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Abstract

Background: Genetic analysis for von Willebrand disease (VWD) commonly utilizes

DNA sequencing to identify variants in the vonWillebrand factor (VWF) gene; however,

this technique cannot always detect copy-number variants (CNVs). Additional mapping

of CNVs in patients with VWD is needed.

Objectives: This study aimed to characterize CNVs in a large sample of VWF mutation-

negative VWD patients.

Methods: To determine the role of CNVs in VWD, a VWF high-resolution comparative

genomic hybridization array was custom-designed to avoid multiple sequence varia-

tions, repeated sequences, and the VWF pseudogene. This was performed on 204

mutation-negative subjects for whom clinical variables were also available.

Results: Among the 204 patients, 7 unique CNVs were found, with a total of 24 CNVs

(12%). Of the 7 unique CNVs, 1 was novel, 1 was found in a VWF database, and 5 were

previously reported. All patients with type 1C VWD and a CNV had the same exon 33

and 34 in-frame deletion. Certain clinical variables were also significantly different

between those with and without CNVs.

Conclusion: The in-frame deletion in patients with type 1C VWD exactly matches the

D4N module of the D4 domain, a region where mutations and deletions are known to

affect clearance. We observed significantly higher VWF–to–ristocetin cofactor levels in

patients with type 1C VWD and a CNV than in patients without a CNV, suggesting a

relationship between CNVs and the increased clearance observed in patients with type

1C VWD. Glycoprotein IbM activity was significantly lower in patients with type 1

VWD and a CNV than in patients without a CNV, suggesting that platelet binding is

more affected by CNVs than single base pair mutations. This work elucidates some of

the underlying genetic mechanisms of CNVs in these patients.
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1 | INTRODUCTION

vonWillebrand disease (VWD) is a common inherited bleeding disorder

caused by a quantitative or qualitative abnormality of von Willebrand

factor (VWF). VWD is often caused by genetic mutations within the

coding and regulatory regions of theVWF gene and canbedivided into 3

major subtypes. VWD type 3 is a recessive disorder categorized by a

complete lack of VWF and requiring 2 distinct genetic knockout events.

VWD type 2 is characterized by a functional disturbance of VWF,

including enhanced (2B) or reduced (2A, 2M) platelet interaction and

impaired binding to factor VIII (2N) [1]. VWD type 1 stands as the

prevailing form of VWD. It is marked by reduced levels of VWF in the

plasma, coupledwith intact VWF structure and operational capabilities.

This form of VWD is predominantly inherited in an autosomal dominant

manner [2] and its underlying cause is largely linked to insufficient VWF

production due to haploinsufficiency at the VWF gene locus [3]. These

individuals are additionally classified into either a low VWF (LVWF)

phenotypeorVWDtype1 depending on their VWFplasma levels falling

below30 IU/dL and between30 and50 IU/dL, respectively [4], although

the validity of these thresholds has been a subject of prolonged

discussion [5].

Type 1 VWD involves genetic mutations that lead to disruptions

in VWF equilibrium, distinct from the breakdown of VWF multimers

by ADAMTS-13 enzyme [6]. These mutations primarily impact the

balance of VWF levels in the circulating plasma, encompassing pro-

cesses such as VWF synthesis, secretion, storage, and clearance.

Those with VWD type 1C experience a notable increase in the

clearance of VWF. Approximately 35% of individuals with type 1

VWD lack a known pathogenic variant in the VWF gene [7]. Previous

genetic studies revealed that merely 41% of families with type 1 VWD

showed a connection to the VWF locus [8]. This percentage is even

smaller among individuals with LVWF as their reduced VWF levels are

typically attributed to problems with synthesis and secretion rather

than overactive clearance [9]. In fact, the 2006 subcommittee dedi-

cated to VWD guidelines expanded their recommendations to

encompass potential genetic origins of VWD beyond the VWF gene

itself [10]. Further complicating the genetics of VWD is the presence

of an unprocessed pseudogene (VWFP1) located on chromosome 22.

