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ABSTRACT 

TEPOTINIB REVERSES ABCB1- AND ABCG2-MEDIATED MULTIDRUG 

RESISTANCE IN CANCER 

Zhuoxun Wu 

Overexpression of ATP-binding cassette (ABC) transporters ABCB1 and ABCG2 in 

cancer cells have been linked to the development of multidrug resistance (MDR), an 

obstacle to cancer therapy. Therefore, it is important to inhibit ABCB1/ABCG2 activity 

in order to maintain an effective intracellular level of chemotherapeutic drugs in drug-

resistant cancer cells. Tepotinib is an ATP-competitive MET kinase inhibitor approved 

for the treatment of adult patients with metastatic non–small cell lung cancer 

harboring MET exon 14 skipping alterations. In the present study, we identified that the 

MET inhibitor tepotinib can reverse ABCB1- and ABCG2-mediated MDR by directly 

binding to the drug-binding site of the transporters and reversibly inhibiting drug efflux 

activity, therefore enhancing the cytotoxicity of substrate drugs in drug-resistant cancer 

cells. Furthermore, the ABCB1/ABCG2 double-transfected cell model and ABCG2 gene 

knockout cell model demonstrated that tepotinib specifically inhibits these two MDR-

related ABC transporters. The ATPase assay showed that tepotinib concentration-

dependently inhibited the ATPase activity of ABCB1 but stimulated the ATPase activity 

of ABCG2. Furthermore, treatment with tepotinib did not alter protein expression or 

subcellular localization of ABCB1/ABCG2. The docking simulation suggested a high 

binding affinity of tepotinib with ABCB1/ABCG2 drug-binding site. In mouse bearing 

drug-resistant tumors, tepotinib increased the intratumoral accumulation of ABCG2 

substrate drug topotecan and enhanced its antitumor effect. Taken together, our study 



 
 

provides a new potential of repositioning tepotinib as a dual ABCB1/ABCG2 inhibitor 

and combining tepotinib with substrate drugs to antagonize MDR. 
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CHAPTER 1  

INTRODUCTION 
Cancer, characterized by uncontrolled cell growth, continues to be a leading cause 

of death globally. According to the American Cancer Society cancer statistics, in 2022, 

there will be an estimated 1.9 million new cancer cases and 0.6 million cancer-related 

deaths in the USA (1). The most common new cases are prostate, lung, colorectal, and 

breast cancer, while the most common causes of cancer death are lung, prostate, breast, 

and colorectal cancer. Currently, chemotherapy and targeted therapy are two 

mainstream cancer treatment strategies. However, the development of drug resistance, 

which results in decreased or diminished therapeutic response, is one of the major 

challenges for cancer treatment. MDR is characterized as the acquired drug resistance 

of cancer cells to multiple anticancer drugs even though they have distinct chemical 

structures or mechanisms of action (2). Although it is not completely elucidated, several 

mechanisms can lead to cancer MDR, including alteration of drug metabolism, 

inhibition of apoptosis, upregulation of efflux transporters, and increased DNA repair 

of cancer cells (3). It is recognized that some ATP-binding cassette (ABC) transporters 

can render cancer cells multidrug resistance (MDR) phenotype and attenuate the 

efficacy of anticancer drugs (4).  

The ABC transporter superfamily contains multiple groups of active transporter 

proteins locate on cell membrane with crucial pharmacological and physiological 

functions (5). The superfamily is classified into 7 subfamilies from ABCA to ABCG (6, 

7). Up to now, 49 human ABC transporters have been reported in which most of them 

have pharmacological and/or physiological functions (8). ABC transporters are 

membrane-bound efflux pumps that translocate their substrates against the 

concentration gradients by hydrolyzing ATP, thereby decreasing the intracellular 
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retention of substrate molecules (9). The well-established, MDR-associated ABC 

transporters are ABCB1 (P-glycoprotein, P-gp), ABCG2 (breast cancer resistance 

protein, BCRP), and ABCC1 (multidrug resistance-associated protein 1, MRP1) (10, 

11). To dates, numerous clinically used chemotherapeutic drugs and tyrosine kinase 

inhibitors (TKIs) are recognized as substrate drugs of ABC transporters (12-16). 

ABCB1 is the first discovered efflux transporter and is by far the most studied 

ABC transporter in MDR (17). The protein structure of ABCB1 was revealed by cryo-

EM (18), which is a homodimer transmembrane glycoprotein with two monomers each 

including a transmembrane domain (TMD) with six transmembrane α-helices and a 

nucleotide-binding domain (NBD) where ATP is bound and hydrolyzed. Three 

conformations have been identified for ABCB1 including an inward facing 

conformation, an outward opening conformation and an occluded conformation. 

Interestingly, the occluded conformation prevents some substrates from access the 

transporter and may occur during inhibitor binding or a productive transport cycle. 

ABCB1 is widely distributed in the blood-brain barrier, placenta, kidneys, and 

intestines, where it protects the organs by pumping out the toxins from the cells (19, 

20). As one of the major contributors to MDR, ABCB1 expression can be upregulated 

in cancer cells by long-term exposure to anticancer drugs, which inevitably causing 

MDR (21-23). To dates, a wide range of anticancer drugs were identified as substrates 

of ABCB1, including chemotherapeutic agents doxorubicin, paclitaxel, and vincristine 

(24), as well as tyrosine kinase inhibitors palbociclib (25), and imatinib (26). 

ABCG2 was discovered by several groups successively. Doyle LA and colleague 

reported overexpression of ABCG2 in MCF-7/AdVp3000 and they termed it as breast 

cancer resistance protein (BCRP) (27). Later, the ABCG2 cDNA was cloned from S1-

M1-80 cancer cell line and termed MXR (28). Based on the structure and arrangement 
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of NBDs and TMDs, ABCG2 is grouped into half transporter that has one NBD located 

in cytoplasm and one hydrophobic TMD. ABCG2 is widely distributed in normal 

tissues including placenta, prostate, liver, and maintained the cellular homeostasis (29). 

As an MDR-related ABC transporter, consistent data have suggested that ABCG2 

expression predicts poor clinical outcomes in acute myelogenous leukemia, acute 

lymphoblastic leukemia, lung, and breast cancer (30). In accordance, Maria Et al. 

reported that ABCG2 is associated with the formation of side population in lung cancer 

cells (31). Hence, both pre-clinical and clinical data highlighted the role of ABCG2 in 

the development of drug resistance. Some clinical used ABCG2 substrate drugs include 

chemotherapeutic agents such as irinotecan, topotecan, mitoxantrone (32), and TKIs 

such as tivantinib (13) and pevonedistat (33). Moreover, clinical studies suggested that 

ABCG2 is one of the key resistance factors of sorafenib, sunitinib and erlotinib, which 

affect to drug pharmacokinetics and pharmacodynamics (34, 35). 

ABCC1 is also known to mediate MDR in cancer cells but to a lesser extent 

compared to ABCB1 and ABCG2. ABCC1 was firstly isolated from doxorubicin-

resistance small cell lung cancer line H69AR and its correlation with MDR was 

established in 1992 (36). The structural studies of ABCC subfamily are relative scarce. 

The cryo-EM structure of ABCC1 was reported recently, showing that it has three 

TMDs and two NBDs (37). ABCC1 has an additional N-terminal TMD (TMD0) that is 

smaller than the core TMD (38) but the extra TMD0 of ABCC1 is not required for the 

transport function (39). ABCC1 has a wide distribution in physiological tissues such as 

adrenal gland, bladder, choroid plexus, as well as helper T cells and muscle cells (40). 

It has an overlapping substrate profile as ABCB1, but it is also able to pump out organic 

anions such as methotrexate and arsenate (41, 42). 

It has been suggested that co-expression of multiple transporters in cancer cells 
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may render a more pronounced MDR phenotype compared to those with single 

transporter overexpression, particularly in acute myeloid leukemia (AML). Wilson et 

al analyzed the gene expression profiles of 170 pretreated AML samples and identified 

that the most significant drug resistance was associated with increased co-expression 

of ABCB1 and ABCG2 (43). Liu et al. used bone marrow mononuclear cells from 96 

de novo AML patients to test the expression of several ABC transporters, including 

ABCB1, ABCB4, ABCG2, ABCC1, and ABCC4 (44). The results reinforced that co-

expression of multiple transporters was associated with worse prognosis. Another study 

compared the drug resistance-related genes from 11 pairs of patient samples obtained 

at diagnosis or at relapse, increased expression of ABCB1 and ABCG2 was identified 

in two AML relapsed patients (45). Studies also suggest that, in childhood AML patients, 

the possibility of remission or improvement of PFS were significantly correlated with 

the number of overexpressed ABC transporters (46). Therefore, dual inhibition of both 

ABCB1 and ABCG2 may be necessary to completely antagonize MDR in certain 

circumstances. 

Because ABC transporters are believed to mediate MDR in cancer, the research on 

combating MDR by targeting these ABC transporters are ongoing. These approaches 

include designating drugs with novel mechanism of action or structure to bypass MDR, 

and the development of reversal inhibitor to block the efflux activity of ABC transporter 

and restore drug accumulation in MDR cancer cells. For ABCB1, three generations of 

inhibitor have been developed to reverse drug resistance. However, these inhibitors 

failed to show desired therapeutic effect in clinical settings. The first-generation 

inhibitor verapamil and cyclosporine A had a relatively low affinity and selectivity to 

ABCB1, leading to dosing and side effect problems. The second-generation inhibitors 

are derived from structural optimization of first-generation inhibitor, such as 
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dexverapamil and valspodar. These inhibitors have better affinity and selectivity 

compared to the first-generation inhibitors but exhibit cytochrome P450 enzyme 

inhibition. Thus, it is likely that they will cause drug-drug interactions when co-

administrated with substrate drugs. The third-generation inhibitors tariquidar and 

zosuquidar were developed to further improve the potency and reduce toxicity. 

Unfortunately, these inhibitors did not achieve significant therapeutic effect in clinical 

trials despite the robust preclinical data.  

Unlike the extensive clinical development of ABCB1 inhibitors, no ABCG2 

inhibitor has been subjected to clinical trials to date. Fumitremorgin C is the first 

reported ABCG2 inhibitor with severe neurotoxicity. Later, the Fumitremorgin C 

analogue Ko143 was developed with stronger ABCG2 inhibitory effect and lower 

toxicity. However, in vivo rat studies showed that Ko143 can be rapid metabolized into 

inactive metabolite, limiting its clinical application. It is reported that some ABCB1 

inhibitors such as valspodar and tariquidar also demonstrate ABCG2 inhibitory effect, 

while the effect has not been tested in clinical trial. 

