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Background
Nucleotide variations not changing protein sequences are considered silent mutations; accumu-
lating data suggest that they can, however, be important in human diseases.

Design and Methods
We report an altered splicing process induced by a silent substitution (c.7056C>T) in the von
Willebrand factor gene in a case of type 1 von Willebrand disease originally classified as lacking
von Willebrand factor mutations. 

Results
The c.7056C>T synonymous substitution introduces a new donor splice site within exon 41,
leading to messenger RNA lacking nucleotides 7055-7081 (c.7055_7081del). The encoded von
Willebrand factor protein is predicted to lack amino acids 2352-2360 in the B2 domain. The
patient’s von Willebrand disease phenotype was characterized by reduced plasma and platelet
von Willebrand factor, which was normal in function and multimer structure. 
In vitro expression studies demonstrated that co-transfection of equimolar c.7055_7081del and
wild-type von Willebrand factor (mimicking the patient’s heterozygous state) induced a 50%
lower von Willebrand factor secretion than the wild type, while almost no von Willebrand fac-
tor secretion was seen with the mutated von Willebrand factor alone. The secreted von
Willebrand factor was structurally and functionally normal, suggesting that the c.7056C>T sub-
stitution behaves like a loss-of-function allele.

Conclusions
This is the first report of a synonymous von Willebrand factor substitution being responsible
for von Willebrand disease. Our findings suggest the need to reconsider the role of von
Willebrand factor polymorphisms in von Willebrand disease.

Key words: von Willebrand factor, von Willebrand disease, type 1 VWD, splice site mutations,
synonymous nucleotide substitution.
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Introduction

von Willebrand factor (VWF) is a high-molecular-weight
multimeric glycoprotein with a pivotal role in primary
hemostasis, mediating platelet adhesion and aggregation
at the site of vascular lesions, and stabilizing blood coagu-
lation factor VIII (FVIII). VWF is synthesized in megakary-
ocytes and endothelial cells, and it occurs in plasma,
platelets and the subendothelial matrix.1-4

VWF deficiency causes von Willebrand disease (VWD),
the most common inherited bleeding disorder, classified
into three main types: type 1 accounts for more than 70%
of all cases of VWD, and is a partial quantitative deficiency
of structurally and functionally normal VWF; type 2
involves qualitative VWF abnormalities and comprises
four subtypes (2A, 2B, 2M, 2N), according to the nature of
the functional alteration; in type 3, the VWF protein is vir-
tually absent.5,6

In addition to its heterogeneous phenotype, VWD is
characterized by an incomplete penetrance due to genetic
and acquired factors that influence plasma VWF levels.
The ABO blood group is the main genetic modulator of
VWF concentration, accounting for approximately 30% of
its variability in normal individuals and VWD patients
alike.7-9 Moreover, many physiological and pathological
conditions up-regulate VWF, including exercise, pregnan-
cy, surgery, hyperthyroidism, diabetes, renal failure, and
cancer. VWF levels can consequently vary to such a degree
that it may often be difficult to diagnose VWD, especially
the mild type 1 forms, which are the most strongly influ-
enced by inherited or acquired VWF modulators.10-12

The genetic characterization of VWD may contribute to
its diagnosis, clarifying the nature of the defect and identi-
fying the carriers within a given family. Type 2 and type 3
VWD have been relatively well characterized from the
molecular perspective (see the ISTH-SSC VWF Online
Database at http://www.vwf.group.shef.ac.uk/ for a
review), while the genetic grounds for type 1 VWD are
more elusive and approximately 30-40% of cases remain
uncharacterized because no mutations in the VWF gene
are found.13,14 Recent studies on large cohorts of patients
with type 1 VWD have reported that a linkage between
VWD and the VWF gene is only identified in a minority of
families, suggesting that loci other than VWF may play a
part in the pathogenesis of this disorder – and thus raising
the question, once again, of how to diagnose VWD reli-
ably.15-17

In the present study, we identified a synonymous
nucleotide substitution in exon 41 of the VWF gene
responsible for mild type 1 VWD. This substitution was
initially thought to be a polymorphism, but has now been
found to alter VWF gene splicing by generating a new
donor splice site within exon 41.

