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Summary 

Background: Weibel-Palade bodies (WPBs) function as storage vesicles for 
von Willebrand factor (VWF) and a number of other bioactive compounds 
that include angiopoietin-2 and IGFBP7. WPBs release their content following 
stimulation with agonists increasing intracellular Ca2+, like thrombin, or 
agonists increasing intracellular levels of cAMP, such as epinephrine. 
Objective: Previously, we have shown that the exchange protein activated 
by cAMP, Epac1 and the small GTPase Rap1 are involved in cAMP-mediated 
release of WPBs. In this study, we explored potential downstream-effectors 
of Rap1 in cAMP-mediated WPB release. Methods: Studies were performed 
in primary human umbilical vein endothelial cells. Activation of the small 
GTP binding protein Rac1 was monitored by its ability to bind to the CRIB 
domain of the serine/theorine kinase PAK1. Downstream effectors of Rap1 
were identified by a proteomic screen using a GST-fusion of the Ras binding 
domain of RalGDS. Functional involvement of candidate proteins in WPB 
release was determined by RNAi-mediated knockdown of gene expression. 
Results: Depletion of Rac1 by RNAi prevented epinephrine-induced VWF 
secretion. Also, the Rac1 inhibitor EHT1864 reduced epinephrine-induced 
WPB release. We identified the phosphatidylinositol (3,4,5)-triphosphate-
dependent Rac exchange factor 1 (PREX1) and the regulatory β subunit of 
phosphatidylinositol 3-kinase (PI3K) as downstream targets of Rap1. The 
PI3K inhibitor LY294002 reduced epinephrine-induced release of VWF. 
RNAi-mediated down-regulation of PREX1 abolished epinephrine- but not 
thrombin-induced release of WPBs. Conclusion: Our findings show that 
PREX1 regulates epinephrine induced release of WPBs. 

Keywords 
Exocytosis/Weibel-Palade bodies/Epac/cAMP/Rac1/PREX1
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Introduction

Vascular endothelial cells provide a highly dynamic barrier separating 
blood from the underlying tissues. Endothelial cells regulate vascular tone, 
control leukocyte extravasation, contribute to neo-vascularisation and 
mediate the formation of a platelet plug in the event of vascular damage 
[1]. Rapid recruitment of bio-active components from intracellular storage 
pools contributes to the critical role of endothelial cells in maintaining 
vascular homeostasis. A significant number of haemostatic components, 
inflammatory and angiogenic mediators originate from endothelial cell-
specific, cigar-shaped organelles called Weibel-Palade bodies (WPBs) [2, 3]. 
WPBs function as storage vesicles for von Willebrand factor (VWF), a 
multimeric adhesive glycoprotein crucial for platelet plug formation, 
the leukocyte receptors P-selectin and CD63 and a number of bioactive 
compounds that include the chemoattractants IL-8, IL-6 and eotaxin-3 as 
well as the angiogenic mediators angiopoietin-2 and IGFBP7 [2, 4-6].
Following stimulation with agonists that increase intracellular Ca2+-levels, 
such as thrombin or histamine, WPBs fuse with the plasma membrane, 
thereby releasing their content in the lumen. Simultaneously, P-selectin 
and CD63 are exposed on the cell surface and have been shown to promote 
the adhesion of leukocytes in a cooperative fashion [7]. Also agonists such 
as epinephrine, forskolin and vasopressin that raise intracellular levels of 
cAMP induce the release of WPBs [8, 9]. The physiological importance of 
this pathway is illustrated by the rise in VWF levels in patients with von 
Willebrand disease and mild haemophilia A following administration of the 
vasopressin analogue desmopressin [8]. Previously, we have shown that the 
Epac-Rap1 signaling pathway controls cAMP-dependent release of WPBs 
[10]. Downstream targets of the small GTPase Rap1 include guanine exchange 
factors for the small GTPase Rac1 [11]. In this study we investigated whether 
Rac1 acts downstream of the Epac-Rap1 signaling pathway in the regulation 
of cAMP-mediated VWF secretion.

