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Abstract
Background: Breast cancer results in a three- to four-fold increased risk of venous 
thromboembolism (VTE), which is associated with reduced patient survival. Despite 
this, the mechanisms underpinning breast cancer-associated thrombosis remain 
poorly defined. Tumor cells can trigger endothelial cell (EC) activation resulting in in-
creased von Willebrand factor (VWF) secretion. Importantly, elevated plasma VWF 
levels constitute an independent biomarker for VTE risk. Moreover, in a model of 
melanoma, treatment with low molecular weight heparin (LMWH) negatively regu-
lated VWF secretion and attenuated tumor metastasis.
Objective: To investigate the role of VWF in breast cancer metastasis and examine 
the effect of LMWH in modulating EC activation and breast tumor transmigration.
Methods: von Willebrand factor levels were measured by ELISA. Primary ECs were 
used to assess tumor-induced activation, angiogenesis, tumor adhesion, and transen-
dothelial migration.
Results and Conclusion: Patients with metastatic breast cancer have markedly ele-
vated plasma VWF:Ag levels that also correlate with poorer survival. MDA-MB-231 
and MCF-7 breast cancer cells induce secretion of VWF, angiopoietin-2, and osteo-
protegerin from ECs, which is further enhanced by the presence of platelets. Vascular 
endothelial growth factor-A (VEGF-A) plays an important role in modulating breast 
cancer-induced VWF release. Moreover, VEGF-A from breast tumor cells also contrib-
utes to a pro-angiogenic effect on ECs. VWF multimers secreted from ECs, in response 
to tumor-VEGF-A, mediate adhesion of breast tumor cells along the endothelium. 
LMWH inhibits VWF-breast tumor adhesion and transendothelial migration. Our 
findings highlight the significant crosstalk between tumor cells and the endothelium 
including increased VWF secretion which may contribute to tumor metastasis.
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1  |  INTRODUC TION

Breast cancer is associated with a three- to four-fold increased risk 
of venous thromboembolism (VTE).1,2 This VTE risk increases fur-
ther in patients with metastatic breast cancer and in those receiv-
ing chemotherapy, with thrombosis rates of up to 17.5% reported in 
some studies.3,4 Although the relative risk of VTE in breast cancer is 
lower than with some other tumors (e.g., pancreatic cancer), the high 
prevalence of breast cancer means that it is actually the common-
est malignancy associated with thrombosis.5 Importantly, cancer-
associated thrombosis is associated with significant morbidity and 
mortality.6 For example, cancer patients diagnosed with VTE had a 
three-fold reduction in 1-year survival rate (12% vs. 36%; p < .001) 
compared with cancer patients without VTE.7 Similarly, multivariate 
analysis has demonstrated that VTE is associated with reduced sur-
vival in breast cancer patients (hazard ratio 2.3; 95% confidence in-
terval, 2.1–2.6).3 However, the biological mechanisms underpinning 
breast cancer-associated thrombosis remain poorly defined.

von Willebrand factor (VWF) is a large multimeric plasma gly-
coprotein that plays important roles in normal hemostasis. Under 
normal conditions, in vivo biosynthesis of VWF is limited to endothe-
lial cells (ECs) and megakaryocytes only.8 VWF synthesized within 
megakaryocytes is stored within the alpha-granules of platelets. 
Consequently, plasma VWF is predominantly derived from EC secre-
tion. Beyond its importance in coagulation, recent studies have iden-
tified additional novel roles for VWF in regulating inflammation and 
angiogenesis.9,10 Furthermore, accumulating evidence suggests that 
VWF also impacts cancer cell metastasis.11 Significantly elevated 
plasma VWF antigen (VWF:Ag) levels have been reported in various 
cancer types, including glioblastoma, colorectal, lung, and gastric 
cancer.11 Interestingly, significantly higher VWF:Ag levels have been 
reported in the presence of metastatic disease and have been shown 
to correlate with reduced survival. Elevated plasma VWF:Ag levels 
have also been shown to constitute an independent biomarker for 
VTE risk in breast cancer patients.12,13

The EC wall serves as both the entry and exit point for metastasiz-
ing tumor cells. Disseminating cancer cells secrete factors that directly 
induce EC activation, leading to upregulated expression of specific 
adhesion receptors (including P-selectin, ICAM-1, and β2 integrins) 
and enhanced vessel permeability.14–18 In keeping with this concept, 
Bauer et al. recently reported that malignant melanoma cells directly 
trigger EC activation in vitro and in vivo. This EC activation not only 
resulted in increased VWF secretion, but also in the accumulation of 
VWF ultra-large multimer (UL-VWF) strings along the EC vessel wall.19 
These UL-VWF multimer strings bound to platelets and induced ag-
gregation, thus contributing to local microvascular occlusion in vivo. 
A significant positive correlation was observed between metastatic 
burden and local VWF secretion of tumor-bearing mice.16 This finding 

is consistent with other studies that have shown that VWF secreted 
from activated ECs can facilitate adhesion of a variety of tumor cells 
(including melanoma and colon carcinoma) under shear stress condi-
tions.20–22 Based on these data, the authors proposed that (1) VWF 
is important in the pathogenesis of melanoma-induced VTE and (2) 
melanoma cells trigger EC activation with VWF secretion, which in 
turn facilitates melanoma metastasis.16 Treatment with low molecu-
lar weight heparin (LMWH) ablated the melanoma-induced upregula-
tion in VWF secretion, reduced platelet aggregation, and attenuated 
tumor metastasis in this murine melanoma model.16 These findings are 
consistent with other studies that have reported antimetastatic prop-
erties for LMWH in animal models of pancreatic, colon, and breast 
cancer, respectively.23–25 LMWH has also been reported to reduce 
breast cancer metastasis in a murine model.25 Critically, however, the 
pathobiology underlying tumor cell–EC interactions and the down-
stream effects including EC activation remain poorly understood. In 
particular, the roles played by secreted UL-VWF multimers in enabling 
tumor tethering and extravasation have yet to be defined. In this 
study, we have investigated the specific roles of VWF and LMWH in 
modulating breast cancer metastasis.

2  |  MATERIAL S AND METHODS

Detailed methodology is available in Appendix S1.

