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Abstract

:

BCR-ABL tyrosine kinase inhibitors (TKIs) are effective drugs in the treatment of patients with chronic myeloid leukemia. However, based on clinical studies, ponatinib was associated with the development of thrombotic complications. Since endothelial cells (ECs) regulate blood coagulation, their abnormal phenotype may play a role in the development of thrombotic events. We here aimed to investigate the effect of ponatinib on the procoagulant activity of cultured endothelial cells in vitro. Human coronary artery endothelial cells (HCAECs) were incubated with 50, 150, and 1000 nM of ponatinib. Subsequently, phosphatidylserine (PS) exposure and endothelial microvesicles (EMVs) were measured by flow cytometry. In addition, EC- and EMV-dependent thrombin generation was analyzed. To investigate pro-apoptotic effects of ponatinib, the level of Bax and Bcl-xL proteins were studied using Western blot and F3, THBD, and VCAM1 mRNAs were quantified by qPCR. Therapeutic concentrations of ponatinib significantly increased PS expression on ECs and the amount of EMVs which significantly shortened the time parameters of thrombin generation. In addition, these changes were associated with an increased ratio of Bax and Bcl-xL proteins in the presence of the decreased THBD mRNA level. Overall, ponatinib enhances the procoagulant activity of ECs via inducing apoptosis, which may contribute to thrombotic events.
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1. Introduction


Chronic myeloid leukemia (CML) is a hematological malignancy characterized by the uncontrolled and increased growth of myeloid cells which is a consequence of the presence of the Philadelphia chromosome (Ph). This translocation leads to the production of the BCR-ABL1 oncoprotein that enhances the differentiation and proliferation of malignant myeloid cells via its tyrosine kinase activity. The BCR-ABL tyrosine kinase inhibitors (TKIs) are a component of anticancer treatment, and their use dramatically improved the overall survival of CML patients. Imatinib, the first generation of TKIs, was approved by the United States Food and Drug Administration in 2001 [1]. Imatinib has proven to be a very effective drug but has not achieved optimal response in patients who have developed resistance or intolerance to this drug. For this reason, the second-generation TKIs dasatinib, nilotinib, and bosutinib were developed [2]; nevertheless, even these drugs were ineffective in CML patients who possessed the T315I gatekeeper mutation. This genetic alteration later led to the development of the third-generation ponatinib [3]. Its activity is particularly important, since no other drug inhibits this mutant protein, which frequently arises during the treatment with other TKIs (imatinib, dasatinib, nilotinib, and bosutinib) approved for CML and/or Ph+ acute lymphoblastic leukemia (ALL) treatment [4]. Hence, ponatinib treatment can also be applied in solid tumors, including thyroid, breast, ovary, and lung cancer, as well as neuroblastoma and rhabdoid tumors [5].



Although ponatinib is highly effective for the treatment of patients with CML, it increases the risk of vascular adverse events (VAEs), particularly the risk of arterial thrombosis associated with myocardial infarction, stroke, and peripheral artery disease [6]. In the 5-year follow-up of the phase 2 PACE trial, the cumulative incidence of arterial occlusive events (AOEs) was 25% [7]. In a recent meta-analysis of several clinical trials on CML patients treated with TKIs, ponatinib therapy was associated with an increased incidence rate for cardiovascular or arteriothrombotic adverse events [8].



The development of cardiovascular adverse events (CV-AEs) may be due to the effect of ponatinib on both platelets and endothelial cells (ECs). In previous studies, where platelet reactivity was investigated in this aspect, interestingly, ponatinib showed an inhibitory as well as enhancing effect on platelet function. On the one hand, ponatinib attenuated platelet activation, spreading, granule secretion, and aggregation, likely through the inhibition of a broad spectrum of tyrosine kinase signaling pathways in platelets [9,10,11]. In contrast, in mice treated with ponatinib, von Willebrand factor (vWF)-mediated platelet adhesion and microvascular angiopathy contributed to ischemic wall (motion) abnormalities [12]. Furthermore, ponatinib selectively enhanced agonist-induced platelet reactivity at human therapeutic concentration in mice [13]. From these conflicting studies, it seems that ponatinib may alter the function of other cell types, such as ECs, which may contribute to the development of arterial vascular events. An in vitro study demonstrated that ponatinib inhibited the survival of human umbilical vein endothelial cells (HUVECs) [14]. In addition, in a similar experimental setup, ponatinib reduced angiogenesis via blocking the vascular endothelial growth factor receptor (VEGFR) signaling pathway [15] and induced vascular toxicity [16,17]. The results of these studies support that ponatinib also affects EC function and viability.



