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Abstract

Background Treatment of the bleeding disorder von Willebrand disease (VWD) focuses on 

increasing von Willebrand factor (VWF) levels by administration of desmopressin or VWF-

containing concentrates. Both therapies leave the production of mutant VWF unhindered, 

which may have additional consequences, such as thrombocytopenia in patients with VWD 

type 2B, competition between mutant and normal VWF for platelet receptors, and the potential 

development of intestinal angiodysplasia. Most cases of VWD are caused by dominant negative 

mutations in VWF, and we hypothesize that diminishing expression of mutant VWF positively 

affects VWD phenotypes. Objectives To investigate allele-specific inhibition of VWF by applying 

small interfering RNAs (siRNAs) targeting common single-nucleotide polymorphisms (SNPs) 

in VWF. This approach allows allele-specific knockdown irrespective of the mutations causing 

VWD. Methods Four SNPs with a high predicted heterozygosity within VWF were selected, and 

siRNAs were designed against both alleles of the four SNPs. siRNA efficiency, allele specificity 

and siRNA-mediated phenotypic improvements were determined in VWF-expressing HEK293 

cells. Results Twelve siRNAs were able to efficiently inhibit single VWF alleles in HEK293 cells 

that stably produce VWF. Transient cotransfections of these siRNAs with two VWF alleles 

resulted in a clear preference for the targeted allele over the untargeted allele for 11 siRNAs. 

We also demonstrated siRNA-mediated phenotypic improvement of the VWF multimerization 

pattern of the VWD type 2A mutation VWF p.Cys2773Ser. Conclusions Allele-specific siRNAs 

are able to distinguish VWF alleles on the basis of one nucleotide variation, and are able to 

improve a severe multimerization defect caused by VWF p.Cys2773Ser. This holds promise for 

the therapeutic application of allele-specific siRNAs in dominant negative VWD.
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Introduction

von Willebrand disease (VWD) is the most common inherited bleeding disorder caused 

by defects in von Willebrand factor (VWF), a large multimeric glycoprotein produced by 

endothelial cells and megakaryocytes. VWF is an important hemostatic protein with two main 

functions: adhesion and aggregation of platelets at sites of vascular damage, and protection 

of coagulation factor VIII from degradation in the bloodstream.1 More than 90% of VWD cases 

are caused by dominant negative VWF mutations.2 These dominant negative mutations can 

lead to either quantitative (VWD type 1) or qualitative (VWD types 2A, B, and M) defects in 

secreted VWF.2,3

VWD mainly leads to mucocutaneous or postoperative bleeding, and patients are generally 

treated on demand upon a bleeding event.4 The mainstay of treatment is to increase circulating 

VWF levels by the administration of desmopressin (DDAVP) or VWF-containing concentrates.4

Administration of DDAVP is the primary choice of treatment, and induces the release of 

VWF from its endothelial storage organelles, the Weibel-Palade bodies.5 When DDAVP does 

not result in the secretion of VWF, or when the secreted VWF is non-functional, DDAVP may 

be ineffective. The release of mutant VWF may also result in adverse events such as the 

development of severe thrombocytopenia in patients with VWD type 2B, owing to spontaneous 

binding of mutant VWF to platelets. When DDAVP is ineffective or contraindicated, the 

preferred treatment is administration of VWF-containing concentrates.6,7 Although normal 

exogenous VWF is administered, endogenous mutant VWF is still being produced and secreted, 

which might interfere with normal hemostasis. Therefore, administration of VWF-containing 

concentrates may correct the VWF deficiency, but cannot prevent secondary, negative effects 

caused by mutant VWF.

We hypothesize that reducing mutant VWF production, while preserving the production 

of normal VWF, has a positive effect on VWF function and VWD phenotypes. We aim to use 

allele-specific small interfering RNAs (siRNAs) to inhibit mutant VWF alleles. The use of 

allele-specific siRNAs in VWD has been reported before by Casari et al., where siRNAs were 

designed against the breakpoint of the dominant negative partial VWF deletion p.Pro1127_

Cys1948delinsArg.8 This approach may be effective, however, it is only applicable to patients 

harboring this specific deletion. Therefore, we choose an approach whereby siRNAs are 

designed against common single-nucleotide polymorphisms (SNPs) in VWF. When a patient 

is heterozygous for the specific SNP, one can target the SNP that is located on the same allele 

as the dominant negative VWF mutation causing VWD. The full complementarity of the siRNA 

with the targeted heterozygous VWF SNP allele will lead to siRNA-mediated degradation of 

the dominant negative VWF allele. The mismatch of the same siRNA with the other SNP allele 

is thought to maintain expression of the normal VWF allele (Fig. S1A). An approach in which 

siRNAs are designed against dominant negative mutations may be more straightforward, but 
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will not be feasible in a therapeutic perspective, because the existence of hundreds of VWD-

related mutations.9 Discrimination of VWF alleles by SNPs requires only a small set of SNPs 

with a high minor allele frequency (MAF) to cover a large group of patients with a wide range 

of VWF mutations.

