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Running head

The VWF-Gly2752Ser variant causes type 3 VWD

ESSENTIALS

・ A type 3 VWD-associated non-cysteine substitution in the CK domain has not been reported.

・ VWF c.8254 G>A (VWF-Gly2752Ser) is a novel non-cysteine missense variation in the CK 

domain.

・ VWF-Gly2752Ser causes dimerization failure, resulting in abnormal ER retention.

・ VWF-Gly2752Ser is a deleterious variant causing type 3 VWD by its severe secretory 

impairment.
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SUMMARY

Background: Von Willebrand factor (VWF) is a multimeric glycoprotein that plays important 

roles in hemostasis and thrombosis. C-terminal interchain-disulfide bonds in the cystine knot (CK) 

domain are essential for VWF dimerization. Previous studies have reported that missense variants 

of cysteine in the CK domain disrupt the 

intrachain-disulfide bond and cause type 3 von Willebrand disease (VWD). However, type 3 

VWD-associated non-cysteine substitution variants in the CK domain have not been reported.

Objective: To investigate the molecular mechanism of a novel non-cysteine variant in the CK 

domain, VWF c.8254 G>A (p.Gly2752Ser), which was identified in a patient with type 3 VWD as 

homozygous.

Methods: Genetic analysis was performed by whole exome sequencing and Sanger sequencing. 

VWF multimer analysis was performed using SDS-agarose electrophoresis. VWF production and 

subcellular localization were analyzed using ex vivo endothelial colony forming cells (ECFCs) and 

an in vitro recombinant VWF (rVWF) expression system.

Results: The patient was homozygous for VWF-Gly2752Ser. Plasma VWF ELISA showed that 

the VWF antigen level of the patient was 1.2% as compared to healthy subjects. A tiny amount of 

VWF was identified in the patient’s ECFC. Multimer analysis revealed that the circulating 

VWF-Gly2752Ser presented only low-molecular weight multimers. Subcellular localization 

analysis of VWF-Gly2752Ser-transfected cell lines showed that rVWF-Gly2752Ser was severely 

impaired in its ER-to-Golgi trafficking.
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Conclusion: VWF-Gly2752Ser causes severe secretory impairment due to its dimerization failure. 

This is the first report of a VWF variant with a non-cysteine substitution in the CK domain that 

causes type 3 VWD.
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INTRODUCTION

Von Willebrand factor (VWF) is a large glycoprotein (>250 kDa), mainly synthesized in 

vascular endothelial cells, which plays a role in platelet adhesion to subendothelial tissues and as a 

carrier protein of coagulation factor VIII (FVIII) [1, 2]. In the process of VWF production, VWF 

monomers (VWF subunits) are dimerized via interchain-disulfide bonds between the C-terminal 

cystine knot (CK) domains [3-6]. The dimerized VWFs are further joined with 

intermolecular-disulfide bonds from the N-terminal D´ D3 domain [7, 8], which results in a large 

string structure, called a high molecular weight multimer (HMWM), of over 20,000 kDa [1]. The 

HMWMs are secreted into circulating blood or stored in Weibel-Palade bodies (WPBs) within 

vascular endothelial cells [1, 2, 8, 9]. The HMWM is a functional structure for physiological 

platelet aggregation (primary hemostatic plug formation). However, unusually large molecular 

weight multimers (ULMWMs) cause excessive platelet aggregation in vessels, resulting in 

thrombotic thrombocytopenic purpura (TTP) [10, 11]. To prevent the generation of ULMWM of 

VWF, A Disintegrin-like and Metalloproteinase with Thrombospondin type I motifs 13 

(ADAMTS13) regulates the size of the VWF multimer by cleavage of the VWF A2 domain 

[12-14].

Von Willebrand disease (VWD) is a congenital bleeding disorder caused by qualitative or 

quantitative abnormalities of VWF due to VWF gene variations. VWD is classified into three 

major groups according to its etiology [15]. Type 1 VWD is a quantitative deficiency of VWF, 

and type 2 VWD is a qualitative deficiency. Type 2 VWD is subcategorized to type 2A (decreased 

VWF-dependent platelet adhesion with selective deficiency of HMWMs), 2B (increased affinity 

for platelet glycoprotein Ib), 2N (markedly decreased binding affinity for FVIII), and 2M 

(decreased VWF-dependent platelet adhesion without selective deficiency of HMWMs) based on 

the disease-associated molecular characteristics [15]. Type 2A VWD is further subdivided into A
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type 2A group I (impairment of VWF intracellular transport) and group II (increased sensitivity to 

ADAMTS13) [15, 16]. Type 3 VWD is a virtually complete deficiency of VWF, which is caused 

by genetic variations with a null phenotype (e.g., nonsense variations, frameshifts, or splice site 

variations) in most cases [15].

At the molecular level, it has been reported that type 3 VWD [15, 17-20] is in several 

cases caused by intracellular dimerization failure of VWF subunits. In particular, genetic missense 

variations associated with a cysteine substitution in the CK domain cause type 3 VWD resulting 

from intracellular dimerization failure (e.g., VWF Cys2739Tyr [18-20] and Cys2754Trp [17-20]). 

The disruption of inter- or intrachain-disulfide bond(s) within the CK domain severely impairs its 

intracellular transportation and extracellular secretion [5, 17-20]. However, type 3 VWD with a 

non-cysteine missense variation in the CK domain and its disease-associated molecular basis has 

never been reported.

In this study, a Japanese male patient with type 3 VWD was genotyped, and a novel 

single base substitution, VWF c.8254 G>A (p.Gly2752Ser), was identified as being homozygous. 

VWF-Gly2752Ser is a non-cysteine missense variation in the CK domain. To clarify the 

mechanism by which VWF-Gly2752Ser causes type 3 VWD, we investigated its molecular 

characteristics.
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MATERIALS AND METHODS

Patient and samples

The patient is a 49-year-old Japanese male with the type 3 VWD phenotype. The patient’s 

clinical data and bleeding episodes are described in the Results section. After obtaining written 

informed consent, blood samples were collected from the patient and his relatives (Figure 1A). 

