
 

www.aging-us.com  5091 AGING 

INTRODUCTION 
 

It has long been acknowledged that coagulopathy is 

associated with the development of certain tumors; the 

first description of the thromboembolic indicator of 

malignancy was given in XIXth century by Armand 

Trousseau [1]. Recently, it has become commonly 

accepted that some impairments of blood hemostasis are 

associated with cancer progression and are important in 

the promotion of cancer metastasis. Epidemiological data 

indicate that cardiovascular complications are the leading 

cause of mortality among different subgroups of 

oncological patients [2–4]. This suggests that blood 

platelets are not only involved in a migration of cancer 

cells to premetastatic niches: they may be also affected 

by tumor-derived factors in such a way that increases the 

risk of cardiovascular complications during cancer 

treatment [5]. Thus, hemostatic disturbances 
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ABSTRACT 
 

Aging has become a significant risk factor for several diseases, including breast cancer.  
Platelet activation and platelet-cancer cell aggregate fractions were found to increase with tumor 
progression in a mouse model of breast cancer. At advanced stages of tumor development, platelets from 
mice with breast cancer were hyperreactive to low agonist concentrations and hyporeactive to high ones. 
Platelet activation and reactivity were strongly associated with breast cancer metastasis in the lungs and 
extramedullary hematopoiesis in the liver. A greater fraction of platelet aggregates was observed in 4T1-
injected mice at the advanced stages of breast cancer. In vitro, platelet activation was elevated after 
incubation with 4T1 cells, and thrombin-stimulated platelets formed aggregates with 4T1 cells. Neither 
GPIbα, nor GPIIb/IIIa blocking antibodies, were able to affect platelet-cancer cell aggregation in vitro.  
The primed circulating platelets became more sensitive to subthreshold stimuli at advanced stages of tumor 
development, and the formation of platelet-cancer cell aggregates increased with cancer progression. Our 
findings demonstrate that the age-associated progression of breast cancer cells is connected with increased 
platelet functioning, and that it can be manifested by the increased number of metastases and 
extramedullary hematopoiesis in a time-dependent-manner. 
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unequivocally constitute a pivotal part of the 

development of cancer and may be an interesting goal for 

antimetastatic therapies. Blood platelets may constitute a 

suitable target of pharmacological strategies undertaken 

to decrease platelet–tumor cell cross-talk and to reduce 

cellular or humoral activation of blood platelets (tumor 

cell-induced platelet aggregation, TCIPA) and thus, to 

suppress an enhanced risk of thrombotic events in cancer 

patients [6]. On the other hand, platelets easily interact 

with cancer cells in circulation, thus facilitating 

metastasis, a process presumably modulated by 

antiplatelet drugs [7, 8].  

 

A few pharmacological pieces of evidence obtained with 

antiplatelet drugs in tumor models suggest that platelets 

play role in metastasis. Cilostazol, known to inhibit the 

hemostatic properties of platelets, has been proven to 

inhibit the metastasis of breast cancer to the lungs when 

used before inoculation of 4T1 cancer cells into the fat 

pads of mice and then after two weeks of cancer 

development [9]. In a melanoma model, the inhibition of 

the P2Y12 receptor with ticagrelor decreased the number 

of metastatic secondary tumors and improved the survival 

of animals injected with cancer cells [10]; however, 

platelet depletion did not change the rate of growth of 

primary melanoma [11]. The malignancy features of 

ovarian cancer cells, i.e. their invasiveness and ability to 

epithelial-to-mesenchymal transition (EMT), were 

significantly augmented by blood platelets, but decreased 

by treatment with acetylsalicylic acid and inhibition of the 

P2Y12 receptor [12].  

 

The detailed molecular mechanism(s) underlying 

platelet activation in cancer are not fully understood. 

Presently, it can be suggested that cancer cells are able 

to activate a cysteine proteinase system, the so-called 

cancer procoagulant, which enhances some of the 

thrombotic features of blood platelets, such as adhesion 

to collagen [13] or secretion from intraplatelet granules, 

but does not act as a pro-aggregatory factor [14]. One of 

the most current theories considers platelet-derived 

microparticles (PMPs) as potential additional players in 

the interplay between the hemostatic system and cancer. 

Evidence exists that abundance of PMPs is elevated in 

numerous types of cancerous malignancies, such as 

skin, lung, gastric, colorectal, and breast cancers  

[15–18], but the mechanisms supporting the increase of 

circulating PMPs and their role in cancer metastasis are 

poorly understood. Zara and colleagues demonstrated 

that the PMPs obtained from platelets exposed to cancer 

cells were able to regulate the aggressiveness of the 

same cancer cells that induced their release. 

Interestingly, the nature of the circulating cancer cell 

was found to dictate its potential to provide pro-

metastatic feedback: highly-aggressive cells typically 

induce greater PMPs release and uptake than less-

aggressive cells. In addition, internalized PMPs can 

activate cancer cells through the phosphorylation of 

selected signaling proteins, including p38MAPK and 

myosin light chain [19]. Thus, it seems that the 

identification of the molecular determinants responsible 

not only for cancer cell-platelet interplay, but also for 

cancer cell–PMP interactions may play a key role in 

developing novel pharmacological strategies aimed at 

limiting of the efficacy of such prometastatic loops. 

 

In addition, malignancies are associated with the 

presence of a procoagulant metabolic shift in blood 

plasma. For example, elevated levels of homocysteine 

have been observed in patients with a breast cancer [20, 

21] and may be recognized as a hallmark of 

proaggregatory stimuli in blood platelets [22]. Thus, 

cancer cells and blood platelets can cross-talk indirectly 

through secreted molecules and share a common 

procoagulant environment.  

 

Special attention should be paid to platelet receptors 

that can link platelets and cancer cells circulating in the 

blood. The question of whether platelet receptors may 

be responsible for their interactions with cancer cells 

seems to be a crucial one when considering the anti-

metastatic aspects of antiplatelet therapy. A recent 

report indicates that the blockage of the GPIIb/IIIa 

receptor with its specific inhibitor eptifibatide can 

reduce the adhesion and migration properties of cancer 

cells, even highly invasive ones [23].   

 

As described above, considerable evidence suggests that 

platelets play a part in the spread of cancer cells from 

the primary tumor to metastatic niches. Nevertheless, 

the time profile of platelet activation during the 

progression of cancer diseases is currently poorly 

understood. However, to choose the correct moment to 

begin cancer therapy, it is important to know the tumor 

development stage at which platelet activation occurs. 

In addition, to select the most appropriate antiplatelet 

therapy, i.e. one that is focused on the most potent 

pathway of platelet activation, a more detailed 

description of platelet activation and reactivity markers 

on blood platelets obtained at different time points of 

cancer development is needed.  

 

As the risk of cancer development increases with age, 

aging is thought to be an important factor increasing the 

chance of cancer morbidity [24, 25]. This is also true in 

the case of breast cancer. Breast cancer, however, shows 

some variation depending on the time of onset. Even a 

simple classification of breast cancer as early-onset 

(occurring at pre-menopausal age) or late-onset 

(encountered at postmenopausal age) reveals that the 

former is generally an estrogen receptor-negative form 

that appears in higher-grade tumors, while the latter is 
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typically estrogen receptor-positive and is typical for 

lower-grade forms of the disease [26–28]. 

 

It has been shown that the extent of platelet activation 

markedly increases with age [29]. Assuming that the 

incidence of cancer development also increases with 

age, the risk of platelet-cancer cell interplay appears 

very high at advanced age. However, it is poorly 

understood whether blood platelets are also activated by 

breast cancer when estrogen receptor-negative tumors 

develop at the premenopausal stage. To confirm such 

activation, platelet activation and reactivity were 

measured in an estrogen receptor-negative mouse model 

of highly metastatic breast cancer induced by 4T1 cells 

[30], with a relevance to premenopausal period. 

 

A detailed evaluation was performed of the activity of 

markers associated with platelet activation and 

reactivity to physiological agonists during breast cancer 

metastasis. It was hypothesized that the expression of 

platelet activation / reactivity markers on the platelet 

surface would gradually increase following cancer cell 

inoculation into animals, reaching a peak at the final 

time points of cancer development. For this purpose, a 

mouse-based model of breast cancer was used 

consisting of an orthotopic injection of 4T1 cells in the 

fat pad, an approach used in previous studies of cancer 

progression, development and therapy [31]. 

Measurement was performed using flow cytometry, this 

being the best approach for measuring blood platelet 

activation and reactivity in a quasi-natural environment 

with minute volumes of available blood. In addition, in 
vitro models were used to directly test the influence of 

4T1 cells on blood platelet activation. 

 

RESULTS 
 

Monitoring breast cancer metastasis to lungs during 

the five-week period of tumor development 

 

Cancer metastases were observed in higher numbers 

and with greater surface areas, for the largest 

metastases, were found in the lungs of mice sacrificed at 

the third, fourth and fifth week of tumor progression, 

compared to those sacrificed in the second week (Table 

1). Representative histopathological images of the 

cancer metastases in lungs for different time points of 

disease duration are presented in Figure 1. In addition, 

the samples of lung tissue taken from mice presenting 

breast cancer at three, four and five weeks demonstrated 

a greater proportion of cancer metastases per surface 

area of analyzed histological sample and a greater 

number of cancer metastases per volume of the sample, 

than those at the first two weeks of cancer development 

(Table 1). Histochemical staining also revealed 

symptoms of inflammation; these were mainly observed 

at the late stages of tumor development, i.e. between 

three and five weeks (data not shown). 

 

Estimation of extramedullary hematopoiesis in the 

liver and spleen during the five-week period of 

tumor development 

 

Extramedullary hematopoiesis, measured as both the 

number of extramedullary hematopoietic foci and the 

extent of extramedullary hematopoiesis, appeared to be 

more common in mice sacrificed at the fourth and fifth 

week of tumor progression, than in samples taken at two 

and three weeks (Table 2). Representative histological 

images of the extramedullary hematopoiesis foci present 

in the liver at different time points of disease duration 

are presented in Figure 2. The presence of 

extramedullary hematopoietic foci in the liver, detected 

with the use of hematoxylin and eosin staining, was 

further confirmed by immunohistochemistry analysis. 

Higher expression of FVIII (hematopoietic markers for 

megakaryocyte), CD117 (erythroid marker) and MPO 

(granulopoietic marker) was observed in the samples 

from mice developing breast cancer in comparison to 

controls (Figure 3). Hematopoietic foci were also 

observed in the spleens of both the mice bearing breast 

cancer for five weeks (4; 3-4, Me; IQR) and those 

injected with saline (2; 1-2, Me; IQR). This was to be 

expected, as the process of extramedullary 

hematopoiesis in spleen is known to occur throughout 

the lifetime of mice [32]. Representative histological 

images of the extramedullary hematopoietic foci 

identified in the spleens of mice with five-week breast 

cancer and of those injected with saline are presented in 

Figure 4.  

 

Changes of blood morphology during tumor 

progression 
 

After four weeks, the numbers of platelets and 

leukocytes were found to be elevated in mice inoculated 

with 4T1 cells, compared to those injected with saline: 

(377; 337-434) *109/L vs. (305; 296-317) *109/L (P < 

0.01) for platelets, and (59; 55-71) *109/L vs. (0.9; 0.7-

1.1) *109/ (P < 0.001) for leukocytes; Me and IQR, 

significance estimated with Kruskal-Wallis test 

followed by the post hoc all-pairwise comparisons 

Conover-Inman test. Moreover, platelet and leukocyte 

counts increased with tumor progression (t2 vs. t4: [262; 

229-316] *109/L vs. [377; 337-434] *109/L, P < 0.01 for 

platelets and [4.5; 2.1-7.7] *109/L vs. [59; 55-71] 

*109/L, P < 0.001 for leukocytes, Me and IQR). The 

fraction of granulocytes was also found to be greater in 

mice bearing breast cancer than healthy animals: 75.6; 

58.7-78.3% for the 4T1-injected mice vs. 47.0; 39.8-

49.6% for the saline-injected mice at time point t2 (P < 

0.001) and 81.0; 77.6-86.8% for the 4T1-injected mice 
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Table 1. Selected parameters of breast cancer metastasis to lungs during the five-week period of tumor 
development. 

Time point of breast cancer development 

to t2 t3 t4 t5 

Number of metastases foci * 

0; 0-0.5 1; 0-2 13; 9-19 23; 10-27 9; 8-23 

Surface of the largest metastases [mm2] ** 

0; 0- 0.02  0.05; 0-0.11 2.70; 0.48-3.30 5.40; 3.60-11.25 12.35; 2.97-24.01 

Number of metastases foci/sample surface *** 

0; 0-0.1 0.01; 0-0.02 0.12; 0.07-0.24 0.17; 0.11-0.24 0.11; 0.06-0.13 

Number of metastases foci/volumetric dimension of sample surface **** 

0; 0-0.1 0.01; 0-0.02 0.04; 0.02-0.06 0.05; 0.03-0.08 0.01-0.05 

Results are presented as median and interquartile range  (n = 4-7). Histological samples of lungs were resected immediately 
(two hours, t0) after cancer cell injection and after two (t2), three (t3), four (t4) and five (t5) weeks of cancer development. 
Significance of differences, estimated with Kruskal-Wallis test followed by the post hoc all-pairwise comparisons Conover-
Inman test, were: * P1,α < 0.001, t5 = t4 = t3 > t2 = t0; ** P1,α < 0.01, t5 = t4 = t3 > t2 = t0; *** P1,α < 0.01, t5 = t4 = t3 > t2 = t0; **** 
P1,α < 0.01, t5 = t4 = t3 > t2 = t0. 
 

vs. 45.5; 43.5-49.0% for the saline-injected mice at time 

point t4 (P < 0.001), Me and IQR. In turn, mice with 

breast cancer were characterized by lower levels of 

lymphocytes than controls: 17.6; 14.2-33.0% for the 

4T1-injected mice vs. 45.5; 42.8-51.6% for the saline-

injected mice at t2 (P < 0.001) and 11.1; 7.0-15.0% for 

the 4T1-injected mice vs. 46.0; 43.0-48.2% for the 

saline-injected mice at t4 (P < 0.001), Me and IQR. No 

significant changes in other variables of blood 

morphology were observed during breast cancer 

development. 

 

Associations between blood cell counts and 

histological markers of lung metastases and 

extramedullary hematopoiesis in the liver 

 

Negative associations were observed between the 

fraction of lymphocytes and the number of metastases 

in lungs (Rs = -0.601, P < 0.001), as well as with the 

number of extramedullary hematopoietic foci in the 

liver (Rs = -0.543, P < 0.001) of mice with breast 

cancer. For other blood cells, the numbers of platelets, 

leukocytes and the fraction of granulocytes positively 

correlated with the number of lung metastases (Rs = 

0.637, P < 0.001, Rs = 0.702, P < 0.001, Rs = 0.581, P < 

0.01, respectively) and the numbers of extramedullary 

hematopoietic outbreaks in liver (Rs = 0.568, P < 0.01, 

Rs = 0.639, P < 0.001, Rs = 0.529, P < 0.01, 

respectively).  

