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ARTICLE INFO ABSTRACT

Keywords: von Willebrand factor (VWF) is exclusively expressed in endothelial cells (ECs) and megakaryocytes, which plays
VWF a crucial role in the initiation of arterial thrombosis. Recent studies have shown that VWF is also expressed in
Osteosarcoma osteosarcoma (OS) cells and participates in adhesion of cancer cells to platelets, thus promoting metastasis of OS
lez::lzsis cells. However, it is unclear how OS cell-derived VWF-platelet interaction contributes to the metastasis of OS. We

hypothesized that the interaction is mediated by the binding between VWF Al and GPIba of platelets, a mo-

lecular mechanism similar to that of thrombosis. The increased expression of VWF in SAOS2 cells may contribute
to the enhancement of platelet adhesion through the VWF-GPIb pathway, which could promote the migration
and invasion capacities of SAOS2 cells in vitro. Antibodies that block the pathway could significantly inhibit the
platelet-induced metastasis of OS cells. Our results suggest a theoretical basis for the development of new anti-OS
metastasis drugs, and further enrich the mechanism of OS metastasis.

1. Introduction

von Willebrand factor (VWF) is a multimeric glycoprotein that plays
a pivotal role in hemostasis and thrombosis. Commonly, VWF is ex-
clusively expressed in endothelial cells (ECs) and megakaryocytes,
which can be released to plasma in the form of multimer under certain
stimulating conditions [1-3]. However, it was reported that VWF was
also detected in some cancer cells of non-endothelial origin, such as
glioma and osteosarcoma (OS) [4]. Although the analyses demonstrated
the mechanism of transcriptional activation of the VWF in cancer cells
was consistent with that in Ecs [4], the differential expression form of
VWEF in ECs and cancer cells still remains unclear.

Discordant with most investigations focused on the ECs and plate-
lets as the source of VWF [5], a few studies have found that VWF could

participate in modulating OS metastasis that was affected by the ex-
pression of VWF in OS cells [4,6]. Furthermore, these analyses also
indicated that the overexpressed VWF could enhance the metastatic
potential of OS cells by adhering to more platelets. VWF knock down
decreased the adhesion, transmigration and extravasation capacities of
OS cells. However, the detailed mechanism that how OS cell-derived
VWF interacts with platelets contributing to the cancer metastasis re-
mains to be elucidated.

In the classic hemostasis process, multimer VWF is a bridge between
the collagen matrix and platelets. The binding of VWF to the platelets
glycoprotein Iba (GPIba) mediates the adhesion of platelets to collagen
in the exposed subendothelial matrix of damaged blood vessels [7].
Thus, the collagen-VWF-GPIb axis plays an important role in thrombus
formation [8,9]. Due to the large amount of collagen [10-13] and
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expression of VWF in OS cells, we hypothesized the collagen-VWF-GPIb
axis is one of the most likely pathway that mediates the OS-platelets
interactions. In order to confirm the hypothesis, we used the advanced
OS cell line SAOS2 as a cell model to examine the expression form of
VWF in tumor cells and explore the interaction between tumor cell-
derived VWF and platelets. A variety of VWF-GPIb pathway blocking
antibodies were used to investigate the inhibition effects on platelets
adhesion, migration and invasion capacities of OS cells. These results
help to detect a new therapeutic target that can inhibit the metastasis of
OS.

2. Materials and methods
2.1. Patients and specimens

All paraffin-embedded specimens were obtained from 7 OS patients
(5 male and 2 female; mean age, 18 years; age range, 10-34 years)
undergoing surgery at the First Affiliated Hospital of Soochow
University between January 2010 to December 2019. None of the pa-
tients had received any preoperative treatment. All of these patients
had histologically-confirmed metastasis. The OS specimens were sub-
classified as primary OS (n = 7), invasive OS (n = 7), and lung me-
tastases (n = 7). These three types of specimens are collected at the
same time from three different regions of OS in the same patient.
Tumors that confined to the periosteum of the primary site is defined as
primary OS, while tumors breaking out to the periosteum and invading
the surrounding soft tissue is defined as invasive OS. Lung metastases
refer to lung metastasis of OS. All studies were approved by the ethics
committee of the First Affiliated Hospital of Soochow University in
Suzhou, China and the ethical standards of the 1964 Declaration of
Helsinki. All the patients all signed the informed consent.

