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Summary
The diagnosis of von Willebrand disease (VWD), the most common in-
herited bleeding disorder, is characterised by a variable bleeding ten-
dency and heterogeneous laboratory phenotype. The sequencing of 
the entire VWF coding region has not yet become a routine practice in 
diagnostic laboratories owing to its high costs. Nevertheless, next-
generation sequencing (NGS) has emerged as an alternative to over-
come this limitation. We aimed to determine the correlation of geno-
type and phenotype in 92 Portuguese individuals from 60 unrelated 
families with VWD; therefore, we directly sequenced VWF. We com-
pared the classical Sanger sequencing approach and NGS to assess 
the value-added effect on the analysis of the mutation distribution in 
different types of VWD. Sixty-two different VWF mutations were ident-
ified, 27 of which had not been previously described. NGS detected 26 
additional mutations, contributing to a broad overview of the mutant 

alleles present in each VWD type. Twenty-nine probands (48.3 %) had 
two or more mutations; in addition, mutations with pleiotropic effects 
were detected, and NGS allowed an appropriate classification for 
seven of them. Furthermore, the differential diagnosis between VWD 
2B and platelet type VWD (n = 1), Bernard–Soulier syndrome and 
VWD 2B (n = 1), and mild haemophilia A and VWD 2N (n = 2) was 
possible. NGS provided an efficient laboratory workflow for analysing 
VWF. These findings in our cohort of Portuguese patients support the 
proposal that improving VWD diagnosis strategies will enhance clini-
cal and laboratory approaches, allowing to establish the most appro-
priate treatment for each patient.
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Introduction

Von Willebrand disease (VWD) is the most common inherited 
bleeding disorder, with a reported incidence of 0.01–1 % (1, 2). 
This disease is caused by a deficiency of von Willebrand factor 
(VWF), an adhesive glycoprotein of large dimensions with crucial 
functions in haemostasis derived from its ability to organise in 
multimers. The high-molecular-weight (HMW) multimers of 
VWF are essential for primary haemostasis, i. e. mediating a mo-
lecular endothelium–platelet bridge for binding collagen and the 
platelet receptors glycoprotein (GP)Ib and GPIIb/IIIa. In addition, 
VWF binds and stabilises factor VIII (FVIII) in the circulation, 
protecting it from rapid proteolytic degradation while delivering it 
to sites of vascular damage. As a result of this physiological pro-

cess, VWF insufficiencies may cause haemorrhage by reducing 
platelet function or by reducing the FVIII concentration (1–3).

The diagnosis of VWD is based on the nature of the VWF defi-
ciency. VWD is classified into three different types: partial or com-
plete VWF quantitative deficiencies (types 1 and 3, respectively) 
and qualitative deficiency (type 2). Type 2 VWD is characterised 
by functional defects that lead to impaired activity and is accord-
ingly divided into four secondary categories (2A, 2B, 2M and 2N). 
Functional defects lead to enhanced (2B) or reduced (2A, 2M) pla-
telet interaction or impaired binding to FVIII (2N); structural de-
fects due to impaired dimerisation/multimerisation can lead to 
type 2A/IID, 2A/IIC and 2A/IIE VWD (1, 4). Type 2A VWD can 
also be caused by mutations that impair the production of the 
larger multimers (Group I) and those with normal synthesis and 
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release but with increased proteolytic susceptibility to ADAMTS13 
(Group II) (5). All these defects can be identified by laboratory 
tests that assess the functional characteristics of VWF. It is crucial 
to correctly diagnose the subtype of VWD because the therapeutic 
approaches are different for each subtype. However, this diagnosis 
remains difficult because the clinical and laboratory phenotypes 
are very heterogeneous, and a clear discrimination between some 
of these subtypes can be challenging (6, 7).

Molecular analysis of VWF is very useful in the diagnosis and 
classification of VWD; type 2 mutations are localised to specific 
functional domains in exons 18–25 (type 2N), exon 28 (types 2A, 
2B and 2M) and exons 11–16, 24–26 and 51–52 (type 2A), where-
as the type 1 and type 3 VWD mutations require analysis of all the 
essential VWF regions. Moreover, compound heterozygosity for 
VWF mutations in different functional domains of the VWF mol-
ecule causes pleiotropic effects and produces different phenotypes 
(8, 9).

To elucidate the clinical variability, which is found even in the 
same family, it is necessary to identify the mutational profile; how-
ever, the large size of VWF has been a disadvantage for studying 
using conventional Sanger DNA sequencing in diagnostic labora-
tories owing to its high costs. Nevertheless, the prospects for mo-
lecular diagnosis will be improved with the introduction of next-
generation sequencing (NGS) platforms; massively parallel se-
quencing has reduced the cost and increased the throughput of 
DNA sequencing (10, 11).

With this in mind, we conducted a study with two main objec-
tives: first, to better understand the genotype–phenotype corre-
lation, we detailed the phenotypes of 92 Portuguese patients from 
60 unrelated families with different types of VWD and VWF mu-
tations; second, to decide the most appropriate strategy for VWD 
diagnosis in our Department of Haematology, including feasibility 
and costs, we compared the results obtained using conventional 
Sanger sequencing and NGS. This approach allowed the creation 
of a new algorithm that uses an efficient and cheaper methodology 
to establish the diagnosis, prognosis and a more accurate treat-
ment for VWD.

Materials and methods
Patients and controls

This study included a group of 92 patients of Portuguese origin be-
longing to 60 apparently unrelated families; the patients were diag-
nosed with different types of VWD between 2007 and 2014. Sixty 
probands and 32 affected relatives (parents and siblings) were dis-
tributed as follows: 56 patients (31 families) regularly attended the 
Department of Haematology at Centro Hospitalar Universitário de 
Coimbra for clinical and laboratorial follow-up. The remaining 36 
patients (29 families) were referred from external centres in differ-
ent regions of Portugal: Lisbon (three central hospitals, one pae-
diatric) and Faro (one central hospital). These hospitals all diag-
nose and treat patients with VWD and had sent samples from pa-
tients with different types of VWD to our centre for confirmation 
of their results, for multimer pattern analysis and for molecular 

study. The patients included in this study were from the central 
and southern regions of Portugal.

The clinical characteristics of patients were recorded through a 
validated questionnaire focusing on personal and family history of 
significant mucocutaneous haemorrhage using bleeding scores 
(BSs) calculated with the bleeding assessment tools (BAT) recom-
mended by the International Society on Thrombosis and Haemo-
stasis and Standardization Committee on von Willebrand Factor 
guidelines (12). In accordance with the Declaration of Helsinki, in-
formed consent was obtained from all probands and their family 
members.

The 92 individuals in this study included both adults and 
children with a median age of 28 years (1–76) and a sex distribu-
tion of 58F : 34M. The adult probands (n = 42) had a median age 
of 41 years with a range of 19–76 years, and the child probands (n 
= 18) had a median age of 8 years with a range of 1–15 years.

Forty-two healthy volunteers acted as a control group for 
measurements of the PFA-100 closure time (PFA:ADP; PFA:Epi), 
FVIII coagulant activity (FVIII:C), VWF antigen level (VWF:Ag), 
ristocetin cofactor activity (VWF:RCo) and/or VWF collagen 
binding (VWF:CB) (▶ Table 1). The control group included unre-
lated individuals (32F : 10M) without an individual or family his-
tory of mucocutaneous haemorrhage, with a mean age of 33.5 ± 
11.12 yrs.

