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Abstract: von Willebrand factor (VWF) is a complex and large protein that is cleaved by ADAMTS13
(a disintegrin and metalloproteinase with thrombospondin type 1 motif, member 13), and together
they serve important roles in normal hemostasis. Malignancy can result in both a deficiency or
excess of VWF, leading to aberrant hemostasis with either increased bleeding or thrombotic complica-
tions, as respectively seen with acquired von Willebrand syndrome and cancer-associated venous
thromboembolism. There is emerging evidence to suggest VWF also plays a role in inflammation,
angiogenesis and tumor biology, and it is likely that VWF promotes tumor metastasis. High VWF
levels have been documented in a number of malignancies and in some cases correlate with more
advanced disease and poor prognosis. Tumor cells can induce endothelial cells to release VWF and
certain tumor cells have the capacity for de novo expression of VWF, leading to a proinflammatory
microenvironment that is likely conducive to tumor progression, metastasis and micro-thrombosis.
VWF can facilitate tumor cell adhesion to endothelial cells and aids with the recruitment of platelets
into the tumor microenvironment, where tumor/platelet aggregates are able to form and facilitate
hematogenous spread of cancer. As ADAMTS13 moderates VWF level and activity, it too is poten-
tially involved in the pathophysiology of these events. VWF and ADAMTS13 have been explored
as tumor biomarkers for the detection and prognostication of certain malignancies; however, the
results are underdeveloped and so currently not utilized for clinical use. Further studies addressing
the basic science mechanisms and real word epidemiology are required to better appreciate the
intriguing connections between VWF, ADAMTS13 and malignancy. A better understanding of the
role VWF and ADAMTS13 play in the promotion and inhibition of cancer and its metastasis will help
direct further translational studies to aid with the development of novel cancer prognostic tools and
treatment modalities.

Keywords: cancer; von Willebrand factor; ADAMTS13; thrombosis; metastasis; thrombotic thrombo-
cytopenic purpura; acquired von Willebrand disease; bleeding; biomarkers

1. Introduction

von Willebrand factor (VWF) is a complex and large multimeric glycoprotein that
plays an essential role in regulating hemostasis [1]. VWF mediates both platelet adhesion to
the subendothelial collagen matrix as well as platelet–platelet interactions under high shear
conditions, thereby promoting the primary attachment of platelets to damaged endothelia
and facilitating primary hemostasis [2]. The VWF is composed of a series of oligomers,
each comprising of a variable number of subunits that range from a minimum of 2 subunits
to a maximum of >40 subunits [1]. These oligomers are joined together to construct VWF
multimers. The ability of VWF to maintain hemostasis is dependent upon its multimeric
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structure, with high molecular weight (HMW) multimers boasting greater hemostatic
ability [3].

The VWF is synthesized in endothelial cells and megakaryocytes as proVWF subunits,
that go on to dimerize in the cellular endoplasmic reticulum, and subsequently form
multimers in the Golgi apparatus [1]. The VWF multimers are stored as large multimeric
forms termed ‘ultra-large VWF’ (UL-VWF) in Weibel–Palade bodies (WPB) of endothelial
cells and alpha granules of platelets [1]. Exocytosis of WPB and the release of VWF
multimers are triggered by two main mechanisms, namely by agonists such as histamine
and thrombin increasing the concentration of cytosolic Ca2+, and by agonists such as
epinephrine and vasopressin acting via increasing cyclic adenosine monophosphophate
levels [4].

VWF circulates in an inactive globular form upon initial release into circulation; how-
ever, it undergoes a conformational change when subjected to sufficient mechanical (‘sheer’)
forces [5]. The mechanical force-dependent conformational change transforms VWF into an
extended (‘elongated’) active form, thereby exposing critical domains involved in binding
to platelets and collagen as well as the ADAMTS13 (a disintegrin and metalloproteinase
with thrombospondin type 1 motif, member 13) cleavage site at the A2 domain [3] (Table 1).
By cleaving these active UL-VWF multimers into smaller ones, ADAMTS13 regulates VWF
multimer distribution and limits its prothrombotic action.

Table 1. VWF domains and functions.

VWF Domain Key Features Function

A1 domain GPIb binding

Binding to platelets (GPIb);
binding site for heparin, sulfated

glycolipids, snake venom botrocetin,
type IV collagen

A2 domain Cryptic Tyr1605-Met1606
(ADAMTS13) cleavage site ADAMTS13 cleavage site

A3 domain Binding site for fibrillar
collagens types I and III

Facilitates anchoring of platelets to exposed
subendothelial matrix

C1 domain RGD (Arg-Gly-Asp)
tripeptide sequence

Binding site for platelets (integrin
alphaIIb/beta3 (GPIIb/IIIa))

D’-D3 domain FVIII binding site Stabilizes FVIII in the circulation and
prolongs FVIII half life

Reduced VWF antigen levels or reduced functionality of VWF results in a bleed-
ing phenotype, with congenital defects or deficiencies leading to von Willebrand disease
(VWD), the most common inherited bleeding disorder [6]. Alternatively, those with ac-
quired defects or deficiencies of VWF are characterized as having acquired von Willebrand
syndrome (AVWS).

As ADAMTS13 is responsible for moderating VWF size and function, a deficiency of
ADAMTS13 can lead to increases in the VWF, in particular, HMW VWF forms. Severely
deficient ADAMTS13 to less than a 10% level or activity results in the rare life-threatening
disease of thrombotic thrombocytopenic purpura (TTP), in which an abnormal accumula-
tion of HMW-VWF multimers results in greatly increased platelet binding and formation
of thrombi that promote microvascular occlusion [7].

Thus, VWF and ADAMTS13 clearly have a central role to play in mediating hemostasis
and thrombosis. Numerous reports of various malignancy-associated changes in VWF
and ADAMTS13 levels have inspired this current review into exploring these documented
changes and potential associations with bleeding and thrombotic phenomena as well as
possible links to cancer metastasis and prognosis.
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2. Acquired von Willebrand Syndrome and Cancer

AVWS is a rare bleeding disorder associated with similar clinical symptoms and
laboratory features to VWD, where there is either a reduced activity or function of VWF,
resulting in a bleeding diathesis [8–11]. In contrast to inherited VWD and in step with
AVWS being an acquired disorder, there is a negative family history of bleeding. Cancer is
one of the major underlying causes of AVWS, with hematological malignancies making
up the majority of cases [12,13]. Indeed, lymphoproliferative disorders (LPD) are the most
common cause of AVWS, representing approximately 50% of AVWS [13]. Myeloprolifera-
tive neoplasms (MPN) represent about 15% of AVWS, and solid tumors are more rarely
associated, accounting for only about 5% of cases [12].

The pathophysiology of cancer associated AVWS is heterogenous with multiple differ-
ent pathogenic mechanisms that ultimately results in increased VWF clearance from the
plasma [9]. The increased VWF clearance can be via VWF/FVIII specific and non-specific
autoantibody-mediated mechanisms, by adsorption of VWF on to malignant cell surfaces,
and shear stress-mediated loss of HMWF VWF multimers [9,12]. The underlying mech-
anisms are not disease specific, and the same mechanism can cause AVWS in a variety
of disorders [9,12]. A common mechanism in LPDs are autoantibodies directed against
functional and non-functional VWF/FVIII domains as well as non-specific autoantibod-
ies that form immune complexes with VWF and can result in increased VWF clearance
via Fc-receptor mediated phagocytosis [9,14,15]. More rarely, the autoantibody can lead
to an inhibitor phenomenon due to the antibody interfering with VWF function [16–18].
VWF can also undergo absorption onto malignant cell surfaces in LPD and MPNs, resulting
in increased clearance of VWF from the plasma [19–23]. There is usually a preferential ab-
sorption of HMW VWF, resulting in a type 2 VWD-like pattern on laboratory assays [19,20].
High shear-stress conditions can also lead to AVWS, due to excessive cleavage of VWF
by ADAMTS13 secondary to shear stress induced unfolding of VWF and selective loss of
HMW VWF multimers, though this mechanism is generally more often associated with
cardiac non-malignancy related AVWS [9,24].

Solid non-hematological malignancies are more rarely associated with AVWS, with
about 5% of reported cases of AVWD in the literature [12]. Given the rarity, it is hard to
estimate the true prevalence of individual neoplasms based on registry data, though the
most commonly reported cases are in association with Wilms tumors, which are thought to
secrete a plasma factor that increases VWF clearance [3,12,25,26].

The diagnosis of AVWS can be challenging and should be considered in patients with
a bleeding diathesis with consistent laboratory tests and in patients with AVWS-associated
disorders needing pre-operative planning [10]. Initial approaches to laboratory testing are
similar to inherited VWD [6]. Inherited VWD is a complex clinical and laboratory diagnosis
with frequent diagnostic inaccuracies due to the lack of a simple single diagnostic test, poor
familiarity and understanding of the disease, significant pre-analytical, analytical and post-
analytical issues, and the necessity to integrate the clinical and laboratory features to obtain
an accurate diagnosis [6,27]. AVWD is no different and is likely commonly misdiagnosed
or underdiagnosed, especially in patients that have never experienced a major hemostatic
challenge such as major surgery or trauma [10,28,29].

In general, VWF screening studies may demonstrate a reduced or normal VWF:Ag
(VWF antigen), FVIII (factor 8) activity, VWF:RCo (VWF ristocetin cofactor activity), and
VWF:CB (VWF collagen-binding activity) [12,30]. These screening assays are particularly
likely to be reduced in LPD-associated AVWS [10]. The qualitative platelet-related activity
assays of VWF can often be lower than the quantitative VWF:Ag assay, with resultant
reduced activity to antigen ratios often below 0.7, revealing a type 2A VWD-like pat-
tern [11]. This is especially the case in MPN-related AVWS, where there is a selective loss of
HMW-VWF multimers that is demonstrable on multimer electrophoresis studies, an assay
available at specialized VWD testing laboratories [31–33]. Differentiating AVWS from inher-
ited VWD can sometimes be challenging, but is an important distinction given the different
treatment strategies [10]. The discovery of laboratory tests indicative of VWD, a lack of
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family history or long personal history of bleeding, and the presence of a condition known
to be associated with AVWS should raise suspicion for an AVWS [8,10,11]. In difficult cases,
testing for VWF-specific antibodies or inhibitors (to support a diagnosis of AVWS) and
testing of family members and genetic analysis for VWD mutations (to instead support
a diagnosis of inherited VWD) may be required. Though the yield of inhibitor testing is
low, due to neutralizing antibodies being found only in a minority of patients, testing is
recommended due to the associated severe bleeding phenotype and relative simplicity of
testing by utilizing a Bethesda mixing study [10,11]. A markedly elevated VWF propeptide
to VWF:Ag can help identify AVWS due to increased VWF clearance, though it is not
specific for AVWS, and will also be similarly elevated with the inherited type 1 C (Vincenza)
VWD [34]. This non-specificity along with the lack of a standardized tests and limited
availability constrains routine use of VWF propeptide testing [34].

Consistent with its heterogenous pathophysiology, the clinical implications of AVWS
are also varied, with a broad range of clinical severity and bleeding phenotypes [10,12,13].
The main symptoms of AVWS are mild to moderately severe mucocutaneus bleeding or
excessive bleeding following trauma or surgical procedures [10].

Gauging the prevalence of AVWS in various malignancies and more importantly the
prevalence of clinically significant bleeding is hampered by the lack of large-sized prospec-
tive studies and the relative rarity or under-recognition of this condition. One prospective
study reports a 7.5% prevalence rate of AVWS in patients with LPDs, with a 45% rate of this
subgroup being active bleeders [16]. Indeed, AVWS associated with LPDs generally have a
higher risk of clinically significant bleeding, and a retrospective registry analysis classified
87% of patients with LPD-associated AVWS as being bleeders [12]. MPNs are another major
category of underlying disorders, with a reported AVWS prevalence of 11–34% in this
group of disorders, and with >50% demonstrating laboratory evidence of AVWS [9,16,35].
In contrast to LPDs, MPN-associated AVWS appears to be less commonly associated with a
severe bleeding phenotype, with 14–48% being classified as bleeders [12,16]. The higher
prevalence of AVWS without clinical bleeding in MPNs is also likely related to the increased
testing for AVWS in patients with essential thrombocythemia with high platelet counts
prior to aspirin prophylaxis initiation. Wilms tumor, the most common non-hematopoietic
malignancy associated with AVWS, has a reported AVWS prevalence of 8% in a prospective
pediatric study [25]. Bleeding is usually absent, though a small proportion may have mild
bleeding, and there are reports of significant bleeding in rare cases [12,25,36].

Treatment of AVWS depends on the underlying etiology and the expected or present
bleeding phenotype and is summarized in Table 2 [8–11]. The general principle is to address
the underlying disorder whenever possible, though this is not always feasible. Treatment
modalities include desmopressin, VWF-containing concentrates, antifibrinolytics such as tranex-
amic acid, high dose intravenous immunoglobulins (IVIG), plasmapheresis, corticosteroids,
along with chemotherapy and cytoreductive therapies to address underlying malignancies.
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Table 2. Malignancies associated with acquired von Willebrand syndrome (AVWS).

