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Purpose of review
In the last nine decades, large advances have been made toward the characterization of the pathogenic
basis and clinical management of von Willebrand disease (VWD), the most prevalent inherited bleeding
disorder. Pathological variations at the von Willebrand factor (VWF) locus present as a range of both
quantitative and qualitative abnormalities that make up the complex clinical spectrum of VWD. This review
describes the current understanding of the pathobiological basis of VWD.
Recent findings
The molecular basis of type 2 (qualitative abnormalities) and type 3 VWD (total quantitative deficiency)
have been well characterized in recent decades. However, knowledge of type 1 VWD (partial quantitative
deficiency) remains incomplete because of the allelic and locus heterogeneity of this trait, and is
complicated by genetic variability at the VWF gene, interactions between the VWF gene and the
environment, and the involvement of external modifying loci. Recent genome wide association studies and
linkage analyses have sought to identify additional genes that modify the type 1 VWD phenotype.
Summary
Understanding the pathogenic basis of VWD will facilitate the development of novel treatment regimens for
this disorder, and improve the ability to provide complementary molecular diagnostics for type 1 VWD.
Keywords
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INTRODUCTION

Von Willebrand disease (VWD), the most prevalent
inherited bleeding disorder, was first described
in 1926 by the Finnish physician, Eric von
Willebrand, in a large family living in the Aland
archipelago in the Baltic Sea [1]. The female index
case had a history of early mucus membrane and
ankle bleeds, and expired at the age of 14 from her
fourth menstrual bleed. The recognition of von
Willebrand factor (VWF) as the deficient or dys-
functional protein in VWD occurred in 1971 with
the development of an immunological test to
differentiate VWF from its binding partner, factor
VIII (FVIII), and thus distinguish VWD from hemo-
philia A [2]. Shortly thereafter, forms of VWF with
variant functional properties were identified,
leading to the classification of qualitative and
quantitative VWF deficiencies and detailed pheno-
typic testing [3]. In 1985, the cloning of the VWF
cDNA [4-7] initiated advancements in molecular
diagnostics for VWD and characterization of the
functional aspects of this molecule that have
continued to date (Fig. 1).
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VWEF is a large multimeric glycoprotein that
regulates hemostasis by mediating platelet—platelet
binding and adhesion to the endothelium, and acts
as a carrier for coagulation FVII (Fig. 2a). VWF is
synthesized in endothelial cells and megakaryocytes
in a complex biosynthetic process that involves
C-terminal dimerization, N-terminal multimeriza-
tion, cleavage of an N-terminal propeptide, and
posttranslational modification involving N- and
O-linked glycosylation and sulfation. This yields a
mature VWF molecule that circulates as a series of
multimers ranging in size between 0.5 and 20 mDa.
VWEF is either constitutively released from endo-
thelial cells or retained in endothelial intracellular
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KEY POINTS

e The genetic and mechanistic basis of most type 2 and
3 VWD cases are well characterized.

e Type 1 VWD involves impaired VWF synthesis,
secretion, or accelerated clearance.

e Overall, 35% of type 1 VWD cases do not have a
candidate variant in the VWF cDNA.

e Recent studies have identified novel loci that may
modulate the type 1 VWD phenotype.

storage vesicles termed Weibel-Palade bodies (WPB)
or platelet a-granules for release upon hemostatic
challenge.

VWD is the most prevalent hereditary bleeding
disorder affecting between 0.1 and 1% of individuals
[8-10]. Patients with VWD typically present with
excessive bleeding from mucocutaneous membranes
of the nasopharynx, genitourinary, and gastrointes-
tinal tracts and can present with complications
associated with surgery, trauma, menorrhagia, and
childbirth. VWD is classified into three subtypes with
type 1 (~65-80% of cases) and type 3 (~1/1 000000
cases) involving partial and severe quantitative
deficiencies, respectively. Type 2 VWD (~20-35%
cases) involves qualitative defects in VWE,
which impair its platelet- and/or collagen-binding
(subclass 2A, 2B, 2M), or FVIII-binding (2N) proper-
ties (Table 1).

TYPE 3 VON WILLEBRAND DISEASE

Type 3 VWD (VWF:Ag <0.01-0.05IU/ml) is inher-
ited in a recessive or codominant fashion with index
cases being either homozygous or compound

heterozygous for two VWF null alleles [11]. Recent
studies have reported that in approximately 50% of
type 3 families, VWF null alleles demonstrate a
codominant phenotype where obligate carriers
present with type 1 VWD [12,13]. Type 3 VWD
variants can be found throughout the VWF gene
and the mutational spectrum encompasses non-
sense and missense variants, insertions, and
small and large gene deletions. Mechanistically,
type 3 VWD is predominantly associated with
impaired VWF biosynthesis and/or disruption of
the protein conformation that inhibits secretion.
Studies of endothelial progenitor cells derived from
type 3 VWD patients demonstrate heterogeneity of
phenotypes, including null VWF production, and
both quantitative and qualitative defects in WPB
formation [14].

