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Abstract

:

Background: Combining antiangiogenic drugs with other chemotherapeutic drugs has been found to produce superior therapeutic outcomes and prevent drug resistance in a variety of cancers. Methods: Experimental assays such as the MTT assay, flow cytometry, western blotting, and qPCR have been used to evaluate the efficacy of combination therapy. Results: When compared to controls and monotherapies, the combination treatment of axitinib and idasanutlin demonstrated a substantial decrease in cell viability at lower doses, a significant decrease in migration, and a shift toward early and late apoptosis. This study examined major apoptotic, metastatic, and angiogenic factors, including MDM2, p21, BCL-2, BCL-XL, and MMP9, which have showed differential expressions at the protein and mRNA levels after combination. Axitinib and idasanutlin decreased tumorigenesis and migration in vitro in the MCF-7 cell line when compared to other chemotherapeutic medications. The suggested mechanisms of the antitumorigenic effect of the combination therapy may depend on its capacity to promote the production of apoptotic markers and reduce antiapoptotic markers. Conclusions: Treatments with axitinib and idasanutlin demonstrated effective therapeutic targeting of the primary angiogenic growth factor and, consequently, the pro-metastatic arbitrators. This will not only eliminate cancer cells but also stop other malignant processes and ultimately reduce the metastatic cascade.
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1. Introduction


Breast cancer is one of the most common cancers, with few treatment options. Early breast cancer, however, is considered curable when the tumor is confined to the breast and nearby tissue. Although challenging, advanced stages of breast cancer can also be treatable with the main objective of improving overall survival and disease-free survival [1]. However, therapeutic resistance and metastasis are major stumbling blocks in the journey of breast cancer treatment. These hurdles might be attributed to many non-mutually exclusive causes, including late diagnosis and limited availability of better treatment options. However, advances in diagnostic technology and the availability of various treatment methods, including surgery, radiation therapy, and gene therapy, have significantly reduced the cancer death rate in recent years. Breast cancer, like other types of cancer, is driven by continuous genetic and epigenetic alterations that allow the development of solid tumors. About 10% of breast cancers are inherited and linked to family history, and loss-of-function mutations remarkably represent a 70% risk of obtaining invasive breast cancer by age 70 [2,3,4]. Furthermore, oncogene and tumor suppressor gene dysregulation are driving forces for many genetic alterations and are considered major contributors to uncontrolled growth, including the development of breast tumors.



P53, known as the guardian of the genome, is a tumor suppressor that preserves DNA integrity during cellular replication. In this line, TP53 is a highly mutated gene in many breast cancer subtypes, including triple-negative breast cancer, the most aggressive subtype with limited treatment options. Similarly, MDM2 (murine double minute 2) is a multifunctional oncogene that is dysregulated in many types of cancer while, in normal conditions, MDM2 primarily inhibits the antiapoptotic effects of p53 and thus promotes cellular hemostasis. In cooperation with MDM2, p53 regulates a variety of cellular processes, such as promoting cell cycle arrest, by inducing p21 and thereby facilitating DNA repair [5]. Currently, several MDM2 antagonists have undergone advanced pre-clinical and clinical studies, including phase II and III clinical trials evaluating the therapeutic activity and tolerability of these inhibitors. For instance, idasanutlin is an oral, second-generation MDM2 inhibitor with potential antineoplastic activities in many other cancer types, including non-hematological tumors. Idasanutlin has been evaluated in phase III clinical trials in patients with relapsed or refractory acute myeloid leukemia [6]. Idasanutlin binds to MDM2 and prevents the interaction between MDM2 and p53. As a result, p53 transcriptional activity is restored by protecting p53 from enzymatic degradation [7].