This pseudogene spans exons 23 to 34 of the full VWF gene found on
chromosome 12 and has 97% sequence homology to the VWF gene for

that region [11].

Due to the fact that VWD is a complex disorder with multiple

genetic risk factors, it is necessary to move beyond looking for pu-

tatively causal single nucleotide polymorphisms in the VWF gene.

Copy-number variants (CNVs) are a type of structural variation

involving duplication or deletion of segments of chromosomes and

have important roles in disease. CNVs have been found to cause all

subtypes of VWD [1]. In the past, variant screening methods were

unable to detect heterozygous CNVs due to amplification of the wild-

type allele by polymerase chain reaction (PCR)–based methods [12].

Comparative genomic hybridization (aCGH) is a sensitive and

powerful method to identify CNVs in the VWF gene, narrow the

breakpoint locations for mapping, and characterize the different

mechanisms for VWD types 1 and 3. Both in-frame and out-of-frame

deletions may be a common mechanism of VWD type 1 and result in

reduced levels of VWF in plasma. Furthermore, a number of studies

have employed the technique of multiplex ligation–dependent probe

amplification to examine VWF, enabling the detection of substantial

homozygous and heterozygous copy-number variants (CNVs) within

individuals afflicted by VWD. However, only a small subset of CNVs

has been examined using this method [12]. Here, we report the results

from 204 mutation-negative patients with VWD; using aCGH, we

found that approximately 12% of these patients harbor a CNV, many

of which were found multiple times. These results highlight the

importance of CNVs in VWD as well as the need for further investi-

gation into the pathological mechanisms underlying these CNVs.
2 | METHODS

2.1 | Cohort description

All subjects with VWD were enrolled in the Zimmerman Program of

the Molecular and Clinical Biology of VWD study (Zimmerman Pro-

gram) through 8 primary and 23 secondary clinical hematology cen-

ters across the United States. The institutional review board approved

this study and all patients and/or parents provided informed consent.

Patients found to have a mutation in their VWF gene with Sanger
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sequencing were excluded, leaving 204 patients. Sixty-nine (34%)

patients were male, and 135 (66%) patients were female. The de-

mographic breakdown (self-reported) of the patient population is as

follows: 162 (80%) were White, 27 (13%) were Latino, 5 (2.5%) were

Asian, 5 (2.5%) were of unknown ethnicity, 2 (1%) were American

Indian, 2 (1%) were Black, and 1 (0.5%) was Hawaiian/Pacific Islander.

The age range of patients was between 0 and 65 years. Clinical

phenotypes ascertained for the patients included VWF antigen

(VWF:Ag), VWF ristocetin cofactor (VWF:RCo), VWF propeptide

(VWFpp), VWF glycoprotein IbM (VWF:GPIbM), VWF binding to

collagen III and IV, and multimer analysis [4]. International Society on

Thrombosis and Haemostasis (ISTH) bleeding assessment tool (BAT)

score was also obtained. Subjects were classified according to the

criteria established by the 2007 National Heart, Lung, and Blood

Institute guidelines: VWD type 1 was defined as having VWF levels

(VWF:Ag or VWF:RCo) of <30 IU/dL and LVWF was defined as having

VWF:Ag or VWF:RCo levels of 30 to 50 IU/dL. Subjects with a

VWF:Ag level of <30 IU/dL and a VWFpp-to-VWF:Ag ratio of >3

were categorized as having VWD type 1C. Subjects with type 3 VWD

had undetectable VWF.
2.2 | DNA sequencing

EDTA whole blood was collected from each subject, and DNA was

isolated by the Qiagen Gentra Puregene method in the Molecular

Diagnostic Laboratory at Versiti Diagnostic Laboratories. Full-length

VWF Sanger sequencing was performed, including intron/exon

boundaries at Harvard Partners Genome Center, Versiti, or Functional

Biosciences using VWF reference sequence NM_000552, and the re-

sults were analyzed using SoftGenetics Mutation Surveyor DNA

Variant Analysis Software. Rare VWF variants (<1% of Zimmerman

Program healthy controls) were considered potentially causative [13].
2.3 | CNV validation using custom aCGH