TYPE 2A VON WILLEBRAND DISEASE

Type 2A VWD is classified by the loss of the platelet-
binding function of VWF associated with reduced
high-molecular-weight multimers (HMWMs). This
can be the result of impaired multimerization of
VWEF during biosynthesis [15], or increased proteol-
ysis of HMWMs by the VWF protease ADAMTS13
(a disintegrin and metalloproteinase with a throm-
bospondin type 1 motif, member 13) [16], although
some type 2A variants are not easily classified and
variants may influence various overlapping aspects
of VWEF synthesis and storage, secretion, and
proteolysis [17]. Type 2A VWD is inherited in an
autosomal dominant manner with over 80 unique
variants reported in the literature. The majority of
type 2A variants (~80%) can be found in the A2
domain of VWF (exon 28) near the site of
ADAMTS13 cleavage (Fig. 2a). Additional 2A substi-
tutions are found in the VWF propeptide (VWFpp)
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FIGURE 1. A history of the molecular characterization of von Willebrand disease. GWAS, genome wide association studies;

VWD, von Willebrand disease; VWF, von Willebrand factor.

472 www.co-hematology.com

Volume 23 o Number 5 o September 2016

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



What we know about von Willebrand disease? Swystun and Lillicrap
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FIGURE 2. (a) Structure and function of von Willebrand factor in relation to von Willebrand disease. (b) Mechanisms of
quantitative von Willebrand factor deficiency in type 1 von Willebrand disease. ADAMTS13, a disintegrin and
metalloproteinase with a thrombospondin type 1 motif, member 13; CK, cystine knot; ER, endoplasmic reticulum; FVIII, factor
VIIIl; GP, glycoprotein; GWAS, genome wide association studies; VWD, von Willebrand disease; VWF, von Willebrand
factor, VWFpp, von Willebrand factor propeptide; WBP, Weibel-Palade bodies.

and D’D3 domains, which are involved in VWF
multimerization (10%), and the cystine knot
domain which regulates VWF dimerization (10%).

TYPE 2B VON WILLEBRAND DISEASE

Type 2B VWD is characterized by gain-of-function
VWEF variants that have enhanced binding to the
platelet glycoprotein Iba (GPIb) receptor [18]. This
disorder is phenotypically characterized by loss of
HMWMs and chronic thrombocytopenia because
of accelerated platelet clearance [19]. Bleeding in
type 2B VWD can be aggravated by conditions
that increase VWF plasma levels, including inflam-
mation, trauma, or pregnancy. Type 2B variants are
observed exclusively in the VWF A1l domain (exon
28), and to date at least 30 unique missense substi-
tutions have been identified (Fig. 2a). They are
thought to induce a conformational change in
the orientation of the A1l domain that results in
the exposure of the cryptic GPIb-binding site. Mol-
ecular diagnostics for type 2B VWD are important to
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distinguish this disorder from its genocopy, platelet
type VWD, which involves gain-of-VWE-binding
function variants in the gene for GPIba (GPIBA) [20].

TYPE 2M VON WILLEBRAND DISEASE

Type 2M VWD is characterized by qualitative defects
in VWF adhesive activity associated with normal
multimer distribution. Type 2M VWD typically
involves impaired binding of VWF to the platelet
GPIb receptor, or to various forms of collagen [21].
Recent studies of type 2M VWD collagen-binding
variants by Flood et al. [22%",23,24] have highlighted
the utility of assessing VWF binding to collagen
types I, 111, IV, and VI as part of a routine diagnostic
workup for VWD. Variants that impair binding of
VWF to GPIb occur in the Al domain, whereas
collagen-binding variants occur in the Al and A3
domains of VWF (Fig. 2a). Type 2M VWD typically
displays a dominant inheritance pattern, and
is generally associated with a milder bleeding phe-
notype than the other type 2 subtypes [235].
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Table 1. von Willebrand disease types and subtypes

VWD Frequency of Variant Inheritance
Subtype diagnosis Mechanism Phenotype location(s) pattern Mutation type
Type 3 1/1000000  Total quantitative ~ VWF:Ag <0.051U/ml Whole VWF Autosomal Nonsense,
deficiency VWEF:RCo <0.051U/ml gene recessive, missense,
FVII:C <0.151U/ml codominant insertions,
deletions
Type 2A 10-20% Impaired Reduced HMWMs Propeptide, Autosomall Missense
multimerization D'D3, A2, CK  dominant
VWEF:RCo 0.05-0.51U/ml
RCo/Ag ratio <0.7
Type 2B 5-10% Gain-offunction Low platelet count Al Autosomal Missense
GPIb binding dominant
VWEF:RCo 0.05-0.51U/ml
Reduced HMWM:s
RCo/Ag ratio <0.7
Type 2M 3-5% Impaired platelet or VWF:RCo 0.05-0.51U/ml A1, A3 Autosomal Missense
collagen binding dominant
RCo:Ag ratio <0.70
Normal multimers
Type 2N 2-5% Decreased FVIII FVII:C <0.5U/ml D'D3 Autosomal Missense
binding recessive
FVIIl < VWF:Ag
Type 1 65-80% Partial quantitative  Low VWF:Ag (<0.51U/ml) ~ Whole VWF Autosomal Nonsense,
deficiency Low VWEF:RCo (<0.5 /ml) gene dominant, missense,
occasional insertions,
recessive, or deletions
codominant
Type 1C ~15% of type 1 Partial quantitative  Accelerated clearance D'D3, D4 Autosomal Missense
deficiency (desmopressin trial) dominant