It has long been known that the endothelium plays an important role in cardiovascular disorders via regulating vascular tone, inflammation, angiogenesis, and blood coagulation [18,19,20,21]. Under physiological conditions, the endothelium prevents thrombosis through various anticoagulant and antiplatelet mechanisms. During anticoagulant processes, ECs produce several thrombin inhibitors, as well as protein C-activating receptor (EPCR), thrombomodulin (TM), and tissue factor pathway inhibitor (TFPI) [21]. However, in the case of vascular injury, EC activation or apoptosis may occur, when these cells switch from an anticoagulant to a prothrombotic phenotype. As a result, procoagulant molecules, such as tissue factor (TF) and/or phospholipid (PL) may appear on the surface of ECs, endothelial microvesicles (EMVs) are formed and the level of anticoagulant proteins may decrease. These alterations can serve as biomarkers of endothelial dysfunction and contribute to thrombus formation [22].



The aim of our study was to investigate the effect of ponatinib on the procoagulant properties of ECs in vitro using coronary artery endothelial cell (HCAEC) culture at clinically relevant and supratherapeutic drug concentrations. Furthermore, we intended to clarify the mechanism whereby ponatinib exerts its effect on thrombin generation.




2. Materials and Methods


2.1. Endothelial Cell Culturing and Treatment


For our experiments, HCAEC line, cell culturing medium, trypsin-EDTA, Hank’s balanced salt solution (HBSS) and dimethyl-sulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Plastic cell culturing flasks and plates were purchased from Greiner Bio-One (Nürtingen, Germany). Ponatinib was ordered from Cayman Chemical (Ann Arbor, MI, USA). HCAECs were cultured in MesoEndo growth medium in 75 cm2 flasks at 5% CO2 and 80% humidity. When the cells reached 80–90% confluence in the flask, they were plated in 6-well culture plates (105 cells/well), and after 2 days, the cells were treated for up to 48 h with clinically relevant and supratherapeutic concentrations of ponatinib. The final concentrations of ponatinib were 50, 150, and 1000 nM, DMSO (0.2 v/v %) was used as a negative control, and tumor necrosis factor alpha (TNF-α) (100 ng/mL; Gibco, Waltham, MA, USA) was used as a positive control. After the treatments, the cells were collected from both the plate and the culture medium.




2.2. Phosphatidylserine (PS) Exposure and Microvesicle Count Assay Using a Flow Cytometer


Harvested cells were centrifugated (200× g, 5 min, 20 °C) and resuspended in phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 1.47 mM KH2PO4, 8.1 mM Na2HPO4, pH 7.4). For the determination of PS positivity, 50 μL of cell suspension was added to 5 μL of ten-fold concentrated annexin binding buffer (Beckton Dickinson, San Jose, CA, USA) and 5 μL of annexin V FITC (Beckton Dickinson, San Jose, CA, USA). Subsequently, samples were incubated for 15 min at room temperature (RT) in the dark, and then 500 μL of annexin V binding buffer was added. The ratio of annexin V binding cells was determined using a FC500 (Beckman Coulter, Brea, CA, USA) flow cytometer.



After the separation of cells from the cell medium, the supernatant was further centrifuged (16,000× g; 30 min; 20 °C) to obtain endothelial microvesicles (EMVs). After centrifugation, EMVs were washed with PBS and centrifuged again at 16,000× g for 30 min. Then, the supernatant was again aspirated and the sediment containing the EMVs was resuspended in a total of 100 μL of annexin binding buffer. For the EMV counting assay, 3 μL of annexin binding buffer (ten-fold concentrated) and 5 μL of annexin V FITC were added to 20 μL of EMV suspension and were incubated in the dark at RT for 15 min and finally 250 μL of annexin V binding buffer was added to the tubes. Size-calibrated beads (Life Technologies, Carlsbad, CA, USA) were used for the size-based identification of EMVs. For this purpose, 0.5, 1, 2, 4, and 6 µm diameter of beads were used. The annexin V positive EMVs were determined using a Canto II flow cytometer (Beckton Dickinson, San Jose, CA, USA) with MED flow rate for 1 min.