Samples and sample processing

Functional and immunological studies were performed on blood 
collected into vacuum tubes containing 3.2 % sodium citrate and 
centrifuged within 15 minutes (min) at room temperature for 20 
min at 2500 g. The obtained platelet-poor plasma was then separ-
ated into aliquots and kept frozen at –80 °C until use. The separ-
ated plasma was later subjected to coagulation and multimer as-
says. Genomic DNA was extracted from EDTA whole blood by 
automatic isolation on an iPrepTM instrument using a gDNA 
Blood Kit (Invitrogen, Carlsbad, USA). The DNA concentration 
was adjusted to a range of 25–50 ng/µl.

Algorithm for phenotypic analysis – coagulation and 
multimer assays

VWF analysis was performed according to an algorithm based on 
established recommendations (6): i) screening tests – platelet func-
tion analysis via the PFA-100 closure time (Siemens Healthcare, 
Marburg, Germany) in addition to measurements of the FVIII:C 
level, VWF:Ag level, VWF-platelet GPIb binding activity (Innov-
ance) and VWF:RCo that were performed on a BCS XP coagu-
lation analyser according to the manufacturer’s instructions 
(Siemens Healthcare, Marburg, Germany); ii) specific tests – to de-
termine disease subtype, ristocetin-induced platelet aggregation 
(RIPA) in platelet-rich plasma with final ristocetin concentrations 
of 0.5 mg/ml and 1.2 mg/ml was performed using an in-house ag-
gregometry assay. VWF:CB was measured (except in type 3 and 
2N VWD) using type III collagen (Technozym, Technoclone, 
Vienna, Austria), and the capacity of VWF to bind exogenous 
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FVIII (VWF:FVIIIB) (Stago, Asnieres, France) was evaluated 
using ELISA. The multimer pattern was evaluated by SDS-agarose 
gel electrophoresis (low-resolution gel electrophoresis using 0.9 % 
low-gelling temperature agarose or medium resolution using 1.6 % 
agarose), followed by Western blotting and detection with rabbit 
anti-human VWF antibody (Dako, Glostrup, Denmark) using the 
alkaline phosphatase staining method (13).

The potential probands with VWF deficiency were diagnosed 
by evaluating the following criteria: presence of reduced (< 
30 %) VWF:RCo levels; a discrepant VWF:RCo/VWF:Ag ratio 
of < 0.7 that suggested type 2 VWD; a discrepant 
FVIII:C/VWF:Ag ratio of < 0.5 that suggested type 2N VWD; 
the absence of VWF (or presence of only trace amounts) and a 
FVIII:C below 5 % that distinguished type 3 VWD from severe 
type 1 VWD (1).

The rate of VWF mutations found in type 1 VWD decreases 
when the VWF level is > 30 % (1). To avoid high costs, in our ap-
proach, patient samples with borderline VWF levels were not pur-
sued for molecular analysis and Sanger sequencing.

Alloantibodies to VWF

To test alloantibodies to VWF in type 3 patients, an in-house 
ELISA-based assay was used as previously described (14).

Strategy for VWF mutation analysis

The molecular analysis in this study used two different direct 
 sequencing methodologies:
i) Sanger direct sequencing: For the seven years of this study, the 

following sequences were determined using an approach based 
on VWD subtypes: type 1 severe and type 3 VWD – all coding 
VWF; types 2B and 2M VWD - only exon 28; type 2A – first 
exon 28 and then exons 11–16, 24–26 and 51–52 if there was no 

mutation in exon 28; and type 2N – exons 18–25. To confirm 
differential diagnosis between VWD 2B and platelet type VWD 
(PT-VWD), exon 2 of GP1BA.

ii) NGS: The coding VWF [regions of interest (ROIs)] were ana-
lysed in all samples (DNA samples were sent to Unitat de Diag-
nòstic i Teràpia Molecular, Banc de Sang i Teixits (BST, Barce-
lona, Spain)).

Sequencing of VWF using NGS and identification of 
genetic variants

A recently described automated method for the Access Array™ 
platform (Fluidigm, South San Francisco, CA, USA) derived from 
a previous NGS protocol (10, 15) was used for VWF amplification. 
Briefly, the resulting products from all patients included in this 
study were pooled and simultaneously sequenced in a MiSeq 
Desktop Sequencer (Illumina, San Diego, CA, USA) run. Bar-
coded sequences were de-multiplexed and individually analysed. 
The ROIs included in our NGS design were approximately 1300 bp 
of the VWF promoter region, exons 1–52 and the intronic flanking 
regions (at least 20 bp). The depth of coverage and primer design 
is described in detail in the Suppl. Material (available online at 
www.thrombosis-online.com). The NGS pipeline output, in paired 
sequence files (FASTQ format), was used as an input for the analy-
sis, which began with CLC Genomic Workbench software 
(Qiagen, Hilden, Germany) and then proceeded to VariantStudio 
(Illumina). The optimal analysis parameters (coverage, minor al-
lele counts, percent of variant alleles, etc.) were adjusted to obtain 
the optimal performance for variant detection (see Suppl. Material, 
available online at www.thrombosis-online.com). This workflow 
allows the alignment of the resulting sequences against the human 
genome sequence (hg19) and concurrent in silico analysis, permit-
ting the identification of potential pathogenic variants, discrimi-
nating pseudogene sequences and filtering the known 

Table 1: Demographic and phenotypic data of 60 probands at diagnosis.

Male/Female

Median age, years (range)

Median bleeding score (range)

PFA (COL/ADP), s
PFA (COL/Epi), s

FVIII:C* (%) (range)

VWF:Ag* (%) (range)

VWF:RCo* (%) (range)

VWF:RCo/VWF:Ag* (range)

VWF:CB* (%) (range)

Normal range: PFA (COL/ADP), 93–161 s; PFA (COL/Epi), 67–99 s; FVIII:C, 49–149 %; VWF:Ag, 50–160 %; VWF:RCo, 48–173 % and VWF:CB, 60–130 %. PFA-platelet 
function analysis; s – seconds; *Median and range; Chi-squared testing for categorical variables; One-way ANOVA followed by Bartlett’s test for all linear vari-
ables; NS, no significance.

Type 1
(n = 7)

4/3

17 (1–34)

14 (5–18)

>300
>300

26 (11–33)

9.9 (3–16)

7.2 (2–15)

0.8 (0.67–1.00)

4.5 (2–16)

Type 3
(n = 15)

1/14

15 (1–55)

18 (10–23)

>300
>300

2.1 (<0.25–6)

<4

<4

-

-

Type 2N
(n = 12)

5/7

41 (13–69)

12.5 (2–21)

121 (99–188)
96 (82–125)

27.5 (7–38)

68.0 (45–120)

64.0 (47–100)

1.0 (0.83–1.11)

-

Type 2A, 2B, 2M
(n = 25)

8/17

36 (2–76)

11 (1–24)

>300
>300

37.5 (15–100)

30.0 (14–85)

11.0 (<4–32)

0.4 (0.14–0.73)

13.0 (<4–53)

P-value

0.0384

NS

NS

NS

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001
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 polymorphisms described to date in the dbSNP (16) and 1000 
 Genomes databases (17).