In this study, we show the proof of principle of siRNA-mediated SNP-based allele-specific 

inhibition of VWF. We demonstrate that it is feasible to discriminate with siRNAs between 

two VWF alleles differing by only one nucleotide, and that this discrimination leads to a clear 

improvement of a dominant negative multimerization defect caused by VWF p.Cys2773Ser.

Methods

Plasmid expression vectors

Recombinant pcDNA3.1/Zeo (+) containing full-length human VWF (hVWF) cDNA was used 

and modified in this study. pcDNA3.1/Zeo (+) hVWF contained a VWF allele with the following 

nucleotides at the SNP positions: c.1451G (rs1800378), c.2365A (rs1063856), c.2385T 

(rs1063857), and c.2880G (rs1800380). Five new hVWF plasmids were generated to create 

opposite VWF alleles (c.1451A, c.2365G, c.2385C, c.2880A, and c.2365G/c.2880A). Both these 

nucleotide variations and VWF p.Cys2773Ser (c.8318C) were introduced into pcDNA3.1/Zeo 

(+) hVWF by use of the Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, 

USA). HA and MYC peptide tags were used to distinguish VWF alleles at the protein level and at 

the mRNA level, and introduced at the C-terminal end of VWF by use of the Q5 Site-Directed 

Mutagenesis Kit. Tables S1 and S2 show an overview of the generated constructs. Primers for 

the substitutions and insertions were designed with NEBaseChanger (New England Biolabs). 

Plasmids were purified with the PureYield Plasmid Maxiprep system (Promega, Madison, WI, 

USA), and correctness of the sequences was verified by Sanger sequencing (BaseClear, Leiden, 

the Netherlands).

SNP selection and siRNA design and synthesis

Four SNPs with a high MAF in the Caucasian population were selected from the 1000 Genomes 

Project.10 On the basis of provided sequences, two or three siRNA oligonucleotides with the 

highest predicted efficiency and allele specificity were designed for both alleles of the four 

SNPs (Ambion, Life Technologies Europe BV, Bleiswijk, the Netherlands). Custom Silencer 

were synthesized by Life Technologies (Ambion, Life Technologies Europe BV). Ambion 

Silencer Select Negative Control siRNA was used as a negative control (siNEG).
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Cell culture and transfection

Human embryonic kidney 293 (HEK293) cells (ATCC, Rockville, MD, USA) were cultured in 

10% fetal bovine serum (GIBCO, Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine (Sigma-

were generated by transfection of hVWF plasmids with FuGENE HD transfection reagent 

(Promega). Cells stably producing VWF were selected by the use of Zeocin Selection Reagent 

(Life Technologies Europe BV).

For transient transfections, 100,000 cells were seeded on poly-D-lysine (5 mg/mL; Sigma-

Aldrich) coated wells of 24 wells plates to reach 50-60% confluence the next day. Cells were 

transfected with plasmids and/or siRNA by the use of Lipofectamine 2000 Transfection 

Reagent (Thermo Fisher Scientific, Carlsbad, CA, USA). Each transfection was performed with 

medium and cell lysates were harvested 48 hours after transfection, when siRNAs were 

transfected into cells stably producing VWF, and 72 hours after transfection, when siRNA 

and VWF plasmids were cotransfected into transiently transfected cells. Cell lysates were 

(Promega) supplemented with cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich).

VWF antigen (VWF:Ag), VWF-HA and VWF-MYC protein levels in conditioned medium and 

cell lysates were measured by ELISA. For VWF:Ag measurements, ELISA plates (Greiner, 

Frickenhausen, Germany) were coated overnight with polyclonal antibody rabbit anti-

hVWF (A0082; Dako, Glostrup, Denmark) diluted in coating buffer (100 mM bicarbonate, 500 

mM NaCl, pH 9.0). Samples were diluted in wash buffer (50 mM triethanolamine, 100 mM NaCl, 

10 mM EDTA, 0.1% Tween-20), and incubated for 2 hours. Polyclonal antibody rabbit anti-

hVWF coupled to horseradish peroxidase (HRP) (P0226; Dako) was used as the detecting 

antibody, and diluted in wash buffer. Wells were incubated with secondary antibody for 2 

hours. O-phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich) was used as substrate, 

and one tablet of OPD was dissolved in 24 mL of substrate buffer (22 mM citric acid, 51 

2
O

2
. Wells were incubated with substrate solution, 

and the reaction was terminated by the addition of 2 M H
2
SO

4
 after 15 minutes. Normal pooled 

plasma (NPP) was used as the reference.

