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ABSTRACT A series of overlapping cosmid genomic
clones have been isolated that contain the entire coding unit of
the human gene for von Willebrand factor (vWf), a major
component of the hemostatic system. The cloned segments
span -475 kilobases of human DNA sequence, and hybridiza-
tion analysis suggests that the vWf coding unit is =150
kilobases in length. Within one of these clones, the vWf
transcription initiation site has been mapped and a portion of
the vWf promoter region has been sequenced, revealing a
typical "TATA box," a downstream "CCAAT box," and a
perfect downstream repeat of the 8 base pairs containing the
transcription start site. Sequencing of a segment of another
genomic clone has revealed the vWf translation termination
codon. Where tested, comparative restriction analysis ofcloned
and chromosomal DNA segments strongly suggests that no
major alterations occurred during cloning and that there is only
one complete copy of the vWf gene in the human haploid
genome. Similar analyses of DNA from vWf-producing endo-
thelial cells and nonexpressing leukocytes suggest that vWf
gene expression is not accompanied by gross genomic rear-
rangements. In addition, there is significant homology of
C-terminal coding sequences among the vWf genes of several
vertebrate species.

von Willebrand factor (vWf) is a large, multimeric glycopro-
tein that is of special interest because of its critical role in
hemostasis. One of the earliest responses to vascular injury
is the specific, vWf-mediated adherence of activated platelets
to damaged areas of the subendothelium. Further, vWf
serves as a physiologically important plasma "carrier" of
factor VIIIC, the antihemophilic factor. Quantitative and
qualitative deficiencies in vWf are manifest in von Willebrand
disease, the most common inherited human bleeding disor-
der. This disease is characterized by a prolonged bleeding
time and is heterogeneous in its clinical and laboratory mani-
festations (reviewed in ref. 1).
vWf appears to be synthesized only in endothelial cells and

megakaryocytes. Its biosynthetic pathway is complex and
involves the initial production of a preproprotein of -350
kDa, which then dimerizes and undergoes further posttrans-
lational processing prior to secretion from the cell. Specific
proteolytic cleavage of the pro-vWf dimer is temporally
associated with the formation of a series of vWf multimers
composed ofup to -50 subunits, each of -250 kDa (reviewed
in ref. 2).
Human vWf cDNA clones have now been isolated and

characterized in several laboratories, including our own
(3-8). These studies, as well as direct amino acid sequence

analysis (9), have revealed the complete vWf primary struc-
ture and indicate that the protein is composed of a signal
peptide, a pro-specific portion, and a mature subunit of 22,
741, and 2050 amino acids, respectively. In keeping with the
length of the protein, vWf cDNA clones hybridize to an
apparently single -8.8-kilobase (kb) vWf mRNA present in
human endothelial cells. Sequence analysis has also shown
that vWf is largely composed of irregularly located repeats of
five unrelated "domains" (7, 10).

Until now there has been little information on the structure
and organization of the vWf gene, although preliminary
evidence suggested that it was likely to be quite large (6). It
is clear that an appreciation of its structure will be essential
to efforts aimed at elucidating the mechanisms that govern
normal vWf biosynthesis. Thus, we report here the cloning
and initial characterization of the complete coding unit of the
human vWf gene and certain 5' and 3' flanking sequences. In
addition, we have mapped the vWf transcription initiation
site and sequenced a portion of the vWf promoter region.

MATERIALS AND METHODS
Isolation of cDNA Clones. A partial vWf cDNA clone,

pDL34, has been described (3). A full-length (=8.8 kb) vWf
cDNA was subsequently assembled from clonal members of
a new, human endothelial cell cDNA library. First strand
synthesis for this library was primed with synthetic oligonu-
cleotides complementary to specific segments of the vWf
mRNA. A description of this full-length cDNA and its full-
length SP6 promoter-driven transcript will be presented
elsewhere. The sequences of these oligonucleotides were
derived from the data of Sadler et al. (4).