Angiogenesis is an essential step for tumor growth; therefore, targeting angiogenesis is potentially an effective therapeutic approach to prevent uncontrolled growth. It is widely believed that the vascular endothelial growth factor (VEGF) signaling pathway plays a central role in promoting angiogenesis. Consequently, targeting VEGF and its signaling pathways would restrict angiogenesis and promote a preferential therapeutic outcome [8]. Axitinib is an oral, second-generation pan-VEGFR antagonist that binds with high affinity in the kinase domains of VEGFR-1, 2, and 3 and is approved for advanced renal cell carcinoma (RCC) treatment [9,10]. To date, many angiogenesis inhibitors have been clinically proven to be efficacious against diverse types of cancer. Existing treatment regimens, however, have been restricted by imperfect tolerability and poor clinical outcomes. Therefore, pursuing a new treatment approach that includes combining different molecular targets to attain an optimal therapeutic response is a subject of intensive research. The combination of an MDM2 inhibitor (idasanutlin) and a VEGF inhibitor (axitinib) has not yet been studied and represents unique molecular targets in the breast cancer model. Therefore, we postulated that combining an MDM2 antagonist with a VEGF inhibitor produces a maximum anticancer effect with potentially low toxicity in the MCF-7 breast cancer model.




2. Materials and Methods


2.1. Materials and Chemicals


Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin antibiotic, trypsin-EDTA, and all other cell culture reagents were purchased from Thermo Fisher (GibcoTM, Waltham, MA, USA). Axitinib, idasanutlin, and SYBR Green qPCR Master Mix were purchased from MedChemExpress (South Brunswick Township, NJ, USA). Primers of BCL-XL, BCL-2, p21, and GAPDH were purchased from Integrated DNA Technologies (Coralville, IA, USA). MTT, Annexin V, and propidium iodide (PI) were purchased from Thermo Fisher (Waltham, MA, USA). Primary antibodies p21, BCL2, BCL-XL, and GAPDH were purchased from Cell Signaling (Beverly, MA, USA). Primary antibody MDM2 and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Cell Culture


Human breast cancer cell lines MCF-7 (positive for estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth receptor 2 (HER2)) were deployed in this study as a human breast cancer model and was obtained from ATCC (Manassas, VA, USA). Cells were cultured in a DMEM medium with 10% FBS, 1% penicillin 100 U/mL, and streptomycin. Cultured cells were raised in an incubator (ThermoTM) at 37 °C in a humidified atmosphere containing 5% carbon dioxide (CO2) and were passaged when obtaining 80 to 90% confluence. Briefly, the culture medium was discarded during cell passage. Next, phosphate-buffered saline (PBS) was used to wash cells, and then cells were detached using trypsin-EDTA 0.25% for 5 min at 37 °C. Next, the cell suspension was centrifuged briefly for 5 min. Finally, the supernatant was discarded, and the cell pellet was suspended in DMEM medium accompanied by 10% FBS and 1% antibiotic in a new culture flask.




2.3. Cell Viability Analysis by MTT Assay


The effects of axitinib and idasanutlin monotherapy, or in combination on the viability of breast cancer cells, were investigated by assessing the reducing enzymes of the viable cells to transform MTT compound (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) into formazan crystals. Axitinib and idasanutlin started at a concentration ranging from 10 nM, 100 nM, 1000 nM, 10 μM, and 30 μM for 24 h. Next, cells were cultured in the complete medium and were seeded into 96-Well Microtiter™ Microplates (Thermo Scientific, Waltham, MA, USA) with 1 × 104 cells per well and incubated at 37 °C under a humidified atmosphere of 5% CO2 for 24 h. Then, the medium was removed and replaced by MTT (5 mg/mL) in Phosphate Buffered Saline (PBS) and incubated for 2 to 4 h at 37 °C. Formazan crystals were formed inside the bottom of the well. Next, isopropyl alcohol 100 μM was added to each well, and the plates were put on a shaker for one hour at room temperature to dissolve formazan crystals. Then, the absorbance at 549 nm was checked through microwell plate reader Bio-Tek Instruments (Winooski, VT, USA).




2.4. Apoptosis Analysis by Flow Cytometry


Apoptosis, caused by axitinib and idasanutlin monotherapy, or combination, was investigated using Annexin V-FITC/propidium iodide (PI) assay. The effects of different concentrations of axitinib and idasanutlin on the cell cycle progression were investigated by flow cytometry following staining with PI. The MCF-7 cells were seeded in 6 well plates at a density of 1 × 106 cells per well and were incubated at 37 °C in a humidified 5% CO2 incubator for 24 h. Cells were treated with axitinib (1 μm) or idasanutlin (1 μM) monotherapies. Axitinib and idasanutlin—in combination—were treated at a concentration of 1 μM for 24 h periods at 37 °C in a humidified 5% CO2 atmosphere. Suspended cells in culture medium were collected after treatment. Trypsinization was used to gather detached cells. The cells were washed twice in sterile PBS that had been pre-warmed. Cells were treated with Annexin V-FITC/propidium iodide (PI) at a concentration of 5 μM in HEPES buffer at 25 °C in the darkroom for 15 min. After treatment, the cells were washed once with HEPES buffer and analyzed with a (BD LSRFortessaTM Cell Analyzer) (BD Biosciences, San Jose, CA, USA). The cells were divided into four quadrants: viable cells, early apoptotic cells, necrosis cells, and late apoptotic cells.




