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Overexpression of ABCG2 remains a major impediment to successful cancer treatment, because ABCG2 functions as an efflux pump of chemotherapeutic agents and causes clinical multidrug resistance (MDR). Therefore, it is important to uncover effective modulators to circumvent ABCG2-mediated MDR in cancers. In this study, we reported that AZ-628, a RAF kinase inhibitor, effectively antagonizes ABCG2-mediated MDR in vitro. Our results showed that AZ-628 completely reversed ABCG2-mediated MDR at a non-toxic concentration (3 μM) without affecting ABCB1-, ABCC1-, or ABCC10 mediated MDR. Further studies revealed that the reversal mechanism was by attenuating ABCG2-mediated efflux and increasing intracellular accumulation of ABCG2 substrate drugs. Moreover, AZ-628 stimulated ABCG2-associated ATPase activity in a concentration-dependent manner. Docking and molecular dynamics simulation analysis showed that AZ-628 binds to the same site as ABCG2 substrate drugs with higher score. Taken together, our studies indicate that AZ-628 could be used in combination chemotherapy against ABCG2-mediated MDR in cancers.
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INTRODUCTION

Multidrug resistance (MDR) is a major barrier of successful chemotherapy (Gottesman and Ambudkar, 2001). A number of mechanisms are associated with MDR in cancer cells including DNA repair and damage, altered drug metabolism, inhibition of apoptosis and overexpression of efflux transporters (Zhang et al., 2015; Lage, 2016; Cui et al., 2019b). Among the potential mechanisms, up-regulation of ATP-binding cassette (ABC) transporters, energized by ATP hydrolysis to mediate active transportation of substrate drugs, is the major one in MDR cancer cells (Borst and Elferink, 2002; Teodori et al., 2006; Cui et al., 2018).

ATP-binding cassette transporters, located on cell membrane, belong to a superfamily which composes of 49 members and is classified into 7 subfamilies from A to G (Dlugosz and Janecka, 2016). Among them, ABCB1, ABCG2, and ABCCs have been widely reported as MDR inducers in cancer cells (Morrow, 2006; Ween et al., 2015; Taylor et al., 2017). As an important member of ABC transporters, ABCG2 (breast cancer resistance protein or BCRP) has been well studied since its first discovery (Robey et al., 2001). ABCG2 expresses ubiquitously in organs and tissues including small intestine, liver, colon, and placenta, where ABCG2 plays the role of protecting normal cells from accumulation of toxins (Honjo et al., 2001; Zaher et al., 2006; Mao and Unadkat, 2015). However, the efflux function of ABCG2 causes deleterious effects in cancer cells: it decreases intracellular accumulation of anticancer drugs which leads to lower chemotherapeutic efficacy (Honjo et al., 2001; Polgar et al., 2008, 2; Taylor et al., 2017, 2). Clinically, ABCG2 has been detected in various cancer cells including breast, lung, bladder, and colon cancers (Mao and Unadkat, 2015). High ABCG2 expression was also reported in late stages (stage III and state IV) cancers that showed MDR (Friedrich et al., 2004). Common substrates of ABCG2 include mitoxantrone, SN-38, and topotecan (Zaher et al., 2006).

Recently, various small molecule drugs as well as peptides were found to be potent modulators/substrates of ABCB1-, ABCG2-, or ABCCs-mediated MDR (Cui et al., 2019a; Liao et al., 2019; Wang et al., 2019, 2020b; Wu et al., 2019, 2020c; Luo et al., 2020; Teng et al., 2020). The overexpression of ABCG2 has been found to be related to acquired MDR in multiple types of cancers including breast cancer (Mao and Unadkat, 2015), non-small cell lung cancer (Yoh et al., 2004) and acute myelogenous leukemia (Ross et al., 2000). Instead of designing and synthesizing novel ABCG2 inhibitors, we have focused on the repurposing small-molecule targeted therapeutic agents as ABCG2 modulators as an alternative approach to overcome MDR (Wu et al., 2020a; Zhang et al., 2020b). As a potent and selective RAF kinase inhibitor, AZ-628 has showed promising preclinical results (Halilovic and Solit, 2008). Moreover, AZ-628 showed exquisite efficacy in cell lines harboring the V600E BRAF mutations compared with sorafenib, a FDA-approved RAF kinase inhibitor for renal and hepatocellular carcinoma (McDermott et al., 2007). In this study, we reported that AZ-628 significantly sensitized ABCG2-mediated MDR to ABCG2 substrate drugs at a non-toxic concentration in cancer cells.