For confirmation of the variants identified by NGS, the corre-
sponding region was amplified using PCR and sequenced by 
Sanger direct sequencing, as described in the Suppl. Material 
(available online at www.thrombosis-online.com).

Multiplex ligation-dependent probe amplification 
(MLPA)

DNA samples from patients lacking identified pathogenic variants 
using PCR/direct sequencing, were screened using SALSA MLPA 
P011 and P012 VWF kits (version B2; MRC-Holland) to detect 
deletions/duplications in VWF. Fragment size analysis was per-
formed using an ABI 3130 Genetic Analyzer (Applied Biosystems, 
Foster City, CA, USA). Data normalisation was performed using 
four healthy controls and Coffalyser. Net software (MRC-Holland) 
was used for analysis using the fragment analysis files (.fsa) ob-
tained from the Applied Biosystems Genetic Analyzer as input.

Mapping of the VWF exon 31 deletion breakpoints

The exact locations of the deletion breakpoints in one type 1 VWD 
proband in whom the mutation was initially identified by MLPA 
were determined by primer walking followed by Sanger sequenc-
ing. The genomic region from the end of exon 30 to intron 31 was 
amplified using five primer sets. The following primer pair se-
quences were used in the specific assay for the detection of the 
deletion: forward primer 5’-GCTGCAGTATGGAAGCATCA-3’ 
and reverse primer 5’-GAGTTGAGGTGAGGCTGGAG-3’.

In silico analysis

The impact of missense changes was further analysed according to 
the recommended criteria that included evolutionary conservation 
of an amino acid or nucleotide, location and context within the 
protein sequence and the biochemical consequence of the amino 
acid substitutions (18, 19). This analysis was assessed using five dif-
ferent in silico algorithms: PROVEAN, SIFT, PolyPhen-2, Muta-
tionAssessor and MutationTaster (Suppl. References, available on-
line at www.thrombosis-online.com) (last accessed September 21, 
2015). Missense variants were considered deleterious if at least 
three of the five prediction programs suggested a pathogenic effect.

Potential disease-causing variants due to aberrant splicing were 
evaluated using a set of five different in silico algorithms: Human 
Splicing Finder (HSF), MaxEntScan, NNSPLICE, NetGene2 and 
Splice View (Suppl. References, available online at www.thrombo
sis-online.com) (last accessed September 21, 2015). This approach 
improves the accuracy of the splicing analysis of intronic, deep in-
tronic and exonic variants that may directly disrupt constitutive 
splice sites or indirectly create cryptic splice sites (20, 21). MutPred 
Splice was used to confirm probable exonic splicing variants (22). 
A local splice site effect was considered potentially deleterious 
when at least three (intronic variants) or four (exonic variants) of 
these predictions for the variant vicinity were significant.

Genetic databases

As recommended by the guidelines (18, 21, 23), we defined those vari-
ants that are not reported in the international databases (population- 
and disease-specific) as well as in published literature as ‘novel’. There-
fore, in addition to using the polymorphism databases (dbSNP and 
1000 Genomes databases) mentioned above, we checked variants for 
inclusion in the Exome Aggregation Consortium (ExAC) (24), Exome 
Variant Server (EVS) (25), Human Gene Mutation Database (26) and 
VWF international mutation databases (27–29).

Assessment of the pathogenicity of variants

The following criteria were used to evaluate the pathogenicity of 
the variants: 1) whether the variant was a stop/frameshift variant, 
which was considered to most likely be disease causing, 2) co-
segregation in the family, 3) whether the variation had been pre-
viously identified in international databases, 4) in silico evaluation 
and 5) presence of the second mutant allele in the case of autoso-
mal recessive inheritance.

Variants were classified as pathogenic, likely pathogenic, uncer-
tain significance, likely benign or benign based on the available 
evidence, according to the practice guidelines for the evaluation of 
pathogenicity recently published by the American College of 
Medical Genetics and Genomics and the Association for Molecu-
lar Pathology (18).

The amino acid numbering and nomenclature used is accord-
ing to the international recommendations for the description of 
sequence variants of the Human Genome Variation Society 
(http://www.HGVS.org) and applied to genetic variants in haemo-
stasis (30).

Statistical analysis

Differences between groups were analysed by Chi-squared testing 
for categorical variables and one-way ANOVA followed by Bart-
lett’s test for all linear variables. Tests were assumed significant 
whenever the two-tailed p-value was < 0.05. These statistical ana-
lyses were performed using GraphPad Prism 6.0 for Windows 
(GraphPad Software, La Jolla, CA, USA; www.graphpad.com).

Results
Laboratory haemostasis findings

The present study included a cohort of 60 probands from different 
regions of Portugal with severe/intermediate types of VWD. Ac-
cording to the study algorithm, in the first approach, a standard-
ised BS and VWF:Ag, VWF:RCo and FVIII:C levels were taken 
into account to diagnose these patients. BS showed an overall in-
verse correlation with the plasma levels of VWF:Ag (p = 0.0022, 
Spearman’s rho = 0.3822), VWF:RCo (p = 0.0013, Spearman’s rho 
= 0.3991) and FVIII:C (p = 0.0020, Spearman’s rho = 0.3829).

Forty-eight probands presented with low levels of VWF:RCo 
(9.15 ± 9.19 %), and 12 presented with a reduced FVIII:C/VWF:Ag 
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ratio (0.36 ± 0.15); these features prompted a detailed phenotypic 
study and mutational analysis.

The phenotypic characteristics of the probands were mainly 
distributed as follows: severe type 1 VWD (n = 7), type 3 VWD (n 
= 15) and type 2 VWD (n = 38). Specific tests indicated the sub-
division of type 2 VWD as follows: type 2A (n = 9), type 2B (n = 
6), type 2M (n = 11) and type 2N (n = 12) (▶ Table 1). Familial 
studies (n = 32) included 25 affected relatives, three type 3 carriers 
and four type 2N carriers (data not shown).

The NGS method confirmed all variants detected by the Sanger 
method (100 % sensitivity) and detected 26 additional variants: six 
missense, three synonymous and 17 intronic [15 of 17 (88 %) were 
deep intronic]. In total, 62 different variants, whose frequency in 
the different populations studied in 1000 Genomes was below 1 %, 
are summarised in Suppl. Table 1 (available online at www.throm
bosis-online.com): 30 missense variants (48.5 %), three nonsense 
(4.8 %), two small deletions (3.2 %), one large deletion (1.6 %), one 
duplication (1.6 %), five synonymous (8 %) and 20 intronic vari-
ants (32.3 %). The frequencies of those variants were also checked 
in the ExAC and EVS_EA population databases, which revealed 
differing values for some variants (Suppl. Table 1, available online 
at www.thrombosis-online.com).

In total, 27 variants had never been reported in the population 
databases and international VWF databases (Suppl. Table 1, avail-
able online at www.thrombosis-online.com).

Prediction of pathogenic variants

Twenty-six out of 31 missense variants were predicted to be del-
eterious (Suppl. Table 2, available online at www.thrombosis-on
line.com). Fifteen of 56 variants (missense, synonymous and in-
tronic) were detected using some in silico tools with probable im-
pact on splicing; however, only six reached the required score (≥ 3 
for intronic and ≥ 4 for exonic mutations) and were considered 
potential splice site variants (Suppl. Table 3, available online at 
www.thrombosis-online.com). According to the practice guide-
lines (18), these in silico analyses combined with other evidence 
data (population, functional and segregation) permitted the fol-
lowing classification of the variants: pathogenic (n = 29; 46.9 %), 
likely pathogenic (n = 4; 6.4 %), uncertain significance (n = 4; 
6.4 %), likely benign (n = 18; 29 %) and benign (n = 7; 11.3 %) 
(Suppl. Table 1, available online at www.thrombosis-online.com). 
Accordingly, for the classification of these variants, we used the 
term ‘mutation’ only to refer to pathogenic variants.

