
Gene deletions correlate with the development of alloantibodies
in von Willebrand disease.

B B Shelton-Inloes, … , A B Federici, J E Sadler

J Clin Invest. 1987;79(5):1459-1465. https://doi.org/10.1172/JCI112974.

Among all patients with von Willebrand disease (vWD), alloantibodies to von Willebrand factor (vWF) have been
described only in severe vWD (type III). The relationship between the development of alloantibodies and the nature of the
genetic lesion in vWD is not known. In hemophilia B, large deletions within the factor IX gene appear to correlate with the
occurrence of alloantibodies, whereas in hemophilia A no such correlation is apparent. We have studied 19 patients with
severe recessive vWD (type III) and 19 with autosomal dominant vWD (type I) by Southern blotting with probes
encompassing the full 9 kilobases (kb) of the vWF cDNA. Two apparently unrelated patients were shown to have large
deletions within the vWF gene. Both patients had severe vWD (type III) and were the only patients among those studied
that had inhibitory alloantibodies to vWF. The extent of deletion was similar in both patients, corresponding to at least the
3'-7.4 kb of the vWF cDNA. The deletion in each patient was estimated to exceed 110 kb. In addition, the localization of
the vWF gene to chromosome 12 was confirmed, and a homologous sequence on chromosome 22 was identified.

Research Article

Find the latest version:

https://jci.me/112974/pdf

http://www.jci.org
http://www.jci.org/79/5?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI112974
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/112974/pdf
https://jci.me/112974/pdf?utm_content=qrcode


Gene Deletions Correlate with the Development
of Alloantibodies in von Willebrand Disease
Beverley B. Shelton-lnloes,* Farid F. Chehab,t Pier M. Mannucci,$ Augusto B. Federici,l and J. Evan Sadler*
*Howard Hughes Medical Institute, Division of Hematology-Oncology, Departments of Medicine and Biological Chemistry, Washington
University, St. Louis, Missouri 63110; tHoward Hughes Medical Institute, Department of Medicine, University of California, San
Francisco, California 94143; and 1A. Bianchi Bonomi Hemophilia and Thrombosis Center and the Institute of Internal Medicine,
University and Maggiore Hospital, Milano, Italy

Abstract

Among all patients with von Willebrand disease (vWD), alloan-
tibodies to von Willebrand factor (vWF) have been described
only in severe vWD(type III). The relationship between the
development of alloantibodies and the nature of the genetic lesion
in vWDis not known. In hemophilia B, large deletions within
the factor IX gene appear to correlate with the occurrence of
alloantibodies, whereas in hemophilia A no such correlation is
apparent. Wehave studied 19 patients with severe recessive vWD
(type III) and 19 with autosomal dominant vWD(type I) by
Southern blotting with probes encompassing the full 9 kilobases
(kb) of the vWFcDNA. Two apparently unrelated patients were
shown to have large deletions within the vWFgene. Both patients
had severe vWD(type HI) and were the only patients among
those studied that had inhibitory alloantibodies to vWF. The
extent of deletion was similar in both patients, corresponding to
at least the 3'-7.4 kb of the vWFcDNA. The deletion in each
patient was estimated to exceed 110 kb. In addition, the local-
ization of the vWFgene to chromosome 12 was confirmed, and
a homologous sequence on chromosome 22 was identified.

Introduction

Von Willebrand factor (vWF)' is a complex glycoprotein that
is required for platelet adhesion to sites of vascular damage (1)
and for normal factor VIII survival in circulation (2). Human
vWF is composed of identical subunits of Mr - 250,000 that
are assembled into multimers ranging from dimers to species
with Mr > 10,000,000 (reviewed in 3). It is synthesized in en-
dothelial cells (4, 5) and megakaryocytes (6) and is found in
platelet a-granules and subendothelial connective tissue as well
as in plasma (1). The sequence of the vWFprecursor has been
determined by protein (7) and complementary DNA(cDNA)
sequencing (8-15). The messenger RNA(mRNA) is 9.0 kil-
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obases (kb) in length and contains an open reading frame of
8,439 nucleotides, encoding a precursor of 2,813 amino acids.
The precursor has a cleavable signal peptide of 22 amino acids,
followed by an unusually long propeptide of 741 amino acids
that is identical to von Willebrand antigen II, a distinct plasma
protein of unknown function (13-15). The mature vWFsubunit
consists of 2,050 amino acids, and the protein sequence contains
four types of repeated domains indicating a complex evolution-
ary history (8, 12, 14). The vWFgene has been localized to
human chromosome 112p12pr (9, 1 1).