Accelerated

VWFpp/VWF:Ag >3

clearance

CK, cystine knot; FVIIl, GP, glycoprotein; factor VIIl; HMWM, high-molecular-weight multimer; VWD, von Willebrand disease; VWF, von Willebrand factor,

VWFpp, von Willebrand factor propeptide.

TYPE 2N VON WILLEBRAND DISEASE

Type 2N VWD involves impaired binding of VWF to
FVIII, resulting in accelerated proteolysis and
clearance of FVIII. Type 2N VWD presents clinically
with normal VWF antigen and activity levels, but
low FVIII:C (0.05-0.41U/ml) and is therefore,
frequently misdiagnosed as mild hemophilia A.
Type 2N is inherited in an autosomal recessive man-
ner with patients either homozygous or compound
heterozygous for two different 2N alleles or one 2N
and one null allele [26]. Type 2N VWD variants
cluster in the D'D3 region of the VWF molecule,
with the majority of severe 2N variants localized to a
tlexible loop in the D’ region (Fig. 2a) [27"]. Type 2N
variants typically result in either a loss of cysteine
residues or positive charge, although the R763 and
R760 variants, which impair propeptide cleavage,
can also result in type 2N VWD due presumably to
steric hindrance of the FVIII-binding site on VWF by
the retained propeptide [28].
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TYPE 1 VON WILLEBRAND DISEASE

Type 1 VWD is the most prevalent form of this
disorder, accounting for up to 80% of all cases. There
continues to be a lack of international consensus
concerning the precise phenotypic definition
of type 1 VWD, but it is generally characterized
by a mild-to-moderate quantitative deficiency of
VWEF with plasma VWF levels between 0.05 and
0.51U/ml, although some would place the upper
limit of VWF as low as 0.31U/1. Thus, in some classi-
fications, patients with a bleeding phenotype and
VWEF levels between 0.3 and 0.51U/ml are referred
to as ‘low VWF level’ patients. Type 1 VWD is pre-
dominantly inherited in an autosomal dominant
manner, although recessive cases have been reported
[29%]. Pathogenic variants can be found throughout
the entire full-length molecule, and to date more
than 100 type 1 VWD variants have been described,
with missense variants accounting for the majority of
pathogenic candidates [30-33].
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Type 1 VWD is also complicated by a genotype—
phenotype relationship that is characterized by vari-
ability in both phenotypic penetrance and expres-
sivity. For example, there is increasing evidence of
an ethnic predisposition to VWD, and studies of
some variants associated with type 1 and 2 VWD
in Caucasian populations are present in normal
populations of African individuals, which may in
part be related to coinheritance of these variants
with VWF and other genetic polymorphisms that
can independently modity VWEF:Ag levels [34-36].
Variability in type 1 VWD expressivity may be in
part associated with the expression of variant
monomers within the multimeric structure, which
has recently been described as a potential patho-
genic basis for the variable expressivity of a type 2
substitution [37*"]. Additionally, although the
heritability of VWF plasma levels is estimated at
approximately 65% [38-42], the interaction
between genotype and the environment may also
modify the type 1 phenotype. For example, VWF:Ag
levels are known to increase with age at a rate of
approximately 0.8% per year, and recent studies
have reported the normalization of VWEF:Ag levels
in type 1 patients over time [43",44"].

TYPE 1: IMPAIRED SYNTHESIS OR
SECRETION

The cause of type 1 VWD involves variants that
influence the rate of VWF synthesis, secretion from
the endothelial cell, and clearance from the plasma
(Fig. 2b). Type 1 variants with impaired secretion are
distinguished from those with an accelerated clear-
ance profile based on surrogate assessments or
responsiveness to desmopressin. As we now under-
stand that VWF and FVIII are expressed by endo-
thelial cells and that the two proteins circulate in the
plasma as a noncovalent complex, an increased
ratio (FVIII:C/VWEF:Ag) is indicative of decreased
VWE:Ag secretion [45]. Additionally, these individ-
uals have reduced levels of VWF propeptide, which
is released with full-length VWF in equimolar ratios.
Type 1 secretion variants tend to localize in the VWF
D1, D2, and D3 domains [46].

