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 Abstract 

Neratinib (HIK-272), an irreversible inhibitor of EGFR and Her-2, is in phase III clinical 

trials for patients with Her-2-positive locally advanced or metastatic breast cancer.  The 

objective of this study was to explore the ability of neratinib to reverse tumor multidrug 

resistance (MDR) due to overexpression of ABC transporters.  Our results showed that 

neratinib remarkably enhanced the sensitivity of ABCB1-overexpressing cells to ABCB1 

substrates.  Importantly, neratinib augmented the effect of chemotherapeutic agents on 

inhibiting the growth of ABCB1-overexpressing primary leukemia blasts and KBv200 cell 

xenografts in nude mice.  Furthermore, neratinib increased the accumulation of doxorubicin 

in ABCB1-overexpressing cell lines and rhodamine 123 accumulation in 

ABCB1-overexpressing cell lines and primary leukemic blasts.  Intriguingly, neratinib 

stimulated the ATPase activity of ABCB1 at low concentrations but inhibited it at high 

concentrations.  Similarly, neratinib in a concentration-dependent manner inhibited 

photolabeling of ABCB1 with 125I-Iodoarylazidoprazosin (IC50=0.25 µmol/L).  However, 

neither the expression of ABCB1 at mRNA and protein levels nor the phosphorylation of Akt 

was affected by neratinib at reversal concentrations.  Docking simulations are consistent 

with the binding conformation of neratinib within the large cavity of the transmembrane 

region of ABCB1, providing computational support for the cross-reactivity of TKIs with 

human ABCB1.  In conclusion, neratinib can reverse ABCB1-mediated multidrug resistance 

in vitro, ex vivo and in vivo by inhibiting its transport function.   
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Introduction 

Cancer cells may elude chemotherapy in a myriad of ways, and share the ability to become 

resistant to numerous antineoplastic agents that are structurally and mechanistically unrelated.  

This trait, named multidrug resistance (MDR), remains a salient impediment to effective 

chemotherapy of tumor (Gottesman et al., 2002).  Diverse mechanisms contribute to the 

development of MDR, among which the most common reason is the overexpression of cell 

membrane-bound ATP-binding cassette (ABC) transporters.  These transporters, at the 

expense of ATP hydrolysis, actively extrude diverse amphipathic chemotherapeutic agents, 

thus attenuating their cytotoxic effect and resulting in MDR (Dean et al., 2001; Perez-Tomas, 

2006).  Forty-nine ABC transporters have been identified in the human genome and are 

divided into seven subfamilies (A-G) based on sequence similarities (Dean et al., 2001; 

Vasiliou et al., 2009), among which ABCB1 (P-glycoprotein, ABCB1/MDR1), ABCCs (MRP) 

and ABCG2 (BCRP/MXR/ABCP) play a major role in producing MDR in tumor cells.  

These proteins share the ability to transport a large number of structurally diverse, mainly 

hydrophobic compounds out from cells, while each transporter has their own unique 

substrates in addition to their overlapping substrate specificity (Szakacs et al., 2006).  

Central to the mechanism of resistance to most chemotherapeutic regimens is the 

overexpression of ABCB1 protein, which extrudes (certainly but not limited to) vinca 

alkaloids, anthracyclines, epipodophyllotoxins and taxanes (Ambudkar et al., 1999).  

It is reported that ABC transporters acted as modulators of oral absorption and have 

emerged as determinants of sanctuary sites (Shi et al., 2011).  A number of blood-tissue 

barriers are mediated at least, in part, by ABC transporters including the blood-brain barrier, 

the maternal-fetal barrier, the blood-testicular barrier, and an apparent blood-cardiac muscle 
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barrier (Sissung et al.).  Despite their role as protective barriers, ABC transporters also 

decrease penetration of antineoplastic agents into the targeted tissue compartments.  

Therefore, identification of agents that block ABC transporters at such sites leading to 

increased drug penetration has potential clinical benefit well beyond a "reversal of MDR 

strategy"(Shi et al., 2011).                                 

Particularly, agents targeting EGFR and Her-2, such as lapatinib, have shown inspiring 

therapeutic efficacy (Wong et al., 2009).  Neratinib is an orally available, irreversible small 

molecule tyrosine kinase inhibitor of both EGFR and Her-2, acting at the ATP-binding site of 

their tyrosine kinase domains (Rabindran et al., 2004).  Given the promising activity seen for 

neratinib, a large Phase II trial examined the efficacy of neratinib in patients with 

Her-2-amplified breast cancer.  The 16-week progression-free survival (PFS) rates were 59% 

for patients with prior trastuzumab treatment and 78% for patients with no prior trastuzumab 

treatment and the median PFS was 22.3 weeks and 39.6 weeks, respectively(Burstein et al., 

2010).  Five out of 35 patients had partial response with neratinib plus paclitaxel, while no 

dose-limiting toxicity (DLT) was encountered in advanced Her-2-positive metastatic breast 

cancer (MBC) in phase I/II trial NCT0045458.  In phase I/II trial NCT00398567, patients 

with advanced Her-2-positive breast cancer that had progressed after trastuzumab therapy, 

received 240 mg neratinib with standard doses of trastuzumab.  The overall response rate 

was 27%, which included 7% complete responses.  The 16-week PFS rate was 45%, and the 

median PFS duration was 19 weeks.  Notably, the findings of Seyhan and colleagues support 

a phase III clinical trial of neratinib with paclitaxel in breast cancer patients (Seyhan et al., 

2011).  Currently, three large phase III clinical trail studies using neratinib are ongoing.  A 

phase III randomized open-label study (NCT00777101) comparing neratinib with a 
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combination of capecitabine and lapatinib in locally advanced breast cancer or MBC with 

Her-2 amplification is ongoing.  Neratinib is also being compared with placebo in a 

randomized double-blind phase III study of early-stage Her-2/Neu-overexpressing/amplified 

breast cancer in patients after treatment with trastuzumab (NCT00878709).  Finally, a 

combination of neratinib plus paclitaxel is being compared with trastuzumab plus paclitaxel 

for the firstline treatment of Her-2-positive locally advanced breast cancer or MBC 

(NCT00915018)(Alvarez, 2010).  Therefore， neratinib will be the next most advanced drug 

in clinical study after lapatinib.  Additionally, neratinib and trastuzumab exert their effects 

on the Her-2 receptor at different molecular sites, and it has been suggested that the 

combination of both agents may be synergistic (Alvarez, 2010). 