Von Willebrand disease (vWD) is caused by functional de-
ficiency of vWFand is probably the most common inherited
bleeding disorder of man, with a prevalence of at least 125 per
million if all degrees of severity are included. The disorder ex-
hibits both genotypic and phenotypic heterogeneity. vWDis
usually inherited as an autosomal dominant trait and most such
patients appear to have a quantitative deficiency of vWF(vWD
type I). However, - 25% of patients synthesize a qualitatively
abnormal protein. Severe autosomal recessive vWD(type III) is
much less common, affecting only 0.5-3 per million, and is
characterized by the absence of detectable vWFantigen and ac-
tivity (1). These severely affected individuals appear to be ho-
mozygous or doubly heterozygous for a null vWFallele.

Antibodies to transfused vWFare uncommon in vWD, and
have only been described in vWDtype III. Only 16 such patients
from 13 families have been reported (reviewed in 16). In part
this may reflect the rarity of severe vWD. During a survey of
vWDin Western Europe and Israel, 8 patients were identified
with antibodies to vWFamong 106 patients with severe vWD,
for a prevalence of 7.5% (16). This is similar to the 11-15%
prevalence of antifactor VIII antibodies in severe hemophilia A,
or the 7-10% prevalence of antifactor IX in severe hemophilia
B (reviewed in 17). The relationship between alterations in gene
structure and the development of antibodies to the gene product
is not completely understood. Alloantibodies to factor IX have
been reported in eight hemophilia B patients with gene deletions
(18-21) but in no patients with point mutations. In contrast,
antibodies to factor VIII have not been observed consistently in
hemophilia A patients with gene deletions, and inhibitory al-
loantibodies have been found in patients with point mutations
(22, 23).

In this paper we report that two unrelated patients with severe
recessive vWD(type III) and alloantibodies to vWFwere found
to have large deletions in the vWFgene. A total of 19 patients
with autosomal dominant vWD(type I) and 17 additional pa-
tients with recessive vWD(type III) did not have detectable dele-
tions in the vWFgene, and none of these patients had antibodies
to vWF. The localization of the vWFgene to human chromo-
some 12 was confirmed, and in addition a homologous sequence
was detected on human chromosome 22.
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Methods

Materials. Restriction endonucleases were obtained from Bethesda Re-
search Laboratories, Gaithersburg, MD, and NewEngland Biolabs, Bev-
erly, MA. The large fragment of E. coli DNApolymerase I (Klenow
fragment) was from Bethesda Research Laboratories. Nylon membranes
(GeneScreen Plus) and [y-32P]dCTP were obtained from New England
Nuclear (Boston, MA). Nitrocellulose membranes were from Schleicher
and Schuell (Keene, NH).

cDNAprobes. cDNA inserts were subcloned in pUC18 or MI3mpl 8
and propogated in E. coli JM103 or JM109 (24). Restriction fragments
were prepared using the appropriate enzymes according to the recom-

mendations of the supplier and isolated by polyacrylamide gel electro-
phoresis and electroelution (25). Probe I is a 3.0-kb (linker) Eco RI-
BamHI fragment derived from cDNA isolate XHvWF5(15). It contains

