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Abstract

Von Willebrand factor (VWF) secreted by Weibel-Palade bodies within endothelial cells is critical to maintain 
normal platelet adhesion during vascular arrest. Because the transportation of VWF is microtubule-dependent partly 
via kinesin activity, suppression of kinesin could affect intracellular trafficking of VWF. In this study, we investigated 
the role of Kif5b, the key member of the kinesin superfamily, in the processing and secretion of VWF. A hypothetical 
interaction between VWF and Kif5b was confirmed and the tail domain of Kif5b was identified as VWF binding region. 
Knocking-down Kif5b in human umbilical vein endothelial cells led to significantly increased non-stimulated VWF 
secretion, considerably higher ratio of pro-VWF to mature VWF, and shorter VWF length. Consistent to the in vitro 
assay, Kif5b knockdown mice demonstrated dramatically increased VWF secretion after epinephrine stimulation. 
Significantly prolonged bleeding time was observed in these Kif5b knockdown mice as well, which was further 
elucidated by the decreased basal/regulated VWF secretion in Kif5b knockdown mice comparing to their wild-type 
littermates. Taken together, these findings suggest that Kif5b modulates processing and secretion of VWF in vitro 
and in vivo.
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Introduction
Physiological balance of the hemostatic system is maintained 

by the cooperation of procoagulant, anticoagulant, and fibrinolytic 
factors. Von Willebrand factor (VWF) is one of the key members of 
the procoagulant system. It is a large, highly adhesive, and multimeric 
glycoprotein that originates from a 350 kDa monomer called pro-VWF 
[1]. The pro-VWF monomers are transported to the endoplasmic 
reticulum, where they dimerize through the formation of disulfide 
bonds. The dimers continue to polymerize in the Golgi complex, and 
then further multimerize after endoprotease furin cleavage in the 
trans-Golgi network (TGN) and post-Golgi compartment to produce 
mature-VWF [2]. VWF is mainly produced in endothelial cells and 

stored in specialized intracellular granules called Weibel-Palade bodies 
(WPBs) [3,4]. Besides endothelial cells, approximately 15% of VWF is 
synthesized and stored in platelets and megakaryocytes [5]. Previous 
reports have demonstrated that VWF could be secreted into the plasma 
via regulated, constitutive, and basal pathways. Both of regulated 
and basal secretions occur from WPBs and produce highly VWF 
multimers. However, the constitutive secretion has not been sorted 
into WPBs whereas high VWF multimerization cannot be undertaken 
[1]. Among these pathways, both basal and regulated secretion are 
primarily targeted to the apical side of endothelial cells, whereas 
constitutive secretion is solely towards to the basolateral side [6]. After 
secretion into the plasma, the ultra-large VWF multimer will be cleaved 
into normal molecular weight range VWF by the metalloprotease 
ADAMTS13 to avoid excessive platelet aggregation [7,8]. A number of 
reports have shown that impaired processing, maturation, storage, and 
secretion of VWF can cause various diseases, including von Willebrand 
disease, thrombotic thrombocytopenic purpura, myocardial infarction, 
and stroke [9-11].
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Although the process of VWF exocytosis is not completely clear, 
previous research has indicated that VWF secretion is dependent on 
kinesins [12]. Furthermore, Manneville et al. found that non-specific 
inhibition of all kinesins could sharply decrease VWF transportation 
velocity to the plasma membrane [13]. However, how kinesins 
modulate VWF secretion keeps poorly understood [1].

Kinesin-1, also known as conventional kinesin, consists of two 
heavy chains and two light chains [14]. Kinesin-1 uses microtubules as 
a “railway” for transportation, and is classified as a microtubule-plus-
end motor protein [15]. Three different kinesin-1 heavy chains have 
been reported, Kif5a, Kif5b, and Kif5c, in which Kif5b is ubiquitously 
expressed in mammals [16]. The expression pattern of Kif5b suggests 
that it is critical for intracellular trafficking [17,18]. The role of Kif5b in 
neuronal activity has been widely studied. It has been reported that Kif5b 
associates with various proteins involved in neuronal development, 
morphology, plasticity, and survival [17,19-21]. In contrast, there is 
relatively scarce information about Kif5b in non-neuronal tissues 
[22,23]. Our group had reported that specifically inactivating Kif5b in 
pancreatic cells led to deficient insulin secretion in vivo [24]. The work 
of another group indicated that Kif5b affected the assembly of myofibril 
components and their linkage to the myotendinous junctions [25].