 

Activation of circulating blood platelets in mice at 

different stages of breast cancer progression  
 

The activation of circulating platelets was tested at 

time point t0, i.e. two hours after the injection of mice 

with 4T1 cancer cells or saline. No significant 

differences were found between these two groups of 

mice regarding any tested marker of platelet activation 

(Figure 5).  

 

A similar comparison of the activation markers made 

during the fifth week after orthotopic injection revealed 

that tumor-bearing mice exhibited higher extents of 

activation in circulating resting platelets than control 

animals injected with saline (Figure 5). These 

differences observed for the markers of platelet 

activation progressed with time. The expression of P-

selectin and the activated GPIIb/IIIa complex, as well as 

the binding of vWF and fibrinogen on the platelet 

surface increased significantly every week from t0 to the 

fifth week of tumor progression (Figure 6).  

 

In vitro reactivity to ADP or thrombin of blood 

platelets taken from mice injected with 4T1 cells or 

saline 
 

Following in vitro platelet stimulation with ADP,  

the platelets of mice inoculated with 4T1 cancer cells 

demonstrated increased activated GPIIb/IIIa complex 

expression and reduced fibrinogen binding at time 

point t0 (Figure 7) than those obtained from mice 

injected with saline. However, the opposite situation 

was observed five weeks after inoculation, i.e. the 

expression of GPIIb/IIIa was reduced and the amount 

of bound fibrinogen on the platelet surface  

was increased in 4T1 mice in response to ADP 

stimulation (Figure 7). For thrombin-stimulated 

platelets, differences in platelet reactivity between 

4T1- and saline-injected mice were observed only at t5 

(Figure 8).  
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Figure 1. Representative histopathological images of breast cancer metastases in lungs of mice injected with 4T1 cancer 
cells. Breast cancer metastasis was investigated by histological examination of the lungs isolated from mice during necropsy carried out in 
animals injected with saline (control) (A) or after 0 (B), 2 (C), 3 (D), 4 (E) and 5 (F) weeks from the injection of 4T1 cancer cells. Hematoxylin 
and eosin staining, magnification of 100X. Additional images under lower optical magnification (20x) present breast cancer metastasis in 
samples of lungs resected from mice at the second (G) and fifth (H) week of breast cancer development. Cancer metastases are marked with 
white arrows. More experimental details are given in the Materials and methods section. 
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Table 2. Selected parameters of extramedullary hematopoiesis in the liver during the five-week period of tumor 
development. 

Time point of breast cancer development 

to t2 t3 t4 t5 

Number of hematopoietic foci * 

0; 0-0 1; 0-3 1; 1-3 3; 2-4 3; 3-4 

Extent of extramedullary hematopoiesis ** 

0; 0-0 1; 0-2 2; 1-2 3; 2-4 2; 2-3 

Results are presented as median and interquartile range  (n = 6-8). Histological samples of liver were resected immediately 
(two hours, t0) after cancer cell injection and after two (t2), three (t3), four (t4) and five (t5) weeks of cancer development. The 
extramedullary hematopoiesis foci were quantified using a semiquantitative scoring method combining a 4-point score, 
representing the number of extramedullary hematopoietic foci (0 points: no foci and 4 points: highest number of foci) with a 
4-point score, quantifying the extent of extramedullary hematopoiesis (0 point: no foci and 4 points: very high extent of 
extramedullary hematopoiesis). The significance of differences, estimated with the Kruskal-Wallis test followed by the post 
hoc all-pairwise comparisons Conover-Inman test, were: * P1,α < 0.05, t5 = t4 > t3 > t2 = t0; ** P1,α < 0.05, t5 = t4 > t3 > t2 = t0. 

 

Changes in the in vitro reactivity of blood platelets in 

mice during five weeks of tumor development  

 

Some fluctuations in the expression of activated GPIIb/IIIa 

complex on platelets stimulated with ADP were observed 

during the five-week course of breast cancer (Figure 9A, 

9B). This expression appeared to be the highest after 

weeks 3 and 4, while it reached the lowest values after two 

and five weeks. In contrast, a significant rise in the levels 

of fibrinogen binding to platelets following ADP 

administration was observed after weeks 4 and 5.  

 

Thrombin stimulation of platelets was found to be 

associated with increased expression of P-selectin at 

almost every time point during the course of the disease, 

peaking after the fifth week (Figure 10A, 10B). 

Interestingly, the expression of activated GPIIb/IIIa 

complex (Figure 10C, 10D) and binding of fibrinogen 

(Figure 10G, 10H) were found to be highest at time points 

t3 and t4, regardless of the thrombin concentrations. In the 

case of vWF, the highest binding of this protein to the 

platelet surface was observed after weeks 3 and 4; 

however, this was noted only for the lower concentration 

of thrombin (Figure 10E). For higher doses of thrombin, 

the opposite tendency occurred: the lowest values of bound 

vWF were noted at time points t3 and t4 (Figure 10F).  

 

A separate series of experiments included an additional 

control: the injection of breast epithelium non-cancer 

cells (EpH4-Ev). These injections were administered at 

time points t0 and t2 to verify whether the possible 

changes in platelet reactivity observed after 4T1 

injection might be due simply to the procedure of cell 

injection. Only these first two time points were chosen 

because the inoculated non-cancer cells should become 

neutralized by the immune system and would not be 

present in bloodstream after a longer time. No 

significant changes of platelet activation or reactivity 

were found for mice inoculated with EpH4-Ev cells, 

compared to mice injected with saline. However, two 

weeks after the injection with 4T1 breast cancer cells, 

the mice demonstrated increased activation of 

circulating platelets (P < 0.01 for the expression of 

activated GPIIb/IIIa complex and the binding of vWF 

and Fg) and elevated response to 20 µM ADP (P < 0.05 

for CD62P and P < 0.01 for vWF and Fg) and 0.25 

U/ml thrombin (P < 0.01 for CD62P and vWF) than 

those administered EpH4-Ev breast epithelium non-

cancer cells (data not shown). In the mice inoculated 

with cancer cells, breast tumors were found to form two 

weeks after the injection of 4T1 cells. Therefore, we 

correctly deduced that these cells can be detected at the 

time point t2 in the bloodstream.  

 

Canonical correlations between the set of 

parameters of blood platelet activation and 

reactivity and the set of histological markers of lung 

metastases and extramedullary hematopoiesis in 

liver 

 

Overall, the tested variables associated with the 

activation of circulating platelets in the 4T1-injected 

mice were found to be strongly associated with the 

markers of breast cancer metastasis in the lungs and 

those of extramedullary hematopoiesis in the liver 

(Table 3). In addition, the in vitro study revealed a 

significant relationship between the measured variables 

describing blood platelet reactivity, i.e. the expressions 

of the examined hallmarks of platelet reactivity for 

different concentrations of agonists, with the number of 

breast cancer metastases in lungs, as well as with the 

extramedullary hematopoiesis foci in liver (Table 3). 

The outcomes in Table 3 clearly demonstrate that P-

selectin expression, as well as the binding of fibrinogen 
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Figure 2. Representative histological images of the extramedullary hematopoiesis foci in livers of mice injected with 4T1 
cancer cells. Extramedullary hematopoiesis was diagnosed histologically at increasing time intervals; observations were made based on 
slides from livers isolated during necropsy in animals injected with saline (control) (A) or after 0 (B), 2 (C), 3 (D), 4 (E) and 5 (F) weeks since the 
injection of 4T1 cancer cells. Hematoxylin and eosin staining, magnification of 100X. Additional images under lower optical magnification 
(20x) present extramedullary hematopoiesis foci in samples of lungs resected from mice at the second (G) and fifth (H) week of breast cancer 
development. The representative foci under higher magnification show the progenitor hematopoietic cells next to mature granulocytes (I) 
(400x) and a megakaryocyte (J) (600x). Extramedullary hematopoiesis foci are marked with white arrows. More experimental details are 
given in the Materials and methods section. 
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and vWF to resting circulating platelets or platelets 

agonized with thrombin are the most significant 

contributors explaining the extent of variability of 

breast cancer metastases in lungs. However, although 

the number of extramedullary hematopoietic foci in the 

liver was mostly explained by fibrinogen binding to 

resting, ADP-activated and low thrombin-activated 

platelets, it was also associated with P-selectin and 

GPIIb/IIIa expression and vWF binding in low 

thrombin-stimulated platelets.  

Detection of complexes of blood platelets and cancer 

cells in mice in the course of orthotopically-induced 

breast cancer 
 

Before precise measurements were taken, it was verified 

whether CD41/61 is present on the 4T1 cells. There was 

no expression of this antigen on the surface of  

cultured mouse breast cancer 4T1 cells (data not 

shown). The number of CD24/CD41/61-negative and 

CD44/CD41/61-positive cell aggregates measured at 

 

 
 

Figure 3. Representative images of immunochemistry detection of the extramedullary hematopoiesis foci in liver of mice 
injected with 4T1 cancer cells. Extramedullary hematopoiesis was diagnosed by immunohistochemistry staining at time interval t5 in 
slides from liver isolated during necropsy in mice injected with 4T1-cancer cells. The expressions of hematopoietic markers: CD117 (erythroid 
marker) (A, B), MPO (granulopoietic marker) (C, D) and FVIII (hematopoietic markers for megakaryocyte) (E, F) were detected. Additional 
hematoxylin staining was applied. Magnification of 100X (A, C) and 400X (B, D, E, F). Extramedullary hematopoiesis foci are marked with 
white arrows. More experimental details are given in the Materials and methods section. 
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time point t0 was found to be higher in mice injected 

with 4T1 cells in comparison to those injected with 

saline (Figure 11). Likewise, the number of 

CD24/CD41/61- and CD44/CD41/61-positive cell 

complexes found after five weeks was significantly 

higher in mice injected with 4T1 cells than in to those 

injected with saline (Figure 11). Furthermore, a 

statistically significant increase in the number of 

CD24/CD41/61-positive complexes was found, when 

blood samples taken at the fifth week of disease were 

compared to those taken earlier, i.e. at time point t0 and 

after two weeks, three weeks and four weeks of disease 

progression (Figure 12). Also, the numbers of 

CD44/CD41/61-positive aggregates steadily increased 

over the course of tumor progression (Figure 12): 

significant changes were observed between subsequent 

time points, apart from between the second and the third 

weeks. Example dot plots and histograms showing the 

gating strategy for detection of platelet-cancer cell 

aggregates are presented in Figure 13. 

 

 
 

Figure 4. Representative histopathological images of the extramedullary hematopoiesis foci in spleen of mice injected with 
4T1 cancer cells. Extramedullary hematopoiesis was diagnosed histologically at time interval t5 in slides from spleens isolated during 
necropsy in mice injected with saline (control) (A, C, E) or 4T1 cancer cells (B, D, F). Hematoxylin and eosin staining, magnification of 20X  
(A, B), 100X (C, D) and 600X (E, F). Extramedullary hematopoiesis foci are marked with white arrows. More experimental details are given in 
the Materials and methods section. 



 

www.aging-us.com  5100 AGING 

Impact of 4T1 cancer cells on platelet activation  

in vitro 

 

Increased activation of resting platelets was observed, 

as evidenced by the enhanced expression of P-selectin, 

GPIIb/IIIa and increased binding of vWF and 

fibrinogen following the in vitro incubation of platelets 

with 4T1 cells, compared to those incubated with saline 

(Figure 14). 

In vitro effects of GPIbα and GPIIb/IIIa blockers on 

platelet-cancer cells aggregation  

 

Increased aggregation of fluorescently-labeled cancer 

cells with resting platelets was observed (Figure 15), 

and this aggregation was even more pronounced after 

platelet stimulation with thrombin. However, the 

antibodies did not appear to have any significant effects 

against GPIIb/IIIa or GPIbα: they did not prevent the 

 

 
 

Figure 5. Activation of circulating platelets in mice injected with 4T1 cancer cells or saline. Results are presented as median 
(horizontal line) and interquartile range (box) (n = 8). The expressions of P-selectin (CD62P) (A), the active form of GPIIb/IIIa (B) and the 
binding of endogenous vWF (C) and endogenous fibrinogen (Fg) (D) on resting platelets were measured using flow cytometry in non-fixed 
‘washed blood’ withdrawn immediately (t0) or after 5 weeks (t5) from the injection of mice with 4T1 cancer cells or saline. Results are 
expressed as the percent fraction of platelets positive for a given activation marker. More experimental details are given in the Materials and 
methods section. The statistical significance of differences, estimated with Kruskal-Wallis test followed by the post hoc Conover-Inman all-
pairwise comparisons test, P-selectinresting, P1,α < 0.001, 4T1 t5 > saline t5; P1,α < 0.001, 4T1 t5 > 4T1 t0; active form of GPIIb/IIIaresting, P1,α < 0.001, 
4T1 t5 > saline t5; P1,α < 0.001, 4T1 t5 > 4T1 t0; vWFresting, P1,α < 0.001, 4T1 t5 > saline t5; P1,α < 0.001, 4T1 t5 > 4T1 t0; Fgresting, P1,α < 0.001, 4T1 t5 > 
saline t5; P1,α < 0.001, 4T1 t5 > 4T1 t0.  
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aggregation between fluorescently-labeled cancer cells 

and resting platelets.  

 

Flow cytometric analysis of normoplatelets and 

platelet-platelet aggregates  

 

The population distributions of normoplatelets were 

decomposed into two size subpopulations in the control 

mice and animals with breast cancer; these were referred 

to as smaller and larger platelets. Interestingly, the cells 

appeared to be smaller in 4T1-injected mice than in those 

treated with saline in both groups of normoplatelets. 

Moreover, five weeks after the injection of 4T1 cancer 

cells or saline, the population of smaller normoplatelets 

decreased in mice with breast cancer, compared to 

control animals; in contrast, those of the larger 

normoplatelet fractions increased. The opposite tendency 

was observed in animals treated with saline. 

Additionally, four weeks after the injection of 4T1 cells, 

the population of platelet-platelet aggregates significantly

 

 
 

Figure 6. Time-course of circulating platelet activation in mice injected with 4T1 cancer cells during 5-week breast cancer 
development. Results are presented as median (horizontal line) and interquartile range (box) (n = 8). The expressions of P-selectin (CD62P) 
(A), the active form of GPIIb/IIIa (B) and the binding of endogenous vWF (C) and endogenous fibrinogen (Fg) (D) on resting platelets were 
measured using flow cytometry in non-fixed ‘washed blood’ withdraw immediately (t0, open boxes) or after 2 (t2, light grey boxes), 3 (t3, grey 
boxes), 4 (t4, dark grey boxes) or 5 weeks (t5, black boxes) from the injection of 4T1-cells. Results are expressed as the percent fraction of 
platelets positive for a given activation marker. More experimental details are given in the Materials and methods section. The statistical 
significance of differences, estimated with Kruskal-Wallis test followed by post hoc all-pairwise comparisons Conover-Inman or one-way 
ANOVA followed by Tukey’s multiple comparisons test, was: P-selectinresting, P1,α < 0.05, 4T1 t5 > 4T1 t4 > 4T1 t3 > 4T1 t2 > 4T1 t0; active form of 
GPIIb/IIIaresting, P1,α < 0.01, 4T1 t5 > 4T1 t4, 4T1 t3, 4T1 t2, 4T1 t0; 4T1 t4 > 4T1 t2, 4T1 t0; vWFresting, P1,α < 0.05, 4T1 t5 > 4T1 t4 = 4T1 t3 = 4T1 t2 > 4T1 

t0; Fgresting, P1,α < 0.01, 4T1 t5 > 4T1 t2, 4T1 t0; 4T1 t4 > 4T1 t2, 4T1 t0. 
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increased in mice developing tumors compared to 

controls (P < 0.01, estimated with one-way ANOVA 

followed by Tukey’s multiple comparisons test); 

however, no further changes were observed after five 

weeks.  

