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The emergence of multidrug resistance (MDR) has been a major issue for effective cancer chemotherapy as well as targeted therapy. One prominent factor that causes MDR is the overexpression of ABCB1 transporter. In the present study, we revealed that the Aurora kinase inhibitor GSK-1070916 is a substrate of ABCB1. GSK-1070916 is a newly developed inhibitor that is currently under clinical investigation. The cytotoxicity assay showed that overexpression of ABCB1 significantly hindered the anticancer effect of GSK-1070916 and the drug resistance can be abolished by the addition of an ABCB1 inhibitor. GSK-1070916 concentration-dependently stimulated ABCB1 ATPase activity. The HPLC drug accumulation assay suggested that the ABCB1-overexpressing cells had lower levels of intracellular GSK-1070916 compared with the parental cells. GSK-1070916 also showed high binding affinity to ABCB1 substrate-binding site in the computational docking analysis. In conclusion, our study provides strong evidence that ABCB1 can confer resistance to GSK-1070916, which should be taken into consideration in clinical setting.
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INTRODUCTION
The emergence of multidrug resistance (MDR) has been a major concern to cancer therapy. MDR is characterized as the development of insensitivity of cancer cells to an array of anticancer drugs with different structures and mechanisms of action (Bukowski et al., 2020). The acquired drug resistance may occur in multiple stages, occurring initially through rare cell variability in transcription, and later developing into stable epigenetic reprogramming (Robak et al., 2018). MDR is a multifactorial phenomenon that involves comprehensive mechanisms, including mutation of oncogenes, enhanced DNA damage repair, overexpression of drug efflux pumps (Wang et al., 2019). The dysregulation of oncogenes as well as tumor suppressor genes are often associated with the constitutive activation of phosphorylation. Inhibiting kinase phosphorylation may represent an effective strategy for cancer treatment. For instance, selective Pin1 inhibitors can inhibit the phosphorylation of Pin1, thereby inhibit the downstream signal pathways and disrupt the proliferation of cancer cells (Wu et al., 2019a). However, the mutations or alterations in the targeted oncogene, such as KRAS and EGFR, can impair the response to therapy (Lohr et al., 2014). DNA repair is another well-established MDR mechanism that can confer cancer cells resistance to chemotherapeutic agents such as platinum-based agents and DNA topoisomerase inhibitors (Mansoori et al., 2017). Among all the mechanisms that lead to MDR, one prominent factor contributing to MDR is the overexpression of ATP-Binding Cassette (ABC) transporters. These ABC transporters function as efflux pumps to extrude its substrates from the cells. Therefore, they serve a protective role in maintaining normal physiological function but also cause MDR in cancer cells.
ABCB1 (also known as MDR1 or P-glycoprotein) was the first ABC transporter to be identified by Ling et al. and is by far the most studied MDR-related efflux pump (Juliano and Ling, 1976). ABCB1 is constitutively expressed in organs and physiological barriers, including kidney, intestine, and the blood-brain barrier (Gonçalves et al., 2020). It has been extensively reported that overexpression of ABCB1 in cancer cells can confer resistance to chemotherapeutic agents such as paclitaxel, vincristine, colchicine, as well as tyrosine kinase inhibitors (TKIs) such as imatinib and dasatinib (Dohse et al., 2006; Hegedus et al., 2009). In recent decades, the focus of ABCB1 in cancer research has gradually shifted to the development of a therapeutic strategy to overcome ABCB1-mediated MDR. Combining ABCB1 inhibitors with ABCB1 substrate drugs may re-establish the drug sensitivity in drug-resistant cells, thereby enhancing therapeutic effect in cancer patients (Li et al., 2016). Given the significant role that ABCB1 plays in pharmacokinetics and pharmacodynamics, the FDA suggests that all new drug candidates be screened for potential interaction with ABCB1 transporter (Crawford et al., 2018).
GSK-1070916 is a novel, potent TKI targeting the Aurora B/C kinases (Adams et al., 2010). Aurora B kinase actively involves in cytokinesis and chromosome segregation during mitosis (Kallio et al., 2002; Hauf et al., 2003). The function of Aurora C kinase is not well established, but studies suggested it has similar function to Aurora B kinase (Sasai et al., 2004; Yan et al., 2005). There are several Aurora kinase inhibitors that have progressed to clinical development, including tozasertib (Zhang et al., 2020), barasertib (Floc’h et al., 2019) and MK-5108 (Amin et al., 2016). Previous studies showed that GSK-1070916 has a broad antitumor effect on cancer cell lines and in tumor xenograft models including lung, breast, colorectal, and leukemia (Hardwicke et al., 2009). Other studies showed that GSK-1070916 has potential effects against T-cell acute lymphoblastic leukemia (Spartà et al., 2014). The drug has a synergistic effect in combination with EGFR/ERBB inhibitor neratinib in MYC-amplified cells (Uitdehaag et al., 2015). To date, the phase I trial investigating the dosage and toxicity of GSK-1070916 has been completed. Given the significant antitumor effect and the progress achieved by other Aurora kinase inhibitors, GSK-1070916 may deserve further investigation in clinical trials. However, barasertib was suggested to be a substrate of ABCB1 (Marchetti et al., 2013). CCT129202 also showed interaction with ABCB1 and reversed ABCB1-mediated MDR (Cheng et al., 2012). As there is no available data regarding the interaction of GSK-1070916 and the ABCB1 transporter, investigating such interaction may provide insight for the design of future experiments and clinical trials.