Notably, some studies reported that the disruption of microtubules 
blocked VWF transportation in endothelial cells [26,27]. Furthermore, 
non-specific inhibition of kinesins caused a decrease in the frequency 
of VWF long-range movements along microtubules [13]. However, to 
our knowledge, few publications addressed the relationship between 
Kif5b and VWF.

In this study, we generally explored the roles of Kif5b in the 
processing and secretion of VWF in vitro via Kif5b knockdown human 
umbilical vein endothelial cells (HUVECs) and in vivo via Kif5b 
knockdown mice (Kif5b+/- mice).

Materials and Methods
Animals

Kif5b+/- mice were kindly provided by Dr. ZG Duan and fed with 
pelleted diet and water ad lib. Generation of Kif5b+/- mice was carried 
out by gene targeting and genotyping [24,28]. To generate Kif5b+/- mice, 
wild-type mice (termed as Kif5b+/+ mice) were crossed with Kif5b+/- 
mice. Genomic DNA samples were extracted from mouse ear as PCR 
templates for genotyping [24]. All animal experiments were performed 
under the guidelines of the Committee on the Use of Live Animals 
in Teaching and Research (CULATR #2540-11) at The University of 
Hong Kong.

Cells

HUVECs and related culture medium were purchased from 
Thermal Fisher Scientific. HUVECs were grown in Medium200 
(M200500, Thermal Fisher Scientific, USA) according to the attached 
protocol of the Angiogenesis Starter Kit (A14609-01, Thermal Fisher 
Scientific, USA). HEK293T cells were cultured as previously described 
[29]. All experiments using HUVECs were performed on cells from 
less than five passages. All cells were cultured at 37°C in the presence 
of 5% CO2.

Glutathione S-Transferase (GST) pull-down assay

Four Kif5b fragments (Kif5b-a, Kif5b-b, Kif5b-c, and Kif5b-d) 
fused to GST were generated as previously described [25]. Kif5b-a, 
Kif5b-b, Kif5b-c, and Kif5b-d corresponding to the 1-413, 414-678, 
679-849, and 850-963 amino acid fragments, representing the motor 

domain, the stalk domain, the kinesin light chain binding domain, and 
the C-terminus of the tail domain of Kif5b, respectively (Figure 1A). 
The four GST-fusion fragments were expressed in Escherichia coli BL21 
host cells. Protein expression was induced by introducing 0.5 mM 
IPTG when the optical density of BL21 host cells at 600 nm reached 
0.6-0.7. Cells were harvested by centrifugation, and the cell pellet was 
resuspended and washed in PBS. The pellet was resuspended in HBS 
and sonicated on ice to release soluble proteins. The bacterial lysate 
was centrifuged at 4°C to remove cell debris, and the supernatant was 
incubated with glutathione-Sepharose 4B beads (17075605, Amersham 
Pharmacia Biotech, UK) at 4°C for 1 h. Next, HUVECs were washed 
with PBS, and then scratched and lysed in HBS on ice. The lysate of 
HUVECs was centrifuged at 4°C to remove debris, and then incubated 
with GST-protein-bound beads at 4°C O/N. The beads were then 
removed by centrifugation at 4°C. The supernatant was subjected to 
SDS-PAGE and immmunoblotting using 1:10,000 diluted primary 
antibody against VWF (A0082, DAKO, Denmark) and then 1:10,000 
diluted secondary antibody HRP-conjugated goat anti-rabbit (65-6120, 
Thermo Fisher Scientific, USA). Simultaneously, the gel was stained by 
Coomassie Blue reagent for 2 to 3 h, and then destained by destaining 
buffer.