Recently, some tyrosine kinase inhibitors (TKIs) are reported to exhibit inhibitory 

effect to the activity of ABC transporters and thus hold promise to overcome MDR (47-

51). These TKIs, such as gefitinib, nilotinib, imatinib, regorafenib, are either clinically 

approved or under clinical trials (49, 52). They may potentially be used as reversal 

agents combined with chemotherapeutic drugs to combat MDR in cancer. Particularly, 

one advantage of repurposing TKIs as reversal inhibitors is that the TKIs have more 

clinical data to predict the fate of the drugs compared to the synthetic compounds. It 

has been shown that these TKIs may reverse MDR via several mechanisms including 

1) direct binds to the substrate-binding site of the transporter and interferes the capture 

of substrate drugs, 2) inhibits the ATPase function of the transporter, thus limiting the 
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drug efflux activity, 3) downregulates the protein expression of ABC transporter, and 4) 

inactivates the transporter by translocating it from cell membrane to cytoplasm. 

Tepotinib is an ATP-competitive, highly selective TKI targeting to the MET 

receptor that under rapid development in recent years (53). The MET tyrosine kinase 

receptor is overexpressed or mutated in many cancer cells, regulating cellular process 

such as proliferation, invasion, and mobilization (54). The MET gene is located in 

human chromosome 7, encoding the MET protein. Normal expression of MET is known 

to maintain the tissue homeostasis, but abnormal regulation can lead to proliferation 

and metastasis of tumor cells. In 2005, Ma et al provided the first direct evidence that 

downregulating receptor expression or abrogating MET activity can inhibit cell growth 

in MET-expressing NSCLC cells (55). The study suggested that MET plays a crucial 

role in NSCLC biology and biochemistry, purposing it as a potential target for NSCLC 

treatment (56). In NSCLC, dysregulation of the MET pathway occurs through a variety 

of mechanisms, including MET gene mutation, gene amplification, and protein 

overexpression (57, 58). The METex14 skipping mutations accounts for 2-3% of 

NSCLCs and approximately 3% of the adenocarcinoma cases (59). It was revealed that 

the MET exon 14 contains Y1003, a binding site for E3-ubiquitin ligase CBL. Therefore, 

when exon 14 skipping occurs, the ubiquitin ligase lost the binding sites. This in turn 

leads to the protection of MET receptor from ubiquitination and protein degradation, 

resulting in sustained activation of the MET (60, 61). The MET-TKIs can be divided 

into three types: 1) type I inhibitors, including tepotinib and crizotinib, are ATP 

competitive inhibitors that bind to the active form of MET, 2) type II inhibitors such as 

merestinib and glesatinib are ATP competitors that bind to the inactive form of MET, 3) 

type III inhibitor tivantinib is an allosteric inhibitor that does not compete with ATP 

(62). As a type I inhibitor, tepotinib binds to MET in a U-shape geometry through 
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interactions with both hinge and activation loop residue Y1230, which interferes the 

ATP binding process. Therefore, tepotinib is able to block the constitutive 

phosphorylation of MET, thereby inhibiting the cell growth, survival, migration and 

invasion of HGF/MET-driven tumor cells (63). In addition, this mechanism of action 

allows tepotinib to be more selective to MET compared to type II inhibitors that can 

target multiple kinases (64). 

Tepotinib was first reported by Bladt et al. in 2013 (63). The MET inhibition and 

antitumor effect were evaluated both in vitro and in vivo. Tepotinib inhibited the MET 

kinase activity with an average IC50 of 3 nM, with no significant inhibitory effect 

towards a panel of 242 human kinases. In vitro, tepotinib showed significant 

antiproliferative effect to MET-addicted cancer cell lines, while higher concentrations 

were needed for cancer cell lines with low MET level. In vivo, tepotinib inhibited MET 

phosphorylation and demonstrated anticancer efficacy in MET-driven tumor xenograft 

models. Preclinical data also revealed that tepotinib has radiosensitize effect when 

combined with radiotherapy. An in vitro study showed that p53-deficient cancer cells 

are more susceptible to the combination of tepotinib and ionizing radiation (IR) (65). 

The results suggested that tepotinib, by inhibiting MET signaling pathway, may abolish 

the intra-S and G2-M checkpoint in MET-dependent cancer cells, thereby sensitize the 

cancer cells to DNA damage. Similar effect was demonstrated in another study 

investigating the combination effect of tepotinib with IR in head and neck squamous 

cell carcinoma both in vitro, in vivo, and ex vivo (66). At nanomolar concentrations, 

tepotinib alone did not demonstrate significant antiproliferative effect. In contrast, 

tepotinib, when combined with IR, was able to enhance the IR-induced G2/M cell cycle 

arrest, cell death and interfere the DNA repairing process. 

To date, several clinical trials evaluating the anticancer effect of tepotinib were 
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completed or ongoing. In phase 1 clinical trials evaluating the safety and efficacy of 

tepotinib in patients with solid tumors, tepotinib showed relatively low toxicity and 

significant effect, especially in patients that overexpress MET (67-69). A phase 2 trial 

INSIGHT (NCT01982955) investigated the combination of tepotinib with gefitinib in 

NSCLC patients. The study suggested that no significant improve in progression-free 

survival (PFS) was found between the combination treatment (4.0 months) and 

chemotherapy (4.4 months) in the overall population. In addition, no benefit was 

demonstrated in patients harboring T790M mutation. However, the combination 

treatment improved the PFS in subgroups with MET overexpression or amplification 

(8.3 months) compared to chemotherapy (4.4 months). In particularly, over 60% of 

patients with MET amplification receiving combination treatment showed improved 

PFS, overall survival (OS), objective responses, and response duration. In another 

phase 2 trial VISION (NCT02864992), the efficacy and safety of tepotinib as 

monotherapy is under investigation in patients with advanced or metastatic NSCLC 

with confirmed METex14 skipping mutations (70). From the current data, tepotinib led 

to a partial objective response in 46% (independent review) or 56% (investigator 

assessment) of efficacy population with no complete response demonstrated.  

In September 2019, the US FDA has granted Breakthrough Therapy Designation 

for tepotinib in NSCLC patients with METex14 skipping alterations who progressed 

following platinum-based therapy (71). The Breakthrough Therapy Designation was 

based on the robust, preliminary clinical data from the ongoing VISION study. In 

addition, in March 2020, tepotinib was approved for use in Japan for the treatment of 

patients with unresectable, advanced or recurrent NSCLC with METex14 skipping 

mutations (72). In February 2021, tepotinib was approved by the US FDA to treat 

NSCLC patients with METex14 skipping mutations, making it the second drug 
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approved after capmatinib. The recent progress achieved by tepotinib further 

underscores the potential of the drug, purposing it as a new focus in NSCLC treatment. 
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CHAPTER 2  

MATERIALS AND METHODS 
2.1 Chemicals and Reagents 

Tepotinib was purchased from ChemieTek (Indianapolis, IN, USA). Paclitaxel, 

vincristine, verapamil, cisplatin, mitoxantrone, Triton X-100, 3-(4, 5-dimethylthiazol-

yl)-2, 5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. 

Louis, MO). G418, Ko143, and MK571 were products from Enzo Life Sciences 

(Farmingdale, NY). Cisplatin was dissolved in dimethyl formamide, all other drugs 

were dissolved in DMSO to a final concentration of 10 mM as stock solution. The 

radiolabeled drug [3H]-paclitaxel and [3H]-mitoxantrone were obtained from Moravek 

Biochemicals, Inc. (Brea, CA). Fetal bovine serum (FBS), penicillin/streptomycin, 

Dulbecco’s modified Eagle’s Medium (DMEM) and 0.25% trypsin were bought from 

Corning Incorporated (Corning, NY). Eagle's minimum essential medium (EMEM) 

was purchased from ATCC (American Type Culture Collection, Manassas, VA). 

Monoclonal antibodies ABCG2 (Cat #MAB4146) was purchased from Merck 

Millipore (Burlington, MA). Anti-mouse IgG HRP-linked antibody (Cat # 7076S) was 

purchased from Cell Signaling Technology Inc. (Danvers, MA). ABCB1 (Cat #MA1-

26528), ABCC1 (Cat #PA5-30594), GAPDH (Cat #MA5-15738), and anti-rabbit IgG 

HRP-linked antibody (Cat #31460), Alexa Fluor 488-labeled anti-mouse secondary 

antibody (anti-mouse), 4,6-diamidino-2-phenylindole (DAPI), and other reagents were 

purchased from Thermo Fisher Scientific Inc. (Waltham, MA).  

2.2 Cell Lines and Cell Culture 

The ABCB1-overexpressing SW620/Ad300 cell line was established by selecting 

the human colon adenocarcinoma SW620 cell line with increasing concentration of 

doxorubicin (73). The SW620 and SW620/Ad300 cell lines were kind gifts from Dr. 

Susan E. Bates (Columbia University, NY) and Dr. Robert W. Robey (NCI, NIH, MD). 
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The ABCB1 gene knockout cell lines SW620-ABCB1ko and SW620/Ad300-ABCB1ko 

were established by CRISPR/CRISPR-associated (Cas) 9 system (74). The ABCB1-

overexpressing drug resistant cell line KB-C2 was established by introducing 

increasing doses of colchicine step-wise to parental human epidermoid carcinoma KB-

3-1 cells (75). The ABCC1-overexpressing KB-CV60 cells were cloned from KB-3-1 

cells and were maintained in medium with 1 µg/mL cepharanthine and 60 ng/mL 

vincristine (76). Both KB-C2, KB-CV60 and parental KB-3-1 cells were kindly 

provided by Dr. Shin-Ichi Akiyama (Kagoshima University, Japan). The ABCG2-

overexpressing drug-resistant NCI-H460/TPT10 cells were established by exposing 

NCI-H460 cells to step-wise increased concentration of topotecan (77). The ABCG2 

gene knockout NCI-H460-KO and NCI-H460/TPT10-KO cell lines were constructed 

using CRISPR/CRISPR-associated (Cas) 9 system (77). HEK293/pcDNA3.1, 

HEK/ABCB1 and HEK/ABCG2 were generated by transfecting the HEK293 cells with 

empty pcDNA3.1 vector, ABCB1 and ABCG2 expressing vector accordingly (78). The 

ABCB1 and ABCG2 co-expressed HEK293/B1G2 cells and the parental HEK293/PEL 

cells were maintained in EMEM with 250 µg/mL zeocin (79). The drug-selected 

SW620/Ad300, KB-C2, and H460/TPT10 cells were maintained in DMEM with 300 

ng/mL doxorubicin, 2 µg/mL colchicine, and 10 μM topotecan, respectively. Gene-

transfected HEK293/pcDNA3.1, HEK293/ABCB1, and HEK293/ABCG2 cells were 

cultured in medium with 2 mg/mL G418. All cell lines were maintained in a humidified 

incubator at 37°C supplied with 5% CO2. All cells were grown as an adherent 

monolayer and drug-resistant cells were grown in drug-free culture media for 2 weeks 

before assay. 

