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Abstract

Paclitaxel is one of the most widely used antineoplastic drugs in the clinic. Unfortunately, the 

occurrence of cellular resistance has limited its efficacy and application. The ATP-binding cassette 

subfamily B member 1 (ABCB1/P-glycoprotein) and subfamily C member 10 (ABCC10/MRP7) 

are the major membrane protein transporters responsible for the efflux of paclitaxel, constituting 

one of the most important mechanisms of paclitaxel resistance. Here, we demonstrated that the 

Bruton tyrosine kinase inhibitor, ibrutinib, significantly enhanced the antitumor activity of 

paclitaxel by antagonizing the efflux function of ABCB1 and ABCC10 in cells overexpressing 

these transporters. Furthermore, we demonstrated that the ABCB1 or ABCC10 protein expression 

was not altered after treatment with ibrutinib for up to 72 hours using Western blot analysis. 
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However, the ATPase activity of ABCB1 was significantly stimulated by treatment with ibrutinib. 

Molecular docking analysis suggested the binding conformation of ibrutinib within the large 

cavity of the transmembrane region of ABCB1. Importantly, ibrutinib could effectively enhance 

paclitaxel-induced inhibition on the growth of ABCB1- and ABCC10-overexpressing tumors in 

nude athymic mice. These results demonstrate that the combination of ibrutinib and paclitaxel can 

effectively antagonize ABCB1- or ABCC10-mediated paclitaxel resistance that could be of great 

clinical interest.

Introduction

Paclitaxel, originally isolated from Taxus brevifolia, is a drug that stabilizes microtubule 

dynamics, thus blocking mitotic spindle assembly and cell division (1, 2). Paclitaxel has 

been used for the treatment of a broad range of cancers, including lung, breast, ovarian, head 

and neck cancers, and advanced Kaposi sarcoma, leading to increased patient overall 

survival rate (3, 4). However, the occurrence of drug resistance has been a major limitation 

to its clinical success. Innate resistance and acquired resistance to paclitaxel is reported to be 

mediated by multiple mechanisms, such as increased drug efflux, drug inactivation, 

mutations in the target protein, and evasion of drug-induced damage or apoptosis (5). The 

drug efflux from cancer cells mediated by ATP-binding cassette subfamily B member 1 

(ABCB1/P-gp) and C member 10 (ABCC10/MRP7) is of major concern among the acquired 

resistance mechanisms to paclitaxel (6, 7). Accumulating evidences from previous studies 

indicated that overexpression of ABCB1 and ABCC10 are the predominant factors that limit 

the efficacy of paclitaxel (7–9).

The ABCB1 transporter (also known as P-gp, MDR1) is a 170-kDa full-length ABC 

transporter membrane glycoprotein, with two transmembrane domains (TMD) and two 

nucleotide-binding domains (NBD; ref. 10). The ABCB1 transporter can transport a wide 

range of amphipathic and hydrophobic compounds, such as anthracyclines, taxanes, 

epipodophyllotoxin derivatives, vinca alkaloids, and derivatives from Camptotheca 
acuminate (6, 10). Overexpression of ABCB1 reduces intracellular drug accumulation and 

decreases the cytotoxicity of antitumor drugs, thus resulting in multidrug resistance (MDR) 

and affecting their efficacy (11). The ABCC10 transporter (also known as MRP7) is an 

important member of MRP subfamily, which is involved in the development of MDR (12). 

ABCC10, a 171-kDa membrane protein, consists of three TMDs and two NBDs (13). In 

addition to paclitaxel, ABCC10 has been reported to transport several natural anticancer 

drugs, including docetaxel, vincristine, vinblastine, vinorelbine, and some synthetic 

antimetabolites, such as cytarabine, gemcitabine, 2′,3′-dideoxycytidine, 9-(2-phosphonyl 

methoxyethyl) adenine (PMEA), epothilone B, and endogenous substances like 

estradiol-17β-D-glucuronide (E217βG) and leukotriene C4 (9). Hence, there is an increasing 

demand for novel anticancer agents that can inhibit the function of ABCB1 or ABCC10 and 

overcome anticancer drug resistance. Previously, we have identified several tyrosine kinase 

inhibitors (TKI), such as erlotinib (14, 15), nilotinib (16, 17), and lapatinib (14, 18), that 