2.3. Measurement of Thrombin Generating Potential of Endothelial Cells and Microvesicles


Thrombin generation was measured in the presence of ponatinib-treated endothelial cells and cell-derived EMV in the presence of control plasma (PPP) using a Fluoroskan Ascent fluorimeter with Trombinoscope reagents and Thrombinoscope 5.0 software (Trombinoscope BV, Maastricht, The Netherlands). For the preparation of control PPP, control subjects were recruited with the permission of the Ethics Committee of University of Debrecen (RKEB/IKEB 5906-2021). PPP was obtained by the centrifugation of citrated whole-blood sample at 1500× g for 15 min at RT, then the PPP was further centrifuged at 10,000× g for 10 min at RT. For the detection of thrombin generation, 20 µL of PBS was pipetted into the well of a 96-well black plate and 80 µL of a ponatinib-treated cells + PPP mixture was added in the sample-wells. For the calibrator wells, 80 µL of PPP and 20 µL of calibrator reagent were pipetted. The assembled plate was incubated for 10 min at 37 °C, and the coagulation was initiated by the addition of FluCa substrate (buffer containing peptide-aminomethylcoumarin and calcium). The change of fluorescence signal was measured for 60 min. At the end of the measurement, the Thrombinoscope software drew the thrombogram, which shows the amount of generated thrombin. The thrombogram is characterized by time parameters such as lagtime and time to peak, and quantitative parameters such as thrombin peak and endogenous thrombin potential (ETP). Lagtime is the moment at which the thrombin formation starts. The time to peak shows the time that is required for reaching the thrombin peak. The peak value of thrombin is the highest concentration of formed thrombin, and the ETP shows the total amount of generated thrombin.



For the measurement of thrombin-generating potential of EMVs, 20 µL of EMV suspension was added to 80 µL of PPP and the coagulation was initiated by the addition of FluCa substrate.




2.4. Western Blot Analysis of Bax and Bcl-xL Proteins


The quantity of Bax and Bcl-xL proteins in ponatinib-treated cells were analyzed by Western blot. After the treatment, cells were washed in PBS and centrifuged at 200× g for 5 min at 20 °C. Subsequently, cells were lysed (1% Triton X-100 in PBS supplemented with protease- and tyrosine phosphatase inhibitor) and sonicated. Cell-lysate samples were incubated in a buffer (62.5 mM Tris, 2% SDS, 10% glycerol, 5% MEA, pH 6.8) for 5 min at 95 °C. The separation of proteins was performed by SDS-polyacrylamide gel (15%). After Western blotting, the membrane was stained by anti-human Bax, Bcl-xL (Cell Signaling Technology, Danvers, MA, USA) or anti-actin (Abcam, Cambridge, UK). After that, biotinylated anti-rabbit IgG (for Bax and Bcl-xL; Invitrogen, Waltham, MA, USA) or anti-mouse IgG-HRP (for actin; Abcam, Cambridge, UK) secondary antibodies were used. Avidin–biotin complex (ABC) was used for the detection of biotinylated antibody. Protein bands were visualized by enhanced chemiluminescence (ECL, Merck Millipore, Burlington, MA, USA).




2.5. Investigation of F3, THBD, and VCAM1 mRNA Expression


After treatments, the HCAEC cells were washed with HBSS solution and lysed in 1 mL TRI Reagent (Molecular Research Center, Cincinatti, OH, USA). Total RNA—including messenger RNAs (mRNA)—was extracted from HCAECs following the manufacturer’s protocol. The concentration and purity of separated RNA samples were verified by a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and RNA samples were stored at −80 °C before mRNA expression analyses. The real-time quantification of selected mRNAs (F3, THBD and VCAM1) was performed based on the method reported in our previous study [23]. Briefly, complementary DNA (cDNA) was first synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Vilnius, Lithuania) according to the manufacturer’s instructions. The initial amount of RNA was 500 ng per reaction. Then, real time-quantitative PCR (RT-qPCR) was performed using LightCycler 480 SYBR Green I Master mix (Roche Diagnostics, Mannheim, Germany) with gene-specific primers (10 µM, Integrated DNA Technologies, Leuven, Belgium). The reactions (95 °C for 10 min, followed by 40 cycles of 95 °C for 10 s and 60 °C for 1 min) were run in triplicates on a QuantStudio 12K Flex qPCR instrument (Applied Biosystems by Life Technologies, Carlsbad, CA, USA). We used the refence gene RPLP0 (36B4) for normalization, and the sequences of these oligonucleotides are listed in Table 1.