CNVs are identified by mean log ratio of fluorescence hybridization of

a test sample vs reference sample. In the aCGH workflow, the same

concentration of genomic DNA of the sample and the reference are

denatured, each labeled with fluorescent dyes (Cy3 and Cy5,

respectively), combined, and competitively hybridized to probes on an

oligonucleotide array. After hybridization, the array is washed and

scanned for fluorescent signal intensity. The log ratio of the sample

signal intensity vs the reference is analyzed for each probe. Copy-

number variants are represented as mean log ratio changes of probes

within a chromosomal region. A high-resolution aCGH array was

custom-designed using long oligonucleotide probes approximately 60

bp in length to avoid multiple sequence variations, repeated se-

quences, and overlap with the pseudogene. A total of 645 probes

spanned the VWF exon and exon/intron boundaries, and only 32 of

these probes cross-hybridized with the VWF pseudogene region. For

much of the pseudogene region, unique probes could not be identified.
Instead of removing nonunique probes, they were retained, with the

knowledge that if a CNV was observed in some regions, it would have

to be shown whether they were in VWF or the pseudogene. Data were

manually inspected and analyzed with CytoSure Interpret Software

(Oxford Gene Technology), and QC was performed as in the study of

Askree et al. [14].
2.4 | Confirming and mapping breakpoints

A multiplex PCR approach was used to map deletion breakpoints and

confirm the presence and zygosity of the deletions in index cases and

associated family members. Oligonucleotide PCR primers, 20-30 bases

in length, were designed based on the maximum deletion call according

to the CytoSure software and were mapped directly surrounding the

area of the potential CNV. One set of primers was designed to hy-

bridize outside of the deletion within 200 bp on both ends, and it

amplified the deletion product and the normal allele product, if not too

large. A second set of primers was designed to include at least 1 primer

that was within the deletion, which would amplify a product only found

in the normal allele and served as a control. Multiplex PCR conditions

were optimized, and reactions were assembled using Promega’s GoTaq

GreenMaster Mix. Thermal cycler conditions were optimized based on

the primer properties and expected length of products. A normal

control DNA was included in each run.

Agarose gel electrophoresis was performed, and the Pro-

teinSimple AlphaImager (ProteinSimple) was used to visualize and

calculate the band sizes. Zygosity was determined according to the

bands present. Bands indicating the size expected for the deletion

product were excised and purified using Macherey-Nagel’s Nucleo-

Spin Extract II kit. Purified products were sequenced using the outer

set of primers.
2.5 | Statistical analysis of clinical phenotypes

First, all patients with no VWF sequence variant for whom aCGH was

performed were divided into 3 types: 1) type 1, 2) type 1C, and 3) type

3. We did not perform this analysis for patients with type 2 VWD as

only 1 had a CNV. Next, we compared clinical phenotype data within

each type listed above. To determine whether any statistically sig-

nificant differences existed between those with and without a CNV, t-

tests were performed in the R statistical software package by the R

Project, using the t-test function [15]. This comparison was performed

for all clinical phenotypes for which we had data.
3 | RESULTS

Here, we have systematically identified the frequency of clinically

relevant CNVs in the VWF gene in a sample of mutation-negative

patients with LVWF and VWD with no single base pair protein-

altering VWF variant. No patients with LVWF were found to have a



T AB L E 1 Copy-number variant counts found in the sample,
stratified by von Willebrand disease type.

Exons Total LVWF Type 1 Type 1C Type 3 Type 2A

Ex 1-3 dela 1 0 0 0 1 0

Ex 4-5 del 13 0 10 0 3 0

Ex 18 dela 2 0 0 0 2 0

Ex 33-34 del 5 0 0 5 0 0

Ex 35-37 delb 1 0 1 0 0 0

Ex 35-38 dupa 1 0 0 0 1 0

Ex 9-10 dup 1 0 0 0 0 1

Total 24 0 11 5 7 1

del, deletion; dup, duplication; Ex, exon; LVWF, low von Willebrand

factor.
aNot in-frame.
bNovel at the time of publishing.
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protein-altering CNV in VWF. However, 11 patients with type 1 VWD,

1 patient with type 2A VWD, and 7 patients with type 3 VWD were

found to have 7 recurrent CNVs disrupting the coding sequence of

VWF (Table 1). Of these 7 CNVs, 3 were not in-frame, and 1 was novel.