Design and Methods

All the subjects involved were studied after obtaining their writ-
ten informed consent in accordance with the Helsinki Declaration
and the study was approved by our institutional review board.

Hemostatic tests
Basic hemostatic analyses, i.e. plasma VWF antigen (VWF:Ag),

VWF collagen binding (VWF:CB), VWF ristocetin cofactor
(VWF:RCo), ristocetin-induced platelet aggregation (RIPA), VWF

multimers and FVIII, were done as described elsewhere.18 Platelet
VWF content was measured as described previously.19 VWF mul-
timer analysis was performed using 1.5% agarose gel containing
0.075% sodium dodecylsulfate. Multimers were detected using
125I-labeled anti-VWF antibody following autoradiography.

Genetic analysis
Exons, 5’ and 3’-UTR, and all exon/intron junctions of the VWF

gene were analyzed, from genomic DNA, by direct sequencing.
All polymerase chain reactions (PCR) were performed using
AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA) and a
thermal cycler, GeneAmp®PCR System 2700 (Applied
Biosystems). For DNA sequencing, the Big Dye Terminator
Sequencing v.2.5 kit (Perkin Elmer, Wellesley, MA, USA) and an
ABI 3100 Genetic Analyzer (Applied Biosystems) were used. 

Linkage study 
Three intragenic VWF short tandem repeats (STR) were ana-

lyzed: the -2144_-2105(GT)n (GTn), the 6977-564_6977-
541(ATCT)n (STR I) and the 6977-181_6977-150 (TCTA)n (STR
II)20-22. STR were amplified from genomic DNA, using primer pairs
in which the forward oligonucleotides were 5’-fluorescently
labeled with 6-FAM or HEX dye. PCR products were analyzed in
an ABI 3100 Genetic Analyzer (Applied Biosystems) and the
length of each allele was determined with Peak Scanner 1.0 soft-
ware (Applied Biosystems).

VWF cDNA analysis 
Total RNA was extracted from platelets using Trizol reagent

(Invitrogen, San Diego, CA, USA), then cDNA was synthesized
using random primers and SuperScriptTM II Reverse Transcriptase
(Invitrogen), and amplified by PCR. All primer sequences are avail-
able on request. 

The pGEM-T Easy Vector System I (Promega Madison, WI,
USA) was used to clone the cDNA11 PCR fragment found to have
an altered sequence (see Results section), in order to separate and
better characterize the patient’s two alleles. 
VWF gene nucleotides were numbered according to the latest

recommendations of the ISTH Scientific Subcommittee on VWD,
assigning +1 to the “A” of the initiator codon ATG.23

Bioinformatic analysis
Alamut 1.51 software (Interactive Biosoftware, Rouen, France)

was used to investigate the generation of a potential splicing site
in the VWF gene as a consequence of the c.7056 C>T nucleotide
substitution. Alamut 1.51 integrates data from known constitutive
human splicing signals and a number of prediction methods such
as the SpliceSiteFinder-like, the MaxEntScan, the GeneSplicer, the
ESEFinder and the RESCUE-ESE methods.

In vitro expression of the c.7055_7081del mutation
The pSVvWFA plasmid containing normal human full-length

VWF cDNA (kindly provided by Dr. C Mazurier, Lille, France) was
mutated by deleting the nucleotides from 7055 to 7081
(pSV7055_7081delvWF) using the QUIKCHANGE II XL kit
(Stratagene, La Jolla, CA, USA), the phosphorylated primers del-
ex41(F) 5’cctgcaggaaggaggagtgcaaaagagtgtcccc3’ and del-ex41(R)
5’CAGGGTTGGTCAGTGTGGGCTG GAGGCCACGTTC3’,
and T4 DNA ligase (New England Biolabs, Ipswich, MA, USA).
For the expression studies the pSV7055_7081delvWF was tran-
siently transfected into baby hamster kidney (BHK) cells stably
transfected with furin (FUR4BHK) (kindly provided by Dr. JE
Sadler, St Louis, MO, USA), using the Fugene transfection reagent
(Roche, Mannheim, Germany). Co-transfections with pSVvWFA
and pSV7055_7081delvWF constructs were used to mimic the
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patient’s heterozygous state. After 72 h, the transfection media
containing VWF were removed, concentrated about five times
with Centricon filters (Millipore, Billerica, MA, USA), and quanti-
fied using an enzyme-linked immunosorbent assay (ELISA). The
results of each transfection experiment were calculated as the
mean of six replicates. The intracellular VWF was also measured,
lysing cells with a 2% Triton-X-100 solution according to proce-
dures already described.24