2.5. Reverse Transcription Polymerase Chain Reaction (RT-PCR)


Cells cultured in the complete medium were seeded into Thermo Scientific 25-flask Microtiter™ Microplates at a density of 0.7 × 106 cells per well and incubated at 37 °C under a humidified atmosphere of 5% CO2. MCF-7 cells were treated with axitinib (5 μM) or idasanutlin (5 μM) monotherapies and a combination at a concentration of 1 μM for 24 h periods at 37 °C in a humidified 5% CO2 atmosphere. The total RNA was isolated from cells using triazole [11]. The total RNA yield and quality were spectrophotometrically determined using a 260 and 260/280 nm absorbance ratio, respectively. One microgram of total RNA was reverse-transcribed using the MCE® Reverse Transcription Kit (MedChemExpress South Brunswick Township, NJ, USA) into single-stranded complementary DNA (cDNA). Maxima® SYBR Green/Fluorescein qPCR Master Mix, forward and reverse primers, DNA, and RNase-Free H2O (MedChemExpress, South Brunswick Township, NJ, USA) were used to determine the BAX, BCL-2, p21, VEGF, TGF-β, MMP9, and p53. Meanwhile, GAPDH expression was used as a housekeeping gene and an internal reference control. Each qRT-PCR reaction volume of 20 μL consisted of 10 μL SYBR Master mix (2×), 0.4 μL forward primer and 0.4 μL reverse primer, 1 μL DNA, and 8.2 μL RNase free water. The reaction started with denaturation at 95 °C for 5 min. The reaction was amplified for 40 cycles at 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. The holding curve analysis happened at 4 °C for 10 min. Table 1 shows the forward and reverse primer sequences used in the experiments. Each sample was amplified in triplicate on a Real-time PCR instrument (Applied Biosystems, Waltham, MA, USA). The 2−ΔΔCT method was used to analyze comparative gene expression data.




2.6. Western Blot Analysis


Breast cancer cell lines MCF-7 have been treated with axitinib (5 μM) or idasanutlin (5 μM) monotherapies and combination at a concentration of 1 μM for 24 h. Cells cultured in the complete medium were seeded into Thermo Scientific 25-flask Microtiter™ Microplates with 0.7 × 106 cells per well and incubated at 37 °C under a humidified atmosphere of 5% CO2. Cells were washed with PBS twice, then harvested by Radioimmunoprecipitation assay buffer (RIPA buffer). The total protein contents were determined using Bicinchoninic acid assay (BCA) with RIPA Buffer. Protein was separated via sodium dodecyl sulfate (SDS)—polyacrylamide gel and transferred onto polyvinylidene fluoride (PVDF) membranes. They were then blocked by 5% bovine serum albumin for 1 h. The membranes were incubated with the primary antibody overnight then washed more than twice with Tris Buffered Saline Tween (TBST) buffer. Membranes were incubated with the secondary antibodies for 2 h on the shaker at 37 °C room temperature and then washed. The antibody was detected by using a chemiluminescence detection kit. The proteins BCL-2, BCL-XL, p21, and MDM2 were measured, with GAPDH as a housekeeping protein (Table 2).




2.7. Scratch Assay


Cell migrations were assessed by scratch assay. Monolayers of MCF-7 cells were seeded in 6-well plates close to 80% confluency. Using a sterile 200 µL tip, a single straight-line scratch was made in each well. Then, the wells were washed with phosphate-buffered saline (PBS) and refilled with growth medium containing different treatments (Cis, Ym, Cis + Ym). Cells were treated with axitinib (5 μM) or idasanutlin (5 μM) monotherapies. Axitinib and idasanutlin in combination regimen at a concentrations 100 nM, 500 nM, and 1 μM were kept for 24 h periods at 37 °C in a 5% CO2 atmosphere. Images were taken at 0 h and 24 h by EVOS XL Core Microscope (Thermo Fisher, Waltham, MA, USA). ImageJ software (Bethesda, MD, USA) was used to quantify the area migrated by cultured cells.