2.1  |  Patient cohort

Plasma samples were obtained from patients with metastatic breast 
cancer via a prospective cohort of patients (n  =  44) recruited at 
The Christie NHS Foundation Trust Hospital (Manchester, UK) be-
tween February 2013 and June 2015 as part of the TuFClot (Tumor 
Fragments and Clotting) study.26 All had either a new diagnosis of 
metastatic disease or new evidence of clinical or radiological disease 

Essentials

•	 Breast cancer cells trigger secretion of VWF through 
VEGF-A-mediated endothelial cell activation.

•	 Breast cancer induced VWF secretion is enhanced in the 
presence of platelets.

•	 LMWH ablates adhesion of circulating breast cancer 
cells to endothelial VWF under shear stress.

•	 Increased vascular permeability and tumor transen-
dothelial migration is attenuated by LMWH.
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progression. Healthy control plasma samples were obtained from 
gender-matched patients attending with benign disease as part of 
the CHAMPion (Cancer-induced Hypercoagulability As a Marker 
of Prognosis) Study,27 as well as established historical control sam-
ples (median age 50 years; range 45–69 years; n  =  11).28 Use of 
patient materials was approved by UK National Research Ethics 
Service Committee North West-Greater Manchester Central Ethics 
Committee.

2.2  |  Cell lines

A number of human breast cancer cell lines were included in this 
study; mesenchymal-like, highly metastatic triple-negative MDA-
MB-231, epithelial-like, low metastatic hormone receptor-positive 
MCF-7, invasive lobular-type MM-134-VI (MDA-MD-134-VI), non-
tumorigenic cell MCF-10A, and control primary mammary epithe-
lial cells (HMEC). All cells were obtained from the American Type 
Culture Collection and tested negative for Mycoplasma throughout 
study duration. Specific details on the culture conditions are pro-
vided in Appendix S1. Pooled primary human umbilical vein en-
dothelial cells (HUVEC) were purchased from PromoCell Germany 
and cultured in endothelial cell growth medium (PromoCell) supple-
mented with growth media kit (PromoCell), 18% fetal bovine serum, 
and 1% penicillin–streptomycin. HUVECs were maintained at 37°C, 
5% CO2. HUVECs were used a maximum of four passages.

2.3  |  Platelet preparation

Blood was drawn into sodium citrate tubes (Sarstedt) and centri-
fuged at 170g for 10 min at room temperature to obtain platelet-rich 
plasma. Platelet-rich plasma was supplemented with prostaglandin 
E1 (1 μM; Sigma Aldrich) and centrifuged at 900g for 5 min. The plate-
let pellet was resuspended in wash buffer (10 mM sodium citrate, 1% 
w/v dextrose, 150 mM NaCl, pH 7.4). Subsequently, platelets were 
centrifuged for 5 min at 720g, supernatant was removed, and the 
platelet pellet was resuspended in Tyrode's buffer (134 mM NaCl, 
12 mM NaHCO3, 2.9 mM KCl, 0.34 mM Na2HPO4, 1 mM MgCl2, 
10 mM HEPES, pH 7.4) containing 5 mM dextrose and 0.5 U/ml apy-
rase. Platelets were recalcified to 1.8 mM CaCl2 after 15–30 min.

2.4  |  Generation of breast cancer cell-derived 
supernatants

To generate supernatants, 5 × 105 breast cells were grown to con-
fluence in T75 cm2 flasks for 48 h. After aspiration of the culture 
medium, the cells were rinsed twice with HEPES-buffered Ringer's 
solution (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM 
glucose, and 10 mM HEPES) and incubated in 7  ml of OptiMEM 
(Gibco) with or without LMWH Tinzaparin (100 IU/ml) at 37°C and 
5% CO2. After 16 h of incubation, the supernatants were collected, 

centrifuged to remove cellular debris, and stored at −20°C until fur-
ther use. For conditions with platelets, platelets (2 × 108/ml) were 
co-cultured with breast cancer cells (3 × 106/ml) for 16 h in OptiMEM 
with or without LMWH Tinzaparin (100 IU/ml), platelets alone were 
seeded as a control. Supernatant from co-culture was collected, cen-
trifuged to remove cellular debris, and stored at −20°C until used.

2.5  |  Endothelial cell stimulation

HUVECs were grown on gelatin-coated standard 12-well culture 
plates. At confluency, culture medium was removed, and cells were 
rinsed twice with prewarmed HEPES-buffered Ringer's solution. 
Subsequently, different stimuli were applied: breast cancer cell su-
pernatants, breast cancer-platelet co-culture supernatant, recombi-
nant human vascular endothelial growth factor-A (VEGF165; 10 ng/
ml, Peprotech) or phorbol 12-myristate 13-acetate (PMA) (100 nM; 
Sigma-Aldrich). Where indicated, the VEGF-A neutralizing antibody 
bevacizumab (100 ng/ml; R&D Systems) was incubated with the 
cells. Prewarmed serum free medium (OptiMEM) served as control. 
The supernatants of endothelial cells were collected after 15, 30, 
and 60 min of incubation at 37°C, centrifuged at 300g for 5 min to 
remove cell debris, and kept at −20°C for VWF ELISA.

2.6  |  ELISAs

VWF was measured as previous.29 Briefly, the release of endothe-
lial VWF was measured by a sandwich ELISA technique using a 
polyclonal rabbit anti-VWF antibody (Dako) and a polyclonal rabbit 
horseradish peroxidase-labeled anti-human VWF antibody (Dako). 
A standard curve was generated using standard human reference 
plasma (Behring) with a defined VWF content. VWF secretion was 
normalized as a percentage of control untreated HUVECs across 
the same time course for consistency. The absolute normal range 
of VWF release in our assays is typically in the 40 to 100 ng/ml 
range depending on stimulus used. Plasma VWF:Ag levels in our pa-
tients cohort were quantified as previously30 and expressed as IU/
dl. VWF propeptide (VWFpp) was measured by ELISA using CLB-
Pro 35 and CLB-Pro 14.3-horseradish peroxidase monoclonal anti-
bodies (Sanquin), as previously described29 and expressed as U/ml. 
VEGF-A, angiopoietin (Ang 2), osteoprotegerin (OPG), and TGF-β1 
levels were assessed using VEGF, Human Angiopoietin-2,Human 
Osteoprotegerin/TNFRSF11B and Human transforming growth 
factor- β1 (TGF-β1) Duoset ELISA kits (R&D Systems) respectively 
according to the manufacturer's instructions. Data were analyzed by 
generating a four-parametric logistic curve-fit on GraphPad Prism.