Experimental procedures

Reagents and antibodies 
Culture media except EBM-2 and EGM-2, trypsin, penicillin, and streptomycin 
were from Invitrogen (Breda, the Netherlands). EBM-2 and EGM-2 were 
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from Lonza (Verviers, Belgium). Epinephrine, thrombin, forskolin, 3-isobutyl-
1-methylxanthine (IBMX), Endothelial Cell Growth Supplement (ECGS), anti-
α-tubulin monoclonal antibody (DM1A) were from Sigma-Aldrich Chemie 
(Steinheim, Germany). EHT1864 was from Tocris Bioscience (R&D Systems 
Europe, Abingdon, United Kingdom).  Protein kinase A inhibitor (PKI) was 
from Calbiochem (Millipore, Darmstadt, Germany). Glutathione Sepharose 
4B was from GE Healthcare Europe GmbH (Diegem, Belgie). Anti-Rac1 was 
from BD transduction laboratories (Breda, The Netherlands) and anti-PREX1 
antibody was from Abcam (Cambridge, United Kingdom). Anti-β-catenin 
rabbit polyclonal antibody (sc-7199) was from Santa Cruz Biotechnology 
(Santa Cruz, USA).  The CREB, phospho-CREB specific antibody and Epac1 
mouse monoclonal antibody 5D3 [12] were from Cell Signaling (Leiden, The 
Netherlands). Alexa 488- and Alexa 633-conjugated goat anti-mouse IgG, 
Alexa 568- goat anti-rabbit IgG secondary antibodies and Alexa 488-Phalloidin 
were from Invitrogen (Breda, the Netherlands). Chemiluminescence blotting 
substrate and Complete Protease Inhibitor Cocktail Tablets were from Roche 
Diagnostics (Mannheim, Germany). All chemicals used were of analytical 
grade. Enzyme-linked immunosorbent assays (ELISA) for VWF and VWF 
propeptide have been described previously [13]. 

Cell culture
Human umbilical vein endothelial cells (HUVECs) were obtained from 
Promocell (Heidelberg, Germany) and cultured in EGM-2 medium enriched 
with 10% fetal calf serum. Stimulation of endothelial cells with secretagogues 
was performed in the following manner: HUVECs, grown in 6-well plates, 
were washed two times with serum-free medium (SF medium: M199 
and RPMI1640 (1:1); 0.3 mg/ml L-glutamine; 100 units/ml penicillin; 100 
mg/l streptomycin). Cells were pre-incubated in SF medium for 1 hour. 
Subsequently, SF medium with or without agonist was added and medium 
was collected at different time-points. Agonists used were thrombin (1 unit/
ml); a mixture of 10 mM epinephrine and 100 mM IBMX; a mixture of 10 
mM forskolin and 100 mM IBMX; the amount of VWF present in SF medium 
released without agonist (basal release) was set at 100%.  Four independent 
experiments were performed to determine the effect of Rac1 depletion on 
VWF release. Each single experiment was performed in triplicate. Results 
from each single experiment were calculated and subsequently the average 
plus/minus the means was calculated for the four different experiments. 
Statistical analysis was performed by 2-way ANOVA followed by Bonferoni 
post-hoc testing. 
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siRNA 
All siRNAs were purchased from Dharmacon (Thermo Fisher Scientific 
Dharmacon Products, Lafayette, Colorado,USA). For siRNA-mediated 
knock-down of Epac1, siGENOME SMARTpool M-00767601 RapGEF3 
was used. siRNA (20 nM) was delivered to HUVECs by transfection using 
Interferin (PolyPlus, Westburg, Leusden, the Netherlands) according to 
the manufacturer’s instructions essentially as described previously [10]. 
Transfected HUVECs were grown on gelatin-coated glass coverslips for 
72 hours before stimulation. siRNA-mediated knockdown of PREX1 (ON-
TARGETplus SMARTpool L-010063-01), and Rac1 (ON-TARGETplus SMARTpool 
L-003560-00) were performed as described above. ON-TARGETplus Non-
targeting Pool (# D-001810-10) was used as a control in these experiments. 

Rac1 activation assays 
For the Rac1 activation assay we used the biotinylated PAK-CRIB domain 
peptide as described previously [14, 15]. Briefly, following treatment of cells 
with stimuli or inhibitors cells were washed and then lysed in 50 mM Tris-HCl 
pH 7.4; 100 mM NaCl, 10 mM MgCl2: 10% glycerol, 1% NP-40 containing 100 
µg/ml CRIB peptide and Halt Protease and Phosphatase Inhibitor Cocktail. In 
total 30 µg CRIB peptide was used per pulldown. Cell lysates were cleared 
by centrifugation and incubated with streptavidin-agarose beads to bind 
active Rac-CRIB complexes. Active Rac1 complexes were solubilized in SDS 
sample buffer. Rac1 was detected following Western blotting with anti-Rac1 
antibodies. 