A recent study revealed that overexpression of ABC transporters was responsible for acquired resistance to antibody-drug conjugate (ADC) in cancer immunotherapy, and combinational administration of ABC transporter inhibitors increased the response rate of immunotherapy in resistant cancer cells (Chen et al., 2020). Moreover, such combinational therapy has been subjected to a phase I clinical trial (Chen et al., 2020). Therefore, finding novel ABC transporter inhibitors is critical for preclinical and clinical cancer research.



MATERIALS AND METHODS


Chemicals

AZ-628 was purchased from Selleckchem (Houston, TX, United States). Chemotherapeutic agents including mitoxantrone, topotecan, SN-38, paclitaxel, and cisplatin were purchased from Sigma Co. (St. Louis, MO, United States). Cell culture reagents including bovine serum, fetal bovine serum, DMEM and 0.25% trypsin were purchased from Corning Inc. (Tewksbury, MA, United States). Immunoblotting materials including human ABCG2 monoclonal antibodies for ABCG2 and GAPDH, Alexa Fluor 488 conjugated antibody and HRP-conjugated secondary antibody were purchased from Millipore (Billerica, MA, United States). Tritium-labeled mitoxantrone ([3H]-mitoxantrone, 2.5 Ci/mmol) was purchased from Moravek Biochemicals, Inc. (Brea, CA, United States).



Cell Lines

Non-small cell lung cancer cell line H460 and mitoxantrone-selected MDR cell line H460/MX20, human colon adenocarcinoma cell line S1 and mitoxantrone-selected MDR cell line S1-M1-80 and human epidermoid carcinoma cell line KB-3-1 and colchicine-selected MDR cell line KB-C2 and vincristine-selected KB-CV60 were used in this study. Additionally, human embryonic kidney cell line HEK293 transfected with empty vector pcDNA3.1 or pcDNA3.1-ABCG2 (wild-type or mutants) was used. H460/MX20 cells were maintained using 20 μM mitoxantrone. KB-C2 cells were maintained using 2 μg/ml colchicine. KB-CV60 cells were maintained using 1 μg/ml cepharanthine and 60 ng/ml vincristine. All HEK293 transfected cells were screened using 2 mg/ml G418. All cell lines were cultured in DMEM with 10% FBS and 1% P/S in a humidified environment with 5% CO2 at 37°C. All drug-selected resistant cells were cultured in drug-free medium at least 2 weeks before experiment.



Cytotoxicity Assay

Cytotoxicity of anticancer drugs was measured by modified MTT-based colorimetric assay as previously described (Wang et al., 2020b). For reversal study, the reversing effect was measured by altered IC50. Briefly, cells at the density of around 5,000 cells/well were seeded equally into 96-well plates. After overnight culture, 1 or 3 μM AZ-628 or a positive ABCG2 modulator (3 μM KO143) were added and incubated for 2 h. Subsequently, gradient concentrations of anticancer drugs were added and incubated for 68 h, followed by adding 20 μl 4 mg/ml MTT in each well and incubating for an additional 4 h. Then 100 μl DMSO was added in each well and plates were shaken until purple formazan was completely dissolved. Absorbance at 570 nm was measured and IC50 values were calculated as previously described (Zhang et al., 2020b).



Western Blotting

Western blotting was performed to determine protein expression level. Western blotting was performed as previously described (Wu et al., 2020b)s with minor modification. Cells were divided into two groups for concentration- or time-dependent study. In concentration-dependent study, different concentrations of AZ-628 (0, 1, and 3 μM) were added and incubated with H460 or H460/MX20 cells for 72 h. In time-dependent study, H460 or H460/MX20 was incubated with 3 μM AZ-628 for 0, 24, 48, or 72 h. Cells were lysed and lysates were collected at the end of each time point. Protein concentration was determined using BCA protein assay and protein was then loaded equally into a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to a PVDF membrane. Expression of ABCG2 were determined by antibody BXP-21 (1:1000). GAPDH was used as a loading control. Relative expression was quantified using Image J software.



Immunofluorescence Assay

Immunofluorescence assay was performed to determine protein intracellular localization. Immunofluorescence was performed as previously described (Cai et al., 2020). Briefly, cells were seeded equally to 24-well plates and cultured overnight before adding drugs. Similarly, cells were divided into concentration- and time-dependent study groups and add AZ-628 accordingly. After culturing for 0, 24, 48, or 72 h, cells were subjected to fixation by 4% paraformaldehyde and permeabilization by 0.25% Triton X-100. Then cells were blocked with 6% BSA before incubated with monoclonal human ABCG2 antibody BXP-21 (1:200). Then cells were incubated with secondary antibody conjugated with Fluor 488 (1:1000). Nucluei was counterstained by DAPI (1:1000). Images were taken with an EVOS FL fluorescence microscope (Life Technologies Corporation, MD, United States).