Screening ofHuman Genomic Libraries. A bacteriophage X
Charon 4A library, constructed from random partially digest-
ed Alu I and Hae III restriction fragments of human embry-
onic DNA, was kindly provided by T. Maniatis and screened
by standard methods (11). A human genomic library, con-
structed from partially digested Sau3AI fragments (average
insert size, -40 kb) cloned into the cosmid vector pCos2-
EMBL (12), was kindly provided by H. Lehrach. Colony
screening was performed by established techniques (13).
Primer Extension and S1 Nuclease Protection Analysis.

Total cell RNA from cultured human umbilical vein endo-
thelial cells was isolated by the guanidium isothiocyanate
method of Chirgwin et al. (14). Poly(A)-RNA was purified by
chromatography of total cell RNA on a column of oligo(dT)-
cellulose. For primer extension, 0.5 pmol of a 5' end-labeled
oligonucleotide primer, complementary to bases -126 to -87
of vWfcDNA (7), was incubated with 1 ug of endothelial cell
poly(A)-RNA in H20 for 10 min at 68°C. The solution was

Abbreviations: vWf, von Willebrand factor; nt, nucleotide(s).
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made 0.2 M KCl, the incubation was continued at 680C for
another 30 min, and the reaction mixture was cooled to 420C.
Reverse transcription was carried out under standard condi-
tions (11) with 5 units of avian myeloblastosis virus enzyme
(Life Sciences, St. Petersburg, FL). For S1 nuclease protec-
tion analysis, a modification of the method of Weaver and
Weissman was employed (15). A 209-base-pair (bp) fragment
[nucleotides (nt) 1-209 in Fig. 4] ofpCos5, extending from the
HindIII site to the downstream Hpa II site ending at base 209,
was dephosphorylated and 5' end-labeled in the presence of
T4 polynucleotide kinase. One hundred nanograms of this
probe and 1 ug of endothelial cell poly(A)-RNA were dis-
solved in 15 dul of 80% formamide/0.4 M NaCl/1 mM
EDTA/40 mM Pipes, pH 6.5. The solution was heated to
80°C for 5 min and then incubated at 50°C for 16 hr. After
ethanol precipitation and drying, the nucleic acids were
digested at 370C for 90 min in 20 ,l of buffer containing 16
units of S1 nuclease (Sigma), as described (11).

RESULTS

Isolation and Verification of Human Genomic vWf Clones.
Human vWf genomic clones were isolated by using restric-
tion fragments and oligonucleotides derived from the se-
quence of vWf cDNA as probes. Initially, a bacteriophage X
Charon 4A library containing randomly generated, partial
human Alu I and Hae III restriction fragments (12-20 kb) was
screened with radiolabeled fragments from one of the cloned
vWf cDNA plasmids [pDL34 (3)]. The first cDNA probe
used was a restriction fragment that encodes the C-terminal
83 amino acids of vWf and includes the TGA termination
codon (M-N in Fig. 1). A positive clone, LvW1, was iden-
tified and found to contain an ==14-kb human DNA insert.
Restriction hybridization analysis indicated that it contained
sequences homologous to only ==500-600 bp of vWf cDNA
(data not shown). LvW1 contains sequences encoding the 3'
portion of vWf and extends -5 kb into the 3' flanking region
of the vWf genome (Fig. 1). Three additional overlapping
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phage clones, LvW2-4, were isolated using a series of
restriction fragment probes generated from the 3' region of
the vWf cDNA. Restriction and hybridization analyses sug-
gested that, together, LvW1-4 spanned '40 kb ofcontinuous
vWf genomic sequence and contained -3 kb of vWf cDNA
sequence (Fig. 1.)
The analysis of the phage clones implied that the human