Although all but 1 patient with type 1 VWD had the same in-frame

deletion of exons 4 and 5 (c.221-977_532+7059del) and all patients

with type 1C VWD had the same in-frame deletion of exons 33 and 34

(c.5621-478_5842+2440delinsGCAGCATAAGCATAAAGC), patients

with type 3 VWD had CNVs in 4 locations across the VWF gene, with

the majority causing a frameshift and a truncated VWF. The lone

patient with type 2A VWD harbored the only duplication found in the

patient sample (Figure). The prevalence of CNVs in males vs females

was not significantly different (P = .61).
3.1 | Type 1C

In the patient population, we found that 5 of 13 mutation-negative

patients with type 1C VWD (38%) had an in-frame deletion of

exons 33 and 34 (c.5621-478_5842+2440delin-
sGCAGCATAAGCATAAAGC). No other CNV was present in the VWF

gene of these patients. This 3.5 kb deletion results in a loss of 9

cysteine residues, which may be associated with reduced plasma

survival of the VWF protein in these patients. This exon 33 and 34

deletion was previously reported by Cartwright et al. [12]. However, in

that study, the exon 33 and 34 deletion was found in a patient with

type 2A VWD, along with 2 other nonsynonymous VWF mutations in

trans. They found that this patient had a mild reduction in VWF:Ag

and a reduction in high-molecular-weight VWF, but expressed

pseudo–Weibel-Palade bodies similar to wild type in appearance and

localization. This deletion has also previously been reported in a pa-

tient with VWD type 1 [16] and a patient with type 2A VWD, he-

mophilia, and a mutation in the F8 gene [17,18]. As expected, the

patients with type 1C VWD had a higher VWFpp-to-VWF:Ag ratio

than the patients with type 1 VWD (P = 1.43 × 10−8).
When we compared the clinical phenotypes of those patients with

VWD type 1C with (n = 5) and without a CNV (n = 8), we found that

those with a CNV have significantly higher ristocetin cofactor levels

on average (18.6) than those type 1C without a CNV (11.6; P = 2.2 ×
10−3). They also had a significantly lower bleeding score (3.4) than

those without a CNV (9.9; P = .02) (Table 2).
3.2 | Type 1

In the patient population, we found that 12 of 37 (32.4%) patients with

VWD type 1 had a portion of the VWF gene deleted. Ten out of 11 of

these are the well-known exon 4 and 5 in-frame deletion (c.221-

977_532 _+7059del [p.Asp75_Gly178del]) and the last is a novel in-

frame deletion of exons 35 to 37 (c.5843-2158_6598+32del). This
exon 4 and 5 deletion has been previously found in both patients with

VWD type 1 and patients with VWD type 3 of European ancestry and

was absent in patients of Asian ancestry [19]. This deletion was

inherited in an autosomal dominant manner and associated with a

particular haplotype, possibly indicating a founder effect. Expression

studies showed decreased secretion and defective multimerization.

Another study [20] also reported this deletion in a patient with type 3

VWD of European ancestry, while it was absent in their Iranian VWD

population. Among the patients with VWD type 1, those with a CNV

had significantly lower VWF:GPIbM (28.3) than those without a

CNV(35.9; P = .03) (Table 2).
3.3 | Type 3

We found 3 unique deletions among the patients with type 3 VWD.