2.3 Cytotoxicity Assay 

The drug cytotoxicity was evaluated by the MTT colorimetric assay. Cells were 
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seeded evenly into 96-well plates at a density of 5 × 103 cells per well and were 

maintained overnight to allow cell attachment. To determine the cytotoxicity of 

tepotinib, different concentrations of tepotinib were added into the well. To evaluate the 

MDR reversal effect, serial concentrations of chemotherapeutic drugs were added into 

designated wells with tepotinib or positive control ABCB1 inhibitor verapamil or 

ABCG2 inhibitor Ko143. After 72 h of incubation, 20 μL of MTT solution (4 mg/mL) 

was added to each well and the cells were further incubated for additional 4 h. Then, 

the supernatant was discarded and replaced with 100 µL of DMSO to dissolve the 

formazan crystals. The AccuSkan™ GO UV/Vis Microplate Spectrophotometer 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to measure the 

absorbance at 570 nm. The IC50 values were calculated using the cell viability curve. 

The resistance-fold was calculated by dividing the IC50 value obtained from the drug-

resistant cells by that from the parental cells. The concentrations of tepotinib selected 

for combinational treatment were below IC20, where more than 80% of the cells remain 

viable. 

2.4 [3H]-substrate Accumulation and Efflux Assay 

The [3H]-substrate accumulation and efflux assay was performed using both 

parental and drug-resistant cells. For ABCB1 studies, cancer cells KB-3-1 and KB-C2 

as well as gene-transfected cells HEK293/pcDNA3.1 and HEK293/ABCB1 were used. 

For ABCG2 studies, cancer cells NCI-H460 and NCI-H460/TPT10 as well as gene-

transfected HEK293/pcDNA3.1 and HEK293/ABCG2-WT cells were used. To 

determine the efflux of [3H]-substrate, tepotinib or positive inhibitor was added to the 

cells 2 h before adding 10 nM of [3H]-substrate. After 2 h of incubation, cells were 

incubated in fresh medium with vehicle, tepotinib, or positive inhibitor. Cells were 

collected at different time points (0, 30, 60, 120 min) and transferred into scintillation 
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fluid. The radioactivity of the samples was subjected to analyze using a liquid 

scintillation analyzer (Packard Instrument, Downers Grove, IL, USA) 

2.5 ABCB1/ABCG2 ATPase Assay 

The ABCB1- and ABCG2-associated ATPase activities were measured using 

High-five insect cell membrane vesicle containing ABCB1 and ABCG2 transporters 

with modified protocols as previously described (78). Briefly, Various concentrations 

of tepotinib were incubated with the membranes for 5 min. The ATPase reactions were 

initiated by adding 5 mM Mg2+-ATP. After incubating for 20 min at 37°C with brief 

mixing, 100 μL 5% SDS solution were added to terminate the reaction. The inorganic 

phosphate released during the reaction period was colorimetrically determined by 

spectrophotometry. The difference of inorganic phosphate level between groups were 

used to calculate the ATPase activity related to ABCB1 and ABCG2 transporters. 

2.6 Immunofluorescence Microscopy 

To perform the assay, parental and drug-resistant cells were seeded in 24-well 

plates at the density of 10,000 cells per well and incubated overnight (80). Subsequently, 

the cells were incubated with designated concentrations of tepotinib for up to 72 h. 

Thereafter, cells were fixed with 4% paraformaldehyde for 10 min, permeabilization 

with 1% Triton X-100 for 10 min and blocked with 6% BSA for 1 h at 37 ºC. The 

ABCB1 and ABCG2 transporters were labeled using monoclonal ABCB1 and ABCG2 

antibodies (1:1000 dilution) overnight at 4 ºC, followed by incubation with Alexa flour 

488 conjugated secondary antibody (1:1000 dilution) for 2 h at 37 ºC. The nuclei were 

stained by DAPI solution. The images were captured using an EVOS FL Auto Imaging 

System (Thermo Fisher Scientific Inc., Rockford, IL). 

2.7 Western Blotting 

Cells were treated with or without tepotinib and collected at different time points 
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(0, 24, 48, 72 h). Cells lysates were prepared by adding lysis buffer (25 mM Tris-HCl 

pH 7.6, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS). Protein 

concentration was determined by BCA Protein Assay Kit (Thermo Scientific, Rockford, 

IL). Equal amounts of protein (20 μg) were subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred 

onto polyvinylidene fluoride (PVDF) membranes. The PVDF membranes were blocked 

with 5% skim milk to block non-specific binding for 2 h at room temperature. The 

membranes were then immunoblotted with primary monoclonal antibodies (1:1000 

dilution) against GAPDH, ABCB1, or ABCG2 overnight at 4°C. Then the membrane 

was washed with TBST (Tris-buffered saline, 0.1% Tween 20) buffer followed by 

incubation for 2 h at room temperature with horseradish peroxidase (HRP)-conjugated 

secondary antibody (1:1000 dilution). The immunoreactive bands were developed 

using ECL substrate (Thermo Fisher Scientific Inc., Waltham, MA, USA) and analyzed 

by ImageJ software (NIH, MD, USA). 

2.8 Cellular Thermal Shift Assay 

The CESTA assay was performed as mentioned previously with modified protocol 

(81). NCI-H460/TPT10, KB-C2, and KB-CV60 cells were lysed by freezing-thawing 

using liquid nitrogen and 25°C heat block for five times. The protein samples were 

collected by centrifuging the mixture at 15,000 revolutions per minute (rpm) for 20 min. 

The samples were then incubated with 30 μM of tepotinib or solvent DMSO at room 

temperature for 30 min. Subsequently, equal amount of protein was aliquot and 

incubated at different temperatures from 44°C to 59°C for 3 min. Finally, the protein 

samples were subjected to Western blot analysis. 

2.9 Molecular Docking Simulation 

The docking analysis was performed in Maestro v11.1 (Schrödinger, LLC) as 
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described previously (82). The protein was prepared and the docking grid at drug-

binding pocket of human ABCB1 model (PDB: 6FN1) (83) and human ABCG2 model 

(PDB: 6FFC) (29) was generated by the default protocol. Ligand preparation of 

tepotinib was essentially performed. Glide XP docking was performed, and then 

induced-fit docking was conducted with the default protocol. The top-scoring pose 

(sorted by affinity score: kcal/mol) was selected for further analysis and visualization. 

2.10 Experimental Animals 

Male athymic NCR nude mice (18-23 g, 5 weeks old) were obtained from the 

Taconic Farms (Albany, NY). The animal study was reviewed and approved by the 

Institutional Animal Care and Use Committee of St. John’s University (Protocol #1962), 

and the project was conducted in compliance with the Animal Welfare Act and other 

federal statutes. The animals were kept under alternate light/dark cycles, provided with 

food and water, and kept in polycarbonate cages (4 mice/cage). The mice were housed 

at the St. John’s University Animal Care Center and were regularly examined for tumor 

growth by measuring the size using Vernier calipers.  

2.11 Tumor Xenograft Model 

To establish the xenograft models, 3-5 × 106 of NCI-H460 or NCI-H460/TPT10 

cells were injected subcutaneously under the armpits of the mice. When the tumors 

reached a palpable volume, the mice were separated into four groups (n=6) and treated 

with one of the following regimens every 3rd day for a total of 6 times: (1) vehicle (5% 

DMSO + 30% PEG 300 +10% Tween-20 + 55% Normal saline, p.o.); (2) tepotinib 

diluted in vehicle solution (30 mg/kg, p.o.); (3) topotecan diluted in normal saline (3.0 

mg/kg, i.p.) and (4) combination of topotecan (3.0 mg/kg, i.p.) and tepotinib (30 mg/kg, 

p.o.). At the end of the study, the mice were euthanized by carbon dioxide, and the 

tumors were excised and weighed. Tumor volumes (V) and the ratio of growth 
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inhibition (IR) for tumor weight (IRW) and tumor volume (IRV) were calculated using 

the equations given below: 

𝑉 =
𝜋

6
（

𝐴 + 𝐵

2
）

3

 

𝐼𝑅𝑊(%) = (1 −
𝑚𝑒𝑎𝑛 𝑡𝑢𝑚𝑜𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝

𝑚𝑒𝑎𝑛 𝑡𝑢𝑚𝑜𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑔𝑟𝑜𝑢𝑝
) × 100 

𝐼𝑅𝑉(%) = (1 −
𝑚𝑒𝑎𝑛 𝑡𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝

𝑚𝑒𝑎𝑛 𝑡𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑔𝑟𝑜𝑢𝑝
) × 100 

2.12 Collection of Plasma and Tumor Sample 

The tumor samples were homogenized using 10 mL PBS. The homogenized 

mixture was extracted with 10 mL diethyl ether. The mixture was centrifuged at 4⁰C at 

1,500 rpm for 10 min and then the diethyl ether layer was collected. The solvent was 

evaporated, and the residue was redissolved in 500 mL methanol: TFA (10:1) mixture. 

For the plasma samples, 500 mL methanol: TFA (10:1) mixture was added. 

Subsequently, both plasma and tumor samples were kept on ice for 30 min to allow 

protein precipitation. It was then centrifuged at 15,000 rpm at 4⁰C for 20 min. The 

supernatant was collected and filtered through 0.2 mm filter into HPLC vials and then 

the samples were analyzed using HPLC. 

2.13 HPLC Analysis Method 

The Agilent 1260 infinity series was used to analyze the samples. The Agilent C18 

column with dimensions 5 mm x 250 x 4.6 mm was used. The solvent system used was 

A= water (with 0.1% formic acid) and B= acetonitrile (with 0.1% formic acid). The 

injection volume used was 100 mL and the detector wavelength used was 254 nm. LR-

LC/MS analyses were performed on single quadrupole Agilent Technologies 1260 

infinity series LC. The following method was used for verifying exact masses of 

compounds: Column = Agilent Poroshell 120 EC-C18 2.7 µm, 4.6 x 50 mm.; 

temperature = 300 K; solvent acetonitrile/water 70:30 (0.1% formic acid): flow rate 0.5 
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mL/min; isocratic; 25 µL injection and each single run lasted for 5 min. 

2.14 Statistical Analysis 

All calculation and statistical analyses were performed in GraphPad software 

(Prism 7.0). Data were expressed as the mean ± standard deviations (SD). Statistical 

analysis was performed using a one-way ANOVA and a P value < 0.05 was considered 

statistically significant. 
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CHAPTER 3 

RESULTS 
3.1 The Cytotoxicity of Tepotinib was Not Affected by MDR-related ABC 

Transporters 

The cytotoxicity profile of tepotinib was first obtained from parental and drug-

resistant cells to determine if it is a substrate of MDR-related ABC transporters. The 

cells were treated with tepotinib (0-100 μM) for 72 h and the cell viability was 

determined using MTT assay. As shown in Fig.1, both ABCB1-overexpressing cancer 

cells SW620/Ad300 and KB-C2 showed similar response to tepotinib as the parental 

SW620 and KB-3-1 cells. In Fig.2, tepotinib had identical cytotoxicity in ABCG2-

overexpressing NCI-H460/TPT10 cells and ABCC1-overexpressing KB-CV60 cells as 

compared with the parental NCI-H460 and KB-3-1 cells, respectively. Moreover, the 

observation was confirmed in HEK293 cells transfected with ABCB1 or ABCG2 genes. 

