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Summary
Background—The large von Willebrand factor (VWF) propeptide (VWFpp) plays a critical role
in the multimerization and regulated storage of the mature VWF protein. Although our laboratory
and others have identified mutations in von Willebrand disease patients that disrupt VWF
multimerization, little is known about the affect of mutations on the regulated storage of VWF.

Patients/Methods—We identified a heterozygous 18 base pair, in-frame deletion in exon 12 of
the VWF gene in a patient with an unusual, dimer-intense multimer pattern. This deletion results in
loss of amino acids 436–442 of VWFpp, which include one cysteine.

Results—Through expression studies, we demonstrate reduced secretion, loss of VWF
multimerization, and defective regulated storage of the variant VWF. The loss of VWF storage is
secondary to loss of propeptide storage resulting from an apparently defective sorting signal on
VWFpp. Suprisingly, coexpressed wild-type VWF or VWFpp functioned in trans to partially restore
multimerization of VWF from the variant allele.

Conclusions—The deletion of six amino acids in VWFpp results in defects in VWF processing,
regulated storage, and function. Although VWFpp may usually function in a homotypic fashion,
acting on its own mature VWF subunit, VWFpp may retain the ability to function in trans on VWF
expressed from the variant allele.
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von Willebrand factor (VWF) is a multimeric glycoprotein that mediates platelet adhesion to
vascular endothelium at the site of vessel injury [1]. A second function of VWF is to serve as
a carrier protein for coagulation factor VIII. Defects in VWF function or decreased levels of
VWF cause von Willebrand disease (VWD) [1]. Type 3 VWD is a recessive disorder
characterized by a complete deficiency of VWF, a secondary deficiency of FVIII, and defective
platelet adhesion and fibrin formation leading to severe bleeding. Type 2 VWD includes
qualitative deficiencies classified as types 2A, 2B, 2M, and 2N. A partial quantitative
deficiency of VWF with normal VWF multimer distribution is characteristic of type 1 VWD
[1].

VWF is synthesized in endothelial cells and megakaryocytes as pre-pro-VWF, consisting of a
22 amino acid signal peptide, a 741 amino acid propeptide, and a 2050 amino acid mature VWF
molecule [2]. The propeptide (VWFpp) contains two homologous D domains, D1 and D2, and
mature VWF contains the following domains: D′–D3–A1–A2–A3–D4–B–C1–C2 [2]. VWF
undergoes extensive intracellular processing, including glycosylation, sulfation, C-terminal
dimerization, carbohydrate processing, N-terminal multimerization, and propeptide cleavage
[3]. VWF and VWFpp are stored together in regulated secretory vesicles, Weibel–Palade
bodies in endothelial cells, and α-granules in megakaryocytes and platelets [3].

Several functions of VWF have been mapped specifically to individual domains, such as FVIII
binding (D′–D3), collagen binding (A1 and A3), N-terminal multimerization (D3), platelet
glycoprotein Ibα binding (A1), and C-terminal dimerization (C2) [3]. Our laboratory and others
have shown that granular storage of VWF is independent of multimerization [4–7]. The large
propeptide is required for both multimerization and regulated storage of VWF [4,5,8]. We have
shown that VWF is routed to storage granules in a VWFpp-dependent manner [5,9]. Although
naturally occurring mutations in VWF that abolish multimerization but do not affect regulated
storage have been reported, there have been no reports of VWF mutations that result in loss of
regulated storage [6,7]. In this study, we report the characterization of a naturally occurring
mutation in VWFpp. The patient studied has mild VWD and an aberrant VWF multimer
pattern. A mutation was identified in the VWFpp D2 domain that results in decreased VWF
secretion, complete loss of VWF multimerization, and loss of regulated storage of VWF.

Materials and methods
Patients

The patient was studied after we received written informed consent. The research protocol was
approved by the Institutional Review Boards of the Children's Hospital of Wisconsin, the
General Clinical Research Center of the Medical college of Wisconsin, and BloodCenter of
Wisconsin's Blood Research Institute. Plasma VWF:Ag, VWF:RCo, VWF multimers and
FVIII levels were determined by the Hemostasis Reference Laboratory at BloodCenter of
Wisconsin, Milwaukee, WI, USA.

