Borja M, Janssen L, Verwoerd D, Hordijk P, Neefjes J. RhoB regulates endosome transport
by promoting actin assembly on endosomal membranes through Dia1. J. Cell Sci. 2005; 118:26612670.

50.

Kitzing TM, Wang Y, Pertz O, Copeland JW, Grosse R. Formin-like 2 drives amoeboid invasive cell
motility downstream of RhoC. Oncogene 2010; 29:2441-2448.

51.

Vega FM, Fruhwirth G, Ng T, Ridley AJ. RhoA and RhoC have distinct roles in migration and invasion by
acting through different targets. J. Cell Biol. 2011; 193:655-665.

52.

Rolli-Derkinderen M, Sauzeau V, Boyer L, Lemichez E, Baron C, Henrion D, Loirand G, Pacaud P.
Phosphorylation of serine 188 protects RhoA from ubiquitin/proteasome-mediated degradation in
vascular smooth muscle cells. Circ. Res. 2005; 96:1152-1160.

53.

Nusser N, Gosmanova E, Makarova N, Fujiwara Y, Yang L, Guo F, Luo Y, Zheng Y, Tigyi G. Serine
phosphorylation differentially affects RhoA binding to effectors: implications to NGF-induced neurite
outgrowth. Cell Signal. 2006; 18:704-714.

54.

Lehman HL, Van Laere SJ, van Golen CM, Vermeulen PB, Dirix LY, van Golen KL. Regulation of
inflammatory breast cancer cell invasion through Akt1/PKBalpha phosphorylation of RhoC GTPase.
Mol. Cancer Res. 2012; 10:1306-1318.

55.

Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang Y, Wrana JL. Regulation of the polarity protein
Par6 by TGFbeta receptors controls epithelial cell plasticity. Science 2005; 307:1603-1609.

56.

Wei J, Mialki RK, Dong S, Khoo A, Mallampalli RK, Zhao Y, Zhao J. A new mechanism of RhoA
ubiquitination and degradation: roles of SCF(FBXL19) E3 ligase and Erk2. Biochim. Biophys. Acta 2013;
1833:2757-2764.

57.

Clague MJ, Liu H, Urbe S. Governance of endocytic trafficking and signaling by reversible ubiquitylation.
Dev. Cell 2012; 23:457-467.

58.

Tsien RY, Miyawaki A. Seeing the machinery of live cells. Science 1998; 280:1954-1955.

59.

Kraynov VS, Chamberlain C, Bokoch GM, Schwartz MA, Slabaugh S, Hahn KM. Localized Rac activation
dynamics visualized in living cells. Science 2000; 290:333-337.

60.

Mochizuki N, Yamashita S, Kurokawa K, Ohba Y, Nagai T, Miyawaki A, Matsuda M. Spatio-temporal
images of growth-factor-induced activation of Ras and Rap1. Nature 2001; 411:1065-1068.

61.

Itoh RE, Kurokawa K, Ohba Y, Yoshizaki H, Mochizuki N, Matsuda M. Activation of rac and cdc42 video
imaged by fluorescent resonance energy transfer-based single-molecule probes in the membrane of
living cells. Mol. Cell Biol. 2002; 22:6582-6591.

62.

Yoshizaki H, Ohba Y, Kurokawa K, Itoh RE, Nakamura T, Mochizuki N, Nagashima K, Matsuda M. Activity
of Rho-family GTPases during cell division as visualized with FRET-based probes. J. Cell Biol. 2003;
162:223-232.

45

2

CHAPTER 2

63.

Pertz O, Hodgson L, Klemke RL, Hahn KM. Spatiotemporal dynamics of RhoA activity in migrating
cells. Nature 2006; 440:1069-1072.

64.

Fritz RD et al. A versatile toolkit to produce sensitive FRET biosensors to visualize signaling in time
and space. Sci. Signal. 2013; 6:rs12.

65.

El-Sibai M, Pertz O, Pang H, Yip SC, Lorenz M, Symons M, Condeelis JS, Hahn KM, Backer JM.
RhoA/ROCK-mediated switching between Cdc42- and Rac1-dependent protrusion in MTLn3
carcinoma cells. Exp. Cell Res. 2008; 314:1540-1552.

66.

Kurokawa K, Matsuda M. Localized RhoA activation as a requirement for the induction of membrane
ruffling. Mol. Biol. Cell 2005; 16:4294-4303.

67.

Machacek M et al. Coordination of Rho GTPase activities during cell protrusion. Nature 2009;
461:99-103.

68.

Wallar BJ, Deward AD, Resau JH, Alberts AS. RhoB and the mammalian Diaphanous-related formin
mDia2 in endosome trafficking. Exp. Cell Res. 2007; 313:560-571.

69.

Zawistowski JS, Sabouri-Ghomi M, Danuser G, Hahn KM, Hodgson L. A RhoC biosensor reveals
differences in the activation kinetics of RhoA and RhoC in migrating cells. PLoS. One. 2013;
8:e79877.

70.

Bravo-Cordero JJ, Oser M, Chen X, Eddy R, Hodgson L, Condeelis J. A novel spatiotemporal RhoC
activation pathway locally regulates cofilin activity at invadopodia. Curr. Biol. 2011; 21:635-644.

71.

Bravo-Cordero JJ, Sharma VP, Roh-Johnson M, Chen X, Eddy R, Condeelis J, Hodgson L.
Spatial regulation of RhoC activity defines protrusion formation in migrating cells. J. Cell Sci. 2013;
126:3356-3369.

72.

Aoki K, Kiyokawa E, Nakamura T, Matsuda M. Visualization of growth signal transduction cascades
in living cells with genetically encoded probes based on Forster resonance energy transfer. Philos.
Trans. R. Soc. Lond B Biol. Sci. 2008; 363:2143-2151.

73.

Ponik SM, Trier SM, Wozniak MA, Eliceiri KW, Keely PJ. RhoA is down-regulated at cell-cell contacts
via p190RhoGAP-B in response to tensional homeostasis. Mol. Biol. Cell 2013; 24:1688-3.

74.

Hirata E, Yukinaga H, Kamioka Y, Arakawa Y, Miyamoto S, Okada T, Sahai E, Matsuda M. In vivo
fluorescence resonance energy transfer imaging reveals differential activation of Rho-family GTPases
in glioblastoma cell invasion. J. Cell Sci. 2012; 125:858-868.

75.

Wei Y, Zhang Y, Derewenda U, Liu X, Minor W, Nakamoto RK, Somlyo AV, Somlyo AP, Derewenda
ZS. Crystal structure of RhoA-GDP and its functional implications. Nat. Struct. Biol. 1997; 4:699703.

76.

Soundararajan M, Turnbull A, Fedorov O, Johansson C, Doyle DA. RhoB can adopt a Mg2+ free
conformation prior to GEF binding. Proteins 2008; 72:498-505.

77.

Dias SM, Cerione RA. X-ray crystal structures reveal two activated states for RhoC. Biochemistry
2007; 46:6547-6558.

78.

Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA. Electrostatics of nanosystems: application
to microtubules and the ribosome. Proc. Natl. Acad. Sci. U. S. A 2001; 98:10037-10041.

79.

Kelley LA, Sternberg MJ. Protein structure prediction on the Web: a case study using the Phyre
server. Nat. Protoc. 2009; 4:363-371.

46

TOWARD UNDERSTANDING RHO GTPASE SPECIFICITY: STRUCTURE, FUNCTION AND LOCAL ACTIVATION

80.

Ostergaard H, Henriksen A, Hansen FG, Winther JR. Shedding light on disulfide bond formation:
engineering a redox switch in green fluorescent protein. EMBO J. 2001; 20:5853-5862.

81.

Grizot S, Faure J, Fieschi F, Vignais PV, Dagher MC, Pebay-Peyroula E. Crystal structure of the
Rac1-RhoGDI complex involved in nadph oxidase activation. Biochemistry 2001; 40:10007-10013.

SUPPLEMENTAL MATERIAL
Movie 1. 360° rotating 3D structure of RhoA (PDB ID: 1FTN) showing the electrostatic potential
of the solvent accessible surface which was calculated using the APBS software at a pH of 7.5
and a threshold of ± 5 kTe-1 (red – negative charge; blue – positive charge). GDP is shown in
yellow sticks (see Fig. 2). Movie was prepared using PyMol.
Movie 2. 360° rotating 3D structure of RhoB (PDB ID: 2FV8) showing the electrostatic potential
of the solvent accessible surface which was calculated using the APBS software at a pH of 7.5
and a threshold of ± 5 kTe-1 (red – negative charge; blue – positive charge). GDP is shown in
yellow sticks (see Fig. 2). Movie was prepared using PyMol.
Movie 3. 360° rotating 3D structure of RhoC (PDB ID: 2GCN) showing the electrostatic potential
of the solvent accessible surface which was calculated using the APBS software at a pH of 7.5
and a threshold of ± 5 kTe-1 (red – negative charge; blue – positive charge). GDP is shown in
yellow sticks (see Fig. 2). Movie was prepared using PyMol.
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ABSTRACT
Endothelial cells line the vasculature and are important for many physiological processes
including regulation of blood pressure, vascular permeability, clotting and the transendothelial
migration of leukocytes and tumor cells. A group of proteins that control the barrier function
of the endothelial monolayer are the Rho GTPases. This study focuses on three homologous
(>88%) Rho GTPases: RhoA, RhoB, RhoC of which RhoB and RhoC have been poorly
characterized. We performed a Rho GTPase mRNA expression analysis that identified RhoC
as highest expressed Rho GTPase in primary human endothelial cells. Based on an existing
RhoA FRET sensor we developed RhoB/C FRET sensors to characterize their spatiotemporal
activation properties. By exploring these FRET sensors in the context of endothelial signaling,
they showed responsiveness to physiologically relevant agonists (e.g. Thrombin), reaching
transient, localized FRET ratio changes up to 200%. These RhoA/B/C FRET sensors show
localized GEF and GAP activity and reveal spatial activation differences between RhoA/C and
RhoB. Finally, we used these sensors to monitor GEF-specific differential activation of RhoA/
B/C. In summary, this study adds high-contrast RhoB/C FRET sensors to the currently available
FRET sensor toolkit and uncover new insights in endothelial and Rho GTPase cell biology. This
allows us to study activation and signaling by these closely related Rho GTPases with high
spatiotemporal resolution in primary human cells.

INTRODUCTION
Endothelial cells (EC) line the vasculature and form a barrier between the blood and the
underlying tissue1,2. Being present in every organ system in the human body, EC control the
transport of nutrients and oxygen to tissues and organs, and are the first cells to respond to
circulating hormones, metabolites and microvesicle-derived messengers such as microRNAs3,4.
Finally, EC interact, when necessary, with various types of blood cells and platelets in order
to orchestrate inflammatory responses and coagulation5–7. A key function of EC is the
maintenance of the vascular barrier, which limits leakage of plasma or migration of cells into the
tissues8. It is now well recognized that the endothelium is not a monolayer of passive cells, but
actively participates in biological processes central to human health and disease, including the
regulation of inflammation, the transendothelial migration (TEM) of various cell types, as well as
angiogenesis and arteriogenesis5,9–11. Many receptor agonists, growth hormones and cytokines
regulate the endothelial barrier both positively and negatively12, making this a complex feature
of human physiology which is essential to understand in detail.
Endothelial permeability to solutes and cells is to a large extent controlled by intercellular
contacts. Although this permeability varies between tissues and for different sections of
the same organ1,2. Inter-endothelial cell-cell contact is commonly determined by two types
of junctional complexes, adherens junctions (AJs) and tight junctions (TJs). TJs control the
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permeability to water, ions and small molecules, and are expressed to a limited extent, in a
tissue–specific fashion; i.e. brain endothelium is known for its relatively high numbers of TJs.
AJs are usually more abundant in EC contacts and perform more diverse and complex functions
in the endothelium13,14. AJs are formed by Vascular-Endothelial cadherin (VE-cadherin) through
homophilic interactions15,16. VE-cadherin is a calcium-dependent single-span transmembrane
adhesion molecule of which the intracellular domain is linked to the actin cytoskeleton via
interactions with several adaptor proteins such as α- and β-catenin17. Gain and loss of VEcadherin-mediated adhesion signals towards the actin cytoskeleton thereby controlling
endothelial barrier function. This is in part driven by Arp2/3-mediated actin polymerization,
which controls lateral membrane protrusions and promotes cell-cell contact, and by actomyosin-based contractility, which is required for intercellular gap formation18.
Inflammatory mediators such as Tumor Necrosis Factor alfa (TNFα) stimulate Nuclear
Factor kappaB-mediated expression of leukocyte adhesion receptors (i.e. ICAM-1, VCAM-1)
and induce vascular leakage19,20. A series of interactive, adhesive events between leukocytes
and the endothelium allows actin-based morphological changes in both cell types which in
turn drive TEM of leukocytes either via the paracellular (through the junctions of adjacent cells)
or transcellular route (through the cell body)5,21,22. While this migration of leukocytes serves
to eradicate infectious agents and pathogens, excessive TEM is harmful to tissues and the
vasculature.
As described above, the endothelium is a dynamic and interactive organ, which for its
function and integrity strongly depends on the actin cytoskeleton. A group of proteins that has
been actively linked to the regulation of the actin cytoskeleton are the Rho GTPases, guanine
nucleotide-binding proteins of approximately 20 kDa23,24. Rho GTPases are active when bound to
GTP and inactive when bound to GDP. In mammals, approximately 20 Rho GTPases have been
identified which all show high homology in primary and secondary structure25. Rho GTPases
are regulated by various groups of proteins, comprising Guanine nucleotide Exchange Factors
(GEFs), GTPase Activating Proteins (GAPs) and Guanine nucleotide Dissociation Inhibitors
(GDIs)26. GEFs promote the exchange of GDP for GTP, activating the Rho GTPase and allowing
effector binding and downstream signaling27. In turn, GAPs promote GTP hydrolysis, thereby
returning Rho GTPases to their inactive, GDP-bound state26,28,29. Finally, GDIs sequester Rho
GTPases in the inactive conformation in the cytoplasm, thereby preventing activation, effector
binding and proteolytic degradation30.
Among the family of Rho GTPases Rac1, Cdc42 and RhoA are the best studied, with Rac1
being linked to Arp2/3-mediated actin polymerization and lamellipodia-driven cell migration,
and Cdc42 to filopodia formation31,32. RhoA is generally accepted to promote myosin activity,
actin stress fiber formation and contraction, rather than protrusion32. In order to regulate
endothelial cytoskeletal dynamics and vascular homeostasis, tight regulation of these Rho
GTPases is required. In EC, RhoA-driven contractility is generally accepted to induce a loss
of cell-cell contacts and an increase in permeability induced by agonists such as histamine or
Thrombin33,34. Whereas activation of RhoA through these agonists is well described, it is unclear
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if this response is unique to RhoA or whether, in parallel, related Rho family members such as
RhoB or RhoC are activated as well.
Here we addressed this topic by performing a Rho GTPase mRNA expression analysis in
primary human EC. Unexpectedly, we found that RhoC is the highest expressed Rho GTPase
in primary human EC at the level of mRNA. By using a novel FRET-based biosensor, we
characterized RhoC activation in live primary human EC, and include a similar FRET-analyses
of its closest homologues RhoA and RhoB. We found that these GTPases are rapidly activated
in parallel by Thrombin, but with spatially distinct characteristics. These findings underscore the
feasibility of using such closely related GTPases in biosensors to delineate detailed, stimulusspecific spatio-temporal activation in live human EC.

RESULTS
RhoC is highly expressed in EC and colocalizes with VE-cadherin
Previous studies on Rho GTPases in EC have mainly focused on the well-characterized proteins
Rac1, Cdc42 and RhoA. To examine whether additional Rho GTPases may be relevant for
EC function, an expression analysis was performed to quantify mRNA expression levels of
different Rho GTPases in EC35. In this approach, HUVEC mRNA was amplified using welldefined primer sets that were extensively screened for specificity. To correct for differences in
the amount of total RNA input and for RT-efficiency, the quantity of the Rho GTPase transcripts
was normalized to the amount of β-glucuronidase gene transcripts35. The Rho GTPase RhoC
(40%) was found to be the highest expressed Rho GTPase in HUVEC, followed by its closest
relative RhoA (25%), and Rac1 (20%) and Cdc42 (8%). Lower expression levels were observed
for RhoB (2%), the Rho GTPase that shows the highest homology in amino acid sequence and
structure to RhoA and RhoC (Fig. 1a).
To explore the most abundant Rho GTPase in more detail, we focused on the localization
of endogenous RhoC using immunofluorescence. We first tested an existing RhoC antibody by
sequentially overexpressing RhoA- and RhoC-GFP in EC with equal expression levels. Western
blot analyses showed endogenous RhoC expression in both samples (Supplemental Fig. S1).
Comparing RhoA-GFP and RhoC-GFP, only RhoC-GFP was readily detected, indicating that
this antibody is specific for RhoC and does not crossreact with RhoA. RhoC immunostaining
revealed a relatively high signal in the cytoplasm and the nucleus, in addition to detectable
RhoC at cell-cell contacts (Fig. 1b). To determine which part of this staining was specific,
we transfected EC with RhoC-specific siRNA, prior to immunostaining. This data showed
that in siRNA RhoC transfected EC, the junctional immunostaining was no longer detectable,
suggesting that a fraction of RhoC resides at or near junctions, co-localizing with the endothelial
junctional molecule VE-cadherin (Fig. 1b,c). This junctional staining may be the direct result of
RhoC plasma membrane association and the concomitant accumulation of signal at sites of
overlapping junctional membranes. In addition, there exists a cytoplasmic, diffusely localized
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pool of RhoC, as deduced from the loss in signal in the cytoplasm due to the siRNA expression.
Together, this initial analysis reveals that, in addition to Rac1, Cdc42 and RhoA, RhoC is
abundantly expressed in primary human EC, where it shows specific localization at cell-cell
contacts as well as in the cytoplasm.

3

Figure 1. RhoC is highly expressed in human EC and colocalizes with VE-cadherin. (a) Rho GTPase qPCR analysis in
HUVEC. Pie chart displays mean values of 3 sequential qPCR experiments. (b) EC were transfected with siRNA control or
siRhoC and stained for RhoC and VE-cadherin. Boxes show co-localization of RhoC and VE-cadherin in Control cells, but
not in RhoC knockdown cells. Bar=25 μm. (c) Gray value profile of RhoC (green line) and VE-cadherin (blue line) in siControl
and siRhoC EC according to the lines present in the box selections in (b). Efficiency of RhoC Knockdown was checked on
Western blot, actin was detected to control for equal loading.

Thrombin induces RhoC activation, intercellular gap formation and loss of RhoC
from cell-cell contacts
Following up on the analysis of its localization, we characterized RhoC in EC further by detecting
its activation using a GST-Rhotekin-based pull-down assay36. In these experiments, we tested
whether RhoC in primary human EC is activated by the protease Thrombin, a well-established
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activator of RhoA and a barrier-disrupting agonist for EC37. In addition, Thrombin stimulates the
release of inflammatory mediators, vasoregulators, and growth factors and induces leukocyte
adhesion in the process of TEM38. Here we show that a brief (30 sec.) stimulation of EC with
Thrombin strongly activates RhoC (Fig. 2a). This activation gradually decreased at 2, 5 and 10
minutes respectively. RhoC activation preceded the Thrombin-induced loss in transendothelial
electrical resistance as measured by ECIS (Fig. 2b). To determine if RhoC localization at cellcell contacts was affected by Thrombin, we detected endogenous RhoC using immunostaining
following Thrombin stimulation. Unstimulated, confluent EC contain mainly cortical actin and
form stable cell-cell junctions to which RhoC is localized (Fig. 2c). We found that, in addition
to the induction of actin stress fibers and intercellular gaps, Thrombin caused a loss of RhoC
from cell-cell contacts detected at 10 min after stimulation. After 1-2 hrs of Thrombin treatment,
recovery of the endothelial monolayer occurred, together with the reorganization of F-actin and
VE-cadherin and the re-localization of RhoC at cell-cell contacts (Fig. 2c).
Collectively, these data show that Thrombin efficiently activates RhoC, resulting in the
relocation of this protein away from cell-cell contacts, the induction of cell contraction and
endothelial barrier disruption.

RhoB/C sensor development based on a currently existing RhoA FRET sensor
Although the Rhotekin-RBD pull down experiment clearly showed RhoC activation, this
biochemical approach is limited due to the lack of high-resolution temporal and spatial
information. In order to gain detailed knowledge regarding localized activation of RhoC, we
decided to pursue a strategy based on the use of an intramolecular FRET sensor, derived
from a previously developed, high-contrast RhoA FRET sensor39,40. This single-chain biosensor
comprises (N-to-C-terminal): (i) a circularly permutated RBD derived from the Rho effector PKN1;
(ii) two fluorescent proteins (YFP and CFP derivatives; mVenus and Cerulean3); and (iii) the RhoA
GTPase itself. This configuration of the sensor allows proper truncation, carboxymethylation and
lipidation of the RhoA C-terminal CAAX box and allows the hypervariable C-terminal domain
to mediate functionally relevant protein-protein interactions25,41. Once GDP-GTP exchange
on RhoA is stimulated by GEF activity, this sensor design allows RhoA-GTP-PKN1 binding
which will promote energy transfer from the CFP to the then closely apposed YFP (Fig. 3a,
reproduced from40). In other words, YFP/CFP ratios can be used as readout for the nucleotidebinding state of RhoA activation.
Building on this RhoA FRET sensor (detailed validation and characterization will be
published separately), we developed FRET sensor variants for its two closest relatives RhoB
and RhoC, including the wildtype (WT) GTPase sensors, non-binding (NB) effector mutant
sensors and dominant positive GTPase mutant sensors. In the NB RhoB/C sensors, similar to
the RhoA-NB sensor, PKN1-WT is replaced by PKN1-L59Q, a non-binding mutant of PKN1.
This single amino acid effector mutant prevents binding of activated RhoA/B/C to the PKN1
effector domain. In addition, we also introduced various constitutively active RhoB/C mutants
in the FRET constructs. Using locked, GTP-bound variants of RhoB/C, we generated RhoB54
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Figure 2. Thrombin induces RhoC activation and a transient loss of RhoC at cell-cell contacts. (a) RhoC-GTP
levels were increased in EC after Thrombin (1U/ml) stimulation, as analyzed using a Rhotekin-RBD pull down. Total RhoC
levels were detected to control for equal RhoC levels and loading. (b) EC were grown to a monolayer on electrode arrays.
Resistance of the endothelial monolayer was measured on the ECIS before and after stimulation of thrombin at t=0:41
hours. (c) EC were stained for RhoC, Actin and VE-cadherin and were followed over time after Thrombin stimulation (1U/
ml). Arrowheads indicate RhoC-specific cell-cell contact areas where RhoC is present in unstimulated EC, disappears at
Thrombin=10, 30 min and relocates at Thrombin=60, 120 min. Bar=25 μm.
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G14V-, RhoC-G14V- and RhoC-Q63L FRET sensors (Fig. 3b). Spectral imaging of the DN
and dominant positive RhoB/C sensors was performed following expression in HEK293 cells
(Supplemental Fig. S2).
We used transient expression of the sensor constructs in primary human EC to analyze
basal and stimulated activity and activity distribution in live cells. Comparing different RhoB
FRET sensor variants expressed in resting EC, we found the lowest YFP/CFP ratio for RhoB-NB
(0.6), followed by RhoB-WT (1.4) and RhoB-G14V (6.5). Comparable results were obtained for
the RhoC sensor variants, RhoC-NB (1.1), RhoC-WT (1.4) and RhoC-G14V (6.2), respectively.
Moreover, no difference was observed between RhoC-G14V (6.2) and RhoC-Q63L (6.8). In
contrast to RhoB/C, RhoA-NB (0.7) and RhoA-WT (0.7) did not differ, whereas RhoA-Q63L
(8.1) showed a more than 10-fold increase in YFP/CFP ratio compared to both RhoA-NB and
RhoA-WT (Fig. 3b).
To examine the localization of the RhoA/B/C-WT sensors we combined expression
of these sensors with immunofluorescence for actin and VE-cadherin. Confocal imaging
revealed that both RhoA/C-WT mainly showed cytosolic localization, whereas RhoB was also
present in vesicular structures, confirming previous findings showing localization of RhoB to
endosomes42,43. The localization of these FRET sensors was also similar to their corresponding
CFP- or GFP-tagged variants (Supplemental Fig. S3). In addition, all three Rho GTPase
WT FRET sensors partially co-localized with VE-cadherin, an observation congruent with
endogenous RhoC localization (Figs 1b,c and 3c). This data confirms that the localization of the
sensors is in line with the localization of the endogenous Rho GTPases. This is an important
feature, which we propose is the due to the C-terminus of the GTPases being readily accessible
for post-translational modifications and the binding of regulatory or targeting proteins.
In summary, we constructed new, high-contrast RhoB/C FRET sensors based on an
existing RhoA FRET sensor. All dominant active FRET sensor mutants showed higher YFP/CFP
ratios (up to > 10-fold) as compared to their cognate NB and WT mutants.

Thrombin induces spatial activation differences between RhoA/C and RhoB
Since Thrombin is a known activator of RhoA37, we used these novel sensors to analyze
Thrombin-induced activation of RhoB/C and compared the activation profiles of the RhoA/B/CWT FRET sensors. Sensor-expressing EC were stimulated with Thrombin and showed fast subsecond YFP/CFP ratio increases that returned to basal levels between 10 and 15 minutes in all
three conditions (Fig. 4a-c, Supplemental Movie 1). These fast FRET sensor activation dynamics
are in line with endogenous RhoA/C activation, measured using a biochemical approach (Fig.
2a)37. RhoA/C-WT sensors show similar activation properties in terms of mean maximal FRET
ratio changes (RhoA 32% at t=40 sec after Thrombin, RhoC 42% at t=40 sec after Thrombin)
as well as for the localization of the activity. Both RhoA and RhoC showed mainly peripheral
activation, in contrast to RhoB activation which was distributed more throughout the cytoplasm
and then condensed into intracellular regions of activity before declining to close-to-basal
values. Similar spatial FRET ratio differences between RhoA/C and RhoB were also observed
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Figure 3. Development of RhoB/C- and localization of RhoA/B/C FRET sensors. (a) Intramolecular Rho GTPase
FRET sensor design that consists of (from N- to C-terminal) the RBD of PKN1 (DPKN), YFP (mVenus), CFP (Cerulean3)
and a Rho GTPase. Rho GTPase activation results in RBD-RhoGTP binding and an energy transfer from CFP to YFP.
(b) Average basal YFP/CFP ratios (±SEM) of RhoA-NB (n=13), RhoA-WT (n=16), RhoA-Q63L (n=13), RhoB-NB (n=17),
RhoB-WT (n=20), RhoB-G14V (n=18), RhoC-NB (n=14), RhoC-WT (n=20), RhoC-Q63L (n=14) and RhoC-G14V (n=14)
FRET sensors expressed in EC. (c) EC were transfected with RhoA/B/C-WT FRET sensors and stained for actin and VEcadherin. Boxes show co-localization of the FRET sensors with VE-cadherin, corresponding profile plots show gray values
for RhoA/B/C-WT FRET sensors (green line) and VE-cadherin (blue line) according to the lines selected in the box regions.
Arrowheads indicate vesicular localization of the RhoB-WT sensor. Bar=14 μm

for the cognate dominant positive sensor mutants (Supplemental Fig. S4). Notably, higher
maximal FRET ratio changes were consistently observed for the RhoB-WT sensor (max 122%
at t =50 sec after Thrombin). These RhoA/B/C FRET ratio changes (Fig. 4c) are calculated for
entire, FRET sensor expressing cells, but localized regions within single EC show heterogeneity
in terms of maximal FRET ratio change (Fig. 4d). In peripheral high activation regions, we can
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detect up to a 200% maximal increase in FRET ratio (RhoA 93%, RhoB 205%, RhoC 120%),
while in regions towards the cell center FRET ratio differences are less pronounced (RhoA 33%,
RhoB 108%, RhoC 46%). Furthermore, we did not observe any correlation between expression
level and Thrombin-induced activation, indicating that the FRET signals are sensor concentrationindependent.
Together these data reveal robust Thrombin-induced RhoA/B/C-WT FRET sensor activation
with high temporal and spatial resolution, with the RhoB sensor showing the largest FRET ratio
change. In addition, while RhoA/C activation was mainly peripherally localized, RhoB activation
was found to be more homogeneously spread throughout the EC.

RhoA/B/C sensors can be used as a general Rho activation readout
The RhoA/B/C-WT sensors responded to the GPCR agonist Thrombin, as well as histamine
(Supplemental Fig. S5,6,7), while no FRET changes were observed upon 0-15 min. stimulation
of VEGF and TGFβ respectively (Supplemental Fig. S5,6,7). To determine whether additional,
established Rho-activating mechanisms can activate these sensors, EC were stimulated with
nocodazole, a compound that inhibits microtubule (MT) polymerization, the result of which is
the release and activation of MT-associated GEFH144. GEFH1 activates RhoA, leading to the
formation of F-actin stress fibers

. Nocodazole treatment of sensor-expressing EC results

44,45

in activation of all three Rho GTPases (Fig. 5a-c, Supplemental Movie S2). Interestingly, the
RhoA/B/C activation induced by nocodazole was long-lasting and more spatially restricted as
compared to the Thrombin responses (compare Figs. 4a and 5a-c, Supplemental Movie S2).
Activation of RhoB was initially detected as a field of increased FRET ratio within the cell body,
after which regions of RhoB activation translocated through the cell body in a seemingly cyclic
fashion. The RhoB activation zone occurred in protruded areas, consistently preceeding cellular
contraction, while protrusions, devoid of such activation, were visible on the other side of the
cell. The activation zone next translocated towards protrusive areas, to be followed by local
contraction (also visualized by kymograph analysis in Fig. 5b). These persistent, motile zones
could be detected for the duration of the movies, and could last for over at least 75 minutes. In
contrast to RhoB, RhoA/C activation started at the cell periphery. For all three GTPases, we found
that formation of these localized zones of high activation preceded cell contraction (Fig. 5a-c).
In summary, we observed RhoA/B/C activation in EC upon stimulation with the non-GPCR
specific stimulus nocodazole. Activation patterns of these three proteins were highly localized and
dynamic, with initial RhoB activation detected in a large perinuclear area, whereas initial RhoA/C
activation was consistently peripheral.

The pro-inflammatory cytokine TNFα upregulates and activates RhoB
In the above-described experiments we used stimuli that can activate RhoA, RhoB and RhoC.
To investigate if the Rho GTPase FRET sensors can be used as readout for specific Rho
GTPase activation, we used TNFα, a cytokine that predominantly activates RhoB, as was
shown biochemically46. Compared to RhoA/C, basal levels of total RhoB protein are hardly
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detectable by Western Blot. However, in contrast to RhoA, RhoB is strongly upregulated in
human EC upon stimulation with TNFα46. Whether these increased protein levels correspond to
increased RhoB activation has not been previously addressed.

3

Figure 4. Thrombin induces RhoA/B/C activation in human EC. (a) Ratiometric images of EC that were sequentially
transfected with RhoA/B/C-WT FRET sensors and stimulated with Thrombin (1U/ml) at t=110. Warm colors represent
high YFP/CFP ratios (Emission ratio (ER) on the right). Bar=10 μm, t=in seconds. (b) Kymograph analysis of Thrombin
stimulated RhoA/B/C-WT FRET sensors corresponding to the lines indicated in (a). (c) Normalized mean YFP/CFP ratio
changes (±SEM) of the RhoA-WT (n=13), RhoB-WT (n=22) and RhoC-WT (n=10) sensors after Thrombin stimulation at
t=110. (d) Normalized YFP/CFP ratio changes of localized RhoA/B/C activation in ROIs (Region Of Interest) indicated in (a)
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Figure 5. Nocodazole activates RhoA/B/C in spatial activation zones. (a,b,c) Ratiometric images of EC that were
sequentially transfected with RhoA/B/C-WT FRET sensors and stimulated with 5μM Nocodazole at t= 3:00, t=in minutes.
Warm colors represent high YFP/CFP ratios (Emission ratio (ER) on the right). Kymograph analysis is based on the indicated
line and correspond to the time frame of in t=0 – 49’:30”. Arrowheads indicate peripheral start activation for RhoA/C in (a,c)
and perinuclear start activation for RhoB in (b). Arrows display pre-contractile, high activation (#1) and post-contractile, low
activation (#2) zones in (a,b,c). Asterisk shows low RhoB activation in a protrusive area in (b). Bar=25 μm
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By stimulating EC with TNFα for 16 hours, we were able to reproduce the finding46 that total
protein levels for RhoA remained unaffected whereas RhoB was strongly upregulated (Fig. 6a).
Furthermore, including RhoC in this experiment showed that TNFα did not alter RhoC GTPase
expression levels. To test if the increased RhoB protein level is equivalent to an increase in RhoB
activation, we applied the same TNFα treatment for 16 hrs to RhoA/B/C-WT sensor expressing
EC. Comparing untreated and TNFα-treated cells revealed significant higher YFP/CFP ratios
for the RhoB FRET sensor upon TNFα stimulation (p < 0.0001), indicative for increased RhoB
activation (Fig. 6b). This TNFα-induced RhoB activation was induced relatively late, since no
change in YFP/CFP ratios was observed within the first 15 minutes after TNFα stimulation (Fig.
6c). In contrast to the findings with RhoB, RhoA (p = 0.63) and RhoC (p = 0.54) FRET ratios
remained stable during both the long- and the short-term TNFα activation (Fig. 6b,c).
In summary, this data implies that in contrast to RhoA/C, RhoB becomes upregulated and
activated after TNFα stimulation. This also showed that the RhoA/B/C-WT sensors can be used
as specific readouts for Rho GTPase activation.