2.2. Hematoxylin and eosin staining

Center of the specimens of primary OS (n = 7), invasive OS (n = 7),
and lung metastases (n = 7) were fixed in 4% paraformaldehyde (PFA)
and embedded in paraffin. One glass slide was prepared for each spe-
cimen for H&E staining. Placing the glass slides that hold the paraffin
sections in staining racks. Clearing the paraffin from the samples in
three changes of xylene for 2 min per change. Transferring the slides
through 100%, 95%, 70% ethanol for 2 min per change. Rinsing the
slides in running tap water at room temperature for at least 2 min.
Staining the samples in hematoxylin solution for 3 min. Placing the
slides under running tap water at room temperature for at least 5 min.
Staining the samples in working eosin Y solution for 2 min. Dipping the
slides in 95% ethanol about 20 times. Transferring to 95% ethanol for
2 min. Transferring through two changes of 100% ethanol for 2 min per
change. Clearing the samples in three changes of xylene for 2 min per
change. Placing a drop of Permount over the tissue on each slide and
add a coverslip. Viewing the slides using a microscope.

2.3. Immunohistochemistry

Center of the specimens of primary OS (n = 7), invasive OS (n = 7),
and lung metastases (n = 7) were fixed in 4% PFA and embedded in
paraffin. One glass slide was prepared for each specimen for im-
munohistochemistry analysis. Sections (4 um) were incubated with the
anti-VWF mouse anti-human monoclonal antibody (mAb) SZ34 (2 ug/
mL) overnight at 4 °C, then with multiuse secondary antibody (1:1000
dilution, Dako, UK). Staining was treated with an Envision + kit (MBX,
Fuzhou, China) for 30 min and automatically stained using a Discovery
XT Ventana autostainer following damasking procedures to retrieve
antigens. Five high-power (200 x ) fields were randomly selected for
each sample. The final staining score was determined by the VWF-po-
sitive tumor cell rate and categorized into four semi-quantitative
classes: — (0% positive cells), + (1-2% positive cells), + + (2-4%
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positive cells) and + + + (4-10% positive cells). The positivity was
evaluated in only tumor cells, and normal bone and ECs were not in-
cluded in this evaluation.

2.4. Cell lines and cell culture

The human OS cell line SAOS2 and MG63 and the human embryonic
kidney cell line HEK293 were purchased from Hengtong BioTECH
(Jinan, China) and cultured in McCoy’s 5A media (Procell, Wuhan,
China) and Dulbecco’s modified Eagle’s medium (DMEM, HyClone,
Logan, Utah, America) containing 10% fetal bovine serum (FBS) (Gibco,
Carlsbad, USA) at 37 °C in a humidified 5% CO2 incubator. Human
microvascular endothelial cells (HMEC-1) were obtained from the
Central Laboratory, Soochow University, China and maintained ac-
cording to the manufacturer’s protocol.

2.5. Western blot analysis

SA0S2, MG63, HMEC-1, HEK293 and human washed platelets were
lysed in SDS sample buffer (Beyotime Biotechnology, Shanghai, China)
and separated on a 6% sodium dodecyl sulfate (SDS)-polyacrylamide
gel followed by transfer to a nitrocellulose membrane (Amersham
Pharmacia Biotech AB). After blocking with 5% skim milk in 0.1% PBST
overnight at 4 °C, the membrane was incubated with the anti-VWF
mouse anti-human mAb SZ123 (3 ug/ml in PBS + 0.1% Tween 20) for
two hours at room temperature. The specifically bound primary mAb
was then detected with HRP-conjugated goat anti-mouse IgG
(Immunotech, Marseille, France) for an hour. After extensive washing,
proteins were visualized by enhanced chemiluminescence (ECL; Sigma-
Aldrich, St. Louis, MO, USA).

