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Abstract

Recent advances in VWD research have improved our understanding of the genotype and 

phenotype of VWD. The VWF gene is highly polymorphic, with a large number of sequence 

variations reported in healthy individuals. This can lead to some difficulty when attempting to 

discern genotype-phenotype correlations, as sequence variations may not represent disease. In type 

1 VWD, mutations can be found throughout the VWF gene, but likely pathogenic sequence 

variations are found in only about 2/3 of type 1 VWD patients. Sequence variations in type 2 

VWD are located in the region corresponding to the defect in the VWF protein found in each type 

2 variant. In type 3 VWD, sequence variations are not confined to a specific region of the VWF 

gene, and also include large deletions which may not be picked up using conventional sequencing 

techniques. Use of genetic testing may be most helpful in diagnosis of type 2 VWD, where a 

larger number of known, well characterized mutations are present and demonstration of one of 

these may help confirm the diagnosis. Bleeding symptoms in general are more severe with 

decreasing VWF levels, and more severe in type 2 and type 3 VWD as compared to type 1 VWD. 

Prediction of phenotype for an individual patient, however, is still difficult, and the addition of 

genetic data most helpful in ascertaining the correct diagnosis for VWD patients.

Learner objective: to understand the relationship of genotype and phenotype as currently 

understood for VWD variants

Introduction

Von Willebrand factor (VWF) is the product of a large gene located on the short arm of 

chromosome 12, with 52 exons spread over about 178 kb of genomic DNA and 8439 bp of 

coding sequence.1 Apart from its size, the other factor contributing to genetic heterogeneity 

is the presence of a pseudogene on chromosome 22, which mimics VWF exons 23–34.2 An 

online database maintained by the VWD Scientific and Standardization Committee of the 

International Society on Thrombosis and Haemostasis (http://www.vwf.group.shef.ac.uk/

variant.html) lists known sequence variations, both pathogenic and non-pathogenic.3 The 

VWF protein contains key functional domains that mediate binding to factor VIII (FVIII), 

platelet glycoprotein Ib (GPIb), and facilitate multimerization to form the final protein. The 

exons corresponding to key regions of the VWF protein are noted in figure 1. Common 

genetic mutation types, their location, and the clinical and laboratory phenotype for VWD 

type 1, type 3, and type 2 variants are listed in table 1.
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Genotype-phenotype correlation: healthy individuals

The VWF gene is highly polymorphic. With the advent of relatively inexpensive whole 

exome and whole genome sequencing, a large number of sequence variants have been 

reported. The 1000 Genomes database demonstrated 2728 single nucleotide polymorphisms 

and 91 insertions/deletions in the VWF gene, with the highest degree of ethnic variability 

seen in Africans, followed closely by Asians.4

This variability can lead to some difficulty when attempting to discern genotype-phenotype 

correlations, as sequence variations may not represent disease. Indeed, one study of healthy 

controls demonstrated a high rate of variation in the VWF gene, particularly in African 

Americans. Increased genetic variability was observed in African Americans, with 80% of 

the novel sequence variations from the study, as compared to Caucasians, with only 20% of 

the novel sequence variations.5 Several sequence variations that had previously been 

reported in VWD were also found in the healthy control population. A number of variations 

were found at relatively high frequency (5–20%) in African American healthy controls.5 

Caution is therefore required when evaluating pathogenicity of any novel sequence variation 

found in patients with VWD or who are undergoing workup for possible VWD.

Some genetic variants do affect VWF levels. The NHLBI exome sequencing project 

identified a number of sequence variations associated with either increased (p.T789A and 

p.D1472H) or decreased (p.R2185Q) VWF antigen (VWF:Ag) in African Americans.6 The 

p.D1472H sequence variant has also been associated in healthy individuals with decreased 

VWF ristocetin cofactor activity (VWF:RCo)/VWF:Ag ratios, as depicted in figure 2.7 

Presence of this variant could conceivably result in a mis-diagnosis of type 2M VWD. 

Polymorphisms in the CLEC4M gene have recently been associated with variations in VWF 

levels.8 Several other candidate genes have been discovered through genome-wide 

association studies and may also prove to have a significant role in modifying VWF:Ag.9 It 

is likely that other modifier genes will be discovered to affect expression or clearance of 

VWF in the future.

Variability in VWF levels can also result from a number of extrinsic factors, some of which 

may also be genetic. Decreased VWF:Ag is seen in association with blood type O.10 

Alterations in VWF glycosylation, which are also seen associated with blood type O, may 

affect VWF survival.11 African Americans have higher VWF levels as compared to 

Caucasians.12 Increased VWF:Ag may occur due to stress, age, exercise or pregnancy, or a 

variety of pro-inflammatory conditions.10,13,14 This can confound the diagnosis of VWD, as 

a single normal VWF:Ag does not necessarily exclude the diagnosis.