2.6. Statistical Analysis


For the statistical analysis, GraphPad Prism 9.1.2 was used. The distribution of the data was determined by the Kolmogorov–Smirnov test. To determine the level of significance of differences between the DMSO- and ponatinib-treated groups, the one-way ANOVA test was used for Gaussian distribution with Tukey’s multiple comparisons test and a Kruskal–Wallis test for non-Gaussian distribution with Dunn’s post hoc test. The comparison between DMSO- and TNF-α-treated samples was performed by unpaired t-test or the Mann–Whitney test. Differences were considered significant if the p-value was below 0.05.





3. Results


3.1. Ponatinib Enhances Phosphatidylserine (PS) Exposure on ECs


Upon coagulation, enhanced PS exposure potentiates thrombin generation by harboring coagulation factors. Therefore, we first examined the effect of ponatinib on the expression of PS on ECs by flow cytometry. No significant effect was found either with TNF-α or different concentrations of ponatinib during 24 h treatment (Figure 1A). In contrast, after 48 h, TNF-α (p = 0.0009) and all applied concentrations (50, 150 and 1000 nM) of ponatinib significantly enhanced PS exposure (p = 0.0132; p = 0.0146 and p = 0.0027, respectively) on the surface of ECs (Figure 1B). In addition, we also observed that ECs with a higher annexin V intensity (PS positivity) showed lower forward scatter (FSC) values (42 ± 3 vs. 127 ± 12; mean ± SD) than those characterized by low annexin V intensity. This observation implies that ECs with high annexin V positivity have a relatively smaller cell size (Figure 1C), which can be observed in apoptosis.




3.2. Ponatinib Reduces the Time Required for the Generation of Thrombin


Based on the result of the PS exposure examination, we wondered whether ponatinib-treated ECs might enhance thrombin generation. After 48 h treatment, ECs were harvested and their thrombin generation potential was measured in the presence of control plasma without the addition of exogenous TF and PL. In this experimental setup, ECs served as a stimuli for the initiation of the coagulation cascade in thrombin generation test (TGT). Figure 2A shows representative thrombin generation curves, which demonstrate that thrombin generation was initiated earlier at 150 and 1000 nM of ponatinib, but the thrombin peak remained unchanged compared to DMSO-treated ECs, whereas after TNF-α treatment, thrombin was formed not just earlier but also with a higher peak. The thrombin generation curve was further characterized by time parameters, such as lagtime and time to peak, and quantitative parameters such as thrombin peak and ETP. After the statistical analysis of the parameters of thrombin generation, the lagtime was significantly reduced at 150 and 1000 nM of ponatinib (Figure 2B, p = 0.0041 and p = 0.0008, respectively) and time to peak (ttPeak) was also reduced at 150 nM (Figure 2C, p = 0.0288). This means that thrombin generation commenced earlier and reached the peak-value earlier in these samples. However, neither the peak-value (Figure 2D) nor ETP (Figure 2E) showed significant changes in response to the ponatinib treatment. Mechanistically, thrombin was generated earlier, but the level of generated thrombin was not increased by ponatinib treatment. Meanwhile, the TNF-α significantly reduced the lagtime (p < 0.0001) and ttPeak (p < 0.0001), and significantly increased the peak thrombin (p = 0.0039) and ETP (p = 0.0083).




3.3. Ponatinib Treatment Induces Apoptosis of Endothelial Cells


Since increased PS exposure may occur during EC activation or apoptosis, the quantity of pro-apoptotic Bax and anti-apoptotic Bcl-xL proteins was examined after 48 h of ponatinib and TNF-α treatment. We found that the ponatinib concentration-dependently increased the ratio of Bax/Bcl-xL protein (Figure 3A) and similar changes were observed after TNF-α treatment. Based on the result of statistical analysis (Figure 3B), ponatinib significantly increased the ratio of Bax and Bcl-xL proteins already at 150 nM (p = 0.0293) and the difference was more pronounced at 1000 nM (p = 0.0092). Similarly, TNF-α also significantly increased the ratio of Bax and Bcl-xL proteins (p = 0.0179).