Underlying Conditions Examples and
References Pathogenesis of AVWS Prevalence of AVWS in

Disorder Group Bleeding Risk Treatment

LPDs
(~50% of AVWS)

1. MGUS, multiple myeloma and
Waldenstrom macroglobulinemia
[14–18,23,37].
2. Chronic lymphocytic leukemia
[16,38,39].
3. Hairy cell leukemia [40].
4. Non Hodgkin lymphoma
[22,41].

Autoantibody mediated
clearance of VWF.

Malignant clone cell
surface adsorption and

clearance of VWF.
Inhibitors in rare cases.

7.5%
Associated with the most severe
bleeding symptoms, 45–87% are

active bleeders.

Desmopressin or VWF-containing concentrates
usually provide short-lived improvements in VWF

and are useful for acute bleeds [42].
Antifibrinolytics can be a useful adjunct for

mucocutaneous bleeding [10].
High dose IVIG can be effective in patients with IgG

autoantibodies or IgG paraproteins [10,42]. Not
effective for IgM paraproteins and plasmapheresis

may be required [42].
Long term remission can be achieved with use of
directed immunochemotherapy for underlying

malignancy [10]. MGUS is often untreated if
asymptomatic, but if bleeding is an issue,

malignancy-directed treatment can be difficult due to
small size of plasma cell clone and resultant treatment

toxicities [10].

MPNs (~15% of AVWS)

1. Essential thrombocythemia
[16,21,43].
2. Polycythemia vera [16,44].
3. Primary myelofibrosis [45].
4. Chronic myeloid leukemia
[16,46].

Malignant clone cell
surface adsorption and

clearance of VWF.
Inhibitors in rare cases.

Laboratory evidence of
AVWS displayed in >50%

Of the sample, 14–48 % active
bleeders.

Most common significant
bleeding site is gastrointestinal

[47].

Subclinical (laboratory-only) AVWS does not require
treatment.

Manage acute bleeding or surgical requirements by
ceasing aspirin/anticoagulation therapy,

antifibrinolytic therapy, and use of desmopressin
and/or VWF-containing concentrates [10,43].

Cytoreduction or platelet apheresis as emergency
measures to reduce platelet count in bleeding.

Long-term remission can be achieved with
cytoreduction therapy [16].

Non-hematological
neoplasia (~5% of AVWS)

1. Wilms tumors [25,26,36,48].
2. Primitive neuroectodermal
tumors [49].
3. Bladder adenocarcinoma [50].
4. Lung adenocarcinoma [51].
5. Prostate cancer [52].
6. Renal cell carcinoma [53].
7. Adrenal cortical carcinoma [54]
8. Hepatocellular carcinoma [55]

Plasma factor that
increases VWF clearance.
Inhibitors in rare cases.

Sample sizes too small for
meaningful estimate

Sample sizes too small for
meaningful estimate.

Acute bleeding is usually mild and responsive to
desmopressin and/or VWF-concentrates. Benefit also

reported with high dose IVIG use [12].
Long-term remission with treatment of underlying

malignancy is expected [9].
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3. Cancer-Related TTP and VWF/ADAMTS13

TTP is a rare and life threatening thrombotic microangiopathy (TMA), with an annual
incidence of approximately one case per million people [56]. TTP is defined as a microan-
giopathic hemolytic anemia (MAHA) with a moderate or severe thrombocytopenia and
associated organ dysfunction, including typical neurological and renal dysfunction as well
as fevers. TTP is driven by a marked deficiency of ADAMTS-13 activity to <10% by either
an acquired autoimmune phenomenon or by inherited mutations to the ADAMTS13 gene
in combination with an additional trigger [7,57]. Severe ADAMTS13 deficiency results in
reduced VWF cleavage and the accumulation of UL-VWF multimers, which promote the
formation of platelet-rich thrombi in arterioles and capillaries that trigger a thrombotic
microangiopathy [57].

Even rarer are reports of TTP directly related to malignancy. We found only one report
with objective evidence of a laboratory ADATM13 deficiency proven TTP in malignancy—a
case series of TMA in patients with monoclonal gammopathies where a few patients were
classified as having TTP [58]. Care must be taken in interpreting reports of ‘malignancy-
associated TTP’ in the literature, as these simply reflect cases of TMA with features similar
to TTP, with no reported severe ADAMTS13 deficiency or with no ADAMTS13 testing
being performed to clarify this specific diagnosis [59–62]. There are case reports of cancer-
treatment related TTP following immune check point inhibitor treatment [63–69] and with
multiple myeloma treatment with bortezomib [70] and lenalidomide [71,72].

4. VWF, ADAMTS13 and Cancer Metastasis Risk

Apart from its more established roles underpinning hemostasis, VWF has more re-
cently sparked interest for its potential role in tumor biology, including inflammation,
angiogenesis and metastasis [73–75]. VWF levels are significantly increased compared to
healthy controls in a variety of both hematological and non-hematological solid-organ
malignancies, including breast, colorectal, non-small cell lung cancer, gastric, prostate, and
acute lymphoblastic leukemia [73]. There is also evidence from multiple tumor cell lines
revealing their ability to direct endothelial activation and cause secretion of VWF from
endothelial WPB [76–82]. This tumor-mediated VWF secretion is via tumor secretomes
acting on neighboring endothelial cells, including inflammatory cytokines, matrix metallo-
proteinases, and pro-angiogenic mediators such as VEGF-A (vascular endothelial growth
factor A) [76–83].

There is also evidence demonstrating that VWF is released from both tumor cells as
well as the tumor microenvironment in certain cancer patients, in addition to the VWF
released from the usual sources of endothelial cells and megakaryocytes. Non-endothelial-
origin tumor cell lines, such as osteosarcoma, colorectal cancer, hepatocellular carcinoma
(HCC), gastric cancer, and gliomas, have been shown to produce VWF [84–88]. VWF ex-
pression has also been found in histopathological samples of patients with osteosarcoma,
HCC, gliomas, and gastric carcinomas [84,85,87–89]. Immunofluorescence and electron
microscopy also reveal VWF in structures resembling WPB, or pseudo-WPB, though there
are some distinctions from endothelial cell WPB [85]. These pseudo-WPB display a more
homogenous staining pattern of the VWF compared to the punctate cytoplasmic granular
staining seen with WPB in endothelial cells [90], and do not show the characteristic perinu-
clear pattern of pre-VWF in the endoplasmic reticulum seen in endothelial cells [91]. Fur-
thermore pro-VWF is not detected in the osteosarcoma cell line lysate electrophoresis [85].

While it is unclear at this stage as to what level the tumor-derived VWF contribute
to systemic plasma VWF levels, it is likely that local VWF secretion provides a survival
advantage to the neoplastic process. In fact, tumor cells are also thought to create a
microenvironment rich in VWF by inducing the localized deposition of the VWF. There
are examples of colon carcinoma [92], gastric cancer [89] and lung adenocarcinoma [77]
displaying high levels of VWF expression in the tumor stroma, which is thought to be
mediated by either an increase in the tumor vasculature VWF gene expression [77] or due
to the high density of exposed collagen and leaky vasculature in solid tumors, leading
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to an increased accumulation of VWF via binding to the collagen binding A3 domain of
VWF [93].

Evidence to support the VWF promoting tumor metastasis comes from in vivo mouse
experiments, which demonstrate that VWF inhibition results in significantly reduced metas-
tasis in disseminating colon carcinoma [94], melanoma [76,94], Lewis-bladder cancer [94],
gastric cancer [85] and thyroid cancer [95]. In vitro studies also demonstrate that there is
reduced tumor migration when a tumor-derived VWF is inhibited in HCC [87].

VWF supports tumor metastasis via multiple postulated mechanisms, including pro-
moting the tumor extravasation process by stimulating pro-inflammatory signaling and
increasing vascular permeability, aiding tumor cell adhesion to endothelial cells and stimu-
lating angiogenesis into the tumor microenvironment, as well as assisting with the carriage
of tumor cells to distant sites [73,96].

VWF is an acute phase reactant, its levels increasing during infection and inflammation
as well as being a marker for vascular dysfunction [97–99]. There is emerging evidence,
however, for VWF being a mediator of inflammation rather than just a marker of it [99].
VWF appears to play a role in leukocyte recruitment [99], indirectly, via directing the
biogenesis of WPB that also contain inflammatory mediators such as P-selectin that aid in
leukocyte rolling in the early phases of inflammation [100], or directly, by binding leuko-
cytes to VWF [101], or via recruiting and activating platelets via its GP1b receptor which
in turn can increase vascular permeability and support leukocyte recruitment [102,103].
The role of VWF in mediating vascular permeability is shown in an intracranial model of
a hemorrhage, where VWF infusion resulted in increased vascular permeability that was
attenuated by anti-VWF antibodies [104], as well as a study demonstrating how a suben-
dothelial VWF is inhibitory to claudin-5 expression, a tight junction protein expressed on
endothelial cells [105]. Given malignancies, especially advanced malignancies, are states of
heightened inflammation, it is likely that VWF plays a similar role in malignancy-associated
inflammation.

There are a number of studies supporting the idea that VWF facilitates tumor adhesion
to endothelial cells [85,87–89,106,107]. Evidence for positive regulation of angiogenesis by
VWF comes mainly from ischemic models [108] and wound healing studies where VWF
is shown to bind pro-angiogenic factors such as PDGF, VEGF and FGF [109]. There is
indirect evidence for VWF-mediated angiogenesis in an ADAMTS13−/− mouse model of
melanoma, where increased intraluminal VWF deposition induced by melanoma directly
correlated with increased tumor vessel density [96]. Moreover, a recent study demon-
strates how the overexpression of VWF in breast cancer cells upregulates VEGF-A-related
angiogenesis [110].

VWF is also postulated to be a mediator of the hematogenous spread of tumors by
facilitating the formation of a ‘platelet-taxi’ or by interacting directly with tumor cells to
promote metastasis [73]. In the former case, VWF appears to assist tumor adherence to
platelets and is thought to allow the tumor cells to travel through the vasculature attached
to platelets [111–113]. Blocking this VWF–platelet interaction results in reduced tumor cell
interactions with platelets [111,112,114]. In the latter case, it is theorized that VWF may also
contribute to certain tumor metastasis, independently of platelets, via integrin receptors
and tumor-expressed pseudo-GPIb-alpha receptors that can bind the VWF [115–117].

VWF may also promote the transformation of tumor cells to facilitate metastasis as
well. For instance, VWF released by endothelial cells, when co-cultured with osteosarcoma
cells, induces the osteosarcoma cells to undergo epithelial mesenchymal transitioning,
which is an essential step in tumor metastasis [118].

In step with VWF having a role in tumor metastasis, ADAMTS13 may also have a
supportive role to play here. Building on the theory that VWF may help to create a ‘platelet-
taxi’ for tumor cells, it can be envisioned that larger VWF multimers may increase platelet
adhesion to cancer cells and further promote metastasis. Reduced ADAMTS13 levels may,
therefore, increase the chance of tumor metastasis by increasing the availability of large
VWF multimers. Consistent with this, there are reports of lower levels of ADAMTS13
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in patients with disseminated and advanced stage cancer compared to a more localized
disease [119–121]. There are, however, some conflicting results that have come to light in
brain and prostate tumors, where ADAMTS13 levels were not found to be correlated to
the stage of malignancy and metastasis [122]. Therefore, whilst helpful in promoting the
VWF–tumor–platelet-taxi, it is likely that low ADAMTS13 levels per se are not the sole
driver of this phenomenon. It is interesting to note that both the brain and prostate express
high levels of tissue factor, another coagulation-related factor that is associated with cancer
regulation, tumor growth and metastasis [123,124]. Perhaps these hemostatic factors work
in concert to promote tumor metastasis, similar to how a multitude of different factors
come together to result in normal hemostasis.

At a paradox to the evidence supporting a pro-metastatic role for VWF, there is evi-
dence to suggest that VWF also plays a role in inhibiting tumor angiogenesis and promoting
apoptosis [73,125]. VWF knockout mice have increased the pulmonary metastatic burden
in mouse models of metastatic Lewis-lung carcinoma and melanoma [126]. It is theorized
that VWF deficiency may result in the increased availability of platelet GPIba to promote
cancer metastasis [114]. More recent evidence supports the idea that UL-VWF may be
pro-apoptotic to certain cancer cell lines, including melanoma, breast, kidney, liver and
lung [126,127]. However, tumor cells expressing high levels of ADAM28, a novel VWF
cleavage protease, displayed resistance to this VWF-induced apoptosis in vivo [127]. While
ADAMTS13 levels decrease in a range of disseminated cancers, ADAM28 expression is
increased with advanced metastatic disease, likely due to a local tumor-induced expression
of ADAM28 [120,127,128].

Given the raised VWF levels and above discussed associations with malignancy and
metastasis, it is intriguing to speculate whether there is an increased or decreased risk
of malignancy in conditions with known low or high VWF levels. Non-group O blood
groups, which are well-known to correlate with higher VWF levels, are associated with a
slight but significant increased risk of certain malignancies in a number of observational
studies, including pancreatic, gastric, lung, liver and ovarian neoplasms [129–133]. Whilst
the quality of the evidence behind these findings are generally weak due to the study
designs, and the possibility of confounders cannot be dismissed, it is certainly consistent
with the evidence for the positive regulatory role of VWF in malignancy. Data surrounding
the risk of malignancy are limited in VWD; however, an interesting association between
VWD type and cancer was reported in an Italian cohort study, where VWD type 2 was
found to be significantly overrepresented in the cancer cohort compared to the total VWD
population [134].

