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1
General introduction

Endothelial cells (ECs) lining the vessel wall are of vital importance in 
maintaining vascular homeostasis. ECs exposed to a constant and sustained 
flow have an artheroprotective phenotype, while at branchpoints (e.g. 
bifurcations) or in partially occluded vessels a disturbed or recirculating 
flow occurs, which induces a sustained activation of inflammatory and 
proliferative pathways [1]. As a result of this, areas subjected to low or 
disturbed shear stress are susceptive for formation of atherosclerotic 
lesions [2]. The vascular endothelium also forms a physical barrier between 
blood components and the underlying tissues. ECs selectively regulate  
transport of molecules from blood to tissues [3]. Importantly, ECs also play 
a crucial role in the extravasation of leukocytes, regulation of vascular tone 
and haemostasis [4,5]. Functional heterogeneity of ECs within different 
vascular beds has evolved to allow for fine-tuning of EC function to the 
functional needs of underlying tissues in the different organs [6]. 

Endothelial cells and Weibel-Palade bodies

In 1962 Ewald Weibel and George Palade observed a “rod-shaped 
cytoplasmic component which consists of a bundle of fine tubules, 
enveloped by a tightly fitted membrane” in human and rat endothelium 
using electron microscopy [7]. In time it became apparent that these 
elongated, cigar-shaped organelles, now designated Weibel-Palade 
bodies (WPBs), were specifically expressed in the endothelial cells of all 
vertebrates. The size of these organelles ranges from 1 to 6 μm and over 
the length of the complete organelle striations were observed. These 
tube-like structures were later identified as Von Willebrand Factor (VWF) 
polymers, tightly folded into condensed tubules [8,9]. 
WPBs are secretory organelles which contain a range of bioactive 
components involved in many different processes, such as haemostatis, 
inflammation, but also angiogenesis and wound healing [10]. The 
WPB component P-selectin has been implicated in leukocyte rolling 
and extravasation [11-13]. WPB-component CD63 has been shown 
to act as a cofactor for P-selectin mediated leukocyte recruitment 
[14,15]. Coordinated expression of P-selectin and CD63 on the plasma-
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membrane following WPB exocytosis provides an efficient means to 
promote leukocyte extravasation at sites of inflammation. The potent 
vaso-constrictor endothelin (ET-1) and its processing enzyme endothelin-
converting enzyme (ETE) also colocalize in WPBs [16,17]. Interestingly, 
the vasodilator calcitonin-gene-related peptide (CGRP) is also present in 
WPBs suggesting a link between WPB-release and regulation of vascular 
tone [18]. Co-storage of angiopoietin-2 and interferon growth factor 
binding protein 7 (IGFBP7) in WPBs suggests that WPB release is also 
coupled to spatio-temporal control of angiogenesis [19,20]. Apart from  
these components, chemokines like interleukin 6 and 8, growth-regulated 
oncogene-α, chemoattractant protein 1 and eotaxin-3 are also present in 
WPBs [21-24]. The functional role of stored osteoprotegerin and α-(1,3)-
fucosyltransferase VI is currently not clear [25,26]. We anticipate that the 
presence of these vasoactive components in WPBs contribute to their 
rapid and well-controlled delivery following vascular perturbation.

WPBs are generated at the trans Golgi network (TGN) [27]. Current data 
suggest that tubulation of VWF is the driving force for the generation of 
WPBs from the TGN [28-30]. Zenner and co-workers showed that small 
membrane bound vesicles contained small structures that were suggested 
to be building blocks for VWF tubules [28]. In vitro studies by Huang et 
al showed the formation of helical tubules driven by the amino-terminal 
domains of VWF [29]. Detailed analysis of tubules in mature WPBs using 
cryoEM of vitrified endothelial cells also suggested that the amino-
terminal domains of VWF mediate tubulation [30]. During translocation 
from the perinuclear environment through the cytoplasm towards the 
periphery of the cell, the WPBs condense even more. This condensation 
is also visible by EM; immature WPBs contain more disorganized tubules 
while the mature WPBs show highly condensed, organized VWF tubules 
[28]. Immature WPBs recruit various membrane proteins, for instance 
Rab27a [31] or CD63 [14]. Depletion of Rab27a or its effector MyRip 
results in reduced peripheral localization of WPBs and a reduction in size 
of released VWF multimers [32]. Recently, the Rab27a effector Slp4a was 
also localized to WPBs [33]. Based on the decreased release of WPBs in 
Slp4a-depleted cells it was proposed that Slp4a acts as a positive regulator, 
whereas MyRIP negatively regulates WPB release. 
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Figure 1. Schematical representation of WPB exocytosis. Stimulated endothelial cells release VWF 

and other WPB components when WPB exocytosis occurs. Exocytosis involves fusing of single 

WPBs with the cellular membrane, but also fusion of multiple WPBs into secretory pods. Following 

exocytosis UL-VWF strings are released that effectively capture platelets. Newly released VWF 

strings are anchored to as yet unidentified components present on the endothelial cell surface. 

Fusion of WPBs also results in the release of other WPB component into the vascular lumen.

Stimulation of ECs in vitro by various agonists that elevate intracellular 
Ca2+ levels, for instance histamine or thrombin, results in WPB exocytosis. 

WPBs fuse with the membrane to release their contents in to the 

bloodstream (Figure 1) [34]. Epinephrine is an agonist exerting its effect 
via cAMP-dependent signaling pathways [35,36]. This pathway induces 
WPB exocytosis but also facilitates clustering of a subset of WPBs at the 
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microtubule organizing center (MTOC) [37,38]. Recently, multigranular 
exocytosis has been described, where several WPBs dock, fuse and release 
their contents within so-called secretory pods. Upon agonist induced 
stimulation these secretory pods fuse with the cellular membrane and 
release their contents into the extracellular compartment [39]. It has been 
reported that WPBs, anchored at the exocytosis site to actin filaments, fuse 
with the cellular membrane after which VWF is expelled from the fusion 
pore [40,41]. At the fusion site an actin ring is formed around the fusing 
WPB and due to the contractility of actomyosin II the VWF is squeezed out 
of the WPB [42]. The majority of VWF is secreted through agonist induced 
WPB exocytosis, however a small amount of released VWF is derived 
from non-agonist-induced WPBs exocytosis, called the basal release [43]. 
Interestingly, selective release of small cargo from WPBs has been observed 
following transient fusion of WPBs with the plasma-membrane [44]. 

Von Willebrand factor

The main protein stored in WPBs is von Willebrand factor, a multimeric 
glycoprotein involved in arresting platelets under shear stress thereby 
initiating clot formation at sites of vascular injury. In the circulation VWF 
also acts as a carrier protein protecting coagulation FVIII from premature 
clearance. VWF is synthesized as a precursor protein, comprised of a signal 
peptide, a pro-peptide and mature VWF (Figure 2). 

Figure 2. Structural overview of the domains comprising VWF. New nomenclature and annotations 

of the domains in VWF. The original D domains have been re-annotated into 4 smaller domains, the 

A domains have been already studied extensively and crystal structures have been made and the 

3 original C domains have been further analyzed and re-annotated into 6 C domains [45]. O-linked 

glycosylation sites are depicted with open dots (O) and N-linked glycans are marked with a cross 

(‡).  Also the binding sites for several ligands are underlined and the location of cysteines involved 

in dimerization and multimerization are marked.
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The structure and domains of VWF has recently been re-annotated 
according to homology-modeling and structural visualization using 
electron microscopy (Figure 2) [45,46]. The two D domains that comprise 
the propeptide structure have been annotated in more detail by assessing 
their cysteine homology patterns. The two propeptide D domains are 
assemblies of a few smaller domains; a von Willebrand D (VWD) domain, 
a C8 domain with cysteines modulating the conformation by specific and 
conserved disulfide bridge formation, a TIL domain, also expressed in e.g. 
protease inhibitors, and an E repeat. These different domains were also 
visualized by using EM as 3 or 4 different lobes [45]. In the mature VWF 
protein another group of assembled TIL domains, E-repeats and VWD 
and C8 domain comprise the original D’D3 assembly which drives VWF 
multimerization [47-49]. The VWF A domains have already been well 
characterized since crystal structures have been determined [50-52]. Both 
the A1 and A3 domain have a disulfide bridge between two cysteines at the 
amino- and carboxy-terminal part of these domains [50,51]. Interestingly, 
this disulfide bond is not present within the A2 domain allowing for its 
shear stress-dependent unfolding and subsequent cleavage by ADAMTS13 
[52]. The D4 domain assembly starts with a D4N motif and is followed by 
the VWD, C8 and TIL domains. The nomenclature of the VWF C domains has 
evolved over the last 10 years [45,47,53-55]. By expressing the C-terminal 
domains of VWF (VWF-A3-CK variant) in HEK293 cells and production of 
the protein followed by EM, 6 VWF C domains were visualized and re-
annotated [46]. This C-terminal fragment of VWF visualized by EM also 
gave insight in its pH-regulated conformation. At an acid pH, as present in 
the various cellular compartments during VWF synthesis, the C domains 
of this dimeric bouquet form a compact stem, while at a more neutral 
pH, which VWF encounters in the bloodstream following exocytosis, this 
conformation is more flexible. Since the C domains have many cysteines 
repeats and sometimes also an uneven number per domain it is likely that 
also between separate C domains disulfide bonds can occur or that these 
free cysteines are involved in ligand binding. The C-terminal cysteine knot 
(CTCK) mediates dimerization of VWF and is also found in various other 
proteins [54,56]. In a C-terminal VWF dimeric variant, the CTCK domain 
forms two “feet” at the bottom as observed by EM [46]. The D’D3 and 
CTCK domains are crucial for the multimerization of VWF. 
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VWF is heavily glycosylated and contains N- and O-linked glycosylation sites 
in multiple domains, such as the D1, E-3 and several C-domains [55,57,58]. 
These sugar chains have crucial roles in for instance ADAMTS-13 cleavage 
[59,60] and glycosylation patterns have been shown to affect VWF plasma 
levels [61], for instance due to increased clearance [62]. 

Assembly of ultra-large VWF string following WPB release

Upon vascular injury or when the physiological milieu of the ECs is altered, 
for instance during inflammation, endothelial cells become activated 
resulting in WPB exocytosis. The neutral pH of blood destabilizes the 
contacts between the VWF propeptide and D’D3 domains and allows for 
unfolding and elongation of the multimers [29]. Under the influence of 
flow, unfolded VWF multimers are converted into ultra large VWF (UL-
VWF) strings, with a length of up to several millimeters [63]. Formation 
of these newly released UL-VWF strings is facilitated by joining of several 
VWF strings originating from different exocytosis sites of WPBs or secretory 
pods [39]. Due to self-association circulating VWF can also bind to newly 
released VWF multimers and elongate the UL-VWF strings [64-66]. Released 
VWF multimers bind to anchoring sites on the endothelium or in case of 
vascular injury, VWF binds to the exposed collagen and subsequently can 
bind platelets (Figure 3). The formation of functional platelet binding VWF 
strings has also been observed in non-endothelial cells [67]. Due to the 
shear force of blood flow on the coiled up VWF, the exocytosed multimers 
unfold. The VWF A1 domain contains binding sites for platelets, sulfatides, 
heparin and collagen [68-71]. The A2 domain harbors a processing site 
for the metalloprotease ADAMTS-13, which cleaves VWF multimers and 
regulates the size of circulating VWF multimers [72,73]. The A3 domain 
contains binding sites for collagen [68,74]. The unfolding of the A domains 
occurs in a multi-step process [75] in which first the A2 domain unfolds, 
making it accessible for cleavage by ADAMTS-13 under shear stress [76]. 
ADAMTS-13 does not required complete unfolding of the A2 domain in 
order to cleave VWF [52,75,76]. Shear stress also induces a conformational 
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change in the A1 domain which facilitates the binding of platelets and 
thereby formation of a platelet plug at sites of vascular injury. The A3 
domain unfolding is independent of the A1 and A2 unraveling and it has 
been reported to bind ADAMTS-13, thereby facilitating cleavage of the A2 
domain [72]. Collagen binding to the A3 domain of VWF does not require 
shear stress since the epitope is not shielded in the globular VWF molecule 
and can therefore also act as an anchoring mechanism and mediate 
platelet binding to collagen at sites of vascular injury [77]. 
The identity of the molecules anchoring VWF strings to the endothelial 
cell-surface is an ongoing debate. In vivo,  P-selectin or β3 integrin 
knockout mice are still able to produce functional platelet capturing VWF 
strings, indicating that in mice neither of these proteins alone are essential 
for VWF anchoring [78-80]. In contrast, in vitro experiments implicated 
a role for either αVβ3 integrin or P-selectin depending on experimental 
conditions in particular the presence of bivalent cations [79,80]. This raises 
the possibility that other cell surface receptors contribute to the assembly 
and/or anchoring of UL-VWF strings to endothelial cells.

Figure 3. VWF strings bind platelets under flow. HUVEC were stimulated with histamine under 

flow (2,5 dyne/cm2)  for 10 minutes to release UL-VWF strings and subsequently platelets were 

perfused. Platelets readily bound to newly released UL-VWF strings. In the lower part of the figure 

a schematic representation of HUVEC with the specific “coble-stone” morphology and released 

VWF strings decorated with platelets is shown.
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Mature VWF contains multiple N- and O-linked glycosylation sites 
[55,57,58,81]. A recent analysis showed that mature VWF contains 13 
N-glycosylation sites onto which approximately  300 distinct N-glycans 
are attached [58]. Mostly complex N-linked glycans are present on VWF 
although also high mannose containing N-linked glycans are present. Core 
fucosylation and sialylation of terminal galactose residues was frequently 
observed.  Also the ABH blood group antigens were present with similar 
abundance on complex-type N-linked glycans [58,81]. A similar mapping 
of the O-glycome of VWF revealed 18 O-linked glycan structures on 10 
consensus sites present in two clusters flanking the A1 domain and also 
within the A3 and C1 domain of VWF [55,57] (Figure 2). This analysis 
revealed that similar to the N-linked glycans, O-linked glycans on VWF 
also contain ABH-antigens. It is well-established that ABO-blood group is 
a major determinant of circulating VWF levels [82,83]. Individuals carrying 
a single or two O-alleles have significantly lower levels of circulating VWF 
[82,84]. VWF survival following administration of DDAVP in individuals 
with blood group O was significantly reduced when compared to 
non-O subjects [85]. These findings demonstrated that lack of further 
modification of the H-antigen on VWF results in its increased clearance 
from the circulation. The mechanism underlying the accelerated clearance 
of VWF in subjects with blood group O has not yet been identified, however 
several observations support the notion that glycans contribute to the 
clearance and/or regulation of plasma levels of VWF. An earlier study 
suggested a link between plasma levels of VWF and O-linked glycosylation 
[61]. Recently, a polymorphic site in the C-type lectin CLEC4M was linked 
to VWF in a large epidemiological study (the CHARGE consortium) [86]. 
Follow-up studies revealed that CLEC4M indeed binds VWF and may 
contribute to the clearance of VWF from the circulation [87]. Evidence 
has also been obtained for binding of VWF to the glycan binding proteins 
galectin 1 and 3 [88]. Additionally, the carbohydrate receptor Siglec-5 has 
been proposed as a candidate VWF clearance receptor on macrophages 
[89]. Apart from their role in clearance, N-linked glycans have also been 
implicated in ADAMTS-13 cleavage [59,60,90]. Recently, also a functional 
role for O-linked glycans on VWF has been demonstrated in vitro as well as 
in vivo [91,92]. Apart from N- and O-linked glycans other factors can also 
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influence VWF plasma levels [93]. VWF uptake by macrophages has been 
reported in vivo [94] and in vitro via the LRP receptor under shear stress 
conditions [95]. In a VWF deficient mouse model, three cysteine mutations 
(2 in the TIL3 and 1 in the C6 domain) in reconstituted recombinant 
VWF were associated with lower VWF plasma levels and a reduced VWF 
survival [96]. These observations emphasize that structural determinants 
unrelated to its glycans may also contribute to regulation of plasma levels 
of VWF. 

Von Willebrand Disease

In 1926 Erik von Willebrand described a familial haemorrhagic disorder 
that he termed hereditary pseudo-haemophilia [97]. More extensive 
studies allowed for the recognition of von Willebrand disease (VWD) as a 
clinical entity that resulted from a deficiency or dysfunction of VWF [98]. 
VWD is one of the most common inherited bleeding diseases with both 
qualitative and quantitative causal defects. Around 1% of the total world 
population suffers from a form of VWD. To date, three different types of 
VWD have been defined primarily based on bleeding phenotypes and VWF 
plasma levels [99,100]. Type 1 VWD is the most prevalent form of VWD 
and accounts for 75% of all VWD cases. It is characterized by low VWF:Ag 
levels, potentially due to increased clearance, however normal VWF 
multimer patterns in plasma are observed [101]. VWF multimers present 
in plasma of patients with type 1 VWD are able to recruit platelets and 
retain their ability to stabilize FVIII. In general, patients suffer from mild 
bleedings [102,103]. Type 2 VWD, which is characterized by a functional 
defect of VWF, is subdivided into four groups: 2A, 2B, 2N and 2M [104]. 
Type 2A patients lack high VWF multimers which results in defects in 
platelet binding [100]. Mutations in VWD type 2A are primarily localized in 
the A2 domain but may also reside in the propeptide or carboxy-terminal 
C domains of VWF [100]. The pathogenic mechanism is heterogenous and 
VWD type 2A mutations have been linked to a variety of defects in the 
biosynthesis and multimer assembly of VWF, but have also been linked 
to enhanced processing of VWF multimers by ADAMTS-13 [100,101,105]. 
VWD type 2B patients also lack high molecular weight VWF multimers, 
which is caused by increased binding of platelets to VWF [100]. Mutations 
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linked to VWD type 2B are usually located within the A1 domain and have 
been proposed to convert this domain into its active glycoprotein Ib binding 
conformation [100]. Patients with VWD type 2B present symptoms of 
thrombocytopenia, most probably caused by rapid clearance of circulating 
networks of platelet bound VWF [106]. Type 2M is characterized by a normal 
VWF multimer pattern, however circulating VWF multimers are defective 
in arresting platelets [100]. Molecular defects linked to VWD type 2M have 
been localized to the A1 and A3 domain and affect the binding of VWF to 
glycoprotein Ib or collagen [100]. Type 2N VWF has a defect in binding FVIII 
[107]. Therefore FVIII levels in circulation are markedly reduced and this 
subtype of VWD is often mistaken for hemophilia A. Genetic defects linked 
to VWD type 2N are primarily present within the amino-terminal D’ region 
of mature VWF [100]. VWD type 3 patients lack VWF antigen levels, which 
causes severe bleeding. Due to the absence of VWF, circulating FVIII levels 
are also strongly reduced in these patients [108]. A large variety of genetic 
defects have been linked to VWD type 3 which are dispersed all over the 
VWF gene [100]. Over the past few years considerable progress has been 
made in the pathological mechanism linked to type 2 and type 3 VWD. 
Progress in the characterization of type 1 VWD has been reported through 
multi-center studies in both Europe and Canada [103,109]. More recently, 
blood outgrowth endothelial cells (BOECs) have emerged as a promising 
model to explore defects in the assembly of VWF multimers, as well as 
the biogenesis of WPBs that are linked to different types of VWD [110-
112]. Extension of this approach is expected to provide major new insights 
into the pathogenic mechanism of VWD mutations linked to aberrant VWF 
biosynthesis in endothelial cells.  
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Scope of thesis

VWF is one of the most abundant proteins in WPBs and upon stimulation 
of endothelial cells it is released into the bloodstream. VWF plays a crucial 
role in haemostasis by securing the binding of blood platelets at sites of 
vascular injury. Endothelial cells in the vasculature are constantly subjected 
to the flowing blood and therefore we first investigated the effect of shear 
stress on the distribution of WPBs in endothelial cells (Chapter 2). We 
observed that even though ECs adapt to the sustained laminar flow, no 
major changes were observed in the distribution and number of WPBs. 
Since the current knowledge of the assembly of UL-VWF strings on the 
surface of endothelial cells is still limited, we next investigated the ability 
of various pharmacological inhibitors to interfere with the formation of UL-
VWF strings (Chapter 3). We found that the poly-anionic compound dextran 
sulfate was able to prevent conversion of VWF tubules into functional 
UL-VWF strings. Moreover, we showed that dextran sulfate selectively 
interferes with the release of VWF-bound WPB components. In Chapter 4 
we assessed the ability of blood outgrowth endothelial cells of two VWD 
type I patients, also designated VWD Vicenza patients (one heterozygous 
and one compound heterozygous patient) to produce functional platelet 
binding strings. The synergistic effect of the 2 mutations leading to a severe 
bleeding tendency in the compound heterozygous patient was reflected in 
the almost complete inability of this patient’s BOECs to produce platelet 
binding VWF strings. Recently, we identified the novel WPB component 
IGFBP7 and to further understand the interaction of this protein with VWF, 
we employed a chemical footprinting approach to identify the residues 
in VWF that are involved in complex formation with IGFBP7 (Chapter 5). 
Using a VWF-A3-CTCK variant, we identified lysine residues in VWF (C8-4, 
TIL-4, C6 and CTCK domains) that displayed a low TMT-127/126 ratio when 
in complex with IGFBP7, indicating that these residues were shielded in 
the complex and potentially were directly involved in binding IGFBP7. Co-
targeting studies of endogenous IGFBP7 to pseudo-WPBs generated by a 
set of VWF variants were performed in parallel to obtain insight in the 
domains contributing to the targeting of IGFBP7 to WPBs. Over the past 
decade, microRNAs have been established as crucial regulators of mRNA 
translation. We compared the expression profiles of miRNAs between 
BOEC and HUVEC in Chapter 6. We also assessed the impact of the 2 most 
abundant miRNAs on the proteome of BOEC. 
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Abstract 

Background: Vascular endothelial cells (ECs) provide a highly interactive 
barrier between blood and the underlying tissues. It is well established 
that ECs exposed to laminar flow align in the direction of flow and also 
arrange their actin stress fibers in a parallel manner in the direction of flow. 
Also the organization of the microtubule network is altered in response 
to flow with repositioning of the microtubule-organizing centre (MTOC) 
in the direction of flow. Weibel-Palade bodies (WPBs) are endothelial 
cell specific storage organelles that contain a number of important 
homeostatic and inflammatory components. Dynamics of WPBs are 
controlled by microtubules and the actin cytoskeleton. Objectives: Here, 
we monitored flow-induced changes in distribution of WPBs. Methods: 
ECs were exposed for five days to laminar shear stress of 10 dyne/cm2. 
Subsequently we measured the distance of individual WPBs with respect 
to the centre of the nucleus using Image Pro Plus. Results: ECs aligned in 
the direction of flow under these conditions. After 5 days the MTOC was 
positioned downstream of the nucleus in the direction of the flow. The 
number of WPBs per cell was slightly reduced as a result of the application 
of flow. Unexpectedly, only minor differences in the distribution of WPBs in 
ECs cultured under laminar flow were observed when compared to that of 
cells grown under static conditions. Conclusions: Our findings suggest that 
laminar flow does not induce major changes in number and distribution 
of WPBs in ECs. 