Therefore, the results showed that the efficacy of tepotinib is not affected by the three 

MDR-related ABCB1, ABCG2, and ABCC1 transporter. The maximum non-toxic 

concentration is 3 μM based on the cell viability curves and can be equally reached in 

both parental and drug-resistant cells. Therefore, based on these results, the non-toxic 

concentrations (0.1-3 μM) of tepotinib were chosen to minimize cytotoxicity in the 

tepotinib-substrate drug combination experiments. 
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Figure 1. Cytotoxicity of tepotinib in parental and ABCB1-overexpressing cells. (A) 

Cell viability curves for SW620, SW620/Ad300, and ABCB1 gene knockout cells. (B) 

Cell viability curves for KB-3-1 and KB-C2 cells. Data are expressed as mean ± SD 

from a representative of three independent experiments (n=3). 

 

Figure 2. Cytotoxicity of tepotinib in parental and ABCG2- and ABCC1-

overexpressing cells. (A) Cell viability curves for NCI-H460, NCI-H460/TPT10, and 

ABCG2 gene knockout cells. (B) Cell viability curves for KB-3-1 and KB-CV60 cells. 

Data are expressed as mean ± SD from a representative of three independent 

experiments (n=3). 
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Figure 3. Cytotoxicity of tepotinib in HEK293 cells. Cell viability curves for HEK293 

transfected with empty vector pcDNA3.1, ABCB1, wild-type and mutant ABCG2 gene. 

Data are expressed as mean ± SD from a representative of three independent 

experiments (n=3). 

 

3.2 Tepotinib Sensitized ABCB1-Overexpressing Cells to ABCB1 Substrate Drugs 

To evaluate the MDR reversal effect, parental SW620 and ABCB1-overexpressing 

SW620/Ad300 cancer cells were incubated with tepotinib plus ABCB1 substrate drugs 

paclitaxel or vincristine. As shown in Table.1, Compared to the parental SW620 cells, 

drug-resistant SW620/Ad300 cells showed significant resistance to substrate drugs 

paclitaxel (45-fold) and vincristine (38-fold) due to the overexpression of ABCB1 

transporter. Tepotinib significantly sensitized drug-resistant SW620/Ad300 cells to 

substrate drugs paclitaxel and vincristine in a concentration-dependent manner without 

affecting the treatment response in parental SW620 cells. At 0.3 μM, tepotinib 

completely reversed the drug resistance to paclitaxel and vincristine in drug-resistant 

SW620/Ad300 cells. And 0.1 μM of tepotinib was able to decrease the resistance-fold 

(RF) of paclitaxel and vincristine to 7.4- and 5.8-fold, respectively. Compared to the 

positive ABCB1 inhibitor verapamil, tepotinib may have a stronger reversal effect at 

low concentrations. When ABCB1 gene was knockout from both parental SW620 and 

drug-resistant SW620/Ad300 cells, the IC50 values of paclitaxel and vincristine in 

SW620-KO and SW620/Ad300-KO cells are similar to that in parental SW620 cells. 

Importantly, the MDR reversal effect of tepotinib was abolished in ABCB1 gene 

knockout cells, suggesting tepotinib may interact with ABCB1 to reverse drug 

resistance. 

Subsequently, the MDR reversal effect was validated in gene transfected HEK293 
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cells using 0.3 and 0.1 μM of tepotinib. The transfection of HEK293 cells with the 

ABCB1 gene significantly decreased the efficacy of paclitaxel (RF = 70.5) and 

vincristine (RF = 60.8) compared to HEK293 cells transfected with an empty 

pcDNA3.1 vector (Table.2). The incubation of HEK293/ABCB1 cells with tepotinib 

or verapamil significantly decreased the RF of paclitaxel and vincristine. Tepotinib at 

0.1 μM showed a partial reversal effect in HEK/ABCB1 cells. While verapamil required 

3 μM to achieve reversal effect, 0.3 μM of tepotinib was able to significantly sensitize 

HEK293/ABCB1 to both paclitaxel and vincristine, and the reversal effect was 

comparable to 3 μM of verapamil.  

 

Table 1. Tepotinib reverses ABCB1-mediated MDR in drug-resistant cancer cells 

Treatment 

IC50 mean  SD (M, Resistance folda) 

SW620 SW620/Ad300 SW620-KO 
SW620/Ad300-

KO 

Paclitaxel 
0.057±0.032 

(1.00) 

2.552±0.249 

(44.54) * 

0.053±0.014 

(0.93) 

0.054±0.008 

(0.94) 

+ Tepotinib 

0.1 M 

0.068±0.041 

(1.18) 

0.422±0.033 

(7.37)  

0.064±0.029 

(1.12) 

0.046±0.011 

(0.81) 

+ Tepotinib 

0.3 M 

0.072±0.035 

(1.26) 

0.280±0.015 

(4.89) 

0.048±0.016 

(0.84) 

0.048±0.029 

(0.84) 

+ Verapamil 

0.3 M 

0.072±0.044 

(1.25) 

0.318±0.016 

(5.55) 

0.046±0.007 

(0.80) 

0.058±0.008 

(1.01) 

Vincristine 
0.044±0.003 

(1.00) 

1.691±0.612 

(38.04) * 

0.044±0.014 

(0.99) 

0.043±0.014 

(0.97) 
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+ Tepotinib 

0.1 M 

0.051±0.007 

(1.15) 

0.257±0.055 

(5.78)  

0.035±0.010 

(0.79) 

0.042±0.012 

(0.95) 

+ Tepotinib 

0.3 M 

0.040±0.005 

(0.89) 

0.173±0.024 

(3.90) 

0.033±0.010 

(0.74) 

0.038±0.019 

(0.86) 

+ Verapamil 

0.3 M 

0.042±0.011 

(0.95) 

0.295±0.027 

(6.64) 

0.037±0.016 

(0.83) 

0.035±0.005 

(0.79) 

Data are shown as mean ± SD from three independent experiments (n=3). 

a Rf: Resistance fold was calculated by dividing the IC50 values of substrates in the 

presence or absence of inhibitor by the IC50 of SW620 cells without inhibitor. 

* P < 0.05 versus the control group without inhibitor 

 

Table 2. Tepotinib reverses ABCB1-mediated MDR in ABCB1-transfected cells 

Treatment 
IC50 mean  SD (M, Resistance folda) 

HEK293/pcDNA3.1 HEK293/ABCB1 

Paclitaxel 0.013  0.006 (1.0) 0.933  0.441 (70.5) 

+ Tepotinib 0.1 M 0.011  0.007 (0.8) 0.484  0.270 (36.6) 

+ Tepotinib 0.3 M 0.008  0.005 (0.6) 0.095  0.045* (7.2) 

+ Verapamil 0.3 M 0.010  0.008 (0.7) 0.546  0.364 (41.3) 

+ Verapamil 3 M 0.012  0.001 (0.9) 0.062  0.039* (4.7) 

Vincristine 0.005  0.002 (1.0) 0.328  0.066 (60.8) 

+ Tepotinib 0.1 M 0.005  0.004 (1.0) 0.187  0.065 (34.7) 

+ Tepotinib 0.3 M 0.006  0.001 (1.1) 0.043  0.026* (8.1) 

+ Verapamil 0.3 M 0.005  0.002 (0.9) 0.202  0.134 (37.4) 



23 

 

+ Verapamil 3 M 0.006  0.001 (1.1) 0.016 0.009* (3.0) 

Data are shown as mean ± SD from three independent experiments (n=3). 

a Rf: Resistance fold was calculated by dividing the IC50 values of substrates in the 

presence or absence of inhibitor by the IC50 of HEK293/pcDNA3.1 cells without 

inhibitor. 

* P < 0.05 versus the control group without inhibitor 

 

3.3 Tepotinib Sensitized ABCG2-Overexpressing Cells to ABCG2 Substrate Drugs 

Based on the cytotoxicity results, 1 and 3 μM of tepotinib, which did not 

significantly affect to cell viability, were selected to conduct the ABCG2 MDR reversal 

studies. As shown in Table.3, NCI-H460/TPT10 cells were significantly resistant to 

mitoxantrone (92-fold) and topotecan (168-fold) as compared to the parental NCI-H460 

cells. In the combinational treatment, 1 and 3 μM of tepotinib enhanced the cytotoxicity 

and decreased the resistance fold of mitoxantrone (12- and 3-fold) and topotecan (27- 

and 4-fold) in drug-resistant NCI-H460/TPT10 cells without affecting to the parental 

NCI-H460 cells. In addition, the reversal effect of tepotinib at 3 μM was comparable to 

that of the positive ABCG2 inhibitor Ko143. When the ABCG2 gene was knockout 

from the drug-resistant NCI-H460/TPT10 cells, the cells became sensitive to 

mitoxantrone and topotecan. Importantly, the MDR reversal effect of tepotinib was not 

observed in the NCI-H460/TPT10-KO cells. 

It has been shown that mutations at residue 482 in the ABCG2 transporter can 

affect the substrate transport profile and the efficacy of reversal inhibitors.  Therefore, 

we further examined the reversal effect of tepotinib in HEK293 cells overexpressing 

wild-type (WT) or mutant ABCG2 transporter. As shown in Table.4, similar to the 

observation in drug-resistant cancer cells, the sensitizing effect was demonstrated in 
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HEK293/ABCG2-WT as well as R482G and R482T mutant cells. The transfection of 

HEK293 cells with the genes coding for the ABCG2-WT, ABCG2-R482G, and 

ABCG2-R482T mutant proteins, significantly decreased the efficacy of mitoxantrone 

and topotecan compared to HEK293 cells transfected with an empty pcDNA3.1 vector 

(Table.4). Moreover, similar to the observation in drug-resistant cancer cells, the 

sensitizing effect was demonstrated in HEK293/ABCG2-WT as well as R482G and 

R482T mutant cells. In the ABCB1/ABCG2 double-transfected HEK293/B1G2 cells, 

tepotinib was able to significantly decrease the resistance fold of doxorubicin (from 45-

fold to 3.6-fold). Moreover, as shown in Fig.4, the reversal effect of tepotinib is stronger 

than verapamil, a known ABCB1 inhibitor (from 45-fold to 6.6-fold) or ABCG2 

inhibitor Ko143 (from 45-fold to 9.4-fold), suggesting tepotinib may serve as dual 

ABCB1/ABCG2 reversal inhibitor. 