3.4. Ponatinib Enhances the Formation of Endothelial Microvesicles (EMVs)


During apoptosis, from apoptotic cells, two types of microvesicles (MV) are generated: microparticles (MPs; 0.1–1 μm) and apoptotic bodies (ApoBDs; 1–6 μm). MVs are PS-positive and may carry TF, depending on the type of activated or apoptotic cell and the mechanism of MV generation. For the identification of EMVs, we used size-calibrated beads to identify boundaries of microparticles (MPs) and apoptotic bodies (ApoBDs) on flow cytometric dot-plot (Figure 4A, upper dot-plot). Subsequently, only PS-positive EMVs (MPs + ApoBDs) were analyzed after annexin V labeling (Figure 4A, lower dot-plot), as these are the EMVs that promote coagulation. The amount of PS-positive EMVs was significantly increased after ponatinib treatment (Figure 4B) already at 150 nM (p = 0.0246), and a similar increment was observed after TNF-α treatment (p = 0.0460). TNF-α treatment increased the number of EMVs by an average of 97%, and similarly, ponatinib treatment by 95, 86, and 113% (50, 150, and 1000 nM, respectively) compared to the DMSO control.




3.5. Ponatinib-Generated Endothelial Microvesicles (EMVs) Reduce the Time Parameters of Thrombin Generation


We examined the effect of isolated EMVs on thrombin generation in the absence of exogenous PL and TF as well as in the presence of control plasma. Using the applied experimental setup, EMVs served as a trigger for thrombin generation, because thrombin formation started earlier in the presence of ponatinib-generated EMVs compared to EMVs generated in the presence of the vehicle DMSO (Figure 5A). Importantly, 150 nM ponatinib-generated EMVs almost significantly reduced the lagtime (Figure 5B, p = 0.0583), which became significant at 1000 nM ponatinib produced EMVs (p = 0.0103). In addition, ponatinib-generated EMVs at 50, 150, and 1000 nM also significantly reduced ttPeak (Figure 5C, p = 0.0465; p = 0.0437 and p = 0.010, respectively); however, we did not observe any changes in the case of thrombin peak (Figure 5D) and ETP (Figure 5E). However, EMVs induced by TNF-α significantly reduced lagtime (p < 0.0001) and ttPeak (p = 0.0016) and significantly increased the peak thrombin (p < 0.0001) and ETP (p = 0.0040). These observations suggest that thrombin generation started earlier and reached the peak value much earlier in the presence of EMVs generated by ponatinib.




3.6. Ponatinib Treatment Did Not Increase the Quantity of Tissue Factor but Decrease the Level of Thrombomodulin mRNA in HCAEC


Since the differences in these parameters above were observed at clinically relevant concentrations of ponatinib (50, 150 nM), we further used only these concentrations of ponatinib during 48 h treatment. We wondered whether the expression of anti- and procoagulant proteins was altered during ponatinib or TNF-α treatment in ECs. Hence, the expression of the procoagulant TF and anticoagulant TM proteins at the mRNA level were examined after ponatinib or TNF-α treatment. We found that ponatinib treatment did not enhance F3 mRNA level (Figure 6A) but the level of THBD mRNA was decreased (Figure 6B) and the effect was of borderline significance at 50 (p = 0.0513) and 150 nM (p = 0.0737). In contrast, the TNF-α treatment significantly increased F3, and downregulated THBD dramatically (p = 0.0079, p = 0.0079, respectively). During EC activation, not only the level of coagulant proteins, such as TF and TM, but also the level of adhesion proteins may be altered; therefore, we also examined the level of VCAM1 mRNA (Figure 6C). We found in TNF-α-treated samples a dramatically increased VCAM1 mRNA (p = 0.0079), while ponatinib treatment slightly increased the mRNA of VCAM1 only at 150 nM (p = 0.0877).





4. Discussion


In the last decade, several in vitro studies have highlighted the capacity of ponatinib to affect endothelial homeostasis. These studies in part were performed to find out which molecular mechanisms affect the ECs that may underlie the development of cardiovascular or arteriothrombotic adverse events elicited by ponatinib therapy [6]. Ponatinib has been shown to impair EC viability, wound healing, and tube formation [24,25].



It has long been known that healthy endothelial cells have anti-inflammatory and antithrombotic effects; however, during EC activation or apoptosis, these properties are shifted in the opposite direction. As a result, ECs display a prothrombotic and proinflammatory phenotype [26].