have showed a potent effect on overcoming ABCB1- and ABCC10-mediated paclitaxel 

resistance. Taken together, these reports suggested that TKIs are promising inhibitors of 

paclitaxel resistance.
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Bruton tyrosine kinase (BTK) plays a crucial role in the progression of several B-cell 

malignancies. Ibrutinib is an effective BTK inhibitor, which has demonstrated promising 

clinical efficacy in the treatment of various B-cell malignancies (19). The FDA approved 

ibrutinib for treating patients with mantle cell lymphoma (MCL) and chronic lymphocytic 

leukemia (CLL; refs. 20, 21). Our previous study demonstrated that ibrutinib effectively 

overcomes ABCC1-mediated drug resistance (22). However, the effect of ibrutinib on 

ABCB1- or ABCC10-mediated paclitaxel resistance is still unknown. In this study, we 

determined whether ibrutinib could significantly enhance the antitumor activity of paclitaxel 

through inhibiting the efflux function of ABCB1 and ABCC10 both in vitro and in vivo.

Materials and Methods

Reagents

[3H]-Paclitaxel (37.9 Ci/mmol/L) was purchased from Moravek Biochemicals, Inc. DMEM, 

FBS, 0.25% trypsin, and penicillin/streptomycin were products of HyClone, Thermo 

Scientific. Antibody C-219 against ABCB1 was purchased from Signet Laboratories, Inc. 

Antibodies D-19 against ABCC10 and β-actin were obtained from Santa Cruz 

Biotechnology, Inc. Ibrutinib was a gift from Johnson & Johnson Services, Inc. Paclitaxel, 

docetaxel, vincristine, vinblastine, colchicine, cisplatin, and mitoxantrone were purchased 

from Tocris Bioscience. Cepharanthine was a gift from Kakenshoyaku Co. 3-(4, 5-

Dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT), DMSO, verapamil, and other 

chemicals were obtained from Sigma Chemical. Fumitremorgin C (FTC) was synthesized by 

Thomas McCloud Developmental Therapeutics Program, Natural Products Extraction 

Laboratory (NIH, Bethesda, MD).

Cell lines and cell culture

Human epidermal carcinoma cell line KB-3–1 and colchicine-selected ABCB1-

overexpressing cell line KB-C2, the human leukemia cell line K562 and doxorubicin-

selected ABCB1-overexpressing derivative cell line K562/AO2 were used in our previous 

studies (23, 24). Human embryonic kidney cell line HEK293 transfected with empty vector 

pcDNA3.1 and ABCB1, ABCC10 stable gene-transfected cell lines, HEK293/ABCB1 and 

HEK293/ABCC10 were used in all experiments as reported previously (9, 25). ABCC10 
plasmid was from late Dr. Gary D. Kruh’s laboratory (University of Illinois at Chicago, 

Chicago, IL) in January 2011. KB-3–1 and KB-C2 were kindly provided by Dr. Akiyama 

(Kagoshima University, Kagoshima, Japan). The human leukemia cells K562 and 

K562/AO2 were from Dr. Chunzheng Yang (Institute of Hematology, Chinese Academy of 

Medical Sciences, Beijing, China) in May 2013. Cell lines used in this study were thawed 

from early passage stocks and were passaged for less than 6 months. All the cells were 

cultured under 37°C, 5% CO2 in DMEM supplemented with 10% heat-inactivated FBS and 

1% penicillin/streptomycin. All in vitro experiments were conducted at 60% to 80% cell 

confluence. All the cell lines have been authenticated by authorized organizations.
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MTT assay

MTT assay was conducted to measure the sensitivity of the cells to anticancer drugs as 

described previously (26). The drug concentrations required to inhibit the cell growth by 

50% (IC50) were calculated from the survival curves.

Immunoblot analysis

To identify whether ibrutinib affects the expression of ABCB1 and ABCC10, the cells were 

incubated with 5 μmol/L of ibrutinib for 0, 24, 48, and 72 hours. Then, the whole cells were 

harvested and rinsed twice with ice-cold PBS. Cells were collected with cell lysis buffer (1× 

PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 μg/mL 

phenylmethylsulfonyl fluoride, 10 μg/mL aprotinin, and 10 μg/mL leupeptin). Then, cell 

lysates were kept on ice for 20 minutes, followed by centrifugation at 10,000 rpm for 15 

minutes at 4°C. The supernatant was separated and stored in −80°C until required for the 

experiment. The protein concentration was quantified using the BCA Assay Kit from 