The frameshift deletions of exons 1 to 3 (c.-30029_220+3487del), 18
(c.2282-809_2442+2811delinsT), and 35 to 38 (c.5843-2754_6799-

1517del) were previously reported by our group in patients with type

3 VWD [21]. The exon 1 to 3 frameshift deletion had been previously

reported in a Hungarian patient group with type 3 VWD; however,

this study described different breakpoints from those in the present

study [22]. The authors suggested that as there were Alu Y and Alu SP

repetitive sequences at the ends of the deletions, the deletion was

caused by an Alu-mediated recombination event and rose to high

frequency through a founder effect. An additional 3 of these patients

had the exon 4 and 5 deletion seen in patients with VWD type 1,

including 1 patient who had both the exon 1 to 3 and 4 and 5 de-

letions. Among the clinical phenotypes in the patients with type 3

VWD, we found no significant differences between those with or

without a CNV.
3.4 | Type 2A

The only duplication we found in the entire sample was in a patient

with type 2A VWD and was an in-frame duplication of exons 9 and 10

(c.998_1156dup; p.Glu333_385dup). This duplication has been
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previously described [23]. This individual in our study had a VWF:Ag

level of 180 IU/dL, a VWFpp-to-VWF:Ag ratio of 0.4, a VWF:RCo level

of 46 IU/dL, a VWF:GPIbM level of 26 IU/dL, and an ISTH BAT score

of 4, with loss of high-molecular-weight multimers.
4 | DISCUSSION

All 5 of the patients with VWD type 1C and a CNV had the same in-

frame deletion of exons 33 and 34. This directly corresponds to the

D4N module of the D4 domain in the VWF gene [24] as amino acids

1873 to 1948 encompass this module, and the deletion present in the

patients includes amino acids 1875 to 1947. The D4 domain is known

to harbor mutations that affect clearance [25]. One study [26]

examined the effect of various truncated forms of VWF on clearance

in mice and found that deleting amino acids 1875 to 2813 (D4N

module to CK domains) actually resulted in reduced clearance. A

subsequent study measured the expression of VWF fragments in HEK

293 cells and found that omission of the D4N module from the D4-

TIL4 domains abolished the expression of VWF [24].

Our group previously reported that reduced plasma survival of

VWF can be a determinant of VWD type 1C, as can mutations up-

stream of the D4 that causes processing defects [25]. So, it is possible

that the deletion of the D4N module could be 1 such mutation. In vitro

expression studies of this deletion have shown decreased secretion

and defective multimerization, which indicate that this mutation be-

haves in a dominant negative manner when in the heterozygous state

[19]. The fact that the patients with VWD type 1C in the sample with a

CNV had significantly higher VWF:RCo than that in patients with type

1C VWD without a CNV could indicate that deletion of the D4N

module either impairs clearance more than in those with VWD type
1C and no deletion of this module or renders the molecule less active.

Further evidence of the increased clinical severity of patients with

VWD type 1C with no D4N deletion comes from the significantly

lower ISTH BAT bleeding scores in those patients with VWD type 1C

with the deletion than without it. More investigation is needed to

determine the role of the D4N module in clearance and bleeding

severity in patients with VWD type 1C.

All but 1 of the VWD type 1 patients had the same recurrent in-

frame deletion of exons 4 and 5. VWF secretion is strongly reduced in

VWD type 1, while the ratio of VWFpp to VWF:Ag remains close to 1

[25]. However, patients with VWD type 1 and a CNV had significantly

lesser VWF:GPIbM binding than that in those without, suggesting a

role for this deletion in platelet binding. We also found a novel in-

frame deletion of exons 35 to 37 in a patient with VWD type 1 that

spanned the D4-TIL4 domains. Further work is needed to characterize

the underlying functional mechanisms of this deletion.

Limitations of the present study include a small sample size,

making it difficult to observe significant differences. Additionally, we

only performed aCGH on mutation-negative subjects, so we could

have missed subjects who have a VWF variant and a CNV.

In the patient population, CNVs in VWD type 1C and type 1 were

primarily localized to exons 33 and 34 and 4 and 5, respectively.

However, in patients with VWD type 3, CNVs were spread across the

VWF gene and all but the exon 4 and 5 deletion were frameshifting.

This could be due to the fact that there are multiple mechanisms that

lead to complete lack of VWF:Ag as seen in patients with VWD type 3.