2.6. PMA stimulates SASO2 cells to express VWF

SAOS2 cells (1 x 10° cellsymL) were seeded into dishes
(35 x 10 mm, Corning, New York, NY, USA) and allowed to attach
overnight. 50 ng/ml phorbol 12-myristate 13-acetate (PMA, Alexis
Biochemicals, San Diego, CA) was incubated with the SAOS2 cells for
12 h, and then the cells were washed twice using phosphate-buffered
saline (PBS). Subsequently, cells were fixed with 4% PFA for 10 min to
fix the cells and punch holes in the cell membrane to make the antibody
easier to penetrate. Then the SAOS2 cells were labeled with Hoechst
33342 (Sigma-Aldrich, USA) and stained for VWF with fluorescein
isothiocyanate (FITC)-conjugated anti-VWF polyclonal antibody
(polyAb) according to the manufacturer’s protocol. After that, the
dishes were imaged using confocal laser endomicroscopy (CLE; LEICA
DC300, LEICA DMIRB, Wetzlar, Germany) imaging with the same
lighting exposure time of 90 s.

2.7. VWF multimer electrophoresis analysis

VWF multimers were separated by electrophoresis using 1.0%
agarose gel under reducing conditions. Sample buffer (0.5 M Tris-HCl
[pH 6.8], 0.5 M EDTA, 9 M Urea, 20%SDS) was used to dilute the
sample. Electrophoresis was under 4 °C at 90 V for 4 h, and was
transferred to the agarose gel support medium (Lonza, USA) overnight.
3% non-fat milk was used for blocking, and subsequently the agarose
gel support medium was incubated with HRP-rabbit anti-human (RAH)
VWEF IgG for 1.5 h at room temperature. Separate bands were visualized
by chemiluminescence to show various VWF multimeric form.

2.8. Flow cytometry studies

Cultured SAOS2 and MG63 cells were incubated with 50 ng/ml
PMA for 12 h and then washed twice using PBS. Subsequently, cells
(5 x 10° cells/mL) pretreated with or without PMA were collected by
trypsin-EDTA treatment and fixed with 4% PFA followed by staining
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with FITC-conjugated anti-VWF polyAb (2 pg/tube) for 30 min at room
temperature. After diluting 3-fold with PBS, samples were analyzed
with FACSCalibur (BD Biosciences, San Jose, CA, USA).

2.9. Preparation of washed human platelets

Blood was drawn from healthy volunteers, 1:7 mixed with acid-ci-
trate-dextrose (ACD), and then centrifuged at 150g for 20 min. Platelet-
rich plasma (PRP) was collected and centrifuged at 800 g for 10 min.
Following that, platelets were then washed three times in CGS buffer
(14.7 mM trisodium citrate, 33.33 mM glucose and 123.2 mM NaCl, pH
7) and supplemented with CaCl,/MgCl, buffer prior to experimenta-
tion.

2.10. Platelet adhesion to SAOS2 cells under static conditions

SAOS2 cells (1 x 10° cells/mL) were seeded into dishes and treated
with PMA as described above. After washing twice using PBS, VWF was
stained with SZ34 (anti-VWF mADb) labeled with Alexa Fluor 555 for
1 h. Then, cells were preincubated with or without mouse-IgG, the anti-
VWF mAbs SZ123 (mAb targeting the A3 domain of VWF) and AVW3
(mAb targeting the Al domain of VWF) (GTI, Brookfield, WI, USA)
(10 pg/ml for 15 min at 37 °C. Washed platelets were preincubated
with or without mouse-IgG and the anti-GPIba mAb SZ2 (mAb tar-
geting the platelet GPIb) (10 pg/mL). After that, one hundred micro-
liters of the washed platelets (1 X 107 platelets/mL) stained with
Calcein-AM (1:1,000 L/L, Dojindo, Japan) were added to the dishes and
cocultured with the SAOS2 cells under static conditions for 30 min. The
platelets were washed twice using PBS to remove the non-adherent
platelets. Then, the SAOS2 cells were labeled with Hoechst 33,342 as
described above. CLE imaging was carried out with an excitation wa-
velength of 488 nm and an emission wavelength of 505-585 nm. The
area covered by the platelets was measured and calculated by an image
analysis system (SigmaScan Pro4.0; Jandel Scientific, San Rafael, CA,
USA). Platelet adhesion was recorded as the percentage of the surface
covered by the platelets in five separate microscopic fields at
100 x magnification and expressed as the mean + SD (n = 3).