Figure 6. TNFα-induced upregulation and activation of RhoB. (a) Untreated and TNFα-treated (10ng/ml, 16 hours)
EC were lysed and protein levels of RhoA/B/C were detected on Western blot. Actin was detected to control for equal
loading. (b) EC were transfected with the RhoA/B/C FRET sensors as indicated. YFP/CFP ratios (±SEM) were compared
for untreated RhoA (n=47), RhoB (n=65), RhoC (n=30) and TNFα-treated (10ng/ml, 16 hours) RhoA (n=41), RhoB (n=70),
RhoC (n=28) sensor-expressing EC, ns = P>0.05, ****P<0.0001, Student’s t test. (c) Normalized mean YFP/CFP ratios
(±SEM) of EC that were transfected with the RhoA (n=11), RhoB (n=13) or RhoC (n=12) FRET sensor and stimulated with
TNFα at t=110 sec.
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RhoGEFs induce RhoA/B/C activation with variable efficiencies
To further explore specificity of the RhoA/B/C-WT FRET sensors, we studied their activation
following expression of different RhoGEFs and a RhoGDI variant. Sensor-expressing HeLa
cells were co-transfected with either N1-mCherry as a control, mCherry-p63RhoGEF-DH
(catalytic domain of p63RhoGEF), mCherry-p115RhoGEF, myc-tagged-XPLN or mCherryRhoGDIα30,40,47,48 and YFP/CFP FRET sensor ratios were obtained as a measure of Rho
GTPase activation. The RhoA/B/C-WT FRET sensors all showed responsiveness to GEF
overexpression (p63RhoGEF-DH, p115RhoGEF, XPLN), although with variable efficiencies (Fig.
7a-c). Comparing control- and p63RhoGEF-DH overexpressed RhoA-WT FRET sensor cells,
an increase of 225% in YFP/CFP ratio was observed, as opposed to a 180% increase for the
RhoC-WT and a 158% increase for the RhoB-WT FRET sensor (Fig. 7a, Supplemental Fig.
S8a). Applying the same strategy for two additional GEFs revealed the highest GEF efficiency of
p115RhoGEF towards RhoB (RhoB=215%, RhoC=168%, RhoA=154%) and of XPLN towards

Figure 7. RhoGEF overexpression induces RhoA/B/C activation. (a) YFP/CFP ratios (±SEM) of HeLa cells transfected
with the RhoA/B/C FRET sensors as indicated without (-) RhoA (n=71), RhoB (n=56), RhoC (n=57) or with p63RhoGEFDH overexpression (+) RhoA (n=82), RhoB (n=64), RhoC (n=75). (b) YFP/CFP ratios (±SEM) of HeLa cells transfected
with the RhoA/B/C FRET sensors as indicated without (-) RhoA (n=71), RhoB (n=43), RhoC (n=57) or with p115RhoGEF
overexpression (+) RhoA (n=56), RhoB (n=74), RhoC (n=82). (c) YFP/CFP ratios (±SEM) of HeLa cells transfected with the
RhoA/B/C FRET sensors as indicated without (-) RhoA (n=50), RhoB (n=56), RhoC (n=64) or with XPLN overexpression (+)
RhoA (n=64), RhoB (n=66), RhoC (n=88). (d) YFP/CFP ratios (±SEM) of HeLa cells transfected with the RhoA/B/C FRET
sensors as indicated without (-) RhoA (n=50), RhoB (n=56), RhoC (n=64) or with RhoGDIaoverexpression (+) RhoA (n=53),
RhoB (n=53), RhoC (n=55).
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RhoA (RhoA=196%, RhoB=188%, RhoC=168%) (Fig. 7b,c, Supplemental Fig. S8b,c). In
contrast, minor effects were observed following expression of RhoGDIα; a small inactivation
was detected for the three RhoA/B/C-WT FRET sensors upon RhoGDIα overexpression (Fig.
7d).
In conclusion, the RhoA/B/C-WT FRET sensors show differential activation by RhoGEFs,
while RhoGDIα marginally alters RhoA/B/C-WT FRET sensor activation.

RhoA/B/C FRET sensors can be used as RhoGAP readout
In the previous experiments, the Rho GTPase FRET sensors were used to detect GEF activity
towards the different Rho GTPases. In order to investigate if these sensors can also be used
to detect GAP activity, we stimulated sensor-expressing EC with a cAMP analogue (007) that
is known to inactivate RhoA via Rap1, Rasip/Radil1 and ArhGAP2949. A small, but consistent
decrease in the YFP/CFP ratio was observed in the RhoA/B/C-WT sensor-expressing cells after
stimulation with 007, where RhoB inactivation was most efficient (Fig. 8a).
As a result of activating the Rap1-ArhGAP29 pathway which drives Rho inactivation,
endothelial cell-cell contacts become more stabilized, reflected by an increase in transendothelial
electrical resistance49,50. These findings are in line with immunofluorescence experiments that
showed stable VE-cadherin complexes upon activation of this pathway (Fig. 8b). Comparing
endogenous RhoC localization within endothelial monolayers revealed a clear colocalization
of endogenous RhoC with VE-cadherin in 007-stimulated and unstimulated monolayers (Fig
8b,c). However, in 007-treated cells, RhoC accumulated more prominently at cell-cell contacts.
Thus, in addition to detecting Rho activation, the RhoA/B/C-WT sensors can be deactivated,
thereby serving as RhoGAP sensors. We show here that cyclicAMP-Epac1-Rap1-induced
ArhGAP29 activation inhibits RhoC, which is accompanied by an increase in endogenous
junctional RhoC and a more stabilized endothelial monolayer.
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Figure 8. The cyclic AMP-analogue 007 induces RhoA/B/C inactivation and accumulation of RhoC at cell-cell
contacts. (a) Normalized mean YFP/CFP ratios (±SEM) of EC that were transfected with the RhoA (n=11), RhoB (n=14)
or RhoC (n=10) FRET sensors and stimulated with 007 (1 mM) at t=110 sec. (b) Untreated and 007-treated (1mM, 30
minutes) EC were stained for RhoC and VE-cadherin. Box selections in control cells show colocalization of RhoC and
VE-cadherin and less stabilized VE-cadherin. Boxes in 007-treated cells show co-localization of RhoC and VE-cadherin,
accumulation of RhoC at cell-cell contacts and more stabilized VE-cadherin. Scale bar=14 μm. (c) Profile plots show gray
values of RhoC (green line) and VE-cadherin (blue line) of untreated and 007-treated EC according to the line present in
the corresponding images in (b).
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DISCUSSION
In this study we show that, in addition to the well-studied Rho GTPase RhoA, also the closely
related GTPases RhoB and RhoC are activated in endothelial-cells following stimulation with
GPCR-agonists as well as, for RhoB, the inflammatory cytokine TNFα. So far, it was not
possible to study the activation and inactivation of RhoB and RhoC in endothelial cells with
high spatio-temporal resolution. The RhoB and RhoC FRET-based sensors, described in this
work, were derived from an existing RhoA FRET sensor. We show that these sensors allow
visualization of the activation of these Rho GTPases in primary human EC under conditions
of agonist-induced loss and gain of endothelial cell-cell contact as well as following exposure
to inflammatory cytokines. These RhoA/B/C FRET sensors can readily detect GEF/GAP
activity and reveal stimulus- and location-specific differences between RhoA/C and RhoB. To
our knowledge, this is the first report describing spatially different activation of such highly
homologous Rho GTPases in parallel in primary human cells. It is important to underscore that
these sensors report GEF activity and that many RhoGEFs are known to be redundant in their
GTPase activation. Although we did find preferential activation of RhoA or RhoB by selected
RhoGEFs (Fig. 7), all Rho GTPases were activated by the three GEFs tested. Our results show
that it is the GTPase that is encoded by the FRET sensor which plays a key role in revealing
where the GEF-mediated activation occurs, further demonstrating the GTPase-specificity of
this sensor approach.
Previously, studies aimed at Rho GTPase signaling in EC have mainly focused on RhoA,
Rac1 and Cdc42, related GTPases that all perform unique functions in the process of cell
motility32. Our data suggest that, in addition to these GTPases, RhoC may also be important
in EC based on its high mRNA expression level. RhoC shares 88% homology with RhoA and
RhoB

51

and has recently been linked to vascular homeostasis in EC 52. Most of the difference

in primary sequence between RhoA, RhoB and RhoC exists in the hypervariable C-terminal
domain, a region comprising 13-16 amino acids which is post-translationally modified by
truncation, carboxymethylation and lipidation. This portion of the Rho GTPases critically
determines the subcellular location of these proteins and is important for activation and
downstream signaling25. Data on differential localization of endogenous RhoA/B/C proteins are
limited due to a lack of specific antibodies for immunofluorescence studies. We here show
localization of endogenous RhoC in both the cytoplasm as well as at cell-cell contacts as
detected using a specific monoclonal antibody. These data show that the pool of RhoC which
is present at cell-cell contacts, is highly dynamic, since the junctional localization of RhoC is
transiently lost upon stimulation with Thrombin. This loss and re-localization at RhoC-positive
cell-cell junctions occurs synchronous with a loss and gain in barrier function detected by the
ECIS, suggesting that RhoC is involved in controlling endothelial barrier function.
For endothelial cells, Thrombin is a well-known activator of RhoA and it is generally
assumed that RhoA-activation is the central event driving Thrombin-induced loss of endothelial
barrier function. Approaching this biochemically with a well-characterized RhoA activation
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detection method37,45, we demonstrate that besides activating RhoA, Thrombin can also
efficiently activate RhoC with comparable kinetics. Together, based on the observations that
the junctional RhoC pool detected by immunofluorescence as well as the activation of RhoC
is controlled by Thrombin stimulation of EC, we propose that RhoC disappears from cell-cell
contacts once it becomes activated by Thrombin. How this phenomenon may be regulated on
a molecular level remains to be determined.
By using our validated RhoA/B/C FRET sensors we were now able to visualize Rho GTPase
activation with high spatiotemporal resolution. Using Thrombin as a physiologically relevant
stimulus we demonstrate that all three GTPases RhoA/B/C become activated, implying that
next to RhoA, also RhoB (although expressed at low levels in resting endothelium) and RhoC are
involved in Thrombin signaling in EC. Secondly, our FRET sensors reveal differentially localized
activation when comparing RhoA/C and RhoB. This is evident from the experiments where we
stimulated EC with Thrombin, as well as after microtubule (MT) destabilization with nocodazole,
which is known to activate RhoA following the release of MT-associated GEFH144,45. It is likely that
the observed differences in localized activation are the consequence of the differential targeting
of the GTPases encoded by the respective FRET sensors. For example, the spatial activation
profile of the RhoB sensor is likely the consequence of its vesicular localization, a feature which
is not shared by RhoA/C. Additionally, while nocodazole cq. MT disruption has been exclusively
linked to GEFH1 signaling towards RhoA, multiple GEFs are involved in Thrombin signaling,
including GEFH1, LARG, PDZ-RhoGEF and p115RhoGEF53,54. This implies that differences in
Thrombin-induced, spatial patterns of Rho GTPase activation can be explained by differentially
localized GEFs that may preferentially activate either RhoA/C or RhoB.
Related findings regarding differences in spatio-temporal activation of RhoA and RhoC in
rat mammary carcinoma cell or murine fibroblasts have been reported earlier55. In this work, a
RhoC sensor encoding the Rho-binding domain of ROCK1 was used56. This sensor revealed
peripheral RhoC activity in response to EGF, albeit that the relative increase in FRET ratios on
a per-cell basis was higher in the PKN-based sensors used in the present study. Moreover, the
ROCK based RhoC-WT sensor, when analyzed in cell lysates was as active as the RhoC-Q63L
constitutively active mutant56. This is in contrast to the PKN-based sensors used in this study,
which showed a 6-8 fold increase in FRET ratio of the RhoA/B/C constitutively active sensors as
compared to the cognate WT versions (Fig. 3b). Whether this is due to differences in cell type
(rat mammary carcinoma55 versus primary human endothelial cells (this study)) or the effector
proteins (ROCK vs PKN) used in these sensors is presently unknown. Alternatively, it may be
that expression of these sensors in endothelial cells is much lower compared to that in the
HEK293 expression used previously

. The consequence could be that in endothelial cells,

55,56

RhoGDI binding capacity is not limiting which will keep the wild-type sensors in an inactive,
GDI-bound conformation.
Next to the localization-specific activation of RhoB, we also observed a higher dynamic
range for the RhoB sensor compared to the RhoA/C FRET sensor. Since we excluded that
this phenomenon is due to differences in expression level, we propose that this feature of the
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RhoB sensor is due to the relatively high affinity of the RhoB GTPase towards the PKN effector
domain as compared to RhoA and RhoC. This increased affinity was previously quantified by
applying proximity assays using PKN and the RhoA/B/C GTPases57.
In terms of sensitivity, the FRET sensors are suitable to discriminate stimulus-specific
effects regarding the different Rho GTPases. It is obvious from our work and that of others,
that agonists for G-protein-coupled receptors are particularly effective in fast and transient
activation of RhoA (reviewed in58). However, in addition to the acute, Rho-mediated loss of
barrier function induced by Thrombin or histamine, inflammatory cytokines as well as growth
factors are also known to induce loss of endothelial cell-cell contacts. We tested activation of
Rho GTPases using our new FRET sensors in response to VEGF, TGFβ and TNFα but found no
fast activation. Overnight treatment of EC with TNFα is known to signal towards RhoB, but not
to RhoA46. Combining RhoA/B/C protein expression analyses with FRET sensor experiments,
we demonstrate that after 16 hours of TNFα stimulation, this cytokine does not only increase
RhoB protein levels, but also specifically activates RhoB. It is known that stimulation of EC with
TNFα results in an increase of RhoB protein expression, since the TNFα pathway interferes
with the high level of degradation of RhoB46. Our finding that, in addition, the RhoB FRETsensor shows increased activity following TNFα stimulation indicates that RhoB-specific GEF
activity is upregulated in response to TNFα.
As is already accepted in the field, Rho GTPases cycle between an active, GEF-induced
and inactive, GAP-promoted state (reviewed in26). Our Rho GTPase FRET sensors shows
reversible activation, and can thus be used both as GEF- as well as GAP-activity readouts, as
deduced from the activation and inactivation of the FRET sensors upon Thrombin stimulation.
The FRET sensors not only report GEF activity, but can also monitor GEF efficiencies towards
the different Rho GTPases since we observed variable response patterns for p63RhoGEF-DH,
p115RhoGEF and XPLN respectively. Although XPLN has been described as specific RhoGEF
for RhoA en RhoB, our FRET sensor approach showed that XPLN can also activate RhoC.
Stimulation of a pathway, mediated by the cAMP-regulated Rap1-GEF Epac1 using the
cAMP analog 00759, results in activation of ArhGAP2949 and drives RhoA/B/C inactivation. This
inactivation underscores the regulatory capacity of RhoGAPs towards the FRET sensors. The
limited loss in FRET signal for RhoA/B/C, resulting from 007-mediated activation of ArhGAP29
might be because in resting EC, these FRET sensors are mostly present in their inactive
conformation. This is also in line with the RhoGDIα-induced limited loss in FRET sensor
activation (although for RhoB this phenomenon can also be explained by its lack of binding
to RhoGDIα25) Thus, a further inactivation/reduction in FRET is consequently limited. This
hypothesis is in line with the observation that the YFP-CFP ratios of the WT-FRET sensors are
close to the values we obtain for the NB-FRET constructs, which we assume to be exclusively
present in the GDP-bound, inactive conformation. In addition, this also suggests that Rho
activation is not upregulated by simply overexpressing the FRET sensors in EC. While the
FRET sensor approach in the context of ArhGAP29 signaling is limiting, stimulation of this
GAP reveals new insights regarding the localization of RhoC by combining this approach with
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immunofluorescence. We demonstrate that together with inducing more stable VE-cadherin,
RhoC accumulates at cell-cell contacts upon 007-mediated ArhGAP29 stimulation. Based on
these observations, we propose that the RhoC pool which is present at cell-cell contacts, is
inactive.
In conclusion, our study shows that the highly homologous Rho GTPases RhoA, RhoB
and RhoC are important players in the context of endothelial signaling. By introducing RhoB
and RhoC FRET sensors, based on a previously developed RhoA FRET sensor, we could now
study activation of these Rho GTPases in increasing spatio-temporal detail, in response to
various types of agonists. These sensors can readily detect both GEF as well as GAP activity,
and will be valuable to further uncover the spatial (in)activation differences between RhoA/C
and RhoB. Finally, the effective use of highly homologous FRET-sensors to discriminate
local signaling in primary human cells, will allow comparable studies to detect differential (in)
activation of homologous GTPases, such as of the Rap and Ras families.

MATERIALS AND METHODS
Cloning strategy RhoB/C FRET sensors
Full length DNA sequences of either RhoB-WT, RhoB-G14V, RhoC-WT, RhoC-G14V
or RhoC-Q63L were used for PCR (polymerase chain reaction) amplification, using
forward primer 5’-GAGATCGCTAGCGCGGCCATCCGCAAGAAG-3’ and reverse primer
5’-GAGATCAAGCTTCCTGCAGGTCATAGCACCTTGCAGCAGTTG-3’

for

both

RhoB

constructs, forward primer 5’-GAGATCGCTAGCGCTGCCATCCGGAAGAAAC-3’ and reverse
primer 5’-GAGATCAAGCTTCCTGCAGGTTAGAGAATGGGACAGCCCCTC -3’ for RhoC-WT
and forward primer 5’-GAGATCGCTAGCGCTGCAATCCGAAAGAAGC-3’ and reverse primer
5’- GAGATCAAGCTTCCTGCAGGTTAGAGAATGGGACAGCCCCTC -3’ for RhoC-G14V and
RhoC-Q63L. Restriction sites are underlined in the primer sequences. PCR fragments were
ligated into the pTriex vector backbone of the RhoA FRET sensor39,40 after cutting the PCR
fragments and the vector with NheI and HindIII restriction enzymes. According to the same
strategy RhoB-WT and RhoC-WT PCR fragments were also ligated into the non-binding (PKNL59Q) pTriex RhoA FRET sensor backbone.

Human umbilical vein endothelial cell (HUVEC) cell culture and transfection
Primary HUVEC were obtained from Lonza and cultured on fibronectin-coated culture flasks
in EGM-2 medium, supplemented with singlequots (Lonza, Verviers, Belgium). HUVEC
at passage #4 or #5 were transfected with 2μg cDNA using a Neon transfection system
(MPK5000, Invitrogen) and a corresponding Neon transfection kit (Invotrogen). A single pulse
was generated at 1300 Volt for 30 ms, reaching on average a transfection efficiency of ±60%.
After microporation, cells were seeded on fibronectin-coated glass coverslips and grown to a
monolayer.
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HeLa cell culture and transfection
HeLa cells were obtained from American Tissue Culture Collection (Manassas, VA, USA) and cultured
in Dulbecco’s Modified Eagle Medium (DMEM) supplied with Glutamax, 10% FBS, Penicillin (100U/
ml) and Streptomycin (100mg/ml). Cell culture medium was provided by Invitrogen (Bleiswijk, NL).
Cells were transfected on a 24 mm glass coverslip (Menzel-Gläser, Braunschweig, Germany)
using 2µg Lipofectamine, 100µl OptiMeM (Life Technologies, Bleiswijk, NL) and a total amount of
1µg plasmid DNA.

mRNA Rho GTPase expression level analyses
mRNA Expression level analyses was performed on RNA isolated from primary HUVEC using
qPCR as previously described35.

Reagents and antibodies
Thrombin (HCT-0020) was from Haematologin Technologies, Nocodazole (M1404) was from Sigma,
recombinant human TNFα was from R&D systems and 8-pCPT-2-O-Me-cAMP-AM (007) was from
Tocris Bioscience. Monoclonal antibodies (mAb) Rabbit anti-RhoA and Rabbit anti-RhoC were from
Cell Signaling. Polyclonal antibody (pAb) Rabbit anti-RhoB was from Santa Cruz Biotechnology.
Actin-stain 555 Phalloidin was obtained from Cytoskeleton. mAb Mouse anti-VE-cadherin/CD144
AF647 was from BD Pharmingen. mAb Mouse anti-actin for immunoblotting was from Sigma.
Secondary antibody Chicken anti-Rabbit labeled with Alexa488 for immunofluorescence was
from Invitrogen. Secondary HRP-labeled antibodies Goat anti-Mouse and Swine anti-Rabbit for
immunoblotting were purchased from Dako.

RNA interference
HUVEC at passage #4 were transfected with either Control siRNA (sc-37007, Santa Cruz
Biotechnology) or RhoC siRNA (sc-41887, Santa Cruz Biotechnology). Control siRNA consisted
of a non-targeting sequence of 20-25 nucleotides. A pool of 3 different 19-25 nucleotide targetspecific RhoC siRNAs were used. Transfection was performed according to manufacturer’s
instructions, using medium and transfection reagent from Santa Cruz Biotechnology. HUVEC were
rinsed 6 hours after transfection and incubated for a period of 72 hours before additional treatment.
Knockdown efficiency was checked on Western blot.

Rhotekin-Rho binding domain (RBD) pull down assay
The Rhotekin-RBD pull down experiment was performed according to the method described
in60. After stimulation in EGM2, cells were lysed for 5 min on ice in lysis buffer containing 25 mM
Tris-HCl pH 7.2, 150 mM NaCl, 10 mM MgCl2, 1% NP-40, 5% glycerol and a protease inhibitor
cocktail (Roche). Lysed cells were clarified by centrifuging for 5 min at 14000xg and incubated with
bacterial produced Glutatathion S-transferase (GST)-Rhotekin-RBD beads for ≥1 hour at 4 °C.
After incubation, beads were washed 5 times with lysis buffer, eluted in SDS-sample buffer and the
eluate was analyzed by Western blot with anti-RhoC antibody.
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Electrical Cell-substrate Impedance System (ECIS)
As readout for endothelial integrity, ECIS (Applied BioPhysics, New York, USA) was used to measure
the barrier function of HUVEC on ECIS electrode arrays (8W10E). After pre-incubation with 10 mM
L-cysteine for 15 minutes at 37°C (Sigma), electrode arrays were coated with fibronectin (10 μg/
ml, 0.9% NaCl (Sigma)) for ≥1 hour at 37°C and subsequently 150.000 cells were seeded per well.
Cells were grown to confluence and the electrical resistance was measured at a frequency of 4.000
Hz at 37°C, 5% CO2.

Confocal imaging
HUVEC were grown to confluency on FN-coated glass coverslips and stimulated or transfected
as described. Cells were washed with PBS (1mM CaCl2, 0.5 mM MgCl2) prior to fixation for 5 min
with 4% formaldehyde. Fixed cells were permeabilized in PBS with 0.5% Triton X-100, blocked
in PBS with 0.5% Bovine serum albumin (BSA) and subsequently incubated with primary (1hr)
and secondary (30 min) antibodies diluted in 0.5% PBS-BSA. In between every step, cells were
washed in PBS. Fluorescent images were obtained on a Zeiss LSM510/Meta confocal laserscanning microscope, equipped with Zeiss/Zen 2011 software; images were recorded using a 63x
oil immersion objective (NA 1.40).

Spectral imaging RhoB/C FRET sensors
HEK293 cells were transiently transfected with RhoB/C-NB, RhoB-G14V or RhoC-Q63L FRET
sensors. 16 hours after transfection, the cells were treated with trypsin and re-suspended in icecold phosphate buffered saline. The cell suspensions were excited at 430 nm and scanned for
fluorescence emission in a fluorometer (Fluorolog, Horiba Jobin Yvon). The raw spectra were then
background-subtracted using untransfected cells.

Live HUVEC FRET measurements
Transfected HUVEC on glass coverslips were pre-stimulated when indicated and were mounted in
metal Attofluor cell chambers 18 hours after microporation. Live-cell FRET imaging was performed
on a Zeiss Observer Z1 microscope, equipped with a 40x oil immersion objective (NA 1.3) and a HXP
120 Volt excitation light source. A FRET filter cube with Exciter ET 436/20 and 455 DCLP dichroic
mirror (Chroma, Bellows Falls, Vermont, USA) was used to excite CFP. Emission light was directed to
a second dichroic mirror (510 DSCP (Chroma, Bellows Falls, Vermont, USA)) to allow simultaneous
detection of CFP and YFP in a dual camera setup. Emission wavelengths of 455-510 nm were
captured on a first Hamamatsu ORCA-R2 digital CCD camera via an ET 480/40 nm emission filter
(Chroma, Bellows Falls, Vermont, USA). Emission wavelengths of 510 nm and higher were captured
on a second Hamamatsu ORCA-R2 digital CCD camera via an ET 540/40 nm emission filter (Ludl
Electronis Products, NY, USA). Images were acquired by using Zeiss/Zen 2011 software.
FRET ratio analysis was performed in ImageJ (National Institutes of Health) as previously
described61. Additional YFP/CFP ratio graphs were bleedthrough-corrected (62%) for the CFP
emission leakage into the YFP detection channel.
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Static HeLa cell FRET measurements
Transfected HeLa cells on glass coverslips were mounted in metal Attofluor cell chambers 18
hours after transfection. Live-cell FRET imaging was performed on a widefield microscope
(Axiovert 200M; Carl Zeiss GmbH), equipped with an oil-immersion objective (Plan-Neo- fluor
40×/1.30; Carl Zeiss GmbH) and a xenon arc lamp with mono-chromator (Cairn Research,
Faversham, Kent, UK). Images were recorded with a cooled charged-coupled device camera
(Coolsnap HQ, Roper Scienti c, Tucson, AZ, USA). Samples were excited using 420nm light (slit
width 30nm) and a 455DCLP dichroic mirror. CFP emission was directed to a BP470/30 filter,
by rotating the filter wheel YFP emission was directed to a BP535/30 filter. RFP was excited
with 570 nm (slit width 10) and using a 585CXR dichroic mirror. RFP emission light was directed
to a BP620/60 filter. All acquisitions were background- and bleedthrough-corrected (55%)
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SUPPLEMENTAL MATERIAL

Supplemental Figure S1: RhoC antibody specifically detects RhoC and not RhoA. ECs were transfected with
RhoA-GFP or RhoC-GFP and a RhoC antibody was used to check for its specifity towards RhoA and RhoC on Western
blot. Endogenous RhoC detection in RhoA-GFP and RhoC-GFP positive cell lysates was included to demonstrate that
endogenous RhoC was detected in both conditions.

Supplemental Figure S2: Emission spectra of RhoB and RhoC FRET sensors. (a) Normalized emission spectra of
the RhoB-G14V (black trace) and RhoB-DN (grey trace) measured in transiently transfected HEK293 cells. Spectra were
normalized to the area under the curve. (b) Normalized emission spectra of the RhoC-Q63L (black trace) and RhoC-DN
(grey trace) measured in transiently transfected HEK293 cells. Spectra were normalized to the area under the curve.

76

SPATIOTEMPORAL ANALYSIS OF RHOA/B/C ACTIVATION IN PRIMARY HUMAN ENDOTHELIAL CELLS

3

Supplemental Figure S3: Localization of FP-tagged RhoA/B/C constructs. ECs were transfected with RhoA/C-GFP
or RhoB-CFP and co-stained for F-actin and VE-cadherin. Scale bar = 25µm.

Supplemental Figure S4: Dominant positive RhoA/B/C FRET sensors. (a-d) Ratiometric images of ECs that were
transfected with the (a) RhoA-Q63L- (b) RhoB-G14V- (c) RhoC-Q63L- or (d) RhoC-G14V FRET sensors. Warm colors
represent high YFP/CFP ratios (Emission ratio (ER) on the right). Scale bar = 25µm.
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Supplemental Figure S5: Histamine, but not TGFβ or VEGF, induces RhoA activation in human ECs. (a) Ratiometric
images of ECs that were transfected with the RhoA FRET sensor and stimulated with either Histamine (100 μM) at t=55
sec, VEGF (50ng/ml) at t=110 sec, or TGFβ (10 ng/ml) at t=100 sec. Warm colors represent high YFP/CFP ratios (Emission
ratio (ER) on the right). Scale bar=25 μm. (b) Normalized mean YFP/CFP ratio changes of the cells in (a), which are
representative examples of 2-7 cells.
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Supplemental Figure S6: Histamine, but not TGFβ or VEGF, induces RhoB activation in human ECs. (a) Ratiometric
images of ECs that were transfected with the RhoB FRET sensor and stimulated with either Histamine (100 μM) at t=55
sec, VEGF (50ng/ml) at t=110 sec, or TGFβ (10 ng/ml) at t=100 sec. Warm colors represent high YFP/CFP ratios (Emission
ratio (ER) on the right). Scale bar=25 μm. (b) Normalized mean YFP/CFP ratio changes of the cells in (a), which are
representative examples of 2-7 cells.
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Supplemental Figure S7: Histamine, but not TGFβ or VEGF, induces RhoC activation in human ECs. (a) Ratiometric
images of ECs that were transfected with the RhoC FRET sensor and stimulated with either Histamine (100 µM) at t=55
sec, VEGF (50ng/ml) at t=110 sec, or TGFβ (10 ng/ml) at t=100 sec. Warm colors represent high YFP/CFP ratios (Emission
ratio (ER) on the right). Scale bar=25 μm. (b) Normalized mean YFP/CFP ratio changes of the cells in (a), which are
representative examples of 2-7 cells.

Supplemental Figure S8: RhoGEF efficiency towards RhoA/B/C. (a,b.c) Mean YFP/CFP ratios of RhoA/B/C FRET
sensors with RhoGEF overexpression were divided by the mean YFP/CFP ratios of RhoA/B/C FRET sensors without
RhoGEF overexpression to illustrate GEF efficiency of (a) p63RhoGEF-DH (b) p115RhoGEF and (c) XPLN towards the
different RhoA/B/C-WT FRET sensors. Mean values, used for the calculation, were obtained from Fig. 7a-c.
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Supplemental Movie M1:
Thrombin induces RhoA/B/C activation
Primary HUVEC transfected with the RhoA (left panel); RhoB (middle panel); RhoC (right panel);
FRET sensors were stimulated with 1U/ml Thrombin at t=110 sec. See also Fig. 3.

3

Supplemental Movie M1:
Nocodazole induces RhoA/B/C activation
Primary HUVEC transfected with the RhoA (left panel); RhoB (middle panel); RhoC (right panel);
FRET sensors were stimulated with 5 μM nocodazole to induce microtubule depolymerization
at t=180 sec. See also Fig. 4.
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CHAPTER 4

ABSTRACT
Endothelial cells (ECs) form the inner layer of blood vessels and are continuously exposed
to shear forces, generated by the blood flow. These shear forces regulate EC alignment into
the direction of the flow, which is required for optimal vascular integrity. While EC alignment
requires dynamic Rho GTPase-mediated actin cytoskeleton remodeling, the underlying
mechanisms are only partly explored. In this study we focused on the Rho subfamily of Rho
GTPases (RhoA, RhoB and RhoC), and their involvement in flow-mediated signaling. By using
recently-developed FRET sensors, we demonstrated that RhoA/B/C are all activated upon
the induction of flow, with specific spatiotemporal characteristics. In addition, combining flow
with physiologically-relevant stimuli, demonstrated sustained effects on Rho activation and
endothelial barrier regulation, as compared to measurements under static conditions. Together,
these data emphasize that Rho GTPases are critical determinants in endothelial signaling, and
that physiological flow induces prolonged responses which affect both Rho GTPase activation,
as well as the endothelial barrier.

INTRODUCTION
The endothelium consists of a single cell layer of ECs, which line the inner surface of all blood
and lymphatic vessels1,2. ECs form a semi-permeable barrier between the blood and the
interstitium, facilitating the transport of oxygen, nutrients and macromolecules throughout the
human body3–5. Due to this critical transport function, ECs are constantly subjected to shear
stress, which are frictional forces generated by the blood flow6. Shear stress is required for the
alignment of ECs into the direction of the blood flow, thereby maintaining vascular integrity.
For example, in a range between 10 to 70 dynes/cm2, arterial shear forces are known to be
atheroprotective7. Conversely, aberrant shear stress levels are related to vascular pathologies,
including atherosclerosis that mainly occurs at sites of disturbed blood flow (bifurcations and
curvatures)7–9.
The process of EC responses to shear forces has been described as mechanosensing
and is mediated by several EC surface molecules, such as vascular endothelial cadherin
(VE-cadherin), platelet endothelial cell adhesion molecule-1 (PECAM-1) and the vascular
endothelial growth factor receptor-2 (VEGFR-2)10. Upon shear stress sensing, these molecules
transduce mechanical signals into intracellular biological responses, mainly acting on the actin
cytoskeleton. In turn, active cytoskeleton remodeling is required for EC alignment to the blood
flow11. Critical determinants in actin cytoskeleton remodeling comprises the group of Rho
GTPases, which are molecular switches that cycle between an active GTP-bound and inactive
GDP-bound state12,13. Previous studies have demonstrated that both Rac1 and its functional
counterpart RhoA, are involved in EC alignment to the blood flow14. In addition, the use of a
Förster resonance energy transfer (FRET) sensor for Rac1 has provided specific spatiotemporal
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insights into Rac1 activation in flow-induced EC alignment15. Despite the availability of a highcontrast RhoA FRET sensor16,17, flow-induced RhoA activation has not been visualized in high
detail.
In the context of Rho GTPase signaling under flow, this study focuses on the highly
homologous Rho subfamily, consisting of RhoA, RhoB and RhoC. We examine RhoA/B/C
expression levels as well as their activation patterns in ECs under flow. Furthermore, we
combine Rho GTPase activation under flow with physiologically-relevant stimuli and their effect
on vascular integrity.