Genotype-phenotype correlation: type 1 VWD

Several large studies of type 1 VWD have recently been performed, representing patients in 

Europe and North America, including the European Union MCMDM-1VWD study,15 

Canada,16 the United Kingdom,17 and the United States.18 Data from these studies show that 

most (about 70%) mutations in type 1 VWD are missense mutations located in the VWF 

coding sequence, with splice site, transcription, small deletions, small duplications, and 

nonsense mutations each representing less than 10% of the mutations found.19 Defects in the 
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VWF promoter have also been associated with type 1 VWD.20 However, only about 2/3 of 

index cases with type 1 VWD in these studies have a genetic mutation in VWF. Figure 3 

summarizes the rate of sequence variations reported by the four recent studies noted above. 

The typical inheritance pattern for type 1 VWD is autosomal dominant, although variability 

in penetrance and symptoms have been noted in affected family members.

The likelihood of finding a causative sequence variation in type 1 VWD is directly 

proportional to the level of decrease in VWF:Ag; that is, the patients with the lowest 

VWF:Ag levels have the highest chance of a sequence variation in VWF. The precise cutoff 

varies by study, with VWF:Ag levels below 20–40 IU/dL most strongly correlated with 

presence of a VWF sequence variation. The MCMDM-1VWD study from the European 

Union reported that 88% of type 1 VWD subjects had sequence variations when the 

VWF:Ag was ≤30 IU/dL. This dropped to 53% in subjects with VWF:Ag between 31–45 

IU/dL and 50% when the VWF:Ag was >45 IU/dL.15 In the Canadian type 1 VWD study, 

where subjects had VWF:Ag between 5 and 50 IU/dL, 63% were found to have sequence 

variations.16 A study of type 1 VWD from the United Kingdom demonstrated that 53% of 

subjects had sequence variations, all of whom met diagnostic criteria for type 1 VWD.17 The 

US Zimmerman Program type 1 VWD cohort demonstrated 74% of subjects to have VWF 

sequence variations when the VWF:Ag was less than 40 IU/dL.18 A recent Swedish study 

demonstrated the presence of sequence variations in 56% of their type 1 VWD subjects who 

underwent detailed sequence analysis.21

Correlation of genotype and phenotype for individual mutations is difficult due to the high 

degree of variability in type 1 VWD. There is some evidence that bleeding symptoms 

correlate with the degree of reduction in VWF:Ag.22 However, some patients have extensive 

bleeding symptoms, despite modest decreases in VWF levels. Other patients report minimal 

symptoms in the context of significant reductions in VWF. This heterogeneity can occur 

even within families, where the same mutation is present in each affected family member, 

yet manifests with different clinical symptoms. Some mutations have been characterized, as 

reported by Robertson and colleagues, with accelerated clearance and intracellular retention 

as reported mechanisms.23 Although in their study bleeding scores increased as VWF:RCo 

decreased, some variation in bleeding scores was observed among subjects who had the 

same mutation.23

Clearance defects represent a subset of type 1 VWD. In clearance defects (type 1C), there is 

an association of abnormal propeptide to VWF:Ag ratios with genetic variations, 

particularly in the D3 and D4 domains.24 The most common of these, p.R1205H or the 

Vicenza mutation, is caused by accelerated clearance of the VWF protein.25 VWF levels in 

type 1C do rise in response to desmopressin, but the increase in clearance results in a rapid 

fall back to the patient’s baseline.24 Genetic diagnosis may be helpful in this subtype, as 

VWF propeptide levels may not be readily available and a clear diagnosis will facilitate 

appropriate treatment.
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Genotype-phenotype correlation: type 3 VWD

Type 3 VWD presents with undetectable VWF protein. Inheritance is autosomal recessive, 

although parents of type 3 VWD patients may or may not be symptomatic. Type 3 VWD is 

due to disruption of expression from both VWF alleles, typically either through point 

mutations (missense or null) or deletions involving the VWF gene. Some deletions may be 

small, affecting only one or two exons, while others encompass much larger segments of the 

VWF gene. The most common deletion found to date is a deletion of exons 4–5.26 Bleeding 

symptoms in type 3 VWD are on average more extensive than in type 1 or type 2 VWD, as 

expected given the absent VWF and low FVIII seen in this condition.27

Genetic diagnosis is not required for the diagnosis of type 3 VWD, although on occasion it 

may be useful in distinguishing severe type 1 VWD due to a clearance defect. Very low, but 

detectable, VWF:Ag may be seen in clearance defects (type 1C) but absent (undetectable) 

VWF:Ag is the hallmark of type 3 VWD. This differentiation relies on accurate 

quantification of VWF levels, which can be difficult when the VWF:Ag is very low. 

