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General introduction

Introduction 

The human cardiovascular system is composed of three principal components: 
the heart, bloodvessels and blood itself. The cardiovascular system forms a 
closed loop that is designed to circulate blood thereby supplying oxygen, 
nutrients and hormones to organs and tissues. The circulatory system also 
serves to remove waste products from tissues and organs. The inner layer 
of all blood vessels is covered by vascular endothelial cells that comprise 
a highly versatile barrier between the circulating blood and the underlying 
tissue. Vascular endothelial cells play a key role in regulation of vascular 
tone by nitric oxide and prostacyclin mediated vasodilation and endothelin- 
induced vasocontraction [1-3]. Upon activation of endothelial cells, surface 
molecules that regulate adhesion of platelets, leukocytes and red blood 
cells become exposed at the apical side [4-9]. In 1964, Ewald Weibel and 
George Palade identified rod shaped organelles in sections of rat arteries 
that contained tubular structures [10,11]. These organelles, called Weibel-
Palade bodies (WPBs), function as a storage compartment for multiple 
bioactive proteins [11]. Upon stimulation with cyclic AMP (cAMP)-elevating 
agonists such as epinephrine and forskolin, or Ca2+-elevating agonists such 
as thrombin, histamine or sphingosine-1-phosphate (S1P), WPBs release 
their content in the vascular lumen [11]. In this thesis we studied molecular 
mechanisms regulating WPB exocytosis. 

Biogenesis of Weibel-Palade bodies
WPBs are elongated organelles of up to 3 µm in length and a width of 0.1-0.15 
µm that are characterized by a striated pattern due to a bundle of parallel 
tubules surrounded by a limiting membrane [10,12]. The major component 
of WPBs is the multimeric protein Von Willebrand factor (VWF) [13-15]. The 
condensation of multimeric VWF in the trans-Golgi network plays a crucial 
role in the biogenesis of WPBs [16-19]. VWF is synthesized as a pre-pro-VWF 
precursor comprised of 2813 amino acids consisting of a 22 amino acids 
signal peptide, a 741 amino acids propeptide and a mature subunit of 2050 
amino acids [20-24]. Based on its primary amino acid sequence the following 
domain structure was originally assigned to VWF: D1-D2-D’-D3-A1-A2-A3-
D4-B1-B2-B3-C1-C2-CK [23,24].  More recently the domain-organization was 
re-annotated based on homology with structural protein modules [12,25]. 
Interestingly, the newly proposed domain organization of VWF was supported 
by experimental data on the domain architecture of VWF employing electron 
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microscopy [25]. The propeptide domains D1 and D2 contain a collection 
of smaller subdomains that appear in the following order: Von Willebrand 
Domain (VWD)-1,-C8-1, TIL-1, E-repeat-1,VWD-2, C8-2, TIL-2 and, E-repeat-2. 
The original D’-D3 domains is now subdivided in: TIL’, E’, VWD-3, C8-3, TIL-3 
and E-repeat-3. The A domains are encoded by homologous VWA repeats; 
inspection of the three-dimensional structure of these domains revealed 
that these domains are composed of single structural protein modules [25-
28]. The D4 domain is now redefined as: D4N, VWD-4, C8-4 and TIL-4 [25]. 
The C-terminal region of VWF has also been re-annotated and is now defined 
as: C1, C2, C3, C4, C5, C6 and CTCK (Figure 1A) [25,29-32]. 

Figure 1. VWF domain structure and assembly of VWF multimers. (A) Schematic 
representation of pro-VWF according to the reannotated domain organization [25]. The 
proteolytic cleavage site for VWF propeptide at Arg763 is indicated by a dashed line between 
the E2 and TIL’- domain. (B) Dimerization of pro-vWF mononomers by disulphide bridge 
formation between cysteine residues in the CTCK domain. (C) VWF dimers multimerize 
through disulfide bridge formation between cysteine residues Cys1099 and Cys1142 in the 
C8-3 and TIL-3 domains.

VWF undergoes a number of post-translational assembly steps that 
eventually result in the release of high molecular weight VWF multimers 
from endothelial cells. Proteolytic cleavage of the signal peptide facilitates 
translocation of VWF to the endoplasmic reticulum. In the endoplasmic 
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reticulum pro-VWF subunits homodimerize through disulfide bonding 
mediated by cysteine residues present in the CTCK domain (Figure 1B) 
[29,33]. VWF dimers are subsequently transported to the Golgi-complex, 
where VWF dimers multimerize through intersubunit disulfide bridge 
formation between cysteine residues Cys1099 and Cys1142 in the C8-3 and 
TIL-3 domains (Figure 1C) [34-37].  Simultaneously proteolytic processing 
results in the removal of the propeptide from mature VWF [38]. In the 
Golgi apparatus VWF undergoes a number of other post-translational 
modifications like sulfation and modification of N-linked oligosaccharides 
and O-linked glycosylation [32,39,40]. N-linked glycans on VWF have been 
shown to modulate its binding and cleavage by ADAMTS13 [41,42]. It is now 
well-established that condensation of VWF into tubular structures underlies 
the formation of elongated WPBs [43]. The first tubules are observed in 
the acidic environment of the trans-Golgi network, where also cleavage 
of VWF occurs [44]. The low pH in the trans-Golgi network induces ionic 
interactions between pro-peptide and mature VWF that direct the assembly 
of helical tubules [17,18,25,45-47]. Lui-Roberts and co-workers suggested 
that adaptor protein 1 (AP-1) and clathrin provide a stabilizing scaffold for 
the initial folding of VWF into the tubules [48]. AP-1 attaches clathrin to the 
membrane and both proteins assist in vesicle budding from the trans-Golgi 
network [49]. Within the trans-Golgi network a clathrin coat was observed 
near the forming VWF tubules [44], indicating WPBs are coated by clathrin 
and AP-1 during their biogenesis [48,50]. SiRNA mediated downregulation of 
AP1 or inhibition of clathrin resulted in impaired formation of elongated WPBs 
[51,52]. Once the WPBs are formed the clathrin coat is no longer  required 
[48,53] and after vesicle budding from the trans-Golgi network the clathrin 
coats form vesicles that are removed from the immature WPBs by vesicle 
budding (Figure 2) [44]. Recent studies using blood outgrowth endothelial 
cells derived of patients with the bleeding disorder von Willebrand disease 
have shown that specific gene defects linked to this disorder can affect the 
tubular organization of VWF in WPBs [54,55].
 
Physiological role of proteins present in WPBs
Besides VWF WPBs contain multiple other bioactive components that imply 
WPB exocytosis in diverse processes such as inflammation, regulation of 
vascular tone, hemostasis and angiogenesis [11]. The integral membrane 
protein P-selectin has been shown to mediate leukocyte adhesion to 
endothelial cells; elegant in vivo studies in VWF deficient mice revealed
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Figure 2. Biogenesis of WPBs. After condensation of cargo in the trans-Golgi network, 
nascent WPBs bud off containing a clathrin coat. In a post budding step, clathrin coated 
buds are formed on the immature WPBs, allowing for removal of excess membrane and 
cargo. During maturation, proteins like the small GTPase Rab27A (but also Rab3B, and the 
effectors Slp4-a and MyRIP, not shown) are recruited. 

impaired leukocyte recruitment, providing evidence for a crucial role of 
WPB-localized P-selectin in this process [56]. More recently, another integral 
membrane protein found in WPBs, the tetraspanin CD63, has also been 
implicated in leukocyte adhesion through its ability to induce clustering 
of P-selectin on the endothelial cell surface [57]. Osteoprotegerin acts as 
a decoy receptor for RANKL and has been implicated in the regulation of 
bone density [58]. Osteoprotegerin has also been suggested to modulate 
angiogenesis [59]. A number of chemokines that include interleukine-6 (IL-
6), interleukine-8 (IL-8), monocyte chemotactic protein-1 (MCP-1), eotaxin-3 
and growth-regulated oncogene-α (GRO-α) have also been shown to be 
present in WPBs upon culturing of endothelial cells under inflammatory 
conditions [60-65]. This suggests that upon vascular perturbation (after 
prior pro-inflammatory stimulation of the endothelium), the chemokines 
released from the WPBs may form a chemotactic gradient which may 
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help to direct leukocytes to the underlying tissue. Both endothelin-1 and 
endothelin converting enzyme have been localized to WPBs suggesting that 
WPB release promotes vasoconstriction [66-68]. Interestingly, the potent 
vasodilator calcitonin gene-related peptide has also been localized to WPBs 
[68-74]. The vessel-destabilizing Tie-2 ligand angiopoietin-2 has also been 
localized to WPBs [75]. Insulin-like growth factor binding protein 7 (IGFBP7) 
was identified as a second angiogenic regulator present in WPBs [75-77]. 
There is now considerable evidence for the presence of subsets of WPBs that 
may differ in their internal composition. Eotaxin-3 for example is only found in 
WPBs when endothelial cells are exposed to IL-4 [62], while IL-8 and also IL-6 
are only present in WPBs after upregulation of their expression in response 
to exposure to IL-1β or tumor necrosis factor α (TNF-α) [65]. Similarly, 
P-selectin, although already present at limited levels in WPBs of unactivated 
endothelial cells, is transcriptionally upregulated after IL-4 treatment, leading 
to increased P-selectin content of the WPBs [78]. Interestingly, it has been 
proposed that angiopoietin-2 and P-selectin are directed to different subsets 
of WPBs since no colocalization of these proteins is observed [75,79,80]. 
However, in a recent study clear co-localization of angiopoietin-2 and 
P-selectin in individual WPBs was observed [81]. Two models exist for sorting 
of soluble proteins to regulated secretory granules: the “sorting for entry” 
and the “sorting by retention” model [82,83]. Essentially the difference 
is that in sorting for entry specific proteins are actively sorted to WPBs. 
Proteins like OPG, P-selectin and possibly IL-8 are directed towards WPBs 
due to direct interaction with VWF indicating a more prominent role for the 
“sorting for entry” model [84-86]. Sorting by retention seems to be more 
adequate for proteins like eotaxin-3, IL-6, IL-8, MCP-1, tPA and GROα since 
these proteins are both present in WPBs as well as in punctuated vesicles 
[62,87]. Possibly, non-VWF bound proteins are actively excluded through 
their incorporation in small clathrin coated vesicles that pinch off from newly 
forming WPBs during their maturation [48]. Presence of these molecules in 
WPBs may therefore reflect an incomplete exclusion process, underscored 
by the remarkable similarity in storage index between structurally distinct 
proteins [87]. A similar process has already been described for sorting of 
lysosomal proteins [88,89]. 
The final result is a functionally diverse set of WPBs, enabling a broad 
spectrum of biological responses upon vascular perturbation. This also calls 
for a tight regulation of WPB exocytosis upon endothelial cell activation. 
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Exocytosis of Weibel-Palade bodies
Following triggering of specific signaling pathways in endothelial cells WPBs 
fuse with the plasma membrane in a process called exocytosis. Essentially, 
three modes of WPB exocytosis have presently been observed: (1) full fusion, 
(2) incomplete or lingering-kiss fusion and (3) via so called “secretory pods”. 
Full fusion of WPBs allows for the dispersion of all soluble WPB cargo into 
the vascular lumen and exposure of membrane proteins such as  P-selectin 
and the tetraspanin CD63 on the plasma membrane in order to facilitate 
leukocyte recruitment [43]. Depending on their solubility, their adhesive 
properties towards the endothelial cell surface and/or their ability to interact 
with other components of the WPB, some cargo proteins will immediately 
disperse (e.g. IL-8, VWF propeptide, CD63) [90-92], while VWF itself will be 
retained on the cell surface for some time [91]. Interestingly, IGFBP7, remains 
associated with VWF after release [77]. However, it has been reported that 
the conditions presented by the extracellular environment, e.g. acidic pH 
or low temperature, can significantly alter the dynamics of cargo dispersal 
[92,93]. When release of WPBs is induced, newly released VWF multimers 
unravel and assemble into ultra large VWF strings that align in the direction 
of flow and that remain anchored to the surface of endothelial cells [43,94]. 
Transient, incomplete fusion of WPBs with the plasma-membrane in a so-called 
“lingering kiss” has been observed following weak stimulation of endothelial 
cells [93]. In these conditions a narrow fusion pore of approximately 10-
12 nm is formed that fails to fully expand. This allows small molecules like 
IL-8 and eotaxin-3 to pass through and be released, while restricting larger 
proteins like VWF and VWF propeptide but also P-selectin which are unable 
to traverse the narrow pore and are retained in the collapsed granule after 
the fusion pore shuts again (Figure 3) [93]. 
Valentijn and co-workers provided evidence for a third mode of WPB release, 
in which several WPBs initially undergo intracellular fusion before proceeding 
into actual exocytosis, a secretory mode which most resembles so called 
compound fusion [95,96]. In endothelial cells stimulated with phorbol esters, 
but also with thrombin, multiple WPBs fuse into discrete 3 µm diameter 
membrane-delimited structures that were designated “secretory pods”[96]. 
Based on their findings they proposed that assembly of ultra large VWF strings 
occurs in these secretory pods [93,96]. Interestingly, their data suggest a 
model in which fusion of multiple WPBs results in the formation of secretory 
pods containing globular VWF (Figure 3) [97]. Subsequently, globular VWF 
is re-assembled into ultra large strings that are anchored to the surface of 
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endothelial cells [97]. The concept of multigranular exocytosis of WPBs in 
secretory pods provides an alternative for the fusion of individual WPBs with 
the plasma membrane which is considered to promote the unfolding of VWF 
tubules as stored in WPBs into VWF strings (Figure 3) [46,98]. 

Figure 3. Exocytosis of WPBs. Three different modes of WPB exocytosis have been decribed 
in literature. (1) Single WPBs undergo full fusion with the plasma membrane, leading to the 
expulsion of all bioactive components present in WPBs in the extracellular space or on the 
cell surface. VWF multimer secretion leads to formation of long strings composed of ultra-
large VWF multimers; those strings stay attached to the cell membrane. (2) Transient fusion 
of WPBs with the plasma membrane in a so-called “lingering kiss” leads to selective release 
of only small molecules like IL-8 and eotaxin-3; larger proteins like VWF, VWF propeptide 
and VWF interacting proteins like P-selectin stay in the WPBs. (3) Multiple WPBs fuse 
together which results in the formation of so-called secretory pods. In these secretory pods 
reassembly of ultra large VWF strings occurs. After fusion of the secretory pod with the 
plasma membrane, ultra large VWF strings are secreted that are anchored to the surface of 
endothelial cells. 