Keywords
Endothelial cells, Fluid shear, Weibel-Palade bodies, Von Willebrand Factor

Abbreviations
ECs, endothelial cells; WPBs, Weibel-Palade bodies; MTOC, microtubule 
organizing centre; VWF, von Willebrand Factor; HUVECs, human umbilical 
vein endothelial cells.
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Introduction

Endothelial cells (ECs) lining the vessel wall are of vital importance in 
maintaining vascular homeostasis. The vascular endothelium is constantly 
subjected to hemodynamic flow. ECs exposed to sustained flow have an 
artheroprotective phenotype, while at branchpoints (e.g. bifurcations) a 
disturbed or recirculating flow is observed, leading to sustained activation 
of inflammatory and proliferative pathways. As a result of this, areas 
subjected to low shear stress are susceptive for formation of atherosclerotic 
lesions [1].
The onset of laminar fluid shear stress or a disturbed flow induces various 
proliferative pathways and angiogenesis, thereby facilitating artery 
remodeling [1]. To maintain cellular homeostasis in the endothelium, 
sustained shear stress induces a feedback mechanism to minimize 
the effects of shear stress. Initially upregulated pathways become 
downregulated again and drive the cell towards a non-proliferative and 
artheroprotective state [1, 2]. In these artheroprotective regions the 
cells release components promoting cell survival [1, 3]. Additionally, 
morphological changes in confluent monolayer of ECs are induced. The 
cells become elongated and align parallel to the direction of the flow 
within 24 to 48 hours [4]. The nuclei of ECs will orient themselves parallel 
to the flow to minimize the effects of the fluid shear stress. Cells exposed 
to lower shear stress will display more rounded nuclei [5]. Sustained 
mechanotransduction leads to actin polymerization (12) and induced actin 
stress fiber formation that align in the direction of flow (13). Prolonged 
shear stress results in  polarization of the cell and translocation of the 
microtubule organizing centre (MTOC) downstream of the nucleus in vivo 
[6]. A random organization of the microtubule network is observed in 
cells cultured under static conditions, while cells subjected to prolonged 
shear stress displayed a bi-directional remodeling and stabilization of the 
microtubules [7].
ECs contain specific cigar-shaped storage organelles, designated Weibel-
Palade bodies (WPBs), which contain for instance von Willebrand factor 
(VWF), P-selectin, interleukin-8, angiopoietin-2 and osteoprotegerin [8-11]. 
Platelet binding to activated ECs excreting VWF is involved in the initiation 
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and formation of atherosclerotic lesions [12]. VWF is known to play an 
active role in angiogenesis [13], inflammation, recruitment of leukocytes 
and binding of platelets under shear stress and thereby contributes to the 
formation of atherosclerotic lesions [14, 15]. 
Upon activation of ECs in response to stimuli, for instance thrombin or 
histamine, WPBs fuse with the cell membrane and release their contents 
into the bloodstream. It is well-established that WPBs are linked to 
microtubules as well as to the actin cytoskeleton  [16, 17]. Interaction 
of microtubules with the actin cytoskeleton regulates dynamics of WPBs 
near the plasma membrane [18]. A complex of Rab27A/MyRIP and 
myosin Va has been shown to anchor WPBs to the actin cytoskeleton 
[19-21]. Motor protein complexes regulate plus and minus end directed 
transport of WPBs along microtubule [18, 22, 23]. Increased actin stress 
fiber formation has been associated with reduced VWF secretion [16]. In 
view of its pronounced effects of laminar shear stress on the microtubule 
network and actin cytoskeleton we anticipated that the distribution of 
WPBs in endothelial cell would also be affected. Unexpectedly, laminar 
shear stress did not induce major changes in distribution of WPBs when 
compared to ECs cultured under static conditions. 
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Materials and methods

Reagents and antibodies

Phosphate buffered saline (PBS) was from Fresenius Kabi (‘s-Hertogenbosch, 
the Netherlands), methanol was purchased from Merck (Darmstadt, 
Germany) and saponin was obtained from Sigma. Human serum albumin 
(HSA) was obtained from Sanquin (Amsterdam, the Netherlands). Mouse 
monoclonal anti-VWF antibody CLB-RAg20 (subclass IgG2b) has been 
described previously [24]. Rabbit anti β-catenin (sc-7199) antibody was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA), mouse IgG1 
anti γ-tubulin (1:1000) was obtained from Sigma Aldrich (Steinheim, 
Germany), and Alexa  488-, 568-, 633-conjugated secondary antibodies 
and 488-conjugated phalloidin were from Molecular Probes (Breda, the 
Netherlands). Mowiol 4-88 reagent was purchased from Calbiochem 
(La Jolla, CA) and 37% formaldehyde was from JT Baker (Deventer, the 
Netherlands). 

Cell culture

Human umbilical vein endothelial cells (HUVECs) were isolated from 
umbilical veins and cultured in endothelial growth medium-2 medium 
supplemented with growth factors (Lonza Walkersville). HUVECs passage 
1 up to 3 were used for experiments. HUVEC were cultured under flow 
using IBIDI pump system (IBIDI GmbH, Munchen, Germany). The ECs were 
cultured to 100% confluence in T25 or T80 culture flasks (maximal passage 
number 3), trypsinized and resuspended in 0.8 or 3 ml of culture media, 
respectively. Cells were seeded in fibronectin (2 mg/ml) coated IBIDI 
µ-Slide l0.4 Luer (IBIDI GmbH). Cells were cultured statically for 4 hours 
to allow for attachment and subsequently the µ-Slide was connected to 
the IBIDI pump system. Shear-stress levels were gradually increased over 
several hours (2,5 to 10 dyne/cm2) to allow for adaptation to continuous 
laminar flow. Cells were cultured for 5 days at 10 dyne/cm2. 

Immunofluorescence

Following culturing under flow, HUVECs were fixed with 3.7 % para-
formaldehyde (PFA) at 37 °C (5 min at 2,5 dyne/cm2 and 5 min statically) 
and incubated with ice-cold methanol for 10 minutes. WPBs were 
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visualized using monoclonal CLB-RAg20 primary antibody directed against 
human VWF and Alexa 488 conjugated goat anti-mouse IgG2b, the cellular 
membrane was visualized using polyclonal rabbit anti β-catenin antibody 
and Alexa goat anti-rabbit 633 and the microtubule organizing center 
(MTOC) with mouse anti γ-tubulin antibody in combination with the Alexa 
goat anti-mouse IgG1-568 secondary antibody. Antibody incubations were 
performed in PBS supplemented with 1% HSA and 0.02% saponin. Cells 
were mounted in Mowiol 4-88 and analyzed by confocal microscopy using 
a LSM510 microscope and a plan-neofluor 40x or 63x/0.3 oil immersion 
lens (Carl Zeiss, Sliedrecht, the Netherlands). Adequate adaptation to flow 
was confirmed by translocation of the MTOC.

Quantification of WPB distribution and MTOC translocation

The distribution of WPBs (distance between individual WPBs and the 
MTOC) was determined as described previously [25]. In short, randomly 
chosen single-cell z-stacks were analyzed using Image Pro Plus 6.1 software 
(Media Cybernetics, Breda, The Netherlands) with 3D constructor tool to 
determine WPB distribution. The localization of individual WPBs and the 
MTOC in the 3D model was represented in x, y and z coordinates. Using the 
β-catenin staining for visualization of the membrane and regarding this as 
one structure, the 3D constructor tool determines the center coordinates 
of the cell. The distance between the individual WPBs and MTOC/center of 
the cell was calculated using the following formula: d = √((xWPB-xMTOC)2 
+ (yWPB – yMTOC)2 + (zWPB – zMTOC)2). The flow direction in the samples 
subjected to shear stress was from left to right and the MTOC localization 
was designated as upstream when left, or downstream when right of the 
center of the nucleus.

Statistics

Differences in MTOC translocation, distribution of WPBs and number of 
WPBs per cell were analyzed using a Student’s t-test with significance 
assumed at p < 0.05.
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Results

Sustained laminar shear stress induces polarization of the cell

To assess the morphology of ECs subjected to sustained laminar flow, 
we cultured HUVECs to confluence for five days in µ-Slide l0.4 Luer IBIDI 
flowchambers, either statically or under continuous laminar flow (10 
dyne/cm2). HUVECs cultured under static conditions had the characteristic 
cobblestone morphology, while HUVECs exposed to shear stress were 
elongated and aligned parallel to the flow direction (Figure S1A) in 
agreement with the phenotype of polarized ECs [7, 26]. To further analyze 
the shear stress induced morphological changes, actin stress fibers were 
visualized. Fluid shear stress induced actin stress fiber alignment parallel 
to the direction of the flow, while cells cultured under static conditions 
displayed random stress fibers (Figure S1B). 

Sustained shear stress induces MTOC polarization 

To investigate the influence of prolonged shear stress on the localization 
of the microtubule organizing center (MTOC) and the distribution of 
microtubule associated WPBs, fixed cells were incubated with antibodies 
directed against γ-tubulin, VWF and β-catenin to visualize the MTOC, WPBs 
and cell membrane, respectively. The position of the MTOC in relation to 
the nucleus in the cells was assessed for each condition in three randomly 
chosen optical fields with a 40x objective lens (Fig. 1A) and in single-cell 
close-ups (z-stacks) of 20 randomly chosen cells with a 63x lens. Laminar 
shear stress induced translocation of the MTOC towards the downstream 
side of the nucleus, while under static conditions the MTOC was positioned 
randomly on either side of the nucleus (Figure 1B). 

Prolonged shear stress significantly decreased the average number of WPBs 
per cell and induced a small but significant change in WPB distribution

Subsequently the positioning of the WPBs relative to the MTOC or 
center of the cell was determined in 20 single cell z-stacks per condition 
(Figure 1C). The distance of each individual WPB to the MTOC or center 
of the cell was calculated, using their defined x, y and z-coordinates and 
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Figure 1. Sustained shear stress induces MTOC translocation. (A) Immunofluorescence image 

of cells cultured under static or shear stress conditions. Membranes were immunostained for 

β-catenin in light blue, MTOC (γ-tubulin) in red and nuclei (DAPI) in white. (B) Quantification of 

endothelial cell polarization. Cells cultured statically displayed a random positioning of the MTOC, 

while sustained laminar flow induced a significant MTOC translocation towards the downstream 

side of the nucleus. (C) Immunofluorescence image of cells cultured under static (a and b) or shear 

stress conditions (c and d). Membranes were immunostained for β-catenin in blue, WPBs (VWF) in 

green, MTOC (γ-tubulin) in red and nuclei (DAPI) in magenta. (D) Shear stress affected the average 

number of WPBs per cell. Cells cultured under flow contained a significantly reduced average 

number of WPBs compared to cells cultured statically. **P<0.01 by Student’s t-test; N=2 to 3 per 

group. MTOC translocation was shown as mean plus or minus SD and assessed in an average of 100 

cells per condition in each experiment. The number of WPBs per cell was shown as mean plus or 

minus SD and was determined in 20 cells per condition in each experiment.
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categorized in distance intervals of 5 µm. A small but significant effect was 
observed on the average number of WPBs per cell. Cells cultured under 
static conditions contained approximately 128 WPBs per cell, while this 
was decreased to an average of 109 WPBs in cells cultured under shear 
stress (Figure 1D). HUVECs exposed to shear stress were elongated and 
therefore the WPBs were distributed over a broader range of distance 
intervals when compared to the distribution of WPBs in static cells. The 
overall trend of WPB distribution in cells cultured under static and flow 

Figure 2.  WPB distribution in cell cultured statically or under flow. WPB distribution of EC 

cultured under static conditions or exposed to prolonged laminar flow. The distance of individual 

WPBs to the center of the cell is listed on the y-axis. Distance intervals of 5 μm were selected for 

this analysis. The percentage of total WPBs within the 5 μm intervals is listed on the x-axis. Twenty 

randomly chosen cells were analyzed per experiment. In total 2 to 3 experiments were performed. 

Black bars denote distribution of WPBs in EC cultured under static conditions. Grey bars denote 

distribution of WPBs in EC cultured under flow.  
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conditions was quite similar (Figure 2). Similar results were obtained when 
the MTOC was used as a reference point (Figure S2). WPB localization was 
categorized as upstream (left) or downstream (right) of the center of the 
cell. A small but significant effect was observed in WPB distribution in cells 
cultured under flow (Figure 3). In HUVECs cultured under laminar flow the 
percentage of WPBs upstream of the center of the cell was slightly higher 
when compared to cells cultured under static conditions. 

Figure 3. Sustained shear stress induced a small but significant shift in WPB distribution. 

The position of WPBs relative to the center of the cell was assessed in 20 individual cells per 

experimental condition. The WPBs were designated as upstream when left, or downstream when 

right of the center of the cell. Data was shown as mean plus or minus SD and was determined in 

20 cells per condition in each experiment. In total 2 to 3 experiments were performed. *P<0.05 by 

Student’s t-test.
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Discussion

Shear stress induces both short term and long term effects on endothelial 
cell function. In response to prolonged fluid shear stress ECs acquire an 
artheroprotective gene expression profile whereas at sites of disturbed 
flow genes that promote atherogenesis are upregulated [27]. Sustained 
laminar shear stress induces EC alignment in the direction of flow that 
coincides with remodeling of the cytoskeleton [28]. Morphological changes 
of ECs in response to mechanical stimuli also induce reorganization of the 
cell-cell contacts at junctions. The cytoplasmic domains of transmembrane 
proteins located at these cell-cell junctions (e.g. β-catenin) are linked to 
the cytoskeleton [29]. Staining for β-catenin in cells exposed to prolonged 
shear stress showed an intense but discontinuous and fragmented staining, 
while in cells cultured under static conditions the staining lining the cell 
membrane is continuous (Figure 1A). This confirms previous findings 
that revealed that after 48 hours the expression of β-catenin is increased 
but the expression pattern is irregular. In this study we demonstrated 
that prolonged shear stress does not induce major differences in the 
distribution of WPBs in ECs. WPBs are anchored to the actin cytoskeleton 
as well as to microtubules [16, 18, 19, 22]. It has been reported that long-
range motion of WPBs are microtubule-dependent, whereas Rab27A/
MyRIP/myosin Va dependent anchoring of WPBs to the actin cytoskeleton 
limits their mobility [18, 20, 21, 30]. In ECs exposed to prolonged shear 
stress the actin stress fibers aligned with the direction of the flow (Figure 
S1B). Despite the remodeling of these cytoskeletal components, the WPB 
distribution was not drastically altered in response to shear stress.  
In this study we have both analyzed the distribution of WPBs relative to 
the MTOC as well as relative to the center of the cell. Consistent with 
previous observations translocation of the MTOC downstream of the 
nucleus is observed for cells cultured under laminar flow (Figure 1B) [6]. In 
ECs subjected to shear stress the surface area upstream of the MTOC is on 
average larger than that downstream of the MTOC. A random distribution 
of WPBs can potentially overestimate the number of WPBs upstream of 
the MTOC due to the different sizes of both areas. Therefore the center of 
the cell was used as reference point for analyzing the distribution of WPBs. 
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In cells cultured under flow a small but significantly increased percentage 
of WPBs was localized upstream of the center of the cell (Figure 3). 
Prolonged shear stress induces elongation of ECs, which affects the 
distribution of WPBs in endothelial cells (Figure 2). In ECs cultured under 
static conditions the majority of WPBs are located within 20 μm of the 
center of the cells whereas in cells cultured under flow a considerable 
number of WPBs is present beyond a distance of 20 μm (Figure 2). Following 
release of WPBs VWF multimers assemble into ultra large VWF strings 
on the surface of ECs [11, 31]. We anticipate that simultaneous agonist-
induced release of WPBs from elongated cells may facilitate assembly of 
ultra large VWF strings. 
We observed a small but significant decrease in number of WPBs in cells 
cultured under flow (Figure 1D). We did not explore the mechanism by 
which flow reduces the number of WPBs. Potentially this could be due 
to release or decreased biogenesis of WPBs. It has been reported that 
sustained flow induces the expression of transcription factor KLF2 in ECs in 
vitro [2] and in vivo [32]. Overexpression of KLF2 using a lentiviral delivery 
system increased the average number of WPBs per cell [33]. Upregulation 
of KLF2 expression by laminar shear stress may result in only a modest 
effect on VWF levels when compared to lentiviral overexpression of KLF2. 
In vivo, in large veins the shear stress level are lowest and go up to 1 dyne/
cm2, while in the smaller venules and arterioles the shear stress levels 
range from 20 to 80 dyne/cm2 [34]. At branchpoints or curves a disturbed 
flow is observed and various wall shear stress levels can be measured 
[34]. In our experimental set-up we subjected ECs to 10 dyne/cm2; higher 
levels of sustained laminar shear stress might induce additional changes 
in ECs potentially resulting in a different number and /or distribution of 
WPBs. Taken together, our data suggest that at moderate shear stress 
levels ECs adapt to sustained mechanotransduction without modifying the 
intracellular distribution of WPBs. 
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Supplementary data

Figure S1. Sustained laminar shear stress induces polarization of ECs. (A) Phase contrast images 

of HUVECs cultured statically or under shear stress conditions (5 days 10 dyne/cm2). Cells exposed 

to shear stress were elongated and aligned in the direction of flow, while under static conditions 

they display the characteristic cobblestone morphology. (B) F-actin staining of EC cultured under 

static or prolonged laminar fluid shear stress conditions. Nuclei were stained with DAPI (red). Arrow 

indicates the direction of flow (from left to right). 
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Figure S2. WPB distribution in cells cultured statically or under flow with either MTOC or center 

of cell as reference point. (A) WPB distribution in cells cultured under static conditions. The black 

bars represent the distribution using MTOC as reference point and the grey bars represent the data 

analyzed relative to the center of the cell. (B) WPB distribution in cells exposed to sustained laminar 

flow. Also here we observed a similar trend in distribution using either the MTOC or center of the 

cell as reference point. Twenty randomly chosen cells were analyzed per experiment. In total 2 to 

3 experiments were performed. 
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Abstract 

Vascular endothelial cells contain elongated storage organelles, designated 
Weibel-Palade bodies (WPBs), which upon exocytosis release various 
components into the bloodstream. The main protein stored in WPBs is 
von Willebrand factor (VWF), a multimeric glycoprotein which is crucial 
for binding platelets under shear stress. Upon exocytosis of WPBs VWF 
multimers assemble into ultra large VWF (UL-VWF) strings that remain 
anchored to the surface of endothelial cells. Our current knowledge on 
the assembly of UL-VWF strings upon WPB release is limited. In this study 
we investigated the ability of different pharmacological compounds to 
interfere with assembly of UL-VWF strings on the surface of endothelial 
cells. Increasing concentrations of heparin (50 to 250 μg/ml) did not affect 
the number and length of UL-VWF strings on endothelial cells following 
stimulation with histamine. Also mannan (0.5 to 5 mg/ml) did not abrogate 
UL-VWF string formation, indicating that mannan-sensitive C-type lectins 
do not contribute to assembly of UL-VWF strings. Incubation with the 
sulfated poly-anion dextran sulfate (at concentrations of 50 to 250 μg/ml) 
completely abolished histamine-induced formation of UL-VWF strings. We 
subsequently monitored whether dextran sulfate blocked release of WPBs 
under static conditions. Dextran sulfate showed a marked inhibition of 
histamine- and ionomycin-induced VWF release. Strikingly, release of VWF 
propeptide was not affected by dextran sulfate. Confocal and scanning 
electron microscopy revealed that VWF containing clusters, most likely 
originating from fused WPBs, were present on the plasma membrane of 
cells stimulated in the presence of dextran sulfate. Our findings suggest 
that dextran sulfate prevents the conversion of newly released VWF 
multimers into UL-VWF strings following fusion of WPBs with the plasma 
membrane. 

Keywords   
Von Willebrand factor, endothelial cells, Weibel-Palade bodies, dextran 
sulfate
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Introduction

Vascular endothelial cells (ECs) provide a highly interactive barrier 
between blood and the underlying tissues and are of vital importance 
in maintaining vascular homeostasis [1]. ECs contain specific cigar-
shaped storage organelles, designated Weibel-Palade bodies (WPBs), 
that provide a reservoir of inflammatory, angiogenic and haemostatic 
components. Upon stimulation the contained proteins are rapidly 
released into the bloodstream [2,3]. The main protein stored in WPBs 
is von Willebrand factor (VWF), a multimeric glycoprotein with a crucial 
role in binding of platelets upon vascular injury [4]. It is well-established 
that condensation of VWF tubules in the trans-Golgi network is crucial 
for the biogenesis of WPBs [5-7]. In agreement with these observations 
heterologous expression of VWF in non-endothelial cells induces the 
formation of WPBs [5,8]. Conversely, endothelial cells lacking VWF do 
not contain WPBs [9,10]. More recently, analysis of blood outgrowth 
endothelial cells derived of von Willebrand disease (VWD) patients 
revealed morphological abnormalities of WPBs, further illustrating the 
crucial role of VWF in WPB biogenesis [11-13]. Both in vitro and in vivo 
approaches have suggested that VWF-induced tubule assembly directs 
the formation of elongated WPBs [14,15]. Upon exocytosis of WPBs 
the released VWF multimers assemble into ultra large VWF (UL-VWF) 
strings that remain anchored to the surface of endothelial cells [2,16]. 
Direct conversion of VWF tubules into UL-VWF strings following WPB 
exocytosis has been proposed by several studies [14,15]. However,  
UL-VWF strings were also observed following exocytosis of spherical FVIII-
containing WPBs that lacked helical tubules in endothelial cells [17]. These 
observations suggest that formation of UL-VWF strings is not critically 
dependent on the presence of VWF tubules. Recently, fusion of multiple 
WPBs prior to exocytosis in so-called “secretory pods” has been observed 
[18]. From these findings it was hypothesized that VWF tubules, derived 
from multiple WPBs, disassemble in these secretory pods and that UL-VWF 
strings are subsequently generated in this compartment [2]. To increase 
our knowledge on the conversion of VWF tubules as stored in WPBs into 
UL-VWF strings we investigated the ability of different pharmacological 
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compounds to interfere with assembly of UL-VWF strings. We show that 
high molecular weight dextran sulfate interferes with the assembly of  
UL-VWF strings by prohibiting the release of VWF. Interestingly, dextran 
sulfate did not affect release of VWF propeptide. Our findings provide 
evidence for the selective inhibition of UL-VWF release and associated 
WPB-cargo by pharmacological inhibitors like dextran sulfate. 
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Materials and methods

Reagents and antibodies

Mouse monoclonal anti-VWF antibody CLB-RAg 20 (subclass IgG2b) 
and CLB-Pro14.3 have been described previously [19,20]. Phosphate 
buffered saline (PBS) was from Fresenius Kabi (‘s-Hertogenbosch, the 
Netherlands). Dextran sulfate sodium salt (dextran sulfate), heparin 
sodium salt (HE), NaN

3, fucoidan, mannan, polyinosinic and polycytidylic 
acid potassium (Poly(I) and Poly(C)), histamine and ionomycin were from 
Sigma-Aldrich (Steinheim, Germany). Mowiol 4-88 reagent was purchased 
from Calbiochem (La Jolla, CA) and 37% formaldehyde was from JT Baker 
(Deventer, the Netherlands). 