5. VWF and ADAMTS13 as Cancer Biomarkers

Another emerging concept is utilizing VWF and ADAMTS13 as predictive and prog-
nostic biomarkers of cancer, given their altered levels in certain malignancies, as discussed
in the previous section.

Both VWF and ADAMTS13 have been explored as potential biomarkers of cancer to
aid in the early detection of colon cancer [135] and HCC [87,136,137]. VWF incorporated
into a panel with several other protein and glycomic plasma markers showed promis-
ing results in the early detection of colon cancer, with high VWF levels correlating with
cancer risk [135]. HCC, another frequently surveilled cancer in at risk populations, was
shown to be associated with a high VWF antigen to ADAMTS13 activity ratio in cirrhotic
patients [137]. The VWF antigen to ADAMTS13 activity ratio outperformed other tested
biomarkers for HCC, such as alpha fetoprotein, VEGF, and des-y-carboxy prothrombin, was
comparable to the multivariate biomarker of alpha-fetoprotein-L3%, and exclusively corre-
lated with both the tumor volume and stage as well as plasma VWF levels [137]. In contrast
to these findings, and demonstrating the need for further studies, ADAMTS13 activity was
found to be significantly higher in those developing HCC in a separate study incorporating
both chronic hepatitis and cirrhotic patients, and was independently associated with the
risk of developing HCC [138].
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The correlation and predictive value of VWF and ADAMTS13 in the prognostication
of malignancies such as lung, ovarian, colorectal, glioblastoma, breast, and hematological
malignancies have also provided mixed results. High levels of VWF antigen is associated
with increased mortality at 12 and 36 months in ovarian cancer, along with higher D-dimer
and KLK6 levels (a human tissue kallikrein) [139,140]. In colorectal cancer, a high plasma
VWF concentration was identified as an independent prognostic factor by multivariate
analysis, correlating with advanced disease and poor prognosis in patients with metastatic
disease [141]. High plasma VWF levels were a better biomarker for poor survival than the
well-known tumor marker CEA (carcinoembryonic antigen) which was not significantly
changed in accordance with advanced stage and poor prognosis [141]. A more recent
study evaluated this concept further and found that reduced ADAMTS13 activity and
higher VWF antigen levels are associated with metastatic disease and reduced event-free
survival, independent of age, gender, and stage-independent predictors of mortality in
colorectal cancer [142]. However this study also demonstrated that both CEA and another
well-known tumor marker CA19-9 as also being significantly associated with mortality
and/or a thromboembolic event in colorectal cancer [142].

A retrospective data analysis in glioblastomas revealed that pre-operative high VWF
levels were associated with a significantly worse post-tumor resection survival and were
thought to relate to VWF effects on tumor angiogenesis [143,144]. High levels of VWF
were also associated with a worse survival even in lower grade gliomas [145]. There is
a positive correlation between VWF concentration and invasive breast carcinoma, with
higher VWF to serum soluble E-selectin ratios being associated with poorly differentiated
tumors [146]. However, contrary to this association, extremely high levels of VWF and a
lower VWF/soluble E-selectin ratio was associated with better survival rates and lower
relapse risk in the same patients [146]. An elevated VWF/ADAMTS13 ratio was shown to
be independently associated with poor prognosis and mortality in patients with advanced
non-small-cell lung cancer (NSCLC) [128]. The elevated VWF/ADAMTS13 ratio was also
positively correlated with high D-dimer, fibrinogen and factor VIII levels [128]. Whether
this is due to metastasis and tumor progression or sequalae of a hypercoagulable state
resulting in thrombosis and subsequent reduced survival is unclear [128]. Somewhat
contrary to these findings, a more recent (albeit low powered) study demonstrated that VWF
upregulation may be associated with a favorable prognosis in lung adenocarcinoma [147].

With regards to hematological malignancies, there is evidence to suggest that ADAMTS13
levels are reduced in patients with acute lymphoblastic leukemia (ALL), and that lower
levels are correlated with high-risk ALL and increased inflammation [148]. An Egyptian
study has shown that children with ALL who had unfavorable outcomes had higher levels
of VWF [149]. Waldenstrom’s macroglobulinemia is associated with high VWF levels
compared to controls, and increased VWF levels were related to a higher International
Prognostic Scoring System (IPSS) score and beta2-microglobulin levels [150]. Extremely
high VWF levels correlated with very poor prognosis and were independent to other
disease or patient characteristics [150]. High VWF levels were found to be associated with
a lower than 5-year survival and worse outcomes after first-line therapy independently of
the international scoring system in Waldenstrom’s macroglobulinemia [151]. A pilot study
in myelodysplastic syndrome has shown that it is associated with lower basal levels of
ADAMTS13 compared to healthy controls, with reduced levels correlating with the IPSS
score and being inversely correlated with prognosis, overall survival, and poorer response
to therapy [152].

VWF has also been studied as a potential biomarker for cancer treatment response
outcomes. In HCC, ADAMTS13 and VWF have been shown to be potentially useful
biomarkers for the prognosticating treatment response of sorafenib [153], hepatic artery
infusional chemotherapy [154] and liver resection [155]. VWF has also been proposed as
a biomarker that has a predictive value for an early three-month response in recurrent
glioma to bevacizumab treatment, a neutralizing monoclonal antibody against a vascular
endothelial growth factor ligand [156]. Baseline VWF levels, along with a number of other
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angiogenic biomarkers, correlated with progression free and overall survival in patients
with metastatic colorectal cancer receiving cepecitabine, oxaliplatin, and bevacizumab [157].

Collectively, the evidence for VWF as a robust cancer biomarker, either alone or in
combination with other markers, such as ADAMTS13, at present remain inconclusive. Con-
tradictory results are perhaps influenced by the heterogeneity of the studies, retrospective
designs, small study numbers, and uncontrolled confounders. VWF release as an acute
phase reactant likely further complicates matters, and may prove problematic due to lack of
specificity, especially in early screening tools. One need not look further than the significant
preanalytical variability seen when performing VWF assays for VWD testing to envisage
the potential issues when utilizing VWF as a screening biomarker [27]. Further studies to
determine whether tumor-released VWF can be differentiated from an endothelial cell, and
a platelet-derived VWF on peripheral blood sampling will likely improve the specificity
of the VWF as a biomarker. It is already known that a platelet-derived VWF has a unique
post-translational modification compared to their endothelial counterparts and exists as a
hyposialyated glycoform, which is more resistant to proteolysis [158,159]. It is therefore
possible that tumor-related VWFs have such underlying differences in their structure or
biology that will allow such differentiation.

6. VWF as a Potential Target for Cancer Therapy

Given the emerging findings suggestive of the broad role VWF plays in mediating
tumor metastasis, it is tempting to consider the possibility of targeting the VWF and its
associated interactions in anti-neoplastic therapy.

Blocking GPIba, the part of the GPIb-IX-V receptor complex that binds platelets to
VWF, affects the VWF-GPIba interaction and markedly inhibited platelet, tumor cells and
endothelial cell interactions and pulmonary metastasis potential in an in vitro and mouse
in vivo study of pulmonary metastases [114]. The monoclonal antibodies used to target
GPIba did not result in thrombocytopenia or significant bleeding complications [114] and
remain an exciting option for translational investigations.

Histone deacetylase (HDAC) along with GATA6 and nuclear transcription factor Y
(NFY) promotes endothelial cell VWF gene promotor activation [160]. HDAC inhibitors
are a known class of anti-tumor medications that promote cell apoptosis and cell cycle
arrest [161]. A specific HDAC inhibitor, MS-275, has been shown to significantly reduce
tumor growth, decrease VWF-positive blood vessels, decrease lung metastasis and re-
verse epithelial-mesenchymal transition in an in vivo murine model of breast cancer [162].
Given the relationship between HDAC and VWF gene expression, and the previously
discussed mechanisms by which the VWF may promote tumor metastasis, it is possible
that the effect of HDAC inhibitors in attenuating breast cancer metastasis may include the
targeting of VWF expression [125].

The main barrier to utilizing VWF as a potential target for cancer therapy is the relative
infancy of our understanding of how VWF and ADAMTS13 mechanistically affect malig-
nancy and metastasis, and the heterogeneity and inconsistencies reported in the literature.
A further issue is the potential risks of altering the VWF/ADAMTS13/endothelial cell axis,
and the risk of triggering AVWS or TTP and their associated morbidity and mortality in
these vulnerable patients. Perhaps tumor directed therapy, rather than systemic therapy,
such that VWF/ADAMTS13 is only altered in the tumor microenvironment, may assist
with mitigating this risk.

7. VWF, ADAMTS13 and VTE in Cancer

Cancer is associated with an increased risk of VTE compared to patients without
cancer [163], and is associated with lower survival and poorer prognosis [164]. Thrombosis
is a leading cause of death in cancer patients receiving chemotherapy, only second to the
risk of death from the progression of the cancer itself [165]. Multiple factors contribute
to this increased risk of VTE in cancer, including patient and tumor factors, increased
inflammation, endothelial and platelet dysfunction, microparticle secretion, and tissue
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factor expression [73,166]. Additionally, high plasma VWF levels appear to be independent
predictors of VTE in cancer patients [119,120,167,168], and this risk is largely mediated
by increased endothelial VWF expression [169]. It is thought that the accumulation of
UL-VWF and downregulated ADAMTS13 levels lead to VWF-platelet aggregates and
fibrin deposition in the tumor vasculature resulting in a prothrombotic milieu in certain
disseminated malignancies [96].

Separate to the increased risk of VTE and its associated morbidity and mortality, it
is likely that the cancer coagulopathy itself may be accelerating tumor progression and
the cancer metastasis risk [73]. Treatment of a transgenic mouse model of melanoma with
tinzaparin, a specific low molecular weight heparin (LMWH), resulted in reduced tumor
vascular accumulation of VWF, reduced tumor growth, angiogenesis and metastasis [76].
This effect may be related to the interaction between heparin and VWF via the A1 region
resulting in impaired GPIba binding [170], as a similar effect was not seen when fonda-
parinux, a thrombin inhibitor, was utilized for anticoagulation purposes [96]. Furthermore,
adjunctive anticoagulation with LMWH appears to prolong survival in cancer patients in
multiple observational studies [171,172]. Further experiments dissecting the role heparins
have on affecting VWF accumulation, cancer thrombotic and metastasis risk are required
prior to applying this to routine patient care.

8. Conclusions

VWF is a highly complex molecule that has a role in both physiological and pathologi-
cal hemostasis, as well as being a mediator of inflammation, angiogenesis and cancer biol-
ogy. Along with ADAMTS13, VWF in excess or in deficiency can lead to cancer-associated
thrombosis or bleeding. It is likely that VWF and ADAMTS13 promote tumor metastasis
via interactions and effects on endothelial cells, platelets and the tumor microenvironment.
At the present, there is a need for large prospective studies, as well as further basic science
analysis, of how the VWF/ADAMTS13/endothelial cell axis affects malignancy. A better
understanding of the role that VWF and ADAMTS13 play in the promotion and inhibition
of cancer and its metastasis will help to direct further translational studies to aid with the
development of novel cancer prognostic tools and treatment modalities.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The opinions expressed are those of the authors, and do not necessarily reflect
the opinions of NSW Health Pathology, the University of Sydney, or Charles Sturt University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sadler, J.E.; Budde, U.; Eikenboom, J.C.; Favaloro, E.J.; Hill, F.G.; Holmberg, L.; Ingerslev, J.; Lee, C.A.; Lillicrap, D.; Mannucci,

P.M.; et al. Update on the pathophysiology and classification of von Willebrand disease: A report of the Subcommittee on von
Willebrand Factor. J. Thromb. Haemost. 2006, 4, 2103–2114. [CrossRef] [PubMed]

2. Bortot, M.; Ashworth, K.; Sharifi, A.; Walker, F.; Crawford, N.C.; Neeves, K.B.; Bark Jr, D.; Di Paola, J. Turbulent flow promotes
cleavage of VWF (von Willebrand factor) by ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type-1
motif, member 13). Arterioscler. Thromb. Vasc. Biol. 2019, 39, 1831–1842. [CrossRef] [PubMed]

3. Stockschlaeder, M.; Schneppenheim, R.; Budde, U. Update on von Willebrand factor multimers: Focus on high-molecular-weight
multimers and their role in hemostasis. Blood Coagul. Fibrinolysis 2014, 25, 206. [CrossRef] [PubMed]

4. Holthenrich, A.; Gerke, V. Regulation of von-willebrand factor secretion from endothelial cells by the annexin A2-S100A10
complex. Int. J. Mol. Sci. 2018, 19, 1752. [CrossRef]

5. Gogia, S.; Neelamegham, S. Role of fluid shear stress in regulating VWF structure, function and related blood disorders. Biorheology
2015, 52, 319–335. [CrossRef]

6. Favaloro, E.J.; Pasalic, L.; Curnow, J. Laboratory tests used to help diagnose von Willebrand disease: An update. Pathology 2016,
48, 303–318. [CrossRef]

http://doi.org/10.1111/j.1538-7836.2006.02146.x
http://www.ncbi.nlm.nih.gov/pubmed/16889557
http://doi.org/10.1161/ATVBAHA.119.312814
http://www.ncbi.nlm.nih.gov/pubmed/31291760
http://doi.org/10.1097/MBC.0000000000000065
http://www.ncbi.nlm.nih.gov/pubmed/24448155
http://doi.org/10.3390/ijms19061752
http://doi.org/10.3233/BIR-15061
http://doi.org/10.1016/j.pathol.2016.03.001


Healthcare 2022, 10, 557 12 of 18

7. Roose, E.; Joly, B.S. Current and future perspectives on ADAMTS13 and thrombotic thrombocytopenic purpura. Hämostaseologie
2020, 40, 322–336. [CrossRef]

8. Charlebois, J.; Rivard, G.-É.; St-Louis, J. Management of acquired von Willebrand syndrome. Transfus. Apher. Sci. 2018, 57,
721–723. [CrossRef]

9. Federici, A.B.; Budde, U.; Castaman, G.; Rand, J.H.; Tiede, A. Current diagnostic and therapeutic approaches to patients with
acquired von Willebrand syndrome: A 2013 update. Semin. Thromb. Hemost. 2013, 39, 191–201.