240 basepairs (bp) of 5'-noncoding sequence and encodes a 22-residue
signal peptide, 741 residues of the von Willebrand antigen II propeptide
(vWAgII), and the amino-terminal 143 amino acids of the mature vWf
subunit. Certain subfragments of probe I were prepared by further diges-
tion with Nco I. Probe IA is a 1.6-kb (linker) Eco RI-Nco I fragment of
XHvWF5with Y-terminus at the codon for residue 443 of vWAgHI. Probe
IB is a 0.9-kb Nco I-Nco I fragment encoding residues 444 -741 of vWAgII
and residues 1-6 of the mature vWFsubunit. Probe IC is the 404-bp
insert of cDNA isolate XHvWFl (8) and corresponds to the carboxy-
terminal 24 amino acids of vWAgII and 110 amino acids of the mature
vWFsubunit. Probe II is a 1.2-kb BamHI-Fsp I fragment derived from
XHvWF4and corresponds to amino acids 144-544 of vWF(12). Probe
III is a 2.8-kb Fsp I-Sac I fragment of XHvWF3that encodes amino
acids 544-1461 of vWF (8). Probe IV is a 1.8-kb Sac I-Sac I fragment
of XHvWF3that encodes amino acids 1462-2050 (carboxy-terminus)
of vWF. Probe IV also contains 127 out of the total 137 nucleotides of
3'-noncoding sequence (8). Probes were labeled either by nick translation
(25) or with Klenow fiagment (26) to a specific activity of > 10'
cpm/Mg.

Chromosome localization of the vWFgene and related sequences.
Humanchromosome suspensions were prepared from a lymphocyte cell
line in Tris-spermine buffer and stained with DIPI and chromomycin
A3 (27). 30,000 chromosomes of each type were sorted using a dual-
laser fluorescence-activated cell sorter and spotted onto a nitrocellulose
filter. The filters were processed and hybridized to cDNA probes, and
signals were detected by autoradiography as previously described (27).
The final stringent washing condition was 0.1 X standard saline citrate
(SSC), 0.1% (wt/vol) sodium dodecyl sulfate (SDS), for 45 min at 65°C
(1 X SSC is 0.15 MNaCl, 0.015 Msodium citrate, pH 7.0).

Sufficient human chromosome 22 was purified as described in the
preceeding paragraph for restriction enzyme digestion and Southern

blotting. DNAwas also prepared from a mouse-human hybrid cell line

containing human chromosome 12 but not chromosomes 9-11 or 22,
and also from a mouse-human hybrid cell line containing human chro-

mosome 22. Aliquots of DNAwere digested with restriction enzymes
as indicated in specific figure legends, electrophoresed on 1% agarose
gels in 1 X Tris-acetate-EDTA buffer (TAE), transfered to nitrocellulose

filters, prehybridized, and hybridized to cDNA probes (25). The final

stringent washing condition was 0.2 X SSC at 65°C for 30 min. Blots

were exposed to Kodak XAR-5 film with two intensifying screens (Du-
pont Cronex Lightning Plus) at -80°C for 1-7 d.

Southern blotting of patient DNAsamples. Blood was obtained by
venipuncture, anticoagulated with acid citrate dextrose, and stored at

-200C. DNAwas prepared from 30-50 ml frozen peripheral blood (28)
and aliquots were digested with Eco RI. Digested DNAwas extracted

with phenol/chloroform, precipitated with ethanol, dissolved in 10 mM

Tris-Cl, pH 8.0, 1 mMEDTA, and quantitated by fluorometric assay
(29, 30). - 7-10 Mg was electrophoresed on a 1%agarose gel in 1 X Tris-

borate-EDTA buffer (TBE) (25) and transferred to GeneScreen Plus under

alkaline conditions in 0.4 MNaOH, 0.6 MNaCi (31). The membrane

was neutralized for 15 min in 0.5 MTris-Cl, pH 7, 1 MNaCl, and dried

at 550C for 20 min. The membranes were prehybridized in 50 mMTris-

Cl, pH 7.5, 1 MNaCl, 200 ug/ml yeast transfer RNAfor 30 min at
650C. The prehybridization solution was then supplemented with 10%
dextran sulphate, 1% SDS, 200 ;g/ml salmon sperm DNA, and 32p_
labeled probe at 106 cpm/ml. Filters were subjected to a final stringent
wash in 0.2 X SSC, 1% SDS for 15-60 min at 650C, and rinsed in 0.1
X SSC. The wet blots were wrapped in plastic wrap and exposed to
XAR-5 film (Eastman Kodak Co., Rochester, NY) at -700C with one
intensifying screen. The autoradiographs were developed after 3-10 d
of exposure.