Variants were identified in all probands of this cohort (100 %), 
and 29 (48.3 %) had two or more variants along VWF.

Potential functional impact of novel mutations

Eleven of the 27 novel variants (41 %) were pathogenic: five 
 missense changes (c.440A>G, p.Gln147Arg; c.2637C>A, 

Table 2: Phenotypic and molecular data of seven probands with se-
vere type 1 VWD.
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p.Asp879Glu; c.4117G>T, p.Asp1373Tyr; c.5140G>C, 
p.Ala1714Pro; and c.7400A>C, p.Gln2467Pro); two nonsense mu-
tations (c.4666C>T, p.Gln1556*; c.7086C>A, p.Cys2362*); two 
small deletions (c.100delT, p.Arg34Aspfs*49; c.5414_5415del, 
p.Val1805Glyfs*8); one large deletion [c.5312–104-_5455+642del 
(890 bp)] and one potential splice site mutation at the consensus 
5’-GT donor splice site (c.1533+1G>A) (Suppl. Table 1, available 
online at www.thrombosis-online.com). The remaining 16 vari-
ants accounted for two missense changes that were signalled as be-
nign variants (c.3590C>A, p.Pro1197Gln; c.3686T>C; 
p.Val1229Ala) and 14 deep intronic variants that were considered 
with uncertain significance (2) and likely benign (12) (Suppl. Table 
1, available online at www.thrombosis-online.com).

Phenotype–genotype correlations

The probands’ phenotypic and molecular data were separated ac-
cording to the VWD type, and only the variants with predicted pa-

thogenicity (mutations) are summarised in ▶ Tables 2–6. For four 
probands, the phenotype-based classification was changed after 
mutation analysis.

Type 1 VWD

Seven probands had a severe type 1 VWD profile with very low 
VWF:Ag and VWF:RCo levels but with moderately reduced 
FVIII:C levels (▶ Table 2). In fact, five of these seven patients had 
an increased FVIII:C/VWF:Ag ratio with a median value of 3.7 
(range 2.6–4.5). Thirteen variants were distributed along several 
regions of VWF with alterations in domains D1, D2, A3, D4, C2, 
C3 and C4 (▶ Figure 1). As shown in ▶ Table 2, 10 mutations (five 
not previously described) were associated with this phenotype. All 
probands except three had compound heterozygous mutations: 
one had a novel homozygous missense mutation, p.Gln2467Pro, 
located in the C3 domain, another had a novel heterozygous large 
deletion of exon 31 located in the A3 domain, and the third had a 

Figure 1: Distribution of 62 different VWF mutations identified in 60 
probands with VWD. A) The scheme represents VWF and the corresponding 
domains of the VWF protein (55, 56). B) The graphics show the mutation dis-
tribution associated with the VWF domains for severe type 1, type 3, type 2N 
and type 2A, 2B, 2M VWD. Each graphic discriminates between the mu-
tations previously identified by Sanger sequencing and the mutations added 

by NGS. No evident cluster of alterations was observed for type 1 and type 3 
VWD, and the spreading along VWF was accentuated. For type 2N VWD, a 
mutation cluster in the region coding for D’-D3 was preserved. For type 2A, 
2B and 2M VWD, mutation spreading was evident, but a mutation cluster 
emerged in the region coding for the A1 domain.
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duplication mutation c.6699_6702dupAGGC, p.Cys2235Argfs*8. 
MLPA analysis detected the large deletion, and PCR followed by 
direct DNA sequencing mapped the intronic breakpoints 
c.5312–104_5455+642del, indicating that the deletion was 890 bp 
in size (Suppl. Figure 1, available online at www.thrombosis-on
line.com).

The remaining four probands showed compound heterozygos-
ity in trans for missense and null mutations (nonsense and splice 
site). Two probands had a recessively inherited missense mutation 
p.[Gln147Arg];[Cys2362*] and [p.Ala631Val];[c.7730–4C>G] lo-
cated in the VWF propeptide (VWFpp) region (D1–D2 domain). 
Both had a typical multimeric pattern with a heavy predominance 
of VWF dimers (IIC). The proband P12 had a duplication mu-
tation c.6699_6702dupAGGC, p.Cys2235Argfs*8 and the synony-
mous mutation c.7437G>A in the splice region, resulting in se-
verely decreased VWF:Ag levels. The same duplication mutation 
was detected in the homozygous state in type 3 VWD patients 
(▶ Table 3). Finally, the proband P48 had a compound heterozy-
gosity in trans for the novel missense mutation p.Ala1714Pro in 
the A3 domain and the potential splice site variant c.5170+10C>T. 
This missense mutation in the proband’s mother was inherited as a 
dominant trait with a type 2M VWD phenotype, normal multi-
meric pattern and low VWF:CB/VWF:Ag ratio (0.54), thus show-
ing a pleiotropic effect.

Type 3 VWD

The severity of 15 probands with type 3 VWD was evidenced by 
the low median age (15 years) and higher BSs, which were consist-
ent with the low levels of FVIII:C (median 2 %, range < 0.25–6), 
VWF:Ag (< 4 %) and VWF:RCo (< 4 %) and the absent VWF 
multimeric pattern (▶ Table 1 and ▶ Table 3). Mutations were 
identified in 14 probands, 13 of whom were homozygous for only 
one mutation (93 %). In total, 13 different variants and six mu-
tations were scattered throughout VWF (▶ Figure 1).

Three novel mutations were identified in our cohort of type 3 
VWD patients: the nonsense mutation c.4666C>T (p.Gln1556*), 
the small deletion c.5414_5415delTG (p.Val1805Glyfs*8) and the 
splice site mutation c.1533+1G>A.

The majority of the probands (13/15; 87 %) were homozygous 
for a null mutation that comprised the nonsense mutations 
c.3931C>T (p.Gln1311*) and c.4666C>T (p.Gln1556*), the small 
deletion c.5414_5415delTG (p.Val1805Glyfs*8) and the dupli-
cation c.6699_6702dupAGGC (p.Cys2235Argfs*8). One proband 
was compound heterozygous for [p.Tyr1146Cys];[c.1533+1G>A]; 
a study of the parents allowed the tracing of the mutation inherit-
ance in each allele: the father was heterozygous for p.Tyr1146Cys, 
showing a mild type 1 VWD, whereas the mother was heterozy-
gous for c.1533+1G>A but was asymptomatic.

The remaining type 3 VWD proband and her brother were 
homozygous for a dinucleotide change c.3485_3486delinsTG that 
results in the variant p.Pro1162Leu, which affects the D3 domain; 
however, the real contribution of this variant to the severe quanti-
tative phenotype must still be clarified. Thus, causative mutations 
for type 3 VWD were found in 14 out of 15 probands (93 %). La
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Table 3: Pheno-
typic and molecu-
lar data of 14 
probands with 
type 3 VWD.
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Among those patients who were homozygous for the 
c.3931C>T (p.Gln1311*) mutation, one proband (P2) showed 
an ineffective response after replacement therapy, and the pres-
ence of an inhibitory alloantibody against VWF was confirmed 
by an anti-VWF ELISA assay. On the basis of these data, the pa-
tient received FVIII bypass therapy according to their clinical 
situation.