In our previous studies, we found that several tyrosine kinase inhibitors erlotinib (Shi et al., 

2007), lapatinib (Dai et al., 2008), vandetanib (Zheng et al., 2009), cediranib (Tao et al., 2009), 

sunitinib (Dai et al., 2009) and apatinib (Mi et al., 2010) significantly attenuated or reversed 

ABC transporter–mediated MDR in cancer cells.  Consequently, we conducted research to 

address whether neratinib can sensitize MDR cancer cells to conventional chemotherapeutic 

drugs and thus result in regression in tumor xenograft model via interaction with ABC 

transporters. 
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Materials and Methods 

Reagents 

Neratinib (HKI-272) was purchased from Axon Medchem BV (Groningen, Netherlands), 

with a molecular structure shown in supplementary (Supplemental Figure 1A).  Monoclonal 

antibody against ABCB1 and phosphorylated Akt (p-Akt, Ser473) were purchased from Santa 

Cruz Biotechnology (CA, USA).   Akt antibody was obtained from Cell Signaling 

Technology Inc (Danvers, MA).  Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

antibody was purchased from Kangchen Co. (Shanghai, China).  DMEM and RPMI-1640 

were products of Gibco BRL (NY, USA).  Platinum® SYBR® Green qPCR SuperMix-UDG 

with ROX was obtained from Invitrogen Co..  Rhodamine123 (Rho 123), MTT, 

fumitremorgin C (FTC), paclitaxel, doxorubicin (DOX), vincristine，mitoxantrone, verapamil 

(VRP), MK571 and other chemicals were purchased from Sigma Chemical Co (St. Louis, 

MO).   

Cell lines and cell culture 

The following cell lines were cultured in DMEM or RPMI 1640 supplemented with 10% 

FBS at 37°C in a humidified atmosphere of 5% CO2: the human breast carcinoma cell lines 

MCF-7 and its DOX-selected ABCB1-overexpressing derivative MCF-7/Adr (Fu et al., 2004); 

and flavopiridol-resistant ABCG2-overexpressing MCF-7/FLV1000 subline (Robey et al., 

2001) kindly provided by Dr. S.E. Bates (National Cancer Institute, NIH, Bethesda, MD).  

The human oral epidermoid carcinoma cell line KB and its vincristine-selected 

ABCB1-overexpressing derivative KBv200 were a gift from Dr. Xu-Yi Liu (Cancer Hospital 

of Beijing, Beijing, China).  The human leukemia cell lines HL60 and its DOX-selected 

ABCC1-overexpressing derivative HL60/Adr; and the human primary embryonic kidney cell 
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line HEK293 and its pcDNA3.1 and ABCB1 stable gene-transfected cell lines 

HEK293/pcDNA3.1 and HEK293/ABCB1 were obtained from Dr. S.E. Bates (National 

Cancer Institute, NIH).  All of the transfected cells were cultured in medium with 2 mg/mL 

G418 (Robey et al., 2003).  All resistant cells were authenticated by comparing their fold 

resistance with that of the parental drug-sensitive cells and examining the expression levels of 

ABC transporters.   All cells were grown in drug-free culture medium for more than 2 

weeks before assay.  

Animals 

Athymic nude mice (BALB/c-nu/nu), 5 to 6 weeks old and weighing 18 to 24 g, were 

obtained from the Center of Experimental Animals, Guangdong Province (Guangzhou，China), 

and used for the KBv200 cell xenografts.  All animals received sterilized food and water.  

All experiments were carried out in accordance with the guidelines on animal care and 

experiments of laboratory animals (Center of Experimental Animals, Sun Yat-Sen University, 

China), which was approved by the ethics committee for animal experiments. 

Patient samples 

Bone marrow samples from acute myeloid leukemia (AML) patients diagnosed according 

to the French-American-British (FAB) classification were obtained after their informed 

consent, and this study was approved by the Ethics Review Committee at Sun Yat-Sen 

University.  Leukemic blasts were isolated using Ficoll-Hypaque density gradient 

centrifugation and cultured in RPMI1640 medium containing 10% FBS, penicillin 100 U/mL, 

streptomycin 100 U/mL and incubated in a humidified atmosphere containing 5% CO2 at 

37°C. 

Cytotoxicity assay 

The MTT assay was performed as previously described to estimate the sensitivity of cells 
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to drugs (Chen et al., 2004b; Yan et al., 2008).  Briefly, cells were plated in 96-well 

microtiter plates and then various concentrations of neratinib and/or a full range concentration 

of conventional chemotherapeutic drugs were added to the wells.  After 68 h of incubation, 

MTT (5 mg/mL, 20 μL/well) was added to the wells and the cells were incubated for an 

additional 4 h.  Subsequently, the medium was discarded and 200 μL of dimethylsulfoxide 

was added to dissolve the formazan produced by the metabolism of MTT.  The optical 

density was measured at 540 nm with background subtraction at 655 nm using a Model 550 

Microplate Reader (BIO-RAD, Hercules, CA).  The concentration required to inhibit cell 

growth by 50% (IC50) was calculated from survival curves using the Bliss method (Shi et al., 

2006).  The degree of resistance was estimated by dividing the IC50 for the MDR cells by 

that of the parental sensitive cells; the degree of the reversal of MDR was calculated by 

dividing the IC50 of the antineoplastic agents in the absence of neratinib by that obtained in 

the presence of neratinib. 