Results

cDNA probes for human vWF Nonoverlapping cDNA probes
were prepared that span the full length of the vWFmRNA(Fig.
1). Four probes (I-IV) were used to screen DNAfrom patients
with vWDfor evidence of gene deletion and restriction fiagment
length polymorphism. Subfragments of probe I (IA, B, and C)
were prepared to better define the 5'-extent of gene deletions in
two patients, and to clarify the chromosomal origin of specific
bands detected in Southern blots of patient and control DNA.

Localization of the vWFgene to chromosome 12 and related
sequences to chromosome 22. The characterization of the vWF
gene by Southern blotting is complicated by the presence of at
least two loci in the human genome that hybridize to segments
of the vWFcDNA. Restriction fragments of 3.0 kb or less from
the 3'-end of the cDNA have been used previously to localize
the vWFgene to human chromosome 12 (9, 11). This localiza-
tion was reexamined using probes spanning the full length of
the vWFcDNA. Humanchromosomes labeled with intercalating
dyes were sorted with a fluorescence-activated cell sorter, yielding
homogeneous preparations of all human chromosomes except
for chromosomes 9-12 and 14-15, which were isolated as mix-
tures. Probes from the 5'-end (probe IC) and 3'-end of the cDNA
(probe IV, Fig. 1) were shown to hybridize only to chromosomes
9-12 (Fig. 2, probes IC and IV). Probe III hybridized to the
chromosome 9-12 spot, but also hybridized to chromosome 22
under conditions of very high stringency (Fig. 2, probe III). The
remaining autosomes and both sex chromosomes were negative.
In addition, probe II hybridized to both the chromosome 9-12
and chromosome 22 spots (data not shown). Thus, restriction
fragments from the center of the vWFcDNA(probes II and III)
were not specific for the vWF locus on chromosome 12.

The hybridization to the chromosome 9-12 spot (Fig. 2) was
shown to be due to the chromosome 12 content of that DNA
by the use of a mouse-human hybrid cell line containing human
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Figure 1. Partial restriction map of human vWFcDNA identifying the
location of probes used for Southern blotting. Only restriction sites
used in making probes are identified. Coding sequence is represented
by the solid bar, and the segment at the 3'-terminus A represents the
poly(A) tail. Fragments represented in cDNAprobes are indicated by
the labels I, IA, IB, IC, II, III, and IV. Scale is in kb.

1460 Shelton-Inloes, Chehab, Mannucci, Federici, and Sadler

-N

cr
1-4
43

W-
%I;_

II



Probe IC

Probe DI

22 21 9-12 18 Figure 2. Hybridization
of vWFcDNAprobes to
sorted human chromo-
somes. The numbers on
each of the six 25-mm

22 21 9-12 5 nitrocellulose filters in-
dicate the human chro-
mosomes that are pres-
ent in each spot. There
are two spots per filter.
All 22 autosomes and
both sex chromosomes

22 21 14,15 9-12 were examined, but only
Probe lV filters containing either

chromosome 12 or 22
are shown. The probes

employed are indicated at the left of the corresponding pair of filters.

chromosome 12 (Fig. 3, A and B). Total human genomic DNA
and DNAfrom the hybrid cell line was digested with restriction
enzymes for agarose gel electrophoresis and Southern blotting
with cDNA probe III. Bands detected in both the human (H)
and mouse-human hybrid (M) digests were assigned to human
chromosome 12. Bands detected only in total human genomic
DNA(H) are labeled with arrows in Fig. 3 and are presumed to
have originated from chromosome 22. The assignment to chro-
mosome 22 of two bands detected in Sst I digests of human
genomic DNA(Fig. 3 B) was confirmed by their detection in
DNAfrom purified flow-sorted human chromosome 22 (Fig. 3

a
Bgill Kpn I Hind III Nco I
H M H M H M H M

b
Sstl
H M

-

A

C). In addition, the assignment of the bands indicated by arrows
in Fig. 3 A to chromosome 22 was confirmed for the enzymes
Bgl II, Hind III, and Nco I by analysis of DNAfrom a mouse-
human hybrid cell line containing only human chromosome 22
(data not shown). The nature of the cross-hybridizing sequences
on chromosome 22 is currently under investigation.