The mechanistic basis for type 1 VWD secretion
defects are relatively well characterized and can
encompass decreased synthesis related to variants
in the promoter [47], although the majority of type
1 variants are associated with intracellular retention
in the endoplasmic reticulum, abnormal WPB
formation, and/or impaired secretion of VWEF as
observed in heterologous expression systems and in
patient-derived endothelial progenitor cells [48-50].
Often, the characterization of type 1 variants is not
entirely clear cut, with the display of both
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quantitative and more subtle qualitative defects.
The most frequently occurring type 1 variant is
Y1584C, which has been described in up to 20% of
index cases [51]. It is associated with plasma VWEF:Ag
levels of ~0.4IU/ml and a variable bleeding score.
Heterologous in-vitro systems and animal models
demonstrate that Y1584Cisassociated with increased
intracellular retention and decreased secretion
relative to wild-type VWF, a mild increase in suscepti-
bility to ADAMTS13 cleavage, decreased HMWMs,
and impaired thrombus formation in vivo [52].

TYPE 1C: ACCELERATED CLEARANCE

Type 1 accelerated clearance variants (termed type
1C), which make up approximately 15-20% of all
type 1 cases, are characterized by measuring VWF
half-life in response to desmopressin (DDAVP) or by
the VWEFpp/VWEF:Ag ratio surrogate assessment
(where a ratio >3 is indicative of accelerated clear-
ance) [53]. Although the type 1C VWD subtype is
associated with a more severe reduction in plasma
levels of VWF:Ag (usually ~0.10-151U/ml), as com-
pared with the rest of the type 1 population, there are
no reported differences in bleeding scores between
these two patient populations presumably because of
the normal release of platelet-derived VWF [46]. Var-
iants associated with type 1C are located predomi-
nantly in the VWF D3, A1, and D4 domains.

The half-life of VWF is regulated by a number of
different mechanisms, including posttranslational
modification of the VWF protein (e.g., glycosylation)
[54], exposure to shear which alters the three-dimen-
sional conformation of the molecule [55], and the
interaction between VWF and clearance receptors
that are expressed on the sinusoidal endothelial cells
and macrophages in the liver and/or spleen [56,57].
The mechanistic basis for many of the type 1C var-
iants is currently under investigation, but may
involve altered glycosylation and/or the exposure
of a cryptic-binding site on the VWF molecule that
changes the affinity of VWF for one or more clearance
receptors. The R1205H ‘Vicenza’ variant is the pro-
totypical type 1C substitution [58]. Patients with the
R120SH variant typically have a VWFpp/VWEF:Ag
more than 10 and plasma levels of VWEF:Ag between
0.10 and 0.15IU/ml [53]. Recent studies suggest that
accelerated clearance of the R1205H variant can
occur through a macrophage-dependent mechanism
[59™] that may involve low-density lipoprotein
receptor-related protein 1.

TYPE 1: VARIANT NEGATIVE

Although genetic testing is routinely used as a
complementary diagnostic methodology for types

www.co-hematology.com 475

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



Hemostasis and thrombosis

2 and 3 VWD, molecular diagnostics for the type 1
VWD heterogeneous trait is an ongoing challenge.
Four large multicenter studies have consistently
reported a molecular diagnosis for approximately
65% of cases of type 1 VWD [30-33], which con-
trasts to the more than 90% rate of genetic diagnosis
for the type 2 and 3 populations. As such, type 1
VWD is distinct in that it displays both locus and
allelic heterogeneity. Interestingly, the 35% of type
1 VWD cases that are variant negative tend to be
associated with a milder bleeding phenotype
(Fig. 2b). It is thought that for some variant negative
cases, pathogenic variants may be found in deep
intronic sequences, or at distal regulatory regions of
the VWF gene. Although more detailed character-
ization of the whole VWF gene is required to
identify these variants, it is becoming increasingly
evident that loci external to the VWF gene also
contribute to the type 1 VWD phenotype. The clas-
sical example of locus heterogeneity that influences
plasma VWEF levels in type 1 VWD is the ABO blood
group locus, which has been recognized for several
decades to contribute to approximately 30% of the
genetic influence on plasma VWF:Ag levels. ABO (H)
antigens are elaborated on the N-linked glycans of
VWF, and individuals with group O VWF have
approximately 25% lower VWF levels than non-O
VWEF individuals [60]. Thus it follows that individ-
uals with type O VWF are more frequently diag-
nosed with type 1 VWD than non-O individuals.
The specific mechanism by which type O VWF levels
are reduced is not precisely characterized, although
it appears to be regulated through a clearance-
dependent process [61].