In our study, we examined for the first time the direct effect of ponatinib on EC procoagulant properties and their hemostatic consequences. For this purpose, the HCAEC line was treated with therapeutic (50, 150 nM) and supratherapeutic (1000 nM) concentrations of ponatinib [3], and TNF-α (100 ng/mL) was used as a positive control. TNF-α acts as a potent activator of ECs, and activated ECs have been associated with vascular EC injury in the development of vasculitis, thrombosis, and other vascular diseases. These processes are mediated by leukocyte adhesion molecules, vasoactive mediators, inflammatory cytokines, chemokines, and procoagulant molecules. If the EC activation process is uncontrolled, this can progress into EC apoptosis [27].



Among procoagulant molecules, we first examined PS exposure, which binds coagulation factors and propagates thrombin formation. We found that ponatinib significantly increased the PS exposure on the surface of ECs after the 48 h treatment period, and this was associated with an increased count of PS-positive EMVs already at a 150 nM concentration of ponatinib. Our observation was consistent with the results of the Haguet’s group, when ponatinib increased annexin V binding in a dose-dependent manner on HUVECs, but it was only experienced after 72 h of the treatment [17]. A change in phospholipid asymmetry is associated with PS exposure and this is a fundamental feature of apoptosis. During this process, cultured cells rapidly contract, round up, and are released into the culture medium [26]. We also investigated the cells from the culture medium, which may explain why we observed a significant increase in PS expression already after 48 h. Subsequently, we investigated the effect of ponatinib-treated cells and cell-derived EMVs on thrombin generation assay (TGA) parameters. EMVs arise from ECs during cell activation and apoptosis. These membrane fragments are not only PS-positive but are also able to transport procoagulant molecules, such as TF, which can promote thrombin generation [28]. We found that both ponatinib-treated cells and ponatinib-generated EMVs significantly shortened the time parameters of TGA, which means that thrombin was generated earlier and reached the peak value sooner. During further investigations, the results of our Western blot assay confirmed that the observed changes are the consequence of the EC apoptosis-inducing effect of this drug, as ponatinib increased the ratio of Bax and Bcl-xL proteins. This result was also supported by the findings of other investigators that were observed in a zebrafish model [29]. In our study, the TNF-α treatment increased the PS expression, enhanced the formation of EMVs, resulted in earlier and enhanced thrombin generation, and also increased the ratio of Bax/Bcl-xL. These effects of TNF-α treatment on ECs have been published earlier and confirm the validity of our results [30,31]. In addition, in our mRNA study, we observed that the ponatinib treatment did not increase the level of procoagulant TF (F3) and slightly reduced the level of anticoagulant TM (THBD), which may explain the finding that the amount of thrombin in TGA was not enhanced. In contrast, TNF-α significantly increased the amount of TF and significantly and dramatically reduced the level of TM, which resulted in the increased amount of thrombin in TGA. The TNF-α-induced changes are consistent with earlier published data. In those in vitro studies, a significantly elevated TF expression was found in HUVEC after 18 h TNF-α treatment (10 ng/mL), both at mRNA and protein levels [32]. On the contrary, the TNF-α treatment dramatically decreased the level of TM in HUVEC after 6 h both at mRNA and protein levels [33]. It is known that TNF-α can disturb the hemostatic balance on the surface of ECs by perturbing the expression of several pro- and anticoagulant factors, such as TF [34] and TM [33], and thus can facilitate the thrombin formation that may result in thrombosis. In the early stage of EC activation, the loss of anticoagulant TM was observed, and the subsequent process of EC activation leads to the de novo synthesis of TF [27], while the apoptosis of ECs is associated with increased procoagulant properties through the redistribution of PS. Furthermore, in apoptosis, there is also a loss of anticoagulant surface components, including TM [28]. In our study, we also measured the mRNA level of VCAM1, another protein that is associated with late EC activation. We found that the TNF-α-induced expression of VCAM1 was markedly increased, while ponatinib only slightly increased VCAM1 mRNA at a 150 nM concentration. Our VCAM1 mRNA results are in line with the results of Huang et al., where TNF-α (10 ng/mL) significantly increased the VCAM1 expression at the protein level in HUVECs after 6 h of treatment [35]. Furthermore, our observation that the ponatinib-induced increase in the VCAM1 mRNA level is consistent with the result of an in vitro study at the protein level [36]. In addition, the same changes were observed at mRNA level by Paez-Mayorga et al. [37]; however, they found augmented VCAM1 mRNA already after 24 h of ponatinib treatment in human aortic endothelial cell culture. After 24 h ponatinib treatment, we did not observe a significant elevation in PS exposure, which means that ponatinib did not induce apoptosis; however, cell activation occurred within this short time interval.