2.8. Statistical Analysis


Statistical analysis was conducted by GraphPad Prism software version 8. All data were represented as mean ± standard deviation (SD). One-way ANOVA followed by Tukey’s test, were used to carry out the statistical analysis among various treatment groups. Treatments are considered statistically significant at p < 0.05. The inhibitory concentration was calculated using concentration–inhibition multiple slope equation with GraphPad Prism X software.





3. Results


3.1. Evaluation of Cytotoxicity of Axitinib and Idasanutlin on Human Breast Cancer Cell-Line


MTT assay was deployed to evaluate the antiproliferative and cytotoxic effects of axitinib and idasanutlin on the human breast cancer cell-line (MCF-7). Cells were treated with 10-fold serial dilutions of axitinib and idasanutlin (10 nM, 100 nM, 1000 nM, 10 μM, and 30 μM) for 24 h. The inhibitory concentration (IC50) of idasanutlin (10 μM) as a monotherapy on MCF-7 was markedly lower than axitinib (30 μM) as a monotherapy (Figure 1a,b) after 24 h of treatment. The combination therapy of axitinib and idasanutlin showed a further reduction in cell viability at lower concentrations compared to control and monotherapies (Figure 1c).




3.2. Inhibitory Effect of Axitinib and Idasanutlin on Cell Migration


A scratch assay was performed to study the inhibitory effects of axitinib and idasanutlin on the migration of human breast cancer cell line Figure 2a. MCF-7 cells were treated with axitinib (5 μM) or idasanutlin (5 μM) monotherapies, and the results showed a moderate reduction in cell migration compared to the control (43% and 62% area migration, respectively). Moreover, the combination therapy of axitinib and idasanutlin, at concentrations 500 nM and 1 μM, demonstrated the most prominent reduction in the ability of MCF-7 cells to migrate compared to monotherapies (22% and 16% area migration, respectively, p < 0.01) in Figure 2b.




3.3. Evaluation of Cell Apoptosis Induced by Axitinib and Idasanutlin


Annexin V/propidium iodide assay was performed to evaluate the apoptosis effects of axitinib and idasanutlin. MCF-7 cells were treated with axitinib, idasanutlin, or the combination of both axitinib and idasanutlin for 24 h, followed by Annexin V/PI staining to detect apoptotic cells using flow cytometry. The top right quadrant represents late apoptotic cells with high levels of Annexin V and PI staining. The bottom right quadrant represents early apoptotic cells with high levels of Annexin V and low levels of PI staining. Axitinib monotherapy showed a slight increase in MCF-7 apoptotic cells, whereas idasanutlin monotherapy demonstrated a moderate increase in apoptotic cells compared to the control (9.3% and 12.5% apoptotic cells, respectively), as shown in Figure 3. On the other hand, the combination therapy of axitinib and idasanutlin demonstrated a significant shift in the pattern of viable cells to early apoptosis and late apoptosis. It was observed that early apoptosis had increased by 8.7%, whereas late apoptosis had increased by 27.4% when compared with the control group. The findings showed that after 24 h of exposure to the combination therapy of axitinib and idasanutlin, the proportion of apoptotic cells had increased significantly compared to monotherapies and control (Figure 3).




3.4. Effect of Axitinib and Idasanutlin on Gene Expression of Apoptosis Markers


Quantitative real-time PCR was performed to investigate the mRNA levels of apoptotic markers involving p53, p21, BAX, and BCL-2 in MCF-7 cells treated with axitinib (5 μM) or idasanutlin (5 μM) monotherapies or (axitinib 1 μM + idasanutlin 1 μM) treatment for 24 h. Our findings revealed that all treatment groups had significantly higher levels of expression of the apoptotic genes p53 and p21, while the antiapoptotic gene BCL-2 was significantly lower (p < 0.01) compared to the control group (Figure 4). In addition, idasanutlin alone and combined with axitinib significantly increased the expression of BAX (a pro-apoptotic member of the BCL-2 family) compared with the control group (p < 0.01), whereas the increase in axitinib-treated cells was not significant.