 

DISCUSSION 
 

Blood platelets can be involved in a number of 

pathways pivotal for cancer progression and metastasis, 

including stimulation of tumor angiogenesis and the 

regulation of circulating tumor cell extravasation to the 

premetastatic niche in the target organ [33]. The first 

and the simplest proof of platelet involvement in 

metastasis revealed in this study is the positive 

association between the number of blood platelets and 

the number of metastatic foci, which remains in an 

agreement with earlier observations [34]. Hence, our 

findings confirm that platelet number may be a valuable 

predictor of the metastatic potential of cancer [35]. 

 

 
 

Figure 7. Expressions/bindings of selected platelet surface membrane activation markers on ADP-activated blood platelets 
in mice injected with 4T1 cancer cells or saline. Results are presented as median (horizontal line) and interquartile range (box) (n = 8). 
The expressions of the active form of GPIIb/IIIa (A, B) and binding of endogenous fibrinogen (Fg) (C, D) on platelets stimulated with ADP (5 or 
20 µM) were measured using flow cytometry in non-fixed ‘washed blood’ withdraw immediately (t0) (A, C) or after 5 weeks (t5) (B, D) from 
the injection of 4T1-cells or saline. Results are expressed as the percent fraction of platelets positive for a given activation marker. More 
experimental details are given in the Materials and methods section. The statistical significance of differences, estimated with Kruskal-Wallis 
test followed by post hoc Conover-Inman all-pairwise comparisons or two-way ANOVA followed by Tukey’s multiple comparisons test, was: 
active form of GPIIb/IIIaADP5µM, P1,α < 0.01, 4T1 t0 > saline t0; P1,α < 0.01, 4T1 t5 < saline t5; active form of GPIIb/IIIaADP20µM, P1,α < 0.01, 4T1 t0 > 
saline t0; P1,α < 0.01, 4T1 t5 < saline t5; FgADP5µM, P1,α < 0.01, 4T1 t0 < saline t0; P1,α < 0.01, 4T1 t5 < saline t5; FgADP20µM, P1,α < 0.01, 4T1 t0 < saline t0; 
P1,α < 0.01, 4T1 t5 < saline t5. 
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Figure 8. Expression/binding of selected platelet surface membrane activation markers on thrombin-activated blood 
platelets in mice injected with 4T1 cancer cells or saline. Results are presented as median (horizontal line) and interquartile range 
(box) (n = 8). The expressions of P-selectin (CD62P) (A, B), the active form of GPIIb/IIIa (C, D) and binding of endogenous vWF (E, F) and 
endogenous fibrinogen (Fg) (G, H) on platelets stimulated with thrombin (0.025 or 0.25 U/ml) were measured using flow cytometry in non-
fixed ‘washed blood’ withdrawn immediately (t0, A, C, E, G) or after 5 weeks (t5, B, D, F, H) from the injection of 4T1 cells or saline. Results are 
expressed as the percent fraction of platelets positive for a given activation marker. More experimental details are given in the Materials and 
methods section. The statistical significance of differences, estimated with Kruskal-Wallis test followed by post hoc all-pairwise comparisons 
Conover-Inman or two-way ANOVA followed by Tukey’s multiple comparisons test, was: P-selectin thr0.025U/ml, P1,α < 0.05, 4T1 t0 < saline t0; P1,α 

< 0.01, 4T1 t5 > saline t5; active form of GPIIb/IIIa thr0.025U/ml, P1,α < 0.01, 4T1 t5 > saline t5; vWF thr0.025U/ml, P1,α < 0.05, 4T1 t0 > saline t0; P1,α < 0.01, 
4T1 t5 > saline t5; vWF thr0.25U/ml, P1,α < 0.05, 4T1 t0 > saline t0; Fgthr0.025U/ml, P1,α < 0.05, 4T1 t0 < saline t0; P1,α < 0.01, 4T1 t5 > saline t5.  
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Since we are aware that platelets are involved in 

oncogenesis and metastasis, they should be used in 

clinical practice as diagnostic markers and predictors of 

metastasis risk, sensitivity to oncostatic therapies and/or 

target of therapy. The current report focuses on the first 

of these potential applications. 

 

From a clinical and diagnostic point of view, the most 

important objective is to obtain a battery of platelet 

markers suitable for predicting the risk of metastasis in 

breast cancer. Next to simple morphological markers, 

such as platelet number, the surface markers of platelet 

activation, viz. an active form of GPIIb/IIIa (fibrinogen 

receptor) and P-selectin, are suitable candidates, as they 

are relatively simple to track with flow cytometry and 

bear some diagnostic potential.  

 

P-selectin mediates platelet adhesion and infiltration 

into tumors [36]. Resting and agonist-stimulated P-

selectin expression is increased on platelets exposed in 

vivo or in vitro to cancer cells. Thus, it may well 

represent the first step of platelet adhesion to the 

 

 
 

Figure 9. In vitro response to increasing concentrations of ADP of whole blood platelets from mice with orthotopic model of 
breast cancer. Results are presented as median (horizontal line) and interquartile range (box) (n = 8). The expressions of the active form of 
GPIIb/IIIa (A, B) and the binding of endogenous fibrinogen (Fg) (C, D) on platelets stimulated with 5 µM ADP (A, C) and 20 µM ADP (B, D) were 
measured using flow cytometry in non-fixed ‘washed blood’ withdrawn immediately (t0) or after 2 (t2), 3 (t3), 4 (t4) or 5 weeks (t5) from the 
injection of 4T1 cells. Results are expressed as the percentage fraction of a given activation marker-positive platelets. More experimental 
details are given in the Materials and methods section. Statistical significance of differences, estimated with Kruskal-Wallis test followed by 
post hoc all-pairwise comparisons Conover-Inman or one-way ANOVA followed by Tukey’s multiple comparisons test, was: active form of 
GPIIb/IIIaADP5µM,; P1,α < 0.05, 4T1 t5 < 4T1 t4 = 4T1 t3 > 4T1 t2 = 4T1 t0; active form of GPIIb/IIIaADP20µM, P1,α < 0.01, 4T1 t4 > 4T1 t2; FgADP5µM, P1,α < 
0.05, 4T1 t5 = 4T1 t4 > 4T1 t3 = 4T1 t2 = 4T1 t0; FgADP20µM, P1,α < 0.05, 4T1 t5 = 4T1 t4 > 4T1 t3 < 4T1 t2 > 4T1 t0. 
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Figure 10. In vitro response of whole blood platelets from mice with orthotopic model of breast cancer to increasing 
concentrations of thrombin. Results are presented as median (horizontal line) and interquartile range (box) (n = 8). The expressions of P-
selectin (CD62P) (A), the active form of GPIIb/IIIa (B) and binding of endogenous vWF (C) and endogenous fibrinogen (Fg) (D) on platelets 
stimulated with low thrombin (0.025 U/ml) (A, C, E, G) or high thrombin (0.25 U/ml) (B, D, F, H) were measured using flow cytometry in non-
fixed ‘washed blood’ withdrawn immediately (t0) or after 2 (t2), 3 (t3), 4 (t4) or 5 weeks (t5) from the injection of 4T1 cells. Results are 
expressed as the percent fraction of platelets positive for a given activation marker. More experimental details are given in the Materials and 
methods section. The statistical significance of differences, estimated with Kruskal-Wallis test followed by the post hoc Conover-Inman all-
pairwise comparisons or one-way ANOVA followed by Tukey’s multiple comparisons test, was: P-selectin thr0.025U/ml, P1,α < 0.05, 4T1 t5 = 4T1 t4 
> 4T1 t3 > 4T1 t2 > 4T1 t0; P-selectin thr0.25U/ml, P1,α < 0.001, 4T1 t5 > 4T1 t4 = 4T1 t3 > 4T1 t2 < 4T1 t0; active form of GPIIb/IIIa thr0.025U/ml, P1,α < 
0.05, 4T1 t5 < 4T1 t4 = 4T1 t3 > 4T1 t2 = 4T1 t0; vWF thr0.025U/ml, P1,α < 0.001, 4T1 t5 = 4T1 t4 = 4T1 t3 > 4T1 t2 = 4T1 t0; vWF thr0.25U/ml, P1,α < 0.01, 4T1 

t5 = 4T1 t4 > 4T1 t3 < 4T1 t2 = 4T1 t0; Fgthr0.025U/ml, P1,α < 0.001, 4T1 t5 = 4T1 t4 = 4T1 t3 > 4T1 t2 = 4T1 t0; Fgthr0.25U/ml, P1,α < 0.05, 4T1 t5 < 4T1 t4 = 4T1 

t3 > 4T1 t2 = 4T1 t0. 
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Table 3. Canonical correlations between the set of blood platelet activation and reactivity parameters and the sets of 
histochemical markers of lung metastases and extramedullary hematopoiesis. 

metastases 

(set 1) 

extracted 

variance 

[%] 

total 

redundancy 

[%] 

explanatory 

variables (set 2) 

extracted 

variance 

[%] 

total 

redundancy 

[%] 

canonical 

correlation 

canonical 

determination 

[R2] 

P 
Wilks' 

lambda 

best 

contributors 

metastases 

in lungs 
100.0 78.5 

plt activation 

and reactivity 
40.4 30.2 0.965 0.932 0.001 0.002 

P-selectinresting, 

Fgresting, 

vWfresting, 

FgADP20 

metastases 

in lungs 
100.0 44.1 plt activation 100.0 42.9 0.880 0.775 0.000 0.111 

P-selectinresting, 

vWfresting, 

Fgresting 

metastases 

in lungs 
100.0 57.4 

reactivity low 

conc. agonists 
84.0 25.4 0.837 0.701 0.001 0.091 

GPIIb/IIIathr0.025, 

vWfthr0.025, 

Fgthr0.025 

metastases 

in lungs 
100.0 34.7 

reactivity high 

conc. agonists 
70.6 26.3 0.720 0.518 0.015 0.158 

P-selectinthr0.25, 

Fgthr0.25 

hematopoie

sis in liver 
100.0 81.2 

plt activation 

and reactivity 
26.2 21.3 0.920 0.847 0.007 0.051 

Fgresting, FgADP20, 

Fgthr0.025, 

vWfthr0.025, 

GPIIb/IIIathr0.025, 

P-selectinthr 0.025 

hematopoie

sis in liver 
100.0 42.9 plt activation 59.5 25 0.696 0.485 0.008 0.429 

P-selectinresting, 

GPIIb/IIIarest 

hematopoie

sis in liver 
100.0 52.1 

reactivity low 

conc. agonists 
59.1 27.6 0.756 0.572 0.028 0.376 

vWfthr0.025, 

Fgthr0.025, 

GPIIb/IIIathr0.025, 

P-selectinthr0.025 

hematopoie

sis in liver 
100.0 40.3 

reactivity high 

conc. agonists 
36.0 12.4 0.655 0.430 0.097 0.452 

FgADP20, 

Fgthr0.25, P-

selectinthr0.25 

Rho² is a squared canonical correlation coefficient (canonical determination), which is relevant to variance between canonical 
variables. Total redundancy is relevant to the variance between the canonical variable for set 1 and the variables of set 2; it 
shows the representation of a given canonical variable by the set 2 of explanatory variables. Extracted variance is a variance 
between a given canonical variable and the variables that build it up; it reflects how well a given canonical variable represents 
a given set of variables. The Wilks’ lambda is the parameter reflecting the contribution of a set 2 to the explaining of the 
variance of a set 1; the lower is the Wilks’ lambda, the higher is the contribution.  
 

vasculature of the primary tumor and/or to the 

endothelium of pre-metastatic niche. Our results 

confirm that the rise of P-selectin expression on blood 

platelets begins in the early phases of primary tumor 

growth and this can be a representative platelet 

predictor of breast cancer progression. Moreover, if 

platelet P-selectin-targeted is considered to identify 

metastasis, it can be triggered as early as possible since 

this platelet marker appears at the early stages of tumor 

development. However, it remains open to question 

whether such an early implementation is possible in 

clinical practice in humans, when breast cancer is often 

recognized at advanced stage [37].  

 

Our observation that the expression of P-selectin on 

platelets from mice bearing breast cancer is elevated 

compared to healthy animals may be explained by the 

fact that plasma levels of platelet-derived fibrinogen 

may enhance P-selectin expression under some 

pathological states [38]. In our study, this hypothesis 

could be verified by monitoring the level of fibrinogen 

in plasma from mice injected with saline or 4T1 cells. 
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Figure 11. The formation of platelet-cancer cells aggregates in mice injected with 4T1 cells or saline. Results are presented as 
median (horizontal line) and interquartile range (box) (n = 8). The expressions of CD24 or CD44 within the population of the CD41/61-gated 
cells (platelets) were measured using flow cytometry in non-fixed ‘washed blood’ drawn immediately (t0) or after 5 weeks (t5) from the 
injection of 4T1 cells (n = 8). Results are expressed as the percent fraction of CD24/CD41/61 or CD44/CD41/61-positive cells. For further 
experimental details – see Materials and methods section. The statistical significance of differences, estimated with Kruskal-Wallis test 
followed by post hoc Conover-Inman all-pairwise comparisons or one-way ANOVA followed by Tukey’s multiple comparisons test, was: 
CD24/CD41/61-positive cells (4T1-platelet aggregates): P1,α < 0.001, 4T1 t0 > saline t0, 4T1 t5 > saline t5; CD44/CD41/61-positive cells (4T1-
platelet aggregates): P1,α < 0.01, 4T1 t0 > saline t0; P1,α < 0.01, 4T1 t5 > saline t5. 