Recently published genome wide association
studies (GWAS) and linkage analyses have sought
to identify additional loci that can modify plasma
levels of VWF [42,62]. Of particular note is the

Cohorts for Heart and Aging Research in Genome
Epidemiology GWAS meta-analysis, which identified
polymorphisms at novel loci that associated with
plasma levels of VWF [62]. In addition to previously
recognized associations with the ABO blood group
locusand the VIWF gene, six novel loci were identified
that may contribute to the regulation of plasma VWF
levels through modulating VWF secretion and clear-
ance. Recent studies have begun to confirm the role
of these proteins in regulating VWF plasma levels,
and the association of polymorphisms at these loci
with plasma levels of VWF in VWD. For example,
syntaxin-binding protein 5 (STXBPS) is a member of
the soluble NSF attachment protein receptor (SNARE)
family of proteins, which have functional roles in
regulating intracellular transport, and functions
as a negative regulator of WPB exocytosis [63™].
Additionally, C-type lectin domain family 4, member
M (CLEC4M) [64] and stabilin-2 [57] are both endo-
cytic receptors expressed on the sinusoidal endo-
thelial cells of the liver, and regulate plasma levels
of VWF via clearance-related mechanisms. Further
studies are required to fully characterize the contri-
bution of GWAS-identified novel loci to the type 1
VWD phenotype with the long-term goal of incor-
porating these variants into a diagnostic algorithm
for this trait [64,65%,66%] (Table 2).

CONCLUSION

The last 90 years of VWD research have yielded
major advances in both molecular and phenotypic
characterization of the disorder along with prophy-
lactic and on-demand treatment regimens (Fig. 1).
However, there is still much to understand regard-
ing the underlying pathogenic mechanisms of
type 1 VWD. Modern genomic technologies, includ-
ing whole (gene)ome sequencing, and epigenetic

Table 2. Loci that associate with plasma von Willebrand factor levels in normal individuals

Gene (protein) Protein function Mechanism Refs
ABO blood group locus Glycosyltransferase Glycosylation (clearance) [60,62]
CLECAM Endocytic lectin receptor Clearance [62,64]
SCARAS Endocytic scavenger receptor Clearance [62]
STAB2 Endocytic pattern recognition receptor Clearance [67,62]
STX2 SNARE protein regulating exocytosis Secretion [62]
STXBPS SNARE protein regulating exocytosis Secretion [62,63%]
TC2N Unknown Undetermined [62]
Chromosome 2 - 2q12-2p13 Multiple loci Undetermined [42]
UFM1 Protein conjugation Undetermined [66™]

CLEC4M, C-ype lectin domain family 4, member M; SNARE, soluble NSF attachment protein receptor; SCARAS, scavenger receptor class A, member 5; SNARE,
soluble NSF attachment protein receptor; STAB2, stabilin-2; STX2, syntaxin 2; STXBPS, syntaxin-binding protein 5; TC2N, tandem C2 domain nuclear; UFM,

ubiquitin-fold modifier 1.
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studies will hopefully further our understanding of
this complex inherited trait [67,68].

Acknowledgements
None.

Financial support and sponsorship

L.L.S. is supported by a CIHR postdoctoral fellowship.
D.L. is a Canada Research Chair in Molecular Hemo-
stasis. The authors’ studies of VWD pathogenesis are
funded by the Canadian Institute for Health Research
(MOP-97849) and the US National Institute of Health
(2POIHL0081588-06).

Conflicts of interest
There are no conflicts of interest.

REFERENCES AND RECOMMENDED
READING

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm  of outstanding interest

1. Von Willebrand EA. Hereditar pseudohemofili. Fin Lakaresallsk Handl 1926;
LXVI:87-112.

2. Zimmerman TS, Ratnoff OD, Powell AE. Imnmunologic differentiation of classic
hemophilia (factor VIl deficiency) and von Willebrand's disease. J Clin Invest
1971; 50:244-254.

3. Peake IR, Bloom AL, Giddins JC. Inherited variants of factor-Vlll-related
protein in von Willebrand's disease. N Engl J Med 1979; 291:
113-117.

4. Ginsburg D, Handin RI, Bonthron DT, et al. Human von Willebrand factor
(VWF): isolation of complementary DNA (cDNA) clones and chromosomal
localization. Science 1985; 228:1401-1406.

5. Lynch DC, Zimmerman TS, Collins CJ, et al. Molecular cloning of cDNA for
human von Willebrand factor: authentication by a new method. Cell 1985;
41:49-56.

6. Verweij CL, Diergaarde PJ, Hart M, et al. Full-length von Willebrand factor
(vWF) cDNA encodes a highly repetitive protein considerably larger than the
mature VWF subunit. EMBO J 1986; 5:1839-1847.

7. Sadler JE, Shelton-Inloes BB, Sorace JM, et al. Cloning and characterization
of two cDNAs coding for human von Willebrand factor. Proc Natl Acad Sci
U S A 1985; 82:6394-6398.

8. Rodeghiero F, Castaman G, Dini E. Epidemiological investigation of the
prevalence of von Willebrand's disease. Blood 1987; 69:454-459.

