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Abstract

Background: von Willebrand disease (VWD) is the most common inherited bleeding

disorder caused by quantitative or qualitative defects in von Willebrand factor (VWF).

The p.M771V VWF variant leads to a severe bleeding phenotype in homozygous pa-

tients. However, the exact molecular mechanism remains unclear, which prevents

personalized treatment of those VWD patients.

Objectives: This study aimed to characterize the underlying molecular mechanisms of

the p.M771V variant in multiple representative ex vivo cell models.

Methods: Endothelial colony-forming cells (ECFCs) were isolated from venous blood of

VWD patients from the Willebrand in the Netherlands cohort carrying homozygous

and heterozygous p.M771V VWF variants. The p.M771V variant was also introduced in

cord blood-derived ECFCs (CB-ECFCs) through adenine base editing and was over-

expressed in HEK293 cells. Biosynthesis, storage, and secretion of VWF was studied

using biochemical methods and confocal microscopy.

Results: Two unrelated homozygous p.M771V patients presented with very low VWF

activity and antigen levels in plasma. Patient ECFCs showed impaired uncleaved VWF

processing into mature VWF, with secreted VWF being severely reduced when

compared to ECFCs of healthy donors. Multimer analysis of p.M771V ECFCs showed a

deficiency of high molecular weight VWF multimers. Immunofluorescent staining

revealed VWF retention in the endoplasmic reticulum; this was confirmed in various

populations of base-edited CB-ECFCs harboring the p.M771V variant.

Conclusion: The severe endothelial phenotype observed in patient-derived p.M771V

ECFCs, HEK293 cells, and an original base-edited CB-ECFC modeling system show that
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members of the European Reference

Network on Rare Hematological Diseases

(ERN-EuroBloodNet).
endoplasmic reticulum retention of VWF and failure to undergo subsequent proteolytic

processing underpins the severe bleeding phenotype of patients with homozygous

variants at M771.

K E YWORD S

endothelial cells, gene editing, von Willebrand disease, von Willebrand factor, Weibel-Palade

bodies
1 | INTRODUCTION

von Willebrand factor (VWF) is a multimeric protein circulating in the

bloodstream that plays a fundamental role in primary hemostasis. The

primary role of VWF is to tether platelets by catch bond-dependent

interactions with glycoprotein Ib on platelets from circulating blood

at sites of vascular injury [1]. In addition, VWF serves as a chaperone

for factor VIII (FVIII), protecting it from premature clearance, thereby

preventing bleeding [2]. VWF is synthesized and stored in specific

organelles, namely Weibel-Palade bodies (WPBs) in endothelial cells

and α-granules in megakaryocytes [3]. Upon its entry into the endo-

plasmic reticulum (ER), the signal peptide is removed from the pre-

proVWF; within the lumen of the ER, proVWF undergoes N-linked

glycosylation as well as dimerization via its cysteine knot domain [4].

Following its transfer to the Golgi apparatus, the acidic environment

and high Ca2+ concentration promotes the formation of large multi-

mers that are formed through N-terminal interchain disulfide bonds

that have been proposed to be catalyzed by the VWF propeptide

(VWFpp). In the trans-Golgi apparatus, proVWF is cleaved at the

R763-S764 peptide bond adjacent to the D’ domain, thereby sepa-

rating VWFpp and mature VWF. The resulting mature VWF multimers

are then packed and stored in WPBs and are released via the basal

secretion pathway or upon stimulation [5]. A small fraction of low

molecular weight (LMW) VWF enters the secretory pathway directly

and is constitutively secreted. However, high molecular weight

(HMW) VWF is far more efficient in recruiting platelets, and WPB-

stored VWF multimers are therefore considered to be crucial for

hemostasis.

Mutations in the VWF gene (VWF) lead to quantitative, structural,

or functional abnormalities that present in patients as different types

of von Willebrand disease (VWD) [6]. VWD is the most common

inherited bleeding disorder in humans with a prevalence of up to 1% in

the general population. Depending on the underlying variant, VWD

presents with a variety of symptoms including mucosal bleeds,

menorrhagia, and bleeding after surgery or trauma, which affects the

patients’ quality of life [7]. The Willebrand in the Netherlands (WiN)

study revealed multiple missense variants in VWF of VWD patients in

the Netherlands [8]. Two unrelated patients with a homozygous

p.M771V variant presented with a very severe bleeding phenotype,

including low to nondetectable VWF levels in plasma and frequent

hospital visits. The p.M771V variant is located in the D’ domain of

VWF, which is close to the furin cleavage site at R763 and within the
FVIII binding region in the D3 domain [9]. Here, we explore the

molecular mechanism resulting from the p.M771V variant in patient-

derived endothelial colony-forming cells (ECFCs). The findings ob-

tained show that the p.M771V variant induces defective processing of

proVWF and lack of stored HMW VWF multimers, providing insights

into the underlying mechanism of the VWD phenotype.

Although the clinical manifestation of VWD differs greatly be-

tween patients depending, among other factors, on their VWF variant,

treatment is currently mostly provided as either factor concentrates

or DDAVP/desmopressin administration [7,10]. While these therapies

benefit the majority of patients, they only provide short-term solu-

tions on demand. In case of a severe bleeding phenotype, as in VWD

type 3 patients, patients need to constantly be aware of their disease

and require regular hospital visits to receive (prophylactic) treatment.