4

RESULTS AND DISCUSSION
Physiological flow enhances RhoB expression and initiates RhoA/B/C activation in ECs
Despite their high homology in amino acid sequence (>88%), RhoA/B/C can perform unique
and distinct intracellular functions (reviewed in18). However, previous studies on flow-mediated
Rho signaling have only focused on RhoA, showing that RhoA is activated upon flow-induction
and is required for EC alignment14,19,20. To further explore flow-mediated Rho signaling, ECs were
grown to confluency in specialized flow chambers. In turn, a closed and pulsatile circulatory
system was used to mimic the blood flow (as described in15,21), applying arterial shear forces of
10 dynes/cm2. Of note, within 12 hours, these shear forces are known to induce EC alignment
into the direction of the blood flow15. We compared RhoA/B/C levels in static and flow-exposed
ECs and observed comparable RhoA/C levels within these two conditions (Figure 1A). While
RhoB levels in static ECs are relatively low, RhoB upregulation has been documented under
pro-inflammatory- and stress conditions, as well as upon growth factor stimulation 22. Here, we
demonstrated that RhoB levels are also significantly upregulated in flow-exposed ECs (Figure
1A). Together, these observations imply that next to RhoA/C, also RhoB might be of great
interest for shear-mediated endothelial signaling.
As indicated in the previous paragraph, all three Rho proteins are expressed in flowexposed ECs. However, the understanding of flow-mediated Rho activation is either small or
lacking. While Shiu et al. have revealed RhoA activation upon short-term flow of 30 minutes19,
this study lacked spatiotemporal data. Here we focused on a live EC approach to study RhoA/
B/C activation under long-term flow conditions and EC alignment. Unfortunately, the poor
quality of the differential interference contrast (DIC) images, did not allow extensive analysis
of flow-induced alignment. Therefore, we limit us to RhoA/B/C activation profiles by the use of
recently-developed RhoA/B/C FRET sensors (described in16,17).
ECs were transiently transfected with one of the RhoA/B/C FRET sensors, grown to
confluency in flow chambers and exposed to flow. This revealed robust activation of all three
Rho proteins upon flow induction, as marked by increases in YFP/CFP ratios (Figure 1B, C).
Moreover, this activation was sustained for at least 5 hrs. After these 5 hours, RhoC activation
came back to baseline, while multiphasic activation patterns were observed for RhoA and RhoB.
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Figure 1. ECs exposed to flow show enhanced RhoB levels and RhoA/B/C activation. A) RhoB, but not RhoA or
RhoC, protein levels, detected by western blotting, were upregulated in ECs that were exposed to 12 hours of flow, 10
dynes/cm2. B) Ratiometric and DIC images of ECs that were transiently transfected with either the RhoA, RhoB or RhoC
FRET sensor. Cells were exposed to flow (10 dynes/cm2) at t = 0:25 hr. Arrows on the right show the direction of the flow.
Warm colors indicate high activation and correspond to the emission ratios (ER) of LUTs (look-up tables) on the right. Scale
bar = 20 mm. C) Normalized YFP/CFP traces corresponding to ratiometric images, described in B). A zoom of the first 2
hours after flow stimulation is depicted in the lower graph.
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In line with our previous study, distinct spatial activation patterns were observed for RhoA/C and
RhoB. While initial RhoA/C activation (at t=0:30, 5 min after flow induction) primarily localized at
the cell periphery, RhoB activation was mainly initiated at perinuclear regions. In turn, sustained
RhoA/B activation was concentrated at the upstream part of the cell (between t=1:00 and
t=15:00). These findings are in marked contrast to the downstream-localized Rac1 activation
in flow-induced EC alignment15, proposing that Rac1 and RhoA/B perform counteracting
functions in flow-mediated endothelial activation and alignment. Although RhoC activation was
diminished after approximately 5 hours, at t=12:00 and t=15:00 hours respectively, a small
localized increase in RhoC activation was observed at the downstream side of the cell (note that
the flow direction in RhoC images is opposite from the RhoA and RhoB images). Interestingly,
this observation opposes the long-term spatial RhoA/B activation profiles localized at the
upstream site of the cell.
Following from these findings, we can speculate about biological mechanisms that can
explain the differential Rho activation patterns during flow induction and flow-induced alignment.
Different Rho GTPase regulators (Rho guanine exchange factors, GEFs) are likely involved in
the spatiotemporal regulation of RhoA/B/C activation. However, considering the fact that these
data were acquired from single experiments in primary human cells, we first need to reproduce
these findings. Conclusively, this data supports the relevance of flow-mediated Rho signaling in
the endothelium, demonstrating both RhoA/B/C expression, as well as activation in ECs under
flow. To what extent distinct spatiotemporal Rho activation profiles regulate biological signaling
mechanisms, remains to be elucidated.

ECs under flow show prolonged effects on barrier function and Rho GTPase activation
In addition to the regulation of flow-mediated responses, our circulation contains numerous
stimulants that act on the endothelium. One of the major stimulants in blood plasma comprises
sphingosine-1-phosphate (S1P), a bioactive sphingolipid that activates three different
G-protein-coupled receptors (GPCRs): S1PR1, S1PR2 and S1PR3. Although S1P promotes
the endothelial barrier function via S1PR1-Gi-Rac1/Cdc42 activation, it simultaneously activates
the barrier-disrupting S1PR2-G12/13-Rho signaling axis23. Since these mechanisms have only
been studied in static ECs, we specifically focused on S1P-mediated Rho signaling under flow.
EC monolayers with either RhoA, RhoB, or RhoC FRET sensor-expressing cells were
exposed to long-term flow (for at least 12 hours) to induce EC alignment or to short-term
flow (for 1 hour). Long-term flow induces EC alignment and mimics laminar blood flow in
existing vessels, while short-term flow, resembles the formation of new vessels and mimics
to some extent turbulent flow. In both conditions, ECs were stimulated by addition of S1P to
the circulatory system, which induced sustained RhoA/B/C activation that returned to baseline
levels after at least 60 min (Figure 2A-C). Remarkably, previous findings in static ECs have
demonstrated that S1P-mediated RhoA/B/C activation lasts for not more than ± 5 min23,
indicating that S1P-mediated RhoA/B/C signaling is prolonged in ECs exposed to flow.
Effects of S1P on endothelial barrier function can be measured by electrical cell sensing
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impedance sensing (ECIS). In static ECIS experiments, S1P stimulation coincides with a
20% increase in transendothelial resistance, that returns to baseline levels in approximately
3 hours23. In order to investigate whether prolonged Rho signaling under flow, induced by
S1P, correlates with changes in endothelial barrier function, we performed ECIS experiments
under flow. EC monolayers were exposed to flow to induce EC alignment and stimulated with
physiological concentrations of S1P. Compared to static ECIS experiments23, flow-exposed
ECs showed initially comparable responses to S1P stimulation, as measured by the increase
in transendothelial resistance of ± 20% (Figure 2D). However, the response under flow was
again sustained and barrier enhancement initiated by S1P did not return to basal levels within
7 hours. Furthermore, this prolonged effect on the endothelial barrier was not limited to S1P.
This became clear after stimulating ECs which were subjected to long term flow with the
protease Thrombin, which disrupts the endothelial barrier via Rho-ROCK signaling24. Thrombin
induced a robust decrease in transendothelial resistance that did not return to baseline values
for approximately 10 hours (Figure 2E), while static ECIS measurement show EC-recovery of
Thrombin in ± 3 hours17.
Collectively, our data presents remarkable flow-exposed Rho activation patterns, induced
by S1P. As compared to static S1P-stimulated ECs, we monitored sustained RhoA/B/C
activation both in the context of blood flow in existing vessels, as well as during the formation
of new blood vessels. This suggest that the blood flow critically determines temporal aspects
of RhoA/B/C signaling in ECs. Although Rho signaling has been linked to cell contraction and
concurrent endothelial barrier decreases via the S1PR2-G12/13-Rho signaling axis, prolonged
S1P-mediated Rho activation did not result in S1P-mediated barrier decreases under the
ECIS, but in fact correlated with sustained barrier stabilization. Since the S1PR2-G12/13-Rho
signaling axis is counteracted by the barrier-promoting S1PR1-Gi-Rac1/Cdc42 pathways

,

23

this suggests that also Rac1/Cdc42 signaling may be prolonged. The mechanisms by which
these prolonged responses are governed are unknown. A plausible explanation might be that
the continuous presence of S1P in our flow experiments affect the temporal regulation of
Rho GTPase activation. Alternatively, certain key proteins might be upregulated in ECs under
flow. For example, previous studies have demonstrated flow-induced S1PR1 upregulation25.
This, however, does not explain prolonged effects on Rho signaling, mediated by the S1PR2.
Sustained endothelial barrier regulation is also observed after stimulation with the barrierdisrupting protease Thrombin, suggesting that this phenomenon is a general principle in EC
signaling under flow, which could also relate to, for example, altered membrane dynamics and
or receptor desensitization.
Overall, EC signaling under flow closely resembles the physiological situation but are also
technically challenging. Over the years, static experiments in ECs have uncovered various
critical mechanisms. However, we need to be aware of the fact that we are still working with
endothelial model systems, and that the in vitro data from static assays are relevant to a limited
extent and should be complemented by additional analysis under physiological flow conditions.
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Figure 2. Prolonged Rho GTPase activation and barrier regulation in ECs under flow. A, B, C) Normalized YFP/
CFP traces of ECs, transiently transfected with the RhoA, RhoB or RhoC FRET sensor, that were pre-exposed to flow (10
dynes/cm2) and subsequently stimulated with S1P (500 nM). Left graphs represent ECs that were exposed to long-term
flow to induce EC alignment, right graphs represent ECs that were exposed to short-term flow. D, E) ECs were grown to
a semi-confluent monolayer, exposed to flow to induce EC alignment and stimulated with D) S1P (500 nM) or E) Thrombin
1U/ml. Endothelial resistance (4000 Hz) was measured by the ECIS and normalized at t = 0. Note that for all subfigures
(A-E) the onset of flow stimulation is not incorporated in the graphs.
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FUTURE DIRECTIONS
Although this study is preliminary, our data proposes a critical function for RhoA/B/C signaling
towards endothelial barrier regulation under flow. Since we demonstrated that Rho GTPase
levels and activation in flow-exposed ECs can differ from those in static ECs, it is relevant
to study this phenomenon in more detail, and for additional Rho GTPases. Besides protein
analysis on Western blot, we can also include mRNA expression levels by performing qPCR
analysis in flow-exposed ECs, as described in17. Furthermore, we should not limit ourselves to
Rho GTPase levels, since also S1PR levels are of great importance. Especially, since aberrant
S1PR levels have been linked to vascular pathologies, e.g. atherosclerosis26,27.
Our FRET sensor measurements under flow showed specific activation patterns for RhoA,
RhoB and RhoC. We already mentioned that additional measurements are required to study
these spatiotemporal responses in more detail. Interesting regulators of Rho signaling under
flow comprise G-proteins, but also GEFs are of great interest. Specifically, differential localized
GEFs and concurrent Rho activation, might explain perinuclear RhoB and peripheral RhoA/C
activation differences. Within this context, we should not only focus on protein activity upon flow,
but also assess which Rho GTPase(s) (regulators) are required for flow-induced EC alignment.
Finally, sustained signaling under flow might be a critical determinant in Rho GTPase
activation and endothelial barrier regulation in vivo. For example, pharmaceutical drugs that act
on endothelial signaling pathways require strong temporal regulation, proposing flow-induced
responses as highly relevant for drug discovery (e.g. in atherosclerosis). However, sustained
flow-induced activation and barrier regulation should first be studied in more detail on a
molecular level, to explore important players and regulatory mechanisms.

MATERIAL AND METHODS
DNA constructs
The RhoA and RhoB/C FRET sensors were described previously16, 17.

Human umbilical vein endothelial cell (HUVEC) cell culture and transfection
Primary HUVECs, acquired from Lonza (Verviers, Belgium), were seeded on culture flasks that
were pre-coated with fibronectin (FN). HUVECs were cultured in EGM-2 medium, supplemented
with singlequots (Lonza), and transfected at passage #4 or #5. Plasmid DNA (2 mg) was
transfected by using a Neon transfection system (MPK5000, Invitrogen) and a corresponding
Neon transfection kit (Invitrogen). This system generated a single pulse of 1300 Volt, for 30 ms
and after electroporation, HUVECs were seeded on FN-coated culture plates.

Pulsatile flow exposure
At least 18 hours post-transfection, ECs were transferred to FN-coated IBIDI slides (IBIDI,
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Planegg, Germany) and grown to semi-confluency. In turn, after 4 to 8 hours, IBIDI slides were
connected to a closed pulsatile system that mimics the blood flow, driven by a peristaltic pump
(Technical University of Denmark, Kongens Lyngby, Denmark). ECs were exposed to flow rates
of 10 dynes/cm2 and continuously kept at 37 °C and 5% CO2.

Antibodies for Western blot
Monoclonal antibodies (mAb) Rabbit anti-RhoA and Rabbit–anti-RhoC were obtained from
Cell Signaling. Polyclonal antibody (pAb) Rabbit anti-RhoB was purchased from Santa-Cruz
Biotechnology and mAb Mouse anti-actin was from Sigma. Secondary, HRP-labeled Swine
anti-Rabbit and Goat anti-Mouse were purchased from Dako.

Reagents
S1P was obtained from Avanti Polar Lipids and Thrombin (HCT-0020) was from Haematologin
Technologies. Both compounds were prepared according to manufacturer’s instructions.

Live HUVEC FRET measurements
Transfected HUVECs in IBIDI slides were prepared and stimulated as described. FRET images
were acquired on a Zeiss Observer Z1 microscope. This widefield setup was equipped with a
40x oil immersion objective (NA 1.3), a HXP 120 Volt excitation light source and corresponding
Zeiss/Zen 2011 software. CFP was excited at 436 (slit width, 20 nm) via a 455 dichroic longpass
(DCLP (Chroma, Bellows Falls, Vermont, USA)) and emission light was directed towards a 510
dichroic shortpass (DSCP (Chroma, Bellows Falls, Vermont, USA)). In turn, a dual camera
system (Hamamatsu ORCA-R2 digital CCD) allows simultaneous detection of CFP and YFP
emission light. Specifically, CFP emission (455-510) was captured on the first camera via an
ET 480/40 nm emission filter (Chroma, Bellows Falls, Vermont, USA), and YFP emission (>510)
was captured on a second camera via an ET 540/40 emission filter (Ludl Electronics Products,
NY, USA). FRET acquisitions were analyzed using a custom-made ImageJ/Fiji macro script
(containing more advanced analysis options than in our studies17,23. Most notably, the script
easily allows precise and cell-specific analyses of motile cells, also within dense cell populations
(Ponsioen et al., unpublished) Further tools incorporated in the macro script: background
subtraction (if necessary with adaptable/moving ROI), cropping, thresholding, cell-tracking,
ROI-drawing.

Electrical Cell-substrate Impedance System (ECIS)
ECIS (Applied Biophysics, New York, USA) flow electrode arrays (1F8x10E-PC) were preincubated with 10mM L-Cysteine (Sigma) for 5 min at 37°C and coated with FN (10 μg/ml,
0.9% NaCl (Sigma)) for ≥1 hour at 37°C. After coating HUVECs were seeded (100.000 cells per
slide) and grown to semi-confluency. In turn, cells were exposed to flow as previously described
for the IBIDI slide setup. The electrical resistance was recorded at a frequency of 4.000 Hz at
37°C, 5% CO2,
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CHAPTER 5

ABSTRACT
Förster Resonance Energy Transfer (FRET) provides a way to directly observe the activation of
heterotrimeric G-proteins by G-protein coupled receptors (GPCRs). To this end, FRET based
biosensors are made, employing heterotrimeric G-protein subunits tagged with fluorescent
proteins. These FRET based biosensors complement existing, indirect, ways to observe GPCR
activation. Here we report on the insertion of mTurquoise2 at several sites in the human Gα13
subunit, aiming to develop a FRET-based Gα13 activation biosensor. Three fluorescently tagged
Gα13 variants were found to be functional based on i) plasma membrane localization and ii)
ability to recruit p115 RhoGEF upon activation of the LPA2 receptor. The tagged Gα13 subunits
were used as FRET donor and combined with cp173Venus fused to the Gγ2 subunit, as the
acceptor. We constructed Gα13 biosensors by generating a single plasmid that produces Gα13mTurquoise2, Gβ1 and cp173Venus-Gγ2. The Gα13 activation biosensors showed a rapid and
robust response when used in primary human endothelial cells that were exposed to thrombin,
triggering endogenous protease activated receptors (PARs). This response was efficiently
inhibited by the RGS domain of p115 RhoGEF and from the biosensor data we inferred that
this is due to GAP activity. Finally, we demonstrated that the Gα13 sensor can be used to dissect
heterotrimeric G-protein coupling efficiency in single living cells. We conclude that the Gα13
biosensor is a valuable tool for live-cell measurements that probe spatiotemporal aspects of
Gα13 activation.

INTRODUCTION
G-protein coupled receptors (GPCRs) are members of a large family of membrane located
receptors, with around 750 genes encoding a GPCR identified in the human genome1. These
seven transmembrane containing proteins can perceive a wide variety of signals including light,
hormones, ions and neurotransmitters2. GPCRs act as Guanine Exchange Factors (GEFs)3 for
heterotrimeric G-proteins. These protein complexes are comprised of a Gα, Gβ and Gγ subunit.
The heterotrimer is a peripheral membrane protein complex due to lipid modification of the Gα
and Gγ subunit4.
The GEF activity is exerted on the Gα subunit, which can be converted from an inactive
GDP-bound state to an active GTP-bound state 5. The activation of the complex results in a
conformational change and in some cases the dissociation of the Gα subunit from the Gβγ
dimer2,6,7. Both the activated GTP-bound Gα subunit and Gβγ dimer are capable of activating
downstream effectors2.
Almost twenty different Gα subunits can be discerned and these are grouped in four
classes; Gi/o, Gs, Gq and G12/132. Throughout this manuscript we will use Gα13 to indicate
the subunit and G13 to indicate the heterotrimer, consisting of Gα13, Gβ and Gγ, the same
terminology will be used for Gq/Gαq and Gi/Gαi, respectively. Each class of Gα subunits
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activates different downstream effectors5. The best characterized effectors of the Gα12/ Gα13
subunits are RhoGEFs that activate RhoA, e.g. LARG, PDZ-RhoGEF and p115 RhoGEF8,9.
For quite some time, it was thought that GPCR activation of the Gα12/ Gα13 subunits was
the predominant way to activate RhoA. This view has changed over the last decade with the
identification of RhoGEFs that can be activated by Gαq9,10. Nowadays, it is clear that both Gαq
and Gα12/ Gα13 can rapidly activate RhoA signaling in cells11,12, albeit by activating different
effectors. Since the Gq class and G12/13 class both efficiently activate RhoA, it has been difficult
to distinguish which of these two heterotrimeric G-protein complexes is activated when only
downstream effects are measured. To further complicate matters, GPCRs that activate G12/13
often activate Gq as well13,14. Yet, it is clear that signaling through either Gq or G12/13 has different
physiological effects13,15,16. Therefore, it is necessary to have tools that can measure activation
of the heterotrimeric G-protein itself.
Direct observation of heterotrimeric G-protein activation has classically been performed
by quantifying the binding of radiolabeled nucleotides17. This approach is labor-intensive, uses
disrupted cells and lacks temporal resolution. Moreover, this technique is generally less suitable
for Gq, Gs and G12/13, due to their low expression levels compared to Gi18. On the other hand,
optical read-outs, often based on FRET and Bioluminescence Resonance Energy Transfer
(BRET) techniques are well suited to measure signaling activity with high temporal resolution in
intact cells19,20. Several groups have generated BRET or FRET based biosensors for detecting
events immediately downstream of activated GPCRs 20–24. Optical biosensors that are based on
heterotrimeric G-proteins are particularly suited to report on GPCR activation25. However, only a
few optical biosensors for reporting activation of Gα12 or Gα13 have been reported.
Sauliere et al. reported a BRET based biosensor for detection of activation of Gα13 activation,
enabling the detection of biased-agonism via the angiotensin II type 1 receptor (AT1R)26. The
approach, however, lacks spatial resolution. Improved luciferases, such as Nanoluciferase,
enabled single cell BRET measurements, but longer acquisition times are required, so temporal
resolution is decreased27. In general, FRET-based sensors have higher emission intensities,
requiring shorter acquisition times to obtain sufficient spatial and temporal resolution. Thus,
development of a FRET based biosensor reporting on the activation of Gα13 would be a real
asset for GPCR signaling research. We have previously reported on single plasmid systems
that enable the expression of a multimeric FRET based sensor for Gαq and Gαi28,29. Here, we
report on the development, characterization and application of a single plasmid, FRET based
biosensor for the activation of Gα13.

RESULTS
Strategy for tagging Gα13 with a fluorescent protein
To directly measure the activation of Gα13 with high spatiotemporal resolution in living cells, we
aimed at generating a functional, fluorescent protein (FP) tagged Gα13 subunit. Gα subunits
97

5

CHAPTER 5

cannot be tagged at the N- or C-terminus since these are required for interaction with the
Gβγ subunit and the GPCR30. To functionally tag Gα13, the FP should be inserted in the Gα13
sequence, as was previously done for other Gα isoforms25,31.

Figure 1. Insertion of a fluorescent protein at different positions in Gα13
(A) The protein structure of human Gα13 (PDB ID: 1ZCB). The highlighted residues indicate the amino acid preceding
the inserted fluorescent protein. Successful sites for inserting mTurquoise2-Δ9 into Gα13 in pink and unsuccessful sites in
orange.
(B) A partial protein sequence alignment (full alignment see S1 Fig) of different Gα classes. The highlighted residues indicate
the amino acid preceding the inserted fluorescent protein (or luciferase). In bold, the sites that were previously used to insert
Rluc26. Insertion of mTurquoise2-Δ9 in Gα13 after residue Q144 (black) was based on homology with previous insertions in
Gαq and Gαi (black). Successful sites for inserting mTurquoise2-Δ9 (R128, A129 and R140) in pink and unsuccessful sites
(L106 and L143) in orange. The numbers indicated below the alignment correspond with the Gα13 variant numbers, used
throughout the manuscript. The colors under the alignment match with the colors of the αHelices shown in (A).
(C) Confocal images of the tagged Gα13 variants transiently expressed in HeLa cells. The numbers in the left bottom corner
of each picture indicate the number of cells that showed plasma membrane localization out of the total number of cells
analyzed. The tagged Gα13 variants also localize to structures inside the cell, which are presumably endomembranes. The
width of the images is 76μm.
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Initially, we used a sequence alignment of the four classes of Gα-proteins and identified the
residues of Gαq32 and Gαi29 after which we had previously inserted mTurquoise2 (Fig 1B, S1 Fig).
Based on sequence homology, we chose to insert mTurquoise2 after residue Q144 of human Gα13,
indicated with a black rectangular box in the alignment. Upon transfection of the plasmid encoding
this variant, we observed cytoplasmic fluorescence. This localization probably reflects incorrect
folding or targeting of the Gα subunit, since well-folded and functionally tagged variants are located
at the plasma membrane31,32. Inspection of the crystal structure (PDB ID: 1ZCB), revealed that
Q144 is part of an α-helix (αB2), which is likely to be disrupted after modification or insertion33.
Next, we used the protein structure to select a number of residues that were nearby previous
insertion sites and next to or close to the end of an α-helix (αA, αB2 or αB1). We also took along
an insertion site (L106) that was previously used to insert a luciferase into Gα1326. We used a
truncated mTurquoise2, deleting the last 9 amino acids, since this worked well in the Gi sensor29.
The insertion sites are highlighted on the protein structure and in the sequence alignment in Fig
1A,B. The different variants are numbered as Gα13.1, Gα13.2, Gα13.3, Gα13.5 and Gα13.6 throughout the
manuscript.
The plasmids encoding the different tagged variants were transfected into HeLa cells and
we observed striking differences in localization. As shown in Fig 1C, variant 1 and 6 showed
cytoplasmic localization. In contrast, strong plasma membrane labeling was observed for variant
Gα13.2, Gα13.3 and to a lesser extent for Gα13.5. Since native Gα13 is expected to localize at the
plasma membrane by virtue of palmitoylation4, we decided to continue with the optimization and
characterization of variants 2, 3 and 5.

Functionality of the tagged Gα13 variants
The correct localization of the tagged Gα13 variants does not necessarily reflect functionality
with respect to activity in signaling, i.e. the capacity to exchange GDP for GTP. To determine
functionality, we turned to a dynamic cell-based assay. This assay is based on the observation that
ectopic Gα13 expression is required for p115 RhoGEF relocation to the plasma membrane upon
GPCR stimulation34. To evaluate the functionality of Gα13, we co-expressed the LPA2 receptorP2A-mCherry22, p115 RhoGEF, tagged with SYFP1, and different variants of Gα13, including an
untagged, native variant (Fig 2, S2 Fig). Cells in which Gα13 was not over-expressed did not show
p115 RhoGEF relocation after GPCR activation (Fig 2B,C). However, in the presence of native
Gα13, a relocation of p115 RhoGEF was noticed (Fig 2B,C). These findings are in agreement
with previous findings and show that a functional Gα13 is required for the recruitment of p115
RhoGEF to the plasma membrane. Next, similar experiments were performed in the presence
of Gα13 variants 2, 3 and 5, tagged with mTurquoise2Δ9. In all three cases a robust relocation
of p115 RhoGEF was observed (Fig 2). In contrast, the relocation was not evident when a Gα13
variant (variant 1) was employed that did not show efficient plasma membrane localization (Fig
2B,C). Hence, we observed a correlation between membrane localization and functionality in the
recruitment assay. Altogether, the results support the notion that the tagged variants 2, 3 and 5 of
Gα13 can be activated by a GPCR and are capable of recruiting p115 RhoGEF.
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Figure 2. Capacity of the tagged Gα13 variants to recruit p115 RhoGEF.
(A) Confocal images of a representative HeLa cell expressing SYFP1-p115 RhoGEF, Gα13.2-mTurquoise2-Δ9 and LPA2P2A-mCherry (here only SYFP1-p115 RhoGEF is shown, for the localization of the other constructs see S2 Fig) (before
(t=0s) and after (t=100s) addition of 3µM LPA). The width of the pictures is 67μm. (B) The mean cytoplasmic fluorescence
intensity of SYFP1-p115 RhoGEF over time. After 8s, 3μM LPA was added. All cells transiently expressed LPA2 receptorP2A-mCherry. The number of cells imaged is p115 RhoGEF n=5, Gα13 untagged + p115 RhoGEF n=15, Gα13.1 + p115
RhoGEF n=27, Gα13.2 + p115 RhoGEF n=28, Gα13.3 + p115 RhoGEF n=24, Gα13.5 + p115 RhoGEF n=20. Data have been
derived from three independent experiments. (C) Quantification of the fluorescence intensity at t=50s for each Gα13 variant,
relative to t=0s. The dots indicate individual cells and the error bars show 95% confidence intervals. The numbers of cells
analyzed is the same as in (B).

Evaluation of tagged Gα13 variants for measuring Gα13 activation
Having engineered several correctly localizing Gα13 variants capable of recruiting p115 RhoGEF,
we examined whether these variants can be used to report on G13 activation. Using a FRETbased approach (as described for Gq32), we monitored the interaction between the different
generated mTurquoise2-tagged Gα13 constructs and a Gβγ dimer, consisting of untagged-Gβ
and 173cpVenus- Gγ, on separate plasmids. These constructs allow acceptor (173cpVenus)
– donor (mTurquoise2) FRET ratio measurements, where G13 activation results in a change in
distance and/or orientation between the FRET pair, thereby inducing a FRET ratio decrease.
Here we co-expressed an untagged LPA2-receptor, with one of the three tagged Gα13
variants, untagged Gβ, and tagged Gγ. Upon LPA2-receptor activation, a FRET ratio change
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was observed for all three selected Gα13 variants (Fig 3A). The Gα13.2 variant showed the largest
FRET ratio change and the Gα13.5 variant the lowest (Fig 3A). Some cells expressing the Gα13.3
variant showed a slower response (Fig 3A).
Recently, a FRET sensor for Gα13 was reported that employed a tagged Gα and a Gβ
subunit35. Therefore, we also examined if tagging the Gβ subunit instead of the Gγ subunit
yields a higher FRET ratio change for the best performing Gα13 variant. From Fig 3B it can be
inferred that tagging the Gγ subunit with the FRET acceptor results in the highest FRET ratio
change upon activation of the Gα13 via the LPA2 receptor, which is consistent with our previous
observations32.

5

Figure 3. The ability of the tagged Gα13 variants to report on dynamic Gα13 activation via ratiometric FRET imaging.
(A) Ratiometric FRET traces of HeLa cells expressing the LPA2 Receptor (untagged), Gβ (untagged), one of the Gα13
variants (as indicated in the title of the graphs) tagged with mTurquoise2-Δ9 and Gγ tagged with cp173Venus. The grey
lines represent individual cells and the black graph represents the average of which the error bars indicate the 95%
confidence intervals. LPA was added at t=42-50s, indicated by the arrowhead. The number of cells analyzed is: Gα13.2mTurquoise2-Δ9 n=20, Gα13.3-mTurquoise2-Δ9 n=16 and Gα13.5-mTurquoise2-Δ9 n=11. The data from panel A are
acquired on multiple days. (B) Ratiometric FRET traces of HeLa cells expressing the LPA2 Receptor (untagged), Gα13.2mTurquoise2-Δ9 and either Gγ tagged with cp173Venus (n=38) (and untagged Gβ) or Gβ tagged with mVenus (n=25) (and
untagged Gγ). LPA was added at t=50s, indicated by the arrowhead. The data from panel B are acquired on the same day.

101

CHAPTER 5

Construction and characterization of FRET biosensors for Gα13 activity
We have previously shown for Gαq28 and Gαi29 activation biosensors that a single expression
plasmid ensures robust co-expression of the sensor components and simplifies the transfection.
Since all three tagged Gα13 variants are able to report on Gα13 activation using 173cpVenusGγ as FRET acceptor, we developed single plasmid sensors using each of the Gα13 variants.
Fig 4A shows a schematic overview of the plasmid design for a Gα13 sensor. Analysis of CFP
and YFP intensities from single cells show a better correlation for the single plasmid system as
compared to cells transfected with separate plasmids (Fig 4B).
As can be inferred from Fig 4C, the subcellular localization of the different Gα13 sensors
expressed in HeLa cells is similar. The Gα13 variants are mainly located at the plasma membrane
and Gγ is located to the plasma membrane and endomembranes, as published28. In Hek293T
cells, however, transient expression of the Gα13.2 sensor lead to very round cells that easily
detach (S3 Fig), suggesting that very high, transient expression of the sensor can result in
enhanced basal Gα13 activity.
Next, we evaluated the performance of the sensors in Human Umbilical Vein Endothelial
cells (HUVEC). HUVECs are known to respond to thrombin, activating endogenous Protease
Activated Receptors (PARs), which results in Gα13-RhoA signaling11,36. We observed no effect of
ectopic sensor expression in HUVEC. When thrombin was added to HUVECs, the Gα13.2 sensor
showed the most pronounced FRET change (Fig 4D). This is in line with previously reported
well-defined FRET change of the Gα13.2 sensor upon S1P stimulation in HUVECs11. Based on
the FRET ratio imaging data in HUVECs and HeLa, we selected the Gα13.2 sensor as the Gα13
activation biosensor of choice due to its high sensitivity and robust FRET ratio change upon
Gα13 activation.
Characterization of Gα13 inhibition by a GTPase Activating Protein
Our data show that the Gα13.2 sensor is sensitive enough to detect G13 signaling activated by
endogenous thrombin receptors in HUVECs. We and others11,37,38 have used a Regulator of
G-protein Signaling (RGS) domain of p115 RhoGEF as an inhibitor of G13 signaling. The RGS
domain exhibits GTPase Activating Protein (GAP) activity39. However, it is unclear whether the
inhibition by the RGS domain in cells is due to GAP activity or due to competitive binding of the
RGS domain and downstream effectors to Gα13. In the latter case, we would expect a change
in FRET ratio in the presence of the RGS domain. To gain insight in the mechanism of action, we
employed the Gα13.2 sensor and co-expressed a membrane bound RGS (Lck-mCherry-p115RGS), which is shown to effectively inhibit RhoA activation11.
In the presence of the RGS domain, we did not observe a FRET ratio change of the Gα13.2
sensor after adding thrombin to HUVECs (Fig 5A,B and S1 movie). In the control sample (LckmCherry) we did observe a ratio change of the Gα13.2 sensor induced by thrombin (Fig 5A,B
and S2 movie), while resting state FRET ratios were similar for both conditions. The lack of a
FRET response in presence of the RGS domain, reflecting suppression of active GTP-bound
Gα13, provides evidence that GAP activity is involved in the inhibitory effect of the
102

A FRET BASED BIOSENSOR FOR MEASURING Gα13 ACTIVATION IN SINGLE CELLS

5

Figure 4. Development and characterization of Gα13 activation FRET based biosensors.
(A) Architecture of the Gα13 biosensor construct, encoding Gβ-2A-cp173Venus-Gγ2-IRES-Gα13-mTurquoise2-Δ9, under
control of the CMV promoter. (B) CFP and YFP emission was measured from individual cells expressing the Gα13.2 sensor
from a single plasmid or from cells transfected with separate plasmids that encoded Gα13.2 and cp173Venus-Gγ2. The r2
is the correlation coefficient. (C) Confocal images showing the localization of the Gα13 in the sensor variants (upper, cyan)
and cp173Venus-Gγ2 (lower, yellow) in HeLa cells (for Gα13.2 sensor localization in Hek293T and HUVEC see S3 Fig). The
width of the images is 75μm. (D) FRET ratio traces of HUVECs expressing the different Gα13 biosensors, stimulated with
Thrombin at t=100s (dotted lines depict 95% CI). For the corresponding YFP and CFP traces see S4 Fig. The number of
cells analyzed is: Gα13.2 sensor n=16, Gα13.3 sensor n=11, Gα13.5 sensor n=16.
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RGS domain. Additionally, we looked into thrombin-induced contraction of HUVECs and
show that over-expression of the RGS domain prevents cell contraction, even leading to an
overall increase in cell area (Fig 5C and S3 movie). Together, these data show that the RGS
domain inhibits the activation of Gα13 and the consequent activation of RhoA which effectively
blocks cell contraction.