Plasmids and lentiviral vectors

In order to construct the Kif5b knockdown HUVECs for 
investigating the potential relationship between Kif5b and VWF, firstly 
we designed the shRNAs for decreasing the expression of Kif5b and 
finally we were gifted the shRNA plasmid for Kif5b knockdown and the 
scrambled shRNA plasmid for control from Dr. MF Liu. The plasmid 
for Kif5b shRNA (pLL3.7-shRNA Kif5b) was confirmed by sequencing 
with the sense primer 5’-CAGCACAAAAGGAAACTCACC-3’ and 
antisense primer 5’-GGCGGTAATACGGTTATCCAC-3’. Kif5b 

 

Figure 1: Kif5b interacted with VWF through its tail domain. (A) 
Schematic figure of Kif5b truncations. (B) Kif5b C-terminus tail domain 
interacted with VWF. GST-tagged recombinant Kif5b-d fragment was 
able to pull down VWF from HUVECs lysates. (C) The expressions of 
4 GST-fusion Kif5b fragments (the expressed Kif5b-a, Kif5b-b, Kif5b-c, 
and Kif5b-d fragments were indicated by black frames).
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shRNA lentiviruses were generated from pLL3.7-shRNA Kif5b using 
standard methods in subconfluent HEK293T cells [30]. Briefly, the 
HEK293T cells were co-transfected with the pLL3.7-shRNA Kif5b 
plasmid and helper plasmids (pGag/Pol, pVSVG, and pREV) using 
Lipofectamine 3000 (Thermal Fisher Scientific, USA). The supernatant 
samples containing virus were harvested after 48 h. HUVECs were 
infected with the virus supernatant by incubation for 24 h, and then 
cultured in fresh growth medium. After 5 days, cells surviving from 2 
μg/mL puromycin (Sigma-Aldrich, USA), termed as Kif5b-knockdown 
HUVECs, were selected and used in the following assays. The control 
shRNA lentivirus was packaged, collected, and inoculated into the 
HUVECs to generate the control HUVECs as same as the generation of 
Kif5b-knockdown HUVECs.

ELISA analysis of VWF secretion

To evaluate VWF levels in supernatant samples from cell culture 
contents of Kif5b-knockdown HUVECs and the control HUVECs, we 
performed ELISA assay stepwise. The 24-well tissue culture plates were 
used to culture the cells until they reached 80% confluence as 3 x 105/
well. To evaluate VWF secretion, cells were starved in Medium 200 for 
1 h. Cells were washed with PBS and cultured with fresh Medium 200 
containing 100 μM histamine (H7250, Sigma-Aldrich, USA) at 37°C 
for 30 min. After removing cell debris by centrifugation for 5 min, the 
supernatant was collected and stored at -20°C.

To evaluate VWF levels in plasma samples of Kif5b+/- mice 
and Kif5b+/+ mice, epinephrine (EP) (E4642, Sigma, USA) was 
subcutaneously injected into 6 Kif5b+/- mice and 6 Kif5b+/+ mice at a 
dose of 1 mg/kg body weight. Whole blood samples were taken via 
submandibular bleeding and drawn into 3.2% sodium citrate before 
and 30 min after EP injection as described elsewhere [31]. Platelet-poor 
plasma was then obtained by centrifugation at 1,500 g for 15 min. A 
standard curve was plotted based on the pooled plasma from five male 
Kif5b+/+ mice, and the concentration of VWF was assumed as 10 μg/
mL [32,33].

Both cell supernatant and mice plasma VWF levels were measured 
by ELISA using the rabbit polyclonal antibody against VWF (10 μg/mL) 
(A0082, DAKO, Denmark) and the rabbit polyclonal anti-human VWF 
antibody conjugated with HRP (1:8,000) (P0226, DAKO, Denmark). 
The color was developed using tetramethylbenzidine solution (Sigma, 
USA) and the optical density at 450 nm was measured using an ELISA 
reader (Sunrise, Tecan Trading AG, Switzerland). The ELISA results 
were evaluated as units per milligram of total cell protein.

Protein expression analysis

To confirm the knockdown of Kif5b and demonstrate consequent 
expression of VWF, the extraction, electrophoresis, and Western 
blot assay were performed with the protein samples from Kif5b-
knockdown HUVECs, control HUVECs, Kif5b+/- mice, and Kif5b+/+ 
mice, respectively. Briefly, Kif5b-knockdown HUVECs and the 
control HUVECs, respectively, were scratched from the plate and lysed 
using ice-cold HBS buffer (20 mM HEPES pH 7.2, 150 mM NaCl, 2 
mM EDTA, 2 mM EGTA, and 0.5% NP-40). Mouse aorta tissue 
samples of Kif5b+/- and Kif5b+/+ mice were homogenized and lysed 
using HBS buffer on ice for 30 min. The supernatant was collected by 
centrifugation at 4°C and stored at -20°C. Total protein concentrations 
of cells and tissue lysates were determined by BCA protein assay 
(Thermo Fisher Scientific, USA). Protein samples with equal amounts 
of total protein were loaded onto SDS-PAGE gels for electrophoresis 
and subsequent Western blot analysis. Protein expression levels were 
determined by Western blotting with a primary rabbit anti-Kif5b 