Thermo Fischer Scientific Inc. (27). Equal amounts of cell lysate (60 μg) from cells treated 

with ibrutinib for different time points were resolved by SDS-PAGE and transferred onto 

polyvinylidene fluoride membranes through electrophoresis. The membrane was then 

blocked in TBST buffer (10 mmol/L Tris-HCL, 150 mmol/L NaCl, and 0.1% Tween20, pH 

8.0) with 5% nonfat milk for 2 hours at room temperature. ABCB1 was determined by 

C-219 mouse mAb, and ABCC10 was determined by D-19 goat polyclonal antibody. β-

Actin was used as an internal loading control as described previously (28).

[3H]-Paclitaxel accumulation assay

The cells were trypsinized, and four aliquots (each 5 × 106 cells) were suspended in the 

medium. The cells were preincubated with or without ibrutinib (1, 5 μmol/L) or other 

reversal agents for 1 hour at 37°C. Subsequently, these cells were treated with 0.1 μmol/L 

[3H]-paclitaxel and incubated further for another 2 hours at 37°C. Then, the suspended cells 

were pelleted at 4°C and were washed twice with 10 mL ice-cold PBS. The cells were then 

lysed in 1% SDS, and each sample was placed in the scintillation fluid and radioactivity and 

was measured using a Packard TRICARB 1900CA liquid scintillation analyzer from 

Packard Instrument Company Inc. (26).

[3H]-Paclitaxel efflux assay

For the efflux study, the cells were pretreated with or without ibrutinib for 1 hour. The 

radioactive substrate [3H]-paclitaxel was then added to the cells and further incubated for 2 

hours, after which the cells were washed in ice-cold PBS and supplemented with fresh 

medium with or without ibrutinib at 37°C. After 0, 30, 60, or 120 minutes, the medium of 

cells was removed and immediately washed twice with 10 mL of ice-cold PBS. The cells 

were collected and lysed. Each sample was placed in scintillation fluid, and radioactivity 

was measured as described previously (29).
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ABCB1 ATPase assay

The vanadate-sensitive ATPase activity of ABCB1 in crude membranes of High Five insect 

cells, in the presence of ibrutinib at concentrations ranging from 0 to 80 μmol/L, was 

measured as described previously (30).

Docking analysis

Ibrutinib structure was built and prepared using protocols for ligand preparation described in 

our recent report (31). The output file containing at the most 100 unique conformers of 

ibrutinib was used as an input for docking simulations into the transmembrane-binding site 

of homology-modeled human ABCB1 (32). The human ABCB1 homology model was 

prepared following our previous protocols, using the refined mouse ABCB1 crystal structure 

as the template (32, 33). Docking grid was refined by selecting important residues for drug 

interaction as reported previously (32). All docking calculations were done using the “Extra 

Precision” (XP) mode of Glide docking program v6.0 (Schrödinger, LLC, 2013) retaining 

the default settings. The top-scoring pose of ibrutinib-docked ABCB1 complex structure was 

then used for graphical analysis. All computations were carried out on a Dell Precision 490n 

dual processor with Linux OS (Ubuntu 12.04 LTS).

Experimental animals

Male athymic NCR (nu/nu) nude mice (19–24 g, age 5–6 weeks) were purchased from 

Taconic Farms (NCRNU-M, Homozygous, Albino color) and were used for the ABCB1- 

and ABCC10-overexpressing tumor xenograft model. Either male or female mice could be 

used in this study. We conducted the experiments using male mice to make all the conditions 

of mice consistent. All animals were fed with sterilized food and water and were maintained 

at the St. John’s University Animal Facility. Animals were treated humanely and cared for in 

accordance with guidelines set forth by the American Association for Accreditation of 

Laboratory Animal Care and the U.S. Public Health Service Policy on Humane Care and 

Use of Laboratory Animals. All experiments were carried out in accordance with the 

guidelines on animal care and experiments of laboratory animals, which were approved by 

the Institutional Animal Care and Use Committee (IACUC) at St. John’s University 

(Queens, NY), and the research was conducted in compliance with the Animal Welfare Act 

and other federal statutes.

