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Abstract

PURPOSE OF REVIEW—VWF is a large multi-domain, multimeric glycoprotein that plays an
essential role in regulating the balance between blood clotting and bleeding. Aberrant VWF
regulation can lead to a spectrum of diseases extending from bleeding disorders (VWD) to
aberrant thrombosis (TTP). Understanding the biology of VWF expression and secretion is
essential for developing novel targeted therapies for VWF related hemostasis disorders.

RECENT FINDINGS—A number of recent elegant in vitro and in vivo studies will be
highlighted including the discovery of intronic splicing in the VWF gene, miRNA regulated VWF
gene expression, and syntaxin binding protein and autophagy mediated VWF secretion. Compared
with the already established critical role of VWF in VWD and TTP pathophysiology, additional
clinical studies have clarified and reinforced the association of increased plasma levels of VWF
with an increased risk of stroke, myocardial infarction, venous thrombosis and diabetic thrombotic
complications. Moreover, experimental mouse models of ischaemic stroke and myocardial
infarction have further support VWF as a potential therapeutic target.

SUMMARY—VWF biosynthesis, maturation, and secretion is a complex process, which
mandates tight regulation. Significant progress has been made in our understandings of VWF
expression and secretion and its association with thrombotic diseases, contributing to the
development of novel targeting VWF drugs for prevention and treatment of deficient and enhanced
hemostasis.
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Introduction

VWEF is a large plasma glycoprotein that is critical for normal platelet tethering during
hemostasis [1]. The VWF gene is located at the tip of the short arm of chromosome 12
(region 12p12-12pter), and contains 52 exons separated by 51 introns [2]. It is
approximately 180kb in length [3]. Expression of the VWF gene is mainly in vascular
endothelial cells and megakaryocytes [1]. The VWF cDNA translation product is a 2813-
residue pre-pro-VWEF, which then enters the endoplasmic reticulum, where the signal
peptide is proteolytically cleaved [4]. The pro-VWF is glycosylated in the endoplasmic
reticulum with N-linked and O-linked oligosaccharides. VWF dimerization subsequently
occurs through disulphide bond formation close to its carboxyl terminus. These dimers are
transported to the Golgi apparatus, where multimerisation occurs through disulphide bond
formation between the amino-termini of adjacent dimers. Multimerisation is promoted by
the VWEF propeptide. Additional modifications in the Golgi include the removal of the
propeptide by the paired dibasic amino acid-cleaving enzyme furin, and the completion of
glycosylation. Further multimerisation gives rise to the mature VWF with a molecular
weight ranging from 500kDa to 20,000kDa, or more [1]. The majority of newly synthesized
VWF multimers undergo basal secretion into the plasma and the sub-endothelial matrix; the
rest are stored either in the Weibel-Palade bodies of endothelial cells or in the alpha granules
of platelets. These storage granules contain ultra large multimers, whereas plasma VWF is
composed of a range of smaller multimers arising in part from proteolytic cleavage [5, 6]

(Fig. 1).

VWEF plays a crucial role in maintaining normal hemostasis and contributes to thrombotic
disorders following endothelial and platelet dysfunction [7, 8]. In response to blood shear
forces, VWF unfolds from its inactive globular conformation into an active string-like form
that can specifically recruit platelets [8, 9]. The multimeric size of VWF is a primary
determinant of its platelet-tethering function and is proteolytically regulated by the plasma
metalloprotease ADAMTS13, which is responsible for the degradation of large,
thrombogenic VWF multimers [8, 10, 11]. The importance of ADAMTS13 in maintaining
the balance of VWF multimeric size is illustrated by its role in a number of hematologic
disorders, including the idiopathic form of thrombotic thrombocytopenic purpura (TTP) and
some cases of type 2A von Willebrand disease (VWD). A recent review has updated the
current knowledge on VWF and ADAMTS13 in TTP [12]. Although the incidence of both
VWD and TTP are relatively low, around 100 per million and 4 per million respectively [13,
14], there is increasing epidemiological and clinical evidence indicating that the incidence of
thrombotic diseases, including heart attack and stroke, highly correlates with VWF
dysregulation [15, 16]. There are a number of reports demonstrating association between
high plasma VWEF levels and/or low plasma ADAMTS13 levels with increased risk of
thrombotic diseases [17-23]. However, evidence based on clinical trials has not clarified
whether increased VWF predisposes to arterial thrombosis_or is just a marker of endothelial
damage, the latter being responsible for the thrombosis. This review aims to focus on the
advances in regulatory mechanisms involved in VWF expression and secretion. Moreover,
we will also analyze the progress of basic and clinical studies and how such regulation of
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VWE can contribute directly to thrombotic diseases or complications, including stroke,
myocardial infarction and diabetes mellitus.