 

 
 

Figure 12. Time-course of the formation of platelet-cancer cell aggregates during 5-week tumor progression in the mouse 
model of breast cancer. Results are presented as median (horizontal line) and interquartile range (box) (n = 8). The expressions of CD24 
(A) or CD44 (B) within the population of the CD41/61-gated cells (platelets) were measured using flow cytometry in non-fixed ‘washed blood’ 
withdrawn immediately (t0) or after 2 (t2), 3 (t3), 4 (t4) or 5 weeks (t5) from the injection of 4T1 cells. Results are expressed as the percent 
fraction of CD24/CD41/61 or CD44/CD41/61-positive cells. More experimental details are given in the Materials and methods section. 
Statistical significance of differences, estimated with Kruskal-Wallis test followed by post hoc Conover-Inman all-pairwise comparisons or 
one-way ANOVA followed by Tukey’s multiple comparisons test, was: CD24/CD41/61-positive cells (4T1-platelet aggregates), P1,α < 0.001, 4T1 
t5 > 4T1 t0; P1,α < 0.01, 4T1 t5 > 4T1 t3, 4T1 t5 > 4T1 t2; P1,α < 0.05, 4T1 t5 > 4T1 t4, 4T1 t4 > 4T1 t0; CD44/CD41/61-positive cells (4T1-platelet 
aggregates), P1,α < 0.01, 4T1 t5 > 4T1 t4 > 4T1 t3 > 4T1 t0; P1,α < 0.01, 4T1 t5 > 4T1 t4 > 4T1 t2 > 4T1 t0. 
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However, as plasma fibrinogen may be derived not only 

from platelets, but also from other blood cells or 

endothelial cells, these findings only indicate the effect 

of general of plasma fibrinogen level on P-selectin 

expression in platelets. Interestingly, Coupland and 

colleagues report that both platelet-derived and 

endothelial-derived P-selectin appear to contribute to 

the metastatic process to a similar extent [39]. 

 

vWF is widely recognized as a marker of endothelial 

cell activation; however, its role in tumor-associated 

platelet activation has not been as thoroughly 

investigated as that of P-selectin. Nevertheless, it is 

already known that vWF levels are elevated in the 

blood of patients with malignant breast cancer and that 

these levels correlate with tumor progression [40]. The 

degree of vWF binding by blood platelets is an 

indicator of the readiness of platelets to interact with 

the activated endothelium. The results of in vitro 

studies performed with soluble vWF and fibrosarcoma 

cells indicate that vWF augments cancer cell-induced 

platelet aggregation by a two-phasic process, in which 

a close interaction occurs between vWF, platelets and 

tumor cells, and this is preceded by the adhesion of 

platelets to vWF [41]. It is possible that cancer cells 

might somehow prepare the vascular wall for 

metastasis by increasing vWF expression on the 

activated endothelium [42], thus facilitating the 

mentioned adhesion, later followed by aggregation. 

Interestingly, vWF can react not only with GPIb, but 

also with GPIIb/IIIa [43]. In the present study it was 

not possible to evaluate the exact contributions of 

GPIIb/IIIa or GPIb to vWF binding, since our findings 

did not distinguish between these two modes of vWF 

attachment to blood platelets in breast cancer.  

 

However, the fact that GPIb- and GPII/IIIa-blocking 

antibodies demonstrated no impact on the formation of 

cancer cell-platelet aggregates in vitro suggests that 

molecules other than GPIb, GPIIb/IIIa, vWF and

 

 
 

Figure 13. Representative dot plots and histograms showing gating strategy for the detection of platelet-cancer cells 
aggregates in mice injected with 4T1 cells or saline. The parent gate was set to the cancer cells based on FSC/SSC physical parameters 
(gate P1, in blue). Next, within this gated population, platelet-cancer cells aggregates were identified according to the surface presence of 
both CD41/61 (a unique antigen for platelets) (gate P2, in green) and CD24 (marker for cancer cells) (gate P3, corrected on the isotype 
binding, in red) in blood samples taken from mice five weeks after the injection with saline (A) or 4T1 breast cancer cells (B). 
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fibrinogen may be pivotal to their formation. The report 

by Yokota and colleagues is consistent in some way 

with our observations, regarding the role of platelet 

GPIb in tumor metastasis [44]. The authors showed that 

genetic deletion of platelet GPIb excluded the 

contributions of this receptors to enhanced platelet-

dependent metastasis in hyperthrombotic mice. 

 

Some fluctuations in the expression of GPIIb/IIIa on the 

ADP-stimulated platelets were identified in the course 

of five-week breast cancer development, one of which 

being the increase of activated GPIIb/IIIa complex 

expression, the receptor for fibrinogen, immediately 

after 4T1 cell injection, which then fell five weeks later. 

There are several possible explanations for this trend. 

Although vWF has affinity for GPIIb/IIIa, in addition to 

GPIb [45–47], the binding of fibrinogen to GPIIb/IIIa 

far exceeds that of vWF, at physiological plasma 

concentrations [48]. Our present findings indicate that 

GPIb-dependent and GPIbβ-independent binding of 

vWF to platelets is increased after ADP stimulation, 

which can probably also occur via glycoprotein 

complex GPIIb/IIIa. vWF and fibrinogen attach to 

GPIIb/IIIa at different sites of the receptor [49]. 

 

The binding of fibrinogen to platelets does not appear to 

block the access of antibodies to the activated 

GPIIb/IIIa receptor, as it has been found that JON/A 

antibodies, i.e. the antibodies against the activated 

GPIIb/IIIa receptors which were also used in our study, 

does not compete with fibrinogen for the same 

epitope(s) on GPIIb/IIIa [50]. However, there are no

 

 
 

Figure 14. In vitro activation of whole blood platelets incubated with 4T1 cells. Results are presented as median (horizontal 
line) and interquartile range (box) (n = 8). The expressions of P-selectin (CD62P) (A), the active form of GPIIb/IIIa complex (B) and the 
binding of endogenous vWF (C) and endogenous fibrinogen (Fg) (D) on platelets was measured using flow cytometry in non-fixed ‘washed 
blood’ incubated with 4T1-cancer cells or saline. Results are expressed as the percent fraction of the CD41/61-positive platelets. More 
experimental details are given in the Materials and methods section. The statistical significance of differences, estimated with the Mann-
Whitney U-test, was: P-selectin, P1,α < 0.001, 4T1 >saline; active form of GPIIb/IIIa, P1,α < 0.001, 4T1 > saline; vWF, P1,α < 0.01, 4T1 > saline; 
Fg, P1,α < 0.05, 4T1 > saline. 
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reports whether such competition exists between vWF 

and antibodies against the activated GPIIb/IIIa. 

 

It cannot be excluded that the reduced binding of anti-

activated GPIIb/IIIa antibodies observed in the present 

study may be attributed to the blockage of the 

GPIIb/IIIa receptor by higher levels of bound vWF. 

However, Schober et al. observed that internalization of 

the activated GPIIb/IIIa receptor was increased in 

platelets stimulated with ADP, and that the binding of 

fibrinogen to its receptor had no effect on the 

internalization of GPIIb/IIIa [51]. This is in line with 

our present observations, and indicates that: (i) the 

elevated level of fibrinogen released from platelets is 

bound to the active GPIIb/IIIa complex, and (ii) some 

pool of the activated receptor that is not bound with 

fibrinogen undergoes internalization, suggesting that the 

attachment of antibodies against the activated 

GPIIb/IIIa is reduced.  

 

Recent reports indicate that activated GPIIb/IIIa is 

absent from procoagulant platelets. Physiological 

platelet activation leads to the formation of 

procoagulant platelet subpopulation expressing 

inactivated GPIIb/IIIa and, surprisingly, high fibrinogen 

binding levels [52–54]. Thus, it is reasonable to assume 

 

 
 

Figure 15. The effect of the inhibition of GPIIb/IIIa 
complex and GPIb on the formation of platelet-4T1 
aggregates in washed blood samples. Results are presented 
as median (horizontal line) and interquartile range (box) (n = 8). 
Aliquots of washed blood, preincubated with blocking antibodies 
anti-GPIIb/IIIa (n = 8), anti-GPIbα or saline, were mixed with 
CellTracker-labeled 4T1 cancer cells or saline. Results are 
expressed as the percent fraction of CellTracker/CD41/61-
positive cells (4T1-platelet aggregates). More experimental 
details are given in the Materials and methods section. The 
statistical significance of the differences, estimated with the 
Kruskal-Wallis’ test and the post hoc multiple comparisons 
Conover-Inman test, was: P1,α < 0.001, saline < 4T1saline = 4T1GPIb = 
4T1GPIIb/IIIa. 

that the increased activation of platelets observed at 

advanced stages of breast cancer development may be 

associated with elevated fractions of procoagulant 

platelets, which may demonstrate increased expression 

of the inactivated GPIIb/IIIa complex. Furthermore, 

this apparent ‘divergence’ may be also partly explained 

by the ongoing increased platelet consumption and the 

phenomenon of GPIIb/IIIa receptor shedding observed 

during cancer development, probably due to shear 

stress [55, 56]. However, neither hypothesis mentioned 

above can account for our present findings, as no 

significant changes were observed in the total 

abundance of GPIIb/IIIa in the course of 5-week tumor 

development compared to healthy mice. In addition, the 

reduced expression of GPIIb/IIIa observed on platelets 

after five weeks of breast cancer development may be 

associated with the increased fractions of platelet-

tumor cell aggregates caused by the cross-linking 

observed between platelet integrins, primarily 

GPIIb/IIIa, and those expressed on tumor cells, such as 

αvβ3 [57, 58]. In the present study, the numbers of 

platelet-cancer cell aggregates increased with almost 

each week of breast cancer progression, and it cannot 

be excluded that the GPIIb/IIIa complex plays a 

considerable role in this process, being one of several 

platelet receptors involved in the formation of these 

aggregates with tumor cells.  

 

It is well known that “young”, hyperreactive platelets are 

usually larger in size than those exhausted due to less or 

more frequent episodes of activation in the bloodstream. 

Our findings confirm that these newly-produced, larger 

normoplatelets are characterized by increased priming 

and higher sensitivity to subthreshold concentrations of 

agonists in mice with breast cancer compared to healthy 

animals. These hyperreactive platelets were also found to 

aggregate more frequently in mice inoculated with 4T1 

cancer cells than in those injected with saline. This 

observation from our in vivo study has been mostly 

demonstrated in previous in vitro studies, in which the 

aggregation of isolated platelets was measured following 

treatment with various lines of cancer cells [59]. Zara and 

colleagues not only demonstrated that cancer cells are 

capable of inducing platelet aggregation, but also that 

tumor cell-induced platelet aggregation is not related to 

the type of the cancer cells, nor to their metastatic 

potential. Otherwise, it is triggered by platelet activation 

and secretion driven by the generation of a small amount 

of thrombin from plasma and it is supported by positive 

feedback signaling through secreted ADP.  

 

Cancer-induced platelet activation has been 

demonstrated in several studies, but significantly fewer 

reports demonstrate the formation of platelet-cancer cell 

aggregates in vivo [60]. The results of the in vivo 

experiments presented herein are in line with those of 



 

www.aging-us.com 5111 AGING 

the in vitro part. However, it should be noted that the 

extent of the altered platelet reactivity or activation 

monitored in the in vitro model was much weaker than 

that noted in the animals with breast cancer, suggesting 

that the simplified in vitro model lacks several of the 

crucial factors present in a cancer-bearing host 

organism. The in vivo model includes numerous factors, 

including the activity of the vascular endothelium, 

which probably are not changed within a short time 

after the injection of cancer cells (time point t0) and this 

physiological activity inhibits the possible activation of 

platelets caused by the presence of 4T1 cells. However, 

after two weeks from the administration of cancer cells, 

when breast tumors are visible, the overall functioning 

of the vascular endothelium, and hence its antiplatelet 

activity, could be impaired [61]. This may be 

manifested by increased platelet priming, which was 

observed in our study two weeks after tumor induction. 

The in vitro approach offers a more isolated 

environment, where the only elements interacting with 

each other are blood cells (including platelets) and 

cancer cells, and as such, the effect of 4T1 cells on 

platelets is not affected by factors that can be present in 
vivo. Of course, this is just one of the hypotheses 

explaining the observed dissimilarities between the in 

vitro and ex vivo/in vivo models.  
 
Therefore, our in vitro results failed to confirm the above 

described tendency: despite being significantly higher 

than control values, the activation and reactivity of blood 

platelets exposed to cancer cells under in vitro conditions 

were found to be rather weak, and did not reflect the high 

number of heteroaggregates of blood platelets and cancer 

cells present in mice inoculated with 4T1 cells. In vitro 

formation of platelet-4T1 cell aggregates was found to be 

increased after platelet stimulation with thrombin. 

Therefore, under in vitro conditions, stimulated platelets 

appear to interact with 4T1 cancer cells more readily than 

non-stimulated platelets. It should be mentioned that 

thrombin-driven interactions between platelets and cancer 

cells is only one of the protease-activated receptor (PAR)-

dependent mechanisms known to exist. Another one, 

described by Yokota et al., identified PAR1 signaling on 

both tumor and host cells as a contributor to metastasis in 

hyperthrombotic mice; the authors indicate that 

procoagulant activity of tissue factor (TF) plays a crucial 

role in successful metastasis by improving intravascular 

tumor cell survival through fibrin formation, platelet 

activation and platelet-dependent protection from natural 

killer cell attack [44]. High levels of TF expression have 

been observed on 4T1 cancer cells in a murine breast 

cancer model [62, 63]. Interestingly, Gomes and 

colleagues proved that not only cancer cells, but also 

cancer cell-derived extracellular vesicles (EVs), with a 

high surface expression of TF, can induce TF-dependent 

plasma clotting and platelet aggregation by means of 

thrombin generation, in addition to the TF-independent 

mechanism of platelet activation expressed by these 

vesicles [64]. Coupland and colleagues, in turn, showed 

that cell lines with negative surface expression of TF are 

unable to initiate coagulation via factor VII binding or 

activation, with subsequent thrombin generation [39]. 

Hence, TF may act according to a time-dependent manner 

of platelet activation and tumor metastasis, as observed in 

our present study: cancer cells, the number of which 

increases with tumor development, generate thrombin 

through surface TF and thus stimulate platelets which, in 

turn, facilitate the migration of cancer cells.  

 

We propose that the in vitro surface membrane 

expression of proteins commonly considered the  

hallmarks of platelet activation and reactivity is indeed 

increased, but it does not achieve high values. Such 

elevated, but still relatively low, platelet activation is 

sufficient to induce interaction between blood platelet 

and cancer cells, and thus trigger platelet-dependent 

metastatic spread. However, platelet activation cannot 

propagate infinitely and cannot be increased further, as 

it will induce the formation of hemostatic plugs by 

platelet aggregates, thus preventing blood flow. This, in 

turn, would immobilize blood platelets with attached 

cancer cells and would obviously terminate metastasis. 

Therefore, the presence of low platelet activation and 

high numbers of platelet-cancer cell heteroaggregates 

has reasonable biological significance and is necessary 

to harness blood platelets as efficient ‘Trojan horses’ to 

spread cancer cells.  

 

Our findings indicate strong relationships between the 

parameters of platelet activation and the number of 

metastases in the lungs. These results may support the 

theory that platelets can facilitate the process of 

metastasis following activation by their interactions 

with cancer cells. The fact that an elevated number of 

platelets and leukocytes was observed at advanced 

stages of tumor development is consistent with the 

phenomenon of increased extramedullary hematopoiesis 

in the liver of mice with breast cancer. Moreover, it 

seems that this high platelet count observed in the late 

weeks of tumor development consisted of larger and 

hence, of newly-synthesized and more reactive platelets. 