A more personalized treatment on a genetic or specific molecular level

would ease the disease burden for these patients. However, the large

number and heterogeneity of genetic variants associated with VWD

complicates the understanding of the underlying pathomolecular

mechanism and the diagnosis of VWD [8]. Providing deeper insights

into the consequences of missense variants in various parts of VWF is

a first step toward the development of better therapeutic strategies

for VWD patients. In this study we show various ways to characterize

a VWF variant, in our case p.M771V. We first deployed a HEK293

overexpression model expressing p.M771V or wild type (WT) VWF to

bypass patient epigenetic factors. In a parallel approach, we developed

a Cas9-based adenine base editor to introduce the p.M771V substi-

tution in cord blood ECFCs (CB-ECFCs) to observe the phenotype

caused by the variant in an endothelial cell system. Thereby, we

demonstrated an advanced technique for modeling VWD in ECFCs,

potentially acting as a relevant surrogate model when patient-derived

material is not available. Unraveling the molecular mechanisms caused

by VWF variants will help diagnose patients and drive the develop-

ment of new therapeutic approaches tailored to the needs and

phenotype of people with VWD.
2 | METHODS

2.1 | Patient cohort and sequencing data

All patients were selected from the WiN-Pro study (Willebrand in the

Netherlands study). The WiN-Pro study is an ongoing nationwide,



468 - BÄR ET AL.
multicenter, prospective cohort study in patients with VWD (Clin-

icalTrials.gov: NCT03521583), which started recruitment in July 2019.

More information on the inclusion criteria and laboratory measure-

ments for the patients can be found in the Supplementary Material

(WiN-Pro study).

All patients and healthy controls gave informed consent to study

their ECFCs, CB-ECFCs, and human umbilical vein endothelial cells

(HUVECs) in the BOEC-MK-2020 study in accordance with the

Declaration of Helsinki. Next generation sequencing (NGS) of the

complete VWF including exonic and intronic regions was performed in

the WiN-Pro study by Illumina NovaSeq.
2.2 | Cell culture and isolation of endothelial cells

ECFCs were isolated from the peripheral blood of patients as previ-

ously described [11]. CB-ECFCs were obtained from cord blood

collected from umbilical veins within 24 hours after delivery [12].

Isolation of HUVECs from the same umbilical cords was accomplished

by subsequent flushing of the umbilical veins with 0.05% trypsin-

EDTA as described previously [13]. HUVECs, CB-ECFCs, and ECFCs

were cultured on 1% gelatin-coated dishes in EGM-2 (Promocell,

C22111) supplemented with 18% fetal calf serum (FCS; Bodinco), 5%

penicillin/streptomycin, and the endothelial growth medium supple-

ments provided by Promocell. Cells were cultured at 37 ◦C in a hu-

mified atmosphere of 5% CO2 and passaged every 2 to 3 days at a

confluency of 80% to 90% to maintain proliferation using 0.05%

trypsin-EDTA. ECFCs were used for experiments before passage 10 to

avoid influences by changes of VWF production of older cells.

HEK293 (DSMZ, Leibniz Institute) and HEK293T (ATCC) cells were

cultured in Dulbecco’s modified Eagle medium containing D-glucose

and L-glutamine (Thermo Fisher Scientific, 11965092), supplemented

with 10% FCS and 5% penicillin/streptomycin. For single cell sorting of

base-edited ECFCs, cells were detached with 0.05% trypsin-EDTA and

resuspended in Ca- and Mg-free phosphate-buffered saline (PBS) with

1% FCS and stained with LIVE/DEAD marker (Thermo Fisher Scien-

tific, L34975). Single cell sorting was performed on a BD FACSAria

Cell Sorter using a 100 μm nozzle at a pressure of 20 PSI. After

sorting, cells were maintained in growth conditions for 1 week. Media

was refreshed 3 times per week with passaging occurring at 80% to

100% confluency.
2.3 | Immunocytochemistry staining and confocal

analysis

Cells were fixed with 4% paraformaldehyde in PBS for 15 minutes at

room temperature before washing and blocking in Perm/Quench (50

mM NH4Cl, 0.2% w/v saponin in PBS). After 10 to 15 minutes, the

samples were washed and stored in PGAS (0.2% w/v gelatin, 0.02%

w/v saponin, 0.02% w/v NaN3 in PBS) until staining. Staining was
performed in PGAS with the antibodies mentioned in Supplementary

Tables 1 and 2. Imaging was performed on the Zeiss LSM 980 Airyscan

with a Plan-Apochromat 63×/1.40 oil DIC M27 objective (Zeiss,

420782-9900-000) or on the Leica SP8 and Zeiss Elyra PS.1 SIM,

capturing around 20 Z-slices per image. The images were analyzed

using Zen Blue (version 3.3) or ImageJ-based processing workflows,

respectively. Pearson’s colocalization coefficient was determined for

VWF and protein disulfide isomerase (PDI) using the JACoP plugin in

ImageJ [14,15]. Tile scans were acquired using Leica Stellaris 5 LIA.

Quantitative analysis of WPB morphometry from tile scans of CB-

ECFCs and HUVECs was performed using the CellProfiler software

pipeline published by Laan et al. [16].
2.4 | ELISA

Supernatant samples of ECFCs were tested for secreted VWF using

ELISA assay. Plates were coated with DAKO AB (Supplementary

Figure 1) overnight. Samples were measured in duplicate and with

various dilutions.
2.5 | Multimer assay and densitometry graphs

Supernatants and lysates of cells were used for visualization of VWF

multimer patterns. Samples in Tris/EDTA and glycerol were heated to

60 ◦C for 20 minutes before electrophoresis on a 0.9% agarose gel at

75 V for 6 hours at 4 ◦C. The gel was then reduced in β-mercaptoe-

thanol in PBS for 10 minutes on a shaker and subsequently washed

with PBS. The gel was transferred to a 0.2 μm nitrocellulose mem-

brane by capillary suction overnight. Multimer patterns were visual-

ized using horseradish peroxidase-conjugated anti-VWF antibody and

enhanced chemiluminescence assay solution using an Amersham

Imager 600. ImageJ64 was used to translate the multimer pattern into

densitometry graphics.
2.6 | Western blotting

Proteolytic processing of VWF and VWFpp was assessed essentially

as described previously [17]. ECFCs were lysed in NP-40 buffer (5 mM

EDTA pH 8.0, 10 mM Tris-HCl pH 6.7, 150 mM NaCl, 0.5% Igepal)