In this study, we demonstrated that overexpression of ABCB1 can render cancer cells resistant to GSK-1070916. Because the inclusion of an ABCB1 inhibitor can minimize the drug resistance, the combination of GSK-1070916 with ABCB1 inhibitor may provide additional benefit to cancer patients with high tumor ABCB1 expression.
MATERIALS AND METHODS
Chemicals
GSK-1070916 was a gift from ChemieTek (Indianapolis, IN). GSK-1070916 and chemotherapeutic drugs were dissolved in DMSO at a stock concentration of 10 mM. All other chemicals were obtained from Sigma Chemical Co (St. Louis, MO) unless listed otherwise.
Cell Lines and Cell Culture
The following cell lines were cultured as previously described (Wu et al., 2019b). Briefly, KB-3-1 and its colchicine-selected ABCB1-overexpressing subline KB-C2, SW620 and its doxorubicin-selected ABCB1-overexpressing subline SW620/Ad300, HEK293/pcDNA3.1 and HEK293/ABCB1 cells were cultured in DMEM with 10% FBS. KB-C2 cells were maintained in the presence of colchicine (2 μg/ml), SW620/Ad300 cells were maintained in the presence of doxorubicin (0.3 μg/ml). Transfected cell lines were maintained in the presence of 2 mg/ml G418. All cell lines were maintained in a humid incubator (37°C, 5% CO2) and subcultured at 80% confluency.
Cytotoxicity Evaluation
MTT assay was applied to determine the cytotoxicity of anticancer drugs. Briefly, cells were seeded into 96-well plates (5 × 103/well). Following cell attachment, the cells were treated with different concentrations of GSK-1070916 or chemotherapeutic drugs, in the presence or absence of verapamil for 72 h. After additionally incubated with MTT solution for 4 h, DMSO was added to dissolve the formazan crystals. The plates were read at 570 nm by microplate reader to obtain the optical density values.
Evaluation of ABCB1 ATPase Activity
The ABCB1-associated ATPase activity was measured in the presence of GSK-1070916 (0–40 μM) as previously described (Wu et al., 2020b). Briefly, the ABCB1 ATPase activity was determined using ATPase assay kit from BD Biosciences (San Jose, CA). Insect cell membranes (20 μg) were incubated in an assay buffer. Then, GSK-1070916 (0–40 µM) was incubated with the membrane vesicles for 3 min. The ATP hydrolysis was initialized by adding 5 mM of Mg-ATP and terminated by adding 5% SDS. The inorganic phosphate was quantified with a spectrophotometer at 880 nm.
HPLC GSK-1070916 Accumulation Assay
The HPLC assay was carried out as previous described (Wu et al., 2020a). Cells were seeded into 6-well plates (2 × 105 cell/well) and incubated for 48 h before assay. At the day of treatment, plain medium (DMEM without FBS) with 20 μM of GSK-1070916 with or without 5 μM of verapamil was added into designated wells and incubated for another 2 h. Thereafter, cells were harvested and centrifuged at 14,000 rpm for 10 min. The supernatant was subjected to HPLC analysis.
[3H]-Paclitaxel Accumulation Assay
Cells were seeded into 24-well plates (1 × 105 cells/well). At the following day, cells were pretreated with or without GSK-1070916 or verapamil for 2 h at 37°C. Thereafter, cells were incubated in the medium with 10 nM of [3H]-paclitaxel (Moravek Biochemicals Inc, Brea, CA) in the presence or absence of GSK-1070916 or verapamil for another 2 h. Finally, cells were transferred into scintillation vials and the radioactivity of samples were measured by a Packard TRICARB 1900CA liquid scintillation analyzer (Packard Instrument, Downers Grove, IL).
Immunoblotting
After cells were incubated with GSK-1070916 for 72 h, the lysates were collected. The protein concentration of protein samples was measured by BCA assay kit (Thermo Scientific, Rockford, IL). The immunoblots were performed as previously described (Wu et al., 2020c). Briefly, the samples were subjected to SDS-PAGE, then transferred onto PVDF membranes. The membranes were incubated with 5% skim milk for 2 h, then immunoblotted with anti-ABCB1 or anti-GAPDH antibodies (Thermo Fisher Scientific Inc., Waltham, MA) overnight at 4°C, followed by 2 h immunoblotting with anti-mouse secondary antibody (Cell Signaling Technology Inc., Danvers, MA) at room temperature. The immunoreactive bands were detected with ECL reagents (Thermo Fisher Scientific Inc., Waltham, MA). ImageJ software (NIH, MD) was used to measure the densitometry of immunoreactive bands.
Immunofluorescence Assay
Cells were seeded into 24-well plates at the density of 2 × 105 cells per well. The cells were then treated with 3 μM of GSK-1070916 for up to 72 h. After incubation, the cells were fixed, permeabilized and blocked in PBS with 6% BSA (VWR chemicals, LLC, Radnor, PA). Thereafter, the cells were incubated with anti-ABCB1 antibody (Thermo Fisher Scientific Inc., Waltham, MA) overnight at 4°C. Then, cells were further incubated with Alexa Fluor 488 conjugated anti-mouse secondary antibody (Thermo Fisher Scientific Inc., Waltham, MA) for 2 h at room temperature. The nuclei were stained with DAPI solution. The immunofluorescence image was visualized using a Nikon TE-2000S fluorescence microscope (Nikon Instruments Inc., Melville, NY).
In Silico Molecular Docking Analysis
The GSK-1070916 structure was constructed for docking analysis with human ABCB1 model (6QEX) (Alam et al., 2019). Docking calculations were performed in AutoDock Vina (version 1.1.2) (Trott and Olson, 2010). Hydrogen atoms and partial charges were added using AutoDockTools (ADT, version 1.5.4). Docking grid center coordinates were determined from the bound ligand mitoxantrone provided in 6QEX PDB files. The top-scoring pose (sorted by affinity score: kcal/mol) was selected for further analysis and visualization.
Statistical Analysis
The experiments were repeated three times and data are expressed as mean ± standard deviation (SD). The data were analyzed using GraphPad software (Prism 8.1). Statistical analysis was performed through one-way ANOVA. In all cases, p value less than 0.05 between each group was considered significant.
RESULTS
The Antiproliferative Effect of GSK-1070916 in Parental and ABCB1-Overexpressing Cells