Results

Patients
The family tree is shown in Figure 1. The proband (III-

3) is a 15-year old female with a history of mild bleeding
characterized by epistaxis, heavy menstrual periods,
hematomas occurring after minimal trauma and bleeding
gums. Her 44-year-old mother (II-3) and the 73-year-old

grandmother (I-1) had similarly moderate clinical bleeding
symptoms, and her mother also reported bleeding
episodes after tooth extractions and tonsillectomy. The
proband’s father and sister were asymptomatic. 

Hemostatic picture
The main hemostatic findings in the proband and her

relatives are shown in Table 1. The proband (III-3), her
mother (II-3) and her grandmother (I-1) had a mild
decrease in VWF:Ag, VWF:CB and VWF:RCo. Their
platelet VWF:Ag content was reduced, confirming their
defective VWF synthesis. Plasma VWF multimer analysis
showed that all oligomers were present, but all at lower
levels than normal; there was no evidence of any accumu-
lation of low-molecular-weight multimers (Figure 2A). A
similar pattern emerged for the affected subjects’ platelet
VWF multimers (Figure 2B). 

Sequencing of the von Willebrand factor gene
When the proband’s VWF gene was sequenced, no

mutations were identified in the coding region, 5’ and 3’-
UTR, and all exon/intron junctions. Some polymorphisms
were, however, found: these were both synonymous (i.e.
silent, they did not change the amino acid sequence
encoded by the gene) and otherwise (ISTH-SSC VWF
Online Database, http://vwf.group.shef.ac.uk/). The
proband was consequently first classified as a case of type
1 VWD lacking mutations in the VWF gene.

Linkage analysis
Given the absence of any VWF gene mutations, we per-

formed a linkage study to verify the co-segregation of
VWD and the VWF gene, analyzing the VWF intragenic
STR (GT)n, STR I and STR II. All three affected individuals
shared the same (GT)n/STR I/STR II haplotype, i.e.
237/102/235, which was not found in any of their healthy
relatives, thus confirming the co-segregation between
VWD and the VWF gene (Figure 1).

Analysis of von Willebrand factor cDNA
The results of the linkage analysis prompted us to screen

the proband’s VWF cDNA, hypothesizing a VWF gene
splicing alteration. Total RNA was extracted from
platelets, retrotranscribed into cDNA and amplified in 12
fragments. PCR products were run in a 2% agarose gel and
the migration pattern of the proband’s cDNA fragments
was compared with that of control subjects, seeking any
large VWF gene splicing alteration. As no differences
emerged, the patient’s cDNA was sequenced to identify
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Table 1. Hemostatic picture of the proband and her relatives.
Subject PFA-100§ (sec) PT PTT RIPA* VWF:Ag VWF:CB VWF:RCo FVIII:C Platelet

(%) (sec) (%) (U/dL) (U/dL) (U/dL) (U/dL) VWF:Ag
(U/dL)

III-3 (proband) 147 105 39.1 67.2 41.7 43.4 37.6 54 27.0
II-3 (mother) 136 92.3 31.3 76.9 45.2 41.9 42.5 109.6 45.6
I-1 (grandmother) - 101 33.1 - 47.8 45.1 50.7 86.4 37.8
II-4 (father) - 110 28.2 100 110.2 101.7 115 97.9 70.2
III-2 (sister) 115 94.1 34.0 78.3 74.9 69.3 67.6 65.7 79.5
Normal range 84-160 70-100 30-40 58-82 60-160 65-150 60-130 60-160 70-140 

§Platelet function analysis by PFA-100  collagen /ADP test cartridge.  *Ristocetin-induced platelet aggregation at 1.2 mg/mL concentration.

