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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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