Nude mice xenograft model 

The KBv200-inoculated nude mice xenograft model previously established by Chen and 

colleagues was used in this study (Chen et al., 2004a).  The xenograft model was found to 

maintain the MDR phenotype in vivo and was extremely resistant to paclitaxel treatment.  

Briefly, KBv200 cells were harvested and implanted subcutaneously under the shoulder in the 

nude mice.  When the tumors reached a mean diameter of 0.5 cm, the mice were randomized 

into four groups and treated with various regimens: (a) saline (q3d × 4); (b) paclitaxel (18 

mg/kg, i.p., q3d × 4); (c) neratinib (20 mg/kg, p.o., q3d × 4); and (d) paclitaxel (18 mg/kg, i.p., 

q3d × 4) + neratinib (20 mg/kg, p.o., q3d × 4 given 1 h before injecting paclitaxel).  The 

body weights of the animals and the two perpendicular diameters (A and B) were recorded 
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every 3 days, and tumor volume (V) was estimated according to the following formula (Chen 

et al., 2004a): 

                               
3

2
BA

6
π

V ⎟
⎠

⎞
⎜
⎝

⎛ +=  

The curves of tumor growth and body weight were drawn according to tumor volume and 

time of implantation.  The mice were anesthetized and sacrificed when the mean tumor 

weight was more than 1 g in the control group.  Tumor tissues were excised from the mice 

and their weights were measured.  The ratio of growth inhibition (IR) was calculated 

according to the following formula (Chen et al., 2004a): 

100%
groupcontrolofweighttumorMean

groupalexperimentofweighttumorMean
1IR ×−=  

Flow cytometry 

Expression of ABCB1 in the primary leukemia blasts and the cell lines HEK293, 

HEK293/ABCB1, KB and KBv200 was assessed by flow cytometry.  Briefly, single cell 

suspensions were prepared and washed three times with an isotonic PBS buffer 

(supplemented with 0.5% BSA).  And then, 10 µL of PE-conjugated mouse anti-human 

ABCB1 antibody was mixed with 25 µL of cells (4×106 cells/mL).  After incubation for 45 

min at 4°C in the dark, the cells were washed twice with PBS buffer (supplemented with 0.5% 

BSA) and resuspended in 400 µL PBS buffer for flow cytometric analysis.  Isotype control 

samples were treated in an identical manner with PE-conjugated mouse IgG2α for ABCB1. 

DOX and Rho 123 accumulation 

The effect of neratinib on the accumulation of DOX and Rho 123 in KB, KBv200, MCF-7 

and MCF-7/Adr cell lines and of Rho 123 in primary leukemia blasts was measured by flow 

cytometry as previously described (Fu et al., 2004).  Briefly, the cells were treated with 

neratinib in various concentrations or vehicle at 37°C for 3 h.  And then 10 μmol/L DOX or 
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5μmol/L Rho 123 was added and incubation was continued for additional 3 h or 0.5 h, 

respectively.  The cells were then collected, washed 3 times with ice-cold PBS, and analyzed 

by flow cytometry (Beckman Coulter, Cytomics FC500, USA).  VRP, an ABCB1 inhibitor, 

was used as a positive control. 

RT PCR and real-time RT PCR 

ABCB1 expression was assayed as previously described (Dai et al., 2008).  After 

treatment for 48 h, total cellular RNA was isolated by Trizol Reagent RNA extraction kit 

following the manufacturer’s instruction (Molecular Research Center, USA).  The first 

strand cDNA was synthesized by Oligo dT primers with reverse transcriptase (Promega 

Corp.).  The PCR primers were 5’-cccatcattgcaatagcagg-3’ (forward) and 5’-gtt 

caaacttctgctcctga-3’ (reverse) for ABCB1; and 5’-ctttggtatcgtggaagga-3’ (forward) and 

5’-caccctgttgctgtagcc-3’ (reverse) for GAPDH, respectively.  Using the GeneAmp PCR 

system 9700 (PE Applied Biosystems, USA), reactions were carried out at 94°C for 2 min for 

initial denaturation, and then at 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min.  After 32 

cycles of amplification, additional extensions were carried out at 72°C for 10 min.  Products 

were resolved and examined by 1.5% agarose gel electrophoresis.  Expected PCR products 

were 157 bp for ABCB1 and 475 bp for GAPDH, respectively. 

Real-time RT-PCR was performed by the Bio-Rad CFX96TM Real-Time (Applied 

Biosystems, USA).  The geometric mean of the GAPDH was used as an internal control to 

normalize the variability in expression levels.  The forward primer for GAPDH was 

5'-gagtcaacggatttggtcgt-3', and the reverse primer was 5'-gatctcgctcctggaagatg-3'.  The 

forward primer for ABCB1 was 5'-gtggggcaagtcagttcatt-3', the reverse primer was 

5'-tcttcacctccaggctcagt-3'.  The PCR reactions were performed at 50°C for 2 min, 95°C for 
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5min and 40 cycles at 95°C for 15 s, 60°C for 30 s.  Relative quantification of ABCB1 was 

performed using the 2-ΔΔCt method (Livak and Schmittgen, 2001).  To ensure reproducibility 

of the results, all genes were tested in triplicate in three independent experiments. 

ABCB1 ATPase activity assay 

The verapamil-stimulated ABCB1 ATPase activity was estimated by Pgp-Glo™ assay 

systems (Promega, USA).  The inhibitory effect of neratinib was examined against 

verapamil-stimulated ABCB1 ATPase activity.  Sodium orthovanadate (Na3VO4) was used 

as an ABCB1 ATPase inhibitor.  Neratinib in various concentrations diluted with assay 

buffer was incubated with 0.1 mmol/L VRP, 5 mmol/L MgATP and 25 μg recombinant 

human ABCB1 membranes at 37°C for 40 min.  Subsequently, luminescence was initiated 

by ATP detection buffer.  After incubation at room temperature for 20 min to allow 

luminescent signal to develop, the untreated white opaque 96-well plate (corning, USA) was 

read on a luminometer (spectraMax M5, molecular devices, USA).  The changes in relative 

light units (△RLU) were determined by comparing Na3VO4-treated samples with neratinib 

and VRP combination-treated samples, and thereafter, the ATP consumed was measured by 

comparing to a standard curve. 