Citrated plasma was subjected to hematological evaluation and experiments as described below. 

Genomic DNA was extracted from leukocytes in peripheral blood. For this study, we obtained 

ethical approval from the Ethics Review Committee of Nagoya University Graduate School of 

Medicine (identification number: 2015-0391, 2016-0477).

Genetic analysis

Whole exome sequencing (WES) was performed by a laboratory (Hokkaido System 

Science, Japan). Sequencing libraries were prepared using the SureSelect XT Human All Exon 

V5+UTRs Kit (Agilent Technologies, Santa Clara, California, USA) following the manufacturer's 

instructions. The libraries were sequenced on the HiSeq (Illumina, San Diego, California, USA) 

2500 sequencing platform using HiSeq SBS Kit v4 reagents with 2 × 101 cycles. The adapter 

sequences and low-quality regions were trimmed by Cutadapt and Trimmomatic, 

respectively. After pre-processing, the reads were mapped to human reference genome GRCh37 

(hg19) using BWA-0.7.10. Local realignment around known indels was performed by 

GATK-Lite-2.3.0 on the sorted BAM files, and Picardtools-1.115 was used to remove PCR 

duplicates. Finally, base quality score recalibration was performed using GATK again. 

Samtools-mpileup [options: -d 10000 -L 10000 -B -t DP, DV, SP, DP4, DPR] was piped 

with bcftools call [options: -A -v -m -f GQ] to produce VCF files.
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Sanger sequencing was performed to confirm the VWF variant identified by WES. VWF 

exon 52, including 5´ and 3´exon-intron boundaries of VWF, was amplified by polymerase chain 

reaction (PCR) using KOD FX DNA polymerase (Toyobo, Osaka, Japan) and gene-specific 

primers (Supplementary Table 1). The PCR product was separated by 1.5% agarose gel 

electrophoresis and purified using a FastGene Gel/PCR Extraction kit (Nippon Genetics, Tokyo, 

Japan). Direct sequencing was performed using the BigDye™ Terminator v1.1 Cycle Sequencing 

Kit and ABI Prism 3130 Genetic Analyzer (Applied Biosystems, Waltham, Massachusetts, USA). 

Genetic variation is described according to the Human Genomic Variation Society (HGVS) 

nomenclature.

Measurement of VWF antigen and activity

Measurement of VWF antigen (VWF:Ag), ristocetin co-factor activity (VWF:RCo), and 

Factor VIII activity (FVIII:C) were outsourced to SRL (Tokyo, Japan). VWF:Ag was assayed by 

the latex agglutination method, and VWF:RCo was by the fixed platelet agglutination method. 

FVIII:C was measured by the coagulation time method. VWF:Ag in plasma and cell culture 

samples (shown below) was also measured by our in-house enzyme linked immunosorbent assay 

(ELISA) according to the protocol established by the World Federation of Hemophilia [21]. The 

detailed protocol of ELISA is described in the supplementary information.

Establishment of endothelial colony forming cells (ECFC)

We established ECFC in accordance with a previous publication [22]. Healthy control 

ECFCs were isolated from a healthy donor who did not have any hematological abnormalities. We 

obtained approximately 60 mL of blood from the forearm vein by a syringe with 1000 U of A
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heparin sodium (Mochida Pharmaceutical, Tokyo, Japan). The blood was stratified onto 

Ficoll-paque™ (GE Healthcare, Illinois, Chicago, USA) and centrifuged at 400 g for 35 min, 

followed by collecting the buffy coat. As a washing step, cells were diluted 1:1 with PBS and 

centrifuged at 300 g for 15 min. The cell pellet was resuspended in Endothelial Growth Medium-2 

(EGM-2, Promo Cell, Heidelberg, Germany) supplemented with 0.2 μg/mL hydrocortisone, 10 

ng/mL rhbFGF, 0.5 ng/mL vascular endothelial growth factor (VEGF), 20 ng/mL R3-IGF-1, 5 

ng/mL rhEGF, 1 μg/mL ascorbic acid, 22.5 μg/mL heparin, and 0.1% GA-1000 (LONZA, Basel, 

Switzerland). Cells were seeded onto type I collagen-coated 6-well plates (Corning, One 

Riverfront Plaza, New York, USA) and cultured at 37 °C, 5% CO2 and 95% humidity.

VWF multimer analysis and SDS-PAGE/WB

Multimer analysis was performed by SDS-agarose gel electrophoresis according to the 

protocol established by the World Federation of Hemophilia [21]. The detailed protocols of these 

analyses are described in the supplementary information.

Overexpression experiments of recombinant VWF (rVWF)

rVWF was overexpressed according to our previous publication [23]. In brief, plasmid 

pSVHVWF1.1 [24] is a wild-type (WT) rVWF-expressing vector that contains a full-length 

normal human VWF coding sequence inserted into the pSV7D plasmid [25]. The 

VWF-Gly2752Ser variant-expressing vector, pSVHG2752S, possesses a G-to-A transition at 

nucleotide 8,254 of pSVHVWF1.1, resulting in a substitution of glycine with serine at amino acid 

2,752 of mature VWF. pSVHG2752S was generated by site-directed mutagenesis with specific 

primers (Supplementary Table 1).
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COS-7 cells and HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with L-glutamine, phenol red (Sigma-Aldrich, St. Louis, Missouri, USA), 

and 10% (v/v) fetal bovine serum (Sigma-Aldrich) at 37 °C in 5% CO2. The rVWF-expressing 

vector, pSVHVWF1.1 or pSVHG2752S, was transiently transfected into the cells using 

lipofectamine® 3000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) following the 

manufacturer’s instructions. At 24 h post-transfection, the cells were washed once with PBS and 

cultured with 

serum-free DMEM. At 72 h after transfection, the transfected cell culture media was harvested. 

The culture media was centrifuged at 15,200 g for 5 min at 4 °C. For VWF multimer analysis, 

collected culture media was concentrated by Amicon Ultra-100K (Merck, Darmstadt, Germany). 