The identification of gene deletions in patients with vWD.
The cDNA probes I-IV were hybridized to Eco RI-digested
leukocyte DNAfrom Italian patients with vWD, including 19
patients with autosomal-dominant vWD(type I) and 19 patients
with severe recessive vWD(type III). In many cases parents and
siblings of affected individuals were also studied. For all 19 of
the patients with vWDtype I and for 17 of the patients with
vWDtype III, the hybridization patterns obtained were indis-
tinguishible from those of normal controls. However, two ap-
parently unrelated patients with vWD (type III), previously
identified as C.K. (16) and S.G. (32, 33), were found to have
large deletions of the vWFgene (Fig. 4). The parents of patient
S.G. were first cousins, so it is likely that he is homozygous for
a single type of defect. The extent of deletion may be different
for each of the mutant alleles of patient C.K. A total of 25 or
26 bands was detected with probes I-IV in DNAfrom normal
controls and unaffected relatives, compared with only five or six
bands in DNAfrom S.G. or C.K., respectively.

The heterozygous parents of C.K. and S.G. are expected to
have half of the hybridizing DNAof normal controls. Such a
gene dosage effect is not uniformly apparent in Fig. 4, reflecting
the difficulty in quantifying gene dosage by the unstandardized

C
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H 22
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Figure 3. Hybridization of probe III to human genomic
DNAand DNAfrom a mouse-human hybrid cell line
containing human chromosome 12. Normal human geno-
mic DNA(H), DNAfrom a mouse-human hybrid cell
line that contains human chromosome 12 but not human
chromosomes 9-11 or 22 (M), or DNAfrom purified hu-
man chromosome 22 (22) was digested with the indicated
restriction enzymes and subjected to agarose gel electro-
phoresis for Southern blotting. The mobility of Hind III
fragments of phage lambda DNAis indicated at the left of
each blot in descending order: 23.1, 9.4, 6.6, 4.4, 2.3, and
2.0 kb. Arrows indicate bands that are attributed to hu-
man chromosome 22 because they are present in total hu-
man genomic DNAbut absent in DNAfrom the hybrid
cell line.
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Figure 4. Southern blots of genomic DNAdigested with Eco RI and
hybridized with vWFcDNAprobes. In each panel the samples are:
(lane 1) a normal control, (lane 2) patient C.K., (lane 3) father of
C.K., (lane 4) mother of C.K., (lane 5) patient S.G., (lane 6) father of
S.G., (lane 7) mother of S.G., (lane 8) sister of S.G., (lane 9) a normal

blotting method employed. Accordingly, some gene deletions in
the additional 36 patients studied may not have been detected.

The extent of vWFgene deletion in patients S.G. and C.K.
A single band of 8.4 kb was detected with probe I in the DNA
of both patient C.K. and S.G. (Fig. 4 A). The origin of this band
was investigated with subfragments of probe I. The same band
was detected in both patients and control DNAwith probe IA,
whereas neither patient exhibited any of the three bands detected
in control DNAwith probe IB (Fig. 5), nor the 6.8-kb and 0.9-
kb bands detected with probe IC (data not shown). The relative
intensity of the hybridization signal for patient C.K. appears
reduced in Fig. 5 A, but in other blots it is identical to normal
controls (data not shown). The chromosome localization of this
8.4-kb band is not known. Thus, both patients appear to have

control. The vWFcDNAprobes were: (A) probe I, (B) probe II, (C)
probe III, (D) probe IV. The mobility of DNAstandards is marked on
each panel in descending order: Hind III fragments of phage lambda
DNA, 23.1, 9.4, 6.6, 4.4, 2.3, and 2.0 kb; Hae III fragments of -x174
DNA, 1.35 and 1.1 kb.

suffered deletions on both alleles with similar boundaries at the
5' end of the vWFgene. The two families have been geograph-
ically separated in the north and south of Italy for many gen-
erations and appear to be truly unrelated. Wecannot formally
prove that the genetic lesions in C.K. and S.G. are independent
without more detailed structural characterization of the mutant
genes.