Type 2N VWD

All the 12 type 2N VWD probands had reduced FVIII:C levels 
with median levels of 27.5 % (range 7–38), normal or near normal 
median VWF:Ag levels of approximately 68 % (range 45–120), 
normal VWF:RCo levels of 64 % (range 47–100) and a normal 
VWF multimeric pattern (▶ Table 1). The reduced 
FVIII:C/VWF:Ag ratio (0.4; 0.07–0.6) was suggestive of type 2N 
VWD, which was confirmed by reduced VWF:FVIII binding and/
or molecular studies.

In total, 11 different variants and seven mutations were found 
in the VWF regions affecting the domains D1, D’, D3, A3 and D4. 
Despite this distribution, five missense mutations were clustered in 
exons 19 and 26 of VWF, which encode the FVIII-binding D’–D3 
domains (▶ Figure 1). The frequently described missense mu-
tations c.2561G>A (p.Arg854Gln) and c.2446C>T (p.Arg816Trp) 
repetitively occurred in our cohort, being the most recurrent mu-
tations (75 % of cases) (▶ Table 4).

The missense mutation p.Arg816Trp was found in the two 
probands who had the lowest FVIII:C levels (▶ Table 4), one in a 
homozygous state and the other compound heterozygous with a 
null allele p.[Arg816Trp];[Arg34Aspfs*49] (2N/3). Eight out of 
nine individuals were homozygous for p.Arg854Gln, and one 
was compound heterozygous for a novel mutation, c.2637C>A 
(p.Asp879Glu).The FVIII:C/VWF:Ag ratio was not significantly 
different in homozygotes or heterozygotes for the p.Arg854Gln 
mutation. In a 13-year-old African male (P62) who was pre-
viously diagnosed with mild haemophilia A (based only on func-
tional studies), heterozygosity for the missense variant 
c.2451T>A (p.His817Arg) and homozygosity for the variant 
c.3485_3486delinsTG (p.Pro1162Leu) were detected in the D’ 
and D3 domains, respectively. The two variants, p.Pro1162Leu 
and p.His817Arg, located in the VWF region, which affects the 
FVIII binding capacity, could both contribute to the type 2N 
phenotype.

In this group of 2N VWD patients, two probands (P61 and 
P62) had previously been misclassified as having mild haemophi-
lia A.

Type 2B VWD

The six probands classified as 2B VWD had a very low median 
VWF:RCo level of 11 % (range 10–24) and a VWF:RCo/VWF:Ag La
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Table 4: Phenotypic and molecular data of 12 probands with type 2N 
VWD.
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ratio of 0.4 (0.35–0.50); the VWF multimeric patterns showed par-
tial or complete loss of the HMW multimers (▶ Table 5). Among 
the six probands, four had thrombocytopenia (15, 50, 79 and 130 × 
103 platelets/µl). Because the samples from three probands were 
provided by other centres, it was only possible to perform RIPA in 
the other three patients who showed an enhanced platelet aggre-
gation in response to 0.5 mg/ml of ristocetin.

The frequently described mutations associated with VWD 2B, 
p.Arg1306Trp and p.Val1316Met, in the region coding for the A1 
VWF domain, were found in five patients (▶ Table 5 and ▶ Figure 
1). One proband (P25) was referred to us with a suspected diag-
nosis of Bernard–Soulier syndrome because of the severe throm-
bocytopenia (15 × 103 platelets/µl) and the giant platelets observed 
in a peripheral blood smear. However, the coagulation multimer 
assays and molecular studies allowed a reclassification as type 2B 
VWD with a compound heterozygous in cis for mutations 
p.[Arg1306Trp;Arg854Gln]. The proband P50 was compound het-
erozygous in trans for p.Val1316Met with two other variants, the 
novel benign missense variant p.Pro1197Gln and c.5170+10C>T.

Finally, in proband P66, despite the VWF levels being consist-
ent with type 2B VWD, no mutation was found in exon 28 VWF. 
The phenotype data included low VWF:RCo levels (47 %), a 
VWF:RCo/VWF:Ag ratio of 0.4, partial loss of the HMW 
multimers and RIPA at 0.25 mg/ml. A differential diagnosis of 
probable platelet-type VWD (PT-VWD) was performed using 
simple RIPA mixing studies (control platelets in patient plasma), 
which revealed the absence of aggregation with 0.5 mg/ml of ris-
tocetin. Therefore, a platelet-type phenocopy (pseudo-VWD) was 
considered. The sequencing of GP1BA revealed the presence of a 
previously described missense mutation, c.751G>T, p.Asp251Tyr 
in the heterozygous state in exon 2, confirming the reclassification 
of this patient as PT-VWD (Suppl. Figure 2, available online at 
www.thrombosis-online.com).

Type 2A and 2M VWD

The VWF:RCo and VWF:Ag levels corresponded to discrepant 
VWF:RCo/VWF:Ag ratios (0.39 ± 0.22) in these two groups of pa-
tients. The VWF:CB levels were similar to the VWF:RCo levels for 
type 2A VWD and to the VWF:Ag levels for 2M VWD. The VWF 
multimeric patterns in the type 2A VWD group showed the loss of 
the HMW multimers, and the pattern for the 2M VWD group 
showed the presence of all–size multimers (▶ Table 6). Probands 
with type 2A VWD had a significantly higher BS (median = 15) 
than those with type 2M VWD (median = 8.5) (p = 0.020, 
Mann–Whitney U test).

In 20 probands, 10 different mutations were detected in exon 
28, which encodes the VWF A1 and A2 domains (▶ Figure 1). 
Among these five mutations (p.Arg1374Cys p.Arg1374His, 
p.Arg1399Cys, p.Ser1506Leu and p.Ile1628Thr) that occurred re-
petitively, p.Ile1628Thr was the most frequent mutation in 2A 
VWD (40 % of cases) and p.Arg1374His was the most frequent in 
2M VWD (37 % of cases) (▶ Table 6).

Of the nine probands with a 2A VWD phenotype, only one 
(P20) was heterozygous for the missense mutation in exon 26 (do-

main D3), c.3388T>C p.Cys1130Arg, with low levels of VWF:RCo 
(16 %), a discrepant VWF:RCo/VWF:Ag ratio of < 0.7 and a char-
acteristic 2A (IIE) VWF multimeric pattern (absence of large 
multimers and no triplet structure of individual bands), which is 
indicative of a multimerisation defect (▶ Table 6, Suppl. Figure 3, 
available online at www.thrombosis-online.com).

The probands P23 and P24 were heterozygous for two mu-
tations affecting the same position and located in the first amino 
acid of the A1 loop domain: c.3814T>G, p.Cys1272Gly and 
c.3815G>T, p.Cys1272Phe. Interestingly, the mutation 
p.Cys1272Phe showed compound heterozygosity with a potential 
splice site variant (c.7288–68G>A) that could strongly activate a 
cryptic donor (Suppl. Tables 1 and 3, available online at www.
thrombosis-online.com). Despite this mutation location being 
less common in type 2A VWD, the laboratory phenotype was 
consistent in these two probands: a marked decrease in 
VWF:RCo levels (5 %–7 %), a VWF:RCo/VWF:Ag ratio of < 
0.18, a multimeric pattern showing a loss of high- and intermedi-
ate-molecular weight multimers (Suppl. Figure 3, available on-
line at www.thrombosis-online.com) and RIPA at 1.25 mg/ml 
was absent.

