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Abstract: It is widely accepted that tumor metastasis is the dominant factor leading to cancer-related death. Tumor metastasis is mediated by cell invasion, blood circulation and lymphatic circulation. Paclitaxel, as a common anti-tumor drug and a mitotic inhibitor, promotes microtubule assembly and inhibits microtubule depolymerization. In addition, ticagrelor, an anti-platelet drug, is used to treat acute coronary syndrome. Increasing numbers of studies have reported that platelets can facilitate tumor metastasis. Therefore, inhibiting the effects of platelets can serve as a novel therapeutic strategy for cancer. To explore the effect of anti-tumor and anti-platelet drugs on tumor progression, we chose paclitaxel and ticagrelor. Interestingly, the results demonstrated that paclitaxel and ticagrelor could not only suppress the proliferation, migration and invasion of B16F10 and LLC cells, but they could also prevent tumor metastasis to the lungs. Furthermore, the inhibitory effect of paclitaxel and ticagrelor was more apparent when both drugs were used in combination. Collectively, the current study demonstrated that the combination of paclitaxel and ticagrelor could be considered as a potential anti-tumor therapy approach.
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1  Introduction

As the leading cause of cancer-related deaths, tumor metastasis is considered to be the key target of tumor therapy [1] In the 19th century, a study showed that the interaction between platelets and tumor cells was closely associated with thrombosis and malignant tumors [2]. Recently, it has been suggested that the number of platelets is positively associated with tumor metastasis [3]. Another study demonstrated that depleting platelets or blocking their function could significantly prevent tumor metastasis, thus supporting the key role of platelets in tumor metastasis [4]. However, the mechanisms underlying the effects of platelets on tumor metastasis remain to be uncovered.

Paclitaxel, a natural anti-cancer drug, has been extensively used in the clinical treatment of breast, ovarian, head and neck, and lung cancer [5–7]. However, paclitaxel is not considered as the ideal treatment approach for melanoma, since only 16% of patients with melanoma have some palliative benefit from paclitaxel therapy [8]. Melanoma is a type of skin melanocyte-derived cancer, characterized by high degree of malignancy, rapid metastasis and poor prognosis. Although the incidence of melanoma is only 3% among all malignant tumors, 80% of skin-related cancer types may lead to death due to their high degree of malignancy [9]. Surgical resection, chemotherapy and immunotherapy are common strategies for treating melanoma; however, these treatment approaches are accompanied by several side effects [10–13]. Since melanoma is not sensitive to paclitaxel and the number of functional platelets plays a significant role on tumor metastasis, the present study aimed to investigate whether the combined therapy with paclitaxel and the anti-platelet drug, ticagrelor, could be an effective treatment strategy for melanoma. Ticagrelor was approved by the Food and Drug Administration (FDA) in 2011 for the treatment of acute coronary syndrome via targeting the platelet P2Y12 receptor [14]. A recent study reported that ticagrelor could inhibit human and murine breast cancer cell metastasis via blocking the platelet-tumor cell interaction [15]. Another study revealed that ticagrelor could prevent cell metastasis and improve survival in different mouse tumor models [16].

Emerging evidence has suggested the platelets are associated with tumor metastasis [17]. Therefore, inhibition of platelet function could be considered as a novel strategy for attenuating tumor metastasis. Our previous study demonstrated that ticagrelor prevented tumor metastasis via inhibiting B16F10 and Lewis Lung Carcinoma (LLC) cell proliferation and promoting platelet apoptosis [18]. Therefore, the present study aimed to further explore the effects of ticagrelor and paclitaxel on tumor progression.

For more than half a century, B16F10 and LLC cells have been widely used in oncology research due to their high tumorigenic rate and rapid metastasis [19–21]. Herein, B16F10 and LLC cells were treated with the combination of paclitaxel and ticagrelor to investigate cell viability, motility and invasion ability in vitro. In addition, in vivo experiments were carried out to verify the efficacy of the combination of both drugs against tumor metastasis. The results showed that the combination of paclitaxel and ticagrelor not only inhibited the proliferation, migration and invasion of B16F10 and LLC cells, but also prevented tumor cell metastasis to the lungs. Overall, the current study revealed that the combination of paclitaxel and ticagrelor exhibited a synergistic anti-tumor effect on B16F10 and LLC cells in vitro and in vivo. These findings indicated that the combination of anti-tumor and anti-platelet drugs could be considered as a novel approach for inhibiting B16F10 and LLC cell metastasis to the lungs.