Cell culture

Cryo-preserved pooled human umbilical vein endothelial cells (HUVECs) 
were purchased from PromoCell (Heidelberg, Germany). ECs were cultured 
in endothelial growth medium-2 medium supplemented with growth 
factors (Lonza, Verviers, Belgium) and 20% FCS (EGM-20). HUVEC were 
cultured to 100% confluence in collagen type I coated T150 culture flasks 
(passage 5 or 6), trypsinized and resuspended in 6 ml of culture media. 
Cells were seeded in fibronectin (2 mg/ml) coated IBIDI µ-Slide l0.4 Luer 
(IBIDI GmbH, Germany), cultured for 4 days and medium was refreshed 24 
hours before the perfusion experiment. For static stimulation experiments, 
cells from confluent T150 culture flasks were plated in fibronectin coated 
6-wells plates. 

Preparation of antibody-coated microspheres

Fluoresbrite plain YG microspheres (Ø 3 μm) (Polysciences, Warrington, 
PA) were washed three times with 0.1 M boric acid buffer (pH 8.5), 
centrifuged (2000 x g) for 5 minutes, resuspended in borate buffer 
supplemented with polyclonal rabbit anti-human VWF antibody (DAKO, 
Glostrup, Denmark), monoclonal mouse anti-VWF CLB-RAg20 antibody, 
monoclonal mouse anti-human IGFBP7 (R&D Systems, Minneapolis, MN) 
or monoclonal mouse anti-VWF propeptide CLB-Pro-17 antibody and 
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incubated overnight at room temperature in an end-over-end rotor to 
allow random adsorption. The antibody-coated beads were centrifuged 
and blocked with borate buffer containing 10 mg/ml BSA on a rotor 
(three times 30 minutes at room temperature). The coated beads were 
resuspended in storage buffer (PBS containing 10 mg/ml BSA, 0.1% NaN3 
and 5% glycerol) at a concentration of 3.4x108 beads/ml. For perfusion 
experiment the beads were diluted 100 times.

UL-VWF string formation in perfusion experiments

Pre-incubations and perfusion experiments were performed at 37°C and 
5% CO2. HUVEC were cultured in flowchambers for 4 days. HUVEC were 
statically pre-incubated for 30 minutes with various pharmacological 
inhibitors in serum free medium (50% RPMI, 50% M199, 150 mg/l 
l-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin, all obtained 
from Invitrogen) and stimulated for 10 minutes with 100 μM histamine or 
1 μM ionomycin at 2,5 dyne/cm2. Released UL-VWF strings were visualized 
by perfusion of beads (3.4 x 106 beads/ml) coated with a monoclonal  
(CLB-RAg 20) or polyclonal anti-VWF antibody (DAKO) or beads coated 
with anti-IGFBP7 or anti-VWF propeptide antibody. After 5 minutes of 
stimulation with histamine or ionomycin images of 20 randomly chosen 
optical fields were taken using a Zeiss Axiovert 200 microscope with a  
20x objective (Carl Zeiss, Sliedrecht, the Netherlands). Images were 
analyzed using ImageJ 1.45s software (Rasband, International Institutes 
of Health, Bethesda, USA). The length and number of formed VWF strings 
was determined; 2 beads on a string larger than 20 μm was considered a 
VWF string.

VWF and VWF propeptide release from statically stimulated ECs in 
presence of dextran sulfate

HUVEC were cultured for 4 days in 6-wells plates, washed 3 times with 
SF-medium, pre-incubated for 30 minutes with SF-medium supplemented 
with 0, 50, 100 or 250 μg/ml dextran sulfate and subsequently stimulated 
for 10 minutes with 100 μM histamine or 1 μM ionomycin in SF medium 
containing different concentrations of dextran sulfate. Medium was 
collected and subsequently VWF and VWF-propeptide release was 
measured by ELISA [21]. 
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Confocal and scanning electron microscopy

ECs were cultured on fibronectin coated glass coverslips in a 6-wells plate 
for 4 days. Cells were pre-incubated with 0, 50, 100 or 250 μg/ml dextran 
sulfate and stimulated with histamine. To visually monitor VWF release, an 
Alexa-488 conjugated polyclonal anti-VWF antibody or a control Alexa-488-
conjugated rabbit IgG was added to the conditioned medium during pre-
incubation and stimulation. Purified IgG’s were labeled using the Microscale 
Alexa Fluor 488 Protein Labeling kit (Invitrogen, Breda, The Netherlands). 
Cells were fixed after stimulation with 3,7% paraformaldehyde for  
10 minutes and washed with PBS. Cells were mounted in Mowiol 4-88 
and analyzed by confocal microscopy using a LSM510 microscope and a 
plan-neofluor 40x or 63x/0.3 oil immersion lens (Carl Zeiss, Sliedrecht, the 
Netherlands). For scanning electron microscopy HUVEC were processed in 
a similar manner as described above for confocal microscopy. Cells were 
stimulated for 10 minutes with 100 μM histamine and subsequently fixed 
with 3% paraformaldehyde. Cells were washed with PBS and additionally 
fixed in 1.5% glutaraldehyde in 0.1 M Na-cacodylate buffer for at least 
1 hour, dehydrated and critical point dried and further processed as 
described before [18].

Statistical analysis

Differences in length and number of VWF strings or amount of released 
VWF or VWF propeptide were analyzed using a Student’s t-test with 
significance assumed at p<0.05.
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Results

Dextran sulfate prohibits VWF string formation

The effect of different inhibitors on assembly of UL-VWF strings on 
the surface of ECs subjected to flow was evaluated. HUVEC were pre-
incubated for 30 minutes with various concentrations of inhibitors and 
subsequently stimulated under flow. VWF strings were visualized by 
anti-VWF coated beads (Figure 1). Increasing concentrations of heparin 
(50 to 250 μg/ml) did not reduce the number of VWF strings assembled 
(Figure 1 and Figure 2A). Also, the length of newly formed UL-VWF strings 
(ranging from 20 to over 400 μm) following stimulation with histamine was 
similar to that of control cells stimulated with histamine in the absence 
of heparin (Figure 2B). Incubation with high molecular weight polymers 
of the sulfated poly-anion dextran sulfate almost completely abolished 
histamine-induced formation of UL-VWF strings (Figure 1; Figure 2A and 
B). Also, ionomycin induced formation of UL-VWF strings was impaired 
under these conditions indicating that the dextran sulfate did not block 
the interaction of histamine with its receptor (Figure 2C). Recently, the 
C-type lectin receptor CLEC4M has been shown to bind and internalize 
VWF [22]. This observation prompted us to study whether C-type lectin 
receptors contribute to the formation and/or anchoring of VWF strings. 

Figure 1. Visualization of VWF strings in 

presence of dextran sulfate or heparin. 

HUVEC were statically pre-incubated 

with 50 μg/ml of high molecular weight 

dextran sulfate or heparin in serum-free 

medium and stimulated under flow (2,5 

dyne/cm2) with histamine. Perfusion of 

beads coated with a monoclonal anti-

VWF antibody visualized newly released 

UL-VWF strings on the surface of ECs.

Scale bars represent 50 μm.
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Pre-incubation with increasing concentrations of mannan (up to 5 mg/ml) 
did not affect the formation of VWF strings (Figure 2D). Taken together 
our findings show that the poly-anion dextran sulfate interferes with the 
assembly of VWF strings on the surface of endothelial cells.  

Figure 2. Dextran sulfate prohibits VWF string formation. HUVEC were pre-incubated with various 

concentrations of high molecular weight dextran sulfate or heparin and stimulated under flow 

with histamine. Subsequently the amount and length of assembled VWF strings was assessed.  

(A) Increasing concentrations of dextran sulfate (DXS) markedly reduced the number of formed 

VWF strings, while cells incubated with heparin (HE) showed similar numbers of formed VWF strings 

compared to control cells stimulated in the absence of heparin or dextran sulfate. (B) The length of 

UL-VWF strings in the presence of dextran sulfate was also decreased. Increasing concentrations 

of heparin did not exhibit an effect on the length of assembled strings. (C) Ionomycin stimulated 

release of VWF strings in presence of increasing concentrations of high MW dextran sulfate was also 

impaired, similar to histamine-induced VWF release (data shown of 1 representative experiment). 

(D) HUVEC pre-incubated with increasing concentrations of mannan (a ligand for C-type lectins) 

and stimulated under flow with histamine showed no difference in number of formed VWF strings 

when compared to control cells (data shown of a single representative experiment). (*p<0.05 and 

**p<0.01 by Student’s t-test). 
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Figure 3. Multiple pharmacological poly-anionic inhibitors block VWF string formation. (A) HUVEC 

pre-incubated with various concentrations of fucoidan showed a reduced number of VWF strings. 

(B) Length of VWF strings was also decreased. (C) When ECs were incubated with 200 μg of Poly(I) 

the VWF string formation was inhibited, while with Poly(C) (a control for Poly(I)) did not affect VWF 

string assembly. (D) HUVEC pre-incubated with 1 mg/ml of low molecular weight dextran sulfate 

(DXS) (up to 20.000) and stimulated under flow with histamine showed no difference in number of 

VWF strings when compared to control cells. 
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Multiple pharmacological poly-anionic inhibitors block the formation of 
VWF strings

Next, we investigated the effect of fucoidan, a sulfated polysaccharide      
(average MW of 20,000) and a known ligand for scavenger receptors (SRs) 
and selectins, on the formation of UL-VWF strings on ECs. Fucoidan at a 
concentration of 500 μg/ml completely abolished VWF string formation 
(Figure 3A). Also lower concentrations of fucoidan inhibited VWF string 
formation in a dose-dependent manner. The length of the newly released 
VWF strings was also reduced when compared to that of control cells 
(Figure 3B). Both dextran sulfate and fucoidan have been shown to block 
the binding of ligands to class A scavenger receptors [23]. Also polyinosinic 
acid (Poly(I)) has been reported to block the binding of ligands to this class 
of receptors [23,24]. When ECs were incubated with 200 μg/ml Poly(I), VWF 
string formation was inhibited (Figure 3C). Also the length of the residual 
strings was shorter, similar to the data obtained for dextran sulfate (Figure 
3D). As a control for Poly(I), the ECs were incubated with polycytidylic acid 
potassium salt (Poly(C)). Poly(C) had no effect on either the formation or 
length of VWF strings (Figure 3C and D). We also determined whether low 
molecular weight dextran sulfate can block the formation of VWF strings 
on the surface of endothelial cells. Low molecular weight dextran sulfate 
of up to 20 kDa did not affect the assembly of VWF strings. The length of 
VWF strings was not reduced and also smaller size polymers of dextran 
sulfate did not decrease the amount of UL-VWF strings on the surface of 
endothelial cells (Figure 3E and F). 

Morphological analysis of dextran sulfate-treated endothelial cells 

Cells were incubated with an Alexa-488 conjugated polyclonal anti-VWF 
antibody during pre-incubation and stimulation to monitor VWF release 
in the presence of dextran sulfate. Confocal microscopy revealed that 
VWF containing clusters, most likely originating from fused WPBs, were 
present on the plasma membrane of cells stimulated in the presence of 
dextran sulfate (Figure 4A). In control cells stimulated with histamine in 
the absence of dextran sulfate these structures were not observed. For 
analysis with SEM, ECs were fixed after pre-incubation and stimulation 
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with conditioned medium and histamine. SEM showed VWF filaments on 
the surface of cells stimulated with histamine while these structures were 
not observed in presence of dextran sulfate (Figure 4B). These results 
suggest that dextran sulfate prevents the conversion of newly released 
VWF multimers into UL-VWF strings following fusion of WPBs with the 
plasma membrane.

Figure 4. Confocal microscopy and SEM revealed impaired formation of UL-VWF strings upon 

pre-treatment with dextran sulfate. Cells were incubated with dextran sulfate (DXS) and Alexa488-

conjugated polyclonal anti-VWF antibody during pre-incubation and stimulation. Subsequently 

cells were fixed and analyzed by confocal microscopy. (A) Cells incubated with dextran sulfate 

showed an increased number of VWF “patches” on the cell membrane when compared to control 

cells. Scale bars represent 20 μm. (B) SEM showed VWF filaments on the surface of cells stimulated 

with histamine, while these structures were not observed in presence of dextran sulfate.
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Dextran sulfate impairs VWF release, but not VWF propeptide release 

We subsequently monitored whether dextran sulfate blocked fusion of 
WPBs with the plasma membrane of ECs under static conditions. Cells were 
incubated with dextran sulfate and stimulated with histamine. Release of 
VWF and propeptide into the medium was analyzed by ELISA. A marked 
inhibition of histamine induced VWF release was observed in endothelial 
cells pre-treated with dextran sulfate (Figure 5). Interestingly, release of 
VWF propeptide was not affected by pre-incubation with dextran sulfate. 
These findings suggest that dextran sulfate does not inhibit fusion of WPBs 
with the plasma membrane but rather prohibits the assembly of UL-VWF 
strings following WPB release.

Visualization of stimulated release of VWF-associated IGFBP7 and non-
VWF bound propeptide

In the previous paragraph we have shown that release of VWF propeptide 
is not inhibited by dextran sulfate. We subsequently addressed whether 
VWF propeptide is linked to UL-VWF strings. Histamine stimulated HUVEC 
were perfused with beads coated with antibodies against VWF and VWF 
propeptide (Figure 6A). We have recently shown that IGFBP7 is present 
within WPBs and is bound to UL-VWF strings following release of WPBs 
under flow [25]. Therefore, anti-IGFBP7 coated beads were also included 

Figure 5. Dextran sulfate impairs VWF but not VWF pro-peptide release from WPBs. (A) Cells 

statically incubated with 50 ug/ml of high MW dextran sulfate (DXS) showed a marked reduction 

of histamine stimulated VWF release when compared to control cells. (B) VWF pro-peptide release 

was not altered. One representative experiment (out of 3) is displayed. 
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in this experimental set-up. Both anti-VWF and anti-IGFBP7 coated 
beads rapidly bound to released VWF strings, while beads coated with 
an antibody against propeptide showed very little binding to string-like 
structures (Figure 6A and B). A lower number of strings covered with anti-
VWF propeptide beads was observed per field and also these strings were 
shorter when compared to strings covered with anti-VWF and anti-IGFBP7 
beads (Figure 6B and C). These data indicate that not all WPB components 
are bound to UL-VWF strings following their release from endothelial cells.  
Our data also suggest that pharmacological inhibitors such as dextran 
sulfate selectively interfere with release of WPB components that remain 
attached to UL-VWF strings following their release into the vascular lumen. 

Figure 6. IGFBP7 is incorporated into UL-VWF strings following stimulation, while VWF propeptide 

is not. HUVEC were stimulated under flow with histamine for 10 minutes. (A) VWF strings were 

visualized using monoclonal anti-VWF coated beads. Incorporated IGFBP7 was visualized using 

monoclonal anti-IGFBP7 coated beads. (B) Number of antibody coated strings for beads coated 

with anti-VWF, anti-IGFBP7 and anti-VWF propeptide. (C) Length of strings binding beads coated 

with anti-VWF, anti-IGFBP7 and anti-VWF propeptide. Scale bars represent 50 μm.
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Discussion

VWF tubules present in WPBs are rapidly converted into UL-VWF string 
on the surface of ECs by an as yet undefined mechanism [2,16]. To further 
investigate the assembly of these bioactive VWF strings, we assessed 
the ability of various pharmacological compounds to interfere with the 
formation or anchoring of VWF strings to ECs. We observed that dextran 
sulfate, Poly(I) and fucoidan greatly reduced the number of VWF strings. 
In contrast, Poly(C) and heparin did not affect the assembly of UL-VWF 
strings. Reduced VWF string formation might be caused by binding of the 
compounds directly to VWF or by their ability to inhibit the anchoring of 
VWF strings to surface receptors. Both P-selectin and the integrin αvβ3 
have been implicated in anchoring of UL-VWF strings but unexpectedly 
UL-VWF string formation was still observed in P-selectin and β3-integrin 
deficient mice [26-28]. This raises the possibility that other cell surface 
receptors contribute to the assembly and/or anchoring of UL-VWF string 
to endothelial cells. Dextran sulfate, fucoidan and also Poly(I) have 
been shown to block the binding of various ligands to class A scavenger 
receptors (SRs) [23,29]. SRs are a heterogeneous family of transmembrane 
receptors with a diverse range of ligands involved in processes crucial for 
homeostasis and immunity [30]. The family of SRs is divided into 8 different 
sub-classes according to their homologous structures, conserved domains 
and alignment [31,32]. Endothelial cell are known to express a range of 
SRs [33,34]. HUVEC express FEEL-1, a subclass F scavenger receptor which 
is involved in angiogenesis [35]. Inhibition of FEEL-1 using a monoclonal 
antibody resulted in decreased cell-cell binding in a matrigel setup [35]. 
Another SR expressed in HUVEC is CL-P1 [36]. CL-P1 is mainly expressed 
in endothelial cells, but not in macrophages. is involved in binding and 
phagocytosis of bacteria and is upregulated by oxidative stress indicating 
a crucial role for CL-P1 in the pathogenesis of atherosclerosis [37]. Poly(I) 
and dextran sulfate inhibit binding of zymosan to scavenger receptor  
CL-P1 in endothelial cells [34]. VWF levels are associated with oxidative 
stress [38] and recruitment of platelets to VWF is a observed at 
atherosclerosis-prone sites [39,40]. Future studies need to establish 
whether scavenger receptors such as CL-P1 interact directly with VWF and 
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whether this class of receptors is involved in assembly or anchoring of  
UL-VWF strings on the surface of endothelial cells. 
It is well-established that VWF can bind to sulfatides [41,42], also known 
as 3-O-sulfogalactosylceramide, the first sulfoglycolipid isolated from the 
human brain [43]. This class of glycolipids is involved in various biological 
processes in for instance the nervous and immune system, but also a role 
for sulfatides in coagulation has been proposed. Sulfatides have been 
shown to prevent the binding of blood platelets to VWF in flowing blood 
[44]. In vitro, low concentrations of high MW dextran sulfate and high 
concentrations of fucoidan, but not heparin inhibit the binding of VWF to 
sulfatides [45]. We did not observe an effect of heparin on the assembly of 
VWF strings. It is know that heparin binds to an epitope in the A1 domain 
of VWF [46,47] and while sulfatides also bind to VWF A1 domain their 
epitopes do not overlap [41,48-50]. This is in line with our findings that 
dextran sulfate and fucoidan have a similar effect on VWF string formation 
while heparin did not affect VWF string assembly. Future studies need to 
resolve whether the reduced formation of VWF strings in the presence 
of fucoidan and dextran sulfate is caused by impaired binding of VWF to 
sulfatides. 
ECs incubated with low molecular weight dextran sulfate displayed normal 
UL-VWF string assembly, while cells treated with high molecular weight 
dextran sulfate showed a marked reduction in VWF strings. This indicated 
that inhibition in string formation is dependent on the molecular size of 
the poly-anionic compound. Large VWF multimers have a higher collagen 
binding activity and platelet aggregation ability than low molecular weight 
VWF multimers [51]. Apparently, full coverage of VWF polymers by dextran 
sulfate is needed to efficiently interfere with assembly of VWF strings. We 
also cannot exclude that high molecular weight dextran sulfate through 
direct binding to VWF upon fusion of WPBs with the plasma membrane 
prevent its conversion into UL-VWF strings by simply aggregating VWF 
multimers. 
Apart from VWF WPBs contain a number of other components that 
are involved in many different processes, for instance angiogenesis, 
inflammation or coagulation. Although the trafficking of specific proteins 
to WPBs is driven by the formation of VWF tubules, not all proteins seem 
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to be bound to VWF following WPB exocytosis. Our findings support the 
concept that WPB cargo is comprised of two different subsets that are 
disseminated into the extracellular milieu by distinct pathways. We can 
distinguish VWF-associated proteins such as IGFBP7 [25] and OPG [52], 
which are released together with VWF and remain attached to UL-VWF 
strings, whereas compounds such as the VWF-propeptide [53] rapidly 
diffuse into the extracellular milieu following exocytosis of WPBs. 
Our data provide evidence for a selective modulation of the release 
of VWF and VWF-associated compounds such as OPG and IGFBP7 
by pharmacological compounds such as dextran sulfate. This class of 
compounds does not affect release of other WPB components such as 
VWF propeptide which are not bound to VWF. Our data also show that 
WPB exocytosis and assembly of UL-VWF are two distinct independent 
events that can be separated by pharmacological inhibitors such as dextran 
sulfate. 
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Abstract

The phenotype of von Willebrand disease (VWD) Vicenza is unique, but 
its pathogenesis remains elusive. Two type Vicenza VWD patients, one 
heterozygous for von Willebrand factor (VWF) mutation p.Arg1205His 
and the other compound heterozygous for VWF mutations p.Arg1205His 
and p.Arg924Gln, from the same family showed remarkable differences 
in bleeding tendency. To find the molecular mechanism underlying the 
disparate bleeding severity in the two patients storage and secretion of 
VWF was analyzed in transfected HEK293 cells and in patient-derived 
blood outgrowth endothelial cells (BOECs). VWF strings were characterized 
under both static and flow conditions. VWF mutants p.Arg1205His and 
p.Arg924Gln were stored normally in (pseudo-) Weibel-Palade bodies 
(WPB) both in transfected HEK293 cells and in BOECs. Histamine-induced 
release of VWF propeptide from BOECs of the two VWD patients was 
reduced to a similar extent. Upon stimulation with histamine, similar 
quantities of VWF strings were released from BOECs derived from a healthy 
donor or from the patient heterozygous for p.Arg1205His, whereas the 
quantity of VWF strings was drastically reduced for BOECs derived from 
the patient compound heterozygous for p.Arg1205His and p.Arg924Gln. In 
HEK293 cells, p.Arg1205His led to a significant reduction in total production 
of VWF, basal and regulated secretion of VWF, and to formation of shorter 
VWF strings. Similarly, p.Arg924Gln reduced regulated secretion of VWF 
and resulted in shorter VWF strings. Synergistic effects of p.Arg1205His 
and p.Arg924Gln on VWF string formation may contribute to the more 
severe phenotype in the compound heterozygous patient. Failure of 
unfolding VWF into strings is a new pathogenic mechanism for VWD that 
remains undetected by the common diagnostic VWF assays.
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Introduction

Von Willebrand factor (VWF) is a large multimeric glycoprotein circulating in 
blood. VWF is exclusively produced in endothelial cells and megakaryocytes. 
In endothelial cells VWF is stored as helical tubules within an organelle called 
Weibel-Palade body (WPB) [1,2]. Upon exocytosis VWF is released from 
WPB and unfurls into ultra-long strings that bind platelets spontaneously 
under flow [3-5]. VWF plays a pivotal role in primary hemostasis by 
recruiting platelets to the site of damaged vessel wall and by mediating 
platelet-subendothelial matrix interactions. Defects in VWF lead to a 
mild and common inherited human bleeding disorder, von Willebrand 
disease (VWD). Type 1 VWD is characterized by a low plasma level of VWF  
(5-50% of normal level) and by a mild to moderate bleeding tendency [4,6,7]. 
This subtype of VWD is mostly caused by missense mutations of VWF. Several 
mechanisms underlying type 1 VWD have been proposed, including reduced 
protein synthesis, increased retention of VWF in the endoplasmic reticulum 
(ER), and diminished storage and regulated secretion of VWF [4,8]. A recent 
study suggested that defective VWF string formation may also contribute to 
the bleeding tendency in type 1 VWD [9,10].
VWF mutation p.Arg1205His has been reported in patients with VWD 
Vicenza [11,12]. VWD Vicenza is characterized by a low plasma level  
(<0.20 U/mL) but normal platelet level of VWF, and a proportional decrease 
of VWF antigen and activity. Occasionally, ultra-large VWF multimers are 
present in some patients [11,13]. Although VWD Vicenza was classified 
as type 1 VWD, the pathogenesis of VWD Vicenza remains elusive. So 
far, accelerated clearance and decreased intracellular production of VWF 
variant p.Arg1205His has been demonstrated [14-18]. The normal to high 
response of the patients with p.Arg1205His to desmopressin (DDAVP) 
suggested normal VWF storage in and release from WPB [19]. Whether the 
DDAVP-induced elevation of plasma VWF is solely attributable to exocytosis 
of WPB remains unclear [20]. In addition, whether impaired formation of 
VWF strings is also involved in VWD Vicenza remains unknown.
Blood outgrowth endothelial cells (BOECs) are authentic endothelial cells 
that can be derived from human peripheral blood [21,22]. BOECs have 
been derived from patients and proven useful for the investigation of the 
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pathogenesis of VWD [9,23]. In order to increase understanding of the 
pathogenic mechanisms leading to VWD Vicenza, we studied the formation 
and exocytosis of WPB in BOECs directly derived from two Vicenza 
patients: one heterozygous for p.Arg1205His and the other one compound 
heterozygous for p.Arg1205His and a presumably benign polymorphism, 
p.Arg924Gln [23,24]. The pathogenic nature of mutations p.Arg1205His 
and p.Arg924Gln was also evaluated in HEK293 cells. Furthermore, the 
properties of VWF strings were characterized both under static and under 
flow conditions. 
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Materials and methods

Patients

Two type 1 VWD Vicenza patients from one family were enrolled in this 
study. One patient was compound heterozygous for VWF mutations 
p.Arg1205His and p.Arg924Gln; the other patient was heterozygous 
for p.Arg1205His. Plasma was prepared and tested using the 
standard procedures for FVIII and VWF parameters, including FVIII:C,  
VWF:Ag, VWF:RCo, VWF:CB and the VWF multimer profile. The study 
protocol was approved by the Leiden University Medical Center ethics 
review board. Informed consent was obtained from all subjects in 
accordance with the Declaration of Helsinki.