Here, we have shown that there is a relationship between the regions

deleted in VWD type 1C and type 1 as well as significant differences

in clinical laboratory values among those with and without CNVs in

the VWF gene. This work both confirms previous mechanisms asso-

ciated with these deletions and elucidates possible novel mechanisms



TA B L E 2 Mean values and ranges of clinical characteristics (except International Society on Thrombosis and Haemostasis bleeding assessment tool score, which is the median value) by type and
stratified by the presence or absence of a copy-number variant, along with results of significance testing.

Type 1C VWF:Ag VWFpp VWFpp-to-VWF:Ag ratio VWF:CB4 VWF:CB3 VWF:GPIbM VWF:RCo ISTH BAT score

Mean + CNV (n = 5) 20 83 4 16 17 14 19 3.00

(range) (10-32) (46-119) (4-5) (3-43) (6-32) (5-23) (12-28) (0-7)

Mean − CNV (n = 8) 16 68 5 8 10 9 12 10.5

(range) (6-26) (33-187) (3-12) (1-14) (1-15) (1-14) (5-15) (2-17)

P value (t-test) .37 1.00 .42 .17 .09 .09 2.2 £ 10¡3 .02

Type 1 VWF:Ag VWFpp VWFpp-to-VWF:Ag ratio VWF:CB4 VWF:CB3 VWF:GPIbM VWF:RCo ISTH BAT score

Mean + CNV (n = 11) 29 32 1 25 35 28 25 4

(range) (16-42) (20-41) (0.94-1.61) (7-38) (16-45) (16-37) (14-35) (0-10)

Mean − CNV (n = 26) 31 51 2 27 37 36 29 5

(range) (22-42) (31-77) (1.50-2.99) (10-40) (11-58) (15-54) (18-50) (0-16)

P value (t-test) .31 .001a .11 .46 .72 .03a .16 .33

Type 3 VWF:Ag VWFpp VWFpp-to-VWF:Ag ratio VWF:CB4 VWF:CB3 VWF:GPIbM VWF:RCo ISTH BAT score

Mean + CNV (n = 7) 4 2 2 4 3 2 5 17

(range) (1-21) (1-3) (0-4) (1-17) (1-16) (1-10) (1-5) (8-21)

Mean − CNV (n = 12) 10 2 2 8 6 7 9 16.5

(range) (1-87) (1-5) (0-6) (1-75) (1-73) (1-57) (5-46) (4-29)

P value (t-test) .61 .68 .94 .66 .66 .55 .40 .74

All values except ISTH BAT scores are in IU/dL.

Ag, antigen; BAT, bleeding assessment tool; CB3, collagen III; CB4, collagen IV; CNV, copy-number variant; GPIbM, glycoprotein IbM; ISTH, International Society on Thrombosis and Haemostasis; RCo,

ristocetin cofactor; VWF, von Willebrand factor; VWFpp, von Willebrand factor propeptide.
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as well. This study highlights the importance of incorporating CNV

analysis to genotype VWD type 1 and type 3 cases when no patho-

genic VWF variant has been identified. CNV analysis is not routinely

performed on patients with VWD; however, it can be an important

diagnostic tool.
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New Orleans, LA; MRagni, University of Pittsburgh, Pittsburgh, PA;
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Sadler, Washington University in St. Louis, St. Louis, MO.
FUNDING

This study was funded by a grant from the National Institutes of

Health National Heart, Lung, and Blood Institute for the Zimmerman

Program and multiple investigators (HL081588, HL112614, and

HL144457).
ETHICS STATEMENT

The Children’s Hospital of Wisconsin Institutional Review Board (IRB)

approved this study, and all patients and/or parents provided

informed consent.
AUTHOR CONTRIBUTIONS

B.S. wrote the manuscript. J.D.P., R.R.M., S.L.H., V.H.F., and P.A.C.

conceived the manuscript. B.S. and G.H. performed all statistical an-

alyses. D.B.B. and the Zimmerman Program Investigators collected

samples. L.A. advised analyses.
RELATIONSHIP DISCLOSURE

There are no competing interests to disclose.

TWITTER

Jorge Di Paola @DipaolaJorge
REFERENCES

[1] Goodeve AC. The genetic basis of von Willebrand disease. Blood Rev.