The chemical structure of GSK-1070916 is presented in Figure 1A. To evaluate the potential interaction of GSK-1070916 and ABCB1, three pairs of cell lines were selected to examine the cytotoxicity profile. Western blot was performed to confirm the overexpression of ABCB1 in drug-selected KB-C2, SW620/Ad300 and gene-transfected HEK293/ABCB1 cells (Figure 1B–D). All three ABCB1-overexpressing cells were resistant to GSK-1070916 as compared with the corresponding parental cells. The colchicine-selected KB-C2 cells and the doxorubicin-selected SW620/Ad300 cells showed 83.3- and 15.28-fold resistance to GSK-1070916, respectively. In addition, ABCB1 gene-transfected HEK293 cells also showed 7.66-fold resistance to GSK-1070916 as compared to the parental HEK293/pcDNA3.1 cells. The IC50 values and resistance fold were calculated and presented in Table 1.
[image: Figure 1]FIGURE 1 | The cytotoxicity of GSK-1070916 in parental and ABCB1-overexpressing cell lines. (A) Chemical structure of GSK-1070916; cell viability curves for (B) KB-3-1 and KB-C2 cells; (C) SW620 and SW620/Ad300 cells; (D) HEK293/pcDNA3.1 and HEK293/ABCB1 cells. Data are expressed as mean ± SD from a representative of three independent experiments (n = 3).
TABLE 1 | The cytotoxicity of GSK-1070916 in cells overexpressing the ABCB1 transporter.
[image: Table 1]ABCB1 Inhibitor Restored the Sensitivity of ABCB1-Overexpressing Cells to GSK-1070916
In order to confirm that overexpression of ABCB1 can confer resistance to GSK-1070916, reversal studies were carried out. The combination of ABCB1 inhibitor verapamil with GSK-1070916 was able to significantly antagonize drug resistance. In the presence of 5 μM verapamil, GSK-1070916 resistance decreased from 83.3-fold to 13-fold and from 15.28-fold to 2.22-fold in KB-C2 and SW620/Ad300 cells, respectively. A similar trend was observed in HEK293/ABCB1 cells, with the resistance fold decreasing from 7.66-fold to 1.48-fold, suggesting a complete reversal of GSK-1070916 resistance. As shown in Supplementary Figure S1, the combination of GSK-1070916 and verapamil showed synergistic effect in ABCB1-overexpressing KB-C2 cells. In contrast, the combination treatment showed no significant effect in parental KB-3-1 cells, suggesting that verapamil may increase the cytotoxicity of GSK-1070916 by antagonizing ABCB1-mediated MDR. Therefore, the results support the hypothesis that overexpression of ABCB1 is a prominent factor leading to GSK-1070916 resistance.
GSK-1070916 Significantly Stimulated ABCB1 ATPase Activity
It is suggested that, in ABCB1 transporter, ATP hydrolysis is a crucial step to provide energy for substrate efflux activity. To further confirm that GSK-1070916 is an ABCB1 substrate, ATPase assay was performed to measure the ABCB1-related ATP hydrolysis in membrane vesicles incubated with GSK-1070916 (0–40 μM). If a drug can stimulate the ATPase activity, it suggests that the drug can interact with the transporter at the substrate-binding site. As presented in Figure 2A, GSK-1070916 showed concentration-dependent stimulatory effect on the ABCB1 ATPase activity. The stimulatory effect of GSK-1070916 reached 50% maximal effect (EC50) at 0.83 μM and to a maximum of 2.6-fold of basal activity, suggesting that GSK-1070916 can interact with ABCB1 at the substrate-binding site.
[image: Figure 2]FIGURE 2 | GSK-1070916 stimulated ABCB1 ATPase activity and was transported out of ABCB1-overexpressing cells. (A) The effect of GSK-1070916 on ABCB1 ATPase activity at concentration range from 0 to 40 μM. (B) The intracellular accumulation of GSK-1070916 in KB-3-1 and KB-C2 determined by HPLC assay. Data are expressed as mean ± SD derived from three independent experiments (n = 3). *p < 0.05 vs. the control group.
Intracellular Accumulation of GSK-1070916 in Parental and ABCB1-Overexpressing Cells
Since our finding suggested that GSK-1070916 is a transported substrate of ABCB1, HPLC assay was carried out to validate if ABCB1-overexpressing cells can pump out GSK-1070916. As shown in Figure 2B, the intracellular accumulation of GSK-1070916 was 7-times lower in drug-resistant KB-C2 cells compared to parental KB-3-1 cells. Co-treatment with ABCB1 inhibitor, verapamil, was able to partially increase the drug accumulation in drug-resistant cells without affecting that in the parental cells. Therefore, the HPLC assay provided another direct evidence to show that overexpression of ABCB1 can lead to GSK-1070916 resistance.
GSK-1070916 Partially Reversed ABCB1-Mediated Multidrug Resistance
To explore the relationship between GSK-1070916 and ABCB1, [3H]-paclitaxel accumulation assay was performed. Verapamil was used as a positive ABCB1 reversal agent in this assay. Although the concentration used in this assay was significantly toxic in the MTT assay, the short time treatment prevented GSK-1070916 from affecting normal cellular function. As shown in Figure 3, there was a 55-fold difference between the control group of parental KB-3-1 cells and the ABCB1-overexpressing KB-C2 cells with over 90% of the paclitaxel being pumped out from the KB-C2 cells. In addition, co-treatment with verapamil was able to enhance the retention of paclitaxel in KB-C2 cells, suggesting an active efflux function of ABCB1. At high concentrations, GSK-1070916 showed the ability to increase the accumulation of [3H]-paclitaxel. At 12 μM, GSK-1070916 significantly hindered ABCB1 efflux activity, with less than 50% of paclitaxel being pumped out from the KB-C2 cells. In contrast, 3 μM of GSK-1070916 demonstrated no effect to the accumulation of [3H]-paclitaxel in ABCB1-overexpressing KB-C2 cells. Notably, none of the treatment altered paclitaxel accumulation in parental cells. These results suggested that GSK-1070916, at high concentrations, can compete with other substrates for the ABCB1 transporter.
[image: Figure 3]FIGURE 3 | Effect of GSK-1070916 on the accumulation of [3H]-paclitaxel. The intracellular accumulation of [3H]-paclitaxel in KB-3-1 and KB-C2 cells after incubation with 3, 6, 12 μM of GSK-1070916 for 2 h. Data are expressed as mean ± SD derived from three independent experiments (n = 3). *p < 0.05 vs. the control group.
