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von Willebrand disease (VWD) is the most common inherited human bleeding disorder and is caused by quantitative or qualitative
defects in von Willebrand factor (VWF). VWF is a secreted glycoprotein that circulates as large multimers. While reduced VWF
is associated with bleeding, elevations in overall level or multimer size are implicated in thrombosis. The zebrafish is a powerful
genetic model in which the hemostatic system is well conserved with mammals. The ability of this organism to generate thousands
of offspring and its optical transparency make it unique and complementary to mammalian models of hemostasis. Previously,
partial clones of zebrafish vwf have been identified, and some functional conservation has been demonstrated. In this paper we
clone the complete zebrafish vwf cDNA and show that there is conservation of domain structure. Recombinant zebrafish Vwf
forms large multimers and pseudo-Weibel-Palade bodies (WPBs) in cell culture. Larval expression is in the pharyngeal arches,
yolk sac, and intestinal epithelium. These results provide a foundation for continued study of zebrafish Vwf that may further our
understanding of the mechanisms of VWD.

1. Introduction

Vertebrates possess a complex closed circulatory system that
requires balanced coordination of various factors that serve
to maintain blood flow as well as prevent exsanguination
when the system is breached. This is known as hemostasis
and consists of a complex array of cellular elements, as well
as a network of proteins known as the coagulation cascade.
The latter have been highly conserved at the genomic level
throughout vertebrate evolution, including mammals, birds,
reptiles, and fish [1–3].

One of the central components of coagulation is von
Willebrand factor (VWF), deficiencies of which are the basis
for the bleeding disorder von Willebrand disease (VWD).
The mammalian VWF gene consists of 52 exons, and the

largest, exon 28, contains several functional domains that
are frequently mutated in VWD [4]. VWF is a 260 kDa
(kilodalton) secreted glycoprotein that assembles into mul-
timers of over 10,000 kDa [5]. At sites of injury, high mole-
cular weight VWF multimers bind to receptors in the
vascular subendothelium and tether platelets to form the
primary hemostatic plug [6]. Much of our knowledge of
VWF function is derived from characterization of mutations
in humans and various mammalian model organisms,
including mouse, dog, horse, cat, pig, and rabbit [7, 8].
However, relatively little information is available in other
vertebrate models, such as the teleost Danio rerio (zebrafish).
Teleost fish possess highly conserved orthologs of nearly all
blood coagulation factors [1, 3] and have been shown to
develop thrombosis in response to a laser-induced injury
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[9]. Zebrafish embryonic development is external, rapid,
and transparent, greatly simplifying phenotypic screening.
Circulation begins approximately 24 hours after fertilization,
and vascular development has been well characterized [10].
Forward genetic screens with chemical mutagenesis have
been performed to study cardiogenesis, vasculogenesis, and
angiogenesis [11–14].

Recently exon 28 was cloned from zebrafish, and conser-
vation of several VWF functions was demonstrated [15], and
in silico assembly of full length zebrafish vwf has also been
described [16]. We now report cloning and characterization
of the full length zebrafish vwf cDNA. Zebrafish Vwf dem-
onstrates conservation of primary human VWF domain
structure, as well as the ability to form pseudo-Weibel-
Palade bodies (WPBs) and large multimers in cell culture.
Unlike mammalian species, at the stages examined it does not
appear to be expressed widely in developing endothelium.

2. Material and Methods

2.1. Cloning of Full Length Zebrafish vwf cDNA. Total mRNA
was prepared from a single adult zebrafish using TRIzol
(Invitrogen, Carlsbad, California). Total cDNA was synthe-
sized with Superscript III reverse transcriptase after priming
with random hexamers (Invitrogen). The vwf cDNA was
assembled in four overlapping PCR amplified fragments
using genomic sequence from Zv6 as a template to design
primers (Table 1). Unique restriction sites contained in the
overlapping sequences were used to sequentially assemble
each of the four PCR products into the vector pCR4-TOPO
(Invitrogen). The 5′ and 3′ UTRs (untranslated regions)
were amplified by RACE (rapid amplification of cDNA ends,
Ambion) with ends that overlapped unique restriction sites
in the assembled clone. The external RACE primers were
designed with restriction sites for the unique 5′ and 3′ vector
sites, NotI and SpeI, respectively.