Isolation of genomic DNA and sequencing
Total genomic DNA was prepared from leukocytes isolated from 50 mL of peripheral blood
as previously described [6]. Genomic DNA polymerase chain reaction amplification and direct
sequencing was performed on each VWF exon, 5′/3′-untranslated regions, and intron/exon
boundries at the Partners Healthcare Center for Genetics and Genomics, Harvard Medical
School, Boston, MA, USA. The VWF mutation was also identified in a family member.

Expression plasmids
The human VWF, Y87S-VWF, VWFpp and propeptide-deleted VWF (Δpro) expression
vectors were as previously described [5,6]. The patient deletion (Δ437–442) was introduced
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into the full-length VWF expression vector and the VWFpp vector to create pCIneo-VWF-
Δ437–442 and pCIneo-VWFpp-Δ437–442, respectively. A pCIneo-P-selectin expression
vector was used. For some experiments, a myc-tagged VWF, pCDNA3 VWF-myc-his or green
fluorescent protein (GFP)-tagged VWF expression vector (pEGFP-VWF-WT or pEG-FP-
VWF-Δ437–442) were used to differentially identify wild-type and variant VWF proteins. See
Supporting Information for details on expression vectors.

Antibodies and reagents
Botrocetin was prepared from Bothrops jararaca venom (Sigma Chemical Co., St Louis, MO,
USA) and purified as previously described [10]. Anti-VWF antibodies AVW-1, AVW-5 and
105.4, anti-VWFpp antibodies 239.1–239.11, 242.4, and 242.5 and anti-cmyc 9E10 were
produced by our laboratory. Purchased antibodies include: rabbit anti-human VWF (DAKO,
Carpinteria, CA, USA), rabbit anti-P-selectin (BD Bioscience, San Jose, CA, USA), rabbit-
anti-GRP78 (Affinity Bioreagents, Golden, CO, USA), rabbit-anti-adrenocorticotrophic
hormone (ACTH) (DAKO), rabbit anti-GFP (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), non-immune mouse and rabbit IgG (Jackson Immunoresearch, West Grove, PA, USA),
and goat anti-rabbit and anti-mouse IgG (H+L) [F(Ab′)2] fragments conjugated with either
AlexaFluor-488 or AlexaFluor-568 (Invitrogen, Carlsbad, CA, USA).

Mammalian cell culture and transfection
Human embryonic kidney cells (HEK293T; D. Ginsburg, University of Michigan, Ann Arbor,
MI, USA) and mouse pituitary tumor cells (AtT-20/D16v-F2, CRL 1795; American Type
Culture Collection) were cultured and transfected as previously described [5]. Conditioned
media were harvested from cells, centrifuged, and frozen at − 80 °C. Transfected HEK293T
cells were washed with phosphate-buffered saline and lysed in Reporter Lysis Buffer
(Promega, Madison, WI, USA). Transfected AtT-20 cells were either fixed for intracellular
staining or used for secretion studies. To assess stimulated release, cells were incubated for 30
min with either 5 mmol L−1 8-Br-cAMP diluted in OptiMEM or OptiMEM (control), and
releasates were harvested. VWF:Ag and VWFpp levels were determined by antigen-capture
enzyme-linked immunosorbent assay [11].

VWF multimer analysis
VWF in the conditioned medium of transfected cells was analyzed by electrophoresis through
a 0.8% (w/v) HGT(P) agarose (FMC Bioproducts, Rockland, ME, USA) stacking gel and 2%
or 3% (w/v) HGT(P) agarose running gel containing 0.1% sodium dodecylsulfate for 16 h at
40 V using the Laemmli buffer system and western blotting as previously described [5].