Knowing the causative mutations may also be helpful for prenatal testing. Not all cases of 

type 3 VWD have two mutations found in the VWF gene, with one recent study finding 

candidate mutations in only 91% of alleles28 and another study with mutations in only 17 of 

19 subjects.29

Genotype-phenotype correlation: type 2A VWD

Type 2A VWD results from mutations that cause a defect in VWF activity through 

disruption of high molecular weight multimer formation. Inheritance follows an autosomal 

dominant pattern. These mutations may cause decreased secretion, increased ADAMTS13 

proteolysis, defective protein storage, defective multimerization, or a combination of 

these.30 Mutations that result in increased clearance of high molecular weight multimers are 

typically found in exon 28, specifically in the A2 domain of VWF where the ADAMTS13 

cleavage site is located. Mutations may also be present in either the N- or C-terminal 

multimerization domains. Since both type 2A and type 2B VWF present with decreased 

VWF:RCo/VWF:Ag ratios and lack of high molecular weight multimers, genetic diagnosis 

may be helpful in discriminating between these two type 2 variants.

The VWF A domains contain the majority of reported 2A mutations (82%), with 8% each in 

the D2 and CK domains and 1% in the D3 domain.31 Some of these variations have been 

well characterized, with known effects on function of the mutant VWF.30,32 Targeted VWF 

sequencing, encompassing only these regions, is offered by some laboratories. 

Unfortunately, novel sequence variations may be difficult to interpret, given the highly 

polymorphic nature of VWF.

Bleeding symptoms for patients with type 2 VWD are generally more severe than for type 1 

VWD. One study reported an increase in bleeding for type 2A patients as compared with 

type 2M patients.33 This was attributed to an increase in GI bleeding, and did not seem to 

correlate with level of VWF:Ag. Interestingly, this study demonstrated a range of bleeding 

scores for subjects with the same mutation.33 Genetic diagnosis of type 2A VWD may be 
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helpful in distinguishing from other type 2 variants, but the specific genotype may not 

necessarily predict future symptoms.

Genotype-phenotype correlation: type 2B VWD

Type 2B VWD represents a gain-of-function defect, where VWF has an increased affinity 

for platelet GPIb. This results in clearance of VWF-platelet complexes, loss of high 

molecular weight multimers, and frequently thrombocytopenia. Inheritance follows an 

autosomal dominant pattern. Since the pathogenic defect in type 2B is a problem with 

platelet binding, mutations in type 2B VWD are found exclusively in exon 28 of the VWF 

gene. There are a number of reported type 2B sequence variations, all in the VWF A1 

domain where binding to platelet GPIb occurs.34 Although thrombocytopenia is a hallmark 

of classic type 2B VWD, recent studies have demonstrated that thrombocytopenia is not 

necessarily a universal feature.35 Several type 2B variants, specifically p.R1308C, 

p.P1266L, and p.P1266Q, seem to carry a lower likelihood of thrombocytopenia. Presence 

of thrombocytopenia has been associated with bleeding.35

Genetic diagnosis may be particularly helpful in determining whether type 2A or type 2B 

VWD is the cause of a decreased VWF:RCo/VWF:Ag ratio with a loss of high molecular 

weight multimers. While demonstration of increased VWF binding to platelets, either 

through elevated low-dose ristocetin-induced platelet aggregation or direct platelet binding 

assays, is considered to officially confirm the diagnosis of type 2B VWD, it is reasonable to 

consider demonstration of a known type 2B gene mutation in addition to or in lieu of platelet 

testing. Genetic diagnosis may also give additional insight into predicted phenotype, along 

with the platelet count.35

Platelet type, pseudo-VWD presents with similar laboratory findings to type 2B VWD 

(decreased VWF:RCo/VWF:Ag ratio, thrombocytopenia) but is due to a gain-of-function 

mutation in platelet GPIb. Missense mutations are the most common cause of platelet-type, 

pseudo-VWD but one deletion mutation has been reported.36 Failure to diagnose a defect in 

the VWF gene in a patient who has bleeding symptoms and laboratory findings otherwise 

consistent with type 2B VWD should trigger investigation of GP1BA.

Genotype-phenotype correlation: type 2M VWD

Type 2M VWD is characterized by a defect in the ability of VWF to bind platelet GPIb and 

thus a decrease in VWF:RCo/VWF:Ag ratio, but with a normal multimer distribution. This 

category has also been expanded to include collagen binding defects. Inheritance follows an 

autosomal dominant pattern. Genetic changes in type 2M VWD are therefore present in 

either the VWF A1 (platelet and collagen binding) domain or A3 (collagen binding) domain. 