Figure 5. Effects of the p115 RhoGEF RGS domain on Gα13.2 activity and cell morphology.
(A) Normalized ratiometric traces (upper graphs) and corresponding YFP and CFP traces (lower graphs) (dotted lines
depict 95% CI) of HUVECs that were transfected with either the Gα13.2 FRET sensor and Lck-mCherry (Control, n=11) or
the Gα13.2 FRET sensor and Lck-mCherry-RGS (+ RGS, n=13). Cells were stimulated at t = 110s. (B) Ratiometric images
of representative cells measured in (A). Cool colors represent low YFP/CFP ratios, corresponding to emission ratios (ERs)
on the right.(C) Cell area change of the cells measured in (B), visualized according to the LUT panel on the right. Dotplots
on the right represent individual measurements (± 95% CI) of corresponding cells measured in (A). Image width = 54μm.
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Application of the Gα13.2 biosensor in GPCR activation assays
Published data on GPCRs coupling to Gα13 is often based on indirect measures and since
downstream signaling effects overlap with the downstream signaling effects of Gq, it is difficult
to draw solid conclusions about the involvement of either subunit14. Our novel FRET sensor
enables direct observation of Gα13 activation. Therefore, we evaluated the Gαq and Gα13
responses to the stimulation of a selection of GPCRs published as coupling to Gα1326,34,40,41.
These experiments were performed in HeLa cells transiently expressing the corresponding
GPCR. As a control, cells only expressing the Gα13 or Gαq sensor were stimulated, which did
not elicit a noticeable sensor response (Fig 6A). Upon LPA2 receptor (LPA2R) stimulation,
Gαq and Gα13 were both activated, which corresponds to published data. Of note is that a
number of cells (47 out of 60 for Gαq and 23 out of 37 for Gα13), transiently expressing the
LPA2 receptor, failed to show a Gα13 or Gαq response (Fig 6B). Upon Angiotensin II type 1
receptor (AT1R) stimulation a notable response of the Gαq sensor is observed as compared to

Figure 6. Direct observation of Gα13 and Gαq activation by different GPCRs.
Normalized ratio-metric FRET traces of HeLa cells transfected with the Gq sensor (grey line) or the G13.2 sensor (black line)
(dotted lines depict 95% CI). (A) As a control, cells expressing only the Gq (n=37) or G13.2 (n=20) sensor were measured.
Agonists were sequentially added after 50s, 150s and 230s of imaging.(B) Ratio traces of cells transfected with an
untagged LPA2 receptor next to the Gαq (n=13 (out of 60 in total)) or the Gα13.2 (n=14 (out of 37 in total)), stimulated at
t=50s. (C) Ratio traces of cells transfected with AngiotensinII type 1 receptor-P2A-mCherry next to the Gαq (n=22) or the
Gα13.2 (n=9) sensor, stimulated at t=50s. (D) Ratio traces of cells transfected with an untagged kiss-receptor next to the Gαq
(n=13) or the Gα13.2 (n=30) sensor, stimulated at t=50s (indicated with the arrowhead).
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a minimal response of the Gα13 sensor, which is similar to the control (compare Fig 6C and 6A).
The Kisspeptin receptor (KissR or GPR54) showed a clear Gαq and no Gα13 sensor response
upon stimulation (Fig 6D). Together, these results indicate that the LPA2R couples to both Gαq
and Gα13, while the AT1R and KissR are coupled to Gαq and hardly or not to Gα13. Moreover, it
shows that our novel Gα13 sensor can indeed be used to distinguish between Gα13- and Gαqcoupled GPCR signaling.

DISCUSSION
The combined activation of different heterotrimeric G-protein classes by a GPCR defines
which signaling networks will be activated. For one of the classes of G-proteins, G12/13, it
has been notoriously difficult to measure its activation. Here, we report on the development,
characterization and application of a FRET based biosensor for Gα13 activation. This novel tool
can be used to study the activation of Gα13 by GPCRs in single living cells. We furthermore
show that the G13 sensor is sensitive enough to report on the activation of an endogenous
receptor in human primary cells (HUVECs).
Thus far, the tools available to study the activation of Gα13 in single living cells have been
limited. BRET-based strategies have been used to study activation of the G12 class. To this
end, Renilla reniformis luciferase (Rluc) was inserted in Gα13 after residue Ile 10842 or Leu 10626.
However, we find that insertion of mTurquoise2 after residue Leu 106 (Gα13.1) does not result in
a functionally tagged subunit, possibly because Leu106 is part of an α-helix.
Three of the five evaluated mTurquoise2 insertion sites resulted in plasma membrane
localized, tagged Gα13, which were able to recruit p115 RhoGEF to the plasma membrane. The
cytoplasmic-localized, tagged Gα13.1 variant was not able to recruit p115 RhoGEF, indicating
that plasma membrane localization is required for functionality. Since all functional Gα13
variants could report on G13 activation as determined by FRET ratio-imaging, we developed
single plasmid sensors for these three variants. In HeLa cells the localization is as expected,
Gα13 at the plasma membrane and Gγ at the plasma membrane and endomembranes. The
Gα13 activation biosensors were expressed in HUVECs and could report on G13 activation via
endogenous Protease Activated Receptors (PARs). The Gα13.2 sensor is the best performing
Gα13 biosensor, based on its sensitivity and magnitude of the FRET ratio change upon activation.
Further improvement of the sensors might be achieved by varying FRET pairs43 or changing
their relative orientation by circular permutation44.
While our manuscript was in preparation, another mTurquoise2 tagged Gα13 variant was
reported35. In that study, the fluorescent protein was inserted after residue 127 of Gα13, closely
resembling our Gα13.2 variant, and it showed plasma membrane localization. Moreover, Bodmann
et al. observed a FRET change when an YFP tagged Gα13 variant was used in combination with
a CFP tagged Gβ subunit to report on the activation of the thromboxane A2 receptor 35. The
independent observation of a FRET change using a similar tagged Gα13 variant, supports our
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notion that the G13.2 FRET based biosensor is a valuable tool for studying the activation of Gα13.
An advantage of our FRET sensor is that a higher ratio change is detected than for the
sensor reported by Bodmann et al. 2017. While they detected a maximal FRET ratio change
of 10%, we could reach a FRET ratio change of up to 25% (Fig 3). This might be due to
using a tagged Gβ instead of Gγ subunit, since we also observe a lower FRET ratio change
when a tagged Gβ is employed (Fig 3B). It is remarkable that Bodmann et al. detect a FRET
increase upon Gα13 stimulation (increased YFP, decreased CFP intensity) whereas we detect
a FRET decrease upon Gα13 stimulation (Fig 3B). All of the G-protein sensors reported by
us (Gαq, Gαi1,2,3 and Gα13) show a FRET decrease upon activation under all conditions tested
thus far11,29,32, consistent with a dissociation of Gα and Gβγ subunits. Moreover, Gα13 subunits,
tagged at different sites (Gα13.2, Gα13.3 and Gα13.5) all show a FRET decrease (Fig 3). One notable
difference is that we use a donor tagged Gα13 and Bodmann et al. use an acceptor (YFP)
tagged Gα13. However, it is unclear how this difference would lead to opposite changes in FRET
upon activation and as such, we do not have a solid explanation for the differences in FRET
change observed by Bodmann et al.35 and in this study.
An advantage of the sensor that we constructed, is that it enables the simultaneous
production of the three proteins that comprise the heterotrimer from a single plasmid and that
the donor and acceptor are present at a well-defined stoichiometry28. This is evident from the
better correlation between CFP and YFP emission intensities as compared to transfection of
separate plasmids (Fig 4B). Moreover, the single plasmid system simplifies the distribution and
application of the sensor. Especially in primary cells, such as HUVECs, it is more complicated
to obtain simultaneous protein expression from multiple plasmids, whereas transient expression
of the single sensor plasmid in HUVECs was efficient.
The RGS domain of p115 RhoGEF effectively inhibits GPCR-Gα12/13 mediated RhoA
activation in endothelial cells 11 and cell contraction as shown in Fig 5C. Under these conditions,
the Gα13.2 sensor did not display a FRET ratio change, reflecting a lack of activation. The absence
of a FRET change is consistent with the idea that the GAP activity of the RGS domain shuts
down Gα13 activity 39.
Applying the Gα13.2 sensor in HeLa cells, we showed that both Gα13 and Gαq are activated
via the LPA2 receptor. In contrast, the Kiss receptor and the AT1 receptor elicited predominantly
a Gαq sensor response. From our data it is not possible to judge whether the minor response
of Gα13 upon AT1 receptor activation is biologically relevant. The GPCRs analyzed in this
study, were reported as coupling to Gα13 and/or Gαq in other studies26,34,40,41. Of note, transient
expression of the LPA2 receptor shows several non-responders in terms of Gαq or Gα13 activity.
This could be explained by insufficient levels of receptor to achieve detectable activation.
Strikingly, the Kiss receptor did not activate the Gα13 biosensor, indicating that aspecific,
promiscuous coupling of a GPCR to an ectopically expressed G-protein biosensor is not
detected. Conversely, we previously observed that HUVEC treated with S1P do show Gα13
activation, but no Gαq activation11. Together, these observations suggest that our FRET
based biosensor toolkit provides a way to determine GPCR coupling selectivity towards
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heterotrimeric G-proteins in living cells. It would be advisable to complement such studies with
more downstream read-outs to verify the possible perturbation by the ectopically expressed
G-protein sensors.
In summary, the results obtained in this study point out that the Gα13.2 biosensor is a
sensitive Gα13 activation sensor for live cell imaging, that is suitable for application in primary
cells and able to detect endogenous GPCR activation.

MATERIAL & METHODS
Cloning/plasmid construction
mTurquoise2-Δ9 was inserted in the Gα13 sequence using a previously reported strategy

29

.

A PCR was performed on the mTurquoise2 sequence to truncate it and flank it with AgeI
sites using primers Fw 5’-ATACCGGTTCTATGGTGAGCAAGGGCG-3’ and Rv 5’-TAACCGGTGATCCCGGCGGC -3’. To determine at which positions we wanted to insert mTurquoise2 in Gα13, we used Pymol to look at the structure of Gα13 and we used ClustalW
to make an alignment of multiple Gα classes. A whole-vector PCR was performed on a
pcDNA vector encoding human Gα13 (ordered from cDNA.org) to introduce an AgeI restriction site at the spot where we wanted to insert mTurquoise2, using primers Fw 5’-ATACCGGTCATATTCCCTGGGGAGACAAC-3’

and

Rv

5’-ATACCGGTAAGCTTCTCTCGAG-

CATCAAC-3’ for Gα13.1, primers Fw 5’-ATACCGGTGCCCCCATGGCAGCCC-3’ and Rv
5’-ATACCGGTCCGGGTATCAAACGACATCATCTTATC-3’ for Gα13.2, primers Fw 5’-ATACCGGTCCCATGGCAGCCCAAGG-3’ and Rv 5’-ATACCGGTGGCCCGGGTATCAAACGAC-3’
for Gα13.3, primers Fw 5’-ATACCGGTGTTTTCTTACAATATCTTCCTGCTATAAGA-3’ and Rv
5’-ATACCGGTCCTTGTTTCCACCATTCCTTG-3’ for Gα13.5 and primers Fw 5’-ATCCGGTCAATATCTTCCTGCTATAAGAGCA-3’ and Rv 5’-ATACCGGTTAAGAAAACCCTTGTTTCCACC-3’ for Gα13.6. The Gα13 pcDNA vector including AgeI site and the mTq2 PCR product
were cut with AgeI and ligated, resulting in mTurquoise2 tagged Gα13. Of note, the cloning of
variant Gα13.4, with an insertion of mTurquoise2-Δ9 after T139, failed.
We used GFP-p115 RhoGEF (a kind gift of Keith Burridge, UNC, Chapel Hill, USA) as a template
to amplify p115 RhoGEF with the primers Fw 5’- AACAGATCTCTTGGTACCGAGCTCGGATC-3’
and Rv 5’-AGCGTCGACTCAAGTGCAGCCAGGCTG-3’. The PCR product, flanked with the
restriction sites BglII and SalI, was used to clone p115 RhoGEF into a clontech-style C1
vector, generating mVenus-p115 RhoGEF.
The untagged LPA2 receptor was ordered from cDNA.org. To create the clontechstyle N1 LPA2 receptor-P2A-mCherry construct, a PCR was performed using primers Fw
5’- AGGTCTATATAAGCAGAGC-3’ and Rv 5’- TATGTCGACTTGGGTGGAGTCATCAGTG-3’.
The N1-P2A-mCherry construct, described previously22 and the LPA2 receptor PCR product
were digested with EcoRI and SalI and ligation resulted in the LPA2 receptor-P2A-mCherry
construct.
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The G13 single plasmid sensor variants were constructed as descripted previously by
overlap-extension PCR29,45. The first PCRs were performed on the previously published
Gαq sensor28 using primerA Fw 5’-GAAGTTTTTCTGTGCCATCC-3’ and primerB Rv
5’-GTCCGCCATATTATCATCGTGTTTTTCAAAG-3’ and on the mTurquoise2 tagged Gα13
variants using primerC Fw 5’-ACGATGATAATATGGCGGACTTCCTGC-3’ and primerD Rv
5’-ATCAGCGGGTTTAAACG-3’. The second PCR was performed on a mix of both PCR
products using primerA and primerD. This second PCR product and the Gαq sensor were
digested with SacI and XbaI and the PCR product was ligated into the sensor, resulting in a
G13 single plasmid sensor.
Lck-mCherry-p115 RhoGEF-RGS was constructed as described before11. The p115
RhoGEF-RGS domain (amino acid 1-252) was PCR amplified using Fw 5’-GAGATCAGATCTATGGAAGACTTCGCCCGAG-3’ and Rv 5’-GAGATCGAATTCTTAGTTCCCCATCACCTTTTTC-3’. The PCR product and clontech-style C1 Lck-mCherry vector were digested
with BglII and EcoRI and ligation resulted in a clontech-style C1 vector encoding Lck-mCherry-p115 RhoGEF-RGS.
The untagged Kiss receptor was purchased from. The rAT1aR-mVenus was a kind gift
from Peter Várnai (Semmelweis University, Hungary). The coding sequence of AT1R was
inserted into mCherry-N1 with a P2A peptide to obtain AT1R-P2A-mCherry.

Cell culture and sample preparation
HeLa cells (CCL-2, American Tissue Culture Collection; Manassas,VA, USA) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, cat# 61965–059) supplemented
with 10% fetal bovine serum (Invitrogen, cat# 10270–106), 100U/ml penicillin and 100 μg/
ml streptomycin at 37 °C in 7% CO2. For microscopy experiments, cells were grown on
24mm Ø round coverslips, 0.13–0.16 mm thick (Menzel, cat# 360208) to 50% confluency
and transfected with 500ng plasmid DNA, 1 μL Lipofectamin 2000 (Invitrogen, cat# 11668–
019) or 4.5 μl PEI (1 mg/ml) in water (pH 7.3) and 100 μl OptiMEM (Gibco, cat# 31985–047)
per 35mm Ø dish holding a 24mm Ø coverslip. One day after transfection the coverslip
was mounted in a cell chamber (Attofluor, Invitrogen). Microscopy medium (20 mM HEPES
(pH = 7.4), 137 mM NaCL, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2 and 20 mM glucose)
was added to the coverslip in the cell chamber. The ratiometric FRET experiments were
performed at 37 °C.
Primary HUVECs, acquired from Lonza (Verviers, Belgium) were seeded on fibronectin
(FN)-coated culture flasks. HUVECs, grown in EGM-2 medium, supplemented with
singlequots (Lonza) at 37 °C in 5% CO2. For microscopy experiments HUVECs were
transfected at passage #4 or #5 with a Neon transfection system (MPK5000, Invitrogen) and
Neon transfection kit (Invitrogen) and grown on FN-coated 24mm Ø round coverslips, 0.13–
0.16 mm thick (Menzel, cat# 360208). Per transfection, 2µg plasmid DNA was used and a
single pulse was generated at 1300 Volt for 30 ms. 11. The ratiometric FRET experiments were
performed at 37 °C in EGM-2 medium and in 5% CO2.
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Confocal microscopy
To obtain confocal images of live HeLa cells transiently expressing either a tagged Gα13 variant or
G13 single plasmid sensor, a Nikon A1 confocal microscope, equipped with a 60x oil immersion
objective (Plan Apochromat VC, NA 1.4), was used. The pinhole size was set to 1 Airy unit. To
check the localization of tagged Gα13 variants, samples were excited with a 457nm laser line,
a 457/514 dichroic mirror was used and the emission was filtered through a 482/35BP filter.
To check the localization of the G13 single plasmid sensor constructs, samples were excited
with a 440nm (CFP) and a 514nm (YFP) laser line, a 457/514 dichroic mirror was used and the
emission was filtered through a 482/35BP (CFP) or 540/30BP (YFP), respectively. Images were
acquired with sequential line scanning modus, to avoid bleedthrough.

p115 RhoGEF recruitment assay
For the p115 RhoGEF recruitment assay, HeLa cells were cultivated in RPMI medium
supplemented with 10% fetal calf serum and L-Glutamine (2 mM) (PAN Biotech GmbH,
Aidenbach, Germany) and kept at 37°C in a 5% CO2 atmosphere. Cells were harvested, and
50.000 cells/well were seeded in eight-well µ-slides (Ibidi). After 24 hours, cells were transiently
transfected with 0.25 μg of the LPA2receptor-P2A-mCherry, the SYFP1-p115 RhoGEF and the
Gα13 variants tagged with mTurquoise2 (Gα13.1, Gα13.2, Gα13.3, Gα13.5). Transfection of HeLa cells
was performed using Lipofectamine 3000 and Plus Reagent, according to the manufacturer’s
instructions (Invitrogen). Twenty-four hours after transfection, the growth medium was replaced
by RPMI phenol red-free medium and measurements were performed after a total incubation
time of 48h. Throughout the measurements, cells were kept at 37°C. Cells were stimulated with
Oleoyl-L-α-lysophosphatidic acid (10 µM, Sigma) at the indicated time point. Confocal images
were taken with a Leica TCS SP5 laser scanning confocal microscope (Leica Microsystems,
Mannheim, Germany) equipped with an HCX PL APO 63×, N.A. 1.2, water immersion lens.
mTurquoise2 was excited at 458 nm and emission was detected between 465-500 nm; SYFP1
was excited at 514 nm and emission was detected between 520-550 nm; mCherry was excited
at 561 nm and emission was detected between 600-670 nm. To avoid bleedthrough, images
were acquired in the sequential line scanning modus. Image analysis was performed with Fiji.

Widefield microscopy
Ratiometric FRET imaging HeLa cells
Ratiometric FRET experiments were performed on a wide-field fluorescence microscope
(Axiovert 200 M; Carl Zeiss GmbH)32 equipped with a xenon arc lamp with monochromator
(Cairn Research, Faversham, Kent, UK) and Metamorph 6.1 software, for 240s or 288s
(controls in Fig 6A) and with a time interval of 2s. The fluorescence intensity of the donor and
acceptor were recorded with an exposure time of 200ms per image using a 40x objective (oilimmersion Plan-Neo- fluor 40×/1.30; Carl Zeiss GmbH). HeLa cells were used, expressing
cp173Venus-Gγ (or untagged Gγ in Fig 3B), untagged Gβ (or mVenus tagged Gβ in figure
3B) and one of the mTurquoise2 tagged Gα13 variants from multiple plasmids or expressing
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the single plasmid Gq-sensor or one of the G13 sensor variants. A GPCR is expressed from
a separate plasmid, which was either untagged LPA2 receptor, untagged Kiss receptor or
AngiotensinII type 1 receptor-P2A-mCherry. Fluorophores were excited with 420 nm light
(slit width 30 nm), mTq2 emission was detected with the BP470/30 filter, YFP emission was
detected with the BP535/30 filter and RFP emission was detected with a BP620/60 filter by
turning the filter wheel. After 50 s HeLa cells (unless stated otherwise) were stimulated with
either a final concentration of 3μM LPA (Sigma), 100nM Kiss-1 (112-121) Amide (Phoenix
pharmaceuticals) or 10μM angiotensin (Sigma). The curves were normalized to the average
intensity of the first 5 frames that were recorded. ImageJ was used to perform a background
correction and calculation of mean intensity of each cell for each time point. Cells that did not
show a visible response were not used for the analysis. The total number of cells imaged and
the number of cells analyzed (“the responders”) are indicated in the figure legends.

Ratiometric FRET imaging HUVECs
To perform ratiometric FRET experiments in HUVECs we used the same microscopy equipment
and filter settings as were used to perform ratiometric FRET imaging of HeLa cells, however
there are some differences in the way the data is recorded. The HUVECs are imaged for 1230s
with a time interval of 10s and the imaging is performed at 37 °C in EGM-2 medium and in
5% CO2. After 110s, HUVECs were stimulated with a final concentration of 1U/ml thrombin
(Haematologic Technologies). The image processing procedure that was used to display the
change in cell area during live cell microscopy of HUVECs is described elsewhere 11). In order to
show the FRET ratio in images of cells, imageJ was used. We first converted the CFP and the
YFP stack to 32-bit type and corrected for background signal. Then the stacks were divided
to obtain a YFP/CFP stack. We used the CFP stack to make a binary mask and multiplied this
mask with the YFP/CFP stack. Finally, we applied a smooth filter to reduce noise and used the
lookup table (LUT) to visualize changes in FRET ratio.
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S1 Fig. Full amino acid alignment of four classes of human Gα subunits of heterotrimeric G-proteins. Note that
the amino acid sequence of Gαs is that of the short isoform. The highlighted residues indicate the amino acid preceding
the inserted fluorescent protein (or luciferase). In bold, the sites that were previously used to insert Rluc (Saulière et al.,
2012). Insertion of mTurquoise2-Δ9 in Gα13 after residue Q144 (black) was based on homology with previous insertions in
Gαq and Gαi (black). Successful sites for inserting mTurquoise2-Δ9 (R128, A129 and R140) in pink and unsuccessful sites
(L106 and L143) in orange.

S2 Fig. Confocal images of HeLa cells expressing both the Gα13.2-mTurquoise2 (left) and LPA2-p2A-mCherry (right) used
in p115 RhoGEF recruitment assay (figure 2). The width of the images is 67μm.
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S3 Fig. Confocal microscopy images of Hek293T cells (left) or widefield microscopy images of HUVECs, both expressing
the G13.2 sensor. The upper images show Gα13.2 localization and the lower images show Gγ localization. Hek293T
cells were excited with 457nm (CFP) and 514nm (YFP) light and respectively, a 482/35BP and 540/30BP were used for
detection of emission light. The width of the images is 70μm. HUVEC cells were excited with 420nm (CFP) and 490nm
(YFP) light and respectively, a 470/30BP and 535/30BP were used for detection of emission light.

S4 Fig. The CFP and YFP traces of HUVECs expressing the different G13 biosensors, stimulated with 1 U/ml Thrombin at
t=100s (dotted lines depict 95% CI). The number of cells analyzed is: G13.2 sensor n=16, G13.3 sensor n=11, G13.5 sensor
n=16.
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S1 Movie: Dynamics of Gα13 activation in the presence of the Lck-mCherry-RGS, related to
Fig 5B.
S2 Movie: Dynamics of Gα13 activation in the presence of the Lck-mCherry (control), related to
Fig 5B.
S3 Movie: Analysis of the endothelial cell area changes induced by Thrombin, related to Fig 5C.
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CHAPTER 6

ABSTRACT
The bioactive sphingolipid S1P is present in plasma, bound to carrier proteins, and is
involved in many physiological processes, including angiogenesis, inflammatory responses
and vascular stabilization. S1P can bind to several G-protein-coupled receptors (GPCRs)
activating a number of different signalling networks. At present, the dynamics and relative
importance of signalling events activated immediately downstream of GPCR activation
are unclear. To examine this, we used a set of FRET-based biosensors for different Rho
GTPases (Rac1, RhoA/B/C, Cdc42) as well as for heterotrimeric G-proteins in a series of
live-cell imaging experiments in primary human endothelial cells. These experiments were
accompanied by biochemical GTPase activity assays and transendothelial resistance
measurements. We show that S1P promotes cell spreading and endothelial barrier function
through S1PR1-Gαi-Rac1 and S1PR1-Gαi-Cdc42 pathways. In parallel, a S1PR2-Gα12/13-RhoA
pathway is activated which can induce cell contraction and loss of barrier function, but only
if Gαi-mediated signalling is suppressed. Our results suggest that Gαq activity is not involved
in S1P-mediated regulation of barrier integrity. Moreover, we show that early activation of
RhoA by S1P inactivates Rac1, but not Cdc42, and vice versa. Together, our data show that
the rapid S1P-induced increase in endothelial integrity is mediated by a S1PR1-Gαi-Cdc42
pathway.

INTRODUCTION
Endothelial cells (ECs) line blood- and lymphatic vessels, forming a semipermeable barrier
between the blood and underlying tissue1,2. By sensing environmental changes, this cell layer
regulates the transport of oxygen and essential nutrients to all organ systems in the human
body3–5. These continuous sensing capabilities are required to maintain vascular homeostasis
and form the basis of many physiological and disease-related processes. Active participation
of ECs in homeostasis is not only required to control the transport and diffusion of essential
solutes, but also to carefully regulate many physiological processes, including inflammation,
the constitutive and induced transendothelial migration (TEM) of immune cells, thrombosis,
angiogenesis and arteriogenesis6–9.
The endothelium-dependent functions and characteristics thus play a central role in
vascular stabilization, a process that depends in particular on intercellular contacts between
adjacent ECs. Endothelial intercellular contacts are mediated by two types of junctional
complexes; adherens junctions (AJs) and tight junctions (TJs). While TJs regulate the diffusion
of water, ions and small molecules, the AJs control more diverse and complex functions in
the endothelium such as limiting edema, matrix exposure and leukocyte TEM, by translating
extracellular force into intracellular signaling and regulating the crosstalk between cell-cell
and cell-matrix adhesions10,11. AJs are mainly composed of the vascular endothelial cadherin
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protein (VE-cadherin) which is strictly required to establish EC-cell-contacts and anchors AJs
to the actin cytoskeleton via several adapter proteins12–14. Since signaling towards the actin
cytoskeleton dynamically controls the loss and gain in barrier function, VE-cadherin plays a
major role in junctional stability and thereby vascular integrity.
There is a large number of receptor agonists, including growth factors, hormones and
bioactive lipids, that regulate endothelial barrier function in positive or negative ways10. An
important signaling molecule that, in most vessels, promotes VE-cadherin stabilization, is
sphingosine-1-phosphate (S1P)15. This bioactive sphingolipid, produced by ECs, erythrocytes
and to some extent by activated platelets16–21, is present in relatively high concentrations
(100-600nM) in plasma21–24. Extracellular S1P can bind to five different G-protein coupled
receptors (GPCRs), termed S1PR1-5, of which three (S1PR1, S1PR2, S1PR3) are expressed in
ECs. Resting, healthy ECs mainly express S1PR1, and to a lower extent S1PR2 and S1PR325.
Activation of the S1PR1 induces vascular stabilization and enhanced barrier function, while
both the S1PR2 and S1PR3 have been linked to disruption of the endothelium (reviewed in
26

). The balance in receptor subtype expression as well as plasma S1P concentration levels

determine vascular integrity. Aberrant S1P plasma levels have been linked to multiple types
of cancer, since binding to S1P receptors can promote tumor growth, angiogenesis and
metastasis27. In addition, a shift in balance from dominant S1PR1 to S1PR2 signaling induces
vascular permeability and – inflammation28,29.
As described above, the output of S1P-mediated endothelial barrier regulation is already
determined at the level of the receptors. These receptors couple to heterotrimeric G-proteins,
which reside at the intracellular side of the plasma membrane (PM) and consist of a Ga
subunit and a Gβγ-dimer. In S1P-mediated barrier regulation, it is believed that three different
Ga subunits are involved; Gαi, Gα12/13 and Gαq30. The S1PR1 is exclusively coupled to Gai, and
inhibition of this G-protein prevents increased barrier function of endothelial monolayers31,32.
The S1PR2 and S1PR3 couple to all three G-proteins, but how this receptor-G-protein coupling
affects endothelial barrier regulation, remains unexplored.
Downstream of heterotrimeric G-proteins, Rho guanine exchange factors (RhoGEFs)
act to activate Rho GTPases, molecular switches that regulate cell morphology, polarity,
adhesion and migration through their differential control of F-actin dynamics33,34. The Rho
GTPases Rac1, Cdc42 and RhoA are the most well studied ones, with Rac1 stimulating
actin polymerization and lamellipodia-driven migration, Cdc42 promoting filopodia formation
and RhoA stimulating F-actin stress fiber formation and cell contraction while counteracting
Rac1-induced cell spreading35. By having strong effects on cell morphology and cytoskeletal
dynamics, Rho GTPases are key regulators of endothelial barrier function. The contribution
of Rac1, Cdc42 and RhoA in S1P-mediated barrier regulation was studied previously using
biochemical approaches36,37, providing evidence that all three are activated by S1P.
Since biochemical approaches have (i) only limited temporal resolution, (ii) no spatial
resolution and (iii) are difficult to quantify, we analyzed S1P-induced signaling in detail using
FRET biosensors for Rho GTPases and for heterotrimeric G-proteins in monolayers of
123
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primary human ECs. We show direct, rapid S1P-mediated Gαi and Gα12/13 activation, while
Gαq activation was lacking. In addition, FRET sensor measurements showed a sequential
activation of Cdc42, RhoA and Rac1 during S1P-mediated regulation of endothelial barrier
function. The single-cell imaging approach reveals a detailed picture of signaling events
in relation to cell morphology. Together, our results point to a model in which the balance
between two opposing pathways determines EC morphology and monolayer integrity.

Results
S1P promotes the endothelial barrier function
Previous studies on S1P-mediated signaling in ECs have shown that extracellular S1P
promotes vascular stabilization and increased barrier function15,31. To understand this barrierpromoting effect in more detail, different approaches were used to examine S1P effects at
the cellular level. First of all, S1P stimulation of semi-confluent HUVEC cells was combined
with immunofluorescence analysis. This allows detection of morphological changes, which
are difficult to detect in confluent endothelial monolayers. Unstimulated ECs showed mixed
phenotypes in terms of F-actin distribution, reflected by contractile (stress fiber) and protruding
(cortical actin-based) regions within a single cell (Figure 1A). The cortical region of the cells
showed enhanced phospho-paxillin levels, marking cortical Focal Adhesions (FAs), which
correlated with cell spreading38,39. After 2 min of S1P stimulation, ECs showed an extensive
increase in cortical actin, together with more pronounced phospho-paxillin at focal contacts
and FAs in the periphery of the cell. After 30 min of S1P stimulation, this cortical actin –
phospho-paxillin region disappeared and phospho-paxillin was detected in more centrally
distributed FAs. (Figure 1A).
In addition to the immunolabeling approach, we quantitatively analyzed the barrierpromoting effect of S1P using Electrical Cell-substrate Impedance Sensing (ECIS). S1P
induced a fast increase in transendothelial electrical resistance of 20% (Figure 1B). In addition,
we measured morphological changes of single cells in an endothelial monolayer, following
ectopic expression of mTurquoise2 (mTq2, a cyan fluorescent protein) to provide an outline
of the cell area. Measuring the temporal changes in cell-area of single mTq2 -expressing ECs
in a monolayer, demonstrated an average net 2.6% increase in cell area upon S1P addition
(Figure 1C). Detailed imaging of local changes in morphology, however, showed that some
parts of the cells contracted, while other parts were spreading in response to S1P (Figure 1D
and Supplemental Figure S1).
Collectively, these data show that the barrier-promoting effect of S1P on monolayers
of ECs is a composite response, comprised of F-actin reorganization, FA redistribution and
localized spreading as well contraction.
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Figure 1. S1P promotes endothelial barrier function: analysis towards a single cell level. (A) ECs were grown to
a semi-confluent monolayer, stimulated with S1P (500 nM) and stained for F-actin, phospho-paxillin and VE-cadherin.
Arrowheads highlight protruding areas. Scale bar = 25µm. (B) ECs were grown to a monolayer on ECIS electrodes and
stimulated with S1P at t=0.3 hrs. Endothelial resistance (4000 Hz) was measured using the ECIS, normalized to the value
at t= 0 and plotted vs. time. (C) ECs, transiently transfected with mTq2, were grown to a monolayer. Local changes in the
area of a single cell were measured before and after stimulation with S1P at t= 0:30 min. Graph displays a representative
dataset of n=9. (D) Corresponding image of the plot in (C). Colors in the right image represent area change following S1P
stimulation (look-up table panel on the right). Scale bar = 25µm.
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S1P activates different Rho GTPases that are linked to EC morphology changes
Our results demonstrated that S1P-mediated endothelial barrier promotion is not exclusively
linked to cell spreading. To explore the molecular mechanisms behind this observation, we
specifically focused on Rho GTPases. This group of proteins has been strongly linked to cell
morphology regulation33,34, and have been previously implicated in S1P-mediated endothelial
barrier regulation.
Previous studies have reported detection of S1P-induced activation of the Rho GTPases
Rac1, Cdc42, and RhoA in ECs using biochemical approaches36,37. Here we set out to extend
these observations by inclusion of the closely RhoA-related GTPases RhoB and RhoC in our
analysis. Using a Cdc42/Rac interactive binding (CRIB) peptide-based pull-down assay, we
found that Rac1 and Cdc42 showed immediate activation after stimulation with S1P (0.5 min)
(Figure 2A and 2B). More persistent Rac1 activation was also observed at 2, 5, 10 and 30
min of stimulation, respectively (Figure 2A). Highest Cdc42 activation was observed at t=2
min, with a decline at later time points (5, 10 and 30 min) (Figure 2B). In addition to Rac1 and
Cdc42 activation, also an increase in RhoA/B/C activation was observed after 0.5 min with
S1P stimulation, which for RhoA/C, but not for RhoB, decreased again at t=2 min (Figure 2,
C-E).
Since we observed parallel activation of the three major Rho GTPases upon S1P
addition, we studied the connection between the activation of these proteins and specific EC
morphological changes. To this end, we used rapamycin-induced membrane recruitment 40 of
an ectopically-expressed RhoGEF, which induces endogenous Rho GTPase activation upon
translocation to the PM. Catalytic GEF domains (GEF) of either p63RhoGEF (an activator
of RhoA/B/C) or TIAM (an activator of Rac1) were fused to an FKBP12 domain and tagged
with a fluorescent protein to examine their localization. In addition, we co-transfected LckFRB-ECFP, a membrane-anchored, FKBP12-binding protein tagged with a cyan fluorescent
protein (CFP). Upon rapamycin addition, the FKBP12-GEF relocated to Lck-FRB-ECFP at the
plasma membrane (Figure 2F, Supplemental movie 1). Recruitment of TIAM predominantly
induced cell expansion (DArea: 22%) (Figure 2G and Supplemental Figure S2A), in line with
the activation of Rac1. In contrast, recruitment of p63RhoGEF resulted in cell contraction
(DArea: -12%), which is in line with the activation of RhoA/B/C GTPases (Figure 2G and
Supplemental Figure S2B). These effects on EC morphology were more pronounced as
compared to S1P-mediated EC morphology changes (compare Figures 1D and 2G), likely
because relocation of constitutive active GEF proteins provides a stronger effect on Rho
GTPases than activation of endogenous GEFs by a receptor-mediated signal.
In summary, we showed prominent S1P-mediated activation of different Rho GTPases,
i.e. Rac1, Cdc42, and RhoA/B/C. In addition, we could directly link changes in EC morphology
to Rho GTPase activation by selective GEFs, namely Rac1-mediated spreading through
expression of TIAM and Rho-mediated contraction through expression of p63 RhoGEF.
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Figure 2. S1P activates different Rho GTPases, in line with EC morphology changes. (A and B) Rac1- and Cdc42guanosine triphosphate (GTP) levels were increased after S1P (500 nM) stimulation, as measured by a CRIB-peptide based
pull-down approach. Total protein levels of corresponding Rho GTPases were measured to control for equal loading. (C-E)
RhoA-, RhoB- and RhoC-GTP levels were increased after S1P (500 nM) stimulation, as measured by a Rhotekin-RBD
pull down approach. Total protein levels of the corresponding Rho GTPases were measured to control for equal loading.
(F) A rapamycin-dependent recruitment system was used to directly activate Rho GTPases. FRB, Lck-FRB-ECFP, F12,
FKBP12-mCherry, GEF, either p63RhoGEF to induce RhoA activation or TIAM to induce Rac1 activation. (G) Application
of the rapamycin-dependent system described in (F). Rac1 activation via recruitment of TIAM induced an increase in cell
area, while p63RhoGEF-mediated activation of Rho induced a decrease in cell area. Colors in the right image represent
area changes (look-up table panel on the right). Scale bar = 20µm.

