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Platelet-cancer cell interactions play a significant role in metastasis. Indeed, they interact via a 
plethora of receptors, including integrins (e.g. ⍺IIbβ3 and ⍺vβ3), and calcium is essential for both their 
stability and function. Additionally, calcium plays a significant role in the coagulation cascade, and the 
implication of calcium level changes on metastatic dissemination and cancer-associated thrombosis 
are not fully understood. A significant proportion of cancer patients suffer from hypercalcemia and 
have a worse prognosis. We hypothesized that calcium levels are important for platelet-cancer cell 
interactions that are mediated via integrins, thus this can be leveraged to disrupt platelet support 
to the metastatic process. In this study, we assessed the detection of integrins ⍺IIbβ3 and ⍺vβ3 
on platelets and cancer cells, platelet function, and the respective receptors implicated in platelet 
function, while modulating calcium levels. The effect of calcium levels on platelet-cancer cell 
interactions and cancer cell invasion in vitro was also assessed. Our data demonstrates that calcium 
levels affect surface integrins, and receptors involved in platelet-cancer cell interactions. In addition, 
calcium levels significantly affect platelet activation and aggregation. In our experimental scenarios, 
calcium depletion modulates platelet-cancer cell interaction with MDA-MB-231 breast cancer cells, 
while hypercalcemic environments did not affect interaction. Meanwhile, hypercalcemia leads to 
enhanced cancer cell invasion for both MDA-MB-231 and A549 cells in the presence of platelets. Thus, 
this study provides a greater understanding of the dynamics associated with the effects of calcium and 
platelet-cancer cell interactions mediated by integrins.
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Most cancer related deaths from solid tumors are the result of metastatic dissemination. Specifically, 66.7% of 
registered cancer deaths from solid tumors identify metastases as a contributing factor1. Although their primary 
role is to maintain hemostasis, platelets are implicated in cancer progression by interacting with circulating 
tumor cells (CTCs)2. Upon interacting with tumor cells that have entered the bloodstream, platelets support 
CTCs by protecting them from shear stress, promoting immune cell invasion (e.g., NK cells), and promoting 
their arrest within the vasculature3,4. In addition, platelet depletion in murine models leads to a significant 
decrease in metastatic dissemination5. Therefore, platelet interaction with CTCs is necessary for successful 
dissemination and metastatic development.

Platelets and cancer cells can interact via integrins present on their surface and bridged via an integrin binding 
protein such as fibrinogen or via direct receptor-receptor interaction (e.g. CLEC-2 on platelets and podoplanin 
on cancer cells)2. ⍺IIbβ3 is the most abundant integrin on platelets and is the mediator for platelet aggregation6. 
Integrin ⍺vβ3 is also expressed on platelets and is an important integrin for cancer-associated angiogenesis7. 
Similar to platelets, both ⍺IIbβ38,9 and ⍺vβ3 are expressed on some cancer cells10,11. ⍺IIbβ3 and ⍺vβ3 share 
the same β subunit and their ⍺ subunit are 36% identical12. Like platelet-platelet interaction, the interaction of 
platelets and cancer cells via these two specific integrins is mediated via bridging proteins (e.g., fibrinogen, vWF, 
fibronectin). Divalent cations (e.g., calcium) are essential to the structural stability and function of integrins13. 
Divalent cation removal via chelators (e.g. sodium citrate, ethylenediaminetetraacetic acid (EDTA)) leads to 
disassociation of the integrin heterodimer complex14,15.

Department of Biomedical Engineering, School of Engineering and Applied Science, The George Washington 
University, Washington, DC 20052, USA. email: alpapa@gwu.edu

OPEN

Scientific Reports |         (2025) 15:7750 1| https://doi.org/10.1038/s41598-024-79280-8

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-79280-8&domain=pdf&date_stamp=2025-3-5


Calcium is also essential in the coagulation cascade which is implicated in metastatic progression16. We 
hypothesized that divalent cation levels, critically calcium, have an essential role in the function of the key 
integrin proteins responsible for platelet-cancer cell interaction and this could be leveraged to disrupt platelet 
support to the metastatic process. In addition, 20–30% of advanced cancer patients suffer from hypercalcemia, 
and they typically have a worse prognosis17–19.

In this study, we aimed to better understand how calcium level can impact platelet-cancer cell interactions, 
as well as cancer cell invasion in vitro.