Laser scanning confocal microscopy 

The coverslips with 13mm×13mm were placed in the wells of a 24-well plate and 2 ×104 

cells were subcultured into a 24-well plate.  After treatment, cells were fixed with PBS 

containing 4% paraformaldehyde for 20 min and permeabilized with 0.25% TritonX-100 in 

PBS for 10 min at room temperature.  After washing thrice with PBS, coverslips were 

treated with blocking buffer (PBS + 0.1% Tween + 1% bovine serum albumin) for 1 h.  For 

immunolabeling experiments, cells were incubated with the Mdr-1(1:50, Santa Cruz, USA), 
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then washed and incubated with goat anti-mouse Alexa 594 (1:1000, Invitrogen, USA).  

Nuclei were visualized using 4,6-diamidine-2-phenylindole (1:2000, Sigma-Aldrich).  Cells 

were visualized by confocal microscopy (objective × 100, Olympus, FV1000). 

Photoaffinity labeling of ABCB1 with [125I]-iodoarylazidoprazosin ([125I]-IAAP)  

Photoaffinity labeling of ABCB1 with [125I]-IAAP was carried out as described 

previously (Sauna and Ambudkar, 2000).  Briefly, insect cell crude membranes (500 µg/ml) 

were incubated with increasing concentrations (0 to 5 µmol/L) of neratinib for 3 min at room 

temperature in 50 mmol/L Tris-HCl (pH 7.5), after which 4-6 nM [125I]-IAAP (2200 Ci/mmol, 

PerkinElmer Life Sciences, Wellesley, MA) was added in subdued light.  The samples were 

then exposed to ultraviolet (365 nm) light for 10 min at room temperature and resolved on 7% 

Tris-Acetate gels.  The radioactivity in the ABCB1 band was quantified using STORM 860 

PhosphoImager system (Molecular Dynamics, Sunnyvale, CA) and ImageQuaNT software 

(Molecular Dynamics).  

Western blot analysis 

To identify whether neratinib affects the expression of ABCB1, the cells were incubated 

with various concentrations of neratinib for 48 h and with 1 μmol/L neratinib for different 

periods of time.  To determine whether neratinib is able to block Akt phosphorylation, the 

cells were incubated with different concentrations of neratinib for 24 h and with 1 μmol/L 

neratinib for various periods of time.  Thereafter, whole cells were harvested and washed 

twice with ice-cold PBS.  Cell extracts were collected in 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, 10 μg/mL leupeptin) (Yan et al., 2011).  The protein 

concentration was quantified using the Bradford method (Bradford, 1976).  Equal amounts 
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of cell lysate from various treatments were resolved by SDS-PAGE.  After blocking in 

TBST (10 mmol/L Tris-HCL, 150 mmol/L NaCl, and 0.1% Tween20 pH 8.0) with 5% 

non-fat milk for 2 h at room temperature, the membranes were incubated with appropriately 

diluted primary antibodies overnight at 4°C.  The membranes were then washed thrice with 

TBST and incubated with HRP-conjugated secondary antibody at a 1:5000 dilution for 2 h at 

room temperature.  After washing thrice with TBST, the protein-antibody complex was 

visualized by the enhanced Phototope TM-HRP Detection Kit (Cell Signaling, USA) and 

exposed to Kodak medical X-ray processor (Carestream Health, USA).  GAPDH was used 

as a loading control. 

Ligand structure preparation 

Neratinib was built using the fragment dictionary of Maestro 9.0 and energy minimized by 

Macromodel program v9.7 (Schrödinger, Inc., New York, NY, 2009) using the OPLSAA 

force field with the steepest descent followed by truncated Newton conjugate gradient 

protocol.  The low-energy 3D structures of neratinib were generated with the following 

parameters present in LigPrep v2.3: different protonation states at physiological pH, all 

possible tautomers and ring conformations.  The output obtained from the LigPrep run was 

further used for generating 100 ligand conformations using default parameters of 

conformational search panel of Macromodel submenu which uses combination of mixed 

torsional/Low-mode sampling function.  Minimized structures were filtered with a 

maximum relative energy difference of 5 kcal/mol to exclude redundant conformers.  The 

output conformational search file containing 100 unique conformers of neratinib was used as 

input for docking simulations.  

Protein structure preparation 
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The X-ray crystal structure of mouse ABCB1, in complex with inhibitors QZ59-RRR (PDB 

ID: 3G6O) for site-1, QZ59-SSS (PDB ID: 3G61) for site-2, and in apoprotein state (PDB ID: 

3G5U) for sites-3 and -4 (Aller et al., 2009) , obtained from the RCSB protein data bank 

(www.rcsb.org) were used as the template to generate the homology models of human 

ABCB1 for sites 1-4 (Shi et al., 2011).  Additionally to evaluate the possibility of neratinib 

interacting at the ATP-binding site, the crystal structure of MDR protein of 

LmrA-ATP-binding domain from Lactococcus lactis (PDB ID: 1MV5) (unpublished) 

obtained from the RCSB protein data bank, which includes C-terminal 243 residues (residues 

from 342 to 583), was used as a template to generate the ATP-bound human ABCB1 

homology model.  The protocol for the homology modeling was essentially the same as 

reported before (Shi et al., 2011).  The refined human ABCB1 homology model was further 

used to generate different receptor grids for different sites (sites 1-4) by selecting QZ59-RRR 

(site-1) and QZ59-SSS (site-2) bound ligands, all amino acid residues known to contribute to 

verapamil binding (site-3), two residues (Phe728 and Val982) known to be common to three 

previous sites (site-4) and bound ATP for ATP binding site, essentially as reported before (Shi 

et al., 2011).  Moreover, the X-ray covalent complex of EGFR kinase domain-neratinib 

(PDB ID: 2JIV)(Yun et al., 2008) was energy-minimized according to the protein preparation 

tool present in Maestro and used for the purpose of comparing topological features of the 

ATP-binding site of the kinase domain of EGFR with the topological features of the 

drug/substrate-binding pocket of ABCB1 through residue charge surface representation. 