supplemented with protease inhibitor (Sigma, S8820). Protein con-

centrations of lysate samples were quantified using the Pierce 660 nm

protein assay. Equal protein concentrations of lysate samples were

separated on a gradient Bis-Tris NuPAGE gels (Invitrogen, 4% to 12%)

under reducing conditions and transferred to a 0.2 μm nitrocellulose

membrane using wet-blotting. Protein detection was facilitated using

rabbit polyclonal anti-VWF and rabbit polyclonal anti-VWFpp anti-

bodies [18]. Dilutions are detailed in Supplementary Table 1. Mem-

branes were visualized on an Odyssey Clx scanner (Li-COR).
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2.7 | Cloning and nucleofection of VWF-WT and

VWF-M771V

For overexpression of VWF WT and VWF p.M771V in HEK293 cells,

the pcDNA3.1-VWF-WT plasmid was used and modified to introduce

the p.M771V variant [19]. First, a 686 bp fragment containing the

cytomegalovirus (CMV) enhancer and promoter cassette were

removed by digestion with SpeI. Subsequently, the VWF sequence

between restriction sites HindIII and BamHI was replaced by a 482 bp

synthetic VWF DNA fragment containing the p.M771V variant (syn-

thesized by Base-gene, Supplementary Table 3). The CMV enhancer

and CMV promoter were reintroduced by insertion of a 1153 bp MfeI-

BsrGI fragment from pcDNA3.1-VWF-WT into pcDNA3.1-VWF-

M771V. The final construct was verified by Sanger sequencing.

Nucleofection of HEK293 cells was performed in a Lonza 4D

Nucleofector using the Amaxa P5 primary Cell 4D Nucleofector x Kit

(Lonza V4XP-5024). Two micrograms of plasmid DNA (pcDNA3.1-

VWF-WT or pcDNA3.1-VWF-M771V) was used per condition to

transfect 6×105 HEK293 cells. Cells were fixed and stained 3 days

after nucleofection according to the protocol described above.
2.8 | Lentiviral transduction of base editors

For generation of lentiviral adenine base editing (ABE) vector

(LV-SpG-ABE8e), the SpGCas9-ABE8e cassette was amplified from

pCMV-T7-ABE8e-nSpG-P2A-EGFP, which was a gift from Benjamin

Kleinstiver (Addgene plasmid #185911) [20]. The Cas9 cassette of

Lenti-CRISPR-V2, which was a gift from Feng Zang (Addgene plasmid

#52961) [21], was replaced with the aforementioned PCR product

between restriction sites XbaI and BamHI. All sequences can be found

in Supplementary Table 3. The guide RNA (gRNA) targeting the

p.M771 locus was primarily selected based on the availability of a

PAM sequence at a set distance away to ensure c.A2311 would fall

into the predicted editing window of the base editor [20,22]. Sec-

ondary selection was based on low off-targeting scores obtained using

CRISPOR [23]. Complementary oligos were obtained from Integrated

DNA Technologies encoding the gRNA sequence with overhangs

compatible with BsmBI sites between the U6 promoter and scaffold

sequences on the LV-SpG-ABE8e vector. The oligos were annealed in

a thermocycler at 95 ◦C for 5 minutes and cooled to room tempera-

ture before insertion in the BsmB1 site. The nucleotide sequence of

the constructs used in this study is provided in the Supplementary

Material.