GSK-1070916 did Not Alter ABCB1 Protein Expression Level or Cell Membrane Localization
Substrate drugs can sometimes upregulate the protein expression of ABCB1, which may enhance the drug resistance. Considering this possibility, Western blot was performed to evaluate the short-term effect of GSK-1070916 on the ABCB1 expression level. As shown in Figure 4A, the nontoxic concentration of GSK-1070916 demonstrated no significant effect to the protein expression of ABCB1 for up to 72 h treatment, compared to the control group. Another possible interaction between GSK-1070916 and ABCB1 is to alter the membrane localization of ABCB1. Consequently, we performed immunofluorescence assay to visualize the localization of ABCB1 in ABCB1-overexpressing SW620/Ad300 cells. As presented in Figure 4B, the localization of ABCB1 transporter is indicated by the green fluorescence. The incubation of SW620/Ad300 cells with 3 μM of GSK-1070916 for up to 72 h did not alter the cell membrane localization of ABCB1 as compared with the untreated group (Figure 4B).
[image: Figure 4]FIGURE 4 | The effect of GSK-1070916 on the ABCB1 protein expression level and membrane localization. (A) The effect of 0–3 μM of GSK-1070916 on the expression level of ABCB1 in KB-C2 cells after 72 h treatment. (B) Cell membrane localization of ABCB1 in SW620/Ad300 cells incubated with 3 μM of GSK-1070916 for 72 h. Data are expressed as mean ± SD derived from three independent experiments (n = 3). *p < 0.05 vs. the control group.
Docking Analysis
Since the ATPase assay showed that GSK-1070916 has a stimulatory effect toward ABCB1 ATPase, docking simulation was performed in the substrate-binding site (6QEX) of ABCB1. Our results showed that GSK-1070916 can bind to the substrate-binding site with an affinity score of −8 kcal/mol. Figure 5 depicted the detailed interaction between GSK-1070916 and ABCB1. GSK-1070916 is positioned in the hydrophobic cavity formed by Met68, Met69, Trp232, Ser344, Phe343, Phe336, Leu339, Ala871, Met876, Ala987 and Met986. Additionally, the amide group in GSK-1070916 was stabilized by a hydrogen bond and a halogen bond formed with Glu875.
[image: Figure 5]FIGURE 5 | Interaction between GSK-1070916 and human ABCB1 protein model. Interaction between GSK-1070916 and human ABCB1 protein. (A) Overview of the best-scoring pose of GSK-1070916 in the drug binding pocket of ABCB1 protein (6QEX). ABCB1 was displayed as colored ribbons (helix: red; strand: blue; coil: white). GSK-1070916 is displayed as colored sticks. Carbon: lime; oxygen: red; nitrogen: blue, hydrogen: white. (B) 2D diagram of the interaction between GSK-1070916 and ABCB1 binding pocket. Important amino acids within 3 Å from the ligand are displayed as colored bubbles (green: hydrophobic; blue: polar). Purple solid lines with arrow indicate hydrogen bonds. Purple solid lines without arrow indicate halogen bonds. (C) Details of the interaction between GSK-1070916 and ABCB1 (6QEX) binding pocket. ABCB1 helices are displayed as colored ribbons (helix: red; strand: blue; coil: white). Important residues are displayed as colored sticks (carbon: gray; oxygen: red; nitrogen: blue; hydrogen: white). GSK-1070916 is displayed as colored sticks (same as in A). Hydrogen bonds are displayed as magenta dash lines. Halogen interactions are displayed as yellow dash lines. Molecular surface formed by displayed residues is shown as purple solid planes.
DISCUSSION
In recent decades, Aurora kinases have become attractive targets for cancer treatment. The Aurora kinases can be divided into Aurora-A, -B and -C based on their functionality and localization. These kinases play a crucial role in cell proliferation by regulating the mitotic phase of the cell cycle (Borisa and Bhatt, 2017). To date, there are several Aurora kinase inhibitors, such as alisertib, tozasertib, barasertib and danusertib, undergoing phase 2 or phase 3 clinical trials (Falchook et al., 2015). Optimal therapeutic effect was demonstrated in these clinical trials, therefore highlighting the potential role of Aurora kinase inhibitors in cancer treatment. GSK-1070916 is a new Aurora kinase inhibitor which showed promising anticancer effects in pre-clinical studies (Hardwicke et al., 2009). Given the potent anticancer effect of the drug, GSK-1070916 is being progressed to clinical trials. However, one major issue for cancer therapy is the emergence of MDR. Particularly, it has been well established that the overexpression of ABCB1 transporter mediates MDR in cancer cells (Lage, 2016). ABCB1 serves as a membrane efflux pump that extrude its substrates from the cancer cells, thereby interfering with the therapeutic effect of a diverse range of anticancer drugs (Goldstein et al., 1990; Mahon et al., 2003). Despite the difference in chemical structure, several Aurora kinase inhibitors were identified as substrate of ABCB1, such as barasertib (Marchetti et al., 2013), VX-680 and ZM447439 (Tavanti et al., 2013). Hence, it is vital to explore the potential interaction of ABCB1 and GSK-1070916 and propose rational combination strategies to overcome drug resistance.
In this study, we revealed that overexpression of ABCB1 can render cancer cells resistant to GSK-1070916, which may challenge its therapeutic effect in clinical setting. We used two ABCB1-overexpressing cancer cell lines, KB-C2 and SW620/Ad300. Both cell lines are highly resistant to paclitaxel, colchicine and doxorubicin (Ji et al., 2018). In addition, HEK293 cells transfected with ABCB1 gene was included in this study. Since drug-selected cancer cells may develop MDR due to multiple mechanisms, the drug resistance mechanism in HEK293/ABCB1 is only via overexpression of ABCB1 transporter. Firstly, the antiproliferative effect of GSK-1070916 was examined in different cell lines. Both drug-selected and gene-transfected ABCB1-overexpressing cells showed significant resistance to GSK-1070916 compared to the corresponding parental cells. In addition, the inclusion of ABCB1 inhibitor verapamil was able to restore the sensitivity of ABCB1-overexpressing cells to GSK-1070916. This