Results

Rac regulates VWF secretion 
Exocytosis of WPBs occurs following stimulation of endothelial cells with Ca2+-
raising agonists such as thrombin or histamine [2]. In addition triggering of G- 
coupled proteins of the Gs-subtype which result in elevation of intracellular 
cAMP levels has also been shown to promote WPB exocytosis [9]. Previously, 
we  and others have shown that cAMP-mediated VWF secretion is regulated 
by protein kinase A (PKA) [16, 17] and exchange protein activated by cAMP 
(Epac)-Rap1 signaling [10]. Several possible downstream targets of Rap1 are 
guanine exchange factors (GEFs) for the small GTPase Rac1. We used a siRNA 
based approach to investigate the involvement of Rac1 in the release of VWF. 
SiRNA-mediated silencing strongly reduced Rac1 expression in endothelial 
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cells (Figure 1A) and resulted in a significant decrease in epinephrine but 
not thrombin-induced VWF release (Figure 1B,C). Similar to epinephrine also 
forskolin-induced VWF release was significantly reduced in Rac1-depleted 
cells (supplemental Figure 1). Together these results show that Rac1 is 
involved in cAMP-dependent release of WPBs by endothelial cells. 

Figure 1.  Downregulation of Rac1 
expression reduces WPB release. 
(A) HUVECs were transfected with 
a control siRNA SMARTpool (siCTRL) 
or a siRNA SMARTpool targeting 
Rac1 (siRac1). Western blot analysis 
at 72 hours post-transfection 
showed downregulation of Rac1 
expression. Levels of α-tubulin are 
shown as a loading control. (B,C) 
SiCTRL and siRac1 treated HUVECs 
were incubated for indicated time 
points with 10 mM epinephrine 
(Epi) and 100 mM IBMX, 1 unit/ml 
thrombin (THR) or SF medium alone 
(-).Total amount of VWF secreted 
is displayed in percentages where 
the amount of VWF secreted by 
unstimulated cells transfected with 
siCTRL at 45 minutes was set to 
100%. (n=4). ***P<0.001; **P<0.01 
and *P<0.05 by 2-way ANOVA 
followed by Bonferroni post-hoc 
test for selected comparison.

Pharmacological inhibition of Rac1 
To further confirm the importance of Rac1 activation for VWF secretion we 
used the small molecule inhibitor EHT1864 which promotes the dissociation 
of GTP from Rac1 thereby preventing its interaction with downstream 
effectors [18]. EHT1864 binds with high affinity to Rac1, Rac1b, Rac2 and 
Rac3 [18]. Pre-incubation of endothelial cells with 50 μM EHT1864 prevented 
epinephrine-induced Rac1 activation (Figure 2A). We evaluated the effect of 
EHT1864 on the kinetics of VWF release. Basal VWF release was not affected 
by EHT1864; in contrast epinephrine-induced VWF release was strongly 
reduced in the presence of EHT1864 (Figure 2B). In parallel experiments 
we showed that thrombin-induced VWF release was not affected by the 
presence of EHT1864 (Figure 2C). 
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Figure 2. Pharmacological 
inhibition of Rac1 activation 
impairs VWF secretion. (A) 
HUVECs were preincubated with 
50 mM EHT1864 for 1 hours after 
which stimulation was performed 
for indicated time with epinephrine 
(Epi) and IBMX in the presence 
of 50 mM EHT1864. As a control 
we used 10 min epinephrine 
stimulation in absence of 50 mM 
EHT1864. (B,C) CTRL and EHT1864 
treated HUVECs were incubated 
for indicated time points with 
10 mM epinephrine (Epi) and 
100 mM IBMX, 1 unit/ml thrombin 
(THR) or SF medium alone (-). 
Total amount of VWF secreted is 
displayed in percentages where 
the amount of VWF secreted 
after 45 minutes by unstimulated 
CTRL cells is set to 100% (n=3). 
***P<0.001; **P<0.01 and 
*P<0.05 by 2-way ANOVA followed 
by Bonferroni post-hoc test for 
selected comparison.