vWf gene was substantially larger than the =8.8-kb mRNA
and could prove to be >100 kb. We, therefore, decided to
utilize a cosmid library containing human DNA fragments
(average size, "'40 kb) cloned into the vector pCos2EMBL.
A plating of approximately eight genome equivalents of this
library was screened, in parallel, with vWfcDNA restriction
fragments and large synthetic oligonucleotides correspond-
ing to defined segments of the vWf coding unit. A set of six
overlapping cosmids (pCoslA-5) spanning "'175 kb ofhuman
chromosomal sequence was identified and found to contain
the entire vWf mRNA coding region, which appears to be
"150 kb (Fig. 1). The portion of the mRNA coding region
represented in each cosmid was determined by hybridization
to the above-noted panel of oligonucleotides and restriction
fragments (Fig. 1). It is clear from their relative sizes that
each cosmid insert contains substantial amounts of intron
sequences and, thus, it appears that these intervening se-
quences are distributed throughout the vWf coding unit.
Various fragments from individual genomic clones were also
checked for hybridization to vWf mRNA. As shown in the
examples in Fig. 1 Inset, all tested genomic fragments
contained sequences homologous to the ="8.8-kb vWf
mRNA. Overlaps between segments of adjacent cosmids
were confirmed by demonstrating identical restriction sites at
the same location in their homologous segments. Together,
pCoslA-5 were found to contain -175 kb of contiguous
human genomic sequences and to span the entire vWfcoding
unit.
For each cosmid clone, we found that representative

restriction fragments detected by hybridization to vWfcDNA
probes could subsequently be identified in comparative
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FIG. 1. Schematic representation ofhuman vWfgenomic clones. The cDNA sequence corresponds to the intact vWfcoding unit. The position
of the N terminus (serine) ofthe mature plasma protein is indicated. Letters above the cDNA sequence indicate locations of either the restriction
sites (A-D, J-N) or ofthe oligonucleotide sequences (E-I) Used as probes in the isolation ofthe clones. The oligonucleotide probes were originally
synthesized by using the sequence information of Sadler et al. (4). E, a 31-mer whose sequence is complementary to nt 2328-2359 (8) in vWf
cDNA; F, G, H. and I, oligonucleotides whose sequences are complementary to cDNA nt 2586-2618, 3866-3899, 4858-4892, and 5670-
5715, respectively. Restriction sites in the cDNA are as follows: A, EcoRI; B, Xba I; C, L, and N, Pvu II; D, Nar I; J, K, M, and N, Pst I.
At N, the Pst I and Pvu II sites overlap. All of these oligonucleotides and restriction fragments were used in the analytic hybridization analysis
of each isolated clone. The termination codon (TGA) of the vWf cistron is located between restriction sites M and N. LvW1-4 are the phage
genomic clones isolated from the Charon 4A library described in the text. Solid lines indicate the inclusive areas of the vWf cDNA to which
the respective cosmid clones display homology in hybridization experiments. Each cosmid contains substantial amounts of intron sequences.
We do not, as yet, know the precise 5' and 3' boundaries ofeach clone. The size ofeach ofthe six cosmid clones is indicated as is the approximate
overlap between the clones. Also shown is the approximate overlap between the phage clones LvW1-4 and cosmid clones pCosl and pCos1A.
(Inset) RNA transfer blot. Total RNA (8.5 ,g per lane) from human endothelial cells was denatured, electrophoresed through a 0.85%
agarose/formaldehyde gel, and transferred to nitrocellulose, as described (3, 16). Individual lanes from the blot were hybridized with the
following nick-translated probes: lane 1, a 263-bp Pst I cDNA fragment (fragment M-N); lane 2, an 870-bp Pst I genomic fragment from LvW1,
which was used in the sequence analysis shown in Fig. 2; lane 3, a 3.1-kb EcoRI genomic fragment subcloned from LvW3, which contains
sequences homologous to cDNA sequences in fragment J-K.
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digests of chromosomal DNA. Although not conclusive, this
comparative analysis of large segments of each clone and the
corresponding cellular DNA strongly suggests that no major
rearrangements of the vWf gene have occurred during clon-
ing. In addition, probes from multiple regions of the vWf
cDNA identified the same restriction fragments in vWf
expressing endothelial cells and in nonexpressing leukocytes,
suggesting that no major sequence rearrangement is associ-
ated with the expression of the vWf gene.