The transfected cells were collected by centrifugation at 430 g for 5 min at room temperature. The 

pellet was temporarily preserved at –80 °C until analysis. The frozen pellet was lysed with lysis 

buffer (1% NP-40, 150 mM NaCl, 50 mM Tris, PMSF 1 mM, pH 8.0) and incubated on ice for 15 

min, followed by centrifugation at 15,200 g for 5 min at 4 °C. The supernatant was collected as a 

cell lysate and cryopreserved at -80 °C until analysis.

Immunocytochemistry of VWF

Intracellular VWF in ECFC or rVWF-transfected cells were evaluated by 

immunofluorescence staining. We used mouse anti-human VWF antibody (M0616, DAKO, 

Carpinteria, California, USA) as the primary antibody and goat anti-mouse IgG (H+L) Alexa 

Fluor®488 or Alexa Fluor®555 conjugate as the secondary antibody (Thermo Fisher Scientific). 

VE-cadherin was detected by an anti-VE- cadherin antibody (ab33168, Abcam, Cambridge, UK) 

as the primary antibody and goat anti-rabbit IgG (H+L) Alexa Fluor®594 conjugate as the 

secondary antibody (Thermo Fisher Scientific). For intracellular sub-localization analysis, rVWF A
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was co-stained with the endoplasmic reticulum (ER) or Golgi apparatus. ER was stained with 

Protein Disulfide Isomerase (PDI) polyclonal antibody (Proteintech, Chicago, Illinois, USA) as 

the primary antibody and goat anti-rabbit IgG (H+L) Alexa Fluor®594 conjugate as the secondary 

antibody (Thermo Fisher Scientific). The Golgi apparatus was stained with Lectin-HPA Alexa 

Fluor®488 conjugates (Invitrogen, Carlsbad, California, USA). Nuclei were stained by 

4’-6-diamino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, California, USA). 

Immunostained samples were observed by a confocal microscope, A1Rsi (Nikon, Tokyo, Japan) 

with Plan Apo Lambda 100×/1.45 oil immersion objective, image size of 512px × 512px and laser 

intensity fixed at 5.0% in all channels. rVWF co-localization with the ER or Golgi apparatus was 

statistically evaluated by Pearson’s correlation coefficient (PCC) score using ImageJ Fiji’s plugin, 

Coloc2 (https://imagej.net/Coloc_2). The PCC score was estimated from at least 10 cells for each 

rVWF.

Statistics

Quantitative data are described as mean ± standard error of the mean (SEM) values. 

Statistical analyses were carried out using IBM®SPSS®version 27 (International Business 

Machines corporation, Armonk, New York, USA). Comparisons of mean value and multiple 

groups were performed by Student’s t test and one-way analysis of variance (one-way ANOVA) 

with Tukey’s honestly significant difference test, respectively.
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RESULTS

Patient’s clinical presentation and molecular phenotyping

The patient has suffered from recurrent, lengthy nasal bleeding, but there have been no 

bleeding episodes in his relatives (Figure 1A). Although he has not received prophylactic clotting 

factor replacement therapy, he has never had any critical bleeding episodes. In the ISTH-SSC 

Bleeding Assessment Tool [26], the proband has a score of 8 points based on his epistaxis and 

bleeding from minor wounds. In the laboratory data, the levels of VWF:RCo were under the 

minimum detection sensitivity (6%), whereas his FVIII:C was 11% (Table 1). Genetic analysis by 

WES and Sanger sequencing identified a novel single base substitution at VWF exon 52, c.8254 

G>A, which corresponds to an amino acid substitution at position 2,752 of a glycine with a serine, 

Gly2752Ser (Figure 1B). Genotyping analysis indicated that the patient carries this variation as 

homozygote, and his parents (who are cousins) and sons are heterozygotes (Figure 1A). 

Heterozygous individuals did not have any symptoms, suggesting that VWF-Gly2752Ser has an 

autosomal recessive inheritance pattern. To evaluate the pathogenicity of the VWF-Gly2752Ser 

variant, we performed in silico analyses by calculating the combined annotation dependent 

depletion (CADD) [27, 28] and Grantham scores [29]. The CADD and Grantham scores of the 

Gly2752Ser variant were 32 and 56, respectively. These data suggested that the Gly2752Ser 

variant is a significant pathogenic variant with regard to VWF function.

To further assess the patient’s phenotype at the molecular level, we established an 

in-house VWF:Ag ELISA and subsequently investigated the VWF structure by multimer analysis 

and non-reducing SDS-PAGE/WB (Figure 1C and D). The VWF ELISA showed that the patient’s 

plasma VWF:Ag level was 0.12 μg/mL (Table 1), which is approximately 1.2% of that of normal A
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pooled plasma (100% of VWF:Ag is defined as 10 μg/mL [30], and the normal range is generally 

50–200% [31]). The VWF:RCo and VWF:Ag levels of the patient's parents (over 80 years of age) 

were more than 130% each, but the VWF:RCo levels of the patient’ s 13-year-old and 11-year-old 

sons were mildly reduced to 79% and 42%, respectively. There were no blood type O individuals 

in the family, which has been reported to have decreased VWF plasma levels [32].

VWF multimer analysis showed that the proband’s plasma contained trace amounts of the 

lowest molecular weight VWF, and those larger than dimeric molecular weight forms were absent 

(Figure 1C). However, the patient had a slower or faster migrating satellite band, suggesting there 

are trace levels of higher and lower-sized assemblies of VWF subunits. Non-reducing 

SDS-PAGE/WB showed that the patient’s VWF had an approximately 500 kDa band (Figure 1D), 

indicating that quite a low amount of VWF-Gly2752Ser formed molecules of which the size 

corresponded to two VWF subunits and circulated. Regarding the patient’s family members who 

are heterozygotes of VWF-Gly2752Ser, we could not examine their VWF molecular 

characteristics, because their blood samples were not available.