2010;24:123–34.

[2] Casonato A, Cattini MG, Barbon G, Daidone V, Pontara E. Severe,

recessive type 1 is a discrete form of von Willebrand disease: the

lesson learned from the c.1534-3C>A von Willebrand factor muta-

tion. Thromb Res. 2015;136:682–6.

[3] Desch KC, Ozel AB, Siemieniak D, Kalish Y, Shavit JA, Thornburg CD,

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;110:588–93.

[4] Laffan MA, Lester W, O’Donnell JS, Will A, Tait RC, Goodeve A, et al.

The diagnosis and management of von Willebrand disease: a United

Kingdom Haemophilia Centre Doctors Organization guideline

approved by the British Committee for Standards in Haematology. Br

J Haematol. 2014;167:453–65.

[5] Sadler JE. Slippery criteria for von Willebrand disease type 1.

J Thromb Haemost. 2004;2:1720–3.

[6] Sadler JE. Von Willebrand factor: two sides of a coin. J Thromb

Haemost. 2005;3:1702–9.

[7] Swystun LL, Lillicrap D. Genetic regulation of plasma von Willebrand

factor levels in health and disease. J Thromb Haemost.

2018;16:2375–90.

[8] James PD, Paterson AD, Notley C, Cameron C, Hegadorn C, Tinlin S,

et al. Genetic linkage and association analysis in type 1 von Wille-

brand disease: results from the Canadian type 1 VWD study.

J Thromb Haemost. 2006;4:783–92.

[9] Lavin M, Aguila S, Schneppenheim S, Dalton N, Jones KL,

O’Sullivan JM, et al. Novel insights into the clinical phenotype and

pathophysiology underlying low VWF levels. Blood. 2017;130:2344–

53.

[10] Sadler JE, Budde U, Eikenboom JC, Favaloro EJ, Hill FG, Holmberg L,

et al. Update on the pathophysiology and classification of von Wil-

lebrand disease: a report of the Subcommittee on von Willebrand

factor. J Thromb Haemost. 2006;4:2103–14.

[11] Manderstedt E, Lind-Halldén C, Lethagen S, Halldén C. Genetic

variation in the von Willebrand factor gene in Swedish von Wille-

brand disease patients. TH Open. 2018;2:e39–48.

[12] Cartwright A, Webster SJ, de Jong A, Dirven RJ, Bloomer LDS, Al-

Buhairan AM, et al. Characterization of large in-frame von Wille-

brand factor deletions highlights differing pathogenic mechanisms.

Blood Adv. 2020;4:2979–90.

[13] Bellissimo DB, Christopherson PA, Flood VH, Gill JC, Friedman KD,

Haberichter SL, et al. VWF mutations and new sequence variations

identified in healthy controls are more frequent in the African-

American population. Blood. 2012;119:2135–40.

[14] Askree SH, Chin EL, Bean LH, Coffee B, Tanner A, Hegde M.

Detection limit of intragenic deletions with targeted array compar-

ative genomic hybridization. BMC Genet. 2013;14:116.

[15] R Foundation for Statistical Computing. R: a language and environ-

ment for statistical computing; 2022. http://www.r-project.org/.

[accessed December 1, 2022].

[16] Veyradier A, Boisseau P, Fressinaud E, Caron C, Ternisien C,

Giraud M, et al. A laboratory phenotype/genotype correlation of

1167 French patients from 670 families with von Willebrand dis-

ease: a new epidemiologic picture. Medicine (Baltimore). 2016;95:

e3038.

[17] Yadegari H, Driesen J, Hass M, Budde U, Pavlova A, Oldenburg J.

Large deletions identified in patients with von Willebrand disease

using multiple ligation-dependent probe amplification. J Thromb

Haemost. 2011;9:1083–6.