Agonist-induced triggering of endothelial cell can promote release of WPBs 
from endothelial cells [99]. Both cAMP elevating agonists like epinephrine, 
DDAVP or adenosine [100-104] and Ca2+-elevating agonists like VEGF, S1P, 
histamin or thrombin [105-109] can induce WPB release. Additive release 
is observed when cAMP and Ca2+ raising agonists are combined (Figure 4) 
[104]. Cleator and colleagues showed that after stimulation with cAMP 
elevating agonists that the ratio of P-selectin exposure over VWF secretion 
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was significantly less when compared to stimulation with Ca2+-raising 
agonists [110]. Further evidence for the selective release of subsets of 
WPBs is suggested by the observation that Ca2+- elevating agonist thrombin- 
induced the release of both peripheral and perinuclear localized WPBs while 
cAMP elevating agonist epinephrine resulted predominantly in the release 
of peripherally localized WPBs [110,111]. Follow-up studies revealed that 
clustering of WPBs at the microtubule organizing centre is induced by cAMP-
mediated signaling pathways [112,113] while there are only few observations 
of this phenomenon after stimulation with Ca2+-raising agonists [114]. In a 
subset of patients with von Willebrand disease or patients suffering from 
mild hemophilia A, plasma VWF levels are increased by the administration 
of the vasopressin analogue desmopressin (DDAVP) [115,116]. Vasopressin 
acts on the vasopressin type 2 receptor (V2R), a G protein coupled receptor 
of the Gs subtype, which is selectively expressed in lung endothelial cells 
[101]. 
Small GTPases have evolved as crucial regulators of vesicle trafficking 
[117-122] and have also been implicated in the biogenesis and release of 
storage granules. Key regulators of the family of small GTPases mediating 
WPB exocytosis include RalA, Rab3D and Rab27A [91,123-125]. Activation of 
the small GTPase RalA results in assembly of the exocyst complex, which is 
involved in the tethering of secretory organelles, thereby targeting them to 
specific sites on the plasma membrane for future release (Figure 4) [123,126-
132]. Exogenous expression of a dominant negative RalA variant prohibited 
thrombin-induced release of WPBs [123]. Both thrombin and epinephrine 
were capable of inducing transient activation of RalA [123,133]. RalGDS 
was identified as the guanine exchange factor involved in the activation of 
RalA [125]. Consistent with this, downregulation of RalGDS or inhibition of 
its interaction with Ca2+/CaM inhibited stimulus-induced Ral activation and 
WPB release [125]. Small GTPases of the Rab family are clasically involved 
in mediation of membrane trafficking and fusion [119]. Rab3D was the 
first Rab protein to have been found on WPBs, after overexpression [124] 
and endogenously [134]. Rab3D has been suggested to play a role in WPB 
formation; dominant negative Rab3D and siRNA-mediated downregulation 
of Rab3D interfered with the formation of WPBs [124], although this was not 
found by others [134-136]. Also overexpression of wild-type or constitutively 
active Rab3D inhibited WPB release, suggesting a negative regulatory role of 
Rab3D in WPB exocytosis [124].
Endogenous Rab3B and Rab27A have been identified on WPBs [134,137]. 
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Rab27A has multiple effectors [138-140], of which Myosin Va rab interacting 
protein (MyRIP), synaptotagmin-like protein 4-a (Slp4-a) and Munc13-4 are 
found in endothelial cells and localize to WPBs. MyRIP is a negative regulator 
of WPB exocytosis: together with myosin Va MyRIP is thought to anchor 
WPBs to the actin cytoskeleton, thereby restricting them from participating 
in exocytosis [134-136,141,142]. Slp4-a as well as Munc13-4 have been 
identified as Rab27A effectors that promote WPB exocytosis [134-136], 
possibly by docking WPBs to the plasma membrane (Slp4-a) or by priming 
the docked vesicle for release (Munc13-4). Strikingly, Rab3B was found to 
participate in recruitment of Slp4-a (together with Rab27A), but depletion of 
Rab3B did not impair hormone-evoked WPB release. The exact role of Rab3B 
is therefore currently unclear. Other members of the Rab GTPase family that 
in one way or another have been implicated  in VWF secretion are Rab3A, 
Rab8, Rab10 and Rab15, although mechanistic detail is currently lacking 
[136,143]. 
Recently also members of the Rho family of GTPases have been described 
to play a role in regulated VWF secretion. Overexpression of a dominant-
negative Rac1 has been reported by Yang et al. to inhibit thrombin stimulated 
WPB release [144].  However, using the same strategy Fish et al. found that 
a dominant negative mutant of Cdc42 lead to impaired Ca2+- and cAMP-
mediated VWF secretion, whereas dominant negative Rac1 or RhoA failed 
to do so [145]. Evidence that RhoA could be involved is provided by the 
observation that pharmalogical inhibition of Rho activated kinase abrogates 
the formation of actomyosin rings around WPBs. The contraction of these 
rings has been suggested to provide the force necessary to expel WPB 
cargo during phorbol ester stimulated WPB exocytosis [146]. Rho activated 
kinase is the driving force for actomyosin contraction in endothelial cells 
[147]. Actomyosin contraction was shown to be crucial for expulsion of WPB 
content through the formation of actin rings [148,149].
Once secretory vesicles are located and docked in close proximity to the 
plasma membrane multiple SNARE complexes can mediate their fusion with 
the plasma membrane [150]. SNAREs can be divided into two categories: 
vesicle or v-SNAREs, which are incorporated into the membranes of transport 
vesicles during budding, and target or t-SNAREs, which are located on the 
membranes of target compartments [151], i.e. the plasma membrane. 
The t-SNARE syntaxin-4, together with syntaxin binding protein 3 (STXBP3/
Munc18c), has been implicated in thrombin-induced P-selectin exposure 
[152]. Pulido and colleagues showed that syntaxin-4, which is found on 
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the plasma membrane of endothelial cells, formed a stable complex with 
SNAP23 and the v-SNARE VAMP3, which is localized on the WPB [153].

Figure 4. Signaling pathways regulating the exocytosis of WPBs. Thrombin stimulates WPB 
exocytosis by increasing the intracellular concentration of its second messenger Ca2+ in a 
phospholipase C (PLC)-dependent manner. In contrast, cAMP-mediated agonists such as 
epinephrine induce WPB exocytosis by upregulation of intracellular cAMP levels through 
the activation of adenylate cyclase (AC). Protein kinase A (PKA), which is activated upon 
binding to cAMP, phosphorylates a number of targets, which leads to clustering of a subset 
of WPBs, while another subset of WPBs undergoes secretion. To induce secretion both PKA 
and intracellular Ca2+ (via calmodulin, CaM) induce the activity of the Ral guanine nucleotide 
exchange factor RalGDS, which leads to activation of the small GTPase RalA. Activated RalA 
mediates the interaction between members of the exocyst complex, which allows WPBs 
to tether to the plasma membrane, finally resulting in the fusion of WPBs with the plasma 
membrane during exocytosis.
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Outline of this thesis

Previous work from our group has indicated that WPB exocytosis in response 
to cAMP-mediated agonists is partly controlled by a protein kinase A (PKA)-
dependent signaling pathway that eventually leads to the activation of RalA. 
Several reports have documented signaling pathways independent of PKA 
that may be involved in the regulation of cAMP-mediated secretory vesicle 
release. More specifically, the exchange protein activated by cAMP (Epac) 
has been implicated in cAMP-mediated vesicle exocytosis. In Chapter 2, we 
established a role for the cAMP-guanine nucleotide exchange factor Epac1 
and the activation of its substrate, the small GTPase Rap1, in the regulation of 
WPB exocytosis. In Chapter 3 we show that activation of Rac1, a member of 
the Rho family of GTPases, occurs downstream of Rap1 and plays a crucial role 
in epinephrine but not thrombin-induced  WPB release. Using a proteomic 
approach we identified the phosphatidylinositol-3,4,5,-triphosphate-
dependent Rac exchange factor 1 (PREX1) and the phosphoinositide 3-kinase 
(PI3K) as downstream effectors of activated Rap1 that regulate epinephrine- 
induced exocytosis of WPBs. The RUN and FYVE domain containing protein 3 
(RUFY3), another putative downstream target of Rap1, was characterized in 
Chapter 4. We showed that RUFY3 bound to the Ras binding domain (RBD) 
of RalGDS in an epinephrine-dependent manner. RUFY3 binding to the RBD 
of RalGDS coincided with activation of Rap1 and was dependent on its RUN 
domain. Overexpression of RUFY3 resulted in depletion of WPB in HUVEC by 
an as yet uncharacterized pathway. These findings raise the possibility that 
RUFY3 acts in a (so far undefined) signaling pathway downstream of Rap1 
that promotes loss of WPBs. 
Sphingosine-1-phosphate (S1P) has been described previously to induce VWF 
release from endothelial cells.  In Chapter 5 we show that S1P mediates WPB 
exocytosis via S1P receptor 3 and proceeds independent of the molecular 
mechanisms described for cAMP-mediated VWF release. In Chapter 6 of this 
thesis the different signaling mechanisms of WPB exocytosis included in the 
different chapters are discussed in the context of findings described by other 
investigators.
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Abstract

Endothelial cells contain specialized storage organelles called Weibel-Palade 
bodies (WPBs) that release their content into the vascular lumen in response 
to specific agonists that raise intracellular Ca2+ or cAMP. We have previously 
shown that cAMP-mediated WPB release is dependent on protein kinase 
A (PKA) and involves activation of the small GTPase RalA. Here, we have 
investigated a possible role for another, PKA-independent cAMP-mediated 
signaling pathway in the regulation of WPB exocytosis, namely the guanine 
nucleotide exchange factor Epac1 and its substrate, the small GTPase 
Rap1. Epinephrine stimulation of endothelial cells leads to Rap1 activation 
in a PKA-independent fashion. siRNA-mediated knockdown of Epac1 
abolished epinephrine-induced activation of Rap1 and resulted in decreased 
epinephrine-induced WPB exocytosis. Downregulation of Rap1 expression 
and prevention of Rap1-activation through over-expression of Rap1GAP 
effectively reduced epinephrine- but not thrombin induced WPB exocytosis. 
Taken together, these data uncover a new Epac-Rap1 dependent pathway by 
which endothelial cells can regulate WPB exocytosis in response to agonists 
that signal through cAMP. 
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Exocytosis/Weibel-Palade bodies/Epac/cAMP/Rap1
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Introduction

Vascular endothelial cells provide a dynamic interface between circulating 
blood and underlying tissues that is critically involved in maintaining vascular 
integrity and homeostasis. The endothelium provides a surface for adhesion 
and subsequent extravasation of leukocytes to sites of inflammation. In 
addition, vascular endothelial cells are involved in the regulation of vascular 
tone, contribute to neo-vascularisation and mediate the formation of a 
platelet plug in the event of vascular damage. Rapid recruitment of bio-active 
components from intracellular storage pools has been shown to contribute 
to the critical role of endothelial cells in maintaining vascular homeostasis. A 
significant number of haemostatic components and inflammatory mediators 
originate from endothelial cell-specific, cigar-shaped organelles called 
Weibel-Palade bodies (WPBs) [1]. WPBs function as storage vesicles for 
von Willebrand factor (VWF), a multimeric adhesive glycoprotein crucial for 
platelet plug formation, the leukocyte receptor P-selectin and a number of 
bioactive compounds that include the chemoattractants IL-8 and eotaxin-3 
[2,3]. Following stimulation with agonists that increase intracellular 
Ca2+-levels, such as thrombin or histamine, WPBs fuse with the plasma 
membrane, thereby releasing their content onto the cellular surface or into 
the circulation. Also agonists such as epinephrine and vasopressin that raise 
intracellular levels of cAMP have been shown to promote the release of WPBs 
[4,5]. The physiological importance of this pathway is illustrated by the rise 
in VWF levels in patients with von Willebrand’s disease and mild hemophilia 
A following administration of the vasopressin analogue desmopressin 
(DDAVP) [6] or epinephrine [7]. In response to cAMP-mediated stimulation a 
subset of WPBs clusters at the microtubule organizing centre, which involves 
retrograde transport of  vesicles mediated by the dynein-dynactin complex 
[8,9]. Previous work from our group has indicated that WPB exocytosis in 
response to cAMP-mediated agonists is partly controlled by a protein kinase A 
(PKA)-dependent signaling pathway which eventually leads to the activation 
of RalA, a small GTPase that co-sediments with WPBs in density gradients 
[10-12]. In its activated form, RalA has been shown to promote exocytosis 
through interaction with Sec5 and Exo84 [13,14] components of the exocyst 
complex and by enhancing ARF-dependent phospholipase D1 activity [15]. 
Consistent with these findings phospholipase D1 has recently been implicated 
in agonist-induced release of WPBs [16]. Several reports have documented 
signaling pathways independent of PKA that may be involved in regulation 
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of cAMP-mediated secretory vesicle release. More specifically, the exchange 
protein activated by cAMP (Epac) has been implicated in cAMP-mediated 
vesicle exocytosis [17,18]. In this study we explored a potential role for the 
cAMP-guanine nucleotide exchange factor Epac and its substrate, Rap1 in 
the regulation of WPB exocytosis by human primary endothelial cells. 

EXPERIMENTAL PROCEDURES

Reagents and antibodies 
Culture media, trypsin, penicillin, and streptomycin were from Invitrogen 
(Breda, the Netherlands). EGM-2 was from Lonza Verviers (Verviers, Belgium). 
Epinephrine, thrombin, forskolin, 3-isobutyl-1-methylxanthine (IBMX), 
anti-Myc mouse monoclonal  antibody (9E10) and anti-α-tubulin mouse 
monoclonal antibody (DM1A) were from Sigma-Aldrich Chemie (Steinheim, 
Germany). Phalloidin-Alexa488 was from Molecular Probes (Leiden, The 
Netherlands). The Epac-specific cAMP-analogue 8-pCPT-2’-O-Me-cAMP–AM 
(Me-cAMP-AM) [19] and the PKA-specific cAMP-analogue 6-Bnz-cAMP-AM 
[20] were from Biolog (Bremen, Germany). Glutathione Sepharose 4B was 
from GE Healthcare Europe GmbH (Diegem, Belgium). Anti-Rap1 rabbit 
polyclonal antibody (sc-121) and anti-β-catenin rabbit polyclonal antibody 
(sc-7199) were from Santa Cruz Biotechnology (Santa Cruz, USA).  Anti-VWF 
mouse monoclonal antibody CLB-RAg20 has been described previously [21]. 
The Epac1 mouse monoclonal antibody 5D3 [22] was a kind gift from Dr. 
J.L. Bos. 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. The enzyme-linked immunosorbent assay (ELISA) for VWF and VWF 
propeptide have been described previously [23].

Cell culture  
Human umbilical vein endothelial cells (HUVECs) were isolated from 
umbilical veins and cultured in EGM-2 medium. Stimulation of endothelial 
cells with thrombin or epinephrine was performed in the following manner: 
HUVECs, grown in 6-well plates, were washed two times with serum-free 
medium (SF medium: 50% M199; 50% RPMI1640; 0.3 mg/ml L-glutamine; 
100 units/ml penicillin; 100 mg/l streptomycin). After washing, cells were 
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pre-incubated with SF-medium for 1 hour. At the beginning of stimulation, 
the pre-incubation medium was replaced by SF medium containing either 
1 unit/ml thrombin;  a mix of 10 mM epinephrine and 100 mM IBMX; a mix of 
10 mM forskolin and 100 mM IBMX; 1 µM Me-cAMP-AM or 1 µM 6-Bnz-
cAMP-AM. 

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-007676-01 RapGEF3 was used. 
Individual siRNA J-007676-05 (target sequence CGUGGAACUCAUGAGAUG) 
derived of the ON-TARGETplus Set of 4 Upgrade, human RapGEF3 (LU-007676) 
was used to verify the results obtained with the siGENOME SMARTpool of 
RAPGEF3. 
For siRNA-mediated knock-down of Rap1, siGENOME SMARTpool M-003623-
02 (human Rap1a) and siGENOME SMARTpool M-010364-03 (human Rap1b) 
were used. SiGENOME Non-Targeting siRNA Pool #1 (D-001206-13-05) was 
used as a control in these experiments. SiRNA (20 pmol per well of a 6-well 
plate) was delivered to HUVECs by transfection using Interferin (PolyPlus, 
Westburg, Leusden, the Netherlands) according to the manufacturer’s 
instructions. Transfected HUVECs were grown on fibronectin-coated glass 
coverslips for 72 hours before stimulation.