2  Materials and Methods

Cell lines and mice. The murine melanoma cell line, B16F10, and Lewis Lung Carcinoma (LLC) cells were purchased from the Chinese Academy of Sciences Cell Bank. C57BL/6 mice (males; age, 6–8 weeks, number, 40) were obtained from SPF (Beijing) Biotechnology Co., Ltd., China. All animal experiments were approved by the Ethics Committee of the Suzhou Institute of Biomedical Engineering and Technology, Chinese Academy of Science.

Chemicals and regents. Paclitaxel (cat. no. S1150) and ticagrelor (cat. no. S4079) were purchased from Selleck Chemicals, and prepared as 5 or 20 mM stock solution, and stored at −80°C. FBS (cat. no. 10270-106), penicillin/streptomycin solution (cat. no. 2029632) and high glucose DMEM (cat. no. 10313021) were obtained from Gibco (Shanghai, China); Thermo Fisher Scientific, Inc. (Shanghai, China). The Annexin V-FITC kit (cat. no. LHK601-100) was obtained from Jiamay Biotech Co., Ltd. (Beijing, China), while the Cell Counting Kit-8 (CCK-8; cat. no. GB707) from Dojindo Molecular Technologies, Inc., Rockville, USA. The MatrigelTM Basement Membrane Matrix (cat. no. 354234; BD Biosciences) was obtained from Corning, Inc., and the antibodies against Bad (ca. no. sc-8044) and Bax (cat. no. sc-493) from Santa Cruz Biotechnology, Inc. Finally, the anti-caspase-3 (cat. no. A0214), anti-GAPDH (cat. no. AC035), HRP Goat Anti-mouse IgG (cat. no. AS003) and HRP Goat Anti-Rabbit IgG (cat. no. AS014) antibodies were purchased from ABclonal Biotech Co., Ltd., Wuhan, China.

Cell viability assay. Cells were grown in culture flasks, harvested in trypsin/EDTA solution, and resuspended in DMEM supplemented with 2% FBS. Subsequently, a total of 5,000 cells were seeded into 96-well plates. Following incubation for 6 h, cells were treated with paclitaxel (5 nM), ticagrelor (20 μM) or paclitaxel (5 nM) combined with ticagrelor (20 μM). Each experiment was repeated for four times per group independently. The cell viability assay was performed according to the manufacturer’s instructions (CCK-8; cat. no. GB707; Dojindo Molecular Technologies, Inc., Rockville, USA). Briefly, 10 μl CCK-8 reagent was added into each well and cells were cultured for 48 h. After incubation for 2 h at 37°C, the optical density (OD) at 450 nm was measured in each well.

Platelet isolation. C57/BL6 wild-type mice (ag, 6–8 weeks) were anesthetized by intraperitoneal injection of 2% pentobarbital sodium (130 mg/kg,) and fixed by pin. Following anesthesia for 5 min, fresh blood was collected (1 ml/mouse) from the inferior vena cava using a 1/7 volume of acid-citrate-dextrose (2.5% trisodium citrate, 2.0% d-glucose, 1.5% citric acid) as anticoagulant. When needed, mice were sacrificed by cervical dislocation. Subsequently, the blood was centrifuged at 200 × g for 10 min and the supernatant was transferred into new tubes and centrifuged at 800 × g for 3 min. The precipitate was then washed with CGS buffer (0.9% NaCl, 0.03 M d-glucose, 0.01 M trisodium citrate, pH 7.0) and resuspended in modified Tyrode’s buffer (MTB; 12 mM NaHCO3, 0.9% NaCl, 5.6 mM d-glucose, 2.6 mM KCl, 2.4 mM HEPES, 1 mM CaCl2, 1 mM MgCl2, and 0.1% BSA, pH 7.4). The platelets were counted using the Sysmex XP-100 hematology analyzer (Sysmex Co., Shanghai, China) and incubated at room temperature for 1 h.