To quantify VWF-HA protein levels, ELISA plates were coated overnight with a monoclonal 

antibody against hVWF (CLB-RAg35; Sanquin, Amsterdam, the Netherlands).11 Plates were 

Thesis submitted to Ridderprint (na proofs).indd   77 23-2-2020   16:12:52



Chapter 478

blocked for 30 minutes in blocking buffer (phosphate-buffered saline [PBS], 3% bovine 

serum albumin, and 0.1% Tween-20). Samples were diluted in blocking buffer, and wells 

were incubated with diluted sample for 1.5 hour. Wells were incubated with rabbit anti-HA 

monoclonal antibody (Cell Signaling, Leiden, the Netherlands) diluted in blocking buffer for 

1.5 hour. Goat anti-rabbit IgG (H+L)-HRP (Bio-Rad, Veenendaal, the Netherlands) diluted in 

blocking buffer was used as secondary antibody, and wells were incubated with secondary 

antibody for 1 hour. OPD conversion was performed as described above. Purified recombinant 

VWF-HA was used as the reference and normalized to VWF:Ag levels in NPP.

To quantify VWF-MYC protein levels, ELISA plates were coated overnight with rabbit anti-

hVWF polyclonal antibody (Dako). Samples were diluted in blocking buffer, and plates 

were incubated with diluted sample for 2 hours. Wells were incubated with the secondary 

polyclonal antibody rabbit anti-c-Myc-tag-HRP (GenScript, Piscataway, NJ, USA) for 2 hours. 

OPD conversion was performed as described above, and the reaction was terminated after 

10 minutes by the addition of 2 M H
2
SO

4
. Purified recombinant VWF-MYC was used as the 

reference, and normalized to VWF:Ag levels in NPP.

RNA was generated from cell lysates harvested 72 hours after transfection by use of the 

RNeasy Micro Kit (Qiagen, Hilden, Germany). Plasmid and genomic DNA was removed with 

the TURBO DNA-free kit (Invitrogen). Complementary DNA was synthesized by the use of 

SuperScript II Reverse Transcriptase (Thermo Fisher Scientific) with poly(T) primers (Sigma-

Aldrich). Quantitative PCR (qPCR) was performed with Sybr Select Master Mix (Thermo Fisher 

Scientific) in the ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). Allele-specific 

qPCR primers amplifying the MYC or HA nucleotide sequence were used to distinguish the 

two VWF alleles. The glyceraldehyde-3-phosphate dehydrogenase gene was used as the 

endogenous reference gene, and analyzed within the same qPCR run. The comparative Ct 

method was used for analysis, with complementary DNA of HEK293 cells transfected with the 

two VWF alleles and siNEG being used as the control.12

72 hours after transfection, HEK293 cells were fixed with 4% paraformaldehyde (Alfa Aesar, 

Karlsruhe, Germany) for 20 minutes. Cells were rinsed in PBS, and blocked and permeabilized 

for 20 minutes in blocking buffer (PBS, 5% normal goat serum [Dako]; 0.02% saponin [Sigma-

Aldrich]). Primary antibodies (rabbit anti-HA and mouse anti-MYC; Cell Signaling) were 

diluted in blocking buffer, and cells were incubated with primary antibody for 45 minutes. 

Cells were incubated for 30 minutes with the secondary antibodies goat anti-rabbit IgG (H+L) 

Thesis submitted to Ridderprint (na proofs).indd   78 23-2-2020   16:12:52



Correction of VWD in HEK293 cells 79

4

AF488 and goat anti-mouse IgG (H+L) AF594 (Thermo Fisher Scientific) diluted in blocking 

buffer. Coverslips were mounted by the use of ProLong Diamond Antifade Mountant (Thermo 

Fisher Scientific), and cells were visualized with a Leica TCS SP8 upright confocal microscope 

equipped with a 63x/1.40 numerical aperture Plan Apo oil immersion objective.

VWF multimer analysis

Conditioned medium was collected 48 hours after refreshment of the medium and 72 hours 

after transfection. Conditioned medium samples were separated under non-reducing 

conditions on a 1.5% SeaKem HGT(P) agarose (Lonza, Rockland, ME, USA) separation gel 

containing 0.4% SDS, and visualized by western blotting with rabbit anti-hVWF polyclonal 

antibody (A0082; Dako) as described previously.13 Densitometry images were generated 

with imageJ 1.51h (National Institutes of Health, Bethesda, MD, USA) to quantify high and 

intermediate molecular weight multimers. Densitometry images were divided into the five 

smallest bands and the rest (intermediate and large bands). First, the VWF large multimer 

ratio was determined by dividing the area of intermediate and large VWF multimers over the 

total area (Fig. S2). Then, the VWF large multimer index was calculated by dividing the VWF 

large multimer ratio of cells cotransfected with mutant and normal VWF with or without siRNA 

treatment by the VWF large multimer ratio of control cells (Fig. S2). This is a modified version 

of the VWF large multimer index described by Tamura et al.14 We divided densitometry images 

into two instead of three segments because less high molecular weight VWF is produced in in 
vitro cell systems.

Statistics

GraphPad prism version 7.00 (GraphPad Software, La Jolla, CA, USA) was used for graphics 

and statistical analyses. Error bars in the histograms represent one standard deviation. A 

two-tailed Mann-Whitney U-test was used to check for significance in siRNA allele specificity. 