Figure 1. Family tree and co-segregation of VWD and the VWF gene
in the family investigated. The genotype for (GT)n, STR I and STRII is
given for each family member. Affected individuals are represented
by filled symbols and the arrow indicates the index case. Numbers
indicate allele size in base pairs. The (GT)n/STR I/STR II haplotype
segregating with VWD is boxed: it was shared by all affected mem-
bers, but not found in their unaffected relatives.

I

(GT)n
VNTR I
VNTR II

(GT)n
VNTR I
VNTR II

(GT)n
VNTR I
VNTR II

237
102
235

233
122
235

233
102
235

233
102
235

233
102
235

233
102
235

233
102
235

233
102
235

233
102
235

233
102
235

233
102
235

237
102
235

237
102
235

233
122
235

1 2

1 2 3 4

1 2 3

233
118
243

233
102
235

II

III



any small splicing anomalies escaping detection by gel
electrophoresis. In fact, sequencing of the fragment
cDNA11 (including exons 38-44) revealed overlapping
peaks in the chromatogram suggestive of a deletion at a
heterozygous level. To separate the patient’s two alleles
and precisely define the boundaries of the deletion, the

cDNA11 PCR fragment was cloned into pGEM-T Easy
Vector and sequenced. This analysis revealed that the
proband had one allele lacking the last 27 nucleotides of
exon 41, from 7055 to 7081 (c.7055_7081del) (Figure 3A).
The deleted nucleotides correspond to amino acids 2352
to 2360 in the B2 domain of the VWF protein
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Figure 2. Multimer composition of plasma (A) and
platelet (B) VWF in the proband (1) and her moth-
er (2), and of rwtVWF, r7055_7081delVWF and
heterozygous rwtVWF/r7055_7081delVWF from
expression experiments (C). NP=normal plasma.
NPlat=normal platelets. Large VWF multimers are
at the top, small multimers at the bottom. The
patients’ VWF is fully represented in both plasma
and platelet samples, although it is slightly
reduced.

Figure 3. Mutation c.7055_7081del
in the proband’s VWF cDNA (A), and
splicing mechanism of the normal
and mutated allele of the VWF gene
(B). The proband carried a wild-type
allele and a mutated allele lacking
the last 27 nucleotides of exon 41
(c.7055_7081del). This deletion is
generated as a consequence of the
c.7056C>T substitution in the VWF
gene: the presence of a T at position
7056 gives rise to a new donor
splicing site in exon 41 (GT at 7055-
7056). When the new splice site is
recognized, instead of the wild-type
one, the last portion of exon 41 is
deleted, together with intron 41. 

A B C

C.7055_7081del/wt

C.7055_7081del

NP 1 2 NPlat 1 2 NP wt



(p.Gly2352_Cys2360del). The fact that the c.7055_
7081del mutation was found in the patient’s cDNA, but
not in her genomic DNA, meant that it was the result of a
VWF gene splicing error.  

The synonymous c.7056 C>T substitution generates 
a new donor splicing site

To characterize the prime cause of this splicing disrup-
tion, we examined the patient’s genomic sequence
upstream and downstream of the deleted region in depth.
The donor and acceptor splicing sites flanking exon 41
were normal, so we focused on the c.7056 C>T substitu-
tion in exon 41, adjacent to the first deleted nucleotide.
Although it was characterized as a synonymous substitu-
tion14, a bioinformatic analysis performed by Alamut 1.51
software predicted that the presence of a T at position
7056 generates a new donor splice site in exon 41 (GT at
position 7055-7056). This donor splice site matches the
consensus better than the wild-type (SpliceSiteFinder-like
score 87.1 versus 83.0) and is predicted to cause the exci-
sion of the last 27 nucleotides of exon 41, together with
intron 41 of the VWF gene (Figure 3B). Sequencing exon 41
from genomic DNA of all family members confirmed that
the c.7056 C>T substitution co-segregates with type 1
VWD: all affected individuals had the C/T genotype,
while all healthy relatives were C/C at position 7056.