10. Tiede, A.; Rand, J.H.; Budde, U.; Ganser, A.; Federici, A.B. How I treat the acquired von Willebrand syndrome. Blood 2011, 117,
6777–6785. [CrossRef]

11. Franchini, M.; Mannucci, P.M. Acquired von Willebrand syndrome: Focused for hematologists. Haematologica 2020, 105, 2032.
[CrossRef] [PubMed]

12. Federici, A.B.; Rand, J.H.; Bucciarelli, P.; Budde, U.; van Genderen, P.J.; Mohri, H.; Meyer, D.; Rodeghiero, F.; Sadler, J.E.;
Subcommittee on von Willebrand, F. Acquired von Willebrand syndrome: Data from an international registry. Thromb. Haemost.
2000, 84, 345–349. [PubMed]

13. Federici, A.; Budde, U.; Rand, J. Acquired von Willebrand syndrome 2004: International registry. Hämostaseologie 2004, 24, 50–55.
[PubMed]

14. Mannucci, P.; Lombardi, R.; Bader, R.; Horellou, M.; Finazzi, G.; Besana, C.; Conard, J.; Samama, M. Studies of the pathophysiology
of acquired von Willebrand’s disease in seven patients with lymphoproliferative disorders or benign monoclonal gammopathies.
Blood 1984, 64, 614–621. [CrossRef] [PubMed]

15. Gan, T.E.; Sawers, R.J.; Koutts, J. Pathogenesis of antibody-induced acquired von Willebrand syndrome. Am. J. Hematol. 1980, 9,
363–371. [CrossRef]

16. Mohri, H.; Motomura, S.; Kanamori, H.; Matsuzaki, M.; Watanabe, S.-I.; Maruta, A.; Kodama, F.; Okubo, T. Clinical significance of
inhibitors in acquired von Willebrand syndrome. Blood 1998, 91, 3623–3629. [CrossRef]

17. Van Genderen, P.; Vink, T.; Michiels, J.J.; van’t Veer, M.B.; Sixma, J.J.; Van’ Vliet, H. Acquired von Willebrand disease caused by an
autoantibody selectively inhibiting the binding of von Willebrand factor to collagen. Blood 1994, 84, 3378–3384. [CrossRef]

18. Sampson, B.M.; Greaves, M.; Malia, R.; Preston, F. Acquired von Willebrand’s disease: Demonstration of a circulating inhibitor to
the factor VIII complex in four cases. Br. J. Haematol. 1983, 54, 233–244. [CrossRef]

19. Budde, U.; Van Genderen, P.J. Acquired von Willebrand disease in patients with high platelet counts. Semin. Thromb. Hemost.
1997, 23, 425–431. [CrossRef]

20. Richard, C.; Cuadrado, M.; Prieto, M.; Batlle, J.; Fernández, M.F.; Salazar, M.R.; Bello, C.; Recio, M.; Santoro, T.; Casares, M.G.;
et al. Acquired von Willebrand disease in multiple myeloma secondary to absorption of von Willebrand factor by plasma cells.
Am. J. Hematol. 1990, 35, 114–117. [CrossRef]

21. Mital, A.; Prejzner, W.; Bieniaszewska, M.; Hellmann, A. Prevalence of acquired von Willebrand syndrome during essential
thrombocythemia: A retrospective analysis of 170 consecutive patients. Pol. Arch. Intern. Med. 2015, 125, 914–920. [CrossRef]
[PubMed]

22. Joist, J.H.; Cowan, J.F.; Zimmerman, T.S. Acquired von Willebrand’s disease: Evidence for a quantitative and qualitative factor
VIII disorder. N. Engl. J. Med. 1978, 298, 988–991. [CrossRef] [PubMed]

23. Scrobohaci, M.L.; Daniel, M.T.; Levy, Y.; Marolleau, J.P.; Brouet, J.C. Expression of GpIb on plasma cells in a patient with
monoclonal IgG and acquired von Willebrand disease. Br. J. Haematol. 1993, 84, 471–475. [CrossRef] [PubMed]

24. Horiuchi, H.; Doman, T.; Kokame, K.; Saiki, Y.; Matsumoto, M. Acquired von Willebrand Syndrome Associated with Cardiovas-
cular Diseases. J. Atheroscler. Thromb. 2019, 26, 303–314. [CrossRef]

25. Coppes, M.J.; Zandvoort, S.; Sparling, C.; Poon, A.; Weitzman, S.; Blanchette, V. Acquired von Willebrand disease in Wilms’ tumor
patients. J. Clin. Oncol. 1992, 10, 422–427. [CrossRef]

26. Noronha, P.A.; Hruby, M.A.; Maurer, H.S. Acquired von Willebrand disease in a patient with Wilms tumor. J. Pediatr. 1979, 95,
997–999. [CrossRef]

27. Colonne, C.K.; Reardon, B.; Curnow, J.; Favaloro, E.J. Why is Misdiagnosis of von Willebrand Disease Still Prevalent and How
Can We Overcome It? A Focus on Clinical Considerations and Recommendations. J. Blood Med. 2021, 12, 755–768. [CrossRef]

28. Federici, A.B. Acquired von Willebrand syndrome: Is it an extremely rare disorder or do we see only the tip of the iceberg? J.
Thromb. Haemost. 2008, 6, 565–568. [CrossRef]

29. Collins, P.; Budde, U.; Rand, J.; Federici, A.; Kessler, C. Epidemiology and general guidelines of the management of acquired
haemophilia and von Willebrand syndrome. Haemophilia 2008, 14, 49–55. [CrossRef]

30. Tiede, A.; Priesack, J.; Werwitzke, S.; Bohlmann, K.; Oortwijn, B.; Lenting, P.; Eisert, R.; Ganser, A.; Budde, U. Diagnostic workup
of patients with acquired von Willebrand syndrome: A retrospective single-centre cohort study. J. Thromb. Haemost. 2008, 6,
569–576. [CrossRef]

31. Budde, U.; Scharf, R.E.; Franke, P.; Hartmann-Budde, K.; Dent, J.; Ruggeri, Z.M. Elevated platelet count as a cause of abnormal
von Willebrand factor multimer distribution in plasma. Blood 1993, 82, 1749–1757. [CrossRef]

32. Michiels, J.J.; Berneman, Z.; Schroyens, W.; Finazzi, G.; Budde, U.; van Vliet, H.H. The paradox of platelet activation and impaired
function: Platelet-von Willebrand factor interactions, and the etiology of thrombotic and hemorrhagic manifestations in essential
thrombocythemia and polycythemia vera. Semin. Thromb. Hemost. 2006, 32, 589–604. [CrossRef] [PubMed]

http://doi.org/10.1055/a-1171-0473
http://doi.org/10.1016/j.transci.2018.10.012
http://doi.org/10.1182/blood-2010-11-297580
http://doi.org/10.3324/haematol.2020.255117
http://www.ncbi.nlm.nih.gov/pubmed/32554559
http://www.ncbi.nlm.nih.gov/pubmed/10959711
http://www.ncbi.nlm.nih.gov/pubmed/15029273
http://doi.org/10.1182/blood.V64.3.614.614
http://www.ncbi.nlm.nih.gov/pubmed/6432075
http://doi.org/10.1002/ajh.2830090403
http://doi.org/10.1182/blood.V91.10.3623
http://doi.org/10.1182/blood.V84.10.3378.3378
http://doi.org/10.1111/j.1365-2141.1983.tb02091.x
http://doi.org/10.1055/s-2007-996119
http://doi.org/10.1002/ajh.2830350210
http://doi.org/10.20452/pamw.3211
http://www.ncbi.nlm.nih.gov/pubmed/26658493
http://doi.org/10.1056/NEJM197805042981802
http://www.ncbi.nlm.nih.gov/pubmed/306064
http://doi.org/10.1111/j.1365-2141.1993.tb03103.x
http://www.ncbi.nlm.nih.gov/pubmed/8217799
http://doi.org/10.5551/jat.RV17031
http://doi.org/10.1200/JCO.1992.10.3.422
http://doi.org/10.1016/S0022-3476(79)80293-0
http://doi.org/10.2147/JBM.S266791
http://doi.org/10.1111/j.1538-7836.2008.02917.x
http://doi.org/10.1111/j.1365-2516.2008.01745.x
http://doi.org/10.1111/j.1538-7836.2008.02909.x
http://doi.org/10.1182/blood.V82.6.1749.1749
http://doi.org/10.1055/s-2006-949664
http://www.ncbi.nlm.nih.gov/pubmed/16977569


Healthcare 2022, 10, 557 13 of 18

33. Van Genderen, P.J.; Budde, U.; Michiels, J.J.; Van Strik, R.; Van Vliet, H.H. The reduction of large von Willebrand factor multimers
in plasma in essential thrombocythaemia is related to the platelet count. Br. J. Haematol. 1996, 93, 962–965. [CrossRef] [PubMed]

34. Stufano, F.; Boscarino, M.; Bucciarelli, P.; Baronciani, L.; Maino, A.; Cozzi, G.; Peyvandi, F. Evaluation of the utility of von
Willebrand factor propeptide in the differential diagnosis of von Willebrand disease and acquired von Willebrand syndrome.
Semin. Thromb. Hemost. 2018, 45, 036–042. [CrossRef]

35. Fabris, F.; Casonato, A.; Del Ben, M.G.; Marco, L.D.; Girolami, A. Abnormalities of von Willebrand factor in myeloproliferative
disease: A relationship with bleeding diathesis. Br. J. Haematol. 1986, 63, 75–83. [CrossRef] [PubMed]

36. Baxter, P.A.; Nuchtern, J.G.; Guillerman, R.P.; Mahoney, D.H.; Teruya, J.; Chintagumpala, M.; Yee, D.L. Acquired von Willebrand
syndrome and Wilms tumor: Not always benign. Pediatr. Blood Cancer 2009, 52, 392–394. [CrossRef]

37. Mazurier, C.; Parquet-Gernez, A.; Descamps, J.; Bauters, F.; Goudemand, M. Acquired von Willebrand’s syndrome in the course
of Waldenström’s disease. Thromb. Haemost. 1980, 44, 115–118. [CrossRef]

38. Wautier, J.; Levy-Toledano, S.; Caen, J. Acquired von Willebrand’s syndrome and thrombopathy in a patient with chronic
lymphocytic leukaemia. Scand. J. Haematol. 1976, 16, 128–134. [CrossRef]

39. Goudemand, J.; Samor, B.; Caron, C.; Jude, B.; Gosset, D.; Mazurier, C. Acquired type II von Willebrand’s disease: Demonstration
of a complexed inhibitor of the von Willebrand factor-platelet interaction and response to treatment. Br. J. Haematol. 1988, 68,
227–233. [CrossRef]

40. Roussi, J.; Houbouyan, L.; Alterescu, R.; Franc, B.; Goguel, A. Acquired von Willebrand’s syndrome associated with hairy cell
leukaemia. Br. J. Haematol. 1980, 46, 503–506. [CrossRef]

41. Tefferi, A.; Hanson, C.A.; Kurtin, P.J.; Katzmann, J.A.; Dalton, R.J.; Nichols, W.L. Acquired von Willebrand’s disease due to
aberrant expression of platelet glycoprotein Ib by marginal zone lymphoma cells. Br. J. Haematol. 1997, 96, 850–853. [CrossRef]
[PubMed]

42. Federici, A.B.; Stabile, F.; Castaman, G.; Canciani, M.T.; Mannucci, P.M. Treatment of acquired von Willebrand syndrome in
patients with monoclonal gammopathy of uncertain significance: Comparison of three different therapeutic approaches. Blood
1998, 92, 2707–2711. [CrossRef] [PubMed]

43. Awada, H.; Voso, M.T.; Guglielmelli, P.; Gurnari, C. Essential thrombocythemia and acquired von willebrand syndrome: The
shadowlands between thrombosis and bleeding. Cancers 2020, 12, 1746. [CrossRef] [PubMed]

44. Mohri, H. Acquired von Willebrand disease in patients with polycythemia rubra vera. Am. J. Hematol. 1987, 26, 135–146.
[CrossRef]

45. Mital, A.; Prejzner, W.; Hellmann, A. Acquired von Willebrand syndrome during the course of myelofibrosis: Analysis of 32 cases.
Adv. Clin. Exp. Med. 2015, 24, 1001–1006. [CrossRef] [PubMed]