2.7  |  Endothelial tube formation assay

In vitro endothelial cell tube formation assay was performed using 
Ibidi μ-slides (IBIDI GmbH). Briefly, 3 × 105 HUVECs were suspended 
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in 1  ml of OptiMEM serum free medium (Gibco). Stimulants were 
supplemented with or without LMWH tinzaparin (100  IU/ml) or 
bevacizumab (100 ng/ml). Cell suspension (50 μl) was applied to the 
growth factor reduced matrigel (R&D Systems) coated well of each 
μ-Slide and incubated in a humidified chamber at 37°C for 8 h. Tube 
formation was assessed using an Andor iXon3 888 emCCD camera 
on a Zeiss Axiovert 200 microscope using Metamorph v7.8.2 soft-
ware. The total tube length was quantified using Angiogenesis ana-
lyzer on ImageJ.31

2.8  |  Data presentation and statistical analysis

Experimental data were analyzed with GraphPad Prism version 9.0 
(GraphPad Software). Data were expressed as mean values ± stand-
ard error of the mean. Data were analyzed with Student's unpaired 
two-tailed t- test, and p values <.05 were considered to be signifi-
cant. For multiple comparisons, data were analyzed by one-way 
anova followed by Bonferroni adjustment t- test and p values <.05 
were considered to be significant. Non-normally distributed quanti-
tative data were compared using the Mann–Whitney U test and the 
Spearman correlation coefficient where appropriate with p values 
<.05 considered to be significant.

3  |  RESULTS

3.1  |  Breast cancer cells promote VWF secretion 
from endothelial cells through platelet-dependent and 
platelet-independent pathways

Given reports of elevated plasma VWF:Ag levels in various can-
cer types, we assessed VWF plasma levels in patients with breast 
cancer (n = 44). The median age of the female patient cohort was 
60 years (range 36–82 years). All patients had evidence of metas-
tasis to liver, bone, lungs, or brain. Moreover, 77.5% of the cohort 
had breast cancer metastasis at multiple sites. The clinicopatho-
logical data is supplied in Table  S1. Patients with breast cancer 
had markedly elevated VWF:Ag levels compared to healthy con-
trols (217 ± 13  IU/dl vs. 89.1 ± 8.8 IU/dl, p < .0001) (Figure  1A). 
Two-year follow-up data demonstrated a significant inverse cor-
relation between VWF:Ag levels and overall survival (r  =  −.47, 
p = .01) (Figure 1B).

We observed that plasma VWFpp levels were also markedly ele-
vated in metastatic breast cancer (1.45 ± 0.1 U/ml vs. 0.98 ± 0.1 U/ml, 
p < .01, Figure 1C). VWFpp is a surrogate marker for acute endothe-
lial cell activation.28 Previous studies have reported VWFpp levels 
to correlate with risk of venous thrombosis within the general pop-
ulation32 and reinforces the concept that high VWF levels observed 
in breast cancer patients are largely mediated by increased VWF 
secretion from the endothelium. Given the marked increases in both 
VWF:Ag and VWFpp plasma levels, we next investigated whether 
EC activation in breast cancer patients may also be associated with 

increased secretion of other proteins stored within Weibel Palade 
bodies (WPB). Plasma osteoprotegerin (OPG) levels are significantly 
increased in patients with metastatic breast cancer (2062 ± 140 pg/
ml vs. 1214 ± 89 pg/ml, p < .005, Figure 1D). Importantly in the con-
text of cancer, OPG has been shown to directly trigger upregulation 
in endothelial adhesion receptors including ICAM-1 and E-selectin 
and to have direct effects on VWF function by modulating plate-
let recruitment to VWF multimers.33,34 Consistent with the concept 
that metastatic breast cancer is associated with acute EC activation, 
we observed significant correlations between plasma levels of all the 
WPB cargo proteins (VWF:Ag, VWFpp, and OPG) in our patient co-
hort (Figure S1A,B).

To investigate how breast cancer causes increased plasma VWF 
levels, we next examined whether human breast cancer cells could 
trigger WPB exocytosis and VWF secretion in vitro. Incubation of 
HUVECs with supernatant from MDA-MB-231 breast cancer cells 
induced a significant increase in VWF secretion compared with 
unstimulated control HUVECs (228 ± 21% vs. 100 ± 10%, p < .05) 
(Figure 1E). Similarly, treatment with supernatant from MCF-7 breast 
cancer cells also resulted in increased VWF secretion, although 
levels were lower than those seen with MDA-MB-231 (129 ± 11%, 
p < .05) (Figure  1E). In contrast, incubation with supernatant from 
MM-134-VI breast cancer cells and nontumorigenic breast cells 
(HMECs and MCF-10A) had no significant effect on VWF secretion 
(Figure 1E).