Materials and methods
Materials
APC mouse anti-human CD41a (cat# 559777), APC mouse IgG, ĸ isotype control (cat# 555751), Alexa Fluor® 
647 mouse anti-human platelet GPVI (cat# 564701), Alexa Fluor® 647 mouse IgG1 κ isotype control (cat# 
557714), FITC mouse anti-human CD42b (cat# 555472), FITC mouse IgG1, κ isotype control (cat# 555748), 
FITC mouse anti-human PAC-1 (cat# 340507), FITC mouse IgM, κ isotype control (cat# 551448) were purchased 
from BD Biosciences. FITC mouse anti-human CD51 (cat# 327908), FITC mouse IgG2a, κ isotype control (cat# 
400209), APC mouse anti-human CD61 (cat# 336412), and APC mouse IgG1, κ isotype control (cat# 400121) 
were purchased from BioLegend. The adenosine diphosphate (ADP) (cat# 384) and fibrillar type I collagen (cat# 
385) were obtained from Chrono-Log. Thrombin receptor agonist peptide (TRAP) (cat# 1185) and GW 4869 
(cat# 6741) were obtained from Tocris. The lactate dehydrogenase (LDH)-Glo cytotoxicity assay (cat# J2380) 
was purchased from Promega. CellMask deep red plasma membrane stain (cat# C10046) and Hoechst 33342 
(cat# H3570) were obtained from Invitrogen. Bovine fibrinogen (cat# J63276-03) was obtained from Thermo 
Scientific Chemicals. Bovine plasma fibronectin (cat# 8248) was obtained from ScienCell Research Laboratories. 
Cultrex UltiMatrix Reduced Growth Factor (RGF) Basement Membrane Extract (BME) (cat# 3445-005-01) was 
purchased from Bio-techne. EDTA (10% w/v) (cat# 2670-4) and sodium citrate (10% w/v) (cat# 723016) were 
obtained from Ricca Chemical Company. Calcium chloride (CaCl2) (cat# C1016), crystal violet (cat# V5265), 
acetic acid (cat# A628), and Bovine Serum Albumin (cat# 7030) were obtained from Sigma Aldrich. Triton™ 
X-100, 98% (cat# AC327371000) was purchased from Acros Organics.

Human blood processing and platelet isolation
Healthy human whole blood was purchased from BioIVT (Westbury, NY) following approval from the 
Institutional Biosafety Committee at the George Washington University. Whole blood was collected with sodium 
heparin and shipped overnight before being processed for our experiments the following day. Whole blood was 
centrifuged at 150 g for 20 min to pellet red blood cells and the platelet rich plasma (PRP) was collected. To 
obtain platelet poor plasma (PPP), the remaining blood fraction after PRP removal was centrifuged at 2,000 g for 
20 min. Platelet concentrate (PC) was obtained by centrifuging PRP at 1,000 g for 20 min. 140 nM prostaglandin 
E1 (PGE1) was incubated 10 min with the PRP prior to the centrifugation at 1,000  g. After removal of the 
supernatant, the resulting platelet pellet was resuspended in tyrode buffer (136 mM NaCl, 12 mM NaHCO3, 
2.9 mM KCl, 0.34 mM Na2HPO4, 1 mM MgCl2, and 10 mM HEPES buffer, pH 7.4). Platelet concentration was 
determined using the Novocyte flow cytometer (Agilent).

Cell culture
MDA-MB-231 and A549 cell lines were obtained from American Type Culture Collection (ATCC, Manassas, 
VA). Both cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose 
and pyruvate (Gibco, cat# 11995065) supplemented with 10% FBS (fetal bovine serum) and 1% penicillin–
streptomycin (Gibco, cat# 15140122). Both cell lines were maintained at 37 °C with 90% humidity and 5% CO2.

Receptor characterization by flow cytometry
To characterize receptor expression, platelets, MDA-MB-231 cells, and A549 cells were analyzed via flow 
cytometry. Platelets and MDA-MB-231 cells were assessed for GPIIb (⍺IIb) and GPIIIa (β3) detection using 
an APC mouse anti-human CD41a and an APC mouse anti-human CD61 antibody, respectively. Platelets were 
also assessed for GPVI and GPIb⍺ detection using an Alexa Fluor® 647 mouse anti-human GPVI antibody 
and a FITC mouse anti-human CD42b antibody, respectively. A549 cells were assessed for ⍺v and β3 detection 
using a FITC mouse anti-human CD51 antibody and an APC mouse anti-human CD61 antibody, respectively. 
Platelets, MDA-MB-231 cells, and A549 cells were incubated with treatment (sodium citrate, EDTA, or calcium 
chloride) for 1 h at 37 °C. 1 × 106 platelets in Tyrode buffer were incubated with treatment conditions followed by 
the addition of 2% BSA in Tyrode. To characterize ⍺IIb and β3, platelets were fixed with 2% paraformaldehyde 
following the 1 h incubation with treatment conditions. Following a 10 min incubation, platelets were incubated 
with 2% BSA in Tyrode for 10 min prior to a 20 min incubation with the antibody. Regarding the activated 
form of ⍺IIbβ3, platelets were treated 10 min with 20 uM ADP following the 1 h incubation with treatment 
conditions. Platelets were then incubated with FITC-conjugated mouse anti-human PAC-1 for 20 min following 
a blocking step using 2% BSA in Tyrode for 10 min. The samples were then fixed with 2% paraformaldehyde and 
analyzed with the Novocyte flow cytometer. Characterization of GPIb⍺ and GPVI were performed similarly. 
To access receptor detection on MDA-MB-231 and A549 cells, 1 × 105 cells resuspended in calcium-deprived 
DMEM (Gibco, cat# 21068-028) incubated with treatment conditions followed by a centrifugation at 1,200 rpm 
for 5 min. Each cell pellet was then resuspended in 2% BSA in PBS and incubated for 20 min on ice with the 
antibody. The samples were then centrifuged at 1,200 rpm for 5 min, resuspended in calcium-deprived DMEM 
and analyzed with the Novocyte flow cytometer. To block exosome biogenesis, MDA-MB-231 cells incubated 
with 0.5 uM GW 4869 for 1 h at 37 °C before being incubated with treatment conditions20,21. Samples remained 
at the appropriate treatment concentration at each step during the experiment. Heparin anti-coagulated PRP was 
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assumed to have a normal calcium level of 9 mg/dL22. APC-conjugated mouse IgG, ĸ isotype, APC-conjugated 
mouse IgG1, ĸ isotype, FITC-conjugated mouse IgM, κ isotype, FITC-conjugated mouse IgG1, κ isotype, Alexa 
Fluor® 647 conjugated mouse IgG1 κ isotype, and FITC-conjugated mouse IgG2a, κ isotype were used as controls 
for non-specific binding.