Intracellular Drug Accumulation Assay

Intracellular accumulation of [3H]-mitoxantrone was determined as previously described (Zhang et al., 2018). Briefly, cells were seeded in 24-well plates (100,000 cells/well) 1 day before experiment. Then ABCG2 modulators (AZ-628 at 1 or 3 μM; or KO143 at 3 μM) was added 2 h prior to adding [3H]-mitoxantrone. Subsequently, cells were incubated with or without ABCG2 modulators for additional 2 h to get final intracellular concentration of [3H]-mitoxantrone. Cells were collected and transferred into scintillation liquid, then radioactivity was measured in the Packard TRI-CARB 1900CA liquid scintillation analyzer (Packard Instrument, Downers Grove, IL, United States).



Drug Efflux Assay

[3H]-mitoxantrone efflux assay was performed as previously described (Ji et al., 2019b). In brief, cells were seeded equally in 24-well plates at a final density of 100,000 cells/well. After culturing overnight, ABCG2 modulators (AZ-628 at 1 or 3 μM; or KO143 at 3 μM) were added 2 h before adding radioactive mitoxantrone. After additional incubation for 2 h, medium was aspirated and radioactive-free medium was added. At each time point (0, 30, 90, and 120 min), cells were collected and transferred into scintillation liquid. Radioactivity was measured as mentioned in the previous section.



ATPase Assay

The ABCG2-associated ATPase activity was measured as previously described (Ji et al., 2018). Membranes were prepared using protein extraction kit (Qproteome Plasma Membrane Protein Kit, Qiagen) from transfected ABCG2 overexpression HEK293 cells. The membranes were incubated with ATPase buffer (Ji et al., 2019a) at 37°C for 3 min with or without 0.4 mM sodium vanadate. Gradient concentrations of AZ-628, topotecan or M3814 were added and incubated at 37°C for 5 min then 25 mM Mg-ATP solution were added and incubated at 37°C for 20 min. Reactions were terminated by adding 5% SDS. The amount of inorganic phosphate was quantified using a colorimetric method under 880 nm.



Docking Simulation

ATP-binding cassette transporter G2 protein model was downloaded from RCSB PDB (6ETI, wild-type, resolution 3.1 Å) (Jackson et al., 2018). The 3D structure of AZ-628 was downloaded from PubChem and prepared as previously described (Cai et al., 2019). Docking calculations were performed in AutoDock Vina (1.1.2) (Trott and Olson, 2009). The protein model and the model of AZ-628 were modified by adding hydrogen atoms and partial charges in AutoDockTools (1.5.4). The results of docking simulation and ligand-receptor interactions were visualized in PyMOL (2.3, non-commercial version). Grid center and size were determined according to the original ligands in 6ETI. All docking simulations were performed using default settings. The conformation of AZ-628 with highest affinity score was exported for visualization and further analysis. Docking computations were performed in a 4-core CPU with mac Mojave system.



Molecular Dynamics (MD) Simulation

The top-scored AZ-628 docked into ABCG2 model was used for MD simulation as previously described (Yang et al., 2020b). In brief, AZ-628-ABCG2 complex model was loaded into Desmond developed by DE Shaw Research Group. The protein-membrane-solvent system was established using Maestro Module System Builder with POPC bilayer membrane, TIP3P water and ions for neutralization. Afterward, the system was subjected to a 50 ns MD simulation with constant temperature (300 K) and pressure (1.015 bar pressure). MD simulation results were analyzed and visualized in an Ubuntu 18.04 system with an NVIDIA® Tesla P100 GPU.



Statistics

All data in this study was generated from at least three independent triplicated experiments. All results were presented as mean ± SD. Significance were calculated using one-way ANOVA followed by post hoc analysis.