BOECs isolation and culture

BOECs were isolated and cultured as previously described [9]. Briefly, 80 
mL venous blood from each subject was collected in citrate acid coated 
S-Monovette tubes (Nümbrecht, Germany). Buffy coat mononuclear 
cells were isolated by gradient centrifugation over Ficoll-Paque PLUS  
(GE Healthcare, Diegem, Belgium) and cultured in EGM-2 (Lonza, Breda, 
The Netherlands) supplemented with 20% fetal bovine serum, a cocktail 
of growth factors, 100 U/mL penicillin, 100 μg/mL streptomycin and  
250 ng/mL amphotericin (Invitrogen). Cells were used at passages 3 to 8 in 
all experiments unless stated otherwise.

Plasmid constructs and transfection

Recombinant pCI-neo expression plasmid containing full length cDNAs 
encoding wild-type human VWF (WT-VWF) has been described previously 
[25]. Mutations p.Arg1205His (c.3864G>A) and p.Arg924Gln (c.2271G>A) 
were introduced into pCI-neo WT-VWF plasmid with the QuikChange 
XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) using 
primers 5’-GTGAGGTGGCTGGCCGT CATTTTGCCTCAGGAAAG-3’ (forward) 
and 5’-CTTTCCTGAGGCAAAATGACGGCCAGCCA CCTCAC-3’ (reverse) for 
p.Arg1205His; and  5’-GTGAAATGCAAGAAACAGGTCACCAT CCTGGTGG-3’ 
(forward) and 5’-CCACCAGGATGGTGACCTGTTTCTTGCATTTCAC-3’ reverse) 
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for p.Arg924Gln. The mutations were verified by sequencing. HEK293 
cells (ATCC, Rockville, USA) were cultured in Minimum Essential Medium 
α Medium (MEM-α, Sigma-Aldrich, St. Louis, MO, USA) supplemented 
with 10% fetal calf serum, 2 mM L-glutamine and 50 µg/mL gentamicin 
(Invitrogen, Carlsbad, CA, USA). Cells were transiently or stably transfected 
by FuGENE HD transfection reagent (Roche Diagnostics, Mannheim, 
Germany) as previously described [25]. 

Immunofluorescent analysis of fixed cells

Confluent monolayer of BOECs were fixed, permeabilized and stained 
essentially as described previously [9]. HEK293 cells were fixed for 
immunochemistry 72 hours after transfection. To visualize VWF 
strings, confluent BOECs and transfected HEK293 cells were stimulated 
with 100 µM histamine and phorbol-12-myristate-13-acetate (PMA)  
(Sigma-Aldrich), respectively.  Prior to fixation, cells were stimulated at  
37 °C for one hour under static conditions. Monoclonal antibody CLB-RAg35 
[26] and polyclonal antibody rabbit anti-human VWF (DAKO) were used to 
visualize VWF. Monoclonal antibody CD62P (Clone AC1.2, BD Biosciences) 
was used to visualize P-selectin. Polyclonal antibody rabbit anti-human 
Protein Disulfide Isomerase (PDI) antibody A66 (obtained from Prof.  
I. Braakman, Department of Chemistry, Utrecht University, Utrecht, The 
Netherlands) and polyclonal antibody rabbit anti-human β-catenin (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) were used to visualize PDI (the ER 
marker) and β-catenin, respectively. Alexa 488- and Alexa 594-conjugated 
secondary antibodies were purchased from Invitrogen. Samples were 
embedded by Aqua-Poly/Mount medium (Polysciences, GmbH, Germany) 
and analyzed by Leica SL confocal laser scanning microscopy with a 
63X/1.40 NA oil objective (Leica Microsystems).

Live cell imaging of flow experiments

Washed platelets were prepared as described [10] and diluted into 
perfusion medium (50% M199 medium (Invitrogen) and 50% RPMI-1640 
medium (Invitrogen) supplemented with 150 mg l-glutamine per 500 ml and 
1% pen/strep) at 2.5x107/ml. The flow experiments of HEK293 cells were 
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performed as previously described [10].  Briefly, cells stably expressing 
VWF variants were cultured in ibiTreat µ-Slide I (Ibidi, Munich, Germany) 
flow chambers for 24 hours. Cells were stimulated at 37 °C under static 
conditions for 60 minutes with 160 nM PMA and then perfused with 
washed platelets at a shear stress of 2.5 dyne/cm2. Live-cell imaging was 
carried out at 37 °C with Leica fluorescence microscopy DMI-6000 at 200X 
magnification and recorded (3 seconds per video frame) and analyzed 
with Leica Microsystems LAS-AF6000 software.
To visualize and quantify released VWF strings from stimulated BOECs 
under flow, BOECs from a T75 tissue culture flask were resuspended in  
6 ml of culture medium and seeded in collagen type 1 coated ibidi µ-Slide I 
0.4 Luer (Ibidi) and cultured for 5 days. Medium was refreshed daily. Flow 
experiments were performed at 37 °C with 5% CO2. Cells were washed 
with 1 ml of perfusion medium and subsequently perfused with 100 μM 
histamine for 10 minutes at 2.5 dyne/cm2. Perfusion medium containing 
washed platelets (2.5x107 per ml) and 1/30.000 diluted Alexa 488-labelled 
rabbit anti-human VWF polyclonal antibody (DAKO) was perfused for  
15 minutes. After 5 minutes (between the 5th and 15th minute) images of 
10 randomly chosen optical fields were taken using a LSM510 microscope 
and a plan-neofluor 40X/0.3 oil immersion lens unless stated otherwise 
(Carl Zeiss, Sliedrecht, the Netherlands). Images were analyzed using 
ImageJ 1.45s software (Rasband, International Institutes of Health, 
Bethesde, USA) and Adobe Photoshop CS5. 

Statistical analysis

Student’s t-test was carried out with GraphPad Prism 5.01. P<0.05 was 
considered statistically significant.
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Results

Phenotypic characterization of the patients

The two VWD Vicenza patients are from the same family. The father is 
compound heterozygous for VWF mutations p.Arg1205His and p.Arg924Gln 
and the daughter is heterozygous for VWF mutation p.Arg1205His. Both 
patients have blood group O (Table 1). Based on the low plasma VWF 
levels, the proportionally low FVIII and VWF activities (Table 1), and 
the normal VWF multimer patterns (Figure 1), both patients fitted the 
diagnosis of type 1 VWD [6]. The father (compound heterozygote) was 
historically diagnosed as type 1 VWD because of severe bleeding episodes 
with a Tosetto bleeding score of 18 [27], whereas the daughter was almost 
asymptomatic (Tosetto bleeding score of 3).

 Table 1. Characteristics of the two VWD Vicenza patients 

Patient Gender 
Blood 
group 

Nucleotide 
change 

Amino acid 
change 

VWF:Ag, 
IU/dL 

VWF:RCo, 
IU/dL 

VWF:RCo/ 
VWF:Ag 

FVIII:C, 
IU/dL 

VWF:CB, 
IU/dL 

Tesetto 
Bleeding 

score 

Multimer 
pattern 

P6F5II1 Male O/O 
c.3864G>A 

and 
c.2271G>A 

p.Arg1205His 
and 

p.Arg924Gln 
11 7 0.64 18 6 18 Normal 

P6F5III1 Female O/O c.3864G>A p.Arg1205His 15 17 1.13 28 Not tested 3 Normal 

 

Table 1. Characteristics of the two VWD Vicenza patients.

Figure 1. Multimer analysis of plasma VWF. VWF multimers 

were analyzed by SDS-agarose gel electrophoresis and 

Western blot under non-reducing conditions. Normal 

pooled plasma (NPP) was used as reference.
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Expression of VWF variants in HEK293 cells

To confirm the pathogenic nature of VWF mutations per se, we expressed 
VWF variants p.Arg1205His and p.Arg924Gln into HEK293 cells. Both 
variants were stored normally in pseudo-WPB as WT-VWF (Figure 2A-C). 
No increase in retention of VWF in the ER was observed (Figure 2A-C).

Figure 2. Expression of VWF variants in HEK293 cells. HEK293 cells were transiently transfected 

with WT-VWF, p.Arg1205His, p.Arg924Gln or a combination as indicated. (A-C) Transfected cells 

were fixed and stained for VWF and the ER marker PDI, respectively. Scale bars in panels A-C 

represent 5 µm. Images were taken by Leica SL confocal laser scanning microscopy with a 63X/1.40 

NA oil objective. (D) HEK293 cells were transiently transfected with WT-VWF, or co-transfected as 

indicated at a 1:1 ratio. VWF released into the culture medium was used for multimer analysis. 

(E) VWF:Ag in the media (Medium) and the cell lysate (Lysate) were measured 72 hours after 

transfection. VWF in the medium and lysate was expressed as a fraction of total WT-VWF production 

(medium plus lysate), respectively. Student’s t-test compared to WT-VWF *p<0.05, **p<0.01.
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In order to mimic the heterozygous and compound heterozygous states in 
the two VWD Vicenza patients, we co-expressed VWF variant p.Arg1205His 
with WT-VWF or p.Arg924Gln at a 1:1 ratio. Consistent with the multimer 
patterns in the plasma from the two patients (Figure 1), there was no 
alteration in the multimer patterns of VWF that was secreted into the 
culture medium (Figure 2D). Furthermore, production and basal secretion 
of VWF variant p.Arg924Gln was normal compared to WT-VWF (Figure 2E). 
In contrast, p.Arg1205His reduced the production and basal secretion of 
VWF by more than 60%. Co-transfection with WT-VWF or p.Arg924Gln 
corrected this impairment only partially (Figure 2E).
In HEK293 cells VWF is stored in pseudo-WPB that undergo exocytosis 
upon stimulation just as the authentic WPB in endothelial cells [25,28]. 
We induced the exocytosis of pseudo-WPB by PMA and measured the 
release of VWFpp. As shown in Figure 3, 60% of VWFpp was released 
from WT-VWF transfected HEK293 cells (146 mU from 7x105 cells in  
60 minutes). VWF mutation p.Arg1205His drastically impaired exocytosis 
of pseudo-WPB (27% of total VWFpp or 18 mU VWFpp from 7x105 cells in 
60 minutes). VWF mutation p.Arg924Gln led to a similar defect albeit to a 
lesser extent. The regulated secretion of VWF mutant p.Arg1205His was 
partially restored by co-expression of WT-VWF or p.Arg924Gln (Figure 3). 

Figure 3. Regulated secretion of VWFpp from 

transfected HEK293 cells. HEK293 cells were 

transfected as indicated. Seventy-two hours after 

transfection cells were stimulated with 160 nM PMA 

for 60 minutes at 37 °C. VWFpp was measured in the 

medium and cell lysates. The fraction of secreted 

VWFpp (% of total) was calculated as described in 

the Methods. Each bar represents the mean ± SEM 

of four independent experiments. Student’s t-test 

compared to WT-VWF *p<0.05, **p<0.01.



79

Severity of bleeding tendency in VWD associated with VWF strings

44

VWF string formation on transfected HEK293 cells

Effects of VWF mutations p.Arg1205His and p.Arg924Gln on the formation 
of VWF strings were analyzed by transfection of WT-VWF or VWF mutants 
into HEK293 cells. Upon stimulation with PMA under static conditions, as 
reported previously [10], up to several hundred micrometers long (WT-)
VWF strings readily appeared on the surface of HEK293 cells (Figure 4A).  
Those strings could form bundles and networks. Similar string structures 
were observed for the cells expressing p.Arg1205His (Figure 4B). VWF 
mutant p.Arg924Gln primarily gave rise to short VWF strings (Figure 4C-D).
We also generated stable HEK 293 cell lines expressing WT-VWF or VWF 
variant p.Arg1205His. Upon perfusion of platelets over PMA-stimulated 
HEK293 cells at a shear stress of 2.5 dyne/cm2, platelet-decorated VWF 
strings appeared in the direction of flow for both cell lines (data not 
shown). Interestingly, the majority of the platelet-decorated VWF strings 
generated from p.Arg1205His expressing HEK293 cells were significantly 
shorter than those derived from WT-VWF expressing cells (Figure 5). 
Whether VWF mutation p.Arg924Gln led to shorter platelet-decorated 
VWF strings needs further investigation.

Storage and secretion of VWF revealed by BOECs

We isolated BOECs from a healthy donor and two Vicenza patients. BOECs 
are authentic endothelial cells that express CD31 (not shown) and store 
both VWF and P-selectin in WPB (Figure 6A) [9]. Immunofluorescence 

Figure 4. Formation of VWF strings under static conditions on transfected HEK293 cells. HEK293 

cells transiently transfected with WT-VWF (A), p.Arg1205His (B) or p.Arg924Gln (C and D) were 

stimulated with 160 nM PMA for 60 minutes at 37 °C. Cells were fixed and stained for VWF to label 

VWF strings. Scale bars represent 10 µm. Images were taken by Leica SL confocal laser scanning 

microscopy with a 63X/1.40 NA oil objective.
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analysis showed that normal WPB were formed both in BOECs derived 
from the healthy donor and in BOECs derived from the two VWD patients 
(Figure 6B-C). In addition, VWF secreted from BOECs derived from all the 
three subjects showed an identical multimer pattern (Figure 6D). 
Since endothelial WPB serve as the main source of plasma VWF, we 
examined the regulated secretion of VWFpp to assess the function of 
WPB in BOECs. Upon stimulation with 100 µM histamine for 60 minutes, 
release of VWFpp from all three BOECs lines increased significantly over  
non-stimulated control cells (Figure 6E). About 70% of VWFpp was 
secreted from BOECs derived from the healthy donor, while about 40% of 
VWFpp was secreted from BOECs derived from the two patients (Figure 
6E). The absolute amount of VWFpp secreted into the release medium was 
also reduced for BOECs derived from the two VWD patients (382 mU for 
healthy BOECs versus 93~94 mU for BOECs derived from the two patients; 
secreted by 105 cells in 60 minutes). No significant difference in VWFpp 
secretion between BOECs from the two patients was evidence.

Properties of VWF strings derived from BOECs

VWF strings released from BOECs were first analyzed under static 
conditions. Upon stimulation with histamine, VWF strings were readily 
visible on the cell surface of BOECs from the healthy donor (Figure 7A). 
Similar strings were observed for BOECs heterozygous for p.Arg1205His 
(Figure 7B), while only few and short strings appeared on the cell surface 
of BOECs compound heterozygous for p.Arg1205His and p.Arg924Gln 
(Figure 7C).

Figure 5. Length of platelet-decorated VWF strings 

formed on transfected HEK293 cells. HEK293 cells 

stably expressing WT-VWF or p.Arg1205His were 

stimulated with PMA for 60 minutes. Thereafter washed 

platelets were perfused over the cells at a shear stress 

of 2.5 dyne/cm2. Images were taken with a Leica DMI-

6000 fluorescence microscope at 200X magnification 

and analyzed with Leica Microsystems LAS-AF6000 

software. VWF strings generated from four independent 

experiments were plotted. Mean ± SD was presented. 

*p<0.01.
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Figure 6. VWF storage in and secretion from BOECs. (A-C) BOECs derived from the healthy donor, 

from the patient heterozygous for VWF mutation p.Arg1205His or from the patient compound 

heterozygous for VWF mutations p.Arg1205His and p.Arg924Gln were fixed and stained for VWF 

and P-selectin. The co-localization of P-selectin and VWF (shown in yellow) indicates storage of 

P-selectin in WPB. Scale bars represent 5 µm. Images were taken by Leica SL confocal laser scanning 

microscopy with a 63X/1.40 NA oil objective. (D) VWF multimers in the culture medium of BOECs 

were analyzed by SDS-agarose gel electrophoresis and Western blotting under non-reducing 

conditions. The lanes separated by the black lines are from different parts of one gel. (E) Regulated 

secretion of VWFpp from BOECs. Confluent BOECs derived from the healthy donor and the two 

patients were incubated for 60 minutes at 37 °C with the release medium in the absence (Control) 

or presence of 100 µM histamine (Histamine). VWFpp was measured in the medium and lysates. 

The fraction of secreted VWFpp (% of total) was calculated as described in the Methods. Mean ± 

S.D. indicates variation of VWFpp secretion between three passages. *p<0.01; ns: the difference is 

statistically not significant.
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To characterize the properties of the VWF strings under physiological 
conditions, platelets were perfused over histamine-stimulated BOECs 
under a shear stress of 2.5 dyne/cm2. Meanwhile VWF strings were also 
stained with an Alexa-488 labeled VWF antibody. As shown in Figure 8A, 
both platelet-decorated and platelet-bare VWF strings appeared under flow. 

Figure 7. Formation of VWF strings on BOECs under static conditions. BOECs derived from the 

healthy donor (A) and the two patients (B, C) were cultured on pre-coated coverslips until confluent. 

Cells were stimulated under static conditions at 37 °C for 60 minutes with 100 µM histamine and 

then fixed and stained for VWF to visualize VWF string structures. VWF strings are indicated by the 

arrowheads. Scale bars represent 10 µm. Images were taken by Leica SL confocal laser scanning 

microscopy with a 63X/1.40 NA oil objective.
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Figure 8. VWF strings released from BOECs under flow. BOECs derived from the healthy donor 

and the two patients were cultured in collagen-coated flow chambers until confluent. Cells were 

stimulated under flow of a shear stress at 2.5 dyne/cm2 at 37 °C for 10 minutes with 100 µM 

histamine. Thereafter washed platelets and the Alexa-488 labeled VWF antibody were perfused 

over the cells for 15 minutes. (A) Representative confocal images are shown for VWF strings 

released from three different BOECs as indicated. Of note, a subset of VWF strings did not bind 

platelets. (B) VWF strings generated in 10 random imaging fields were transformed into barcodes. 

The red lines indicate platelet-binding VWF strings and the black lines indicate platelet-bare VWF 

strings. One representative experiment out of four for each of the BOECs is shown. Images were 

generated using a LSM510 microscope with a plan-neofluor 40X/0.3 oil immersion lens.
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To quantify VWF strings, images were taken from 10 random fields in 
each experiment (Figure 8B and Figure S1). Approximately 30 VWF strings 
(total of platelet-bound and –bare strings) per 10 fields were observed for 
BOECs derived from the healthy donor and from the heterozygous patient 
(Figure 9). Under the same experimental conditions, BOECs derived from 
the compound heterozygous patient released a smaller number of VWF 
strings. Actually, in two of the four independent experiments, no strings 
were observed at all for BOECs derived from the compound heterozygous 
patient (supplemental Figure S1). Instead, abundant extracellular VWF 
“patches” appeared on the cell surface of BOECs derived from this patient 
(Figure 8, right panel). Of the VWF strings derived from the healthy BOECs 
and BOECs from the heterozygous patient, approximately 45% bound 
platelets. A similar percentage of platelet-binding VWF strings were 
observed for BOECs derived from the compound heterozygous patient 
in the case that strings were formed (data not shown). Furthermore, the 
density of platelet binding was slightly reduced for VWF strings released 
from the two patients’ BOECs (0.12 versus 0.15 platelets per µm string for 
BOECs derived from the healthy donor). The binding properties of VWF 
strings derived from the compound heterozygous patient were not clear 
because of the limited number of strings available for analysis.