Platelet aggregation by light transmission aggregometry (LTA)
Platelet aggregation was assessed using a Model 490 4 + 4 aggregometer from Chrono-Log (Havertown, 
PA). Platelet aggregation was measured for 15 min under constant stirring at 1,200 rpm at 37 °C at a platelet 
concentration of 2 × 105 platelets/uL. ADP and TRAP at concentrations of 10 uM and 5 uM were used as 
agonists. Aggregation was measured immediately after adding treatment (3.8% Na citrate, 0.18% EDTA, 11 mg/
dL Ca2+, 13 mg/dL Ca2+, 16 mg/dL Ca2+, 18 mg/dL Ca2+) at 37 °C. 3.8% Na citrate and 0.18% EDTA are common 
vacutainer concentrations used for blood sample collection.

Platelet adhesion assay
A protocol using a LDH assay was designed to assess the adhesion of platelets on collagen, fibrinogen, and 
fibronectin following a 1 h incubation with treatment (sodium citrate, EDTA, or CaCl2) at 37  °C. 1 mg/mL 
fibrillar collagen solution was diluted 1:10 with phosphate buffered saline (PBS). Fibrinogen and fibronectin 
were diluted to 100 ug/mL with PBS. 100 uL of either collagen, fibrinogen, or fibronectin were added per well in 
a 96-well plate and incubated for 1 h at room temperature. The wells were then gently rinsed one time with PBS 
after removing the substrate solution. 100 uL of the treated PRP mixtures at 2 × 105 platelets/uL were added to the 
collagen-coated wells. 1.5 × 105 platelets/uL were added to fibrinogen- and fibronectin-coated wells. Untreated 
PRP, 2 × 105 platelets/uL or 1.5 × 105 platelets/uL, and uncoated wells (blank) were used as controls for the assay. 
Following the 2 h incubation, the PRP suspension was removed, and the wells gently rinsed three times with 
PBS. 50 uL of 10% triton X-100 was added to each well and incubated for 20 min to permeabilize the adhered 
platelets. 50 uL of the LDH detection solution from the Promega LDH-Glo cytotoxicity assay kit was added to 
each well and incubated for 30–60 min. The luminescence was measured using a SpectraMax iD5 plate reader 
(Molecular Devices). The concentration of platelets in each well was calculated using a standard curve created 
from known concentrations of lysed platelets.

Cancer cell-platelet interaction by flow cytometry
The effect of calcium chelation and hypercalcemia on cancer cell-platelet interaction was assessed using flow 
cytometry. In brief, 500 uL PC (2 to 5 × 106 platelets/uL) was stained with CellMask deep red plasma membrane 
stain at a 1:1,000 dilution and incubated for 1 h under agitation at 37 °C. The APC fluorescence signal of the 
stained platelets was assessed on the flow cytometer. The stained PC was then washed three times in tyrode 
buffer by centrifuging at 1,000g for 20 min. MDA-MB-231 and A549 cells were stained with Hoechst 33342 at 
a 1:10,000 dilution for 5 min at 37 °C. The cells were then washed twice and resuspended in calcium-deprived 
DMEM. For conditions with 1% sodium citrate, 3.8% sodium citrate and 0.18% EDTA, cancer cells and platelets 
incubated at a ratio of 1:500 for 1 h at 37 °C under gentle agitation. Samples were washed twice via centrifugation 
at 1,200 rpm for 10 min to remove excess platelets. For the hypercalcemic condition (18 mg/dL Ca2+), cancer 
cells and platelets were mixed at ratios of 1:1, 1:2.5, 1:5 and immediately centrifuged twice at 1,200 rpm for 10 
min. Samples were analyzed on the flow cytometer. The level of cancer cell-platelet interaction was determined 
by percentage of the population that was positive for APC (CellMask deep red) and Pacific Blue (Hoechst 33342). 
Samples remained at the appropriate treatment concentration at each step during the experiment. Cancer cells 
and platelets not treated with sodium citrate, EDTA, or calcium were used as controls at the appropriate ratios. 
Controls for unspecific staining were prepared for each ratio by first incubating the same number of CellMask 
deep red stained platelets in DMEM at the appropriate time. The samples were then centrifuged at 2,000 g for 20 
min in a 2mL Amicon Ultra Centrifugal filter (Millipore, cat# UFC210024). The filtrate was then collected and 
allowed to incubate at the appropriate time with the same number of cancer cells. The cancer cells were washed 
twice via centrifugation at 1,200 rpm for 10 min similarly to the other conditions.