Rac1 activation following stimulation with different agonists 
To further substantiate the involvement of Rac1 in the regulated exocytosis of 
WPBs in endothelial cells we analyzed Rac1 activation following stimulation with 
epinephrine. Significant levels of active Rac1 were observed following 10 minutes 
incubation with epinephrine (Figure 3; lane 2). We explored the involvement 
of PKA on the activation of Rac1 in more detail employing the pharmacological 
inhibits PKI and H89. In the presence of 100 μM PKI or 30 μM H89 epinephrine-
induced Rac1 activation was significantly decreased (Figure 3; lane 4 and 6). 
Phosphorylation of CREB, an established substrate of PKA, was completely 
abolished under these conditions ([19]; Figure 3). Knockdown of Epac1 also 
reduced epinephrine-induced activation of Rac1; however residual activation 
was still observed (Figure 3; lane 8). Pharmacological inhibition of PKA in Epac1 
depleted cells completely abolished the epinephrine-induced activation of Rac1 
(Figure 3; lane 10 and 12). Together these results indicate that Rac1 activation in 
response to epinephrine is dependent on both PKA and Epac1. 
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Figure  3. Cyclic AMP-induced Rac1 activation is mediated by PKA and Epac1. HUVECs treated 
with Epac1 siRNA (siEpac1) or control siRNA (siCTRL) were pre-incubated for 1 hour with SF-
medium containing PKA inhibitor PKI (10 mM) or H89 (30 mM) or a vehicle. Subsequently, 
cells were stimulated with 10 mM epinephrine and 100 mM IBMX for 10 minutes. Activation 
of Rac1 in HUVECs was determined using a CRIB pull-down. The total amount of Rac1 shown 
in the bottom panel was used as loading control, CREB phosphorylation was used to monitor 
PKA inhibition. One (out of 3) representative experiment is shown. 

Rac1-GEF involved in WPB release 
Previously, we have shown that Epac-Rap1 signaling controls cAMP-mediating 
release of WPBs [10]. To identify potential downstream targets of active Rap1 
we performed a pulldown using the Ras binding domain of RalGDS. Binding 
partners were identified by mass spectrometry following separation by SDS-
PAGE. The regulatory β subunit of phosphatidylinositol 3-kinase (PI3K) and 
phosphatidylinositol 3,4,5-triphosphate-dependent Rac exchanger 1 (PREX1) 
were identified as putative downstream targets of Rap1 (supplemental Table 1). 
PREX1 has been identified as a PtdIns(3,4,5)P3-dependent guanine nucleotide 
exchange factor (GEF) for Rac1 [20]. We tested functional involvement of 
PI3K in Rac1 activation and WPB release using the cell permeable inhibitor 
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LY294002 which acts on its ATP binding site [21]. Epinephrine-induced release 
of VWF was strongly reduced following treatment with LY294002 (Figure  4A) 
while thrombin-induced VWF release was not significantly affected (Figure  
4B). These data show that PI3K modulates epinephrine-induced release of 
VWF in HUVECs. 

Figure  4. Pharmacological 
inhibition of PI3K impairs 
VWF secretion. Control 
(CTRL) and LY294002 treated 
HUVECs were incubated for 
indicated times with 10 mM 
epinephrine and 100 mM IBMX 
(Epi) (A), 1 unit/ml thrombin 
(THR) (B), or SF medium alone 
(-) (A,B). VWF secreted by 
unstimulated control cells after 
45 minutes was set to 100% 
(n=3). ***P<0.001; **P<0.01 
and *P<0.05 by 2-way ANOVA 
followed by Bonferroni post-hoc 
test for selected comparison.

