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Abstract

:

The ATP-binding cassette transporter ABCG2 is expressed in various organs, such as the small intestine, liver, and kidney, and influences the pharmacokinetics of drugs that are its substrates. ABCG2 is also expressed by cancer cells and mediates resistance to anticancer agents by promoting the efflux of these drugs. In the present study, we investigated the interactions between epidermal growth factor receptor tyrosine kinase inhibitors and ABCG2 by MTT assay, intracellular drug accumulation assay, and FACS. This study showed that four epidermal growth factor receptor tyrosine kinase inhibitors (EGFR TKIs) (gefitinib, erlotinib, lapatinib, and afatinib) were transported from tumor cells as substrates of ABCG2. Q141K is a common single-nucleotide polymorphism of ABCG2 in Asians. We demonstrated that the extracellular efflux of gefitinib, erlotinib, and lapatinib was reduced by Q141K, whereas afatinib transport was not affected. In addition, all four EGFR TKIs inhibited the transport of other substrates by both wild-type and variant ABCG2 at 0.1 μM concentrations. Accordingly, epidermal growth factor receptor tyrosine kinase inhibitors may induce interactions with other drugs that are substrates of ABCG2, and single-nucleotide polymorphisms of ABCG2 may influence both the pharmacokinetics and efficacy of these anticancer agents.
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1. Introduction


ABCG2 is a membrane-associated glycoprotein that is a member of the ATP-binding cassette (ABC) transporter superfamily. ABCG2 is a half transporter and forms homodimers to actively excrete substrates from cells. It has a broad substrate spectrum and can transport various anticancer drugs, including SN-38, methotrexate, topotecan, and imatinib, which means that overexpression of ABCG2 by cancer cells causes multidrug resistance [1,2,3,4,5]. ABCG2 is not only expressed by cancer cells, but also by small intestinal epithelial cells, renal proximal tubule epithelial cells, liver cells, and capillary endothelial cells in the brain, and it influences the pharmacokinetics of drugs that are its substrates [6,7].



In recent years, there have been many reports of interactions between ABCG2 and tyrosine kinase inhibitors [1,8,9]. Gefitinib and erlotinib are epidermal growth factor receptor tyrosine kinase inhibitors (EGFR TKIs) that are substrates of ABCG2 [10,11]. A total of four EGFR TKIs (gefitinib, erlotinib, lapatinib, and afatinib) are currently in clinical use, with gefitinib, erlotinib, and afatinib being employed to treat lung cancer, while lapatinib (which inhibits both EGFR and Her2) is used for breast cancer. Afatinib is a second-generation EGFR TKI that causes irreversible inhibition of EGFR tyrosine kinase. Expression of ABCG2 has been reported in both lung cancer and breast cancer, suggesting that it may influence tumor resistance and the pharmacokinetics of EGFR TKIs [12,13,14]. Moreover, EGFR TKIs have been reported to inhibit the transport of other substrates by ABCG2, suggesting that drug interactions may occur in patients taking these anticancer agents. Recently, we found that gefitinib inhibits both ABCB1 and ABCG2, and that the antitumor activity, tumor tissue, and blood concentrations of SN-38 (the active metabolite of irinotecan) are increased in tumor-bearing mice by administration of gefitinib in combination with irinotecan [9].



More than 80 single-nucleotide polymorphisms (SNPs) of ABCG2 have been found to date. These SNPs are thought to cause differences in the pharmacokinetics and efficacy of substrate drugs among patients since ABCG2 acts as a transporter of various drugs [15,16]. The most extensively studied SNP is Q141K (in which lysine is substituted for glutamine at position 141), which is frequently observed in Japanese and Chinese individuals [17,18]. Q141K is a germline mutation that reduces ABCG2 protein expression and impairs its transport activity in the plasma membrane [19]. It has been reported that Q141K increases the incidence of diarrhea in patients with non-small cell lung cancer receiving gefitinib therapy [20]. Thus, it seems that this SNP may modulate the effects of substrate anticancer agents, but its influence on the transport of EGFR TKIs is not well understood.



Accordingly, we performed an in vitro investigation of the interactions between EGFR TKIs (gefitinib, erlotinib, lapatinib, and afatinib) and ABCG2. We found that the Q141K variant was associated with reduced transport of gefitinib, erlotinib, and lapatinib compared with wild-type ABCG2, while it had no influence on afatinib transport. These findings suggest that Q141K may influence the pharmacokinetics of gefitinib, erlotinib, and lapatinib in patients receiving anticancer therapy.




2. Materials and Methods


2.1. Cell Lines


We used a wild-type ABCG2 (ABCG2 WT) transgenic cell line (Flp-In-293/ABCG2 WT), a Q141K transgenic cell line (Flp-In-293/ABCG2 Q141K), and a cell line in which only the vector was transferred (Flp-In-293/mock). HEK293 Flp-In cells (Flp-In-293) were transfected with the ABCG2 (WT or Q141K)-pcDNA5/FRT vector, the Flp recombinase expressing plasmid pOG44 using LipofectAmineTM-2000 (Invitrogen, Waltham, MA, USA), as described previously [19,21]. The transfected cells were selected by hygromycin B (Invitrogen) [19,21]. Flp-In-293/mock cells were prepared by transfecting Flp-In-293 cells with empty pcDNA5/FRT and pOG44 vectors in the same manner as described above [19,21]. All cells were cultured in DMEM (Wako, Osaka, Japan) containing 10% (v/v) FBS and 100 μg/mL hygromycin B at 37 °C under 5% CO2. Viable cell counts were determined with a hemocytometer after trypan blue staining.