Cancer cell invasion
The effect of calcium chelation and hypercalcemia on cancer cell invasion, with and without platelets (PC), was 
assessed using a transwell assay. Invasion assays were performed in 24-well polyethylene (PET) tissue culture 
treated membrane cell inserts (8 µm pore size) (Nest Biotechnology, cat#725321). The inserts were coated with 
50 uL of Cultrex UltiMatrix RGF BME (BioTechne, cat# BME001-05). 150,000 MDA-MB-231 or 100,000 A549 
cells were plated in the inserts after being treated with (1) 1% sodium citrate, (2) platelets (1:300 cancer cell to 
platelet ratio) and 1% sodium citrate, (3) 0.18% EDTA, (4) platelets (1:300 ratio) and 0.18% EDTA, (5) 18 mg/dL 
Ca2+, or (6) platelets (1:300 ratio) and 18 mg/dL Ca2+. Untreated cancer cells were used as a control. Cancer cells 
with or without platelets were incubated with treatment for 15 min at 37 °C under gentle agitation. The bottom 
chamber contained a mixture of calcium- and FBS-deprived DMEM, PRP, and treatment (chelation or CaCl2). 
After an invasion time of 6 h, the upper chambers were cleaned with a cotton swab moistened with PBS, and then 
rinsed with PBS. The inserts were fixed with 4% paraformaldehyde for 15 min and washed with PBS. The inserts 
were then stained with 0.25% crystal violet for 15 min and washed with PBS. They were placed in 33% acetic acid 
for 30 min with agitation to lyse and release the crystal violet from the invaded cells adhered to the bottom of the 
inserts. The outer surface of the bottom of the inserts was gently scraped with a mini spatula to ensure that all 
invaded cells were effectively removed/lysed. 200 uL of the acetic acid solution from each well was transferred to 
a 96-well plate. The absorbance at 590 nm was measured with the SpectraMax iD5 plate reader. The number of 
invaded cells was calculated using a standard curve generated from known cell densities.
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Statistical analysis
All graphical representations and statistical analysis were completed with GraphPad Prism software. A one-way 
ANOVA test followed by Dunnett’s or Šidák’s post hoc multiple comparisons test was used to determine statistical 
significance (*P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, and **** P ≤ 0.0001). All figures display the mean ± SEM for each 
group.

Results
Detection of key receptors on platelets
⍺IIbβ3, GPIb⍺, and GPVI are key receptors implicated in platelet function, platelet aggregation, and platelet-
cancer cell interactions. To assess the effect of decreased or increased calcium levels on these receptors, their 
detection was characterized after treating platelets with chelating agents or CaCl2 for 1 h. Platelets ⍺IIb (CD41a) 
surface detection was significantly decreased after treatment with chelating agents, sodium citrate and EDTA, 
regardless of concentration (Fig.  1A, S-1A, P < 0.0001). ⍺IIb surface detection significantly increased for 
hypercalcemic conditions (Fig. 1A, S-1A, P < 0.0214). EDTA addition increased platelet β3 surface detection, 
with significance being noted at the higher concentration of 0.18% (Fig. 1B, S-1B, P < 0.0001). Hypercalcemic 
treatment conditions did not modulate β3 surface detection on platelets.

Following platelet activation with 20 uM ADP, platelets exposed to a high concentration of sodium citrate 
had a significant decrease in detection of active conformation of ⍺IIbβ3 (PAC-1 detection) compared to the ADP 
control, while calcium addition significantly increased platelet activation, regardless of calcium concentration 
(Fig. 1C, S-1C, P < 0.0001).

0.5% and 2% Na citrate treated platelets led to a significantly increase in GPIb⍺ (CD42b) surface detection 
(Fig. 1D, S-1D, P = 0.0060 and P = 0.0084, respectively). Contrary, platelets treated with 0.18% and 0.5% EDTA 
had significantly less GPIb⍺ (CD42b) surface detection (Fig. 1D, S-1D, P < 0.0001). Hypercalcemic conditions 
also led to significantly less GPIb⍺ (CD42b) surface detection (Fig. 1D, S-1D, P < 0.0468).

Platelet GPVI surface detection was significantly increased following all chelation treatments (Fig. 1E, S1-E, 
P < 0.0343), while calcium addition did not modulate GPVI surface detection.