Production of DNA constructs and viral vectors
The full-length Rap1GAP cDNA clone 5767775 was obtained from 
Open Biosystems (Thermo Fisher Scientific, Open Biosystems Products, 
Huntsville, Alabama, USA). A myc-tag was inserted at the amino-
terminus of Rap1GAP using the following oligonucleotide primers: (fw1) 
AATATGGAGCAGAAGCTGATCTCCGAGGAGGACCTGATTGAGAAGATGCAGGGA
AAGCAGGAT, (Rev1) AATGAATTCCCTGCAGGCTAACAGCCCAGCTGGGGCATGT
GCTGCT. A second PCR reaction with forward primer (Fw2) 
AATGGATCCGCTAGCGCCACCATGGAGCAGAAGCTGATCTCCGAGGAGGACCTGA
TTGAG and rev1 was used to introduce NheI and SbfI restriction sites that 
facilitated cloning in the lentiviral vector pLV-CMV [24]. The final pLV-CMV-
myc-Rap1GAP construct was checked by sequencing. 
The lentiviral (LV) packaging system consists of three constructs encoding 
gag/pol (pMDL.RRE), vesicular stomatitis virus glycoprotein envelope 
(pCMV-VSV-G) and rev (pRSV-Rev) [25]. Lentivirus was prepared essentially 
as described previously [21].
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Rap1 activation assays 
The Ras binding domain (RBD) of RalGDS fused to a GST tag was expressed 
in IPTG-induced bacteria as described previously [26]. Purified GST-RBD 
(100 mg/sample) was pre-coupled to 30 ml/sample of Glutathione Sepharose 
4B for 1 hour at 4oC. The pre-coupled Glutathione Sepharose was then 
washed 3 times with lysis buffer containing 15% (v/v) glycerol, 1% NP-40, 
50 mM Tris-HCl (pH 7.5), 200 mM NaCl, 2.5 mM MgCl2, 10 mM benzamidine, 
100 nM aprotinin, supplemented with 1 protease inhibitor tablet per 
50 ml. Following stimulation, cells grown in 6-wells plates, were lysed in 
400 ml lysis buffer. The activated, GTP-bound form of Rap1 was then isolated 
from cell lysates by incubation of 300 ml lysate with GST-RBD pre-coupled 
Glutathione Sepharose for 1 hour at 4oC. Finally, the Sepharose beads were 
washed 4 times with lysis buffer, bound proteins were resuspended in 
Laemmli sample buffer. Proteins were run on a 12.5 % SDS-PAGE gel and 
analysed by Western blotting employing an anti-Rap1 polyclonal antibody.

Results

Epac and VWF secretion 
Exocytosis of WPBs occurs following triggering of G coupled proteins of 
the Gs subtype which elevate intracellular cAMP levels and promote PKA-
dependent activation of RalA [4,5,12]. Inhibition of PKA returns epinephrine- 
induced activation of Ral to basal levels and thereby abolishes VWF secretion 
[12]. Epac, the exchange protein activated by cAMP for the small GTPases 
Rap1 and Rap2, is involved in regulation of endothelial barrier function [27-
29] endothelial cell adhesion [30] but also regulated secretion of insulin in 
pancreatic beta-cells [31]. Endothelial cells selectively express Epac1 but not 
Epac2 [28,29]. It has been previously shown that the Epac-specific cAMP 
analogue 8-pCPT-2’-O-Me-cAMP promotes exocytosis of WPBs [9,32]. To 
determine whether Epac plays a role in cAMP-mediated WPB exocytosis, 
we first confirmed that 1 µM of 8-pCPT-2’-O-Me-cAMP–AM (Me-cAMP-AM) 
promotes release of VWF (Figure 1A). Similarly, the PKA-specific agonist 6-Bnz-
cAMP-AM also induced release of VWF at a concentration of 1 µM, however 
Me-cAMP-AM and 6-Bnz-cAMP-AM are less potent in the induction of VWF 
secretion when compared to 10 µM epinephrine and 10 µM forskolin both 
supplemented with 100 µM of the phosphodiesterase inhibitor IBMX (Figure 
1A). When Me-cAMP-AM and 6-Bnz-cAMP-AM are used in combination at a 
concentration of 1 µM, an additive effect can be observed that is illustrated 
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by a statistically significant increase of VWF secretion compared to when 
the stimuli are used individually, suggesting a contribution of both Epac and 
PKA pathways in WPB release. However, the combination of Me-cAMP-AM 
and 6-Bnz-cAMP-AM did not reach the level of VWF secretion induced by 
Epinephrine + IBMX (Supplemental Figure S1A).  
To further substantiate the involvement of Epac in the regulated exocytosis of 
WPBs in endothelial cells we used siRNA-mediated silencing of Epac1 (Figure 
1B), followed by stimulation with different agonists. Depletion of Epac1 did 
not notably alter the number or distribution of WPBs (Supplemental Figure 
S2). In the absence of Epac1, epinephrine and forskolin-induced release of 
WPBs was decreased as evidenced by the decline in released VWF (Figure 
1C). In contrast, thrombin-induced release of WPBs, which is not mediated by 
cAMP but uses Ca2+ as second messenger, was not affected by knock-down of 
Epac1 (Figure 1C). As expected Me-cAMP-AM-induced VWF release was also 
dependent on Epac1 whereas 6-Bnz-cAMP-AM-induced VWF release was 
not (Figure 1C). Stimulation with these agonist is accompanied by changes in 
cytoskeletal organization: Epinephrine and Me-cAMP-AM led to an increase 
in cortical actin in an Epac1-dependent manner, in line with earlier reports 
[29], whereas thrombin-induced the formation of stress fibers independent 
of Epac1 (Supplemental Figure S3). 
A pool of four siRNAs targeting Epac1 was used for these experiments; 
assessment of an individual siRNA targeting Epac1 yielded similar results 
(Supplemental Figure S1B). Together, our findings show that epinephrine 
and forskolin-induced release of WPBs requires Epac1. 

Rap1 activation
Activation of the small GTPase Rap1 by Me-cAMP and forskolin in HUVEC 
proceeds in an Epac-dependent manner [27,28]. To confirm that agonists are 
able to activate the Epac/Rap1 pathway we performed Rap1 activity assays. 
Similar as when challenged with Me-cAMP-AM (Figure 2A) or the cAMP-
elevating compound forskolin (not shown), endothelial cells activate Rap1 
when stimulated with epinephrine and IBMX (Figure 2B); after 5 minutes a 
sustained increase in the amount of Rap1-GTP was observed. These results 
indicate that triggering of WPB exocytosis with the cAMP-elevating agonist 
epinephrine is accompanied by the activation of Rap1. As in the original study 
of Vischer et al. [5], we routinely added the phosphodiesterase inhibitor IBMX 
to prevent degradation of cAMP to potentiate cAMP-mediated processes 
[12]. IBMX has been reported to increase intracellular cAMP in endothelial 
cells, and it has been  shown to increase the amount of active Rap1 in several 
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Figure 1. Involvement of Epac in cAMP-
mediated WPB release. (A) HUVECs 
were incubated with SF medium (-), 
supplemented with 1 mM Me-cAMP-AM 
(Me), 1 mM 6-Bnz-cAMP-AM (Bnz), 10 mM 
epinephrine and 100 mM IBMX (Epi) or 
10 mM forskolin and 100 mM IBMX (Fsk).  
After 60 minutes the amount of VWF 
secreted in the medium was measured by 
ELISA. Basal VWF secretion (unstimulated) 
was set to 100%. (n=5, ***, P<0.001; **, 
P<0.01; 1-way ANOVA followed by Dunnett 
post-hoc test.) Error bars show SEM. (B) 
HUVECs were transfected with a control 
siRNA SMARTpool (siCTRL) or a siRNA 
SMARTpool targeting Epac1 (siEpac1). 
Western blot analysis at 72 hours post-
transfection showed downregulation of 
Epac1 expression. Levels of α-tubulin are 
shown as a protein loading control. (C) 
siCTRL and siEpac1 treated HUVECs were 
incubated for 60 minutes with SF medium 
(-), supplemented with 1 mM Me-cAMP-AM 
(Me), 1 mM 6-Bnz-cAMP-AM (Bnz), 10 mM 
epinephrine and 100 mM IBMX (Epi), 10 mM 
forskolin and 100 mM IBMX (Fsk) or 1 unit/
ml thrombin (Thr). The amount of VWF 
secreted in the medium was measured by 
ELISA. Unstimulated VWF secretion was not 
affected by the treatment and was set to 
100%. (n=3; ***, P<0.001; *, P<0.05; 2-way 
ANOVA followed by Bonferroni post-hoc 
test for selected comparison.). Error bars 
show SEM.  

cellular systems. To test whether the cAMP rise within endothelial cells 
induced by IBMX alone would suffice for WPB release, we measured VWF 
release from endothelial cells treated for 45 minutes with either 100 mM 
IBMX or 10 mM epinephrine, or both. Only when challenged with epinephrine 
in combination with IBMX were we able to detect a significant increase in 
VWF secretion (Figure 2E). In agreement with previous findings [5], IBMX on 
its own only induced a modest increase in WPB release, despite its ability 
to activate Rap1 activation (Figure 2C). As reported previously, incubation 
with epinephrine alone resulted in only a modest increase in VWF release 
(Figure 2E) [5]. Also under these conditions an increase in Rap1 activation 
was observed (Figure 2C). Following incubation with thrombin (1 unit/ml) 
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a sharp but transient increase in the amount of active Rap1 (Figure 2D) was 
observed, confirming earlier findings by Cullere et al. [27]. The amount of 
active Rap1 was maximal after 2 min of thrombin stimulation and decreased 
to background levels after 10 min.  Currently the identity of the exchange 
factor responsible for the thrombin-induced Rap1 activation in endothelial 
cells is unclear; however the Ca2+ and diacylglycerol (DAG) activated 
exchange factor for Rap1, CalDAG-GEFI, has been shown to induce Rap1 
activation in platelets in response to thrombin [33]. This raises the possibility 
that guanine exchange factors of the CalDAG-GEF family are involved in 
thrombin-induced Rap1 activation in endothelial cells. These findings show 
that both epinephrine- and thrombin-induced exocytosis of WPB coincides 
with the activation of the small GTPase Rap1. Remarkably, the kinetics of 
Rap1 activation in response to thrombin and epinephrine are very similar to 
that observed for the activation of the small GTPase RalA [12,34], suggesting 
that these two GTPases are activated in a coordinated fashion.

Figure 2. Stimulus-induced WPB exocytosis is accompanied by activation of the small 
GTPase Rap1. Cells were pre-incubated with SF-medium for 1 hour. Subsequently, cells were 
stimulated with 1 mM Me-cAMP-AM (A), 10 mM  epinephrine and 100 mM IBMX (B), 10 mM 
epinephrine alone, 10 mM epinephrine and 100 mM IBMX  or 100 mM IBMX alone (C) or 1 unit/
ml thrombin (D) for the indicated periods. Activation of Rap1 in HUVECs was determined using 
a Rap1-GTP specific pull-down. Western blots of activated Rap1 demonstrate the activation 
of Rap1 by cAMP- and Ca2+-mediated agonists. The amount of total Rap1 shown in the lower 
panels is used as loading control. (E) HUVEC were pre-stimulated with SF-medium for 1 hour, 
and then treated for 45 minutes with SF-medium (-), 10 mM epinephrine (Epi), 100 mM IBMX 
(IBMX) or 10 mM epinephrine and 100 mM IBMX together (Epi IBMX). VWF secretion in the 
medium was assessed by VWF ELISA. (n=6; ***, P<0.001; *, P<0.05 by 1-way ANOVA followed 
by Dunnett post-hoc test.) Error bars show SEM.
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Subsequently, we addressed whether siRNA-mediated knockdown of Epac1 
abolished epinephrine-induced activation of Rap1. In agreement with 
previous findings [28], knockdown of Epac1 did abolish the activation of the 
small GTPase Rap1 by epinephrine, but not by thrombin (Figure 3). These 
findings confirm that Rapl is activated in an Epac-dependent manner in 
endothelial cells upon stimulation with cAMP- but not Ca2+-elevating agonists 
[27,28,35].

Figure 3. Impaired epinephrine-stimulated Rap1 activation in endothelial cells after 
downregulation of Epac1. HUVECs treated with Epac1 siRNA (siEpac1) or control siRNA 
(siCTRL) were pre-incubated with SF-medium for 1 hour. Subsequently, cells were stimulated 
with 10 mM epinephrine and 100 mM IBMX (Epi) or 1 unit/ml thrombin (Thr) for the indicated 
minutes. Activation of Rap1 in HUVECs was determined using a Rap1-GTP specific pull-
down. Western blots of Rap1-GTP illustrate the inability of Epac1 downregulated endothelial 
cells to activate Rap1 in response to epinephrine, while thrombin-induced Rap1 activation 
remains unaffected. The total amount of Rap1 shown in the middle panel is used as loading 
control.

Rap1 activation and VWF release 
To further establish whether the Epac-Rap1 pathway is involved in the 
regulation of WPB exocytosis by cAMP-raising agonist, we used two strategies 
to downregulate endogenous Rap1 activity as follows: the siRNA-mediated 
knockdown of Rap1a and Rap1b and the ectopic expression of Rap1GAP. The 
Rap1 antibody used in this study cannot discriminate between Rap1a and 
Rap1b. Silencing of either Rap1a or Rap1b did not result in a complete lack of 
Rap1 expression (supplemental Figure S4) suggesting that both isoforms are 
expressed in endothelial cells. Co-administration of Rap1a and Rap1b siRNA 
resulted in efficient silencing of Rap1 (Figure 4A; supplemental Figure S4). 
Silencing of Rap1 did not affect steady state WPB numbers or distribution 
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and also its effects on cytoskeletal remodelling were comparable to down-
regulation of Epac1; cytoskeletal remodelling induced by epinephrine or Me-
cAMP-AM was abrogated; however, actin stress fiber formation induced by 
thrombin was unaffected (supplemental Figure S3).  Under these conditions 
both epinephrine- and forskolin-induced releases of VWF were strongly 
reduced, but thrombin-induced release was not affected (Figure 4B). As 
expected, Me-cAMP-AM-induced VWF release was completely abolished, 
whereas 6-Bnz-cAMP-AM-induced release was not affected (Figure 4B). This 
indicates that Rap1 is required for epinephrine-induced release of WPBs 
from endothelial cells. It also suggests that the role of Epac in WPB exocytosis 
depends on its ability to catalyze the GDP/GTP-exchange of Rap1. 

Figure 4. Downregulation of Rap1 expression inhibits epinephrine-induced WPB 
release. (A) HUVECs were transfected with a control siRNA SMARTpool (siCTRL) or a siRNA 
SMARTpool targeting Rap1a and Rap1b (siRap1a + siRap1b). Western blot analysis 72 hours 
post transfection showed downregulation of Rap1 expression. Levels of α-tubulin are shown 
as a protein loading control. (B) Control siRNA and Rap1 siRNA (siRap1a + siRap1b) treated 
HUVECs were incubated for 60 minutes with SF medium (-), supplemented with 1 mM 
Me-cAMP-AM (Me), 1 mM 6-Bnz-cAMP-AM (Bnz), 10 mM epinephrine and 100 mM IBMX 
(Epi), 10 mM forskolin and 100 mM IBMX (Fsk) or 1 unit/ml thrombin (Thr). The amount of 
VWF released is expressed as percentage relative to the amount of VWF released in the 
absence of a stimulus. (n=3; ***, P<0.001; n.s., non significant; by 2-way ANOVA followed by 
Bonferroni post-hoc test for selected comparison.) Error bars show SEM. 

Ectopic expression of myc-tagged Rap1GAP was used to explore the potential 
role of Rap1 activation in regulated exocytosis of WPBs. Rap1GAP is a 
GTPase activating protein specific for Rap1 but with no GAP activity towards 
related GTPases such as Rap2 or Ras [36]. Earlier reports have shown that 
the amount of active Rap1 was strongly reduced in cells overexpressing 
Rap1GAP [37]. HUVECs were transduced with lentiviruses encoding GFP, 
as negative control, or myc-Rap1GAP. Confluent monolayers of HUVECs 
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were stimulated with agonists, and the activation of Rap1 was determined. 
Overexpression of Rap1GAP prevented both thrombin- and epinephrine-
induced activation of Rap1, whereas overexpression of GFP did not affect 
Rap1 activation (Figure 5A). This shows that Rap1GAP overexpression is an 
efficient method to inhibit endogenous Rap1 activity in HUVECs. We also 
measured VWF release in endothelial cells overexpressing Rap1GAP. A strong 
decline in epinephrine- and forskolin-induced release of VWF was observed 
in cells overexpressing Rap1GAP, whereas thrombin-induced release of VWF 
was not affected (Figure 5B). As expected expression of GFP did not prevent 
epinephrine- or forskolin-induced VWF release. Also, Me-cAMP-AM-induced 
VWF release was abolished by Rap1GAP, whereas 6-Bnz-cAMP-AM-induced 
release was not affected (Figure 5B). These findings show that activation of 
Rap1 is required for cAMP-dependent exocytosis of WPBs. 