Analysis of VWF processing as visualized by ECFCs established from the patient’s 

peripheral blood mononuclear cells (PBMCs)

To investigate the production of VWF-Gly2752Ser in vascular endothelial cells, we 

established ex vivo ECFCs derived from the patient’s PBMCs and examined their VWF 

production. ECFC colonies generally emerged at 14–21 days after culture onset [33, 34]. In our 

case, ECFC colonies with cobblestone morphology (Figure 2A) were detected from culture days 

10 to 26 after the seeding of fractionated PBMCs, and the mean culture day was day 15 ± 1. In 

immunostaining analysis, rod-shaped WPBs (a VWF signal) were observed entirely within the A
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cytoplasm of ECFCs derived from a healthy individual, whereas in the patient-derived ECFCs, 

small WPBs were observed at the perinuclear space (Figure 2B). These results suggest that the 

production and/or secretion of VWF-Gly2752Ser is severely impaired in vascular endothelial cells, 

which is consistent with the circulating VWF levels in the patient’s plasma.

Recombinant expression and molecular characteristics of VWF-Gly2752Ser

Given that VWF-Gly2752Ser resulted in intracellular production and/or secretion failure, 

we further investigated the molecular pathogenesis of VWF-Gly2752Ser using a recombinant 

VWF (rVWF) overexpression system. Using the rVWF-WT expression vector pSVHVWF1.1 [24], 

we generated a rVWF-Gly2752Ser expression vector, pSVHG2752S, by site-directed mutagenesis. 

We transfected these vectors into COS-7 cells and quantitatively evaluated the amounts of rVWF 

in the culture media and cell lysate. In the culture media, the amounts of rVWF-WT and 

rVWF-Gly2752Ser were 0.126 ± 0.003 μg/mL and 0.020 ± 0.004 μg/mL, respectively. The 

extracellular secretion of rVWF-Gly2752Ser was significantly decreased to 15.5 ± 3.3% that of 

rVWF-WT (Figure 3A, medium). In the cell lysate, the amounts of rVWF-WT and 

rVWF-Gly2752Ser were 1.023 ± 0.050 μg/mL and 1.129 ± 0.032 μg/mL, respectively. The 

intracellular amount of rVWF-Gly2752Ser was 110.3 ± 3.2% that of rVWF-WT (Figure 3A, 

lysate). These results indicate that rVWF-Gly2752Ser shows secretion failure, consistent with the 

patient’s phenotype.

We next investigated the multimeric structure of rVWF-Gly2752Ser. In multimer analysis 

of secreted rVWF in the culture media, rVWF-WT showed a typical multimeric pattern. 

rVWF-Gly2752Ser was mainly detected as a dimerized molecule (Figure 3B, medium). In 

addition, rVWF-Gly2752Ser with a size of four VWF subunits (tetramer) was slightly secreted 

into the medium (Figure 3B, open arrowhead). In the cell lysate, almost all rVWF-Gly2752Ser A
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was detected as the size of a VWF subunit (monomer). In addition, there was a trace amount of 

rVWF-Gly2752Ser of two subunits in size in the cell lysate (dimer, Figure 3B, lysate). 

Non-reducing SDS-PAGE/WB showed that although there was an abundant amount of 

rVWF-Gly2752Ser of monomer size, the form with two rVWF-Gly2752Ser subunits was also 

detected in both the extracellular and intracellular samples (Figure 3C). These observations 

suggest that rVWF-Gly2752Ser results in impaired dimer formation intracellularly, but small 

amounts of rVWF-Gly2752Ser subunits were intracellularly linked pairwise and transported into 

the medium.

VWF multimerization is formed by N-terminal interchain disulfide bonds of 

Cys1099-1099´ and Cys1142-1142´ in the D´D3 domain [7]. To rule out the possibility that 

VWF-Gly2752Ser dimers were formed by N-terminal interchain disulfide bonds, we generated the 

variants rVWFs, rVWF-Cys1099Ala/Cys1142Ala, and 

rVWF-Cys1099Ala/Cys1142Ala/Gly2752Ser and investigated their molecular characteristics by 

multimer analysis (Supplementary Figure 1). The multimer analysis showed that 

rVWF-Cys1099Ala/Cys1142Ala was detected as a dimer form that interlinked via only C-terminal 

disulfide bonds. In rVWF-Cys1099Ala/Cys1142Ala/Gly2752Ser, the variant rVWF molecules 

were detected as dimers and monomers, which is consistent with the multimer pattern of 

rVWF-Gly2752Ser. These observations suggest that limited VWF-Gly2752Ser dimerization is 

mediated through the C-terminal CK domains.

rVWF-Gly2752Ser displays intracellular trafficking failure

To further investigate the secretory impairment of rVWF-Gly2752Ser, we transfected 

rVWF-WT and Gly2752Ser expression vectors into HEK293 cells and analyzed the subcellular A
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localization of rVWF-Gly2752Ser to the ER or Golgi apparatus. We immuno-stained PDI as a 

marker of the ER [35-37]. By co-staining of rVWF and the ER, the rVWF-Gly2752Ser signal was 

thoroughly overlaid with the ER marker (Figure 4A). In the co-staining of rVWF and the ER with 

PDI, the PCC score of rVWF-Gly2752Ser was significantly higher than that of rVWF-WT (0.55 ± 

0.02 vs 0.22 ± 0.05, P < 0.001) (Figure 4B). By co-staining of rVWF and the Golgi apparatus with 

Lectin-HPA (Figure 4C), the PCC score of rVWF-Gly2752Ser was significantly lower when 

compared to that of rVWF-WT (0.20 ± 0.04 vs 0.48 ± 0.03, P < 0.001) (Figure 4D). These results 

suggest that rVWF-Gly2752Ser causes abnormal ER retention because of a severe impairment in 

ER-to-Golgi trafficking.