2.2. Multispecies Alignments. Non-zebrafish VWF amino
acid sequences were downloaded from the UCSC Genome
Browser, http://genome.ucsc.edu/ [17], aligned using Clus-
talW2, http://www.ebi.ac.uk/Tools/msa/clustalw2/ [18, 19],
with output display through BOXSHADE 3.21, http://
www.ch.embnet.org/software/BOX form.html. Domain
comparisons were performed using two sequence protein
BLAST (Basic Local Alignment Search Tool) with the default
settings through the National Center for Biotechnology
Information, http://blast.ncbi.nlm.nih.gov/.

2.3. Plasmid Cloning of vwf cDNA. The assembled vwf cDNA
was cloned into pcDNA3.1/V5-HISA (Invitrogen), which has
an 8 amino acid linker, producing pzVwf/V5-HISA. Since
expression of tagged human VWF has been shown to be more
robust with an 18–20 amino acid linker (R. Montgomery and
S. Haberichter, unpublished observations), we amplified this
linker from a human VWF/Myc-HIS construct (pVWF/Myc-
HIS, linker sequence in Table 1) and cloned it into the
3′ XhoI-PmeI sites (derived from pcDNA3.1/V5-HISA) of
pzVwf/V5-HISA, producing pzVwf/Myc-HIS. The human
pVWF-EGFP plasmid contains the same linker sequence.

pfli-zVwf-EGFP was constructed by inserting the vwf cDNA
into Tol2-fli-EGFP [20] in frame with egfp.

2.4. Immunofluorescence Analysis. HEK293T cells were
maintained in DMEM (Sigma; St Louis, MO) supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and
100 µg/mL streptomycin (Sigma). Cells were grown on cover
slips until they reached 50–80% confluence, followed by
transfection using FuGENE (Roche, Penzberg, Germany)
as per manufacturer’s instructions. The transfected cover
slips were washed in phosphate buffered saline (PBS) and
fixed in 10% formalin at room temperature for 25 minutes,
followed by fixation/permeabilization at 4◦C for 10 minutes
in 100% ice cold methanol. After rehydration in PBS for
5 minutes, the cells were incubated with mouse anti-Myc
(Santa Cruz Biotechnology, Santa Cruz, California) and
rabbit anti-calnexin (Novus Biologicals, Littleton, Colorado)
antibodies at dilutions of 1 : 100 and 1 : 500, respectively, at
4◦C overnight. Cells were then washed three times in PBS (5
minutes each) and incubated with goat anti-mouse antibody
coupled to Alexa Fluor 488 and goat anti-rabbit antibody
coupled to Alexa Fluor 594, both at 1 : 200 dilutions for
60 minutes at room temperature. After an additional three
washes in PBS, the cover slips were mounted with Prolong
Antifade Gold (Invitrogen) and viewed on an inverted Olym-
pus (Melville, New York) confocal microscope. Processing
was completed with Olympus FluoView version 5.0.

2.5. Vwf Multimer Analysis. HEK293T (human embryonic
kidney) cells were cultured and transfected with pzVwf/V5-
HISA or an untagged full length human VWF express-
ing plasmid (pCineoVWF), as previously described [21].
Conditioned medium from pzVwf/V5-HISA transfected
cells was purified over nickel columns per manufacturer’s
instructions (GE Healthcare Life Sciences, Uppsala, Sweden).
Supernatants were analyzed by electrophoresis through a
0.8% (w/v) HGT(P) agarose (FMC Bioproducts, Rockland,
Maine) stacking gel and a 1.5% (w/v) HGT(P) agarose run-
ning gel containing 0.1% sodium dodecyl sulfate for 16 hours
at 40 volts using the Laemmli buffer system and western
blotting as previously described [21]. Primary antibodies
were a 1 : 5 mixture of anti-V5 antibody (Invitrogen) and
anti-HIS antibody (AbD Serotec, Oxford, United Kingdom)
or a mixture of monoclonal anti-human VWF antibodies
Avw1, 5, and 15 [22].