Our results confirm the activation and apoptotic effect of ponatinib on HCAECs resulting in increased thrombin generation. This is due to the increased PS expression on the cell surface, the increased EMV formation and the reduced TM level. These changes may contribute to the arterial thrombosis-inducing effect of ponatinib.



This study has some limitations. In our study, we examined whether a clinically relevant concentration of ponatinib induces the EC apoptosis and procoagulant potential of ECs. In our study, we illustrate ponatinib-induced EC apoptosis and its potential hemostatic consequences; however, we did not examine the ponatinib-induced early EC activation and its effect on thrombin generation. In future in vitro experiments, it would be useful to examine the effect of ponatinib on early EC activation and coagulation.



Furthermore, EC also has a fibrinolytic effect in hemostasis. Therefore, the investigation of the effect of ponatinib on the fibrinolytic properties of ECs can provide a more detailed picture of the development of thrombotic cardiovascular side effects arising from ponatinib treatment.




5. Conclusions


The development of ponatinib-associated cardiovascular adverse events (CV-AEs) may be due to the effect of ponatinib on endothelial cells (ECs). In our current study, we describe the ponatinib-induced procoagulant activity of ECs. Ponatinib treatment elevates the exposure of PS on ECs and enhances the formation of EMVs via inducing EC apoptosis. These cellular changes can reduce the time required for thrombin generation, and these prothrombotic effects may contribute to the development of CV-AE.
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Figure 1. Ponatinib enhances the phosphatidylserine (PS) exposure on endothelial cells (ECs). ECs were incubated with different concentrations of ponatinib (50, 150, and 1000 nM), TNF-α (100 ng/mL) as positive control and vehicle (DMSO) for 24 h (A) or 48 h (B) at 37 °C. The exposure of PS was determined by FITC-labeled annexin V. The graphs display the percentages of ECs binding FITC-annexin V at 24 h (A) and 48 h (B). A significant effect was not observed after 24 h, but in the 48 h samples, TNF-α and ponatinib at all applied concentrations significantly enhanced the PS exposure on the surface of ECs. The results are the mean ± SD of 5 experiments/24 h and 7 experiments/48 h. The unpaired t-test and Kruskal–Wallis test with Dunn’s correction was used to compare the data of the groups. Representative flow cytometric dot-plots (C) show cells with higher annexin V intensity (in green) had a lower FSC value, corresponding to a smaller cell size. Abbreviations: DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; FSC, forward scatter; PS, phosphatidylserine; TNF-α, tumor necrosis factor alpha. 
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Figure 2. Ponatinib reduces the time required for the generation of thrombin. On panel (A), representative thrombin generation curves of ECs are shown at 48 h after the treatment with ponatinib (50, 150, and 1000 nM), TNF-α (100 ng/mL), and DMSO. Lagtime (B), time to peak (ttPeak) (C), peak thrombin (D), and endogenous thrombin potential (ETP) (E) parameters were evaluated. Ponatinib significantly reduced the time parameters, lagtime, and ttpeak already at clinically relevant concentrations (150 nM), but did not influence the ETP and peak thrombin. Results are shown as a mean ± SD of 8–11 samples/group. Unpaired t-test; the Mann–Whitney test; ordinary one-way ANOVA with Tukey’s correction; or Kruskal–Wallis test with Dunn’s correction was used. Abbreviations: DMSO, dimethyl sulfoxide; PON, ponatinib; TNF-α, tumor necrosis factor alpha. 
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Figure 3. The ponatinib treatment increases the ratio of Bax and Bcl-xL proteins. The quantity of Bax and Bcl-xL proteins was examined by Western blot technique. ECs were exposed to ponatinib and TNF-α (100 ng/mL) for 48 h. On panel (A), the original protein bands are shown without the normalization to β-actin. After the normalization of Bax and Bcl-xL bands to β-actin bands, the data showed that ponatinib significantly increased the ratio of Bax and Bcl-xL proteins already at 150 nM (B). Data are expressed as the mean ± SEM of five independent experiments. The Mann–Whitney test and Kruskal–Wallis test with Dunn’s correction was used to compare the data of groups. Abbreviations: DMSO, dimethyl sulfoxide; TNF-α, tumor necrosis factor alpha. 