Docking protocol 
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The conformational library of neratinib was docked at each of the generated grids (site-1 to 

site-4 as well as ATP binding site of ABCB1) using the “Extra Precision” (XP) mode of Glide 

program v5.0 (Schrödinger, Inc., New York, NY, 2009) and the default parameters.  The top 

scoring pose-ABCB1 complex was then subjected to energy minimization using Macromodel 

program v9.7 with the OPLS-AA force field and used for graphical analysis.  All 

computations were carried out on a Dell Precision 470n dual processor with the Linux OS 

(Red Hat Enterprise WS 4.0). 

Statistics 

All experiments were repeated at least thrice and the differences were determined by using the 

Student’s t-test.  The significance was determined at P <0.05. 
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Results 

Neratinib reverses MDR in cells overexpressing ABCB1 

The cytotoxicity of neratinib in different cell lines was determined by the MTT assay.  The 

IC50 values were 4.13 ±0.47, 6.03 ± 0.64, 3.30 ± 0.41, 2.88 ± 0.30, 3.02 ± 0.34, 7.09 ± 0.71, 

2.26 ±0.23, 1.42 ± 0.15, 5.29 ± 0.53 and 6.91 ± 0.70 μmol/L for KB, KBv200, MCF-7, 

MCF-7/Adr, MCF-7, MCF-7/FLV1000, HL60, HL60/Adr, HEK293/pcDNA3.1 and 

HEK293/ABCB1 cells, respectively (Supplemental Figure 1 B, C, D, E, F).  Based on the 

cytotoxicity curves, more than 85% of cells were viable with neratinib at concentrations up to 

1.0 μmol/L neratinib in KB, KBv200, MCF-7, MCF-7/Adr, HEK293/pcDNA3.1 and 

HEK293/ABCB1 cells and 0.5 μmol/L in HL60 and HL60/Adr cells.  Therefore, neratinib at 

a concentration of 1.0 μmol/L (in KB, KBv200, MCF-7, MCF-7/Adr, MCF-7, 

MCF-7/FLV1000 cells, HEK293/pcDNA3.1 and HEK293/ABCB1) or 0.5 μmol/L (in HL60, 

HL60/Adr) was chosen as a maximum concentration for combination treatment with ABCB1 

(DOX, vincristine and paclitaxel), ABCC1 (DOX) or ABCG2 (mitoxantrone) substrate 

anticancer drugs. 

The IC50 values of the antineoplastic drugs in sensitive and resistant cells with different 

concentrations of neratinib are shown in Table 1.  Neratinib produced a 

concentration-dependent decrease in the IC50 values of (a) DOX and VCR in the KBv200 

cells and (b) DOX in MCF-7/Adr cells.  In contrast, neratinib only produced approximately 

2-fold sensitization to DOX in the parental KB and MCF-7 cells.  Importantly, neratinib, at 

the lowest concentration tested (0.25 μmol/L), was still able to reverse resistance to DOX at 

3.34-fold and 4.84-fold in KBv200 and MCF-7/Adr cells, respectively.  Accordingly, 1 

μmol/L neratinib significantly decreased the IC50 values of DOX in stably transfected 
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HEK293/ABCB1 cells (Table 2).  There was no significant difference in the IC50 values of 

DOX in the presence or absence of neratinib in HEK293/pcDNA3.1 cells (Table 2).  In 

addition, neratinib did not significantly alter the IC50 values of cisplatin (Table 1 and 2), a 

non-substrate of ABCB1, in any of the cell lines.  On the other hand, neratinib had no 

significant reversal effect on ABCC1-mediated drug resistance in HL60/Adr cells or 

ABCG2-mediated drug resistance in MCF-7/FLV1000 cells.  These results suggest that 

neratinib significantly sensitizes ABCB1-overexpressing cells to antineoplastic agents which 

are substrates of ABCB1. 

Neratinib reverses ABCB1-mediated MDR in the nude mouse xenograft model 

An established KBv200 cell xenograft model in nude mice was used to evaluate the 

efficacy of neratinib to reverse the resistance to paclitaxel in vivo.  There was no significant 

difference in tumor size between animals treated with saline, neratinib or paclitaxel, 

indicating the in vivo resistance to paclitaxel.  However, the combination of neratinib and 

paclitaxel produced a significant inhibition of tumor growth compared with saline, paclitaxel, 

or neratinib alone (P < 0.05; Fig. 1A and B).  The ratio of tumor growth inhibition by the 

combination of neratinib and paclitaxel was 41.29%.  Furthermore, at the doses tested, no 

mortality or apparent decrease in body weight was observed in the combination treatment 

groups, suggesting that the combination regimen did not increase the incidence of toxic side 

effects (Fig. 1C). 

Neratinib enhances the intracellular accumulation of Rho 123 in primary leukemic 

blasts with ABCB1 overexpression and sensitized the cells to ABCB1 substrate 

anticancer drugs 

Clinical samples of ABCB1-overexpressing leukemia cells from primary patients were 
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used for the ex vivo assessment of drug sensitization by neratinib.  Primary leukemia blast 

samples exhibited ABCB1 on more than 10% of cells, and were considered positive (Fig. 2A).  