The decreasing fraction of lymphocytes observed in the 

present study during the progression of breast cancer 

may be explained by the fact that peripheral blood 

lymphocyte count is believed to influence survival in 

breast cancer [65]. Moreover, studies have attributed the 

presence of a reduced lymphocyte count to the 

reduction of the lymphocyte fraction; the latter is caused 

by the increase in the number of myeloid tumor 

suppressor cells characteristic of the development of 

cancer [66]. Similarly, our study based on a mouse 

model of breast cancer found a low number of 
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lymphocytes and reduced platelet count to be related 

with decreasing survival at the advanced stages of 

tumor progression, i.e. after five weeks from the 

inoculation of mice with 4T1 cancer cells. Other reports 

indicate a loss of the lymphocyte fraction in peripheral 

blood, which may be caused by the accumulation of so-

called tumor-infiltrating lymphocytes (TIL) around the 

site of primary tumor proliferation [67, 68].  

 

In addition, our findings indicate the presence of strong 

associations between the parameters of platelet 

activation, blood cell counts and variables describing 

breast cancer metastases in lungs, as well as those 

characterizing the extramedullary hematopoiesis foci 

present in liver. So far, no causes of this type of 

hematopoiesis have been identified in the development of 

cancer. Extramedullary hematopoiesis is most frequently 

seen in hematological disorders, where massive 

infiltration of bone marrow leads to stem cell migration 

[69]. Moreover, it is also identified as a compensatory 

phenomenon occurring in states of insufficient bone 

marrow function and as a secondary or accessory event to 

other disorders, including cancer [70], in certain cases 

developing independently, lacking an apparent trigger 

and without clinical or diagnostic implications [71, 72]. 

In cancer, extramedullary hematopoiesis appears quite 

rare: the incidence among cancer patients with metastatic 

disease is less than 10% [73]. The most commonly 

involved solid tumors are lungs, breast and prostate, with 

a late onset in advanced stages, when the function of the 

bone marrow is severely disturbed [74]. 

 

CONCLUSIONS 
 

To briefly summarize our present findings, we have 

found that platelet activation and reactivity increase 

during the growth of the primary breast tumor and they 

are strongly associated with metastasis and the 

formation of secondary tumors in lungs. This process is 

augmented by numerous newly-synthesized platelets 

produced, among others, in the liver in the course of 

extramedullary haematopoiesis. Our results support the 

notion that blood platelets play a key role in metastasis, 

and therefore, that antiplatelet therapy, started as early 

as possible, could reduce the risk of secondary tumor 

development.  

 

MATERIALS AND METHOD 
 

Chemicals 
 

Anesthetics: sedazin (20 mg/ml xylazine) and ketamine 

(100 mg/ml ketamine hydrochloride) were obtained 

from Biowet (Biowet, Pulawy, Poland). Low molecular 

weight heparin (LMWH) was from Sanofi Aventis 

(Paris, France). FITC- or PE-conjugated rat anti-

CD41/61, PE-conjugated rat anti-CD62P (rat anti-P-

selectin), PE-conjugated JON/A antibodies (rat anti-

active complex GPIIb/IIIa), FITC-conjugated rat anti 

vWF and rat anti-fibrinogen antibodies were purchased 

from Emfret Analytics (Eibelstadt, Germany).  

 

Platelet surface receptors were blocked using the 

Leo.H4 clone of monoclonal rat anti-mouse GPIIb/IIIa 

antibodies (at the dose of 20 μg/ml), which blocks the 

binding of fibrinogen to the (activated) receptor, and the 

Xia.B2 clone of monoclonal rat anti-mouse GPIbα 

antibodies (at a dose of 20 μg/ml), which blocks the 

vWF binding site on the GPIbα. Both antibodies were 

used at their saturating concentrations, as indicated in 

the manufacturer’s instructions (Emfret Analytics, 

Eibelstadt, Germany). The information on the blocking 

abilities of these clones has been provided in the 

manufacturer’s instruction while these properties have 

been confirmed in previous studies [75–83]. These 

antibodies do not induce platelet activation after binding 

to appropriate receptor.  

 

PerCP-conjugated rat anti-CD24 and APC-conjugated 

rat anti-CD44 antibodies were obtained from Becton 

Dickinson (San Jose, CA, USA). Thrombin from human 

plasma was purchased from Chronolog Co. (Havertown, 

PA, USA). Reagents for the preparation of 

histopathological specimens were from Leica 

Biosystems (Wetzlar, Germany). Inorganic salts and all 

other chemicals were purchased from Sigma-Aldrich 

(St. Louis, MO, USA), unless otherwise stated. Water 

used for solution preparation and glassware washing 

was passed through an Easy Pure UF water purification 

unit (Thermolyne Barnstead, IA, USA). 

 

Cell culture  
 

The mouse mammary adenocarcinoma 4T1 cells and 

breast epithelium non-cancer EpH4-Ev cells were 

obtained from the American Type Culture Collection 

(ATCC, USA). The 4T1 cell line was maintained in the 

Institute of Immunology and Experimental Therapy, 

Wroclaw, Poland. Cells were cultured as described 

elsewhere [84].  

 

Murine model of metastatic breast cancer 
 

All experiments were performed in accordance with the 

guidelines formulated by the European Community for 

the Use of Experimental Animals (L358-86/609/EEC) and 

the Guide for the Care and Use of Laboratory Animals 

published by the US National Institute of Health (NIH 

Publication No. 85–23, revised 1985). All procedures 

used in these experiments were approved by Local Ethics 

Committee on Animal Experiments at the Medical 

University in Lodz (approval number: 68/ŁB05/2015).  
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Balb/c female mice were purchased from the Center of 

Experimental Medicine, Medical University of Bialystok, 

Poland. The mouse model of breast cancer was developed 

by the orthotopic injection of viable 4T1 cancer metastatic 

cells (1 × 104 cells in the Hank’s Balanced Salt Solution) 

into mammary fat pads in eight-week-old Balb/c female 

mice (average body weight = 21.5 g ± 1.3). Animals 

injected with natrium chloride (0.9%) served as controls. 

All injections were performed on the same day. 

Allocation to experimental groups was based on simple 

randomization. During the experiments, the animals were 

housed under standard conditions and constant veterinary 

supervision, with free access to water and standard chow 

for rodents (Altromin Maintenance Diet). Blood was 

obtained immediately (two hours, t0) after cancer cell 

injection and after two (t2), three (t3), four (t4) and five (t5) 

weeks of cancer development (n=8 for each time interval) 

as described previously [76]. Blood count was performed 

directly after blood collection using a blood counter (abc 

Vet, Horiba).  

 

Blood sampling 

 

During the experiments, the animals were housed in an 

isolated room with a 12-hour light-dark cycle in standard 

plastic cages (transparent) filled with mulch typically used 

in rodent breeding, and were given free access to water 

and standard chow for rodents (Altromin Maintenance 

Diet). The animals were under constant veterinary 

supervision: routine veterinary inspections assessing the 

overall welfare of the animals were carried out daily. The 

mice were anaesthetized (at the laboratory) with an 

intramuscular injection of ketamine (100 mg/kg b.w.) and 

xylazine (23.32 mg/kg b.w., anaesthesia suitable for 

platelet measurements). Blood was terminally collected 

from the inferior aorta on 10 U/ml LMWH in TBS buffer 

(20 mmol/l Tris-HCl, 137 mmol/l NaCl, pH 7.3).  
 

Evaluation of platelet activation and reactivity and 

estimation of platelet-cancer cell aggregates in 

peripheral blood using flow cytometry 

 

Circulating platelet activation, and platelet reactivity 

in response to ADP (5 or 20 µM) and thrombin (0.025 

or 0.25 U/ml) were evaluated on the basis of the 

measured expressions of specific surface membrane 

antigens: CD62P (P-selectin), activated GPIIb/IIIa 

complex, binding of endogenous vWF and binding of 

endogenous fibrinogen to the platelet surface. Flow 

cytometric protocol was used as described previously 

[85]. Results were presented as the percent fraction for 

P-selectin-, activated GPIIb/IIIa-, vWF- or Fg-positive 

platelets.  
Platelet-cancer cell aggregates were identified on the basis 

of the expression of CD24 and CD44 within the population 

of CD41/61-positive objects (platelets) and not vice versa, 

since the number of cancer cells in bloodstream was 

expected to be certainly smaller than the number of 

circulating platelets, even at the advanced stages of tumor 

development. CD24 and CD44 antigens were chosen as 

they are found to be the surface markers of many human 

and mouse cancer cells, including breast cancer [86, 87]. 

CD24 is found to be expressed on more differentiated 

cancer cells, whereas CD44 is usually present on  stem-

like cells [88]. Thus, both markers of two subpopulations 

of breast cancer cells were identified in our study, to avoid 

accidentally losing one of the subpopulations. The 4T1 

cancer cells used in this study are well characterized by 

high expression of CD24 and CD44 [89]. 

 

Size-based evaluation of changes in normoplatelets 

and platelet aggregates during five-week cancer 

development 
 

The groups of newly-produced (large, “fresh”) or 

exhausted (small, “old”) platelets in the population of 

single platelets, as well as in the population of single 

and aggregated platelets (CD41/61-positive cells) in 

resting, non-stimulated blood were differentiated on the 

basis of platelet size, as previously described [75]. 
 

Activation of blood platelets by cancer cells in vitro 
 

Blood obtained from inferior aorta of female Balb/c (n= 

8) was diluted 25-fold in Tyrode’s buffer and incubated 

with 4T1 cell suspension (1 x 105 cells/ml) or with 

saline (control) for 15 min at 37°C. Platelet activation 

was evaluated by the procedure described above. The 

aggregates of platelets with cancer cells were measured 

after the incubation of whole blood samples with 4T1 

cells (15 min, 37°C), pre-labeled with CellTracker (30 

min, 37°C): the cells were detached using sodium 

citrate instead of trypsin, as our previous experiments 

indicate that trypsin artefactually activates platelets. The 

ability of anti-GPIIb/IIIa and anti-GPIb monoclonal 

antibodies to inhibit interactions between cancer cells 

and blood platelets was evaluated by incubating the 

antibodies with whole blood samples (15 min, room 

temperature), before adding CellTracker-labeled 4T1 

cells. The formation of aggregates was enhanced by 

thrombin stimulation of platelets (0.25 U/ml, 15 min, 

room temperature). The percentage fraction of 

CellTracker–positive cells within the CD41/61-positive 

platelets was estimated.  

 

Histopathological evaluation of metastasis and 

extramedullary hematopoiesis in a mouse model of 

breast cancer  
 

Breast cancer metastasis in the lungs and 

extramedullary hematopoiesis in the liver and spleen 

were investigated by routine histopathological 
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examination after fixation in 10% buffered formalin for 

at least 72 hours. The histological appearance of the 

tissue was examined by light microscopy and images 

were taken with the use of inverted microscope with a 

standard color camera.  

 

The lung metastases were ascertained in three following 

sections under magnifications of 40X, 100X and 400X. 

The detailed size of each section was measured, the 

metastases were quantified and the largest dimension of 

metastatic foci for each section was measured. 

 

The extramedullary hematopoiesis foci in liver were 

identified in three subsequent sections under 

magnifications of 40X, 100X and 400X. They were 

distinguished from inflammatory foci by the presence of 

bone marrow progenitor cells including nucleated 

erythrocytes, immature granulocytes, or megakaryocytes, 

in the absence of associated hepatocellular necrosis [90, 

91]. The extramedullary hematopoiesis foci were 

quantified using a semiquantitative scoring method 

combining a 4-point score representing the number of 

extramedullary hematopoietic foci (0 points: no foci and 4 

points: highest number of foci) with another 4-point score 

quantifying the extent of extramedullary hematopoiesis (0 

point: no foci and 4 points: very high extent of 

extramedullary hematopoiesis). 

 

Immunohistochemistry detection of extramedullary 

hematopoietic markers in liver 
 

To confirm the presence of extramedullary hematopoietic 

foci in liver, routine  immunohistochemical staining was 

performed with the use of the following antibodies against 

hematopoietic markers: primary rabbit anti-mouse 

antibodies for CD117 (erythroid marker) (clone A4502), 

FVIII (hematopoietic marker for megakaryocyte) (clone 

IR527) and MPO (granulopoietic marker) (IR/IS511). The 

images were taken using an AxioObserver D1 inverted 

fluorescent microscope and AxioCam HRm 

monochromatic digital camera (Carl Zeiss, Oberkochen, 

Germany). Image analysis was performed semi-

automatically using Axio Vision 4.8 software (Carl Zeiss, 

Oberkochen, Germany). 

 

Statistical analysis 
 

Data are presented as mean + SD or median (Me) and 

interquartile range (IRQ, lower [25%] quartile to upper 

[75%] quartile, Me; LQ-UQ), depending on data scale 

and distribution. The normality of the data distributions 

was verified with the Shapiro-Wilk test, variance 

homogeneity was tested with Levene’s test and 

sphericity was verified with Mauchly’s test. The Mann-

Whitney U-test was employed to evaluate the 

significance of differences between two independent 

groups of discrete variables or variables departing from 

normality. Otherwise, Student’s t-test for independent 

samples was used for comparing two groups. One-way 

or two-way block ANOVA (with relevant post hoc 

Tukey’s multiple comparisons test) was used to 

compare multiple data sets, while the Kruskal-Wallis 

test followed by the post hoc all-pairwise comparisons 

Conover-Inman test was used for data not satisfying the 

criterion of normality and/or variance homogeneity. The 

Spearman's rank correlation coefficient was used to 

calculate correlation coefficients between selected 

variables: (a) platelet and leukocyte counts, fractions of 

lymphocytes and granulocytes, (b) variables describing 

breast cancer metastases in lungs and the 

extramedullary hematopoiesis foci in the liver.  

 

Canonical analysis was employed to determine which of 

the studied variables contributed the most to the 

significant association between three sets of variables: 

(a) variables describing blood platelet activation and 

reactivity, (b) variables describing breast cancer 

metastases in lungs, and (c) variables characterizing the 

extramedullary hematopoiesis foci in liver. The aim was 

to build up a canonical (common) variable for each 

examined set of variables and to estimate the 

associations between different canonical variables 

describing different sets of parameters, thus identifying 

the variables forming the strongest associations between 

blood platelet functioning and cancer metastases or 

extramedullary hematopoiesis.  

 

Due to the relatively small sample sizes and the low 

statistical power of the estimated inferences in some 

calculations, the resampling bootstrap technique (1000-

10,000 iterations) was used to determine the likelihood 

of obtaining the revealed differences due to pure 

chance; in such circumstances, we refer to the 

bootstrap-boosted test statistics (10,000 iterations) 

instead of the classical approach. For some variables, 

the overall population of data was decomposed into two 

exponentially-modified Gaussian partial distributions 

(subpopulations) with the use of the Data Mining-

assisted generalized cluster analysis employing the EM 

(expectation-maximization) algorithm. For each 

experiment, sample size was estimated based on the 

expected standardized effect, the accepted significance 

(corrected for multiple comparisons) and the accepted 

statistical power, with regard to the employed 

experimental design. Statistical analysis was performed 

using Statistica v. 12.5, Resampling Stats Add-in for 

Excel v. 4 and StudSize3. 

 

ACKNOWLEDGMENTS 
 

We are greatly indebted to prof. Joanna Wietrzyk from 

the Department of Experimental Oncology (Institute of 



 

www.aging-us.com 5115 AGING 

Immunology and Experimental Therapy, University of 

Wroclaw, Poland) for her valuable help in developing 

the mouse model of breast cancer and for providing the 

4T1 cancer cells used in present study.  