[18] Yadegari H, Driesen J, Pavlova A, Biswas A, Hertfelder HJ,

Oldenburg J. Mutation distribution in the von Willebrand

factor gene related to the different von Willebrand disease (VWD)

https://twitter.com/DipaolaJorge
https://twitter.com/DipaolaJorge
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref1
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref1
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref2
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref2
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref2
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref2
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref2
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref3
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref3
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref3
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref3
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref4
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref4
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref4
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref4
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref4
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref5
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref5
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref6
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref6
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref7
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref7
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref7
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref8
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref8
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref8
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref8
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref9
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref9
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref9
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref9
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref10
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref10
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref10
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref10
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref11
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref11
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref11
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref11
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref11
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref12
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref12
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref12
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref12
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref13
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref13
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref13
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref13
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref14
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref14
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref14
http://www.r-project.org/
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref16
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref16
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref16
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref16
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref16
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref17
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref17
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref17
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref17
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref18
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref18
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref18


8 of 8 - SADLER ET AL.
types in a cohort of VWD patients. Thromb Haemost. 2012;108:662–

71.

[19] Sutherland MS, Cumming AM, Bowman M, Bolton-Maggs PH,

Bowen DJ, Collins PW, et al. A novel deletion mutation is recurrent

in von Willebrand disease types 1 and 3. Blood. 2009;114:1091–8.

[20] Baronciani L, Peake I, Schneppenheim R, Goodeve A,

Ahmadinejad M, Badiee Z, et al. Genotypes of European and Iranian

patients with type 3 von Willebrand disease enrolled in 3WINTERS-

IPS. Blood Adv. 2021;5:2987–3001.

[21] Christopherson PA, Haberichter SL, Flood VH, Perry CL, Sadler BE,

Bellissimo DB, et al. Molecular pathogenesis and heterogeneity in

type 3 VWD families in U.S. Zimmerman program. J Thromb Haemost.

2022;20:1576–88.

[22] Mohl A, Marschalek R, Masszi T, Nagy E, Obser T, Oyen F, et al. An

Alu-mediated novel large deletion is the most frequent cause of type
3 von Willebrand disease in Hungary. J Thromb Haemost.

2008;6:1729–35.

[23] Obser T, Ledford-Kraemer M, Oyen F, Brehm MA, Denis CV,

Marschalek R, et al. Identification and characterization of the elusive

mutation causing the historical von Willebrand disease type IIC

Miami. J Thromb Haemost. 2016;14:1725–35.

[24] Zhou YF, Eng ET, Zhu J, Lu C, Walz T, Springer TA. Sequence and

structure relationships within von Willebrand factor. Blood.

2012;120:449–58.

[25] Haberichter SL. Von Willebrand factor propeptide: biology and

clinical utility. Blood. 2015;126:1753–61.

[26] Lenting PJ, Westein E, Terraube V, Ribba AS, Huizinga EG, Meyer D,

et al. An experimental model to study the in vivo survival of von

Willebrand factor. Basic aspects and application to the R1205H

mutation. J Biol Chem. 2004;279:12102–9.

http://refhub.elsevier.com/S2475-0379(23)00492-2/sref18
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref18
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref19
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref19
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref19
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref20
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref20
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref20
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref20
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref21
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref21
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref21
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref21
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref22
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref22
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref22
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref22
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref23
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref23
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref23
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref23
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref24
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref24
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref24
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref25
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref25
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref26
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref26
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref26
http://refhub.elsevier.com/S2475-0379(23)00492-2/sref26

	Characterization of copy-number variants in a large cohort of patients with von Willebrand disease reveals a relationship b ...
	1. Introduction
	2. Methods
	2.1. Cohort description
	2.2. DNA sequencing
	2.3. CNV validation using custom aCGH
	2.4. Confirming and mapping breakpoints
	2.5. Statistical analysis of clinical phenotypes

	3. Results
	3.1. Type 1C
	3.2. Type 1
	3.3. Type 3
	3.4. Type 2A

	4. Discussion
	Appendix
	Funding
	Ethics statement
	Author contributions
	Relationship Disclosure
	References