Hybridization of several small, individual cDNA restric-
tion fragments or oligonucleotides to digests of total human
DNA yielded, in each case, only a single, homologous band
of cellular DNA. These findings strongly suggest that there is
a single or a small number of identical copies of the vWfgene
in the genome. In this regard, we and others have localized
the human vWf gene to chromosome 12 (refs. 5 and 6;
unpublished data).
To confirm that the initial genomic clone, LvW1, contains

authentic vWf cDNA sequences and includes the C termi-
nus of the molecule, an 870-bp Pst I fragment of this clone
that hybridized to the cDNA segment encoding the 3' ter-
minus of vWf (M-N, Fig. 1) was subcloned and sequenced
(Fig. 2). Comparison ofthe genomic sequence with that of the
cDNA fragment confirms that the cloned, genomic fragment
encodes the C-terminal 83 amino acids of vWf and includes
the vWf termination codon (TGA). It also reveals the exist-
ence ofan -600-bp intron that interrupts the coding sequence
after the triplet encoding glutamine at position 2751 (8). The
sequences at each boundary of the intron correspond closely
to consensus splice donor and acceptor sequences. Further-
more, size analyses suggest that LvW1 and the corresponding
cosmid, pCoslA (Fig. 1), extend =5 kb downstream of the
vWf termination codon.

Analysis of the 5' End of the Human vWf Genome. To
identify the vWf transcription start site, we constructed a 5'
end-labeled, anti-message sense 40-base oligonucleotide
primer complementary to a sequence located 87-126 bases

CTG CAG TAT GTC AAG GTG GA AGC TGT AAG TCT GAA GTA GAG
Leu Gin Tyr Val Lys Val Gly Ser Cys Lys Ser Glu Val Glu

GTG GAT ATC CAC TAC TGC CAG gtaagggctctgcttcaataagggct..
Val Asp Ile His Tyr Cys Gin

...=550 bp... atcttcctctgctttctgcagGGC AAA TGT GCC AGC
Gly Lys Cys Ala Ser

AAA GCC ATG TAC TCC ATT GAC ATC AAC GAT GTG CAG GAC CAG
Lys Ala tit Tyr Ser Ile Asp Ile Asn Asp Val Gin Asp Gin

TGC TCC TOC TGC TCT CCG ACA CGG ACG GAG CCO ATG CAG GTG
Cys Ser Cys Cys Ser Pro Thr Arg Thr Glu Pro Mbt Gin Val

GOCC CTG CAC TOC ACC AAT G(C TCT GTT GTG TAC CAT GAG GTT
Ala Leu His Cys Thr Asn Gly Ser Val Val Tyr His Glu Val

CTC AAT GCC ATG GAG TGC AAA TGC TOC OCO AGG AAG TGC AGC
Leu Asn Ala tkt Glu Cys Lys Cys Ser Pro Arg Lys Cys Ser

AMG TGA GGOTGTGOAG
Lys --

FIG. 2. Partial nucleotide sequence analysis of a genomic frag-
ment containing the 3' end of vWf. The 870-bp Pst I fragment of
LvW1 that hybridized to a 263-bp Pst I cDNA fragment (fragment
M-N, Fig. 1) was subcloned and partially sequenced (17). Exon
sequences are in uppercase; those at the beginning and end of the
-600-bp intron are in lowercase. The predicted amino acid sequence
is given, and the termination codon (TGA) is indicated by dashes.
The exon sequences match precisely that for the corresponding
portion of the vWf cDNA clone, pDL34 (3). The exon sequence
corresponds to nt 4328-4591 of Sadler et al. (4).