Assays of VWF activity
VWF platelet binding was determined using an assay described by our laboratory [6].
Conditioned media from transfected cells were diluted to equal amounts of VWF and incubated
for 60 min with 125I-labeled AVW-1. Formalin-fixed human platelets were added in the
presence or absence of ristocetin or botrocetin under non-stirring conditions. After 30 min,
reactions were centrifuged at 10 000 ×g for 10 min. Platelet pellets and supernatants were
counted to quantitate VWF bound to the platelets relative to a pooled normal plasma standard
curve. Binding of expressed VWF to collagen type III from human placenta was determined
in a microtiter plate assay [6]. Binding of FVIII to expressed VWF was measured by
chromogenic assay using the Chromogenix Coatest FVIII:C/4 kit (diaPharma, West Chester,
OH, USA) [6].
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Confocal immunofluorescence microscopy
Cells were analyzed for the intracellular location of VWF, VWFpp and other proteins by
immunofluorescence antibody staining and confocal laser scanning microscopy in the Imaging
Core of the Medical College of Wisconsin, using a Leica TCS SP2 confocal laser imaging
system [9]. Transfected cells were fixed using 3.7% (v/v) buffered formalin, permeabilized in
1% Triton X-100, and blocked with 2% normal goat serum. Cells were incubated at 4 °C
overnight in 2–5 μg mL−1 primary antibodies, and then washed. Cells were incubated in
secondary antibodies diluted 1 : 1000 for 30 min at room temperature, washed, and mounted
using Vectashield (Vector Labs, Burlingame, CA, USA).

Results
Characterization of a patient with VWD

We studied a 68-year-old woman diagnosed with VWD. She had a mild bleeding history
including bruising, menorrhagia, and bleeding after dental extraction. She had a VWF:Ag level
of 74 IU dL−1, an abnormally low VWF:RCo level (45 IU dL−1), and a normal FVIII level (94
IU dL−1). Multimer analysis revealed an overabundance of dimeric VWF and a small decrease
in high molecular mass multimers (Fig. 1A). A similar multimer profile in a patient with a
Y87S-VWF mutation was reported by our laboratory, but with a more pronounced dimer band
(Fig. 1A, right) [6].

Identification and expression of mutant VWF
Each of the VWF exons, intron/exon boundries and 5′/3′-untranslated nucleotides was
sequenced. A deletion of nucleotides 1309–1326 was identified in exon 12, predicting the
deletion of amino acids 437–442 (Fig. 1B). The mutation was introduced into a VWF
expression vector (Δ437–442-VWF) and expressed in HEK293T cells. We observed decreased
secretion and increased intracellular retention of homozygous Δ437–442-VWF (Fig. 1C).
Multimer analysis revealed a complete loss of Δ437–442-VWF multimers, similar to what was
seen with propeptide-deleted (Δpro) VWF (Fig. 1D). Heterozygous expression of wild-type
VWF and Δ437–442-VWF demonstrated increased low molecular mass VWF subunits among
a full spectrum of multimers, similar to the patient's multimer profile (Fig. 1D).

Functional assessment of recombinant Δ437–442-VWF
Several assays of VWF activity were performed to determine the effect of the Δ437–442
mutation on VWF function as compared with wild-type VWF and dimeric Y87S-VWF (Table
1) [6]. The mutant Δ437–442-VWF did not bind to platelets in the presence of ristocetin, similar
to Y87S-VWF. Dimeric Δ437–442-VWF showed reduced botrocetin-induced platelet binding
(52% of that of the wild type), whereas Y87S-VWF binding was comparable to that of wild-
type VWF. The collagen-binding function of the dimeric Δ437–442-VWF was abolished,
whereas Y87S-VWF retained a reduced collagen-binding ability. The Δ437–442-VWF bound
FVIII at a reduced level. Together, these data indicate that the Δ437–442-VWF mutation results
in a functionally defective VWF protein.

Intracellular localization of Δ437–442-VWF
VWF is stored in Weibel–Palade bodies in endothelial cells and α-granules in megakaryocytes
and platelets [3]. When expressed in AtT-20 cells, VWF trafficks to storage granules [4,5,
12]. AtT-20 cells expressing wild-type VWF showed a granular VWFpp and VWF distribution,
whereas cells expressing Δ437–442-VWF demonstrated only diffuse staining (Fig. 2A,B).
Weibel–Palade bodies contain P-selectin in addition to VWF, and in model cell lines the
recruitment of coexpressed P-selectin is used to validate the formation of pseudo-Weibel–
Palade bodies [7,12]. Cotransfected P-selectin was recruited to storage granules formed by
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expression of wild-type VWF, but Δ437–442-VWF did not form granules that recruited P-
selectin (Fig. 2C,D). Δ437–442-VWF colocalized with the endoplasmic reticulum (ER) protein
GRP78 (Fig. 2E).