 

CONFLICTS OF INTEREST 
 

The authors declare that there is no conflicts of interest.  

 

FUNDING 
 

This work was supported by grant “Prostacyclin, nitric 

oxide and carbon monoxide - based pharmacotherapy of 

endothelial dysfunction and platelet activation - a novel 

strategy to inhibit cancer metastasis” (acronym: 

METENDOPHA) funded by the National Center for 

Research and Development (Cracow, Poland) under the 

Polish Strategic Framework Program STRATEGMED 

“Prevention practices and treatment of civilization” (grant 

coordinated by Jagiellonian Center for Experimental 

Therapeutics – Jagiellonian University, Cracow, Poland), 

No. STRATEGMED1/233226/11/NCBR/2015. The 

founders had no roles in a study design, data collection 

and analysis, a decision to publish, or a preparation of the 

manuscript.  

 

REFERENCES 
 

1. Greenwell J. Doctor Georges Phillipe Trousseau, Royal 
Physician. Hawaii J Hist. 1991; 25:121–45. 

2. Bouillon K, Haddy N, Delaloge S, Garbay JR, Garsi 
JP, Brindel P, Mousannif A, Lê MG, Labbe M, 
Arriagada R, Jougla E, Chavaudra J, Diallo I, et al. 
Long-term cardiovascular mortality after 
radiotherapy for breast cancer. J Am Coll Cardiol. 
2011; 57:445–52. 

 https://doi.org/10.1016/j.jacc.2010.08.638 
 PMID:21251585 

3. Patnaik JL, Byers T, DiGuiseppi C, Dabelea D, Denberg 
TD. Cardiovascular disease competes with breast 
cancer as the leading cause of death for older females 
diagnosed with breast cancer: a retrospective cohort 
study. Breast Cancer Res. 2011; 13:R64. 

 https://doi.org/10.1186/bcr2901 
 PMID:21689398 

4. Bradshaw PT, Stevens J, Khankari N, Teitelbaum SL, 
Neugut AI, Gammon MD. Cardiovascular Disease 
Mortality Among Breast Cancer Survivors. 
Epidemiology. 2016; 27:6–13. 

 https://doi.org/10.1097/EDE.0000000000000394 
 PMID:26414938 

5. Hooning MJ, Botma A, Aleman BM, Baaijens MH, 
Bartelink H, Klijn JG, Taylor CW, van Leeuwen FE. 
Long-term risk of cardiovascular disease in 10-year 

survivors of breast cancer. J Natl Cancer Inst. 2007; 
99:365–75. 

 https://doi.org/10.1093/jnci/djk064 
 PMID:17341728 

6. Mitrugno A, Williams D, Kerrigan SW, Moran N. A novel 
and essential role for FcγRIIa in cancer cell-induced 
platelet activation. Blood. 2014; 123:249–60. 

 https://doi.org/10.1182/blood-2013-03-492447 
 PMID:24258815 

7. Lou XL, Sun J, Gong SQ, Yu XF, Gong R, Deng H. 
Interaction between circulating cancer cells and 
platelets: clinical implication. Chin J Cancer Res. 2015; 
27:450–60. 

 https://doi.org/10.3978/j.issn.1000-9604.2015.04.10 
 PMID:26543331 

8. Xu XR, Yousef GM, Ni H. Cancer and platelet crosstalk: 
opportunities and challenges for aspirin and other 
antiplatelet agents. Blood. 2018; 131:1777–89. 

 https://doi.org/10.1182/blood-2017-05-743187 
 PMID:29519806 

9. Wenzel J, Zeisig R, Fichtner I. Inhibition of metastasis in 
a murine 4T1 breast cancer model by liposomes 
preventing tumor cell-platelet interactions. Clin Exp 
Metastasis. 2010; 27:25–34. 

 https://doi.org/10.1007/s10585-009-9299-y 
 PMID:19916050 

10. Gebremeskel S, LeVatte T, Liwski RS, Johnston B, 
Bezuhly M. The reversible P2Y12 inhibitor ticagrelor 
inhibits metastasis and improves survival in mouse 
models of cancer. Int J Cancer. 2015; 136:234–40. 

 https://doi.org/10.1002/ijc.28947 PMID:24798403 

11. Li R, Ren M, Chen N, Luo M, Deng X, Xia J, Yu G, Liu J, 
He B, Zhang X, Zhang Z, Zhang X, Ran B, Wu J. 
Presence of intratumoral platelets is associated with 
tumor vessel structure and metastasis. BMC Cancer. 
2014; 14:167. 

 https://doi.org/10.1186/1471-2407-14-167 
 PMID:24606812 

12. Cooke NM, Spillane CD, Sheils O, O’Leary J, Kenny D. 
Aspirin and P2Y12 inhibition attenuate platelet-induced 
ovarian cancer cell invasion. BMC Cancer. 2015; 15:627. 

 https://doi.org/10.1186/s12885-015-1634-x 
 PMID:26353776 

13. Olas B, Wachowicz B, Mielicki WP. Role of 
phosphoinositide 3-kinase in adhesion of platelets to 
fibrinogen stimulated by cancer procoagulant. 
Platelets. 2001; 12:431–35. 

 https://doi.org/10.1080/09537100120085469 
 PMID:11674861 

14. Olas B, Wachowicz B, Mielicki WP. Cancer 
procoagulant and blood platelet activation. Cancer 
Lett. 2001; 169:165–71. 

https://doi.org/10.1016/j.jacc.2010.08.638
https://www.ncbi.nlm.nih.gov/pubmed/21251585
https://doi.org/10.1186/bcr2901
https://www.ncbi.nlm.nih.gov/pubmed/21689398
https://doi.org/10.1097/EDE.0000000000000394
https://www.ncbi.nlm.nih.gov/pubmed/26414938
https://doi.org/10.1093/jnci/djk064
https://www.ncbi.nlm.nih.gov/pubmed/17341728
https://doi.org/10.1182/blood-2013-03-492447
https://www.ncbi.nlm.nih.gov/pubmed/24258815
https://doi.org/10.3978/j.issn.1000-9604.2015.04.10
https://www.ncbi.nlm.nih.gov/pubmed/26543331
https://doi.org/10.1182/blood-2017-05-743187
https://www.ncbi.nlm.nih.gov/pubmed/29519806
https://doi.org/10.1007/s10585-009-9299-y
https://www.ncbi.nlm.nih.gov/pubmed/19916050
https://doi.org/10.1002/ijc.28947
https://www.ncbi.nlm.nih.gov/pubmed/24798403
https://doi.org/10.1186/1471-2407-14-167
https://www.ncbi.nlm.nih.gov/pubmed/24606812
https://doi.org/10.1186/s12885-015-1634-x
https://www.ncbi.nlm.nih.gov/pubmed/26353776
https://doi.org/10.1080/09537100120085469
https://www.ncbi.nlm.nih.gov/pubmed/11674861


 

www.aging-us.com 5116 AGING 

 https://doi.org/10.1016/S0304-3835(01)00545-6 
 PMID:11431105 

15. Laresche C, Pelletier F, Garnache-Ottou F, Lihoreau T, 
Biichlé S, Mourey G, Saas P, Humbert P, Seilles E, Aubin 
F. Increased levels of circulating microparticles are 
associated with increased procoagulant activity in 
patients with cutaneous malignant melanoma. J Invest 
Dermatol. 2014; 134:176–82. 

 https://doi.org/10.1038/jid.2013.288 
 PMID:23812302 

16. Tseng CC, Wang CC, Chang HC, Tsai TH, Chang LT, 
Huang KT, Leu S, Yen CH, Liu SF, Chen CH, Yang CT, Yip 
HK, Lin MC. Levels of circulating microparticles in lung 
cancer patients and possible prognostic value. Dis 
Markers. 2013; 35:301–10. 

 https://doi.org/10.1155/2013/715472 
 PMID:24167378 

17. Hron G, Kollars M, Weber H, Sagaster V, Quehenberger 
P, Eichinger S, Kyrle PA, Weltermann A. Tissue factor-
positive microparticles: cellular origin and association 
with coagulation activation in patients with colorectal 
cancer. Thromb Haemost. 2007; 97:119–23. 

 https://doi.org/10.1160/TH06-03-0141 
 PMID:17200778 

18. Chaari M, Ayadi I, Rousseau A, Lefkou E, Van Dreden 
P, Sidibe F, Ketatni H, Galea V, Khaterchi A, 
Bouzguenda R, Frikha M, Ghorbal L, Daoud J, et al. 
Impact of breast cancer stage, time from diagnosis 
and chemotherapy on plasma and cellular 
biomarkers of hypercoagulability. BMC Cancer. 2014; 
14:991. 

 https://doi.org/10.1186/1471-2407-14-991 
 PMID:25535397 

19. Zarà M, Guidetti GF, Boselli D, Villa C, Canobbio I, Seppi 
C, Visconte C, Canino J, Torti M. Release of 
Prometastatic Platelet-Derived Microparticles Induced 
by Breast Cancer Cells: A Novel Positive Feedback 
Mechanism for Metastasis. TH Open. 2017; 1:e155–63. 

 https://doi.org/10.1055/s-0037-1613674 
 PMID:31249921 

20. Chou YC, Lee MS, Wu MH, Shih HL, Yang T, Yu CP, Yu 
JC, Sun CA. Plasma homocysteine as a metabolic risk 
factor for breast cancer: findings from a case-control 
study in Taiwan. Breast Cancer Res Treat. 2007; 
101:199–205. 

 https://doi.org/10.1007/s10549-006-9278-9 
 PMID:16850249 

21. Lin J, Lee IM, Song Y, Cook NR, Selhub J, Manson JE, 
Buring JE, Zhang SM. Plasma homocysteine and 
cysteine and risk of breast cancer in women. Cancer 
Res. 2010; 70:2397–405. 

 https://doi.org/10.1158/0008-5472.CAN-09-3648 
 PMID:20197471 

22. Leoncini G, Bruzzese D, Signorello MG. A role for 
PLCgamma2 in platelet activation by homocysteine. J 
Cell Biochem. 2007; 100:1255–65. 

 https://doi.org/10.1002/jcb.21123 
 PMID:17063483 

23. Zhao F, Li L, Guan L, Yang H, Wu C, Liu Y. Roles for GP 
IIb/IIIa and αvβ3 integrins in MDA-MB-231 cell invasion 
and shear flow-induced cancer cell 
mechanotransduction. Cancer Lett. 2014; 344:62–73. 

 https://doi.org/10.1016/j.canlet.2013.10.019 
 PMID:24176823 

24. Aunan JR, Cho WC, Søreide K. The Biology of Aging and 
Cancer: A Brief Overview of Shared and Divergent 
Molecular Hallmarks. Aging Dis. 2017; 8:628–42. 

 https://doi.org/10.14336/AD.2017.0103 
 PMID:28966806 

25. Zinger A, Cho WC, Ben-Yehuda A. Cancer and Aging - 
the Inflammatory Connection. Aging Dis. 2017; 
8:611–27. 

 https://doi.org/10.14336/AD.2016.1230 
 PMID:28966805 

26. Benz CC. Impact of aging on the biology of breast 
cancer. Crit Rev Oncol Hematol. 2008; 66:65–74. 

 https://doi.org/10.1016/j.critrevonc.2007.09.001 
 PMID:17949989 

27. Thomas GA, Leonard RC. How age affects the biology 
of breast cancer. Clin Oncol (R Coll Radiol). 2009; 
21:81–85. 

 https://doi.org/10.1016/j.clon.2008.11.006 
 PMID:19071000 

28. Smetana K Jr, Lacina L, Szabo P, Dvořánková B, Brož P, 
Šedo A. Ageing as an Important Risk Factor for Cancer. 
Anticancer Res. 2016; 36:5009–17. 

 https://doi.org/10.21873/anticanres.11069 
 PMID:27798859 

29. Terres W, Weber K, Kupper W, Bleifeld W. Age, 
cardiovascular risk factors and coronary heart disease 
as determinants of platelet function in men. A 
multivariate approach. Thromb Res. 1991; 62:649–61. 

 https://doi.org/10.1016/0049-3848(91)90369-8 
 PMID:1926058 

30. Yang X, Belosay A, Du M, Fan TM, Turner RT, Iwaniec 
UT, Helferich WG. Estradiol increases ER-negative 
breast cancer metastasis in an experimental model. 
Clin Exp Metastasis. 2013; 30:711–21. 

 https://doi.org/10.1007/s10585-012-9559-0 
 PMID:24096710 

31. Paschall AV, Liu K. An Orthotopic Mouse Model of 
Spontaneous Breast Cancer Metastasis. J Vis Exp. 2016; 
114:54040. 

 https://doi.org/10.3791/54040 
 PMID:27584043 

https://doi.org/10.1016/S0304-3835%2801%2900545-6
https://www.ncbi.nlm.nih.gov/pubmed/11431105
https://doi.org/10.1038/jid.2013.288
https://www.ncbi.nlm.nih.gov/pubmed/23812302
https://doi.org/10.1155/2013/715472
https://www.ncbi.nlm.nih.gov/pubmed/24167378
https://doi.org/10.1160/TH06-03-0141
https://www.ncbi.nlm.nih.gov/pubmed/17200778
https://doi.org/10.1186/1471-2407-14-991
https://www.ncbi.nlm.nih.gov/pubmed/25535397
https://doi.org/10.1055/s-0037-1613674
https://www.ncbi.nlm.nih.gov/pubmed/31249921
https://doi.org/10.1007/s10549-006-9278-9
https://www.ncbi.nlm.nih.gov/pubmed/16850249
https://doi.org/10.1158/0008-5472.CAN-09-3648
https://www.ncbi.nlm.nih.gov/pubmed/20197471
https://doi.org/10.1002/jcb.21123
https://www.ncbi.nlm.nih.gov/pubmed/17063483
https://doi.org/10.1016/j.canlet.2013.10.019
https://www.ncbi.nlm.nih.gov/pubmed/24176823
https://doi.org/10.14336/AD.2017.0103
https://www.ncbi.nlm.nih.gov/pubmed/28966806
https://doi.org/10.14336/AD.2016.1230
https://www.ncbi.nlm.nih.gov/pubmed/28966805
https://doi.org/10.1016/j.critrevonc.2007.09.001
https://www.ncbi.nlm.nih.gov/pubmed/17949989
https://doi.org/10.1016/j.clon.2008.11.006
https://www.ncbi.nlm.nih.gov/pubmed/19071000
https://doi.org/10.21873/anticanres.11069
https://www.ncbi.nlm.nih.gov/pubmed/27798859
https://doi.org/10.1016/0049-3848%2891%2990369-8
https://www.ncbi.nlm.nih.gov/pubmed/1926058
https://doi.org/10.1007/s10585-012-9559-0
https://www.ncbi.nlm.nih.gov/pubmed/24096710
https://doi.org/10.3791/54040
https://www.ncbi.nlm.nih.gov/pubmed/27584043