Co-culture of B16F10 or LLC cells with platelets. Cells were harvested from culture flasks after trypsinization (with EDTA) and resuspended in DMEM containing 2% FBS. Subsequently, 2 × 105 cells/well were seeded into 6-well culture plates. Following incubation for 4 h, the prepared platelets (2 × 106/well) were added into each well and cultured for an additional 48 h. Subsequently, cells/platelets were treated with paclitaxel (5 nM), ticagrelor 20 μM or paclitaxel (5 nM) + ticagrelor (20 μM).

Colony formation assay. Cells were harvested from culture flasks by trypsinization and resuspended in DMEM supplemented with 10% FBS. Subsequently, 500 μl (300 cells) of the cell suspension were added into 12-well plates. Following incubation for 4 h, cells were treated with paclitaxel (5 nM), ticagrelor (20 μM) or paclitaxel (5 nM) + ticagrelor (20 μM). Cells in the control group were treated with Dimethyl sulfoxide (DMSO). The medium was replaced every 4 days. After culture for 12 days, the medium was removed and cells were washed with PBS for three times. Finally, for Giemsa staining, cells were fixed with methanol.

Wound healing assay. For wound healing assay, 2 × 105 cells/well were seeded into 6-well plates. The next day, wounds were created by scratching using 1-ml pipette tip. Following washing twice with PBS, the wells were supplemented with 2 ml DMEM (with 2% FBS). To evaluate cell migration, images were captured at three fields from each wound at 0 and 48 h under a microscope.

Transwell assay. For Transwell assays, the membrane of the 24-well Transwell plates was pre-coated with 100 μl Matrigel for 2 h at 37°C. Cells in culture flasks were harvested using 1 ml trypsin/EDTA solution and resuspended in DMEM containing 1% FBS to stop digestion. Subsequently, 100 μl (1 × 105 cells) of the cell suspension was added into the upper chamber of the 24-well Transwell plate. The lower chamber was supplemented with 700 μl DMEM and incubated for 48 h at 37°C. Following incubation, the membrane was removed from the 24-well plate, and the invasive cells were fixed with methanol and stained with 0.2% crystal violet solution after washing with PBS.

Phosphatidylserine (PS) externalization assay. Isolated platelets (1 × 107) were treated with paclitaxel (5 nM), ticagrelor (20 μM) or paclitaxel (5 nM) + ticagrelor (20 μM). Following treatment, the cells were mixed with Annexin V-binding buffer (1X) and Annexin V-FITC (50:50:1) for 1 h. The cell samples were shaken gently and analyzed by flow cytometry after 15 min.

Western blot analysis. Platelets were lysed by RIPA buffer (cat. no. WB3100), the isolated protein samples were subjected to SDS-PAGE and transferred to PVDF membranes. The membranes were then incubated with primary antibodies against Bad, Bax, caspase-3 and GAPDH (reference gene). Images of the protein bands were captured using the Tanon-5200 Multi system (Tanon Science and Technology Co., Ltd., Shanghai, China). Data were semi-quantified using the Image J software V1.8.0 (National Institutes of Health).

Tumor mouse models. In the current study two tumor models were established in C57BL/6 mice. Briefly, 3 × 105 B16F10 or 5 × 105 LLC cells in 50 μl PBS were injected into the tail vein of 5 mice/group. Mice were treated with paclitaxel (10 mg/kg) or ticagrelor (10 mg/kg) every 2 days by tail vein injection for 14 days for the B16F10 model or 20 days for the LLC model. On day 15 (B16F10 model) or 21 (LLC model), mice were sacrificed by cervical dislocation. Subsequently, the lungs were collected and the number of metastatic lung nodules, with a size of 0.2–1.5 mm, was recorded.

Statistical analysis. All statistical analyses were carried out utilizing Student’s t-test or one-way ANOVA with the SPSS 19.0 software (IBM Corp.). All data are expressed as the mean ± standard deviation (SD; n ≥ 3). All P-values were two-sided and P < 0.05 was considered to indicate a statistically significant difference.