Nude mouse xenograft model

The ABCB1-overexpressing KB-C2 nude mouse model and ABCC10-overexpressing 

HEK293/ABCC10 nude mouse model were designed according to our previous studies (9, 

34). Briefly, KB-C2 (1.2 × 107) and HEK293/ABCC10 (1.2 × 107) cells were 

subcutaneously injected under the armpits. When the tumors reached a mean diameter of 5 

mm (n = 7), the mice were randomized into four groups and treated with one of the 

following regimens: (a) vehicle [autoclaved water; q3d (every 3 days) × 7]; (b) ibrutinib (30 

mg/kg, orally, q3d × 7); (c) paclitaxel (15 mg/kg, i.p., q3d × 7); and (d) ibrutinib (30 mg/kg, 

orally, q3d × 7) + paclitaxel (15 mg/kg, i.p., q3d × 7) in ABCB1- or ABCC10-

overexpressing models. In group (d), the mice were treated with ibrutinib (30 mg/kg, orally) 

1 hour before giving paclitaxel. Tumor volumes were measured using calipers and body 
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weights were recorded (18). The body weight of the animals was monitored every 3 days to 

adjust the drug dosage and to assess treatment-related toxicities as well as disease 

progression. The two perpendicular diameters of tumors (termed A and B) were recorded 

every 3 days, and tumor volume (V) was estimated according to the formula published 

previously (18).

Statistical analysis

All experiments were repeated at least three times, and the differences were determined 

using the two-tailed Student t test and statistical significance was determined at P < 0.05.

Results

Ibrutinib significantly sensitizes ABCB1- and ABCC10-overexpressing cells to paclitaxel

The MTT assay was performed to determine the cytotoxicity of ibrutinib on the cells used in 

our study before determining the potential reversal effect of ibrutinib on paclitaxel 

resistance. As shown in Supplementary Fig. S1, more than 85% of the cells survived with 

the ibrutinib treatment at the concentration of up to 5 μmol/L. Hence the concentrations of 1, 

2.5, and 5 μmol/L were chosen to study the effect of ibrutinib on enhancing the sensitivity of 

paclitaxel. Our results showed that the nontoxic concentration of ibrutinib significantly 

increased the cytotoxic effect of paclitaxel in ABCB1-overexpressing KB-C2, K562/AO2 

cells and transfected HEK293/ABCB1 cells in a concentration-dependent manner, and the 

effect is comparable with the well-known inhibitor of ABCB1, verapamil (Table 1). Further 

studies demonstrated that ibrutinib significantly sensitized ABCC10-overexpressing 

HEK293/ABCC10 cells to paclitaxel and docetaxel (Table 2). However, ibrutinib showed no 

enhanced effect of paclitaxel in the KB-3–1, K562, and HEK293/pcDNA3.1, which do not 

express ABCB1 or ABCC10. Ibrutinib also significantly increased the response of KB-C2, 

K562/AO2, and HEK293/ABCB1 cells to vincristine and colchicine, which are substrates of 

ABCB1 (Supplementary Table S1). Similarly, ibrutinib increased the sensitivity of HEK293/

ABCC10 cells to vincristine, which is a substrate of ABCC10 (Supplementary Table S2). In 

addition, ibrutinib did not significantly alter the IC50 values of cisplatin, which is not a 

substrate of ABCB1 or ABCC10 in any of the cell lines. These results suggested that 

ibrutinib significantly enhance the sensitivity of paclitaxel in MDR cells overexpressing 

ABCB1 and ABCC10.

Ibrutinib significantly increases the accumulation of [3H]-paclitaxel in MDR cells 
overexpressing ABCB1 or ABCC10

To understand the potential mechanism of the reversal effect of ibrutinib to paclitaxel 

resistance in MDR cells, we tested the intracellular accumulation of [3H]-paclitaxel in 

KB-3–1, KB-C2, HEK293/pcDNA3.1, and HEK293/ABCC10 cells. Our results illustrated 

that the intracellular [3H]-paclitaxel accumulation was significantly higher in the parental 

KB-3–1 cells than in the resistant KB-C2 cells. Ibrutinib at 1 and 5 μmol/L significantly 

increased the intracellular level of [3H]-paclitaxel in KB-C2 cells without affecting the 

sensitive KB-3–1 cells (Fig. 1A). Similarly, in the presence of 1 and 5 μmol/L of ibrutinib, a 

significant increase in the intracellular accumulation of [3H]-paclitaxel was observed in 

HEK293/ABCC10 cells. The effect of ibrutinib at 5 μmol/L was similar to that of 
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cepharanthine at the same concentration. However, ibrutinib did not alter the intracellular 

accumulation in the parental HEK293/pcDNA3.1 cells (Fig. 1B). These results indicated that 

ibrutinib is able to increase the accumulation of [3H]-paclitaxel in the cells overexpressing 

ABCB1 or ABCC10.