 

www.aging-us.com 5117 AGING 

32. Kim CH. Homeostatic and pathogenic extramedullary 
hematopoiesis. J Blood Med. 2010; 1:13–19. 

 https://doi.org/10.2147/JBM.S7224 
 PMID:22282679 

33. Tesfamariam B. Involvement of platelets in tumor cell 
metastasis. Pharmacol Ther. 2016; 157:112–19. 

 https://doi.org/10.1016/j.pharmthera.2015.11.005 
 PMID:26615781 

34. Gasic GJ, Gasic TB, Stewart CC. Antimetastatic effects 
associated with platelet reduction. Proc Natl Acad Sci 
USA. 1968; 61:46–52. 

 https://doi.org/10.1073/pnas.61.1.46 
 PMID:5246932 

35. Bottsford-Miller J, Choi HJ, Dalton HJ, Stone RL, Cho 
MS, Haemmerle M, Nick AM, Pradeep S, Zand B, 
Previs RA, Pecot CV, Crane EK, Hu W, et al. 
Differential platelet levels affect response to taxane-
based therapy in ovarian cancer. Clin Cancer Res. 
2015; 21:602–10. 

 https://doi.org/10.1158/1078-0432.CCR-14-0870 
 PMID:25473001 

36. Qi C, Wei B, Zhou W, Yang Y, Li B, Guo S, Li J, Ye J, Li J, 
Zhang Q, Lan T, He X, Cao L, et al. P-selectin-mediated 
platelet adhesion promotes tumor growth. Oncotarget. 
2015; 6:6584–96. 

 https://doi.org/10.18632/oncotarget.3164 
 PMID:25762641 

37. Arndt V, Stürmer T, Stegmaier C, Ziegler H, Dhom G, 
Brenner H. Patient delay and stage of diagnosis among 
breast cancer patients in Germany— a population 
based study. Br J Cancer. 2002; 86:1034–40. 

 https://doi.org/10.1038/sj.bjc.6600209 
 PMID:11953844 

38. Yang H, Lang S, Zhai Z, Li L, Kahr WH, Chen P, Brkić J, 
Spring CM, Flick MJ, Degen JL, Freedman J, Ni H. 
Fibrinogen is required for maintenance of platelet 
intracellular and cell-surface P-selectin expression. 
Blood. 2009; 114:425–36. 

 https://doi.org/10.1182/blood-2008-03-145821 
 PMID:19332769 

39. Coupland LA, Chong BH, Parish CR. Platelets and P-
selectin control tumor cell metastasis in an organ-
specific manner and independently of NK cells. Cancer 
Res. 2012; 72:4662–71. 

 https://doi.org/10.1158/0008-5472.CAN-11-4010 
 PMID:22836751 

40. Röhsig LM, Damin DC, Stefani SD, Castro CG Jr, 
Roisenberg I, Schwartsmann G. von Willebrand factor 
antigen levels in plasma of patients with malignant 
breast disease. Braz J Med Biol Res. 2001; 34:1125–29. 

 https://doi.org/10.1590/S0100-879X2001000900004 
 PMID:11514835 

41. Jurasz P, Stewart MW, Radomski A, Khadour F, Duszyk 
M, Radomski MW. Role of von Willebrand factor in 
tumour cell-induced platelet aggregation: differential 
regulation by NO and prostacyclin. Br J Pharmacol. 
2001; 134:1104–12. 

 https://doi.org/10.1038/sj.bjp.0704343 
 PMID:11682459 

42. Morganti M, Mittermayer C, Henze U, Carpi A, 
Sagripanti A. Expression of tissue-type plasminogen 
activator, plasminogen activator inhibitor and von 
Willebrand factor in the supernatant of endothelial 
cell cultures in response to the seeding of 
adenocarcinoma cell line HRT-18. Biomed 
Pharmacother. 1996; 50:373–75. 

 https://doi.org/10.1016/S0753-3322(96)89671-5 
 PMID:8952858 

43. Naimushin YA, Mazurov AV. Von Willebrand factor 
can support platelet aggregation via interaction with 
activated GPIIb-IIIa and GPIb. Platelets. 2004; 
15:419–25. 

 https://doi.org/10.1080/09537100410001721333 
 PMID:15745313 

44. Yokota N, Zarpellon A, Chakrabarty S, Bogdanov VY, 
Gruber A, Castellino FJ, Mackman N, Ellies LG, Weiler H, 
Ruggeri ZM, Ruf W. Contributions of thrombin targets to 
tissue factor-dependent metastasis in hyperthrombotic 
mice. J Thromb Haemost. 2014; 12:71–81. 

 https://doi.org/10.1111/jth.12442 PMID:24175924 

45. McCarty OJ, Calaminus SD, Berndt MC, Machesky LM, 
Watson SP. von Willebrand factor mediates platelet 
spreading through glycoprotein Ib and alpha(IIb)beta3 
in the presence of botrocetin and ristocetin, 
respectively. J Thromb Haemost. 2006; 4:1367–78. 

 https://doi.org/10.1111/j.1538-7836.2006.01966.x 
 PMID:16706984 

46. Marx I, Christophe OD, Lenting PJ, Rupin A, Vallez MO, 
Verbeuren TJ, Denis CV. Altered thrombus formation in 
von Willebrand factor-deficient mice expressing von 
Willebrand factor variants with defective binding to 
collagen or GPIIbIIIa. Blood. 2008; 112:603–09. 

 https://doi.org/10.1182/blood-2008-02-142943 
 PMID:18487513 

47. De Meyer SF, Schwarz T, Deckmyn H, Denis CV, 
Nieswandt B, Stoll G, Vanhoorelbeke K, Kleinschnitz C. 
Binding of von Willebrand factor to collagen and 
glycoprotein Ibalpha, but not to glycoprotein IIb/IIIa, 
contributes to ischemic stroke in mice—brief report. 
Arterioscler Thromb Vasc Biol. 2010; 30:1949–51. 

 https://doi.org/10.1161/ATVBAHA.110.208918 
 PMID:20616311 

48. De Marco L, Girolami A, Zimmerman TS, Ruggeri ZM. 
von Willebrand factor interaction with the glycoprotein 

https://doi.org/10.2147/JBM.S7224
https://www.ncbi.nlm.nih.gov/pubmed/22282679
https://doi.org/10.1016/j.pharmthera.2015.11.005
https://www.ncbi.nlm.nih.gov/pubmed/26615781
https://doi.org/10.1073/pnas.61.1.46
https://www.ncbi.nlm.nih.gov/pubmed/5246932
https://doi.org/10.1158/1078-0432.CCR-14-0870
https://www.ncbi.nlm.nih.gov/pubmed/25473001
https://doi.org/10.18632/oncotarget.3164
https://www.ncbi.nlm.nih.gov/pubmed/25762641
https://doi.org/10.1038/sj.bjc.6600209
https://www.ncbi.nlm.nih.gov/pubmed/11953844
https://doi.org/10.1182/blood-2008-03-145821
https://www.ncbi.nlm.nih.gov/pubmed/19332769
https://doi.org/10.1158/0008-5472.CAN-11-4010
https://www.ncbi.nlm.nih.gov/pubmed/22836751
https://doi.org/10.1590/S0100-879X2001000900004
https://www.ncbi.nlm.nih.gov/pubmed/11514835
https://doi.org/10.1038/sj.bjp.0704343
https://www.ncbi.nlm.nih.gov/pubmed/11682459
https://doi.org/10.1016/S0753-3322%2896%2989671-5
https://www.ncbi.nlm.nih.gov/pubmed/8952858
https://doi.org/10.1080/09537100410001721333
https://www.ncbi.nlm.nih.gov/pubmed/15745313
https://doi.org/10.1111/jth.12442
https://www.ncbi.nlm.nih.gov/pubmed/24175924
https://doi.org/10.1111/j.1538-7836.2006.01966.x
https://www.ncbi.nlm.nih.gov/pubmed/16706984
https://doi.org/10.1182/blood-2008-02-142943
https://www.ncbi.nlm.nih.gov/pubmed/18487513
https://doi.org/10.1161/ATVBAHA.110.208918
https://www.ncbi.nlm.nih.gov/pubmed/20616311


 

www.aging-us.com 5118 AGING 

IIb/IIa complex. Its role in platelet function as 
demonstrated in patients with congenital 
afibrinogenemia. J Clin Invest. 1986; 77:1272–77. 

 https://doi.org/10.1172/JCI112430 
 PMID:3007578 

49. Quinn MJ, Byzova TV, Qin J, Topol EJ, Plow EF. Integrin 
alphaIIbbeta3 and its antagonism. Arterioscler Thromb 
Vasc Biol. 2003; 23:945–52. 

 https://doi.org/10.1161/01.ATV.0000066686.46338.F1 
 PMID:12637342 

50. Bergmeier W, Schulte V, Brockhoff G, Bier U, Zirngibl H, 
Nieswandt B. Flow cytometric detection of activated 
mouse integrin alphaIIbbeta3 with a novel monoclonal 
antibody. Cytometry. 2002; 48:80–86. 

 https://doi.org/10.1002/cyto.10114 
 PMID:12116368 

51. Schober JM, Lam SC, Wencel-Drake JD. Effect of 
cellular and receptor activation on the extent of 
integrin alphaIIbbeta3 internalization. J Thromb 
Haemost. 2003; 1:2404–10. 

 https://doi.org/10.1046/j.1538-7836.2003.00417.x 
 PMID:14629476 

52. Abaeva AA, Canault M, Kotova YN, Obydennyy SI, 
Yakimenko AO, Podoplelova NA, Kolyadko VN, 
Chambost H, Mazurov AV, Ataullakhanov FI, Nurden 
AT, Alessi MC, Panteleev MA. Procoagulant platelets 
form an α-granule protein-covered “cap” on their 
surface that promotes their attachment to aggregates. 
J Biol Chem. 2013; 288:29621–32. 

 https://doi.org/10.1074/jbc.M113.474163 
 PMID:23995838 

53. Mattheij NJ, Swieringa F, Mastenbroek TG, Berny-Lang 
MA, May F, Baaten CC, van der Meijden PE, Henskens 
YM, Beckers EA, Suylen DP, Nolte MW, Hackeng TM, 
McCarty OJ, et al. Coated platelets function in platelet-
dependent fibrin formation via integrin αIIbβ3 and 
transglutaminase factor XIII. Haematologica. 2016; 
101:427–36. 

 https://doi.org/10.3324/haematol.2015.131441 
 PMID:26721892 

54. Mattheij NJ, Gilio K, van Kruchten R, Jobe SM, 
Wieschhaus AJ, Chishti AH, Collins P, Heemskerk JW, 
Cosemans JM. Dual mechanism of integrin αIIbβ3 
closure in procoagulant platelets. J Biol Chem. 2013; 
288:13325–36. 

 https://doi.org/10.1074/jbc.M112.428359 
 PMID:23519467 

55. Falanga A, Russo L, Milesi V, Vignoli A. Mechanisms 
and risk factors of thrombosis in cancer. Crit Rev Oncol 
Hematol. 2017; 118:79–83. 

 https://doi.org/10.1016/j.critrevonc.2017.08.003 
 PMID:28917273 

56. Chen Z, Mondal NK, Ding J, Koenig SC, Slaughter MS, 
Wu ZJ. Paradoxical Effect of Nonphysiological Shear 
Stress on Platelets and von Willebrand Factor. Artif 
Organs. 2016; 40:659–68. 

 https://doi.org/10.1111/aor.12606 
 PMID:26582038 

57. Lonsdorf AS, Krämer BF, Fahrleitner M, Schönberger T, 
Gnerlich S, Ring S, Gehring S, Schneider SW, Kruhlak 
MJ, Meuth SG, Nieswandt B, Gawaz M, Enk AH, Langer 
HF. Engagement of αIIbβ3 (GPIIb/IIIa) with ανβ3 
integrin mediates interaction of melanoma cells with 
platelets: a connection to hematogenous metastasis. J 
Biol Chem. 2012; 287:2168–78. 

 https://doi.org/10.1074/jbc.M111.269811 
 PMID:22102277 

58. Liu Y, Zhao F, Gu W, Yang H, Meng Q, Zhang Y, Yang H, 
Duan Q. The roles of platelet GPIIb/IIIa and 
alphavbeta3 integrins during HeLa cells adhesion, 
migration, and invasion to monolayer endothelium 
under static and dynamic shear flow. J Biomed 
Biotechnol. 2009; 2009:829243. 

 https://doi.org/10.1155/2009/829243 
 PMID:19888429 

59. Zarà M, Canobbio I, Visconte C, Canino J, Torti M, 
Guidetti GF. Molecular mechanisms of platelet 
activation and aggregation induced by breast cancer 
cells. Cell Signal. 2018; 48:45–53. 

 https://doi.org/10.1016/j.cellsig.2018.04.008 
 PMID:29705335 

60. Labelle M, Begum S, Hynes RO. Platelets guide the 
formation of early metastatic niches. Proc Natl Acad Sci 
USA. 2014; 111:E3053–61. 

 https://doi.org/10.1073/pnas.1411082111 
 PMID:25024172 

61. Nikitenko LL. Vascular endothelium in cancer. Cell 
Tissue Res. 2009; 335:223–40. 

 https://doi.org/10.1007/s00441-008-0707-4 
 PMID:19015885 

62. Liu Y, Jiang P, Capkova K, Xue D, Ye L, Sinha SC, 
Mackman N, Janda KD, Liu C. Tissue factor-activated 
coagulation cascade in the tumor microenvironment is 
critical for tumor progression and an effective target 
for therapy. Cancer Res. 2011; 71:6492–502. 

 https://doi.org/10.1158/0008-5472.CAN-11-1145 
 PMID:21880589 

63. Alexander ET, Minton AR, Hayes CS, Goss A, Van Ryn J, 
Gilmour SK. Thrombin inhibition and 
cyclophosphamide synergistically block tumor 
progression and metastasis. Cancer Biol Ther. 2015; 
16:1802–11. 

 https://doi.org/10.1080/15384047.2015.1078025 
 PMID:26383051 

https://doi.org/10.1172/JCI112430
https://www.ncbi.nlm.nih.gov/pubmed/3007578
https://doi.org/10.1161/01.ATV.0000066686.46338.F1
https://www.ncbi.nlm.nih.gov/pubmed/12637342
https://doi.org/10.1002/cyto.10114
https://www.ncbi.nlm.nih.gov/pubmed/12116368
https://doi.org/10.1046/j.1538-7836.2003.00417.x
https://www.ncbi.nlm.nih.gov/pubmed/14629476
https://doi.org/10.1074/jbc.M113.474163
https://www.ncbi.nlm.nih.gov/pubmed/23995838
https://doi.org/10.3324/haematol.2015.131441
https://www.ncbi.nlm.nih.gov/pubmed/26721892
https://doi.org/10.1074/jbc.M112.428359
https://www.ncbi.nlm.nih.gov/pubmed/23519467
https://doi.org/10.1016/j.critrevonc.2017.08.003
https://www.ncbi.nlm.nih.gov/pubmed/28917273
https://doi.org/10.1111/aor.12606
https://www.ncbi.nlm.nih.gov/pubmed/26582038
https://doi.org/10.1074/jbc.M111.269811
https://www.ncbi.nlm.nih.gov/pubmed/22102277
https://doi.org/10.1155/2009/829243
https://www.ncbi.nlm.nih.gov/pubmed/19888429
https://doi.org/10.1016/j.cellsig.2018.04.008
https://www.ncbi.nlm.nih.gov/pubmed/29705335
https://doi.org/10.1073/pnas.1411082111
https://www.ncbi.nlm.nih.gov/pubmed/25024172
https://doi.org/10.1007/s00441-008-0707-4
https://www.ncbi.nlm.nih.gov/pubmed/19015885
https://doi.org/10.1158/0008-5472.CAN-11-1145
https://www.ncbi.nlm.nih.gov/pubmed/21880589
https://doi.org/10.1080/15384047.2015.1078025
https://www.ncbi.nlm.nih.gov/pubmed/26383051


 

www.aging-us.com 5119 AGING 

64. Gomes FG, Sandim V, Almeida VH, Rondon AM, Succar 
BB, Hottz ED, Leal AC, Verçoza BR, Rodrigues JC, Bozza 
PT, Zingali RB, Monteiro RQ. Breast-cancer extracellular 
vesicles induce platelet activation and aggregation by 
tissue factor-independent and -dependent 
mechanisms. Thromb Res. 2017; 159:24–32. 

 https://doi.org/10.1016/j.thromres.2017.09.019 
 PMID:28950217 

65. Akinbami A, Popoola A, Adediran A, Dosunmu A, 
Oshinaike O, Adebola P, Ajibola S. Full blood count 
pattern of pre-chemotherapy breast cancer patients in 
Lagos, Nigeria. Caspian J Intern Med. 2013; 4:574–79. 