trend is similar to other ABCB1 substrate drugs such as imatinib (Maia et al., 2018), eribulin (Oba et al., 2016), WYE-354 (Wang et al., 2020), which the anticancer efficacies are attenuated in ABCB1-overexpressing cells and the drug resistance can be abolished by ABCB1 inhibitors. Hence, we hypothesized that GSK-1070916 may be a substrate of ABCB1. Furthermore, ABCB1-related ATPase activity in the presence of GSK-1070916 was measured. It is generally proposed that when a substrate binds to the substrate-binding site in transmembrane domains (TMDs), it promotes conformational changes in nucleotide-binding domains (NBDs). The binding and hydrolysis of ATP in NBDs cause conformational changes in the TMDs, resulting in the translocation of substrate to the extracellular space (Yakusheva and Titov, 2018). It is suggested that the ATPase activity of ABCB1 depends on the concentration of the transported substrates (Yamaguchi, 2016). In the ATPase assay, GSK-1070916 concentration-dependently stimulated the activity of ABCB1 ATPase. The maximum stimulation of GSK-1070916 is approximately 2.5-fold, which is comparable to other reported substrates such as volasertib (3-fold, (Wu et al., 2015)), ricolinostat (1.5-fold, (Wu et al., 2018)), WYE-354 (1.4-fold, (Wang et al., 2020)), suggesting GSK-1070916 is a transported substrate of ABCB1. In addition, the computational docking analysis also indicated that GSK-1070916 has a high binding affinity to ABCB1 substrate-binding site.
Our hypothesis was further validated in the HPLC drug accumulation assay. Since drug resistance is a complicated phenomenon with multiple possible mechanisms, the drug resistance to GSK-1070916 can be achieved by several ways, such as pumping the drug into extracellular matrix or metabolizing the drug into inactive form. Therefore, direct measurement of intracellular drug accumulation provides a strong evidence to identify if the drug is a transported substrate of ABCB1. After 2 h incubation with GSK-1070916, a significant difference of drug accumulation was observed between parental cells and ABCB1-overexpressing cells. The co-treatment with ABCB1 inhibitor verapamil was able to increase the accumulation of GSK-1070916 in ABCB1-overexpressing cells but not in the parental cells, confirming that ABCB1 is the main factor contributing to decreased drug accumulation in these cells. Combining this result with the cytotoxicity profile, it suggested that ABCB1 can pump the drug out of cancer cells, resulting in decreased sensitivity of cancer cells to GSK-1070916. After identifying GSK-1070916 as a substrate of ABCB1, we investigated whether it can act as am inhibitor and reverse ABCB1-mediated MDR by occupying the ABCB1 transporter as seen in other MDR reversal studies (Levy et al., 2019). The [3H]-paclitaxel accumulation assay was introduced to explore this possibility. Paclitaxel is a well-known substrate of ABCB1, and therefore GSK-1070916 was hypothesized to compete with paclitaxel for the substrate-binding site, leading to increased intracellular accumulation of paclitaxel. Our results showed that GSK-1070916 can concentration-dependently increase the intracellular accumulation of paclitaxel in drug-resistant cells without affecting that in the parental cells. However, high concentrations were required to achieve the reversal effect, and therefore this may weaken its role as a rational ABCB1 inhibitor. It should be noted that the concentrations used in this experiment is higher than the IC50 and can be toxic to the cancer cells. However, the 4 h incubation of GSK-1070916 with cancer cells may not affect to the cellular function. This is confirmed in the parental cells that no difference was observed between the vehicle group and the treatment groups. Subsequently, we investigated whether GSK-1070916 can affect the protein expression and/or cell membrane localization of ABCB1. Within 72 h treatment, GSK-1070916 demonstrated no effect on ABCB1 expression level or membrane localization. However, whether long-term treatment with GSK-1070916 can stimulate ABCB1 expression remain inconclusive and should be further explored.
The computational docking analysis is an efficient tool to predict the interaction of ligands with proteins (Rosano et al., 2013; Lionta et al., 2014). The method has widely applied in the field of biology and pharmacology (Kontoyianni, 2017). Although the computational analysis does not reveal the actual binding interaction of ligands with proteins, it has become a reliable method in screening substrates and reversal agents of ABC transporters (Ferreira et al., 2017). The docking analysis indicated that GSK-1070916 interact with the drug-binding site of ABCB1 (−8 kcal/mol), which is comparable to other ABCB1 substrates such as WYE-354 and ricolinostat (Wu et al., 2018; Wang et al., 2020).
In conclusion, our study provides strong evidence to demonstrate that overexpression of ABCB1 is sufficient to confer cancer cells resistant to GSK-1070916. Therefore, ABCB1-mediated MDR should be taken into consideration when investigating the anticancer effect of GSK-1070916 in the clinical setting. Future study may focus on the potential interaction of GSK-1070916 with other MDR-linked ABC transporters.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
Conceptualization, Z-XW and Z-SC; methodology, Z-XW, YY, J-QW, Y-GF, KP, and Z-SC; writing-original draft preparation, W-MZ and Z-XW; writing-review and editing, Z-XW, J-YZ, and Z-SC; supervision, J-YZ and Z-SC. All authors have read and agreed to the published version of the manuscript.
FUNDING
This study was supported partially by National Natural Science Foundation grant (81872901 and U1903126), Guangdong Basic and Applied Basic Research Foundation (2020A1515010605).
ACKNOWLEDGMENTS
The authors would like to thank Shin-Ichi Akiyama (Kagoshima University, Kagoshima, Japan), and Susan E. Bates, Robert W. Robey and Suresh V. Ambudkar (NCI, NIH, Bethesda, Maryland, United States) for kindly providing the cell lines.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.615824/full#supplementary-material.