monoclonal antibody (1:2,000) [24] and a primary rabbit anti-VWF 
polyclonal antibody (1:10,000) (A0082, Dako, Denmark). The 1:5,000 
diluted anti-α-tubulin antibody (T6199, Sigma-Aldrich, USA) was 
used to detect the expression level of tubulin acted as a loading control. 
The HRP-conjugated goat anti-rabbit antibody (65-6120, Thermo 
Fisher Scientific, USA) was used as the secondary antibody for Kif5b 
and VWF. The HRP-conjugated goat anti-mouse antibody (62-6520, 
Thermo Fisher Scientific, USA) was used as the secondary antibody for 
tubulin. The immunoreactive bands were developed and visualized by 
Pierce Enhanced Chemiluminescence Kit (Thermo Fisher Scientific, 
USA) and CL-XPosure Film (Thermo Fisher Scientific, USA). The 
expression levels of Kif5b and VWF were determined using the 
standard intensity function in the open source Fiji software (ImageJ 
V1.49, http://fiji.sc/Fiji).

To investigate distribution of constitutive, basal, and regulated 
secretion of VWF from Kif5b+/- and Kif5b+/+ mice, the VWF multimer 
analysis was carried out as previously described [34]. Briefly, whole 
blood samples were taken via submandibular bleeding from Kif5b+/- 
and Kif5b+/+ mice and immediately drawn into 3.2% sodium citrate 
as described elsewhere [31]. Platelet-poor plasma was then obtained 
by centrifugation at 1,500 g for 15 min at room temperature. Total 
protein concentrations of samples were determined by BCA protein 
assay. Protein samples with equal amounts of total protein were 
loaded onto gels for reducing gel electrophoresis and subsequent 
Western blot analysis. For reducing gel electrophoresis, a Hoefer SE-
600 ruby standard dual-cooled gel electrophoresis unit (GE Healthcare 
Life Sciences, Austria) was used. The stacking gel was set with final 
concentration of 0.8% wt/vol Seakem high gelling temperature agarose 
(50040, Lonza Ltd, USA), 70 mM Tris base (pH 6.8), 4 mM EDTA 
disodium salt, and 0.4% wt/vol SDS. The separating gel was set with 
final concentration of 2% wt/vol Seakem high gelling temperature 
agarose, 0.1 M Tris base, 0.1 M glycine (pH 8.8), and 0.4% wt/vol SDS. 
The running buffer (50 mM Tris base, 0.384M glycine, and 0.1% SDS) 
was included in lower buffer chamber of the electrophoresis unit, and 
the upper buffer chamber contained 600 mL of running buffer. After 
10 uL sample loading, the gels were run at 10 mA constant current 
for 30 min then 13 mA constant current for 4 h under 9°C with a 
circulating water bath. The 0.45-μm Hybond-LFP low-fluorescent 
PVDF membranes were presoaked in methanol for 1 min and then 
stored in transfer buffer (2.5 mM Tris (pH 8.8), 19.2 mM glycine, 20% 
methanol, and 0.01% SDS) until use. The proteins were transferred 
to the methanol activated PVDF membranes with the transfer buffer 
under 12 V constant voltage for 3 h and stepwise labeled with a 
primary rabbit anti-VWF polyclonal antibody (1:20,000) (A0082, 
Dako, Denmark) O/N followed by a incubation of 1:8,000 diluted 
HRP-conjugated goat anti-rabbit antibody (65-6120, Thermo Fisher 
Scientific, USA) for 4 h. The signals were developed with Luminata 
Crescendo Western HRP Substrate (Millipore Ltd, USA), exposed 
on KODAK BioMax Scientific Imaging Film and visualized with the 
KODAK medical X-Ray Processor (Eastman Kodak, USA).