Detection of integrins on MDA-MB-231 human breast cancer cell line
Integrin ⍺IIbβ3 expressed on some cancer cells also mediates platelet-cancer cell interactions, thus playing 
a key role in platelet promoted tumor progression and metastasis. To further assess the effect of calcium on 
sub integrins ⍺IIb and β3, their detection was characterized after MDA-MB-231 was incubated with chelating 
agents, or CaCl2. Calcium depletion with both sodium citrate and EDTA significantly decreased ⍺IIb (CD41a) 
surface detection on MDA-MB-231 cells (Fig. 2A, S-2A, 0.5% sodium citrate: P = 0.0004; 2% sodium citrate: 
P < 0.0001; 0.18% EDTA: P < 0.0001, 0.5% EDTA: P < 0.0001). Hypercalcemic conditions did not modulate ⍺IIb 
(CD41a) surface detection. MDA-MB-231 preincubation with exosome biogenesis inhibitor, GW 4869, resulted 
in a significant increase of ⍺IIb (CD41a) surface detection for 2% sodium citrate treated samples (Fig.  2A, 
S-2A, P < 0.0001 vs. 2% sodium citrate without GW 4869). β3 (CD61) surface detection on MDA-MB-231 
was decreased with calcium depletion (Fig. 2B, S-2B, 0.5% Na citrate: P = 0.0383; 0.18% EDTA: P = 0.0442). In 
addition, hypercalcemic conditions resulted in a significant decrease in β3 (CD61) surface detection (Fig. 2B, 
S-2B, P < 0.0161).

Detection of integrins on A549 human lung cancer cell line
Similarly, integrin αvβ3 that is expressed on some cancer cells mediates platelet-cancer cell interactions, thus 
contributing to the metastatic process. The detection of integrin subunits CD51 (αv) and CD61 (β3) was 
characterized after treating A549 with chelating agents or CaCl2. A549 CD51 (αv) surface detection significantly 
decreased following treatment with all chelation conditions, except 2% Na citrate (Fig. 3A, S-3A, P < 0.0001). 
Hypercalcemic conditions significantly increased CD51 (αv) surface detection on A549 (Fig.  3A, S-3A, 
P < 0.0399). β3 (CD61) detection was not significantly modulated regardless of treatment (Fig. 3B, S-3B).

Aggregation of platelets with calcium chelation and hypercalcemia
Platelet aggregation is an important platelet function that also contributes to key aspects of the metastatic 
process (e.g. protecting CTCs as they travel through the bloodstream, promoting CTC arrest in the vasculature 
and extravasation). The effect of calcium depletion and hypercalcemia on platelet aggregation was assessed 
using LTA immediately after adding chelating agents or CaCl2. 10 uM ADP and TRAP were used as platelet 
agonists for calcium chelating conditions. However, lower concentrations (5 uM ADP and TRAP) were used 
for hypercalcemic conditions to better observe gradual increases in platelet aggregation with increments of 
calcium concentrations. A complete inhibitory effect on platelet aggregation was observed with both, 3.8% 
Na citrate (P < 0.0001) and 0.18% EDTA (P < 0.0001) (Fig.  4A,B) with 10 uM ADP. Platelet aggregation was 
significantly increased for severe hypercalcemia, 18 mg/dL Ca2+ (P = 0.0012) (Fig. 4C,D) with 5 uM ADP. Also, 
an increasing trend in platelet aggregation was observed at 13 mg/dL Ca2+ and 16 mg/dL Ca2+, though not 
statistically significant (Fig. 4C,D). A similar complete inhibitory effect was observed with 10 uM TRAP for 
both chelating agents (P < 0.0001) (Fig. 4E,F). Platelet aggregation was significantly increased immediately after 
adding treatment for 13, 16, and 18 mg/dL Ca2+ (P < 0.0005) with 5 uM TRAP.

Adhesion of platelets with calcium chelation and hypercalcemia
To further understand the effect of calcium depletion and hypercalcemia on platelet functions, platelet adhesion 
to three thrombogenic surfaces was examined. Platelet GPVI plays a key role in collagen-induced platelet 
activation. Following platelet activation and adhesion to collagen, further platelet activation leads to aggregation 
and formation of the platelet plug. Platelet tethering on collagen is mediated via GPIb-IX-V, while firm adhesion 
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involves the recruitment of GPVI, GPIIb-IIIa, and ⍺2β112. GPIIb-IIIa, ⍺vβ3, and ⍺5β1 are able to bind to 
both fibrinogen and fibronectin23–26. Platelet GPIIb-IIIa plays a key role in adhesion of activated platelets to 
fibrinogen which mediates platelet aggregation27. A LDH fluorescence assay was used to assess platelet adhesion 
to collagen, fibrinogen, and fibronectin following a 1 h incubation with Na citrate, EDTA, and calcium at various 
concentrations. There was no statistical difference in platelet adhesion to collagen between the conditions with 
calcium depletion or hypercalcemia in comparison to the control (Fig. 5A). In contrast, 2% Na citrate, 0.18% 

Fig. 1.  Characterization of the level of antibody binding on the platelet surface. Quantification of detection 
level following incubation with sodium citrate, EDTA, and Ca2+. Representative histograms are provided 
in supplementary Fig. 1. (A) CD41a (⍺IIb) [2 donors, n = 4], (B) CD61 (β3) [2 donors, n = 6], (C) PAC-1 
(activated CD41a or ⍺IIb) [1 donor, n = 3], (D) CD42b (GPIb⍺) [2 donors, n ≥ 6], (E) GPVI [2 donors, n ≥ 6].
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Fig. 2.  Characterization of the level of integrin antibody binding on MDA-MB-231. Quantification of integrin 
detection following incubation with sodium citrate, EDTA, and Ca2+, with and without GW 4869, an inhibitor 
of exosome biogenesis. Representative histograms are provided in supplementary Fig. 2. (A) CD41a (⍺IIb) 
[n ≥ 5], (B) CD61 (β3) [n ≥ 5].
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EDTA, and 0.5% EDTA significantly decreased platelet adhesion to fibrinogen (Fig. 5B, P < 0.0001, P < 0.0001, 
P = 0.0013, respectively). 0.5% EDTA significantly decreased platelet adhesion to fibronectin (Fig. 5C, P  = 0.0291). 
A decreasing trend was observed for 2% Na citrate and 0.18% EDTA, though not significant compared to the 
control (Fig. 5C). Hypercalcemia conditions did not significantly modulate platelet adhesion to either fibrinogen 
or fibronectin (Fig. 5B,C).