REFERENCES
 Adams, N. D., Adams, J. L., Burgess, J. L., Chaudhari, A. M., Copeland, R. A., Donatelli, C. A., et al. (2010). Discovery of GSK1070916, a potent and selective inhibitor of Aurora B/C kinase. J. Med. Chem . 53, 3973–4001. doi:10.1021/jm901870q
 Alam, A., Kowal, J., Broude, E., Roninson, I., and Locher, K. P. (2019). Structural insight into substrate and inhibitor discrimination by human P-glycoprotein, Science 363, 753–756. doi:10.1126/science.aav7102
 Amin, M., Minton, S. E., Lorusso, P. M., Krishnamurthi, S. S., Pickett, C. A., Lunceford, J., et al. (2016). A phase I study of MK-5108, an oral aurora a kinase inhibitor, administered both as monotherapy and in combination with docetaxel, in patients with advanced or refractory solid tumors. Invest. N. Drugs 34, 84–95. doi:10.1007/s10637-015-0306-7
 Borisa, A. C., and Bhatt, H. G. (2017). A comprehensive review on Aurora kinase: small molecule inhibitors and clinical trial studies. Eur. J. Med. Chem . 140, 1–19. doi:10.1016/j.ejmech.2017.08.045
 Bukowski, K., Kciuk, M., and Kontek, R. (2020). Mechanisms of multidrug resistance in cancer chemotherapy. Int. J. Mol. Sci . 21 (9), 3233. doi:10.3390/ijms21093233
 Cheng, C., Liu, Z. G., Zhang, H., Xie, J. D., Chen, X. G., Zhao, X. Q., et al. (2012). Enhancing chemosensitivity in ABCB1- and ABCG2-overexpressing cells and cancer stem-like cells by an Aurora kinase inhibitor CCT129202. Mol. Pharm . 9, 1971–1982. doi:10.1021/mp2006714
 Crawford, R. R., Potukuchi, P. K., Schuetz, E. G., and Schuetz, J. D. (2018). Beyond competitive inhibition: regulation of ABC transporters by kinases and protein-protein interactions as potential mechanisms of drug-drug interactions. Drug Metab. Dispos . 46, 567–580. doi:10.1124/dmd.118.080663
 Dohse, M., Robey, R. W., Brendel, C., Bates, S., Neubauer, A., and Scharenberg, C. (2006). Efflux of the tyrosine kinase inhibitors imatinib and nilotinib (AMN107) is mediated by ABCB1 (MDR1)-Type P-glycoprotein. Blood 108 (11), 1367. doi:10.1182/blood.V108.11.1367.1367
 Falchook, G. S., Bastida, C. C., and Kurzrock, R. (2015). Aurora kinase inhibitors in oncology clinical trials: current state of the progress. Semin. Oncol . 42, 832–848. doi:10.1053/j.seminoncol.2015.09.022
 Ferreira, R. J., Bonito, C. A., Cordeiro, M. N. D. S., Ferreira, M. U., and Dos Santos, D. J. V. A. (2017). Structure-function relationships in ABCG2: insights from molecular dynamics simulations and molecular docking studies. Sci. Rep . 7, 15534. doi:10.1038/s41598-017-15452-z
 Floc’h, N., Ashton, S., Ferguson, D., Taylor, P., Carnevalli, L. S., Hughes, A. M., et al. (2019). Modeling dose and schedule effects of AZD2811 nanoparticles targeting aurora B kinase for treatment of diffuse large B-cell lymphoma. Mol. Canc. Therapeut . 18, 909–919. doi:10.1158/1535-7163.mct-18-0577
 Goldstein, L. J., Fojo, A. T., Ueda, K., Crist, W., Green, A., Brodeur, G., et al. (1990). Expression of the multidrug resistance, MDR1, gene in neuroblastomas. J. Clin. Oncol . 8, 128–136. doi:10.1200/JCO.1990.8.1.128
 Hardwicke, M. A., Oleykowski, C. A., Plant, R., Wang, J., Liao, Q., Moss, K., et al. (2009). GSK1070916, a potent Aurora B/C kinase inhibitor with broad antitumor activity in tissue culture cells and human tumor xenograft models, Mol. Canc. Therapeut . 8, 1808–1817. doi:10.1158/1535-7163.MCT-09-0041
 Hauf, S., Cole, R. W., Laterra, S., Zimmer, C., Schnapp, G., Walter, R., et al. (2003). The small molecule Hesperadin reveals a role for Aurora B in correcting kinetochore-microtubule attachment and in maintaining the spindle assembly checkpoint. J. Cell Biol . 161, 281–294. doi:10.1083/jcb.200208092
 Hegedus, C., Ozvegy-Laczka, C., Apáti, A., Magócsi, M., Német, K., Orfi, L., et al. (2009). Interaction of nilotinib, dasatinib and bosutinib with ABCB1 and ABCG2: implications for altered anti-cancer effects and pharmacological properties. Br. J. Pharmacol . 158, 1153–1164. doi:10.1111/j.1476-5381.2009.00383.x
 Ji, N., Yang, Y., Lei, Z. N., Cai, C. Y., Wang, J. Q., Gupta, P., et al. (2018). Ulixertinib (BVD-523) antagonizes ABCB1- and ABCG2-mediated chemotherapeutic drug resistance. Biochem. Pharmacol . 158, 274–285. doi:10.1016/j.bcp.2018.10.028
 Juliano, R. L., and Ling, V. (1976). A surface glycoprotein modulating drug permeability in Chinese hamster ovary cell mutants. Biochim. Biophys. Acta 455, 152–162. doi:10.1016/0005-2736(76)90160-7
 Kallio, M. J., Mccleland, M. L., Stukenberg, P. T., and Gorbsky, G. J. (2002). Inhibition of aurora B kinase blocks chromosome segregation, overrides the spindle checkpoint, and perturbs microtubule dynamics in mitosis. Curr. Biol . 12, 900–905. doi:10.1016/s0960-9822(02)00887-4
 Kontoyianni, M. (2017). Docking and virtual screening in drug discovery. Methods Mol. Biol . 1647, 255–266. doi:10.1007/978-1-4939-7201-2_18
 Lage, H. (2016). Gene therapeutic approaches to overcome ABCB1-mediated drug resistance. Recent Results Canc. Res . 209, 87–94. doi:10.1007/978-3-319-42934-2_6
 Levy, E. S., Samy, K. E., Lamson, N. G., Whitehead, K. A., Kroetz, D. L., and Desai, T. A. (2019). Reversible inhibition of efflux transporters by hydrogel microdevices. Eur. J. Pharm. Biopharm . 145, 76–84. doi:10.1016/j.ejpb.2019.10.007
 Li, W., Zhang, H., Assaraf, Y. G., Zhao, K., Xu, X., Xie, J., et al. (2016). Overcoming ABC transporter-mediated multidrug resistance: molecular mechanisms and novel therapeutic drug strategies. Drug Resist. Updates 27, 14–29. doi:10.1016/j.drup.2016.05.001
 Lionta, E., Spyrou, G., Vassilatis, D. K., and Cournia, Z. (2014). Structure-based virtual screening for drug discovery: principles, applications and recent advances. Curr. Top. Med. Chem . 14, 1923–1938. doi:10.2174/1568026614666140929124445
 Lohr, J. G., Stojanov, P., Carter, S. L., Cruz-Gordillo, P., Lawrence, M. S., Auclair, D., et al. (2014). Widespread genetic heterogeneity in multiple myeloma: implications for targeted therapy. Canc. Cell 25, 91–101. doi:10.1016/j.ccr.2013.12.015