2.2. Preparation of Cell Lysates


After culture, cells were washed with PBS and then treated with lysis buffer A (50 mM Tris-HCl (pH 7.4), 1 mM DTT, 1% (v/v) Triton X-100, and a general protease inhibitor cocktail (Nacalai Tesque, Inc., Kyoto, Japan)). Then, the samples were homogenized by being drawn up through a 27-gauge needle 10 times. After centrifugation at 800× g for 10 min at 4 °C, the supernatant was collected (cell lysate). The protein level of the lysate was measured using a Protein Assay Bicinchoninate Kit (Nacalai Tesque, Inc.), and then the lysate was mixed with Sample Buffer Solution with Reducing Reagent for SDS-PAGE (Nacalai Tesque, Inc.).




2.3. Immunoblotting Analysis


Before performing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the samples were treated with a reducing agent. After electrophoretic separation on 7.5% polyacrylamide gel, proteins were transferred to a nitrocellulose membrane by electroblotting. The membrane was incubated in skim milk overnight at 4 °C.



The following antibodies were used. The primary antibody for ABCG2 was BXP-21 (Kamiya Biomedical Company, Seattle, WA, USA; 1:2500 dilution), while the primary antibody for β-actin was C4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:5,000 dilution). The secondary antibody was an anti-mouse IgG horseradish peroxidase (HRP)-linked antibody (Cell Signaling Technology, Inc., Beverly, MA, USA; 1:3000 dilution) for BXP-21 and an HRP-labeled anti-mouse IgG (H + L) antibody (Vector Laboratories, Burlingame, CA, USA; 1:10,000 dilution) for β-actin. Luminescence of HRP was developed by using Immobilon Western Chemiluminescent HRP Reagent (Millipore, Billerica, MA, USA), and then was detected with a Lumino Imaging Analyzer ImageQuant 400 (GE Healthcare, Tokyo, Japan).




2.4. MTT Assay


Flp-In-293/ABCG2 WT cells, Flp-In-293/ABCG2 Q141K cells, and Flp-In-293/mock cells were distributed in 96-well plates at 3000 cells/well and were cultured at 37 °C for 24 h. Then, one of the test compounds (SN-38, topotecan, cisplatin, novobiocin, or an EGFR TKI) was added to the wells and culture was continued for 72 h at 37 °C. After that, 20 µL of 2 mg/mL MTT (Nacalai Tesque, Inc.) were added to each well and incubation was continued for 4 h at 37 °C. Centrifugation was performed at 450× g for 10 min at 4 °C, after which the supernatant was removed, and the MTT formazan product was dissolved by adding 200 µL of DMSO to each well. Then, the absorbance was determined at 570 nm (reference wavelength: 655 nm) by using a BIO-RAD Model 550 Microplate Reader (Bio-Rad Laboratories, Hercules, CA, USA).




2.5. Imaging Cytometry


Flp-In-293/ABCG2 WT cells, Flp-In-293/ABCG2 Q141K cells, and Flp-In-293/mock cells were seeded in 96-well plate at 3.0 × 104 cells/well and were cultured at 37 °C for 24 h. Hoechst 33342 (a substrate of ABCG2) was added to the suspension at 5 µg/mL either alone or in combination with each EGFR TKI or novobiocin (as positive control), followed by incubation at 37 °C for 18 h. Then, the intensity of Hoechst 33342 fluorescence was determined using an In Cell Analyzer 2200 (GE Healthcare; Little Chalfont, UK). Ex/Em was at 390/511 nm. A total of 30,000 events were counted for each sample.




2.6. HPLC


Flp-In-293/ABCG2 WT cells, Flp-In-293/ABCG2 Q141K cells, and Flp-In-293/mock cells were harvested by trypsinization and suspended in DMEM at 1.0 × 106 cells/mL. Then, an EGFR TKI was added to the suspension at 20 µM, and the cells were incubated in a water bath at 37 °C or 4 °C for 0, 1, 5, 10, 30, or 60 min. After incubation, the cells were washed twice with cold PBS, 0.01 N NaOH was added, and sonication was performed to prepare lysates.



The concentration of each EGFR TKI in the lysates was measured by HPLC using an LC-2000Plus system with a PU-2089 Plus pump, CO-2067Plus column oven, UV-2075Plus UV detector, and InertSustain C18 column (5 μm 4.6Φ × 150 mm; GL Sciences, Inc., Tokyo, Japan). The mobile phase was a mixture of 0.1 M TEA-H3PO4 (pH 8): AcCN: THF at 55:45:2 (v/v/v) for gefitinib, erlotinib, and afatinib, while a 45:55:2 (v/v/v) mixture was used for lapatinib. The flow rate was 1.0 mL/min and the temperature was 30 °C. Detection of gefitinib, erlotinib, and afatinib was performed at 338 nm, while lapatinib was detected at 260 nm.