2.11. Platelet adhesion to SAOS2 cells under shear flow conditions

SAOS2 cells (2.5 x 10° cells/mL) were seeded onto microscope
slides (Sigma-Aldrich, USA) at 37 °C and allowed to attach overnight.
After pretreating with PMA as described above, the SAOS2 cells were
preincubated with mouse-IgG followed by the anti-VWF mAbs SZ123
and AVW3 (GTI, Brookfield, WI, USA) (50 pg/ml) for 15 min at 37 °C.
Whole blood (low-molecular-weight heparin was used as an antic-
oagulant, 40 U mL™?) stained with Calcein-AM (1:1,000, L/L) was
preincubated with mouse-IgG and the anti-GPIba mAb SZ2 (50 pg/ml).
Perfusions were carried out under a shear rate of 1,000 s~ ! in a par-
allel-plate flow chamber (GlycoTech, Maryland, USA). During the per-
fusion, the platelets adhered on the cell-coated surface were evaluated
with a light microscope (LEICA DC300, LEICA DMIRB, Wetzlar,
Germany) at 2, 5, 10 and 15 min. The adherent platelets were quanti-
fied as described above.

2.12. Tumor cell migration and invasion assay

SAOS2 and MG63 cells (2.5 x 10° cells/mL) pretreated with PMA
were resuspended in McCoy’s 5A medium and DMEM without FBS.
Cells were preincubated with or without SZ123 and AVW3 (10 ug/mL)
and platelets were preincubated with or without SZ2 (10 pg/mL). Then,
the cells alone or a 1:1 mixture of the cells with platelets (5 X 10°
platelets/mL) were added to the upper compartment of 24-well
Transwell culture dishes (Costar Corporation, Cambridge, MA).
Subsequently, 500 pL. medium were added to the lower chamber. The
chamber was put into the carbon dioxide incubator and cultured for
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12 h. The next day, the cells were washed twice using PBS, fixed with
4% PFA and then stained with 5-(6)-carboxyfluorescein succinimidyl
ester (CFSE, 1:1,000, Dojindo). The nontransmigrated cells in the upper
compartment were removed, and only the transmigrated cells on the
lower side of the filter or the bottom of the Transwell were imaged
(Zeiss Axio Observer.Z1 and Olympus IX81) and quantified.

The invasion assay was based on the Transwell cell migration assay.
A total of 100 pL Matrigel (BD Biosciences, diluted with the appropriate
serum-free medium at a ratio of 1:6) was added to the upper mem-
branes. All assays were performed in triplicate.

2.13. Statistical analyses

Statistical analysis was performed using SPSS 19.0 statistical soft-
ware (SPSS, Chicago, IL, USA). Data were given as the mean *+ SD, and
statistical analyses were performed with Student’s t test (paired) or one-
way ANOVA followed by Fisher’s test. Statistically significant changes
(p < 0.05) between groups are marked by asterisks (*).

3. Results
3.1. Expression of VWF in human OS tissue specimens

We first used hematoxylin and eosin (H&E) and im-
munohistochemistry to investigate VWF protein levels in 21 OS speci-
mens of 7 OS patients. Inmunohistochemical analysis showed that the
expression level of VWF was significantly higher in the metastatic than
in the non-metastatic OS samples (Table 1, Fig. 1A, B and C). Moreover,
rates of VWF-positive tumor cell were higher in the invasive and lung
metastatic (5.22% and 5.38%, respectively) than in the primary
(1.38%) OS samples (Fig. 1D, ***P < 0.001).

3.2. PMA can stimulate SAOS2 cells to secrete and release VWF

VWF expression was detected in SAOS2 cells, HMEC-1 cells and
platelet lysates (positive control) but not in HEK293 cells or MG63 cells
by Western blotting (Fig. 2A). The intensity of the immunofluorescence
staining for VWF expression in SAOS2 cells treated with PMA (50 ng/
ml, 12 h) was much stronger than that in untreated cells (Fig. 2B).
Western blotting performed for the immunofluorescence staining also
showed similar results of SAOS2 cells while there was no significant
difference in the levels of VWF expression between the negative control
MG63 cells treated with or without PMA (50 ng/ml, 12 h) (Fig. 2C). In
addition, flow cytometric analysis also indicated that the levels of VWF
expressed on the cell membrane in SAOS2 cells treated with PMA were
significantly higher than those in the untreated cells while the negative
control MG63 cells not (Fig. 2D). In SAOS2 cells, VWF is more likely to
be present in the form of medium molecular weight polymers, whereas
VWF polymers of ultra molecular weights are expressed in HMEC-1
(Fig. 2E).