 Mahon, F. X., Belloc, F., Lagarde, V., Chollet, C., Moreau-Gaudry, F., Reiffers, J., et al. (2003). MDR1 gene overexpression confers resistance to imatinib mesylate in leukemia cell line models. Blood 101, 2368–2373. doi:10.1182/blood.V101.6.2368
 Maia, R. C., Vasconcelos, F. C., Souza, P. S., and Rumjanek, V. M. (2018). Towards comprehension of the ABCB1/P-glycoprotein role in chronic myeloid leukemia. Molecules 23 (1), 119. doi:10.3390/molecules23010119
 Mansoori, B., Mohammadi, A., Davudian, S., Shirjang, S., and Baradaran, B. (2017). The different mechanisms of cancer drug resistance: a brief review. Adv. Pharmaceut. Bull 7, 339–348. doi:10.15171/apb.2017.041
 Marchetti, S., Pluim, D., Van Eijndhoven, M., Van Tellingen, O., Mazzanti, R., Beijnen, J. H., et al. (2013). Effect of the drug transporters ABCG2, Abcg2, ABCB1 and ABCC2 on the disposition, brain accumulation and myelotoxicity of the aurora kinase B inhibitor barasertib and its more active form barasertib-hydroxy-QPA. Invest. N. Drugs 31, 1125–1135. doi:10.1007/s10637-013-9923-1
 Gonçalves, M. F., Cardoso, D. S. P., and Ferreira, U. (2020). Overcoming multidrug resistance: flavonoid and terpenoid nitrogen-containing derivatives as ABC transporter modulators. Molecules 25 (15), 3364. doi:10.3390/molecules25153364
 Oba, T., Izumi, H., and Ito, K. I. (2016). ABCB1 and ABCC11 confer resistance to eribulin in breast cancer cell lines. Oncotarget 7, 70011–70027. doi:10.18632/oncotarget.11727
 Robak, P., Drozdz, I., Szemraj, J., and Robak, T. (2018). Drug resistance in multiple myeloma. Canc. Treat Rev . 70, 199–208. doi:10.1016/j.ctrv.2018.09.001
 Rosano, C., Viale, M., Cosimelli, B., Severi, E., Gangemi, R., Ciogli, A., et al. (2013). ABCB1 structural models, molecular docking, and synthesis of new oxadiazolothiazin-3-one inhibitors. ACS Med. Chem. Lett . 4, 694–698. doi:10.1021/ml300436x
 Sasai, K., Katayama, H., Stenoien, D. L., Fujii, S., Honda, R., Kimura, M., et al. (2004). Aurora-C kinase is a novel chromosomal passenger protein that can complement Aurora-B kinase function in mitotic cells. Cell Motil Cytoskeleton 59, 249–263. doi:10.1002/cm.20039
 Spartà, A. M., Bressanin, D., Chiarini, F., Lonetti, A., Cappellini, A., Evangelisti, C., et al. (2014). Therapeutic targeting of Polo-like kinase-1 and Aurora kinases in T-cell acute lymphoblastic leukemia. Cell Cycle 13, 2237–2247. doi:10.4161/cc.29267
 Tavanti, E., Sero, V., Vella, S., Fanelli, M., Michelacci, F., Landuzzi, L., et al. (2013). Preclinical validation of Aurora kinases-targeting drugs in osteosarcoma. Br. J. Canc . 109, 2607–2618. doi:10.1038/bjc.2013.643
 Trott, O., and Olson, A. J. (2010). AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem . 31, 455–461. doi:10.1002/jcc.21334
 Uitdehaag, J. C., De Roos, J. A., Van Doornmalen, A. M., Prinsen, M. B., Spijkers-Hagelstein, J. A., De Vetter, J. R., et al. (2015). Selective targeting of CTNBB1-, KRAS- or MYC-driven cell growth by combinations of existing drugs. PLoS One 10, e0125021. doi:10.1371/journal.pone.0125021
 Wang, J., Yang, D. H., Yang, Y., Wang, J. Q., Cai, C. Y., Lei, Z. N., et al. (2020). Overexpression of ABCB1 transporter confers resistance to mTOR inhibitor WYE-354 in cancer cells. Int. J. Mol. Sci . 21 (4), 1387. doi:10.3390/ijms21041387
 Wang, X., Zhang, H., and Chen, X. (2019). Drug resistance and combating drug resistance in cancer. Canc. Drug Resis . 2, 141–160. doi:10.20517/cdr.2019.10
 Wu, C. P., Hsieh, C. H., Hsiao, S. H., Luo, S. Y., Su, C. Y., Li, Y. Q., et al. (2015). Human ATP-binding cassette transporter ABCB1 confers resistance to volasertib (BI 6727), a selective inhibitor of polo-like kinase 1. Mol. Pharm . 12, 3885–3895. doi:10.1021/acs.molpharmaceut.5b00312
 Wu, C. P., Hsieh, Y. J., Murakami, M., Vahedi, S., Hsiao, S. H., Yeh, N., et al. (2018). Human ATP-binding cassette transporters ABCB1 and ABCG2 confer resistance to histone deacetylase 6 inhibitor ricolinostat (ACY-1215) in cancer cell lines. Biochem. Pharmacol . 155, 316–325. doi:10.1016/j.bcp.2018.07.018
 Wu, K. J., Liu, X., Wong, S. Y., Zhou, Y., Ma, D. L., and Leung, C. H. (2019a). Synthesis and evaluation of dibenzothiophene analogues as Pin1 inhibitors for cervical cancer therapy. ACS Omega 4, 9228–9234. doi:10.1021/acsomega.9b00281
 Wu, Z. X., Peng, Z., Yang, Y., Wang, J. Q., Teng, Q. X., Lei, Z. N., et al. (2020a). M3814, a DNA-PK inhibitor, modulates ABCG2-mediated multidrug resistance in lung cancer cells. Front. Oncol . 10, 674. doi:10.3389/fonc.2020.00674
 Wu, Z. X., Teng, Q. X., Cai, C. Y., Wang, J. Q., Lei, Z. N., Yang, Y., et al. (2019b). Tepotinib reverses ABCB1-mediated multidrug resistance in cancer cells. Biochem. Pharmacol . 166, 120–127. doi:10.1016/j.bcp.2019.05.015
 Wu, Z. X., Yang, Y., Wang, G., Wang, J. Q., Teng, Q. X., Sun, L., et al. (2020c). Dual TTK/CLK2 inhibitor, CC-671, selectively antagonizes ABCG2-mediated multidrug resistance in lung cancer cells. Canc. Sci . 111, 2872–2882. doi:10.1111/cas.14505
 Wu, Z. X., Yang, Y., Teng, Q. X., Wang, J. Q., Lei, Z. N., Wang, J. Q., et al. (2020b). Tivantinib, A c-met inhibitor in clinical trials, is susceptible to ABCG2-mediated drug resistance. Cancers . 12 (1), 186. doi:10.3390/cancers12010186
 Yakusheva, E. N., and Titov, D. S. (2018). Structure and function of multidrug resistance protein 1. Biochemistry 83, 907–929. doi:10.1134/S0006297918080047
 Yamaguchi, T. (2016). Structural and pharmacological studies of an ABC multidrug transporter. Yakugaku Zasshi 136, 197–202. doi:10.1248/yakushi.15-00229-5
 Yan, X., Cao, L., Li, Q., Wu, Y., Zhang, H., Saiyin, H., et al. (2005). Aurora C is directly associated with Survivin and required for cytokinesis, Gene Cell 10, 617–626. doi:10.1111/j.1365-2443.2005.00863.x
 Zhang, L. N., Ji, K., Sun, Y. T., Hou, Y. B., and Chen, J. J. (2020). Aurora kinase inhibitor tozasertib suppresses mast cell activation in vitro and in vivo. Br. J. Pharmacol . 177, 2848–2859. doi:10.1111/bph.15012
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wu, Yang, Wang, Zhou, Chen, Fu, Patel, Chen and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-11-615824-g005.gif