Breast cancer cells have previously been shown to activate 
platelets leading to secretion of a variety of factors that promote 
metastasis (including cytokines, growth factors, and matrix metallo-
proteases).35–37 Consequently, we next investigated whether super-
natants from breast tumor cells incubated with platelets impacted 
endothelial VWF secretion. Supernatants were isolated from breast 
tumor cells co-cultured with washed human platelets. These tumor-
platelet supernatants were subsequently used to stimulate HUVEC 
and VWF release quantified. Importantly, baseline levels of VWF 
were measured in tumor-platelets supernatants before incubation 
with HUVEC to exclude contribute of platelet-derived VWF in the 
assay. Moreover, supernatant from washing platelets alone did not 
significantly stimulate VWF secretion from HUVEC. Interestingly, 
co-culture of platelets with MDA-MB-231 and MCF-7 cells markedly 
increased the ability of breast tumor cells to induce EC activation, 
with four- and five-fold increased VWF levels observed, respec-
tively, compared with unstimulated HUVECs or HUVECs exposed 
to human platelets alone (Figure 1F). In further support for tumor-
induced EC activation, increased secretion of both OPG and angio-
poietin-2 (Ang-2) were also observed following treatment of HUVEC 
with supernatant from co-cultures of platelets with MDA-MB-231 
or MCF-7 cells (Figure  S1C–F). Immunofluorescent staining under 
static conditions demonstrated UL-VWF multimer strings on the EC 
surface following treatment with supernatant derived from MDA-
MB-231 or MCF-7 tumor-platelet co-cultures that were similar to 
PMA control-treated HUVECs (Figure 1G). In contrast, no such mul-
timer strings were observed on the surface of untreated HUVECs, 
or HUVECs incubated with platelet supernatant alone under static 
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conditions (Figure 1G). Similarly, perfusion of tumor cell supernatant 
from MDA-MB-231 cells or supernatant from platelet co-culture 
with MDA-MB-231 and MCF-7 cells across coated HUVEC cells 
under conditions of venous shear stress revealed significant VWF 
multimer accumulation along the endothelium (Figure 1H). In keep-
ing with our previous findings, no VWF multimers were observed in 
HUVEC perfused with supernatant from MCF-7 cells. Collectively, 
these data demonstrate that specific types of breast cancer cells 
trigger acute EC activation under both static and shear stress con-
ditions and thereby enhanced VWF secretion, as well as the release 
of other WPB constituents including OPG and Ang-2. Moreover, this 
increase in VWF secretion is further increased in the presence of 
tumor-induced platelet releasate.

3.2  |  VEGF-A plays a key role in modulating breast 
cancer-induced VWF secretion

VEGF-A is a potent EC activator expressed by a variety of tumor cells 
(including melanoma, urothelial bladder carcinoma, breast and ovar-
ian cancer).14,17,38,39 In particular, elevated plasma levels of VEGF-A 
have been reported in patients with metastatic breast cancer ver-
sus those with benign disease.40 We examined VWF release from 
HUVEC in response to recombinant VEGF-A and observed that 
VEGF-A levels of 300 pg/ml and greater induced significant VWF 
release (Figure S2A). Consistent with the effect of MDA-MB-231 in 
stimulating VWF secretion, VEGF-A levels were markedly elevated 
in MDA-MB-231 supernatant compared with other breast cancer 
cells and non-cancer breast cell lines that had no effect on VWF se-
cretion (1207 ± 114 pg/ml vs. 8.7 ± 1.0 pg/ml for MM134-VI cells and 
178 ± 77 pg/ml for HMEC) (Figure 2A). VEGF-A levels in MCF-7 su-
pernatant were also significantly increased but remained lower than 
those seen with MDA-MB-231 cells (418 ± 43 pg/ml) (Figure  2A). 
VEGF-A levels were markedly increased following co-culture of both 
breast tumor cells with platelets (Figure 2A).

Previous studies have demonstrated that LMWH binds and in-
hibits VEGF-A activity.19,41 In addition, LMWH was also reported to 
significantly reduce melanoma-induced VWF secretion.19 In keep-
ing with those data, we observed that the ability of MDA-MB-231 

supernatant to trigger VWF exocytosis from HUVECs was signifi-
cantly attenuated in the presence of LMWH (245 ± 11% vs. 167 ± 10%, 
p < .05) (Figure  2B). Similarly, an LMWH inhibitory effect was also 
observed in the presence of co-culture with platelets (392 ± 52% vs. 
264 ± 26%, p < .05). LMWH also attenuated the ability of MCF-7 su-
pernatant to trigger VWF exocytosis from HUVECs in the presence 
or absence of platelets (Figure 2C). LMWH also resulted in signifi-
cantly reduced secretion of other endothelial activation markers, 
OPG, and Ang-2 (Figure S1C–F). In keeping with an important role 
for VEGF-A in modulating endothelial cell activation, significantly de-
creased VEGF-A levels were observed following treatment of breast 
tumor-platelet co-cultures with LMWH (Figure S2B,C).

To examine whether VEGF-A plays a role in modulating breast 
cancer-induced VWF release, HUVEC activation experiments were 
repeated in the presence or absence of the inhibitory VEGF-A an-
tibody (bevacizumab). Addition of bevacizumab to MDA-MB-231-
platelet co-culture significantly attenuated VWF release (Figure 2D). 
Moreover, combined treatment with LMWH and bevacizumab re-
sulted in a significantly more marked reduction in VWF secretion. 
Similarly, bevacizumab also significantly reduced VWF secretion 
from HUVECs in response to MCF-7-platelet co-culture supernatant 
(1076 ± 90% vs. 649 ± 50%, p < .05) (Figure 2E). Conversely however, 
no further reduction in VWF secretion was observed following com-
bined treatment with LMWH and bevacizumab, suggesting other 
VEGF-A independent mechanisms through which MCF-7 cells may 
also induce VWF secretion in the presence of platelets. Proteome 
microarray analysis of supernatant from breast tumor cells alone 
versus that co-cultured with platelets revealed elevated expression 
of a number of cytokines previously reported to induce endothelial 
cell activation including IL-8, platelet factor 4, PDGF-AA, and TGF-
β1 (Figure  3A). Moreover, direct contact between MCF-7 tumor 
cells and platelets has previously reported to induce the release of 
TGF-β1 from platelets, which contributes to metastasis.42 We thus 
quantified TGF-β1 within MCF-7 breast tumor supernatant and ob-
served markedly elevated levels in supernatant from MCF-7 cells 
co-cultured with platelets versus MCF-7 supernatant (2081 ± 82 pg/
ml vs. 135 ± 6  pg/ml, Figure  3B). TGF-β1 levels were significantly 
reduced upon treatment with LMWH. To determine whether these 
high levels of TGF-β1 may contribute to MCF-7 platelet-induced 