Fig. 3.  Characterization of the level of integrin antibody binding on A549. Quantification of detection 
level following incubation with sodium citrate, EDTA, and Ca2+. Representative histograms are provided in 
supplementary Fig. 3. (A) CD51 (⍺v) [n ≥ 5], (B) CD61 (β3) [n ≥ 5].
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Fig. 4.  Aggregation of platelets in the presence of 3.8% sodium citrate, 0.18% EDTA, and 11 to 18 mg/dL Ca2+. 
Quantification (left) and representative LTA curves (right) for the maximum aggregation of platelets using a 
normal platelet concentration of 200,000 platelets/uL. (A, B) 10uM ADP [4 donors, n ≥ 4], (C, D) 5uM ADP [4 
donors, n = 7], (E, F) 10uM TRAP [6 donors, n ≥ 16], (G, H) 5uM TRAP [2 donors, n ≥ 5].
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Cancer cell interaction with platelets
Cancer cell-platelet interaction was assessed to corroborate the results observed for the effects of calcium levels 
on platelet function and the key receptors that mediate platelet-cancer cell interaction. A flow cytometry assay 
was used to study the direct effect of calcium chelation and hypercalcemia on the interaction of cancer cells and 
platelets.

Calcium depletion via 3.8% Na citrate significantly decreased MDA-MB-231 and platelet interaction 
(P < 0.0001), while 0.18% EDTA did not (Fig. 6A, S-4A, S-5A-C). However, a downward trend was observed 
with 0.18% EDTA. Calcium depletion via 1% Na citrate did not modulate this interaction. Interestingly, calcium 
depletion did not modulate A549 and platelet interaction (Fig. 6B, S-4B, S-5A-C).

Adding more platelets (from 1:1 to 1:5 cancer cell-to-platelet ratio) led to a significant increase in MDA-
MB-231 and platelet interaction (Fig. 6C, S-4C, S-5A-C, P = 0.0085). However, a hypercalcemic environment 
did not significantly affect MDA-MB-231 and platelet interaction (Fig. 6C, S-4C, S-5A-C). Similar trends were 
observed with A549 and hypercalcemic conditions did not alter their interaction with platelets (Fig. 6D, S-4D, 
S-5A-C).

Assessment of cancer cell invasion with calcium modulation
To further understand the effect of calcium on platelet-cancer cell interactions and the pivotal step in the 
metastatic cascade, cancer cell invasion was assessed using a transwell assay. Treating MDA-MB-231 with 1% 
Na citrate, 0.18% EDTA, and 18 mg/dL Ca2+ did not significantly modulate MDA-MB-231 invasion, but a 
downward trend was observed for the chelation conditions while a positive trend was observed with calcium 
addition (Fig. 7A). However, MDA-MB-231 invasion with platelets was significantly increased in the presence of 
18 mg/dL of calcium (Fig. 7A , P= 0.0140 vs. platelets). The hypercalcemic condition was significantly enhancing 
invasion in the presence of platelets (Fig. 7A, P= 0.0163 vs. calcium). Similar trends were observed with A549 
invasion (Fig. 7B).

Fig. 5.  Adhesion of platelets on thrombogenic surfaces. Normalized quantification of adhesion of platelets 
following incubation with sodium citrate, EDTA, and Ca2+ at various concentrations. (A) Collagen surface [6 
donors, n ≥ 3], (B) Fibrinogen surface [3 donors, n ≥ 4], (C) Fibronectin surface [3 donors, n ≥ 4].
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Discussion
The objective of this study was to further understand how calcium affects platelet-cancer cell interaction and 
tumor cell invasion. The first phase of this study was the detection of the key receptors of interest, ⍺IIbβ3 and 
αvβ3, available on the surface of platelets and cancer cells following treatment with chelating agents or calcium 
at various concentrations. The resulting data shows that the surface detection of the most abundant platelet 
sub-integrin, ⍺IIb (CD41a), which is essential for platelet-platelet aggregation and tumor cell-induced platelet 
aggregation28, is significantly decreased when there is a lack of calcium or divalent cations (Fig. 1A, S-1A). This is 
in agreement with literature as past observations have shown that under calcium chelation, the alpha subunit of 
platelet ⍺IIbβ3 structurally collapses leading to the separation of the alpha and beta subunits, further inhibiting 
platelet aggregation29. Interestingly, platelet β3 (CD61) detection was unaffected with calcium/divalent cation 
depletion via sodium citrate, while it was increased with depletion via EDTA (Fig.  1B). The increase in β3 
detection with EDTA treated platelets agrees with previous studies that have shown that the binding of anti-
CD61 is increased in the presence of EDTA, even following dissociation of the ⍺IIbβ3 complex with EDTA30–33. 
Our results have shown that effect of calcium/divalent cation levels is more significant on the alpha subunit, 
compared to the beta subunit, of the ⍺IIbβ3 integrin on platelets.