2.7. Statistical Analysis


Statistical analyses were performed by using Microsoft Excel 2007 software (Microsoft Co., Redmond, WA, USA). The statistical significance of differences was determined by Student’s t-test or one-way ANOVA. A value of p < 0.05 and 0.01 was considered statistically significant.





3. Results


3.1. Expression of ABCG2 and Resistance of Flp-In-293 Cells


We evaluated the expression of ABCG2 protein by immunoblotting and assessed ABCG2 transport activity by MTT assay to investigate the cellular expression and function of this protein. Expression of ABCG2 protein was weaker in Flp-In-293/ABCG2 Q141K cells compared with Flp-In-293/ABCG2 WT cells (Figure 1A). In addition, SN-38 and topotecan showed stronger cytotoxicity for Flp-In-293/ABCG2 Q141K cells than for Flp-In-293/ABCG2 WT cells (Figure 1B,C). It has been reported that cisplatin (CDDP) is not a substrate of ABCG2, and no significant differences in the cytotoxicity of cisplatin were observed among the cell lines (Figure 1D) [22]. These findings suggest that ABCG2 transport activity was reduced in Flp-In-293/ABCG2 Q141K cells compared with Flp-In-293/ABCG2 WT cells.




3.2. Effect of Q141K on Transport of EGFR TKIs


After incubating Flp-In-293/mock cells, Flp-In-293/ABCG2 WT cells, and Flp-In-293/ABCG2 Q141K cells with the EGFR TKIs (gefitinib, erlotinib, lapatinib, or afatinib), we evaluated cytotoxicity by the MTT assay to examine the effect of the Q141K SNP on the transport of these anticancer agents by ABCG2. After incubation with gefitinib, erlotinib, or lapatinib, Flp-In-293/ABCG2 Q141K cells showed lower viability compared with Flp-In-293/ABCG2 WT cells (Figure 2A‒C). Incubation with afatinib reduced the viability of both Flp-In-293/ABCG2 WT cells and Flp-In-293/ABCG2 Q141K cells in a concentration-dependent manner (Figure 2D). The IC50 of afatinib was 1.56 ± 0.23 µM for Flp-In-293/mock cells, 6.23 ± 0.98 µM for Flp-In-293/ABCG2 WT cells, and 5.43 ± 0.24 µM for Flp-In-293/ABCG2 Q141K cells. When cells were incubated with afatinib in combination with an ABCG2 inhibitor (novobiocin at 25 µM), the IC50 values were 1.23 ± 0.12 µM, 2.07 ± 0.31 µM, and 3.23 ± 0.35 µM, respectively (Figure 3). Subsequently, we evaluated the intracellular accumulation of EGFR TKIs and found that the intracellular concentrations of gefitinib, erlotinib, and lapatinib were significantly higher in Flp-In-293/ABCG2 Q141K cells than in Flp-In-293/ABCG2 WT cells at 60 min (Figure 4A‒C), whereas afatinib concentrations were similar between these cells (Figure 4D). These data on intracellular drug accumulation supported the MTT assay results and suggested that Q141K affected the transport of gefitinib, erlotinib, and lapatinib but not afatinib.




3.3. Effects of EGFR TKIs on ABCG2 Transport Activity


We investigated the intracellular accumulation of Hoechst 33342 by imaging cytometry to evaluate the effects of EGFR TKIs on ABCG2 transport activity. After incubation with Hoechst 33342 (a substrate of ABCG2), the fluorescence intensity of each cell line was determined by imaging cytometry. All four EGFR TKIs (gefitinib, erlotinib, lapatinib, and afatinib) significantly increased the mean fluorescence intensity of Hoechst 33342 in Flp-In-293/ABCG2 WT cells and Flp-In-293/ABCG2 Q141K cells (Figure 5), indicating that all of these agents inhibited ABCG2, competitively or non-competitively.



We subsequently investigated the effects of the EGFR TKIs on transport of SN-38 (a substrate of ABCG2) by using the MTT assay. The cytotoxicity of SN-38 for Flp-In-293/ABCG2 WT cells was increased by combined incubation of the cells with any of the EGFR TKIs compared with SN-38 alone (Figure 6), and this effect was stronger with gefitinib and lapatinib than with erlotinib or afatinib. Similar to the wild-type cells, the cytotoxicity of SN-38 for Flp-In-293/ABCG2 Q141K cells was increased by combined incubation with any of the EGFR TKIs. These results suggest that drug interactions may occur in patients using EGFR TKIs and other substrates of ABCG2 (irrespective of WT or Q141K).





4. Discussion


ABCG2 is a key transporter related to resistance to anticancer agents and is expressed by various cancers, including lung cancer and colorectal cancer [13,23]. ABCG2 transports a variety of molecules with different structures. Its major substrates among anticancer agents include SN-38 (the active metabolite of irinotecan), topotecan, methotrexate, and doxorubicin, as well as several molecular-targeting agents such as imatinib and nilotinib [3,4,24,25]. Therefore, overexpression of ABCG2 by tumors leads to multidrug resistance.