For lentiviral production, HEK293T cells were triple transfected

with psPAX2 (Addgene #12260), pMD2.G (Addgene #12259) and

either LV-SpG-ABE8e-M771V or LV-SpG-ABE8e as a negative con-

trol. Viral harvests were performed 48 and 72 hours after poly-

ethylenimine (Polysciences, 23966-100) transfection, pooled, and then

concentrated via centrifugation at 35,000g for 2 hours at 4 ◦C (Sigma

3-30KS, 12158-H rotor). CB-ECFCs were transduced at passage 6

with either LV-SpG-ABE8-M771V or LV-SpG-ABE. Enrichment was

achieved using puromycin selection at 1 μg/mL for 72 hours.
2.9 | Sequencing

Genomic DNA was extracted using the DNeasy Blood&Tissue kit

(Qiagen, 69504) and quantified using a NanoDrop 2000/2000c

Spectrophotometer (Thermo Scientific). PCR of the p.M771 loci was

performed with Q5 polymerase (NEB, M0492L). PCR products were

purified with Monarch PCR&DNA cleanup kits (NEB, T1030) followed

by Sanger sequencing using the BigDye Terminator v3.1 Cycle

Sequencing Kit (ThermoScientific). Snapgene (version 7.0.3) was used

for alignment of the traces to the p.M771 loci. Quantification of

Sanger sequencing was performed by EditR analysis [24]. For NGS

sequencing, genomic DNA was amplified using primers with adapter

extensions (Supplementary Table 3). Samples were sequenced on an

Illumina MiSeq, and NGS analysis and quantification were performed

using CRISPResso2 [25].
3 | RESULTS

3.1 | Phenotypic characterization of primary

endothelial cells from VWD patients carrying the

p.M771V variant

Homozygous and compound heterozygous missense variants in VWF

have been associated with severe cases of VWD, but the pathogenic

mechanisms that result in absence of VWF in plasma often remain

unclear. A recent genotypic characterization of patients enrolled in

the WiN study identified a large number of new VWF variants [8]. In

that study, we identified 2 families (Figure 1A) with a severe bleeding

phenotype carrying a homozygous c.2311A>G variant in exon 18,

resulting in a p.M771V conversion in the VWF D’ domain, 8 residues

downstream of the proteolytic VWFpp furin cleavage site [26]. The

affected homozygous p.M771V individuals show a high International

Society on Thrombosis and Haemostasis ISTH Bleeding Assessment

Tool score (Figure 1C) and low plasma values of VWF antigen

(VWF:Ag), VWF activity (VWF:Act, VWF:GPIbM), and FVIII clotting

activity (FVIII:C) (Figure 1B), which underpin the severity of the

bleeding phenotype. While Persons 1 and 3 receive on-demand

treatment, Persons 2 and 4 suffer from joint bleeds, which is why

both have received prophylactic treatment in the past. While the

treatment was reduced for patient 2 after a few years and switched to

on-demand treatment, the dosage for patient 4 was even increased

after her menarche. The parents of family 1 are not known in any

Hemophilia treatment center and therefore considered to not have a

bleeding phenotype. Person 7 was previously on prophylaxis but is

now managing his bleeding with on-demand treatment. To investigate

the pathogenic mechanism through which the p.M771V variant causes

the severe bleeding phenotype, we isolated ECFCs from the venous

blood of 3 individuals carrying this variant. In family 1, a p.R2663P

variant cosegregated with the p.M771V variant but is not suspected

to be the pathogenic driver of the resulting bleeding tendency. Both

variants have been reported in the NCBI dbSNP database, but their

functional effect has not yet been established. Venous blood ECFCs



F I GUR E 1 Clinical presentation of 2 families carrying the p.M771V variant. (A) Family relations of patients carrying a p.M771V variant. (B)

Venous blood plasma measurements of clinical values at patient inclusion in the WiN study. (C) ISTH BAT bleeding score acquired upon patient

inclusion in the WiN study (D) Next generation sequencing of VWF confirming p.M771V variant profile. CNS, central nervous system; ECFC,

endothelial colony-forming cell; FVIII:C, factor VIII clotting activity; HMW, high molecular weight; ISTH BAT, International Society on

Thrombosis and Haemostasis Bleeding Assessment Tool; VWF, von Willebrand factor; VWF:Act, VWF activity; VWF:AG, VWF antigen;

VWF:CB, VWF collagen binding activity; VWFpp, VWF propeptide.
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were isolated from Persons 1 and 7. HUVECs and CB-ECFCs had been

isolated from the umbilical cord and cord blood from Person 6, the

heterozygous offspring of Person 1. NGS confirmed the genotype of

all study participants (Figure 1D).

Morphologic analysis using confocal microscopy revealed a

severe VWF trafficking phenotype in the homozygous p.M771V

ECFCs derived from Person 1, showing the absence of WPBs and

retention of VWF within the ER as judged by colocalization of VWF

with the ER marker PDI and shown by the Pearson’s colocalization

coefficient (Figure 2A). ER retention was also observed in the het-

erozygous p.M771V CB-ECFCs, even though some WPBs were

present in this condition. Essentially similar observations were

made in heterozygous p.M771V HUVECs (Figure 2B) [27]. The

phenotypical characteristics of the heterozygous p.M771V ECFCs

are concordant with higher VWF plasma levels of those individuals

compared with the homozygous p.M771V patients. Due to

their young age, lack of bleeding history, and intermediate plasma

values, the heterozygous Person 1 has not been diagnosed with any

type of VWD. However, the low FVIII values in the offspring,

namely Person 6, suggest a VWD type 2N phenotype. To diagnose

this person, a VWF:FVIII binding test (VWF:FVIIIB) needs to be
performed and the amount of bleeding needs to be assessed in this

individual.

Previous reports have shown that a reduction of VWF synthesis or

VWF trafficking through the early secretory pathway results in

morphologic changes of WPBs, primarily loss of elongated shape and

reduction in organelle length [28–31]. To quantitatively assess

morphologic differences ofWPBs produced in heterozygous ECFCs and

WT ECFCs, we used our recently developed Cell Profiler pipeline to

morphometrically analyze WPBs of >600 endothelial cells per tile scan

(Figure 2C) [16]. This analysis revealed significant differences in general

cell size (area) but especially regarding the length (max Ferret) and

eccentricity of WPBs, which were significantly shorter and rounder in

heterozygous p.M771V ECFCs compared to control donor ECFCs.
3.2 | Defects in proteolytic processing and

multimerization of VWF p.M771V

To investigate potential changes in biosynthesis and posttranslational

modification of VWF as a result of the p.M771V variant, lysates of

homozygous and heterozygous ECFCs were analyzed for their



F I GUR E 2 Phenotypic characterization of patient-derived endothelial cells. (A) ECFCs derived from venous blood of the patient show

severe ER retention of VWF in a homozygous genotype. ECFCs derived from the umbilical CB of the heterozygous child of the patient show an

intermediate phenotype. Colocalization analysis based on Pearson’s correlation coefficient for VWF-PDI is indicated in the panels. B)

Heterozygous HUVECs derived from the umbilical cord of the patient’s child show the same phenotype as the corresponding CB-derived

ECFCs. Magenta: VE-cadherin; Red: PDI; Green: VWF; scale bar 50 μm. (C) Analysis of WPBs of heterozygous p.M771V and WT CB-ECFCs

using tile scans (shown on the right) of the respective conditions. WPBs are significantly shorter and rounder in heterozygous p.M771V CB-

ECFCs, and the cells show a significant increase in size. Statistical analysis using Mann–Whitney U-test. ****P < .0001. CB, cord blood; ECFC,

endothelial colony-forming cell; ER, endoplasmic reticulum; HUVEC, human umbilical vein endothelial cell; P, patient; PDI, protein disulfide

isomerase; VE, vascular endothelial; VWF, von Willebrand factor; WPB, Weibel-Palade body; WT, wild type.
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F I GUR E 3 Molecular consequences of p.M771V variant. (A) Western blot of lysates from homozygous and heterozygous patient-derived

ECFCs shows lack of mature VWF and VWFpp in homozygous and reduced amount of mature VWF and VWFpp in the heterozygous genotype.