VWF-regulated storage is a propeptide-dependent event: VWFpp independently trafficks to
regulated storage and cotrafficks VWF multimers through a non-covalent association [5]. To
determine whether the loss of storage is due to defective VWFpp trafficking, Δ437–442-
VWFpp was expressed in AtT-20 cells. Cells expressing wild-type VWFpp demonstrated
colocalization of VWFpp with endogenous ACTH granules, but cells expressing Δ437–442-
VWFpp showed only diffuse staining [Fig. 3A(1,2)]. Δ437–442-VWFpp colocalized with the
ER marker GRP78 [Fig. 3A(3)]. Δ437–442-VWFpp was not released in response to the
secretagog 8-Br-cAMP (118% of basal), whereas a > 2-fold increase in wild-type VWFpp was
observed (Fig. 3B). Δ437–442-VWFpp is not trafficked to the regulated storage pathway.

The effect of Δ437–442-VWF on secretion of coexpressed wild-type VWF
To determine the effect on VWF from the ‘normal’ allele, coexpression experiments were
performed. The amount of transfected wild-type VWF was constant (0.5 μg per well), and 0–
0.5 μg per well of Δ437–442-VWF was added. As the amount of Δ437–442-VWF was
increased, the total amount of secreted VWF decreased, indicating that the variant VWF affects
the secretion of VWF expressed from the normal allele (Fig. 4).

Multimerization of coexpressed Δ437–442-VWF and wild-type VWF
To further analyze the heterozygous interaction, GFP or cmyc tags were added to the C-
terminus of VWF (Δ437–442-VWF-GFP, WT-VWF-GFP, WT-VWF-cmyc). These
constructs were expressed individually and together in HEK293T cells, and multimers were
analyzed by western blotting with an anti-GFP or anti-cmyc antibody (Fig. 5A,B). Both WT-
VWF-c-myc and WT-VWF-GFP multimerized normally when expressed alone or together
(Fig. 5A,B). Δ437–442-VWF-GFP did not form multimers, similar to Δ437–442-VWF lacking
a GFP tag. When Δ437–442-VWF-GFP was coexpressed with WT-VWF-c-myc and blotted
for GFP, Δ437–442-VWF-GFP was incorporated into mid-molecular mass multimers, whereas
WT-VWF-c-myc appeared to have a normal multimer distribution (Fig. 5A,B). Wild-type-
VWF appears to function in trans to partially restore multimerization of Δ437–442-VWF.

Previous studies have established the role of VWFpp in VWF multimerization [6,8,13,14]. Our
data suggest that VWFpp from the wild-type allele can function in trans to facilitate
multimerization of VWF from the Δ437–442-VWF allele. To address this, we coexpressed
wild-type VWFpp with Δ437–442-VWF or Y87S-VWF (Fig. 5C) [6]. Coexpression of wild-
type VWFpp with wild-type VWF appeared to result in a decrease in high molecular mass
multimers, suggesting that free VWFpp may interfere with the normal VWFpp function of pro-
VWF. When Y87S-VWF was coexpressed with VWFpp, VWFpp did not multimerize the
variant Y87S-VWF. However, coexpression of Δ437–442-VWF with VWFpp resulted in
essentially normal VWF multimerization, indicating that VWFpp is capable of functioning in
trans to overcome the defective multimerization of a variant allele.

Intracellular localization of coexpressed Δ437–442-VWF and wild-type VWF
The effect of coexpressed Δ437–442-VWF/wild-type VWF on intracellular localization was
examined. Coexpressed WT-VWF-GFP and WT-VWF-cmyc proteins were stored, colocalized
in granules (Fig. 6C). When Δ437–442-VWF-GFP was coexpressed with WT-VWF-cmyc
(Fig. 6A,B), the majority of cells expressing both proteins showed diffuse staining consistent
with ER localization. In some cells, we observed a mixture of colocalized granular and diffuse
staining patterns. We could not identify any transfected cells that showed a distinctly granular

Haberichter et al. Page 5

J Thromb Haemost. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



appearance. Together, these data suggest that Δ437–442-VWF may have a negative effect on
the granular trafficking of VWF from the ‘normal’ allele.