Figure 9. Number of BOECs-derived VWF string 

under flow. Images generated from figure 8 

were analyzed for the number of VWF strings per  

10 fields. Each plot represents the total number 

of VWF strings observed in 10 random fields for 

each of the BOECs in one experiment. Mean ± 

S.D. indicates variation within four independent 

experiments. *p<0.01.
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Discussion 

In this study we investigated the pathogenesis of VWD Vicenza by transient 
transfection of VWF variants into HEK293 cells and by analyzing BOECs 
derived from two Vicenza patients. We found that VWD Vicenza mutation 
p.Arg1205His reduced regulated secretion of VWF and impaired formation 
of VWF strings. In addition, compound heterozygosity of VWF mutation 
p.Arg924Gln was deleterious for the unfolding of VWF into strings and this 
may enhance the bleeding tendency in VWD Vicenza.
VWD Vicenza has a unique phenotype: a very low plasma level of VWF, 
combined with the presence of ultra-large VWF multimers in some patients 
and a normal level of VWF in platelets [11,13]. So far, several scenarios 
have been proposed to explain the VWD Vicenza phenotype. 
At least two mechanisms have been suggested for the low plasma level 
of VWF: decreased biosynthesis and accelerated clearance of VWF. Both 
mechanisms are supported by experimental evidence. Decreased synthesis 
of VWF mutant p.Arg1205His has been demonstrated in several cell lines 
for both human and murine VWF [15]. In contrast, this mutation has also 
been reported not to alter biosynthesis of VWF upon expression in 293T 
cells [17]. In the current study we showed that the mutation p.Arg1205His 
did reduce production of VWF in the homozygous, heterozygous and 
compound heterozygous (with mutation p.Arg924Gln) states in HEK293 
cells. The defective effect of p.Arg1205His on total production of VWF was 
also indicated by the lower amount of total VWFpp antigen in BOECs derived 
from the two patients than in BOECs derived from the healthy donor (data 
not shown). Since no apparent retention of VWF mutant p.Arg1205His in 
the ER occurred, we suspect that the mutation p.Arg1205His more likely 
led to defective biosynthesis of VWF. 
Increased clearance of this VWF mutant has been demonstrated by 
administration of DDAVP in Vicenza patients and by infusion of recombinant 
human VWF mutant p.Arg1205His in mice [14,15]. An increased ratio 
of VWFpp/VWF in the patients [18] and in mice after hydrodynamic 
expression of this mutant [15] also confirmed the short half-life of VWF 
mutant p.Arg1205His. Recent evidence showed that faster clearance of 
VWF is not a unique mechanism for p.Arg1205His, but also accounted 
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for the reduced plasma levels of other type 1 VWD variants [18,29,30]. 
Even though the macrophage has been suggested to be involved in the 
clearance of VWF [30,31], the molecular mechanisms that explain why 
some VWF mutants are cleared faster than others remain elusive. 
In order to explain the reduced VWF level and the presence of ultra-large 
VWF multimers in plasma of VWD Vicenza patients, Gezsi et al developed 
a mathematical model that simulated the catabolism of VWF. They found 
that accelerated clearance alone could explain the unique phenotype of 
VWD Vicenza [17]. The premise of this model was the normal synthesis 
and cleavage of VWF. As discussed above, however, the synthesis of VWF 
p.Arg1205His is actually reduced (Figure 2) [15]. Whether p.Arg1205His 
alters the cleavage of VWF by ADAMTS-13 is not clear although 
hydrodynamic expression of VWF in mice showed normal cleavage of VWF 
mutant p.Arg1205His [15]. 
Defective storage and regulated secretion of VWF has been shown for 
several type 1 VWD mutations [25,28,32,33]. We demonstrated that 
p.Arg1205His reduced the regulated secretion of VWF from pseudo-WPB 
in HEK293 cells and from BOECs derived from VWD Vicenza patients. In 
contrast to other type 1 VWD mutations, no obvious retention of VWF 
in the ER was observed for VWF mutant p.Arg1205His. Therefore, the 
decrease in regulated secretion of VWF mutant p.Arg1205His probably 
results from decreased production of VWF. Other undefined factors such 
as alteration in VWF tubular storage may also contribute to the defect in 
regulated secretion of VWF/VWFpp.
VWF is stored as highly condensed tubules within WPB. This storage relies 
on an acidic pH environment and a high concentration of calcium. Upon 
exposure to neutral pH during exocytosis, VWF is released and unfurled 
into ultra-long strings of up to several hundred microns [3-5]. VWF strings 
are assumed to bind platelets spontaneously and thus promote clot 
formation and tissue repair. Interestingly, not all newly released VWF 
strings bind platelets [34]. We found that a subgroup (~45% of total) 
VWF strings released from BOECs bound platelets under a shear stress of  
2.5 dyne/cm2. This is similar to the VWF strings released from HUVECs 
of which about 33% bind platelets at the same shear stress [34]. The 
ratio between the platelet-binding and platelet-bare VWF strings was not 



87

Severity of bleeding tendency in VWD associated with VWF strings

44

altered by inheritance of VWF mutations p.Arg1205His and p.Arg924Gln in 
BOECs derived from the two patients. Furthermore, our preliminary data 
showed that the binding of platelets under flow was only slightly reduced 
for VWF strings released from BOECs derived from the two VWD Vicenza 
patients. Thus the Vicenza mutation has little or no effect on the binding 
capacity of VWF strings.
The two VWD Vicenza patients have similar VWF plasma levels and multimer 
patterns (Table 1) and comparable storage and regulated secretion of 
VWF from BOECs (Figure 6), whereas the patient compound heterozygous 
for p.Arg1205His and p.Arg924Gln shows a severe bleeding tendency 
and the patient heterozygous for p.Arg1205His is almost asymptomatic. 
Apparently the conventional laboratory results (Table 1) do not explain the 
remarkable differences in the Tosetto bleeding scores of the two patients 
(18 versus 3). Under both static and flow conditions, BOECs derived from 
the compound heterozygous patient released much fewer and shorter 
VWF strings compared with BOECs derived from the heterozygous 
patient (Figures 7-9 and Figure S1). Detailed analysis demonstrated that 
the low number of VWF strings resulted from insufficient unfolding of 
released VWF (indicated by formation of VWF patches seen in Figure 
8A, right panel). In addition, both VWF mutations p.Arg924Gln and 
p.Arg1205His gave rise to shorter VWF strings on transfected HEK293 cells  
(Figures 4 and 5). On the basis of these findings we postulate that 
synergistic effects of the two mutations on VWF string formation led to 
a very low number and shorter length of VWF strings formed on the cell 
surface of BOECs derived from the compound heterozygous patient. In 
contrast, the detrimental effect of p.Arg1205His on formation of VWF 
strings may have been corrected, in part, by the wild type VWF in BOECs 
derived from the heterozygous patient. Since impairment of the formation 
and function of VWF strings may decrease the hemostatic activity of VWF, 
the defective formation of VWF string may explain the severe phenotype 
of the compound heterozygous patient. This suggests that VWF mutations 
may well result in similar phenotypic characteristics in routine laboratory 
tests, including VWF:Ag, VWF:RCo and VWF multimers, but may have a 
remarkable difference in string formation due to VWF mutations per se or 
other unknown factors. 
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As discussed above, VWF mutation p.Arg924Gln appeared to add to 
the severity of p.Arg1205His. The pathogenic effects of VWF mutation 
p.Arg924Gln have been controversial [24]. p.Arg924Gln was reported as 
a frequent mutation in three type 1 VWD studies [35-37]. Further study 
demonstrated that this mutation was associated with low plasma levels 
of both VWF and FVIII even in the normal populations [38,39]. Despite 
this, no defects in VWF biosynthesis or intracellular storage were observed 
in expression studies [23,39]. Consistent with those previous studies, we 
found that p.Arg924Gln did not alter VWF biosynthesis and its trafficking 
from the ER into pseudo-WPB in HEK293 cells. The regulated secretion of 
VWF, however, was reduced by p.Arg924Gln in the present study. This is 
different from a previous study in AtT20 cells in which no alteration in the 
regulated secretion of VWF variant p.Arg924Gln was observed [23]. The 
difference may be explained by differences between the model systems 
(HEK293 cells versus AtT20 cells) and by different WPB secretagogues  
(PMA versus BaCl 

2). In addition, different assays to estimate regulated 
secretion of VWF may explain for the differential observations. We 
measured the release of VWFpp instead of VWF as we found that 
measuring VWFpp is better for estimating exocytosis from (pseudo-)
WPB [9,10]. Indeed, upon stimulation the release of VWFpp increased by  
11 folds over controls (Figure 3), whereas in the previous report the increase 
in VWF release was only 1.6 fold [23]. Since p.Arg924Gln is commonly  
co-inherited with other VWF mutations, its additive effect on the defective 
formation of VWF strings may explain the variable phenotype in VWD 
patients carrying this mutation [23,24,37-39].
In conclusion, we demonstrated, in both transfected HEK293 cells and 
BOECs derived from two Vicenza VWD patients, that p.Arg924Gln and 
p.Arg1205His impaired the regulated secretion of VWF and the formation 
of VWF strings. The lack of unfolding of VWF into strings is a new 
pathogenic mechanism of VWD that cannot be detected by the routine 
diagnostic VWF assays. Co-inheritance of p.Arg924Gln and p.Arg1205His 
has additive effects on VWF string formation and consequently on the 
severity of bleeding tendency in the patients.
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Abstract

Weibel-Palade bodies (WPBs) provide a rapidly releasable reservoir of 
pre-stored inflammatory, angiogenic and hemostatic components in 
endothelial cells. Recently, we have shown that insulin-like growth factor 
binding protein 7 (IGFBP7) is also stored in this subcellular compartment. 
Here, we analyzed structural components on von Willebrand factor (VWF) 
that mediate targeting of IGFBP7 to WPBs. We have previously shown that 
a truncated variant (designated VWF-CA1) lacking the A2-CTCK domains 
of VWF is unable to support targeting to pseudo-WPBs in transfected 
HEK293 cells. Here, we show that an amino-terminal truncation of VWF 
encompassing the A3-CTCK domains is capable of binding to immobilized 
IGFBP7. Chemical footprinting in combination with mass spectrometry 
was employed to identify exposed lysines in IGBP7 and VWF-A3-CTCK. 
Incubation of IGFBP7 with VWF-A3-CTCK resulted in shielding of several 
lysine-residues in the C8-4, TIL-4, C6 and CTCK domains of VWF-A3-CTCK. 
This observation indicates that residues in these domains contribute to the 
binding of IGFBP7. A series of carboxy-terminal truncated VWF variants was 
constructed to study the requirements for co-targeting to pseudo-WPBs. 
A truncated VWF-D1-D4N variant (lacking the domains beyond D4N) was 
defective in targeting endogenous IGFBP7 to pseudo WPBs. Replacement 
of C2 and C3 regions in full-length VWF by the homologous chordin-like 
cysteine-rich repeats of collagen alpha I(II) did not affect targeting of 
IGFBP7. Also, modification of the CXXC-motif in the D4 domain did not 
affect targeting of IGFBP7 to pseudo-WPBs. Our study highlights critical 
determinants for IGFBP7 sorting located within the carboxy-terminal  
D4-CTCK domains of VWF.  

Keywords  

Von Willebrand factor, IGFBP7, endothelial cells, Weibel-Palade bodies
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Introduction

Weibel-Palade bodies (WPBs) are endothelial cell-specific storage-
organelles that are quickly released following agonist-induced stimulation 
[1-3]. Von Willebrand factor (VWF) is the major component of WPBs and 
several studies have shown that VWF is critical for the biogenesis of these 
organelles [4-9]. Apart from VWF a number of other components have been 
identified; these include P-selectin, CD63, osteoprotegerin, angiopoietin-2, 
IL-8, calcitonin gene-related peptide, eotaxin-3, α1-3 fucosyltrasferase VI, 
endothelin-1 and endothelin-converting enzyme have also been localized 
to these organelles (for review see [1,10]). More recently, interleukin-6, 
monocyte chemoattractant protein-1 (MCP-1), tissue-type plasminogen 
activator and growth-regulated oncogen α have also been localized in WPBs 
[11]. Quantitative assessment of the storage efficiency of these molecules 
revealed that sorting to WPBs was less efficient for these molecules when 
compared to VWF [11]. An earlier study suggested that sorting of IL-8 to 
WPBs was dependent on its binding to VWF since equal molar amounts 
of IL-8 and VWF were stored in WPBs [12]. Also P-selectin and OPG have 
been shown to bind to VWF providing a possible mechanism for sorting 
of these proteins to WPBs [13-15]. Co-immunoprecipitation experiments 
revealed binding of P-selectin to the amino-terminal D’D3 domains of VWF 
[15]. Binding of OPG to VWF requires the presence of the A1 domain [13]. 
These findings suggest that multiple domains on VWF can contribute to 
the sorting of other components to WPBs. Recently, we identified insulin-
like  growth factor binding protein 7 (IGFBP7) as a novel component of 
WPBs [16]. Using heterologous expression of a series of VWF variants we 
showed that targeting of IGFBP7 to pseudo-WPBs was dependent on the  
carboxy-terminal domains of VWF [16]. The domain structure of VWF has 
recently been re-annotated resulting in subdivision of the D domains into 
VWD, C8, TIL and E domains [17]. Also, the amino acid sequence comprising 
the B and C domains has been re-annotated to 6 consecutive VWC 
domains. Our data on IGFBP7-targeting to pseudo-WPBs suggests that the 
D4N, VWD4, C8-4, TIL-4, C1-C6 or CTCK domain of VWF contains a sorting 
determinant for IGFBP7. In this study we used chemical modification as 
well as a set of distinct VWF variants based on the re-annotated domain 
structure of VWF to explore the requirements of VWF mediated sorting of 
IGFBP7 to WPBs. 
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Materials and methods

Reagents

Recombinant human IGFBP7, carrier free, was purchased from R&D 
(Minneapolis, USA). The TMT-duplex isobaric mass tagging kit, dithiotreitol 
(DTT) and iodoacetamide were obtained from Thermo Scientific  
(Bremen, Germany). HEPES was from Serva (Heidelberg, Germany) and 
calcium chloride was from Merck (Darmstadt, Germany). Phosphate 
buffered saline (PBS) was from Fresenius Kabi (‘s-Hertogenbosch, the 
Netherlands), methanol was purchased from Merck (Darmstadt, Germany) 
and saponin was obtained from Sigma. Human serum albumin (HSA) was 
obtained from Sanquin (Amsterdam, the Netherlands). Alexa488- and 
568-conjugated secondary antibodies and Prolong Gold Antifade Reagent 
were from Molecular Probes (Breda, the Netherlands).
 
Construction of VWF variants

The previously described construct pcDNA3.1-VWF was used as a 
template for mutagenesis [18]. The N-terminal truncated VWF variant  
VWF-A3-CTCK was constructed by deleting the propeptide from beyond 
the signal peptide until the A2 domain of mature VWF (amino acid 34 to 
1670 deleted) using pcDNA3.1-VWF as a template and by using primers 
5’ TCATCCACGG-CC//TCCGGAGAGGGGC 3’ and 5’ CCCTCTCCGGA//
GGCCGTGGATGACC 3’ (boundary between the signal peptide and the 
A3 VWF domain is indicated with //). Plasmid pcDNA3.1-VWFΔA1-A3 
lacking the A1, A2 and A3 domain was constructed using pcDNA3.1-
VWFΔA1 (described previously [16]) as a template employing 
primers 5’ GAAGCCTGCCAGGAGCCG//AGGATTTGCATGGATGAG 3’ and  
5’ CTCATCCATGCAAATCCT//CGGCTCCTGGCAGGCTTC 3’ (amino acids 
1241-1876 deleted). The putative protein disulfide isomerase (PDI) 
motif (CGIC) at amino acids 2085-2088 was modified by insertion 
of a glycine between residues Gly2086 and Ile2087 [19]; primers  
5’ ACGTATGGTCTGTGTGGGGGAATCTGTGATGAGAACGGA 3’ and 5’ TCCGT 
TCTCATCACAGATTCCCCCACACAGACCATACGT 3’ (inserted glycine amino 
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acids underlined) were used to generate pcDNA3.1-VWFinsGly2086. 
The putative PDI-motif at 2085-2088 was also modified by replacing 
both Cys2085 and Cys2088 for an alanine VWF-C2085A/C2088A using 
primers 5’ ACGTATGGTCTGGCTGG GATCGCTGATGAGAACGGA 3’ and  
5’ TCCGTTCTCATCAGCGATCCCAGCCAGACCATACGT 3’. Mutagenesis was 
performed using the Quickchange II XL Site-directed Mutagenesis kit from 
Stratagene (La Jolla, CA) following the instructions of the manufacturer. 
We also constructed two variants in which the C3 or C5 VWC repeats were 
replaced by the corresponding VWC domain encompassing Cys33 until 
Cys89 of the collagen alpha I(II) chain (COL2A1; protein accession number 
P02458). Hybrid VWF-COL2A1 sequences including the VWC domain of 
COL2A1 were synthesized (Mr Gene, Regensburg Germany) and cloned into 
pcDNA3.1-VWF. In pcDNA3.1-VWC3-COL2A1 Cys2431-Cys2494 (VWC3) 
was replaced by Cys33-Cys89 of COL2A1 and in pcDNA3.1-VWC5-COL2A1 
Cys2582-Cys2644 (VWC5) was replaced by the corresponding region of 
COL2A1. Carboxy-terminal truncated VWF cDNA was prepared using primers  
5’ TAATACGACTCACTATAGGG 3’ (T7 promotor primer from Invitrogen) 
and 5’ TAAGGCGCGCCTCAGCAGGGGCAGGTCC AGCGGCAGCC 3’ with 
pcDNA3.1-VWF as a template. The obtained PCR-product was cloned 
into the pcDNA3.1/V5-His TOPO-TA vector. Amplification of VWF cDNA 
employing these primers resulted in an insertion of a stop codon beyond 
the D4N domain. The coding sequence of all constructs used in this study 
was verified by sequencing. 

VWF-IGFBP7 binding assay 

Analysis of binding between VWF and IGFBP7 was performed with 
a BIAcoreTM 3000 system (Upsala, Sweden). In short, 3 different 
concentrations of recombinant human IGFBP7 were immobilized on  
3 separate channels on a CM5 chip from GE Healthcare using an amine-
coupling kit according to the manufacturer’s instructions. Subsequently 
wtVWF and VWF-A3-CTCK variant were dialysed to a 20 mM HEPES, 5 
mM CaCl2 buffer (pH 7.4) and perfused over the IGFBP7-coupled chip for  
8 minutes at a flowrate of 5 μl/min at 25°C. Maximal binding in response 
units (RU) of VWF per concentration of coupled IGFBP7 was determined. 
Values of binding to the uncoated blank channel were subtracted.
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Chemical modification of exposed lysines in VWF-A3-CTCK / IGFBP7-
complex

TMT labelling of VWF and IGFBP7 and peptide identification was essentially 
performed as described before (Figure 1) [20,21]. In short, 9 pmol (2 μg) 
VWF-A3-CTCK was incubated for 1 hour with a 3 fold molar excess of 
IGFBP7 in 50 mM HEPES, 5 mM CaCl2 (pH 7.4) in a final volume of 80 μl 
at 37°C to allow complex formation. Chemical modification employing a  
10.000 molar excess of tandem mass tag TMT-127 was used to identify 
exposed lysines in the complex. An equal amount of purified VWF-A3-CTCK 
without IGFBP7 was labelled with TMT-126, to identify exposed lysines on 
VWF not complexed to IGFBP7. Reaction mixtures were quenched after  
15 minutes with a 150 molar excess of hydroxylamine over TMT-labels and the 
TMT-126 and 127 modified samples were pooled in a one-to-one molar ratio. 
Samples were reduced with 2.5 mM DTT (15 min at 56°C) and subsequently 
alkylated with 15 mM iodoacetamide (IAM) in a buffer containing 50 mM 
ammonium bicarbonate and 2 mM CaCl2. Protein mixtures were divided 
into 4 aliquots which were digested overnight with 0.8 μg/ml chymotrypsin, 
Asp-N, Glu-C or 5 μg/ml trypsin. Peptides were desalted and concentrated 
using a C18 Ziptip (Millipore Corporation, Billerica, USA) according to the 
manufacturer’s instructions. Mass spectrometry analysis of the obtained 
TMT-modified peptides containing lysines was performed as described 
previously [21]. Only trypsin derived peptides cleaved after an arginine were 
included in the analysis. Other selection criteria were that all lysines in a 
peptide were modified with a TMT-label and that all cysteines were alkylated. 
Often multiple variants of peptides containing one specific modified lysine 
were identified; also multiple modified lysines were identified within a single 
peptide. In agreement with previous studies, we pooled data from all peptides 
per identified lysine, obtained from 2 experiments and determined the mean 
TMT127/126 ratio [20,21]. Lysines with less than 3 identified peptides in total 
were excluded from further analysis. Only lysine-residues with a decreased 
TMT127/TMT126 were considered to be candidate-residues involved in 
binding. TMT ratios were normalized per experiment for the overall average 
TMT127/126 ratio obtained from all included peptides within that specific 
experiment. Two independent experiments were performed to identify 
exposed lysines in VWF-A3-CTCK / IGFBP7 complexes. Data were selected 
for a maximum false discovery rate of 5% and further analysed when at least 
3 peptides (in total of 2 experiments) per identified lysine were detected.
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Targeting of IGFBP7 to pseudo-WPBs in transfected HEK293 cells 

HEK 293 cells were cultured on glass coverslips and transfected employing 
FuGENEHD transfection reagens (Promega, Madison, WI). Medium was 
refreshed 24 hours after transfection and cells were fixed for 10 minutes 
with ice-cold methanol, 72 hours after transfection. VWF was visualized 
with a polyclonal rabbit-anti VWF antibody with an Alexa488-conjugated 
secondary goat anti-rabbit IgG antibody. Endogenous IGFBP7 was visualized 
using a monoclonal mouse anti-human IGFBP7 antibody together with an 
Alexa568-conjugated goat anti-mouse IgG antibody [16]. Stainings were 
performed in PBS supplemented with 0.02% saponin and 2% HSA. Cells 
were mounted in Prolong Gold Antifade reagent and analyzed by confocal 
microscopy using a LSM510 microscope and a plan-neofluor 40x or 63x/0.3 
oil immersion lens (Carl Zeiss, Sliedrecht, the Netherlands).  

 
Figure 1. Schematic overview of experimental approach using tandem mass tags to identify 

shielded lysines in VWF / IGFBP7 complex. The N-terminal truncated VWF variant VWF-A3-CTCK 

was modified with TMT-126 and VWF-A3-CTCK in complex with IGFBP7 was modified with  

TMT-127. Samples were pooled in a one-to-one molar ratio and cysteines were reduced and 

alkylated. Proteins were digested with trypsin, chymotrypsin, Asp-N or Glu-C. Peptides were 

analyzed using mass spectrometry.
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Results

Binding of VWF to immobilized IGFBP7

Previously, we have shown that sorting of IGFBP7 to pseudo-WPBs 
in transfected HEK293 cells requires the carboxy-terminal D4N-CTCK 
domains of VWF. To determine whether VWF-A3-CTCK and IGFBP7 can 
interact in vitro we performed binding studies using purified VWF and 
VWF-A3-CTCK. Purified VWF was fully processed and displayed the full 
range of multimers (Figure 2A). Analysis of purified VWF-A3-CTCK by  
SDS-PAGE under reducing and non-reducing conditions revealed that 
VWF-A3-CTCK was composed of a dimer in agreement with previous 
observations (Figure 2B) [22]. We assessed VWF binding to IGFBP7 by using 
a surface plasmon resonance (SPR) based setup. Different concentrations of 
IGFBP7 were immobilized and subsequently wild type VWF and truncated 
VWF-A3-CTCK were perfused (Figure 3). A concentration dependent binding 
of wild type VWF to immobilized IGFBP7 was observed. As expected,  
VWF-A3-CTCK also displayed binding to IGFBP7. The extent of binding of 
VWF-A3-CTCK to IGFBP7 appeared to be lower when compared to wild 
type VWF since higher molar amounts of VWF-A3-CTCK were needed 
to obtain appreciable binding. These data indicate that VWF as well  
VWF-A3-CTCK can interact directly with IGFBP7. 

Figure 2. Multimer analysis of wtVWF and VWF-

A3-CTCK variant by gel electrophoresis. (A) Gel 

electrophoresis showed a normal full-range multimer 

pattern for the purified wild-type VWF contruct. (B) 

Analysis of purified VWF-A3-CTCK by SDS-PAGE under 

reducing (R) and non-reducing (NR) conditions shows 

that VWF-A3-CTCK is a dimer. The protein marker is 

indicated with (M).
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Identification of surface-exposed lysines within VWF-A3-CTCK and IGFBP7

To assess the conformational characteristics of VWF-A3-CTCK and 
IGFBP7, we employed chemical modification to identify exposed 
lysines within these proteins using amine-reactive TMT-126 (for  
VWF-A3-CTCK) and TMT-127 (for VWF-A3-CTCK and IGFBP7 in 
complex). We first investigated the coverage of identified peptides on  
VWF-A3-CTCK and IGFBP7 obtained by digestion. Sequence coverage of  
VWF-A3-CTCK was 91% (Figure S1A). Within the A3-CK domains 7 
consensus sites for N-linked glycosylation sites are present at amino 
acids 2223, 2290, 2357, 2400, 2546, 2585 and 2790. Peptides overlapping 
Asn at position 2223, 2290, 2400, 2546, 2585 and 2790 were not identified in 

Figure 3. WtVWF and the N-terminal truncated VWF-A3-CTCK variant bind to immobilized IGFBP7. 