Interestingly, neither calcium/divalent cation chelation, nor calcium addition, activates platelet ⍺IIbβ3 
integrin at baseline as suggested by our PAC-1 data (Fig. 1C).

Our results also indicate that calcium addition enables the recruitment of ⍺IIbβ3 at the platelet surface 
(Fig.  1A, S-1A, P < 0.0214), which remain in inactive conformation at baseline (Fig.  1C, red plain symbols), 
however, which enables an exacerbated ⍺IIbβ3 activation in response to platelet agonists such as ADP (Fig. 1C, 
red open symbols). This also translates in a significantly enhanced response of platelet aggregation in calcium 

Fig. 6.  Platelet – cancer cell interaction assessed via flow cytometry. Quantification for the interaction of 
platelets and cancer cells in the presence of 1% sodium citrate, 3.8% sodium citrate, 0.18% EDTA, and 18 mg/
dL Ca2+. Representative flow cytometry plots are provided in supplementary Fig. 4. (A) Platelets + MDA-
MB-231 using a 1:500 MDA-MB-231 to platelet ratio [12 donors, n ≥ 5], (B) Platelets + A549 using a 1:500 
A549 to platelet ratio [4 donors, n ≥ 9], (C) Platelets + MDA-MB-231 using a 1:1, 1:2.5, and 1:5 MDA-MB-231 
to platelet ratio [3 donors, n ≥ 5], (D) Platelets + A549 using a 1:1, 1:2.5, and 1:5 A549 to platelet ratio [4 donors, 
n ≥ 3].
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addition conditions (Fig. 4C,D, 4G,H). Together these results highlight for the first time that a hypercalcemic 
microenvironment primes platelets for deploying a significantly enhanced response in pro-thrombotic 
conditions.

In comparison to platelets, both the detection of the alpha and beta subunits of integrin ⍺IIbβ3 in MDA-
MB-231 cells tend to decrease with both calcium chelation and calcium addition (Fig. 2A-B, S-2A-B). This trend 
became significant for the ⍺IIb subunit with chelation, and for the β3 subunit with both chelation or in the 
presence of calcium addition (Fig. 2A-B, S-2A-B). We hypothesized that the observed reduced detections correlate 
with the production of MDA-MB-231-derived ⍺IIb/β3 positive exosomes. Indeed, CaCl2 incubation has been 
shown to increase intracellular calcium in MDA-MB-231 cells with a subsequent increase in the production 
of cancer cell-derived exosomes34. A study also highlights that exosome production by ovarian cancer cells is 
promoted in calcium chelated environments35. This was confirmed for the 2% sodium citrate treated samples, 
where ⍺IIb (CD41a) expression shifted from significantly decreased (Fig. 2A, green plain symbols, P < 0.0001 
vs. control), to significantly increased when the sample was preincubated with the exosome biogenesis inhibitor 
GW 4869 (Fig. 2A, green open symbols, P < 0.0001 vs. Na citrate). In contrast, the same concentration of GW 
4869 failed to modulate the expression of ⍺IIb (CD41a) in EDTA treated samples (Fig. 2A).

Platelet adhesion was assessed to understand the effect of calcium on another key aspect of platelet function. 
Contrary to the effect of calcium levels on platelet activation and aggregation, our results demonstrated that 
neither increasing or depleting calcium modulates platelet adhesion to collagen. This was corroborated by 
similar or even increased levels of GPVI across calcium addition and chelation, respectively (Fig. 1E). GPVI 
is involved in platelet activation via collagen and is also involved in the consolidation of platelet adhesion on 
collagen, along with ⍺IIbβ3 and ⍺2β1. However, it has been reported that GPVI, not ⍺2β1 is essential for platelet 
interaction with collagen36. Because GPVI is not directly involved in platelet tethering37, the observed significant 
increase in GPVI detection for some conditions does not correlate with increased adhesion, but could rather 
indicate a stronger/firmer consolidation of platelet adhesion. Our results demonstrate that GPVI is still present 
on the platelet surface, thus facilitating platelet interaction with collagen and consequential platelet activation 
and adhesion. Meanwhile, GPIb⍺ detection significantly decreased in the presence of the treatment with EDTA 
and calcium (Fig. 1D). GPIb is the subunit of GPIb-IX-V that binds to vWF during platelet tethering on exposed 
collagen38. Despite the decrease in GPIb⍺ detection, the lack of effect on adhesion would indicate that this drop 
is not functionally significant in altering platelet activity and that sufficient levels of GPIb⍺ are still present 
for platelet tethering to collagen via vWF. In contrast to the results observed for platelet adhesion to collagen, 
calcium depletion reduced platelet adhesion to both, fibrinogen (Fig. 5B) and fibronectin (Fig. 5C) with a dose 
dependent effect. Compared to the control, calcium depletion via EDTA presented a more significant downward 
trend of platelet adhesion to fibrinogen and fibronectin compared to the trend observed with sodium citrate. 
Indeed, EDTA has a higher cation binding constant and is a stronger chelator than sodium citrate39,40. The 
similar trend observed for the effect of calcium depletion on platelet adhesion to fibrinogen and fibronectin, 
could be explained by the fact that platelet ⍺IIbβ3, αvβ3, and α5β1 are responsible for platelet binding to these 
substrates via the fibrinogen binding domain on ⍺IIbβ323 and the RGD affinity of both αvβ3 and α5β1 integrins41. 
Because ⍺IIbβ3 is the most abundant receptor on platelets, the decrease in platelet adhesion to fibrinogen and 
fibronectin with calcium depletion corroborates with our results observed for the effect of calcium chelation 
on platelet ⍺IIb (Fig.  1A-B). Direct platelet-cancer cell interaction was then assessed via flow cytometry. 