Ibrutinib significantly decreases efflux of [3H]-paclitaxel in MDR cells overexpressing 
ABCB1 or ABCC10

To determine whether ibrutinib can directly inhibit the efflux activity of ABCB1 and 

ABCC10, thus leading to the increased intracellular accumulation of [3H]-paclitaxel, we 

examined the efflux of [3H]-paclitaxel in the presence or absence of ibrutinib at different 

time points in the MDR cells. Our results indicated that in the absence of ibrutinib, KB-C2 

and HEK293/ABCC10 cells efflux more [3H]-paclitaxel out of the cells comparing with 

their paired sensitive cells, KB-3–1 and HEK293/pcDNA3.1 cells at different time points. 

However, the efflux activities of ABCB1 and ABCC10 were significantly inhibited with the 

treatment of 5 μmol/L of ibrutinib at 30, 60, and 120 minutes, thus inducing an increased 

accumulation of [3H]-paclitaxel in the MDR cells but not in the parental sensitive cells (Fig. 

1C and D). These results further validated the efficacy of ibrutinib to inhibit the drug efflux 

function of ABCB1 and ABCC10.

Ibrutinib does not significantly alter the protein expression of ABCB1 or ABCC10 in the 
MDR cells

The reversal effect of ibrutinib might act by either inhibiting the function of the protein or 

decreasing the expression of the protein. To ascertain whether ibrutinib affects the protein 

expression of ABCB1 and ABCC10, we treated the MDR cells with 5 μmol/L of ibrutinib 

for 24, 48, and 72 hours. Immunoblot analysis confirmed that ibrutinib did not significantly 

alter the protein expression of ABCB1 or ABCC10 in the MDR cells (Fig. 2A and B). These 

findings suggested that the reversal of paclitaxel resistance by ibrutinib is not the result of 

decreased ABCB1 or ABCC10 protein expression.

Ibrutinib stimulates the ATPase activity of ABCB1

The drug efflux process by ABC transporters utilizes the energy from hydrolysis of ATP to 

ADP to transport their substrates. Substrates or modulators that interact with the transporter 

might stimulate or inhibit ATPase activity. To assess the effect of ibrutinib on the ATPase 

activity of ABCB1, we tested ABCB1-mediated ATP hydrolysis with different 

concentrations of ibrutinib (0–80 μmol/L). Ibrutinib stimulated the ATPase activity of 

ABCB1 in a concentration-dependent manner, with a maximal stimulation of 3.05-fold of 

the basal activity. Figure 2C demonstrates that the concentration of ibrutinib required to 

obtain 50% stimulation is 0.641 μmol/L. The results suggested that ibrutinib interacts with 

ABCB1 transporter in a substrate manner.

Molecular docking analysis of ibrutinib with human ABCB1 homology model

In the absence of the crystal structure of human ABCB1, we developed a homology model 

based on the updated crystal structure of ABCB1 from mice (32). To understand the 

molecular interactions of ibrutinib with human ABCB1, docking studies were performed 
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within the drug-binding cavity of homology-modeled human ABCB1. The top docking score 

was found to be −9.6 kcal/mol, and we used this pose for discussion of the binding 

interactions within the large binding site in ABCB1 (35). The figure of ibrutinib and nearby 

residues is shown in Fig. 2D.

The docking pose indicated the importance of hydrophobic and electrostatic interactions 

within the large drug-binding cavity of ABCB1. The two-benzene group (D- and E-ring) 

forms hydrophobic contacts with side chains of residues Ile306, Leu339, Phe343, and 

Gln990. The pyrazole and pyrimidine ring (B- and C-ring) bind to the hydrophobic pocket 

formed by the side chains of residue Tyr310, Phe728, Ala729, Phe732, and Phe983. 

Moreover, the piperidine (A-ring) is stabilized by hydrophobic contact with Met69, Phe335, 

Phe336, Ile340, Tyr953, and Phe983. In addition, N3 atom of C-ring formed a hydrogen 

bonding interaction with side chain amide “NH” of Gln725 (−N···H2N-Gln725, 1.78 Å). The 

carbonyl oxygen atom in Gln725 also formed a hydrogen bond with the amino group in C-

ring (-NH-H···OC-Gln725, 2.07 Å).