Immunohistochemical and immunocytochemical analysis of 
VWF in aorta tissue and HUVECs

To detect the expression of VWF in situ in aorta tissue, histological 
examinations of mouse aorta tissues of Kif5b+/- and Kif5b+/+ mice 
were carried out according to a previous report [35] with some 
modifications. Briefly, polyclonal rabbit antibody against VWF (1:400) 
(A0082, Dako, Denmark) was introduced as the primary antibody. 
The VWF was visualized with liquid 3,3’-diaminobenzidine (DAB) 
and substrate-chromogen solution from the EnVision+System/HRP 
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(DAB) Kit (K400611, Dako, Denmark), and counter-stained with 
hematoxylin. The slides were photographed using a Nikon Microphoto-
FX microscope attached to a Nikon digital camera.

To precisely present the location and morphology of VWF in cell, 
immunocytochemical analysis of VWF in Kif5b-knockdown HUVECs 
and the control HUVECs were performed as previously described [32] 
with minor modifications. After HUVECs reached 30% confluence, 
the cells were fixed with 4% paraformaldehyde on ice for 15 min. Cells 
were permeabilized with blocking buffer (5% Serum, 3% BSA, 0.25% 
TritonX-100) for an additional 10 min, and then incubated with the 
primary antibody (1:200) (A0082, DAKO, Denmark) in blocking 
buffer at 4°C overnight. On day 2, the cells were stained with secondary 
antibodies Alexa Fluor 488 (1:400) (Thermo Fisher Scientific, USA) 
and Cy3 (1:10,000) (Jackson Immuno-Research Laboratories, USA), 
and mounted in SlowFade Gold antifade reagent with DAPI (Thermo 
Fisher Scientific, USA). Fluorescence was detected and visualized with 
a Carl Zeiss LSM 700 confocal microscope.

Hematological analysis

To evaluate bleeding time, 14 Kif5b+/- mice and 14 Kif5b+/+ mice 
were anesthetized with ketamine 40 μg/g body weight and xylazine 6 
μg/g body weight via intraperitoneal injection. About 1 cm length of 
the distal tail was quickly severed with sharp scissors. The bleeding 
tail was immersed in PBS at 37°C and the time spans between start of 
bleeding and 30 sec after complete stop of bleeding were recorded as 
previously reported [31].

Statistical analysis

Student’s t-test was utilized for data analysis. Differences were 
considered significant if p<0.05.

Results
The tail domain of Kif5b directly interacts with VWF in vitro

To investigate if Kif5b interacts with VWF and to determine which 
domain interacts with VWF, we examined four GST fusion Kif5b 
fragments immobilized on Glutathione-Sepharose 4B beads in the pull 
down assay using HUVECs lysates. Only Kif5b-d was able to pull down 
VWF (Figure 1B), indicating Kif5b interacts with VWF through its 
C-terminal tail domain. As control, the expression of the four fusion 
proteins is shown in Figure 1C by Coomassie Blue staining assay.

Knockdown of Kif5b lead to significantly increased VWF 
protein secretion in vitro

To address whether Kif5b regulates VWF processing, lentiviral 
shRNA-mediated knockdown of Kif5b in HUVECs was performed, 
which led to a remarkable reduction in Kif5b expression (Figure 2A 
and B) and an increase in VWF secretion (Figure 2C). Pro-VWF can 
be distinguished from mature-VWF based on differences in their 
electrophoretic mobility [33]. Significant differences in the ratio of pro-
VWF and mature-VWF were observed between the Kif5b-knockdown 
HUVECs group and the control HUVECs group (Figure 3A and B). 
Because pro-VWF precursor undergoes furin-dependent proteolytic 
cleavage to mature-VWF within the trans-Golgi network before 
secretion [1], these results indicate that Kif5b is involved in VWF 
protein processing.

It has been reported that VWF is secreted into the plasma via basal, 
constitutive, and regulated pathways, and histamine stimulates both 
central and peripheral VWF granule secretion through increasing 

intracellular free calcium ion concentration [36]. Significantly increased 
non-stimulated and induced VWF secretion after 30 min of histamine 
stimulation were observed in the Kif5b knockdown HUVECs group 
compared to the control HUVECs group. This result indicates that 
knockdown of Kif5b significantly increases VWF secretion in HUVECs 
(Figure 2C).