rVWF-Gly2752Ser weakly suppresses rVWF-WT multimer formation in a 

dominant-negative manner

We also examined whether rVWF-Gly2752Ser can inhibit the multimer formation and/or 

secretion of rVWF-WT in a dominant-negative manner as seen in many type 1 VWD patients. For 

this purpose, rVWF-WT and Gly2752Ser expression vectors were co-transfected into COS-7 cells 

in various ratios (Figure 5A). Multimer analysis of the culture media showed that the large size 

multimers of rVWF-WT disappeared in a dose-dependent manner when rVWF-Gly2752Ser was 

added (Figure 5B, medium). In the cell lysate, the dimer formation of rVWF-WT was suppressed, 

and monomeric VWF molecules were increasingly detected in a dose-dependent manner with the 

addition of rVWF-Gly2752Ser (Figure 5B, lysate). Furthermore, a quantitative rVWF:Ag assay by 

ELISA showed that the extracellularly secreted rVWF was significantly reduced in a 

dose-dependent manner with the addition of rVWF-Gly2752Ser (Figure 5C, medium). In contrast, 

the intracellular rVWF level was increased with rVWF-Gly2752Ser in a dose-dependent manner A
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(Figure 5C, lysate). These results indicate that rVWF-Gly2752Ser has a weak dominant-negative 

effect to inhibit rVWF-WT multimer formation and extracellular secretion.
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DISCUSSION

In the present study, we identified a novel genetic variation, VWF c.8254 G>A 

(p.Gly2752Ser), in a Japanese male patient diagnosed with type 3 VWD. Based on ex vivo ECFCs 

and in vitro rVWF expression system experiments, we revealed that VWF-Gly2752Ser caused 

dimerization impairment, resulting in its abnormal ER retention and defects in its extracellular 

secretion.

The phenotypic expression of VWF in heterozygotes in families is highly variable. The 

reason for this is that the relationship between VWD gene variants and phenotype is notoriously 

difficult to establish in type 1 and type 2 studies [38, 39], and certain variants may be diagnosed 

differently in different patients. This may be the reason for the phenotypic variability in the family 

studied here. In addition, as VWF is known to increase with age [40], parents with probands may 

be particularly affected. The large discrepancy between VWF:RCo and Ag in the two sons is even 

more difficult to understand. Ideally, the data should be confirmed by retesting, but unfortunately 

consent was not obtained.

Multimerization is normally a necessary process for VWF to serve its physiological 

function [1, 2]. VWF subunits are linked pairwise via interchain-disulfide bonds and subsequently 

form HMWMs [41]. In the ER, a newly synthesized VWF (preproVWF) is processed to a 

proVWF followed by forming an intermolecular C-terminal dimer with interchain-disulfide bonds 

of Cys2771-2773´, Cys2771´-2773, and Cys2811-2811´ in the CK domains [6] as suggested by 

chemical and mutational studies [4]. The proVWF C-terminal dimers are transported into the 

Golgi apparatus and further processed to form a multimeric molecule by N-terminal interchain 

disulfide bonds [7]. In C-terminal dimer formation, other non-disulfide bonds are also formed: 

interchain-hydrogen bonds (Cys2750-Ala2758 and Lys2810-Ser2812) and hydrophobic bonds 

(Tyr2749-Met2759 and Tyr2760-Ile2762-Val2767) [5]. Gly2752 is located between Cys2750 and A
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Cys2754 on the β4 strand in the CK domain and forms an interchain-hydrogen bond with Ser2756 

of a counterpart VWF subunit (Figure 6) [5]. rVWF-Ser2756Ala, an alanine substitution variant at 

Ser2756 that disrupts the interchain-hydrogen bond between Gly2752 and Ser2756, shows an 

abnormal multimer pattern with higher-order multimers with extraneous intermediate bands, 

similar to the rVWF-Gly2752Ser variant. In addition, the rVWF-Ser2756Ala variant appears to 

have a far less significant effect on the VWF expression level, given its intensity on a multimer gel 

(Supplementary Figure 2). We consider that the Gly2752Ser substitution affects the C-terminal 

intermolecular interaction of VWF subunits, resulting in C-terminal dimer formation impairment.

However, the detection of trace amounts of VWF molecules in the patient’s plasma 

(Figure 1 and Table 1) and cell culture media of rVWF-Gly2752Ser transfectants (Figure 3) 

indicate that there is VWF-Gly2752Ser with the size of two VWF units (dimer). One possibility is 

that VWF dimerization at the C-termini is not completely prevented. Tjernberg et al. reported that 

the type 3 VWD variant Cys2754Trp is mostly retained in the ER because of impairment of 

C-terminal dimer formation, though low amounts of VWF-Cys2754Trp are passed to the Golgi 

apparatus and subjected to multimer formation via N-terminal interchain disulfide bonds [19]. We 

therefore consider that VWF-Gly2752Ser can be dimerized via C-terminal interchain disulfide 

bonds at a very low rate within the ER and further be joined in the Golgi apparatus (Figure 7A). In 

this process, most of the dimerized VWF-Gly2752Ser must be subjected to further 

multimerization.

Plasma VWF multimers are modified by proteolytic cleavage with ADAMTS13, which 

generates N-terminal and C-terminal fragments [7, 8, 42, 43]. These cleaved fragments are known 

as the faster migrating satellite, intermediate triplet, and slower migrating satellite based on their 

mobility in multimer analysis using SDS-agarose gel electrophoresis [44, 45]. Fischer et al. 

proposed that the slower migrating satellite bands are composed of variable numbers of dimers A
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having one N-terminal fragment attached (Figure 7B-i) degraded from the tetramer, the 

intermediate triplet bands represent symmetric and/or asymmetric VWF dimers (Figure 7B-ii), and 

the faster migrating satellite bands are composed of variable numbers of dimers with one subunit 

lacking one N-terminal fragment (Figure 7B-iii) [45]. Our multimer analysis of VWF-Gly2752Ser 

in plasma showed an interesting and distinctive pattern that included only low molecular weight 

VWF representing the slower and faster satellites (Figure 1C). As an explanation of this distinct 

Gly2752Ser pattern, we consider that a tiny amount of tetramerized (and/or further multimerized) 

VWF-G2752S is proteolytically cleaved by ADAMTS13 in circulation and generates several 

forms of fragments: a dimer with one N-terminal fragment (slower migrating satellite, Figure 

7B-iv) and a dimer with one subunit lacking the N-terminal fragment (faster migrating satellite, 

Figure 7B-vi). Disappearance of the intermediate triplet band for VWF-Gly2752Ser indicates that 

symmetric and/or asymmetric VWF dimers are consumed into faster migrating satellites and thus 

appear nonexistent or below the limit of detection (Figure 7B-v).