Figure 5. Activation of Rap1 is crucial 
for epinephrine-induced WPB release. 
HUVECs were transduced with GFP 
(negative control) or Rap1GAP carrying a 
myc-tag (myc-Rap1GAP) and were grown 
for 72 hours. (A) Cells were incubated 
with 1 unit/ml thrombin (Thr), 10 mM 
epinephrine and 100 mM IBMX (Epi) or 1 
mM Me-cAMP-AM (Me) for the indicated 
minutes. Activation of Rap1 in HUVECs was 
determined using a Rap1-GTP specific pull-
down. The total amount of Rap1 shown in 
the second panels is used as loading control. 
GFP and myc-Rap1GAP expression are 
shown in the lower panels. (B) Transduced 
HUVECs were incubated with SF medium 
(-), supplemented with 1 mM Me-cAMP-
AM (Me), 1 mM 6-Bnz-cAMP-AM (Bnz), 
10 mM epinephrine and 100 mM IBMX (Epi), 
10 mM forskolin and 100 mM IBMX (Fsk) or 
1 unit/ml thrombin (Thr). After 60 minutes 
the medium was collected and VWF 
secretion was measured by ELISA. VWF 
release is expressed in percentages relative 
to the amount of VWF released without 
stimulation (n=3; ***, P<0.001; n.s., non 
significant; by 2-way ANOVA followed 
by Bonferroni post-hoc test for selected 
comparison.) Error bars show SEM.
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Discussion
Agonist-induced release of WPBs allows for the rapid mobilization of adhesion 
molecules, chemokines, and vaso-active compounds from endothelial cells 
[3]. At present two intracellular signaling pathways have been described that 
promote release of WPBs. Agonists like histamine and thrombin mediate 
WPB release by raising intracellular Ca2+ levels, whereas cAMP-dependent 
signaling pathways control epinephrine- and vasopressine-induced release 
of WPBs. Previous studies have supported the concept that both signaling 
pathways converge at the level of the guanine exchange factor RalGDS [11]. 
Subsequent activation of the small GTPase Ral promotes assembly of the 
exocyst complex and mediates phospholipase D1-facilitated fusion of WPBs 
with the plasma membrane [16,34]. In this study, we show that Epac1, through 
the activation of the small GTPase Rap1, is crucial for epinephrine- but not for 
thrombin-induced release of WPBs. In agreement with previous findings we 
observed that Rap1 is activated in an Epac-independent manner following 
stimulation of endothelial cells with thrombin. Overexpression of Rap1GAP 
does not interfere with thrombin-induced release of WPBs indicating that 
activation of Rap1 is not critical for Ca2+-mediated WPB release. Thrombin is 
a prothrombotic and pro-inflammatory agonist that elicits a rapid activation 
of Ral [12,34]. We anticipate that the massive activation of Ral and the rise of 
intracellular Ca2+ by Ca2+-mediated agonists such as thrombin may be sufficient 
to promote WPB exocytosis. In contrast, the slow but sustained activation 
of Ral by cAMP-raising agonists like epinephrine may require concomitant 
activation of Rap1 to induce WPB release. Previously, we have shown that 
the Epac-specific cAMP-analogue 8-CPT-2’-O-Me-cAMP can promote release 
of WPBs independent of Ral activation [12]. This observation suggests that 
apart from Rap1 other downstream effectors of Epac may also contribute to 
WPB exocytosis. In response to G-protein coupled receptor activation, Epac 
also catalyzes the activation of the small GTPase R-Ras, which in turn can 
also promote phospholipase D activity [38]. Under these conditions WPB 
exocytosis may occur in the absence of detectable Ral activation.
In earlier reports we and others have shown that PKA is involved in cAMP-
mediated release of WPBs, through the exchange factor RalGDS [4,11,12]. 
From the findings documented in the current study, it now appears that 
activation of Rap1 through Epac is also required for this process. Apparently, 
two parallel signaling pathways are needed for cAMP-mediated exocytosis 
of WPBs in endothelial cells. Epac1 and the holoenzyme PKA have a similar 
affinity for cAMP allowing them to respond to similar concentrations of 
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intracellular cAMP [39]. At present limited knowledge is available how 
activation of Epac and PKA is coordinated in endothelial cells. Integration 
of cAMP effector pathways by protein kinase A anchoring proteins (AKAPs) 
has been documented previously in different biological systems [40]. 
Phosphodiesterases have also been shown to interact with different members 
of the AKAP family allowing for further fine-tuning of cAMP-dependent 
signaling. Interestingly, Epac1 has been demonstrated to interact with and 
regulate the activity of mAKAP-bound PDE4D3 in cardiomycytes [41]. In 
endothelial cells Epac1 binds to AKAP9, thereby integrating microtubule 
dynamics and barrier function [42]. Recently, a study by Nightingale and 
co-workers [43] has implicated the Rab27a effector myosin-VIIa- and Rab-
interacting protein (MyRIP) in WPB release. From their study, it appears 
that the Rab27a-MyRIP complex acts as a negative regulator of exocytosis, 
probably by trapping Rab27a-coated WPBs in the actin filaments via the 
actin motor protein myosin-Va [44]. As was also suggested by Nightingale 
et al. [43], an additional role may lie in its capacities to act as an AKAP and 
interact with Sec6 and Sec8, bringing together PKA with members of the 
exocyst complex [45]. We speculate that this would facilitate the assembly 
of a signaling module on WPBs that focuses the cAMP-Epac/PKA pathways to 
their downstream effectors in secretory granule exocytosis. Based on these 
findings we anticipate that AKAP scaffolds are also involved in regulation of 
cAMP-mediated WPB release in endothelial cells.
In this study we show that activation of Rap1 is essential for cAMP-mediated 
release of WPBs. Rap1 has been implicated in exocytosis of secretory granules 
in a number of cellular systems [46]. Multiple down-stream effectors of Rap1 
have been identified [47]. Binding of Rap1 to the Rac1 guanine exchange 
factors Vav2 or Tiam promotes cell spreading [48]. Rac1 has also been 
identified as a downstream effector of Epac/Rap1 in the release of amyloid 
precursor protein from transfected CHO cells [49]. Subsequent studies 
revealed that Rap1 interacts with the Rac1-specific guanine exchange factor 
STEF in this system [50]. Interestingly, Rac1 has been implicated in release of 
WPBs [48].  These observations raise the possibility that Rap1 controls the 
activation of Rac1 thereby coordinating cytoskeletal rearrangements that 
facilitate WPB exocytosis. 
In summary, the data presented in this work have uncovered a novel 
pathway by which endothelial cells can regulate WPB exocytosis in response 
to agonists that signal through cAMP (Figure 6). Our findings implicate Epac1 
as an important regulator of β2-adrenergic and vasopressin-2 receptor- 
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mediated WPB exocytosis, and suggest that Epac1 may perform a prominent 
role in the systemic regulation of VWF levels in plasma.

Figure 6. 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). Emanating from cAMP, a PKA-dependent pathway induces 
the activation of the small GTPase RalA by RalGDS, while simultaneously Epac1 activates 
Rap1. Activated RalA promotes PLD1 activity as well as assembly of the exocyst complex. 
In parallel, activated Rap1 facilitates WPB exocytosis, possibly by inducing cytoskeletal 
rearrangements. 
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Supplementary data

Figure S1. Involvement of Epac in cAMP-mediated WPB release. (A) HUVECs were incubated 
with SF medium (-), supplemented with 1 mM Me-cAMP-AM (Me), 1 mM 6-Bnz-cAMP-
AM (Bnz), 1 mM Me-cAMP-AM + 1 mM 6-Bnz-cAMP-AM (Me+Bnz) or 10 mM epinephrine 
and 100 mM IBMX (Epi). After 60 minutes the amount of VWF secreted in the medium 
was measured by ELISA. Basal VWF secretion (unstimulated) was set to 100%. (n=6, ***, 
P<0.001, 1-way ANOVA followed by Bonferroni post-hoc test.) Error bars show SEM. (B) 
HUVECs were  transfected with a control siRNA (siCTRL) or a single siRNA targeting Epac1 (siJ-
007676). Western blot analysis 72 hours post transfection showed downregulation of Epac1 
expression. Levels of α-tubulin are shown as a protein loading control. (B) Control siRNA 
(siCTRL) and single Epac1 siRNA (siJ-007676) treated HUVECs were incubated for 60 minutes 
with 1 unit/ml thrombin,  10 mM forskolin and 100 mM IBMX, 10 mM epinephrine and 100 
mM IBMX, 1 mM Me-cAMP-AM, 1 mM 6-Bnz-cAMP-AM or SF-medium alone (unstimulated). 
The amount of VWF secreted in the medium. Unstimulated VWF secretion (unstimulated) is 
set to 100%. (n=3; ***, P<0.001; *, P<0.05; n.s., non significant; by 2-way ANOVA followed 
by Bonferroni post-hoc test for selected comparison.) Error bars show SEM.
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Figure S2. Number and distribution of WPBs at steady state is independent of Epac1 or 
Rap1. Endothelial cells were treated with pools of siCTRL, siEpac1 and siRap1 oligos as 
described and were cultured for 72 hours. Cells were paraformaldehyde fixed and stained 
for β-catenin (red) and VWF (green). (A) Representative low power images are shown. Scale 
bar represents 50 µm. (B) For the conditions described above, numbers of WPBs per cell 
were counted as described [11] (n=10). No significant differences in numbers of WPBs per 
cell were observed by 1-way ANOVA. Error bars show SEM. 
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Figure S3. Cytoskeletal reorganization in response to Me-cAMP-AM or epinephrine is 
dependent on Epac and Rap1. Endothelial cells were treated with pools of siCTRL, siEpac1 
and siRap1 oligos as described and were cultured for 72 hours. Cells were paraformaldehyde 
fixed and stained for β-catenin (red) and actin with Alexa 488-phalloidin (green). (A) 
Representative low power images are shown. Scale bar represents 50 µm. (B) 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<0.001by 2-way ANOVA followed by Bonferroni 
post-hoc test for selected comparison. Error bars show SEM. 

** Please see also Appendix A of this thesis.
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Figure S4. Downregulation of Rap1 in endothelial cells. Huvecs were transfected with a 
control siRNA SMARTpool (siCTRL) or siRNA SMARTpool targeting Rap1a, Rap1b or a mixture 
of SMARTpool siRNA targeting Rap1a amd Rap1b. Western blot analysis 72 hours post 
transfection showed downregulatio of Rap1 expression. The shorter and longer exposure 
times illustrate the partial effect of siRap1a and siRap1b. Levels of α-tubulin are shown as a 
protein loading control.
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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 



64

Chapter 3

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 



65

PREX1 modulates release of Weibel-Palade bodies

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
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n active Rap1 as w
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Abstract

Weibel-Palade bodies are rod shaped organelles in endothelial cells that 
function as storage organelle for multiple bioactive components that include 
von Willebrand factor, angiopoietin-2 and IGFBP7. Upon stimulation of 
endothelial cells with cAMP raising agonists like epinephrine or calcium 
raising agonists like thrombin WPBs release their content in the vascular 
lumen. Previously, we have shown that exchange protein activated by cAMP, 
Epac1 and the small GTPase Rap1 are involved in cAMP-mediated release of 
WPBs. Moreover, our data revealed that the Rac guanine exchange factor 
PREX1 acts downstream of Epac1-Rap1. In the latter study we also identified 
the small GTP binding protein Rab33A as a potential binding partner of the 
Ras binding domain of RalGDS. In accordance with previous data we show 
in this study that GFP-Rab33A can target to WPBs when overexpressed in 
endothelial cells. We also show that the Rab33A effector RUFY3 can bind to 
a signaling complex that interacted with the Ras binding domain of RalGDS. 
Binding of RUFY3 to the Ras binding domain of RalGDS was dependent on 
prior stimulation of endothelial cells with epinephrine. Analysis of binding 
of a series of domain constructs derived of RUFY-3 revealed that the RUN-
domain was able to bind to the RBD of RalGDS upon incubation of endothelial 
cells with epinephrine. We next evaluated the effect of overexpression of 
RUFY3 and its individual domains on WPB homeostasis. Unexpectedly, 
overexpression of full length RUFY3 but not its individual domains resulted 
in a complete absence of WPBs. Together these data suggest that a RalGDS-
Rap1-RUFY3 axis may promote accelerated turnover of WPBs. 

Keywords 
Weibel-Palade bodies/RUFY3/Rab33A/Rab33B/von Willebrand Factor
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Introduction

Weibel-Palade bodies (WPBs) are elongated storage granules that contain 
fine tubules and that are exclusively present in endothelial cells [1,2]. It 
is now well established that WPBs harbour a number of inflammatory 
components that control leukocyte adhesion [1,3,4]. In addition, the 
presence of angiopoietin-2 and IGFBP7 as well as studies in VWF deficient 
model systems have suggested a role for WPBs in regulation of angiogenesis 
[5-8]. The dynamics and release of WPBs are controlled by a collection of 
regulatory proteins that include members of the family of small GTPases 
[1,9]. The small GTP binding protein RalA has been shown to control the 
stimulus-induced release of WPBs by virtue of its crucial role in the assembly 
of the exocyst complex [10-12]. The small GTPase Rab27A has been localized 
to the outer membrane of WPBs and subsequent studies revealed that 
Rab27A effector MyRIP regulates anchoring of WPBs to the actin cytoskeleton 
thereby preventing premature release of these organelles [13-15]. More 
recently, the Rab27A effector Slp4A was identified as a positive regulator of 
WPB exocytosis [16]. Apart from Rab27A a number of other small GTPases of 
the Rab-family have also been implicated in WPBs dynamics. Overexpression 
of Rab3D has been shown to result in targeting of this small GTPase to WPBs 
[17]. Also, endogenous Rab3B has shown to participate in localizing the 
Rab27A effector Slp4-A to WPBs [16]. A complete Rab screen revealed that 
overexpressed Rab3A, Rab27A, Rab15, Rab33A and Rab37 localized to WPBs 
[18,19]. We have previously shown that activation of the small GTPase Rap1 by 
the exchange protein activated by cAMP (Epac) controls epinephrine-induced 
VWF release [20]. More recently, we showed the phosphatidylinositol-3,4,5-
triphosphate-dependent Rac exchange factor 1 (PREX1) acts downstream of 
Rap1 [21]. We hypothesized that simultaneous activation of Rac1 and the 
small GTPase RalA serves to coordinate cytoskeletal and phospholipase D 
mediated membrane rearrangements that facilitate cAMP-dependent WPB 
exocytosis [11,20-22]. Apart from PREX1 we also identified the regulatory 
β-subunit of phosphatidylinositol 3-kinase (PI3K) and Rab33A as possible 
downstream targets of Rap1. Here we explored whether Rab33A and its 
close relative Rab33B can be targeted to WPBs. We also show a potential 
role for the Rab33A effector RUFY3, that is capable of interacting with Rap1-
GTP via its RUN domain. 
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Experimental procedures

Reagents and antibodies 
EBM-2 and EGM-2 were from Lonza (Verviers, Belgium). M199 and RPMI1640, 
trypsin, penicillin, and streptomycin were from Invitrogen (Breda, the 
Netherlands). Epinephrine, thrombin, forskolin, 3-isobutyl-1-methylxanthine 
(IBMX), Endothelial Cell Growth Supplement (ECGS) and anti-α-tubulin 
monoclonal antibody (DM1A) were from Sigma-Aldrich Chemie (Steinheim, 
Germany). Mouse monoclonal anti-GFP antibody (clone JL-8) was used to 
detect GFP in Western-blot analysis (Clontech, California, USA). Polyclonal 
anti-Rap1 antibody (sc-121) was obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA). Glutathione Sepharose 4B was from GE Healthcare Europe 
GmbH (Diegem, Belgie). Chemiluminescence blotting substrate and Complete 
Protease Inhibitor Cocktail Tablets were from Roche Diagnostics (Mannheim, 
Germany). All chemicals used were of analytical grade. Anti-VWF monoclonal 
antibody CLB-RAg20 has been described previously [23]. The enzyme-linked 
immunosorbent assay (ELISA) for VWF and VWF propeptide has been 
described previously [24]. Alexa 488- and Alexa 568-conjugated goat anti-
mouse IgG were from Invitrogen.