2.6. Maintenance of Zebrafish Lines and Production of Em-
bryos. Adult zebrafish (AB, TL, EK) were maintained and
bred according to standard methods [23]. Embryos collected
immediately after fertilization were maintained at 28.5◦C
and treated with 1-phenyl-2-thiourea (PTU) at 6–8 hpf
(hours post fertilization) until fixation in order to prevent
pigment formation. At specific time points, embryos were
dechorionated or euthanized with tricaine, fixed using 4%
paraformaldehyde in PBS overnight at 4◦C, and stored at
−20◦C in methanol up to one month [24].

2.7. RNA Isolation and cDNA Synthesis for RT-PCR of Embry-
os and Larvae. Total RNA was extracted from at least three

http://genome.ucsc.edu/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ch.embnet.org/software/BOX_form.html
http://www.ch.embnet.org/software/BOX_form.html
http://blast.ncbi.nlm.nih.gov/
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biological replicates per experimental condition using TRIzol
RNA isolation reagent (Invitrogen) according to the manu-
facturer’s instructions. RNA (1 µg) was reverse-transcribed
using random hexamers and SuperScript III reverse tran-
scriptase (Invitrogen). First-strand cDNA aliquots from each
sample served as templates in PCR reactions using primers
for vwf.

2.8. In Situ Hybridization. In situ hybridization was perform-
ed essentially as described with a few modifications [24].
Full length vwf cDNA in pCR4-TOPO was linearized with
NotI and SpeI (antisense and sense transcripts, respectively)
and transcribed in vitro using T3 and T7 (Ambion, Austin,
Texas), respectively, with digoxigenin labeled nucleotides
followed by alkaline hydrolysis per manufacturer’s instruc-
tions (Roche). Alternatively, 424 and 441 bp fragments were
amplified from full length cDNA using primers with SP6 or
T7 overhangs (Table 1) and transcribed in vitro with dig-
oxigenin labeled nucleotides. Prior to hybridization, ribo-
probes were heated to 80◦C for 3–5 minutes and chilled
immediately on ice for at least 5 minutes. Stained embryos
were photographed using a Leica MXFLIII stereofluores-
cent microscope with an Olympus DP-70 digital camera.
Embedding was in JB-4 resin as described [25], followed by
sectioning at 4–6 µm using a Leica RM2265 ultramicrotome.
Imaging of sections was with an Olympus BX-51 upright
light microscope and Olympus DP-70 high-resolution digital
camera.

3. Results

3.1. Cloning and Characterization of Zebrafish vwf cDNA.
According to genomic sequence, the zebrafish vwf locus is
located on chromosome 18 just downstream of cd9, main-
taining conservation of synteny with mammalian species
[15]. The full length vwf cDNA was assembled by RT-PCR
of four overlapping fragments from total adult zebrafish
cDNA, followed by RACE to complete the 5′ and 3′

UTRs (Section 2). The full length sequence is one amino
acid shorter than human VWF with 46% overall identity
(Table 2). Alignment of zebrafish Vwf to human VWF
using BLAST shows clear delineation of all known domains
(Figure 1(a)) with varying degrees of conservation (Table 2).
The least conserved are the A1 and A2 domains, which
encompass the entirety of exon 28 (Table 2). As in mammals,
the vwf locus consists of 52 exons, but only spans 81 kb
(kilobases), as opposed to 176 kb and 134 kb in the human
and murine genomes, respectively. Previous iterations of the
zebrafish genome (prior to Zv7) predicted that exon 28 was
split into two exons [17]. Both sequence data from this report
and previous work [15, 16] demonstrate clearly that the
intervening sequence is actually exonic.