For all statistical analyses, significance was set at P < 0.05.

Results

SNP selection
A set of four SNPs with a high MAF in the coding region of VWF was selected from the 1000 

Genomes Project.10 These SNPs include rs1800378 (c.1451G|A), rs1063856 (c.2365A|G), 

rs1063857 (c.2385T|C), and rs1800380 (c.2880G|A) (Table 1). rs1800378 results in a non-

synonymous substitution (p.His484Arg) and has a MAF of 0.35 in the Caucasian population. 

rs1063856 also results in a non-synonymous substitution (p.Thr789Ala), and is in linkage 
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disequilibrium with rs1063857, which results in a synonymous substitution (p.Tyr795=). Both 

SNPs have a MAF of 0.37 in the Caucasian population. rs1800380 results in a synonymous 

substitution (p.Arg960=) and has a MAF of 0.26 in the Caucasian population. By counting the 

Caucasian individuals included in 1000 Genomes (N = 503) who are heterozygous for at least 

one of the four selected SNPs, we determined that 74% of this population are heterozygous for 

at least one of these SNPs (Table 1).10

Table 1. Single-nucleotide polymorphism (SNP) information in Caucasian population

SNP cDNA location in VWF Minor allele MAF* % heterozygous

rs1800378 c.1451G|A A 0.35 45.3

rs1063856 c.2365A|G G 0.37 46.5

rs1063857 c.2385T|C C 0.37 46.5

rs1800380 c.2880G|A A 0.26 38.1

All 4 SNPs, at least one 
heterozygous 74.0

* Based on 1000 Genomes.10 MAF, minor allele frequency; VWF, von Willebrand factor

Two or three siRNAs per VWF allele were screened for their efficiency and allele specificity by 

siRNA transfections in HEK293 cells stably producing VWF generated for all eight VWF alleles 

(Fig. S1B; Table S1). Specific inhibition and non-specific inhibition were determined by VWF:Ag 

measurements in conditioned medium and cell lysates after transfection of each siRNA in cells 

expressing the targeted or untargeted VWF allele, respectively. We selected at least one siRNA 

per SNP allele according to their efficiency in inhibiting VWF and their ability to distinguish 

between the two VWF alleles (Fig. 1). These siRNAs included: si1451G-1, si1451G-2, si1451A-2, 

si1451A-3, si2365A-1, si2365G-2, si2385T-1 si2385T-2, si2385C-2, si2880G-3, si2880A-2 and 

si2880A-3. Although si2365G-2 did not efficiently inhibit the production of VWF, it was the 

most effective siRNA for this target and was therefore not excluded from further analyses.

In the normal human situation, two VWF alleles are coexpressed in the same cell. Competition 

between the two alleles might improve the allele specificity of the siRNAs. By using a 

coexpression system in which two VWF plasmids containing either a MYC or an HA peptide tag 

were cotransfected into HEK293 cells, we were able to distinguish and quantify the expression 

of the two respective VWF alleles. Although the peptide tags are located at the C-terminal 

end of VWF, they did not interfere with dimerization and multimerization of VWF (Fig. S3A). 

Staining of HEK293 cells cotransfected with two VWF plasmids showed coexpression of both 

conjugated proteins in most cells, confirming real coexpression in the system (Fig. S3B).
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Figure 1. Allele-specific inhibition of von Willebrand factor (VWF) in human embryonic kidney 293 

(HEK293) cells stably producing VWF. Normalized total VWF antigen (VWF:Ag) levels measured by ELISA in 
conditioned medium and cell lysates of HEK293 cells stably producing VWF transfected with allele-specific 
small interfering RNAs (siRNAs). Allele-specific siRNAs were transfected into HEK293 cells stably expressing 
either of the VWF alleles (Fig. S1B). Transfections were performed at siRNA concentrations of 1 nM and 5 nM, 
and the VWF:Ag levels measured by ELISA were normalized to the VWF:Ag levels measured in cells transfected 
with a negative control siRNA. Shown is the mean + one standard deviation of the compiled results of three 
independent experiments performed in duplicate (N = 6). Mann-Whitney (targeted versus untargeted allele), *P 
< 0.05, **P < 0.01.
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Two VWF plasmids containing either of the VWF alleles were cotransfected with the 12 most 

potent siRNAs into HEK293 cells (Fig. S1C). The MYC peptide tag was incorporated in the plasmid 

containing the VWF allele: c.1451G, c.2365A, c.2385T, and c.2880G. The HA peptide tag was 

incorporated in plasmids containing the opposite VWF SNP alleles (Table S1). Coexpression of 

the siRNA with the two alleles of a SNP clearly led to increased efficiency and allele specificity 

for all siRNAs, except for si2385T-1, as compared with siRNA transfections in cells stably 

producing VWF (Figs 2A and S4). This was observed both at the protein level in conditioned 