Cell culture 
Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza 
and cultured in EGM-2 medium enriched with 10% fetal calf serum as 
described previously [21]. 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). Following pre-incubation a mixture of 10 mM epinephrine 
and 100 mM IBMX was dissolved in SF medium and added to cells. 

Construction of RUFY3 variants
Full length RUFY3 cDNA clone 5265230 was obtained from Open Biosystems 
(Thermo Fisher Scientific, Open Biosystems Products, Huntsville, AL). 
Fusions of monomeric EGFP (mEGFP) with RUFY3 and RUFY3 derived 
domains were produced using ligation-independent cloning into the mEGFP-
LIC vector (essentially as described previously [16]). Amplification of full- 
length RUFY3 was performed using PCR primer RUFY LIC-primer FL fwd 
(5’-GGGCGCGCCTGGTGGGGCCATGTCTGCTCTGACGCCTCCGACCG-3’)and 
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RUFY LIC-primer FL rev (5’- GCGGCCGCCTGCTCGTCCACTAATGATGTTTTGGGA
TCAGTTTATTTG-3’). The RUFY3-CC1 fragment containing amino acids 
250-329 was amplified by PCR using RUFY LIC-primer C/CC1 fwd 
(5’-GGGCGCGCCTGGTGGGGCCATGGTAGAAGAACTGAACAGACATTTG-3’) and 
RUFY LIC-primer CC1 (5’- GCGGCCGCCTGCTCGTCCACTACTTCCGATTGGATTCC
AGTATG-3’); the RUFY3-CC fragment containing amino acids 251-469 
was amplified using RUFY LIC-primer C/CC1 fwd and RUFY LIC-primer 
FL rev; the RUFY3-RUN fragment containing amino acids 1-249 was 
amplified using RUFY LIC-primer FL fwd and RUFY LIC-primer RUN rev 
(5’-GCGGCCGCCTGCTCGTCCACTATTTCATACAGAAATTGGCATCAATG-3’). 
mCHERRY-Rab33A and mEGFP-Rab33B were kindly provided by Dr. T. Carter 
(Physical Biochemistry, MRC National Institute for Medical Research, London, 
United Kingdom)

Immunofluorescence
HUVECs were grown on gelatin coated coverslips, fixed with 3.7% 
formaldehyde for 15 minutes and permeabilized with 0.02% saponin in PBS 
containing 1% BSA. VWF was visualized using mouse monoclonal CLB-RAg-20 
antibody [23] and Alexa 488- and Alexa 568-conjugated goat anti-mouse IgG. 
Cells were viewed by confocal microscopy using a Zeiss LSM 510. 

Rap1 Activation Assays
The Ras binding domain (RBD) of RalGDS fused to a GST tag was expressed 
in isopropyl 1-thio-β-d-galactopyranoside-induced bacteria as described 
previously (26). Purified GST-Ras binding domain (100 μg/sample) was 
pre-coupled to a 30 μl of glutathione-Sepharose 4B for 1 h at 4 °C. The 
precoupled glutathione-Sepharose was then washed three times with lysis 
buffer containing 15% (v/v) glycerol, 1% Nonidet P-40, 50 mM Tris-HCl (pH 
7.5), 200 mM NaCl, 2.5 mM MgCl2, 10 mM benzamidine, 100 nM aprotinin, 
supplemented with 1 protease inhibitor tablet/50 ml (Roche Diagnostics, 
Mannheim, Germany). Following stimulation with 10 μM epinephrine and 
100 μM IBMX cells grown in 6-well plates were lysed in 400 μl of lysis buffer. 
The activated GTP-bound form of Rap1 was then isolated from cell lysates by 
incubation of 300 μl of lysate with GST-RalGDS-RBD precoupled glutathione-
Sepharose for 1 h at 4 °C. Finally, the Sepharose beads were washed four 
times with lysis buffer, and bound proteins were resuspended in Laemmli 
sample buffer. Proteins were run on an SDS 12.5% polyacrylamide gel and 
analyzed by Western blotting employing an anti-Rap1 polyclonal antibody or 
monoclonal anti-EGFP antibody JL-8. 
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Results

Localization of mCherry -tagged Rab33A and EGFP-Rab33B in endothelial 
cells.
We identified Rab33A as a putative downstream target of active Rap1 in 
endothelial cells [21]. Recently, transiently expressed GFP-Rab33A has 
been localized to WPBs [18,19]. To confirm these finding we overexpressed 
mCherry-Rab33A in endothelial cells. In the majority of transfected cells 
mCherry-Rab33A did not colocalize to WPBs but displayed a perinuclear 
staining that most likely overlaps with the Golgi apparatus (data not 
shown). In a minority of transfected cells mCherry-Rab33A did partially 
co-localize with WPBs (Figure 1A). Also in these cells a perinuclear staining 
was observed (Figure 1A). Detailed inspection of individual WPBs clearly 
revealed the presence of mCherry-Rab33A but also showed WPBs that did 
not contain detectable amounts of mCherry-Rab33A (Figure 1B). We also 
addressed whether EGFP-Rab33B was capable of localizing to WPBs. Again 
in the majority of transfected cells EGFP-Rab33B was not localized on WPBs; 
EGFP-Rab33B was primarily localized to a perinuclear region that most likely 
corresponds to the Golgi apparatus (Figure 1C). In a small subset of EGFP-
Rab33B expressing cells EGFP-Rab33B was recruited to WPBs (Figure 1C). 
Also in this subset of EGFP-Rab33 cells concentrated perinuclear staining was 
observed which most likely corresponds to the Golgi-apparatus (Figure 1C). 
These results suggest that Rab33A and Rab33B can both localize to WPBs 
however in the majority of transfected cells exogenous Rab33A and Rab33B 
are not recruited to these organelles. 

Binding of the Rab33 effector RUFY3 to the Ras binding domain of RalGDS.
Previously, we have performed pulldown employing the Ras binding domain 
of RalGDS which has been shown to bind to active Rap1 [20,25]. Rab33A 
was identified as a putative downstream-effector of activated Rap1 in these 
studies [21]. The Rab33 effector RUFY3 also designated Rap2 interacting 
protein x (RPIPx) contains a RUN domain that binds to Rap2A [26]. We 
speculated that by means of its interaction with activated Rap1, RUFY3 
provides a connection between Rap1 and Rab33A. To explore this possibility 
we expressed mEGFP-RUFY3 fusion and a control mEGFP protein in 
endothelial cells and tested its ability to interact with activated Rap1. 
Expression of mEGFP-RUFY3 was checked by immunoblot employing a 
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Figure 1. Localization of mCherry-Rab33A and mEGFP-Rab33B in endothelial cells. 
HUVECs overexpressing mCherry-Rab33A or mEGFP-Rab33B were stained for VWF using 
mouse monoclonal antibody CLB-RAg-20. (A) mCherry-Rab33A localization in endothelial 
cells. Arrows indicate mCherry-Rab33A-positive WPBs. (B) mCherry-Rab33A localization 
in endothelial cells displaying a punctuate staining that does not overlap with WPBs. 
(C) mEGFP-Rab33B localization in endothelial cells. mEGFP-Rab33B displays predominantly 
a perinuclear localization; arrows indicate mEGFP-Rab33B positive WPBs. Scale bars indicate 
10 µm. 
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monoclonal antibody directed towards GFP (Figure 2A). Monitoring of 
expression of mEGFP-RUFY3 by Western blot revealed that expression levels 
were lower than observed for mEGFP. In agreement with previous findings 
an increase in the amount of active Rap1 was observed following stimulation 
with epinephrine for both mEGFP and mEGFP-RUFY3 expressing cells (Figure 
2B). Strikingly, mEGFP-RUFY3 also interacted in an epinephrine-dependent 
manner with the Ras binding domain of RalGDS (Figure 2C). No binding of 
mEGFP to the Ras binding domain of RalGDS was observed (Figure 2C). These 
findings suggest that RUFY3 is part of a signaling complex that can interact 
with the Ras binding domain of RalGDS in a stimulus-dependent manner. 
These data potentially position RUFY3 as a putative downstream effector of 
Rap1-GTP in endothelial cells. 

Figure 2. Epinephrine- 
dependent interaction 
between mEGFP-RUFY3 and 
the Ras binding domain 
of RalGDS. (A) Expression 
of mEGFP and mEGFP-
RUFY3 was checked by 
immunoblot employing a 
mouse monoclonal antibody 
directed towards GFP. (B) 
Rap1 activation in HUVECs 
expressing mEGFP or mEGFP-
RUFY3 respectively was 
monitored after stimulation 
with 10 µM epinephrine and 
100 µM IBMX for 10 minutes. 
Activation of Rap1 was 
monitored as described in 
Material and Methods. Total 
amount of Rap1 is displayed in 
the  bottom panel. (C) Binding 
of mEGFP and mEGFP-RUFY3 to 
Ras binding domain of RalGDS 
was assessed as described 
in Materials and Methods. 
Immunoblot was stained using 
mouse monoclonal antibody 
directed to GFP. 
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We next assessed which domain of RUFY3 mediates its direct or indirect 
binding to the Ras binding domain of RalGDS. To this end a series of RUFY3 
variants was constructed that contained the RUN, CC1 and CC1 and CC2 
domains (Figure 3A). Expression of these domain constructs was monitored 
by Western-blot (Figure 3B). No binding of the isolated CC1 domain and 
combined CC1 and CC2 domains to the Ras binding domain of RalGDS was 
observed (Figure 3C). Similar to mEGFP-RUFY3 full length, also the RUFY3 
fragment the RUN domain was capable of binding in an epinephrine- 
dependent manner to the Ras binding domain of RalGDS (Figure 3C). These 
data are in agreement with the presence of a Rap-interacting site in the RUN 
domain of RUFY3 [26]. 

Figure 3. RUN 
domain containing 
fragment of RUFY3 
interacts with 
the Ras binding 
domain of RalGDS 
in an epinephrine- 
dependent manner. 
(A) RUFY3 consists 
of different specific 
domains that were 
used to develop 
m E G F P - R U F Y 3 
domain variants. 
(B) Expression of 
these domains in 
transfected HUVECs 
was monitored 
by immunoblot 
employing a 
monoclonal antibody 
directed towards 
GFP. (C) Binding of 
mEGFP and mEGFP-
RUFY3 domain 
variants to Ras 
binding domain of 
RalGDS was assessed 
as described in 
E x p e r i m e n t a l 
p r o c e d u r e s  
Immunoblot was 
stained using mouse 
monoclonal antibody 
directed to GFP. 
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Overexpression of mEGFP-RUFY3 depletes Weibel-Palade bodies.
We overexpressed mEGFP-RUFY3 in endothelial cells and monitored 
its subcellular localization. Overexpressed mEGFP-RUFY3 displayed a 
cytoplasmic staining; no vesicular structures were observed in endothelial 
cells overexpressing RUFY3 (Figure 4A). Remarkably, no WPBs were observed 
in cells that expressed mEGFP-RUFY3; whereas in non-transfected cells 
considerable numbers of these organelles were observed (Figure 4A). These 
findings suggest that overexpression of mEGFP-RUFY3 results in depletion 
of WPBs. We also addressed whether the individual RUN and CC1 and CC1/
CC2 domain were capable of inducing depletion of WPBs. In contrast to full 
length RUFY3 the number of WPBs was not reduced in cells expressing these 
individual domains (Figure 4B). Altogether these data show that only full-
length RUFY3 can deplete WPBs upon its overexpression in endothelial cells. 

Discussion

In this study we show that mCherry-Rab33A and eGFP-Rab33B can be recruited 
by WPBs. Previous, over-expressed GFP-Rab33A has been localized to WPBs 
[18,19]. Interestingly, Zografou and co-workers observed that GFP-Rab33A 
localized to most WPBs (74 ± 3%) whereas our analysis revealed only a limited 
number of cells (<5%) in which mCherry-Rab33A was localized to WPBs [19]. 
Under our experimental conditions also eGFP-Rab33B was localized to WPBs 
in a small percentage of transfected HUVEC. Zografou and coworkers reported 
that eGFP-Rab33B localized to the Golgi-apparatus but not WPBs [19]. It should 
be noted that we were unable to address whether endogenous Rab33A or 
Rab33B were also localized to WPBs. Rab33A is mainly expressed in the brain, 
lymphocytes and melanocytes [27-29]. In the same study it was reported 
that Rab33A was not expressed in endothelial cells [27]. In hippocampal 
neurons Rab33A is located to the Golgi apparatus and synaptophysin-
positive vesicles [30]. Rab33A depletion using siRNA revealed that Rab33A 
contributes to anterograde axonal transport of synaptophysin-positive 
vesicles and thereby participates in axon outgrowth [30]. These findings raise 
the possibility that Rab33A also controls the kinesin-mediated anterograde 
transport of WPBs along microtubules. The low level of colocalization of 
mCherry-Rab33A and WPBs may indicate that only relatively immature WPBs 
that are not yet stably anchored to the actin cytoskeleton are targeted by 
Rab33A. In contrast to Rab33A, Rab33B is ubiquitously expressed [29]. 



87

Lack of Weibel-Palade bodies in RUFY3 overexpressing cells

Figure 4. WPB depletion in mEGFP-RUFY3 expressing cells. HUVECs expressing mEGFP-
RUFY3 were stained for VWF employing CLB-RAg20. (A) Expression of mEGFP-RUFY3 in 
endothelial cells. Scale bars indicate 20 µm. (B) Quantification of WPBs in HUVECs expressing 
mEGFP, mEGFP-RUFY3-FL, mEGFP-RUFY3-CC1, mEGFP-RUFY3-CC and mEGFP-RUFY3-RUN. 
Statistical significance was assessed by by 2-way ANOVA followed by Bonferroni post-hoc 
analysis for selected comparison (**P<0.01).