Knockdown of Kif5b causes shorter VWF in morphology in 
vitro

The classic rod shaped VWFs (indicated by white arrows) in both 
the Kif5b-knockdown HUVECs and the control group were shown in 
Figure 4A. These rod shape VWFs, together with other smaller round 
shaped VWFs, were located around the cell nucleus. Difference in the 
length of VWFs was observed between the two groups, with 1.3594 ± 
0.240 μm in Kif5b-knockdown HUVECs while 1.5894 ± 0.141 μm in 

Figure 2: Kif5b was involved in the secretion of VWF in vitro. (A) Western 
blot analysis indicated Kif5b expression was suppressed in the Kif5b-
knockdown HUVECs. Tubulin was used as the loading control. Cell 
population=3.6 X 106. (B) Quantification of Kif5b expression reduction 
based on three separate replicates. Each replicate’s cell population=1.2 
X 106. (C) ELISA results indicated significant changes in VWF secretion 
in HUVECs 30 min after histamine stimulation. The ELISA results were 
based on three separate replicates. Each replicate’s cell population=1.2 
X 106. Kif5b KD Gp: Kif5b-knockdown HUVECs group; Control shRNA 
Gp: control HUVECs group; Supernatant H+: supernatant with histamine 
stimulation; Supernatant H-: supernatant without histamine stimulation; 
Tubulin was used as the loading control; *: p<0.05; ***: p<0.005.
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the control group (Figure 4B). Although the difference in the length 
of VWF was not statistically significant (p>0.05), we did observe 
distinct tabulation of VWF that exhibited in the images. This finding 
indicates that knockdown of Kif5b causes shorter VWF in morphology 
in vitro and suggests Kif5b is involved in VWF protein morphology 
determination to some extend.

Knockdown of Kif5b remarkably promotes VWF release in 
vivo after epinephrine stimulation

The transgenic Kif5b+/- mouse line was confirmed by genotyping 
as previously described (Figure 5A), and Kif5b expression level in 
Kif5b+/- mice was shown to be significantly reduced (Figure 5B). Initial 
immunohistochemical analysis did not indicate a significant change in 
VWF expression level or aortal architecture in Kif5b+/- mice compared 
to the wild-type littermates (Figure 5C). To determine whether Kif5b 
knockdown affects VWF secretion, platelet-poor plasma before and 
30 min after EP injection were collected for the evaluation of VWF 
secretion levels by ELISA. EP stimulation is microtubule-independent 
and only stimulates peripheral VWF secretion through the elevation 
of intracellular cyclic  adenosine  monophosphate (cAMP) level [37]. 
There were no significant differences in the basal plasma VWF levels 
between Kif5b+/- and Kif5b+/+ mice (Figure 6A). However, after EP 
stimulation, Kif5b+/- mice exhibited significantly more VWF secretion 
than their wild-type littermates (Figure 6A). These results indicate that 
knockdown of Kif5b remarkably promotes VWF secretion in vivo.

Knockdown of Kif5b significantly delays hemostasis in vivo 
via less high molecular weight VWF multimer expression

Although the basal secretion of VWF was not significantly affected 
by Kif5b knockdown, we found that Kif5b+/- mice exhibited remarkably 
longer bleeding time than Kif5b+/+ mice (Figure 6B), which indicates 
that inhibition of Kif5b significantly hampers hemostasis in vivo. 
Subsequently, the multimer analysis of VWF showed that the Kif5b+/- 
mice expressed less basal/regulated source VWF than Kif5b+/+ mice, as 
shown in Figure 6C.

Discussion
Previous reports demonstrated that Kif5b plays important roles 

in intracellular transportation, cell division, and organelle positioning 
[38,39]. Kinesin-1 binds to its cargo through protein-protein 
interactions [40], with the C-terminal domain of Kif5b [14,41,42]. 
Consistent with these reports, our results identify that Kif5b actually 
interacts with VWF protein through its C-terminus tail domain (within 
the 850-963 amino acid).

However, it is still unclear to what extent and how kinesins 
regulate VWF processing, maturation, and secretion. One line of the 
experiments was directed to investigate this in vivo. The Kif5b+/- mice 
used to explore the relationship between Kif5b and VWF in vivo were 
generated by geno-targeting. Geno-targeting can simulate endogenous 

Figure 3: Kif5b was involved in the processing of VWF in vitro. (A) 
The amount of intracellular pro-VWF and mature-VWF in the Kif5b-
knockdown HUVECs and the control HUVECs determined by Western 
blot analyses. This result representative 3 independent assays. 
Each replicate’s cell population=1.2 X 106. (B) The ratio of pro-VWF/
mature-VWF in the Kif5b-knockdown HUVECs increased significantly 
compared to the control HUVECs. The ratio was determined by ImageJ 
(V1.49, http://fiji.sc/Fiji). The results were independently repeated twice. 
Each repeat’s cell population=1.2 X 106. Kif5b KD Gp: Kif5b-knockdown 
HUVECs group; Control shRNA Gp: control HUVECs group; *: p<0.05.