There are numerous reported mutations in type 2M VWD, and at this point, no clear 

correlation between genotype and bleeding symptoms. As previously mentioned, one study 

demonstrated less bleeding in type 2M VWD as compared to type 2A VWD.33 There may 

be a suggestion of increased bleeding when both a platelet binding and a collagen binding 

defect are present.37
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While most type 2M mutations predominantly affect platelet binding and thus the 

VWF:RCo activity, several reported variants predominantly or exclusively affect collagen 

binding. The first reported of these, p.S1731T, had borderline VWF:Ag and VWF:RCo 

(approximately 50–60 IU/dL) and reduced collagen binding (VWF:CB).38 A recently 

reported p.M1761K variant had normal VWF:Ag and VWF:RCo but VWF:CB of 10 IU/

dL.39 Discovery of an A1 or A3 domain mutation may help confirm a diagnosis of type 2M 

VWD. However, genotype does not necessarily predict bleeding phenotype. For example, 

Castaman and colleagues report a series of 23 type 2M subjects who were all heterozygous 

for the p.R1374H sequence variation, but whose bleeding scores ranged from 1 to 18.33

Genotype-phenotype correlation: type 2N VWD

Type 2N VWD results from defects in the ability of VWF to bind FVIII. Sequence 

variations in type 2N are therefore found in the FVIII binding region of VWF spanning the 

D' and D3 domains. Exons 18–20 contain most of the reported type 2N mutations, but 

defects have been reported in exons 17–27.31 Type 2N VWD results when two mutations in 

the FVIII binding region are present, one on each allele. It is also possible to have a 2N 

phenotype resulting from the presence of one type 2N mutation and a type 1 VWF mutation, 

typically resulting in low VWF or a null allele. Therefore the inheritance pattern is 

autosomal recessive.

Bleeding in type 2N VWD is also variable. The p.R854Q mutation has been reported with a 

less severe phenotype,40 while p.R854W has been associated with a severe bleeding 

phenotype.41 More data is needed on the interaction of type 2N mutations with type 1 

mutations and their effect on bleeding symptoms.

Summary

Genetic defects can be demonstrated in approximately 2/3 of type 1 VWD patients, and over 

90% of type 2 and 3 VWD patients. However, use of genetic testing to predict phenotype 

above and beyond the knowledge available from standard VWF assays is limited. Part of the 

difficulty is the extreme heterogeneity of symptoms in VWD. Even in type 1 VWD, where 

the defect is a straightforward quantitative deficiency of VWF, bleeding symptoms do not 

always correlate with VWF:Ag levels. Additional regulatory genes, such as those involved 

in post-translational modification of VWF, may play a role. Alternately, the presence of 

modifiers in other coagulation factors may modulate symptoms, such as factor V Leiden 

creating a prothrombotic state to balance bleeding due to VWD. Prediction of bleeding 

phenotype based on genotype in VWD is therefore difficult at this time, beyond the general 

progression of bleeding in severity from type 1 to type 2 to type 3 VWD. Genetic testing can 

be quite useful, however, in diagnosis of type 2 variants, where mutations in specific regions 

correspond to the defect in VWF function.
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Figure 1. VWF gene and protein structure correlation
The exons comprising the coding sequence of the VWF gene are noted along with the 

corresponding regions of the VWF protein. Also noted are key functional domains with their 

ligands, location of disulfide bonds important in C-terminal dimerization and N-terminal 

multimerization, and enzyme cleavage sites.42
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Figure 2. Decreased VWF:RCo/VWF:Ag ratio in healthy control subjects with p.D1472H
This graph shows VWF:RCo/VWF:Ag ratios for healthy control subjects (59 African 

Americans and 113 Caucasians) enrolled in the US Zimmerman Program study, grouped by 

presence or absence of the p.D1472H sequence variation.7 Mean ratios for each group are 

shown at the top of the graph. There were 7 subjects with ratios <0.6, all either heterozygous 

or homozygous for p.D1472H. None of the subjects without p.D1472H had ratios <0.7.
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Figure 3. Rate of sequence variations in type 1 VWD studies
This graph shows rates of sequence variations discovered in subjects with type 1 VWD in 

each of 4 large VWD studies. The first column (in black) represents the United Kingdom 

study subjects with VWF:RCo <50 IU/dL,17 the second column (in light grey) represents the 

MCMDM-1VWD study type 1 subjects with VWF:Ag ≤45 IU/dL,15 the third column (in 

white) represents the Canadian type 1 VWD study subjects with VWF:Ag between 5–50 

IU/dL,16 and the fourth column (in dark grey) represents the US Zimmerman Program study 

type 1 subjects with VWF:Ag <40 IU/dL.18 The percent of each group with sequence 

variations is shown at the top of each column.
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