RESULTS


Cytotoxicity of AZ-628 in Drug Selected and Transfected MDR Cell Lines

The cytotoxicity of AZ-628 on different parental and MDR cell lines was tested. For ABCB1-mediated MDR cancer cells, we used KB-3-1 (parental) and KB-C2 (colchicine-selected ABCB1-mediated MDR cells). For ABCG2-mediated MDR cells, we used S1, H460 (parental) and S1-M1-80, H460/MX20 (mitoxantrone-selected ABCG2-mediated MDR cells), as well as HEK293 transfected with empty vector (HEK293/pcDNA3.1) or recombinant vector containing full-length wild-type/mutant human ABCG2 gene (HEK293/ABCG2-R482, HEK293/ABCG2-R482G, or HEK293/ABCG2-R482T). For ABCC1-mediated MDR cancer cells, we used KB-3-1 (parental) and KB-CV60 (cepharanthine + vincristine-selected ABCC1-mediated MDR cells). For ABCC10-mediated MDR cells, we used HEK293 transfected with empty vector (HEK293/pcDNA3.1) or recombinant vector containing full-length human ABCC10 gene (HEK293/ABCC10). Chemical structure of AZ-628 was given in Figure 1A. According to the results in Figures 1B–F, AZ-628 showed low cytotoxicity in all cell lines with the IC50 over 50 μM. Moreover, the IC50 between parental and resistant cells showed no significant difference, which indicated that AZ-628 is not a substrate of ABCB1, ABCG2, ABCC1, or ABCC10. Also, we chose the non-toxic concentrations (1 and 3 μM) of AZ-628 by its IC20.
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FIGURE 1. Chemical structure of AZ-628 and its cytotoxicity in different cell lines. (A) 2-D Chemical structure of AZ-628. (B–F) Cytotoxicity of AZ-628 in parental and MDR cells. Cell viabilities (survival rates) at different concentrations of AZ-628 (0–100 μM) were plotted. 80% cell viability as well as 1, 3, and 5 μM were showed as dashed lines. Points with error bar represent mean ± SD.




Sensitization of ABCG2-Mediated MDR to Anticancer Drugs by AZ-628

After determining the non-toxic concentration of AZ-628, we then studied whether AZ-628 can affect the MDR in cancer cells which overexpress wild-type or mutant ABCG2 proteins. Based on the results displayed in Figure 2, AZ-628 at the concentration of 1 or 3 μM significantly reversed the resistance to mitoxantrone, SN-38 and topotecan in H460/MX20 (Figures 2A,C,E) and S1-M1-80 (Figures 2B,D,F) cells. It is noteworthy that AZ-628 at 3 μM showed better reversal effects than the positive ABCG2 modulator KO143 in both H460/MX20 and S1-M1-80. AZ-628 did not alter the cytotoxicity of cisplatin, a non-substrate of ABCG2.
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FIGURE 2. Effects of AZ-628 in ABCG2-overexpressing drug-selected cancer cells. Sensitization of mitoxantrone resistance by AZ-628 in (A) H460/MX20 and (B) S1-M1-80 cells. Sensitization of SN-38 resistance by AZ-628 in (C) H460/MX20 and (D) S1-M1-80 cells. Sensitization of topotecan resistance by AZ-628 in (E) H460/MX20 and (F) S1-M1-80 cells. Effects of AZ-628 on (G) H460/MX20 and (H) S1-M1-80 cells when incubated with cisplatin. Parental cells (H460 or S1) were used as drug sensitive control cell lines. Columns and error bars represent mean ± SD. Statistical significance (*) was determined by p < 0.05.


To further determine that the sensitization caused by adding AZ-628 was related to ABCG2, we chose transfected HEK293 cells to verify the reversal effects of AZ-628 since ABCG2 would be considered a single factor contributing to MDR to ABCG2-substrate drugs. Furthermore, we tested the effects of AZ-628 in transfected ABCG2-mediated MDR cells. According to the results in Figure 3, AZ-628 showed significant sensitization effect of different ABCG2 substrates in both wild-type and mutant ABCG2-overexpressing transfected cells. Again, AZ-628 did not alter the cytotoxicity of cisplatin in transfected cells. Similarly, AZ-628 at 3 μM showed comparative reversal effects as KO143 at same concentration.
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FIGURE 3. Effects of AZ-628 in ABCG2-overexpressing transfected cells. Sensitization of (A) mitoxantrone (B) SN-38 or (C) topotecan resistance by AZ-628 (1 or 3 μM) in HEK293/ABCG2-R482 (wild-type), HEK293/ABCG2-R482G (mutant), and HEK293/ABCG2-R482T (mutant). Parental cell line (HEK293/pcDNA3.1) was used as sensitive control cell line. (D) Cisplatin, a non-substrate of ABCG2, as a negative control anticancer drug. Columns and error bars represent mean ± SD. Statistical significance (*) was determined by p < 0.05.