In the present study, we examined interactions between ABCG2 and four EGFR TKIs (gefitinib, erlotinib, lapatinib, and afatinib). We found that all four EGFR TKIs interacted with wild-type ABCG2. Therefore, cancers overexpressing ABCG2 would readily excrete these anticancer agents, reducing intracellular drug concentrations and possibly decreasing their antitumor activity. It has been reported that ABCG2 expression is increased in non-small cell lung cancer lines showing resistance to gefitinib, suggesting that overexpression of this transporter is one of the mechanisms underlying resistance to EGFR TKIs [10]. Next, we evaluated the effects of the four EGFR TKIs on ABCG2 transport activity and found that these agents inhibited the transport of SN-38 by wild-type ABCG2. This suggested that tumor resistance related to overexpression of ABCG2 could possibly be overcome by administering EGFR TKIs in combination with anticancer agents that are ABCG2 substrates. We could also expect increased absorption, decreased excretion, and increased brain uptake of chemotherapy agents that are ABCG2 substrates by using EGFR TKIs to inhibit ABCG2 expression in the small intestine, kidney, and blood‒brain barrier.



Subsequently, we investigated the effect of the Q141K SNP on the transport of EGFR TKIs by ABCG2. This SNP involves the substitution of glutamine for lysine at position 141, reducing both ABCG2 protein expression and transport activity in the plasma membrane [19]. Since ABCG2 plays an important role in protection against foreign substances and influences the pharmacokinetics of many drugs, reduced ABCG2 activity could have various effects. ABCG2 promotes the extracellular efflux of various carcinogens, including 2-amino-1-methyl-6-phenylimidazo [4, 5-b] pyridine, so the risk of cancer may be increased by intracellular accumulation of carcinogens if ABCG2 activity is inhibited [26,27]. ABCG2 also transports various endogenous substances, such as bile acid and uric acid, and it has been reported that the risk of gout is increased if excretion of uric acid by ABCG2 is inhibited [28,29]. Q141K is an SNP with a high allele frequency of 30% and is common in the Japanese population, but not in African-Americans [30]. It was reported that patients bearing Q141K show increased absorption and reduced excretion of drugs that are substrates of ABCG2, leading to higher blood concentrations of substrate drugs including diflomotecan, rosuvastatin, atorvastatin, and simvastatin [7,31]. For gefitinib, imatinib, and sunitinib, Q141K has also been reported to affect the pharmacokinetics and toxicity of substrate molecular-targeting agents [32,33,34]. Thus, SNPs of ABCG2 such as Q141K may contribute to differences among individual patients in the pharmacokinetics and effectiveness of substrate drugs. This study demonstrated that the Q141K variant reduced interaction of gefitinib, erlotinib, and lapatinib compared with wild-type ABCG2, whereas SNP did not affect the interaction of afatinib. Accordingly, the pharmacokinetics and efficacy of gefitinib, erlotinib, and lapatinib may vary in patients harboring Q141K, but it would not have this effect on afatinib. Interestingly, Rudin et al. reported that there were no significant differences in the efficacy and pharmacokinetics of erlotinib between patients with Q141K and patients with wild-type ABCG2, and that two SNPs in the ABCG2 promoter and intron 1 (-15622C/T and 1143C/T) resulting in low protein expression of ABCG2 were associated with a higher plasma concentration of erlotinib [35]. This suggests that Q141K does not necessarily alter the pharmacokinetics and effectiveness of substrate drugs in clinical, but which drugs are influenced is currently unknown. Unlike the other three EGFR TKIs (gefitinib, erlotinib, and lapatinib), afatinib causes irreversible inhibition of EGFR tyrosine kinase by covalently binding to cysteine at position 797 [36]. We found that Q141K was not associated with reduced transport of afatinib, unlike the other EGFR TKIs. Thus, further examination of third-generation EGFR TKIs that irreversibly inhibit EGFR tyrosine kinase is needed to investigate the influence of Q141K in more detail.



Moreover, we assessed the inhibition of ABCG2 activity by EGFR TKIs, revealing that Q141K may influence interactions due to the combined administration of EGFR TKIs and substrate drugs. This was the first study to investigate the interactions between Q141K and lapatinib or afatinib.



In conclusion, we found that four EGFR TKIs (gefitinib, erlotinib, lapatinib, and afatinib) interact with ABCG2. Transport of gefitinib, erlotinib, and lapatinib is reduced by Q141K compared with wild-type ABCG2, whereas transport of afatinib is similar with both wild-type and variant ABCG2. In addition, the four EGFR TKIs inhibited the transport activity of both wild-type and variant ABCG2. These findings suggest the following conclusions: (1) overexpression of ABCG2 by cancer cells may promote resistance to EGFR TKIs, (2) the Q141K variant of ABCG2 could cause differences in the pharmacokinetics of EGFR TKIs (except afatinib), and (3) EGFR TKIs may induce drug interactions by inhibiting both wild-type and variant ABCG2.