PREX1-mediated Rac1 activation and VWF secretion 
We identified PREX1 as a putative effector of active Rap1 with GEF activity 
towards Rac1 activated by PI3K. We explored whether siRNA-mediated 
knockdown of PREX1 abolished the activation of Rac1 (Figure  5). In the absence 
of PREX1 activation of Rac1 was reduced following stimulation of endothelial 
cells with epinephrine (Figure 5; lane 8 compared to lane 2). Rac1 activation 
following stimulation with epinephrine was significantly blocked by PREX1 
depletion. However, complete blockage of Rac1 activation was only achieved 
by PKA inhibition in PREX1 depleted cells (Figure 5; lane 10 and 12). These 
data indicate that PREX1 activates Rac1 following epinephrine sitmulation of 
endothelial cells. We subsequently evaluated the effect of PREX1 depletion 
on the kinetics of VWF release. siRNA-mediated silencing strongly reduced 
PREX1 expression in endothelial cells (Figure 6A). Basal VWF release was 
not affected by PREX1 depletion; in contrast epinephrine-induced VWF 
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Figure  5. PREX1-mediated Rac1 activation. Cells were pre-incubated with SF-medium for 1 
hour. HUVECs treated with siPREX1 or siCTRL were pre-incubated for 1 hour with SF-medium 
containing PKA inhibitor PKI (10 mM) or H89 (30 mM) or a vehicle. Subsequently, cells were 
stimulated with 10 mM epinephrine and 100 mM IBMX for 10 minutes. Activation of Rac1 
in HUVECs was determined using a CRIB pull-down. The total amount of Rac1 shown in the 
bottom panel was used as loading control, CREB phosphorylation was used to monitor PKA 
inhibition. One (out of 3) representative experiment is shown.
 
release was almost completely abolished in the absence of PREX1 (Figure  
6B). Also, forskolin-induced release of VWF was reduced in PREX1 deficient 
endothelial cells (supplemental Figure S2). In parallel experiments we 
showed that thrombin-induced VWF release was not dependent on the 
presence of PREX1 (Figure 6C). Absolute amounts of VWF released in PREX1-
depleted and control treated cells are shown in supplemental Figure S2. 
To further substantiate these findings we also assessed whether the effect 
of PREX1 depletion was dependent on the concentration of agonist used. 
A dose-dependent increase in VWF release was observed for increasing 
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concentrations of epinephrine (Figure 7A). Pronounced reduction of VWF 
release was observed at 3 and 10 μM epinephrine in PREX1 depleted cells 
(Figure 7A). Interestingly, VWF release was similar in PREX-1 depleted and 
control siRNA treated endothelial cells stimulated with 30 μM epinephrine 
(Figure  7A). Interestingly, also Rac1 activation was partially restored in PREX1-
depleted cells stimulated with 30 μM epinephrine (Figure 7C). These data 
further suggest that activation of Rac1 is linked to epinephrine-induced WPB 
exocytosis. Thrombin-induced VWF release was not significantly affected 
by PREX1 depletion although levels of released VWF were slightly lower in 
PREX1-depleted cells for all concentrations of thrombin used (Figure 7B). 

Figure  6. PREX1 
knockdown impairs 
cAMP-mediated VWF 
secretion. (A) HUVECs 
were transfected with a 
control siRNA SMARTpool 
(siCTRL) or a siRNA 
SMARTpool targeting 
PREX1 (siPREX1). Western 
blot analysis at 72 hours 
post-transfection showed 
downregulation of PREX1 
expression. Levels of 
α-tubulin are shown as 
a loading control. SiCTRL 
and siPREX1 treated 
HUVECs were incubated 
for indicated time points 
with (B) 10 mM epinephrine 
(Epi) and 100 mM IBMX or  
(C)  1 unit/ml thrombin 
(THR) or SF medium alone 
(-).Total amount of VWF 
secreted is displayed in 
percentages where the 
amount of VWF secreted 
by unstimulated cells 
transfected at 45 minutes 
with siCTRL is set to 
100% (n=4). ***P<0.001; 
**P<0.01 and *P<0.05 by 
2-way ANOVA followed by 
Bonferroni post-hoc test 
for selected comparison. 
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Figure  7. PREX1 knockdown impairs cAMP-mediated VWF secretion at lower 
concentrations. (A+B) siCTRL and siPREX1 treated HUVECs were incubated 45 minutes with 
different concentrations of epinephrine and 100 mM IBMX, or different concentrations of 
thrombin. Total amount of VWF secreted is displayed in percentages where the amount 
of VWF secreted by unstimulated cells  transfected with siCTRL at 45 minutes is set to 
100% (n=4). ***P<0.001; **P<0.01 and *P<0.05 by 2-way ANOVA followed by Bonferroni 
post-hoc test for selected comparison.  (C) Rac1 activation during PREX1 depletion can 
be restored by higher concentrations of agonist. HUVECs treated with siPREX1 or siCTRL 
were pre-incubated with SF-medium for 1 hour. Subsequently, cells were stimulated with 
different concentrations of epinephrine and 100 mM IBMX for 10 minutes. One (out of 2) 
representative experiment is shown.