Both Rab33A and Rab33B have been implicated in the formation of 
autophagosomes through their binding to Atg16L, which is part of a 
protein complex involved in the generation of the isolation membrane or 
phagophore, [31,32]. Binding of Rab33A and Rab33B to Atg16L is mediated 
by the coiled coiled domain [32]. Autophagosomes arise as a consequence 
of energy needs or cellular stress and are involved in the engulfment and 
subsequent degradation of cytoplasm or subcellular organelles [33]. 
Endogenous Rab33B has been localized to the Golgi while autophagosomes 
are considered to be generated from endoplasmic reticulum. Interestingly, 
Rab33B depletion had little effect on the formation of autophagosomes 
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raising the possibility that the observed effects of GTPase deficient, active 
variant of Rab33B on autophagosome formation might be due to blocking or 
depletion of AtgL16 rather then through a direct effect of Rab33B itself [32]. 
Recently, autophagy has been implicated in regulation of WPB turnover and/
or release [34]. Whether dysregulation of autophagy specifically affect WPB 
exocytosis or causes a general dysfunction of vesicular trafficking remains to 
be determined. 
Previously we identified Rab33A as a possible downstream interaction of 
Rap1-GTP [21]. Rab33A and to a lesser extent also Rab33B have been shown 
to interact to the RUN domain containing protein RUFY3 [35]. The RUN 
domain RUFY3 has also been shown to bind to Rap2B-GTP but not Rap1A-
GTP [26]. These observations raise the possibility that RUFY3 provides a link 
between activated Rap1/2 and Rab33A. Indeed we observed that mEGFP-
RUFY3 can interact with components of a signaling complex that binds in a 
stimulation-dependent manner to the Ras binding domain of RalGDS (Figure 
2 and 3). As expected binding of RUFY3 to the Rap binding domain of RalGDS 
is mediated by its RUN domain (Figure 3). These data indeed suggest that 
RUFY3 provides a link between active Rap1/2 and Rab33A. It should be noted 
that our data do not specify how RUFY3 is recruited to the Ras binding domain 
of RalGDS. Both Rap1A, Rap1b, Rap2A, Rap2B and Rap2C are expressed in 
endothelial cells [36]. The RBD domain of RalGDS can bind to Rap1 and Rap2B 
[25,37,38]. The RUN domain of RUFY3 has been shown to bind Rap2A but 
not Rap1A [26]. Future studies need to show whether Rap1/2 is needed for 
binding to the Ras binding domain of RalGDS. Subsequently, specific Rap1/2 
isoforms involved in this process will need to be identified. RUFY3 has been 
shown to interact with the p85 and P110α subunit of phosphatidylinositol 3- 
kinase (PI3K) [39]. The p85 subunit of PI3K was also identified as a potential 
downstream target of Rap1 in endothelial cells [21].
Overexpression of RUFY3 but not its domain variants results in depletion 
of WPBs (Figure 4). The molecular mechanism underlying this observation 
remains elusive. The lack of WPBs in mEGFP-RUFY3 expressing cells can 
potentially be attributed to an effect on the biogenesis of WPBs, spontaneous 
release of newly formed WPBs or autophagocytic degradation of WPBs. 
RUFY3 and other RUN domain containing proteins have been suggested 
to functionally bridge Rap and Rab proteins  [40,41]. The identification 
of Rab33A and RUFY3 as potential downstream targets of active Rap1/2 
suggests that RUFY3 may provide a link between active Rap1/2 and 
Rab33A. RUFY3 (or single axon related 1 singar1) was previously shown to 
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be upregulated during single axon formation in hippocampal neurons [39]. 
Depletion of RUFY3 employing siRNA resulted in loss of polarity resulting in 
the induction of multiple axons [39]. Morphological analysis revealed that 
RUFY3 was localized in the growth cones of axons [30]. In a separate study 
a similar distribution was observed for Rab33A raising the possibility that 
Rab33A/RUFY3 complexes are both involved in the anterograde transport 
of synaptophysin positive vesicles in extending axons [30]. The RUN domain 
containing protein UNC-14 indirectly associated with the motor protein 
kinesin-1 in Caenorhabditis elegans [41]. Current data suggest that RUFY3 
promotes anterograde transport; as yet it is not known whether the RUFY3 
is also part of a scaffolding complex that is linked to kinesins. The observed 
depletion of WPBs in HUVECs overexpressing mEGFP-RUFY3 may be caused 
by enhanced anterograde transport of WPBs resulting in a dramatic increase 
in their basal release. In this respect it is interesting to note that knockdown 
of Rab33B also resulted in an increased basal release of WPBs [19]. 
Alternatively, overexpression of RUFY3 may promote recruitment of Rab33B 
to WPBs thereby marking them for autophagosomal degradation. Dissection 
of the precise molecular mechanism underlying WPB depletion by RUFY3 
requires further study. 
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Abstract

Sphingosine-1-phosphate (S1P) is an agonist for five distinct G-protein 
coupled receptors, that is released by platelets, mast cells, erythrocytes and 
endothelial cells. S1P promotes endothelial cell barrier function and induces 
release of endothelial cell-specific storage-organelles designated Weibel-
Palade bodies (WPBs). S1P-mediated enhancement of endothelial cell barrier 
function is dependent on S1P receptor 1 (S1PR1)-mediated signaling events 
that result in the activation of the small GTPase Rac1. Recently, we have 
reported that Rac1 regulates epinephrine-induced WPB exocytosis following 
its activation by phosphatidylinositol-3,4,5-triphosphate-dependent Rac 
exchange factor 1 (PREX1). S1P has also been described to induce WPB 
exocytosis. Here, we confirm that S1P induces release of WPBs using von 
Willebrand factor (VWF) as a marker. Using siRNA-mediated knockdown of 
gene expression we show that S1PR1 is not involved in S1P-mediated release 
of WPBs. In contrast depletion of the S1PR3 greatly reduced S1P-induced 
release of VWF.  S1P-mediated enhancement of endothelial barrier function 
was not affected by S1PR3-depletion whereas it was greatly impaired in cells 
lacking S1PR1. The Rho kinase inhibitor Y27632 completely abrogated S1P-
mediated release of VWF. Also, the calcium chelator BAPTA-AM significantly 
reduced S1P-induced release of VWF. Our findings indicate that S1P-induced 
release of haemostatic, inflammatory and angiogenic components stored 
within WPBs depends on the S1PR3.

Keywords
Weibel-Palade bodies/sphingosine-1 phosphate/S1P receptor 3/
von Willebrand Factor 
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Introduction

Sphingosine 1-phosphate (S1P) is a naturally occurring lysophospholipid that 
plays a crucial role in maintaining vascular homeostasis [1,2]. S1P production 
is tightly regulated by two sphingosine kinases and a number of degradative 
enzymes that include two S1P-phosphatases, a  S1P-lyase and lysophospholipid 
phosphatases [1]. S1P levels in lymphatic tissues are generally low and there 
is strong evidence that lymphocyte egress from these sites is controlled by 
the S1P/S1P receptor 1 axis [3,4]. Circulating S1P levels mainly originate from 
endothelium, platelets and erythrocytes and vary between 0.4 – 1.5 μM in 
blood where it is bound to albumin and other plasma proteins [1,5,6]. S1P 
exerts its extracellular effects through high-affinity binding to G protein-
coupled receptors sphingosine-1-phosphate receptors 1-5 (S1PR1-5) [1,7]. 
In mammals, S1PR1, S1PR2, and S1PR3 are ubiquitously expressed, whereas 
S1PR4 expression is restricted to lymphoid tissues and lung, and S1PR5 to 
brain and skin[8]. S1PR1, S1PR2 and S1PR3 are the major S1P receptors in 
the cardiovascular system [9]. It is well-established that S1P promotes the 
barrier function of endothelial cells [10]. A crucial role for the S1PR1 and 
downstream signaling pathways resulting in activation of Rac1 have been 
defined in follow-up studies [11,12]. Apart from its effect on endothelial cell 
barrier function S1P has been shown to induce the exocytosis of endothelial 
cell specific storage-organelles designated Weibel-Palade bodies (WPBs) 
[13,14]. WPBs are rod-shaped organelles that store von Willebrand factor 
(VWF), a multimeric adhesive glycoprotein crucial for platelet plug formation, 
as well as the leukocyte receptor P-selectin [15,16]. Also, CD63 a co-receptor 
for P-selectin is stored within these organelles firmly linking WPB exocytosis 
to leukocyte extravasation [17,18]. Vaso-active components like endothelin 
and calcitonin-gene related peptide as well as the angiogenic mediators 
angiopoietin-2 and insulin-like growth factor binding protein 7 (IGFBP7) are 
also stored in WPBs [19-22]. A number of other bioactive compounds that 
include chemoattractants like interleukin 6 and 8 and eotaxin-3 have also 
been localized to these organelles [23-25]. 
Release of WPB-content in the vessel lumen occurs following stimulation 
with agonists such as thrombin, histamine and epinephrine [26-28]. The 
vasopressin analogue desmopressin has been shown to mediate WPB 
release following stimulation of vasopressin 2 receptor that is expressed on 
lung endothelial cells. S1P has also been described to trigger WPB secretion 
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in a concentration-dependent manner [14]. As yet the receptor involved in 
S1P-induced release of WPBs has not yet been defined [14]. In this study we 
explored which S1P receptor regulates WPB secretion; we also determined 
which downstream signaling pathways contribute to the S1P-induced release 
of these organelles. 

Methods 

Reagents and antibodies 
All culture media (except EBM-2 and EGM-2), L-cysteine, fibronectin, trypsin, 
penicillin, and streptomycin were from Invitrogen (Breda, the Netherlands). 
EBM-2 and EGM-2 were from Lonza (Verviers, Belgium). Epinephrine, 
thrombin, forskolin, 3-isobutyl-1-methylxanthine (IBMX), LY294002, Y27632, 
BAPTA-AM, Endothelial Cell Growth Supplement (ECGS), and anti-α-tubulin 
monoclonal antibody (DM1A) were from Sigma-Aldrich Chemie (Steinheim, 
Germany). S1P was from Avanti Polar Lipids (Alabaster, Alabama, USA). 
Anti-β-catenin rabbit polyclonal antibody (sc-7199) was from Santa Cruz 
Biotechnology (Santa Cruz, California, USA).  Chemiluminescence blotting 
substrate and Complete Protease Inhibitor Cocktail Tablets were from Roche 
Diagnostics (Mannheim, Germany). All chemicals used were of analytical 
grade. Anti-VWF monoclonal antibody CLB-RAg20 has been described 
previously [29]. Enzyme-linked immunosorbent assays (ELISA) for VWF and 
VWF propeptide have been described previously [30]. 

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 and 
subsequently SF medium with agonist was added. The agonists used were 
thrombin (1 unit/ml); a mixture of 10 mM forskolin and 100 mM IBMX; or 
1mM S1P. 
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siRNA 
All siRNAs were purchased from Dharmacon (Thermo Fisher Scientific, 
Bremen, Germany). For siRNA-mediated knock-down of S1PR1, ON-
TARGETplus SMARTpool L-003655-00 Human EDG1 (1901) was used. 
For siRNA-mediated knock-down of S1PR3, ON-TARGETplus SMARTpool 
L-005208-00 Human EDG3 (1903) was used. SiGENOME Non-Targeting siRNA 
Pool #1 (D-001206-13-05) was used as a control in these experiments. 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 [31,32]. Transfected HUVECs 
were grown on gelatin-coated multiwell-6 plates for 72 hours before 
stimulation. To confirm knockdown, total lysates were separated on NuPAGE® 
4-12% Bis-Tris Gels and transferred on nitrocellulose membrane (Invitrogen, 
Breda, the Netherlands). Membranes were probed with an anti-EDG1/S1PR1 
rabbit polyclonal antibody (AP01197PU-N, Acris, Herford, Germany) or an 
anti-EDG3/S1PR3 rabbit polyclonal antibody (LS-B2155, Lifespan Biosciences, 
Seattle, WA, USA) and proteins were visualized by LI-COR Odyssey (Lincoln, 
NE, USA). Staining of the membranes with α-tubulin was used as a control 
for equal sample loading.

Electric Cell-substrate Impedance Sensing
For Electrical Cell Substrate Impedance Sensing (ECIS)-based cell spreading 
experiments, golden ECIS electrodes (8W10E; Applied Biophysics, Troy, NY, 
USA) were treated with 10 mM L-cysteine for 15 minutes and subsequently 
coated with 5 mg/ml fibronectin in 0.9% NaCl for 1 hour at 37˚C. Next, 
HUVECs, transfected with the indicated constructs were seeded at a 
concentration of 100,000 cells per array (surface area 0.8 cm2) in EGM-18 
medium. The arrays are connected to a phase-sensitive lock-in amplifier that 
allows continuous recordings of the electrical resistance of the monolayers, 
which was on average between 1 and 1.5 × 103 Ω. Basal electrical resistance 
of the endothelial monolayers under resting conditions was continuously 
monitored at 37°C at 5% CO2 with the electric cell-substrate impedance 
sensing (ECIS) model 100 controller (BioPhysics, Troy, NY). The impedance, as 
a measure of cell spreading and adherence was recorded for 18 hours before 
onset of the actual stimulation experiments. During stimulation experiments 
cells were pre-incubated in SF medium for 1 hour and subsequently SF 
medium containing 1mM S1P was added. 
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Results

The sphingolipid S1P has been shown to induce release of WPBs [14]. 
In agreement with these data, we show that addition of S1P to a final 
concentration of 1 μM S1P results in a time-dependent increase of VWF 
levels in conditioned medium of endothelial cells (Figure 1A). Inspection of 
the increase in VWF levels suggests that following a rapid initial burst of VWF 
release that peaks at 10-15 minutes is followed by a more sustained rise in 
VWF levels that continues for at least 45 minutes (Figure 1A). S1P exerts its 
action through its binding to members of the family of G-protein coupled 
S1P receptors (S1PR). This receptor family consists of 5 members of which 
S1PR1 and S1PR3 have been shown to be expressed in endothelial cells [10]. 
Expression of S1PR1 and S1PR3 in human umbilical cord endothelial cells 
(HUVEC) was confirmed by qPCR (data not shown). To identify the receptor 
responsible for S1P-mediated signaling regulating VWF secretion, siRNA-
mediated knockdown of S1PR1 and S1PR3 was performed. Specific down-
regulation of S1P receptor 1 and 3 was observed (Figure 1B). Downregulation 
of S1PR1 expression did not significantly influence VWF secretion following 
stimulation with thrombin, forskolin or S1P (Figure 1C). A time-course 
revealed that also the kinetics of VWF release were not affected by down-
regulation of endogenous S1PR1 (Figure 1D). However, downregulation 
of S1PR3 significantly reduced S1P-induced VWF secretion (Figure 1E). As 
expected, thrombin- and forskolin-induced release of VWF was not affected 
by S1PR3 depletion (Figure 1E). Time-course experiments confirmed 
that S1PR3 depletion abolished S1P-induced release of VWF (Figure 1F). 
Treatment of endothelial cells with S1P has been described to improve 
endothelial barrier function [1]. S1P decreases vascular permeability and 
tightens cell-cell junctions due to Rac1 activation.  siRNA-mediated down 
regulation of S1PR1 or S1PR3 did not affect endothelial monolayer formation 
(Figure 2A) or trans-endothelial cell resistance in non-stimulated cells (Figure 
2B), as was assessed using ECIS. Upon incubation with S1P, an increase in 
trans-endothelial cell resistance was observed in agreement with previous 
findings (Figure 2C) [33]. SiRNA-mediated knockdown of S1PR3 expression 
did not prevent the S1P-induced increase in endothelial cell barrier function 
(Figure 2C). Conversely, knockdown of S1PR1 prevented the S1P-induced 
increase in endothelial cell barrier function (Figure 2C). These findings show 
that S1P-induced endothelial barrier function is mediated through S1PR1 
but not S1PR3. Our findings suggest that S1PR1 and S1PR3 control different 
cellular processes. 
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Figure 1. Downregulation of S1PR3 expression reduces WPB release. (A) HUVECs were 
incubated for the indicated time points with 1mM S1P or SF medium. (B) HUVECs were 
transfected with a control siRNA SMARTpool (siCTRL) or a siRNA SMARTpool targeting S1PR1 
(siS1PR1) or S1PR3 (siS1PR3). Western blot analysis at 72 hours post-transfection showed 
downregulation of S1PR1 expression or S1PR3 expression. Levels of α-tubulin are shown as 
a protein loading control. (C,E) siCTRL siS1PR1 and siS1PR3 treated HUVECs were incubated 
for 45 minutes with 1mM S1P, 10mM forskolin (FSK) and 100mM IBMX, 1 unit/ml thrombin (T) 
or SF medium alone (-). (D,F) siCTRL siS1PR1 and siS1PR3 treated HUVECs were incubated 
for indicated time points with 1mM S1P. The amount of VWF secreted in the medium was 
measured by ELISA. Total amount of VWF secreted is displayed in percentages where the 
amount of VWF secreted by unstimulated cells t=45 transfected with siCTRL is set to 100%. 
Four independent experiments were performed.Statistical significance was assessed by 
2-way ANOVA followed by Bonferroni post-hoc test for selected comparison (***P<0.001; 
**P<0.01 and *P<0.05). 
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Figure 2: S1PR1 is responsible for barrier integrity in S1P stimulated HUVECs. (A) HUVECs 
were transfected with a control siRNA SMARTpool (siCTRL) or a siRNA SMARTpool targeting 
S1PR1 (siS1PR1) or S1PR3 (siS1PR3) and grown to confluence on electrode ECIS-arrays. 
(B) SiCTRL, siS1PR1 or siS1PR3 transfected HUVECs show no differences in impedance after 
the indicated time points. (C)  HUVECs transfected with a control siRNA SMARTpool (siCTRL) 
or a siRNA SMARTpool targeting S1PR1 (siS1PR1) or S1PR3 (siS1PR3) were incubated with 
1 mM S1P or SF medium alone. The impedance was continuously monitored and was corrected 
for starting impedance after 1hr serum starvation. Three independent experiments were 
performed. Statistical significance was assessed by 2-way ANOVA followed by Bonferroni 
post-hoc test for selected comparison (***P<0.001; **P<0.01 and *P<0.05). 
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Pharmacological modulation of S1P-induced VWF release
Binding of S1P to S1PR1 has been shown to activate G proteins belonging to 
the Gi family whereas S1PR3 signals through Gq, Gi and G12/13   proteins [34]. 
Gi, which can act downstream of both S1PR1 and S1PR3, has been shown 
to signal through phosphatidylinositide 3-kinase (PI3K) [35,36]. Interestingly, 
pre-treatment of HUVECs with the PI3K inhibitor LY294002 did not prohibit 
S1P-induced release of VWF (Figure 3A). We also addressed whether 
LY294002 inhibited VWF release in cells depleted for S1PR1 and S1PR3. Also, 
under these conditions LY294002 did not affect the S1P-induced release of 
VWF (Figure 3A and B). S1PR3-mediated Gq-dependent signaling has been 
described to upregulate intracellular calcium in a PLCγ-dependent manner, 
while G12/13   has been described to activate Rho and Rho-associated protein 
kinase (ROCK) [37,38]. 