medium and in cell lysates (Fig. 2A). Efficient and allele-specific inhibition was observed 

in a dose-dependent manner at all tested siRNA concentrations, with even upregulation of 

the untargeted allele being observed at the lowest siRNA concentrations (Fig. S4). These 

results were obtained reproducibly in two independent experiments. The optimal siRNA 

concentration was determined according to the lowest percentage of the targeted allele in the 

total sample, and was found to be 10 nM for si1451A-2, si1451A-3, and si2880A-2, and 5 nM for 

all other siRNAs (Fig. 2). The effect on mRNA level was determined for the 11 most effective 

siRNAs in a third independent experiment (Fig. 2B). We observed efficient inhibition of the 

targeted allele at the mRNA level, although with a lower degree of allele specificity than at 

the protein level measured in conditioned medium in the same experiment, with the relative 

mRNA expression of the targeted allele being approximately half that of the untargeted allele 

for most siRNAs (Fig. 2B).

Eleven siRNAs proved to be highly efficient and allele-specific, and a remaining fraction 

of only 5% of the targeted allele in the whole sample was observed for the most optimal 

siRNA (data not shown). The presence of these low levels of targeted allele would predict a 

phenotype improvement in the presence of a dominant negative mutation. We selected a 

previously characterized VWD type 2A mutation, VWF p.Cys2773Ser, as a model mutation with 

which to study this hypothesis.15 VWF plasmids containing all possible SNP alleles and VWF 

p.Cys2773Ser were generated to test this hypothesis (Table S2).

Transfection of normal VWF only into HEK293 cells leads to a VWF multimer pattern with a 

full range of VWF multimers (Fig. 3A, first lane). Cotransfection of normal VWF with increasing 

concentrations of VWF p.Cys2773Ser resulted in a progressively abnormal multimer pattern, 

with only monomers and dimers being present when only VWF p.Cys2773Ser was transfected 

(Fig. 3A, last lane).15 The heterozygous state of the patient is mimicked by the cotransfection 

of equal amounts of normal and mutant VWF p.Cys2773Ser (Fig. 3A, middle lane). The 

heterozygous multimer pattern of the cotransfection of equal amounts of mutant and normal 

VWF (for set-up, see Fig. S1D) was improved towards a normal pattern by most siRNAs (Fig. 3B). 

The VWF large multimer index was calculated to quantify the increase in the amount of high 

molecular weight VWF (Table 2). 
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Figure 2. Allele-specific inhibition of von Willebrand factor (VWF) in cotransfected human embryonic 

kidney 293 (HEK293) cells. HEK293 cells were cotransfected with VWF-HA, VWF-MYC and allele-specific small 
interfering RNAs (siRNAs) at the optimal siRNA concentration, determined by the percentage of targeted allele in 
the whole sample. The optimal siRNA concentrations were determined to be 10 nM for si1451A-2, si1451A-3, and 
si2880A-2, and 5 nM for all other siRNAs. The untargeted and targeted alleles could be either VWF-HA or VWF-
MYC, depending on the VWF allele (Table S1). VWF-HA and VWF-MYC protein and mRNA levels were normalized 
to the VWF-HA and VWF-MYC protein and mRNA levels measured in HEK293 cells cotransfected with the two VWF
alleles and a negative control siRNA (Fig. S1C). (A) Normalized VWF-HA and VWF-MYC protein levels measured by 
ELISA in conditioned medium and cell lysates. Shown is the mean + one standard deviation (SD) of the compiled 
results of two independent experiments performed in duplicate (N = 4). (B) Normalized VWF-HA and VWF-MYC 
protein levels measured by ELISA in conditioned medium and, from the same experiment, the corresponding 
normalized VWF-HA and VWF-MYC mRNA levels determined by quantitative PCR on cDNA samples. Shown is 
the mean + 1 SD of the compiled results of one independent experiment performed in duplicate (N = 2). Mann-
Whitney (targeted versus untargeted allele), *P < 0.05.
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Cotransfection of normal and mutant VWF into HEK293 cells resulted in a large multimer index 

of 50.1% ± 4.5% as compared with cells transfected with only normal VWF (100%). Increases 

in the large multimer index were observed for most siRNAs, but were highest for cells treated 

with si1451G-2 and si2880G-3, at 82.8% and 85.3%, respectively (Table 2). Combining siRNAs 

to target different SNPs simultaneously could potentially increase the effect. A combination 

of two siRNAs targeting either c.2365A and c.2880G or c.2365G and c.2880A did not result 

in further improvement in multimerization patterns, and nor did the patterns deteriorate 

(Fig. 3C).