The DNAfrom patients C.K. and G.S. did not hybridize to
probe IB (Fig. 5 B) or probe IV (Fig. 4 D), indicating that the
corresponding segments of the vWFgene had been deleted. The
intervening DNAon chromosome 12 that corresponds to probes
II and III should be deleted as well. Wecannot exclude the
possibility that a band from the vWF locus might be present,
however that would require two separate deletion events in the
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Figure 5. Southern blots of Eco RI digests of genomic DNAhybrid-
ized to subfragments of probe I. Blotting conditions were as described
in the legend to Fig. 2. In each panel the samples are: (lane 1) a nor-
mal control, (lane 2) patient C.K., (lane 3) patient S.G. The mobility
of Hind III fiagments of phage lambda DNAis noted as in Fig. 2.
Probes employed were (left) probe IA and (right) probe IB. Patients
failed to hybridize with probe IB, however an 8.4-kb band was de-
tected with probe IA.

vWFgene of both families, which seems very unlikely. The five
or six bands detected by probes II and III for these patients (Fig.
4, B and C) are consistent with their localization to chromosome
22, not to the vWFlocus. This has been confirmed directly by
examination of Eco RI-digested DNAfrom a mouse-human
hybrid cell line that contains only human chromosome 22.
However, these data do not exclude the possibility that fragments
of the same mobility might be derived from both chromosome
12 and chromosome 22. In fact, the 12.1-kb and 1.15-kb bands
detected with probe II (Fig. 4 B), and the 15.5-kb band detected
with probe III (Fig. 4 C) are present in DNAprepared from
mouse-human hybrid cells containing either human chromo-
some 12 or 22, suggesting that both loci contain homologous
Eco RI fragments of similar size (data not shown). Probe III
reveals a potential polymorphism at the chromosome 22 locus.
The normal controls, patient C.K and her relatives, exhibit a
pair of bands at 15.5 and 11.5 kb, whereas patient S.G. and his
relatives show only the band at 15.5 kb (Fig. 4 C). Probe III also
detects a band at 1.85 kb in some controls but in no patients or
relatives. This band cannot yet be assigned to a specific chro-
mosome.

The simplest interpretation of these data is that both C.K
and G.S. have large deletions in both vWFalleles corresponding
to at least the 3'-7.4 kb of the vWFcDNA. Over 60 kb of genomic
DNAhave been partially characterized that encode the cDNA
of probes III and IV (34). Another 60 kb of Eco RI bands on
chromosome 12 was detected by probes I and II (Table I). Thus
the vWFgene spans at least - 120 kb, and the size of these
deletions probably exceeds 1 10 kb in both patients.

Discussion

Wehave demonstrated that fragments of the vWFcDNA hy-
bridize not only to the vWFlocus on chromosome 12 but also
to sequences on chromosome 22. The conditions of hybridization
were very stringent, so that the cross-hybridizing locus should
be highly homologous to vWF. In fact, several of the Eco RI
fragments detected with probes II and III are of similar or iden-
tical size from both the chromosome 12 and chromosome 22
loci. The 5'- and 3'-boundaries of the cDNAsegment responsible

Table L Eco RI Bands Identified in Normal and vWDDNA

DNAfrom
Chromosome

Probe N C.K. CKR S.G. SGR Eco RI bands localization

kb

I + - + - + 9.7* 12
+ - + - + 9.6* 12
+ + + + + 8.4* 12?
+ - + - + 6.8§ 12
+ - + - + 5.1* 12
+ - + - + 4.4t 12
+ - + - + 4.3*4 12
+ - + - + 0.90§ 12

II + + + + + 12.1 12/22
+ - + - + 3.5 12
+ + + + + 2.0 22
+ - + - + 1.5 12
+ - + - + 1.35 12
+ + + + + 1.15 12/22

III + + + + + 15.5 12/22
+ + + - - 11.5 22
+ - + - + 7.5 12
+ - + - + 5.3 12
+ - - - - 1.85 NA

IV + - + - + 9.4 12
+ - + - + 7.2 12
+ - + - + 4.1 12
+ - + - + 2.7 12
+ - + - + 2.4 12
+ - + - + 1.65 12
+ - + - + 1.1 12

