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Abstract

Type IIB von Willebrand Disease (vWD) is characterized by
the selective loss of large von Willebrand Factor (vWF) mul-
timers from plasma, presumably due to their increased reactiv-
ity with platelets and subsequent clearance from the circula-
tion. Using the PCR, one of a panel of four potential missense
mutations was identified in each of the 14 patients studied from
11 unrelated families. None of these substitutions was encoun-
tered in a large panel of normal DNAs. These changes all repre-
sent C—T transitions at CpG dinucleotides, proposed “hot
spots” for mutation in the human genome. The four resulting
amino acid substitutions, Arg543—Trp, Arg545—>Cys,
Val553—>Met, and Arg578—GIn, are all clustered within the
GpIb binding domain of vWF. Disruption of this latter func-
tional domain may explain the pathogenesis of Type IIB vWD.
By sequence polymorphism analysis, the Arg543—Trp substi-
tution was shown to have occurred as at least two independent
mutational events. This latter observation, along with the iden-
tification of mutations in all 14 patients studied and their local-
ization to the Gplb binding domain, all strongly suggest that
these substitutions represent the authentic defects responsible
for Type IIB vWD. This panel of mutations may provide a
useful diagnostic tool for the majority of patients with Type IIB
vWD. (J. Clin. Invest. 1991. 87:1227-1233.) Key words: von
Willebrand Factor « thrombocytopenia « ristocetin-induced
platelet aggregation ¢ polymerase chain reaction « dideoxy se-
quencing

Introduction

von Willebrand Disease (vWD)' is the most common inherited
bleeding disorder in man with a prevalence estimated to be as
high as 1% of the population (1). The disorder results from
either a quantitative (Type I) or a qualitative (Type II) defect in
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von Willebrand Factor (vWF) and is typically transmitted in
an autosomal dominant fashion. Type II vWD is identified by
selective loss of plasma vWF high and/or intermediate molecu-
lar weight multimers (2). Type IIB vWD is additionally charac-
terized by enhanced ristocetin-induced platelet aggregation
(RIPA) and increased binding of the abnormal vWF to normal
platelets (3, 4). Clinically, Type IIB vWD is associated with a
bleeding disorder of variable severity and thrombocytopenia
which is often exacerbated by pregnancy (5, 6), stress (7), ad-
vanced age (8), or l-deamino-8-D-arginine-vasopressin
(DDAVP) (9). The latter, the treatment of choice for many
forms of vWD, is relatively contraindicated in Type IIB (9).

Patients with Type IIB vWD specifically lack the largest
multimers of vWF in plasma but not in platelets. It has been
hypothesized that plasma high molecular weight vWF mul-
timers of patients with Type IIB vWD bind spontaneously to
platelets and are subsequently cleared from the circulation
(10), accounting for both the characteristic vVWF multimer pat-
tern and the frequently associated thrombocytopenia. In sup-
port of this hypothesis, VWF secreted by Type IIB vWD umbili-
cal vein endothelial cells were shown to contain the full range
of vWF multimers on gel analysis and to induce spontaneous
platelet aggregation in vitro (11).

The human vWF gene has been localized to the short arm
of chromosome 12 (12) and spans 178 kb interrupted by 51
introns (13). In addition, a nonprocessed pseudogene highly
homologous to the mid-portion of vWF has been identified on
human chromosome 22 (14). vWF is synthesized by endothe-
lial cells and megakaryocytes and undergoes extensive post-
translational processing including multimerization prior to se-
cretion (15). The 2813 residue vWF amino acid sequence con-
sists of multiple repeated segments, including the triplicated A
domains (16, 17). A region important for the interaction of
vWF with platelet glycoprotein Ib (Gplb), one of the primary
receptors for vVWF on platelets, has been localized to the vWF
Al domain between amino acids 449 and 728 of the mature
protein (18). This region also contains binding sites for heparin
(19) and collagen (20, 21). The enhanced platelet aggregation
induced by vWF prepared from a patient with Type IIB vWD
can be blocked by a monoclonal antibody directed against
Gplb (3, 22). Furthermore, the tryptic fragment of normal
vWF containing the Gplb binding domain (amino acids 449—
728) was shown to block spontaneous platelet aggregation in
patients with the Tampa variant of Type IIB vWD (23).