We then examined the effect of neratinib on intracellular Rho 123 accumulation in these 

ABCB1-overexpressing primary leukemia blasts by flow cytometric analysis.  Our data 

showed that neratinib increased the levels of intracellular accumulation of Rho 123 in a 

dose-dependent manner (0.25-1.0 μmol/L).  As shown in Fig. 2B, neratinib at 0.25, 0.5 and 

1.0 μmol/L increased the intracellular accumulation of Rho123 by 1.26-, 1.40-, 1.45-fold in 

cells of patient 1, 1.30-, 1.45- and 1.69-fold in cells of patient 2 and 1.19-, 1.33- and 1.77-fold 

in cells of patient 3, respectively.  VRP (10 μmol/L), a known ABCB1 inhibitor, also 

significantly enhanced the levels of Rho 123 accumulation in all primary leukemia blasts.   

Furthermore, to demonstrate the sensitization effect of neratinib in the ex vivo model of 

ABCB1-overexpressing primary leukemia blasts, MTT cytotoxicity assay was performed.  

As shown in Fig. 2C, neratinib at 1.0 μmol/L significantly sensitized all three primary 

leukemia blast samples to DOX treatment as compared with the control (P<0.05).  The IC50 

values of DOX in the three primary leukemia blast samples were 1.49±0.15, 1.94±0.21, 

4.70±0.45 μmol/L and the fold-reversal was 2.62, 1.96 and 1.92 at the concentration of 1.0 

μmol/L, respectively.  The sensitization effect of neratinib at 1.0 μmol/L was found to be 

similar to that of VRP at 10 μmol/L.  These results suggest that neratinib may be useful in 

sensitizing leukemia cells in patients to conventional anticancer agents and could be used to 

circumvent MDR in ABCB1-overexpressing leukemia cells. 

The relative efficacies of the third-generation ABCB1-specific sensitizers, such as 

tariquidar (XR9576) and zosuquidar (LY335979), are currently under clinical trial, and cannot 

be clearly compared with neratinib, as they did not definitely calculate the ratio of tumor 
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growth inhibition in other nude mouse xenograft models (Dantzig et al., 1996; Mistry et al., 

2001), while in vitro, zosuquidar reversed resistance to DOX at 18-fold and 14-fold in 

MCF-7/Adr cells with 0.1 and 0.5μmol/L, respectively, which was similar to neratinib (Table 

1). 

Neratinib enhances the accumulation of DOX and Rho123 in MDR cells overexpressing 

ABCB1 

The results above indicated that neratinib could enhance the sensitivity of MDR cancer 

cells to certain antineoplastic agents that are ABCB1 substrates.  To understand the 

underlying mechanisms, the intracellular accumulation of DOX and Rho123 in the presence 

or absence of neratinib was examined by flow cytometric analysis.  Upon treatment with the 

fluorescent substrates alone, intracellular fluorescence intensity of DOX was significantly 

higher in the KB (4.67-fold) and MCF-7 cells (3.61-fold) than that observed in KBv200 and 

MCF-7/Adr cells whereas that of Rho123 was 22.22-fold in KB and 16.01-fold in MCF-7 

cells compared with KBv200 and MCF-7/Adr cells, respectively (Fig. 3A and B, 

Supplemental Figure 2).  When the cells were treated with neratinib, the fluorescent index of 

DOX was increased by 2.10-, 3.18-, 3.84-fold in KBv200 cells and 1.57-, 2.15-, 2.79-fold in 

MCF-7/Adr cells in the presence of 0.25, 0.5 and 1.0 μmol/L of neratinib, respectively.  

Similarly, neratinib at 0.25, 0.5 and 1.0 μmol/L increased the intracellular accumulation of 

Rho123 by 1.50-, 3.47-, 8.77-fold in KBv200 cells and 3.86-, 5.68- and 8.19-fold in 

MCF-7/Adr cells, respectively (Fig. 3A and B, Supplemental Figure 2).  However, no 

significant change in the intracellular accumulation of DOX and Rho123 was observed in the 

parental MCF-7 and KB cells upon combination treatment with neratinib.  Taken together, 

these results suggest that neratinib is able to modulate ABCB1-mediated transport in MDR 
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cells. 

Neratinib stimulates the ATPase activity of ABCB1 at low concentration and inhibits it 

at high concentration 

The drug-efflux function of ABCB1 is linked to ATP hydrolysis, and thus ATP 

consumption reflects its ATPase activity.  To assess the effect of neratinib on the ATPase 

activity of ABCB1, we measured ABCB1-mediated ATP hydrolysis with various 

concentrations of neratinib.  As shown in Fig. 3C and inset, neratinib increased 

verapamil-stimulated ATPase activity at low concentrations and inhibited it at high 

concentrations.  

Neratib inhibits the photoaffinity labeling of ABCB1 with [125I]-iodoarylazidoprazosin 

([125I]-IAAP) 

 To determine whether neratinib interacts at the drug-binding pocket of ABCB1, we tested 

its effect on photolabeling of ABCB1 with an azido-125I-iodo-labeled transport substrate.  As 

shown in Figure 4 A and B, neratinib in a concentration-dependent manner inhibited the 

photoaffinity labeling of ABCB1 with [125I]-IAAP in a concentration-dependent manner (IC 

50 = 0.24 ± 0.2 µmol/L; n=3), indicating that neratinib interacts directly at the drug-binding 

pocket of ABCB1.   

Neratinib does not alter the expression of ABCB1 at mRNA or protein level 

The reversal of ABC transporter-mediated MDR can usually be achieved by decreasing 

transporter expression and/or inhibiting function.  Therefore, we determined the effects of 

neratinib on the expression of ABCB1 at mRNA and protein expression levels by reverse 

transcription-PCR, Real-Time RT PCR and Western blot analysis.  Our results showed 

neither remarkable difference in ABCB1 expression at protein and mRNA levels, nor the 
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intracellular location of ABCB1 protein (Figs. 5A, B and C, Supplemental Figures 3, 4, 5).  