F I G U R E  1  Breast cancer cells promote VWF secretion from EC through platelet-dependent and platelet-independent pathways. (A) 
Plasma VWF:Ag levels were quantified in patients with advanced metastatic breast cancer and compared to sex-matched healthy controls. 
Data are graphed as median and interquartile range. (B) Plasma VWF:Ag levels were correlated with patient survival over a 2-year period. 
(C) Plasma VWFpp levels and (D) OPG levels were quantified in patients with advanced metastatic breast cancer and compared with sex-
matched healthy controls. Data are graphed as median and interquartile range. Patient data were analyzed with using the Mann–Whitney U 
test for unpaired two-tailed t- test and p values < .05 were considered to be significant. (E) Breast tumor-induced endothelial cell activation 
was assessed using specific VWF:Ag ELISA and percentage VWF release was calculated by comparing the VWF:Ag levels to unstimulated 
HUVEC controls. (F) Tumor cell supernatant from co-culture of MDA-MB-231 or MCF-7 with platelets was assessed for EC activating 
potential. (G) HUVEC stimulation by either MDA-MB-231+platelets, MCF-7+platelets or PMA as a positive control was visualized by 
immunofluorescence VWF staining (green). Scale bar represents 50 μm. (H) HUVEC were perfused with supernatant from MDA-MB-231 or 
MCF-7 cells alone or supernatant from breast tumor-platelet co-cultures. VWF staining was visualized by immunofluorescence VWF staining 
(green) under conditions of venous shear stress. Scale bar represents 100 μm. Data are presented as the mean ± SEM of at least three 
independent experiments. Data were analyzed with Student unpaired two-tailed t- test versus control conditions and p values <.05 were 
considered to be significant (*p <0 .05, **p < .005, ***p < .001).
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endothelial cell activation, we assessed VWF release from HUVEC 
dose-dependent exposure to recombinant TGF-β1 and observed 
a dose-dependent increase in VWF secretion (Figure  S1C). Taken 
together, these data highlight a key role for VEGF-A in modulating 
breast cancer-induced VWF secretion from EC, but there are likely a 

number of other secreted factors that may play additional roles such 
as TGF-β1, and these factors may be breast tumor-type specific.

3.3  |  Breast cancer cells induce endothelial cell 
angiogenesis that can be inhibited by LMWH

VEGF-A plays a key role in regulating in vivo angiogenesis.43 Recent 
studies have demonstrated that VWF and other proteins stored 
within WPB (including Ang-2 and osteoprotegerin) also influence 
angiogenesis.44 Given the high levels of VEGF-A and EC activation 
associated with breast tumor-platelet co-cultures, we next investi-
gated the effects of breast cancer cells on EC angiogenesis. In the 
presence of tumor supernatant from either MDA-MB-231 or MCF-7, 
significantly increased EC capillary tube network and node forma-
tion were observed (66.7 ± 10.8 nodes and 67.4 ± 10.9 nodes ver-
sus 21.6 ± 2.2 nodes for unstimulated EC, p < .0001) (Figure 3A–D). 
Interestingly, the pro-angiogenic effects of the breast tumor-platelet 
co-culture supernatants were only partial inhibited by anti-VEGF-A 
antibody (Figure 3B,D). For both MDA-MB-231 and MCF-7 cell lines, 
LMWH was significantly more effective in attenuating capillary 
tube network formation. These data suggest that the interactions 
between malignant breast tumor cells and platelets trigger acute 
EC activation and a local pro-angiogenic effect that is modulated at 
least in part through VEGF-A. LMWH inhibits this pro-angiogenic 
effect, likely through a number of different pathways.

3.4  |  VWF multimer strings recruit breast cancer 
cells to EC surfaces under shear stress

Previous studies have suggested that UL-VWF strings on EC sur-
faces play a role in tethering circulating cancer cells and thereby 
promote tumor metastases. Triple-negative MDA-MB-231 cells rap-
idly undergo bloodborne metastasis in vivo. In a parallel flow per-
fusion assay, fluorescently labeled MDA-MB-231 cells adhered to 

F I G U R E  2  VEGF-A plays a key role in modulating breast 
cancer-induced VWF secretion. (A) VEGF-A levels in supernatant 
from breast tumor cell supernatants cultured with and without 
platelets (plts) were measured by ELISA. (B) MDA-MB-231 and 
(C) MCF-7 cells were cultured with or without platelets in the 
presence and absence of low molecular weight heparin (LMWH; 
Tinzaparin 100 IU/ml) and supernatant subsequently applied to 
HUVEC monolayer. VWF release was measured by ELISA following 
15 and 30 min of stimulation. (D) MDA-MB-231 and (E) MCF-7 
cells were co-cultured with platelets and treated with LMWH 
(Tinzaparin-100 IU/ml), or anti-VEGF antibody (bevacizumab 
100 ng/ml) or a combination of both. This supernatant was 
subsequently applied to HUVEC monolayer. VWF release was 
measured by ELISA following 15 and 30 min of stimulation. Data 
are presented as the mean ± SEM of at least three independent 
experiments Data were analyzed with anova followed by Bonferroni 
t -test and p values < .05 were considered to be significant (*p < .05, 
**p < .005, ***p < .001).

(A)

15 30
0

100

200

300

400

500

600

700

Time (mins)

V
W
F
re
le
as
e

(%
of
no
rm
al
)

Unstimulated HUVEC
MCF-7

MCF-7 + Platelets
MCF-7+Platelets+LMWH

MCF-7 + LMWH

ns
ns

(B)

(C)

15 30
0

100

200

300

400

500

Time (mins)

V
W
F
re
le
as
e

(%
o
f
n
o
rm
al
)

Unstimulated HUVEC
MDA-MB-231

MDA-MB-231+Platelets
MDA-MB-231+Platelets+LMWH

MDA-MB-231+LMWH

HM
EC

MM
134
-VI

Pla
tele
ts

MD
A-M

B-2
31

MD
A-M

B-2
31+
Plts MC

F-7

MC
F-7
+Pl
ts

0

250

500

750

1000

1250

1500

1750

VE
G
F-
A
(p
g/
m
l)

0

200

400

600

800

1000

VW
F
re
le
as
e

(%
of
no
rm
al
)

Platelets
MDA-MB-231

LMWH
Bevacizumab

+ + +
+ + +

+ +_
+_ _

+
_
_

_ +
+_
+

0

200

400

600

800

1000

1200

VW
F
re
le
as
e

(%
of
no
rm
al
)

Platelets
MCF-7

LMWH
Bevacizumab

+ +
+ +

+_
_ _

+
+

+
+

+
_
_

_ +
+

+
_

(D)

(E)



    |  2357DHAMI et al.