Ibrutinib significantly potentiates the anticancer activity of paclitaxel in ABCB1- and 
ABCC10-overexpressing cell xenograft mouse models

An established KB-C2 cell xenograft model in nude mice was used to evaluate the efficacy 

of ibrutinib on paclitaxel-induced antitumor activity. After a series of pilot studies, we 

selected a dose of 30 mg/kg of ibrutinib and 15 mg/kg of paclitaxel in the studies. As shown 

in Fig. 3A, there was no significant difference in tumor size between groups treated with 

saline and ibrutinib. The group treated with paclitaxel (15 mg/kg i.p.) mildly reduced the 

growth rate of tumors compared with saline control group. However, the group treated with 

ibrutinib (30 mg/kg orally, given 1 hour before giving paclitaxel) in combination with 

paclitaxel (15 mg/kg i.p.) produced a significant inhibition of tumor growth compared with 

groups treated with saline, paclitaxel, or ibrutinib alone (Fig. 3A and B). The mean values of 

the weight of tumors removed from sacrificed mice were analyzed in Fig. 3C. In addition, 

there was no significant difference in body weight or in phenotypic changes between the 

treatment groups after the course of therapy (Fig. 3D). Our results suggested that ibrutinib 

(30 mg/kg orally, given 1 hour before giving paclitaxel) in combination with paclitaxel 

improve the antitumor efficacy of paclitaxel in KB-C2 cell xenograft model without 

increasing toxicity. Similarly, we established an HEK293/ABCC10 cell xenograft model in 

nude mice that was used to evaluate the efficacy of ibrutinib on paclitaxel-induced antitumor 

activity. Our results demonstrated that the combination of ibrutinib and paclitaxel produced a 

significant inhibition of tumor growth compared with mice treated with paclitaxel, saline, or 

ibrutinib alone (P < 0.05; Fig. 4A–C). Furthermore, at the selected doses, no mortality or 

apparent decrease in body weight was observed in all the groups, suggesting that the 

combination regimen does not increase the incidence of toxic side effects (Fig. 4D).

Discussion

Paclitaxel has been widely used alone or in combined regiments and has shown prominent 

effect on treating patients with lung, ovarian, breast, head and neck cancers, and advanced 

forms of Kaposi sarcoma (36). However, the occurrence of MDR limited the clinical 
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efficacy. As reported previously, overexpression of ABCB1 is one of the most prominent 

mechanisms underlying paclitaxel resistance (37). Recently, ABCC10 was proved to be 

another important factor for the occurrence of paclitaxel resistance (38, 39). Ibrutinib has 

shown promising activity for the treatment of relapsed or refractory MCL and CLL and been 

approved by the FDA (40). In addition, ibrutinib demonstrated potent antitumor activity in 

EGFR-mutant non–small cell lung cancer (41). Our previous report found that ibrutinib was 

a potent inhibitor of MRP1 (22). However, no data are available on whether ibrutinib could 

enhance the efficacy of paclitaxel and other drugs that are the substrates of ABCB1 or 

ABCC10 transporter. Therefore, this preclinical study using the combination of ibrutinib 

with paclitaxel would be of great clinical interest.

The cytotoxicity of ibrutinib on cells used in our study was investigated and found nontoxic 

at the concentrations of 1, 2.5, and 5 μmol/L. The concentration of 5 μmol/L was used to 

study its potential mechanisms to reverse paclitaxel resistance. We found that ibrutinib 

significantly potentiated the cytotoxicity of paclitaxel in KB-C2, HEK293/ABCB1, and 

K562/AO2 cells that overexpress ABCB1 in a concentration-dependent manner. Further 

studies showed that ibrutinib significantly enhanced the cytotoxicity of paclitaxel in 

HEK293/ABCC10 cells. In addition, ibrutinib also potentiated the cytotoxicity of other 

substrates of ABCB1 or ABCC10 but not cisplatin, which is not a substrate of these two 

transporters. However, ibrutinib showed no significant effect on the parental KB-3–1, k562, 

and HEK293/pcDNA3.1 cells. Moreover, ibrutinib did not enhance the sensitivity of the 

ABCG2 substrate mitoxantrone on ABCG2-overexpressing cells (Supplementary Table S3). 