To further explore the reversal effects of AZ-628, we tested its effect on ABCB1-, ABCC1-, and ABCC10-overexpressing MDR cells. The results showed that AZ-628 at 1 or 3 μM did not significantly alter the MDR mediated by ABCB1 (Figure 4A), ABCC1 (Figure 4B), or ABCC10 (Figure 4C). These results suggest that the reversal effect of AZ-628 against ABCG2 is selective and comparable to the positive ABCG2 modulator KO143.
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FIGURE 4. Effects of AZ-628 in ABCB1-, ABCC1-, and ABCC10-overexpressing cells. (A) Effects of AZ-628 on KB-3-1 (parental) and KB-C2 (ABCB1-overexpression) cells. Verapamil was used as a positive ABCB1 inhibitor. (B) Effects of AZ-628 on KB-3-1 (parental) and KB-CV60 (ABCC1-overexpression) cells. MK-571 was used as a positive ABCC1 inhibitor. (C) Effects of AZ-628 on HEK293/pcDNA3.1 (parental) and HEK293/ABCC10 (ABCC10-overexpression) cells. Cepharanthine was used as a positive ABCC10 inhibitor. Columns and error bars represent mean ± SD. Statistical significance (*) was determined by p < 0.05.




Effects of AZ-628 on ABCG2 Protein Expression and Intracellular Localization

Alteration of ABCG2 protein expression level is one of the possible mechanism of modulating ABCG2-mediated MDR. We performed Western blotting to quantify the ABCG2 protein expression level after incubation with different concentrations (or different incubation time) of AZ-628. It was found that AZ-628 did not significantly alter ABCG2 expression level after incubating cells with different time (0, 24, 48, and 72 h) or concentrations (0, 1, 3, and 5 μM) of AZ-628 (Figure 5). This result suggests that the reversal mechanism of AZ-628 is not related to altering ABCG2 protein expression level.
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FIGURE 5. Effects of AZ-628 on ABCG2 protein expression in H460/MX20 cells. ABCG2 and GAPDH (loading control) was marked in (A,B). Ratio of gray intensity was quantified and displayed in (C,D). (A) AZ-628 (3 μM) was incubated with different time point (0, 24, 48, or 72 h). (B) AZ-628 was incubated with different concentrations (0, 1, 3, or 5 mM) for 72 h. Columns and error bars represent mean ± SD. Statistical significance (*) was determined by p < 0.05.


Besides protein expression, the reversal effects could also be caused by alteration of intracellular localization. As a membrane protein, ABCG2 will lose biological functions if detached from plasma membrane. To determine the intracellular localization of ABCG2 protein after incubation with different time (3 μM; 0, 24, 48, and 72 h) or different concentrations of AZ-628 (72 h; 0, 1, 3, and 5 μM), we performed immunofluorescence staining. According to the results in Figure 6, AZ-628, with different concentrations or incubation time, did not significantly alter the intracellular localization of ABCG2 protein in H460/MX20 cells.
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FIGURE 6. Effects of AZ-628 on ABCG2 intracellular localization. (A) Intracellular localization of ABCG2 in H460 or H460/MX20 after incubation with 3 μM AZ-628 for 0, 24, 48, or 72 h. (B) Intracellular localization of ABCG2 in H460 or H460/MX20 after incubation with 0, 1, 3, or 5 μM AZ-628 for 72 h. Scale bar indicates 200 μm. Green, ABCG2; Blue, nuclei stained by DAPI.




Effects of AZ-628 on the Intracellular Accumulation of Mitoxantrone

To further understand the mechanism of the reversal effect of AZ-628 on ABCG2-mediated MDR, we conducted an intracellular accumulation assay to evaluate the impact of AZ-628 on accumulation of anticancer drug. As shown in Figure 7, incubation with 3 μM of AZ-628 significantly increased the intracellular accumulation of ABCG2-substrate [3H]-mitoxantrone in both ABCG2-overexpressing cancer cells H460/MX20 and S1-M1-80. The results demonstrate that AZ-628 increases the intracellular accumulation of ABCG2-substrate anticancer drug, which explains the reversal effects of AZ-628 on ABCG2-mediated MDR.
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FIGURE 7. (A) Effects of AZ-628 on intracellular accumulation of [3H]-mitoxantrone in H460 and H460/MX20. (B) Effects of AZ-628 (1 or 3 mM) on intracellular accumulation of [3H]-mitoxantrone in S1 and S1-M1-80. KO 143 was used as a positive control inhibitor of ABCG2. Columns and error bars represent mean ± SD. Statistical significance (*) was determined by p < 0.05.