(B) p.M771V carriers show a high ratio of uncleaved (pro)VWF to mature VWF with almost complete lack of mature VWF in the homozygous

ECFC lysates. (C) No secretion of VWF into culture medium could be detected within 24 hours in homoyzgous p.M771V ECFCs. The quantity

of VWF secretion does not differ between heterozygous p.M771V ECFCs and WT ECFCs. (D) Multimer analysis of secreted VWF within 24

hours shows lack of HMW multimers in both homozygous patient-derived ECFCs. (E) Densitometry analysis confirms lack of HMW multimers

in p.M771V ECFCs. (F) Multimer analysis of secreted VWF within 24 hours shows reduced HMW multimers in heterozygous CB-ECFCs

compared to healthy CB-ECFCs. (G) Densitometry analysis confirms reduced amount of HMWmultimers in heterozygous p.M771V CB-ECFCs.

CB, cord blood; Ctrl, control; ECFC, endothelial colony-forming cell; het, heterozygous; hom, homozygous; HMW, high molecular weight; P,

patient; PDI, protein disulfide isomerase; proVWF, uncleaved VWF; VWF, von Willebrand factor; VWFpp, von Willebrand factor propeptide;

WPB, Weibel-Palade body; WT, wild type.
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F I GUR E 4 Ectopic expression of VWF and p.M771V VWF in HEK293 cells. (A) Ectopic expression of WT VWF leads to a pseudo-WPB

expression in HEK293. Expression of VWF containing the p.M771V variant results in an unorganized structure of VWF colocalizing with the

PDI staining. Magenta: β-catenin; Red: PDI; Green: VWF; scale bar 20 μm. PDI, protein disulfide isomerase; VWF, von Willebrand factor; WT,

wild type.
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proVWF, mature VWF, and VWFpp content (Figure 3A). Healthy

control ECFCs were selected based on their growth speed and

morphology in vitro to match the ECFC properties of the patient’s

cells. Molecular analysis of intracellular VWF suggested a proteolytic

processing defect as a result of the p.M771V variant, evidenced by a

shift from processed, mature VWF to unprocessed proVWF

(Figure 3A). Quantitative analysis of VWF processing (Figure 3B)

indicated that the majority of produced VWF seemed unable to

convert into the mature form, which was also highlighted by the

absence and strong reduction of intracellular VWFpp in the homo-

zygous and heterozygous p.M771V ECFCs, respectively. Only �5%

of VWF was further processed into mature VWF in the homozygous

genotypes, while the mature VWF accounted for �85% of the total

VWF content in healthy ECFCs (Figure 3B). Similar observations

were made using the homozygous p.M771V ECFCs derived from the

unrelated Person 7 (Supplementary Figure 1). In line with

the impaired proteolytic processing was the lack of VWF secretion by

the homozygous p.M771V ECFCs (Figure 3C), resulting in the severe

bleeding phenotype. Interestingly, the amount of VWF secreted

within 24 hours by heterozygous CB-ECFCs was comparable to the

amount of VWF secreted by CB-ECFCs from healthy donors. Analysis

of the multimeric composition of secreted VWF by agarose gel

electrophoresis revealed a complete loss of HMW VWF multimers in

homozygous p.M771V ECFCs (Figure 3C, D), with oligomers not

extending beyond 10 subunits. Again, an intermediate phenotype

was observed in the heterozygous p.M771V ECFCs, which had

detectable but drastically decreased HMW VWF multimers. Taken

together, these data indicate that the p.M771V variant is associated

with defective proteolytic processing and multimerization due to ER

retention of VWF, which negatively influences the secretion capacity

of those cells.
3.3 | VWF p.M771V is retained in ER and unable to

form pseudo-WPBs in HEK293 cells

To further corroborate our findings, we introduced WT VWF and

p.M771V VWF in HEK293 cells. HEK293 cells are known to form

pseudo Weibel-Palade bodies upon ectopic VWF expression and are a

commonly used cell line to study the effect of VWF mutants on

biosynthesis and trafficking [32]. Transfection of WT and mutant VWF

in HEK293 cells generally resulted in a subset of cells expressing these

constructs (Figure 4). As expected, HEK293 cells expressing WT VWF

contained elongated pseudo-WPBs (Figure 4, top panel). However,

p.M771V VWF expression in HEK293 cells was found distributed in a

reticular pattern that colocalized with the ER marker PDI (Figure 4,

bottom panel), resembling the ER retention phenotype that was

observed in the patient ECFCs.
3.4 | CRISPR-Cas9 base editing in healthy CB-

ECFCs

To further show that the p.M771V variant leads to impaired VWF

processing, healthy CB-ECFCs were subjected to lentiviral-based

CRISPR-Cas9 ABE using SpG-ABE8-M771V to introduce the

c.A2311G nucleotide change (Figure 5A) into VWF. This resulted in

endogenous expression of VWF carrying the pathogenic p.M771V

variant. As a control, we used the lentiviral SpG-ABE8 vector

without a gRNA, to exclude any involvement of the lentivirus or the

ABE8 base editor on VWF expression. Based upon Sanger

sequencing followed by EditR analysis [24], an average of 70.5%

editing efficiency was observed in bulk populations of transduced

ECFCs after antibiotic selection with puromycin (Figure 5B, C;



F I GUR E 5 Introduction of patient variant p.M771V in healthy donor CB-ECFCs through CRISPR-Cas9 mediated base editing. (A) Overview

of the gRNA designed to introduce p.M771V variant through the c.A2311G nucleotide substitution. (B) Sanger sequencing traces of an

enriched bulk population and derived clonal lines at the p.M771V locus. (C) EditR quantification of Sanger sequencing traces from p.M771V

bulk and clonal populations. (D) NGS quantification of edited alleles in an enriched bulk population. (E) Average off-targeting editing detected

at the c.2311 loci through NGS based CRISPresso2 analysis of bulk populations. CB, cord blood; ECFC, endothelial colony-forming cell; gRNA,

guide RNA; NGS, next generation sequencing; WT, wild type.
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Supplementary Figures 2 and 3). For further validation, Illumina-

based NGS was performed on enriched bulk populations in which

an average of 66.69% on-target editing was detected (Figure 5D;

Supplementary Figures 2 and 4). In addition, minimal off-targeting

and bystander editing was seen at the p.M771V locus (Figure 5E).