These findings indicated that ibrutinib may antagonize ABCB1- and ABCC10-mediated 

paclitaxel resistance. We also confirmed that this effect was due to a significant increase in 

the intracellular accumulation of [3H]-paclitaxel in the resistant cells. Consistent with the 

previous results, [3H]-paclitaxel efflux experiments showed that ibrutinib significantly 

reduced the rapid efflux of the [3H]-paclitaxel in KB-C2 and HEK293/ABCC10 cells in a 

time-dependent manner.

The effect of ibrutinib on ABCB1- and ABCC10-mediated paclitaxel resistance could be 

either by antagonizing the function of the transporters or lowering the protein expression 

levels. We performed Western blot analysis to analyze the expression of ABCB1 and 

ABCC10 after incubating the cells with ibrutinib for 24, 48, and 72 hours. Western blot 

results illustrated that ibrutinib did not alter the expression of ABCB1 or ABCC10 when the 

cells were incubated with ibrutinib for up to 72 hours. This excludes the possibility that the 

effect of ibrutinib on paclitaxel resistance was due to alteration of the protein expression.

Because the ABC transporters utilize energy derived from ATP hydrolysis to pump the 

substrate drugs out of the cells, the profile of drug-stimulated ATPase activity in the 

ABCB1-expressing cell membrane is considered to reflect the interaction of transporter 

pumps with drug substrates (42). Thus ATPase assay was performed to test the interaction of 

ibrutinib and ABCB1 transporter. Ibrutinib was found to stimulate ATPase activity in a 

concentration-dependent manner, suggesting that ibrutinib may be a substrate and therefore 

a competitive inhibitor of ABCB1. In addition, we performed molecular docking analysis 

and identified the binding conformation of ibrutinib within the large cavity of the 

transmembrane region of ABCB1.
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To examine whether ibrutinib can also reverse ABCB1- and ABCC10-mediated paclitaxel 

resistance in vivo, the effects of ibrutinib on the toxicity of paclitaxel in the nude mouse 

xenograft models were studied. Previous pharmacokinetics study of ibrutinib in mice 

showed its peak plasma concentration of 1.07 μmol/L when the mice were administered a 

14.2 mg/kg dose (43). In addition, our in vitro results suggested that the concentration of 

ibrutinib between 1 and 5 μmol/L significantly overcame paclitaxel resistance. Therefore, 

the peak of plasma concentration must be greater than 1.07 μmol/L when the mice were 

administered a 30 mg/kg dose of ibrutinib. On the basis of this, we chose 30 mg/kg to 

conduct pilot experiments. The results showed that ibrutinib at 30 mg/kg did not produce 

any visible toxicity or phenotypic changes in the mice. Therefore, 30 mg/kg was chosen in 

in vivo studies. The intraperitoneal dose of paclitaxel (15 mg/kg) used in this study was 

determined according to the results of our previous study, which indicated that it produced 

significant resistance in HEK293/ABCC10 tumor xenograft model compared with the 

HEK293/pcDNA3.1 tumor xenograft model (39). Consistent with in vitro experiments, the 

results obtained from in vivo studies showed that the combination of paclitaxel with 

ibrutinib enhanced the anticancer activity of paclitaxel in the ABCB1- and ABCC10-

overexpressing xenograft mouse models.

Clinical studies have also implied the interactions between ibrutinib and some 

chemotherapeutics that are substrates of ABC transporters. For the treatment of non-

Hodgkin lymphoma, ibrutinib showed synergistic effect when combined with 

cyclophosphamide, doxorubicin, and vincristine, that are substrates of MRP1 (44). In 

another phase II trial, the combination of ibrutinib and MRP1 substrate bendamustine 

demonstrated synergistic effect in relapsed and refractory CLL (45). In our study, the 

combination of ibrutinib and paclitaxel demonstrated strong synergistic effect, most likely 

due to the inhibitory function of ibrutinib on both ABCB1 and ABCC10, leading to reducing 

the efflux of paclitaxel by ABCB1 and ABCC10. This synergy was demonstrated across a 

large panel of cell lines, including those representing human leukemia and some solid 

tumors. In addition, the KB-C2 and HEK293/ABCC10 nude mouse models confirmed the 

therapeutic benefits of the combination treatment in vivo.