9. Werner EJ, Broxson EH, Tucker EL, et al. Prevalence of von Willebrand
disease in children: a multiethnic study. J Pediatr 1993; 123:893-898.

10. Bowman M, Hopman WM, Rapson D, et al. The prevalence of symptomatic
von Willebrand disease in primary care practice. J Thromb Haemost 2010;
8:213-216.

11. Eikenboom JC. Congenital von Willebrand disease type 3: clinical manifesta-
tions, pathophysiology and molecular biology. Best Pr Clin Haematol 2001;
14:365-379.

12. Bowman M, Tuttle A, Notley C, et al. The genetics of Canadian type 3 von
Willebrand disease: further evidence for co-dominant inheritance of mutant
alleles. J Thromb Haemost 2013; 11:512-520.

13. Montgomery RR. When it comes to von Willebrand disease, does 1 + 1=37?
J Thromb Haemost 2006; 4:2162-2163.

14. Bowman M, Casey L, Hawke L, et al. Heterogeneity of type 3 von Willebrand
disease (VWD): evidence from patient-derived blood outgrowth endothelial
cells (BOEC). Blood (ASH Annu Meet Abstr) 2013; 122.

15. Lyons SE, Bruck ME, Bowie EJ, et al. Impaired intracellular transport produced
by a subset of type IIA von Willebrand disease mutations. J Biol Chem 1992;
267:4424-4430.

16. Hassenpflug WA, Budde U, Obser T, et al. Impact of mutations in the von
Willebrand factor A2 domain on ADAMTS13-dependent proteolysis. Blood
2006; 107:2339-2345.

17. Jacobi PM, Gill JC, Flood VH, et al. Intersection of mechanisms of type 2A
VWD through defects in VWF multimerization, secretion, ADAMTS-13
susceptibility, and regulated storage. Blood 2012; 119:4543-
4553.

1065-6251 Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

18. Ruggeri ZM, Pareti Fl, Mannucci PM, et al. Heightened interaction between
platelets and factor Vlll/von Willebrand factor in a new subtype of von
Willebrand's disease. N Engl J Med 1980; 302:1047-1051.

19. Casari C,DuV, Wu YP, et al. Accelerated uptake of VWF/platelet complexes
in macrophages contributes to VWD type 2B-associated thrombocytopenia.
Blood 2013; 122:2893-2902.

20. Othman M, Kaur H, Emsley J. Platelet-type von Willebrand disease: new
insights into the molecular pathophysiology of a unique platelet defect. Semin
Thromb Hemost 2013; 39:663-673.

21. Larsen DM, Haberichter SL, Gill JC, et al. Variability in platelet- and collagen-
binding defects in type 2M von Willebrand disease. Haemophilia 2013;
19:590-594.

22. Flood VH, Schlauderaff AC, Haberichter SL, et al. Crucial role for the VWF A1

mm  domain in binding to type IV collagen. Blood 2015; 125:2297-2304.

The study characterizes the influence of VWF A1 variants on binding to type IV

collagen.

23. Flood VH, Gill JC, Christopherson PA, et al. Comparison of type I, type Ill and
type VI collagen binding assays in diagnosis of von Willebrand disease.
J Thromb Haemost 2012; 10:1425-1432.

24. Flood VH, Gill JC, Christopherson PA, et al. Critical von Willebrand factor A1
domain residues influence type VI collagen binding. J Thromb Haemost 2012;
10:1417-1424.

25. Castaman G, Federici AB, Tosetto A, et al. Different bleeding risk in type 2A
and 2M von Willebrand disease: a 2-year prospective study in 107 patients.
J Thromb Haemost 2012; 10:632-638.

26. Mazurier C, Goudemand J, Hilbert L, et al. Type 2N von Willebrand disease:
clinical manifestations, pathophysiology, laboratory diagnosis and molecular
biology. Clin Haematol 2001; 14:337-347.

27. Shiltagh N, Kirkpatrick J, Cabrita LD, et al. Solution structure of the major

am factor VIl binding region on von Willebrand factor. Blood 2014; 123:4143-
4152,

The study describes the high-resolution molecular structure of the D’ FVIlI-binding

region of VWF and provides insight into the biochemical basis for type 2N VWD.

28. Hilbert L, Nurden P, Caron C, et al. Type 2N von Willebrand disease due to
compound heterozygosity for R854Q and a novel R763G mutation at the
cleavage site of von Willebrand factor propeptide. Thromb Haemost 2006;
3:290-294.

29. Casonato A, Cattini MG, Barbon G, et al. Severe, recessive type 1 is a

m  discrete form of von Willebrand disease: the lesson learned from the ¢.1534-
3C>A von Willebrand factor mutation. Thromb Res 2015; 136:682-686.

The study describes a series of individuals with a recessive form of severe type 1

VWD all involving ¢.1534-3C>A variant.