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Figure 4. Ponatinib treatment enhances the formation of endothelial microvesicles (EMVs). EMVs were examined by flow cytometry from the supernatant of ponatinib- (50, 150, and 1000 nM), TNF-α (100 ng/mL), and DMSO-treated ECs after 48 h of the treatment. Size-calibrated beads (diameter: 0.5, 1, 2, 4, 6 μm) were used to identify the microparticles (MPs) and apoptotic bodies (ApoBDs) (A; upper dot-plot); subsequently only the phosphatidylserine (PS) positive (annexin V positive) EMVs (MPs + ApoBDs) were analyzed (A; lower dot-plot). Ponatinib significantly increased the count of EMVs already at 150 nM (B). The results are represented as mean ± SD of 7 different experiments. Unpaired t-test and ordinary one-way ANOVA with Tukey’s correction was used to compare the data of groups. Abbreviations: DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; HCAEC, human coronary artery endothelial cell; EMV, endothelial microvesicle; FSC, forward scatter; SSC, side scatter; TNF-α, tumor necrosis factor alpha. 
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Figure 5. Ponatinib-generated EMVs reduce the time required for the generation of thrombin. After 48 h treatment, the thrombin-generating potential of separated EMVs was examined. Representative thrombin generation curves are shown after ponatinib (50, 150 and 1000 nM), TNF-α (100 ng/mL), and DMSO treatment (A). Lagtime (B), time to peak (ttPeak) (C), peak thrombin (D), and endogenous thrombin potential (ETP) (E) parameters were evaluated. EMVs separated from ponatinib-treated sample significantly reduced the time parameters, lagtime and ttpeak already at clinically relevant concentration of ponatinib (150 nM) but did not influence ETP and peak thrombin. The results are shown as the mean ± SD of 5–11 samples/group. Unpaired t-test or the Mann–Whitney test and ordinary one-way ANOVA with Tukey’s correction or Kruskal–Wallis test with Dunn’s correction was used to compare the data of groups. Abbreviations: DMSO, dimethyl sulfoxide; PON, ponatinib; TNF-α, tumor necrosis factor alpha. 
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Figure 6. The quantification of the mRNA of the tissue factor (TF), thrombomodulin (TM), and VCAM1 in ECs after ponatinib treatment. HCAECs were treated with clinically relevant concentrations of ponatinib (50, 150 nM), TNF-α (100 ng/mL) and DMSO for 48 h. Subsequently, the procoagulant protein TF (F3) (A) and anticoagulant receptor, TM (THBD) (B) and VCAM-1 (C) were examined at mRNA level. F3 and VCAM1 mRNA levels were significantly increased, while the THBD mRNA level was significantly decreased after TNF-α treatment. However, ponatinib treatment did not increase the TF mRNA level, but considerably decreased the TM and increased VCAM1 mRNA levels. The results are shown as the mean ± SD of 5 samples/group. The Mann–Whitney test and Kruskal–Wallis test with Dunn’s correction was used to compare the data of groups. Abbreviations: DMSO, dimethyl sulfoxide; PON, ponatinib; TNF-α, tumor necrosis factor alpha. 
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Table 1. Sequences of primers, for the quantitative analysis (Rt-qPCR) of messenger RNAs (mRNAs).
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	Messenger RNAs
	Forward Primers for RT-qPCR
	Reverse Primers for RT-qPCR
	Amplicon Length





	F3
	5′-CCCAGAGTTCACACCTTACCT-3′
	5′-CGTTCATCTTCTACGGTCACA-3′
	102 nt



	THBD
	5′-GCTCCCCTCGGCTTACAG-3′
	5′-GTTCTCCACGCTGCAGTC-3′
	102 nt



	VCAM1
	5′-TGGACATAAGAAACTGGAAAAGG-3′
	5′-GATTTCTGGATCTCTAGGGAATGA-3′
	67 nt



	RPLP0 (36B4)
	5′-ATGCAGCAGATCCGCATGT-3′
	5′-TCATGGTGTTCTTGCCCATCA-3′
	64 nt
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