3.3. Overexpressed VWF promotes adhesion of SAOS2 cells to platelets
through the VWF-GPIb pathway

The levels of VWF on the cell membrane in the cells treated with
PMA were significantly higher than those in the untreated cells (Fig. 3A
and B, ***P < 0.001). The SAOS2 cells treated with PMA exhibited a
significantly higher platelet adhesion capacity than the cells not treated
with PMA. When the AVW3 (mAb targeting the A1 domain of VWF) and
SZ123 (mAb targeting the A3 domain of VWF) and the SZ2 (mAb tar-
geting the platelet GPIb) were added to the culture to block the inter-
action between VWF and platelets, we found that there were significant
reductions in the platelet adhesiveness of the SAOS2 cells treated with
AVW3 and the platelets treated with SZ2 (Fig. 3A and C,
***p < 0.001).

To explore the adhesion ability of SAOS2 cells under physiological
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Table 1
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Clinical features of human tissue specimens employed for the evaluation of VWF expression.

Case No. Gender Age(years) Position Primary tumor site Maximum primary tumor size, cm* Lung involvement No. of lung nodules VWF
1 M 19 Femur 5.9 Right lung only 1
Primary OS +
Invasive OS ++
Lung metastases ++
2 M 14 Below knee 12.3 Both lungs 5
Primary OS +
Invasive OS ++
Lung metastases +++
3 F 34 Pelvis 8.2 Right lung only 1
Primary OS ++
Invasive OS ++
Lung metastases ++
4 F 10 Below knee 13.4 Left lung only 3
Primary OS +
Invasive OS +++
Lung metastases ++
5 M 13 Femur 9.6 Both lungs 3
Primary OS +
Invasive OS +
Lung metastases ++
6 M 16 Humerus 10.6 Both lungs 2
Primary OS ++
Invasive OS +++
Lung metastases +++
7 M 21 Femur 10.5 Left lung only 2
Primary OS +
Invasive OS ++
Lung metastases ++

conditions, a laminar shear flow chamber was used to allow platelet
flow over the surface of SAOS2 cells. In these analyses, the SAOS2 cells
were either untreated or treated with PMA and pretreated with mAbs,
SZ123 or AVW3. Under shear stress, the SAOS2 cells treated with PMA
formed clumps (cell-platelet hetero-aggregates) that were larger in size
and number than those formed by the cells not treated with PMA. The
mAbs SZ2 and AVW3 could inhibit platelet adhesion to SAOS2 cells
under the shear flow conditions (Fig. 4, ***P < 0.001). Interestingly,
S§Z123 also had the same effect as SZ2 and AVW3 under the shear flow
conditions, which was different from its effect under the static condi-
tions.

3.4. VWF-platelet interaction promotes transmigration and invasion
capacities of SAOS2 cells through the VWF-GPIb pathway

We next performed transwell migration and invasion assays and
using antibodies that block the VWF-GPIb pathway to gain insight into
how VWE-platelet interaction contributes to the metastasis of OS. For
the transwell migration assay, the number of transmigrated SAOS2 cells
pretreated with PMA and co-cultured with platelets was significantly
higher than without platelets. Furthermore, we found that the number
of transmigrated SAOS2 cells was significantly decreased when the cells
were pretreated with AVW3 or the platelets were pretreated with SZ2,
whereas SZ123 did not have the same effect. As a control, there was no
significant difference in the amount of transmigrated MG63 cells be-
tween those co-cultured with and without platelets (Fig. 5A and C,
**p < 0.01, ***P < 0.001). Consistent with migration assay, the
results of the invasion assay also showed that the capacity of SAOS2
cells that penetrate the matrigel could be enhanced when co-cultured
with platelets and inhibited by mAbs AVW3 and SZ2 in con-
trast of results of MG63 cells (Fig. 5B and D, ***P < 0.001).