Other key features of human VWF are identifiable with
varying degrees of conservation. The propeptide cleavage
site, Arg-Ser, is highly conserved across all species examined
except for medaka, and is a part of the extended RX(R/K)R
motif (Figure 1(b)) [26]. The putative ADAMTS13 cleavage
site in the A2 domain, Phe-Leu, is discernible due to mam-
malian orthology of flanking residues and is conserved across

Table 2: Human/zebrafish Vwf domain conservation.

Domain
Identities Positives Human zebrafish

(%) (%) length length

D1 51 70 352 351

D2 64 79 360 359

D′ 51 71 90 88

D3 56 69 376 370

A1 36 57 220 233

A2 28 56 193 193

A3 42 58 202 207

D4 39 54 372 382

B1 58 73 35 34

B2 52 64 26 30

B3 67 83 25 25

C1 50 58 116 107

C2 48 63 119 117

CK 42 64 90 91

Total 46 62 2813 2812

Alignment of human and zebrafish amino acid sequences using BLAST
(http://blast.ncbi.nlm.nih.gov/). Percentage identity represents exact amino
acid matches, while positives indicate conserved substitutions. Domain
length is in amino acids.

all fish species (Figure 1(c)). However, the presumed Phe-
Leu cleavage site is only somewhat similar to the highly
conserved mammalian and avian Tyr-Met cleavage sequence
(Figure 1(c)). More importantly, there is conservation of a
leucine orthologous to human Leu1603 (Figure 1(c)), which
has been shown to be critical for ADAMTS13-mediated
proteolysis of VWF [27].

A number of disulfide bonds are required for dimer-
ization and multimerization of human VWF [6]. These are
mediated by cysteines at positions 1099, 1142, and several
in the C-terminal cystine knot (CK), at 2771, 2773, and
2811, all of which are conserved in zebrafish Vwf. In fact,
nearly all cysteine residues are completely conserved, with
the exception of Cys1669 and Cys1670, located at the C-
terminus of the A2 domain [16] and absent in all fish species
examined. There was one cysteine present solely in medaka,
four residues N-terminal to the propeptide cleavage site, but
its absence in other species makes its significance unclear.
There is a cysteine in zebrafish Vwf at position 4, which is
not conserved in mammalian species, although genomic
sequence information for the other teleost species is absent
in this region.

3.2. Expression of Vwf in Mammalian Cell Culture. In order
to determine if zebrafish Vwf can multimerize, we expressed
V5/HIS tagged vwf cDNA in HEK293T cells. A ladder of high
molecular weight multimers was detected using a mixture
of anti-V5 and anti-HIS antibodies (Figure 2). This included
high molecular weight multimers similar in size to human
VWF (Figure 2).

The zebrafish vwf cDNA was cloned into an expression
vector in frame with a Myc-HIS tag using the same linker
as a human VWF cDNA construct. The latter, when trans-
fected into HEK293T cells, is known to form pseudo-WPBs

http://blast.ncbi.nlm.nih.gov/
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Figure 1: Domain organization of human VWF and multispecies alignment of the VWF propeptide and ADAMTS13 cleavage sites and
flanking sequences. Sequence alignment was performed using ClustalW2 followed by output using BOXSHADE (Section 2). (a) Domain
organization of human VWF. Upper notations indicate known protein-protein interaction domains (Gp: glycoprotein). The solid triangle
indicates the propeptide (PP) cleavage site, and the open triangle indicates the ADAMTS13 cleavage site. “B” indicates domains B1–B3. (b)
Alignment of sequences surrounding the Arg-Ser (RS, indicated by the solid triangle) human propeptide cleavage site demonstrates a high
degree of conservation. Note the extended RX(R/K)R motif present in all species except for medaka. The open triangle indicates the presence
of an unconserved cysteine in medaka Vwf. (c) Alignment at the human ADAMTS13 cleavage site (YM, indicated by the solid triangle) and
flanking sequences demonstrates conservation of the Tyr-Met residues in mammalian and avian species, but a Phe-Leu putative site in teleost
fish. The invariant Leu (human residue 1603) is indicated by a white triangle. z: zebrafish; h: human; m: mouse; ca: canine; c: chicken; fu:
fugu; st: stickleback; med: medaka.