46. Knöfler, R.; Lange, B.S.; Paul, F.; Tiebel, O.; Suttorp, M. Bleeding signs due to acquired von Willebrand syndrome at diagnosis of
chronic myeloid leukaemia in children. Br. J. Haematol. 2020, 188, 701–706. [CrossRef] [PubMed]

47. Palandri, F.; Polverelli, N.; Catani, L.; Sollazzo, D.; Ottaviani, E.; Parisi, S.; Baccarani, M.; Vianelli, N. Bleeding in essential
thrombocythaemia: A retrospective analysis on 565 patients. Br. J. Haematol. 2012, 156, 281–284. [CrossRef]

48. Jonge Poerink-Stockschläder, A.B.; Dekker, I.; Risseeuw-Appel, I.M.; Haählen, K. Acquired Von Willebrand disease in children
with a Wilms’ tumor. Med. Pediatr. Oncol. 1996, 26, 238–243. [CrossRef]

49. Nowak-Göttl, U.; Kehrel, B.; Budde, U.; Hoffmann, C.; Winkelmann, W.; Jürgens, H. Acquired von Willebrand disease in
malignant peripheral neuroectodermal tumor (PNET). Med. Pediatr. Oncol. 1995, 25, 117–118. [CrossRef]

50. Dumas, G.; Rousseau, B.; Rodrigues, M.J.; Tlemsani, C.; Goldwasser, F. Acquired Type II von Willebrand syndrome in locally
advanced bladder cancer successfully treated with intravenous immunoglobulin and chemotherapy. Clin. Genitourin. Cancer
2016, 14, e95–e97. [CrossRef]

51. Delmer, A.; Horellou, M.; Brechot, J.; Prudent, J.; Potevin, F.; Lecrubier, C.; Girard-Longhini, C.; Samama, M.; Zittoun, R. Acquired
von Willebrand disease: Correction of hemostatic defect by high-dose intravenous immunoglobulins. Am. J. Hematol. 1992, 40,
151–152. [CrossRef] [PubMed]

52. Claus, P.-E.; Van Haute, I.; Verhoye, E.; Deeren, D.; Moreau, E. Diagnostic challenges in acquired von Willebrand syndrome: A
complex case of prostate carcinoma associated-acquired von Willebrand syndrome. Semin. Thromb. Hemost. 2016, 43, 101–104.
[CrossRef] [PubMed]

53. Odom, B.; Khourdaji, I.; Golas, V.; Zekman, R.; Rosenberg, B. Acquired von Willebrand disease secondary to clear cell renal cell
carcinoma. J. Endourol. Case Rep. 2018, 4, 114–116. [CrossRef] [PubMed]

54. Facon, T.; Caron, C.; Courtin, P.; Wurtz, A.; Deghaye, M.; Bauters, F.; Mazurier, C.; Goudemand, J. Acquired type II von
Willebrand’s disease associated with adrenal cortical carcinoma. Br. J. Haematol. 1992, 80, 488–494. [CrossRef]

55. Chen, C.-C.; Chang, J.-Y.; Liu, K.-J.; Chan, C.; Ho, C.-H.; Lee, S.-C.; Chen, L.-T. Hepatocellular carcinoma associated with acquired
von Willebrand disease and extreme thrombocytosis. Ann. Oncol. 2005, 16, 988–989. [CrossRef] [PubMed]

56. Mariotte, E.; Azoulay, E.; Galicier, L.; Rondeau, E.; Zouiti, F.; Boisseau, P.; Poullin, P.; de Maistre, E.; Provôt, F.; Delmas, Y.;
et al. Epidemiology and pathophysiology of adulthood-onset thrombotic microangiopathy with severe ADAMTS13 deficiency
(thrombotic thrombocytopenic purpura): A cross-sectional analysis of the French national registry for thrombotic microangiopathy.
Lancet Haematol. 2016, 3, e237–e245. [CrossRef]

http://doi.org/10.1046/j.1365-2141.1996.d01-1729.x
http://www.ncbi.nlm.nih.gov/pubmed/8703834
http://doi.org/10.1055/s-0038-1660481
http://doi.org/10.1111/j.1365-2141.1986.tb07497.x
http://www.ncbi.nlm.nih.gov/pubmed/3085704
http://doi.org/10.1002/pbc.21801
http://doi.org/10.1055/s-0038-1650099
http://doi.org/10.1111/j.1600-0609.1976.tb01127.x
http://doi.org/10.1111/j.1365-2141.1988.tb06194.x
http://doi.org/10.1111/j.1365-2141.1980.tb06001.x
http://doi.org/10.1046/j.1365-2141.1997.d01-2088.x
http://www.ncbi.nlm.nih.gov/pubmed/9074430
http://doi.org/10.1182/blood.V92.8.2707
http://www.ncbi.nlm.nih.gov/pubmed/9763553
http://doi.org/10.3390/cancers12071746
http://www.ncbi.nlm.nih.gov/pubmed/32629973
http://doi.org/10.1002/ajh.2830260204
http://doi.org/10.17219/acem/52361
http://www.ncbi.nlm.nih.gov/pubmed/26771972
http://doi.org/10.1111/bjh.16241
http://www.ncbi.nlm.nih.gov/pubmed/31617211
http://doi.org/10.1111/j.1365-2141.2011.08858.x
http://doi.org/10.1002/(SICI)1096-911X(199604)26:4&lt;238::AID-MPO3&gt;3.0.CO;2-K
http://doi.org/10.1002/mpo.2950250213
http://doi.org/10.1016/j.clgc.2015.07.013
http://doi.org/10.1002/ajh.2830400214
http://www.ncbi.nlm.nih.gov/pubmed/1585913
http://doi.org/10.1055/s-0036-1592167
http://www.ncbi.nlm.nih.gov/pubmed/27806384
http://doi.org/10.1089/cren.2018.0032
http://www.ncbi.nlm.nih.gov/pubmed/30065959
http://doi.org/10.1111/j.1365-2141.1992.tb04562.x
http://doi.org/10.1093/annonc/mdi171
http://www.ncbi.nlm.nih.gov/pubmed/15879160
http://doi.org/10.1016/S2352-3026(16)30018-7


Healthcare 2022, 10, 557 14 of 18

57. Scully, M.; Cataland, S.; Coppo, P.; De La Rubia, J.; Friedman, K.; Kremer Hovinga, J.; Lämmle, B.; Matsumoto, M.; Pavenski, K.;
Sadler, E. Consensus on the standardization of terminology in thrombotic thrombocytopenic purpura and related thrombotic
microangiopathies. J. Thromb. Haemost. 2017, 15, 312–322. [CrossRef]

58. Ravindran, A.; Go, R.S.; Fervenza, F.C.; Sethi, S. Thrombotic microangiopathy associated with monoclonal gammopathy. Kidney
Int. 2017, 91, 691–698. [CrossRef]

59. Wolff, D.; Brinkmann, B.; Emmrich, J.; Steiner, M. Metastatic pancreatic carcinoma presenting as thrombotic thrombocytopenic
purpura. Pancreas 2003, 26, 314. [CrossRef]

60. Caramello, V.; Dovio, A.; Caraci, P.; Berruti, A.; Angeli, A. Thrombotic thrombocytopenic purpura in advanced prostate cancer:
Case report and published work review. Int. J. Urol. 2007, 14, 150–152. [CrossRef]

61. Dirweesh, A.; Siddiqui, W.; Khan, M.; Iyer, P.; Seelagy, M. Adenocarcinoma of the lung presenting as thrombotic thrombocytopenic
purpura. Respir. Med. Case Rep. 2017, 21, 82–83. [CrossRef]

62. Spoormans, I.; Altintas, S.; Van den Brande, J.; Luijks, A.; Vermorken, J. Purpura in a patient with disseminated breast cancer: A
rapidly progressive cancer-related thrombotic thrombocytopenic purpura. Ann. Oncol. 2008, 19, 1204–1207. [CrossRef]

63. Ali, Z.; Zafar, M.U.; Wolfe, Z.; Akbar, F.; Lash, B. Thrombotic thrombocytopenic purpura induced by immune checkpoint
inhibitiors: A case report and review of the literature. Cureus 2020, 12, e11246. [CrossRef] [PubMed]

64. Youssef, A.; Kasso, N.; Torloni, A.S.; Stanek, M.; Dragovich, T.; Gimbel, M.; Mahmoud, F. Thrombotic thrombocytopenic purpura
due to checkpoint inhibitors. Case Rep. Hematol. 2018, 2018, 2464619. [CrossRef] [PubMed]

65. Lafranchi, A.; Springe, D.; Rupp, A.; Ebnöther, L.; Zschiedrich, S. Thrombotic thrombocytopenic purpura associated to dual
checkpoint inhibitor therapy for metastatic melanoma. CEN Case Rep. 2020, 9, 289–290. [CrossRef] [PubMed]

66. Lancelot, M.; Miller, M.J.; Roback, J.; Stowell, S.R. Refractory thrombotic thrombocytopenic purpura related to checkpoint
inhibitor immunotherapy. Transfusion 2021, 61, 322–328. [CrossRef] [PubMed]

67. Dickey, M.S.; Raina, A.J.; Gilbar, P.J.; Wisniowski, B.L.; Collins, J.T.; Karki, B.; Nguyen, A.D. Pembrolizumab-induced thrombotic
thrombocytopenic purpura. J. Oncol. Pharm. Pract. 2020, 26, 1237–1240. [CrossRef] [PubMed]

68. King, J.; de la Cruz, J.; Lutzky, J. Ipilimumab-induced thrombotic thrombocytopenic purpura (TTP). J. Immunother. Cancer 2017, 5,
1–4. [CrossRef]

69. Gergi, M.; Landry, K.K.; Ades, S.; Barry, M.; Zakai, N.A.; Herrera, D.A. Nivolumab-Induced Thrombotic Thrombocytopenic
Purpura in a Patient with Anal Squamous Cell Carcinoma: A Lesson on Hematologic Toxicity from Immunotherapy. Oncologist
2020, 25, 1009–1012. [CrossRef]

70. Moore, H.; Romeril, K. Multiple myeloma presenting with a fever of unknown origin and development of thrombotic thrombocy-
topenic purpura post-bortezomib. Intern. Med. J. 2011, 41, 348–350. [CrossRef]

71. Cheah, C.Y.; Orlowski, R.Z.; Manasanch, E.E.; Oo, T.H. Thrombotic thrombocytopenic purpura in a patient with lenalidomide-
responsive multiple myeloma. Ann. Hematol. 2015, 94, 1605–1607. [CrossRef]

72. Elessa, D.; Talbot, A.; Lombion, N.; Harel, S.; Galicier, L.; Veyradier, A.; Joly, B.; Andreoli, A.; Rigaudeau, S.; Azoulay, É.; et al.
Development of thrombotic thrombocytopenic purpura during lenalidomide therapy: Three new cases and review of literature.
Br. J. Haematol. 2020, 188, 338–340. [CrossRef]

73. Patmore, S.; Dhami, S.P.S.; O’Sullivan, J.M. Von Willebrand factor and cancer; metastasis and coagulopathies. J. Thromb. Haemost.
2020, 18, 2444–2456. [CrossRef]

74. O’Sullivan, J.M.; Preston, R.J.; Robson, T.; O’Donnell, J.S. Emerging roles for von Willebrand factor in cancer cell biology. Semin.
Thromb. Hemost. 2017, 44, 159–166. [PubMed]

75. Shavit, J.; Motto, D. Coagulation and metastasis–an unexpected role for von Willebrand factor. J. Thromb. Haemost. 2006, 4,
517–518. [CrossRef] [PubMed]

76. Bauer, A.T.; Suckau, J.; Frank, K.; Desch, A.; Goertz, L.; Wagner, A.H.; Hecker, M.; Goerge, T.; Umansky, L.; Beckhove, P.; et al. von
Willebrand factor fibers promote cancer-associated platelet aggregation in malignant melanoma of mice and humans. Blood 2015,
125, 3153–3163. [CrossRef] [PubMed]

77. Xu, Y.; Pan, S.; Liu, J.; Dong, F.; Cheng, Z.; Zhang, J.; Qi, R.; Zang, Q.; Zhang, C.; Wang, X.; et al. GATA3-induced vWF upregulation
in the lung adenocarcinoma vasculature. Oncotarget 2017, 8, 110517–110529. [CrossRef]

78. Karagiannis, G.S.; Saraon, P.; Jarvi, K.A.; Diamandis, E.P. Proteomic signatures of angiogenesis in androgen-independent prostate
cancer. Prostate 2014, 74, 260–272. [CrossRef]

79. Kerk, N.; Strozyk, E.A.; Pöppelmann, B.; Schneider, S.W. The mechanism of melanoma-associated thrombin activity and von
Willebrand factor release from endothelial cells. J. Investig. Dermatol. 2010, 130, 2259–2268. [CrossRef]

80. Goerge, T.; Kleinerüschkamp, F.; Barg, A.; Schnaeker, E.-M.; Huck, V.; Schneider, M.F.; Steinhoff, M.; Schneider, S.W. Microfluidic
reveals generation of platelet-strings on tumoractivated endothelium. Thromb. Haemost. 2007, 98, 283–286.