1. Regulation of VWF gene expression

Being a central component of hemostasis and thrombosis, it is understandable that VWF
gene expression is restricted to endothelial cells and megakaryocytes [24], key cells involved
in directing thrombosis. Previous investigations have demonstrated the existence of regional
variations in VWF protein and mRNA levels within the vascular tree [25], suggesting that
the VWF gene is differentially regulated in vascular beds of the systemic circulation.
Characterization of the mechanism of the endothelial-specific VWF promoter has resulted in
the identification of a number of cis-acting elements and trans-acting factors that regulate
VWEF promoter activity. The transcription factors GATA, Ets, H1 and NFAT5 have been
demonstrated to function as activators of transcription [26—29], whereas NF1 and Oct-1 are
repressors of transcription [30, 31]. Interestingly, NFY can function both as a repressor and
activator of transcription dependent upon the binding site [32]. EABP4 sequesters negative
regulators of VWF transcription, enhancing activated VWF gene expression [33]. Shear
stress also enhances VWF promoter activity mediated by a polymorphic GT repeat element
[34]. Using a series of elegant in vitroand in vivo experiments, Aird et al demonstrated that
the first VWF intron is important for expression, with intronic splicing necessary for
endothelial-cell-specific expression of VWF [35, 36]. The focus of VWF gene regulation
has been predominantly on the 5"UTR through its promoter and related transcription factors.
Our group recently reported that VWF gene expression is also regulated at its 3" UTR though
miRNAs [37, 38]. We identified that miR-24 and miR-335 targeted human VWF 3’UTR,
while miR-24 and miR-146 target mouse VWF 3"UTR [38]. More interestingly, miR-24 was
also found targeting histamine receptor (HRH1) and eNOS, which is known involved Ca?*
and NO mediated VWEF secretion[38] (Fig. 1).

2. Regulation of VWF protein secretion

Recently, a number of studies have attempted to elucidate the mechanism by which VWF is
released from endothelial cells [6, 39, 40]. Here we provide a brief update on progress in
studies of VWEF secretion and Weibel-Palade bodies (WPBs) exocytosis. Although the
storage of VWF in WPB of endothelial cells has been known for decades, the molecular
mechanisms governing WPB docking with plasma membrane and VWF secretion remained
poorly understood. Using a combination of pharmacological, genetic, and molecular
techniques, Rusu et al dissected a mechanism for VWF secretion from endothelial cells
mediated via Gaq/11 and Ga.12 that can be triggered during basal or stimulated conditions
[41]. In addition, Bierings et al reported the Rab27A effector synaptotagmin-like protein 4-a
(Slp4-a) plays a critical role in regulating hormone-evoked WPB exocytosis [42]. Using a
nonbiased proteomic screen for targets of Slp4-a, they identify syntaxin-binding protein 1
(STXBP1) and syntaxin-2 and -3 as endogenous Slp4-a binding partners in endothelial cells
[43]. Applying co-immunoprecipitations and siRNA techniques, analysis of isolated blood
outgrowth endothelial cells from patient carrying mutation in STXBP1, they demonstrate
that the Rab27A-SIp4-a complex on WPB promotes exocytosis through an interaction with
STXBP1 [43]. Interestingly, STXBP5 has also been shown to differentially regulate
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exocytosis in endothelial cells and platelets [44, 45]. While STXBP5 facilitates granule
release from platelets, it inhibits secretion from the WPB of endothelial cells [46]. Recently,
Torisu et al observed another novel type of regulation of VWF release through an
observation that WPBs are often in close proximity of autophagosomes [47]. Both in vitro
and in vivo inhibition of autophagy led to decreased WPB release, including lower basal
levels of VWF and lower response to epinephrine-induced WPB release [47].

3. VWF in diseases beyond VWD and TTP
3.1 VWF and Stroke

Ischemic stroke is a devastating disease with limited therapeutic options. Surprisingly, VWF
deficiency in VWF—/- stroke mouse model (middle cerebral artery occlusion) reduced the
infarct volumes by ~2-fold [48]. Moreover, infusion of recombinant human ADAMTS13
into a wild-type stroke mouse model also reduced infarct volumes, without cerebral
hemorrhage [48]. Previous studies demonstrated that VWF synthesized in ECs is sufficient
to support hemostasis in VIW/—/- mice, and VWF produced in megakaryocytes/platelets can
also contribute to hemostasis in the absence of EC-derived VWF [49]. A more recent study
using a mouse stroke model (transient middle cerebral artery occlusion) suggested that
platelet-derived VWEF plays a crucial role in stroke pathology although it is not essential for
normal thrombosis [50]. Moreover, a recent clinical study reported that concurrent FVIII and
VWEF elevation predicts higher risks of inpatient complications and worse functional
outcomes for patients with acute ischemic stroke and suggest that FVII1 and VWEF levels
may serve as clinically useful stroke biomarkers [51]. The Rotterdam Study, a population-
based cohort study, demonstrated that low ADAMTS13 activity is associated with increased
risk of ischemic stroke and improves the accuracy of risk predictions for ischemic stroke
beyond traditional risk factors [52]. Based on these findings, it is suggested that VWF would
be a promising target in the prevention and/or treatment of thrombotic diseases such as
strokes, and recombinant ADAMTS13 could be considered as a novel therapeutic agent for
use against such thrombotic diseases. Glycoprotein (GP)Ib binding to VWF exposed at
vascular injury initiates platelet adhesion and contributes to platelet aggregation. GPIb has
been suggested as an effective target for antithrombotic therapy in stroke. Anfibatide, a GPIb
antagonist derived from snake venom, has demonstrated a protective effect on experimental
brain ischemia in mice [53]. Moreover, disruption of Gplba-VWF interactions may restore
vessel patency after occlusive thrombosis by specifically disaggregating the external layer of
the occlusive thrombi [54].