PMA-activated HUVECs. MDA-MD-231 cells adhered to activated 
EC in a linear arrangement consistent with the appearance of UL-VWF 
strings (Figure  4A). In support of this putative VWF involvement, 

breast tumor-EC adhesion under shear was ablated in the presence 
of a polyclonal anti-VWF antibody (2.5 ± 0.3 cells/mm2 vs. 42.3 ± 4.2 
cells/mm2 surface coverage for untreated endothelium, p < .001) 

F I G U R E  3  Breast cancer cell-induced angiogenesis is inhibited by LMWH. MDA-MB-231 and MCF-7 cells were cultured alone or with 
platelets (plts), in the presence and absence of anti-VEGF-A antibody bevacizumab (100 ng/ml) or LMWH (100 IU/ml). Tumor supernatant 
was then used for a HUVEC angiogenesis assay using growth factor reduced matrigel. HUVECs were cultured with the tumor supernatant 
from (A, B) MDA-MB-231 or (C, D) MCF-7 and representative images of capillary tube formation generated were taken with Zeiss Axiovert 
microscope. Quantification of number of EC nodes formed following exposure to tumor supernatant from (B) MDA-MB-231 and (D) MCF-7. 
Data are presented as the mean ± SEM of at least three independent experiments. Data were analyzed with anova followed by Bonferroni t- 
test (*p < .05, **p < .005, ***p < .001). Scale bar 100 μm.

MDA-MB-231

MDA-MB-231 + Bevacizumab

MDA-MB-231 + LMWH

MDA-MB-231 + Platelets

MDA-MB-231+ Platelets 
+ Bevacizumab

MDA-MB-231 + Platelets
+ LMWH

MCF-7

MCF-7 + Bevacizumab

MCF-7 + LMWH

MCF-7 + Platelets

MCF-7 + Platelets 
+ Bevacizumab

MCF-7 + Platelets 
+ LMWH

(A)

(C)

PlateletsUns�mulated

0

25

50

75

100

125

N
o
of
no
de
s/
an
al
ys
ed
ar
ea

MDA-MB-231

MDA-MB-231+Platelets+Beva
MDA-MB-231+Platelets

MDA-MB-231+Beva
MDA-MB-231+LMWH

MDA-MB-231+Platelets+LMWH
ns

ns
Unstimulated HUVEC

0

20

40

60

80

100

120

N
o
of
no
de
s/
an
al
ys
ed
ar
ea

MCF-7

MCF-7+Platelets+Beva
MCF-7 + Platelets

MCF-7+Beva
MCF-7+LMWH

MCF-7+Platelets+LMWH

ns

Unstimulated HUVEC

(B)

(D)



2358  |    DHAMI et al.

F I G U R E  4  VWF multimer strings recruit breast cancer cells to EC surfaces under shear stress. HUVEC monolayers were cultured on 
Ibidi channel slides and stimulated with PMA to allow maximum release of VWF. MDA-MB-231, fluorescently labeled with Cell Tracker 
green were flown over the HUVEC layer at flow rate of 0.2 ml/min resulting in venous shear stress of 0.25 dyn/cm2. (A) MDA-MB-231 cells 
binds to VWF strings under shear flow. (B) The specificity of this interaction was confirmed using a blocking anti-VWF antibody. (C) LMWH 
significantly decreased the number of binding events observed. (D) Equilibrium surface coverage (cells per mm2) and (E) detachment rates 
(Koff) were calculated for each treatment condition. Perfusion assays were performed on HUVEC monolayers stimulated with supernatant 
from MDA-MB-231 cells or supernatant from MDA-MB-231+platelets and adhesion of labeled MDA-MB-231 cells were quantified (F and 
G). Data are presented as the mean ± SEM of at least three independent experiments. Data were analyzed with analysis of variance (anova) 
followed by Bonferroni t -test and p values < .05 were considered to be significant (*p < .05, **p < .005, ***p < .001). Scale bar 100 μm.
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(Figure 4B,D, Video S1). Interestingly, MDA-MB-231 tethering was 
also significantly inhibited by LMWH (7.3 ± 1.7 cells/mm2, p < .001, 
Figure 4C,D). In addition to quantifying adherent breast cancer cells, 
we further examined transient adhesion events between EC and 
tumor cells and observed significantly increased detachment rates 
(Koff rate) in the presence of either anti-VWF antibody or LMWH, 
respectively (0.43 ± 0.09 s−1 and 0.55 ± 0.09 s−1 vs. 0.04 ± 0.01 s−1 
for control conditions, p < .001, Figure 4E). Collectively, these data 
demonstrate that VWF multimers secreted from activated ECs can 
facilitate adhesion of circulating breast tumor cells under shear 
stress conditions and thereby potentially play a role in promoting 
metastasis. Next, we examined whether VEGF-A in tumor superna-
tant could induce the release of VWF under shear and thus promote 
breast tumor tethering along the endothelium. HUVEC were per-
fused with supernatant from MDA-MB-231 cells or MDA-MB-231 
cells co-cultured with platelets. As a positive control, HUVECs were 
perfused with media containing PMA or VEGF-A. The adhesion of 
fluorescently labeled MDA-MB-231 cells to the endothelial cells 
was quantified. We observed similar surface coverage of breast 
tumor cells to the endothelium in response to PMA, VEGF-A, and 
MDA-MB-231 supernatant (Figure  4F). In keeping with previously 
observed increased VWF release, supernatant from MDA-MB-231-
platelet co-culture significantly enhanced breast tumor adhesion 
to the endothelium (86.3 ± 8.4 vs. 45.2 ± 7.6 cells/mm2, p < .001, 
Figure 4F). Reinforcing the key role for VEGF-A derived from breast 
tumor cells and breast tumor activated platelets in mediating VWF 
release, addition of bevacizumab to the perfusion conditions ablated 
MDA-MB-231 endothelial adhesion and significantly increased the 
Koff rate for circulating breast tumor cells (Figure 4F,G).