Discussion
The small GTPase Rac1 is a member of the family of Rho GTPases that 
regulate diverse processes like cell growth, cellular polarization, migration 
and cytoskeletal reorganization [22, 23]. Here, we addressed whether Rac1 
plays a role in the agonist-induced release of WPBs in endothelial cells. In 
a previous study a constitutive GDP-variant of Rac1 (Rac1-N17) was shown 
to inhibit thrombin-induced WPB release [24]. Using an essentially similar 
strategy, Fish and co-workers did not observe a dominant negative effect 
of RacN17 on cAMP or Ca2+-mediated VWF release [25]. Overexpression 
of dominant negative GTPase mutants such as Rac1-N17 has a number of 
limitations. Constitutive GDP-loaden GTPases are thought to compete with 
endogenous GTPases at the level of the guanine nucleotide exchange factor, 
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which in the case of GEFs for Rac1 can be shared with other Rho GTPases such 
as RhoA or Cdc42 [26]. Combined with the lack of control over expression 
levels of ectopically expressed GTPase variants such as experienced by Yang 
et al. it cannot be ruled out that the observed phenotypes are the results of 
off-target effects. In this study we show, using a chemical inhibitor of Rac1 
(which also inhibits Rac1b and Rac2 but not Cdc42 or RhoA; [18]) as well as 
siRNA-mediated down-regulation that Rac1 is involved in epinephrine but 
not thrombin-induced VWF secretion. 
Multiple GEFs have been described for Rac1 which include members of 
the Tiam, Vav, Pix, Trio, Sos, RasGRF and P-Rex family [23]. Furthermore, 
previous studies have shown that Rac1 is activated downstream of Rap1 [27, 
28]. Direct binding of Rap1 to a fragment comprising the Dbl homology (DH) 
and pleckstrin homology (PH) domain of the Rac-GEFs Vav2 and Tiam-1 has 
been demonstrated [27]. In this study we identified the phosphatidylinositol-
3,4,5-trisphosphate (PtdIns(3,4,5)P3)-dependent Rac exchange factor 1 
(PREX1) as a candidate GEF involved in Rap1-mediated Rac1 activation and 
VWF secretion. Apart from PREX1 our proteomic screen also identified the 
p85β regulatory subunit of class I PI3K as a downstream target of Rap1. The 
catalytic subunit of PI3K contains a Ras-binding domains that binds to the 
GTP-bound conformation of Ras-like proteins [29]. Kortholt et al. showed 
that the RBD domain of PI3K can bind to activated Rap1 as well as activated 
RasG with similar affinity [30]. Interestingly, LY29402 inhibits epinephrine-
induced release of VWF (Figure  4A). These observations are consistent with 
the reported PIP3-dependency of the GEF activity of PREX1 [20].
Rap1-Rac1 circuits have been implicated in secretory processes in blood 
platelets [31, 32]. A recent paper showed that at low concentrations of 
agonists platelet secretion and aggregation was dependent on PREX1 [33]. 
Similar to our findings in endothelial cells higher concentrations of agonists 
were able to overcome the observed defects in platelet secretion and 
aggregation in PREX1-deficient platelets [33]. We speculate that the lack of 
agonist-induced release of WPBs may contribute to the prolonged bleeding 
time in PREX1 deficient mice [33]. Since we evaluated cAMP-mediated 
VWF release and Rac1 activation, the observed results indicate that Rac1 
activation during lower concentrations of agonist is dependent of PREX1 and 
independent of PKA, while at higher concentrations of agonist downstream 