3  Results

Combination of paclitaxel with ticagrelor inhibits the proliferation of B16F10 and LLC cells. To investigate the effect of paclitaxel and ticagrelor on the proliferation of B16F10 and LLC cells, drug toxicity was evaluated using a CCK-8 assay. Firstly, the IC50 values of paclitaxel and ticagrelor were determined (Fig. S1), and the appropriate concentration was selected for the subsequent experiments. The results showed that cell viability was decreased by 15% and 31% in B16F10 cells treated with 20 μM ticagrelor or 5 nM paclitaxel, respectively (Fig. 1A). In addition, the B16F10 cell proliferation ability was also evaluated using colony formation assays. Therefore, the number of colonies was reduced by 33% and 49% in cells treated with ticagrelor or paclitaxel, respectively (Fig. 1B). Furthermore, when cells were co-treated with ticagrelor and paclitaxel, the cell viability was decreased by 51%, and the colony formation rate by 67% (Figs. 1B and 1C). These findings suggested that both paclitaxel and ticagrelor could inhibit cell proliferation, and that ticagrelor combined with paclitaxel exerted a synergistic effect on B16F10 cell proliferation. Additionally, the results in the LLC cell line were consistent with those observed in B16F10 cells.
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Figure 1: Combination of paclitaxel with ticagrelor inhibits the proliferation of B16F10 and LLC cells. (A) The cell viability of B16F10 and LLC cells treated with 5 nM paclitaxel or 20 μM ticagrelor or paclitaxel (5 nM) + ticagrelor (20 μM) for 48 h was evaluated by CCK-8 assay. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control group. (B, C) B16F10 and LLC cells were treated with 5 nM paclitaxel or 20 μM ticagrelor or paclitaxel (5 nM) + ticagrelor (20 μM) or DMSO (control) and cultured for 12 days. Cells were then fixed with methanol and stained with Giemsa. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control group. LLC, Lewis lung carcinoma; CCK-8, cell counting kit 8

Combination of paclitaxel with ticagrelor attenuates the migratory and invasive abilities of B16F10 and LLC cells. Previous studies have demonstrated that platelets can facilitate tumor progression. Herein, to explore the effect of ticagrelor and paclitaxel on cell mobility and invasiveness, wound healing and Transwell assays were implemented. The results showed that platelets promoted cell migration when co-cultured with B16F10 and LLC cells; however, this effect was reversed following treatment with ticagrelor and/or paclitaxel (Figs. 2A and 2B). Similarly, the Transwell assays showed that the number of cells invading the cell matrix membrane was increased after platelet stimulation, while ticagrelor and paclitaxel restored this effect (Figs. 2C and 2D). The abovementioned results indicated that platelets could enhance the migration and invasion ability of B16F10 and LLC cells, which was diminished following treatment with ticagrelor and paclitaxel. Besides, when paclitaxel was combined with ticagrelor, the inhibitory effect on cell migration and invasion was more remarkable.
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Figure 2: Combination of paclitaxel with ticagrelor attenuates the migratory and invasive abilities of B16F10 and LLC cells. (A, B) B16F10 or LLC cell monolayers (density, 2 × 105) were scratched, and cells were then co-cultured with platelets (density, 2 × 106); platelets and 5 nM paclitaxel; platelets and 20 μM ticagrelor; or platelets and 5 nM paclitaxel + 20 μM ticagrelor. following incubation for 48 h, cells in the different treatment groups were observed under a microscope. Data were analyzed using the ImageJ software. Data are expressed as the mean ± standard deviation (SD; n = 3). *P < 0.05 and **P < 0.01 vs. the platelet group. (C, D) transwell invasion assay results in the abovementioned treatment groups are shown (scale bar, 100 μm). The cells in C were stained with crystal violet and measured using the ImageJ software. Data are expressed as the mean ± standard deviation (SD; n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. the platelet group; #P < 0.0001. LLC, Lewis lung carcinoma