Over the past several years, molecular defects responsible
for several types of vWD have been identified. Large gene dele-
tions appear to be an uncommon mechanism for vWD, seen
primarily in patients with inhibitors to vWF (14, 24, 25). Mis-
sense mutations within the vVWF A2 domain were recently
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identified in two patients with Type IIA vWD (26) and addi-
tional Type IIA patients may demonstrate other mutations in
the same region (27). We now report the identification of four
distinct potential vVWF missense mutations occurring in 14 pa-
tients from 11 unrelated Type IIB vWD families. These substi-
tutions are all contained in a 36-amino acid segment within the
putative Gplb binding domain of vWF.

Methods

Patient material. 14 patients with Type IIB vWD from 11 unrelated
families were studied (B1-14). The family of patient B14 has been
previously reported (7). The father of B6 has also been reported (3).
Patients were classified by referring physicians as having Type IIB
vWD if they had a moderately severe bleeding disorder characterized
by some or all of the following clinical features: thrombocytopenia,
prolonged bleeding time, normal to low factor VIII procoagulant activ-
ity, normal to low vWF antigen, low plasma ristocetin cofactor activity,
decreased circulating high molecular weight vVWF multimers with in-
tact platelet vVWF multimers, enhanced RIPA at a low concentration of
ristocetin (0.2-0.6 mg/ml), and the absence of platelet aggregation or
agglutination when normal purified vWF or cryoprecipitate is added to
patient platelet rich plasma. Genomic DNA was prepared from periph-
eral blood leukocytes by standard methods (12). Genomic DNA was
also obtained from 67 normal individuals with no prior history of
bleeding disorders. The umbilical cord from a patient with Type IIB
vWD was also obtained and a human umbilical vein endothelial cell
culture was prepared (28). DNA was isolated from the cultured cells
and is included in subsequent analysis as B5. Clinical laboratory data
obtained from the child are consistent with the diagnosis of Type
1IB vWD.

DNA sequence analysis. The PCR was used to amplify vWF exon
28 sequences as previously described (26). Nucleotide position number-
ing is per the sequence of Bonthron, et al. (29), with the *A” of the
initiator “ATG” codon taken as +1. PCR primers designed to amplify
~ 1.3 kb of genomic DNA containing exon 28 were primer A:
CACGAATTCTACTGCAGCAGGCTACTGGACCTGGTCT, and
either primer B: CACGGATCCGGGAGCGTCTCAAAGTCCT-
GGATGAGGATA, or primer C: CACGGATCCAGGGAAGCC-
AGGATTAGAACCCGAGTCG. Primer A corresponds to (+) strand
nucleotides 3811-3838 of the vWF cDNA sequence (29), primer B to
vWF cDNA (-) strand sequence 4973-4944, and primer C to (-)
strand sequence of intron 28 (nucleotide positions 24/1666-24/1695
according to Mancuso, et al.) ([13] and D. Ginsburg and M. Bruck,
unpublished data). Primers were engineered to create synthetic restric-
tion sites (underlined) at their 5’ ends. The technique of allele-specific
PCR (30, 31) was used to selectively amplify the authentic vVWF gene.
Primers B and C were positioned such that their 3' terminal nucleotides
match the sequence of the authentic vWF gene but differ from that of
the vVWF chromosome 22 pseudogene ([26] and D. Ginsburg and M.
Bruck, unpublished data). PCR conditions were as previously de-
scribed (26). For B1, B3, and B12, PCR products were amplified with
primers A and C, digested with Eco RI and Bam HI, and directionally
subcloned into M13mp19. The entire 1215 bp of exon within the PCR
product were sequenced with Sequenase (United States Biochemical,
Cleveland, OH) from multiple independent clones either as pooled
sequencing reaction (B3 and B12) or as individual clones (B1 and B12),
as previously described (26). Mutations first identified in pooled se-
quence (B3) were confirmed by analysis of individual clones. DNA
from patient B6 was analyzed from nucleotide 3820 to 4120 by direct
sequence of PCR products using asymmetric PCR (32) as previously
described (33). The mutations identified by allele-specific oligonucleo-
tide (ASO) or restriction digest for patients B2, B4, B5, B7, B8, B9, B10,
B11, B12, and B14 were all confirmed by asymmetric PCR sequencing.
Asymmetric PCR was performed with replinase (New England Nu-
clear, Bannockburn, IL).
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Restriction analysis and allele-specific oligonucleotide hybridiza-
tion. Cellular DNA was amplified by PCR using primers A and B, as
described above. The C3922—T and G4022—A substitutions both
result in convenient restriction site changes, loss of an Hha I site and
gain of a Pst I site, respectively. For analysis of these substitutions, PCR
products were digested with Hha I or Pst I (Bethesda Research Labora-
tories, Gaithersburg, MD) and analyzed by fractionation on an ethi-
dium bromide-stained 4% composite agarose gel (3% NuSieve agarose
[FMC BioProducts, Rockland ME] and 1% standard agarose [Be-
thesda Research Laboratories]). The remaining substitutions were eval-
uated by dot blot analysis and ASO hybridization, as previously de-
scribed (34). 15-mer oligonucleotides were synthesized with either nor-
mal (underlined) or “mutant” (shown in parentheses) sequence in the
8th position. Probes 1 and 2: GATGGAGC(T)GGCTGCG; probes 3
and 4: GGTCCGCG(A)TGGCCGT; probes 5 and 6: TTTGTCCG-
(AYCTACGTC. Probes 2, 4, and 6 are the “mutant” oligonucleotides
corresponding, respectively, to the normal sequences of probes 1, 3,
and 5 (see Fig. 1). 3 ul of PCR product were denatured in 200 ul of 0.4
N sodium hydroxide, 25 mM EDTA, and applied to a nylon filter
(Hybond-N; Amersham Corp., Arlington Heights, IL) using a dot blot
apparatus (Hybri - dot; Bethesda Research Laboratories). Filters were
hybridized with end-labeled oligonucleotides with the final wash per-
formed in 5X SSPE and 0.1% SDS for 10 min at an optimal tempera-
ture empirically determined for each ASO probe.