81. Desch, A.; Strozyk, E.A.; Bauer, A.T.; Huck, V.; Niemeyer, V.; Wieland, T.; Schneider, S.W. Highly Invasive Melanoma Cells
Activate the Vascular Endothelium via an MMP-2/Integrin αvβ5–Induced Secretion of VEGF-A. Am. J. Pathol. 2012, 181, 693–705.
[CrossRef] [PubMed]

82. John, A.; Robador, J.R.; Vidal-y-Sy, S.; Houdek, P.; Wladykowski, E.; Günes, C.; Bolenz, C.; Schneider, S.W.; Bauer, A.T.; Gorzelanny,
C. Urothelial carcinoma of the bladder induces endothelial cell activation and hypercoagulation. Mol. Cancer Res. 2020, 18,
1099–1109. [CrossRef] [PubMed]

http://doi.org/10.1111/jth.13571
http://doi.org/10.1016/j.kint.2016.09.045
http://doi.org/10.1097/00006676-200304000-00021
http://doi.org/10.1111/j.1442-2042.2006.01644.x
http://doi.org/10.1016/j.rmcr.2017.04.004
http://doi.org/10.1093/annonc/mdn160
http://doi.org/10.7759/cureus.11246
http://www.ncbi.nlm.nih.gov/pubmed/33274128
http://doi.org/10.1155/2018/2464619
http://www.ncbi.nlm.nih.gov/pubmed/30671268
http://doi.org/10.1007/s13730-020-00454-0
http://www.ncbi.nlm.nih.gov/pubmed/32002819
http://doi.org/10.1111/trf.16117
http://www.ncbi.nlm.nih.gov/pubmed/33119913
http://doi.org/10.1177/1078155219887212
http://www.ncbi.nlm.nih.gov/pubmed/31718453
http://doi.org/10.1186/s40425-017-0224-7
http://doi.org/10.1002/onco.13553
http://doi.org/10.1111/j.1445-5994.2011.02458.x
http://doi.org/10.1007/s00277-015-2421-0
http://doi.org/10.1111/bjh.16333
http://doi.org/10.1111/jth.14976
http://www.ncbi.nlm.nih.gov/pubmed/29165741
http://doi.org/10.1111/j.1538-7836.2006.01805.x
http://www.ncbi.nlm.nih.gov/pubmed/16460433
http://doi.org/10.1182/blood-2014-08-595686
http://www.ncbi.nlm.nih.gov/pubmed/25977583
http://doi.org/10.18632/oncotarget.22806
http://doi.org/10.1002/pros.22747
http://doi.org/10.1038/jid.2010.136
http://doi.org/10.1016/j.ajpath.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22659470
http://doi.org/10.1158/1541-7786.MCR-19-1041
http://www.ncbi.nlm.nih.gov/pubmed/32234826


Healthcare 2022, 10, 557 15 of 18

83. Zanetta, L.; Marcus, S.G.; Vasile, J.; Dobryansky, M.; Cohen, H.; Eng, K.; Shamamian, P.; Mignatti, P. Expression of Von Willebrand
factor, an endothelial cell marker, is up-regulated by angiogenesis factors: A potential method for objective assessment of tumor
angiogenesis. Int. J. Cancer 2000, 85, 281–288. [CrossRef]

84. Eppert, K.; Wunder, J.S.; Aneliunas, V.; Kandel, R.; Andrulis, I.L. von Willebrand factor expression in osteosarcoma metastasis.
Mod. Pathol. 2005, 18, 388–397. [CrossRef] [PubMed]

85. Yang, A.-J.; Wang, M.; Wang, Y.; Cai, W.; Li, Q.; Zhao, T.-T.; Zhang, L.-H.; Houck, K.; Chen, X.; Jin, Y.-L.; et al. Cancer cell-derived
von Willebrand factor enhanced metastasis of gastric adenocarcinoma. Oncogenesis 2018, 7, 12. [CrossRef] [PubMed]

86. Liu, G.; Ren, Y. Effect of von Willebrand factor on the biological characteristics of colorectal cancer cells. Zhonghua Wei Chang Wai
Ke Za Zhi = Chin. J. Gastrointest. Surg. 2010, 13, 616–619.

87. Liu, Y.; Wang, X.; Li, S.; Hu, H.; Zhang, D.; Hu, P.; Yang, Y.; Ren, H. The role of von Willebrand factor as a biomarker of tumor
development in hepatitis B virus-associated human hepatocellular carcinoma: A quantitative proteomic based study. J. Proteom.
2014, 106, 99–112. [CrossRef]

88. Mojiri, A.; Stoletov, K.; Carrillo, M.A.L.; Willetts, L.; Jain, S.; Godbout, R.; Jurasz, P.; Sergi, C.M.; Eisenstat, D.D.; Lewis, J.D.;
et al. Functional assessment of von Willebrand factor expression by cancer cells of non-endothelial origin. Oncotarget 2017, 8,
13015–13029. [CrossRef] [PubMed]

89. Yang, X.; Sun, H.-J.; Li, Z.-R.; Zhang, H.; Yang, W.-J.; Ni, B.; Wu, Y.-Z. Gastric cancer-associated enhancement of von Willebrand
factor is regulated by vascular endothelial growth factor and related to disease severity. BMC Cancer 2015, 15, 80. [CrossRef]

90. McCarroll, D.R.; Levin, E.G.; Montgomery, R.R. Endothelial cell synthesis of von Willebrand antigen II, von Willebrand factor,
and von Willebrand factor/von Willebrand antigen II complex. J. Clin. Investig. 1985, 75, 1089–1095. [CrossRef]

91. Weibel, E.R.; Palade, G.E. New cytoplasmic components in arterial endothelia. J. Cell Biol. 1964, 23, 101–112. [CrossRef] [PubMed]
92. Ohtani, H.; Sasano, N. Characterization of microvasculature in the stroma of human colorectal carcinoma: An immunoelectron

microscopic study on factor VIII/von Willebrand factor. J. Electron Microsc. 1987, 36, 204–212.
93. Ishihara, J.; Ishihara, A.; Sasaki, K.; Lee, S.S.-Y.; Williford, J.-M.; Yasui, M.; Abe, H.; Potin, L.; Hosseinchi, P.; Fukunaga, K.;

et al. Targeted antibody and cytokine cancer immunotherapies through collagen affinity. Sci. Transl. Med. 2019, 11, eaau3259.
[CrossRef] [PubMed]

94. Karpatkin, S.; Pearlstein, E.; Ambrogio, C.; Coller, B. Role of adhesive proteins in platelet tumor interaction in vitro and metastasis
formation in vivo. J. Clin. Investig. 1988, 81, 1012–1019. [CrossRef]

95. Kong, Q.; Lv, B.; Wang, B.; Zhang, X.; Sun, H.; Liu, J. Association of von Willebrand factor (vWF) expression with lymph node
metastasis and hemodynamics in papillary thyroid carcinoma. Eur. Rev. Med. Pharm. Sci. 2020, 24, 2564–2571.

96. Goertz, L.; Schneider, S.W.; Desch, A.; Mayer, F.T.; Koett, J.; Nowak, K.; Karampinis, I.; Bohlmann, M.K.; Umansky, V.; Bauer, A.T.
Heparins that block VEGF-A-mediated von Willebrand factor fiber generation are potent inhibitors of hematogenous but not
lymphatic metastasis. Oncotarget 2016, 7, 68527–68545. [CrossRef]

97. Pottinger, B.; Read, R.; Paleolog, E.; Higgins, P.; Pearson, J. von Willebrand factor is an acute phase reactant in man. Thromb. Res.
1989, 53, 387–394. [CrossRef]

98. Lip, G.Y.; Blann, A. von Willebrand factor: A marker of endothelial dysfunction in vascular disorders? Cardiovasc. Res. 1997, 34,
255–265. [CrossRef]

99. Kawecki, C.; Lenting, P.; Denis, C. von Willebrand factor and inflammation. J. Thromb. Haemost. 2017, 15, 1285–1294. [CrossRef]
100. Denis, C.V.; André, P.; Saffaripour, S.; Wagner, D.D. Defect in regulated secretion of P-selectin affects leukocyte recruitment in von

Willebrand factor-deficient mice. Proc. Natl. Acad. Sci. USA 2001, 98, 4072–4077. [CrossRef]
101. Pendu, R.; Terraube, V.; Christophe, O.D.; Gahmberg, C.G.; de Groot, P.G.; Lenting, P.J.; Denis, C.V. P-selectin glycoprotein ligand

1 and β2-integrins cooperate in the adhesion of leukocytes to von Willebrand factor. Blood 2006, 108, 3746–3752. [CrossRef]
[PubMed]

102. Bernardo, A.; Ball, C.; Nolasco, L.; Choi, H.; Moake, J.; Dong, J. Platelets adhered to endothelial cell-bound ultra-large von
Willebrand factor strings support leukocyte tethering and rolling under high shear stress. J. Thromb. Haemost. 2005, 3, 562–570.
[CrossRef] [PubMed]

103. Petri, B.; Broermann, A.; Li, H.; Khandoga, A.G.; Zarbock, A.; Krombach, F.; Goerge, T.; Schneider, S.W.; Jones, C.; Nieswandt, B.
von Willebrand factor promotes leukocyte extravasation. Blood 2010, 116, 4712–4719. [CrossRef]

104. Zhu, X.; Cao, Y.; Wei, L.; Cai, P.; Xu, H.; Luo, H.; Bai, X.; Lu, L.; Liu, J.-R.; Fan, W.; et al. von Willebrand factor contributes to poor
outcome in a mouse model of intracerebral haemorrhage. Sci. Rep. 2016, 6, 35901. [CrossRef]

105. Suidan, G.L.; Brill, A.; De Meyer, S.F.; Voorhees, J.R.; Cifuni, S.M.; Cabral, J.E.; Wagner, D.D. Endothelial von Willebrand factor
promotes blood–brain barrier flexibility and provides protection from hypoxia and seizures in mice. Arterioscler. Thromb. Vasc.
Biol. 2013, 33, 2112–2120. [CrossRef] [PubMed]

106. Morganti, M.; Carpi, A.; Amo-Takyi, B.; Sagripanti, A.; Nicolini, A.; Giardino, R.; Mittermayer, C. Von Willebrand’s factor
mediates the adherence of human tumoral cells to human endothelial cells and ticlopidine interferes with this effect. Biomed.
Pharmacother. 2000, 54, 431–436. [CrossRef]

107. Gomes, N.; Legrand, C.; Lafeve, F.F. Shear stress induced release of von Willebrand factor and thrombospondin-1 in Uvec
extracellular matrix enhances breast tumour cell adhesion. Clin. Exp. Metastasis 2005, 22, 215–223. [CrossRef]

108. de Vries, M.R.; Peters, E.A.; Quax, P.H.; Nossent, A.Y. von Willebrand factor deficiency leads to impaired blood flow recovery
after ischaemia in mice. Thromb. Haemost. 2017, 117, 1412–1419. [CrossRef]

http://doi.org/10.1002/(SICI)1097-0215(20000115)85:2%3C281::AID-IJC21%3E3.0.CO;2-3
http://doi.org/10.1038/modpathol.3800265
http://www.ncbi.nlm.nih.gov/pubmed/15467717
http://doi.org/10.1038/s41389-017-0023-5
http://www.ncbi.nlm.nih.gov/pubmed/29362409
http://doi.org/10.1016/j.jprot.2014.04.021
http://doi.org/10.18632/oncotarget.14273
http://www.ncbi.nlm.nih.gov/pubmed/28035064
http://doi.org/10.1186/s12885-015-1083-6
http://doi.org/10.1172/JCI111802
http://doi.org/10.1083/jcb.23.1.101
http://www.ncbi.nlm.nih.gov/pubmed/14228505
http://doi.org/10.1126/scitranslmed.aau3259
http://www.ncbi.nlm.nih.gov/pubmed/30971453
http://doi.org/10.1172/JCI113411
http://doi.org/10.18632/oncotarget.11832
http://doi.org/10.1016/0049-3848(89)90317-4
http://doi.org/10.1016/S0008-6363(97)00039-4
http://doi.org/10.1111/jth.13696
http://doi.org/10.1073/pnas.061307098
http://doi.org/10.1182/blood-2006-03-010322
http://www.ncbi.nlm.nih.gov/pubmed/16926295
http://doi.org/10.1111/j.1538-7836.2005.01122.x
http://www.ncbi.nlm.nih.gov/pubmed/15748247
http://doi.org/10.1182/blood-2010-03-276311
http://doi.org/10.1038/srep35901
http://doi.org/10.1161/ATVBAHA.113.301362
http://www.ncbi.nlm.nih.gov/pubmed/23825365
http://doi.org/10.1016/S0753-3322(00)00006-8
http://doi.org/10.1007/s10585-005-7359-5
http://doi.org/10.1160/TH16-12-0957


Healthcare 2022, 10, 557 16 of 18

109. Ishihara, J.; Ishihara, A.; Starke, R.D.; Peghaire, C.R.; Smith, K.E.; McKinnon, T.A.; Tabata, Y.; Sasaki, K.; White, M.J.; Fukunaga,
K.; et al. The heparin binding domain of von Willebrand factor binds to growth factors and promotes angiogenesis in wound
healing. Blood 2019, 133, 2559–2569. [CrossRef]

110. Tao, Q.; Qi, Y.; Gu, J.; Yu, D.; Lu, Y.; Liu, J.; Liang, X. Breast cancer cells-derived Von Willebrand Factor promotes VEGF-A-related
angiogenesis through PI3K/Akt-miR-205-5p signaling pathway. Toxicol. Appl. Pharmacol. 2022, 440, 115927. [CrossRef]