The remaining six probands were heterozygous for two fre-
quently described missense mutations clustered in the A2 domain: 
c.4517C>T, p.Ser1506Leu (n = 2) and c.4883T>C, p.Ile1628Thr (n 
= 4). The two patients heterozygous for the p.Ser1506Leu mu-
tation, described as a VWD 2A group I defect with intracellular 
proteolysis of large VWF multimers, showed a similar multimeric 
pattern (Suppl. Figure 3, available online at www.thrombosis-on
line.com). These probands had moderate/severe type 2A VWD 
with low levels of VWF:Ag (median 17.5 %) and VWF:RCo (medi-
an 11 %), a low VWF:RCo/VWF:Ag ratio (median 0.64) and no 
RIPA at 1.25 mg/ml. The remaining four probands were heterozy-
gous for p.Ile1628Thr, which has been described as a VWD 2A 
group II defect characterised by hypersensitivity to ADAMTS13 
with increased proteolysis in plasma (5). They had mild/moderate 
type 2A VWD with low levels of VWF:Ag (median 54.8 %) and 
VWF:RCo (median 13.2 %), a low VWF:RCo/VWF:Ag ratio 
(median 0.2) and normal RIPA at 1.25 mg/ml. These four patients 
showed a typical proteolytic pattern with a lack of large VWF 
multimers and the presence of a pronounced triplet structure, 
which is characteristic of group 2A/II.

Of the 11 probands with the type 2M VWD phenotype, eight 
(72 %) were heterozygous for the frequent missense mutations in-
volving two arginine residues in the A1 domain: p.Arg1315Cys, 
p.Arg1315His, p.Arg1374Cys and p.Arg1374His (▶ Table 6).

The laboratory phenotype of the probands heterozygous for 
p.Arg1315Cys and p.Arg1315His mutations was similar with low 
levels of VWF:Ag (median 19 %) and VWF:RCo (median 
11.5 %), a decreased VWF:RCo/VWF:Ag ratio (0.66) and a nor-
mal multimeric pattern. However, the proband with the mu-
tation p.Arg1315His was compound heterozygous with the silent 
mutation c.7464C>T detected in exon 44, which may create a 
new donor splicing site (▶ Table 6 and Suppl. Table 3, available 
online at www.thrombosis-online.com). The proband’s mother, 
who was also heterozygous for p.Arg1315His, had a type 1 VWD 
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phenotype with higher levels of VWF:Ag (32 %) and VWF:RCo 
(26 %).

The missense mutations p.Arg1374Cys and p.Arg1374His were 
the most frequent cause of type 2M VWD in our cohort of pa-
tients. All the six probands showed a decreased VWF:RCo/
VWF:Ag ratio (median 0.3), a high VWF:CB/VWF:Ag ratio and 
the presence of all–size multimers, albeit with a certain degree of 
smearing. Two probands had the missense mutation c.4195C>T; 
p.Arg1399Cys associated with a mild phenotype and pronounced 
smearing of the multimer pattern.

The last patient (P38) was compound heterozygous for four 
previously undescribed missense variants. However, a family study 
was not conducted; therefore, which of them were in cis or in trans 
was unknown: p.[Val343Leu(;)Ile482Met(;)Asp1373Tyr(;) -
His1419Gln]. Two variants (p.Asp1373Tyr and p.His1419Gln) 
were clustered in the A1 domain, and the other two (p.Val343Leu 
and p.Ile482Met) were in the VWFpp region (D1–D2 domain). Of 
these four variants, only one was pathogenic (p.Asp1373Tyr), 
whereas the other three were benign variants. The phenotype was 
mild with a normal multimeric pattern (▶ Table 6).
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mutation in cis.
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bold was not previously reported; ‡ indicates mutation in trans.
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Table 5: Phenotypic and molecular data of five probands with type 2B VWD and one with PT-VWD.

Table 6: Phenotypic and molecular data of 20 probands with type 2A and 2M VWD.
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The knowledge of all putative mutations for every patient of 
this cohort permitted a broad overview of the inheritance and the 
combination of mutant alleles that affected each VWD type. The 
recessive inheritance of a majority of the mutant alleles identified 
in types 1, 3 and 2N VWD matched the following combination: 
missense/null in 5/7 for severe type 1; null/null in 13/15 for type 3 
and missense/missense in 11/12 for type 2N. As expected, type 2 
VWD (2A, 2B and 2M) showed a dominantly inherited trait with 
the allelic combination wild-type/missense in 23/25 for type 2 
(▶ Tables 2–6; ▶ Figure 2).

Discussion

This study comprised a genotype–phenotype correlation in a co-
hort of 60 unrelated Portuguese families (92 individuals) diag-
nosed with types 1, 2 and 3 VWD. The VWD diagnosis based on 
the results of a battery of laboratory tests is often difficult, and 
therefore, establishing patients’ disease severity and risk of bleed-
ing becomes challenging (6, 7). Thus, in our diagnosis laboratory, a 
phenotype and genotype analysis in patients with VWD has be-
come crucial for understanding the VWF function and great inter-
individual variability.

As shown in ▶ Figure 1, besides the additional mutations 
identified by NGS, the characteristic mutation distribution across 
VWF was preserved in each VWD type: in type 3 VWD, the mu-
tations were scattered throughout VWF; in severe type 1 VWD, 
the profile was similar, but the absence of mutations in the regions 
coding for the A1, A2, D’ and D3 domains was evident; in type 2N 
VWD, a mutation cluster in the region coding for the D1, D’ and 
D3 domains was detected; in types 2A, 2B and 2M VWD, the mu-
tation spreading was notable, but a mutation cluster in the regions 
coding for the A1 domain emerged. These findings are in line with 
previous reports (5, 31–34).

The group of seven probands with severe type 1 VWD showed 
a high degree of genetic heterogeneity with 10 different mutations, 
of which five (three missense mutations, one nonsense and one 
large deletion) have not been previously described (35 %). The in 
silico analysis for all three missense mutations showed that they 
were expected to be deleterious and disease causing (Suppl. Table 
1, available online at www.thrombosis-online.com). Five out of 
seven probands with mutations in regions coding for the VWF D1, 
D2, D4 and C2-C4 domains showed an increased 
FVIII:C/VWF:Ag ratio, which reflected impaired VWF secretion, 
possibly due to misfolding, as previously described (35).

The missense mutation p.Ala631Val has only been described in 
a large study of healthy controls (36) as an outlier owing to a mild 
type 1 VWD phenotype being presented. Nevertheless, in the pres-
ent study, this mutation was found in compound heterozygosity 
with c.7730–4C>G, and the inheritance of both mutations was re-
sponsible for a severe phenotype (Suppl. Figure 4, available online 
at www.thrombosis-online.com). In addition, the compound het-
erozygosity of the novel missense mutation p.Ala1714Pro with 
c.5170+10C>T was associated with severe type 1 VWD. Moreover, 
when inherited alone, this mutation exhibited a type 2M VWD 
phenotype (Suppl. Figure 4, available online at www.thrombosis-
online.com). The p.Ala1714Pro mutation as well as others in the 
A3 domain showed an accentuated defective collagen binding with 
a normal multimer pattern (37).