3.5. Effect of Axitinib and Idasanutlin on Gene Expression of VEGF, TGF-β, MMP9, and MMP3


Axitinib and idasanutlin, both alone and in combination, significantly reduced expression of the metastasis genes VEGF and TGF-β (p < 0.01) when compared to the control group. Furthermore, axitinib alone and in combination with idasanutlin significantly reduced MMP9 gene expression compared to the control group (p < 0.05 and p < 0.01, respectively). Additionally, cells treated with idasanutlin showed no change. However, the level of MMP3 expression did not change among the various treatment groups (Figure 5).




3.6. Effect of Axitinib and Idasanutlin on BCL-2, BCL-XL, p21, and MDM2 Protein Expression Levels in MCF-7 Cells


Western blot experiments were conducted to detect the modifications in protein levels, such as BCL-2, BCL-XL, p21, and MDM2 (Figure 6a). They were analyzed after axitinib (5 μM), idasanutlin (5 μM), or the combination of axitinib and idasanutlin (1 μM) treatment for 24 h. When compared to a control group, BCL-2 and BCL-XL protein levels were significantly lower in all treatment groups (p < 0.01). Furthermore, axitinib and idasanutlin significantly decreased MDM2 protein levels compared to the control group (p < 0.01 and p < 0.05, respectively). In addition, idasanutlin alone and in combination with axitinib elevated the p21 protein (p < 0.01), but there was no significant difference with axitinib alone.





4. Discussion


A treatment strategy that combines antiangiogenic agents with other chemotherapeutic agents has shown optimal therapeutic outcomes with reduced drug resistance in many malignancies [12]. Conversely, treatment failure, commonly seen in monotherapy regimens, subsequent disappointing outcomes owing to lack of efficacy, severe toxicities, and drug resistance are major reasons for therapeutic failure. Inhibiting the MDM2–p53 axis and targeting the VEGF receptor potentially maximize the anticancer effect and minimize the toxicity of both agents. In solid tumors, it has been shown that axitinib alone demonstrated a preferential anticancer effect compared to targeted chemotherapeutic agents, such as sorafenib, in renal cell carcinoma treatment [13,14,15]. Axitinib effect inhibited cell proliferation in various cancer types, including non-small cell lung cancer [16], prostate [17], and neuroblastoma [18]. Similarly, compared to nutlin-3 (a first-generation MDM2 antagonist), idasanutlin demonstrated higher efficacy, selectivity, and oral bioavailability to inhibit the MDM2–p53 interaction and restore p53 protective functions [19,20]. In this present study, we further confirmed that axitinib inhibited cell growth in MCF-7 with an inhibitory concentration (IC50) of around 30 μmol/L. Additionally, we found that idasanutlin exhibited tumor cytostatic activity in MCF-7 with an inhibitory concentration (IC50) of around 10 μmol/L. These findings are consistent with previous reports evaluating the inhibition of proliferation in a variety of cancer types, such as neuroblastoma [21] and breast cancer in vitro models [22]. In our experiments, the estimated difference in the antiproliferative effects of combining axitinib and idasanutlin therapy on MCF-7 showed considerable synergistic effects, with a significant reduction in cell viability. The observed effects can be explained by the antitumorigenic effect of axitinib, which has been shown to cause cell cycle arrest at the G2/M phase, apoptosis, and antiangiogenic activities [23,24]. Similarly, inhibiting the MDM2–p53 interaction and increasing p53 activity resulted in the expression of downstream transcriptional targets, such as cell cycle regulators, including p21. Of note, p21 plays an essential role in cell cycle processes, and its upregulation triggered a cell cycle arrest and a reduction in tumor volume in mice with a prostate tumor [25,26]. Our results showed that idasanutlin, either as monotherapy or in combination with axitinib, increased the expression of p21 protein levels, while axitinib showed no significant difference, suggesting optimal molecular anticancer effects. We found that treating MCF-7 with axitinib or idasanutlin increased the mRNA levels of apoptotic BAX, p21, and p53. It significantly decreased the expression of the antiapoptotic gene BCL-2 (p < 0.01), as previously shown [27,28]. Based on the present findings, axitinib, idasanutlin, or a combination of both, decreased the expression of the antiapoptotic proteins BCL-2 and BCL-XL. Overexpression of antiapoptotic proteins BCL-2 and BCL-XL inhibits cytochrome C release in response to apoptotic stimuli, which is essential for regulating the mitochondrial “intrinsic” apoptotic pathway [29,30,31]. Proapoptotic and cell cycle regulators represent an efficient treatment goal, potentially when treated by targeted therapy with an optimal safety profile.