These results indicate that downregulating the expression of ABCB1 is not involved in the 

reversal of ABCB1-mediated MDR by neratinib. 

Effects of neratinib on the blockade of phosphorylation of Akt  

The phosphorylation of Akt, the downstream marker of neratinib target, is usually utilized 

to test the targeted activity of neratinib.  Previous studies have shown that inhibition of Akt 

pathway may enhance the efficacy of chemotherapeutic agents in cancer cells (Gagnon et al., 

2008; Oh et al., 2006).  To determine whether the reversal activity of neratinib is related to 

the change of phosphorylation of Akt, we tested phosphorylation of Akt at varying 

concentrations of neratinib.  Lapatinib was used as a positive control to block the 

phosphorylation of Akt.  As shown in Fig. 5D, after exposure to 0.25, 0.5, 1.0 and 2.0 

μmol/L of neratinib for 24 h and 1.0 μmol/L of neratinib for 3, 6, 12 and 24 h, the 

phosphorylation of Akt was not significantly changed.  This suggests that the MDR reversal 

effect of neratinib in KBv200 cells is independent of the inhibition of Akt phosphorylation. 

Model for binding of Neratinib to ABCB1  

To understand the binding mechanism of neratinib to the homology model of human 

ABCB1 at the molecular level, we performed docking experiments using all possible binding 

sites discussed in materials and methods section.  Analysis of the binding energy data for the 

docked conformations of neratinib at each of the binding sites 1-4 and ATP-binding site 

showed that neratinib binds most favorably at site-1 (Glide scores in kcal/mol for neratinib at 

site-1 to site-4 and ATP-binding site are -11.23, -8.22, -7.29, -8.29 and -3.32, respectively).  

Hence, further results and discussion will be based on the binding interactions of neratinib at 

site-1.   
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The predicted binding conformation of neratinib within the large hydrophobic drug binding 

cavity (site-1) of human ABCB1 shows the importance of mainly hydrophobic and to some 

extent electrostatic interactions (Fig. 6A).  For clarity, a schematic representation of neratinib 

interactions with site-1 residues is shown in Fig. 6B.  A-ring of neratinib is stabilized by 

hydrophobic contacts with the side chains of Phe728, Ala729 and Val982.  The protonated 

tertiary amine function of the dimethylamino-but-2-enamide substitution present on the 

A-ring is involved in the cation-dipole type of interaction with the backbone carbonyl group 

of Ala985 (-R3NH+---O=C-Ala985, 3.6 Å).  While the carbonyl oxygen atom of the amide 

group present on the A-ring forms a hydrogen bond with the side chain amide group of 

Gln725 (-CO---H2NCO-Gln725, 2.2 Å), the ether oxygen atom of the ethoxy group forms 

electrostatic interaction with the side chain of Gln725.  The carbonyl oxygen atom of the 

amide group on the A-ring is also located within hydrogen bonding distance from the 

hydroxyl function of Tyr307 (-CO---HO-Tyr307, 2.0 Å).  Thus, Gln725 and Tyr307 side 

chains seem to be conformationally locked through interaction with the amide group of the 

A-ring.  The electron deficient B-ring, possessing ring -N atom and -CN substituent, is 

involved in face to face arene-arene interaction with the side chain of Phe732 and 

hydrophobic interaction with the side chain of Leu975.  The B-ring nitrogen atom is located 

at interacting distance (3.3 Å) from the side chain hydroxyl group of Ser979.  While the 

C-ring of neratinib is stabilized by the hydrophobic residues Phe72, Phe336, Phe957 and 

Phe978, the D-ring is involved in hydrophobic interaction with the side chains of Met69, 

Phe336 and Ile340.  The ether oxygen atom between the C- and D-ring may enter into 

hydrogen bonding interaction with the side chain hydroxyl group of Tyr953 

(R2O---HO-Tyr953, 2.7 Å). 
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Discussion 

EGFR and Her-2 belong to the ErbB family of receptor tyrosine kinases, which are often 

overexpressed, dysregulated or mutated in cancers (Rabindran et al., 2004).  Agents 

targeting EGFR and/or Her-2 have shown encouraging therapeutic efficacy, such as 

trastuzumab, erlotinib (Cohen et al., 2005) and gefinitib (Cohen et al., 2003).  Neratinib is an 

orally available small molecule that irreversibly inhibits EGFR and Her-2 by binding to their 

ATP-binding sites (Rabindran et al., 2004).  In the present study, our data showed for the 

first time that neratinib significantly potentiated the cytotoxicity of ABCB1 substrates in 

ABCB1-overexpressing cells.  Furthermore, neratinib did not significantly change the 

sensitivity of ABCC1- and ABCG2-overexpressing cells to their substrate DOX and 

mitoxantrone, respectively (Table 1).  These data suggest that the reversal ability of neratinib 

was quite specific to ABCB1.   

In phaseⅠand phase Ⅱ trials, the maximum tolerated doses of neratinib were 320 mg and 

240 mg for patients with solid tumors, respectively (Burstein et al., 2010; Sequist et al., 2010; 

Wong et al., 2009).  The respective mean Cmax were 119 and 73.5 ng/mL, equal to 0.214 and 

0.132 μmol/L.  In vitro, the percentages of binding were similar (53% to 57%), and the 

covalent binding of neratinib to serum albumin is pH-, time- and temperature-dependent, but 

not substrate concentration-dependent, especially in the therapeutic range (Chandrasekaran et 

al., 2010).  The concentrations of neratinib used in our experiment were 0.25, 0.5 and 1 

μmol/L, a little higher than the Cmax in patients.  However, higher concentration may be 

detected in tumor tissues than in normal tissues and plasma because of various functions of 

impaired tumor vasculature (Dreher et al., 2006).  Therefore, it is possible the in vitro 

concentrations of neratinib used in our assays may be achieved in tumor tissues during 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 4, 2012 as DOI: 10.1124/mol.111.076299

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 76299 

25 
 

therapeutic treatment.   