The entries (+/-) represent the presence or absence of bands with the
indicated size in samples of DNAfrom normal controls (N), patient
C.K., unaffected relatives of C.K. (CKR), patient S.G., and unaffected
relatives of S.G. (SGR). Bands detected with subfragments of probe I
are indicated by * if detected with probe IB, t if detected with probe
IA, and I if detected with probe IC. Bands present in both families and
normal controls but absent from both patients were assigned to the
vWFlocus on chromosome 12. Bands present in DNAfrom either pa-
tient that were detected with probes II and III were assigned to chro-
mosome22. NA, not assigned. The 12.1-kb and 1.15-kb bands de-
tected with probe II and the 15.5-kb band detected with probe III were
assigned to both chromosomes 12 and 22, as described in the text.
The faint band between the 2.0-kb and 3.5-kb bands detected with
probe II (Fig. 4 B) is not consistently visible and may represent partial
digestion of a fragment from chromosome 22. The apparently poly-
morphic band at 1.85 kb detected with probe III in some normal con-
trols could not be assigned to a specific locus.

for this cross-hybridization have not been defined precisely, but
must lie between probes IC and IV (Fig. 1). The 3'-boundary
probably lies between the second and third Nco I sites of probe
III, because probes from the 3'-3 kb of the cDNA have been
reported to hybridize only to chromosome 12 (9). The cDNA
sequence between probe IC and the last Nco I site of probe III
encodes the triplicated A domains of vWF(8). A tryptic fiagment
of vWFcontaining the first two A domains possesses a binding
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site for platelet glycoprotein lb (35), raising the possibility that
an A-like domain might be employed in another protein for a
similar binding function. Sequences that appear to be homol-
ogous to the A domains of vWFhave been identified in com-
plement factor B and possibly in complement component C2
(12, 15). However, the genes for these proteins are on chro-
mosome6 (36).

The identification of gene deletion in two patients with vWD
provides the first definitive proof that at least some forms of
vWDare actually caused by lesions in the vWFgene. The two
patients described in this report with severe vWDdue to gene
deletions have high-titer precipitating alloantibodies to transfused
vWF, and neither has detectable endogenous plasma vWF(16,
32, 33). All other patients studied showed normal hybridization
patterns with all four cDNAprobes and also exhibited immune
tolerance to vWF. The hypothesis has been advanced that an-
tibodies should develop in patients with large gene deletions
who can make no recognizable vWFat all (16), and this is con-
sistent with our findings. Four affected siblings with severe vWD
from a third kindred have recently been found to have a more
extensive deletion of the vWFgene, and three of the four patients
received multiple infusions of vWFand had developed alloan-
tibodies to it (37).

The interplay between specific alterations in gene structure,
exposure to the exogenous gene product by transfusion, and the
host immune system is not fully understood. Failure to express
any protein epitope might be sufficient to elicit antibodies to
that epitope in a patient with the appropriate immune respon-
siveness. In this regard, certain kinds of genetic lesions could be
more effective than others in preventing the expression of protein
antigens. For example, frameshift or nonsense mutations might
be suppressed sufficiently in some persons to allow the synthesis
of a limited amount of normal protein and the establishment
of immune tolerance. Clearly, such mechanisms could not com-
pensate for the deletion of protein coding sequences from a gene.
However, despite the occurrence of a gene deletion, some in-
dividuals might be unable to recognize the corresponding protein
antigens as foreign, even though the antigens are not produced
endogenously, because of inherited or acquired features of their
immune response. Given the complexity of the immune system,
it is not surprising that there is variability in the relationship
between genetic lesions and the occurrence of alloantibodies to
the gene product. In hemophilia A, no consistent pattern has
been discerned between the development of alloantibodies to
factor VIII and mutations in the factor VIII gene (22, 23), whereas
in hemophilia B, there is to date an excellent concordance be-
tween antibodies to factor IX and large deletions in the factor
IX gene (18-21). As suggested by Giannelli and Brownlee (21),
determination of the epitope specificity of alloantibodies to factor
VIII, factor IX, and vWFshould help us to understand these
observations.
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