The variants c.7730–4C>G and c.5170+10C>T, although the 
low probability of a deleterious effect predicted by in silico algo-
rithms, they seem to have had some influence on VWD phenotype 
in these families: the first one showed effect in autosomal recessive 
pattern and the second one showed a cumulative effect in a com-
pound heterozygous state on decrease of VWF levels (Suppl. Fig-
ure 4, available online at www.thrombosis-online.com). However, 
the variant c.5170+10C>T is frequent in the studied populations, 
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despite the variable frequencies found in different databases 
(ExAC Aggregated_Populations: MAF = 0.0036; EVS_EA: MAF = 
0.0046 and dbSNP: MAF = 0.0089) and it may be controversial to 
consider this a pathogenic variant. Nevertheless, it should be noted 
that other deep intronic changes that can only be detected by 
whole gene sequencing could be present and may have also in-
fluenced these phenotypes. These findings corroborate the con-
cept that the variants’ pathogenicity should be determined by the 
entire body of evidence in each family (18). Moreover, these likely 
pathogenic variants could not explain the disease; however, they 
seem to influence the phenotype and could behave as a pathogenic 
in one case and non-pathogenic in another, depending on the 
other co-inherited changes (15, 18). These data have proven the 
added value of practice guidelines for the evaluation of the patho-
genicity of potential splice site variants. Among the six variants 
that were predicted as potential splice sites by in silico analysis, two 
were considered pathogenic, two likely pathogenic and the other 
two with uncertain significance (Suppl. Table 1, available online at 
www.thrombosis-online.com).

Therefore, these classification criteria did not replace the func-
tional mRNA studies, the only method that can elucidate the true 
effect of the variation detected (38); however, this classification 
provided a more precise genotype–phenotype correlation.

Our cohort of type 3 VWD evidenced, as usual, two patterns of 
mutations: homozygous for null mutations and compound het-
erozygous/homozygous for missense mutations of VWF (▶ Figure 
2). Two nonsense mutations (p.Gln1311*, p.Gln1556*) and a novel 
small deletion (p.Val1805Glyfs*8) were expected to have the ob-
vious deleterious mechanisms, i. e. premature termination codons 
and a frameshift leading to a truncated VWF protein. The homozy-
gous p.Gln1311* mutation associated with a gene conversion and 
initially reported in Spanish Romani families (39) was the most fre-
quent mutation in 5/15 families, of which one was also Romani. 
Among these five patients, one had developed an inhibitor that has 
also been described in homozygous gene conversions (40). In three 
families studied in this cohort, obligate carriers of p.Gln1556* and 
p.Gln1311* were not phenotypically silent and manifested mild 
VWF levels and mucocutaneous bleeding symptoms, showing an 
inheritance pattern that is co-dominant (33) and not recessive, as 

described in other studies. One carrier of p.Gln1556* had the vari-
ant p.Tyr1584Cys in trans without any worsening of phenotype. 
The small duplication p.Cys2235Argfs*8 previously described in 
Spanish patients (10) and also repetitively found in this Portuguese 
study could share a common ancestral origin.

The molecular mechanisms of missense mutations in com-
pound heterozygous state in the D3 domain (p.Tyr1146Cys) could 
be related to ineffective multimerisation and the subsequent defec-
tive intracellular transport and secretion with intracellular reten-
tion (41).

Finally, the p.Pro1162Leu in the homozygous state detected in a 
type 3 VWD proband was also found in another proband with 
type 2N VWD (▶ Table 4). This controversial finding implied that 
p.Pro1162Leu was unlikely to be a pathogenic variant for type 3 
VWD. However, the same genotype was also the only one found in 
a type 3 VWD Spanish family (15); therefore, it seems reasonable 
to expect that the p.Pro1162Leu (c.3485_3486delinsTG) variant is 
a part of a compound genotype that causes type 3 VWD, which 
has not yet been entirely explained. This possibility is in accord-
ance with the lack of detection of molecular mechanism of type 3 
VWD despite NGS improvements. The explanation for this in-
cludes deep intronic mutations that may only be identified 
through whole-gene sequencing and distant regulatory elements 
outside VWF (33).

The functional VWF:FVIIIB defect (type 2N) was mainly 
caused by the missense mutation p.Arg854Gln in the homozygous 
state in our cohort, similarly to previous studies. This is a frequent 
deleterious variant in Caucasian populations (9, 42). Nevertheless, 
genetic variability was introduced by compound heterozygous 
with novel mutations: p.Arg854Gln with the deleterious novel mis-
sense mutation p.Asp879Glu and p.Arg816Trp with the novel 
small deletion c.100delT (p.Arg34Aspfs*49) (▶ Table 4, Suppl. 
Table 1, available online at www.thrombosis-online.com). The eth-
nic variability was noted in an African proband who showed het-
erozygosity for the frequent polymorphism p.His817Gln in associ-
ation with p.Pro1162Leu in the homozygous state. Recent multi-
ethnic studies found that VWF missense variants in the D’ and D3 
domains, previously identified in European ancestry VWD pro-
bands, are more frequent in African Americans (AAs) (36, 43, 44). 

Figure 2: Mutation combination in mutated 
alleles in different VWD types. The main type 
of mutation detected in each VWD type was as 
follows: severe type 1 VWD, missense/null; type 3 
VWD, null/null; 2N VWD, missense/missense; and 
type 2 VWD (2A, 2B and 2M), missense/wild type.
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These variants include p.His817Gln, which was strongly associated 
with diminished FVIII:C levels (43). The p.Pro1162Leu variant 
(caused by c.3485_3486delinsTG) was previously only reported in 
one healthy AA in the heterozygous state (36). Nevertheless, the 
same variant caused by a different nucleotide change (c.3485C>T) 
was described with polymorphic frequency in AAs (MAF = 0.262) 
(16, 17). Taken together these data, it could be reasonable to inter-
pret that such different variants at the genomic level, although the-
oretically lead to identical amino acid change, could result in un-
like consequences at the transcriptional level and to distinct del-
eterious effects.

This pleiotropic effect on the VWF molecule may be explained 
by the ethnic diversity of the VWF coding polymorphisms recently 
documented in large cohorts (36, 43, 44). As previously reported, 
these mutations that result in low VWF antigen levels could be 
partially compensated by the high baseline VWF antigen levels 
found in Africans. They could be VWD causing only when they 
are confined in ethnic-specific haplotypes; in fact, only a study of 
large Caucasian and African cohorts could link specific VWF vari-
ants to a bleeding phenotype (44).

In agreement with previous studies, the genotype–phenotype 
correlation in the 25 patients with types 2A, 2B and 2M VWD was 
explained by the VWF domain affected and was therefore divided 
into structural and functional defects (41, 45).

Our type 2B VWD cohort of patients with gain-of-function 
mutations in the A1 domain showed two common mutations, 
p.Arg1306Trp and p.Val1316Met (46). In addition, we observed a 
highly variable platelet count with a large range (15–242 × 103 pla-
telets/µl), which is consistent with previous studies (▶ Table 5), al-
though only four patients had thrombocytopenia. This variability 
was explained by several mutations and their coding positions 
within the VWF A1 domain, e. g. the altered VWF GPIb-α–bind-
ing conformation (34). Although p.Arg1306Trp and p.Val1316Met 
are frequently correlated with thrombocytopenia, we observed 
some heterogeneity even in individuals with the same mutation. 
These data were also in agreement with the wide degree of het-
erogeneity of the clinical and laboratory features reported for af-
fected members of families that have type 2B VWD (34).