S1P induces spatiotemporal control of Rho GTPase activation
Although we showed S1P-mediated activation of Rho GTPases, our biochemical approach
lacks spatial information and has poor temporal resolution. In addition, quantification of these
biochemical assays is challenging. To study S1P-mediated signaling with high spatiotemporal
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Figure 3. S1P induces spatiotemporal control of Rac1, Cdc42 and RhoA activation. (A) Ratiometric images of ECs
that were transfected with the Rac1, Cdc42 or RhoA FRET sensor and stimulated with S1P (500 nM) at t=1 min, 50 sec.
Warm colors represent high activation (high YFP/CFP ratios), corresponding to emission ratio’s (ER) on the right. Scale bar
= 15µm for Rac1, and 25mm for Cdc42 and RhoA images. (B) Normalized mean YFP/CFP ratio traces (±SEM) for Rac1
(n=32), Cdc42 (n=19) and RhoA (n=12) FRET sensor-expressing ECs before and after stimulation with S1P. (C) Zoom of
normalized mean YFP/CFP ratio traces (±SEM) corresponding to the first 7 min. of the traces in (B). Dashed lines highlight
maximal and minimal changes in YFP/CFP ratios for the different GTPases (see section S1P induces spatiotemporal
control of Rho GTPase activation).
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resolution, we used Rho GTPase FRET sensors. These unimolecular FRET sensors have
been previously described41–45 and can monitor fast yellow fluorescent protein (YFP)/CFP
ratio differences in different cellular locations. An increase in YFP/CFP ratio corresponds to an
increase in Rho GTPase activation.
Sensor-expressing primary human ECs were grown to confluency and stimulated with
S1P at t=1:50 min after the initiation of imaging. Rac1, Cdc42 and RhoA/B/C FRET sensors all
showed activation in response to S1P, with the majority of the signal localized to the periphery
of the cells (Figure 3A and Supplemental Figure S3). More detailed analysis of these FRET
sensor experiments revealed striking temporal differences in Rho GTPase activation, that
could not be detected on western blot (Compare Figures 2A-E and 3A and 3B). After S1P
addition, a fast decrease (reaching a minimum 1:00 min after S1P addition) in Rac1 activation
was observed, followed by an increase that reached its maximum (YFP/CFPmax) 3:50 min after
addition of S1P. Of note, measuring 32 single Rac1 sensor-expressing cells revealed two
different populations of responders (Supplemental Figure S4). In addition to a population
of cells (18 out of 32) with similar kinetics as the overall mean (n=18), a second population
showed a comparable initial decrease in Rac1 activation, but never reached a YFP/CFPmax
above baseline (n=14). In contrast to Rac1, maximal FRET changes were detected at earlier
time points for Cdc42 (0:40 min after addition) and RhoA (0:30 min after addition). In addition, a
second Cdc42 activation peak at 3:00 min after S1P addition was detected. Zooming in on the
first 7 min of the FRET sensor analyses of Figure 3B, highlights the notion that the fast peak in
Cdc42 and RhoA activation coincides with the initial reduction in Rac1 activation (first dashed
line in Figure 3C). In addition, the second Cdc42 activation peak coincides with the delayed
increase in Rac1 activation (Figure 3C, second dashed line).
Overall these data show that S1P triggers differential spatiotemporal activation of Rac1,
Cdc42 and RhoA. The time course of S1P-induced (in)activation of Rac1 is a mirror image of
the S1P-induced transient activation of RhoA. In contrast to Rac1, Cdc42 is activated at 0:403 min. with similar kinetics as RhoA. However, while RhoA is inactivated after 2-5 minutes of
stimulation, Cdc42 shows more persistent activation. Thus, all three GTPases show distinct (in)
activation profiles in response to S1P.

S1P activates Gαi and Gα13, but not Gαq
The FRET sensor data revealed a rapid (in)activation of the three major Rho GTPases. To
understand how the regulation of Rho GTPase activity is orchestrated, we examined receptorproximal events. S1P binds various G-protein-coupled receptors (GPCR), initiating intracellular
signaling events via activation of different heterotrimeric G-proteins. To examine which of these
G-proteins are activated by S1P, we used dedicated FRET-based biosensors that have recently
been developed in our lab46,47
The heterotrimeric G-protein sensors use a Gα subunit tagged with a donor and a Gγ2
subunit tagged with an acceptor. The intact complex in resting cells shows FRET, which is lost
upon activation. This means that a decrease in YFP/CFP ratio corresponds to an increase in
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Figure 4. S1P induces Gα13, but not Gαq activation. (A) G-protein FRET sensor design, consisting of (from N- to
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of Gαq FRET sensor-expressing ECs (n=10) stimulated with Histamine (100µM) at t=55 sec. Blue colors represent high
activation (low YFP/CFP ratios), corresponding to emission ratio’s (ER) on the right. Scale bar = 20µm.
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G-protein activation (Figure 4A, representing a schematic on the working mechanism of these
sensors). We recently showed that S1P strongly activates the Gαi protein in ECs47. However,
according to published literature, both Gα13, as well as Gαq also play a role in S1P-mediated
signaling in ECs30. To measure activation of Gα13, we made use of a new sensor (M.M and
J.G., unpublished data) that comprised a Gα13 subunit tagged with mTurquoise2 as the donor
and a YFP-tagged Gγ2 subunit as the acceptor. First, we characterized the Gα13 sensor by
stimulating ECs with Thrombin, a well-known Gα13 activator48–50. Stimulation of Gα13 FRET
sensor-expressing ECs induced a FRET ratio change distributed throughout the entire cell,
reaching a YFP/CFPmax (-17%) 25 sec after Thrombin stimulation (Figure 4B). The observation
that the new sensor responds to stimulation of an endogenous GPCR suggests that the Gα13
FRET sensor can be used as a robust and sensitive read-out of Gα13 activation.
Compared to Thrombin activation, similar Gα13 spatiotemporal activation kinetics were
detected after stimulation with S1P, reaching YFP/CFPmax (-11%) 20 sec after stimulation (Figure
4C). Surprisingly, S1P stimulation did not induce Gαq activation in Gαq sensor-expressing cells
(Figure 4D). In contrast, the well-known Gαq activator Histamine showed fast and robust Gαq
activation (-17% YFP/CFPmax, 5 sec after Histamine stimulation) (Figure 4E). Taken together,
these G-protein FRET sensor experiments reveal that, in addition to Gαi, the G-protein Gα13 but
not Gαq, is activated by S1P in ECs.
The S1P1 receptor exclusively signals towards Gαi, Rac1 and Cdc42
To study the link between heterotrimeric G-protein and Rho GTPase signaling, we wanted to
use a method to activate only Gαi-mediated signaling. The compound SEW2871 is reported as
a specific agonist for the S1P1 receptor and activator of Gαi. Like S1P, SEW2871 stimulation
resulted in an increase in transendothelial electrical resistance as measured by ECIS (Figure
5A). In addition, SEW2871 showed robust Gαi activation within 1 min after activation (Figure
5B). No SEW2871-induced changes in Gα13 activation could be detected (Figure 5C).
Since SEW2871 appeared to exclusively signal towards Gai, we next explored its signaling
towards the GTPases Rac1, Cdc42 and RhoA. After addition of SEW2871 increases in Rac1
and Cdc42 activation were observed, while RhoA sensor-expressing ECs did not show a
change in FRET (Figure 5D). In contrast to S1P-induced Rac1 activation, activation of Rac1 by
SEW2871 was not preceded by Rac1 inactivation, indicating that the rapid inactivation of Rac1
by S1P is mediated by RhoA. In addition, comparing the activation of Rac1 and Cdc42 showed
Cdc42 activation at 1-3 min after stimulation whereas Rac1 activation is maximal at 4-5 min
after stimulation, showing similar dynamics as the S1P mediated activation (compare Figure
5, D and E with figure 3, B and C). In summary, the endothelial barrier promoting compound
SEW2871 acts through Gαi, Rac1 and Cdc42, but does not activate RhoA.
Gαi signaling pathways are required for S1P-mediated endothelial barrier stimulation
The responses of ECs to SEW2871 suggest that Gαi determines S1P signaling towards Rac1
and Cdc42. We therefore explored whether Rac1 and/or Cdc42 activation exclusively depends
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Figure 5. SEW2871 promotes endothelial barrier function and activates Gαi, Rac1 and Cdc42. (A) ECs were grown
to a monolayer on ECIS electrodes and stimulated with SEW2871 (5µM) at t= 0.3 hrs after start of the analysis. Endothelial
resistance (4000 Hz) was measured using the ECIS. (B) Normalized mean YFP/CFP ratio traces (± SEM) of Gαi FRET
sensor-expressing ECs (n=14) stimulated with SEW2871 (5µM) at t=55 sec. (C) Normalized mean YFP/CFP ratio traces
(± SEM) of Gα13 FRET sensor-expressing ECs (n=16) stimulated with SEW2871 (5µM) at t=55 sec. (D) Normalized mean
YFP/CFP ratio traces (±SEM) for Rac1 (n=16), Cdc42 (n=8) and RhoA (n=6) FRET sensor-expressing ECs before and
after stimulation with SEW2871 (5µM) at t= 1 min 50 sec. (E) Zoom of normalized mean YFP/CFP ratio traces (±SEM)
corresponding to the first 7 min. of (D). Dashed lines highlight maximal YFP/CFP ratio changes of Rac1 and Cdc42.

on Gαi and to what extent this regulates S1P-mediated barrier regulation in ECs. To block
signaling through Gαi, we used pertussis toxin (PTX). This toxin selectively ADP-ribosylates Gαi,
abolishing its activation. ECs, transiently expressing the Rac1, Cdc42 or RhoA sensor, were
treated with PTX for at least 18 hours prior to stimulation with S1P. PTX-treated ECs lacked
both Rac1- and Cdc42 activation after stimulation with S1P, while the fast Rac1 inactivation
remained detectable (Figure 6, A and B). RhoA sensor-expressing and PTX-pretreated ECs
still showed prominent S1P-induced activation after pretreatment with PTX (Figure 6C), and
a prolonged response was observed compared to untreated ECs (compare Figure 3, B and
C). This suggests that the RhoA inactivation, observed in untreated cells 1-4 min after S1P, is
mediated by a Rac1/Cdc42-dependent signaling pathway.
As for the endothelial barrier function, the effect of Gαi inhibition was studied by using
the ECIS. Control and PTX-treated endothelial monolayers were stimulated with S1P, where
PTX-treated cells started at a slightly lower baseline level (Supplemental Figure S5). Control
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Figure 6. Gαi signaling is required for S1P-mediated Rac1/Cdc42 activation and endothelial barrier promotion.
(A-C) Normalized mean YFP/CFP ratio traces (±SEM) for Rac1 (n=12), Cdc42 (n=9) and RhoA (n=13) FRET sensorexpressing ECs (pretreated with 100ng/ml PTX) before and after stimulation with S1P (500 nM) at t= 1:50. (D) ECs were
grown to a monolayer on ECIS electrodes, pretreated with water or PTX dissolved in water (100ng/ml) and stimulated with
S1P (500nM) at t=50 min. Endothelial resistance (4000 Hz) was measured using the ECIS. (E) EC were grown to a semiconfluent monolayer, pretreated with PTX as above, stimulated with S1P (500 nM) and stained for F-actin, phospho-paxillin
and VE-cadherin. Scale bar = 25µm.
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cells showed a barrier-promoting response, similar as described above (Figure 1B). Strikingly,
a substantial loss of endothelial barrier integrity was observed upon S1P stimulation of PTXtreated cells (Figure 6D). The observed decrease in barrier function returned to baseline with
the same kinetics as the control (Figure 6D). This reversed effect on the endothelial barrier was
also observed in PTX-treated ECs analyzed by immunostaining. Unstimulated ECs in a semiconfluent cell layer, and treated with PTX, predominantly showed a contractile phenotype with
disruption of the junctional, VE-cadherin complex (Figure 6E). In contrast to what we have seen
in Figure 1A, S1P stimulation did not result in increased cell-protrusion (compare Figures 1A
and 6E). Moreover, increased levels of stress fibers and enlarged phospho-paxillin positive focal
adhesions were observed after stimulation with S1P, indicating that a contractility-regulating
(i.e. RhoA-driven) pathway becomes dominant over a cell-spreading (i.e. Cdc42/Rac1-driven)
pathway in PTX-treated ECs.
Collectively, these data suggest that Gαi is specifically linked to Rac1 and Cdc42 activation,
and that this pathway is dominant in S1P-stimulated ECs, promoting endothelial barrier function.
Specific Gα13 inhibition affects Rac1 and RhoA, but not Cdc42 signaling
While Gαi is required for Rac1/Cdc42 activation and for the S1P-induced increase in
endothelial barrier function, the role of Gα13 signaling in S1P signaling is unexplored. Since no
pharmacological inhibitors have been reported for Gα13, a different strategy was required to
specifically inhibit this type of G-protein. Therefore, we used p115 RhoGEF, a specific RhoGEF
(Rho guanine exchange factor) that becomes activated in Gα13-mediated signaling pathways51.
In addition to its GEF activity towards Rho GTPases, p115 RhoGEF acts as a GTPase activating
protein (GAP) for Gα13 proteins via its so-called Regulator of G-protein Signaling (RGS) domain52.
p115-RGS accelerates intrinsic Gα13 GTPase activity, thereby selectively blocking the activation
of Gα13-coupled GPCRs.
In order to use the p115-RGS domain to inhibit Gα13-mediated signaling, p115-RGS was
cloned from full-length p115 RhoGEF and tagged with the mCherry-fluorescent protein. We
created three different versions of tagged p115-RGS: C-terminal tagged- (p115-RGS-mCherry),
N-terminal tagged- (mCherry-p115-RGS) and membrane-linked, N-terminal tagged p115-RGS
(Lck-mCherry-p115-RGS). To test the efficiency of Gα13-inactivation of these constructs, RhoAsensor expressing HeLa cells were co-transfected with Gα13-QL (a constitutively active Gα13
mutant) and/or the different p115-RGS constructs. Compared to control cells, overexpression
of Gα13-QL induced an increase in RhoA activation (Supplemental Figure S6). While all three
p115-RGS constructs diminished this Gα13-QL-mediated increase in RhoA activation, LckmCherry-p115-RGS was the most efficient (Supplemental Figure S6).
Next, the effect of Gα13 inhibition was studied on S1P-mediated Rho GTPase activation. In
Rac1 sensor-expressing ECs, co-transfection with either Lck-mCherry or Lck-mCherry-p115RGS, showed a similar increase in S1P-induced Rac1 activation. Intriguingly, Lck-mCherryp115-RGS co-transfected cells showed a less-pronounced Rac1 inactivation drop at 3-5 min,
as well as a higher maximal FRET ratio. In contrast, Lck-mCherry-p115-RGS almost completely
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6

Figure 7. Gα13 inhibition enhances S1P-induced Rac1 activation, and blocks RhoA activation. (A) Normalized mean
YFP/CFP ratio traces (±SEM) for Rac1, Cdc42 and RhoA FRET sensor-expressing ECs before and after stimulation with
S1P at t= 1 min 50 sec. FRET-sensor positive ECs co-express either Lck-mCherry (Control) (Rac1: n=20, Cdc42: n=21,
RhoA: n=14) or Lck-RGS-mCherry (RGS) (Rac1: n=27, Cdc42: n=22, RhoA: n=14) (B) Enlargement of normalized mean
YFP/CFP ratio traces (±SEM) corresponding to the first 7 min. of (A). Dashed lines highlight maximal and minimal YFP/CFP
ratio changes. Note the increased Rac1 activation at ~7 min and the inhibition of RhoA activation upon co-expression of
the RGS domain (C) Model describing S1P-mediated signaling pathways in ECs. Balancing G-protein and Rho GTPase
signaling results in S1P-induced cell spreading which dominates over the limited RhoA activation and consequent
contraction.
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inhibited the S1P-induced RhoA activation, while no effect on Cdc42 activation was observed
(Figure 7, A and B)
Taken together, these experiments demonstrated that membrane-linked p115-RGS
efficiently inhibits Gα13-mediated signaling and S1P-induced activation of RhoA. This inhibition
of RhoA activation was also reflected in increased and more sustained Rac1 activation, without
effect on Cdc42. This data, in combination with the findings presented in Figures 3-6 further
support the notion that in ECs Rac1 and RhoA mutually inhibit each other, whereas Cdc42 is
activated by a Cdc42-selective GEF, and is insensitive to RhoA-mediated inhibitory crosstalk
(Figure 7C).

DISCUSSION
This study reveals that the integrated activity of RhoA, Rac and Cdc42 determines the effect
of S1P on endothelial cell morphology and endothelial barrier function. We have uncovered
a link between the activity of specific heterotrimeric G-proteins and Rho GTPases in ECs.
Furthermore, we link the activity of individual Rho GTPases to EC morphology. Our results
provide evidence for a model (Figure 7C) in which S1P activates two pathways in ECs that
have opposing effects on cell morphology. On the one hand, the S1P1 receptor couples to
Gαi and consequently activates both Rac1 as well as Cdc42, albeit with different kinetics and
most likely through different GEFs. On the other hand, RhoA is activated, most likely via the
S1P2 receptors that signal towards Gα13. The balance between these pathways is determined
at the level of the receptors or the heterotrimeric G-proteins and determines the effect of S1P
on cell shape and ultimately barrier function. Our study implies that the relative expression of
S1P receptor isoforms and heterotrimeric G-proteins determines the signaling outcome. Under
native conditions, the Rac1/Cdc42-based signaling dominates, leading to a net increase in cell
spreading and increased barrier function in endothelial monolayers. However, under specific
(patho)physiological conditions, altered receptor levels may change the signaling outcome.
Previous studies on S1P signaling in ECs, mainly focused on barrier regulation of
endothelial monolayers, showed that S1P stimulation promotes vascular stability. Intriguingly,
several biochemical experiments have revealed S1P-mediated activation of the most wellstudied GTPases Rac1, Cdc42 and RhoA in ECs36,37. Both the barrier-promoting effect of S1P
and the activation of the three types of Rho GTPases by pull-down assay on cell extracts were
corroborated in this study.
The barrier-promoting effect was measured using ECIS, which, however, lacks spatial
information and details on the molecular mechanisms underlying morphological changes. Our
biochemical approach that measures active Rho GTPases, showing S1P-dependent activation
of different Rho GTPases, lacks spatial information, has low temporal resolution and is difficult
to quantify with some precision. Furthermore, both assays require large cell numbers, thereby
completely lacking detection of cell-to-cell variation.
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To circumvent the limitations of the aforementioned approaches, we undertook detailed
analysis of Rho GTPase activation in space and time by performing single-cell FRET
measurements. By using recently developed and validated, single-chain Rho GTPase FRET
sensors41–45, we could visualize robust activation and differences in activation profiles between
Rac1, Cdc42 and RhoA/B/C. Here, we show that upon S1P stimulation, Rac1 is initially
inactivated which is paralleled by increase in RhoA activation, suggesting that RhoA suppresses
Rac1 activity (in line with previous studies in a different context, reviewed in53). The observed
RhoA activation can explain the observed local contraction (Figure 1D). In contrast to Rac1
and parallel to RhoA, Ccd42 shows a rapid activation, which also correlated well with the fast
barrier protective effect of S1P, detected using ECIS. The observation that the earliest response
to S1P, i.e. a rapid increase in barrier function, is paralleled by activation of Cdc42 and RhoA
and inhibition of Rac1, suggests that Cdc42 is the most relevant GTPase mediating this initial
stabilizing effect on cell-cell junctions, overruling RhoA-mediated contractility. Based on the
distinct Rac1 and Cdc42 activation profiles and our findings using the S1PR1 agonist SEW2871,
we hypothesize that different GEFs and GAPs are involved in these responses: a Cdc42specific GEF and RhoA-dependent, Rac1-specific GAP during the initial activation at 1-3 min
and one or more Cdc42/Rac1 GEF(s) which ensure activation of both GTPases at around 4-7
min, in conjunction with a RhoAGAP, which downregulates RhoA activation. Future research
is warranted to define how a single S1P receptor can activate different GEFs sequentially, an
effect possibly related to receptor dimerization, feedback loops or internalization, inducing a
time-delay in downstream signaling.
The activities of Rac1, Cdc42 and Rho GTPases in S1P signaling are orchestrated by
upstream events. Three different GPCRs (S1PR1, S1PR2, S1PR3) initiate S1P signaling in ECs
and have been hypothesized to couple to different heterotrimeric G-proteins, Gαi, Gα13 and
Gαq. For the first time, to our knowledge, we have been able to directly measure S1P-induced
Gαi activation in single human ECs, using a new-developed Gαi FRET sensor47. A novel FRETbased sensor based on the same design (Mastop and Goedhart, in preparation) was sensitive
enough to detect thrombin-mediated activation of Gα13 in ECs. By employing FRET sensors
for Gα13 or Gαq, we observed that Gα13, but not Gαq is activated by S1P. Together, our data
show that S1P-mediated barrier regulation in human endothelium is predominantly controlled
by Gαi and Gα13. The specific S1PR1 agonist SEW2871 furthermore shows exclusive coupling
to Gαi, resulting in activation of Rac1 and Cdc42, but not RhoA. In response to this S1PR1-Gαi
activation we did not observe initial Rac1 inactivation, nor RhoA activation, underlining the
antagonistic properties of RhoA towards Rac1 in the early phase after S1P activation.
Inhibition of Gαi by PTX abolished S1P induced Rac1/Cdc42 activation. This indicates
that Rac1/Cdc42 activation is not only mediated, but also restricted to Gαi signaling. The lack
of Gαi-Rac1/Cdc42 signaling furthermore results in dominant RhoA signaling, as shown by
prolonged RhoA FRET signals showing a lack of RhoA inactivation. Gαi inhibition has a striking
effect on signaling outcome, completely reversing the S1P responses in the ECIS (i.e. loss
rather than gain of barrier function). At a cellular level, the inhibition of Gαi results in S1P-induced
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cell contraction, explaining the loss of barrier function observed in ECIS. Inhibition of Gαi thus
shifts S1P signaling towards an output dominated by RhoA, suggesting that S1P-mediated
barrier regulation is determined at the level of the heterotrimeric G-proteins and their activating
receptors. While Gαi regulates sequential activation of Cdc42 and Rac1, Gα13 exclusively and
rapidly activates Rho signaling and consequent cell contraction.
GPCRs may activate multiple different heterotrimeric G-proteins

54

, either via a single

GPCR, or via multiple GPCRs that activate different heterotrimeric G-proteins, but react to
the same ligand, as is the case for S1P receptors. Our results have important implications for
understanding signaling networks activated by GPCRs, since we demonstrate that the output of
such networks can only be explained by observing multiple parameters. Ideally, multiple events
are measured at the same time by multiparameter imaging55, and this remains a challenge for
the future. The FRET based sensors used in this study for heterotrimeric G-proteins and Rho
GTPases have proven to be valuable tools to dissect the complexity of signaling networks in
primary cells.
The effects of S1P are generally assumed to promote endothelial integrity and vascular
stability. However, it is important to note that the outcome of S1P-induced signaling may
divert from this generic response, vascular beds may affect the outcome of this signaling, and
signaling outcomes may even differ among different sections of the same blood vessel56,57.
Moreover, S1P in plasma is bound to carrier proteins and differential effects of high-density
lipoprotein-bound S1P versus albumin-bound S1P have been reported56,58. Also, variations
in S1P receptor coding sequences59 or receptor expression levels in health and disease

60

may account for different outcomes of S1P-induced signaling. On top of the aforementioned
layers of regulation, our results imply that the precise balance of components immediately
downstream of the S1P receptor, i.e. heterotrimeric G-proteins, RhoGEFs and GAPs provide
a fine-tuning mechanism for the spatiotemporal activation patterns of the Rho GTPases and
ultimately determine effects on vascular stability.
In summary, our study unravels detailed molecular characteristics of S1P-mediated
signaling pathways that regulate endothelial barrier function. Using FRET-based biosensors,
we performed high-resolution spatiotemporal single cell analysis of G-protein and Rho GTPase
signaling in primary human endothelium, and uncovered sequential Rho GTPase activation and
partial crosstalk between RhoA and Rac1, but not Cdc42. Finally, this work emphasizes the
need to study S1P-based signaling pathways that regulate vascular integrity in different tissues
and vascular beds.

MATERIAL AND METHODS
Plasmids
Full length p115 RhoGEF (a kind gift of P. Sternweis) was used to amplify the p115RhoGEF-
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RGS domain (amino acid 1-252) by PCR (polymerase chain reaction) amplification, using
forward

primer

5’-GAGATCAGATCTATGGAAGACTTCGCCCGAG-3’

and

either

reverse

primer #1 GAGATCGAATTCTTAGTTCCCCATCACCTTTTTC – 3’ or reverse primer #2
GAGATCGAATTCTGTTCCCCATCACCTTTTTCCG – 3’. After amplification, the PCR fragments
and vectors were cut with BglII and EcoRI (restriction sites are underlined in primer sequence). Next,
PCR fragments were ligated into C1-mCherry, N1-mCherry or C1-Lck-mCherry to generate C1mCherry-RGS, N1-RGS-mCherry and C1-Lck-mCherry-RGS. The translocatable, catalytic domain
of TIAM was obtained from addgene (#Plasmid 20154) and described as before61, translocatable
catalytic p63RhoGEF was described as before43. The FRET biosensors for Gαi47, Gαq46 RhoA41,43,
RhoB/RhoC42, Rac144 and Cdc4245 were as described in the cited references. A sensor for Gα13,
was constructed by inserting mTurquoise2 in the αB αΒ1 loop between the αB and αΒ1 helices.
The tagged Gα13 subunit was co-expressed with a YFP-tagged Gγ2 subunit46. To ascertain robust
co-expression, the tagged subunits were expressed from a single plasmid as recently reported for
the Gαi sensor47. The engineering and full characterization will be described elsewhere (M.M. and
J.G., unpublished data).

Human umbilical vein endothelial cell (HUVEC) cell culture and transfection
Primary HUVECs were acquired from Lonza (Verviers, Belgium) and seeded on fibronectin (FN)coated culture flasks. HUVECs were grown in EGM-2 medium, supplemented with singlequots
(Lonza), and transfected at passage #4 or #5 with a Neon transfection system (MPK5000,
Invitrogen) and Neon transfection kit (Invitrogen). Per transfection, 2µg plasmid DNA was used and
a single pulse was generated at 1300 Volt for 30 ms. After microporation, HUVECs were grown to
a monolayer on FN-coated glass coverslips.

HeLa cell culture and transfection
HeLa cells were acquired from American Tissue Culture Collection (Manassa, VA, USA). Cells
were cultured in Dulbecco’s Modified Eagle Medium (Invitrogen, Blijswijk, NL), supplemented with
Glutamax, 10%FBS, Penicillin (100U/ml) and Streptomycin (100µg/ml). HeLa cells were seeded
on 24 mm glass coverslips (Menzel-Gläser, Braunschweig, Germany) and transfected with 1µg
plasmid DNA, 4µg Polyethylamine (PEI 25000) in water (Polysciences) and 100µl OptiMeM (Life
Technologies, Bleiswijk, NL).

Reagents
S1P was from Avanti Polar Lipids, Rapamycin was from LC Laboratories, Woburn, USA, Thrombin
(HCT-0020) was from Haematologin Technologies, Histamine (H7125) was from Sigma-Aldrich,
SEW2871 (10006440) was from Cayman chemicals and Pertussis Toxin (PTX) (PHZ1174) was from
Thermo Fischer. All compounds were prepared per manufacturer’s instructions.

Antibodies
Actin-stain 555 Phalloidin (Cytoskeleton), monoclonal antibody (mAb) Mouse anti-VE-cadherin/
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CD144 AF647 (BD Pharmingen), ployclonal antibody (pAb) Rabbit anti-phospho-paxillin (PY118)
and secondary antibody (2nd Ab) anti-Rabbit AF488 were used for immunofluorescence.
For immunoblotting; monoclonal antibodies (mAb) Mouse anti-Rac1 and –anti-Cdc42 were
purchased from Transduction Laboratories (BD). mAb Rabbit anti-RhoA and –anti-RhoC were from
Cell Signaling. pAb Rabbit anti-RhoB was from Santa-Cruz Biotechnology and mAb Mouse antiactin was purchased from Sigma. 2nd Ab, HRP-labeled Goat anti-Mouse and Swine anti-Rabbit
were obtained from Dako.

Electrical Cell-substrate Impedance System (ECIS)
ECIS (Applied Biophysics, New York, USA) electrode arrays (8W10E) were pre-incubated with
10mM L-Cysteine (Sigma) for 5 min at 37°C and coated with FN (10 μg/ml, 0.9% NaCl (Sigma))
for ≥1 hour at 37°C. After coating HUVECs were seeded (150,000 cells per well) and grown to
confluence. The electrical resistance, as a measure of endothelial barrier function, was recorded at
a frequency of 4000 Hz at 37°C, 5% CO2.

CRIB-based Rac1/Cdc42 pull down assays
HUVECs were grown to a monolayer, stimulated as described and washed with ice-cold PBS (1mM
CaCl2, 0.5 mM MgCl2). Next, cells were lysed for 5 min on ice in lysis buffer containing 50 mM Tris,
pH 7.4, 0.5 mM MgCl2, 500 mM NaCl, 1% (v/v) Trition X-100, 0.5% (w/v) deoxycholic acid (DOC),
and 0.1% (w/v) SDS supplemented with protease inhibitors (Roche). Lysed cells were cleared by
centrifuging for 5 min at 14000xg and incubated with biotinylated Pak1-CRIB peptide coupled to
streptavidin beads62. After ≥30 min incubation at 4 °C, beads were washed 5 times in 50 mM Tris,
pH 7.4, 0.5 mM MgCl2, 150 mM NaCl, 1% (v/v) Trition X-100 and eluted in SDS-sample buffer
containing 4% β-mercaptoethanol. Samples were analyzed by Western blot using either anti-Rac
or anti-Cdc42 antibodies.

Rhotekin-Rho binding domain (RBD) pull down assay
HUVECs were grown to a monolayer, stimulated as described and washed with ice-cold PBS
(1mM CaCl2, 0.5 mM MgCl2). Next, cells were lysed for 5 min on ice in 25 mM Tris-HCl pH 7.2,
150 mM NaCl, 10 mM MgCl2, 1% NP-40, 5% glycerol supplemented with protease inhibitors
(Roche). Lysed cells were cleared by centrifuging for 5 min at 14000xg and incubated with bacterial
produced glutathione S-transferase (GST)-Rhotekin-RBD beads62. After ≥30 min incubation at 4 °C,
beads were washed 5 times in the above-mentioned lysis buffer and boiled in SDS-sample buffer
containing 4% β-mercaptoethanol. Samples were analyzed on Western blot by using either antiRhoA, anti-RhoB or anti-RhoC antibodies.

Confocal imaging
HUVECs were seeded on FN-coated 14-mm glass coverslips and grown to a semi-confluent
monolayer. After stimulation, cells were washed with PBS (1mM CaCl2 and 0.5 mM MgCl2) and
fixed for 5 min in PBS (1mM CaCl2 and 0.5 mM MgCl2) containing 4% formaldehyde. Next, cells
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were permeabilized for 5 min in PBS containing 0.5% Triton X-100, followed by 20 min incubation
in 0.5% PBS-Bovine serum albumin (BSA) blocking buffer. Subsequently, cells were incubated for
1hr with primary antibodies and 45 min with secondary or directly-labeled antibodies, all of them
dissolved in 0.5% PBS-BSA. Fluorescent images were collected on a Zeiss LSM510/Meta confocal
laser-scanning microscope, equipped with a 63x oil immersion objective (NA 1.40) and Zeiss/Zen
2011 software.

Live HUVEC FRET measurements
Glass coverslips, containing transfected HUVECs, were placed in an Attofluor cell chamber (Thermo
Scientific) 16-20 hours after electroporation. Cells were stimulated as indicated and live-cell FRET
images were collected on a widefield Zeiss Observer Z1 microscope, equipped with a 40x oil
immersion objective (NA 1.3), a HXP 120 Volt excitation light source and Zeiss/Zen 2011 software.
CFP was excited using a FRET filter cube with Exciter ET 436/20 and 455 dichroic longpass (DCLP)
mirror (Chroma, Bellows Falls, Vermont, USA). Emission light was directed to a second dichroic
mirror (510 DSCP (Chroma, Bellows Falls, Vermont, USA)) and simultaneously captured at two
individual Hamamatsu ORCA-R2 digital CCD camera’s. CFP emission (455-510) was captured
on the first camera via an ET 480/40 nm emission filter (Chroma, Bellows Falls, Vermont, USA).
Emission wavelengths of >510 (YFP) were captured on the second camera by using an ET 540/40
nm emission filter (Ludl Electronics Products, NY, USA). FRET image and ratio analysis was
performed in ImageJ, according to42,44.