In vitro expression of the c.7055_7081del mutation
To investigate the effect of the c.7055_7081del mutation

on VWF synthesis and secretion, plasmids pSVvWFA and
pSV7055_7081delvWF - expressing recombinant wild-
type VWF (rwtVWF) and the mutated form
(rGly2352_Cys2360del VWF), respectively - were used in
transfection experiments on FUR4BHK cells. 

Virtually no rVWF secretion was found in the medium
from cells transfected with the mutated pSV7055_
7081delvWF plasmid alone (Figure 2C). The expression of
mutation c.7055_7081del  at a heterozygous level (trans-

fection with equimolar amounts of pSVvWFA and
pSV7055_7081delvWF plasmids) produced around 50% of
VWF:Ag by comparison with the wild-type, and 40% of
VWF:CB (Figure 4); all VWF multimers were present,
albeit in decreased quantities, and there was no evidence
of accumulation of small VWF oligomers (Figure 2C). Co-
transfections with pSVvWFA and increasing amounts of
pSV7055_7081delvWF revealed a linear decrease in the
secretion of rVWF and its collagen binding activity, sug-
gesting that the c.7055_7081del mutation does not have a
dominant-negative effect (Figure 4). 

The intracellular rVWF obtained from cell lysates was
also quantified: cells transfected with equimolar amounts
of the pSVvWFA and pSV7055_7081delvWF plasmids
revealed a rVWF production reduced to 44% by compari-
son with that of cells expressing the wild-type vector,
while rVWF was undetectable in lysates from cells trans-
fected with the mutated vector alone (Figure 5). VWF mul-
timers were found to be homogeneously decreased in cells
transfected with equimolar amounts of pSVvWFA and
pSV7055_7081delvWF plasmids, and absent in the cells
transfected with the mutated vector alone. These data
confirm defective VWF synthesis as well as the absence of
a dominant-negative effect of the c.7055_7081del VWF
mutation. 
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Figure 4. VWF:Ag and VWF:CB levels in conditioned media obtained
from FUR4BHK cells expressing recombinant wild-type VWF (rwtVWF),
mutant VWF (r7055_7081delVWF) or both rwtVWF/ r7055_7081
delVWF. Values are given as percentages of the rwtVWF expression,
taken as 100. In the table, the percentages indicate the relative
amounts of wild-type and mutated vectors used in the transfection
experiments.

Figure 5. Intracellular production of r7055_7081delVWF (lysate).
Values are given as percentages, assuming the production of wild-type
VWF to be 100%. Means  and standard errors of the mean were cal-
culated on six measurements. The corresponding multimer pattern is
shown in the lower panel, taking normal pooled plasma (NP) as the
reference. 
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Discussion

Clarifying the mechanisms behind inherited VWD
with no apparent VWF mutations may be useful for
understanding the pathophysiology of this disorder.
Here we report an altered splicing process induced by a
synonymous nucleotide substitution (c.7056 C>T) in the
coding region of the VWF gene, in a patient with type 1
VWD previously classified as not having any VWF muta-
tions. This is the first report of a synonymous VWF
mutation being responsible for VWD.

It is often difficult to characterize cases of type 1
VWD genetically because the related mutations are
spread all along the VWF gene, which is 180 kb in size,
including its 5’- and 3’-UTR.25 Moreover, loci other than
VWF seem to have a role in the pathogenesis of VWD,
as demonstrated by the small proportion of affected
families showing co-segregation between VWD and the
VWF gene.16,25-27 Mouse models of type 1 VWD have also
been described in which the causative genetic locus is
not VWF.28-30 All these reasons contribute to explaining
why more than 30% of cases of type 1 VWD still remain
genetically unexplained. It is important to remember,
moreover, that searches for VWF mutations usually only
investigate the coding regions of the gene (given its large
size), so most intronic portions remain unexplored. This
is a far from negligible drawback because  mutations
within introns are known to interfere with gene splicing
or mRNA stability. Finally, genomic DNA sequencing
(the most commonly used method for screening the
VWF gene) represents a further intrinsic limit because it
may fail to detect large deletions occurring at a het-
erozygous level.