upstream from the initiation codon for prepro-vWf in the
cDNA molecule (also see Fig. 4). This primer was hybridized
to human endothelial cell poly(A)-RNA and extended with
reverse transcriptase. The products of the reaction were
sized by denaturing polyacrylamide gel electrophoresis (Fig.
3A), and the major species was found to migrate as a
159/160-bp doublet (Fig. 3A, lane 3). Such a doublet could be
caused by incomplete reverse transcription of the capped
nucleotide and/or alternative transcription starts on adjacent
bases. From the size of extended primers, we concluded that
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FIG. 3. Determination of the vWf transcription start site. (A)
Primer extension experiment using a synthetic oligonucleotide that
hybridized to bases -126 to -87 of the vWf mRNA (7). Reaction
products were run on an 8% polyacrylamide sequencing-type gel. A
10-day exposure is shown. Lane 1, 163-base end-labeled marker.
Lane 2, product of a reaction containing 1 ,ug of yeast RNA and -1
ng of synthetic vWf RNA made with SP6 RNA polymerase using
subcloned vWf cDNA as template. The predicted '100-base prod-
uct was seen at the bottom of the gel (not shown). Lane 3, product
of a reaction containing 1 ,ug of endothelial poly(A)-RNA. Lanes 4
and 5, sequencing reactions run for size markers. Pilot experiments
showed no specific products when endothelial poly(A)-depleted
RNA was used as a template. The upper band of the doublet in lane
3 is 160 bases, indicating that vWf mRNA extends 246 bases
upstream of the translation start. The possible significance of a
collection of minor bands, the largest of which is indicated by the
arrow at the left, is discussed in the text. (B) S1 nuclease protection
experiment using an end-labeled 209-bp fragment of pCos5, extend-
ing from an upstream HindIII site (base 1, Fig. 4) to the Hpa II site
ending at base 209. Reaction products were run on an 8% polyacryl-
amide sequencing-type gel. A 12-day exposure is shown. Lane 1,
product of a reaction containing 1 ,ug of yeast RNA and -1 ng of
SP6-vWf synthetic RNA. The predicted -46-base protected frag-
ment was seen at the bottom of the gel (not shown). Lanes 2 and 3,
independent duplicates with 1 ,ug of endothelial poly(A)-RNA. In
each lane, a small amount of undigested probe was seen (not shown).
Pilot experiments showed no specific products when rabbit liver
RNA was used. The position ofa 114-base marker is indicated by the
bar at the right. A sequencing reaction was also run on the same gel
for size markers (not shown). The protected fragment at 116 bases
indicates vWfmRNA extends to 246 bases upstream of the transla-
tion start, in agreement with the result of primer extension analysis.
Additional bands present in each lane are presumably the result of
some degree of incomplete probe digestion that is not dependent
upon the presence of endothelial mRNA.
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the vWf transcription initiation site was located 246/245 nt
upstream of the initiator methionine codon (nt 95/94 in the 5'
flanking genomic sequence shown in Fig. 4). S1 endonuclease
protection analysis of the 5' segment of the vWf mRNA was
performed to verify the location of the transcription start site
defined by primer extension and to eliminate the possibility
of an intron in this area of the gene. A 209-bp HindIII-Hpa
II 5' end-labeled restriction fragment ofpCos5 (nt 1-209, Fig.
4), which is homologous to sequences at the 5' end of the vWf
cDNA, was hybridized to endothelial cell poly(A)-RNA.
Heteroduplexes were then exposed to S1 endonuclease, and
the protected fragment(s) were sized by denaturing gel
electrophoresis. The autoradiogram shown in Fig. 3B reveals
the presence of an ==116-bp protected fragment that was not
detected in the control lane. The size of this protected
fragment agrees with that predicted from the results of the
primer extension analysis and confirms that there is no intron
in this region of the genome.
To analyze the 5' noncoding region of the vWf gene, we

subcloned and sequenced a 243-bp restriction fragment of
pCos5 that contains the vWf transcription initiation site (Fig.
4). The results reveal the presence of a consensus "TATA
box" located '30 bp upstream of the determined transcrip-
tion initiation site. Of additional interest was the finding of a
perfect 8-bp consensus CCAAT sequence located immedi-
ately downstream ofthe TATA element and "20 bp upstream
ofthe major transcription initiation site. Functioning CCAAT
sequences are typically located 70-100 bp upstream of an
associated cap site (18, 19). We also detected an 8-bp
sequence surrounding the transcription start that is perfectly
repeated 42 bp further downstream. In each case, the 8-bp
repeat is preceded by an 8- to 13-bp (G+T)-rich region. In this
regard, in addition to the 159/160-bp primer extension prod-
uct, there were also several faint primer extension products
(Fig. 3A, lane 3), one of which maps to this octameric
repeated sequence. One interpretation of this finding is that
the downstream repeated sequence is sometimes used as a
transcription initiation site.