Figure 3: Inhibition of PI3 kinase does not affect S1P-induced WPB release. (A/B) HUVECs 
were transfected with a control siRNA SMARTpool (siCTRL) or a siRNA SMARTpool targeting 
S1PR1 (siS1PR1) or S1PR3 (siS1PR3). Transfected HUVECs were then incubated for 60 
minutes with SF medium or SF medium containing 10 mM LY294002.  After preincubation, 
HUVECs were stimulated for 45 minutes with 1 mM S1P, or SF medium alone (-) in presence 
or absence of PI3K inhibitor LY294002. The amount of VWF secreted in the medium was 
measured by ELISA. Total amount of VWF secreted is displayed in percentages; the amount 
of VWF secreted by unstimulated cells at 45 minutes in cells transfected with siCTRL was 
set to 100%. Three independent experiments were performed. Statistical significance was 
assessed by 2-way ANOVA followed by Bonferroni post-hoc test for selected comparison 
(***P<0.001; **P<0.01 and *P<0.05). 
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We addressed whether S1P-induced release of VWF can be blocked by 
the ROCK inhibitor Y27632. Pre-incubation of HUVECs with Y27632 greatly 
reduced time-dependent S1P-induced release of VWF (Figure 4A). S1PR3-
mediated Gq-dependent signaling has been described to upregulate 
intracellular calcium in a PLCγ-dependent manner [39]. To assess the 
involvement of Gq -mediated rise in intracellular Ca2+ in the release of VWF, 
we preincubated cells with the calcium chelator BAPTA-AM. S1P-induced 
release of VWF was completely abolished in the presence of BAPTA-AM 
(Figure 4B). In accordance with previous data, thrombin-induced release of 
VWF was also significantly decreased in the presence of BAPTA-AM whereas 
epinephrine-induced release of VWF was not affected (data not shown). 
Therefore, we also determined the effect of Y27632 and BAPTA-AM on S1P-
induced release of VWF in S1PR1- and S1PR3-depleted cells. Both Y27632 
and BAPTA-AM reduced S1P-induced release of VWF in S1PR1-depleted 
cells (Figure 4B). BAPTA-AM and Y27632 also further attenuated the observed 
inhibition of S1P-induced VWF release in S1PR3 depleted cells (Figure 4C). 
These results suggest that interfering with downstream targets of Gq and 
G12/13   abolishes S1P-induced release of VWF. Altogether the pharmacological 
profile observed for S1P-induced release of VWF is consistent with a role for 
S1PR3 in triggering the release of WPBs from endothelial cells. 

Discussion

In this study we show that S1PR3 mediates S1P-induced Weibel-Palade 
body exocytosis in human endothelial cells. Our results extend previous 
findings showing that S1P stimulation induces WPB release in a calcium-
dependent manner [14]. At high concentrations of LY294002, potentiation 
of VWF release by S1P was observed [14]. Based on these findings it was 
proposed that PI3K-dependent activation of eNOS, leading to the generation 
of nitric oxide, resulted in the inhibition of WPB release. In contrast, we did 
not observe potentiation of S1P-induced VWF release by inhibition of PI3K 
(Figure 3). One explanation may be the use of different endothelial cell types. 
Matsushita and co-workers used human aortic endothelial cells whereas 
we used human umbilical vein-derived endothelial cells for our studies. 
Differences in expression levels of eNOS between endothelial cells derived 
from different vascular beds may explain the observed differences between 
the two studies [40].
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Figure 4: Pharmacological 
inhibition of S1P-induced 
VWF secretion. CTRL and 
Y27632 treated HUVECs were 
incubated for indicated times 
with 1 mM S1P or SF medium 
alone (-) (A). (B) siCTRL and 
siS1PR1 treated HUVECs were 
incubated for 45 minutes with 
1mM S1P or SF medium alone 
(-) in the presence of 10 mM 
Rho kinase inhibitor Y27632 
or 100 mM calcium chelator 
BAPTA-AM. (C) siCTRL and 
siS1PR3 treated HUVECs were 
incubated for 45 minutes 
with 1 mM S1P or SF medium 
alone (-) in the presence of 
Rho kinase inhibitor Y27632 or 
calcium inhibitor BAPTA-AM. 
The amount of VWF secreted 
in the medium was measured 
by ELISA; VWF secreted by 
unstimulated siCTRL treated 
cells after 45 minutes was set 
to 100%. Three independent 
experiments were performed. 
Statistical significance was 
assessed by 2-way ANOVA 
followed by Bonferroni 
post-hoc test for selected 
comparison (***P<0.001; 
**P<0.01 and *P<0.05). 

Using siRNA depletion we show that the S1PR1 is not involved in S1P-
induced release of VWF (Figure 1). The S1PR1 is coupled to Gα-proteins of 
the Gi-subfamily [34]. Interestingly, Matsushita and co-workers reported that 
S1P-induced release of VWF was blocked by pertussin toxin which blocks 
G-protein coupled receptor signaling through members of the Gi-subfamily 
[14]. We did not use this compound in our studies but the lack of inhibition of 
the PI3K inhibitor LY294002 observed in this study suggests that Gi -mediated 
signaling through PI3K is not crucially involved in S1P-induced WPB release. 
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A large number of studies have firmly documented that S1P enhances 
endothelial cell barrier function [1,9-12,41]. S1P mediates this effect on 
endothelial cell barrier function through S1P receptor 1 [12]. In this study 
we confirmed that the effects of S1P on endothelial cell barrier function 
are dependent on S1PR1 and not S1PR3 (Figure 1). S1P has been shown 
to have a beneficial effect on endothelial cell barrier function in animal 
models of acute lung injury (ALI) [41]. A signaling pathway downstream of 
S1PR1 involving the small GTPase Rac1 has been shown to contribute to 
barrier-enhancement [12,41]. Interestingly, signaling through S1PR3 has 
been proposed to decrease barrier function [41] which may account for the 
pleiotropic effect of S1P administration in animal models of ALI. Under our 
experimental conditions we did not observe a decrease in barrier function 
in endothelial cell depleted for S1PR1 (Figure 2). Overall, our findings are 
consistent with a functional dichotomy of S1P receptors 1 and 3. S1PR1 
controls endothelial cell barrier function whereas binding of S1P to S1PR3 
induces release of WPBs (Figure 5). At present, we do not know how these 
processes are regulated. It is well-established that a S1P gradient regulates 
S1PR1-dependent trafficking of lymphocytes from secondary lymphoid 
organs to the blood circulation [42]. This S1P-gradient is also utilized for the 
S1PR1-dependent formation of platelets from megakaryocytic pro-platelet 
strings in the blood stream [43]. Our results show that S1P-induced release 
of inflammatory, pro-angiogenic and hemostatic cargo from endothelial cell-
specific WPBs is dependent on S1PR3. We speculate that under quiescent 
conditions circulating levels of S1P interact primarily with S1PR1 thereby 
ensuring maintenance of endothelial cell barrier function as well as platelet 
and lymphocyte recruitment to the blood circulation. The S1P-concentration 
in blood varies between 0.4 and 1.5 μM with most of the S1P being bound 
to lipoproteins in plasma [44,45]. Both erythrocytes and platelets have been 
shown as a major source of S1P [6,46]. 
We propose that following activation of platelets and/or fragmentation 
of red blood cells due to vascular obstruction massive amounts of S1P 
become available that induce release of WPBs through its binding to 
S1PR3. The hemostatic and angiogenic components present in these 
organelles will contribute to restoration of vascular homeostasis which 
may include neovessel formation. Exposure of P-selectin and release of 
other inflammatory components present in WPBs may contribute to local 
recruitment of neutrophils. In this respect it is interesting to note that high 
concentrations of S1P have been shown to disrupt barrier function through 



105

S1P receptor 3 controls release of Weibel-Palade bodies

binding to the S1PR3 [47]. These data suggest that high levels of S1P may 
promote barrier-dysfunction by overcoming a critical threshold for RhoA 
activation that overcomes the barrier-protective Rac1-mediated signaling 
via S1P receptor 1 [41]. Future studies need to show whether the pleiotropic 
effects of S1P administration can be explained through this mechanism. 
In this study we document that barrier-protective concentrations of S1P 
induces release of WPBs through S1PR3. 

Figure 5: Signaling pathways that regulate S1P-induced WPB exocytosis. Stimulation of 
the S1P receptor 1 (S1PR1) by S1P induces Gi-subunit mediated Rac1 activation by PI3K- 
dependent signaling, resulting in increased barrier function. Stimulation of S1PR3 by S1P 
results in activation of Gq and G12/13  subunits. Gq subunit activation results in an increase 
in intracellular calcium levels. Activation of G12/13  subunits signals to RhoA and ROCK that 
promote assembly of actin rings that facilitate WPB exocytosis [48].
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Weibel-Palade bodies are unique rod shaped vesicles that are exclusively 
present in endothelial cells. The multimeric glycoprotein von Willebrand 
factor (VWF) is the major component of these organelles. Besides VWF a large 
number of other bioactive proteins are stored within these organelles. Basal 
release of WPBs occurs in the absence of a stimulus and has been recently 
suggested to result from spontaneous fusion of WPBs with the plasma 
membrane [1,2]. Regulated secretion of WPBs occurs upon stimulation with 
different secretagogues. At present, two intracellular signaling pathways have 
been described that promote release of WPBs [3]. Agonists like histamine and 
thrombin mediate WPB release by raising intracellular Ca2+ levels, whereas 
cAMP-dependent signaling pathways control epinephrine and vasopressin-
induced release of WPBs. A large number of accessory proteins has been 
implicated in the biogenesis, intracellular trafficking and exocytosis of WPBs. 
In this thesis we studied the molecular mechanisms contributing to the 
regulated release of WPBs. 

Cyclic AMP-mediated Weibel Palade body exocytosis
A large number of agonist have been described that promote fusion 
of WPBs with the plasma membrane [3,4]. In general agonists can be 
classified in two distinct categories; agonists like histamine, thrombin and 
sphingosine-1-phosphate raise intracellular Ca2+ levels whereas epinephrine 
and vasopressine promote WPB exocytosis in a cAMP-dependent manner 
[5]. In response to cAMP-raising agonists, a subset of WPBs clusters at 
the microtubule organizing center thereby maintaining a critical level of 
secretable WPBs [5,6]. The kinetics of Ca2+- and cAMP-mediated WPB 
exocytosis are not completely identical. Agonists like thrombin and 
histamine induce a rapid release whereas cAMP-dependent WPB exocytosis 
proceeds relatively slow and occurs in a more sustained manner [7]. This 
is also reflected by the activation kinetics of the small GTP binding protein 
RalA which mediates assembly of the exocyst complex a crucial late step 
in WPB exocytosis [7,8]. Thrombin induces a rapid transient activation 
of RalA which peaks at 2 minutes whereas epinephrine induces a slower 
more gradual activation of RalA [7]. The physiological importance of cAMP-
mediated WPB release is illustrated by the clinical use of the vasopressin 
analog DDAVP in patients with von Willebrand disease and mild hemophilia 
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A [9]. An elegant study by Kaufmann and co-workers revealed that DDAVP 
targets the vasopressin V2 receptor which is exclusively expressed on lung 
endothelial cells [10]. The vasopressin V2 receptor is not expressed in 
human umbilical vein endothelial cells (HUVEC) [10]. In Chapter 2 and 3 of 
this thesis we focused on the mechanisms underlying cAMP-mediated WPB 
release. Exchange protein activated by cAMP (Epac) and holoenzyme PKA 
have a similar affinity for cAMP and parallel activation of both PKA and Epac 
is observed in several exocytotic pathways such as the acrosome reaction in 
sperm, synaptic vesicle release in neurons and insulin secretion in pancreatic 
β-cells [11,12,13,14]. The results documented in Chapter 2 clearly show 
that WPB release in endothelial cells is also dependent on Epac1 [15]. The 
results in Chapter 3 position the phosphatidylinositol-3,4,5-triphosphate-
dependent Rac1 exchange factor 1 (PREX1) as a crucial downstream target 
of Epac-Rap1 [16] (Figure 1). Phospholipase Cε has evolved as a downstream 
target of Epac/Rap1/2 that induces release of Ca2+ from intracellular stores 
[17,18]. Epinephrine-induced WPB release has been not linked to elevation 
of intracellular Ca2+ suggesting that phospholipase Cε-mediated Ca2+ does 
not contribute to epinephrine-induced WPB release [19]. In Chapter 2 we 
show that 8-CPT-2’-O-Me-cAMP a compound specifically activating Epac 
can induce release of WPBs. We have previously shown that 8-CPT-2’-O-
Me-cAMP-induced WPB release can be blocked by the Ca2+-chelator BAPTA-
AM [7] potentially implicating phospholipase Cε as a downstream effector 
of Rap1 under these conditions. The lack of Ca2+ release in the presence 
of epinephrine suggests that PKA-mediated phopshorylation events may 
prevent release of Ca2+ from intracellular stores. 
Vascular endothelial cells express Epac1 and not Epac2 [20]. Epac2 has been 
implicated in cAMP-dependent release of insulin in pancreatic β cells [14,21]. 
In pancreatic β cells Epac2 binding to the Rab3A effector Rim2 and the Ca2+-
binding protein Piccolo has been shown to promote insulin secretion [21]. 
Also, Munc13-1 has been identified as binding partner of Rim2 in pancreatic 
β cells [22]. The Rab3A/Munc13-1/Rim2 complex mediates docking of insulin 
granules at the plasma membrane [22,23]. Glucose stimulation dissociates 
the Munc13-1/RIM2 complex and released Munc13-1 activates syntaxin-1 
resulting in exocytosis of insulin granules [23]. Interestingly, Munc13-4 a 
binding partner of Rab27A has recently been localized to WPBs [24,25]. 
Knockdown of Munc13-4 resulted in an impaired release of VWF suggesting 
a functional role of Munc13-4 in WPB exocytosis [24,25]. Also, Rab3B and 
Rab3D have been localized to WPBs but a functional role for these small 
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GTPases in WPB exocytosis has not yet been uncovered [26]. Overall, it 
appears that the mechanism involved in regulation of insulin release are 
similar to those observed for WPB exoyctosis. In our studies we did not 
explore whether members of the Rim or Munc-13 family are linked to Epac1. 
Both in pancreatic β-islets as well as in nerve terminals Epac2 through its 
binding partner Rim2 orchestrates Ca2+-dependent exocytosis by spatially 
coordinating Ca2+-channels and docking/priming of secretory vesicles 
[27,28]. Epac1-mediated cAMP-dependent release of WPBs proceeds in 
a Ca2+-independent manner. It is presently unknown whether Epac1 also 
coordinates positioning of exocytotic machinery linked to WPB release in 
endothelial cells. 