All these issues are reflected in the family discussed
here, diagnosed as having a mild form of type 1 VWD on
the strength of the phenotype characterized by a homo-
geneous reduction of VWF:Ag and its associated func-
tions, and a normal pattern of VWF multimers. Although
the genetic analysis failed to reveal any mutations in the
VWF gene, VWD was demonstrated to segregate with
the VWF gene. This result prompted us to analyze the
proband’s cDNA, which revealed a deletion of the last
27 nucleotides of exon 41 (c.7055_7081del), not present
in the patient’s genomic DNA. Bioinformatic analysis
demonstrated that the deletion was caused by a synony-
mous nucleotide substitution (c.7056C>T) that creates a
new donor splice site (GT at 7055-7056) within exon 41
characterized by a presumably stronger biological
potency than the wild type, and generating a new
mature mRNA lacking the last 27 nucleotides of exon
41, exactly the same nucleotides as were missing in our
patient. 

As documented by in vitro expression experiments, the
c.7055_7081del mutation interferes with the synthesis
of VWF, and does not have a dominant-negative effect.31

The hemostatic profile of recombinant VWF is consis-
tent with the patient’s phenotype, thus suggesting that
the c.7056 C>T substitution acts as a loss-of-function
mutation, i.e. a pure VWF quantitative defect.

The c.7056 C>T mutation is associated with the dele-
tion of nine amino acids (Gly Glu Cys Arg Pro Asp Phe
Thr Cys) from 2352 to 2360 of the VWF B2 domain

(p.Gly2352_Cys2360). This domain’s function has yet to
be fully defined, but it has to be intact for proper VWF
synthesis and function.14,32 The B2 domain is in close
proximity to the cysteine knot-like (CK) domain, a com-
mon motif involved in the dimerization of proteins, a
step playing a primary role in the assembly of VWF mul-
timers.33 Even though the B2 domain is not directly
involved in the dimerization process, abnormalities of
this domain might induce conformational changes of the
CK domain capable of disrupting the proper alignment
of VWF monomers during dimer formation, without
interfering with the dimerization of normal VWF
monomers, as suggested by the normal profile of the
residually synthesized VWF. 

The key finding emerging from this study concerns the
role of silent nucleotide substitutions in causing type 1
VWD. Even if the c.7056 C>T substitution does not mod-
ify the VWF amino acid composition, it still has a marked
impact on VWF gene expression, generating a new donor
splice site leading to a mutated mRNA. While the contri-
bution of splicing site defects is well documented as a
common cause of disease, including VWD,34-36 less is
known about the role of synonymous nucleotide substi-
tutions in inherited human disorders. In the majority of
the cases described, such  mutations have been shown to
interfere with the proper elimination of gene introns, but
there are also reports of alterations to proper mRNA fold-
ing, which interfere with ribosome activity and/or
increase the mRNA degradation process, resulting in a
slower rate of protein translation.37

Finally, our results confirm once again how heteroge-
neous the penetrance of VWD may be, since the
patients’ VWF defect was expressed more than we
would have expected on the basis of a gene null VWF
condition. Carriers of one null allele are frequently
asymptomatic with regards to bleeding,37,38 but laborato-
ry studies can often reveal lower than normal platelet
and plasma VWF levels. Little is known about the mod-
ulators affecting VWF synthesis and/or a bleeding ten-
dency, so these aspects are not taken into account in the
assessment and characterization of VWD.

In conclusion, we demonstrated that the c.7056 C>T
synonymous substitution is responsible for type 1
VWD, thereby showing that apparently harmless
nucleotide variations may have a role in the develop-
ment of VWD and help to explain genetically unsolved
cases of VWD. Based on these findings, we suggest the
need to investigate VWF gene sequence variations more
extensively to clarify whether silent substitutions con-
tribute to VWD or modulate its severity.
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