There are several limitations in this study. First, the lack of ex vivo investigation using 

patient-derived ECFCs. We captured bright-field and ICC images of patient-derived ECFCs 

(Figure 2). However, we were not able to further obtain ECFCs in sufficient amounts to 

investigate VWF synthesis, intracellular transport, and the secretion level. We previously 

succeeded in establishing patient-derived ECFCs and cryopreserved some of them. However, 

these cryopreserved cells did not completely recover, with their morphology and proliferation rate 

being significantly altered. The cytological properties of ECFC often depend on the characteristics 

of the donor [46]. Researchers should carefully handle cultures or cryopreserved ECFC cells in 

relation to their various cytological properties. Furthermore, the VE-cadherin signal was weakened 

in the patient-derived ECFCs. De Boer et al. reported that the VE-cadherin expression level was 

weakened in ECFC colonies with lower cell density that are observed [46]. De Jong et al. A
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described that expression of mesenchymal markers such as ACTA1, VIM, and COL1A1 were 

increased in ECFCs with low cell density suggesting that Endo-MT (endothelial-mesenchymal 

transition) is the cause of the variation in ECFCs [47]. In this study, in spite of repeated tries to 

newly generate patient-derived ECFCs, ECFC colonies with higher cell density were not obtained. 

Second, expression studies that in VWF-transfected COS-7 [16, 48-49] and HEK293 [50] cells, 

higher-order multimers are detected in the culture medium but not in cell lysates. Lyons et al. 

described that the intracellular processing speed of VWF molecule could explain this phenomenon. 

After dimerized VWFs exit from the ER, VWF molecules are rapidly multimerized and 

transported through the Golgi apparatus to be secreted [16]. These reports shown that VWF from 

cell lysates predominantly consists of low-molecular weight VWF molecules, rather than the full 

range of multimers seen in cell culture medium or plasma. These reports are consistent with the 

observations shown in Figure 3B (lysate) and 5B (lysate). However, rVWF-WT showed a 

multimeric structure in the transfectant culture medium (Figure 3B and 5B). This observation 

reveals that our VWF expression system can mimic the intracellular VWF processing.

In conclusion, we investigated a novel VWF variant, VWF-Gly2752Ser, and 

demonstrated its molecular pathogenesis, which is secretory impairment due to the hampering of 

C-terminal dimer formation. VWF-Gly2752Ser causes the severe reduction of circulating 

VWF:Ag levels, but not a null phenotype. The very low amount of circulating VWF-Gly2752Ser 

is likely to be a tetramer (and/or further multimerized), which accounts for the patient’s clinical 

phenotypes: slightly higher FVIII levels (FVIII: C 11%) and mild or moderate bleeding episodes. 

As shown in Figure 3B, rVWF-Gly2752Ser was secreted in very low amounts. Based on a report 

by the subcommittee on VWF in ISTH [51, 52], the phenotype of VWF-Gly2752Ser is 

categorized as type 3 VWD, which is caused by clinically recessive variations usually associated 

with undetectable VWF levels (< 5 IU/dL), although VWF-Gly2752Ser appeared to have a weak A
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dominant-negative effect (Figure 5). To the best of our knowledge, the present study is the first 

report of type 3 VWD caused by a missense variation associated with a non-cysteine substitution. 

Additional screening investigations of genetic variations, especially missense variations in the CK 

domain, will contribute to further understanding of the pathological molecular basis of type 3 

VWD.
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FIGURE LEGENDS

Figure 1. Genotype and molecular phenotype of VWF-Gly2752Ser

A) Family tree of the patient. The patient (II-2) is indicated by an arrow. B) Direct sequencing 

analysis identified a guanine-to-adenine substitution at nucleotide 8254 (c.8254 G>A). The 

variation was detected as a single peak in the patient’s genomic DNA (arrow). C) VWF multimer 

analysis by SDS-agarose gel electrophoresis. NP: normal plasma, Pt: patient plasma. Closed and 

opened arrowheads indicate faster- and slower-migrating satellites of VWF molecules, 

respectively. The numbers at the left side of the image indicate the subunit number of each VWF 

multimer molecule. D) Non-reducing SDS-PAGE/WB of plasma VWF. NP: normal plasma, Pt: 

patient plasma. The band near 500 kDa indicates dimerized VWF.

Figure 2. Ex vivo VWF production analysis by patient-derived endothelial colony forming 

cells (ECFCs)

A) Representative microscopic image of ECFCs at low (4-fold) and high (10-fold) magnification 

of the objective lens. Scale bar, 100 μm at low and 40 μm at high magnification. B) Representative 

confocal microscopic images of ECFCs stained for VWF (green) and VE-cadherin (red). In the 

image of ECFCs derived from the patient. HC: healthy control, Pt: patient. Scale bar, 12.5 μm for 

HC and 25 μm for Pt.

Figure 3. In vitro analysis of VWF-Gly2752Ser by the recombinant VWF (rVWF) expression 

system

A) Quantitative rVWF levels in the culture medium and lysate of transfectants with rVWF-WT or 

Gly2752Ser expression vectors. The rVWF level is normalized to rVWF-WT as 100%. The error A
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bars indicate SEM values calculated from five independent experiments. **P < 0.01 and *** P < 

0.001 vs. WT as determined by Student’s t test. B) Multimer analysis of rVWF by SDS-agarose 

electrophoresis in the culture medium and lysate of transfectants with rVWF-WT or Gly2752Ser 

expression vectors. The numbers at the left of the image indicate the subunit number of each 

rVWF multimer molecule. In the image of the cell culture medium, opened and closed arrowheads 

indicate the bands representing dimeric and tetrameric rVWF, respectively. C) Non-reducing 

SDS-PAGE/WB of rVWF in the culture medium and lysate of transfectants with rVWF-WT or 

G2752S expression vectors. The bands near 250 kDa and 500 kDa indicate monomeric and 

dimeric rVWF, respectively.