Results

Exon 28 sequence in patient BI. Bl DNA was amplified with
primers A and C and subcloned into M13. Initial sequence
analysis demonstrated that the patient is heterozygous for a
common polymorphism at nucleotide 4641 in the vWF coding
sequence. This polymorphism results in the presence (+) or
absence (—) of a Bst EII restriction site (Nichols, W. C,, S. E..
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Figure 1. Location of PCR and ASO primers. Exon 28, containing
coding sequence nucleotides 3675-5053 (29), is shown schematically
at the top with the location and orientation of PCR primers A, B,
and C indicated by arrows. The corresponding amino acid sequence
from mature subunit residues 497-909 are shown below, including
two of the three triplicated A domains (A1 and A2) (16, 17) and the
location of Arg543, Arg545, Val553, Arg578, and Arg636. The seg-
ment containing the previously reported Type IIA vWD mutations is
also indicated (26). The locations of the ASO oligonucleotide pairs
1/2, 3/4, and 5/6, designed to detect the nucleotide substitutions at
Arg543, Val553, and Arg636, respectively, are also illustrated. Oligo-
nucleotides corresponding to the mutant sequences are depicted with
an X. The position of this region within the full length vWF coding
sequence is shown at the bottom along with the location of the tryptic
fragment Val449-Lys728, containing the putative Gplb binding do-
main (18).
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Figure 2. Sequence of Type IIB vWD mutations. Sequence analysis of
individual M 13 clones containing normal (left) and mutant (right)
sequences are shown. The positions of nucleotide substitutions are
indicated by filled circles. (4) The C—T substitution at nucleotide
3916 in patient B1 results in the substitution of Trp for Arg543. (B)
The G—A transition at nucleotide 3946 in patient B12 results in the
substitution of Met for Val553.

Lyons, D. Ginsburg, manuscript in preparation). Individual
M13 exon 28 PCR clones were typed for this restriction frag-
ment length polymorphism (RFLP) and the inserts from two
independent clones for each allele were sequenced in their en-
tirety. In this way authentic sequence differences, which should
be present in both clones of the same allele, could be distin-
guished from PCR errors, which should be present in only one
clone. Only normal sequence was observed on the Bst EII (—)
allele, whereas two novel changes, both resulting in amino acid
substitutions, were identified on the Bst EII (+) allele: a C—T
transition at cDNA nucleotide 3916 resulting in an
Arg543—Trp substitution (Fig. 2 4) and a G—A transition at
nucleotide 4196 resulting in an Arg636—His substitution
(data not shown).