111. McCarty, O.J.; Mousa, S.A.; Bray, P.F.; Konstantopoulos, K. Immobilized platelets support human colon carcinoma cell tethering,
rolling, and firm adhesion under dynamic flow conditions. Blood 2000, 96, 1789–1797. [CrossRef]

112. Jain, S.; Zuka, M.; Liu, J.; Russell, S.; Dent, J.; Guerrero, J.A.; Forsyth, J.; Maruszak, B.; Gartner, T.K.; Felding-Habermann, B.; et al.
Platelet glycoprotein Ibα supports experimental lung metastasis. Proc. Natl. Acad. Sci. USA 2007, 104, 9024–9028. [CrossRef]

113. Wang, Q.; Liu, W.; Fan, J.; Guo, J.; Shen, F.; Ma, Z.; Ruan, C.; Guo, L.; Jiang, M.; Zhao, Y. von Willebrand factor promotes
platelet-induced metastasis of osteosarcoma through activation of the VWF-GPIb axis. J. Bone Oncol. 2020, 25, 100325. [CrossRef]

114. Qi, Y.; Chen, W.; Liang, X.; Xu, K.; Gu, X.; Wu, F.; Fan, X.; Ren, S.; Liu, J.; Zhang, J. Novel antibodies against GPIbα inhibit
pulmonary metastasis by affecting vWF-GPIbα interaction. J. Hematol. Oncol. 2018, 11, 117. [CrossRef] [PubMed]

115. Visconte, V.; Makishima, H.; Maciejewski, J.; Tiu, R. Emerging roles of the spliceosomal machinery in myelodysplastic syndromes
and other hematological disorders. Leukemia 2012, 26, 2447–2454. [CrossRef] [PubMed]

116. Oleksowicz, L.; Dutcher, J.P.; DeLeon-Fernandez, M.; Paietta, E.; Etkind, P. Human breast carcinoma cells synthesize a protein
immunorelated to platelet glycoprotein-lbα with different functional properties. J. Lab. Clin. Med. 1997, 129, 337–346. [CrossRef]

117. Suter, C.M.; Hogg, P.J.; Price, J.T.; Chong, B.H.; Ward, R.L. Identification and characterisation of a platelet GPIb/V/IX-like
complex on human breast cancers: Implications for the metastatic process. Jpn. J. Cancer Res. 2001, 92, 1082–1092. [CrossRef]
[PubMed]

118. Ling, J.; Sun, Y.; Pan, J.; Wang, H.; Ma, Z.; Yin, J.; Bao, Z.; Yang, H.; Liu, L. Feedback modulation of endothelial cells promotes
epithelial-mesenchymal transition and metastasis of osteosarcoma cells by Von Willebrand Factor release. J. Cell. Biochem. 2019,
120, 15971–15979. [CrossRef]

119. Mannucci, P.M.; Karimi, M.; Mosalaei, A.; Canciani, M.T.; Peyvandi, F. Patients with localized and disseminated tumors have
reduced but measurable levels of ADAMTS-13 (von Willebrand factor cleaving protease). Haematologica 2003, 88, 454–458.

120. Oleksowicz, L.; Bhagwati, N.; DeLeon-Fernandez, M. Deficient activity of von Willebrand’s factor-cleaving protease in patients
with disseminated malignancies. Cancer Res. 1999, 59, 2244–2250.

121. Koo, B.-H.; Oh, D.; Chung, S.Y.; Kim, N.K.; Park, S.; Jang, Y.; Chung, K.-H. Deficiency of von Willebrand factor-cleaving protease
activity in the plasma of malignant patients. Thromb. Res. 2002, 105, 471–476. [CrossRef]

122. Böhm, M.; Gerlach, R.; Beecken, W.-D.; Scheuer, T.; Stier-Brück, I.; Scharrer, I. ADAMTS-13 activity in patients with brain and
prostate tumors is mildly reduced, but not correlated to stage of malignancy and metastasis. Thromb. Res. 2003, 111, 33–37.
[CrossRef] [PubMed]

123. Kasthuri, R.S.; Taubman, M.B.; Mackman, N. Role of tissue factor in cancer. J. Clin. Oncol. 2009, 27, 4834. [CrossRef] [PubMed]
124. Hisada, Y.; Mackman, N. Tissue factor and cancer: Regulation, tumor growth, and metastasis. Semin. Thromb. Hemost. 2019, 45,

385–395. [CrossRef]
125. Goh, C.Y.; Patmore, S.; Smolenski, A.; Howard, J.; Evans, S.; O’Sullivan, J.; McCann, A. The role of von Willebrand factor in breast

cancer metastasis. Transl. Oncol. 2021, 14, 101033. [CrossRef]
126. Terraube, V.; Pendu, R.; Baruch, D.; Gebbink, M.; Meyer, D.; Lenting, P.; Denis, C. Increased metastatic potential of tumor cells in

von Willebrand factor-deficient mice. J. Thromb. Haemost. 2006, 4, 519–526. [CrossRef]
127. Mochizuki, S.; Soejima, K.; Shimoda, M.; Abe, H.; Sasaki, A.; Okano, H.J.; Okano, H.; Okada, Y. Effect of ADAM28 on carcinoma

cell metastasis by cleavage of von Willebrand factor. J. Natl. Cancer Inst. 2012, 104, 906–922. [CrossRef]
128. Guo, R.; Yang, J.; Liu, X.; Wu, J.; Chen, Y. Increased von Willebrand factor over decreased ADAMTS-13 activity is associated with

poor prognosis in patients with advanced non-small-cell lung cancer. J. Clin. Lab. Anal. 2018, 32, e22219. [CrossRef]
129. Hsiao, L.T.; Liu, N.J.; You, S.L.; Hwang, L.C. ABO blood group and the risk of cancer among middle-aged people in T aiwan.

Asia-Pac. J. Clin. Oncol. 2015, 11, e31–e36. [CrossRef]
130. Wang, Z.; Liu, L.; Ji, J.; Zhang, J.; Yan, M.; Zhang, J.; Liu, B.; Zhu, Z.; Yu, Y. ABO blood group system and gastric cancer: A

case-control study and meta-analysis. Int. J. Mol. Sci. 2012, 13, 13308–13321. [CrossRef]
131. Song, Q.; Wu, J.-Z.; Wang, S.; Chen, Z.-B. The ABO blood group is an independent prognostic factor in patients with ovarian

cancer. J. Cancer 2019, 10, 6754–6760. [CrossRef] [PubMed]
132. Edgren, G.; Hjalgrim, H.; Rostgaard, K.; Norda, R.; Wikman, A.; Melbye, M.; Nyrén, O. Risk of gastric cancer and peptic ulcers in

relation to ABO blood type: A cohort study. Am. J. Epidemiol. 2010, 172, 1280–1285. [CrossRef] [PubMed]
133. Liu, X.; Chen, X.; Yang, J.; Guo, R. Association of ABO blood groups with von Willebrand factor, factor VIII and ADAMTS-13 in

patients with lung cancer. Oncol. Lett. 2017, 14, 3787–3794. [CrossRef] [PubMed]
134. Di Perna, C.; Santoro, C.; Castaman, G.; Siboni, S.M.; Zanon, E.; Linari, S.; Gresele, P.; Pasca, S.; Coppola, A.; Santoro, R.; et al.

Cancers in patients with von Willebrand Disease: A survey from the Italian Association of Haemophilia Centres. Semin. Thromb.
Hemost. 2015, 42, 036–041. [CrossRef] [PubMed]

135. Rho, J.-H.; Ladd, J.J.; Li, C.I.; Potter, J.D.; Zhang, Y.; Shelley, D.; Shibata, D.; Coppola, D.; Yamada, H.; Toyoda, H.; et al. Protein
and glycomic plasma markers for early detection of adenoma and colon cancer. Gut 2018, 67, 473–484. [CrossRef]

http://doi.org/10.1182/blood.2019000510
http://doi.org/10.1016/j.taap.2022.115927
http://doi.org/10.1182/blood.V96.5.1789
http://doi.org/10.1073/pnas.0700625104
http://doi.org/10.1016/j.jbo.2020.100325
http://doi.org/10.1186/s13045-018-0659-4
http://www.ncbi.nlm.nih.gov/pubmed/30223883
http://doi.org/10.1038/leu.2012.130
http://www.ncbi.nlm.nih.gov/pubmed/22678168
http://doi.org/10.1016/S0022-2143(97)90182-7
http://doi.org/10.1111/j.1349-7006.2001.tb01063.x
http://www.ncbi.nlm.nih.gov/pubmed/11676859
http://doi.org/10.1002/jcb.28875
http://doi.org/10.1016/S0049-3848(02)00053-1
http://doi.org/10.1016/j.thromres.2003.08.018
http://www.ncbi.nlm.nih.gov/pubmed/14644076
http://doi.org/10.1200/JCO.2009.22.6324
http://www.ncbi.nlm.nih.gov/pubmed/19738116
http://doi.org/10.1055/s-0039-1687894
http://doi.org/10.1016/j.tranon.2021.101033
http://doi.org/10.1111/j.1538-7836.2005.01770.x
http://doi.org/10.1093/jnci/djs232
http://doi.org/10.1002/jcla.22219
http://doi.org/10.1111/ajco.12253
http://doi.org/10.3390/ijms131013308
http://doi.org/10.7150/jca.36236
http://www.ncbi.nlm.nih.gov/pubmed/31777605
http://doi.org/10.1093/aje/kwq299
http://www.ncbi.nlm.nih.gov/pubmed/20937632
http://doi.org/10.3892/ol.2017.6619
http://www.ncbi.nlm.nih.gov/pubmed/28927148
http://doi.org/10.1055/s-0035-1564844
http://www.ncbi.nlm.nih.gov/pubmed/26595151
http://doi.org/10.1136/gutjnl-2016-312794


Healthcare 2022, 10, 557 17 of 18

136. Takaya, H.; Kawaratani, H.; Tsuji, Y.; Nakanishi, K.; Saikawa, S.; Sato, S.; Sawada, Y.; Kaji, K.; Okura, Y.; Shimozato, N.; et al. von
Willebrand factor is a useful biomarker for liver fibrosis and prediction of hepatocellular carcinoma development in patients with
hepatitis B and C. United Eur. Gastroenterol. J. 2018, 6, 1401–1409. [CrossRef]

137. Takaya, H.; Namisaki, T.; Kitade, M.; Kaji, K.; Nakanishi, K.; Tsuji, Y.; Shimozato, N.; Moriya, K.; Seki, K.; Sawada, Y.; et al.
VWF/ADAMTS13 ratio as a potential biomarker for early detection of hepatocellular carcinoma. BMC Gastroenterol. 2019, 19, 167.
[CrossRef]

138. Ikeda, H.; Tateishi, R.; Enooku, K.; Yoshida, H.; Nakagawa, H.; Masuzaki, R.; Kondo, Y.; Goto, T.; Shiina, S.; Kume, Y.; et al.
Prediction of hepatocellular carcinoma development by plasma ADAMTS13 in chronic hepatitis B and C. Cancer Epidemiol.
Biomark. Prev. 2011, 20, 2204–2211. [CrossRef]

139. Koh, S.C.; Khalil, R.; Lim, F.-K.; Ilancheran, A.; Choolani, M. The association between fibrinogen, von Willebrand Factor,
antithrombin III, and D-dimer levels and survival outcome by 36 months from ovarian cancer. Clin. Appl. Thromb. Hemost. 2006,
12, 3–8. [CrossRef]

140. Koh, S.C.; Razvi, K.; Chan, Y.H.; Narasimhan, K.; Ilancheran, A.; Low, J.; Choolani, M.; The Ovarian Cancer Research Consortium
of SE Asia. The association with age, human tissue kallikreins 6 and 10 and hemostatic markers for survival outcome from
epithelial ovarian cancer. Arch. Gynecol. Obstet. 2011, 284, 183–190. [CrossRef]

141. Wang, W.-S.; Lin, J.-K.; Lin, T.-C.; Chiou, T.-J.; Liu, J.-H.; Yen, C.-C.; Chen, P.-M. Plasma von Willebrand factor level as a prognostic
indicator of patients with metastatic colorectal carcinoma. World J. Gastroenterol. 2005, 11, 2166. [CrossRef] [PubMed]

142. Garam, N.; Maláti, É.; Sinkovits, G.; Gombos, T.; Szederjesi, A.; Barabás, L.; Gráf, L.; Kocsis, J.; Prohászka, Z. Platelet count,
ADAMTS13 activity, von Willebrand factor level and survival in patients with colorectal cancer: 5-year follow-up study. Thromb.
Haemost. 2018, 118, 123–131. [CrossRef] [PubMed]

143. Marfia, G.; Navone, S.E.; Fanizzi, C.; Tabano, S.; Pesenti, C.; Abdel Hadi, L.; Franzini, A.; Caroli, M.; Miozzo, M.; Riboni, L.;
et al. Prognostic value of preoperative von Willebrand factor plasma levels in patients with Glioblastoma. Cancer Med. 2016, 5,
1783–1790. [CrossRef] [PubMed]