Effects of AZ-628 on the Efflux Function of ABCG2 Protein

The above study indicates that AZ-628 increases intracellular accumulation of ABCG2-substrate anticancer drug. To further explore the relationship between increased accumulation and blockage of ABCG2 function, we evaluated the efflux of [3H]-mitoxantrone in parental and ABCG2-overexpressing cells. We found that 3 μM of AZ-628 significantly inhibited the efflux function of ABCG2 in H460/MX20 (Figure 8B) and S1-M1-80 (Figure 8D) compared to control groups (Figures 8A,C). These results suggest that increased intracellular accumulation of [3H]-mitoxantrone is due to the blockage of ABCG2 efflux function by AZ-628.
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FIGURE 8. Effects of AZ-628 on the efflux of [3H]-mitoxantrone in drug-selected ABCG2-overexpressing cells. Time versus intracellular [3H]-mitoxantrone percentage was plotted to reflect the efflux of [3H]-mitoxantrone by ABCG2 in (A) H460 (B) H460/MX20 (C) S1 and (D) S1-M1-80 cells. KO 143 was used as a positive control inhibitor of ABCG2. Points with error bars represent mean ± SD. Statistical significance (*) was determined by p < 0.05.




Effects of AZ-628 on ABCG2-Associated ATPase Activity

The transportation function of ABCG2 relies on the energy from ATP catalyzed by ABCG2-associated ATPase. Thus altered ABCG2 function by reversal agents could be relevant to ATPase activity (Gottesman and Ambudkar, 2001; Cui et al., 2018). ATPase activity was measured and the results showed that AZ-628 stimulated the ABCG2 ATPase activity (Figure 9), indicating that AZ-628 may compete with substrate anticancer drugs in the binding pockets of ABCG2. Compared with the ABCG2 substrate topotecan, which is also an ABCG2 ATPase stimulator, AZ-628 showed stronger activation effects on ABCG2 ATPase. We also performed ATPase using a recently discovered ABCG2 inhibitor M3814, a potent DNA-PK inhibitor which could reverse ABCG2-mediated MDR efficiently (Wu et al., 2020b). The results showed that AZ-628 stimulated ABCG2 ATPase to a higher level than M3814.
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FIGURE 9. Effects of AZ-628 on ABCG2-associated ATPase activity. (A) ABCG2 ATPase activity with different concentrations of AZ-628 (purple), M3814 (green), and topotecan (orange) (0–40 μM). (B) ABCG2 ATPase activity with log concentrations of AZ-628, M3814 and topotecan (0–40 μM). Points with error bars represent mean ± SD.




Interactions Between AZ-628 and ABCG2 by Docking and Molecular Dynamics (MD) Simulation

The above results shown that AZ-628 significantly reversed ABCG2-mediated MDR by increasing intracellular accumulation of chemotherapeutic drugs by blocking the efflux function of ABCG2. Moreover, we found that AZ-628 stimulated ABCG2-associated ATPase activity which indicates that AZ-628 may compete with substrates in ABCG2 binding pocket. However, the accurate interaction between AZ-628 and drug binding site is still unclear. We conducted molecular docking simulation to analyze the potential inter-molecular interactions. The results suggested that AZ-628 could interact with the binding site of ABCG2 with a score of −12.4 kcal/mol. Hydrogen bonds were predicted between the amide group of AZ-628 and THR435 of ABCG2. Besides, AZ-628 was stabilized by hydrophobic pockets formed by PHE439, ASN436, PHE432, MET549, and VAL546 (Figures 10B,D). We also performed docking simulation of ABCG2 substrate drugs mitoxantrone, SN-38 and topotecan. As shown in Figures 10A,C, AZ-628 occupies the same binding site with higher docking score compare with mitoxantrone (−10.2 kcal/mol), SN-38 (−11.0 kcal/mol) as well as topotecan (−10.8 kcal/mol). These results further demonstrate that AZ-628 competes with ABCG2-substrates and affect ABCG2 function. Additionally, 6ETI provided a co-crystalized ABCG2 inhibitor ZM29 in the protein structure (Jackson et al., 2018), which was also visualized in Figures 10A,C. The poses indicated significant overlapping between the binding position of AZ-628 and ZM29.
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FIGURE 10. Docking simulation of AZ-628 with human ABCG2 protein model. (A) An overview of docking simulation results. ABCG2 was displayed as colored 3-D tube model. Chain A was colored orange and chain B was colored purple. Bilayer cytoplasm membrane was showed as dotted planes. Red plane indicates outer layer and blue plane indicates inner layer. Top-scored ABCG2 substrate drugs and AZ-628 was displayed as colored sticks (blue: mitoxantrone; green: SN-38; yellow: topotecan; sky blue: AZ-628). The co-crystalized ABCG2 inhibitor ZM29 was depicted as gray sticks. (B) Detailed interactions of AZ-628 with ABCG2 binding pockets. AZ-628 molecule was colored by heteroatoms. Important amino acids surrounding AZ-628 was labeled and colored by heteroatoms. Hydrogen bond was displayed as yellow dash line. Heteroatoms: red-oxygen, blue-nitrogen, white-hydrogen, carbon-sky blue (AZ-628) or yellow (ABCG2). (C) Docked positions of AZ-628 and ABCG2-substrate or ABCG2-inhibitor drugs. Color codes are the same as (A). (D) AZ-628 docked in ABCG2 binding pocket with molecule surface displayed.