30. James PD, Notley C, Hegadorn C, et al. The mutational spectrum of type 1 von
Willebrand disease: results from a Canadian cohort study. Blood 2007;
109:145-154.

31. Goodeve A, Jeroen J, Castaman G, et al. Phenotype and genotype of a cohort
of families historically diagnosed with type 1 von Willebrand disease in the
European study, Molecular and Clinical Markers for the Diagnosis and
Management of Type 1 von Willebrand Disease (MCMDM-1VWD). Blood
2006; 109:112-121.

32. Yadegari H, Driesen J, Pavlova A, et al. Mutation distribution in the von
Willebrand factor gene related to the different von Willebrand disease (VWD)
types in a cohort of VWD patients. Thromb Haemost 2012; 108:662—-671.

33. Cumming A, Grundy P, Keeney S, et al. An investigation of the von Willebrand
factor genotype in UK patients diagnosed to have type 1 von Willebrand
disease. Thromb Haemost 2006; 96:630-641.

34. Bellissimo DB, Christopherson PA, Flood VH, et al. VWF mutations and new
sequence variations identified in healthy controls are more frequent in the
African-American population. Blood 2012; 119:2135-2140.

35. Johnsen JM, Auer PL, Morrison AC, et al. Common and rare von Willebrand
factor (VWF) coding variants, VWF levels, and factor VIII levels in African
Americans: the NHLBI Exome Sequencing Project. Blood 2013; 122:590—
597.

36. Wang QY, Song J, Gibbs RA, et al. Characterizing polymorphisms and allelic
diversity of von Willebrand factor gene in the 1000 Genomes. J Thromb
Haemost 2013; 11:261-269.

37. Chen J, Hinckley JD, Haberichter S, et al. Variable content of von Willebrand

mm factor mutant monomer drives the phenotypic variability in a family with von
Willebrand disease. Blood 2015; 126:262-270.

The study performs a detailed assessment of a 24-member family with type 2 VWD

and identifies differences in mutant monomer incorporation into the VWF multimer

as a potential explanation for variability of VWD phenotypes.

38. Orstavik KH, Magnus P, Reisner H, et al. Factor VIl and factor IX in a twin
population. Evidence for a major effect of ABO locus on factor VIll level. Am J
Hum Genet 1985; 37:89-101.

39. de Lange M, Snieder H, Ariéns RA, et al. The genetics of haemostasis: a twin
study. Lancet 2001; 357:101-105.

40. Bladbjerg EM, de Maat MP, Christensen K, et al. Genetic influence on
thrombotic risk markers in the elderly: a Danish twin study. J Thromb Haemost
2006; 4:599-607.

41. Souto JC, Almasy L, Soria JM, et al. Genome-wide linkage analysis of von
Willebrand factor plasma levels: results from the GAIT project. Thromb
Haemost 2003; 89:468-474.

www.co-hematology.com 477

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



Hemostasis and thrombosis

42. Desch KC, Ozel AB, Siemieniak D, et al. Linkage analysis identifies a locus for
plasma von Willebrand factor undetected by genome-wide association. Proc
Natl Acad Sci U S A 2013; 110:588-593.

43. Rydz N, Grabell J, Lillicrap D, et al. Changes in von Willebrand factor level and

m  von Willebrand activity with age in type 1 von Willebrand disease. Haemo-
philia 2015; 21:636-641.

This study describes the age-related change in VWF antigen and activity levels in

patients with type 1 VWD.

44. Sanders Y, Giezenaar MA, Laros-van Gorkom B, et al. von Willebrand disease

= and aging: an evolving phenotype. J Thromb Haemost 2014; 12:1066-1075.

This study describes the phenotypic recovery of type 1 VWD patients with age.

45. Eikenboom J, Federici AB, Dirven RJ, et al. VWF propeptide and ratios
between VWF, VWF propeptide, and FVIIl in the characterization of type 1
von Willebrand disease. Blood 2013; 121:2336-2339.

46. Haberichter SL, Christopherson P, Flood V, et al. Critical importance of VWF
propeptide (VWFpp) in the diagnosis of type 1 von Willebrand disease
(VWD). Blood (ASH Annu Meet Abstr) 2013; 122.

47. Othman M, Chirinian Y, Brown C, et al. Functional characterization of a 13-bp
deletion (c.-1522_-1510del13) in the promoter of the von Willebrand factor
gene in type 1 von Willebrand disease. Blood 2010; 116:3645-3652.

48. Eikenboom J, Hilbert L, Ribba AS, et al. Expression of 14 von Willebrand
factor mutations identified in patients with type 1 von Willebrand disease from
the MCMDM-1VWD study. J Thromb Haemost 2009; 7:1304-1312.

49. Wang JW, Bouwens EA, Pintao MC, et al. Analysis of the storage and
secretion of von Willebrand factor in blood outgrowth endothelial cells
derived from patients with von Willebrand disease. Blood 2013;
121:2762-2772.