[28, 29]. These structures are produced after VWF has
been processed into high molecular weight multimers in
the Golgi apparatus. Using an anti-Myc antibody we were
able to identify elongated structures consistent with pseudo-
WPBs in zebrafish vwf transfected cells (Figures 3(d) and
3(g)). These were morphologically similar to those found
in human VWF transfected cells (Figure 3(a)). Staining with
an anti-calnexin antibody to localize endoplasmic reticulum
(ER, Figures 3(b), 3(e), and 3(h)) demonstrated no overlap
between the structures (Figures 3(c), 3(f), and 3(i)), as
expected for WPBs and pseudo-WPBs [28, 29].

3.3. Developmental Patterns of vwf Expression. RT-PCR of
whole embryos up to 96 hpf demonstrated increasing levels
of vwf expression, with the most intense expression at
96 hpf (Figure 4(f)). Whole-mount in situ hybridization was
used to localize expression from the middle of gastrulation
(8 hpf) to 120 hpf. Expression of vwf is weakly detectable
throughout the embryo at 8 hpf (Figure 4(a)). Stronger
expression is observed in 12-hour embryos as a more diffuse
pattern throughout the embryo (Figure 4(b)). At 48 hours
there is diffuse expression cranially, which extends caudally
(Figure 4(c)). At 96–120 hours, strong expression is present



6 Advances in Hematology

h
V

W
F

zV
w

f

h
V

W
F

N
H

P

Avw1, 5 and 15
(anti-hVWF)

Anti-V5/
anti-HIS

Figure 2: Multimerization of zebrafish Vwf in mammalian cell
culture demonstrates high molecular weight multimers similar to
human VWF. HEK293T cells were transfected with pzVwf/V5-
HISA, expressing V5-HIS tagged zebrafish Vwf (zVwf), or pCi-
neoVWF, expressing untagged human VWF (hVWF). Normal hu-
man plasma (NHP) and zebrafish and human supernatants were
separated by agarose gel electrophoresis, transferred by western
blotting, and detected with either a pool of monoclonal anti-hVWF
antibodies (Avw1, 5, 15, left panel) or a mixture of anti-V5 and anti-
HIS antibodies (for tagged zVwf, right panel). The anti-V5/HIS
combination detects zVwf with a multimer pattern, including high
molecular weight multimers, indistinguishable from that typically
observed for human VWF (brackets indicate high molecular weight
multimers for both zebrafish and human VWF).

in the pharyngeal arches, intestinal epithelium, and inner
layer of the yolk sac (Figures 4(e), 4(g), and 4(h)).

4. Discussion

VWD is due to quantitative or qualitative deficiency of VWF
and has been described in several mammals, including hu-
man, horse, cat, pig, rabbit, and dog [7, 8]. Identification and
characterization of the human VWF cDNA [30–33] enabled
the eventual identification of many of these pathogenic
mutations as well as partial or full length sequence infor-
mation in numerous mammalian species [34]. The zebrafish
genome project [35] assisted in the identification of much
of the vwf cDNA [15, 16], but this did not include the
complete 5′ and 3′ UTRS. We have now completed cloning
and characterization of the full length zebrafish vwf cDNA.