IGFBP7 was immobilized in various concentrations (I, II and III, respectively 870, 1772 and 3039 

Response Units) expressed in response units (RU) on a CM5 biacore chip and subsequently wtVWF 

and truncated VWF-A3-CTCK were perfused in a HEPES, CaCl2 buffer, pH 7.4. (A) WtVWf bound to 

immobilized IGFBP7 in a concentration dependent manner. (B) Similar results were obtained for 

the truncated VWF-A3-CTCK variant. Flowrate was 5 μl/min.
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VWF-A3-CTCK suggesting that an N-linked glycan is attached to these 
residues or that the peptides for this sequence were out of mass range  
(Figure S1A). Interestingly, peptides encompassing Asn2357 were identified, 
strongly suggesting that the addition of glycans at this position is not 
complete (Figure S1A). We subsequently addressed which lysines within  
VWF-A3-CTCK were modified by amine-targeting. VWF-A3-CTCK contains 
46 lysine of which most were modified (Figure 4). Lys1794 (A3) and Lys2805, 
2810 and 2813 (CK) were not included in the analysis since the peptides 
containing these lysines did not meet the inclusion criteria (indicated 
in red). Lys2300 (C1) and Lys2593 (C5) were contained within peptides 
that were not detected by mass spectrometry presumably because 
these peptides contained an N-linked glycan (amino acids 2290 
and 2585 respectively). The average sequence coverage for IGFBP7 
was 77% (Figure S1B). Upon exclusion of the signal peptide (1-26), 
the sequence coverage increased to 81%. Peptides encompassing 
the putative N-linked glycosylation site at Asn171 were not found 
indicating that a glycan moiety might be attached to this residue 
(Figure S1B and C). Also, a peptide encompassing a fragment of the 
proposed heparin-binding site of IGFBP7 [23,24] (amino acid position 
Ser90-Lys95), containing Lys 92 and 95, and peptides containing  
Lys195 and Lys197 were not identified  (Figure S1B and C). 

Figure 4. Modification of lysine residues in truncated VWF-A3-CTCK variant and IGFBP7 

using Tandem-Mass Tags and mass spectrometry. The positions of 46 lysines in the truncated  

VWF-A3-CTCK variant and 15 lysines in IGFBP7 are indicated with lollipops in the schematic domain 

compositions. TMT-labeled lysines in peptides of VWF-A3-CTCK are depicted in black. Unlabeled 

lysines or lysines on peptides that were out of mass range or obtained by cleavage after a lysine in 

red. Numbers indicate the first amino acid of the domain starting from A3 towards the CTCK.
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Shielding of lysines within VWF-A3-CTCK by IGFBP7 

To investigate the surface exposure of lysines of VWF in complex with 
IGFBP7 the following approach was used. VWF-A3-CTCK was labeled with 
TMT-126 and VWF-A3-CTCK in complex with IGFBP7 (molar ratio 1:3) was 
modified with TMT-127. The ratio of TMT-127/126 provides a measure 
for surface exposure of a specific lysine residue, with a ratio lower than 1 

Figure 5. Identification of shielded lysine residues on VWF in complex with IGFBP7. Employing a 

TMT-lysine modification approach using mass spectrometry, lysine 2241 in the TIL-4 domain and 

lysine clusters 2700-2707-2710 and 2735-2740, within the C6 and C-terminal cysteine knot (CTCK) 

domain (indicated with green datapoints) had the lowest TMT127 / TMT-126 ratio, indicating that 

they are less accessible for modification when VWF is in complex with IGFBP7. Black lollipops 

indicate lysines in the VWF domain structure. The shielded lysines are indicated in green. Datapoints 

represent the mean TMT-ratio with standard deviation of all peptides from 2 experiments per 

identified lysine. Data for certain lysines were excluded from analysis according to the exclusion 

criteria mentioned before.
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indicating that the lysine is shielded from modification when in complex 
and a ratio higher than 1 suggests a higher surface exposure in complex. As 
a control we labeled VWF-A3-CTCK in the absence of IGFBP7 with TMT-126 
and TMT-127. As expected, we observed no difference of incorporation of 
the TMT-126 or TMT- 127, which was revealed by the overall TMT-127/126 
ratio of 1,080 for VWF-A3-CK. When VWF-A3-CTCK was incubated with a 
3-fold molar excess of IGFBP7, lysine 2152 in the C8-4 domain and lysine 
2241 in the TIL-4 domain had a low average TMT-127/126 ratio (0,31 and 
0,44 respectively) (Figure 5). Similarly, lysine clusters 2700-2707-2710 and 
2735-2740, within the C6 and C-terminal cysteine knot (CTCK) domain, 
also had TMT-127/126 ratios below 0,5 (0,47 and 0,39 respectively). 
This indicates that these lysines in the C8-4, TIL-4, C6 and CTCK domains 
in VWF become shielded from modification by TMT labels when  
VWF-A3-CTCK is in complex with IGFBP7. Based on these observations we 
propose that the binding site for IGFBP7 on VWF is in proximity of these 
lysines or might even directly involve these residues. 

C-terminal domains of VWF provide a sorting determinant for IGFBP7

We have previously shown that expression of recombinant VWF in HEK293 
cells triggers sorting of IGFBP7 to WPBs [16]. To identify crucial domains 
of VWF involved in targeting of endogenous IGFBP7 to WPBs in HEK293 
cells, we transfected different VWF variants and assessed the subcellular 
localization of these 2 proteins. In agreement with our previous data 
trafficking of endogenous IGFBP7 to pseudo WPBs was observed in cells 
expressing wild type VWF (Figure 6). A VWF variant lacking all three A domains 
(VWFΔA1-A3) also showed co-staining of IGFBP7 and VWF indicating that the 
A domains are not required for co-trafficking of IGFBP7 (Figure 6). Expression 
of VWFΔA1-A3 induced mostly spherical vesicles indicating that deletion of 
the A domains alters the morphology of pseudo-WPBs. Two VWC domain 
VWF variants, in which the VWC3 or VWC5 domains were exchanged for 
a collagen type 2A1 cysteine repeat, were expressed in HEK293 cells. Both 
variants induced recruitment of IGFBP7 to WPBs similar to wild-type VWF  
(Figure 6). Expression of VWF-VWC5-COL2A1 also induced formation of 
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Figure 6. C-terminal domains of VWF provide a sorting determinant for IGFBP7. To identify crucial 

domains of VWF involved in targeting of endogenous IGFBP7 to WPBs in HEK293 cells, various VWF 

variants were transfected and subsequently the subcellular localization of these 2 proteins was 

assessed. VWF was visualized using a polyclonal rabbit antibody (green) and IGFBP7 was visualized 

using a mouse monoclonal antibody (red). 
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primarily spherical WPBs. A carboxy-terminally truncated VWF variant 
lacking the domains beyond D4N (VWF-D1-D4N), was defective in 
targeting of IGFBP7 to pseudo WPBs. We also modified the putative  
PDI-motif present in the VWD4 domain. Insertion of Gly at amino acid 
position 2086 did not affect pseudo WPB morphology and also did not affect 
targeting of IFGBP7 to pseudo WPBs (Figure 6). A variant in which both 
Cys2085 and Cys2088 were replaced by an Ala induced spherical vesicles 
in HEK293 cells which retained the ability to recruit IGFBP7. Altogether our 
findings show that a sorting determinant in the carboxy-terminal domains  
(VWD4-CTCK) is critical for co-targeting of VWF and IGFBP7 to pseudo 
WPBs.



111

Requirements of VWF mediated targeting of IGFBP7 to WPBs

55

Discussion

Elongation and condensation of small VWF tubules drives the formation 
of WPBs from the trans-Golgi network (TGN) [25]. The mechanism of 
recruitment of other WPB components to these organelles has yet to be 
defined. Direct binding of proteins to VWF in the TGN and subsequent  
co-trafficking to WPBs has been proposed as a mechanism for recruitment. 
It has been established that WPB components such as IL-8, OPG, FVIII and 
P-selectin all are able to bind to VWF [12-15]. The presence of certain 
proteins in WPBs is not always dependent on active-targeting, but can 
also be due to a defective or inefficient removal mechanism, as recently 
proposed for chemokines such as IL-6, MCP-1 and Gro-α [11]. These 
compounds therefore have a poor storage efficiency to WPBs when 
compared to VWF.  The same study also suggested that sorting of tPA into 
WPBs was dependent on its level of upregulation [11]. A more indirect 
regulation mechanism dependent on expression levels was observed in 
blood outgrowth endothelial cells overexpressing KLF2, which abolished 
Ang2 recruitment to WPBs [26]. All together these studies suggest that 
WPB content is not exclusively regulated by VWF binding.
We have recently identified IGFBP7 as a novel component of WPBs and 
have shown that IGFBP7 remains associated with UL-VWF strings following 
exocytosis [16]. Consistent with these findings we now show that IGFBP7 
can interact directly with VWF as well as a VWF dimeric variant (designated 
VWF-A3-CTCK). Our binding studies show that relatively large amounts of 
VWF-A3-CTCK are needed for binding to immobilized IGFBP7. Full length 
multimeric VWF contains multiple in cis connected binding sites for 
IGFBP7 and this may promote enhanced binding of multimeric VWF when 
compared to dimeric VWF-A3-CTCK. 
Using a chemical modification approach we investigated the binding 
of VWF to IGFBP7. Chemical modification of VWF-A3-CTCK revealed 
that under our experimental conditions most lysines are exposed. 
Previously, it has been shown that A3-CTCK VWF assembles into a dimeric 
bouquet at pH 6.0 through the formation of a rigid stem comprising the  
carboxy-terminal C1-C6 domains [22]. Chemical modification of  
VWF-A3-CTCK was performed at neutral pH and under these conditions, 
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with the C1-C6 stem in a more flexible conformation [22], most lysines 
are accessible for the amine-targeting TMT-label. Interestingly, peptides 
identified for VWF-A3-CTCK and IGFBP7 did not fully cover the amino 
acid sequence of both proteins. Peptides containing a consensus site 
for N-linked glycosylation present within IGFBP7 and VWF-A3-CTCK 
were not identified. Also, a stretch of positively charged amino acids,  
Lys92-Arg93-Arg94-Lys95 in IGFBP7 was not identified, possibly due to 
extensive cleavage by trypsin and chymotrypsin (Figure S1B and C) [27]. This 
motif is part of a heparin-binding site as well as a cleavage site for serine 
proteases such as trypsin [28]. Chemical modification by amine-targeting 
TMT-labels of complexes between VWF-A3-CTCK and IGFBP7 indicated that 
several putative binding sites for IGFBP7 are present within VWF-A3-CTCK. A 
reduced TMT127/TMT126 ratio was observed for Lys2152 (C8-4), Lys2241 
(TIL-4) and lysine clusters 2700-2707-2710 (C6) and 2735-2740 (CTCK). 
Altogether this approach suggested that multiple areas within the A3-
CTCK domains of VWF contribute to the binding of IGFBP7. 
Co-targeting studies in transfected HEK293 cells revealed that the A1-A3 
domains of VWF are not involved in co-targeting of IGFBP7 to pseudo-
WPBs [16]. Expression of a truncated variant VWF-D1-D4N did not 
support targeting of endogenous IGFBP7 to pseudo-WPBs. Replacement 
of VWC3 and VWC5 by the homologous COL-2A1 domain of collagen IIA 
did not affect the targeting of IGFBP7 to pseudo-WPBs. These different 
approaches exclude involvement of the A1, A2, A3, D4N, C3 and C5 domain 
in targeting of IGFBP7. Altogether the co-transfection studies suggest that 
structural determinants within the D4, C8-4, Til-4, C1, C2, C4, C6 or CTCK 
domains most likely direct sorting of IGFBP7 to pseudo-WPBs. Several of 
these domains (C8-4, TIL-4, C6 and CTCK) have also been implicated in 
binding to IGFBP7 by our chemical footprinting approach. Therefore, we 
hypothesize that binding of IGFBP7 to one of these carboxy-terminal VWF 
domains drives the targeting of IGFBP7 to WPBs. 
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Supplementary data

Figure S1. Peptide coverage for VWF-A3-CTCK and IGFBP7. (A) Peptide coverage of truncated VWF-

A3-CTCK variant in amine-targeting TMT labeling approach employed to identify surface exposed 

lysines using mass spectrometry. Identified peptides are depicted in green. (B) Peptide coverage of 

IGFBP7 in the same set-up. Peptides were obtained by cleavage with trypsin, chymotrypsin, Asp-N 

and Glu-C. (C) TMT-labeled lysines in tryptic peptides of IGFBP7 are depicted in black. Lysines on 

peptides that were out of mass range or undetected due to glycosylation, are depicted in red. Data 

presented is from 1 experiment. 
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Abstract

Blood outgrowth endothelial cells (BOEC) are derived from a subpopulation 
of circulating endothelial precursor cells (EPC). Several studies have shown 
that BOECs display a gene-expression profile that is very similar to that of 
HUVEC. Here, we show that miRNA profiles of BOEC and HUVEC are also 
very similar. Both miR-21 and miR-126 are highly expressed in HUVEC and 
BOEC. To uncover novel downstream targets of these well-characterized 
miRNAs we assessed their effect on endothelial cell barrier function using 
specific antimiRs. No major effects were observed on endothelial cell 
proliferation following down-modulation of miR-21 and miR126. Also, the 
response to histamine-induced loss of endothelial cell barrier-function 
was similar for miR-21 and miR-126 depleted cells when compared to 
cells treated with control antimiRs. We performed a proteomic screen 
which revealed 184 proteins that were more than two-fold upregulated 
in cells depleted for miR-126 when compared to control cells. Potential 
targets regulated by miR-126 include the sodium/potassium transporting 
ATPase subunit alpha and the resident endoplasmic reticulum proteins 
endoplasmin and putative heat shock protein HSP90β. We also observed 
upregulation of coatomer α and β involved in retrograde transport along 
the secretory pathway. Depletion of miR-21 resulted in a more than 2-fold 
increased expression of 178 proteins. These included actin-related protein 
3 (arp3) and cortactin, suggesting that miR-21 modulates cytoskeletal 
rearrangements in endothelial cells. Overall, our findings emphasize the 
impact of the abundantly expressed miRNAs miR-21 and miR-126 on the 
proteome of BOEC. 
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Introduction

Endothelial cells control vascular homeostasis and provide a highly dynamic 
barrier that separates blood components from the underlying tissues [1]. 
Vascular endothelial cells play a crucial role in directing leukocytes to sites 
of inflammation in the underlying tissues [2] and are also critically involved 
in binding platelets under shear stress through the release of large von 
Willebrand factor strings from Weibel-Palade bodies [3]. Neovascularization 
involves proliferation and differentiation of endothelial cells in response to 
growth factors such as vascular endothelial growth factor (VEGF) [4]. Over 
the past 10 years microRNAs (miRNAs) have emerged as key regulators of 
mRNA translation [5]. MiRNAs comprise a group of highly conserved small 
non-coding RNA molecules of around 23 bp in size that by virtue of their 
binding to their target mRNA inhibit protein translation or even induce 
mRNA degradation [6]. A single miRNA can bind to multiple target mRNAs 
allowing for coordinated regulation of gene expression under surveillance 
of a complex networks of miRNAs [7]. MiRNAs are often expressed in a 
tissue and cell-type specific manner and execute their role in a cluster of 
several miRNAs that are expressed under control of the same promoter 
[6]. Pre-miRNAs are processed in the nucleus by RNA endonuclease 
Drosha and translocated to the cytosol where they are cleaved by Dicer, 
a key endonuclease involved in the maturation of miRNAs [5,8]. Dicer is 
necessary for normal cellular function and it is reported that Dicer null 
mice die at embryonic day 7.5 [9]. Also tissue-specific deletion of Dicer has 
been shown to result in functional abnormalities [10]. Silencing of Dicer in 
endothelial cells resulted in dramatic changes in the expression profile of 
angiogenesis-related genes [11,12]. Over the past few years it has been 
well-established that miRNAs are key regulators of angiogenesis [13-15]. 
An important role for miR-126 as a suppressor of metastasis has been 
documented through its ability to suppress the recruitment of endothelial 
cells to metastatic cells through its modulating effect on interferon growth 
factor binding protein 2 (IGFBP2) and the receptor tyrosine kinase  MERTK 
[16]. MicroRNA profiles of a variety of endothelial cells have been analyzed 
[11-13,17,18]. Recently, miRNA profiling of endothelial precursor cells 
(EPC) derived from diabetic patients revealed down-regulation of miR-21, 
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miR-126, miR-27a, miR-27b and miR-130 [19,20]. Here, we determined 
expression levels of miRNAs in blood outgrowth endothelial cells (BOEC) 
[21]. This analysis showed that the miRNA profile of BOEC is highly similar 
to that of human umbilical vein endothelial cells (HUVEC). Assessment of 
barrier function and cell migration using electric cell-substrate impedance 
sensing (ECIS) did not reveal significant differences between miR-21 and 
miR-126 silenced and control BOEC. We further investigated the impact 
of the two highly expressed miR-21 and miR-126 on the proteome of 
BOEC. Our results showed that silencing of miR-21 and miR-126 resulted 
in an altered expression of proteins that contribute to cytoskeletal 
rearrangement, protein folding and vesicle transport in the early secretory 
pathway.  
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Materials and methods

Reagents

Collagen type I was obtained from BD Biosciences (Bedford, MA, USA). 
L-cysteine was from Sigma Aldrich (Zwijndrecht, the Netherlands). Fetal 
calf serum (FCS) was purchased from Hyclone (ThermoScientific). DNase 
I amplification grade (Invitrogen, Carlsbad, CA, USA). TaqMan microRNA 
Reverse Transcription Kit was obtained from Applied Biosystems  
(Foster City, CA, USA). Dithiotreitol (DTT) and Halt Protease Inhibitor 
Cocktail were from Thermo Scientific (Rockford, IL, USA). Glycerol 
and bromophenol blue were from Merck (Darmstadt, Germany). The 
electric cell-substrate impedence sensing system (ECIS) and ECIS 8W10E 
cultureware were from IBIDI (Munchen, Germany). NuPAGE® Novex  
pre-cast gradient (4-12%) Bis-Tris mini gels were from Invitrogen (Carlsbad, 
CA, USA).

Cell culture and transfections

BOECs were isolated from peripheral blood from healthy donors as 
described previously [21]. Cells were cultured in endothelial growth 
medium-2 medium supplemented with growth factors (Lonza, Verviers, 
Belgium) and 18% FCS (EGM-18) in collagen type I (50 μg/ml) coated 
flasks. Cells were cultured up to passage 7-8 and subsequently used for 
experiments. For analysis of BOEC characteristics in different experimental 
set-ups, cells were seeded in 6-wells plates and cultured overnight to 70% 
confluence. Cells were transfected with chemically engineered antisense 
Locked Nucleic Acid (LNA)-oligonucleotide (antimiRs) with high affinity 
for its complementary strand, to silence miRNA-126 and 21 (Exiqon, 
Vedbaek, Denmark). As a negative control the miRCURY LNA microRNA 
Antisense Control (Exiqon, cat. no. 199004-00) was used. Transfections 
were performed using INTERFERin reagent from Polyplus (Illkirch, France) 
according to the manufacturer’s instructions. Cells were incubated 
overnight with transfection reagent and a final concentration of 62.5 nM 
antimiRs. Medium was refreshed after 24 hours and cells were cultured to 
confluence in 72 hours. Confluent monolayers of antimiR-treated BOECs 
were used for all experiments.
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MicroRNA microarray profiling of BOEC and HUVEC

BOEC and HUVEC were cultured as described in the section above. Small 
RNAs were isolated from 80 cm2 flasks (corresponding to 2-5 X 106 cells) 
culture dishes using the mirVana miRNA isolation kit (Invitrogen). BOEC 
from 2 healthy donors and HUVEC derived from 2 different umbical cords 
were used for isolation of miRNA. Microarray based miRNA profiling 
was performed at MAD: Dutch Genomics Service & Support Provider, 
Swammerdam Institute of Life Sciences, University of Amsterdam. 
SurePrint Human miRNA Microarrays, Sanger miRbase (release 12.0),  
15 K, Agilent Technologies, Santa Clara, CA, USA) were used for this analysis. 
Data were processed essentially as described previously [22]. Raw data 
were read using the beadarray package (version 1.12.1) (Bioconductor) 
[23].  MiRNAs were excluded from the analysis when their log2 expression 
was less than median expression levels on the array.

Quantification of miRNA silencing using qRT-PCR

Cells were plated in parallel in every experiment to assess the level of 
miRNA in antimiR-treated BOEC. Confluent silenced BOEC were washed 
with PBS and RNA was isolated using the Qiagen miRNeasy mini kit 
according to the manufacturer’s instructions (Qiagen, Hilden, Germany). 
NanoDrop2000 (ThermoScientific) was used to quantify and measure the 
260/280 absorbance ratio. RNA samples were first treated with DNAse I to 
remove residual genomic DNA. Subsequently reverse transcriptase (RT)-PCR 
was performed for each specific miRNA using TaqMan microRNA Reverse 
Transcription Kit following the manufacturer’s protocol to obtain cDNA 
(TaqMan, Life Technologies. RNU 48 and U6 were used as housekeeping 
genes [24]. Quantitative real-time PCR (qRT-PCR) was performed using 
LightCycler 480 Probes Master reaction mixtures from Roche (Mannheim, 
Germany). Cycling conditions were 95°C for 10 minutes, followed by  
40 cycles of 95°C for 15 seconds and 60°C for 60 seconds, ending at 40°C 
for 10 minutes using a StepOnePlus device (Applied Biosystems  Foster City, 
CA, USA) and data were analyzed using StepOne Software v2.1. The level of 
silencing of the miRNAs was calculated and results were normalized against 
the control silenced antimiRs and corrected for levels of housekeeping 
genes. The relative expression was determined using the formula 2-ΔΔCt. 
MiRNA silencing in BOEC used for all experiments resulted in residual 
microRNA expression levels of less than 5%. 
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Wound healing electric cell-substrate impedance sensing (ECIS) assays

Confluent miRNA silenced BOEC were collected and 1x105 cells were 
seeded in collagen type I coated 8-well ECIS electrode arrays pre-treated 
with L-cysteine. Cells were seeded in duplicate wells and a functional 
wound healing experiment was performed according to the instruction of 
the manufacturer. In short, cells were cultured to confluence, after which 
a wound was created by applying an electroshock of 30 kV for 15 seconds 
to remove the cells in contact with the gold film electrode. Cell migration 
to close the wound was monitored for 8 hours. Subsequently cells were 
stimulated with histamine. Recovery of cell-cell barrier function was 
monitored. Impedance as a measure for cell spreading and adhesion was 
measured continuously at 30 kHz and data-points were collected during 
the entire experiment. Data were analyzed and normalized resistance 
was calculated using the ECIS software (Applied Biophysics). Results were 
compared between miRNA silenced BOEC and control BOEC transfected 
with scrambled antimiRs. Data for analysis of wound healing were 
normalized for the lowest measured resistance at the time of wounding 
per well. The mean normalized impedance of duplicates was determined 
at different time-points and analyzed for significance. Statistical analysis 
was performed at different time-points using 2-way ANOVA; p<0.05 was 
considered significant.