In this present study, idasanutlin treatment triggered the killing of cancer cells through cell cycle arrest and apoptosis, and this cytotoxic effect is a well-known feature of MDM2–p53 inhibitors as previously reported in a variety of in vitro and tumor-implemented animal cancer models [28,32,33,34]. In addition, our findings showed that a lower dose (1 μM) combining axitinib and idasanutlin significantly induced cellular apoptosis, which appears to be very superior to monotherapy therapy. In turn, employing agents with divergent molecular targets will conceivably improve the safety profile without compromising the therapeutic effect of both agents.



MMP9, TGF-β, and VEGF expression are all linked to tumor progression, invasion, and metastasis. As shown in Figure 5, axitinib treatment and in combination with idasanutlin significantly reduce VEGF, MMP9, and TGF-β mRNA expression levels, indicating that the combination treatment has the best antimetastatic effect (Figure 3). MMP9 is particularly important due to the observed increase in premetastatic lung endothelial cells and macrophages through VEGFR1 activation [35]. Although TGF-β shows a paradoxical effect in cancer, TGF-β-pathway-signaling activation enhances migration and metastatic dissemination into blood arteries and lymph nodes [36,37]. This current study’s findings suggest that the VEGF/MMP9/TGF-β pathway may play a significant role in promoting breast tumorigenesis and the subsequent lethal metastasis stage.




5. Conclusions


In conclusion, our study examines the effect of axitinib, idasanutlin, and the combination of both on a human breast cancer in vitro model (MCF-7). The results of the current study indicate that combining axitinib and idasanutlin inhibited cancer growth and migration in the MCF-7 cell line in a superior way when compared to many therapies. The postulated mechanisms of the antitumorigenic effect might be attributed to the ability of the combination therapy to induce the expression of apoptotic markers such as p53, p21, and BAX and the suppression of antiapoptotic markers BCL-2 and BCL-XL. Additionally, after axitinib and/or idasanutlin treatment, predominant angiogenic growth factor (VEGF) and pro-metastatic mediator (TGF-β) targeting was achieved. This, in turn, will not only kill cancer cells but also limit other malignant processes and impede the metastatic cascade. Limitations include the fact that the cell-specific effect of MCF-7 cannot be excluded after treatment with MDM2 and VEGF inhibitors. Advanced molecular analysis of the treated cells might offer additional mechanistic discovery and open a new avenue in the management of breast cancer. Moreover, other in vitro breast cancer models with distinct molecular features might be exploited to assess the visibility of targeting other breast cancer types. Furthermore, an in vivo model should be examined to further validate these findings.
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Figure 1. Cytotoxicity of axitinib (a), idasanutlin (b), and combination (c) of both in MCF-7 cells. MCF-7 cells were treated with 10-fold serial dilution increase in axitinib or idasanutlin concentrations (10 nM–30 μM) and with an increased concentration of the combination therapy of axitinib and idasanutlin. The MTT assay was used to investigate the effects of axitinib, idasanutlin, and the combination on the cell viability. Cell viability was expressed as a percentage of live cells relative to 0 nm of the treatment. Medications showed a concentration-dependent reduction in cell viability. Results were expressed as mean ± standard deviation (SD). * p < 0.05 vs. control group. 
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Figure 2. Effects of axitinib and idasanutlin on the migration of MCF-7 cells. (a) Representative microscopic image showing MCF-7 cells after scratches were made (0 h). Cells were treated for 24 h with axitinib ± idasanutlin at a concentration (axitinib 5 μM, idasanutlin 5 μM), combination 1 (axitinib + idasanutlin 100 nM), combination 2 (axitinib + idasanutlin 500 nM), and combination 3 (axitinib + idasanutlin 1 μM). The scratch edges were outlined with dashed white lines, and microscopic photos were taken at 0 h and later at 24 h (×40 magnification). (b) Bar chart representing the quantification of the area of scratch width that was refilled with the migrated MCF-7 cells. Results were expressed as mean ± standard deviation (SD). * p < 0.05 vs. control. ** p < 0.01 vs. monotherapies. 
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Figure 3. Effect of axitinib and idasanutlin on apoptosis induction. MCF-7 cells were treated with axitinib (1 μM) or idasanutlin (1 μM) monotherapies or the combination therapy (axitinib + idasanutlin, 1 μM) for 24 h. Treated cells were stained with Annexin V and PI and analyzed by flow cytometry. The percentage of apoptotic cells was slightly higher in idasanutlin compared to axitinib monotherapy (12.5% vs. 9.3%). The combination therapy showed a significant increase in the apoptotic population (36.1%). 
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Figure 4. Effect of axitinib and idasanutlin on mRNA level of BAX, p53, p21, and BCL-2 in MCF-7 cells. The MCF-7 cells were treated with axitinib (5 μM) or idasanutlin (5 μM) monotherapies and combination (axitinib 1 μM + idasanutlin 1 μM) for 24 h. The mRNA levels were determined by qRT-PCR. The data is presented as a mean ± standard deviation (SD). * p < 0.05; ** p < 0.01 vs. control group, *** p < 0.001 and **** p < 0.0001 vs. control group. 
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Figure 5. Effect of axitinib and idasanutlin on VEGF, TGF-β, MMP9, and MMP3 mRNA levels in MCF-7 cells. The MCF-7 cells were treated with axitinib (5 μM), idasanutlin (5 μM), and combination (axitinib 1 μM + idasanutlin 1 μM) for 24 h. The mRNA levels were determined by qRT-PCR. The data is presented as a mean ± standard deviation (SD). * p < 0.05 vs. control group, ** p < 0.01 vs. control group. 
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Figure 6. Effect of axitinib ± idasanutlin on protein levels in MCF-7 cells. MCF-7 cells were treated with axitinib (5 μM), idasanutlin (5 μM), or the combination of axitinib and idasanutlin (1 μM) for 24 h. (a) Representative immunoblots for protein levels of BCL-2, BCL-XL, MDM2, and p21 were determined by Western blot analysis. (b) The levels of BCL-2, BCL-XL, MDM2, and p21were depicted. * p < 0.05 vs. control group, and ** p < 0.01 vs. control group. 
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Table 1. The Sequence of Primers Used in qPCR Analysis.
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	Gene
	Primer