Author Contributions


Conceptualization, Y.I. (Yoji Ikegami), Y.N., H.N., M.K., K.-i.S., K.S. and T.K.; Data Curation, Y.I. (Yutaka Inoue), T.M. and M.O.; Formal analysis, Y.I. (Yutaka Inoue); Funding Acquisition, Y.I. (Yoji Ikegami); Methodology, Y.I. (Yutaka Inoue), T.M. and M.O.; Project Administration, Y.I. (Yoji Ikegami); Resources, H.N.; Supervision, K.H.; Validation, Y.I. (Yutaka Inoue), T.M. and M.O.; Visualization, Y.I. (Yutaka Inoue), T.M. and M.O.; Writing—Original Draft Preparation, Y.I. (Yutaka Inoue); Writing—Review & Editing, Y.I. (Yoji Ikegami).




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nakatomi, K.; Yoshikawa, M.; Oka, M.; Ikegami, Y.; Hayasaka, S.; Sano, K.; Shiozawa, K.; Kawabata, S.; Soda, H.; Ishikawa, T.; et al. Transport of 7-Ethyl-10-Hydroxycamptothecin (SN-38) by Breast Cancer Resistance Protein ABCG2 in Human Lung Cancer Cells. Biochem. Biophys. Res. Commun. 2001, 288, 827–832. [Google Scholar] [CrossRef]

	



Brendel, C.; Scharenberg, C.; Dohse, M.; Robey, R.W.; Bates, S.E.; Shukla, S.; Ambudkar, S.V.; Wang, Y.; Wennemuth, G.; Burchert, A.; et al. Imatinib Mesylate and Nilotinib (AMN107) Exhibit High-Affinity Interaction with ABCG2 on Primitive Hematopoietic Stem Cells. Leukemia 2007, 21, 1267–1275. [Google Scholar] [CrossRef]

	



Chen, Z.S.; Robey, R.W.; Belinsky, M.G.; Shchaveleva, I.; Ren, X.Q.; Sugimoto, Y.; Ross, D.D.; Bates, S.E.; Kruh, G.D. Transport of Methotrexate, Methotrexate Polyglutamates, and 17β-Estradiol 17-(β-D-Glucuronide) by ABCG2: Effects of Acquired Mutations at R482 on Methotrexate Transport. Cancer Res. 2003, 63, 4048–4054. [Google Scholar]

	



Houghton, P.J.; Germain, G.S.; Harwood, F.C.; Schuetz, J.D.; Stewart, C.F.; Buchdunger, E.; Traxler, P. Imatinib Mesylate is a Potent Inhibitor of the ABCG2 (BCRP) Transporter and Reverses Resistance to Topotecan and SN-38 in Vitro. Cancer Res. 2004, 64, 2333–2337. [Google Scholar] [CrossRef]

	



Tamura, A.; Wakabayashi, K.; Onishi, Y.; Takeda, M.; Ikegami, Y.; Sawada, S.; Tsuji, M.; Matsuda, Y.; Ishikawa, T. Re-Evaluation and Functional Classification of Non-Synonymous Single Nucleotide Polymorphisms of the Human ATP-Binding Cassette Transporter ABCG2. Cancer Sci. 2007, 98, 231–239. [Google Scholar] [CrossRef]

	



Durmus, S.; Sparidans, R.W.; Esch, A.; Wagenaar, E.; Beijnen, J.H.; Schinkel, A.H. Breast Cancer Resistance Protein (BCRP/ABCG2) and P-Glycoprotein (P-GP/ABCB1) Restrict Oral Availability and Brain Accumulation of the PARP Inhibitor Rucaparib (AG-014699). Pharm. Res. 2015, 32, 37–46. [Google Scholar] [CrossRef]

	



Birmingham, B.K.; Bujac, S.R.; Elsby, R.; Azumaya, C.T.; Wei, C.; Chen, Y.; Mosqueda-Garcia, R.; Ambrose, H.J. Impact of ABCG2 and SLCO1B1 Polymorphisms on Pharmacokinetics of Rosuvastatin, Atorvastatin and Simvastatin Acid in Caucasian and Asian Subjects: A Class Effect? Eur. J. Clin. Pharmacol. 2015, 71, 341–355. [Google Scholar] [CrossRef]

	



Hegedus, C.; Özvegy-Laczka, C.; Apáti, A.Á.; Magócsi, M.; Német, K.; Orfi, L.; Kéri, G.; Katona, M.; Takáts, Z.; Váradi, A.; et al. Interaction of Nilotinib, Dasatinib and Bosutinib with ABCB1 and ABCG2: Implications for Altered Anti-Cancer Effects and Pharmacological Properties. Br. J. Pharmacol. 2009, 158, 1153–1164. [Google Scholar] [CrossRef]

	