Proteomics of antimiR-treated cells 

Confluent antimiR-treated BOEC were lysed for 1 minute on ice using  
2x SDS-PAGE sample buffer containing 0.1 M DTT, Halt Protease Inhibitor 
Cocktail, 4% SDS, 0.02% bromophenol blue and 20% glycerol in a Tris 
buffer. Cells were collected using a cellscraper and the lysate was sheared 
through a 21 G needle to fragment the genomic DNA and homogenize 
the sample. Lysates were denatured for 5 minutes at 95 °C and separated 
on a 1 mm NuPAGE® Novex pre-cast gradient (4-12%) Bis-Tris mini gel 
(200 V, 120 mA). The gel was washed and stained with Imperial Protein 
Stain (Thermo Scientific). The sample lanes on gel were divided into  
10 pieces and processed for in-gel digestion with trypsin. Mass 
spectrometry identification and selection of peptides was performed as 
described previously [25]. All MS/MS samples were analysed with Sequest 
(XCorr only) (Thermo Fisher Scientific, San Jose, CA, USA) and X!Tandem 
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(The GPM, thegpm.com, Cyclone) using “uniprot-organism_9606_AND_
keyword_kw-0181.fasta” database. Both databases were searched with a 
fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 20 
PPM. Other selection criteria were that all cysteines were alkylated and 
oxidation of methionines was set as a variable modification. The identified 
number of peptides per protein was normalized for the total number of 
identified spectra per experiment. To identify altered protein expression 
levels we analyzed the peptide data with Scaffold software (version 4.0.4) 
(Proteome Software Inc., Portland, OR). Peptide identifications were 
accepted when 95.0% probability by the Peptide Prophet algorithm was 
determined [26] with Scaffold delta-mass correction and when a minimum 
of 2 peptides per comparison were obtained. Proteins that contained 
similar peptides and could not be differentiated based on MS/MS analysis 
alone were grouped. Proteins sharing significant peptide evidence were 
grouped into clusters. Proteins were annotated with GO terms from NCBI. 
Proteins displaying at least a 2-fold upregulation between antimiR-miRNA 
silenced and control BOEC incubated with miRCURY LNA™ microRNA 
Inhibitor Negative Control A were selected for further analysis.
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Results

MicroRNA profile of BOEC and HUVEC

To gain insight into which microRNAs are highly expressed in human blood 
outgrowth endothelial cells (BOECs), a microarray was performed on BOECs 
isolated from 2 healthy donors. HUVEC derived of 2 umbilical cords were 
included as a reference in this study. As expected, miRNA profiles of BOEC 
and HUVEC revealed considerable overlap (Figure 1). The highest expressed 
miRNA in both BOEC and HUVEC was miR-21. MiR-126 has been described 
before as a tissue-specific microRNA, expressed only in endothelial cells 
[13,27]. In both the BOECs and HUVEC miR-126 was indeed expressed 
at relatively high levels. Apart from miR-21 and miR-126, a number of 
other highly expressed miRNAs were found which included miR-22,  
miR-27a, miR-24, let7a and miR-23a. The majority of miRNAs was expressed 
at similar levels in BOEC and HUVEC. Interestingly, the expression level 
of let-7a was higher in BOEC when compared to HUVEC (Figure 1). Let7a 
is a member of the let-7 cluster; the levels of these miRNAs are highly 
regulated during development and cellular differentiation. The observed 
increase of let-7a and also let-7b in BOEC when compared to HUVEC may 
therefore be caused by the different origin of these two phenotypically 
related populations of endothelial cells. 

Figure 1. MicroRNA profile of BOEC and HUVEC. Small RNAs were isolated from BOEC of 2 healthy 

donors and of HUVEC isolated from 2 umbilical cords. Microarray based miRNA profiling was 

performed to identify the expression levels of microRNAs in endothelial cells. Data is presented as 

mean from 2 donors with standard deviation.
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Figure 2. Migration and proliferation of miRNA silenced BOEC. AntimiR-21 and -126 and control 

antimiR treated BOEC were electrically wounded thereby removing cells from the electrode. 

Subsequent coverage of the electrode in time provides a measure for cell migration and 

proliferation, which was assessed by monitoring electrical impedance using ECIS. (A) Comparison 

of the increase in normalized mean electrical impedance observed for miRNA-21 and miRNA-126 

silenced BOEC and control-treated BOEC following electrical wounding. (B) Cell migration of control 

antimiR-treated BOEC (C) miRNA-126 silenced BOEC and (D) miRNA-21 silenced BOEC. Data are 

presented as a means plus and minus standard deviation (indicated in grey). 
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Silencing miRNA-21 or miRNA-126 does not significantly alter cell 
migration or recovery from histamine-induced barrier dysfunction 

We further explored the role of the abundantly expressed miR-21 and  
miR-126 in endothelial cell physiology. First, we investigated endothelial cell 
migration after electrical wounding by monitoring the increase in electrical 
impedance as a function of time in endothelial cells treated with miR-21, 
miR-126 and control antimiRs. Following electrical wounding a rapid recovery 
was observed in cells treated with control antimiR (Figure 2A). Already 
after 3 hours the normalized impedance returned to plateau values. The 
proliferation rate of BOEC treated with antimiRs specific for miR-21 and 
miR-126 was not significantly different from that observed for the control 
(Figure 2B, C and D). A slightly higher value of normalized impedance was 
observed for miR-126 treated cells but this was not statistically different 
from the control treated cells. Subsequently, we assessed whether  
miR-21 and miR-126 affect the extent and/or recovery of histamine-
induced perturbation of endothelial barrier function. Incubation of cells 
transfected with control antimiRs with histamine resulted in an immediate 
decline in electrical resistance (Figure 3). Already within several minutes 

a rapid recovery of endothelial cell barrier function was observed as 
revealed by the increase in electrical impedance (Figure 3). Recovery 
of barrier function following histamine-treatment displayed a biphasic 
kinetics with a rapid initial recovery of barrier function followed by a 

Figure 3. Recovery after histamine 

induced disruption of barrier function of 

miRNA silenced BOEC. MiRNA silenced 

BOEC and control antimiR treated BOEC 

were stimulated with 100 μM histamine 

to transiently disrupt endothelial cell 

barrier function. Recovery of barrier 

function was assessed by measuring 

electrical impedance using ECIS. Data 

are presented as a means plus and 

minus standard deviation (indicated by 

grey error bars).  
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second phase in which the increase in electrical impedance was much 
slower (Figure 3). After 40 minutes full recovery of endothelial cell barrier 
function was obtained for both miR-21 and miR-126 silenced BOEC as well 
as BOEC treated with control antimiRs. No significant differences in rate 
of recovery of endothelial cell barrier function were observed between 
antimiR-21, 126 and control antimiR-treated cells. 
                                                                                                                                                                                                                                                                                                            

Figure 4. Changes in protein expression levels of miRNA silenced BOEC. Mass spectrometry was 

used to determine protein levels of antimiR-21, -126 and control silenced BOEC. Quantification of 

protein expression was performed by comparing the number of peptides identified for a single 

protein under different experimental conditions. On the x-axis individual proteins are depicted 

whereas on the y-axis fold-induction of protein expression is displayed. 
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Proteomics approach indicates altered expression of proteins in miRNA 
silenced BOEC

We used a proteomics approach to identify potential targets of miRNA-21 
and miRNA-126 in BOEC. The proteome of miRNA-silenced BOEC 
was compared to scrambled antimiR-treated BOEC employing mass 
spectrometry. The number of peptides obtained for individual proteins 
was compared between different experimental conditions. An increased 
number of peptides of a protein in miRNA silenced BOEC, when compared 
to the control antimiR treated BOEC, indicated an increased expression 
level of this protein due to the silencing of miR-21 or miR-126. In  
miR-126 silenced BOEC we identified 184 proteins that were more than  
2 fold upregulated and 129 proteins that were at least 2 fold downregulated 
(Figure 4). A total of 622 proteins were identified in miR-126 silenced BOEC. 
Since miRNAs inhibit mRNA translation, the silencing of miRNA would 
result in upregulated protein expression. The upregulated proteins could 
potentially be direct targets of the silenced miRNAs. Proteins upregulated 
more than 5 fold in miRNA-126 silenced BOEC are listed in Table 1. 

Table 1. Upregulated proteins in miRNA-126 silenced BOEC. Protein expression levels of 

miRNA-126 silenced BOEC were compared to that of control antimiR treated BOEC. Proteins 

which were upregulated at least 5 fold in BOEC treated with antimiRs specific for miR-126 when 

compared to control treated cells are listed and are potentially considered to be direct targets of 

miRNA-126. 
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Several proteins were upregulated involved in quality control within the 
endoplasmic reticulum (endoplasmin and heat shock protein HSP90β) and 
the early secretory pathway (coatomer subunit alpha and beta) (Table 
I). For miRNA-21 silenced BOEC 570 proteins were identified of which 
178 were more than 2 fold upregulated and 163 proteins were at least  
2 fold downregulated. The highly upregulated proteins (at least 5 fold) of 
miRNA-21 silenced BOEC are listed in Table 2. These included actin related 
protein 3 and Src substrate cortactin suggesting that miR-21 contributes to 
cytoskeletal re-arrangements in endothelial cells. 

Table 2. Upregulated proteins in miRNA-21 silenced BOEC. Protein expression levels of miRNA-21 

silenced BOEC were compared to that of control antimiR treated BOEC. Proteins which were 

upregulated at least 5 fold in BOEC treated with antimiRs specific for miRNA-21 when compared 

to control treated cells are listed and are potentially considered to be direct targets of miRNA-21.
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Discussion

In this study we performed miRNA profiling of BOEC and compared the 
obtained profiles to that of HUVEC. In accordance with previous findings, 
miR-21 and miR-126 are highly expressed in endothelial cells [11,13,18,28]. 
Also miR-22, miR-27a and members present within the let-7 cluster have 
been previously identified in endothelial cells [11,18]. The miRNA profile of 
BOEC is virtually identical to that obtained for HUVEC. These results confirm 
earlier studies which indicate that BOEC (also designated late outgrowth 
endothelial cells or endothelial colony forming cells) are phenotypically 
similar to vascular endothelial cells [29]. MiRNAs from the let-7 cluster, 
in particular hsa-let-7a, appear to be expressed at higher levels in BOEC 
when compared to HUVEC (Figure 1).  Processing of the primary miRNA 
transcript of hsa-let-7a is controlled by the developmentally regulated RNA 
binding protein Lin28 [30-33]. Lin28 is expressed during early development 
in pluripotent stem cells and its expression is down-regulated during 
differentiation of for instance embryonic stem cells [33]. Downregulation 
of Lin28 expression upon differentiation alleviates inhibition of pre-let-7 
processing resulting in elevated levels of miRNA-let-7 in differentiated 
cells. The high level of let-7 in both BOEC and HUVEC is in agreement 
with the terminal differentiation of these populations of endothelial 
cells. The elevated levels of let-7a and to a smaller extent also let-7b and  
let-7f in BOEC when compared to HUVEC suggests that BOEC represent a 
population of fully differentiated endothelial cells in accordance with their 
phenotypic properties and gene expression profile [21,34-36].
In agreement with previous studies high levels of miR-21 are observed in 
endothelial cells [11,18]. A small reduction in angiogenic and proliferative 
properties of retinal microvascular endothelial cells was observed following 
inhibition of miR-21 [18]. Interestingly, cardiac stress responses were 
unaltered in miR-21 null mice [37]. MiR-21 was shown to be upregulated 
following both unidirectional and oscillatory shear stress [38,39]. 
Interestingly, overexpression of pre-miR-21 in endothelial cells reduced 
tube formation and migration of transfected HUVEC [40]. In our studies 
we did not observe an effect of miR-21 silencing on the migration of BOEC 
(Figure 2). We cultured BOEC in medium containing both VEGF and bFGF, 
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however Guduric-Fuchs et al. used retinal microvascular endothelial cells, 
cultured in medium containing insulin, heparin and 10% porcine serum 
[18]. Under our experimental conditions miR-21 depletion did not affect the 
proliferation rate of BOEC or the rate of recovery from histamine-induced 
loss in barrier function (Figure 2 and 3), suggesting that miR-21 does not 
have a pronounced effect on junction stability. A number of proteins were 
strongly upregulated following miR-21 depletion (Table 2). Interestingly, 
the actin-nucleation-promoting factor cortactin as well as as it binding 
partner actin-related protein 3 were upregulated in miR-21 depleted cells, 
suggesting a role for miR-21 in the regulation of cellular migration and 
invasion [41]. Serpin H1 (also known as HSP47), is a chaperone involved 
in the assembly of collagen microfibrils in the endoplasmic reticulum [42] 
and was upregulated in miR-21 and miR-126-deficient endothelial cells. A 
deficiency of SerpinH1 has been linked to a severe form of osteogenesis 
imperfecta that results from aberrant assembly of collagen fibrils [43]. 
A large number of reports have shown that miR-126 controls angiogenesis 
and vascular integrity. Genetic ablation of miR-126 in mice compromises 
vascular integrity resulting in extensive hemorrhages during embryonic 
development [28]. Interestingly, miR-126 deficient mice that survived 
beyond the embryonic stage did not display these vascular abnormalities, 
indicating that miR-126 exerts its function during vascular development 
[28]. Using target-prediction tools Fish and co-workers revealed that  
miR-126 regulates expression of Sprouty-related EVH1-domain containing 
protein SPRED1 and the phosphoinositol-3 kinase regulatory subunit 
2 (PI3KR2), two negative regulators of the VEGF-signalling pathway in 
endothelial cells [13]. We did not observe upregulation of expression 
of SPRED1 and PI3KR2 following down-regulation of miR-126 (Table 1). 
Sodium/potassium-transporting ATPase subunit alpha-1 (ATP1A1) was 
upregulated more than 10-fold in our study suggesting a role for miR-126 
in regulation of vascular tone [44]. Also endoplasmin, the putative heat 
shock protein HSP 90-beta and coatomer subunit alpha and beta were 
upregulated (Table I). Both endoplasmin, HSP 90-beta and 26S proteasome 
non-ATPase regulatory subunit 2 have been implicated in protein folding 
and stress responses in the endoplasmic reticulum [45]. Coatomer subunit 
alpha and beta are part of coat protein complex I (COPI) that regulates 
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retrograde transport between Golgi-stacks and ER [46]. These findings raise 
the possibility that alterations in miR-126 levels modulate biosynthetic 
and degradation pathways within the endoplasmic reticulum. 
Recent studies have shown that miR-126 acts as a tumour suppressor 
[47,48]. Depletion of miR-126 resulted in recruitment of endothelial cells 
to metastatic breast cancer cells [16]. The miR-126 targets interferon 
growth factor binding protein 2 (IGFBP2), cytoplasmic phosphatidylinositol 
transfer protein 1 (PITPNC1) and the tyrosine-protein kinase Mer (MERTK) 
were implicated in the endothelial cell recruitment of metastatic cells 
through signaling events that involved the IGF1-receptor [16]. MiR-126, 
expressed specifically in endothelial cells, has been shown to regulate the 
expression of stromal cell-derived factor-1 (SDF-1), which regulates the 
recruitment of vascular progenitor cells to sites of vascular injury [49]. 
Together, these findings emphasize the role of miR-126 in maintaining 
vascular homeostasis under both physiological and pathophysiological 
conditions. Our findings show potential regulation of expression of a 
large number of other proteins by miR-126. The physiological relevance 
of candidate proteins regulated by miR-126 and miR-21 for endothelial 
cell function identified in this study needs to be established in follow-up 
studies. 
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General discussion

Von Willebrand factor (VWF) plays a crucial role during primary 
haemostasis by recruitment of blood platelets to sites of vascular injury. 
The important role of VWF in this process is underscored by the bleeding 
deficiency, designated von Willebrand disease (VWD), which results from 
a lack of functional VWF. VWF undergoes a number of unique intracellular 
processing and assembly steps that are crucial for its ability to efficiently 
arrest platelets. In the endoplasmic reticulum (ER) VWF dimerizes through 
intramolecular disulfide-bonding within the carboxy-terminal cysteine 
knot (CTCK) domain. Subsequently, intermolecular disulfide bridge 
formation within the amino-terminal D3 domain assembly (C8-3 and 
TIL-3 subdomains) results in the formation of a heterogenous mixture of 
multimers. Following their tubular condensation in the trans-Golgi network 
(TGN) the multimers are packaged into elongated storage organelles, 
so-called Weibel-Palade bodies (WPBs). Agonist induced triggering of 
endothelial cells induces fusion of WPBs with the plasmamembrane, 
which coincides with rapid unfolding of VWF tubules and their subsequent 
assembly into ultra large VWF strings that remain anchored to the surface 
of endothelial cells. In this thesis several aspects of the biogenesis and 
release of UL-VWF from WPBs have been studied. In this chapter we will 
discuss the major findings of these studies and we also define directions 
for future studies. 

Endothelial cells and shear stress

Shear stress induces both short term and long term effects on endothelial 
cell function. Prolonged shear stress induced ECs adaptation and 
cells acquire an artheroprotective phenotype [1,2]. In chapter 2 we 
investigated the effects of an intermediate level of prolonged shear 
stress on the distribution of WPBs in HUVEC. It is well-established that 
hemodynamic forces upregulate the endothelial transcription factor 
KLF2 [3,4] and that cells expressing KLF2 showed a marked reduction in 
angiopoietin-2 (Ang2) mRNA levels [5]. Overexpression of KLF2 in BOEC 
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also decreases the size of WPBs and alters the Ang2 content of WPBs [6]. 
Lentiviral overexpression of KLF2 results in very high levels of KLF2 and 
in vivo such levels are generated only by high levels of shear stress [5]. In 
our experimental system we exposed the endothelial cells to a moderate 
level of shear stress, which is similar to flow forces on ECs in veins and it 
is likely that this level of shear stress does not upregulate KLF2 levels to 
the same extent. We observed that the distribution of WPBs in HUVEC 
exposed to sustained shear stress was not altered when compared to 
statically cultured cells, however we did not investigate the content of the 
WPBs. Based on the reduced Ang2 content of WPBs in KLF2 transduced 
endothelial cells, we expect that moderate or high levels off shear stress 
might induce changes in WPB content and/or morphology. It has been 
reported that shear stress increases VWF release from endothelial cells 
compared to statically cultured cells [7]. In our experimental set-up we 
did not investigate the effect of prolonged flow on VWF release. We did 
however observed a small but significant reduction in number of WPBs in 
endothelial cells cultured under flow which may potentially be explained 
by increased WPB exocytosis. 

The critical role for miRNAs in the regulation of mRNA translation and gene 
expression has become apparent in the last decade [8-10]. Also the ability 
of ECs to respond and adapt to mechanotransduction has been reported 
to be influenced by mechanosensitive miRNAs [8]. The expression and 
function of KLF2 is also mediated by miRNAs [11,12]. We report in Chapter 
6 that statically cultured BOEC express high levels of miRNA-126 and 
miRNA-21. MiRNA-126 is the only known miRNA specifically expressed 
in endothelial cells and is involved in angiogenesis and cancer, but is not 
much affected by sustained flow [11]. Prolonged shear stress levels have 
been reported to up-regulate miRNA-21 [13-15]. Also in vivo disturbed and 
laminar flow increases levels of the pro-inflammatory miRNA-21 in aortic 
endothelial cells [14,16,17]. We hypothesize that flow-induced expression 
of miRNA-21 modulates WPB content in a similar manner as observed 
upon overexpression of KLF2 [6]. 
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VWF induced targeting of IGFBP7 to WPB 

The processing of VWF tubules drives the formation of WPBs, however the 
mechanism of recruitment of other WPB components to these organelles 
has not yet been clearly defined. In transfected HEK293 cells VWF has been 
reported to induce targeting of endogenous IGFBP7 to pseudo-WPBs [18]. 
A C-terminal truncated VWF variant comprised of D’D3 and A1 domains 
was not capable of initiating trafficking of endogenous IGFBP7 to pseudo-
WPBs in HEK293 cells. In Chapter 5 we show that the expression of a VWF 
variant truncated beyond the D4N domain was defective in targeting 
IGFBP7 WPBs, indicating that the structural determinants facilitating this 
recruitment are present within the VWD4, C8-4, TIL-4, C1-C6 or CTCK 
domains. A parallel mass spectrometry approach suggested that IGFBP7 
interactive sites are present in proximity of the C8-4, TIL-4, C6 and CTCK 
domain. The physiological role of IGFBP7 has yet to be determined in more 
detail, however IGFBP7 is reported to be involved in tumor suppression via 
induction of cellular senescence and apoptosis in breast cancer [19,20]. 
IGFBP7 has also been implicated in angiogenesis [21,22].  IGFBP7 is a 
small (282 amino acids) protein comprising a signal peptide, a cysteine 
rich IGFBP N-terminal domain, a Kazal-like domain and an IG-like C2 
domain. Proteolysis of IGFBP7 renders the protein non-functional for insulin 
or IGF-1 binding [23], which has been correlated with tumor progression 
[24,25]. Therefore the growth-stimulatory activity of IGFBP7 needs to be 
carefully regulated. A heparin binding site has been identified within the  
amino-terminal IGFBP domain [26,27]. It has been reported that IGFBP 
proteins can bind to collagen IV and heparin-sulfate proteoglycans on the 
cell-surface [28,29]. In this study and previously we have showed that 
IGFBP7 remains attached to the VWF strings upon exocytosis [26,27]. 
Based on this we propose that the presence of IGFBP7 in WPBs is needed 
to direct IGFBP7 to sites of vascular perturbation. Whether IGFBP7 
retention on VWF strings serves a role in neovessel formation or vascular 
repair following injury needs to be established in follow-up studies. 
Previously, down-regulation of VWF in endothelial cells has been shown 
to promote their angiogenic capacity [30]. Complementary approaches 
in VWF deficient mice revealed increased neovascularization of the 
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ear. An increased constitutive release of angiopoietin-2 was observed 
in VWF depleted cells [30]. Constitutively released Ang-2 antagonizes 
angiopoietin-1 signaling through the Tie-2 receptor and may thereby 
promote angiogenesis [30,31]. The observed negative effect of VWF on 
angiogenesis may be related to the presence of pro-angiogenic Ang-2 in 
WPBs. Similarly, retention of IGFBP7 in WPBs through its binding to VWF 
may also play a role in regulation of angiogenesis. Angiodysplasia, vascular 
deformations of the gut, has been linked to gastro-intestinal bleedings in 
patients with VWD who lack high molecular weight multimers [32]. Several 
reports have suggested a link between angiogenic factors present in WPBs 
and angiodysplasia but evidence for a contribution of Ang-2 or IGFBP7 to 
the pathogenesis of angiodysplasia is currently not available. 

