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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



14

Chapter 1

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.

EpinephrineThrombin

Ca2+

RalGDS

AC

cAMP

PKA

ATP

GTP

PLC

PKA

clustering

Exocytosis

RalA

Exocyst

GDP

RalA

Ca2+ /CaM

Gs
Gq



21

General introduction

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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