Combination of paclitaxel with ticagrelor promotes platelet apoptosis. To investigate the effects of paclitaxel and ticagrelor on platelets, mouse platelets were isolated from anticoagulated whole blood and then treated with ticagrelor, paclitaxel, or their combination. PS externalization assay was used to assess cell apoptosis. The platelet apoptosis rate (PS%) was 4.4% and 5.4% in platelets treated with 20 μM ticagrelor or 5 nM paclitaxel, respectively (Figs. 3A and 3B). However, the apoptosis rate was increased to 18.4% when platelets were treated with the combination of paclitaxel and ticagrelor (Figs. 3A and 3B). In addition, the expression levels of pro-apoptotic proteins were determined by western blot analysis. Therefore, when platelets were treated with either paclitaxel or ticagrelor, the expression levels of Bax, Bad and caspase-3 were notably upregulated. Treatment with combination of paclitaxel and ticagrelor further increased the expression levels of the pro-apoptotic proteins (Figs. 3C–3F). The results demonstrated that paclitaxel as well as ticagrelor could promote platelet apoptosis, which was further increased when the two drugs were used.
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Figure 3: Combination of paclitaxel with ticagrelor promotes platelet apoptosis. (A, B) Washed mouse platelets were treated with 5 nM paclitaxel, or 20 μM ticagrelor, or paclitaxel (5 nM) + ticagrelor (20 μM) at room temperature for 1 h. Platelet apoptosis was determined by PS externalization assay. Data are expressed as the mean ± standard deviation (SD; n = 3). ***P < 0.001; #P < 0.0001. (C–F) Following PS externalization assay, samples were lysed with RIPA buffer and western blot analysis was carried out using primary antibodies against Bad (dilution, 1:1,000), Bax (dilution, 1:1,000), caspase-3 (dilution, 1:1,000), or GAPDH (dilution, 1:2,000). Images were captured using the Tanon-5200 Multi system. Semi-Quantification was performed using the ImageJ software. *P < 0.05, **P < 0.01 and ***P < 0.001; #P < 0.0001. PS, Phosphatidylserine

Combination of paclitaxel with ticagrelor inhibits lung metastasis in mice. The effects of paclitaxel and ticagrelor were further verified in vivo. B16F10 or LLC cells were injected into C57BL/6 mice via the tail vein. The following day, paclitaxel and ticagrelor were administrated. Lungs were obtained at 15 (B16F10 model) or 21 days (LLC model) post administration to count the number of metastatic lung nodules. Since the LLC model was not sufficient enough to observe metastatic lung nodules, H&E staining was utilized. The normal lungs had many alveoli, which were reduced when neoplastic tissue was present. The results demonstrated that the number of metastatic lung nodules was significantly reduced in the paclitaxel- and ticagrelor-treated groups compared with the vehicle group (Figs. 4A–4C). Furthermore, fewer cells were metastasized to the lungs when the combination of both drugs was applied. Collectively, paclitaxel and ticagrelor could attenuate B16F10 and LLC cell metastasis to the lungs in mice.
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Figure 4: Combination of paclitaxel with ticagrelor inhibits lung metastasis in mice. (A) Two tumor models were established in C57BL/6 mice following inoculation of 3 × 105 B16F10 or 5 × 105 LLC cells (in 50 μl PBS) into the tail vein (5 mice/group). The next day, mice were administered with paclitaxel (10 mg/kg per mouse), ticagrelor (10 mg/kg per mouse), or paclitaxel + ticagrelor by tail vein injection (every 2 days; 5 mice/group). Mice in the control group were injected with PBS. At 15 days after the first injection, the lungs were removed. (B) The number of metastatic nodules on the entire lung surface is shown (n = 5). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. the PBS group. (C) At 21 days following treatment of LLC cell-injected mice with paclitaxel (10 mg/kg per mouse), or ticagrelor (10 mg/kg per mouse), or paclitaxel + ticagrelor, the lungs were removed, and H&E staining was carried out (scale bar, 100 μm). LLC, Lewis lung carcinoma