Figure 4: Kif5b knockdown did not significantly change VWF morphology 
but shorter length of VWF was shown in Kif5b-knockdown HUVECs. (A) 
Two representative confocal images showed VWF morphology in Kif5b-
knockdown HUVECs and the control HUVECs. The white arrows indicated 
VWF. The number of images of each group=3. (B) The maximum VWF 
length in the Kif5b-knockdown HUVECs (n=112) were comparable to 
the maximum VWF length in the control HUVECs (n=105). Kif5b KD Gp: 
Kif5b-knockdown HUVECs group; Control shRNA Gp: control HUVECs 
group; Scale bar=50 μm.

http://fiji.sc/Fiji
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Figure 5: Transgenic Kif5b knockdown mice. (A) PCR results for the 
genotyping of offspring genomic DNA from mice ear. DNA samples 
producing 219 bps products with the P1/P2 primer set and 215 bps 
products with the P1/P3 primer set represented Kif5b knockdown alleles, 
whereas samples producing only 215 bps products with the P1/P3 primer 
set represented wide-type alleles. (B) Western blot analysis of aorta tissues 
indicated reduced Kif5b expression in Kif5b+/- mice compared to Kif5b+/+ 
mice. Tubulin was used as the loading control. (C) Aorta tissue from Kif5b+/- 
and Kif5b+/+ mice showed no significant morphological changes and VWF 
expression difference. Aorta tissues were immunohistochemically stained 
for total VWF (brown color indicated by black arrows). Kif5b+/+ mice: wild-
type mice; Kif5b+/- mice: Kif5b knockdown mice; M: DNA marker; Scale 
bar = 20 μm.

Figure 6: Knockdown of Kif5b altered secretion of VWF in mice. (A) 
Plasma VWF levels in Kif5b+/- mice (n=6) and Kif5b+/+ mice (n=6) showed 
no significant differences before EP injection, but plasma VWF levels in 
Kif5b+/- mice (n=6) significantly increased after EP injection than Kif5b+/+ 
mice (n=6). Optical density values were expressed relative to the VWF 
level in pooled plasma from 5 Kif5b+/+ mice. (B) Bleeding time in the 
Kif5b+/- mice (n=14) was significantly longer than in Kif5b+/+ mice (n=14). 
The bleeding assay was conducted twice with 7 mice in each group per 
assay. (C) VWF multimer assay was carried out with platelet-poor plasma 
samples from Kif5b+/- mice (n=2) and Kif5b+/+ mice (n=2). The black box 
indicates VWF multimers with high molecular weights. Kif5b+/+ mice: wild-
type mice; Kif5b+/- mice: Kif5b knockdown mice; EP: epinephrine; EP+: 
plasma with EP stimulation; EP-: plasma without EP stimulation; Black 
box: High molecular weight multimer of VWF; ***: p<0.005.

disease in vivo better than other methods used such as introducing 
anti-Kif5b antibodies [43] or overexpression of a dominant-negative 
Kif5b construct. As mentioned before, under normal physiological 
conditions, secretion of VWF with appropriate multimer structures, 
especially the high molecular weight multimers of VWF ranging 
from 5,500 to 10,000 kDa, in sufficient amount is highly responsible 
for normal hemostasis via platelet adhesion and aggregation upon 
vascular trauma [44,45]. When we investigated Kif5b+/- mice, it was 
striking, that these mice showed significantly longer bleeding time than 
wild-type mice, while only slight differences in non-stimulated VWF 
secretion was presented. However, the multimer analysis of VWF for 
Kif5b+/- mice demonstrated less high molecular weight multimer of 
VWF expression in VWF multimer pattern than Kif5b+/+ mice. Such 
data suggested the knockdown of Kif5b could be associated with 
VWF’s processing and secretion, especially in the basal and regulated 
routes, which results in impaired hemostasis capability of mice. Then 
EP was given to the mice to extend the observation for regulated VWF 
secretion in vivo, which only mediates peripheral VWF secretion by 
up-regulating cAMP concentration [27]. In this case, the Kif5b+/- mice 
exhibited more EP-stimulated VWF releasing compared with the 
Kif5b+/+ mice. Because VWF is mainly expressed in endothelial cells 

[5], we further dissected aorta tissue from Kif5b+/- and Kif5b+/+ mice. 
However, no impaired morphology of aorta was observed, and no 
VWF expression abnormality was detected.