3.5  |  Breast cancer cells induce 
enhanced endothelial cell permeability and 
transendothelial migration

To disseminate, circulating breast cancer cells not only need to ad-
here to ECs, but must infiltrate through the vessel wall. We hypoth-
esized that breast cancer cells may not only activate ECs, but also 
alter permeability of the EC monolayer. To examine this, HUVEC 
were cultured on a transwell insert to form an intact monolayer, 
which was then treated with tumor supernatant from MDA-MB-231 
or MCF-7. Permeability was assessed using fluorescein isothio-
cyanate (FITC)-dextran leakage across the EC barrier. Treatment 
with breast tumor supernatants markedly increased EC perme-
ability compared with untreated HUVEC monolayer (MDA-MB-231; 
47 ± 7.6% FITC-dextran leakage; MCF-7; 40 ± 7.8% FITC-dextran 
leakage, p < .05, Figure 5A,B). Treatment of the monolayer with su-
pernatants from breast tumor-platelet co-culture further enhanced 
the endothelial barrier permeability. Importantly, breast cancer 
cell-induced endothelial barrier breakdown was significantly attenu-
ated in the presence of LMWH and bevacizumab to a similar extent 
(Figure 5A,B), highlighting a key role for VEGF-A derived from both 
tumor- and tumor-activated platelets in contributing to endothelial 

barrier permeability. Similar findings were also observed using im-
pedance technology to assess endothelial integrity in a label-free en-
vironment in real-time (Figure S4A,B). Staining of control HUVECs 
for tight junction protein VE-cadherin revealed characteristic jag-
ged pattern of tight junctions across adjacent cell membranes. In 
contrast, following breast tumor supernatant exposure, HUVEC 
barrier integrity was reduced (Figure 5C, arrows). Once again, treat-
ment with LMWH, significantly increased VE-cadherin staining in 
HUVECs treated with breast tumor supernatant and supernatant 
from breast tumor-platelet co-cultures (Figure 5C). Finally, enhanced 
permeability induced by breast tumor cells or breast tumor-platelets 
co-cultures results in increased transendothelial migration for both 
MDA-MB-231 and MCF-7 cells (Figure 6A). In keeping with its bar-
rier protective function, LMWH significantly attenuated transen-
dothelial migration of breast tumor cells (Figure 6A). Taken together, 
these findings demonstrate that LMWH inhibits breast tumor cell-
mediated vascular permeability and transendothelial migration in 
vitro, this protective effect is likely to be, at least in part, mediated 
by inhibiting tumor-derived VEGF-A.

4  |  DISCUSSION

A number of studies have reported that elevated plasma VWF:Ag 
levels in cancer cohorts are associated with disease progression and 
poorer patient outcomes, highlighting VWF:Ag as an independent 
prognostic marker in specific cancer subtypes. Our findings now also 
demonstrate significantly increased VWF:Ag levels in patients with 
metastatic breast cancer as well as VWFpp and OPG levels, sugges-
tive of an underlying endothelial cell activation in these patients. 
Moreover, plasma VWF:Ag in this cohort inversely correlated with 
patient survival. These novel findings raise the intriguing possibility 
that VWF may play a role in directly contributing to breast cancer 
progression rather than merely being an epiphenomenon of a tumor 
acute phase response. However, the mechanisms underpinning in-
creased VWF levels in cancer patients remains poorly defined.

In this study, we now report for the first time that breast cancer 
cells promote EC activation, through both platelet-dependent and 
platelet-independent mechanisms. EC activation results in acute 
VWF release in vitro. Our findings confirm a key role of tumor 
secreted VEGF-A in promoting VWF release. In particular, MDA-
MB-231 triple-negative breast cancer cells were potent mediators 
of EC activation and VWF release via direct secretion of VEGF-A. 
In contrast, hormone receptor-positive MCF-7 breast cancer cells 
were largely dependent on platelets to promote significant VWF 
release. In agreement with this, levels of VEGF-A secreted directly 
by MCF-7 cells were significantly lower than MDA-MB-231 cells. 
However, co-culture of MCF-7 cells with human platelets, resulted 
in markedly elevated VEGF-A levels as well as TGF-β1 in the co-
culture supernatant, which induced acute VWF release from ECs. 
In breast cancer patients, platelets have been identified as a very 
significant source of circulating VEGF.36,45 Furthermore, Battinelli 
et al.36 has previously reported that secretion of thrombin from 
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MCF-7 breast cancer cells directly activates platelets via PAR1 
cleavage resulting in secretion of proangiogenic VEGF-A from 
platelets. Collectively, our data suggest a key role of breast tumor-
derived VEGF-A, as well as VEGF-A derived from tumor-activated 
platelets, in promoting release of VWF from ECs. However, given 
the increased expression of a number of other mediators in breast 
tumor-platelet releasate, it is likely that other factors, independent 
of VEGF-A, may also play a role. This also highlights the distinct 
biological mechanisms through which breast cancer cells may pro-
mote elevated VWF levels in vivo.

LMWH treatment significantly attenuated breast cancer-
mediated VWF release from ECs. This effect was likely medi-
ated by significant reductions in VEGF-A levels following LMWH 

treatment of breast cancer cells alone and in co-culture with 
platelets. A number of studies have previously reported high 
affinity of LMWH for VEGF-A. LMWH-VEGF-A binding induc-
ing conformational changes in VEGF-A inhibiting its activity.19,41 
Moreover, platelets from patients on LMWH anticoagulant 
treatment have decreased VEGF levels and reduced angiogenic 
potential following activation by MCF-7 breast cancer cells ex 
vivo.36 Similarly, we observed that the pro-angiogenic potential 
of breast tumor-platelet co-cultures was markedly decreased 
following treatment with LMWH. This aligns with reports that 
LMWH is a potent inhibitor of VEGF-mediated human microvas-
cular endothelial cell proliferation.46 However, because this in-
hibitory effect of LMWH was more potent than treatment with 