Table 2. VWF large multimer index calculated on densitometry images of multimer analysis

VWF large multimer index (%)

Normal 100

Normal + mutant 50.1 ± 4.5

Normal + mutant + si1451G-1 70.9

Normal + mutant + si1451G-2 82.8

Normal + mutant + si1451A-2 71.2

Normal + mutant + si1451A-3 66.8

Normal + mutant + si2365A-1 58.8

Normal + mutant + si2365G-2 48.4

Normal + mutant + si2385T-2 75.5

Normal + mutant + si2385C-2 70.9

Normal + mutant + si2880G-3 85.3

Normal + mutant + si2880A-2 59.8

Normal + mutant + si2880A-3 79.5

si1451G-1, indicates ‘small interfering RNA 1 against VWF c.1451G’, all siRNAs are indicated according to this 
principle; VWF, von Willebrand factor
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Figure 3. Improvement of a multimerization defect by allele-specific small interfering RNAs (siRNAs). 
von Willebrand factor (VWF) multimer analysis was performed on conditioned medium of human embryonic 
kidney 293 (HEK293) cells cotransfected with normal VWF and mutant (p.Cys2773Ser) VWF plasmids. Shown 
are conditioned medium samples 72 hours after transfection and 48 hours after refreshment of the medium, 
loaded on a 1.5% SDS-agarose gel. (A) HEK293 cells were transfected with different concentrations of normal 
and/or mutant VWF plasmids. Increasing concentrations of mutant VWF resulted in a severe dimerization and 
multimerization defect.15 (B) HEK293 cells were transfected with only normal VWF or with normal and mutant 
VWF in a 1:1 ratio. Allele-specific siRNAs were transfected into HEK293 cells cotransfected with normal and 
mutant VWF (Fig. S1D). Addition of allele-specific siRNAs resulted in clear improvement of the VWF multimer 
patterns for several siRNAs. (C) HEK293 cells were transfected with only normal VWF or with normal and mutant 
VWF in a 1:1 ratio. A single siRNA or a combination of two siRNAs with different targets was transfected into 
HEK293 cells cotransfected with normal and mutant VWF. A combination of two siRNAs targeting c.2365A and 
c.2880G or c.2365G and c.2880A did not clearly improve the multimerization pattern as compared with single 
siRNA transfections. A slight improvement in allele-specific inhibition at the protein level was observed with 
combined targeting of c.2365A and c.2880G as compared with targeting of only c.2365A. This was not observed 
when siRNAs with the targets c.2365G and c.2880A were combined.
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Discussion

In this study, we selected a set of allele-specific siRNAs with the in vitro ability to mediate 

allele-specific inhibition of VWF. Inhibition of mutant VWF production, while preserving the 

production of normal VWF, improved the multimerization pattern of the dominant negative 

VWF mutation p.Cys2773Ser. This approach could improve several phenotypes caused by 

dominant negative VWF mutations, which are present in > 90% of the VWD population.2

Various studies have proven that siRNAs, microRNAs, antisense oligonucleotides and 

CRISPR-Cas9 can discriminate two alleles on the basis of one nucleotide variation.16-22 This 

discrimination could be based on the dominant negative mutation itself, or on a SNP located 

on the same allele as the dominant negative mutation. For this study, we chose to use allele-

specific siRNAs that target frequent SNPs in VWF. siRNAs were chosen to prove the feasibility of 

allele-specific inhibition in VWD, and because of their safe temporary effects. By the selection 

of four SNPs with a high MAF in VWF, it is possible to design a treatment applicable to a major 

part of the Caucasian population, as 74% will be heterozygous for at least one of these four 

SNPs. By increasing the number of SNPs, the population coverage can even be increased up 

to 93% (data not shown). A much larger number of siRNAs would be required to target each 

individual VWF mutation.

The proof of principle of allele-specific inhibition of VWF was tested by overexpression 

of VWF alleles in HEK293 cells. Two methods were used to screen for effective siRNAs. First, 

siRNAs were transfected into HEK293 cells stably producing VWF. This setting resembles a 

normal situation, in which there is continuous production of VWF. Using this experimental set-

up, we selected at least one effective siRNA per SNP allele. However, the ratio of the targeted 

and untargeted allele was not yet optimal. We reasoned that discrimination between the 

two VWF alleles present in the heterozygous situation, as in patients, might improve allelic 

discrimination by siRNAs. To mimic the coexistence of two VWF alleles in one cell, we performed 

cotransfections of two VWF alleles and an siRNA targeting one of the two alleles in HEK293 

cells. This did indeed lead to an increase in specificity of the siRNAs for the targeted allele. The 

increase in allele specificity suggests that competition between two alleles leads to preference 

of the siRNA for its specific target. Remarkably, we observed at the protein level, but not at 

the mRNA level, upregulation of the untargeted VWF allele for most siRNAs at the lowest siRNA 

concentrations (Figs S4 and 2B). This might have been caused by transfection of an excess of 

plasmids, which may lead to a maximum production capacity of the translational machinery. 

siRNA-mediated inhibition of the targeted allele may then provide greater access of the 

translational machinery to the untargeted allele, and enhance translation of the untargeted 

allele. An increase in the siRNA concentration would inhibit this process by increasing non-

specific binding of the siRNA to the untargeted allele. Whether this upregulation also occurs 

in cells endogenously producing VWF could be studied in blood outgrowth endothelial cells 

(BOECs).23 As BOECs are primary cells, they differ from heterologous cell systems in the 
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processing and maturation of pre-mRNA. Although siRNAs bind and process mature mRNA 

in the cytoplasm, differences in mRNA modifications between primary and heterologous cell 

systems should be kept in mind. We and others have shown the feasibility of isolating BOECs 

from VWD patients.24-27 Genotyping patients and family members for the patients’ mutation 

and the four selected SNPs will identify which SNPs the patient is heterozygous for, and which 

of the two SNP alleles is linked to the dominant negative mutation.