 

Table 3. Tepotinib reverses ABCG2-mediated MDR in drug-resistant cancer cells 

Treatment 

IC50 mean  SD (M, Resistance folda) 

NCI-H460 
NCI-

H460/TPT10 
NCI-H460-KO 

NCI-

H460/TPT10-KO 

Mitoxantrone 
0.016  0.007 

(1.00) 

1.472  0.270 

(92.0) * 

0.010  0.001 

(0.63) 

0.012  0.003 

(0.75) 

+ Tepotinib  

1 M 

0.017  0.001 

(1.06) 

0.190  0.059 

(11.88) * 

0.009  0.002 

(0.56) 

0.009  0.002 

(0.56) 

+ Tepotinib  

3 M 

0.013  0.005 

(0.81) 

0.059  0.003 

(3.69) 

0.010  0.003 

(0.63) 

0.009  0.002 

(0.56) 

+ Ko143  0.019  0.012 0.040  0.007 0.010  0.002 0.009  0.003 
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3 M (1.4) (2.50) (0.56) (0.56) 

Topotecan 
0.090  0.011 

(1.00) 

15.12  0.953 

(168.00) * 

0.070  0.004 

(0.78) 

0.072  0.008 

(0.80) 

+ Tepotinib  

1 M 

0.122  0.026 

(1.36) 

2.416  0.128 

(26.84) * 

0.081  0.003 

(0.90) 

0.078  0.007 

(0.87) 

+ Tepotinib  

        3 M 

0.090  0.032 

(1.00) 

0.393  0.179 

(4.37) 

0.070  0.009 

(0.78) 

0.076  0.007 

(0.84) 

+ Ko143  

3 M 

0.089  0.030 

(0.99) 

0.534  0.125 

(5.93) 

0.065  0.005 

(0.72) 

0.065  0.007 

(0.73) 

Data are shown as mean ± SD from three independent experiments (n=3). 

a Rf: Resistance fold was calculated by dividing the IC50 values of substrates in the 

presence or absence of inhibitor by the IC50 of NCI-H460 cells without inhibitor. 

* P < 0.05 versus the control group without inhibitor 

 

Table 4. Tepotinib reverses ABCG2-mediated MDR in gene-transfected HEK293 

cells 

Treatment 
IC50 mean  SD (M, Resistance folda) 

pcDNA3.1 ABCG2-WT ABCG2-R482G ABCG2-R482T 

Mitoxantro

ne 

0.020  0.003 

 (1.00) 

0.522  0.050 

 (26.10) * 

0.719  0.159 

 (35.95) * 

1.508  0.318  

(75.40) * 

+ Tepotinib  

1 M 

0.021  0.009 

 (1.05) 

0.065  0.021 

 (3.25) 

0.086  0.009  

(4.3) 

0.056  0.021  

(2.80) 

+ Tepotinib  

3 M 

0.022  0.005 

 (1.10) 

0.018  0.006 

 (0.90) 

0.037  0.002  

(1.85) 

0.023  0.004  

(1.15) 
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+ Ko143 3 

M 

0.015  0.010 

 (0.75) 

0.021  0.008 

 (1.05) 

0.039  0.005  

(1.95) 

0.028  0.015 

 (1.40) 

Topotecan 
0.133  0.006 

 (1.00) 

3.307  1.109 

 (24.86) * 

2.419  0.742  

(18.19) * 

8.274  1.865 

 (62.21) * 

+ Tepotinib  

1 M 

0.131  0.070 

 (0.98) 

0.460  0.216 

 (3.46) 

0.553  0.058 

 (4.16) 

1.390  0.518 

 (10.45) * 

+ Tepotinib  

3 M 

0.125  0.067 

 (0.94) 

0.329  0.152 

 (2.47) 

0.287  0.152 

 (2.16) 

0.603  0.331  

(4.53) 

+ Ko143 3 

M 

0.134  0.039 

 (1.01) 

0.400  0.221 

 (3.01) 

0.205  0.102 

 (1.54) 

0.227  0.067 

 (1.71) 

Data are shown as mean ± SD from three independent experiments (n=3). 

a Rf: Resistance fold was calculated by dividing the IC50 values of substrates in the 

presence or absence of inhibitor by the IC50 of HEK293/pcDNA3.1 cells without 

inhibitor 

* P < 0.05 versus the control group without inhibitor 
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Figure 4. The effects of tepotinib on the cytotoxicity of doxorubicin in parental 

HEK293/pcDNA3.1 and ABCB1/ABCG2 co-expressed HEK293/B1G2 cell. Data are 

expressed as mean ± SD from a representative of three independent experiments (n=3). 

*p < 0.05 versus the corresponding control group. 

3.4 Tepotinib Did Not Affect the Cytotoxicity of Non-substrate Drug Cisplatin 

To confirm the MDR reversal effect of tepotinib is related to ABC transporters, 

cisplatin was used as negative control. Cisplatin, a non-substrate drug, showed similar 

cytotoxicity in parental and MDR cancer cells. As shown in Fig.5A, the treatment of 

cisplatin combined with tepotinib or verapamil did not affect the cytotoxicity of 

cisplatin in parental SW620 and drug-resistant SW620/Ad300 cells. Similarly, tepotinib 

or Ko143 did not affect the cytotoxicity of cisplatin in parental NCI-H460 and drug-

resistant NCI-H460/TPT10 cells (Fig.5B). Finally, as expected, neither tepotinib nor 

positive inhibitors significantly altered the IC50 values of the cisplatin in HEK293 cells 

transfected with ABCB1 or ABCG2 gene (Fig.6). 
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Figure 5. The effects of tepotinib on the cytotoxicity of cisplatin in parental and drug-

resistant cancer cells. (A) parental and ABCB1-overexpressing cancer cells, (B) 

parental and ABCG2-overexpressing cancer cells. Data are expressed as mean ± SD 

from a representative of three independent experiments (n=3). *p < 0.05 versus the 

corresponding control group. 
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Figure 6. The effects of tepotinib on the cytotoxicity of cisplatin in gene-transfected 

HEK293 cells. (A) parental HEK293/pcDNA3.1 and ABCB1-overexpressing 

HEK/ABCB1 cells, (B) parental HEK293/pcDNA3.1 and ABCG2-overexpressing 

HEK/ABCG2-WT cells. Data are expressed as mean ± SD from a representative of 

three independent experiments (n=3). *p < 0.05 versus the corresponding control group. 

 

3.5 Western Blot Assay 

It is possible that the MDR reversal effect of tepotinib in the drug-resistant cancer 

cells could be due to downregulating the expression level of ABCB1/ABCG2 

transporters. Therefore, we performed Western blot analysis to evaluate the effect of 

tepotinib on ABCB1/ABCG2 protein expression level. As shown in Fig.7A, while the 

parental KB-3-1 cells had no ABCB1 expression, KB-C2 cells showed a high 

expression of ABCB1 protein, confirming its ABCB1-overexpressing phenotype. The 

incubation of KB-C2 cells with 0.3 μM of tepotinib for up to 72 h did not alter the 

expression level of ABCB1 compared to control group. As shown in Fig.7B, the NCI-

H460 cells had low endogenous ABCG2 level and NCI-H460/TPT10 cells exhibited 

high ABCG2 expression. Tepotinib, at 3 μM, did not affect ABCG2 expression 

throughout the 72 h incubation period compared to the control. Therefore, it is unlikely 

that tepotinib can cause ABCB1/ABCG2 protein downregulation. 
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Figure 7. The effects of tepotinib on ABCB1 and ABCG2 protein expression level in 

drug-resistant cancer cells. (A) ABCB1-overexpressing KB-C2 cells, (B) ABCG2-

overexpressing NCI-H460/TPT10 cells. Data are expressed as mean ± SD from three 

independent experiments (n=3). *p < 0.05 versus the corresponding control group. 

 

3.6 Immunofluorescence Assay 

An alteration in the membrane localization of the ABCB1/ABCG2 transporters 

(i.e., the transporters would not be located in the cell membrane and thus cannot efflux 

the substrate drugs from the drug-resistant cancer cells) could decrease the resistance 

to the anticancer drugs. Consequently, we used an immunofluorescence assay to 

determine if tepotinib altered the membrane localization of the ABCB1 and ABCG2 

transporters in drug-resistant KB-C2 and NCI-H460/TPT10 cancer cells, respectively. 

As shown in Fig.8, the ABCB1 transporter in KB-C2 cells is mainly expressed on cell 

membrane as indicated by the enriched green fluorescence. Incubation of KB-C2 cells 

with 0.3 μM of tepotinib for 24, 48, or 72 h did not affect to the localization of ABCB1 

after 72 h. Similarly, in Fig.9, the results showed that tepotinib did not cause ABCG2 

transporter internalization after 72 h treatment. These data suggest that the MDR 

reversal effect of tepotinib in drug-resistant cells is not due to an alteration in the 
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membrane localization of the ABCB1/ABCG2 transporters. 

 

 

Figure 8. The effects of tepotinib on ABCB1 membrane localization in parental KB-3-

1 and ABCB1-overexpressing KB-C2 cells. 
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Figure 9. The effects of tepotinib on ABCG2 membrane localization in parental NCI-

H460 and ABCG2-overexpressing NCI-H460/TPT10 cells. 

 

3.7 Cellular Thermal Shift Assay 

The CESTA assay was conducted to confirm the binding of tepotinib with ABC 

transporters. It is proposed that, upon heating, the target protein will unfold and 

precipitate, while a ligand engaged protein will require a higher temperature to unfold 

and precipitate. As shown in Fig.10, tepotinib treatment can stabilize ABCB1 and 

ABCG2 protein against high temperatures compared to the solvent control DMSO. In 

the solvent control group, both ABCB1 and ABCG2 protein signal decreased in a 

temperature-dependent manner from 50°C to 59°C. When tepotinib was incubated with 

the protein samples, it increased ABCB1 and ABCG2 thermal stability as demonstrated 

by the unaffected protein band density, suggesting a direct binding interaction between 

tepotinib and the transporters. In contrast, tepotinib did not affect to the thermal profile 

of ABCC1 (negative control). 
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Figure 10. Cellular thermal shift assay melting curve of ABCG2/ABCB1/ABCC1. The 

protein was incubated with DMSO or 30 μM of tepotinib followed by different 

temperature for 3 min. Data are expressed as mean ± SD from three independent 

experiments (n=3). *p < 0.05 versus the control group. 

 

3.8 ATPase Assay 

ATPase assay was conducted to further validate whether tepotinib has direct 

interaction with ABCB1 and ABCG2 transporters. It is suggested that certain reversal 

inhibitors can either inhibit or stimulate the ABCB1/ABCG2 ATPase. As shown in 

Fig.11A, tepotinib, in 0-5 μM range, inhibited the ATPase activity of ABCB1 at a 
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concentration-dependent manner while paclitaxel, a substrate of ABCB1, stimulated the 

ATPase activity. The concentration of tepotinib required to obtain 50% of maximal 

inhibition was 0.53 μM and the maximum inhibition was 0.02-fold compared to basal 

activity. Paclitaxel stimulated the ATPase activity of ABCB1 with a maximal 

stimulation of 2.75-fold of the basal activity and 0.03 μM of tepotinib was able to 

completely inhibit the ATPase activity stimulated by paclitaxel. These results indicated 

that tepotinib may inhibit the ATPase activity of ABCB1, thereby limiting the energy 

released from ATP hydrolysis. According to the results presented in Fig.11B, tepotinib, 

in 0-40 μM range, stimulated ABCG2 ATPase in a concentration-dependently manner 

with a maximum 7.6-fold stimulation at 20 μM. The stimulatory effect of tepotinib 

reached EC50 at 1.23 μM, which falls within the reversal concentrations used in the 

ABCG2 study. Therefore, tepotinib may bind to the substrate-binding site of ABCG2 

transporter and stimulate the function of ABCG2 ATPase. The alteration of the ABCG2 

and ABCB1 transporter ATPase activity by tepotinib suggests that it may exhibit 

different binding interaction with ABCB1 and ABCG2 transporters. 