Cross-Species Homology Among vWf Coding Sequences.
Hybridization analyses were undertaken to study the con-
servation of 3' vWf gene sequences. Total DNA from quail
and several mammalian species (human, field vole, rat,

40
AAGCTTATC AGCTTGGAGG TACTTCTAAT ACATTIWI'T

80
1TATIGT= CTITTT1GAA TTAAGGCAATQ

* 120
TTGTGGCA GOJ2sT ATIGG=G3 GAAAGGAGG

160
GIGGTTGGTG GT\IAOATG3CIWGGGC'TI ATCTCICCCA

200
GCAGTIGGC TCQACAGCCC CTGGGCTACA TAACAGCAAG

240
ACAGTCCGGA GCTGTAGCAG ACCTGATTI1 GCTTTGCAG

FIG. 4. DNA sequence of the 5' region of human vWf gene. A
243-bp HindIII-Pvu II fragment of pCos5, which hybridized to the 5'
end of vWf cDNA, was subcloned in mpl8 and mpl9; both strands
were sequenced (17). The TATA box and CCAAT consensus
sequence are underscored with a heavy line. The diamond at nt 95
indicates the major vWf transcription initiation site determined by
primer extension and S1 nuclease analysis. This site is 246 bp
upstream of the initiator methionine codon. The 8-bp repeated
sequences around the primary initiation site and the downstream
repeat are underscored with a thin line. The 40-mer synthetic
oligonucleotide used in the primer extension analysis begins at nt 213
and extends 40 nt downstream. The Hpa II site (nt 206-209) was used
in preparation of the fragment for S1 nuclease analysis (see legend to
Fig. 3).
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FIG. 5. Southern blot analysis of various vertebrate DNAs. High
molecular weight DNA (9 gig per lane) was digested to completion
with EcoRI, electrophoresed through a 1% agarose gel, and trans-
ferred to nitrocellulose. The entire blot was hybridized with a
nick-translated 870-bp Pvu II fragment of vWf cDNA (fragment
L-N, Fig. 1; ref. 11). After hybridization, the blot was washed in 0.15
M NaCI/15 mM sodium citrate/0.1% NaDodSO4 at 68'C for 2 hr.
Descriptions of the various cell lines used in this analysis were
provided earlier (20). The DNAs displayed were prepared from
human endothelial cells (lane A), a normal Microtus agrestis (field
vole) cell line (lane B), normal rat kidney cell line NRK (lane C), baby
hamster kidney cell line BHK-21 (lane D), African green monkey cell
line CV-1 (lane E), a chemically transformed quail cell line, Qt6 (lane
F), and an immortal but otherwise untransformed mouse cell line,
BALB/c 3T3 Cl A31 (lane G). Size markers are indicated on the left.

hamster, monkey, and mouse) was digested with EcoRI and
then subjected to Southern blot analysis. The hybridization
probe was a human cDNA restriction fragment (L-N, Fig. 1)
from the 3' end of vWf that encodes amino acids 2476-2813
(8). When this cDNA probe was hybridized to the vertebrate
DNAs and washed under moderately stringent conditions,
hybridizing bands were detected in all of the mammalian
DNAs (Fig. 5). This suggests that there is significant homol-
ogy in this 3' region of the gene among the human and the
other mammalian genomes that were tested. By contrast,
there was little or no hybridization between the human cDNA
probe and quail DNA sequences (Fig. 5, lane F). The size of
the DNA fragments that were homologous to human vWf
sequences varied, indicating that the structure and/or the
location of the target gene varies from species to species.
Conceivably, by analogy with other genes, such differences
could result, in part, from nonhomology of intron sequences
(see, for example, ref. 21).