In this study, we investigated the effect of the most potent siRNAs on VWF p.Cys2773Ser, a fully 

characterized dominant negative mutation causing defective intracellular multimerization.15

Cotransfection of normal VWF and VWF p.Cys2773Ser into HEK293 cells did indeed lead to a 

severe multimerization defect and a decrease in the amount of high molecular weight VWF. The 

addition of the most potent siRNAs resulted, for almost all siRNAs, in clear improvements in 

VWF multimerization. The multimer pattern could not be further improved by the simultaneous 

transfection of two siRNAs with different targets (Fig. 3C). Inhibition of mutant VWF as therapy 

for VWD is especially beneficial for VWD patients in whom the unhindered production of 

mutant VWF has detrimental effects that are not prevented by current therapies. The most 

clear example is the development of thrombocytopenia in VWD type 2B patients, which is 

often provoked by stress responses during surgery or pregnancy.28,29 However, apart from 

those patients with a clear unmet clinical need, inhibition of mutant VWF might also benefit 

patients with other VWD phenotypes, e.g. patients with a very fast clearance rate or a severe 

secretion defect caused by intracellular retention. In those cases, inhibition of the mutant 

allele will increase circulating levels of normal VWF. Furthermore, recent findings suggest a 

role for VWF in angiogenesis, i.e. the formation of new blood vessels from existing vessels.30,31

The negative regulation of VWF on the process of angiogenesis potentially results in increased 

blood vessel formation, and may lead to intestinal angiodysplasia and intractable intestinal 

bleeding in VWD patients.32,33 As VWF is thought to have an intracellular and extracellular 

signaling function in the process of angiogenesis, mutant VWF itself may be responsible for 

maintaining the aberrant angiogenesis.31,32 Inhibiting mutant VWF expression may attenuate 

all of these effects, and at the same time increase circulating levels of normal VWF.

Allele-specific siRNAs could be used in a prophylactic setting, either to prevent spontaneous 

bleeding or prior to scheduled interventions, or they could convert a DDAVP-unresponsive 

patient into a DDAVP-responsive patient. The exact application of allele-specific inhibition 

of VWF will depend, among other things, on the patient’s phenotype and the duration of siRNA 

inhibition in vivo. In vivo use of siRNAs requires a delivery vehicle. Until now, delivery of siRNAs 

has been mainly focused on targeting the liver.34,35 Recently, delivery vehicles targeting the 

endothelium have also shown positive results regarding inhibition of several endothelial 

genes.36,37 These results are promising regarding the possibility of endothelium-targeted 

siRNA therapies for VWD.
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Altogether, the recent developments in the field of siRNA delivery, the ability of the designed 

siRNAs to inhibit VWF in an allele-specific manner and the ability of these siRNAs to improve 

a severe VWD phenotype hold promise for the use of allele-specific siRNAs as therapy for 

dominant negative VWD.
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Figure S1. Schematic representation of the hypothesis and experimental setup. (A) siRNAs designed to 
target a heterozygous SNP (in this example an adenine, green) located on the same allele as the dominant-
negative mutation (in this example a guanine, red) are expected to inhibit expression of the mutant VWF 
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allele. The mismatch of the same siRNA with the other allele of the SNP (in this example a cytosine, green) is 
hypothesized to render the siRNA ineffective and therefore lead to normal mRNA translation. (B) Experimental 
setup of siRNA transfections to stable VWF producing HEK293 cells. siRNAs and siNEG were transfected to cells 
stably expressing the targeted VWF allele and to cells stably expressing the untargeted allele. Relative VWF 
expression was determined by dividing the VWF:Ag levels measured in conditioned medium and lysates of cells 
transfected with a specific siRNA (in this example si1451G) to cells transfected with siNEG. (C) Experimental 
setup of HEK293 cells cotransfected with siRNAs and two VWF alleles. siRNAs were transiently cotransfected 
to HEK293 cells with two VWF alleles containing either an HA or MYC peptide tag. Relative VWF expression of 
both alleles is determined by dividing the VWF-HA or VWF-MYC protein or mRNA levels measured in conditioned 
medium and lysates of cells transfected with a specific siRNA (in this example si1451G) to cells transfected 
with siNEG. (D) Experimental setup of HEK293 cells cotransfected with siRNA and two VWF alleles, of which 
the VWF-HA allele also contained the VWF p.Cys2773Ser mutation. Improvements in multimerization were 
determined by multimer analysis. VWF, von Willebrand factor; SNP, single-nucleotide polymorphism; siRNA, 
small interfering RNA; mRNA, messenger RNA; si1451G, indicates ‘small interfering RNA against VWF c.1451G’