Herein, we report a case of PT-VWD misdiagnosed as type 2B 
VWD. The functional studies allowed a differential diagnosis, but 
molecular studies confirmed the recently described missense mu-
tation p.Asp251Tyr (Asp235Tyr) in GP1BA (47). PT-VWD is cer-
tainly an underdiagnosed deficiency, where molecular study is a 
valuable diagnostic tool.

We found mutations related to all previously described type 2A 
structural defects (5, 31, 48, 49): i) a multimerisation defect 
(p.Cys1130Arg in domain D3) with the absence of large multimers 
and no triplet structure; ii) a change in protein folding 
(p.Cys1272Gly/Phe in loop of A1 domain) that causes of loss of 
large and intermediate multimers; iii) intracellular proteolysis of 
large VWF multimers (p.Ser1506Leu) with a loss of large 
multimers; and iv) hypersensitivity to ADAMTS13 (p.Ile1628Thr 
in A2 domain) with the absence of large VWF multimers and in-
creased triplet structure (▶ Table 6, Suppl. Figure 3, available on-
line at www.thrombosis-online.com).

The mutations p.Cys1130Arg and p.Ser1506Leu showed dis-
proportionate VWF:RCo/VWF:Ag ratios, but near 0.7; the mu-
tations p.Cys1272Gly/Phe and p.Ile1628Thr had very low ratio 
values, indicative of enhanced proteolysis, as previously described 
(5, 48) (Suppl. Figure 3, available online at www.thrombosis-on
line.com).

Our findings in type 2M VWD patients support the well-char-
acterised profile: mutations in the A1 domain, which are typically 
associated with decreased or absent RIPA and a low VWF:RCo/
VWF:Ag ratio, combined with a normal VWF:CB/VWF:Ag ratio. 
We identified the usual A1 domain mutation clusters, 
p.Arg1315Cys/His and p.Arg1374Cys/His, with the addition of the 
novel mutations p.Asp1373Tyr and p.His1419Gln. The VWD sub-
type classification of the p.Arg1374His mutation has been contro-
versial. This mutation was described as type 2A (49) or type 2M 
(50). In fact, some authors argue that the mutation is difficult to 
classify as type 2M (because of the possibly relative decrease in 
large VWF multimers) or any other type 2 (because of the normal 
banding pattern of each multimer) VWD; therefore, a classifi-
cation of type 2U VWD (unclassifiable) has been suggested (51). 
In our study, three probands showed a multimer pattern, with the 
full complement of multimers, and one showed a slight decrease in 
the largest forms. Given the criterion of a low VWF:RCo/VWF:Ag 
ratio and normal VWF:CB/VWF:Ag ratio, which was evident in 
each of the four probands, they were classified as having type 2M 
VWD.

The same criterion was applied to the p.Arg1315Cys, 
p.Arg1374Cys and p.Arg1399Cys mutations that showed a smeary 
multimer pattern (no clear separation between individual oli-
gomer triplets), which was particularly pronounced in two pro-
bands and two relatives with p.Arg1399Cys. This structural VWF 
alteration usually occurs when the responsible mutation involves 
cysteine residues, which may affect the disulphide bonding of 
VWF dimers (9, 49). A recent study analysed the impact of cys-
teine mutations that affect the carboxyl-terminal domains of VWF 
(52), it clearly demonstrated the importance of cysteine residues 
for the structural conformation and consequently multimeri-
sation, even in patients with type 2A VWD with a smeary 
multimer pattern. Therefore, the smeary appearance could be as-
sociated with the alterations in VWF domains that determine 
whether VWD is type 2A or 2M; however, the cysteine mutations 
seem to be the hallmark of this multimer pattern (9, 49, 52).

This study described, for the first time, the mutational spec-
trum in a cohort of Portuguese VWD patients. Overall, VWD 
studies highlight the high degree of variability in clinical presenta-
tion and the considerable heterogeneity of the molecular basis, 
which supports the great interest shown in reports from different 
geographic regions (8, 33, 50, 53, 54). Moreover, large studies have 
highlighted the ethnic variability in the phenotype of many VWF 
missense variants (36, 43, 44). We applied these insights to the 
context of familial studies to determine their usefulness for pre-
dicting individual bleeding risk. Accordingly, the genotype–phe-
notype correlation in each proband family with diverse VWD 
types was assessed to establish family overviews and elucidate phe-
notypic discrepancies.
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This accurate analysis was only possible because NGS has made 
it easier to study VWF ROIs. The NGS methodology applied in 
this study was the same as that used in the recently published ‘Mo-
lecular and clinical profile of von Willebrand disease in Spain 
(PCM–EVW–ES)’ project. NGS has proven to be an excellent 
technology that enables more rapid diagnosis with a huge econ-
omic advantage (only 70€/sample, which is even cheaper than 
most phenotypic tests) (15). Similarly, these findings support the 
adjustment of our VWD diagnosis algorithm, introducing the 
complete sequencing of VWF (NGS) when the VWF:RCo level is 
< 30 % or the FVIII/VWF:Ag ratio is < 0.5.

Because of the geographical proximity of the two populations, 
we expected to detect the same common mutations in the patients 
of our cohort as for the cohort of PCM–EVW–ES (15). In fact, in 
type 3 VWD patients, the following were observed: the nonsense 
mutation p.Gln1311* was the most prevalent, and the missense 
mutation p.Pro1162Leu was also present in homozygous state. The 
p.Cys2235Argfs*8 was only detected in Spanish and Portuguese 
patients, and interestingly, the variant p.His817Gln was also noted 
in association with diminished FVIII:C levels and the type 2N 
phenotype.

Our new molecular study approach permitted the identification 
of 27 novel VWF mutations, with some occurring repetitively, illus-
trating the advantages of identifying the most prevalent mutations 
in a region and their correlation with the severity of bleeding phe-
notypes. The approach allowed us to distinguish between clinical 
situations that have the same symptoms with different genetic 
causes such as mild Haemophilia A and type 2N VWD, Bern-
ard–Soulier syndrome and 2B VWD as well as 2B VWD and PT-

VWD. In contrast, despite being a restricted study, we identified 
some pleiotropic mutation effects. In both situations, it was evinced 
that molecular studies are indispensable for an accurate diagnosis.

The molecular characterisation of VWD patients allows precise 
classification into the correct VWD type and the identification of 
carriers in familial genetic studies. This classification is particu-
larly relevant and even mandatory for genetic counselling for type 
3 VWD and, in general, for patients with higher bleeding risk. 
Moreover, it facilitates the evaluation of prophylactic requirements 
and clinical orientation, particularly in risky situations.

In conclusion, this study of 60 VWD Portuguese families will 
contribute to the better understanding of the molecular genetics of 
VWF-related phenotypes. NGS, in our experience, provides an ef-
fective laboratory workflow for the analysis of a single large gene, 
such as VWF. These findings support the idea that improving 
VWD diagnosis strategies will enhance clinical and laboratory ap-
proaches; thus, the most appropriate treatment for each patient 
can be determined.
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