Through single cell sorting of the bulk populations, we also
established clonal lines with homozygous and heterozygous

p.M771V genotypes. This was confirmed by Sanger sequencing, and

no bystander activity was present (Figure 5B, C).

Immunostaining was performed to assess how the frequency of

p.M771V allele introduction impacts the VWF profile (Figure 6). Bulk

populations displayed clear ER retention as most VWF colocalizes



F I GUR E 6 VWF profile of base-edited CB-ECFCs harboring the p.M771V variant. Immunostaining of CB-ECFC-enriched bulk and clonal

populations predominantly show colocalization of VWF and PDI (ER marker) with absent WPBs. Clonal lines harboring a heterozygous

genotype present with an intermediate phenotype. Magenta: VE-cadherin; Red: PDI; Green: VWF; scale bar 20 μm. Pearson’s colocalization

coefficient is represented by r value. CB, cord blood; ECFC, endothelial colony-forming cell; ER, endoplasmic reticulum; gRNA, guide RNA; PDI,

protein disulfide isomerase; VE, vascular endothelial; WPB, Weibel-Palade body.
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with PDI and scarce WPB formation can be seen. A control population

was generated from ECFCs that were transduced with the vector

lacking a gRNA and subsequently did not display any observable ef-

fects on VWF processing or formation of WPBs (Figure 6).
4 | DISCUSSION

When comparing heterozygous and homozygous p.M771V patient-

derived ECFCs in vitro to ECFCs derived from healthy controls, we
observed severe ER retention of VWF, resulting in impaired proVWF

processing and a subsequent reduction of HMW multimers and

secreted VWF. The WPBs observed in the heterozygous genotype

were significantly shorter and rounder, suggesting a lower catalytic

activity of stored VWF [30,33]. Studies have shown that inadequate

Golgi VWF processing (eg, due to fragmentation of the Golgi) results

in short WPBs harboring less and shorter VWF, subsequently leading

to a lower catalytic activity [28,34]. The insufficient transport of VWF

from the ER to the Golgi in the case of the p.M771V variant could

have caused a phenotype similar to that in our study. These molecular
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findings reflect the severe bleeding phenotype in homozygous

p.M771V patients and explain the alleviated bleeding phenotype in

heterozygous individuals.

Despite the severe bleeding in homozygous p.M771V individuals,

it remains difficult to classify the type of VWD for those patients.

Currently, diagnosis of VWD is mostly based on bleeding severity,

coagulation laboratory findings, and the family history of bleeding

problems, thereby rarely incorporating genetic testing. Ahmed et al.

reported homozygous p.M771V patients in an Indian cohort that were

diagnosed with VWD type 3, whereas those with heterozygous

p.M771V were diagnosed with VWD type 1 [35–37]. However, the

basis of this diagnosis is unclear, and the VWF:Ag levels of our par-

ticipants were too high to justify a VWD type 3 diagnosis [38]. Ac-

cording to the American Society of Hematology, ISTH, National

Hemophilia Foundation, and World Federation of Hemophilia 2021

guidelines, a VWF:FVIIIB test needs to be performed to diagnose

VWD type 2N. However, the classification of the p.M771V variant as a

pathogenic mutation would justify a type 2N VWD diagnosis based on

its location in the FVIII-binding D’D3 domain [39]. Kakela et al. [40]

reported a patient carrying the p.M771V variant that was diagnosed

with VWD type 2N/1, and a previous study investigating VWF variants

of patients enrolled in the 3 WINTERS-IPS study also mentioned the

p.M771V variant in connection with type 2N/1 VWD [41]. However,

we were unable to perform this analysis in our patients due to an

insufficient amount of secreted VWF in plasma. In general, variants

present at the p.M771 locus appear problematic as multiple studies

have also diagnosed patients harboring heterozygous p.M771I vari-

ants as VWD type 1 [36,37]. Overall, the p.M771V variant seems

difficult to classify based on the phenotype and plasma levels, which

stresses the importance of unraveling the pathogenic mechanisms of

VWD variants once more.

Individuals with the p.M771V variant present with elevated ratios

of proVWF to mature VWF and a reduced amount of cleaved VWFpp.

In this study, we discovered 2 possible mechanisms that hamper the

cleavage of the VWFpp. First, the majority of produced VWF seems

unable to proceed from the ER to the Golgi apparatus to undergo

subsequent posttranslational modifications. The ER retention thereby

also prevents cleavage of the VWFpp, which is then not detectable in

lysates of homozygous p.M771V ECFCs. This hypothesis is further

supported by the observed shortening of WPB length in the hetero-

zygous p.M771V cells, which is remarkably similar to the phenotype

observed in studies by Karampini et al. [29], where the rate of

membrane fusion between ER and Golgi was decreased. Yadegari

et al. [42] also demonstrated, using a HEK293 system that coex-

pressed healthy and mutant VWFpp variants, that impaired transit to

the Golgi results in ER retention. Studies by Bowman et al. [27] of

homozygous VWFpp variants that lead to ER retention of VWF

similarly showed an intermediate phenotype in heterozygous patients

that is comparable to our findings here.