Static HeLa cell FRET measurements
HeLa cells were transfected as indicated and glass coverslips were placed in Attofluor cell chambers
16-20 hrs. after transfection. Live-cell FRET images were collected on a widefield Axiovert 200M
microscope (Carl Zeiss GmbH), equipped with a Plan-Neofluor 40x oil-immersion objective (NA 1.3),
a xenon arc lamp with monochromator (Cairn Research, Faversham, Kent, UK) and Metamorph 6.1
software. Images were acquired, using a cooled charged-coupled device camera (Coolsnap HQ,
Roper Scientific, Tucson, AZ, USA). CFP was excited at 420 nm (slit width 30 nm) via a 455 DCLP
dichroic mirror, and emission light was directed to a 470/30 nm emission filter. Using a rotating
emission filter wheel, YFP emission was directed to a 535/30 nm emission filter. Red fluorescent
protein was excited at 570 nm (slit width 10 nm) via a 585 DCXR dichroic mirror, in turn emission
light was directed to a 620/60 nm emission filter. All image acquisitions were background corrected,
YFP/CFP FRET ratios were bleed-through-corrected (55%) for the CFP leakage into the YFP
channel.

Live HUVEC morphology change measurements
Transfected HUVECs on glass-coverslips were placed in Attofluor cell chambers 16-20 hours after
transfection. Image collection was performed on the microscope systems as described above.
Image analysis was performed in ImageJ; after background subtraction, a smooth filter was used
to reduce the noise. Next, a threshold was applied, creating binary images with values of either 255
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(signal) or 0 (no signal). Binary images of the pre-stimulated and stimulated condition were then
subtracted by 254 and 253, respectively. These two images were summed, creating image values
of 0 (representing the background, displayed in black), 1 (representing contraction, displayed in red),
2 (representing expansion, displayed in blue), 3 (representing unchanged areas, displayed in white).
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Figure S1. S1P induces EC morphology changes, resulting in net EC spreading. (A) ECs, transiently transfected with
mTq2, were grown to a monolayer. Local changes in the area of a single cell were measured before and after stimulation
with S1P at t= 0:30 min. Colors represent area change following S1P stimulation (LUT on the right). Scale bar = 25µm. (B)
Normalized mean EC area changes before and after S1P stimulation. Graphs and tables represent two technical replicates
of a total of n=14.
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Supplemental movie 1. Rapamycin-dependent recruitment of FKBP12-TIAM1 to Lck-FRBECFP at the plasma membrane. Movie depicts Lck-FRB-ECFP signal to visualize the cell area.
Movie runs over 15 minutes, frame rate 30 fps.
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ABSTRACT
The Rho GTPase family is involved in actin dynamics and regulates the barrier function of the
endothelium. One of the main barrier-promoting Rho GTPases is Cdc42, also known as cell
division control protein 42 homolog. Currently, regulation of Cdc42-based signaling networks
in endothelial cells (ECs) lack molecular details. To examine these, we focused on a subset of
Rho guanine nucleotide exchange factors (GEFs), which are expressed in the endothelium.
By performing live, single cell FRET measurements with Rho GTPase biosensors in primary
human ECs, we monitored GEF efficiency towards Cdc42 and Rac1. A new, single cell-based
analysis was developed and used to enable the comparison of cellular activities of the fulllength GEFs. Our data reveal a specific GEF dependent activation profile, with most efficient
Cdc42 activation induced by FGD1, PLEKHG1 and PLEKHG2 and the highest selectivity for
FGD1. Additionally, we generated truncated GEF constructs that comprise only the catalytic
dbl homology (DH) domain or together with the adjacent pleckstrin homology domain (DHPH).
The DH domain by itself was not active, whereas the DHPH domain of ITSN1, ITSN2
and PLEKHG1 showed activity towards Cdc42. Together, our study characterized endothelial
GEFs that may activate Cdc42, which will be of great value for the field of vascular biology.

INTRODUCTION
The Rho family of small GTPases belongs to the superfamily of Ras GTPases. Approximately
20 Rho GTPases have been identified, some of which show >85% homology and functional
redundancy1,2. Via differential actin cytoskeleton remodeling, Rho GTPases regulate a range
of cellular responses, including cell adhesion, -migration and -polarity3. In the endothelium,
these processes form the basis of vascular homeostasis and dynamic regulation of endothelial
barrier function. Consequently, Rho GTPases are key molecular components in EC biology.
Rho GTPases act as molecular switches, and their activation and downstream signaling
is regulated by three groups of proteins4. While Rho guanine nucleotide exchange factors
(GEFs) mediate the Rho GTPase GDP-GTP exchange, leading to an activated GTPase, the
intrinsic GTP hydrolysis, i.e. inactivation, is stimulated by Rho GTPase activating proteins
(GAPs). Additionally, members of the Rho guanine dissociation inhibitors (GDI) family,
sequester inactive Rho GTPases in the cytoplasm, securing a large pool of Rho GTPases
available for rapid cellular responses to external cues. Roughly 80 GEFs, 70 GAPs and 3
GDIs have been identified, greatly outnumbering the ~20 Rho GTPases. Consequently, the
regulation of Rho GTPase activity, both in time and place, is highly complex3,4.
GEFs comprise the largest group of Rho GTPase regulators, consisting of two families;
11 dedicator of cytokinesis (Dock) - and 74 diffuse B-cell lymphoma (Dbl) proteins5–13. The
Dbl family has been repeatedly linked to Rho activation. Members of this family contain a Dblhomology (DH) domain of around 170-190 residues, that regulates the Rho GTPase GDP152
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GTP exchange10,13. In addition, the majority of DH-containing Dbl family members encode a
pleckstrin homology (PH) domain of approximately 120 residues. PH domains can contribute
to GEF autoinhibition, activity regulation, subcellular localization, phospholipid binding and
to the scaffolding of related signaling proteins4,10,14. However, these functions are relatively
unexplored and in general PH-domain specific functions are poorly documented.
Although GEF-Rho GTPase interactions are critical determinants in Rho GTPase
signaling networks, molecular details are still missing. Additionally, current studies are mostly
based on studies with isolated components or pull-down experiments on lysed cells. The in
vitro data provide mechanistic details13, but lack physiological relevance due to the absence
of cellular context. Here, we specifically focused on GEF-Cdc42 interactions in the cellular
environment, with special emphasis on the endothelium. We selected a subset of endothelial
GEFs and performed förster resonance energy transfer (FRET) measurements to measure
Cdc42 activation in live primary HUVECs (human umbilical vein endothelial cells). This singlecell FRET-based approach identifies critical regulators of Cdc42 activation in the endothelium.

7

RESULTS
Cdc42 GEF selection in human ECs
Over the past years the Rho GTPase Cdc42 has been identified as a key regulator in
endothelial barrier control15–17. Endothelial barrier function is dependent on tight orchestration
of complex, interacting signaling pathways, of which detailed information is still missing. To
explore Cdc42-mediated signaling networks in ECs, we here tested a series of potential
Cdc42GEFs for their selectivity and effectivity in activating Cdc42.
Potential Cdc42GEFs were selected, based on (i) expression level analysis; (ii) catalytic
RhoGEF activity (mostly based on in vitro studies); and (iii) reported effects on (barrier) function
in ECs13,18,19. Following these criteria, 15 GEFs were identified to be of interest; these include
α-Pix, Asef2, β-Pix, FGD1, FGD5, ITSN1, ITSN2, PLEKHG1, PLEKHG2, PLEKHG4, pRex1,
sGEF, TrioN, TUBA and Vav2. Except for TUBA (lacking PH domain), these GEFs all contain
a DH and a PH domain, positioning them as members of the Dbl GEF family. A schematic
overview of the domain organization within these GEFs was obtained using the SMART
(Simple Modular Architecture Research Tool) database20, and is illustrated in Figure 1.

GEF-phenotypes in ECs
Most of the selected GEFs have not been previously studied in ECs. The initial characterization
of their potential function entailed analysis of their intracellular localization. Unfortunately, due
to the lack of proper antibodies, it is not possible to study localization of the endogenous
proteins. Therefore, we generated GEF fusions with mTurquoise2 (mTq2, a cyan fluorescent
protein (CFP)), to explore individual GEF localization.
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Figure 1. Protein domain structure of potential Cdc42 GEFs. Size of GEF structure relates to number of amino acids.
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Analysis of expression of mTq2-GEFs in confluent EC monolayers was combined with
immunofluorescent staining for F-actin and the cell-cell contact protein Vascular Endothelial
(VE)-cadherin (Figure 2A). This strategy induced notable phenotypes in ECs. A specific
‘protruding’ phenotype was observed for FGD1, PLEKHG2 and Vav2. In cells expressing these
GEFs, the peripheral membrane protrudes beyond the VE-cadherin-positive cell-cell junction,
a phenomenon that is also induced by the expression of constitutively active Cdc42 (Cdc42G14V) (Figure 2B). FGD1 and Vav2 furthermore show a marked increase in cortical actin,
while PLEKHG2 itself partly localized at F-actin fibers. In contrast to this protruding phenotype,
expression of β-Pix resulted in a ‘contractile’ phenotype, marked by an increase in F-actin
stress fibers and a jagged appearance of the VE-cadherin complex.
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Figure 2. Ectopic expression of potential Cdc42 GEFs induces specific phenotypes in ECs. A) ECs were transiently
transfected with mTq2-fused α-Pix, Asef2, β-Pix, FGD1, FGD5, ITSN1, ITSN2, PLEKHG1, PLEKHG2, PLEKHG4, pRex,
TrioN, TUBA or Vav2. ECs were grown to a monolayer and stained for F-actin and VE-cadherin. Arrowheads highlight
specific phenotypes: arrowhead #1 contractile phenotype, arrowhead #2 protruding phenotype, arrowhead #3 cortical
actin, arrowhead #4 vesicle-like structures, arrowhead #5 lineair VE-cadherin. Except for the zoomed images, image
acquisition and processing are equal between all conditions. B) ECs were transiently transfected with Cdc42-G14V, grown
to a semi-confluent monolayer and stained for F-actin and VE-cadherin. Arrowhead #2 indicates protruding phenotype,
Arrowhead #3 indicates cortical actin. Scale bars of A and B are 20 µm.
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Figure 2. Continued

While most of the GEFs showed homogeneous localization throughout the cell, localization to
vesicle-like structures were observed for ITSN1, ITSN2 and TUBA. Comparable to FGD1, expression
of both PLEKHG1 as well as pRex1 induced a large fraction of cortical actin. Next to this induction
of cortical actin, we observed dissociation from the cell matrix, combined with reduced levels of
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VE-cadherin at cell-cell junctions. TrioN positive cells, showed nuclear accumulation and a typical
linear VE-cadherin phenotype. These linear VE-cadherin junctions have already been reported as
a TrioN-specific phenomenon21–23. No specific phenotypes were observed for α-Pix, Asef2, FGD5
and PLEKHG4
Together, these data localize mTq2-tagged GEFs in human ECs and show that the GEFs induce
specific and differential phenotypes, inferred from endogenous F-actin- and VE-cadherin labeling.

A single-cell FRET-based approach to study GEF activation of Cdc42
The GEF localization approach revealed various GEF-specific phenotypes in ECs. Although some
of these phenotypes might hint towards activation of Cdc42, direct evidence is lacking. In order
to study GEF-mediated Cdc42 activation directly, we applied a single cell FRET-sensor strategy,
summarized in Figure 3. This strategy involves a yellow fluorescent (YFP)/CFP-based FRET
sensor which records Cdc42 activation24. The design of this sensor allows ratiometric YFP/CFP
image-based analysis, in which an increase in YFP/CFP ratio corresponds to an increase in Cdc42
activation.
In our experimental setup, the Cdc42 sensor is co-expressed with either a soluble mCherry (as
a control) or a mCherry-tagged GEF of interest. The fluorescence intensity of mCherry will reflect
the concentration of the GEF. Cells that showed both sensor- as well as mCherry expression within
the intensity range of 4-600, were selected. Next, image acquisition and processing resulted in a
ratiometric YFP/CFP image, including a corresponding average YFP/CFP value. These average
YFP/CFP values of multiple cells were plotted for both the control as well as for the GEF-expressing
cells (Figure 3, arrow #1). In turn, YFP/CFP ratios and corresponding mCherry intensities were
plotted in mCherry-YFP/CFP ratio graphs (Figure 3 arrow #2). The rationale is that the Rho GTPase
activity, assessed from the YFP/CFP ratio, is positively correlated with GEF activity, inferred from
mCherry fluorescence. To quantify the relationship between activity and GEF concentration, the
data points (each dot represents a single cell) were subjected to linear regression analysis via the
Theil-Sen estimator method. The Theil-Sen estimator method calculates the median slope (Figure
3 arrow #3), which we take as a measure of cellular activity of a GEF. Details of this Theil-Sen
estimator analyses are summarized in Supplemental Figure S1.
In summary, the cell-based analysis of Rho GTPase activation with FRET based biosensors
and tagged GEFs enables the determination and comparison of GEF activity in single living ECs.

GEF expression induces specific Cdc42 and Rac1 activation patterns in ECs
The workflow described in the previous section was applied for all selected GEFs, indicated in
Figure 1. Ectopic GEF expression in primary human ECs induced differential Cdc42 activation
intensity (Figure 4A, B). Based on arbitrarily set cut-off values in the slope analysis graphs (dotted
lines in Figure 4B), we implicated three levels of activation i) weak Cdc42 activators; α-Pix, Asef2,
β-Pix, FGD5 and TUBA, ii) intermediate activators; ITSN1, ITSN2, PLEKHG4, pRex1, sGEF, TrioN
and Vav2, and iii) strong activators; FGD1, PLEKHG1 and PLEKHG2.
Next to Cdc42 activation also Rac1 activation was monitored, using a validated Rac1 FRET
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sensor23. Use of the same strategy as for Cdc42 divided the GEFs in i) weak Rac1 activators; α-Pix,
Asef2, β-Pix, FGD1, FGD5and ITSN1, ii) intermediate activators; ITSN2, PLEKHG1, PLEKHG2,
PLEKHG4, sGEF and TUBA, and iii) strong activators; pRex1, TrioN and Vav2 (Figure 4C, D).
Overall, these data show distinct GEF-induced Cdc42 and Rac1 activation profiles in live ECs.
Different GEFs can be divided into low-, medium-, and high activators, with differential preference
for Cdc42 or Rac1 GTPases.
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Figure 3. Workflow of GEF-mediated Cdc42 activation measurements in single ECs. Data points are part of an
actual experiment included in this paper. ECs were transiently transfected with the CFP/YFP-based Cdc42 FRET sensor,
and either C1-mCherry- or a mCherry-GEF. Warm colors in FRET image represent high activation and corresponds to the
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TIAM exclusively activates Rac1, and not Cdc42
As shown in Figure 4, pRex1, TrioN and Vav2 all, to some extent, activate Cdc42. Previous
literature, however, mainly describes these GEFs as Rac1 activators. To test the specificity and
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discriminative power of our assay, we used the GEF TIAM1 as an additional negative control.
Based on vitro data 13, TIAM1 is highly selective, showing high GEF activity towards Rac1, but
not towards Cdc42. Applying the same strategy as described in Figure 3, the catalytic domain of
TIAM1 was used to study the effect on Cdc42 or Rac1. Ectopic expression of mCherry-TIAM1,
combined with the Cdc42 FRET sensor, did not induce Cdc42 activation (Figure 5A-D). This was
the case for mCherry-TIAM1 – YFP/CFP ratio plots (Figure 5A), and for the median slope values
(Figure 5D). In contrast to Cdc42, strong effects were observed of TIAM1 on Rac1 activation
(Figure 5E-H). In addition, mCherry-TIAM1 - YFP/CFP ratio plots demonstrated a positive trend
(compare Figures 5F and G), that resulted in clear median slope differences between the control
and TIAM1 condition (Figure 5H).
Collectively, these data demonstrate that the Cdc42 and Rac1 biosensors report with high
selectivity on GEF activity in a cellular context.
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Figure 4. Ectopic expression of GEFs induce distinct Cdc42 and Rac1 activation patterns. A) Average YFP/CFP ratios
(±95% CI) of ECs that were transiently transfected with the Cdc42 FRET sensor and either C1-mCherry (Control, n=296) or
mCherry-fused GEFs (α-Pix n=30, Asef2 n=33, β-Pix n=38, FGD1 =55, FGD5 n=29, ITSN1 n=20, ITSN2 n=49, PLEKHG1
n=88, PLEKHG2 n=70, PLEKHG4 n=82, pRex1 n=18, sGEF n=33, TrioN n=31, TUBA n=52 and Vav2 n=36). B) Median
Slope values (± interquartile range) of data points represented in A). C) Average YFP/CFP ratios (±95% CI) of ECs that were
transiently transfected with the Rac1 FRET sensor and either C1-mCherry (Control, n=271) or mCherry-fused GEFs (α-Pix
n=33, Asef2 n=31, β-Pix n=38, FGD1 n=31, FGD5 n=22, ITSN1 n=21, ITSN2 n=28, PLEKHG1 n=64, PLEKHG2 n=81,
PLEKHG4 n=61, pRex1 n=24, sGEF n=41, TrioN n=24, TUBA n=61 and Vav2 n=50). D) Median Slope values (± interquartile
range) of data points represented in C). Dotted lines represent cut offs, categorizing Low, Median, and High activators.
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Catalytic GEF domains induce differential Cdc42 activation patterns
As can be inferred from the protein domain structures in Figure 1, the GEFs of interest belong
to the Dbl family (containing a DH and PH domain). The activity that we have measured
for the FL GEFs (Figure 4) is determined by the combined role of all the domains that are
present. Previous studies have demonstrated that the DH domain is responsible for the
catalytic activity towards their preferred targets4,10,13. The PH domain that is adjacent to the
DH domain in the majority of GEFs has a less clearly defined role. Finally, domains beyond
the DHPH tandem can have diverse regulatory roles, including localization, autoinhibition,
protein-protein or protein-lipid interactions. To study the role of the catalytic unit in more
detail, we selected a number of GEFs to examine the activity of the DH domain and the role
of the PH domain.
In total eight GEFs from all three levels of Cdc42 activation (weak, intermediate, strong)
were selected, including FGD1, FGD5, ITSN1, ITSN2, PLEKHG1, PLEKHG2, PLEKHG4 and
pRex1. Corresponding GEF DHPH domain alignments (acquired from ClustalW) highlight the
amino acid sequence homology between these proteins (Figure 6). We generated mCherryfused DH, and DHPH constructs, Additionally, to study their localization effects, these
constructs were either soluble or membrane linked via a N-terminal membrane linker (Lck).
We tested to what level the different DH/DHPH constructs activated Cdc42, relative to
the corresponding full length (FL) GEFs. Distinct activation patterns were observed for the
GEFs of interest (Figure 7A-H and Supplemental Figure S2). PLEKHG2 and pRex1 showed
pronounced Cdc42 activation by the FL protein, while the DH/DHPH constructs hardly
showed Cdc42 activation (Figure 7F, H and Supplemental Figure S2F, H). In contrast to
the average YFP/CFP ratio plots, a pronounced effect was observed for the median slope
value of three of the FGD1 truncation constructs; DH, DHPH and Lck-DHPH, respectively
(Figure 7A and Supplemental Figure S2A). This difference in YFP/CFP ratio and median
slope value was not observed for PLEKHG2 and pRex1 (Figure 7F, H and Supplemental
Figure S2F, H). For the weak activator FGD5, neither the average YFP/CFP ratio, nor the
median slope values were affected in any of the conditions (Figure 7B and Supplemental
Figure S2B). Relative to the FL and the DH constructs, the DHPH constructs induced high
YFP/CFP ratio increases for ITSN1, ITNS2, PLEKHG1 (Suppemental Figure S2C, D, E). A
different pattern was observed in the corresponding median slope graphs. Here the effect of
the DHPH truncation constructs was less pronounced relative to the FL constructs (Figure
7C, D, E and Supplemental Figure S2C, D, E). Finally, the catalytic PLEKHG4 constructs
induced moderate increases in Cdc42 activation as compared to the FL PLEKHG4 (Figure
7G and Supplemental Figure S2G)
In summary, these data show that catalytic domains of different GEFs, in combination
with the PH domain or not, induce distinct Cdc42 activation profiles. For FGD1, ITSN1, ITSN2
and PLEKHG1 different patterns were observed when comparing average FRET ratios and
corresponding slope analyses.
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domain, light gray represents the PH domain. * represents single, fully conserved residue, : represents conserved residues
between groups of strongly similar properties, . represents conserved residues between groups of weakly similar properties.

162

SELECTIVITY OF GUANINE NUCLEOTIDE EXCHANGE FACTOR-MEDIATED CDC42 ACTIVATION IN
PRIMARY HUMAN ENDOTHELIAL CELLS

A

B
Cdc42 + FGD5
0.15

0.10

0.10

PH
H

PH

D

H

Lc

k-

H

D

D

C

Lc

on

D

tr

PH

PH

H

Lc

k-

D

Lc

D

H

D

H

k-

D

tr
on
C

ol

-0.05

H

-0.05

FL

0.00

ol

0.00

H

0.05

k-

0.05

FL

Slope

Slope

Cdc42 + FGD1
0.15

C

D
Cdc42 + ITSN2

0.15

0.15

0.10

0.10
0.05

PH

Lc

k-

D

H

H

PH

H

H

D

D

C

Lc

on

D

tr

PH

PH

H

D

Lc

k-

Lc

D

k-

H

D

H
D

tr
on
C

7
ol

-0.05

H

-0.05

FL

0.00

ol

0.00

k-

0.05

FL

Slope

Slope

Cdc42 + ITSN1

E

F
Cdc42 + PLEKHG2

0.15

0.30

0.10

0.20

Slope

Slope

Cdc42 + PLEKHG1

0.05
0.00

0.10
0.00

PH

PH
Lc

k-

D

H

H

D

H

D

H

k-

D

Lc

k-

C

Lc

on

FL

ol
tr

PH

PH

D

H

H

H
D

H

k-

D

C

Lc

D

FL

on

tr

ol

-0.05

G

H
Cdc42 + pRex1

0.10

0.10

0.05

0.05

Slope

0.00

PH
H

PH

k-

D

H

H
D

Lc

D

k-

H
D

Lc

FL

ol
on

tr

PH
H

PH

D

Lc

k-

H

D

H

D

k-

H
D

Lc

tr
on
C

FL

-0.05

ol

-0.05

0.00

C

Slope

Cdc42 + PLEKHG4

Figure 7. Catalytic GEF domains induce distinct Cdc42 activation profiles, based on median slope values. Median
Slope values (± interquartile range) of data points represented in Supplemental Figure S2.
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DISCUSSION
Over the past years more than 80 GEFs have been identified and they have been shown to be
involved in a variety of functions and signaling networks. This study focusses on a selection
of Dbl-family RhoGEFs, that may signal towards Cdc42 in the endothelium, including
α-Pix, Asef2, β-Pix, FGD1, FGD5, ITSN1, ITSN2, PLEKHG1, PLEKHG2, PLEKHG4, pRex1,
sGEF, TrioN, TUBA and Vav2. Fluorescent-labeled versions of these GEFs provide new
insights regarding the localization of these proteins in primary human ECs. We furthermore
implement a robust FRET-based and live-cell assay, to measure GEF-mediated activation
of Cdc42. This demonstrates differential activation patterns, induced by FL GEFs or their
isolated DH/DHPH domains.
So far, most of these selected GEFs have not been studied in the endothelium. We
visualize these proteins in ECs by generating mTq2-labeled GEF constructs and reveal
diverse localizations and different GEF-induced phenotypes. Although these localization
studies are descriptive, specific phenotypes (e.g. FGD1-induced membrane protrusions)
already hint towards the activation of Cdc42.
Implementing GEF overexpression in our single-cell FRET strategy, allowed us to
generate large datasets of GEF-induced activation of Cdc42 or its close homologue
Rac1. To relate the observed activities to GEF expression levels, we performed Theil-Sen
estimation analyses, generating slope values for each individual data point. The outcome of
the analysis, the median slope, reflects the activity of the GEF. Based on this strategy, we
observe differential activation profiles for Cdc42 and Rac1, underscoring the specificity of
this assay. Of note, the amplitude differences in YFP/CFP ratio between Rac1 and Cdc42
biosensors are most likely the result of a higher dynamic range of the Cdc42-FRET sensor.
This technical limitation still allows us to compare trends in Cdc42 and Rac1 activation
while comparisons of actual YFP/CFP ratios and corresponding slope values are not
straightforward.
The strongest Cdc42 activators comprise FGD1, PLEKHG1 and PLEKHG2. The lack
of FGD1-induced Rac1 activation underscores the specificity of FGD1-induced Cdc42
activation. This is well in line with previous studies that characterized FGD1 as a Cdc42
GEF involved in faciogenital dysplasia, a human disease that affects skeletogenesis25,26.
We observe most prominent Rac1 activation for pRex1, TrioN, Vav2 and TIAM1, in line
with previous studies which defined these as Rac1 GEFs13. Mainly for pRex1, and to some
extent for TrioN and Vav2, we could also detect elevated Cdc42 activation. Strikingly, the
activity of pRex1 towards Cdc42 has been observed using purified components13, but not
in cellular context27. Whether the effects that we observe are indirect, i.e. through Rac1,
or direct requires further molecular analysis. While FGD5, ITSN1 and TUBA have already
been linked to Cdc42 activation28–30, our approach only detects moderate signaling towards
Cdc42. In ECs, we observe that ITSN1 and TUBA primarily localize at vesicles. However, it
is unexplored whether Cdc42 can get activated at these localized structures.
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GEF efficiencies of FL GEF are prone to auto-inhibitory domains31, as well as to
phosphorylation of specific residues32. Although FL GEF studies may appear physiologically
the most relevant, the use of isolated GEF domains limits complexity. A selection of our
catalytic constructs induces elevated Cdc42 activation, most clearly for the membranelinked, DHPH constructs of ITSN1, ITSN2 and PLEKHG1 and to some extent for FGD1
and PLEKHG4. This not only demonstrates the functionality of the respective DHPH
domains, but also proposes these GEFs as interesting candidates in recruitment- and/or
optogenetic systems, to locally induce Cdc42 activation at the plasma membrane. We33,
and others34,35, have already demonstrated the value of these approaches in biological
systems. Interestingly, we observe distinct trends in activation when comparing YFP/CFP
ratio- and corresponding slope analyses. Compared to DHPH domains, FL GEFs exhibit
higher activation potencies in the slope value- as compared to YFP/CFP ratio analysis. This
implies that the power of catalytic GEF-mediated Cdc42 activation largely depends on the
expression level of respective DHPH domains.
Previously, we observed with a similar strategy that the PH domain of p63RhoGEF has
an autoinhibitory role and that the isolated DH domain has high activity towards RhoA33.
However, we did not find a similar role for the PH domain in any of the GEFs that we
analyzed. Surprisingly, the isolated DH domains (with the exception of the DH domain of
FGD1) did not show activity in a cellular context.
In contrast to the previous-mentioned GEFs, effects of DHPH domains of FGD5,
PLEKHG2 and pRex1 are either small or absent. For these GEFs, additional domains could
be required for full activity; this will require additional domain- and activity analyses.
In conclusion, this study provides new insights regarding GEF-mediated Cdc42
activation in live, primary human ECs. Our FRET-based GEF screening method identifies
FL FGD1, PLEKHG1 and PLEKHG2 as prominent Cdc42 activators. Additionally, catalytic
domains of ITSN1, ITSN2 and PLEKHG1 behave as potential activators for local-induced
Cdc42 activation at the plasma membrane. Overall, these findings uncover novel potential
Cdc42-related (signaling) studies in the endothelium.
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METHODS
Plasmids
FL GEFs
For Asef2 (kind gift from D. Webb) and pRex1 (kind gift from H.C. Welch), mTq2 and mCherry
were amplified by PCR. PCR products (inserts) and vectors were cut with restriction enzymes.
Next, digested products were ligated to generate mTq2- and mCherry GEF fusions.
For β-Pix and TrioN (kind gifts from J. van Buul), vectors and GEF constructs were cut with
restriction enzymes Next, digested products were ligated to generate mTq2- and mCherry GEF
fusions.
For α-Pix (kind gift from J.L. Zugaza), FGD1 (kind gift from M. Hayakawa), FGD5 (kind gift
from W.J. Pannekoek), ITSN1 (obtained from addgene, plasmid #47395), ITSN2 (kind gift from
I.G. Macara), PLEKHG1 (kind gift from K. Mizuno), PLEKHG2 (kind gift from H. Ueda), PLEKHG4
(kind gift from D. Manor), sGEF (kind gift from J. van Buul), TUBA (kind gift from L.J.M. Bruurs) and
Vav2 (obtained from Addgene, plasmid #14554), GEFs were amplified by PCR. PCR products
(inserts) and vectors were cut with restriction enzymes. Next, digested products were ligated to
generate mTq2- and mCherry GEF fusions.
Corresponding PCR primers, restriction enzymes, and cloning products are listed in Table 1.
DH(PH) truncation constructs
DH and DHPH domains of FGD1, FGD5, ITSN1, ITSN2, PLEKHG1, PLEKHG2, PLEKHG4 and
pRex1 were amplified by PCR, using the same template constructs as for the cloning of the
FL constructs. Next, PCR products (inserts) and vectors were cut with restriction enzymes.
Finally, inserts were ligated into vectors to generate for each GEF mCherry-DH, Lck-mCherryDH, mCherry-DHPH and Lck-mCherry-DHPH constructs. An overview of PCR primers and
restriction enzymes are listed in Table 2.
Others
Cdc42-G14 (cDNA.org) was amplified by polymerase chain reaction (PCR), using forward
primer (BsrGI site in uppercase): gcTGTACAagtccatgcagacaattaagtgtgt and reverse primer
3’-pcdna: gtcgaggctgatcagcgg. PCR product was digested with BsrGI and XbaI and inserted
in a clontech style backbone. The Rac1 FRET sensor23 and Cdc42 FRET sensor24,36 were as
published in the sited references.
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Table 1. Generation of FL mTq2/mCherry-GEF constructs. RE = restriction enzyme, Fw =
Forward primer, Rv = Reverse primer. Restriction sites are underlined in the primer sequences.
Restriction sites for Asef2, pRex1 and sGEF are not present in the Fw primer.

PCR primers

RE1/RE2

Product(s)

Fw: 5’- gagatcgaattccatgacggaaaatggaagtcatc -3’

EcoR1

C1-mTq2/mCherry-a-Pix

Rv: 5’- gagatcggatccttattatggaagaattgaggtcttg -3’

BamHI

Fw: 5’- aggtctatataagcagagc -3’

AgeI

Rv: 5’- gagatcctcgagccatctgagtccggacttg -3’

XhoI

-

AgeI

-

BsrGI

Fw: 5’- gagatcagatctcatggccaccgagtcc -3’

BglII

Rv: 5’- gagatcgaattcttaggtcttgtctcgggtctg -3’

EcoRI

Fw: 5’- gagatcagatctatgttcaggggtccgaag -3’

BglII

Rv: 5’- gagatcgaattcttataacacactcgcatcttcc -3’

EcoRI

Fw: 5’- gagatcctcgagccgctcagtttccaacaccttttg -3’

XhoI

Rv: 5’- gagatcggtaccttacggctcatcaaacaactgc -3’

Acc65I

Fw: 5’- gagatcgtcgacgctcagtttcccacagctatg -3’

SalI

Rv: 5’- gagatctctagattacaggagagttttttgctcaaaaag -3’

XbaI

Fw: 5’- gagatcctcgagccgagctctctgatagtgaccgac -3’

XhoI

Rv: 5’- gagatcgaattcttaagcaaagctgcttgaactg -3’

EcoRI

Fw: 5’- gagatcagatctatgcctgagggagccc -3’

BglII

Rv: 5’- gagatcgaattctcacatgtggaaggggg -3’

EcoRI

Fw: 5’- gagatcctcgagccgaaaggcccctggaga -3’

XhoI

Rv: 5’- gagatcggtaccttagacacagggtaagtcctcc -3’

Acc65I

Fw: 5’- aggtctatataagcagagc -3’

AgeI

Rv: 5’- gagatcgaattcggaagcttgagc -3’

EcoRI

Fw: 5’- aggtctatataagcagagc -3’

AgeI

Rv: 5’- gagatcgaattcggaagcttgagc -3’

EcoRI

-

AgeI

-

BsrGI

Fw: 5’- gagatcgtcgacatggaggctggctcagtg -3’

SalI

Rv: 5’- gagatctctagattaggtgtactcggttttgcg -3’

XbaI

Fw: 5’- gagatcctcgagccatggagcagtggcgacag -3’

XhoI

Rv: 5’- gagatcggtaccttactggatgccctcctcttc -3’

Acc65I

C3-mTq2/mCherry-Asef2
C1-mTq2/mCherry-b-Pix
C1-mTq2/mCherry-FGD1
C1-mTq2/mCherry-FGD5

7

C1-mTq2/mCherry-ITSN1
C1-mTq2/mCherry-ITSN2
C1-mTq2/mCherry-PLEKHG1
C1-mTq2/mCherry-PLEKHG2
C1-mTq2/mCherry-PLEKHG4
C3-mTq2/mCherry-pRex1
C1-mCherry-sGEF
C1-mTq2/mCherry-TrioN
C1-mTq2/mCherry-TUBA
C1-mTq2/mCherry-Vav2
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Table 2. Generation of (Lck-)mCherry-DH(PH) GEF constructs. RE = restriction enzyme, Fw
= Forward primer, Rv = Reverse primer. Restriction sites are underlined in the primer sequences.