4. Discussion

OS, which is a highly metastatic cancer, is the most common ma-
lignant bone tumor, and pulmonary metastasis is the most common
cause of death in OS patients [14,15]. With the improvement of medical
technology in recent years, the long-term survival of patients with
nonmetastatic OS has significantly improved, and the 5-year survival
rate has exceeded 70%. However, once OS metastasizes, the 5-year
survival rate is only approximately 20% [16]. Thus, the development of
efficient approaches to discover potential compounds that target the
metastasis of OS remains a topic of considerable interest [17-20].

VWEF has been reported to be expressed in OS cells in recent studies.
Consistent with the analyses that revealed an increase in VWF gene
expression in OS metastases [6], our immunohistochemistry results first
directly showed that the expression level of VWF was significantly
higher in lung metastatic and invasive than in the non-metastatic OS
cells in pathological specimens. Thus, it was clearly confirmed that the
OS cell-derived VWF could increase during tumor progression and
contribute to the metastasis of OS. In order to further investigate its role
in cancer metastasis, we next studied its expression form in OS cells.
Our results demonstrated that it was mainly expressed as low molecular
weight multimer in OS cell line SAOS2, in contrast to ultralarge weight
multimer of VWF (UL-VWEF) in ECs. Based on these results, it was hy-
pothesized that the OS cell-derived VWF could be synthesized and se-
creted faster under inflammatory factor-stimulated conditions.

In the process of tumor metastasis, cancer cells need to adjust to
various changes in pericellular environment. These changes include the
secretion of multiple adhesion molecules [21]. As a powerful in-
flammatory factor, PMA can play a significant role in promoting dif-
ferentiation [22] and has been reported to induce the release of Weibel-
Palade body (WPB)-stored VWF in Ecs. Based on these studies, our
experiment used 50 pg/ml PMA to stimulate SAOS2 cells for 12 h. After
treatment, the VWF expression in the cell membrane was increased
significantly and the overexpressed VWF OS cell model was successfully
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Fig. 1. VWF was more highly expressed in metastatic compared to primary tumor specimens. (A) Low expression of VWF in primary osteosarcoma (n = 7); (B) high
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Q. Wang, et al. Journal of Bone Oncology 25 (2020) 100325

N SAOS2

10° 10" 102 10°
Fluorescence intensity

B PMA- PMA+ MG63

Merge

0° 10" 102 10°
Fluorescence intensity

Hoechst

—; - —— — B-actin
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were used as positive controls. HEK293 was used as a negative control; (B) immunofluorescence staining detected VWF expression level in SAOS2 cells treated with
or without PMA. Hoechst 33342 staining (blue) marked the nucleus. VWF (green) was stained with FITC-conjugated anti-VWF polyAb; (C) SAOS2 and MG63 cell
treated with or without PMA were used in immunoblotting assay; (D) flow cytometric analyses of VWF expressed on the surface of SAOS2 cells treated with or
without PMA, MG63 was used as a negative control; (E) VWF multimeric structure in SAOS2 and HMEC-1 cells treated with or without PMA, human plasma and
MG63 cells was analyzed by agarose gel electrophoresis. Separate bands were visualized by chemiluminescence to show various sizes of VWF molecular. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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potentially induce the secretion, and released VWF may associate with
the cell membrane.
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Fig. 4. Inhibition effect of VWF-GPIb
pathway blocking antibodies in platelets
adhesion assay under shear stress. (A) the
microscopic images of heparinized whole
blood stained with Calcein-AM (green)
perfused over SAOS2 cells at a constant
high shear rate of 1000/s for 15 min in
PMA-/NS, PMA+/Mouse IgG, PMA+/
SZ123, PMA+/SZ2 and PMA+/AVW3.
***p < 0.001; (B)-(E) quantification of
surface covered by adherent platelets to
SAOS2 cells in PMA-/NS, PMA + /Mouse
1gG, PMA+/SZ123, PMA+/SZ2 and
PMA+/AVW3 at 2, 5, 10 and 15 min.
***pP < 0.001. Mean * SD is shown for
three separate experiments. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