	P53
	Forward Sequence CCCCTCCTGGCCCCTGTAATCTTC

Reverse Sequence GCAGCGCCTCACAACCTCGGTCAT



	P21
	Forward Sequence GTTCCTTGTGGAGCCGGAGC

Reverse Sequence GGTACAAGACAGTGACAGGTC



	BAX
	Forward Sequence GTTTCATCCAGGATCGAGCAG

Reverse Sequence CATCTTCTTCCAGATGGTGA



	BCL2
	Forward Sequence CCTGTGGATGACTGAGTACC

Reverse Sequence GAGACAGCCAGGAGAAATCA



	GAPDH
	Forward Sequence GTCTCCTCTGACTTCAACAGCG

Reverse Sequence ACCACCCTGTTGCTGTAGCCAA



	MMP3
	Forward Sequence TATGAAGGAGAGGCTGATATAATG

Reverse Sequence TGTGAGTGAGTGATAGAGTGG



	MMP9
	Forward Sequence GCCACTACTGTGCCTTTGAGTC

Reverse Sequence CCCTCAGAGAATCGCCAGTACT



	VEGF
	Forward Sequence TTGCCTTGCTGCTCTACCTCCA

Reverse Sequence GATGGCAGTAGCTGCGCTGATA
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Table 2. List of Antibodies Used in The Western Blot Experiments.
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	Protein
	Molecular Weight
	Company
	Dilution Ratio





	P21
	21 kDa
	Cell Signaling Technology, USA
	1:1000



	BCL2
	26 kDa
	Cell Signaling Technology, USA
	1:1000



	BCL-XL
	30 kDa
	Cell Signaling Technology, USA
	1:1000



	MDM2
	55 kDa
	Sigma-Aldrich. (USA)
	1:1000



	GAPDH
	37 kDa
	Cell Signaling Technology, USA
	1:5000
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