Inoue, Y.; Ikegami, Y.; Sano, K.; Suzuki, T.; Yoshida, H.; Nakamura, Y.; Nakagawa, H.; Ishikawa, T. Gefitinib Enhances the Antitumor Activity of CPT-11 in Vitro and in Vivo by Inhibiting ABCG2 but not ABCB1: A New Clue to Circumvent Gastrointestinal Toxicity Risk. Chemotherapy 2014, 59, 260–272. [Google Scholar] [CrossRef]

	



Chen, Y.J.; Huang, W.C.; Wei, Y.L.; Hsu, S.C.; Yuan, P.; Lin, H.Y.; Wistuba, I.I.; Lee, J.J.; Yen, C.J.; Su, W.C.; et al. Elevated BCRP/ABCG2 Expression Confers Acquired Resistance to Gefitinib in Wild-Type EGFR-Expressing Cells. PLoS ONE 2011, 6, e21428. [Google Scholar] [CrossRef]

	



Lemos, C.; Kathmann, I.; Giovannetti, E.; Calhau, C.; Jansen, G.; Peters, G.J. Impact of Cellular Folate Status and Epidermal Growth Factor Receptor Expression on BCRP/ABCG2-Mediated Resistance to Gefitinib and Erlotinib. Br. J. Cancer 2009, 100, 1120–1127. [Google Scholar] [CrossRef]

	



Liang, S.C.; Yang, C.Y.; Tseng, J.Y.; Wang, H.L.; Tung, C.Y.; Liu, H.W.; Chen, C.Y.; Yeh, Y.C.; Chou, T.Y.; Yang, M.H.; et al. ABCG2 Localizes to the Nucleus and Modulates CDH1 Expression in Lung Cancer Cells. Neoplasia 2015, 17, 265–278. [Google Scholar] [CrossRef]

	



Kawabata, S.; Oka, M.; Soda, H.; Shiozawa, K.; Nakatomi, K.; Tsurutani, J.; Nakamura, Y.; Doi, S.; Kitazaki, T.; Sugahara, K.; et al. Expression and Functional Analyses of Breast Cancer Resistance Protein in Lung Cancer. Clin. Cancer Res. 2003, 9, 3052–3057. [Google Scholar]

	



Xiang, L.; Su, P.; Xia, S.; Liu, Z.; Wang, Y.; Gao, P.; Zhou, G. ABCG2 Is Associated with HER-2 Expression, Lymph Node Metastasis and Clinical Stage in Breast Invasive Ductal Carcinoma. Diagn. Pathol. 2011, 6, 90. [Google Scholar] [CrossRef]

	



Low, S.K.; Fukunaga, K.; Takahashi, A.; Matsuda, K.; Hongo, F.; Nakanishi, H.; Kitamura, H.; Inoue, T.; Kato, Y.; Tomita, Y.; et al. Association Study of a Functional Variant on ABCG2 Gene with Sunitinib-Induced Severe Adverse Drug Reaction. PLoS ONE 2016, 11, e0148177. [Google Scholar] [CrossRef]

	



Keskitalo, J.E.; Pasanen, M.K.; Neuvonen, P.J.; Niemi, M. Different Effects of the ABCG2 c.421C>A SNP on the Pharmacokinetics of Fluvastatin, Pravastatin and Simvastatin. Pharmacogenomics 2009, 10, 1617–1624. [Google Scholar] [CrossRef]

	



Sakiyama, M.; Matsuo, H.; Takada, Y.; Nakamura, T.; Nakayama, A.; Takada, T.; Kitajiri, S.; Wakai, K.; Suzuki, H.; Shinomiya, N. Ethnic Differences in ATP-Binding Cassette Transporter, Sub-Family G, Member 2 (ABCG2/BCRP): Genotype Combinations and Estimated Functions. Drug Metab. Pharmacokinet. 2014, 29, 490–492. [Google Scholar] [CrossRef]

	



Zhou, D.; Liu, Y.; Zhang, X.; Gu, X.; Wang, H.; Luo, X.; Zhang, J.; Zou, H.; Guan, M. Functional Polymorphisms of the ABCG2 Gene Are Associated with Gout Disease in the Chinese Han Male Population. Int. J. Mol. Sci. 2014, 15, 9149–9159. [Google Scholar] [CrossRef]

	



Furukawa, T.; Wakabayashi, K.; Tamura, A.; Nakagawa, H.; Morishima, Y.; Osawa, Y.; Ishikawa, T. Major SNP (Q141K) Variant of Human ABC Transporter ABCG2 Undergoes Lysosomal and Proteasomal Degradations. Pharm. Res. 2009, 26, 469–479. [Google Scholar] [CrossRef]

	



Cusatis, G.; Gregorc, V.; Li, J.; Spreafico, A.; Ingersoll, R.G.; Verweij, J.; Ludovini, V.; Villa, E.; Hidalgo, M.; Sparreboom, A.; et al. Pharmacogenetics of ABCG2 and Adverse Reactions to Gefitinib. J. Natl. Cancer Inst. 2006, 98, 1739–1742. [Google Scholar] [CrossRef]

	



Wakabayashi-Nakao, K.; Tamura, A.; Koshiba, S.; Toyoda, Y.; Nakagawa, H.; Ishikawa, T. Production of Cells with Targeted Integration of Gene Variants of Human ABC Transporter for Stable and Regulated Expression Using the Flp Recombinase System. Methods Mol. Biol. 2010, 648, 139–159. [Google Scholar]