Identification of a rare sequence polymorphism at nucleo-
tide 4196. DNA from 67 normal individuals and the 14 Type
IIB vWD patients were amplified with primers A and B, and
analyzed by dot blot analysis and ASO hybridization using
ASO probes 5 and 6. Patient B1, two of the normal individuals,
and none of the 13 additional Type IIB vWD patients were
found to be heterozygous for the G4196— A transition (Fig. 3,

C and D). Thus this nucleotide difference, resulting in an
Arg636—His amino acid substitution, represents a rare coding
sequence polymorphism with an allele frequency of ~ 0.015.

Identification of a potential Type IIB vWD mutation at nu-
cleotide 3916. The remaining 13 Type IIB vWD patients as well
as 67 normal patients were screened for the presence of the
nucleotide 3916 substitution, using ASO probes 1 and 2. This
substitution was not detected in any of the 134 normal vWF
alleles screened. However, when the additional 13 Type IIB
vWD patients were screened, 3 were observed to have the iden-
tical C—T substitution at nucleotide 3916 (B4, B5, and B9; see
Fig. 3 4, B). B4 is the mother of B5. Direct DNA sequence
analysis by asymmetric PCR confirmed the ASO genotype
data.

Identification of a second potential Type IIB vWD mutation
at nucleotide 3946. For B12 DNA, sequence analysis was per-
formed for both pooled and individual M 13 clones as described
above. A single change, a G— A transition at nucleotide 3946,
was identified in one allele, resulting in a Val553—Met substi-
tution (Fig. 2 B). The same potential missense mutation was
detected by dot blot analysis and ASO hybridization, using
ASO probes 3 and 4 in the patient’s affected son (B13) and in
two other unrelated Type IIB vWD patients (B2 and BS8; Fig.
4), but was not detected in any of 98 normal alleles screened
(data not shown). The ASO data were confirmed by direct
DNA sequence analysis of the PCR products, as described
above.

Identification of a third potential Type IIB vWD mutation
at nucleotide 3922. B3 DNA was amplified with primers A and
C and the resulting PCR products sequenced as a pool of M13
clones. A single substitution, a C—T transition at nucleotide
3922 was identified and confirmed by sequence analysis of indi-
vidual M 13 clones (Fig. 5 A). This change, which results in an
Arg545—>Cys substitution, destroys an Hha I restriction site
and thus can be detected by PCR and restriction enzyme diges-
tion (Fig. 5 B). By this analysis, patients B7, B10, B11, and B14
were all found to have the same substitution. B11 is the son of
B10. This change was not identified in any of 98 normal vWF
alleles analyzed.

Identification of a fourth potential Type IIB vWD mutation
at nucleotide 4022. By the above analysis, potential mutations
were identified in 13 of the 14 Type IIB vWD patients studied.
Sequence analysis in the vicinity of these mutations in the re-
maining patient, B6, identified a novel substitution, a G—>A
transition at nucleotide 4022. This change results in an amino
acid substitution of GIn for Arg578. This mutation results in
the creation of a new Pst I site at this position, and thus could
be confirmed by PCR and restriction enzyme analysis (Fig. 6).
This substitution was not observed in any of the other Type IIB
vWD patients or in any of 98 normal vWF alleles screened.

Discussion

Surveying the vWF gene for potential point mutations asso-
ciated with the many distinct VWD phenotypes poses a formida-
ble task, given the enormous size and complexity of the gene
and limited availability of vWF mRNA. To date, such muta-
tions have only been successfully identified for the Type IIA
vWD variant. For this latter phenotype, the responsible mis-
sense mutations appear to be clustered in a small region within
the A2 repeat of VWF. There appears to be an increased sensitiv-
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morphism at 4196 (designated by a ‘+’). M 13 clone M2 contains the normal sequence at 3916 and the more common sequence at 4196 (designated
by a ‘=’). 36 normal DNA samples are also shown. Individuals B1, B4, BS, and B9 are all seen to be heterozygous for the mutation at 3916.
Individuals B2, B3, B6, B7, B8, B10, and B11 as well as all 35 normal individuals are seen as homozygous normal (4 and B). Individual B1 and two
normals are seen as heterozygous for the rare polymorphism at 4196 while all other patients and normals are homozygous for the more common
allele (C and D). Individuals B12, B13, and B14 are all homozygous for both the normal allele at 3916 and the more common allele at 4196 (not

shown).