Figure S2
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Figure S2. Calculation of the VWF large multimer index. Densitometry images are divided in the five smallest 
(S) bands and the rest (intermediate and large bands (M+L)). The VWF large multimer ratio is calculated for 
each densitometry image by dividing the area of intermediate and large VWF multimers (M+L) over the total 
area (M+L+S). The VWF large multimer index is calculated by dividing the VWF large multimer ratio of cells 
cotransfected with normal and mutant VWF (with or without siRNA treatment) over the VWF large multimer 
ratio of cells transfected with normal VWF only. VWF, von Willebrand factor; S, small multimers; M, intermediate 
multimers; L, large multimers

Thesis submitted to Ridderprint (na proofs).indd   93 23-2-2020   16:12:58



Chapter 494

Figure S3
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Figure S3. Effect of HA and MYC peptide tags on VWF processing and transfection. (A) VWF multimer 
analysis on conditioned medium of HEK293 cells transfected with VWF-HA, VWF-MYC or normal VWF plasmids. 
Shown are conditioned medium samples 72 hours after transfection and 48 hours after refreshing the medium, 
loaded on a 1.5% SDS-agarose gel. All three samples in the picture were run on the same gel. (B) Representative 
images of immunofluorescent staining of HEK293 cells cotransfected with VWF-HA (green) and VWF-MYC (red) 
plasmids. Most cells stain both VWF-HA and VWF-MYC, indicating a true coexpressing system. Bar represents 

immersion objective. VWF, von Willebrand factor
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Figure S4
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Figure S4. Dose response of allele-specific siRNAs cotransfected with two VWF alleles into HEK293 cells. 

Normalized VWF-HA and VWF-MYC protein levels measured by ELISA in (A) conditioned medium and (B) cell 
lysates of HEK293 cells cotransfected with VWF-HA, VWF-MYC and allele-specific siRNAs at five different 
concentrations to determine the dose-response. The untargeted and targeted allele could either be VWF-HA 
or VWF-MYC, depending on the VWF allele (Table S1). VWF-HA and VWF-MYC protein levels were normalized 
to the VWF-HA and VWF-MYC protein levels measured in HEK293 cells cotransfected with the two VWF alleles 
and siNEG. Shown are the mean + 1 SD of the compiled results of two independent experiments performed in 
duplicate (N = 4). si1451G-1, indicates ‘small interfering RNA-1 against VWF c.1451G’, all siRNAs are indicated 
according to this principle; siRNA, small interfering RNA; VWF, von Willebrand factor; nM, nanomolar
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Table S1. VWF plasmids used to determine efficiency and degree of allele-specificity in stable VWF producing 
HEK293 cells and transiently cotransfected HEK293 cells

rs1800378 rs1063856 rs1063857 rs1800380
Used for:

pcDNA™3.1/Zeo (+) c.1451G|A c.2365A|G c.2385T|C c.2880G|A

hVWF-HA G A T G Stable cell line

hVWF-MYC G A T G Cotransfection

hVWF-HA-1451A A A T G Stable cell line/cotransfection

hVWF-HA-2365G G G T G Stable cell line/cotransfection

hVWF-HA-2385C G A C G Stable cell line/cotransfection

hVWF-HA-2880A G A T A Stable cell line/cotransfection

VWF, von Willebrand factor

Table S2. VWF plasmids used for allele-specific inhibition of hVWF p.Cys2773Ser

rs1800378 rs1063856 rs1063857 rs1800380 p.Cys2773Ser

pcDNA™3.1/Zeo (+) c.1451G|A c.2365A|G c.2385T|C c.2880G|A c.8318G|C

To target 
c.1451G

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-1451A A A T G G

To target 
c.1451A

hVWF-HA-1451A-Cys2773Ser A A T G C

hVWF-MYC G A T G G

To target 
c.2365A

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2365G G G T G G

To target 
c.2365G

hVWF-HA-2365G-Cys2773Ser G G T G C

hVWF-MYC G A T G G

To target 
c.2385T

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2385C G A C G G

To target 
c.2385C

hVWF-HA-2385C-Cys2773Ser G A C G C

hVWF-MYC G A T G G

To target 
c.2880G

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2880A G A T A G

To target 
c.2880A

hVWF-HA-2880A-Cys2773Ser G A T A C

hVWF-MYC G A T G G

To target 
c.2365A and 
c.2880G

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2365G/2880A G G T A G

To target 
c.2365G 
and c.2880A

hVWF-HA-2365G/2880A-
Cys2773Ser

G G T A C

hVWF-MYC G A T G G

VWF, von Willebrand factor
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