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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.
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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
179
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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).

180

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

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.

A
CFP-Cdc42-sensor

Lck-mCherry

CFP-Cdc42-sensor Lck-mCherry-GRKct

8
C

5

10

-10

Lc

C

Time (min)

15

ct

0

K

0.90

-5

R

0.95

0

G

1.00

5

k-

1.05

10

ol

Control
Lck-GRKct

1.10

15

tr

YFP/CFP

1.15

Cell area change (%)

Cdc42

S1P

on

B

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
183
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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.

A

B

C

C

2
G

ex

on

tr

Time (min)

1

-20

pR

15

1

10

H

5

SN

0

ol

0.9

0

EK

1.0

20

PL

1.1

5

1.2

8

40

D

1.3

60

IT

Control
FGD5
ITSN1
PLEKHG2
pRex1

FG

YFP/CFP

1.4

Cell area change (%)

Cdc42

SEW

SEW
t=5:00

t=10:00

t=15:00

t=0

t=5:00

t=10:00

t=15:00

pRex1

Control

t=0

Figure 5. Ectopic expression of pRex1 enhances SEW-mediated Cdc42 activation. A) HeLa cells were transfected
with the Cdc42 FRET sensor and either C1-mCherry (Control, n=32), mCherry-FGD5 (n=16), mCherry-ITSN1 (n=9),
mCherry-PLEKHG2 (n=22) or mCherry-pRex1 (n=33), grown to a monolayer and stimulated with 5 µM SEW at t=0:55. B)
Corresponding cell area changes (±95% CI) of cells measured in A). Images of cells measured in C), representing cells from
the Control and pRex1 condition. Scale bar = 20 mm.
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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.
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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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