Figure 4. Subcellular localization analysis of rVWF-Gly2752Ser by fluorescence microscopy

A) Colocalization analysis of rVWF-Gly2752Ser (green) and the ER (PDI, red). B) PCC analysis 

of rVWF and ER. C) Colocalization analysis of rVWF-Gly2752Ser (red) and the Golgi apparatus 

(green). D) PCC analysis of rVWF and the Golgi apparatus. Cell nuclei were stained with DAPI 

(blue). Scale bar, 10 μm. The PCC score was calculated using at least ten cells for each rVWF 

transfectant. The error bars indicate SD values. *** P < 0.001 vs. WT as determined by Student’s t 

test.

Figure 5. Co-transfection analysis of rVWF-WT and Gly2752Ser

A) Experimental design showing mixing ratios of rVWF-WT and Gly2752Ser expression vectors. 

B) Multimer analysis of co-transfected rVWF in the cell culture medium and lysate. The numbers 

at the left of the image indicate the subunit number of each rVWF multimer. C) Quantitative 

analysis of co-transfected rVWF in the cell culture medium and lysate. The graphs are normalized 
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to the vector mixing condition (i) shown as panel A. The error bars indicate SEM values 

calculated from five independent experiments.

* P < 0.001 vs. the mixing condition (i) detected by one-way ANOVA in the cell culture medium. 

# P < 0.05, # # P < 0.001 vs. the mixing condition (i) detected by one-way ANOVA in the cell 

lysate.

Figure 6. Alignment of the Gly2752 flanking region in the CK domain β4 strand.

Gly2752 (shown in red) is located between Cys2750 and Cys2754 on the β4 strand in the CK 

domain. Gly2752 forms an interchain hydrogen bond (shown as blue solid lines) with Ser2756 of 

a counterpart VWF subunit (β4´). Tyr2749 forms an intrachain hydrophobic bond with Met2759 

(brown dotted line). Cysteine residues (Cys2750 and Cys2754) that contribute to intrachain 

disulfide bonds are shown as green squares.

Figure 7. Putative pathogenic mechanism of VWF-Gly2752Ser

A) Putative intracellular structure and transport behavior of VWF-G2752S. Newly synthesized 

VWF-Gly2752Ser subunits are dimerized via C-terminal interchain disulfide bonds at a very low 

rate within the ER, and further joined via N-terminal interchain disulfide bonds in the Golgi 

apparatus. In this process, most dimerized VWF-Gly2752Ser must be subjected to tetramerization 

(and/or further multimerization). B) Putative triplet and satellite structures of plasma VWF-WT or 

Gly2752Ser according to multimer analysis using SDS-agarose electrophoresis. The slower 

migrating satellite bands are composed of variable numbers of dimers having one N-terminal 

fragment attached (i and iv). The intermediate triplet bands represent symmetric and/or 

asymmetric VWF dimers (ii and v). The faster migrating satellite bands are composed of variable 

numbers of dimers with one subunit lacking one N-terminal fragment (iii and vi). Plasma A
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VWF-Gly2752Ser shows an interesting and distinctive pattern with only the slower and faster 

satellite bands.

Supplementary Figure 1. Multimer analysis of rVWF-Cys1099Ala/Cys1142Ala and 

rVWF-Cys1099Ala/Cys1142Ala/Gly2752Ser variants.

In the rVWF-Cys1099Ala/Cys1142Ala variant, a dimer form interlinked via only C-terminal 

disulfide bonds was detected. In rVWF-Cys1099Ala/Cys1142Ala/Gly2752Ser, a dimer and 

monomer, which is consistent with the multimer pattern of rVWF-Gly2752Ser, were detected. The 

numbers at the left of the image indicate the subunit number of each rVWF multimer.

Supplementary Figure 2. Multimer analysis of rVWF-Ser2756Ala and 

rVWF-Gly2752Ser/Ser2756Ala variants.

 rVWF-Ser2756Ala showed an abnormal multimer pattern that is higher order multimers with 

extraneous intermediate bands like the rVWF-Gly2752Ser variant. 

rVWF-Gly2752Ser/Ser2756Ala also showed an abnormal multimer pattern like the 

rVWF-Gly2752Ser variant. These results suggest that the disruption of interchain hydrogen bonds 

between Gly2752 and Ser2756 causes C-terminal dimer formation impairment.
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Table 1. Hematological data of the patient and his family. 

 

 I–1 

(Father) 

I–2 

(Mother) 

II–2 

(Patient) 

III-1 

(Eldest son) 

III-2 

(Second son) 

Age (years) 88 85 49 13 11 

Blood type B AB AB B AB 

VWF:Ag (%) 120 111 < 5 82 40 

VWF:Ag 

(μg/mL) 

– – 0.12 – – 

VWF:RCo (%) 142 130 < 6 79 42 

FVIII:C (%) > 150 137.5 11 135.8 66.2 

ISTH-BATs score 0 0 8 0 0 

 

VWF:Ag, vonWillebrand factor antigen 

VWF:RCo, von Willebrand factor ristocetin cofactor activity 

FVIII, Factor VIII concentration 
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Supplementary information 

 

VWF ELISA 

 We used polyclonal rabbit anti-human VWF antibody (ab6994, Abcam, Cambridge, 

UK) as the primary antibody and anti-human VWF horseradish peroxidase-conjugated rabbit anti-

human VWF antibody (P0226, DAKO, Carpinteria, California, USA) as the secondary antibody. 