F I G U R E  6  LMWH attenuates breast 
tumor transendothelial migration. 
Transendothelial migration of (A) MDA-
MB-231 and (B) MCF-7 breast tumor 
cells was assessed using fluorescently 
labeled tumor cells seeded on top of 
HUVEC confluent monolayer. Various 
stimuli were used to alter endothelial 
integrity including VEGF-A, supernatant 
from breast tumor cell alone of following 
their co-culture with platelets. After 
24 h, tumor cells that had migrated into 
bottom chamber were lysed to measure 
the relative fluorescence units (RFU). 
Data are presented as the mean ± SEM of 
at least three independent experiments. 
Data were analyzed with anova followed 
by Bonferroni t-test and p values < .05 
were considered to be significant (*p < .05, 
**p < .005, ***p < .001).
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F I G U R E  5  Breast cancer cells induce enhanced EC permeability and transendothelial migration. Breast tumor supernatant from (A) 
MDA-MB-231 and (B) MCF-7 cells either alone or co-cultured with platelets was collected and applied to a confluent HUVEC monolayer 
on a transwell insert. EC permeability was assessed by leakage of 10 kDa FITC-Dextran from the top chamber after stimulation. (C) 
Immunofluorescence staining for VE-cadherin was performed on HUVEC after tumor stimulation with and without LMWH pretreatment. 
Arrows indicate areas with reduced HUVEC barrier integrity. Scale bar 100 μm. Data were analyzed with anova followed by Bonferroni t -test 
and p values < .05 were considered to be significant (*p < .05, **p < .005, ***p < .001).
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anti-VEGF-A antibody, bevacizumab, it suggests that LMWH 
may also modulate other pro- or anti-angiogenic signaling path-
ways in the setting of breast cancer-mediated angiogenesis. 
Notably, LMWH also served to attenuate expression of TGF-β1 
from tumor-platelet co-cultures. This may be important given 
the well-defined role of TGF-β1 in regulating endothelial an-
giogenesis in vivo.47 Nevertheless, these findings may point 
to a dual clinical benefit of LMWH, first by reducing the risk 
of cancer-associated thrombosis; and second, by attenuating 
tumor progression via reduced proangiogenic effects on EC and 
reduced VWF release from the endothelium.

Importantly, intraluminal accumulation of VWF within the 
tumor vasculature contributes to cancer progression and metasta-
sis in vivo.17,19 In tumor-bearing mice, VWF was deposited along the 
endothelium in tumor-free distal organs, including lung, liver, and 
brain, which are frequent sites of metastasis.16 A strong positive 
correlation was observed between VWF release and pulmonary 
metastatic burden in these tumor models in vivo.16 More recently, 
Feinauer et al.48 provided direct evidence of the pro-metastatic 
role of VWF, whereby intravital imaging of tumor-bearing mice 
demonstrated that VWF release contributes to tumor cell arrest 

within brain capillaries. Accordingly, formation of brain macro-
metastasis was significantly reduced in mice treated with block-
ing anti-VWF antibody. We now report that VWF multimers can 
directly tether circulating MDA-MB-231 breast tumor cells along 
the endothelium under conditions of shear stress in vitro. This ef-
fect was ablated by addition of LMWH to the circulating MDA-
MB-231 cells. Because the major heparin binding domain of VWF 
resides within the A1 domain, this may indicate a key role for this 
region in mediating interaction between VWF and MDA-MB-231 
tumor cells, further studies will be required to determine the role 
of the VWF A1 domain.49 Nevertheless, the data provide evidence 
of multimeric VWF, released in response to elevated breast tumor 
VEGF-A levels, as a novel adhesive mediator for triple negative 
breast tumor-endothelial interactions.

Previous studies using EA.hy926, an immortalized endothelial 
cell line, have reported a protective effect of LMWH on endothelial 
barrier function, although the biological mechanism of this effect 
remained unclear.50 Our data now provide further evidence that 
LMWH alters VE-cadherin expression in primary EC, which con-
tributes to enhanced barrier protective function. This effect may 
be partially mediated through its inhibition of VEGF-A because a 

F I G U R E  7  Schematic summary. 
Proposed model of breast tumor-mediated 
EC activation. Breast cancer cells 
promote EC activation, which is further 
enhanced by the presence of platelets. 
Tumor-secreted VEGF-A, as well as other 
potential mediators including TGF-β1, play 
an important role in modulating breast 
cancer-induced VWF secretion, which is 
negatively regulated by LMWH. Elevated 
VEGF-A from breast tumor cells also 
contributes to a pro-angiogenic effect 
on EC. VWF multimers released from 
activated EC in response to increased 
VEGF-A levels can tether circulating 
breast tumor cells, which is inhibited by 
LMWH. Increased vascular permeability 
and tumor transendothelial migration is 
attenuated by LMWH.
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similar inhibitory effect was observed with bevacizumab. Increased 
endothelial barrier integrity served to inhibit transendothelial migra-
tion of breast tumor cells MDA-MB-231 and MCF-7. These findings 
reveal novel antimetastatic properties of LMWH in the setting of 
breast cancer. Interestingly, this cytoprotective role of LMWH was 
achieved at very low doses, below LMWH doses currently used for 
thromboprophylaxis clinically.

In conclusion, this study provides novel insights into the cross-
talk that exists between circulating breast tumor cells and the 
endothelium that is known to promote thrombosis and metasta-
sis.51–53 Our findings highlight increased VWF secretion as a novel 
feature in this crosstalk (Figure 7). Marked release of VWF from the 
EC is likely to contribute to a prothrombotic milieu within the cir-
culation. Moreover, endothelial VWF may also serve as an anchor 
point in mediating breast tumor cell adhesion to the endothelium, a 
key prerequisite step in the metastatic pathway. Importantly, both 
VWF-mediated adhesion of circulating breast tumor cells and tran-
sendothelial migration of breast cancer cells were attenuated with 
LMWH. These findings may have significant clinical implications 
given that triple-negative breast cancer is an aggressive form of 
breast cancer with higher risk of early metastasis with a procliv-
ity for bloodborne dissemination.54 Thus, there is an unmet clin-
ical need to identify and develop novel treatment strategies for 
patients to attenuate metastasis and reduce thrombotic compli-
cations. In this context, improved understanding of the interplay 
between breast cancer cells, the endothelium, and VWF will be 
essential in the development of these novel therapeutic strategies.
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