VWF can influence WPB morphology

Interestingly, pseudo-WPBs induced by several VWF variants employed in 
Chapter 5 to investigate IGFBP7 targeting to pseudo WPBs, displayed a 
different morphology than observed for wild type VWF. Deletion of the 
A1-A3 domains resulted in spherical vesicles that retained their ability 
to recruit IGFBP7. Both the amino-terminal D1-E3-domain as well as 
the A2-A3-D4N-CTCK domains have been shown to assemble into highly 
organized structures which have been proposed to drive VWF tubulation 
and condensed packing of VWF multimers in WPBs [33-35]. The spherical 
pseudo-WPBs in transfected HEK293 expressing VWFΔA1-A3 were also 
observed in VWFΔA1 expressing cells [18]. This suggests that the A1 
domain of VWF acts as a spacer that is needed for proper orientation 
of condensed amino- and carboxy-terminal domains. A proper folding 
and processing of VWF tubules allows for formation of elongated WPBs. 
Interestingly, replacement of the C5 domain of VWF by the corresponding 
COL2A1 cysteine-repeat also resulted in the appearance of spherical WPBs 
(Chapter 5). The proposed disulfide-bond organization of the C5 domain 
is identical to that of the COL2A1 repeat and therefore the spherical 
morphology of VWF-VWC5-COL2A1 induced pseudo-WPBs is most likely 
not caused by aberrant disulfide-bridge formation. It is attractive to 
speculate that appropriate formation of the VWC domains, needed to 
assemble elongated WPBs, is dependent on critical determinants within 
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the C5 domain but this possibility needs to be experimentally verified. 
An early study by Marti and co-workers showed the presence of disulfide 
bond between residues 2088 and 1927 located within the D4 and D4N 
domains respectively [36]. Cys2088 is part of a putative protein disulfide 
isomerase (PDI) motif (CGIC) in the D4 domain. PDI-motifs in the D1 and 
D2 domain of VWF have been shown to promote multimerization of VWF 
by catalyzing disulfide bond formation of Cys1099 and 1142 in the C8-3 
and TIL3 domains [33,34]. Replacement of Cys2085 and Cys2088 by an 
alanine resulted in spherical WPBs that retained their ability to recruit 
IGFBP7 (Chapter 5). Disruption of the putative PDI-motif by insertion of 
a glycine residue preserved the elongated shape of pseudo-WPBs as well 
as IGFBP7 targeting. These data suggests that disruption of the disulfide 
bond between the D4N and D4 domain (Cys2088 and Cys1927) affects 
packaging of VWF in pseudo-WPBs but not IGFBP7 targeting. 

Distinct subsets of WPB content

Ang2 is a WPB component that is released from WPBs [6,37], however it has 
not been established whether Ang2 is released into the extracellular lumen 
or remains bound to VWF strings similar to IGFBP7 [18]. We stimulated 
HUVEC with histamine under flow and stained for Ang2; under these 
conditions we were unable to detect Ang2 on newly released VWF strings on 
the cell-surface (data not shown). In contrast to anti-IGFBP7-coated beads 
(Chapter 3), beads coated with a monoclonal antibody against Ang2 were 
unable to bind to VWF strings. Beads coated with a monoclonal antibody 
directed against the VWF propeptide also did not bind to released VWF 
strings (Chapter 3). These finding led us to the hypothesis that WPBs 
contain 2 distinct subsets of soluble proteins; VWF-associated proteins, 
such as IGFBP7 (Chapter 5) [18] or OPG [38-40] that remain attached to 
VWF when released from WPBs, and proteins such as VWF propeptide and 
Ang2 that are released from the fused WPB or secretory pod and diffuse 
into the extracellular milieu. FVIII is also targeted WPBs when expressed 
in BOEC [41,42]. Following stimulation the released UL-VWF strings are 
covered with FVIII, indicating that FVIII also remains associated with VWF 
after exocytosis. 
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Anchoring of UL-VWF strings on endothelial cells

In Chapter 3 we investigated the assembly of UL-VWF strings on the surface 
of endothelial cells. We observed that dextran sulfate was able to interfere 
with the formation of UL-VWF strings (Figure 1). Also fucoidan and Poly(I) 
inhibit VWF string formation. Based on this we hypothesized that scavenger 

Figure 1. Dextran sulfate inhibits UL-VWF string assembly. Stimulation of endothelial cells triggers 

WPB exocytosis. Fusing WPBs release their contents into the bloodstream. Proteins such as IGFBP7 

can remain associated to VWF following WPB release. VWF propeptide diffuses rapidly into the 

vascular lumen. Dextran sulfate inhibits VWF string assembly but does not affect fusion of WPBs 

with the plasmamembrane. In the presence of dextran sulfate release of VWF-bound IGFBP7 is 

expected to be blocked whereas release of VWF propeptide is not affected. 
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receptors (SR) potentially can play a role in the assembly of functional VWF 
strings on ECs [43]. SRs are a heterogeneous family of transmembrane 
receptors with a diverse range of ligands involved in processes crucial for 
homeostasis and immunity [44]. SRs have been divided into 8 different 
classes according to their structural features. The class A SRs (SR-A) are 
receptors that can contain an assembly of the different domains, such 
as and a-helical, collagenous, SR-cysteine rich, C-type lectin domains or 
specific conserved motifs [45]. CL-P1, also know as collectin-12, is a SR 
expressed on endothelial cells [46]. The extracellular part of CL-P1 consists 
of 3 collagen-like domains with 4 potential glycosylation sites [47].  These 
3 domains could potentially facilitate VWF binding, since VWF is known 
to bind to collagen [48].  FEEL-1, also called stabilin-1, is a larger molecule 
of 2570 amino acids that consists of 16 EGF-like domains with many 
glycosylation sites.  Stabilin-1 is primarily expressed by non-continuous 
endothelial cells such as liver sinusoidal endothelial cells and therefore 
is unlikely to be involved in assembly of UL-VWF strings [49]. In an 
independent approach we also investigated the effect of a synthetic VWF 
peptide (Glu1391 to Val1409) on the assembly of UL-VWF strings on the 
surface of HUVEC, stimulated with histamine under flow. This amino acid 
sequence in the A1 domain of VWF facilitates binding of VWF to sulfatides 
and collagen [50]. Pre-incubation of the HUVEC with the synthetic peptide 
and/or perfusion of the peptide did not influence the number of formed 
VWF strings (data not shown). These data indicate that sulfatides most 
likely do not promote assembly and/or anchoring of UL-VWF strings on 
the surface of endothelial cells. 

Incorporation of circulating VWF into newly released VWF strings. 

VWF strings can incorporate other proteins co-targeted to WPBs, 
however newly released VWF multimers can also bind circulating VWF, 
which elongates the VWF strings [51]. We assessed the binding ability of 
beads coated with wild type VWF or a panel of purified N-terminal and 
C-terminal truncated VWF variants to newly released VWF strings. Beads 
coated with full length VWF were readily incorporated in the VWF strings. 
Amino-terminal truncated VWF variants VWF-A1-CTCK, VWF-A2-CTCK 
and VWF-A3-CTCK readily bound to VWF strings (Figure 2). Also, a variant 
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strings (Figure 2). These finding suggest that circulating VWF can interact 
with VWF strings through multiple domains. To further investigate these 
structural determinants, we assessed the contribution of free cysteines to 
the observed VWF self-association. Within the D’D3 region of VWF several 
free cysteines have been identified [52]. We investigated which cysteines 
were exposed in VWF under shear stress, since VWF adapts different 

Figure 2: Incorporation of VWF into pre-existing strings mediated by free cysteines. (A) Fluorescent 

beads coated with truncated VWF variants were incorporated in pre-assembled UL-VWF strings. 

Fluorescent beads (displayed as green spheres) containing both amino- and carboxy-terminal 

truncated VWF variants were incorporated into VWF strings. Fluorescent beads were perfused 

together with blood platelets. Bar corresponds to 10 µm. (B) Black lollipops on the schematic VWF 

domains the represent free cysteines identified in a static VWF conformation [52]. Pink lollipops 

indicate potentially free cysteines we identified on VWF strings under flow that were also found by 

Choi and co-workers. We identified novel free cysteines in the VWD4 domain, specifically Cys2085 

and Cys2088 in the putative PDI-motif (indicated in green).
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conformations when exposed to flow [53-55]. We stimulated confluent 
monolayers of HUVEC under flow with phorbol 12-myristate 13-acetate 
(PMA) in presence of n-ethylmaleimide (NEM). Mass spectrometry 
identified potential NEM-modified “free” cysteines in the VWF C3 domain, 
which were also identified under static conditions [52], and a novel  
NEM-modified cysteine in the putative protein disulfide isomerase (PDI) 
motif in the D4 domain (Figure 2). The significance of these findings is 
currently unclear as most of the modified cysteines have been proposed 
to be part of a disulfide bond. Nevertheless, our findings and those 
reported by Choi and co-workers raise the possibility that free cysteines 
contribute to the incorporation of circulating VWF into VWF strings. This 
phenomenon predicts that newly released VWF strings may recruit and 
incorporate circulating VWF multimers thereby promoting rapid growth 
and extension of VWF strings. We anticipate that rapid cleavage of newly 
released VWF strings by ADAMTS-13 is needed to prevent undesirable 
extension of these “VWF extracellular traps” [55]. 

Assessing VWF function in VWD

BOEC are derived from circulating endothelial progenitor cells which can 
easily be isolated from patients with VWD and other vascular disorders  
[56-59]. In Chapter 4 we investigated the capacity of BOEC from 2 VWD 
patients to assemble functional VWF strings, to better understand 
the mechanisms underlying the patient’s bleeding phenotype. BOEC 
used in this chapter were from 2 different patients; one patient was 
heterozygous for p.R1205H, while a family member of this patient who 
also suffered from VWD was compound heterozygous for p.R1205H and 
p.R924Q. Presuming that these 2 different VWF variants are expresses 
in a one to one ratio, genotyping predicts that VWF multimers in WPBs 
of the compound heterozygous patient are comprised of 2 subunits 
carrying a different molecular defect. Since we observed an almost 
complete deficiency of VWF string formation in BOEC derived from the 
compound heterozygous patient, we hypothesize that this might be due 
to an improper formation of VWF strings following WPB exocytosis. The 
few strings that were observed on R1205H/R924Q BOEC were capable 
of binding platelets. The reduced number of strings could result from 
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aggregation of incorrect folded VWF multimers. The inability to form 
normal platelet binding VWF strings might underlie the severe clinical 
phenotype of the compound heterozygous patient, which was recently 
also noted by an independent study [60]. The R924Q mutation is located 
in the VWD3 domain and the R1205H mutation is located within the E-3 
domain (see Figure 2). VWF-R1205H (type 1 VWD also classified as VWD 
Vicenza) displayed an enhanced clearance [61-63]. Interestingly, it was 
reported that VWF-R1205H displayed a slightly reduced affinity for VWF 
propeptide at acidic pH [64]. The normal platelet recruitment to strings 
released from BOEC derived of the R1205H patient suggests that the 
R1205H mutation does not affect platelet binding. The R924Q potentially 
benign mutation is quite common in type 1 VWD patients [64] and it has 
been described before that in vitro this mutation does not affect synthesis, 
trafficking or storage of VWF [57,64]. Interestingly, alternative splicing in 
a patient carrying a  R924Q mutation resulting in a truncated VWF protein 
has been reported [57]. This aberrant transcript was also observed in 
HUVEC derived from an unrelated individual heterozygous for R924Q [57]. 
We did not investigate whether alternative splicing events occurred in the 
patient compound heterozygous for p.R1205H and p.R924Q. Alternative 
splicing may result in nonsense mediated decay, which would result 
in degradation of the aberrant R924Q transcript. This would result in 
expression of only the R1205H allele in the patient’s BOEC. Potentially, 
reduced propeptide binding of R1205H could translate into a defect in 
the unfolding of VWF tubules. This may explain the reduced formation 
of VWF strings by the patient’s compound heterozygous for p.R924Q and 
p.R1205H. An alternative explanation is that similar to VWF-R1205H also 
VWF-R924Q results in a decreased propeptide binding which may affect 
proper unfolding of VWF tubules prior to the formation of VWF strings. 
More studies are needed to discriminate between these two hypothetical 
mechanisms. 

Role of abundantly expressed miRNAs in endothelial cells

In Chapter 6 we performed a profile screen of miRNAs expression levels 
in ECs and we identified high levels of miRNA-21 in BOEC and HUVEC. 
This microRNA modulates apoptosis [13]  and is reported to decreases 
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EC migration via RhoB [65]. To assess the effect of this microRNA on 
BOEC migration in an ECIS-based setup, we silenced microRNA-21 using 
antimiRs. BOEC silenced for miRNA-21 with a residual expression of less 
than 5%, did not show any difference in migration rate when compared 
to control BOEC treated with scrambled antimiRs. In the profile screen of 
miRNA expression levels in ECs reported in Chapter 6, we also identified 
high expression levels of hsa-miR-720, hsa-miR-923_v12.0 and to a 
lesser extent hsa-miR-1274a. It has been reported that hsa-miR-720 and  
hsa-miR-1274a are fragments derived of transfer RNAs (tRNAs) [66]. Both 
hsa-miR-720 and hsa-miR-1274a display a high similarity with subdomains 
in tRNAs (tRNALys5 and tRNAThr respectively), suggesting that these miRNAs 
are in fact derived from these abundantly expressed tRNAs. MiRNA-923 
has also been re-annotated as being part of a ribosomal RNA (28S rRNA). 

Final remarks and future directions

In this study we investigated several aspects in VWF assembly and 
function. VWF is an important protein involved in the maintenance of 
vascular homeostasis and a better view on how VWF behaves and exerts 
its functions will increase our knowledge regarding haemostatic and 
thrombotic disorders linked to defects or elevated levels of VWF. We 
identified potential new candidates involved in anchoring and/or assembly 
of functional UL-VWF strings on surface of endothelial cells. We have also 
shown that pharmacological inhibitors such as dextran sulfate can block 
VWF string formation. Additional studies need to be performed in order 
to specifically identify membrane receptors or components involved in 
anchoring of VWF strings. Proteins targeted to WPBs that remain associated 
with VWF following exocytosis might also be involved in stabilizing the 
released VWF strings. MiRNA profiling in both BOEC and HUVEC supplied us 
with a list of highly expressed regulators of gene expression in endothelial 
cells. MiRNAs are key regulators of mRNA translation and therefore are 
involved in many processes including angiogenesis and inflammation. 
We anticipate that miRNAs will also contribute to endothelial cell barrier 
function and may also affect the composition of WPBs. Future studies will 
be directed towards identification of miRNAs controlling these endothelial 
cell specific functions. 
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Summary

Endothelial cells (ECs) provide a barrier between blood and the underlying 
tissue. Upon stimulation, specific storage organelles, designated Weibel-
Palade bodies (WPBs), fuse with the plasmamembrane and release various 
components into the bloodstream. The main component of WPBs is von 
Willebrand factor (VWF), a multimeric glycoprotein which upon its release 
by endothelial cells is converted into ultra large VWF strings that capture 
blood platelets. In this thesis we aim to further unravel the biogenesis and 
functional significance of VWF strings.
In Chapter 1 we provide background information and present current 
perspectives on biogenesis of VWF multimers and their conversion into 
VWF strings. We discuss the different intra- en extracellular processing steps 
regulating VWF string formation and also discuss structural determinants 
on VWF involved in its biogenesis. In Chapter 2 we investigated the  
flow-induced changes in number and distribution of WPBs in HUVEC. ECs 
subjected to sustained shear stress aligned in the direction of the flow. 
The number of WPBs in cells subjected to moderate shear stress levels 
was slightly reduced, however no major changes were observed in the 
distribution of WPBs under flow. In Chapter 3 we assessed the ability 
of various pharmacological inhibitors to interfere with assembly of  
UL-VWF strings. We observed that dextran sulfate, fucoidan and Poly(I) 
but not heparin markedly reduce the number and length of VWF strings, 
potentially indicating a role for scavenger receptors in the assembly or 
anchoring of VWF to the cell-surface. Strikingly, dextran sulfate inhibited 
VWF release but not VWF propeptide release. We also show that the WPB 
component IGFBP7 but not VWF propeptide remains attached to newly 
released VWF strings. Together these data indicate that WPB components 
can associate with VWF strings while other WPB components are rapidly 
dispersed in the vascular lumen following WPB exocytosis. In Chapter 
4 we studied the effects of mutations identified in 2 VWD type Vicenza 
patients. One patient was heterozygous for R1205H and the other patient 
was compound heterozygous for p.R1205H en p.R924Q. Isolated BOEC 
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from the compound heterozygous patient displayed severely impaired 
VWF string formation. In contrast, BOEC of the patient heterozygous for 
p.R1205H retained their ability to release UL-VWF strings. These findings 
indicate that the “in trans” expression of p.R924Q and p.R1205H from 
two different VWF alleles induces a conformational change that impairs 
the ability of released VWF to assemble into strings. We propose that the 
lack of VWF string formation underlies the severe bleeding phenotype 
observed in the compound heterozygous patient. In Chapter 5 we 
investigated the VWF-induced targeting of IGFBP7 to WPBs. We report 
a direct interaction between VWF and IGFBP7, which is facilitated by 
critical determinants in the C8-4, TIL-4, C6 and CTCK domains in VWF. A 
series of VWF variants was used to determine which domains contributed 
to the targeting of endogenously expressed IGFBP7 to pseudo-WPBs in 
HEK293 cells. In Chapter 6 we performed miRNA profiling on BOEC and 
identified high expression levels of miRNA-21 and endothelial-cell specific 
miRNA-126. Silencing BOEC for these miRNAs did not affect cell migration 
or cell barrier function. A proteomics approach indicated altered protein 
expression levels in miRNA-silenced BOEC. Focusing on the upregulated 
proteins (potentially directly regulated by the silenced miRNAs) we 
identified candidates involved in early secretory pathways and cytoskeletal 
rearrangements (for miRNA-126 and miRNA-21 respectively). In Chapter 7 
the findings reported in this thesis are discussed with reference to reports 
from other investigators. 
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Samenvatting

Endotheelcellen vormen een fysieke barrière tussen het bloed en het 
onderliggende weefsel. Na stimulatie van endotheelcellen wordt de 
inhoud van specifieke opslagorganellen, die Weibel-Palade bodies (WPBs) 
worden genoemd, uitgescheiden in het bloed. WPBs bevatten een groot 
aantal eiwitten die onder andere betrokken zijn bij de primaire hemostase, 
ontstekingsreacties en angiogenese. De belangrijkste component aanwezig 
in WPBs is von Willebrand factor (VWF). Dit is een groot multimeer eiwit 
dat een cruciale rol speelt bij de binding van bloedplaatjes aan een 
beschadigde vaatwand. In dit proefschrift beschrijven we de resultaten 
van een aantal studies die gericht zijn op een beter begrip met betrekking 
tot de vorming en biologische functie van VWF strengen die gevormd 
worden na de fusie van WPB met de celmembraan.  
In Hoofdstuk 1 word algemene achtergrond informatie gegeven en 
bespreken we de huidige kennis met betrekking tot de vorming van 
VWF multimeren en de conversie van deze multimeren in lange VWF 
strengen. We bespreken ook welke structurele determinanten op VWF 
een rol spelen bij de vorming van VWF strengen. In Hoofdstuk 2 worden 
de veranderingen in WPB distributie in endotheelcellen die worden 
blootgesteld aan een continue wrijvingskracht (shear stress) in kaart 
gebracht. Er werden geen opvallende verschillen in distributie van de 
WPBs in cellen die onder shear stress of statisch gekweekt waargenomen. 
Wel vonden we een geringe afname van het aantal WPBs per cel. In 
Hoofdstuk 3 hebben we onderzocht welke farmacologische componenten 
een effect hebben op de vorming van VWF strengen op het oppervlak 
van endotheelcellen. We laten zien dat dextraansulfaat interfereert met 
de vorming van VWF strengen. Een soortgelijk effect werd gevonden 
wanneer endotheelcellen werden geïncubeerd met fucoidan of Poly(I). 
Deze waarneming suggereert dat scavenger receptors (SRs) mogelijk een 
rol spelen bij het verankeren en stabiliseren van nieuw-gevormde VWF 
strengen. Tevens werd gevonden dat dextraansulfaat de exocytose van 
VWF remt terwijl de secretie van het VWF propeptide niet geremd wordt. 
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In deze studie werd ook aangetoond dat de WPB component IGFBP7 aan 
VWF strengen bindt terwijl het propeptide van VWF dat ook in de WPBs 
aanwezig is dat niet doet. Dit wijst er op dat de eiwitten die zich in WPBs 
bevinden onderverdeeld kunnen worden in 2 groepen. De eerste groep 
waaronder IGFBP7 blijft na secretie gebonden aan VWF terwijl de tweede 
groep na fusie van WPBs met het plasmamembraan direct vrijkomt in de 
bloedbaan. In Hoofdstuk 4 hebben we de effecten van 2 VWF mutaties 
onderzocht die bij patiënten met de ziekte van Von Willebrand (VWD) 
subtype Vicenza voorkomen. “Blood outgrowth endothelial cells” (BOEC) 
zijn geïsoleerd uit het bloed van een VWD patiënt die heterozygoot voor 
p.R1205H en een patiënt compound (samengesteld) heterozygoot voor 
p.R1205H en p.R924Q. Opvallend was dat bij de compound heterozygote 
patiënt een relatief ernstige bloedingsneiging werd vastgesteld. Bij de 
p.R1205H/p.R924Q BOEC werden na stimulatie slechts een gering aantal 
korte VWF strengen gevormd. Bij de p.R1205H BOEC was zowel de lengte 
als het aantal VWF strengen dat gevormd werd vergelijkbaar met dat van 
controle BOEC. Deze waarneming impliceert een synergistisch effect van 
de R924Q en de R1205H mutatie die de onderliggende oorzaak kan zijn 
voor de ernstige bloedingen van de compound heterozygote VWD type 
Vicenza patiënt. In Hoofdstuk 5 bespreken we de resultaten van de door 
VWF gefaciliteerde opslag van IGFBP7 in WPBs. We tonen aan dat IGFBP7 
direct aan VWF kan binden en door middel van een nieuwe chemische 
“footprinting” methode laten we zien dat deze binding word gemedieerd 
door structuren die zich in de C8-4, TIL-4, C6 en CTCK domeinen van 
VWF bevinden. Met behulp van een set VWF varianten is gekeken welke 
domeinen er voor zorgen dat endogeen IGFBP7 in getransfecteerde HEK293 
cellen naar pseudo-WPBs wordt getransporteerd. In Hoofdstuk 6 hebben 
we de expressie niveaus van kleine, niet-coderende RNAs (microRNAs) in 
BOEC bepaalt. MiRNA-126 en miRNA-21 werden het hoogst tot expressie 
gebracht. Het uitschakelen van deze miRNAs (silencing) had geen effect 
op de migratie of barrière-functie van BOEC. Door middel van een 
“proteomics” benadering hebben we aangetoond dat de expressie levels 
van een hele reeks eiwitten wel waren veranderd. Door ons te richten op 
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eiwitten waarvan de expressie na miRNA silencing omhoog waren gegaan 
(die mogelijk de directe targets van de miRNAs kunnen zijn) hebben we 
kandidaten geïdentificeerd die mogelijke betrokken zijn bij de vouwing en 
transport van eiwitten in de cel (miRNA-126) of veranderingen van het 
cytoskelet (miRNA-21). In Hoofdstuk 7 bediscussiëren we de resultaten uit 
dit proefschrift en vergelijken we die met eerder gepubliceerde studies.
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En dan het laatste onderdeel, de laatste pagina’s van mijn boekje. Ook tot 
het laatste uitgesteld om te schrijven: het dankwoord. 
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Heks”. Bij het Burgerweeshuis gewerkt (bier getapt/gedronken). En jij hebt 
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veel geleerd van mijn tijd bij Plasma Eiwitten.
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