Discussion
We have identified a mutation in the VWF gene of a VWD patient, an 18-bp deletion that
predicts the deletion of amino acids 437–442 in the D2 domain of VWF. From the data
presented in this article, we can conclude that: (i) this mutation causes a complete loss of VWF
multimerization, decreased secretion, and loss of platelet-binding and collagen-binding
functions; (ii) the deletion in VWFpp abolishes regulated VWFpp storage and, secondarily,
VWF storage; (iii) Δ437–442-VWF negatively influences the secretion and storage of
coexpressed wild-type VWF; and (iv) although VWFpp may normally function in a homotypic
manner upon its own mature VWF, VWFpp may have the ability to function in trans on VWF
expressed from the alternative allele.

On the basis of the current VWD classification, our patient could be classified as having type
2A VWD [1]. The increased VWF dimer band, small decrease in high molecular mass
multimers and mutation in the VWF propeptide (Fig. 1A) are consistent with the historical
subclassification of type IIC characterized by recessive inheritance, phenotypic heterogeneity,
increased concentration of VWF protomer band, lack of high molecular mass multimers, and
decrease in number of multimer satellite bands [15–18]. However, the apparent dominant
inheritance does not fit the classic IIC subset, so the patient may best be described under the
more general classification of type 2A VWD. A number of mutations in VWFpp have been
identified in type 2A patients, emphasizing the importance of VWFpp in VWF multimer
assembly [16–19].

The Δ437–442 VWF mutation results in complete loss of VWF multimerization and impaired
function (Fig. 1D, Table 1). It is not unexpected that a six amino acid deletion in VWFpp
abolishes multimerization [5,8,20]. Unexpectedly, the variant had decreased botrocetin-
induced platelet binding and differed from dimeric Y87S-VWF in this respect, suggesting that
Δ437–442-VWF has defects in folding/secondary structure that prohibit platelet binding. The
increased intracellular retention provides further evidence of aberrant structure. Misfolded
proteins are selected in the ER and targeted for degradation, although cells may also retain
misfolded proteins in the ER [21]. The six amino acid deletion eliminates one cysteine residue
(Cys441). Deletion of a cysteine in VWFpp is likely to disrupt normal disulfide bonding and
impair proper protein folding, impacting on further processing and secretion.

The patient in this study was heterozygous for the Δ437–442 mutation in VWF. At a 1 : 1 ratio
of Δ437–442-VWF to wild-type VWF (recapitulating heterozygosity), secretion was reduced
(Fig. 4). In contrast, the patient had a plasma VWF:Ag within the normal range. This
discrepancy could be due to a number of factors, including increasing VWF level with
increasing age or the effect of other modifier genes [22]. Many patients with low VWF levels
have no detectable mutation in the VWF gene, indicating that other genes may modify plasma
VWF levels [23,24]. This points to the possibility of differential expression of VWF modifiers
that affect VWF secretion in HEK293T cells vs. endothelial cells. This variation of transfected
mammalian cells in completely recapitulating the biological phenotype has been previously
reported [25–27]. Also, the wild-type allele may be preferentially translated or transcribed, or
have greater stability, than the variant allele. Plasma VWF levels are also influenced by other
modifiers, including ABO blood group, ADAMTS13, and other unidentified modifiers that
influence VWF degradation and clearance.

The role of VWFpp in the trafficking of VWF to the regulated secretory pathway has been well
established [4,5,13]. The VWF variants Y87S, R273W, C788R, C1157F, C1225G and
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C1234W have multimer abnormalities, and yet are stored in granules [6,7,26]. We have
demonstrated a unique loss of regulated VWF storage with the Δ437–442 deletion (Fig. 2),
resulting from defective VWFpp trafficking (Fig. 3). Coexpression with wild-type VWF (Fig.
6) did not appear to correct the storage defect, although a subset of cells did appear to contain
VWF granules. On the basis of our AtT-20 expression data, we would predict that the patient
had a reduction in endothelial cell Weibel–Palade bodies and a diminished response to
desmopressin. Previously, using a site-directed mutagenesis approach, we identified amino
acids in VWFpp and the D3 domain of VWF that are critical for regulated storage. Recent
studies have demonstrated the importance of VWFpp and the D'′–D3 domains in Weibel–
Palade body formation [9,28,29]. Many mutations have been identified in these domains in
VWD patients (ISTH SSC VWF database, http://www.vwf.group.shef.ac.uk/). Whether loss
of Weibel–Palade body formation is a common phenomenon in other VWD types remains to
be determined.