targets of PKA mediate the activation of Rac1 (Figure  8). The putative Rac1-
GEF that acts downstream of PKA remains to be identified. 
Thrombin has been shown to modulate levels of active Rac1 [34, 35]. Most 
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studies show an initial decline in levels of active Rac1 following treatment 
with thrombin which is followed by a slow but sustained increase of 
active Rac1-GTP back to pre-treatment levels [36]. As shown in this study 
knockdown or inhibition of Rac1 did not affect thrombin-induced of VWF 
therefore we anticipate that changes in active Rac1 do not contribute to 
thrombin-induced release of WPBs.  
We have previously shown that epinephrine-induced VWF release coincides 
with cytoskeletal remodeling [10]. Stimulation with epinephrine led to an 
increase in cortical actin whereas thrombin induced the formation of stress 
fibers (supplemental Figure  S3). Chemical inhibition of PI3K and Rac1 by 
LY294002 or EHT1864 respectively abrogated epinephrine-induced actin 
remodelling (supplemental Figure  S3). Also silencing of Rac1 and PREX1 
diminished epinephrine-induced actin remodelling (supplemental Figure  
S3B). Interestingly, thrombin-induced formation of stress fibers was greatly 
enhanced by silencing of PREX1 and Rac whereas short-term inhibition of 
PI-3K and Rac1 did not display this effect (supplemental Figure  S3C). In mast 
cells filamentous actin depolymerizes in the cortical region underneath the 
plasma membrane and repolymerizes in the cell interior upon stimulation 
[37]. This redistribution is thought to be required for relieving steric hindrance 
at the cell periphery, allowing secretory granules to gain access to the plasma 
membrane for fusion and release of their contents [38]. In the presence of 
dominant negative Rac1 disassembly of cortical actin is inhibited [37]. These 
observations suggest that Rac1 activation may facilitate WPB release by 
promoting cortical actin dynamics. At present molecular pathways linking 
Rac1 activation to disassembly of cortical actin have not yet been defined. 
P21 activated kinase (PAK) provides a downstream target of activated Rac1 
that can activate LIM-kinase which in turn can phosphorylate cofilin [39]. 
Phosphorylated cofilin cannot bind to G- and F-actin thereby preventing 
disassembly of cortical actin [39]. Interestingly, phosphorylated cofilin has 
been shown to promote phospholipase D activity [40]. Phospholipase D has 
recently been shown to promote histamine-induced release of WPBs [41]. 
These results raise the possibility that Rac1 activation promotes fusion of 
WPBs through its effect on phospholipase D (Figure  8). Recently, it has been 
proposed that a dynamic actin ring expels WPB content following fusion of 
WPBs with the plasmamembrane [42]. These new findings position the actin 
cytoskeleton as a positive regulator of granule exocytosis [42]. Signaling 
pathways mediating assembly and disassembly of actin rings have not yet 
been characterized; in view of the cross-talk between RhoA and Rac1/Cdc42 
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signaling pathways in endothelial cells it cannot be excluded that Rac1 is 
involved in the assembly and disassembly of these actin rings. 
In conclusion the observations in this paper show that epinephrine induces 
the activation of Rac1 via PREX1, thereby potentially coordinating cytoskeletal 
and phospholipase D-mediated membrane rearrangements that facilitate 
WPB exocytosis (Figure  8).