DISCUSSION
The human vWf gene is clearly a large structure by compar-
ison with most previously studied eukaryotic genes. The
overlapping cosmid clones described here contain the com-
plete vWf coding unit and span ="175 kb of the genome. They
include -25 kb of upstream sequence and extend =5 kb
downstream of the vWf termination codon.

Southern blotting and hybridization data reveal that the
analyzed portion of each gene clone is composed of frag-
ments present in the corresponding region of chromosomal
DNA. In addition, the available clones have yielded a single,
unique set of restriction fragments for each region of the
genome analyzed. These results suggest that, at least for
those portions of the clones examined in detail, no major
rearrangements or loss of vWf sequences have occurred
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during cloning and that human cells probably contain a single
copy of the vWf gene.
The finding of significant homology between human and

various mammalian vWf coding units using a cDNA probe
derived from the 3' end of the human gene is consistent with
a high degree of conservation of the C-terminal portion of
vWf structure among the mammalian species tested. Cys-
teine-rich sequences within this region of the protein are
essential to pro-dimer formation (2). Since this reaction is
likely to be critical to the proper processing and secretion of
the mature protein, maintenance of certain structural motifs
within the C-terminal region during evolution would be
expected.

Direct sequence and RNA mapping analyses of the 5' non-
coding region of the vWf gene revealed the site(s) of tran-
scription initiation and two consensus structures known to
play a regulatory role in the transcription of other mammalian
genes. A TATA box, known to be necessary for accurate and
efficient transcription initiation ofmany genes (22), is located
at its customary position, -30 bp upstream of the transcrip-
tion start site. One striking finding was the presence of a
perfect, consensus 8-bp CCAAT element located just down-
stream of the TATA sequence. In promoters from a variety
of mammalian genes, the "CCAAT box" appears to be a
cis-acting positive regulatory element and is now known to
be recognized by sequence-specific transcription factors
(23-25). Binding of these factors to the CCAAT sequence
appears to modulate transcription activity and may be im-
portant in the cell-specific activation of certain genes (26, 27).
If the observed vWf CCAAT element is functional and
participates in the regulation of transcription from the major
observed start site, this would be unusual by comparison with
other genes. Downstream CCAAT boxes have been found in
the 5' flanking regions of at least two other human genes,
a1-antitrypsin and prolactin (28, 29). These genes, as well as
the vWf gene, encode secreted proteins that are synthesized
by a limited repertoire of cells. It will be interesting to
determine whether the downstream CCAAT element is
involved in some common aspect of the regulation of these
genes. Additional sequence analysis of pCos5 will be neces-
sary to determine if there is also a CCAAT element upstream
of the primary vWf transcription start site.
As noted earlier, there are two identical repeats of the 8-bp

sequence containing the transcription start site, and each
repeat is preceded by a (G+T)-rich region 4 nt upstream. In
this regard, perfect and imperfect repeats of transcription
start sequences and corresponding upstream (G+T)-rich
regions have been noted in other genes, but the role, if any,
of these sequences in the regulation of transcription is unclear
(30, 31). Since appropriate size minor bands were detected in
the primer extension analysis, it is conceivable that the region
around the downstream site is occasionally used for tran-
scription initiation in endothelial cells. Moreover, the posi-
tion of the aforementioned CCAAT box =70 bp upstream of
this downstream site allows one to speculate that there may
be two overlapping promoters controlling vWf expression.
The primary transcription start at nt 95 (Fig. 4) may be
regulated by the TATA box and possibly other, as yet
undefined, elements, whereas initiation in the vicinity of the
downstream "TATA-less" repeat may be, at least partially,
governed by the CCAAT element. Experiments designed to
test the functional contribution of each of these possible
regulatory elements are necessary.
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