Rabs and Rap effectors involved in WPB release.
Different Rab proteins have been described to play an important role in WPB 
exocytosis including Rab3D and Rab27A [29,30]. Rab3D plays a role in WPB 
formation, dominant negative Rab3D and siRNA-mediated down-regulation 
of Rab3D interfere with the formation of WPBs [29]. Overexpression of wild-
type or activated Rab3D causes an inhibition of WPB release, suggesting a 
negative regulatory role of Rab3D in exocytosis [29]. Beside the small GTPase 
Rab3D also small GTPases Rab3B and Rab27A are expressed on WPBs [26]. 
Rab27A has multiple effector proteins [31,32,33] which include Myosin Va 
Rab interacting protein (MyRIP), synaptotagmin-like protein 4-a (Slp4-a) 
and Munc13-4. MyRIP acts as a negative regulator of WPB exocytosis and in 
cooperation with the actin motor protein myosin Va links WPBs to the actin 
cytoskeleton [34,35]. Slp4-a as well as Munc13-4 are Rab27A effectors that 
promote WPB exocytosis [24,25,26]. In Chapter 3 we identified Rab33A as a 
possible downstream target of Rap1-GTP [16]. Rab33A and to a lesser extent 
also Rab33B have been shown to interact to the RUN domain containing 
protein RUFY3 [36]. The RUN domain RUFY3 has also been shown to bind to 
Rap2B-GTP but not Rap1A-GTP [37]. These observations raise the possibility 
that RUFY3 provides a link between activated Rap1/2 and Rab33A. Indeed 
we observed that mEGFP-RUFY3 can interact with components of a signaling 
complex that binds in a stimulation-dependent manner to the Ras binding 
domain of RalGDS (Chapter 3; Figure 2 and 3). As expected binding of RUFY3 
to the Rap binding domain of RalGDS is mediated by its RUN domain (Figure 
3). These data suggest that RUFY3 provides a link between active Rap1/2 
and Rab33A. It should be noted that our data do not specify how RUFY3 is 
recruited to the Ras binding domain of RalGDS. Both Rap1A, Rap1b, Rap2A, 
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Rap2B and Rap2C are expressed in endothelial cells [38]. The RBD domain of 
RalGDS has been shown to bind to Rap1 and Rap2B, but probably also binds 
to the other Rap1/2 isoforms [39,40,41]. The RUN domain of RUFY3 has 
been shown to bind Rap2A but not Rap1A [37]. Future studies need to show 
whether Rap1/2 is needed for binding of RUFY3 to the Ras binding domain of 
RalGDS. Subsequently, specific Rap1/2 isoforms involved in this process will 
need to be identified. RUFY3 has been shown to interact with the p85 and 
P110α subunit of phosphatidyl inositol-3 kinase (PI3K) [42]. The p85 subunit 
of PI3K was also identified as a potential downstream target of Rap1 in 
endothelial cells [16]. The RUN domain containing protein UNC-14 indirectly 
associated with the motor protein kinesin-1 in Caenorhabditis elegans [43]. 
Current data suggest that RUFY3 promotes anterograde transport (Figure 1); 
as yet it is not known whether RUFY3 is also part of a scaffolding complex 
that is linked to kinesins but this will be an interesting direction for future 
studies.

Involvement of Rac and Rho in WPB exocytosis. 
In Chapter 3 we show that Rac1 is required for epinephrine-induced WPB 
exocytosis through the exchange factor PREX1. In agreement with these 
findings epinephrine results in a upregulation of levels of active Rac1 (Chapter 
3). In contrast, thrombin-mediated WPB release is not affected by depletion 
or inhibition of Rac1. In Chapter 5 we shown that S1P-mediated release is 
inhibited by the Rho kinase (p160ROCK) inhibitor Y27632. Apparently, S1P-
mediated WPB release is dependent on RhoA whereas epinephrine-induced 
release requires Rac1. Extensive crosstalk between members of the Rho 
family in the regulation of cytoskeletal changes has been reported [44]. The 
crucial role of cytoskeletal dynamics in WPB release has been well established 
and is illustrated by the recent observation of the transient formation of actin 
rings on WPBs that expel the content of these organelles following their 
fusion with the plasma membrane [45]. The formation of these actin rings 
is critically dependent on the phosphorylation of myosin II by myosin light 
chain kinase [45]. In endothelial cells both ROCK which acts downstream 
of RhoA and p21 associated kinase (PAK) acting downstream of Rac1 have 
been shown to promote phosphorylation of myosin light chain by myosin 
light chain kinase [46]. As yet the regulation of the transient formation of 
actin rings on fused WPBs has not been dissected. Cdc42 and Arp2/3 has 
been suggested as potential candidates for regulation of actin ring formation 
[45]. In this respect it is interesting to note that dominant negative Cdc42 
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has been shown to negatively affect both Ca2+- and cAMP-mediated WPB 
release [47]. It will be of interest to address whether dominant negative 
Cdc42 interferes with the assembly of WPB associated actin rings. Evidence 
has been obtained for spatio-temporal organization of Rho GTPase activity 
in so-called “activity zones” (reviewed in [48]). We speculate that these Rho 
GTPase activity zones are also involved in the regulation of agonist-induced 
WPB release. 

Figure 1. Model depicting signaling pathways regulating exocytosis of WPBs. Thrombin 
and S1P stimulate WPB exocytosis by increasing the intracellular concentration of its second 
messenger Ca2+ in a phospholipase C (PLC)-dependent manner. In contrast, cAMP-mediated 
agonists such as epinephrine induce WPB exocytosis by upregulation of intracellular cAMP 
levels through the activation of adenylate cyclase (AC). In this thesis we show that beside 
protein kinase A (PKA), also Epac1 is essential for cAMP-mediated WPB exocytosis. Epac1 is 
able to activate Rap1 which via PI3K and PREX1 activates Rac1 what is suggested to induce 
WPB exocytosis by cytoskeletal remodeling. We also showed interaction between activated 
Rap1 and RUFY3; which was described to bind to Rab33A. Rab33A has been shown to be 
able to localize to WPBs.  Unexpectedly, WPBs were depleted in mEGFP-RUFY3 expressing 
cells. S1P induces release of WPBs through its binding to the S1P receptor 3 (S1PR3). To 
induce secretion, both PKA and intracellular Ca2+ (via calmodulin, CaM) induce the activity 
of the Ral guanine nucleotide exchange factor RalGDS, which leads to activation of the small 
GTPase RalA. Activated RalA mediates the interaction between members of the exocyst 
complex, which allows WPBs to tether to the plasma membrane, finally resulting in the 
fusion of WPBs with the plasma membrane during exocytosis. 
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Final remarks and remaining issues.

In this study several novel players involved in the regulation of WPB exocytosis 
are described. Our findings show that cAMP-dependent WPB exocytosis is 
dependent on an Epac-Rap1-PREX1-Rac1 signaling pathway. We also show 
that Rab33A and Rab33B as well as RUFY3 are novel candidate proteins 
involved in the regulation of WPB release. Future studies are needed to define 
the precise role of both Rab33 isoforms in WPB exocytosis. The modular 
domain structure of RUFY3 positions this molecule as a potential scaffold for 
spatio-temporal integration of Rap1/2-mediated signaling events and Rab-
mediated vesicular transport. Another novel observation documented in this 
thesis is the lack of WPBs in endothelial cells expressing mEGFP-RUFY3. We 
do not know the underlying mechanism for this phenotype; it would be very 
interesting to study and determine whether this phenomenon is due to a 
defect in WPB biogenesis or an increase in WPB exocytosis or degradation. 
We also showed that the S1P receptor 3 is responsible for S1P-mediated 
WPB exocytosis (Figure 1). S1P-dependent WPB exocytosis proceeds in a 
Ca2+-dependent and Rho kinase-dependent fashion. Apparently, different 
members of the family of Rho GTPases can modulate WPB release. The 
precise role of individual members of the family of Rho GTPase family 
members as well as their possible crosstalk during WPB exocytosis will be 
interesting topics for future studies. 
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Summary

Endothelial cells comprise the inner layer of blood vessels thereby separating 
blood from the underlying tissues. Positioned between the blood and 
tissues, endothelial cells form a tightly regulated barrier that is involved in 
the regulation of vascular tone, angiogenesis, inflammatory responses and 
haemostasis. Endothelial cell-specific Weibel-Palade bodies (WPBs) contain 
a diverse set of bioactive components which are involved in the regulation of 
the above-mentioned processes. WPBs are rod-shaped organelles with are 
composed of elongated helical tubules that are composed of von Willebrand 
Factor (VWF). In Chapter 1 we describe the biological role and regulation 
of release of Weibel-Palade bodies. In Chapter 2 we show that cAMP- 
dependent WPB release is regulated by the exchange protein activated by 
cAMP (Epac1). Epac1 activates the small GTPase Rap1 which is also crucially 
involved in cAMP-dependent WPB exocytosis.
In Chapter 3 potential downstream effectors of Rap1-GTP have been 
identified.  Two candidate Rap1 effectors, PI3K and PREX-1, were shown to 
play a role in epinephrine-induced Rac1 activation and WPB exocytosis. 
Another candidate WPB regulatory protein indentified in chapter 3, Rab33A, 
was further analyzed in Chapter 4. Fluorescently tagged Rab33A was 
capable of localizing to WPBs in a subset of transfected cells. Rufy3 has been 
reported as a putative Rab33A effector. We showed that the RUN domain of 
RUFY3 and can bind to activated Rap1 in endothelial cells. We furthermore 
observed depletion of WPBs in mEGFP-RUFY3 expressing HUVECs. Our 
findings suggest that the RalGDS-Rap1-RUFY3 axis may promote accelerated 
turnover of WPBs. 
In Chapter 5 we studied which S1P receptor is involved in the S1P-induced 
release of WPBs. Currently a number of pharmacological compounds 
targeting the S1P receptors are being developed for treatment of autoimmune 
diseases. In Chapter 5 is shown that S1P receptor 3 is responsible for S1P- 
induced VWF release, while S1P receptor 1 has a major function in the 
regulation of endothelial barrier function. 
Finally, in Chapter 6, we discuss the results of the studies described in this 
thesis and provide a model describing the signaling pathways involved in the 
regulation of WPB exocytosis in endothelial cells. 

Summary
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Samenvatting

De bekleding van bloedvaten wordt gevormd door het vaatwandendotheel 
dat een barrière vormt tussen het bloed en de onderliggende weefsels. 
Endotheelcellen zijn betrokken bij de regulatie van bloeddruk, de vorming 
van nieuwe bloedvaten (angiogenese), herstel van beschadigingen in de 
vaatwand en de regulatie van ontstekingsreacties in het onderliggende 
weefsel. Een deel van deze functies wordt uitgeoefend door eiwitten die 
zijn opgeslagen in endotheelcel specifieke organellen die Weibel-Palade 
bodies (WPBs) worden genoemd. WPBs hebben een langwerpige vorm 
(sigaarvormig) die wordt veroorzaakt door buis-achtige structuren die in 
dit organel aanwezig zijn. In Hoofdstuk 1 wordt onze huidige kennis met 
betrekking tot WPBs samengevat. Wanneer de endotheelcel een signaal 
ontvangt dan fuseren de WPBs met het plasma membraan migreren. Bij 
dit proces komt de inhoud van WPBs vrij in de bloedbaan, een proces dat 
wij WPB exocytose noemen. Exocytose van WPBs kan verlopen via twee 
verschilledne signaleringsroutes. Stimulatie met trombine of histamine 
zorgt voor een verhoging van de intracellulaire Ca2+ concentratie terwijl 
stimulatie met adrenaline of vasopressine een signaleringsroute activeert 
die afhankelijk is van cAMP. Desmopressin is een van vasopressine afgeleide 
stof die gebruikt wordt voor het verhogen van VWF spiegels bij patiënten 
met een milde vorm van hemofilie A of van de ziekte van von Willebrand. In 
Hoofdstuk 2 wordt aangetoond dat Epac1 en Rap1 betrokken zijn bij de door 
cAMP gemedieerde secretie van WPBs. In Hoofdstuk 3 worden een aantal 
kandidaat-eiwitten beschreven die binden aan het Ras bindings domein van 
RalGDS en daarmee mogelijk een rol spelen bij de cAMP afhankelijke secretie 
van WPBs. Twee van de geidentificeerde eiwitten phosphatidylinositol-3 
kinase en PREX-1 spelen een rol bij de door adrenaline gemedieerde secretie 
van WPBs. 
In Hoofdstuk 4 bestuderen we de eigenschappen van Rab33A, één van 
de in Hoofdstuk 3 gevonden kandidaat-eiwitten die aan het Ras bindings 
domein van RalGDS binden. De localizatie van fluorescent gelabeld Rab33A 
in endotheelcellen werd bestudeerd. In de meeste cellen wordt Rab33A 
aangetroffen in korrelige structuren die zich rond de kern bevinden. In 
een klein deel van de endotheelcellen die fluoresent Rab33A tot expressie 
brengen werd dit eiwit op WPBs aangetroffen. Uit de literatuur is bekend 
dat Rab33A een interactie aan kan gaan met RUFY3, een RUN domein 
bevattend eiwit. In Hoofstuk 4 wordt aangetoond dat het RUN domein van 
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RUFY3 een complex vormt met geactiveerd Rap1. In endotheelcellen die 
fluorescent RUFY3 tot expressie brengen werden geen WPBs waargenomen. 
Dit wijst er op RUFY3 mogelijk een rol speelt bij de secretie van WPBs. In 
Hoofdstuk 5 hebben we de door sphingosine-1 fosfaat (S1P) geinduceerde 
secretie van WPBs bestudeerd. We hebben laten zien dat S1P bindt aan S1P 
receptor 3. Binding van S1P aan S1P receptor 1 versterkt de barriere functie 
van het vaatwand-endotheel. Onze resultaten geven een verklaring voor de 
functioneel verschillende effecten van S1P op het vaatwandendotheel. In 
Hoofdstuk 6 worden in de literatuur gerapporteerde studies die relevant zijn 
voor onze waarnemingen bediscussieerd. 
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Appendix A: Supplemental Figure S3 Chapter 2 
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Figure S3. Cytoskeletal reorganizaon in 
response to Me-cAMP-AM or epinephrine is 
dependent on Epac and Rap1. Endothelial 
cells were treated with pools of siCTRL, 
siEpac1 and siRap1 oligos as described and 
were cultured for 72 hours. Cells were 
paraformaldehyde fixed and stained for 
β-cateninβ-catenin (red) and acn with Alexa 
488-phalloidin (green). (A) Representave 
low power images are shown. Scale bar 
represents 50 µm. (B) For the condions 
described above, the degree of colocalizaon 
(colocalizaon coefficient) between acn and 
β-catenin in 5 fields of view was determined 
usingusing the Zen soware package (Carl Zeiss 
B.V., Sliedrecht, Netherlands). Shown are the 
results of one experiment, representave of 
three independent experiments. ***, 
P<0.001by 2-way ANOVA followed by 
Bonferroni post-hoc test for selected 
comparison. Error bars show SEM. 
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Appendix B: Supplemental Figure S3 Chapter 3 
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Figure S3. Cytoskeletal reorganizaon in response to epinephrine is dependent on PI3K and Rac1 acvaon. HUVECs were cultured for 72 hours, then paraformaldehyde fixed and stained for β-catenin (red) 
and acn with Alexa 488-phalloidin (green). (A+B) HUVECs were preincubated with LY294002, EHT1864 or SF medium for 1 hours aer which HUVECs were incubated with SF medium (-), 10 µM epinephrine and 
100 µM 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. Aer preincubaon of 1hours with SF medium cells were 
incubatedincubated with SF medium (-), 10 µM epinephrine and 100 µM IBMX (Epi), or 1 unit/ml thrombin THR for 20 minutes. (A+C) Representave low power images are shown. Scale bar represents 50 µm. (B+D) For 
the condions described above, the degree of colocalizaon (colocalizaon coefficient) between acn and β-catenin in 5 fields of view was determined using the Zen soware package (Carl Zeiss B.V., Sliedrecht, 
Netherlands). Shown are the results of one experiment, representave of three independent experiments. ***, P<0.001 by 2-way ANOVA followed by Bonferroni post-hoc test for selected comparison. Error bars 
show SEM.