The second potential impairment is the proximal location of the

p.M771V variant to the furin cleavage site of the VWFpp in the D’

domain, cleaving at residues R763-S764 [43]. Therefore, the p.M771V
variant has the potential to negatively influence VWFpp cleavage and

contribute to the lack of VWF processing in those endothelial cells.

Other variants have been reported in the vicinity of the p.M771 locus

that disrupt VWFpp cleavage. Variants at R763 and the R760 type 2N

variants have been reported to disrupt cleavage by furin because they

lie within its consensus sequence. For the R760C variant in BHK cells,

it was shown that recombinant VWF could still be trafficked and

stored in pseudo-WPBs, with normal intracellular levels. The secretion

was reported to be affected, with heterozygous recombinant VWF

WT/R760C having levels around 50% of WT. FVIII binding was

deceased, with severity comparable to a heterozygous type 2N [43].

Interestingly, the R763A variant was shown to impair secretion by

70% and 40% in vivo and ex vivo respectively, whereas the R763G

variant (also type 2N) abolished propeptide cleavage entirely in COS-7

cells [44]. Heterozygous patients displayed abnormal plasma multi-

mers, suggesting retention of the propeptide [45]. Although these

variants are classified as type 2N; these observations support the view

that they also impact multimerization and secretion, just like p.M771V

[36,37].

Berber et al. [46] found that the p.M771I variant results in a

phenotype similar to what was observed in the patient ECFCs in this

study. They proposed an alternative mechanism that involves the loss

of hydrogen bonding between the sulfur atom on the Met and the NH

backbone of L809 as a result of the Met to Ile conversion, which

subsequently affects β sheet properties at this location. Similar to

p.M771I, the conversion to Val results in a nonpolar amino acid

lacking a sulfur atom. Adding to this hypothesis, online prediction

tools like MUpro, which assess the protein-damaging nature of a

variant, confirmed these observations for the p.M771V variant, which,

with a negative score of −0.747, is predicted to decrease the protein

structure stability [47]. Pathogenicity prediction tools like PolyPhen-2

and Align GVGD score the variant as possibly damaging and likely

damaging, respectively. ClinVar suggests that the p.M771V variant is

likely pathogenic but also mentions reports of “uncertain significance.”

To shed some light on the pathogenicity of the p.M771V variant,

we used 2 cell systems: ectopic expression of VWF containing

p.M771V in HEK293 cells and mimicking the variant in CB-ECFCs by

inducing the c.2311A>G substitution with a CRISPR/Cas9 adenine

base editor. HEK293 cells are widely used to assess the molecular

effects of VWF variants [42], as these cells do not endogenously ex-

press VWF but can process VWF and form so-called pseudo-WPBs

upon VWF overexpression [48,49]. Expression of p.M771V VWF in

HEK293 did not result in the biogenesis of pseudo-WPBs as observed

for WT VWF (Figure 4). Instead, the unorganized structure of VWF

and its colocalization with the ER marker PDI confirms the results

obtained with the patient-derived ECFCs and strongly suggests a

pathogenic property of the p.M771V variant independent of addi-

tional variants in VWF. However, several issues remain with the

common approach of testing causality of VWF variants in the HEK293

system, including the complexity of mimicking heterozygous variants,

which is particularly pertinent given that �75% of the VWF variants in

VWD are heterozygous. Moreover, physiologically appropriate
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expression of VWF is difficult to achieve using a nonendothelial cell

line such as HEK293, which is not endowed with the native physio-

logical context of an endothelial cell.

The optimal environment to study the pathogenic mechanisms is

the endothelial cell, which has been modeled by various investigators

using the ECFC model system [27,32,42,50,51]. However, in some

cases, VWD patient-derived ECFCs can be difficult to obtain, pre-

cluding such analysis. In this study, we therefore report for the first

time on the use of gene-edited CB-ECFCs as a model system for VWD.

We used CRISPR-Cas9 base editing to introduce a single A to G

conversion to generate CB-ECFCs expressing the p.M771V variant.

We utilized the SpG variant of Cas9 that has expanded genome tar-

geting capabilities through a relaxed NGN PAM recognition sequence,

which allows for specific targeting of the M771 locus [20]. Sanger

sequencing with EditR analysis has been shown to accurately quantify

base-editing frequencies at each position on a Sanger trace as a means

of quantifying editing efficiency and was shown here to quantify

editing at a similar level to NGS. Both in bulk populations as well as

the homozygous p.M771V expressing clones, ER retention was

observed, confirming the pathogenic mechanism observed in patient-

derived ECFCs as well as in ectopic VWF expression studies in

HEK293 cells. This was further supported by repeating the process in

a second unrelated CB-ECFC line (Supplementary Figures 2-4).

Taken together, the ectopic VWF expression in HEK293 cells and

the mimicked gene-edited CB-ECFCs confirm the pathogenic prop-

erties of the p.M771V variant. Therefore, we conclude that the second

variant (p.R2663P) that is present in the individuals studied here does

not contribute to the cellular phenotype. Interestingly, VWD type 3

patients carrying the p.M771V variant in an Indian cohort also possess

a second variant, which is not considered pathogenic by itself but was

suggested to contribute to the p.M771V phenotype [35]. In a study by

Kakela et al. [40], a patient was identified that harbored the p.M771V

and an additional p.R1566X variant [40]. In both studies, there was no

mention of p.R2663P.