We found that vwf displays widespread expression in
early embryonic development and then becomes more re-
stricted at the larval stage. Mammalian VWF is widely
expressed in vascular endothelial cell beds of the adult mouse
[36], and VWF protein is an established clinical pathologic

marker of human vasculature [37]. However, it has not been
examined in the developing vertebrate. We hypothesized that
there would be widespread expression of zebrafish vwf in
developing vasculature, but instead found an early broad and
then later restricted pattern. A previous study in zebrafish
identified Vwf protein expression within the vasculature at
the larval stage, although the source was not determined
[15]. Therefore one possible explanation for the discrepancy
with our results is that larval intravascular Vwf is not
produced in endothelial cells but rather comes from the
yolk sac or pharyngeal arches. Alternatively, endothelial vwf
mRNA expression might not be present until later in
development.

The expression seen in early embryonic development
may possibly reflect maternally derived transcripts [38],
while later expression is clearly of embryonic/larval origin.
There is no prior evidence for a role of VWF in gastrulation,
although the expression in the pharyngeal arches is intrigu-
ing. These structures develop into gills [39], the organs
responsible for oxygen exchange in fish. The highest levels of
mammalian Vwf mRNA expression have been identified in
the lung [36], suggesting the possibility of an evolutionary
conserved role of VWF in these structures.

In order to produce functional VWF activity, high mole-
cular weight multimers are assembled in the trans-Golgi,
packaged into WPBs, and secreted. This is followed by
circulation in the blood and tethering of platelets to sites
of vessel injury, forming the primary platelet plug [6]. It
has been previously shown that zebrafish thrombocytes will
aggregate in a Vwf-dependent fashion and that morpholino-
mediated knockdown results in increased bleeding times
and hemorrhage [15]. In this paper we have demonstrated
that zebrafish Vwf has the ability to multimerize and form
pseudo-WPBs in mammalian cell culture. Taken together,
these data suggest that the basic mechanisms of zebrafish Vwf
function appear to be conserved.

Previous studies have shown evidence for the presence of
the Vwf receptor, GpIb, on thrombocytes in zebrafish and
chicken [40, 41]. If thrombocytes bind Vwf as platelets do in
mammals, one might expect a high degree of conservation
of the Vwf A1 domain, which encodes the GpIb-binding site.
The A2 domain, which encodes the Adamts13 cleavage site,
is required for the production of properly sized Vwf multi-
mers. When cleavage is reduced, vascular occlusion can
occur, while when enhanced, bleeding results [42]. However,
there are notable differences between mammalian and non-
mammalian vertebrate systems. Despite the overall amino
acid similarity and conservation of synteny of Vwf, the A1
and A2 domains display the largest degree of divergence
when compared to humans. It is tempting to speculate that
the A1 domain has evolved a relatively increased or decreased
ability to bind thrombocytes in compensation for the latter’s
lesser or greater role in the initiation of primary hemostasis.
Shear forces required to expose the A1 and A2 domains are
likely to be different in zebrafish compared to mammals.
Despite their functional similarities, nucleated thrombocytes
are clearly different from anucleate platelets, suggesting the
possibility that the two function quite differently. Studies of
avian thrombocytes, which are also nucleated, have led to the
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Figure 3: Zebrafish Vwf forms pseudo-Weibel-Palade bodies (pseudo-WPBs) in mammalian cell culture. pVWF/Myc-HIS (human VWF,
(a–c)) or pzVwf/Myc-HIS (zebrafish Vwf, (d–i)) plasmids were transfected into HEK293T cells. Anti-Myc antibody conjugated to Alexa
Fluor 488 (green channel, (a, d, g)) was used for detection and anti-calnexin antibody conjugated to Alexa Fluor 594 (red channel, (b, e, h))
labeled endoplasmic reticulum (ER). Both constructs demonstrate formation of elongated Myc positive and ER negative structures (absence
of yellow signal in the merged panels, (c, f, i)) characteristic of pseudo-WPBs (examples are indicated in (a, d), and (g) by arrowheads). Scale
bars, 2.5 µm.

hypothesis that human cardiovascular disease may be related
to the existence of platelet rather than thrombocyte-initiated
primary hemostasis [41]. Further understanding of the role
of thrombocytes and Vwf in zebrafish and avian hemostasis
may have potential implications for the treatment of bleeding
and thrombotic disorders.
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