ity to proteolysis in this region of Type IIA vWF associated
with a characteristic increase in the corresponding vWF proteo-
lytic fragment in plasma. This latter observation provided an
important localizing clue for the identification of Type IIA
vWD mutations (26, 27).

The Type IIB vWD phenotype is associated with a loss of
large vWF multimers similar to that of Type IIA, but occurring
through a unique mechanism related to an apparent increased
affinity for the platelet vWF receptor Gplb (3, 11, 22, 23). The
vWF functional domain responsible for Gplb binding appears
to reside between Vald49 and Lys728 (18, 35). Based on the
hypothesis that missense mutations within this region might
alter the vVWF/Gplb interaction resulting in the Type IIB vWD
phenotype, a portion of vWF exon 28, encoding Lys534-
Pro921, was targeted for DNA sequence analysis. Four poten-
tial missense mutations, resulting in Arg543—Trp,
Arg545—>Cys, Val553—Met, and Arg578—>Gin substitutions,
were identified by this approach, each occurring in a different
Type IIB vWD patient. The first three substitutions were subse-
quently detected by ASO hybridization analysis or restriction
enzyme digestion in additional unrelated Type IIB vWD pa-
tients. For each of these three mutations, inheritance of the
same sequence could also be traced to an affected offspring (B4
and BS for Arg543—>Trp, B10 and B11 for Arg545—Cys, and
B12 and B13 for Val553—>Met). In total, the four identified
mutations account for all 14 Type IIB vWD patients studied,
derived from 11 unrelated families.

A rare DNA sequence polymorphism at nucleotide 4196
was identified in patient B1, on the same allele as the candidate
Arg543—Trp mutation. The two other Arg543—Trp patients
were homozygous for the more common allele at position
4916. The association of this same substitution with at least
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two distinct chromosomal backgrounds (4916 [+] and 4916
[—]) strongly suggests that this particular mutation has arisen at
least two independent times. The occurrence of the
Arg543—Trp substitution as at least two independent muta-
tional events in three Type IIB patients, with its absence from
the 134 normal chromosomes screened, provides compelling
genetic evidence that this substitution represents an authentic
Type IIB vWD mutation. The identification of three other
amino acid substitutions in eight other Type IIB vWD families,
all also within the vWF Gplb binding domain (see below), pro-
vides further evidence in support of this hypothesis, as does the
appropriate inheritance of the mutant alleles in three affected
offspring. Whether the Arg545—Cys and Val553—>Met muta-
tions arose via more than one independent mutational event
and whether two or three independent events occurred among
the Arg543—>Trp families must await more detailed vVWF
RFLP haplotype analysis. Of note, all four potential missense
mutations reported here represent C—T transitions at CpG
dinucleotides, proposed “hot spots” for mutation in the hu-
man genome (36). None of these mutations are contained in
vWF pseudogene sequence (Ginsburg, D., and M. Bruck, un-
published data).

All four mutations are contained in a 36 amino acid seg-
ment within the vWF tryptic fragment Val449—Lys728,
which has been shown to interact with platelet Gplb, heparin,
and collagen (18-21, 37). Mohri, et al. have further localized
Gplb binding to two discontinuous segments within this region
(Lys474-Pro488 and Leu694-Pro708), and speculate that, in
the intact molecule, disulfide bonds at 471-474 and 509-695
(38) may maintain these segments in close proximity (35). The
four Type IIB substitutions, located within the region connect-
ing these two segments, may all alter this critical vVWF/Gplb
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Figure 4. PCR ASO analysis of the G3946—>A mutation. DNA was
amplified by PCR and bound to duplicate nylon filters. Each filter
was probed with an ASO primer specific for either the normal allele
(probe 3; A) or the mutant allele (probe 4; B). Patient samples (B1-B8,
B12, B13) are identified as in the text. PCR products from individual
M 13 clones were used as hybridization controls. M13 clones M1, M2,
and M3 contain the normal sequence (designated by a ‘+’) and M13
clones M4 and M5 contain the mutant sequence (designated by a ‘).
Individuals B2 (in duplicate), B8, B12, and B13 are all seen to be
heterozygous for the mutant allele. Individuals B1, B3 (in duplicate),
B4, BS, B6, and B7 are seen to be homozygous normal. Individuals
B9, B10, B11, and B14 are also homozygous normal (not shown).