3.2 VWF and Myocardial Infarction

A recent multicenter and multiethnic study (China, Italy and Scotland) found that plasma
levels of active VWEF are an independent risk factor for first STEMI in patients, and confirm
the presence of VWF abnormalities in patients with STEMI [55]. Consistent with such
studies, the prevalence of cardiovascular diseases (CVD) in VWD patients is around half the
prevalence of CVD in non-VWD patients [56]. Although low ADAMTS-13 levels have been
repeatedly associated with an increased risk of ischemic stroke, results concerning the risk
of myocardial infarction are inconclusive. However, a meta-analysis of case studies supports
that low ADAMTS-13 levels are associated with an increased risk of myocardial infarction
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[57]. Using an acute myocardial ischemia/reperfusion (I/R) injury mouse model, VWH-/-)
mice exhibited significantly reduced infarct size while ADAMTS13(-/-) mice exhibited
significantly larger infarct size, suggesting a detrimental role for VWF in myocardial I/R
injury. Moreover, ADAMTS13-/-)| VWH~-I-) mice was similar to that in VIWH-/-) mice,
suggesting that the exacerbated myocardial I/R injury in the setting of ADAMTS13
deficiency is VWF dependent [58].

3.3 VWF and venous thrombosis

To date, VWF is one of 17 identified genes that has been demonstrated to harbor genetic
variations associated with VT risk [59]. Elevated plasma FVIII levels enhance venous
thrombus formation and propagation [60]. FXI and VWF-mediated FVI11 recruitment induce
excess thrombin generation may contribute to the growth of a FVIII-driven venous thrombus
[61].

3.4 VWF and diabetes

It is widely accepted that diabetes mellitus (DM) impairs endothelial functions and enhances
the production of reactive oxygen species, and causes subsequent vascular impairments and
complications. Applying various diabetic mouse models and analysis clinical diabetic
samples, we have recently reported that hyperglycemia (type 1 or type 2 diabetes mellitus),
regulates VWF through aldose reductase, ROS, and the c-Myc pathway [38]. The increased
ROS upregulates c-Myc phosphorylation, which downregulates miR-24, leading to increased
expression of VWEF, Furin, and HRH1. Therefore, the expression of VWF itself, Furin-
dependent VWF maturation, and histamine-regulated VWF secretion, are coordinately
upregulated with hyperglycemia. In the BErgamo NEphrologic Dlabetes Complications
Trial (BENEDICT), it was found that patients with diabetes mellitus, and ADAMTS13
618Ala variant, were associated with less proteolytic activity on VWEF, and higher risk of
renal and cardiovascular complications [62].

4. In summary

A number of recent exciting advances have been made in elucidating the mechanisms by
which VWEF is tightly regulated both in expression and secretion from endothelial cells.
Studies now strongly support that dysregulation of these critical processes clearly leads to
pathological thrombotic conditions. VWF regulation may indeed serve as a powerful
therapeutic target in treating thrombotic diseases such as stroke and myocardial infarction.

Conclusion

1 Von Willebrand factor expression and secretion are increasingly
complicated processes involving multiple pathways, and requiring tight
control.

2. VWEF gene regulation has previously focused on the 5"UTR through its

promoter and related transcription factors, but new findings support that
VWEF gene expression is also highly regulated at its 3"UTR though
miRNAs.
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3. Syntaxin binding proteins, G-proteins and autophagy are involved in
regulation of VWEF secretion.
4 Basic and clinical studies indicate VWF contributes directly to stroke,

myocardial infarction and diabetic complications, and VWF regulation
may serve as a powerful therapeutic target.
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Figure 1.

Regulation of VWF expression & secretion and diseases.

VWF gene expression is tightly regulated in both transcriptional levels (including
transcription factors [GATA, Ets, H1, NFAT5, NF1, Oct-1, NFY, etc.] and intronic splicing)
and translation levels (miR-24, miR-335 and miR-146). VWF maturation is complex process
involved in dimerization, glycoslation, multimerisation and removal of pro-peptide by furin
(regulated by miR-24). Partial mature VWF are stored either in the Weibel-Palade bodies of
endothelial cells or in the alpha granules of platelets. VWF secretion includes constitutive
secretion and regulated secretion, both of which regulated by autophagy. STXBP1 and
histamine (histamine receptor HRH1 regulated by miR-24) enhance while STXBPS5 inhibits
VWEF regulated secretion in endothelial cells. However, STXBP5 promotes VWF regulated
secretion in platelets. Extremely elevation of VWF (especially ultra-large VWF) leads to
TTP while reduced of VWEF antigen or function causes some of type 2 VWD. More evidence
supports the association between an increase of VWF in plasma with risk of stroke,
myocardial infarction (MI) and diabetic thrombosis.
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