To further validate the docked poses, a 50 ns MD simulation was performed to evaluate the stability of binding. As shown in Figure 11D, the protein backbone deviated to around 4 Å in the first 2 ns, then it reached a relatively stable conformation till the end of the simulation. Similarly, the fluctuation of AZ-628 was stabilized at the first 2 ns and stabilized at a deviation of 2 Å. Post-MD AZ-628-ABCG2 complex showed that the binding pocket of ABCG2 appeared till the end of simulation. Also, AZ-628 stayed in the same binding pocket through the simulation process (Figures 11A,C). The post-MD complex also showed that AZ-628 was stabilized by similar residues (SER535, THR538, LEU539, THR542, PHE545, VAL546, and MET549) as pre-MD complex (Figure 11B). These results indicate stable interaction between AZ-628 and ABCG2 binding pocket.
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FIGURE 11. MD simulation (50 ns) of AZ-628 and human ABCG2 model. (A) Pre- and post-MD poses of ABCG2 was displayed as gray and red ribbons, respectively. Pre- and post-MD poses of AZ-628 was displayed as gray and red sticks, respectively. For ABCG2, only surrounding ribbons were colored. (B) Post-MD pose of AZ-628-ABCG2 complex. AZ-628 was displayed as purple sticks. Important amino acids were labeled and displayed as yellow sticks. For ABCG2, only surrounding ribbons were colored. (C) Post-MD pose of AZ-628 and ABCG2 with molecular surface displayed. Post-MD pose of AZ-628 was color gray. (D) Root mean square deviation (RMSD) of ABCG2 (red) and AZ-628 (purple) versus reference time (ns).




DISCUSSION

Currently, the development of MDR during cancer chemotherapy associated with up-regulation of ABC transporters remains a major issue in cancer treatment (Ullah, 2008; Kovalev et al., 2013). The overexpression of ABCG2 has been found to confer MDR in multiple types of cancers including breast cancer (Mao and Unadkat, 2015), non-small cell lung cancer (Yoh et al., 2004) and acute myelogenous leukemia (Ross et al., 2000). Recently, development of novel ABC transporter inhibitors has achieved promising results in multiple in vitro and in vivo studies, either via synthesizing new small-molecule compounds (Narayanan et al., 2020; Wang et al., 2020c) or testing the potential reversal effects of FDA-approved drugs (Dong et al., 2020; Feng et al., 2020; Yang et al., 2020a; Wu et al., 2020a). Instead of designing and synthesizing novel ABCG2 inhibitors, we have focused on the repurposing small-molecule targeted therapeutic agents as ABCG2 modulators as an alternative approach to overcome MDR. As a potent and selective RAF kinase inhibitor, AZ-628 has showed promising preclinical results (Halilovic and Solit, 2008). Moreover, AZ-628 showed exquisite efficacy in cell lines harboring the V600E BRAF mutations compared with sorafenib, a FDA-approved RAF kinase inhibitor for renal and hepatocellular carcinoma (McDermott et al., 2007). In this study, we reported that AZ-628 significantly sensitized ABCG2-mediated MDR to ABCG2 substrate drugs at a non-toxic concentration in cancer cells.