 

Figure 11. The effects of tepotinib on vanadate (Vi)-sensitive ABCB1/ABCG2 ATPase 

activity. (A) The effect of tepotinib (0-5 µM) on ABCB1 ATPase activity. Paclitaxel is 

an ABCB1 substrate that can stimulate ABCB1 ATPase activity. (B) The effect of 

tepotinib (0-40 µM) on ABCG2 ATPase activity. Data are expressed as mean ± SD from 
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three independent experiments (n=3). *p < 0.05 versus the corresponding control group. 

 

3.9 Tepotinib Increased [3H]-Substrate Accumulation in MDR Cells 

The MDR reversal effect of tepotinib may be due to increasing the substrate drug 

accumulation in drug-resistant cells. Therefore, two pairs of cancer cells were used to 

explore this mechanism and gene-transfected HEK293 cells were used as validation. 

The substrate accumulation and efflux profiles in drug-resistant cells were determined 

using [3H]-paclitaxel and [3H]-mitoxantrone, which are substrates for ABCB1 and 

ABCG2 transporters, respectively. As shown in Fig.12, the intracellular level of [3H]-

paclitaxel was significantly downregulated in ABCB1-overexpressing KB-C2 cells 

than parental KB-3-1 cells, suggesting a large portion of paclitaxel was removed from 

the drug-resistant cells. Tepotinib increased the accumulation of [3H]-paclitaxel in the 

drug-resistant KB-C2 cells but not in parental KB-3-1 cells. At 0.3 μM, tepotinib 

showed a stronger effect than the positive inhibitor verapamil. The similar result was 

observed in gene-transfected cells that 0.3 μM of tepotinib significantly increased the 

accumulation of [3H]-paclitaxel in HEK293/ABCB1 cells without affecting that in the 

HEK293/pcDNA3.1 cells.  

In ABCG2-overexpressing NCI-H460/TPT10 cells (Fig.13), the vehicle-treated 

cells demonstrated active drug efflux process as indicated by the decreased intracellular 

[3H]-mitoxantrone accumulation. The incubation of drug-resistant cells with either 

tepotinib or Ko143 significantly upregulated the intracellular level of [3H]-

mitoxantrone following 2 h of incubation with tepotinib or Ko143. At 3 μM, tepotinib 

restored the mitoxantrone accumulation level in drug-resistant NCI-H460/TPT10 cells 

to the similar extent observed in the parental NCI-H460 cells. In contrast, [3H]-

mitoxantrone accumulation level was not significantly altered by incubation with either 
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tepotinib (1 or 3 μM) or Ko143 (3 μM) in the parental NCI-H460 cells which do not 

overexpress the ABCG2 transporter. 

 

Figure 12. The effects of tepotinib on the accumulation of [3H]- paclitaxel in ABCB1-

overexpressing cells. (A) The accumulation of [3H]-paclitaxel in KB-3-1 and KB-C2 

cells. (B) The accumulation of [3H]-paclitaxel in HEK293/pcDNA3.1 and 

HEK293/ABCB1 cells. Data are expressed as mean ± SD from three independent 

experiments (n=3). *p < 0.05 versus the control group. 

 

 

Figure 13. The effects of tepotinib on the accumulation of [3H]-mitoxantrone in 

ABCG2-overexpressing cells. (A) The accumulation of [3H]-mitoxantrone in NCI-

H460 and NCI-H460/TPT10 cells. (B) The accumulation of [3H]-mitoxantrone in 

HEK293/pcDNA3.1 and HEK293/ABCG2-WT cells. Data are expressed as mean ± SD 

from three independent experiments (n=3). *p < 0.05 versus the control group. 
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 3.10 Tepotinib Inhibited [3H]-Substrate Efflux in MDR Cells  

Because increasing substrate accumulation can be attributed to increased substrate 

influx and/or decreased substrate efflux, [3H]-substrate efflux assay was performed to 

investigate this factor using both drug-resistant cancer cells and gene-transfected 

HEK293 cells. As shown in Fig.14A and C, tepotinib did not affect the drug efflux 

process in parental KB-3-1 or HEK293/pcDNA3.1 cells. In contrast, both drug-resistant 

cells demonstrated a significant decrease of intracellular [3H]-paclitaxel, from 100% to 

10%. However, treatment with tepotinib significantly inhibited the efflux activity in 

drug-resistant KB-C2 and HEK293/ABCB1 cells (Fig14.B and D). The intracellular 

[3H]-paclitaxel increased from 10% to 60% in KB-C2 cells, and from 10% to 30% in 

HEK293/ABCB1 cells. These results suggested that tepotinib can inhibit the efflux 

function of ABCB1 transporter, thus increase the accumulation of chemotherapeutic 

drugs. As presented in Fig.15A and C, the intracellular levels of mitoxantrone in NCI-

H460 and HEK293/pcDNA3.1 cells remained relatively constant throughout the 2 h 

incubation, both from 100% to 80%, and none of the inhibitors altered [3H]-

mitoxantrone accumulation level. In contrast, the intracellular level of mitoxantrone 

dropped significantly in NCI-H460/TPT10 and HEK293/ABCG2-WT cells (from 100% 

to 25% and from 100% to 40%, respectively), suggesting a large portion of 

mitoxantrone was pumped out by ABCG2. Importantly, the efflux of mitoxantrone was 

significantly inhibited with 3 μM of tepotinib or Ko143, while 1 μM of tepotinib 

inhibited the efflux process to a lesser extent. (Fig.15B and D). 
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Figure 14. The effects of tepotinib on [3H]-paclitaxel efflux in ABCB1-overexpressing 

cells. (A) The efflux activities of [3H]-paclitaxel in (A) KB-3-1, (B) KB-C2, (C) 

HEK293/pcDNA3.1, and (D) HEK293/ABCB1 cells. Data are expressed as mean ± SD 

from three independent experiments (n=3). *p < 0.05 versus the corresponding control 

group. 
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Figure 15. The effects of tepotinib on [3H]-mitoxantrone efflux in ABCG2-

overexpressing cells. (A) The efflux activities of [3H]-mitoxantrone in (A) NCI-H460, 

(B) NCI-H460/TPT10, (C) HEK293/pcDNA3.1, and (D) HEK293/ABCG2-WT cells. 

Data are expressed as mean ± SD from three independent experiments (n=3). *p < 0.05 

versus the corresponding control group. 

 

 3.11 Tepotinib Inhibited ABCB1/ABCG2 Efflux Activity in A Reversible Manner 

In order to determine if tepotinib’s inhibition of the efflux function of the ABCG2 

and ABCB1 transporters is reversible or irreversible inhibition, we conducted an 

accumulation assay. Both KB-C2 and NCI-H460/TPT10 cancer cells were incubated in 

a pretreatment buffer with either tepotinib or positive inhibitor for 2 h. Subsequently, 

the cells were washed and incubated in an uptake buffer with [3H]-paclitaxel or [3H]-

mitoxantrone with or without an inhibitor. The reversibility of the inhibitors was 
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assessed by comparing the intracellular accumulation level of [3H]-paclitaxel and [3H]-

mitoxantrone. As shown in Fig.16A, the intracellular accumulation of [3H]-paclitaxel 

was significantly increased in KB-C2 cells when 0.3 μM of tepotinib or verapamil were 

present in the pretreatment and uptake buffer, a finding that was consistent with our 

above-mentioned results. In contrast, the accumulation of [3H]-paclitaxel was not 

significantly altered when only tepotinib or verapamil were present in the pretreatment 

buffer (Fig.16A).  Verapamil is a reversible ABCB1 inhibitor and its MDR reversal 

efficacy is abrogated immediately after washout (84). These results suggest that 

tepotinib reversibly inhibits the efflux function of the ABCB1 transporter.  

Similarly, the intracellular accumulation of [3H]-mitoxantrone in NCI-

H460/TPT10 cells was significantly increased when 3 μM of tepotinib or Ko143 were 

present in the pretreatment and uptake buffer (Fig.16B). When tepotinib or Ko143 were 

present in the pretreatment buffer only, the intracellular accumulation of [3H]-

mitoxantrone was not significantly altered. Ko143 is a reversible ABCG2 inhibitor and 

its inhibition efficacy decreases following repeated washings (85), indicating tepotinib 

also reversibly inhibits the efflux function of the ABCG2 transporter. 
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Figure 16. Tepotinib reversibly increased the accumulation of [3H]-Substrate. (A) The 

intracellular accumulation of [3H]-paclitaxel in KB-C2 cells after 2 h of pre-incubation 

with either vehicle, verapamil or tepotinib. (B) The intracellular accumulation of [3H]-

mitoxantrone in NCI-H460/TPT10 cells after 2 h of pre-incubation with either vehicle, 

Ko143 or tepotinib. Data are mean ± SD, representative of three independent 

experiments. *p < 0.05 versus the control group. 
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 3.12 Docking Simulation of Tepotinib and ABCB1/ABCG2 Transporter 

The binding modes of tepotinib with human homology ABCB1 and ABCG2 are 

depicted in Fig.17. Tepotinib shows good affinity with ABCB1 with a docking score of 

-14.343 kcal/mol. Fig.17A shows that one benzene ring of tepotinib has π-π interaction 

with the Phe302 residue of ABCB1. The remaining interaction of tepotinib and ABCB1 

are hydrogen bonds formed by benzonitrile and Gln989, imide group and Asn720, 

pyrimidine ring and Gln837, piperidine ring and Asn295. Besides, tepotinib has 

hydrophobic interaction with the residues of ABCB1 including Ala291, Met298, 

Leu723, Phe769, Phe776, Ala833, Val 990 (Fig. 17B).  

The interaction of tepotinib and ABCG2 are shown in Fig.17D (-11.620 kcal/mol). 

Compared with the interaction of tepotinib with ABCB1, tepotinib might has less 

interaction with ABCG2. The interaction between poziotinib and important residues of 

ABCG2 is presented in Fig.17E. The primary factors contributing to the binding of 

tepotinib to the ABCG2 transporter include π-π stacking by with Phe439 of ABCG2, 

and hydrophobic effect of the residues such as Ile543, Phe439, Val442, Met549, Phe432, 

Val546, Leu405 (Fig.17E). 

 

 

Figure 17. Molecular interaction of tepotinib with the human homology ABCB1 and 

ABCG2. (A) The three-dimensional ligand–receptor interaction diagram of tepotinib 
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and human ABCB1. Tepotinib is shown as ball and stick mode with the atoms colored: 

carbon – cyan, nitrogen – blue, oxygen – red. π-π stacking interactions are indicated 

with blue dotted line. Hydrogen bonds are indicated with yellow dotted line. (B) The 

two-dimensional ligand–receptor interaction graph of tepotinib and ABCB1. The amino 

acids within 3 Å are shown as colored bubbles: cyan – polar, green – hydrophobic. π-π 

stacking interactions are indicated with short green line. Hydrogen bonds are indicated 

with purple arrow. (C) The overall structure of human ABCB1 transporter. The square 

indicates the binding site of tepotinib. (D) The three-dimensional ligand–receptor 

interaction diagram of tepotinib and human ABCG2. (E) The two-dimensional ligand–

receptor interaction graph of tepotinib and ABCG2. (F) The overall structure of human 

ABCG2. The square indicates the binding site. 