	



Shi, Z.; Parmar, S.; Peng, X.X.; Shen, T.; Robey, R.W.; Bates, S.E.; Fu, L.W.; Shao, Y.; Chen, Y.M.; Zang, F.; et al. The Epidermal Growth Factor Tyrosine Kinase Inhibitor AG1478 and Erlotinib Reverse ABCG2-Mediated Drug Resistance. Oncol. Rep. 2009, 21, 483–489. [Google Scholar] [CrossRef]

	



Gao, F.; Zhang, Y.; Wang, S.; Liu, Y.; Zheng, L.; Yang, J.; Huang, W.; Ye, Y.; Luo, W.; Xiao, D. Hes1 is Involved in the Self-Renewal and Tumourigenicity of Stem-like Cancer Cells in Colon Cancer. Sci. Rep. 2014, 4. [Google Scholar] [CrossRef]

	



Kosztyu, P.; Bukvova, R.; Dolezel, P.; Mlejnek, P. Resistance to Daunorubicin, Imatinib, or Nilotinib Depends on Expression Levels of ABCB1 and ABCG2 in Human Leukemia Cells. Chem. Biol. Interact. 2014, 219, 203–210. [Google Scholar] [CrossRef]

	



Awasthi, S.; Nair, M.; Awasthi, Y.; Lacko, A.; Singhal, J.; Singhal, S. Doxorubicin Transport by RALBP1 and ABCG2 in Lung and Breast Cancer. Int. J. Oncol. 2014, 1, 717–725. [Google Scholar] [CrossRef]

	



Pavek, P. Human Breast Cancer Resistance Protein: Interactions with Steroid Drugs, Hormones, the Dietary Carcinogen 2-Amino-1-Methyl-6-Phenylimidazo(4,5-b)Pyridine, and Transport of Cimetidine. J. Pharmacol. Exp. Ther. 2004, 312, 144–152. [Google Scholar] [CrossRef]

	



Herwaarden, A.E.; Wagenaar, E.; Karnekamp, B.; Merino, G.; Jonker, J.W.; Schinkel, A.H. Breast Cancer Resistance Protein (Bcrp1/Abcg2) Reduces Systemic Exposure of the Dietary Carcinogens Aflatoxin B1, IQ and Trp-P-1 but Also Mediates Their Secretion into Breast Milk. Carcinogenesis 2006, 27, 123–130. [Google Scholar] [CrossRef]

	



Blazquez, A.G.; Briz, O.; Romero, M.R.; Rosales, R.; Monte, M.J.; Vaquero, J.; Macias, R.I.R.; Cassio, D.; Marin, J.J.G. Characterization of the Role of ABCG2 as a Bile Acid Transporter in Liver and Placenta. Mol. Pharmacol. 2012, 81, 273–283. [Google Scholar] [CrossRef]

	



Yamagishi, K.; Tanigawa, T.; Kitamura, A.; Köttgen, A.; Folsom, A.R.; Iso, H. The Rs2231142 Variant of the ABCG2 Gene is Associated with Uric Acid Levels and Gout among Japanese People. Rheumatology 2010, 49, 1461–1465. [Google Scholar] [CrossRef]

	



Ishikawa, T.; Tamura, A.; Saito, H.; Wakabayashi, K.; Nakagawa, H. Pharmacogenomics of the Human ABC Transporter ABCG2: From Functional Evaluation to Drug Molecular Design. Naturwissenschaften 2005, 451–463. [Google Scholar] [CrossRef]

	



Sparreboom, A.; Gelderblom, H.; Marsh, S.; Ahluwalia, R.; Obach, R.; Principe, P.; Twelves, C.; Verweij, J.; McLeod, H.L. Diflomotecan Pharmacokinetics in Relation to ABCG2 421C>A Genotype. Clin. Pharmacol. Ther. 2004, 76, 38–44. [Google Scholar] [CrossRef]

	



Li, J.; Cusatis, G.; Brahmer, J.; Sparreboom, A.; Robey, R.W.; Bates, S.E.; Hidalgo, M.; Baker, S.D. Association of Variant ABCG2 and the Pharmacokinetics of Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors in Cancer Patients. Cancer Biol. Ther. 2007, 6, 432–438. [Google Scholar] [CrossRef]

	



Takahashi, N.; Miura, M.; Scott, S.A.; Kagaya, H.; Kameoka, Y.; Tagawa, H.; Saitoh, H.; Fujishima, N.; Yoshioka, T.; Hirokawa, M.; et al. Influence of CYP3A5 and Drug Transporter Polymorphisms on Imatinib Trough Concentration and Clinical Response among Patients with Chronic Phase Chronic Myeloid Leukemia. J. Hum. Genet. 2010, 55, 731–737. [Google Scholar] [CrossRef]

	