It has been well established that platelets bound to tumor cells may

protect the tumor cells from immune surveillance and promote the
adhesion of the tumor cells to leukocytes and the endothelium, thereby
enhancing both extravasation from the vasculature and distant
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Fig. 5. Inhibition effect of VWF-GPIb pathway blocking antibodies in transmigration and invasion capacity of SAOS2 cells treated with PMA. (A) the microscopic
images of SAOS2 and MG63 (negative control) cells treated with PMA and stained with CFSE (green) that transmigrated through the membrane barrier in Cell,
Cell + PLT, Cell + PLT + SZ123, Cell + PLT + SZ2 and Cell + PLT + AVW3; (B) the microscopic images of SAOS2 and MG63 (negative control) cells treated with
PMA and stained with CFSE (green) that invaded through the matrigel membrane barrier in Cell, Cell + PLT, Cell + PLT + SZ123, Cell + PLT + SZ2 and
Cell + PLT + AVWS3; (C, D) quantification of transmigrated and invaded cells. Mean = SD is shown for three separate experiments. **P < 0.01, ***P < 0.001.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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metastasis [23-26]. Platelet-mediated primary hemostasis has also been
demonstrated to be required for hematogenous metastasis in a variety
of experimental models [27,28]. Regarding the role of VWF in cancer
metastasis, we hypothesized that the increasement of VWF expression
in OS cells may contribute to the enhancement of platelet adhesion
through the VWF-GPIb pathway, thus promoting the metastasis of OS.
Our experimental results showed that platelets could adhere to SAOS2
cells through the VWF expressed on the cell membrane. Furthermore,
this process could be significantly inhibited by the addition of SZ2, a
monoclonal antibody against platelet GPIb [29], as well as AVW3, an
antibody targeting the A1 domain of VWF [30] under both static and
shear stress conditions. These results demonstrated that platelet adhe-
sion to SAOS2 cells is mediated by the binding between VWF A1l and
GPIba of platelets, a molecular mechanism similar to that of throm-
bosis. Interestingly, the antibody SZ123, which targets the VWF A3
domain [31], could not inhibit the adhesion between platelets and
SAOS2 cells under static condition, but showed an obvious inhibitory
effect under shear stress condition. VWF can bind to exposed sub-
endothelium collagen matrix through its A3 domain and to the platelet
receptor GPIba through the A1 domain under shear stress condition in
vivo. Based on our results, we hypothesized that the collagen binding
site of the A3 domain is not open under static condition, thus the an-
tibody could not play an inhibitory effect. However, under shear stress
condition, the A3 domain could be exposed and the binding of SZ123 to
the A3 domain may mask the binding site of VWF Al to GPIba, thereby
inhibiting the VWF-platelet interaction indirectly. Subsequently, our
results demonstrated that SAOS2 cell-platelet aggregates further en-
hanced the migration and invasion capacities of tumor cells. Antibodies
that block the VWF-GPIb pathway also decreased numbers of SAOS2
cells that migrated and invaded to the lower layers. Incon-
trast of results of the negative control MG63 cells, we hypothesized that
due to the collagen-VWF-GPIb axis interaction may play a role in OS
metastasis, the differences between collagen and VWF expressed in the
two OS cell lines may result in their different behaviors in the analyses.
Studies have shown that the expression of various types of collagen is
increased during OS metastasis [10,11]. In an in vitro cell model, dif-
ferent OS cells secreted different types of collagen. Type I collagens, are
more abundant in SAOS2 cells, while Type II and type III collagens
show higher expression level in other type OS cells [12]. This feature of
SAOS2 cells may be due to the fact they are mature OS cells [13].
Combined with our results, it was hypothesized that the high expression
of Type I collagen and VWF in SAOS2 cells may be the reason for their
different behaviors.

In summary, our study demonstrates that the SAOS2 cell-derived
VWF promotes platelet-induced metastasis of OS cells through activa-
tion of the VWF-GPIb axis in vitro. Our results indicate that targeting
the pathway may be an effective antitumor metastasis strategy and
further enrich the mechanism of OS metastasis. However, until now it is
difficult for the pathway to be applied to the clinical treatment because
so far there is no research to deeply explore the difference between
VWF expressed in OS cells and VWF derived from Ecs and platelets.
Therefore, targeting OS cell-derived VWF is the key points and diffi-
culties for the pathway applied to the clinical treatment in the future.
Furthermore, animal model experiment and downstream molecular
mechanism of this pathway in platelet-induced metastasis of OS are
needed for the subsequent study.
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