  

 3.13 The MDR Reversal Effect of Tepotinib in ABCG2 Tumor Xenograft Model 

Based on the in vitro findings, we selected the tumor xenograft model to evaluate 

the ABCG2 reversal effect in vivo. In the parental NCI-H460 tumors (Fig.18), 30 mg/kg 

of tepotinib showed a moderate 27% inhibition ratio of tumor weight (IRW) and 14% 

inhibition ratio of tumor volume (IRV). In contrast, 3 mg/kg topotecan demonstrated 

67% of IRW and IRV, while the combinational treatment did not enhance topotecan’s 

antitumor effect. In the ABCG2-overexpressing NCI-H460/TPT10 tumors (Fig.19), 

tepotinib showed stronger antitumor effect compared to that in the parental tumors, with 

49% IRW and 40% IRV. The antitumor effect of topotecan was attenuated, with 50% 

IRW and 40% IRV. The combinational treatment resulted in a more significant 

antitumor effect than the single treatments, showing 83% IRW and 88% IRV, which 

confirmed that tepotinib can antagonize ABCG2-mediated MDR and enhance the 

antitumor effect of topotecan. 
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Tepotinib was shown to be well-tolerated either as single treatment or as part of 

the combinational treatment since no obvious weight loss was observed (Fig.20A). The 

hematological parameters were evaluated in nude mice receiving different treatments 

(Fig.20B). The data show that both white blood cells and platelets counting were 

consistent between control and the treatment groups, suggesting tepotinib as an MDR 

reversal agent may not induce additional toxicity in vivo. 

 

Figure 18. The effects of tepotinib on the antitumor effect of topotecan in NCI-H460 

xenograft tumor models. (A) Images of excised NCI-H460 tumor tissues from nude 

athymic mice at the end of treatment period (n = 6). (B) The mean weight of excised 

NCI-H460 tumor tissues from the mice treated with vehicle, tepotinib, topotecan, or the 

combination. Ratio of growth inhibition (IR) for tumor weight (IRW) and tumor volume 

(IRV) are indicated. (C) The changes of tumor volume in NCI-H460 tumor xenograft 

model over time following the implantation. Data are expressed as mean ± SD from 

three independent experiments (n=3). *p < 0.05 versus the control group. 
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Figure 19. The effects of tepotinib on the antitumor effect of topotecan in NCI-

H460/TPT10 xenograft tumor models. (A) Images of excised NCI-H460/TPT10 tumor 

tissues from nude athymic mice at the end of treatment period (n = 6). (B) The mean 

weight of excised NCI-H460/TPT10 tumor tissues from the mice treated with vehicle, 

tepotinib, topotecan, or the combination. Ratio of growth inhibition (IR) for tumor 

weight (IRW) and tumor volume (IRV) are indicated. (C) The changes of tumor volume 

in NCI-H460 tumor xenograft model over time following the implantation. Data are 

expressed as mean ± SD from three independent experiments (n=3). *p < 0.05 versus 

the control group. 
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Figure 20. Tepotinib did not induce significant side effect in mice. (A) The changes of 

mean body weight before and after the study. (B) The counting of white blood cells and 

platelets in control and treatment groups. Data are expressed as mean ± SD from three 

independent experiments (n=3). *p < 0.05 versus the control group. 

 

 3.14 Plasma and Tumor Concentration of Tepotinib and Topotecan 

To understand the pharmacokinetics of the drugs, HPLC analysis was applied to 

quantify the plasma and intratumoral concentrations of tepotinib and topotecan. The 

combinational treatment did not significantly alter the plasma concentrations of 

topotecan but increased the plasma concentrations of tepotinib (Fig.21). However, the 

tepotinib plasma concentration in combinational treatment decreased to the similar 

level of that in the single treatment at the end of 240 min evaluation. As shown in 

Fig.22A, the intratumoral level of tepotinib was increased in drug-resistant tumors 

compared to the parental tumors. The topotecan concentration in drug-resistant tumors 

decreased by 40% compared to the parental tumors, suggesting ABCG2 actively 

extruded topotecan from the tumors (Fig.22B). The combinational treatment did not 

significantly alter the topotecan level in parental tumors, but a 3-fold increase of 

topotecan concentration was observed in drug-resistant tumors. 
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Figure 21. Plasma drug concentration in nude athymic mice in 240 min following 

administration of tepotinib alone or the combination. (A) Plasma concentration of 

tepotinib with single or combination treatment. (B) Plasma concentration of topotecan 

with single or combination treatment. Data are expressed as mean ± SD from three 

independent experiments (n=3). *p < 0.05 versus the control group. 

 

 

Figure 22. Intratumoral drug concentration in NCI-H460 and NCI-H460/TPT10 

tumors. (A) Intratumoral concentration of tepotinib with single or combination 
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treatment. (B) Intratumoral concentration of topotecan with single or combination 

treatment. Data are expressed as mean ± SD from three independent experiments (n=3). 

*p < 0.05 versus the control group. 
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CHAPTER 4 

DISCUSSION 
Many studies have shown that the overexpression of ABCB1 and ABCG2 can 

induce MDR, which may lead to failure of chemotherapy (8). ABCB1 and ABCG2 

transporters exert their protective function by pumping out xenobiotics but they may 

lead to MDR when overexpress in cancer cells. Because ABCB1/ABCG2 are important 

MDR mediator in cancer cells, tremendous effort has been made to develop effective 

reversal inhibitor to combat MDR. However, all clinical trials related to synthetic MDR 

inhibitors have failed due to the suboptimal efficacy and unacceptable adverse effects 

(86). Recent studies indicate that combining chemotherapeutic drugs with some TKIs 

could reverse ABCB1/ABCG2-mediated MDR (51). The rationale is to combine 

substrate drugs with an inhibitor, which inhibits the drug efflux process, thereby 

increasing the intracellular drug level and enhancing the anticancer efficacy (87). While 

the clinical investigation of reversal inhibitor did not meet the desired efficacy, it is still 

important to identify effective reversal inhibitors which allow future clinical 

investigations and predict potential drug-drug interactions. 

Tepotinib is a MET TKI designated for NSCLC patients with METex14 mutations 

(88). It is currently approved for use in U.S and Japan for METex14-altered NSCLC 

patients. In addition, tepotinib is also under clinical investigation for hepatocellular 

carcinoma (NCT02115373, NCT01988493) and colorectal cancer (NCT04515394). 

Previous studies have shown that other MET TKIs, such as sitravatinib, alectinib, and 

glesatinib are able to antagonize ABCB1- and ABCG2-mediated MDR in vitro and in 

vivo (89). Therefore, it is tempting to evaluate if tepotinib has the similar MDR reversal 

effect. Here, we identified and characterized tepotinib as an effective reversal inhibitor 

against ABCB1- and ABCG2-mediated MDR.  

To determine the nontoxic concentrations for MDR reversal studies, the 
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cytotoxicity profile was first evaluated in parental and drug-resistant cancer cells 

(Fig.1B). Based on the IC20 values, 3 μM of tepotinib was the highest nontoxic 

concentration to conduct the MDR reversal studies. A major finding of our study is that 

tepotinib can concentration-dependently and specifically sensitize ABCB1- or ABCG2-

overexpressing cancer cells to the corresponding ABCB1 substrate drugs (paclitaxel 

and vincristine) or ABCG2 substrate drugs (mitoxantrone and topotecan), demonstrated 

by the decreased IC50 values of these substrate drugs in the drug-resistant cancer cells. 

Notably, tepotinib at 0.3 μM was sufficient to induce significant reversal effect in 

ABCB1-overexpressing cancer cells, while it required 3 μM to achieve complete 

reversal effect in ABCG2-overexpressing cancer cells. Besides, tepotinib did not 

enhance the anticancer efficacy of cisplatin, a non-substrate drug, in parental and drug-

resistant cells. Moreover, the reversal effect was not observed in the parental or the 

gene-knockout cancer cells that have no ABCB1/ABCG2 protein expression, a result 

consistent with their non-drug resistant phenotype. Therefore, the results suggest that 

the reversal effect is specific to ABCB1 and ABCG2 transporters.  

Our findings were further confirmed in gene-transfected HEK293 cells. Unlike 

drug-selected cancer cells, which could become drug resistant due to numerous 

mechanisms or pathways, the gene-transfected cells should only be resistant to ABCG2 

and ABCB1 substrates by overexpressing the ABCG2 or ABCB1 transporters. Our 

results suggest that tepotinib can effectively reverse ABCB1-mediated MDR in 

HEK293/ABCB1 cells and the reversal efficacy is much higher than the positive 

inhibitor verapamil. For ABCG2 transporter, it has been shown that mutations at residue 

482 can produce conformational changes that affect the binding of drugs and the efflux 

capacity of the ABCG2 transporter (90). For example, the two ABCG2 variants R482G 

and R482T were unable to transport methotrexate, while ABCG2-WT showed no 
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resistance to the lipophilic antifolate (91, 92). In addition, mitoxantrone is found to be 

a substrate of all ABCG2 variates, but rhodamine 123, daunorubicin are transported by 

only ABCG2 variants R482G or R482T. Tepotinib produced a concentration-dependent 

increase in the efficacy of mitoxantrone and topotecan in the HEK293 cells transfected 

with ABCG2 gene containing the R482G and R482T mutations. Although the majority 

of ABCG2 inhibitors have reversal efficacy regardless of the mutation at residue 482, 

certain TKIs may have selective reversal effect for the ABCG2-WT or mutant variants. 

For instance, venetoclax (93), AC220 (94) and novobiocin (95) have been reported to 

reverse ABCG2-WT-mediated MDR but have no significant effect on the MDR 

mediated by the ABCG2 mutant variants. This is in contrast to tepotinib, which 

completely reversed MDR in HEK293 cells transfected with the ABCG2-WT or 

ABCG2 mutant variants. In the ABCB1/ABCG2 double-transfected HEK293 cells, 

tepotinib was able to significantly decrease the resistance fold of doxorubicin (from 45-

fold to 3.6-fold), which is stronger than verapamil, a known ABCB1 inhibitor (from 45-

fold to 6.6-fold) or ABCG2 inhibitor Ko143 (from 45-fold to 9.4-fold), suggesting that 

tepotinib may serve as a dual ABCB1/ABCG2 inhibitor. Previous studies found that the 

primitive leukemic CD34+/38- cells express high levels of ABCB1, ABCC1, and 

ABCG2 (96). The co-expression of MDR-related ABC transporters in cancer cells may 

require simultaneous modulation of multiple ABC transporters to achieve optimal 

inhibition and a better clinical outcome (97, 98). Our results confirmed that tepotinib 

can effectively antagonize ABCB1- and ABCG2-mediated MDR within clinically 

reachable concentrations, proposing tepotinib as a candidate inhibitor of ABCB1 and 

ABCG2. The combination of tepotinib with chemotherapeutic drugs or TKIs that are 

substrates of ABCB1/ABCG2 may benefit a subset of cancer patients with MDR tumor 

expressing both ABCB1 and ABCG2 transporters. 
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Taken together, we hypothesized that tepotinib can effective reverse MDR by 

interacting with ABCB1 and ABCG2 transporters. Subsequently, we conducted 

experiments to delineate or ascertain the MDR reversal mechanisms of tepotinib. 