4  Discussion

As early as 140 years ago, studies have shown that platelets are non-nucleated cell elements, originating from bone marrow megakaryocytes, and cleared in the reticuloendothelial system [22]. Thrombosis and hemostasis are the fundamental functions of platelets. In recent years, it has been reported that platelets are involved in tumor metastasis. Platelets are not only considered to be the “umbrella” of tumor cells, but can also promote tumor cell dissemination [23]. Following the detachment from the primary tumor, tumor cells migrate to the distal end through lymphatic or blood circulation [24]. When tumor cells escape from the primary tumor and penetrate the blood vessels, platelets are then responsible for their survival. Therefore, platelets aggregate to the surface of tumor cells to form a physical barrier, thus protecting tumor cells against the blood shear stress-mediated damage [25]. At the same time, platelet markers and major platelet histocompatibility complex I are transferred to the surface of tumor cells, thus providing protection against the T lymphocyte- and natural killer-mediated immunosurveillance [23]. In addition, studies have shown that tumor cell platelet aggregates secrete large amounts of growth factors, cytokines and other factors that promote the activation of endothelial cells [26]. In turn, activated endothelial cells produce E-selectin, P-selectin and vascular cell adhesion protein 1, which bind and block their ligands on tumor cells to adhere to blood vessels. Moreover, activated platelets secrete chemokines, such as C-C motif chemokine ligand 5, to further recruit monocytes to the surface of tumor cells, thus promoting metastasis [27]. A recent study revealed that platelet-guided early metastasis started within 2 h after tumor cell blocking, thus providing a special tumor microenvironment, which is crucial for the subsequent metastatic process [24]. Additionally, another study indicated that platelet-tumor cell aggregates and platelet-secreted TGF-β could act synergistically to activate the TGF-β/Smadβ and NF-κB signaling pathways, which in turn promoted tumor cell invasion and metastasis [4].

In total, ∼90% of cancer-related mortality is attributed to metastases, and it has been suggested that several factors are involved in this process, including genetic factors, stem cells, growth factors, platelets and cell-cell interactions [21]. Tumor metastasis mainly occurs via direct tumor cell invasion, and blood and lymphatic circulation, while the lymphatic vasculature has been regarded as a bridge for tumor dissemination [28,29]. A study suggested that platelets could play a vital role in blood-borne metastasis [22]. In addition, a previous study from our laboratory demonstrated that B16F10 cells could metastasize to the lungs through the blood circulation. Furthermore, neither subcutaneous nor intraperitoneal injection were applied within two weeks after lung metastasis [30]. The aforementioned studies indicated that platelets could serve as an ideal target for inhibiting tumor metastasis through the blood circulation. In 2016, the United States Preventive Services Task Force recommended the initiation of low-dose aspirin for the primary prevention of colorectal cancer in a particular patient population [31]. This recommendation has set a precedent for the application of anti-platelet drugs in the prevention and treatment of tumors. Currently, several studies have focused on the application of anti-platelet drugs, such as aspirin, clopidogrel and ticagrelor in the treatment of different types of cancer [32–34].

Overall, platelets play a positive role in tumor growth and metastasis. Although platelet clearance can inhibit tumor growth and metastasis, this approach has no clinical application value since it may lead to life-threatening bleeding [35]. Inhibiting the function of platelets or blocking the interaction between platelets and tumor cells could prevent tumor progression. Because most tumors are refractory, it is meaningful to explore some new and economical treatments. In this paper, platelets are used as a target to clarify that tumor metastasis can be blocked by inhibiting the function of platelets. It provides a new idea for the anti-metastasis treatment of tumor. Herein, the effects of the anti-platelet drug, ticagrelor, combined with the anti-tumor drug, paclitaxel, were investigated in B16F10 and LLC cells. The results suggested that the combination of both drugs could significantly attenuate tumor metastasis, thus providing a novel approach for anti-tumor therapy. However, the clinical application of both drugs needs to be further investigated.
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Supplementary Figure
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Figure S1: Ticagrelor and paclitaxel inhibit B16F10 cell proliferation. B16F10 cells were treated with different concentrations of (A) ticagrelor or (B) paclitaxel for 48 h and the cell viability was assessed using CCK-8 assay. Cells in the control group were treated with DMSO. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. the control group; #P < 0.0001
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