PCR primers

RE1/RE2

Products

Fw: 5’- gagatcagatcttctgtggagctgactgtgc -3’

BglII

(Lck-)mCherry-FGD1-DH

Rv: 5’- gagatcgaattcttaggctatcagctccaaagac -3’

EcoRI

Fw: 5’- gagatcagatcttctgtggagctgactgtgc -3’

BglII

Rv: 5’- gagatcgaattcttaggaattgatggcctggac -3’

EcoRI

Fw: 5’- gagatcagatctacccacaaggtggaagg -3’

BglII

Rv: 5’- gagatcgaattcttagtcgttggcacggtctg -3’

EcoRI

Fw: 5’- gagatcagatctacccacaaggtggaagg -3’

BglII

Rv: 5’- gagatcgaattcttaggctctgctcagacagcc -3’

EcoRI

Fw: 5’- gagatcagatctgatatgttgaccccaactg -3’

BglII

Rv: 5’- gagatcgaattcttattcgttcacctgggaac-3’

EcoRI

Fw: 5’- gagatcagatctgatatgttgaccccaactg -3’

BglII

Rv: 5’- gagatcgaattcttacttctttttctcagtctctatgtag -3’

EcoRI

Fw: 5’- gagatcagatctgacacaatgcagccaattg -3’

BglII

Rv: 5’- gagatcgaattcttacacttgagagcacagctcctc -3’

EcoRI

Fw: 5’- gagatcagatctgacacaatgcagccaattg -3’

BglII

Rv: 5’- gagatcgaattcttagtactgctcagacgccg -3’

EcoRI

Fw: 5’- gagatcagatcttcggccacgagc -3’

BglII

Rv: 5’- gagatcgaattcttagtcattgatatgccaggc -3’

EcoRI

Fw: 5’- gagatcagatcttcggccacgagc -3’

BglII

(Lck-)mCherry-PLEKHG1-

Rv: 5’- gagatcgaattcttagttctccagaatcagtctc -3’

EcoRI

DHPH

Fw: 5’- gagatcagatctatcccaggttcagccag -3’

BglII

(Lck-)mCherry-PLEKHG2-DH

Rv: 5’- gagatcgaattcttagtcgttgatgtaccaggc -3’

EcoRI

Fw: 5’- gagatcagatctatcccaggttcagccag -3’

BglII

(Lck-)mCherry-PLEKHG2-

Rv: 5’- gagatcgaattcttagttctcaaagaagaggcgc -3’

EcoRI

DHPH

Fw: 5’- gagatcaagcttttagctctgaccccaggag -3’

HindIII

(Lck-)mCherry-PLEKHG4-DH

Rv: 5’- gagatcggatccttagtcgtttccgtgccg -3’

BamHI

Fw: 5’- gagatcaagcttttagctctgaccccaggag -3’

HindIII

(Lck-)mCherry-PLEKHG4-

Rv: 5’- gagatcggatccttactgcctccaaagcagg -3’

BamHI

DHPH

Fw: 5’- gagatcctcgagccgtcctcaacgagatcttgg -3’

XhoI

(Lck-)mCherry-pRex1-DH

Rv: 5’- gagatcggtaccttactcattgatgttggagcaaac -3’

Acc65I

Fw: 5’- gagatcctcgagccgtcctcaacgagatcttgg -3’

XhoI

Rv: 5’- gagatcggtaccttagcgctgctcccg -3’

Acc65I
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(Lck-)mCherry-FGD5-DH
(Lck-)mCherry-FGD5-DHPH
(Lck-)mCherry-ITSN1-DH
(Lck-)mCherry-ITSN1-DHPH
(Lck-)mCherry-ITSN2-DH
(Lck-)mCherry-ITSN2-DHPH
(Lck-)mCherry-PLEKHG1-DH

(Lck-)mCherry-pRex1-DHPH
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Immunofluorescence
Actin-stain 555 Phalloidin was from Cytoskeleton, monoclonal antibody (mAb) Mouse anti-VEcadherin/CD144 AF647 was purchased from BD Pharmingen

HUVEC culture and transfection
Primary HUVECs, purchased from Lonza (Verviers, Belgium), were seeded on fibronectin (FN)coated culture dishes and grown in EGM2 medium (supplemented with singlequots (Lonza)).
HUVECs (at passage #4 or #5) were transfected with 2mg plasmid DNA, using a Neon transfection
system (MPK5000, Invitrogen) and a corresponding Neon transfection kit (Invitrogen) that
generates a single pulse at 1300 V for 30 ms. After microporation, HUVECs were seeded on
FN-coated glass coverslips.

Confocal imaging
Transfected HUVECs were grown to a monolayer, washed in PBS (1mM CaCl2 and 0.5 mM
MgCl2) and fixed in a PBS solution (1mM CaCl2 and 0.5 mM MgCl2) with 4% formaldehyde.
After fixation, HUVECs were permeabilized for 5 min in PBS containing 0.5% Triton X-100 and
blocked for 20 min in PBS containing 0.5% Bovine serum albumin (BSA). Finally, HUVECs were
incubated for 1 hour with directly-labeled antibodies, dissolved in 0.5% PBS-BSA. Confocal
images were obtained on a Nikon A1 confocal microscope, equipped with a 60x oil immersion
objective (NA 1.40, Plan Apochromat VC) and Nikon NIS elements software.

Live HUVEC FRET measurements
Glass coverslips with transfected HUVECs were mounted in Metal Attofluor cell chambers at
least 16 hours after transfection. Live-cell FRET acquisitions were performed on a widefield Zeiss
Axiovert 200 M microscope, equipped with an 40x oil-immersion objective (NA 1.30), Metamorph
6.1 software, a xenon arc lamp with mono-chromator (Cairn Research, Faversham, Kent, UK)
and a cooled charged-coupled device camera (Coolsnap HQ, Roper Scientific, Tucson, AZ,
USA). Cells were excited by using 420 nm light (slit width 30 nm) and a 455 DCLP (dichroic longpass) mirror. Via a rotating filter wheel, CFP emission was directed to a 470/30 nm emission filter
and YFP emission to a 535/30 nm emission filter. mCherry was excited with 570 nm light (slit
width 10), and via a 585 DCXR mirror mCherry emission was directed to a 620/60 emission filter.

Data analysis
All image acquisitions were background corrected and YFP acquisitions were bleed-through
corrected (55% leakage of the CFP into the YFP channel). FRET images in Figure 3 were
obtained by ImageJ, according to23,37.
YFP/CFP ratio analysis was performed in Matlab (Matlab, The MathWorks, Inc., Natick,
Massachusetts, United States). The Matlab script was first described in33. Theil-Sen estimation
analysis was performed according to Supplemental Figure S1. Of note, median slopes were
determined and shown in the graphs, since median values are less prone to outliers.
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CHAPTER 8

ABSTRACT
Sphingosine-1-phosphate (S1P) is present in high concentrations in the circulation and controls
the endothelial barrier function. Exogenous S1P stimulates G-protein-coupled receptors
(S1PR1-S1PR3 in endothelial cells), activating various downstream signaling cascades. This
study focusses on the S1P-mediated endothelial barrier-promoting effect, induced by the
relatively unexplored S1PR1-Gi-Cdc42 signaling axis. We elucidate the role of the Gi-protein
complex, showing that not the Gαi subunit but the Gβγ subunit is required for signaling towards
Cdc42. We subsequently screened for RhoGEFs, acting downstream of this Gβγ, in a HeLa
cell-based model system. Among the analyzed RhoGEFs; FGD5, ITSN1, PLEKHG2 and
pRex1, only pRex1 was able to activate Cdc42 through GPCRs. In summary, this study reveals
a S1PR1-Gβγ-pRex1-Cdc42 signaling module that may positively regulate endothelial barrier
function.

INTRODUCTION
The endothelium consists of a single cell layer of endothelial cells (ECs) that line all blood and
lymphatic vessels, and regulate vascular homeostasis1,2. While ECs prevent vascular leakage,
they also provide selective permeability, allowing transport of oxygen, nutrients and waste3–5. ECs
furthermore mediate several cellular processes, related to physiological functions in the human
body. This includes regulation of vascular tone, blood clotting, immune responses, and the
formation of new blood vessels6–9.
A central theme in EC-mediated functions comprises endothelial barrier regulation. This
process depends on various networks, controlling intra- as well as intercellular signaling10. One of
the main barrier-controlling endothelial signaling cascades is activated by sphingosine-1-phosphate
(S1P), a bioactive sphingolipid present in high concentrations in our circulatory system11–14. S1P
mediates EC spreading15, and stabilizes the VE-cadherin complex16, the main endothelial cell-cell
junction protein. These are fundamental processes, directly linked to endothelial barrier promotion.
Exogenous S1P can activate three different G-protein-coupled receptors (GPCRs) in
ECs (S1PR1-S1PR3)17. GPCRs contain 7 transmembrane-spanning domains and couple to
heterotrimeric G-proteins in the cytoplasm. S1PRs couple to Gi and G12/13 protein complexes15.
The heterotrimeric G-protein complex consists of a Gα subunit and a Gβγ dimer. The Gα subunit
is a G-protein that exists in a GDP bound, inactive state or a GTP-bound active state. Both
components, i.e. Gα and Gβγ, can interact with downstream effectors18.
Activation of GPCRs results in downstream, activity of Rho GTPases that mediate EC
morphology changes. We have previously shown that the net effect of GPCR activation on EC
cell shape depends on a balance between RhoA and Rac1/Cdc42 signaling. Two antagonistic
signaling modules can be activated in parallel, a S1PR1-Gi-Rac1/Cdc42 signaling axis that
results in cell spreading and S1PR2-G12/13-RhoA signaling axis that results in cell contraction.
178

CONNECTING S1P SIGNALING TO ENDOTHELIAL BARRIER REGULATION:
A POSSIBLE LINK BETWEEN PREX1 AND CDC42

The barrier promoting effect of S1P exists, since the S1PR1-Gi-Rac1/Cdc42 axis dominates15.
While Rac1 has already been linked to lamellipodia-driven migration and expansion, Cdc42
has been mainly identified as the Rho GTPase involved in filopodia formation19,20. So far, evidence
for a role for Cdc42 in EC cell spreading is lacking. This study set out to explore the molecular
basis of Cdc42-mediated endothelial cell spreading and barrier regulation and we identified
previously unrecognized components of the S1PR1-Gi-Cdc42 signaling axis. To this end, we
characterize and use a set of synthetic tools to perturb Gi/Cdc42 signaling, including DREADDS,
chemical induced dimerization and protein-based inhibitors. As read-out we employed single
cells imaging of FRET based sensors that report on Gi or Cdc42. Finally, we over-expressed a set
of RhoGEFs, to explore RhoGEF-mediated Cdc42 activation in the S1PR1-Gi-Cdc42 signaling
axis. Together, these experiments reveal new insights in S1P-mediated Cdc42 activation and
endothelial barrier regulation.

RESULTS
Synthetic Cdc42 activation induces EC spreading
While Cdc42 activation has classically been associated to filopodia formation19,20, our
previous study has demonstrated that S1P-mediated EC spreading and barrier regulation is
accompanied by Rac1 and Cdc42 activation15. In order to investigate whether Cdc42 plays
a role in EC spreading, we employed a synthetic Cdc42 activation system (Figure 1A). This
rapamycin-based hetero-dimerization system, allows spatiotemporal control over a Cdc42 GEF
that can activate endogenous Cdc42 following recruitment to the plasma membrane21. Here,
the catalytic domain of ITSN1 is linked to a F12 component, tagged with a yellow fluorescent
protein (YFP) (kind gift form T. Kortemme22). Upon rapamycin addition, F12-ITSN1 is recruited
to plasma membrane-linked FRB, labeled with cyan fluorescent protein (CFP).
Combining rapamycin-based ITSN1 recruitment with endogenous F-actin and VEcadherin labeling demonstrated the induction of a specific phenotype in ECs (Figure 1B
and Supplemental Figure S1A, B). While control cells (no rapamycin addition) showed VEcadherin labeling at the cell border, a marked induction of protrusion was observed after ITSN1
recruitment induced by rapamycin. In line with this protruding phenotype, single EC analysis
revealed clear cell spreading after rapamycin-induced ITSN1 recruitment (Figure 1C, D). In
addition, ITSN1-induced cell spreading was also observed in HeLa cells (Supplemental Figure
S1B, C). Together, these data demonstrate that Cdc42 activation via ITSN1 induces protrusion,
which supports the notion that Cdc42 activation is sufficient for induction of cell spreading.
Synthetic activation of Gi demonstrates Gβγ-dependent activation of Cdc42
The rapamycin-based recruitment assay directly linked Cdc42 activity to EC spreading. It is
unclear however, to what extent GPCR activation can trigger Cdc42 activity. Our previous
study has shown robust Gi-mediated Cdc42 activation upon S1P addition15. However, in that
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Figure 1. ITSN1-based Cdc42 activation induces cell protrusions and EC spreading. A) A rapamycin-based
recruitment system activates Cdc42 at the PM. FRB= Lck-FRB-ECFP; F12= mCherry-FKBP12 -ITSN1. B) ECs were
co-transfected with Lck-FRB-ECFP (FRB) and mCherry-FKBP12-ITSN1 (F12-ITSN1), grown to a monolayer, stimulated
with rapamycin when indicated, and stained for F-actin and VE-cadherin. FRB/F12-ITSN1 represents merged image of
these two constructs, individual expression is illustrated in Supplemental Figure S1A. Arrowhead indicates protruding
phenotype. Scale bar = 20 µm. C) ECs were co-transfected with Lck-FRB-ECFP (represented by fluorescent image) and
mCherry-FKBP12-ITSN1, grown to a monolayer and stimulated with rapamycin (100 nM at t = 1:10 min) to measure single
cell area changes. Colors on the right image represent area changes according to legend on the right. Scale bar = 20 mm.
D) Corresponding cell area change graph of the EC represented in C). E) EC area change (±95% CI) for n = 9, analyzed
as described for C).
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study we did not address whether Gi signaling in general can activate Cdc42 or whether it is
specific to S1PR1 signaling.
To address this question, we turned to a synthetic DREADD receptor (Designer Receptors
Exclusively Activated by Designer Drugs) approach in HeLa cells. DREADDs are mutagenized
Muscarinic receptors that can activate Gq-, Gi-, or Gs-signaling pathways with a synthetic
compound that does not have any other biological effect 23,24.
To explore the DREADD-based system in live cells, we used a Gi-specific DREADD
(hM4Di) together with validated Gi- or Cdc42 FRET sensors25,26. These sensors allow single
cell-based imaging of responses to cell stimulation. The Gi FRET sensor is a loss-of-FRET
sensor, and as a result activation is reflected by a loss of the YFP/CFP ratio. In contrast, the
Cdc42 sensor is a gain-of-FRET sensor and an increase in Cdc42 activation corresponds to
an increase in the YFP/CFP ratio of the Cdc42 sensor.
In order to validate the system, hM4Di was co-expressed with either the Gi- or Cdc42
FRET sensor in HeLa cells. Robust Gi and Cdc42 activation was observed after clozapineN-oxide (CNO, a synthetic DREADD agonist) stimulation, while no response was detected
in control cells (Gi or Cdc42 FRET sensor positive cells without hM4Di expression), which
fits with the notion that the synthetic activator has no biological effect by itself (Figure 2A).
These results demonstrate that synthetic activation of Gi results in a Cdc42 response and that
Cdc42 signaling is possibly a general response to activation of Gi-coupled receptors.
Next, to explore the differential function of the Gαi subunit and Gβγ dimer in the Gi
protein complex, two different inhibitory approaches were used: pertussis toxin (PTX) and
the C-terminal domain of G protein-coupled receptor kinase (GRKct), respectively. While PTX
abolishes Gαi activation via ADP-ribosylation of the αi subunit, GRKct selectively inhibits Gβγ
signaling without affecting Gα-mediated signaling27,28. PTX pre-treatment completely inhibited
CNO-DREADD-mediated Gi activation, as monitored by the Gi-FRET sensor (Figure 2B, left
graph), indicating that PTX prevents Gαi - Gβγ dissociation. Moreover, there was also no
Cdc42 activation after PTX pre-treatment and CNO-DREADD stimulation (Figure 2B, right
graph).
While PTX inhibits Gi, the GRKct domain selectively inhibits Gβγ by binding to it. To improve
the potency of this inhibitor, we made a new, membrane bound variant. The membrane
targeting motif from Lck was used to generate Lck-mCherry-GRKct. Co-expressing the Gi
FRET sensor with either Lck-mCherry or Lck-mCherry-GRKct, showed robust activation
of Gi, under both conditions, after CNO-DREADD stimulation (Figure 2C, left graph). The
same strategy using Cdc42 FRET sensor, however, showed complete inhibition in the LckmCherry-GRKct condition after CNO-DREADD stimulation (Figure 2C, right graph).
In summary, synthetic stimulation of a DREADD induces robust Gi and Cdc42 activation,
which was abolished by selective inhibition of Gβγ, suggesting that Gβγ signaling is responsible
for Cdc42 activation.
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Figure 2. The DREADD-Gi system reveals Gβγ-dependent Cdc42 activation in HeLa cells. A) Normalized average
YFP/CFP ratios (±95% CI) of HeLa cells transfected with either the Gi FRET sensor (Control, n=19), the Gi FRET sensor
and hM4Di (n=15) (left graph), or either the Cdc42 FRET sensor (Control, n=32), or Cdc42 FRET sensor and hM4Di (n=32)
(right graph). Cells were stimulated with 5 µM CNO at t = 50 s. B) Normalized YFP/CFP ratios (±95% CI) of HeLa cells
transfected with the Gi FRET sensor and hM4Di (left graph, Control n=15, PTX n=14), or the Cdc42 FRET sensor and
hM4DI (right graph, Control n=19, PTX n=11). Cells were stimulated with 5 µM CNO at t = 50 s, PTX cells were pre-treated
with 100 ng/ml PTX for at least 18 hours. C) Normalized average YFP/CFP ratios (±95% CI) of HeLa cells transfected with
either the Gi FRET sensor, hM4Di and Lck-mCherry (Control, n=14), the Gi FRET sensor, hM4Di and Lck-mCherry-GRKct
(n=15) (left graph), or either the Cdc42 FRET sensor, hM4Di and Lck-mCherry (Control, n=20), or Cdc42 FRET sensor,
hM4Di and Lck-mCherry-GRKct (n=20) (right graph). Cells were stimulated with 5 µM CNO at t = 50 s.
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Gβγ inhibition diminishes S1P-mediated Cdc42 activation and EC spreading
Our data showed that Cdc42 responses induced by activating the Gi-coupled DREADD can be
inhibited by a protein-based inhibitor of the Gβγ complex. The same tool to inhibit Gβγ was used to
test the function of Gβγ in S1P-mediated Cdc42 activation and endothelial barrier regulation.
ECs were transfected with the Cdc42 FRET sensor and with either Lck-mCherry (Control) or
Lck-mCherry-GRKct (Figure 3A). Control cells showed fast and transient Cdc42 activation after
S1P stimulation paralleled by an increase in cell area in 7 out of 10 cells (Figure 3B, C). However, in
ECs overexpressing Lck-mCherry-GRKct, the Cdc42 activation was absent. Strikingly, majority of
these cells (5 out of 7) showed a reduction of area due to cell contraction (Figure 3B, C). Collectively,
the GRKct inhibitory approach demonstrates that Gβγ signaling is required for S1P-mediated Cdc42
activation and the correspondent EC spreading.
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Figure 3. Gβγ inhibition by GRKct, blocks S1P-mediated Cdc42 activation in ECs. A) Images representing ECs that
were co-transfected with the Cdc42 FRET sensor and Lck-mCherry (Control, Left) or the Cdc42 and Lck-mCherry-GRKct
(Right). Scale bar = 20 µm. B) Normalized average YFP/CFP ratios (±95% CI) of ECs that were transfected as described in
A) (Control, n=10, Lck-GRKct n=7), grown to a monolayer and stimulated with S1P (500 nM). C) Corresponding cell area
changes (±95% CI) of ECs measured in B).

SEW-mediated Cdc42 activation as a screening method in HeLa cells
Our results point to a role for Gβγ in the activation of Cdc42 activation, revealing new details regarding
S1P-mediated signaling in ECs. However, the identity of the GEFs in this signaling cascade is still
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unknown. Before we focused on this missing link, we first turned to a cell model that was easier
to grow and transfect and can be used to delineate signaling with FRET sensors. Hela cells fit this
profile29, and we first analyzed whether Gi and Cdc42 responses could be detected in this cell
system under endogenous conditions, i.e. without GPCR overexpression. To this end, we examined
the response of HeLa cells to SEW2871 (SEW), which activates Gi signaling through the S1PR115.
As can be inferred from Figure 4A and B, both Gi and Cdc42 are activated by SEW stimulation.
Additionally, an increase in cell area was detected for Cdc42 (increase in 7 out of 10 cells), but not
for Gi (increase in 1 out of 7 cells).
Overall, these data show that Gi and Cdc42 activation can be monitored in HeLa cells upon
stimulation of endogenous S1PR1 via SEW. These observations furthermore suggest that GEFs are
present in HeLa cells that can connect Gi activation with Cdc42 activation.
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Figure 4. Gi and Cdc42 FRET sensor stimulation in HeLa cells, upon activation of the S1PR1 with SEW. A)
Normalized YFP/CFP ratios (±95% CI) of HeLa cells transfected with the Gi FRET sensor (n=7) and stimulated with 5 µM
SEW at t=0:55 (left graph) and corresponding cell area changes (right graph). B) Normalized YFP/CFP ratios (±95% CI)
of HeLa cells transfected with the Cdc42 FRET sensor (n=10) and stimulated with 5 µM SEW at t=0:55 (left graph) and
corresponding cell area changes (right graph).

pRex1 overexpression enhances SEW-mediated Cdc42 activation
HeLa cells showed SEW-mediated Cdc42 activation via endogenous S1PR1, suggesting that
this system could be used to screen for GEFs involved in this pathway. Since combined FRET
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and RhoGEF knockdown studies are time-consuming and technically challenging, we turned to
a RhoGEF overexpression-based approach. Four RhoGEFs of interest were selected, including
FGD5, ITSN1, PLEKHG2, and pRex1. While FGD5 and ITSN1 have already been linked to Cdc42
activation in the endothelium30–32, PLEKHG2 and pRex1 are stimulated by Gβγ signaling (reviewed
in33), making them interesting candidates for SEW-mediated Cdc42 activation.
Cdc42 FRET sensor-expressing cells were co-transfected with mCherry (Control) or one of
the selected RhoGEFs, fused to mCherry. Similar Cdc42 activation kinetics were observed in the
Control, ITSN1, FGD5 and PLEKHG2 condition, while cells overexpressing pRex1 demonstrated a
large increase in Cdc42 activation, mediated by the SEW compound (Figure 5A). Cell area analysis
showed increased cell areas in all conditions, with the largest change observed for the pRex1
condition (Figure 5B). In the pRex1 overexpression cells, we observed extensive ruffling induced by
SEW (compare Control and pRex1 panel in Figure 5C).
Together, these data suggest that pRex1 can be activated by S1PR1 and induce Cdc42
activation.
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DISCUSSION
Previously, we studied S1P-mediated endothelial barrier regulation15 using biochemical approaches
and a series of FRET based sensors for heterotrimeric G-proteins and Rho GTPase activity. Although
we identified a novel barrier-promoting, Gi-mediated Cdc42 signaling axis in ECs, specific molecular
details were lacking. We were unable to link Cdc42 activation with changes in cell area, we could
not conclude which part of the Gi heterotrimer (Gαi subunit or Gβγ dimer) signals towards Cdc42
and the identity of the relevant Cdc42-GEF(s) was unknown.
This study aimed to better define the activation and function of the Rho GTPase Cdc42 in ECs.
Uncovering the mechanism by which Cdc42 is controlled under physiologically relevant conditions,
reveals new molecular insights in S1P-mediated barrier protection. Our principal findings are that (i)
Cdc42 activation is sufficient to induce EC spreading, (ii) Gβγ activity is required for Cdc42 activation
in ECs and (iii) Gβγ derived from Gi activation can activate Cdc42 via pRex1. Together, our data
suggest that S1P-mediated positive barrier regulation in ECs can be the consequence of a GβγpRex1-Cdc42 signaling axis.
Before we could study Gi protein signaling in ECs, the validation of tools to activate and inhibit Gibased signaling was required. We employed an engineered GPCR (DREADD, 23,24) and demonstrate
that the synthetic ligand induces strong, robust activation of Gi in HeLa cells. The stimulation of the
DREADD shows also activation of the Cdc42 FRET sensor. Using the DREADD, we analyzed the
molecular and cellular consequences of PTX-and GRKct-mediated inhibition. PTX-treated cells fail
to show a Gi-FRET sensor response after DREADD stimulation, indicating that this toxin prevents
dissociation of the Gαi subunit and Gβγ dimer, in line with published studies34. In addition to Gi
inhibition, PTX also inhibits signaling towards Cdc42, corresponding to our previous observations
for S1P-mediated signaling in ECs15 and25.
In contrast to PTX, subunit specific inhibition can be accomplished via the Gβγ inhibitor GRKct27,28.
To increase the potency of the inhibiting domain, we targeted it to the plasma membrane by using
a lipid-modifying motif from Lck. Employing this new Gβγ inhibitor with DREADD and the Gi FRET
sensor, still results in activation of the Gi-complex which can be interpreted as dissociation of the
respective subunits. Interestingly, Cdc42 activation is completely blocked by GRKct, suggesting
Gβγ-dependent Cdc42 activation. It also reveals the power of the membrane bound GRKct-based
inhibitor.
After validation of the Gβγ-specific GRKct-mediated inhibition, we were now able to use this
selective tool in ECs. We demonstrate that Gβγ is required for S1P-mediated signaling towards Cdc42,
as monitored by the Cdc42 FRET sensor. In line with the lack of Cdc42 activation, Gβγ inhibition
predominantly results in a negative EC area change following agonist stimulation, corresponding to
cell contraction. This corresponds to our previous finding that in absence of S1PR1-Gi-Rac1-Cdc42
signaling, S1P mediates EC contraction via S1PR2-G12/13-RhoA activation15.
Next to unraveling the involvement of G-protein subunits in S1P-mediated Cdc42 activation,
we searched for potential RhoGEF proteins in this pathway. Since HeLa cells show moderate
Cdc42 activation in response to S1PR1 stimulation, this cell type was used to perform a RhoGEF186
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screening method based on ectopic expression of a selection of candidate Cdc42 GEFs. Based on
FRET measurements, we identify pRex1 as a potential RhoGEF in S1P-mediated Cdc42 signaling.
Although we demonstrated the Gβγ-dependent and pRex1-mediated Cdc42 activation, a direct
functional Gβγ-pRex1 link could not be deduced from these data. Besides the effect on Cdc42
activation, we also observe effects on cellular morphology since we detected increased spreading
in S1PR1-stimulated, pRex1 overexpressing cells. However, additional studies are required to
determine the sole effect of pRex1 overexpression.
The observation that pRex1 overexpression results in robust activation of Cdc42 is somewhat
surprising, given the fact that pRex1 is characterized as a Rac specific GEF. Moreover, the activation
of Cdc42 by pRex1 in vivo is qualified as unlikely35. Still, in vitro analysis with purified proteins shows
a robust activation of Cdc42 by pRex136. The reason for this discrepancy may be the lack of tools
for in vivo measurements of Cdc42. Of note, the biochemical detection of Cdc42 activation by
pull-down strategies is notoriously difficult (Reinhard, not shown). In addition, Cdcd42 activation
is indirectly inferred from morphological changes, i.e. filopodia formation. As we demonstrate,
the Cdc42 activation may result in cell spreading which is a phenotype that is exclusively (and
mistakenly) linked with Rac activity.
The Cdc42 sensor reports Cdc42 GEF activity after stimulation of endogenous receptors in
HeLa cells or primary ECs, demonstrating its sensitivity. As for selectivity, we have previously shown
that the Cdc42 sensor is specifically activated by Cdc42 GEFs and not by Rac GEFs (Reinhard et al,
unpublished). In summary, we think that Gβγ induced pRex1 activity in cells results in active, Ccd42GTP, which is a hitherto largely ignored consequence of Gi signaling.
In TNFα-treated endothelium, pRex1 has been implicated in the loss of barrier, in marked
contrast to our results 37. These authors showed that pRex1 mediates Rac1 activation, albeit that
Cdc42 was not analyzed, and that this leads to production of reactive oxygens species which are
known to reduce barrier function38. It cannot be excluded that in ECs, activation of Rac1/Cdc42
may have a different outcome in the context of TNF-induced barrier loss, which takes several hours,
as compared to S1P-induced barrier stabilization which takes place within minutes15.
Now that we proposed pRex1 as RhoGEF regulator in S1P-mediated Cdc42 activation, future
experiments should focus on its specific function in the vasculature. First of all, either knockdown
or knockout experiments are required to investigate the direct link between pRex1 and Cdc42
activation. These strategies can also be applied in vitro to Electrical Cell-sensing Impedance System
(ECIS) measurements, a validated approach to quantitatively study endothelial barrier regulation.
Additionally, since pRex1 has been linked to Rac1 signaling35,37,39, we also need to include this Rho
GTPase in our study to define Rac1 vs Cdc42-specific signaling outcomes.
In summary, this study reports novel molecular insights in Cdc42-mediated signaling. We
show that Cdc42 activation can be directly linked to EC spreading and furthermore demonstrate
that Cdc42 can be controlled by S1P-mediated Gβγ and pRex1 activation. This signaling axis
is of great relevance in the vasculature, where it will positively regulate the endothelial barrier,
protecting against unwanted edema and tissue damage.

187

8

CHAPTER 8

METHODS
Plasmids
Cry-2-mCherry-GRKct (Addgene plasmid #64212) and Lck-mCherry were digested with BsrGI
and EcoRI. In turn, digested fragments were ligated to generate Lck-mCherry-GRKct.
The translocatable, catalytic ITSN1 construct was a kind gift from T. Kortemme22.
DREADD-hM4Di was obtained from Addgene (plasmid # 45548). mCherry-FGD5, mCherryITSN1, mCherry-PLEKHG2 and mCherry-pRex1 originate from our Cdc42 GEF screen study
(Reinhard et al., unpublished). Gi26 and Cdc4215,25 FRET sensors were as described in their cited
references.

Direct antibody labeling
Actin-stain 555 Phalloidin was from Cytoskeleton. mAb Mouse anti-VE-cadherin/CD144 AF647
was obtained from BD Pharmingen.

Reagents
The following reagents were used in this study; Rapamycin from LC Laboratories (Woburn,
MA), S1P from Avanti Polar Lipids, CNO was from Enzo life Sciences, PTX (PHZ1174) was from
Thermo Fisher, and SEW2871 (10006440) from Cayman Chemical. These compounds were
prepared, following the manufacturers’ instructions.

HUVEC culture and transfection
Primary HUVECS, acquired from Lonza (Verviers, Belgium), were cultured on fibronectin (FN)coated culture dishes. HUVECs were grown in EGM-2 medium supplied with singlequots (Lonza)
and transfected at passage #4 or #5. Transfections were performed with a Neon transfection
system (MPK500) and corresponding transfection kit (both from Invitrogen), using 2µg plasmid
DNA. A single pulse was generated at 1300 Volt for 30 ms, and cells were seeded on fibronectincoated glass coverslips (Menzel-Gläser, Braunschweig, Germany) and grown to a monolayer.

HeLa cell culture and transfection
HeLa cells were acquired from American Tissue Culture Collection (Manassas, VA, USA)
and cultured in Dulbecco’s Modified Eagle Medium (DMEM, (Invitrogen)), supplemented with
Glutamax, 10% FBS, Penicillin (100U/ml) and Streptomycin (100µg/ml). HeLa cells were seeded
on glass coverslips (Menzel-Gläser, Braunschweig, Germany) and transfected with 3 µl PEI
(1mg/ml), 100µl OptiMeM (Life Technologies, Bleiswijk, NL) and in total 1µg plasmid DNA.

Confocal imaging
HUVECs were transfected and stimulated as indicated. Cells were washed in PBS (1mM CaCl2 and
0.5 mM MgCl2) and fixed for 5 min in PBS (1mM CaCl2 and 0.5 mM MgCl2) with 4% formaldehyde.
Next cells were permeablized for 5 min in PBS, supplied with 0.5% Trition X-100 and blocked for
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20 min in PBS-BSA (0.5%). Eventually, cells were incubated for at least 45 min with directly-labeled
antibodies in PBS-BSA (0.5%). Image acquisition was performed on Nikon A1 Confocal microscope
equipped with a 60x oil immersion objective (NA 1.40, Plan Apochromat VC) and corresponding
Nikon NIS elements software.

Live HUVEC ITSN1 recruitment experiments and cell area change measurements
HUVECs were transfected and stimulated as indicated. Widefield images were obtained on a Zeiss
Observer Z1 microscope, equipped with a 40x oil immersion objective (NA 1.3), a HXP 120 Volt
excitation light source Metamorph 6.1 software. Next, cell area change analysis was performed
according to the method described in15.

Live HUVEC and HeLa cell FRET measurements
Both HUVECs and HeLa cells on glass coverslips were transfected as described and placed in
Metal Attofluor cell chambers at least 16 hours after transfection. In turn, live-cell images were
collected on a widefield Zeiss Axiovert 200 M microscope (Carl Zeiss GmbH), equipped with a
Plan- Neofluor 40x oil-immersion objective (NA 1.30), xenon arc lamp with mono-chromator (Cairn
Research, Faversham, Kent, UK), cooled charged-coupled device camera (Coolsnap HQ, Roper
Scientific, Tucson, AZ, USA), and Metamorph 6.1 software. Images were recorded, applying 420 nm
excitation light (slit width 30 nm) and 455 DCLP dichroic long-pass mirror. Next, light was directed to
CFP and YFP bandpass emission filters of 470/30 nm and 535/30 nm, respectively. mCherry was
excited with 570 nm light (slit width 10), and a 585 DCXR mirror directed mCherry emission to a
620/60 emission filter. Images were all background subtracted and YFP images were bleed-through
corrected (55%) for leakage of the CFP into the YFP channel.
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Supplemental Figure S1. ITSN1-based Cdc42 activation induces cell spreading in ECs and HeLa cells. A) Adittional
examples of protruding phenotype illustrated in Figure 1A. Asterisks indicate Lck-FRB-ECFP/YFP-FKBP12-ITSN1 positive
cells. Arrowheads indicate protruding phenotype. B) Individual CFP and YFP channels representing Lck-FRB-ECFP (FRB)
and YFP-FKPB12-ITSN1 (F12-ITSN1) positive ECs corresponding to ECs in Figure 1B. Translocation of F12-ITSN1 in the
“+ rapamycin condition” is recognized by homogeneous localization of the construct. B) HeLa cells were co-transfected
with Lck-FRB-ECFP (represented by fluorescent image) and mCherry-FKBP12-ITSN1, and stimulated with rapamycin (100
nM at t = 1:05 min) to measure single cell area changes. Colors on the right image represent area changes according to
legend on the right. C) HeLa cell area change (±95% CI) for n = 11, analyzed as described for B). Scale bars depict 20 µm.
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CHAPTER 9

SUMMARY AND CONCLUDING REMARKS
Dynamic regulation of the endothelial barrier function is critical for proper functioning of the
vasculature and human health. ECs continuously sense and respond to various stimuli that can
either strengthen or disrupt the endothelium, depending on the output of large and complex
signaling networks that become activated. Activation of these respective networks often include
regulation via GPCRs, one of the major groups of cell surface receptors that respond to a
variety of stimuli and of which ECs express many different subtypes. In general, GPCRs initiate
Rho GTPase signaling cascades, thereby acting on the actin cytoskeleton and subsequently
regulating EC-cell contacts. Since the latter is a direct measure of permeability and endothelial
barrier function, these signaling mechanisms are indispensable for a healthy endothelium and
vasculature. Despite the interest regarding GPCR-Rho GTPase-mediated signaling networks in
the endothelium, critical details and molecular aspects are lacking. Therefore, this thesis aims
to reveal novel molecular players in GPCR-Rho GTPase signaling networks that control the
endothelial barrier function.