 PMID:24009939 

66. Melani C, Chiodoni C, Forni G, Colombo MP. Myeloid 
cell expansion elicited by the progression of 
spontaneous mammary carcinomas in c-erbB-2 
transgenic BALB/c mice suppresses immune reactivity. 
Blood. 2003; 102:2138–45. 

 https://doi.org/10.1182/blood-2003-01-0190 
 PMID:12750171 

67. Solinas C, Carbognin L, De Silva P, Criscitiello C, 
Lambertini M. Tumor-infiltrating lymphocytes in breast 
cancer according to tumor subtype: current state of 
the art. Breast. 2017; 35:142–50. 

 https://doi.org/10.1016/j.breast.2017.07.005 
 PMID:28735162 

68. Ravelli A, Roviello G, Cretella D, Cavazzoni A, Biondi A, 
Cappelletti MR, Zanotti L, Ferrero G, Ungari M, 
Zanconati F, Bottini A, Alfieri R, Petronini PG, Generali 
D. Tumor-infiltrating lymphocytes and breast cancer: 
beyond the prognostic and predictive utility. Tumour 
Biol. 2017; 39:1010428317695023. 

 https://doi.org/10.1177/1010428317695023 
 PMID:28378631 

69. Tsamandas AC, Jain AB, Raikow RB, Demetris AJ, 
Nalesnik MA, Randhawa PS. Extramedullary 
hematopoiesis in the allograft liver. Mod Pathol. 1995; 
8:671–74. PMID:8532704 

70. Vassiliou V, Papamichael D, Lutz S, Eracleous E, 
Kountourakis P, Polyviou P, Michaelides I, Shoukris M, 
Andreopoulos D. Presacral Extramedullary 
Hematopoiesis in a Patient with Rectal 
Adenocarcinoma: Report of a Case and Literature 
Review. J Gastrointest Cancer. 2012 (Suppl 1); 
43:S131–35. 

 https://doi.org/10.1007/s12029-012-9370-9 
 PMID:22318765 

71. Macki M, Bydon M, Papademetriou K, Gokaslan Z, 
Bydon A. Presacral extramedullary hematopoiesis: 
an alternative hypothesis. J Clin Neurosci. 2013; 
20:1664–68. 

 https://doi.org/10.1016/j.jocn.2013.06.003 
 PMID:24139732 

72. Johns JL, Christopher MM. Extramedullary 
hematopoiesis: a new look at the underlying stem cell 
niche, theories of development, and occurrence in 
animals. Vet Pathol. 2012; 49:508–23. 

 https://doi.org/10.1177/0300985811432344 
 PMID:22262354 

73. Pham CM, Syed AA, Siddiqui HA, Keller RA, Kowalewski 
C. Case of metastatic basal cell carcinoma to bone 
marrow, resulting in myelophthisic anemia. Am J 
Dermatopathol. 2013; 35:e34–36. 

 https://doi.org/10.1097/DAD.0b013e3182761362 
 PMID:23147353 

74. Makoni SN, Laber DA. Clinical spectrum of 
myelophthisis in cancer patients. Am J Hematol. 2004; 
76:92–93. 

 https://doi.org/10.1002/ajh.20046 
 PMID:15114608 

75. Przygodzki T, Talar T, Kassassir H, Musial J, Watala C. 
Enhanced adhesion of blood platelets to intact 
endothelium of mesenteric vascular bed in mice with 
streptozotocin-induced diabetes is mediated by 
platelet GPIb-IX-V receptors. In vivo study. Platelets. 
2018; 29:476–85. 

 https://doi.org/10.1080/09537104.2017.1332365 
 PMID:28745543 

76. Zuchtriegel G, Uhl B, Puhr-Westerheide D, Pörnbacher 
M, Lauber K, Krombach F, Reichel CA. Platelets Guide 
Leukocytes to Their Sites of Extravasation. PLoS Biol. 
2016; 14:e1002459. 

 https://doi.org/10.1371/journal.pbio.1002459 
 PMID:27152726 

77. Rossaint J, Kühne K, Skupski J, Van Aken H, Looney 
MR, Hidalgo A, Zarbock A. Directed transport of 
neutrophil-derived extracellular vesicles enables 
platelet-mediated innate immune response. Nat 
Commun. 2016; 7:13464. 

 https://doi.org/10.1038/ncomms13464 
 PMID:27845343 

78. Elaïb Z, Adam F, Berrou E, Bordet JC, Prévost N, 
Bobe R, Bryckaert M, Rosa JP. Full activation of 
mouse platelets requires ADP secretion regulated by 
SERCA3 ATPase-dependent calcium stores. Blood. 
2016; 128:1129–38. 

 https://doi.org/10.1182/blood-2015-10-678383 
 PMID:27301859 

79. Le Behot A, Gauberti M, Martinez De Lizarrondo S, 
Montagne A, Lemarchand E, Repesse Y, Guillou S, 
Denis CV, Maubert E, Orset C, Vivien D. GpIbα-VWF 
blockade restores vessel patency by dissolving platelet 
aggregates formed under very high shear rate in mice. 
Blood. 2014; 123:3354–63. 

 https://doi.org/10.1182/blood-2013-12-543074 
 PMID:24553181 

https://doi.org/10.1016/j.thromres.2017.09.019
https://www.ncbi.nlm.nih.gov/pubmed/28950217
https://www.ncbi.nlm.nih.gov/pubmed/24009939
https://doi.org/10.1182/blood-2003-01-0190
https://www.ncbi.nlm.nih.gov/pubmed/12750171
https://doi.org/10.1016/j.breast.2017.07.005
https://www.ncbi.nlm.nih.gov/pubmed/28735162
https://doi.org/10.1177/1010428317695023
https://www.ncbi.nlm.nih.gov/pubmed/28378631
https://www.ncbi.nlm.nih.gov/pubmed/8532704
https://doi.org/10.1007/s12029-012-9370-9
https://www.ncbi.nlm.nih.gov/pubmed/22318765
https://doi.org/10.1016/j.jocn.2013.06.003
https://www.ncbi.nlm.nih.gov/pubmed/24139732
https://doi.org/10.1177/0300985811432344
https://www.ncbi.nlm.nih.gov/pubmed/22262354
https://doi.org/10.1097/DAD.0b013e3182761362
https://www.ncbi.nlm.nih.gov/pubmed/23147353
https://doi.org/10.1002/ajh.20046
https://www.ncbi.nlm.nih.gov/pubmed/15114608
https://doi.org/10.1080/09537104.2017.1332365
https://www.ncbi.nlm.nih.gov/pubmed/28745543
https://doi.org/10.1371/journal.pbio.1002459
https://www.ncbi.nlm.nih.gov/pubmed/27152726
https://doi.org/10.1038/ncomms13464
https://www.ncbi.nlm.nih.gov/pubmed/27845343
https://doi.org/10.1182/blood-2015-10-678383
https://www.ncbi.nlm.nih.gov/pubmed/27301859
https://doi.org/10.1182/blood-2013-12-543074
https://www.ncbi.nlm.nih.gov/pubmed/24553181


 

www.aging-us.com 5120 AGING 

80. Vaezzadeh N, Ni R, Kim PY, Weitz JI, Gross PL. 
Comparison of the effect of coagulation and platelet 
function impairments on various mouse bleeding 
models. Thromb Haemost. 2014; 112:412–18. 

 https://doi.org/10.1160/TH13-11-0919 
 PMID:24696126 

81. Cranmer SL, Ashworth KJ, Yao Y, Berndt MC, Ruggeri 
ZM, Andrews RK, Jackson SP. High shear-dependent 
loss of membrane integrity and defective platelet 
adhesion following disruption of the GPIbα-filamin 
interaction. Blood. 2011; 117:2718–27. 

 https://doi.org/10.1182/blood-2010-07-296194 
 PMID:21156842 

82. Wannemacher KM, Zhu L, Jiang H, Fong KP, Stalker 
TJ, Lee D, Tran AN, Neeves KB, Maloney S, 
Kumanogoh A, Kikutani H, Hammer DA, Diamond SL, 
Brass LF. Diminished contact-dependent 
reinforcement of Syk activation underlies impaired 
thrombus growth in mice lacking Semaphorin 4D. 
Blood. 2010; 116:5707–15. 

 https://doi.org/10.1182/blood-2010-04-279943 
 PMID:20855865 

83. Sarratt KL, Chen H, Zutter MM, Santoro SA, Hammer 
DA, Kahn ML. GPVI and alpha2beta1 play independent 
critical roles during platelet adhesion and aggregate 
formation to collagen under flow. Blood. 2005; 
106:1268–77. 

 https://doi.org/10.1182/blood-2004-11-4434 
 PMID:15886326 

84. Buczek E, Denslow A, Mateuszuk L, Proniewski B, 
Wojcik T, Sitek B, Fedorowicz A, Jasztal A, Kus E, 
Chmura-Skirlinska A, Gurbiel R, Wietrzyk J, Chlopicki 
S. Alterations in NO- and PGI2- dependent function in 
aorta in the orthotopic murine model of metastatic 
4T1 breast cancer: relationship with pulmonary 
endothelial dysfunction and systemic inflammation. 
BMC Cancer. 2018; 18:582. 

 https://doi.org/10.1186/s12885-018-4445-z 
 PMID:29788918 

85. Rozalski M, Kassassir H, Siewiera K, Klepacka A, 
Sychowski R, Watala C. Platelet activation patterns are 
different in mouse models of diabetes and chronic 
inhibition of nitric oxide synthesis. Thromb Res. 2014; 
133:1097–104. 

 https://doi.org/10.1016/j.thromres.2014.03.041 
 PMID:24731558 

86. Fillmore C, Kuperwasser C. Human breast cancer stem 
cell markers CD44 and CD24: enriching for cells with 
functional properties in mice or in man? Breast Cancer 
Res. 2007; 9:303. 

 https://doi.org/10.1186/bcr1673 
 PMID:17540049 

87. Ricardo S, Vieira AF, Gerhard R, Leitão D, Pinto R, 
Cameselle-Teijeiro JF, Milanezi F, Schmitt F, Paredes J. 
Breast cancer stem cell markers CD44, CD24 and 
ALDH1: expression distribution within intrinsic 
molecular subtype. J Clin Pathol. 2011; 64:937–46. 

 https://doi.org/10.1136/jcp.2011.090456 
 PMID:21680574 

88. Shipitsin M, Campbell LL, Argani P, Weremowicz S, 
Bloushtain-Qimron N, Yao J, Nikolskaya T, 
Serebryiskaya T, Beroukhim R, Hu M, Halushka MK, 
Sukumar S, Parker LM, et al. Molecular definition of 
breast tumor heterogeneity. Cancer Cell. 2007; 
11:259–73. 

 https://doi.org/10.1016/j.ccr.2007.01.013 
 PMID:17349583 

89. Wang S, Zhang Y, Cong W, Liu J, Zhang Y, Fan H, Xu Y, 
Lin H. Breast cancer stem-like cells can promote 
metastasis by activating platelets and down-regulating 
antitumor activity of natural killer cells. J Tradit Chin 
Med. 2016; 36:530–37. 

 https://doi.org/10.1016/S0254-6272(16)30071-1 
 PMID:28459521 

90. Kuroiwa T, Kakishita E, Hamano T, Kataoka Y, Seto Y, 
Iwata N, Kaneda Y, Matsumoto K, Nakamura T, Ueki T, 
Fujimoto J, Iwasaki T. Hepatocyte growth factor 
ameliorates acute graft-versus-host disease and 
promotes hematopoietic function. J Clin Invest. 2001; 
107:1365–73. 

 https://doi.org/10.1172/JCI11808 
 PMID:11390418 

91. Maronpot RR. Liver, Bile Duct - Hyperplasia, in: 
Nonneoplastic Lesion Atlas. 

 https://ntp.niehs.nih.gov/nnl/hepatobiliary/liver/bdhy
perp/index.htm 

 

 

https://doi.org/10.1160/TH13-11-0919
https://www.ncbi.nlm.nih.gov/pubmed/24696126
https://doi.org/10.1182/blood-2010-07-296194
https://www.ncbi.nlm.nih.gov/pubmed/21156842
https://doi.org/10.1182/blood-2010-04-279943
https://www.ncbi.nlm.nih.gov/pubmed/20855865
https://doi.org/10.1182/blood-2004-11-4434
https://www.ncbi.nlm.nih.gov/pubmed/15886326
https://doi.org/10.1186/s12885-018-4445-z
https://www.ncbi.nlm.nih.gov/pubmed/29788918
https://doi.org/10.1016/j.thromres.2014.03.041
https://www.ncbi.nlm.nih.gov/pubmed/24731558
https://doi.org/10.1186/bcr1673
https://www.ncbi.nlm.nih.gov/pubmed/17540049
https://doi.org/10.1136/jcp.2011.090456
https://www.ncbi.nlm.nih.gov/pubmed/21680574
https://doi.org/10.1016/j.ccr.2007.01.013
https://www.ncbi.nlm.nih.gov/pubmed/17349583
https://doi.org/10.1016/S0254-6272%2816%2930071-1
https://www.ncbi.nlm.nih.gov/pubmed/28459521
https://doi.org/10.1172/JCI11808
https://www.ncbi.nlm.nih.gov/pubmed/11390418
https://ntp.niehs.nih.gov/nnl/hepatobiliary/liver/bdhyperp/index.htm
https://ntp.niehs.nih.gov/nnl/hepatobiliary/liver/bdhyperp/index.htm