The role of VWFpp in VWF multimerization is firmly established [5,14]. Purvis et al. observed
the formation of an intrachain, transient intracellular disulfide bond between VWFpp and
mature VWF, suggesting that VWFpp functions in a homotypic manner, facilitating the
multimerization of its own mature VWF [20]. An interesting observation from our study (Fig.
5) is the partial rescue of multimerization of variant Δ437–442-VWF when coexpressed with
wild-type VWF. The incorporation of Δ437–442-VWF-GFP into high molecular mass
multimers suggests the possibility that VWFpp from the normal allele is functioning in trans
to partially correct the dysfunctional mutant VWFpp. The rescue of multimerization was much
greater with VWFpp coexpression than with full-length wild-type VWF, suggesting that only
a fraction of VWFpp expressed from the wild-type allele is available to function in trans.
However, coexpression of wild-type VWFpp could not restore multimerization of the dimeric
Y87S-VWF (Fig. 5). These observations are consistent with patient plasma VWF multimers;
plasma Y87S-VWF was primarily dimeric with very faint staining of a normal multimer
pattern, whereas plasma Δ437–442-VWF demonstrated an over-representation of dimeric
VWF among a relatively normal intensity and distribution of multimers (Fig. 1A). The
difference in reactivity could stem from a potentially reactive free cysteine created in Δ437–
442-VWF. Unexpectedly, expression of VWFpp with full-length wild-type VWF resulted in
a decrease in the highest molecular mass multimers (Fig. 5). Overexpression of VWFpp may
interfere with the normal VWF multimerization process. In total, these results suggest that
VWFpp may normally function in a homotypic manner, acting upon its own mature VWF
subunit, but may retain the ability to function in trans upon VWF expressed from the alternative
allele.