50. Starke RD, Paschalaki KE, Dyer CE, et al. Cellular and molecular basis of von
Willebrand disease: studies on blood outgrowth endothelial cells. Blood
2013; 121:2773-2784.

51. O'Brien LA, James PD, Othman M, et al. Founder von Willebrand factor
haplotype associated with type 1 von Willebrand disease. Blood 2003;
102:549-557.

52. Pruss CM, Golder M, Bryant A, et al. Pathologic mechanisms of type 1 VWD
mutations R1205H and Y1584C through in vitro and in vivo mouse models.
Blood 2011; 117:4358-4366.

53. Haberichter SL, Castaman G, Budde U, et al. Identification of type 1 von
Willebrand disease patients with reduced von Willebrand factor survival by
assay of the VWF propeptide in the European study: molecular and clinical
markers for the diagnosis and management of type 1 VWD (MCMDM-
1VWD). Blood 2008; 111:4979-4985.

54. Lenting PJ, Pegon JN, Christophe OD, etal. Factor Vllland von Willebrand factor:
too sweet for their own good. Haemophilia 2010; 16 (Suppl 5):194-199.

55. Rastegarlari G, Pegon JN, Casari C, et al. Macrophage LRP1 contributes to
the clearance of von Willebrand factor. Blood 2012; 119:2126-2134.

56. van Schooten CJ, Shahbazi S, Groot E, et al. Macrophages contribute to the
cellular uptake of von Willebrand factor and factor VIII in vivo. Blood 2008;
112:1704-1712.

478 www.co-hematology.com

57. Swystun LL, Notley C, Georgescu |, et al. The scavenger receptor
stabilin-2 (STAB-2) mediates clearance of human von Willebrand factor
and factor VIII by liver sinusoidal endothelial cells. J Thromb Haemost
2015; 13:252.

58. Casonato A, Pontara E, Sartorello F, et al. Reduced von Willebrand
factor survival in type Vicenza von Willebrand disease. Blood 2002;
99:180-184.

59. Rawley O, O'Sullivan JM, Chion A, et al. von Willebrand factor arginine 1205

mm  substitution results in accelerated macrophage-dependent clearance in vivo. J
Thromb Haemost 2015; 13:821-826.

The study is the first to describe a mechanistic basis for the accelerated clearance

of the R1205H Vicenza variant by macrophages.

60. Gill JC, Endres-Brooks J, Bauer PJ, et al. The effect of ABO blood group on the
diagnosis of von Willebrand disease. Blood 1987; 69:1691-1695.

61. Gallinaro L, Cattini MG, Sztukowska M, et al. A shorter von Willebrand factor
survival in O blood group subjects explains how ABO determinants influence
plasma von Willebrand factor. Blood 2008; 111:3540-3545.

62. Smith NL, Chen MH, Dehghan A, et al. Novel associations of multiple genetic
loci with plasma levels of factor VII, factor VIlI, and von Willebrand factor: the
CHARGE (Cohorts for Heart and Aging Research in Genome Epidemiology)
Consortium. Circulation 2010; 121:1382-1392.

63. Zhu Q, Yamakuchi M, Ture S, et al. Syntaxin-binding protein STXBP5 inhibits

mm endothelial exocytosis and promotes platelet secretion. J Clin Invest 2014;
124:4503-4516.

The study characterizes STXBP5 as a negative regulator of WPB exocytosis and

characterizes the influence of STXBP5 deficiency on bleeding and thrombosis in a

murine model.

64. Rydz N, Swystun LL, Notley C, et al. The C-type lectin receptor CLEC4M
binds, internalizes, and clears von Willebrand factor and contributes to the
variation in plasma von Willebrand factor levels. Blood 2013; 121:5228-
5237.

65. Sanders YV, van der Bom JG, Isaacs A, et al. CLEC4M and STXBP5 gene

m  variations contribute to von Willebrand factor level variation in von Willebrand
disease. J Thromb Haemost 2015; 13:956-966.

This study demonstrates an association between C-type lectin domain family 4,

member M and STXBP5 polymorphisms with low plasma levels of VWF in type 1

VWD patients.

66. van Loon J, Dehghan A, Weihong T, et al. Genome-wide association studies

= identify genetic loci for low von Willebrand factor levels. Eur J Hum Genet
2015; in press.

This GWAS study confirms the association of previously described SNPs as well

as a novel SNP in UFM1 with low plasma levels of VWF.

67. Xiang Y, Cheng J, Wang D, et al. Hyperglycemia repression of miR-24
coordinately upregulates endothelial cell expression and secretion of von
Willebrand factor. Blood 2015; 125:3377-3387.

68. Corrales |, Catarino S, Ayats J, et al. High-throughput molecular diagnosis of
von Willebrand disease by next generation sequencing methods. Haemato-
logica 2012; 97:1003-1007.

Volume 23 o Number 5 o September 2016

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