Fig. 7.  Cancer cell invasion without and with platelets in chelation or hypercalcemic conditions. (A) MDA-
MB-231 invasion (3 donors and 3 independent experiments, n = 9), (B) A549 invasion (3 donors and 3 
independent experiments, n = 9).
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The results demonstrated that calcium depletion via sodium citrate at a concentration of 3.8% significantly 
decreases platelet-MDA-MB-231 interaction (Fig. 6A). This could potentially be explained by the structural or 
conformational change of the integrin in response to calcium depletion as suggested by the receptor assessments 
for both platelets and cancer cells, as well as literature14,15. Disrupting the integrin complexes on both cells 
would indeed disrupt platelet-MDA-MB-231 interaction. Meanwhile, although hypercalcemic conditions 
increased ⍺IIb on platelets (Fig. 1A), this does not promote increased platelet-MDA-MB-231 interaction in our 
experimental conditions (Fig. 6C). Interestingly, neither calcium depletion nor severe hypercalcemia modulates 
platelet-A549 interactions (Fig. 6B,D). Although detection of the ⍺v subunit of ⍺vβ3 was significantly decreased 
with EDTA and a downward trend of the β3 subunit was observed in calcium chelating environments, this 
decreased detection does not impact platelet-A549 interaction. It could imply that the A549 ⍺vβ3 integrin is not 
essential in the A549-platelet interaction. In addition, our experimental conditions emulating platelet-cancer 
cell interactions are limited by the two following aspects: the need for at least 10,000 events to be recorded on 
the flow cytometer and selected platelet-cancer cell ratios that do not induce clotting in our samples, which 
necessitated the use of non-physiological ratios.

Tumor cell invasion is a significant step in the metastatic cascade as tumor cell ability to penetrate the 
basement membrane and disseminate as CTCs initiates the eventual formation of metastatic sites19,20. Our results 
corroborate with previous studies that platelets tend to promote tumor cell invasion. Additionally, it is described 
in literature that activated platelets and platelet-cancer cell interactions can enhance tumor cell invasion by 
increasing the expression of pro-invasion transcription factors such as NF-κB2,42,43. Meanwhile, a hypercalcemic 
environment tends to increase cancer cell invasion and this invasion is even more exacerbated in the presence of 
platelets (Fig. 7). Our results also implicate that hypercalcemia creates an environment that promotes additional 
platelet support to tumor cell invasion and could potentially contribute to the poor prognosis of cancer patients 
also suffering from hypercalcemia44. A severe hypercalcemic environment promoting the invasion of cancer cells 
in the presence of platelets further emphasizes both the contribution of hypercalcemia and platelet-cancer cell 
interactions to metastasis.

Furthermore, the inability to use fresh blood samples for our platelet studies is not ideal for platelet 
functional testing and serves as a limitation in our study. Although platelets in our study may not fully replicate 
the functional characteristics of fresh platelets, stored platelets retain their biological activity as evidenced by the 
clinical use of platelets up to five days following apheresis collection.

Conclusion
The results of this study have demonstrated that platelet function and platelet-cancer cell interactions are calcium 
dependent. Upon fully understanding the effect that calcium levels have on platelet-cancer cell interaction and 
the key receptors involved in platelet-cancer cell interaction, this knowledge could then be leveraged to disrupt 
platelet-circulating tumor cell interactions that are allies in metastatic progression. Although the scope of this 
study mainly focused on the effect of calcium levels on integrins, chelation via sodium citrate and EDTA not 
only affects calcium ions, but also additional metal ions which are essential for receptor function and structural 
stability (i.e. Mg2+ and Mn2+)15.

Importantly, we also demonstrated for the first time that a hypercalcemic environment enables the recruitment 
of ⍺IIbβ3 at the platelet surface, which remain in an inactive conformation at time of recruitment. However, 
these receptors have an exacerbated response to platelet agonists such as ADP. In addition, hypercalcemia and 
platelets enhance cancer cell invasion more than either factor in isolation. These novel results demonstrate that 
hypercalcemia in patients can potentially promote increased platelet activation and the subsequent formation 
of platelet-tumor cell aggregates, which could be a factor in increased risk of cancer-associated thrombosis and 
increased metastatic dissemination.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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