Miura, Y.; Imamura, C.K.; Fukunaga, K.; Katsuyama, Y.; Suyama, K.; Okaneya, T.; Mushiroda, T.; Ando, Y.; Takano, T.; Tanigawara, Y. Sunitinib-Induced Severe Toxicities in a Japanese Patient with the ABCG2 421 AA Genotype. BMC Cancer 2014, 14. [Google Scholar] [CrossRef]

	



Rudin, C.M.; Liu, W.; Desai, A.; Karrison, T.; Jiang, X.; Janisch, L.; Das, S.; Ramirez, J.; Poonkuzhali, B.; Schuetz, E.; et al. Pharmacogenomic and Pharmacokinetic Determinants of Erlotinib Toxicity. J. Clin. Oncol. 2008, 26, 1119–1127. [Google Scholar] [CrossRef]

	



Wang, D.D.; Lee, V.H.F.; Zhu, G.; Zou, B.; Ma, L.; Yan, H. Selectivity Profile of Afatinib for EGFR-Mutated Non-Small-Cell Lung Cancer. Mol. Biosyst. 2016, 12, 1552–1563. [Google Scholar] [CrossRef]








[image: Cells 08 00763 g001 550]





Figure 1. ABCG2 protein expression and transport activity in Flp-In-293 cells. (A) ABCG2 protein was detected by immunoblotting in Flp-In-293/mock cells, Flp-In-293/ABCG2 WT cells, and Flp-In-293/ABCG2 Q141K cells. (B) The cytotoxicity of SN-38, (C) topotecan, and (D) CDDP for Flp-In-293/ABCG2 WT cells, Flp-In-293/ABCG2 Q141K cells, and Flp-In-293/mock cells was examined by the MTT assay, and transport of ABCG2 substrates was also evaluated. Each drug was added at various concentrations and the cell viability was evaluated by the MTT assay after incubation for 72 h. Data are expressed as the mean ± SD. Each experiment was repeated three times. 
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Figure 2. Transport of epidermal growth factor receptor tyrosine kinase inhibitors (EGFR TKIs) by ABCG2. The viability of Flp-In-293/mock cells, Flp-In-293/ABCG2 WT cells, and Flp-In-293/ABCG2 Q141K cells was evaluated by the MTT assay after incubation with EGFR TKIs: (A) gefitinib, (B) erlotinib, (C) lapatinib, or (D) afatinib. Each drug (10, 50, or 100 µM) was added to cultured cells and the MTT assay was performed after incubation for 72 h. P-values were determined by ANOVA and Tukey’s test (* P < 0.05, ** P < 0.01). Data are expressed as the mean ± SD. Each experiment was repeated three times. 
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Figure 3. Transport of afatinib by ABCG2. The viability of Flp-In-293/mock cells, Flp-In-293/ABCG2 WT cells, and Flp-In-293/ABCG2 Q141K cells was evaluated by the MTT assay after incubation with afatinib alone or afatinib combined with 25 µM novobiocin for 72 h. P-values were determined by Student’s t test (* P < 0.01). Data are expressed as the mean ± SD. Each experiment was repeated three times. 
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Figure 4. Intracellular accumulation of EGFR TKIs. Each EGFR TKI (gefitinib (A), erlotinib (B), lapatinib (C), or afatinib (D) at 20 µM) was added to Flp-In-293/mock cells, Flp-In-293/ABCG2 WT cells, and Flp-In-293/ABCG2 Q141K cells, followed by incubation for 0, 1, 5, 10, 30, or 60 min and measurement of the intracellular EGFR TKI concentration. P-values were determined by Student’s t-test (* P < 0.05 compared G2 WT with G2 Q141K at 60 min). Data are expressed as the mean ± SD. Each experiment was repeated three times. 
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Figure 5. Effects of the EGFR TKIs on intracellular accumulation of Hoechst 33342. Hoechst 33342 alone or Hoechst 33342 combined with (A) gefitinib, (B) erlotinib, (C) lapatinib, (D) afatinib, or (E) Novobiocin was added to Flp-In-293/mock cells, Flp-In-293/ABCG2 WT cells, and Flp-In-293/ABCG2 Q141K cells. The black line indicates cells incubated with Hoechst 33342 alone. (A–D) The red, blue, and green lines indicate incubation of cells with Hoechst 33342 combined with EGFR TKIs at 5 µM, 1 µM, and 0.5 µM, respectively. (E) The red, blue, and green lines indicate 10 µM, 5 µM, and 1 µM novobiocin, respectively. Each experiment was repeated three times. 
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Figure 6. Effects of EGFR TKIs on ABCG2 transport activity. SN-38 alone or SN-38 combined with gefitinib (A), erlotinib (B), lapatinib (C), or afatinib (D) was added to Flp-In-293/mock cells, Flp-In-293/ABCG2 WT cells, and Flp-In-293/ABCG2 Q141K cells. Each EGFR TKI was added at two concentrations (0.1 µM and 0.5 µM). After incubation for 72 h, the cell viability was evaluated by the MTT assay. P-values were determined by ANOVA and Tukey’s test (* P < 0.05 and ** P < 0.01. versus SN-38 alone). Data are expressed as the mean ± SD. Each experiment was repeated three times. 
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