OPS/images/fphar-11-615824-t001.jpg
Treatment ICs, value + SD* (uM, Resistance fold®)

GSK-1070916 GSK-1070916
+ verapamil 5 uM

KB-3-1 0016 + 0.003 (1.00) 0015 +0.005 (0.91)
KB-C2 1.359 + 0.253 (83.30)° 0212 + 0,057 (13.00°
SW620 0,096 + 0.054 (1.00) 0.106 +0.070 (1.11)
SW620/AD300 1.460 + 0.546 (15.28)° 0212 +0.098 (2.22)
HEK293/pcDNAB. 1 0435 £ 0.041 (1.00) 0585 + 0.050 (1.34)
HEK293/ABCB 1 3.331 + 0.816 (7.66)° 0646 + 0.029 (1.48)

“ICs values are represented as mean + SD of at least three independent experiments.
“R: Resistance fold was calculated by dividing the ICs values of substrates in the
presence or absence of inhibitor by the ICso of parental cells without inhibitor.

%D < 0.05 vs. the parental control group without reversal agent.





OPS/images/fphar-11-615824-g003.gif
|

""I i i






OPS/images/fphar-11-615824-g004.gif
A ¢ GSK-1070916 T2 h ——

e -

o _osm 1M

K834






OPS/xhtml/nav.xhtml
Contents

		Cover

		Elevated ABCB1 Expression Confers Acquired Resistance to Aurora Kinase Inhibitor GSK-1070916 in Cancer Cells		Introduction

		Materials and Methods		Chemicals

		Cell Lines and Cell Culture

		Cytotoxicity Evaluation

		Evaluation of ABCB1 ATPase Activity

		HPLC GSK-1070916 Accumulation Assay

		[3H]-Paclitaxel Accumulation Assay

		Immunoblotting

		Immunofluorescence Assay

		In Silico Molecular Docking Analysis

		Statistical Analysis





		Results		The Antiproliferative Effect of GSK-1070916 in Parental and ABCB1-Overexpressing Cells

		ABCB1 Inhibitor Restored the Sensitivity of ABCB1-Overexpressing Cells to GSK-1070916

		GSK-1070916 Significantly Stimulated ABCB1 ATPase Activity

		Intracellular Accumulation of GSK-1070916 in Parental and ABCB1-Overexpressing Cells

		GSK-1070916 Partially Reversed ABCB1-Mediated Multidrug Resistance

		GSK-1070916 did Not Alter ABCB1 Protein Expression Level or Cell Membrane Localization

		Docking Analysis





		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/fphar-11-615824-g001.gif
Esubinan bid

5
i

5

s

7

vty
PRrSE ]

Prr———
t 2 8

M

Looteswerane) o

P ATE, T, PR,

Rl SRR e





OPS/images/fphar-11-615824-g002.gif
]

|

ABCET ATPReS acivity
O ofbasal aciviy)

GsK1070816 80

Intraceiluiar GSK-1070916.

vy ooy









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