Collectively, our results suggested that ibrutinib has previously unknown function in 

sensitizing ABCB1- or ABCC10- overexpressing cells to the substrate paclitaxel both in 
vitro and in vivo. This effect was most likely due to the blockage of the efflux of paclitaxel 

by ABCB1 or ABCC10. Therefore, the combination therapy of ibrutinib and paclitaxel 

could represent an efficient strategy to treat patients with cancers that are resistant to 

paclitaxel as a result of the expression of ABCB1 or ABCC10.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The effect of ibrutinib on the accumulation and efflux of [3H]-paclitaxel in ABCB1- or 

ABCC10-overexpressing cells. A, Ibrutinib effectively increased the accumulation of [3H]-

paclitaxel in KB-C2 cells. Columns are the mean of triplicate determinations; bars, SDs. B, 
The efficacy of ibrutinib on the efflux of [3H]-paclitaxel from KB-3–1 and KB-C2 cells was 

measured. A time-dependent versus percentage of intracellular [3H]-paclitaxel was plotted 

(0, 30, 60, and 120 minutes). Data shown were means ± SDs for independent determinations 

in triplicate. C, Ibrutinib effectively increased the accumulation of [3H]-paclitaxel in 

HEK293/ABCC10 cells. D, The effect of ibrutinib on the efflux of [3H]-paclitaxel from 

HEK293/pcDNA3.1 and HEK293/ABCC10 cells was measured. Three independent 

experiments were performed.
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Figure 2. 
The effect of ibrutinib on ABCB1 and ABCC10 expression levels, ABCB1 ATPase activity, 

and its docking in the homology model of ABCB1. A, The effect of ibrutinib on the protein 

levels of ABCB1 was tested by Western blot analysis after the KB-C2 cells were treated 

with 5 μmol/L ibrutinib for 0, 24, 48, and 72 hours. The expression levels of ABCB1 were 

normalized by β-actin. The differences were statistically not significant (P > 0.05). B, The 

effect of ibrutinib on the protein levels of ABCC10; the expression levels of ABCC10 were 

normalized by β-actin. C, The effect of ibrutinib (0–80 μmol/L) on ATP hydrolysis by 

ABCB1. The mean values are plotted, and error bars represent the SD. The experiments 

were performed at least three independent times. D, XP-Glide predicted binding mode of 

ibrutinib with homology-modeled ABCB1. The docked conformation of ibrutinib as ball and 

stick model is shown within the large hydrophobic cavity of ABCB1. Important amino acids 

are depicted as sticks with the atoms colored as carbon, green; hydrogen, white; nitrogen, 

blue; oxygen, red; sulfur, yellow, whereas ibrutinib is shown with the same color scheme as 

above except carbon atoms are represented in orange. Dotted black line, hydrogen bonding 
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interactions. Molecular surface of homology-modeled ABCB1 was colored by residue 

charge (hydrophobic, yellow).
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Figure 3. 
Ibrutinib enhanced the effect of paclitaxel on the growth of an ABCB1-overexpressing KB-

C2 cell xenograft model in athymic nude mice. A, Images of excised KB-C2 tumor tissues 

from different mice are shown on the 18th day after treatment (n = 7). B, Changes in tumor 

volume with time in ABCB1-overexpressing xenograft model are shown. C, Mean weight (n 
= 7) of the excised KB-C2 tumors from the mice treated with vehicle, ibrutinib, paclitaxel, 

or the combination of ibrutinib and paclitaxel. Error bars, SD. *, P < 0.05 versus vehicle 

group; #, P < 0.05 versus the paclitaxel group. D, The average body weight before and after 

treatments.

Zhang et al. Page 17

Mol Cancer Ther. Author manuscript; available in PMC 2021 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Ibrutinib enhanced the effect of paclitaxel on the growth of an ABCC10-overexpressing 

HEK293/ABCC10 cell xenograft model in athymic nude mice. A, Images of excised 

HEK293/ABCC10 tumors tissues from different mice are shown on the 18th day after 

treatment (n = 7). B, Changes in tumor volume with time in ABCC10-overexpressing 

xenograft model are shown. C, Mean weight (n= 7) of the excised HEK293/ABCC10 tumors 

from the mice treated with vehicle, ibrutinib, paclitaxel, or the combination of ibrutinib and 

paclitaxel. Error bars, SD. *, P < 0.05 versus vehicle group; #, P < 0.05 versus the paclitaxel 

group. D, The average body weight before and after treatments.
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