Figure  8. Signaling pathways that regulate cAMP-mediated WPB exocytosis. Stimulation 
of the β2-adrenergic receptor (β2AR) by epinephrine stimulates cAMP production by Gs-
activated adenylate cyclase (AC). Epac1 activates Rap1. Activated Rap1 facilitates WPB 
exocytosis, via PREX1 and Rac1. Our study also provides evidence for PKA-dependent 
activation of Rac1. We propose that PREX1-mediated activation of Rac1 promotes WPB 
exocytosis by inducing cytoskeletal rearrangements and by enhancing PLD1 activity.
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Supplementary data

Figure S1. Involvement of Rac1 in cAMP-mediated WPB release. (A+B) siCTRL and siRac1 
treated HUVECs were incubated with SF medium (-), 10 mM epinephrine and 100 mM 
IBMX (Epi),  or 10 mM forskolin and 100 mM IBMX (FSK) . After 45 minutes the amount of 
VWF secreted in the medium was measured by ELISA. The total amount of VWF secreted 
is displayed in percentages where the amount of VWF secreted by unstimulated cells 
transfected with siCTRL is set to 100%  (n=4). ***P<0.001; **P<0.01 and *P<0.05 by 2-way 
ANOVA followed by Bonferroni post-hoc test for selected comparison.  
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Figure S2. Involvement of PREX1 in cAMP-mediated WPB release. (A) siCTRL and siPREX1 
treated HUVECs were incubated with SF medium (-), 10 mM epinephrine and 100 mM 
IBMX (Epi), or 10 mM forskolin and 100 mM IBMX (FSK). After 45 minutes the amount of 
VWF secreted in the medium was measured by ELISA. The total amount of VWF secreted 
is displayed in percentages where the amount of VWF secreted by unstimulated cells 
transfected with siCTRL is set to 100% (n=5). (B+C) siCTRL and siPREX1 treated HUVECs were 
incubated for indicated time points with 10 mM epinephrine (Epi) and 100 mM IBMX, 1 unit/
ml thrombin (THR) or SF medium alone (-). The amount of VWF secreted in the medium was 
measured by ELISA. Total amount of VWF secreted is displayed in nM (n=4). ***P<0.001; 
**P<0.01 and *P<0.05 by 2-way ANOVA followed by Bonferroni post-hoc test for selected 
comparison.
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Figure S3. Cytoskeletal reorganization in response to epinephrine is dependent on PI3K 
and Rac1 activation. HUVECs were cultured for 72 hours, then paraformaldehyde fixed and 
stained for β-catenin (red) and actin with Alexa 488-phalloidin (green). (A+B) HUVECs
were preincubated with LY294002, EHT1864 or SF medium for 1 hours after which HUVECs 
were incubated with SF medium (-), 10 mM epinephrine and 100 mM IBMX (Epi), or 1 unit/
ml thrombin THR for 20 minutes. (C+D) Endothelial cells were treated with pools of siCTRL, 
siPREX1 and siRac1 as described. After preincubation of 1hours with SF medium cells were 
incubated with SF medium (-), 10 mM epinephrine and 100 mM IBMX (Epi), or 1 unit/ml 
thrombin THR for 20 minutes. (A+C) Representative low power images are shown. Scale bar 
represents 50 µm. (B+D) For the conditions described above, the degree of colocalization 
(colocalization coefficient) between actin and β-catenin in 5 fields of view was determined 
using the Zen software package (Carl Zeiss B.V., Sliedrecht, Netherlands). Shown are the 
results of one experiment, representative of three independent experiments. ***, P<0.001 
by 2-way ANOVA followed by Bonferroni post-hoc test for selected comparison. Error bars 
show SEM.

** Please see also Appendix B of this thesis.
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Supplem
ental Table I: putative dow

nstream
 targets of Rap1. The Ras binding dom

ain (RBD) of RalGDS fused to a GST tag w
as expressed 

in IPTG-induced bacteria, purified and coupled. Briefly, after treatm
ent of cells w

ith 10 μM
 forskolin and 100 μM

 IBM
X for 20 m

inutes cells 
w

ere w
ashed and then lysed w

ith lysisbuffer. Cell lysates w
ere then incubated w

ith GST-RBD pre-coupled Glutathion Sepharose beads 
to pulldow

n active Rap1 as w
ell putative Rap1-effectors. Sepharose beads w

ere w
ashed four tim

es w
ith lysis buffer, and bound proteins 

w
ere resuspended in SDS-PAGE sam

ple buffer. Proteins w
ere run on an SDS 12.5%

 polyacrylam
ide gel and visualized by silverstaining. 

Follow
ing silver staining the gel w

as w
ashed w

ith ultrapure w
ater and lanes containing the sam

ples w
ere cut into 25 pieces. Each piece 

w
as processed for in-gel digestion using 6.25 ng/μl. Eluted peptides w

ere separated by a reverse-phase C18 colum
n (50 μm

 x 20 cm
, 

5 μm
 particles) (N

anoseparations, N
ieuw

koop, The N
etherlands). Peptides eluted from

 the colum
n w

ere directly sprayed into the LTQ
 

O
rbitrap XL m

ass spectrom
eter (Therm

o Fisher Scientific Inc). The five m
ost intense precursor ions in the full scan (300 – 2000 m

/z, 
resolving pow

er 60.000) w
ith a charge state of +2 or higher w

ere selected for collision-induced dissociation (CID) using an isolation 
w

idth of 3 Da, a 30%
 norm

alized collision energy, and an activation tim
e of 30 m

s. Peptides w
ere identified using a SEQ

U
EST search 

algorithm
 and the U

niprotKB protein database 25.H_sapiens.fasta using Proteom
e Discoverer release version 1.1. softw

are (Therm
o 

Fisher Scientific) using defined conditions. Peptides w
ere searched against a decoy database w

ith a false discovery rate of 5%
.