Use of novel FRET sensors in analysis of endothelial signaling
Charting molecular signaling networks requires a high level of spatial and temporal resolution.
In the course of this work, we have used a variety of novel imaging tools to document GPCRRho GTPase signaling in primary human ECs. Besides performing regular protein localization
microscopy, we implemented ratiometric FRET sensor measurements to study the activation of
our proteins of interest. In contrast to “bulk” protein activation assays that are limited to protein
“on” and “off” states, the FRET sensor technique generates dynamic and quantitative data1.
Furthermore, FRET sensor microscopy can be applied to measure live, single cells with high
spatiotemporal resolution.
The FRET sensor approach requires a strong technical background, since distinct target
proteins have unique requirements in terms of FRET sensor design. In this thesis we distinguished
two groups of FRET sensors, consisting of i) G-protein FRET sensors to directly measure
G-protein activation, and ii) Rho GTPase FRET sensors, which readily detect GEF and GAP
activity. Chapter 5 describes the development and use of a G13 FRET sensor, which localizes
at the PM and shows responsiveness to well-accepted G13 stimuli. Notably, a critical step in
the design and functionality of this G13 FRET sensor relied on the specific site of incorporation
of the fluorescent proteins (FPs), as was also reported for the previously-developed Gq and Gi
FRET sensors2–4.
In chapter 2 we reviewed FRET sensor developments in the context of Rho GTPase
proteins. Over the years, several unimolecular Rho GTPase FRET sensors have been
developed, each consisting of essential core components; the Rho GTPase of interest, donor
and acceptor light emitting FPs with a connecting linker and a Rho binding domain (RBD).
While distinct Rho GTPase FRET sensor designs have shown to efficiently monitor protein
activation5–8, the arrangement of the core components are critical for biological interpretation
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of the data. Specifically, in order to retain correct localization and regulation by RhoGDIs, the
Rho GTPase in the FRET sensor requires an unmodified C-terminus. Based on an existing
FRET sensor for RhoA with the aforementioned design5, we developed RhoB and RhoC FRET
sensors in chapter 3. The subcellular localization of these FRET sensors corresponded to the
endogenous localization of the respective proteins, and they all showed responsiveness to
GPCR agonists. To our knowledge, this is the first study that reports on RhoA/B/C activation
in such high detail. The Rho GTPase FRET sensors are thus valuable to address specific
biological questions in endothelial biology, which will be further highlighted in the following
sections.

Three Rho proteins: RhoA/B/C signaling in the endothelium
By combining molecular and imaging approaches with our new FRET sensors for Rho
GTPases, we tried to elucidate several questions in the field of Rho GTPase signaling and
endothelial biology. Chapter 2 describes the five main Rho GTPase proteins that form the
core of this thesis: Cdc42, Rac1, RhoA, RhoB and RhoC. We reviewed their structural and
functional characteristics, mainly focusing on the highly homologous (> 88%) Rho subfamily
RhoA, RhoB and RhoC. This Rho subfamily has been discovered in 1985, whilst the RhoA
gene emerged as the most complex one9. This, together with the observation that RhoA/B/C
show comparable effects on the actin cytoskeleton and the formation of actin stress fibers10,
has previously resulted in a focused interest in RhoA. By attributing Rho-mediated effects
exclusively to RhoA, however, previous studies failed to address a critical question: “Why
do humans have three different Rho proteins?”. In the context of cell motility, this question
has been discussed by an excellent review11, presenting RhoA as main regulator of myosindependent contraction, whereas RhoB and RhoC were mainly linked to endosomal trafficking
and cell locomotion, respectively. Wheeler and Ridley (2004) furthermore highlighted specific
RhoA/B/C regulators and effector proteins, a critical subject in the understanding of Rhomediated signaling events. Chapter 2 of this thesis continues on these findings and presents
a more up-to-date review of distinct RhoA/B/C GEFs, GAPs and GDIs, as well as distinct
regulation via downstream effectors. Furthermore, in chapter 3 we demonstrated GEF and
GDI specificity towards RhoA/B/C in live, primary human ECs.
In line with the general picture of RhoA/B/C-oriented studies, also in the endothelium
there has been a main interest in RhoA. In chapter 3, we challenge this situation through
comparative RhoA/B/C analyses and reported on highest expression of the RhoC GTPase in
primary human ECs. Together with the observation that RhoC localized at cell-cell contacts,
this resulted in our major interest in the RhoC isoform. A recent study proposed a specific
function of RhoC in the restoration of reduced endothelial barrier function12. However, our
approaches to explore RhoC-mediated functions lacked specificity; we observed comparable
RhoA/C responsiveness to relevant stimuli that regulate endothelial integrity (e.g. Thrombin,
Figure 1A). So far, we were therefore unable to define RhoC-specific effects in the endothelium
and could not explain high RhoC expression in human ECs.
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In the same RhoA/B/C comparative study of chapter 3, low RhoB expression levels
suggest only limited functions of this protein in the endothelium. However, we (chapter 3)
and others13, have demonstrated that RhoB expression becomes significantly upregulated
upon stimulation with the pro-inflammatory cytokines TNFa. Notably, this upregulation
coincides with an increase in RhoB activity (Figure 1B, chapter 3), which indicates this
protein as important inflammatory regulator. Strikingly, RhoB upregulation was also observed
under physiological flow conditions (chapter 4), where all three RhoA/B/C proteins showed

Figure 1. Spatiotemporal activation profiles of RhoA/B/C in primary human ECs. A,B,C) Left images show schematic
representations of RhoA/B/C activation in ECs of A) GPCR stimulation (e.g. Thrombin), B) stimulation with an inflammatory
cytokine and C) exposure to flow. A,B,C) For RhoA and RhoC, red color indicates high activation, white color indicates
low activation; for RhoB, blue color indicates high activation, white color indicates low activation (corresponding to the
legends on the left upper corner in A. A,B,C) Right graphs schematically present spatial activation profiles, corresponding
to images on the left. B) Dashed line in inflamed condition is speculative.

activation upon flow. Furthermore, under flow conditions, for the first time we detected spatial
activation differences between RhoA and RhoC (Figure 1C). While flow-mediated RhoA activation
has been reported previously14–16, we detected Rho activation with a much higher temporal
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resolution and revealed novel activation profiles as compared to static endothelial measurements.
Since these specific, flow-mediated signaling profiles were also observed at the level of endothelial
barrier function, these findings are relevant for our understanding of endothelial barrier regulation
in the human body and should be explored in greater detail.

From S1P receptors to endothelial barrier regulation: linking G-proteins, GEFs
and Rho GTPases
While the RhoA/B/C subfamily has been linked to endothelial barrier disruption via cell contraction
and the disruption of cell-cell contacts, there also exist ‘opposing’ Rho GTPases which enhance
the endothelial barrier function. Both groups of Rho GTPase variants are required for the dynamic
endothelium to respond to stimuli that differently affect the barrier function. Among the numerous
existing cues that act on the endothelium, in chapter 6 we specifically focus on the phospholipid
sphingosine-1-phosphate (S1P). S1P activates three different GPCRs, expressed in the
endothelium: S1PR1, S1PR2 and S1PR3, respectively17. While the S1PR1 mediates endothelial
barrier enhancement, the S1PR2 and S1PR3 are mainly linked to barrier disruption18–21. In the
vasculature, the expression of different S1PRs are critical determinants for the output of S1Pmediated signaling. Notably, S1PR expression levels differ between vascular beds and even among
different sections of the same blood vessel, thereby regulating differential levels in permeability22,23.
Consequently, aberrant S1PR levels have been strongly linked to vascular pathologies, such as
inflammation and atherosclerosis24,25.
Chapter 6 of this thesis addressed several remaining questions regarding S1P signaling in the
endothelium downstream of the receptors. Briefly, we report on a dynamic system that involves
a barrier-promoting S1PR1-Gi-Rac1/Cdc42 - and an antagonistic, barrier-disruptive S1PR2-G13RhoA/B/C signaling axis. While in “normal” physiology (“resting” ECs), the endothelium relies on
the S1PR1-Gi-Rac1/Cdc42 signaling, disruption of the system (in “activated” ECs) results in a
shift to S1PR2-G13-RhoA/B/C and consequently barrier disruption. While this specific example
underscores the tight regulation in endothelial barrier control, it also presents molecular targets in
the treatment of S1P-related vascular pathologies.

Novel Cdc42 regulators in endothelial barrier function
Most studies that aimed at S1P and Rho GTPase-mediated barrier regulation, predominantly
focused on Rac1 and RhoA. Interestingly, in chapter 6, we demonstrate the involvement of
Cdc42. While Cdc42 has been primarily linked to filopodia formation26,27, we also connected this
protein to EC spreading (chapter 6 and chapter 8). In contrast to Rac1, Cdc42 is not affected
by Rho signaling (chapter 6), suggesting differential regulatory mechanisms for Cdc42 and Rac1.
Chapter 7 and 8 explored the area of Cdc42-specific regulatory proteins at the level of GEFs
and Gi-mediated activation. We showed Gbg-dependent activation of Cdc42 and proposed the
GEF pRex1 as positive regulator of S1P-mediated Cdc42 activation and cell spreading. To what
extent these effects are Cdc42-specific remains to be elucidated.
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Next to pRex1, chapter 7 revealed numerous GEFs with specificity towards Cdc42. Most
likely, these GEFs are not involved in S1P-mediated Cdc42 activation. However, their induction
of specific phenotypes and of GEF efficiency measured in primary human ECs, indicates these
proteins to be important in additional signaling mechanisms in the endothelium with a central role
for Cdc42. Our findings in chapter 6-9 have been summarized in Figure 2 and 3.

Figure 2. Dynamic and balanced molecular mechanisms that control S1P-mediated barrier enhancement in ECs.
In “resting” ECs, S1PR1-Gi-Rac1 and S1PR1-Gbg-pRex1-Cdc42-mediated signaling is dominant over the S1PR2-G13Rho signaling axis, resulting in cortical actin (red structures) formation, VE-cadherin (purple structure at cell borders)
stabilization and subsequently endothelial barrier stabilization. Conversely, in “activated” ECs (e.g. during inflammation) the
S1P2R-G13-Rho signaling axis predominantly gets activated, resulting in actin stress fiber formation, disruption of the VEcadherin complex and consequently a switch to endothelial barrier disruption. In contrast to Cdc42, Rac1 is inhibited via
RhoA signaling and vice versa. Red cross on the right demonstrates GEFs that are not involved in S1P-mediated Cdc42
activation.
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Figure 3. Novel regulators of Cdc42 and Rac1 GTPase signaling. Diagram of GEF efficiency (determined by FRET
sensor measurements) in primary human ECs towards Cdc42 and Rac1; red-colored GEFs indicate strong activation,
orange-colored GEFs indicate intermediate activation and purple-colored GEFs indicates weak activation towards either
Cdc42 (upper diagram) or Rac1 (lower diagram).

Evaluation and future perspectives
This thesis has a strong technical and fundamental basis, approaching molecular aspects of
endothelial signaling networks, and resolving critical mechanisms in endothelial barrier regulation.
Even though our translational approach is indispensable in the field of vascular biology, it comes
with certain limitations. We will discuss these limitations in the following paragraphs, in order to
put our findings in perspective, but also to emphasize the need for further research.
The first issue that needs to be discussed relates to the experimental setup of our
experiments. To closely mimic physiological situations, biological signaling studies are
preferably based on endogenous protein levels. Most of our experiments, however, are
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based on ectopic expression of FP-tagged proteins and/or FRET constructs. Recently, the
technological advancement in Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-based technologies, has generated the possibility to modify proteins at a genetic
level, an approach by which even endogenous proteins can be tagged with a FP and expressed
at normal (regulated) levels. However, since we are working with primary human cells in in vitro
culture, we are limited to a small number of passages making it nearly impossible to achieve
stable incorporation of mutations into the genome. In addition, incorporation of an endogenous
FRET sensor most likely also disrupts the function of the respective, endogenous protein.
Thus, our specific FRET sensor approach is limited to overexpression of DNA constructs. We
can optimize our strategy by using low DNA – and sensor-expression and performing side to
side comparisons with biochemical assays for activation of endogenous proteins, as we have
done throughout this thesis. Furthermore, the interplay between different proteins can also be
approached by measuring multiple FRET sensors in one cell, a specific approach defined as
FRET “multiplexing”. This advanced FRET strategy, however, shows strong requirements in
terms of microscope setups and FRET sensor fluorophore characteristics. Due to limiting time,
this specialized subject exceeded the focus of this thesis.
Alternatives for mimicking human vascular physiology also rely on the model system that
is used. While all our experiments have been performed in 2D systems, we should aim to
3D systems for an improved representation of the physiological situation. We can think of
endothelial-specific knock-in and knock-out mice to study the function of our proteins of interest
in endothelial barrier regulation and vascular pathologies, e.g. atherosclerosis. Unfortunately,
3D in vivo experiments remain challenging, mainly due to the scattering of light. Consequently,
future FRET-based experiments should also explore alternative 3D experiments, including
endothelial sprouting assays, the use of microfluidic devices, and ex vivo models.
Our last concern exclusively focuses on the optimization of our FRET sensor experiments,
and specifically on the image acquisition and data analysis we performed. In contrast to
previous studies in mouse embryonic fibroblasts (MEFs)28, we could not detect (except for
flow exposure) spatial activation differences between the highly homologous proteins RhoA
and RhoC. This raises the question whether we need a higher spatial resolution to understand
the biological functions of our proteins of interest. This can be investigated by applying more
extensive FRET data analysis as described in28,29, but future approaches should also explore
more advanced imaging techniques, e.g. total internal reflection fluorescence (TIRF) or lattice
light sheet fluorescence microscopy (LSFM).

Concluding remarks
In conclusion, our research has been indispensable for the molecular understanding of
endothelial biology. We revealed novel regulators and dynamic signaling networks that control
the endothelial barrier function. Focusing on GPCR-Rho GTPase-controlled signaling, we
challenged a specific area of endothelial barrier regulation. We specified major regulators at the
level of receptors (e.g. PAR-1 and S1PRs), GEFs (e.g. pRex1) and Rho GTPases (e.g. Rac1,
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Cdc42 and Rho) and furthermore highlighted the dynamics of the endothelium. Notably, these
findings are perfectly underscored by our model regarding S1P-mediated barrier regulation.
While in the “resting” endothelium, S1P promotes the endothelial barrier function, both barrierpromoting, as well as barrier disrupting signaling mechanisms are activated. As a result, this
mechanism shows high context-specificity, prone to changes in expression levels of involved
proteins and environmental factors (e.g. S1P concentration). In general, this concept of
dynamic S1P-mediated barrier regulation represents the mechanism of how the endothelium
continuously adapts to the environment, also referring to vascular homeostasis. For example,
the dynamic behavior of the endothelium can also be found in the regulation of vascular tone,
blood fluidity and nutrient transport through the vessel wall.
As deduced from the previous paragraphs, our research underscores the “healthy”
endothelium as a dynamic and balanced system that continuously adapts to the environment.
But does our work also contribute to the understanding, and ultimately treatment, of vascular
pathologies? Although we do not reveal hands-on strategies to cure vascular diseases, we
introduced novel players and mechanisms that control the dynamics in endothelial barrier
regulation. In addition, aberrant endothelial barrier regulation directly translates into vascular
pathologies, such as inflammation, atherosclerosis and tumor cell invasiveness. Summarizing,
our research has provided new, fundamental molecular insights into the physiology of the
endothelium and endothelial barrier control, and furthermore identifies novel therapeutic targets
in vascular, endothelial-based pathologies.
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APPENDICES

NEDERLANDSE SAMENVATTING
Ons bloedvatenstelsel bestaat uit een omvangrijk netwerk met een lengte van wel 100.000
kilometer. Dit vatenstelsel heeft als doel om bloed rond te pompen door het menselijk lichaam,
waarbij onze organen worden voorzien van zuurstof en voedingsstoffen, terwijl afvalstoffen
worden afgevoerd. De regulatie van deze processen is cruciaal omdat ons vatenstelsel
essentieel is voor het “gezond” functioneren van het menselijk lichaam.
De binnenste laag van al onze bloedvaten bestaat uit een enkele laag van endotheelcellen,
ook wel het endotheel genoemd. Hoewel lang werd gedacht dat endotheelcellen functioneren als
een passieve laag cellen die enkel de bloedstroom faciliteren, is het nu algemeen geaccepteerd
dat deze specifieke cellen een dynamische en actieve rol spelen in het functioneren van
het vatenstelsel en de achterliggende weefsels en organen. Zo zijn endotheelcellen onder
andere betrokken bij het reguleren van de bloeddruk en bloedstolling, het vormen van nieuwe
bloedvaten, een goede doorbloeding van organen en de regulatie van ons afweermechanisme.
Door de betrokkenheid van endotheelcellen bij deze cruciale functies, is het niet verrassend
dat disregulatie van endotheel-gemedieerde functies aan de basis staat van vele ziektegerelateerde processen, waaronder: lekkage van bloedvaten, vochtophoping, atherosclerose
(aderverkalking), ontstekingen, het afsterven van weefsel (bv. bij diabetes), en metastase
(uitzaaiingen bij kanker).
De bovengenoemde normale, en ziekte-gerelateerde processen zijn sterk afhankelijk
van een specifieke functie van endotheelcellen, namelijk: de regulatie van de endotheel
barrièrefunctie. In de gezonde situatie liggen endotheelcellen dicht tegen elkaar aan waarbij zij
cel-cel contacten maken. Deze cel-cel contacten gaan lekkage van onze bloedvaten tegen en
voorkomen de passage van grote hoeveelheden vocht of bloedcellen vanuit de bloedbaan naar
de weefsels. Aan de andere kant zorgt de regulatie van deze cel-cel contacten ervoor dat er
een goede balans blijft bestaan tussen bloed en weefsels met betrekking tot het uitwisselen van
vocht en immuun cellen. Dit principe vereist complexe en dynamische eigenschappen van het
endotheel, waarbij aanwezige moleculen in endotheelcellen functioneel met elkaar verbonden
zijn in zogeheten signaleringsroutes. In onze studies hebben wij ons gericht op verscheidene
moleculen en signaleringsroutes die van belang zijn voor de regulatie van endotheelcel-cel
contacten en daarbij de endotheel barrièrefunctie beïnvloeden.
In hoofdstuk 2 introduceren wij de Rho GTPases, een groep moleculen die endotheelcel-cel
contacten beïnvloeden via regulatie van het zogeheten actine cytoskelet, ook wel het raamwerk
van de cel genoemd. Over de jaren heen zijn er meer dan 20 Rho GTPases gekarakteriseerd,
elk met unieke eigenschappen, waarvan een deel de endotheel barrièrefunctie zowel positief als
negatief kan beïnvloeden. Centraal in onze studies staan de Rho GTPases Rac1, Cdc42, RhoA,
RhoB en RhoC, die meermaals terug zullen komen in het vervolg van deze samenvatting.
Hoewel deze Rho GTPases al decennialang onder grote belangstelling staan, zijn er momenteel
nog veel onbeantwoorde vraagstukken. Onderzoek hiernaar wordt onder andere bemoeilijkt
door het feit dat deze Rho GTPases erg verwant zijn aan elkaar en het zeer complex is om
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specifieke functies te ontrafelen. Daaraan gerelateerd is er een gebrek aan technische middelen
om deze specificiteit te bestuderen.
In hoofdstuk 3 hebben wij de specificiteit van RhoA, RhoB en RhoC in het endotheel
onderzocht met vernieuwende moleculaire en microscopische technieken. We hebben ons
gericht op deze 3 Rho GTPases, die qua structuur erg veel op elkaar lijken, om te achterhalen
wat de verschillen zijn in functie en regulatie in het endotheel. Met zogeheten förster resonance
energy transfer (FRET) microscopie hebben wij dit bovendien kunnen onderzoeken in individuele
endotheelcellen, tot op de micrometer nauwkeurig. Deze aanpak heeft ons nieuwe inzichten
opgeleverd wat betreft de signaleringsmechanismen van RhoA, RhoB en RhoC. Zo hebben
wij in hoofdstuk 3 de activiteit van deze Rho GTPases in kaart gebracht onder invloed van
Thrombine, een stimulus die belangrijk is voor de bloedstolling in het menselijk lichaam en de
endotheel barrièrefunctie negatief kan beïnvloeden. Vervolgens hebben wij in hoofdstuk 4 het
gebruik van FRET microscopie nog verder kunnen uitbreiden, richting een meer fysiologischrelevante context. Met behulp van een geavanceerd systeem hebben wij de menselijke
bloedstroom na kunnen bootsen en tegelijkertijd de activiteit van RhoA, RhoB en RhoC binnen
het endotheel verder in beeld kunnen brengen.
Het bestuderen van Rho GTPases alleen is onvoldoende om grote en complexe
signaleringsnetwerken te kunnen begrijpen binnen de endotheelbarrière regulatie. Hoofdstuk
5 richt zich daarom op een essentieel molecuul (G13) dat Rho GTPases reguleert. Daaraan
toegevoegd, staan de hoofdstukken 6, 7 en 8 in teken van complete signaleringsnetwerken
die de endotheel barrièrefunctie beïnvloeden. Hierin presenteren wij een dynamisch netwerk
van Rho GTPases en regulatoren onder invloed van sphingosine-1-fosfaat (S1P). S1P is een
lipide (vetzuur) dat in grote hoeveelheden wordt geproduceerd in het menselijk lichaam. Onder
gezonde omstandigheden zorgt S1P voor een verhoogde endotheel barrièrefunctie. Echter,
kan dit verstoord raken en de gezondheid negatief beïnvloeden. Onze studie heeft nieuwe
inzichten opgeleverd wat betreft de regulatie van deze processen. Wij hebben onder andere
nieuwe regulatoren onthult, zoals pRex1 en Cdc42, omschreven in hoofdstuk 8. Uiteindelijk
hebben de studies in hoofdstuk 5-8 geresulteerd in een dynamisch model dat de regulatie
van de endotheel barrièrefunctie samenvat. Hierbij laten wij zien dat S1P antagonerende
signaleringsroutes aanzet, bestaande uit de zogeheten barrière bevorderende S1PR1-Rac1
en S1PR1-Gbg-pRex1-Cdc42, en barrière disruptieve S1PR2-G13-Rho signaleringeringsroutes.
In het gezonde endotheel ligt de nadruk op S1PR1-Rac1 en S1PR1-Gbg-pRex1-Cdc42
signalering, waardoor S1P de barrièrefunctie bevordert. Echter, kan dit evenwicht vanuit
verscheidene invloeden verstoord raken. Hierbij krijgt de S1PR2-G13-Rho signaleringsroute de
overhand, met een verlaging van de endotheel barrièrefunctie als gevolg. Deze verstoring van
het evenwicht is desastreus en kan bijdragen aan het ontwikkelen van meerdere vasculairgemedieerde ziektebeelden, waaronder ontstekingen, kanker en atherosclerose.
Samenvattend hebben onze studies verscheidene moleculen en signaleringsroutes
ontrafeld die van belang zijn voor de regulatie van de endotheel barrièrefunctie. Hoewel de
regulatie van het endotheel, en daarbij het vatenstelsel, complex en omvangrijk is, is er cruciale,
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moleculaire kennis gegenereerd. Dit heeft onder andere bijgedragen aan het beantwoorden
van grote vragen, zoals: “Hoe wordt de endotheel barrièrefunctie gereguleerd in ziekte en
gezondheid?”, en “Wat zijn belangrijke eiwitten en signaleringsroutes voor potentiële therapieën
tegen endotheel-gemedieerde ziektes?” Vanzelfsprekend zijn antwoorden op deze vragen
essentieel voor de gezondheid van ons vatenstelsel en de mens, waarbij de resultaten in dit
proefschrift nieuwe aanknopingspunten geven voor vervolgonderzoek.
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Jaap: hierboven al genoemd als commissielid. Toch wil ik jou graag nog bedanken voor al jouw
enthousiasme en advies van de afgelopen jaren. Ook bedankt voor alle (sport)gesprekken die
niks met werk te maken hebben gehad. Ik hoop voor ons allebei dat Federer en Nadal nog eens
een Grandslamfinale spelen.
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Mijn paranimfen Jos en Marieke: hoewel ik mij realiseerde dat jullie elkaar niet eens kennen,
wil ik jullie beide bedanken voor de leuke samenwerkingen en alle gezelligheid. Jos, ik heb dan
wel niet veel met Trio gewerkt, ik kon altijd bij jou terecht voor hulp of advies, ook met dat ik al
bij Sanquin weg was. Marieke, met dat jij vaak op onmenselijke tijden begon met werken, heb
ik jou vaak maar halve dagen gezien. Evengoed bracht jij enorm veel gezelligheid mee. Ook
bedankt voor alle poffertjes, koekjes, snoepjes, taartjes en nog heel veel meer.
Stephan: bedankt voor al jouw adviezen en ideeën tijdens mijn periode op Sanquin. Sinds een
aantal maanden werk ik nu met veel plezier als Postdoc op jouw lab op het AMC. Ik hoop in de
toekomst nog veel van jou te leren en samen te werken.
Mar en Coert: ook jullie bedankt voor alle adviezen, goede gesprekken en de leuke tijd op
Sanquin.
Mark H: 7 jaar geleden heb ik tijdens jouw Advanced Microscopy cursus mijn eerste microscopie
ervaring opgedaan. Bedankt voor alles dat je me geleerd hebt en ook om de Olympus enigszins
te begrijpen.
Marten: zonder jouw macro was ik nog bezig geweest met de analyse van hoofdstuk 7. Erg
bedankt voor al je hulp en ik hoop dat ik ooit net zoveel van Matlab en data-analyse mag
afweten, als jij doet.
Renée: bedankt voor al jouw input en adviezen tijdens de Molcyto werkbespreking.
Mijn “Peter” groepsgenoten op Sanquin, Michel: bedankt voor alle gezelligheid op het lab en
achter de microscoop. Ondanks dat wij totaal uiteenlopende projecten hebben gehad (en ook
wel eens een meningsverschilletje) heb ik een ontzettend leuke tijd met jou gehad. Ik heb altijd
met veel bewondering gekeken naar alle papers die jij uit je hoofd wist. Bedankt ook voor de
gezellige etentjes en drankjes, ik hoop dat we die erin houden. Igor: thanks for all the advice,
coffee conversations and nice time in our office. Antje: thanks for the opportunity to collaborate
in our review of chapter 2. Eloise: bedankt voor het wegwijs maken op het lab.
Timo, Yvonne en Tom: ook jullie bedankt voor de gezelligheid op kantoor. Timo, ik hoop je
nog eens tegen te komen op een microscopie meeting. Yvonne, ik hoop dat we de borrels erin
kunnen houden. En Tom, bedankt voor het oplossen van mijn computer problemen (sorry dat
ik mijn Mac meebracht).
Jeffrey: bedankt voor de samenwerking bij het “flow” hoofdstuk. Helaas is het geen afgerond
verhaal geworden, maar desondanks zijn er een aantal mooie proeven uitgekomen. Veel succes
verder met je eigen research lijn op het AMC!
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Niels: bedankt voor het wegwijs maken op de Nikon Observer. Aangezien de FRET proeven
een groot deel zijn van mijn proefschrift, kan je wel stellen dat dit een grote bijdrage heeft
geleverd.
Erik, Mark en Simon: hoewel jullie allen tot de faciliteit van Sanquin behoren, verdienen jullie
natuurlijk een apart bedankje. Erik bedankt voor alle gezelligheid op kantoor, de mooie verhalen
tijdens de lunch en jouw hulp met de microscopen. Natuurlijk ook bedankt voor jouw snoep
pot, alleen nog steeds jammer van de M&M’s met pinda. Mark, ik ben er nog steeds niet
achter of er iets is waar jij niet mee kan helpen. Zonder jou was de Observer nog niet alligned
geweest. Simon, jij kon altijd tijd maken om ergens mee te helpen. En mede dankzij jou staan
er fatsoenlijke Western blots in dit boekje.
Ook andere MCB Sanquin groepsgenoten bedankt, Dion: bedankt voor de leuke gesprekken
in de kweek. Anne-Marieke: bedankt voor je adviezen. Ik ben nog steeds onder de indruk van
jouw geordendheid op het lab. Kalim: bedankt voor je gekke verhalen. Ik hoop dat je mij nog
eens belt als je een walvis hebt gezien. Corry: wat zouden ze op Sanquin zonder jou moeten.
Ook bij de borrels was jij onmisbaar.
Mijn “Joachim” groepsgenoten op de UvA, Kobus: wij zijn heel even groepsgenoten geweest
voordat jij naar Zwitserland vertrok. Veel langer ben je mijn begeleider geweest tijdens mijn eerste
Master stage. Bedankt voor de leuke tijd en de samenwerking voor jouw p63 en Gi verhaal.
Anna P: thanks for the nice time in the lab and your feedback during our work discussions.
Anna C: bedankt voor de gezelligheid en het kloneren van de pRex1 constructen. Ik kom snel
een keer bij je op de koffie! Sergei: thanks for the nice time and your “fresh” energy. I still can’t
believe that someone can wear shorts and flipflops during winter
Mijn UvA “mScarlet” kamergenoten: Laura, Daphne en Lindsay: ook jullie waren al aanwezig
met dat ik 7 jaar geleden als student bij Moleculaire Cytologie begon. Naast hard werken,
hebben jullie een hoop gezelligheid gebracht; met popcorn, spongebob, loempia’s in het tostiijzer, tekeningen op LB platen, koekjes, snoepjes en heel veel taart. Heel erg bedankt voor de
mooie tijd en Laura succes met alle nieuwe FP’s die nog komen gaan, Daphne succes met je
postdoc in San Diego en Lindsay succes met je baan in Utrecht!
Ronald: ik heb nog nooit een probleem op de microscoop gehad die jij niet kon oplossen. Jij
hebt mij vaak gered met dat ik al dacht dat ik mijn cellen weg kon gooien. Bedankt voor al je
hulp.
De “van Amerongen” groep, Katrin en Nika: bedankt voor alle gezellige uurtjes in de kweek en
veel succes met de afronding van jullie paper! Anoeska, Saskia en Yorick: bedankt voor de
gezellige lunchsessies. Amber: bedankt voor de hulp op het lab.
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Andere (voormalig) moleculaire cytologie collega’s, Christiaan, Stephanie en Orry: ook jullie
bedankt voor de leuke tijd.
Esmeralda: jij was mijn eerste student die ik mocht begeleiden. Uiteindelijk heb jij bijgedragen
aan de RGS proeven, welke onmisbaar zijn in hoofdstuk 5 en 6. Bedankt hiervoor en veel succes
met je PhD op het AMC.
Sanne: ik had het geluk dat ik jou mocht begeleiden met dat jij erg goed en efficiënt was op het
lab. Zonder jou was ik nooit toegekomen aan alle DHPH kloneringen van hoofdstuk 7. Bedankt!
Joana: Thanks for the opportunity to collaborate in your papers.
Bas: door jouw mooie FRET macro heb ik de “flow” proeven van hoofdstuk 4 kunnen analyseren.
Ook wil ik graag mijn familie bedanken, allereerst Pap en Natascha. Bedankt voor alle steun,
adviezen en interesse. Mede dankzij onze gesprekken heb ik er gelukkig voor gekozen om een
postdoc te gaan doen. Ook bedankt voor het weekendje schrijven in Alkmaar, dat heeft geleid tot
hoofdstuk 4 van dit boekje.
Mam: bedankt voor alle steun van de afgelopen jaren. Jouw bezoekjes in Utrecht hebben voor
veel ontspanning gezorgd. Fijn dat je er altijd voor mij bent.
Opa en Oma: bedankt voor alle interesse. Opa, ik ben erg blij dat ik u nog in uw nieuwe pak mag
zien!
Pim en Marene: de laatste jaren hebben we veel leuke gesprekken gevoerd. Jullie proberen altijd
mee te denken, stellen de leukste vragen en staan altijd voor ons klaar.
Mijn broers, zussen en aanhang, Marcella en Joep, Femke en Freddy, Renée en Bradley,
Frenk en Merel, Remco en Laura: bedankt voor jullie gezelligheid en support.
Mike: bedankt voor onze koffiemomentjes, uitjes en onze mooie vakantie in Lissabon (of Lizabon).
Kimm: bedankt voor een luisterend oor en onze gezellige koffiemomentjes/etentjes.
Lieve Koen: graag wil ik mijn boekje afsluiten met jou te bedanken voor jouw geloof en steun van
de afgelopen jaren. Jij stond altijd voor mij klaar en mede dankzij jou ben ik tot het einde van mijn
proefschrift gekomen. Ook bedankt voor alle keren dat je naar mijn verhaal hebt willen luisteren
en adviezen hebt willen geven. Sorry dat ik vaak te eigenwijs was om ernaar te luisteren (ik heb er
stiekem toch wel wat mee gedaan). Ik kijk uit naar onze toekomst, samen met onze dochter Liz.
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