Here, we demonstrate that SpCas9-mediated base editing is a

very efficient way to mimic a patient variant if primary ECFCs are not

available or have challenging culturing requirements. This provides a

novel approach that will improve characterization of patient variants

in a true endothelial background. By manipulating endogenous

expression of pathogenic VWF from a native cellular background, we

can clearly examine the VWF profile and observe fully matured WPBs,

something not clearly evident with HEK293 systems. Moreover, rec-

reation of heterozygous and homozygous genotypes is possible, which

cannot be achieved by overexpression with a constitutive promoter. In

this case, we used this technology to confirm that the p.M771V

variant is pathogenic and causes ER retention, leading to a severe

bleeding phenotype in homozygous patients. The technology outlined

in this study can be used to generate well-defined cellular models of

VWD. These models can subsequently be used to monitor the effects

of newly developed treatments that can either aim for corrective

gene-editing or more broadly applicable gene transfer studies for

curing VWD.
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Budde U, Cairo A, Castaman G, Eshghi P, Goudemand J,

Hassenpflug W, Hoorfar H, Karimi M, Keikhaei B, Lassila R,

Leebeek FWG, et al. Genotypes of European and Iranian patients

with type 3 von Willebrand disease enrolled in 3WINTERS-IPS.

Blood Adv. 2021;5:2987–3001.

[42] Yadegari H, Biswas A, Ahmed S, Naz A, Oldenburg J. von Wille-

brand factor propeptide missense variants affect anterograde

transport to Golgi resulting in ER retention. Hum Mutat. 2021;42:

731–44.

[43] Casonato A, Sartorello F, Cattini MG, Pontara E, Soldera C,

Bertomoro A, Girolami A. An Arg760Cys mutation in the consensus

sequence of the von Willebrand factor propeptide cleavage site is

responsible for a new von Willebrand disease variant. Blood.

2003;101:151–6.

[44] Swystun LL, Georgescu I, Mewburn J, Deforest M, Nesbitt K,

Hebert K, Dwyer C, Brown C, Notley C, Lillicrap D. Abnormal von

Willebrand factor secretion, factor VIII stabilization and thrombus

dynamics in type 2N vonWillebrand disease mice. J Thromb Haemost.

2017;15:1607–19.

[45] Hilbert L, Nurden P, Caron C, Nurden AT, Goudemand J, Meyer D,

Fressinaud E, Mazurier C, INSERM Network on Molecular Abnor-

malities in von Willebrand Disease. Type 2N von Willebrand disease

due to compound heterozygosity for R854Q and a novel R763G

mutation at the cleavage site of von Willebrand factor propeptide.

Thromb Haemost. 2006;96:290–4.
[46] Berber E, Ozbil M, Brown C, Baslar Z, Caglayan SH, Lillicrap D.

Functional characterisation of the type 1 von Willebrand disease

candidate VWF gene variants: p.M771I, p.L881R and p.P1413L.

Blood Transfus. 2017;15:548–56.

[47] Cheng J, Randall A, Baldi P. Prediction of protein stability changes

for single-site mutations using support vector machines. Proteins.

2006;62:1125–32.

[48] De Boer S, Eikenboom J. von Willebrand disease: from in vivo to

in vitro disease models. Hemasphere. 2019;3:e297.

[49] Michaux G, Hewlett LJ, Messenger SL, Goodeve AC, Peake IR,

Daly ME, Cutler DF. Analysis of intracellular storage and regulated

secretion of 3 von Willebrand disease-causing variants of von Wil-

lebrand factor. Blood. 2003;102:2452–8.

[50] Starke RD, Paschalaki KE, Dyer CEF, Harrison-Lavoie KJ, Cutler JA,

McKinnon TAJ, Millar CM, Cutler DF, Laffan MA, Randi AM. Cellular

and molecular basis of von Willebrand disease: studies on blood

outgrowth endothelial cells. Blood. 2013;121:2773–84.

[51] Wang JW, Bouwens EAM, Pintao MC, Voorberg J, Safdar H,

Valentijn KM, de Boer HC, Mertens K, Reitsma PH, Eikenboom J.

Analysis of the storage and secretion of von Willebrand factor in

blood outgrowth endothelial cells derived from patients with von

Willebrand disease. Blood. 2013;121:2762–72.

SUPPLEMENTARY MATERIAL

The online version contains supplementary material available at

https://doi.org/10.1016/j.jtha.2024.10.023

http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref41
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref42
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref42
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref42
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref42
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref43
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref43
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref43
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref43
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref43
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref44
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref44
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref44
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref44
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref44
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref45
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref45
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref45
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref45
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref45
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref45
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref46
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref46
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref46
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref46
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref47
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref47
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref47
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref48
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref48
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref49
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref49
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref49
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref49
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref50
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref50
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref50
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref50
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref51
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref51
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref51
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref51
http://refhub.elsevier.com/S1538-7836(24)00639-1/sref51
https://doi.org/10.1016/j.jtha.2024.10.023

	The severe von Willebrand disease variant p.M771V leads to impaired anterograde trafficking of von Willebrand factor in pat ...
	1. Introduction
	2. Methods
	2.1. Patient cohort and sequencing data
	2.2. Cell culture and isolation of endothelial cells
	2.3. Immunocytochemistry staining and confocal analysis
	2.4. ELISA
	2.5. Multimer assay and densitometry graphs
	2.6. Western blotting
	2.7. Cloning and nucleofection of VWF-WT and VWF-M771V
	2.8. Lentiviral transduction of base editors
	2.9. Sequencing

	3. Results
	3.1. Phenotypic characterization of primary endothelial cells from VWD patients carrying the p.M771V variant
	3.2. Defects in proteolytic processing and multimerization of VWF p.M771V
	3.3. VWF p.M771V is retained in ER and unable to form pseudo-WPBs in HEK293 cells
	3.4. CRISPR-Cas9 base editing in healthy CB-ECFCs

	4. Discussion
	Author contributions
	Declaration of competing interests
	References