Primary antibody diluted to 1:2000 with 0.05 M carbonate buffer (pH 9.6) was added to each well 

and incubated at 4 °C overnight. Standard plasma and samples were diluted with 0.3% bovine 

serum albumin (BSA; Sigma-Aldrich, St. Louis, Missouri, USA)-phosphate buffered saline (PBS). 

One hundred microliters of each diluted analyte were added to each well followed by incubation 

for 2 h at room temperature. Secondary antibody diluted to 1:2000 with 0.3% BSA-PBS was 

added to each well and incubated for 1 h. For the substrate solution, 2 mg of 1,2-

orthophenylenediamine dichloride (OPD Tablet, FUJI FILM Wako Pure Chemical, Osaka, Japan) 

was dissolved in 0.1 M citrate phosphate buffer (pH 5.0), and 0.6 μL of hydrogen peroxide 

(MITSUBISHI GAS CHEMICAL COMPANY, Tokyo, Japan) was added. To stop color 

development, 1 M sulfuric acid (Sigma-Aldrich) was added, and the optical density at 492 nm 

was measured by microplate reader MPR4Ai (Tosoh, Tokyo, Japan). 

 

VWF multimer analysis 

 A sample was diluted to an appropriate concentration with multimer analyzing sample 

buffer (10 mM Tris, 1 mM EDTA, 0.2% SDS, 0.8 M urea, pH 8.0) and subjected to 1.8% SDS-

agarose gel electrophoresis. Electrophoresis was performed using electrode buffer (20 mM Tris, 

20 mM glycine, 0.1% SDS, pH 8.35) and a Hoefer HE99X-15-1.5 (Hoefer, Holliston, 

Massachusetts, USA) with 20 mA constant current for 1 h, then 4 mA for 20 h at 4 °C. After 

electrophoresis, the gel was washed and dried. After blocking by 1% skim milk for 90 min, the 

gel was placed into primary antibody solution overnight followed by washing with Tris buffered 

saline (TBS)-0.05% Tween. The washed gel was placed into secondary antibody solution for 12 

h. 

 

VWF SDS-PAGE/WB 

 Samples were denatured with SDS-PAGE sample buffer (10 mM Tris, 2% SDS, 1.2 M 

urea, 15% glycerol, pH 6.8) and heating at 65 °C for 15 min. Denatured samples were 

electrophoresed under non-reducing conditions using NuPAGE® 3%–8%, Tris-Acetate Gel 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA), NuPAGE™ Tris-Acetate SDS 

Running Buffer, and XCell SureLock™ (Thermo Fisher Scientific) according to the 

manufacturer’s instructions, and transferred onto an Immune blot® PVDF membrane (Bio-Rad, 



Hercules, California, USA) by a Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad). Transferred 

membranes were incubated in 1% skim milk for 3 h. In both multimer analysis and SDS-PAGE, 

for VWF detection, we used horseradish peroxidase-conjugated rabbit anti-human VWF antibody 

(P0226, DAKO) and Amersham™ ECL prime Western Blotting Detection Reagent (GE Healthcare, 

Illinois, Chicago, USA). The VWF signal was captured by an LAS4000 (Fujifilm Tokyo Japan). 

As a loading control for SDS-PAGE, α/β-tubulin was detected with anti-α/β-Tubulin antibody 

#2148 (Cell Signaling Technology Danvers, Massachusetts, USA) and Anti-Rabbit IgG, HRP-

Linked F(ab’)2 Fragment Donkey (NA9340, GE Healthcare). Samples of cultured medium and 

cell lysate were collected by the procedures described in the Materials and Methods. 
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Supplementary Figure 1

Lane 1: rVWF-WT

Lane 2: rVWF-Cys1099Ala/Cys1142Ala

Lane 3: rVWF-Gly2752Ser

Lane 4: rVWF-Cys1099Ala/Cys1142Ala/Gly2752Ser
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Lane 1: rVWF-WT

Lane 2: rVWF-Ser2756Ala

Lane 3: rVWF-Gly2752Ser

Lane 4: rVWF-Gly2752Ser/Ser2756Ala
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Supplementary Table 1.  Primers for experiments

  Name of primer  Length                                          Sequence            Position Application

VWF 52 U 19 5'-GAGGGGGTCAGGGAGAAAG-3' 5,949,281–5,949,299 PCR and sequencing *

VWF 52 L 20 5'-AACCGGTCTCAGAACTCAGC-3' 5,948,807–5,948,826 PCR and sequencing *

VWF_G2752S_Fw 28 5'-TGTGCCAGCAAAGCCATGTACTCCATTG-3' 8,260–8,287 Mutagenesis #

VWF_G2752S_Rv 30 5'-TTTGCTCTGGCAGTAGTGGATATCCACCTC-3' 8,230–8,259 Mutagenesis #

VWF_C1099A_Fw 30 5'-GCTGCCTATGCCCACGTGTGTGCCCAGCAT-3' 3,563–3,592 Mutagenesis #

VWF_C1099A_Rv 30 5'-AATGGTGTCGCAGAAGGCGGCGCAGTCCCC-3' 3,533–3,562 Mutagenesis #

VWF_C1142A_Fw 32 5'-CGCTATAACAGCTGTGCACCTGCCTGTCAAGT-3' 3,683–3,714 Mutagenesis #

VWF_C1142A_Rv 30 5'-CCACTCTGCCTCATACCCGTTCTCCCGGAG-3' 3,653–3,682 Mutagenesis #

VWF_S2756A_Fw 30 5'-GACATCAACGATGTGCAGGACCAGTGCTCC-3' 8,537–8,566 Mutagenesis #

VWF_S2756A_Rv 30 5'-AATGGAGTACATGGCTTTGGCGGCACATTT-3' 8,507–8,536 Mutagenesis #

Nucleotide reference sequence NC_000012.12 in GRCh38.p13 (accessed on February 16th, 2021).

*: Sequence of primers for VWF exon 52 DNA sequencing. Positions correspond to those of the NCBI.

#: Sequence of primers for mutagenesis. Positions correspond to the number of coding DNA.