As evident from the MTT results, AZ-628 at 3 μM significantly decreases the IC50 values of mitoxantrone, SN-38 or topotecan in ABCG2-overexpressing cells. Previous studies have shown that mutations at position 482 in ABCG2 affects the inhibitory effect of certain ABCG2 modulators such as AC220 and novobiocin (Shiozawa et al., 2004; Li et al., 2017). AZ-628, according to our findings, showed the same level of antagonistic effect in both wild-type (R482) and mutants (R482G and R481T) ABCG2. Previous studies have reported several ABCG2 inhibitors with selective reversal effects on different ABCG2 mutants (Shiozawa et al., 2004; Li et al., 2017; Wang et al., 2020d). In our study, AZ-628 equally reversed MDR mediated by wild-type ABCG2 or mutated ABCG2. Additionally, AZ-628 does not affect MDR mediated by ABCB1, ABCC1, or ABCC10, which indicates the selective inhibitory effect of AZ-628. It is worth noting that, the cytotoxicity of AZ-628 was not significantly varied in parental and MDR cells, indicating that AZ-628, as an anticancer drug itself, was not affected by the MDR mediated by ABC transporters ABCB1, ABCG2, ABCC1, or ABCC10. These results showed that AZ-628 did not exhibit ABCB1-, ABCG2-, ABCC1-, or ABCC10-substrate features.

Reversal of ABCG2-mediated MDR may result from various reasons including modification of ABCG2 mRNA transcription or protein expression (Liao et al., 2019), alteration of intracellular localization of ABCG2 (Yu et al., 2020), modulation of signaling pathways (Zhang et al., 2020a), interaction with ABCG2-associated ATPase (Wang et al., 2020a) and direct interaction with the drug binding sites of ABCG2 (Cai et al., 2020; Wang et al., 2020a). In this study, we tested the effect of AZ-628 on the protein expression level as well as intracellular localization of ABCG2. The results showed that AZ-628 does not affect the protein expression after incubation for 72 h with a maximum of AZ-628 concentration of 5 μM. Moreover, the immunofluorescence results indicated that AZ-628 does not affect the intracellular localization of ABCG2. We suggested that the reversal effect of AZ-628 was not due to alteration of ABCG2 protein level or distribution.

The function of ABC transporters relies on ATP hydrolysis by ATPase (Ambudkar, 1998; Dean, 2001; Gottesman et al., 2002). Previous studies have shown that ABCG2 substrate drugs, such as topotecan, methotrexate or prazosin, stimulate ATPase activity (Glavinas et al., 2007). These drugs bind to the high affinity binding sites of transmembrane regions of ABCG2 (Gallus et al., 2014). In our results, AZ-628 stimulated ABCG2-associated ATPase to a maximum of 4.3-fold, indicating that AZ-628 also interacts with the substrate-drug binding sites and may compete with substrate drugs thus affecting their efflux. The stimulatory effects of AZ-628 to ABCG2 ATPase was comparable to a recently discovered ABCG2 inhibitor M3814 (Wu et al., 2020b), which further supported the interaction between AZ-628 and ABCG2 ATPase. The docking and MD simulation also showed that AZ-628 bonds to the same site as ABCG2 substrates with high score and stability, which consistently supported the conclusion. It is worth noting that although our results indicated that AZ-628 showed a substrate-like behavior, our MTT results showed AZ-628 was not a substrate of ABCG2. Actually, other ABC transporter inhibitors, like tariquidar (an ABCB1 inhibitor), showed similar behavior. Tariquidar stimulates ABCB1-associated ATPase activity and interacts with the drug binding sites of ABCB1, but was not a substrate of ABCB1. One possible explanation is that tariquidar traps the transporter at a specific conformation and thus blocks the transport function without being pumped out (Weidner et al., 2016). Thus, it is possible that AZ-628 is an ABCG2-inhibitor but not an ABCG2-substrate.

A recent study revealed that overexpression of ABC transporters was responsible for acquired resistance to antibody-drug conjugate (ADC) in cancer immunotherapy, and combinational administration of ABC transporter inhibitors increased the response rate of immunotherapy in resistant cancer cells (Chen et al., 2020). Moreover, such combinational therapy has been subjected to a phase I clinical trial (Chen et al., 2020). Therefore, finding novel ABC transporter inhibitors is critical for preclinical and clinical cancer research.

Collectively, this study provided evidence that AZ-628, at non-toxic concentrations, can sensitize ABCG2-mediated MDR cells by inhibiting the efflux function of ABCG2 and increase intracellular accumulation of ABCG2 substrate anticancer drugs. It would provide a rational in clinical applications using combination of AZ-628 for overcoming ABCG2-mediated MDR cancers.
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