Several potential mechanisms are proposed for reversal inhibitor, including 1) 

downregulating the protein expression of the transporter, 2) translocating the 

transporter from cell membrane to cytoplasm, and 3) directly inhibiting transporter 

from extruding the substrates. To this end, Western blot and immunofluorescence assay 

were carried out to evaluate if tepotinib affects to the protein expression or localization. 

The assays were carried out by incubating drug-resistant cancer cells with the highest 

reversal concentration of tepotinib for 72 h, which is the same strategy used in the 

cytotoxicity assay. The results show that tepotinib did not affect the protein expression 

level or membrane localization of ABCB1 and ABCG2 transporter. Instead, cellular 

thermal shift assay results suggest that tepotinib treatment can stabilize ABCB1 and 

ABCG2 protein against high temperatures compared to the solvent control DMSO. The 

ligand-bound protein generally has a higher thermal stability compared to unbound 

form, thus tepotinib may directly bind to the drug-binding site of ABCB1 and ABCG2 

transporters.  

Subsequently, we conducted an ATPase assay to further validate whether tepotinib 

has direct interaction with ABCB1/ABCG2 transporter. It is widely known that ABC 

transporters eliminate xenobiotics using the energy derived from ATP hydrolyzation. 

Certain reversal inhibitors are shown to either inhibit or stimulate the ABCB1/ABCG2 

ATPase. Inhibiting the ATPase activity will attenuate the substrate efflux function since 

ABC transporter requires ATP hydrolysis to facilitate the drug translocation, such as 

tariquidar and dacomitinib (99, 100). If an inhibitor stimulates the ATPase activity, it is 

possible that the inhibitor can bind to the drug-binding site of the transporter, preventing 
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the binding and efflux of other substrate drugs. According to the results, tepotinib 

inhibited the ABCB1 ATPase activity in a concentration-dependent manner, which 

means that tepotinib may suppress the ATP hydrolysis process. Paclitaxel is a known 

substrate of ABCB1 that can stimulate the ATPase activity. When combined with 

paclitaxel, tepotinib was able to suppress the stimulated ATPase activity, suggesting 

tepotinib as an ABCB1 ATPase inhibitor. In contrast, tepotinib stimulated ABCG2 

ATPase in a concentration-dependently manner, suggesting that tepotinib may bind to 

the drug-binding site and hinder the substrate efflux function of the transporter.  

After confirming the interactions of tepotinib with ABCB1 and ABCG2 

transporters, [3H]-substrate accumulation and efflux assays were performed to 

characterize the interactions in-depth. The results show that tepotinib can increase the 

intracellular accumulation of [3H]-paclitaxel and [3H]-mitoxantrone in drug-resistant 

KB-C2 and NCI-H460/TPT10 cancer cells, respectively. However, this effect was not 

observed in the parental KB-3-1 and NCI-H460 cancer cells, since these two cell lines 

do not overexpress any ABC transporters. The effect was validated in HEK293 cells 

transfected with empty vector pcDNA3.1, ABCB1 or ABCG2 gene, suggesting that 

tepotinib increase [3H]-substrate accumulation by interacting with ABCB1/ABCG2 

transporters. To determine whether the tepotinib-ABCB1/ABCG2 interactions are 

reversible or irreversible, another [3H]-substrate accumulation assay was performed 

using ABCB1-overexpressing KB-C2 and ABCG2-overexpressing NCI-H460/TPT10 

cells. During the pretreatment incubation, tepotinib is purposed to bind to the 

transporter. When drug-resistant cells are incubated with tepotinib and [3H]-substrate, 

the intracellular [3H]-substrate accumulation increased significantly due to the 

inhibition of transporter. In contrast, when tepotinib was removed from the medium, 

the effect was abolished and the intracellular [3H]-substrate level was identical to the 
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control group. Therefore, the results indicate that tepotinib binds to ABCB1/ABCG2 

transporters in a reversible manner and the continuously presence of tepotinib is 

necessary to exert the MDR reversal effect.  

Given that tepotinib may have increased the accumulation of [3H]-substrates by 

increasing their entry and/or decreasing their efflux, we determined the effect of 

tepotinib on the efflux of [3H]-substrates in the drug resistant cancer cells and gene-

transfected cells. A shown in Fig.19 and 20, the vehicle-treated drug-resistant cells 

demonstrated active drug efflux process as indicated by the gradual decreasing of 

intracellular [3H]-substrate accumulation. Since the [3H]-substrate was removed from 

the medium, the reduction of [3H]-substrate concentration is due solely to the efflux 

activity of ABCB1/ABCG2 transporters. Tepotinib was able to inhibit the [3H]-

substrate efflux process in drug-resistant cancer cells and gene-transfected cells without 

affecting that in the parental cells which does not overexpress any ABC transporter.  

Taken together, the in vitro data confirm that tepotinib can effectively reversal both 

ABCB1- and ABCG2-mediated MDR in cancer cells. For ABCB1 transporter, tepotinib 

is able to inhibit the ABCB1 ATPase function, which limits the energy for ABCB1 

efflux activity and thus increase the cellular retention of substrate drugs. For ABCG2 

transporter, tepotinib can directly bind to the substrate-binding site of the transporter, 

which stimulate the ABCG2 ATPase activity. A recent study revealed that ABCG2 

inhibitors such as Ko143 and tariquidar would tightly bind to the transmembrane 

domain of ABCG2, thereby blocking access for substrates (101). Thus, tepotinib hinder 

the substrate binding cycle of ABCG2 transporter, thereby facilitating the accumulation 

of substrate drugs, and enhancing their cytotoxicity in drug-resistant cells. 

The in-silico docking simulation is an approach that has been widely used to 

predict the interaction of ligands with proteins (102). Although this technique may not 
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be indicative of the actual binding of a ligand to a protein, it can be used to identify 

compounds that interact with the substrate-drug binding site in ABC transporters (103, 

104). Our docking analysis indicated that tepotinib interacted with the homology 

models of the ABCB1 (-6.6 kcal/mol) and ABCG2 (-10.1 kcal/mol) transporters. The 

lower docking score of poziotinib for the ABCG2 transporter compared to the ABCB1 

transporter could be due to it forming a greater number of hydrophobic bonds with the 

ABCG2 transporter. In the ABCB1 docking analysis, the score of tepotinib was higher 

than other ABCB1 reversal agents such as CGM-097 (-8.5 kcal/mol), erdafitinib (-8.5 

kcal/mol) and verapamil (-7.376 kcal/mol) (105, 106). Since the ABCB1 protein model 

was in complex with the ABCB1 inhibitor zosuquidar, there is an indication that 

tepotinib may have similar interaction with ABCB1 as other third-generation ABCB1 

inhibitors. The docking score of tepotinib was comparable with other ABCG2 inhibitors, 

such as venetoclax (−12.1 kcal/mol) and sitravatinib (-13.248 kcal/mol) (93, 104). 

Furthermore, the docking results suggested that tepotinib interacts with the substrate-

drug binding sites in the ABCB1 and ABCG2 proteins, a finding that supports our in 

vitro data indicating that tepotinib inhibits the efflux activity of these transporters. 

Based on the in vitro findings, we selected the tumor xenograft model to translate 

the MDR reversal effect in vivo. Since the ABCG2 inhibitors are less developed 

compared to ABCB1 inhibitors, we primarily investigated the ABCG2 reversal effect 

of tepotinib in xenograft model. The oral administration of 30 mg/kg of tepotinib 

remarkably enhanced the antitumor efficacy of ABCG2 substrate drug topotecan (3 

mg/kg i.p.). Since toxicity is a major issue for chemotherapeutic drug, the body weight 

of mice was close monitored during the process of this experiment. No noticeable 

change of body weight, WBC and platelets was recorded between the treatment groups 

and the control group. The reading of WBC and platelets had no significant alteration 
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after single or combination treatments, and the values are in accordance with the 

merchant’s phenotypic data. The pharmacokinetic data show that the combination 

treatment did not affect the plasma or intratumoral level of topotecan in the parental 

NCI-H460 tumors. In contrast, the intratumoral topotecan concentration was 

upregulated in the drug-resistant NCI-H460/TPT10 tumors when receiving 

combination treatment. Therefore, the results suggest that tepotinib can effectively 

inhibit the ABCG2 efflux function and reverse MDR in vivo. Interestingly, the 

intratumoral level of tepotinib was higher in the drug-resistant tumors than the parental 

tumors, which may account for the enhanced antitumor effect in drug-resistant tumors. 

However, the underlying mechanism is inconclusive and desire further investigation. 
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CHAPTER 5 

CONCLUSION 
ABCB1/ABCG2-associated MDR remains one of the major issues of cancer 

treatment despite the development of new anticancer drugs. In this study, we repurpose 

the MET kinase inhibitor tepotinib as a dual inhibitor of ABCB1/ABCG2. The 

combination of tepotinib with ABCB1 substrate drugs paclitaxel and vincristine or 

ABCG2 substrate drugs mitoxantrone and topotecan shows improved anticancer effect 

in drug-resistant cancer cells. Importantly, overexpression of ABCB1, ABCG2, or 

ABCC1 transporters does not confer cancer cells drug resistance to tepotinib. 

Mechanistically, tepotinib hinders the substrate efflux activity of ABCB1 by inhibiting 

the ABCB1 ATPase function, thereby increasing the intracellular substrate 

concentration and enhancing the cytotoxic effect of substrate drugs in drug-resistant 

cancer cells. Besides, tepotinib reverses ABCG2-mediated MDR by directly binding to 

the substrate-binding site of ABCG2 transporter, thus interfering with the substrate 

binding process and increasing the substrate accumulation in cancer cells. Using gene-

transfected and gene-knockout cell lines, we confirmed that the MDR reversal effect of 

tepotinib can be mainly attribute to specific inhibition of ABCB1 and ABCG2 

transporters. Both Western blot and immunofluorescence assays suggest that tepotinib 

does not alter the protein expression or membrane localization of ABCB1/ABCG2 

transporters. Moreover, tepotinib, at 30 mg/kg, has significant MDR reversal effect in 

ABCG2-overexpressing tumors in vivo. Taken together, this study provides a new 

potential strategy and the rationale of combining tepotinib with substrate drugs to 

combat ABCB1- or ABCG2-mediated MDR. 
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