The second line of experiments was performed using shRNA-
mediated knockdown of Kif5b in HUVEC. In this case, we found that 
knockdown of Kif5b in HUVECs significantly increased the amount 
of secreted VWF in the cell supernatants as well as the ratio of pro-
VWF to mature-VWF in the cell lysates, while no obvious changes in 
the rod-shaped morphology of VWF [46] was observed. The increased 
ratio of pro-VWF to mature-VWF in Kif5b knockdown HUVECs 
suggested that Kif5b participated in the processing and secretion of 
VWF. Take together the result of VWF multimer analysis of in vivo 
samples, absence of Kif5b would affect not only the amount of VWF 
in peripheral circulation system, but the physiological functions of 
VWF in hemostasis. The normal functions of VWF in hemostasis 
such as collagen binding and platelet binding were impaired as the 
multimer size of VWF decreases upon Kif5b knockdown. As reported 
by Stockschlaeder et al. regulated pathway contributes to almost 80% 
of functional mature-VWF. And basal secretion is also responsible for 
hemostatic activity, while constitutive secretion contributes the least 
to hemostasis as it possesses low molecular weight VWF multimers 
compared with high and intermediate molecular weight VWF 
multimers that present in basal and regulated secretions [47].
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Nevertheless, the significantly increased VWF secretion upon 
knockdown of Kif5b expression in the cellular assay seems to be 
contradictory to the prolonged bleeding time in vivo, and not consistent 
to the well-known fact that Kif5b is a plus-end motor. The knockdown 
of Kif5b might also comply with the plus-end motor that should lead 
to the substantial intracellular drop of VWF. However, the secretion of 
VWF has a complicated process consisting of basal, constitutive, and 
regulated pathways [44]. Because of the key and fundermental roles 
of VWF in normal phsyology, any positive or negative fluctuation of 
VWF concentration in circulation system will be quickly adjusted. 
For instance, in our studies, the basal and regulated secretions were 
blocked by knocking-out Kif5b, then the constitutive pathway might 
be promoted. However, the pro-VWF and low molecular weight VWF 
multimers in constitutive pathway play a much less important role in 
the procoagulant system comparing to basal and regulated secretions, 
though the constitutive secretion was shown to release VWF from 
basolateral position of endothelia cell membrane or to accumulate 
the VWF in the subendothelial matrix of endothelia cells which may 
promote platelets adhesion upon vascular injury [48-50].

Earlier study by Jaulin et al. had suggested that Kif5b takes part in 
p75 apical transportation in polarized MDCK cells [48]. However, Cui 
et al. reported that Kif5b may be involved in basolateral transportation 
of Na+- K+ ATPase-containing vesicles in epithelial cells [51]. Taken 
together, this indicates that Kif5b may participate in both apical and 
basolateral transportations. Furthermore, a few papers have reported 
that kinesin(s) collaborate with dynein along microtubules after VWF 
biosynthesis in TGN, while the type of kinesin(s) involved in this 
process is not defined [1,13]. Considering our finding that knockdown 
of Kif5b results in increasing constitutive secretion of VWF both in 
vitro and in vivo, we hypothesize Kif5b might participate and play a 
major role in the basal secretion and regulated secretion of VWF, while 
there could be other unidentified kinesins involved in the constitutive 
secretion pathways.

In summary, normal hemostasis requires VWF to be processed 
into a desired multimeric form and to be secreted at a decent level and 
in a timely manner [44]. It is also important to keep an appropriate 
ratio between apical and basolateral VWF secretions. Kif5b seems to be 
critical for the maintenance of normal processing and secretion of VWF. 
Taken together, reduction of Kif5b apparently increases constitutive 
VWF secretion, impedes VWF maturation process, and at the same 
time prolongs bleeding time in mice which could be supported by the 
less high molecular weight VWF multimers observed in Kif5b+/- mice. 
To our knowledge, it’s the first report to elucidate the Kif5b modulates 
the processing and secretion of VWF in vitro and in vivo. Such findings 
raise more interesting questions that should be addressed with further 
wet lab studies.
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