144. Navone, S.E.; Doniselli, F.M.; Summers, P.; Guarnaccia, L.; Rampini, P.; Locatelli, M.; Campanella, R.; Marfia, G.; Costa, A.
Correlation of preoperative von willebrand factor with magnetic resonance imaging perfusion and permeability parameters as
predictors of prognosis in glioblastoma. World Neurosurg. 2019, 122, e226–e234. [CrossRef]

145. Lehrer, S.; Rheinstein, P.H.; Rosenzweig, K.E. Increased expression of von Willebrand factor gene is associated with poorer
survival in primary lower grade glioma. Glioma 2018, 1, 132–135. [CrossRef]

146. Rhone, P.; Zarychta, E.; Bielawski, K.; Ruszkowska-Ciastek, B. Pre-surgical level of von Willebrand factor as an evident indicator
of breast cancer recurrence. Cancer Biomark. 2020, 29, 359–372. [CrossRef]

147. He, Y.; Liu, R.; Yang, M.; Bi, W.; Zhou, L.; Zhang, S.; Jin, J.; Liang, X.; Zhang, P. Identification of VWF as a novel biomarker in lung
adenocarcinoma by comprehensive analysis. Front. Oncol. 2021, 11, 1218. [CrossRef]

148. Liu, C.; Zhao, L.; Zhao, J.; Xu, Q.; Song, Y.; Wang, H. Decreased ADAMTS-13 level is related to inflammation factors and risk
stratification of acute lymphoblastic leukemia patients. Medicine 2017, 96, e6136. [CrossRef]

149. Hagag, A.A.; Abdel-Lateef, A.E.; Aly, R. Prognostic value of plasma levels of thrombomodulin and von Willebrand factor in
Egyptian children with acute lymphoblastic leukemia. J. Oncol. Pharm. Pract. 2014, 20, 356–361. [CrossRef]

150. Gavriatopoulou, M.; Terpos, E.; Ntanasis-Stathopoulos, I.; Papasotiriou, I.; Fotiou, D.; Migkou, M.; Roussou, M.; Kanellias,
N.; Ziogas, D.; Dialoupi, I.; et al. Elevated vWF Antigen Serum Levels Are Associated With Poor Prognosis, and Decreased
Circulating ADAMTS-13 Antigen Levels Are Associated With Increased IgM Levels and Features of WM but not Increased vWF
Levels in Patients With Symptomatic WM. Clin. Lymphoma Myeloma Leuk. 2019, 19, 23–28. [CrossRef]

151. Hivert, B.; Caron, C.; Petit, S.; Charpy, C.; Fankam-Siaka, C.; Lecocq, S.; Zawadzki, C.; Susen, S.; Rusu, M.; Duhamel, A.; et al. Clin-
ical and prognostic implications of low or high level of von Willebrand factor in patients with Waldenström macroglobulinemia.
Blood 2012, 120, 3214–3221. [CrossRef]

152. Castelli, R.; Bergamaschini, L.; Teatini, T.; Cilumbriello, L.; Schiavon, R.; Gallipoli, P.; Deliliers, G.L. Does Outcome/Survival of
Patients With Myelodysplastic Syndromes Should Be Predicted by Reduced Levels of ADAMTS-13? Results From a Pilot Study.
Clin. Lymphoma Myeloma Leuk. 2020, 20, e461–e467. [CrossRef]

153. Takaya, H.; Namisaki, T.; Shimozato, N.; Kaji, K.; Kitade, M.; Moriya, K.; Sato, S.; Kawaratani, H.; Akahane, T.; Matsumoto,
M.; et al. ADAMTS13 and von Willebrand factor are useful biomarkers for sorafenib treatment efficiency in patients with
hepatocellular carcinoma. World J. Gastrointest. Oncol. 2019, 11, 424–435. [CrossRef]

154. Takaya, H.; Namisaki, T.; Moriya, K.; Shimozato, N.; Kaji, K.; Ogawa, H.; Ishida, K.; Tsuji, Y.; Kaya, D.; Takagi, H.; et al. Association
between ADAMTS13 activity–VWF antigen imbalance and the therapeutic effect of HAIC in patients with hepatocellular
carcinoma. World J. Gastroenterol. 2020, 26, 7232–7241. [CrossRef] [PubMed]

155. Schwarz, C.; Fitschek, F.; Mittlböck, M.; Saukel, V.; Bota, S.; Ferlitsch, M.; Ferlitsch, A.; Bodingbauer, M.; Kaczirek, K. von
Willebrand factor antigen predicts outcomes in patients after liver resection of hepatocellular carcinoma. Gut Liver 2020, 14,
218–224. [CrossRef] [PubMed]

156. Pace, A.; Mandoj, C.; Antenucci, A.; Villani, V.; Sperduti, I.; Casini, B.; Carosi, M.; Fabi, A.; Vidiri, A.; Koudriavtseva, T.; et al. A
predictive value of von Willebrand factor for early response to Bevacizumab therapy in recurrent glioma. J. Neuro-Oncol. 2018,
138, 527–535. [CrossRef] [PubMed]

http://doi.org/10.1177/2050640618779660
http://doi.org/10.1186/s12876-019-1082-1
http://doi.org/10.1158/1055-9965.EPI-11-0464
http://doi.org/10.1177/107602960601200102
http://doi.org/10.1007/s00404-010-1605-z
http://doi.org/10.3748/wjg.v11.i14.2166
http://www.ncbi.nlm.nih.gov/pubmed/15810086
http://doi.org/10.1160/TH17-07-0548
http://www.ncbi.nlm.nih.gov/pubmed/29304532
http://doi.org/10.1002/cam4.747
http://www.ncbi.nlm.nih.gov/pubmed/27236861
http://doi.org/10.1016/j.wneu.2018.09.216
http://doi.org/10.4103/glioma.glioma_17_18
http://doi.org/10.3233/CBM-191096
http://doi.org/10.3389/fonc.2021.639600
http://doi.org/10.1097/MD.0000000000006136
http://doi.org/10.1177/1078155213508439
http://doi.org/10.1016/j.clml.2018.07.294
http://doi.org/10.1182/blood-2011-11-388256
http://doi.org/10.1016/j.clml.2019.12.016
http://doi.org/10.4251/wjgo.v11.i5.424
http://doi.org/10.3748/wjg.v26.i45.7232
http://www.ncbi.nlm.nih.gov/pubmed/33362379
http://doi.org/10.5009/gnl17115
http://www.ncbi.nlm.nih.gov/pubmed/30428508
http://doi.org/10.1007/s11060-018-2820-x
http://www.ncbi.nlm.nih.gov/pubmed/29594657


Healthcare 2022, 10, 557 18 of 18

157. Liu, Y.; Starr, M.D.; Bulusu, A.; Pang, H.; Wong, N.S.; Honeycutt, W.; Amara, A.; Hurwitz, H.I.; Nixon, A.B. Correlation of
angiogenic biomarker signatures with clinical outcomes in metastatic colorectal cancer patients receiving capecitabine, oxaliplatin,
and bevacizumab. Cancer Med. 2013, 2, 234–242. [CrossRef] [PubMed]

158. Ward, S.; O’Sullivan, J.M.; O’Donnell, J.S. von Willebrand factor sialylation—A critical regulator of biological function. J. Thromb.
Haemost. 2019, 17, 1018–1029. [CrossRef]

159. McGrath, R.T.; van den Biggelaar, M.; Byrne, B.; O’Sullivan, J.M.; Rawley, O.; O’Kennedy, R.; Voorberg, J.; Preston, R.J.; O’Donnell,
J.S. Altered glycosylation of platelet-derived von Willebrand factor confers resistance to ADAMTS13 proteolysis. Blood 2013, 122,
4107–4110. [CrossRef]

160. Peng, Y.; Jahroudi, N. The NFY transcription factor inhibits von Willebrand factor promoter activation in non-endothelial cells
through recruitment of histone deacetylases. J. Biol. Chem. 2003, 278, 8385–8394. [CrossRef]

161. Johnstone, R.W. Histone-deacetylase inhibitors: Novel drugs for the treatment of cancer. Nat. Rev. Drug Discov. 2002, 1, 287–299.
[CrossRef] [PubMed]

162. Srivastava, R.K.; Kurzrock, R.; Shankar, S. MS-275 sensitizes TRAIL-resistant breast cancer cells, inhibits angiogenesis and
metastasis, and reverses epithelial-mesenchymal transition in vivo. Mol. Cancer Ther. 2010, 9, 3254–3266. [CrossRef] [PubMed]

163. Blom, J.W.; Doggen, C.J.; Osanto, S.; Rosendaal, F.R. Malignancies, prothrombotic mutations, and the risk of venous thrombosis.
JAMA 2005, 293, 715–722. [CrossRef] [PubMed]

164. Sørensen, H.T.; Mellemkjær, L.; Olsen, J.H.; Baron, J.A. Prognosis of cancers associated with venous thromboembolism. N. Engl. J.
Med. 2000, 343, 1846–1850. [CrossRef] [PubMed]

165. Khorana, A.; Francis, C.; Culakova, E.; Kuderer, N.; Lyman, G. Thromboembolism is a leading cause of death in cancer patients
receiving outpatient chemotherapy. J. Thromb. Haemost. 2007, 5, 632–634. [CrossRef] [PubMed]

166. Khorana, A.A. Targeted prophylaxis in cancer: The evidence accumulates. Intern. Emerg. Med. 2013, 8, 187–189. [CrossRef]
167. Pépin, M.; Kleinjan, A.; Hajage, D.; Büller, H.; Di Nisio, M.; Kamphuisen, P.; Salomon, L.; Veyradier, A.; Stepanian, A.; Mahé, I.

ADAMTS-13 and von Willebrand factor predict venous thromboembolism in patients with cancer. J. Thromb. Haemost. 2016, 14,
306–315. [CrossRef]

168. Obermeier, H.L.; Riedl, J.; Ay, C.; Koder, S.; Quehenberger, P.; Bartsch, R.; Kaider, A.; Zielinski, C.C.; Pabinger, I. The role of
ADAMTS-13 and von Willebrand factor in cancer patients: Results from the Vienna Cancer and Thrombosis Study. Res. Pract.
Thromb. Haemost. 2019, 3, 503–514. [CrossRef]

169. Nossent, A.Y.; van Marion, V.; van Tilburg, N.H.; Rosendaal, F.R.; Bertina, R.M.; van Mourik, J.A.; Eikenboom, H. von Willebrand
factor and its propeptide: The influence of secretion and clearance on protein levels and the risk of venous thrombosis. J. Thromb.
Haemost. 2006, 4, 2556–2562. [CrossRef]

170. Sobel, M.; McNeill, P.; Carlson, P.; Kermode, J.; Adelman, B.; Conroy, R.; Marques, D. Heparin inhibition of von Willebrand
factor-dependent platelet function in vitro and in vivo. J. Clin. Investig. 1991, 87, 1787–1793. [CrossRef]

171. Kakkar, A.K.; Levine, M.N.; Kadziola, Z.; Lemoine, N.R.; Low, V.; Patel, H.K.; Rustin, G.; Thomas, M.; Quigley, M.; Williamson,
R.C. Low molecular weight heparin, therapy with dalteparin, and survival in advanced cancer: The fragmin advanced malignancy
outcome study (FAMOUS). J. Clin. Oncol. 2004, 22, 1944–1948. [CrossRef] [PubMed]

172. Klerk, C.P.; Smorenburg, S.M.; Otten, H.-M.; Lensing, A.; Prins, M.H.; Piovella, F.; Prandoni, P.; Bos, M.; Richel, D.J.; van
Tienhoven, G.; et al. The effect of low molecular weight heparin on survival in patients with advanced malignancy. J. Clin. Oncol.
2005, 23, 2130–2135. [CrossRef] [PubMed]

http://doi.org/10.1002/cam4.71
http://www.ncbi.nlm.nih.gov/pubmed/23634291
http://doi.org/10.1111/jth.14471
http://doi.org/10.1182/blood-2013-04-496851
http://doi.org/10.1074/jbc.M213156200
http://doi.org/10.1038/nrd772
http://www.ncbi.nlm.nih.gov/pubmed/12120280
http://doi.org/10.1158/1535-7163.MCT-10-0582
http://www.ncbi.nlm.nih.gov/pubmed/21041383
http://doi.org/10.1001/jama.293.6.715
http://www.ncbi.nlm.nih.gov/pubmed/15701913
http://doi.org/10.1056/NEJM200012213432504
http://www.ncbi.nlm.nih.gov/pubmed/11117976
http://doi.org/10.1111/j.1538-7836.2007.02374.x
http://www.ncbi.nlm.nih.gov/pubmed/17319909
http://doi.org/10.1007/s11739-012-0883-9
http://doi.org/10.1111/jth.13205
http://doi.org/10.1002/rth2.12197
http://doi.org/10.1111/j.1538-7836.2006.02273.x
http://doi.org/10.1172/JCI115198
http://doi.org/10.1200/JCO.2004.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15143088
http://doi.org/10.1200/JCO.2005.03.134
http://www.ncbi.nlm.nih.gov/pubmed/15699479

	Introduction 
	Acquired von Willebrand Syndrome and Cancer 
	Cancer-Related TTP and VWF/ADAMTS13 
	VWF, ADAMTS13 and Cancer Metastasis Risk 
	VWF and ADAMTS13 as Cancer Biomarkers 
	VWF as a Potential Target for Cancer Therapy 
	VWF, ADAMTS13 and VTE in Cancer 
	Conclusions 
	References