interaction, resulting in the Type IIB vWD phenotype. The
vWF segment from Leu512—Lys673, which again contains all
four Type IIB substitutions, may also play an important role in
vWF’s interaction with collagen and glycosoaminoglycans
(37). Plasma vWF does not bind spontaneously to platelets,
and initial binding to collagen and/or other subendothelial ma-
trix components may be the critical in vivo trigger which subse-
quently permits binding to Gplb. The Type IIB vWD muta-
tions could conceivably induce a conformational change in
vWF, mimicking the affect of matrix or collagen binding, and
thereby leading to the pathologic spontaneous platelet binding
characteristic of Type IIB vWD. Of note, these four Type IIB
vWD mutations are localized within a highly basic region (11
basic residues within this 36 amino acid segment) and three of
the four changes alter an Arg residue. Electrostatic interactions
may be critical for vWF/Gplb binding and may explain the
facilitory effect of ristocetin on the binding of wild-type vWF to
Gplb and the reactivity of Type IIB vWF in the absence of
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Figure 5. Analysis of the C3922—T mutation. (4) Sequence analysis
of individual M 13 clones containing normal (/eff) and mutant (right)
sequences from patient B3 are shown. The filled circles mark the
C—T substitution at nucleotide 3922, which results in the substitu-
tion of Cys for Arg545. (B) PCR-RFLP analysis for direct detection
of the C3922—T mutation is shown. DNA was amplified, restricted
with Hha I and fractionated on a 4% agarose gel. Patient samples are
as identified in the text. The marker (lane M) is an Hae III digest of
¢X 174 DNA. The C—T substitution results in the loss of an Hha I
site, as shown schematically at the bottom. The location of the three
Hha I sites in exon 28 are marked by arrows with the site lost by the
mutation indicated by an asterisk. The expected Hha I fragments for
both the normal and mutant alleles are indicated. After Hha I diges-
tion heterozygotes for the mutant allele demonstrate a novel 217-bp
fragment. Individuals B3, B14, B7, B10, and B11 are seen to be
heterozygous for the mutant allele. Individuals B6 and B4 are homo-

zygous normal.

ristocetin. Confirmation of this hypothesis must await further
functional studies.

This apparent clustering of Type IIB vWD mutations
within the vWF A1 domain is reminiscent of the similar local-
ization of Type IIA mutations within the adjacent A2 repeat.
These observations may provide important insights into vVWF
structure and function. In addition, the identification of poten-
tial defects in all 11 families studied suggests that this panel of
mutations may offer a precise DNA diagnostic tool applicable
to the vast majority of Type IIB vWD patients. This approach
should be of particular value in Type IIB where classification
has a major impact on clinical management (9). These findings
together with similar work in the remaining subtypes, may
eventually lead to a comprehensive DNA-based classification
system for vWD.
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Figure 6. PCR-RFLP analysis for direct detection of the G4022—A
mutation. DNA was amplified, restricted with Pst I, and fractionated
on a 4% agarose gel. The patient sample and normals are as identified
in the text. The marker (lane M) is a Hae I1I digest of $X 174 DNA.
The G—A substitution results in the creation of a Pst I site, as shown
schematically at the bottom. The Pst I sites are marked by arrows
and the site created by the mutation is indicated by an asterisk. After
Pst I digestion heterozygotes for the mutant allele demonstrate novel
fragments of 600 and 205 bp. Individual B6 is seen to be heterozygous
for the mutant allele while the normal controls in the remaining
lanes are homozygous normal. This mutation results in the substitu-

tion of Gin for Arg578.
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