In conclusion, our results demonstrate the detrimental effect of the Δ437–442 mutation on
VWF multimerization, secretion, function, and regulated storage. By examining the interaction
of the Δ437–442-VWF allele with VWF expressed from the ‘normal’ allele, we show that
whereas VWFpp may typically facilitate multimerization of its own mature VWF subunit,
VWFpp has the ability to function in trans on VWF expressed from the variant allele.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Plasma von Willebrand factor (VWF) multimer analysis, mutation identification, and
expression of variant VWF. (A) Patient plasma (lane 1), normal human plasma (NP) and plasma
from a previously reported VWD patient were analyzed by sodium dodecylsulfate (SDS)--
agarose gel electrophoresis and western blotting [6]. (B) A mutation identified in the D2 domain
of VWF propeptide (VWFpp) predicts deletion of amino acids 437--442. (C) VWF
concentration in conditioned media and cell lysates from HEK293T cells expressing wild-type
(WT) VWF (gray bars) and Δ437--442-VWF (black bars) from three separate transfections
with each vector expressed in duplicate. Results shown are mean VWF levels, with error bars
indicating standard deviation. (D) Multimeric composition of recombinant VWF proteins (2%
SDS--agarose): normal human plasma (lane 1), wild-type VWF (lanes 2 and 6), Δ437--442-
VWF (lane 3), propeptide-deleted VWF (Δpro, lane 4), mock-transfected cells (lane 5),
coexpressed wild-type VWF and Δ437--442-VWF (lane 7). The Δ437--442-VWF mutation
results in decreased VWF secretion and defective multimerization.
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Fig. 2.
Intracellular localization of Δ437--442-von Willebrand factor (VWF). AtT-20 cells were
transfected with wild-type (WT) VWF (A, C) or Δ437--442-VWF (B, D, E), or cotransfected
with P-selectin (C, D). Cells were dual-stained for VWF propeptide (VWFpp) and VWF (A,
B), P-selectin and VWF (C, D), or VWF and GRP78 (E). Intracellular localization was
examined by confocal microscopy. The merged image is shown in the last column, with
colocalization shown in yellow. Δ437--442-VWF does not form granules or colocalize with
coexpressed P-selectin, but is instead localized to the endoplasmic reticulum.
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Fig. 3.
Intracellular localization and regulated secretion of wild-type VWF propeptide (VWFpp) and
Δ437--442-VWFpp. (A) AtT-20 cells were transfected with wild-type VWFpp (1) or
Δ437--442-VWF (2, 3). Transfected cells were stained for VWFpp and adrenocorticotrophic
hormone (ACTH) (1, 2), or VWFpp and GRP78 (3). Intracellular localization of proteins was
examined by confocal microscopy. The merged image of the two stains is shown in the last
column, with colocalization shown in yellow. Δ437--442-VWFpp does not traffick to ACTH-
containing granules. (B) AtT-20 cells expressing wild-type VWFpp or Δ437--442-VWFpp
were incubated with either OptiMEM or 5 mmol L−1 8-Br-cAMP. The amount of released
VWFpp was determined by enzyme-linked immunosorbent assay. Wild-type VWFpp was
released in response to agonist, whereas Δ437–442-VWFpp was not.
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Fig. 4.
The effect of Δ437--442-von Willebrand factor (VWF) on secretion of coexpressed wild-type
(WT) VWF. HEK293T cells were transfected with varying amounts of Δ437--442-VWF and
wild-type VWF. The amounts of transfected wild-type VWF, Δ437--442-VWF and pCIneo
are listed on the x-axis. The concentration of VWF in the conditioned media and cell lysate
was assessed by VWF enzyme-linked immunosorbent assay. The data are derived from three
separate transfections, with each vector expressed in duplicate. Results shown are mean VWF
level, with error bars indicating standard deviation. As the amount of transfected Δ437–442-
VWF is increased, total VWF secretion decreases.
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Fig. 5.
Multimeric composition of coexpressed Δ437--442-von Willebrand factor (VWF) and wild-
type (WT) VWF. (A, B) HEK293T cells were transfected with green fluorescent protein (GFP)-
tagged Δ437--442-VWF (Δ437--442-GFP) or wild-type VWF (WT-GFP), and cmyc-tagged
wild-type VWF (WT-cmyc). The multimer composition of VWF proteins was assessed by
sodium dodecylsulfate--agarose electrophoresis and western blotting with (A) anti-GFP
antibody or (B) anti-c-myc antibody. Δ437--442-GFP forms only dimer (A, lane 1), but is
incorporated into mid-molecular mass multimers when coexpressed with wild-type VWF (A,
lane 2). Controls included coexpressed WT-GFP and WT-cmyc (A, lane 3), WT-GFP alone
(A, lane 4), WT-cmyc (B, lane 1), and mock (A, lane 5). (C) The ability of VWF propeptide
(VWFpp) to function in trans to facilitate multimerization was assessed by coexpression of
wild-type VWFpp with full-length Δ437–442-VWF (lane 4), wild-type VWF (lane 2), and
Y87S-VWF (lane 6). As controls, wild-type VWF (lane 1), Δ437–442-VWF (lane 3) and Y87S-
VWF (lane 5) were also coexpressed with pCIneo (mock). Coexpression with wild-type
VWFpp partially rescues multimerization of Δ437–442-VWF as a result of the trans function
of VWFpp.
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Fig. 6.
The effect of Δ437--442-von Willebrand factor (VWF) on intracellular localization of
coexpressed wild-type (WT) VWF. (A, B) AtT-20 cells were transfected with green fluorescent
protein (GFP)-tagged Δ437--442-VWF (Δ437--442-GFP) and cmyc-tagged wild-type VWF
(WT-cmyc). (C) GFP-tagged wild-type VWF (WT-GFP) was coexpressed with cmyc-tagged
wild-type VWF (WT-cyc). Transfected cells were stained using an anti-cmyc antibody.
Δ437--442-GFP and WT-GFP were detected by GFP fluorescence. Intracellular localization
of VWF was determined by confocal microscopy. The merged image is shown in the last
column, and colocalization is shown in yellow. Coexpressed Δ437--442-VWF and cmyc-
tagged wild-type VWF did not appear to be routed to storage granules.
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