In vivo, similar inhibitory effects of neratinib were demonstrated in multiple human tumor 

xenograft models, including 3T3/neu, A431, SK-OV-3, BT474 and MCF-7 cells (Rabindran 

et al., 2004).  Based on their considerations, we chose neratinib (20 mg/kg) to determine its 

in vivo inhibition of tumor growth.  We showed that the combination of paclitaxel with 

neratinib remarkably enhanced the anticancer activity of paclitaxel in KBv200 xenograft 

model (P < 0.05; Figs. 1A and B).     

Importantly, in an ex vivo model of ABCB1-overexpressing primary leukemia blast cells 

obtained from three newly diagnosed AML patients, neratinib could increase the accumulation 

of Rho 123 (Fig. 2B) and enhance the cytotoxicity of DOX (Fig. 2C), which suggested that 

neratinib may be useful to circumvent MDR in ABCB1-overexpressing leukemia cells.  

Consistent with the in vitro cytotoxic results, neratinib significantly enhances the intracellular 

accumulation of DOX and Rho 123 in ABCB1-overexpressing cells (Fig. 3A and B, 

Supplemental Figure 2).   

The profile of the ATPase activity is considered to reflect the nature of interaction between 

the ABC transporters and the substrates.  On the basis of their effects on ATPase activity, 

compounds could be categorized into three distinct types.  Type I agents stimulate ATPase 

activity at low concentrations but inhibit the activity at high concentrations (Mi et al., 2010).  

Type II compounds enhance ATPase activity in a dose-dependent manner without any 

inhibition (Dai et al., 2008; Mi and Lou, 2007; Shi et al., 2007).  In contrast, Type III 

compounds inhibit both basal and verapamil-stimulated ATPase activity (Ambudkar et al., 

1999; Tao et al., 2009).  Accordingly, neratinib should be classified as a Type I modulator 

and may potentially be a substrate of ABCB1 (Fig. 3C and inset).  Consistently, neratinib 
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inhibited photolabeling of ABCB1 with its substrate, [125I]-IAAP in a 

concentration-dependent manner (Fig. 4).  Collectively, both ATPase and IAAP data 

demonstrate that, similar to other TKIs, neratinib also directly interacts with ABCB1 at the 

drug-binding pocket.  

However, the expression of ABCB1 were not attenuated (Figs. 5A, B and C, Supplemental 

Figure 3, 4, 5).  It has been reported that activation of the PI3K/Akt pathway is related to 

resistance to conventional anticancer drugs (Knuefermann et al., 2003).  We found that 

neratinib (up to 2.0 μmol/L) did not block the phosphorylation of Akt (Fig. 5D), suggesting 

that blockade of Akt activation is not involved in the reversal of ABCB1-mediated MDR by 

neratinib.  Herein we proposed that the MDR reversal effect of neratinib is due to the 

inhibition of the efflux function of ABCB1. 

Furthermore, the most negative binding energy of neratinib within the drug-binding cavity 

(site 1) of human ABCB1 clearly indicated drug-binding cavity (site 1) as the most favorable 

site where binding of neratinib occurs.  As no attempts were made to rationalize such dual 

action of TKIs, we sought to understand the cross-reactivity of TKIs with ABC transporters, 

particularly ABCB1.  Since most of the TKIs including neratinib are hydrophobic in nature 

(QikProp v3.0 generated ClogP for neratinib is 4.45) and coincidently ABCB1 transporter is 

so rightly named as “hydrophobic vacuum cleaner”, it is not surprising that TKIs are 

recognized at the hydrophobic drug-binding cavity of human ABCB1 transporter.  Next, in 

Fig. 6C and D, it clearly indicates that the neratinib binding sites on both the targets share a 

significant hydrophobic component, providing computational support for the cross-reactivity 

of TKIs with the human ABCB1.  Moreover, neratinib appears to exhibit all of the 

pharmacophoric features such as hydrophobic groups and/or aromatic ring centers (A to D 
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rings), hydrogen bond acceptor (amide group on A-ring) and positively charged ionizable 

group (tertiary amine) that are essential and reported for potent inhibitors of ABCB1.  We 

hypothesize that the selectivity of neratinib for ABCB1 over ABCC1 and ABCG2 may be due 

to the fact that ABCB1 preferentially extrudes large hydrophobic drugs whereas ABCC1 and 

ABCG2 transport relatively less hydrophobic drugs possessing anionic groups.  Though 

docking results are not verified by site-directed mutagenesis or co-crystal complex of 

neratinib-ABCB1, in the interim the neratinib docking model will form the basis for future 

lead optimization studies. 

In general, the “first-generation” Pgp inhibitors, including verapamil, quinine and 

cyclosporine were ineffective or toxic at the doses required to attenuate P-gp function in vivo 

(Szakacs et al., 2006).  Second-generation agents (e.g., PSC833, VX-710) had better 

tolerability but were limited by unpredictable pharmacokinetic interactions with the 

anticancer drugs (Gottesman et al., 2002; Rowinsky et al., 1998).  Third-generation 

inhibitors (e.g., tariquidar, zosuquidar, laniquidar, and ONT-093) have high potency and 

specificity for P-gp.  Furthermore, pharmacokinetic studies to date have shown that the 

third-generation inhibitors have no appreciable impact on cytochrome P4503A4 drug 

metabolism and no clinically significant drug interactions with commonly used chemotherapy 

agents (Patil et al., 2009).  The relative efficacy of the third-generation ABCB1-specific 

sensitizers, such as tariquidar (XR9576) and zosuquidar (LY335979), which are currently 

under clinical trial, cannot be clearly compared with neratinib.  The ratio of tumor growth 

inhibition in other nude mouse xenograft models was not definitely calculated (Dantzig et al., 

1996; Mistry et al., 2001), making it hard to compare the in vivo inhibitory effect of the 

third-generation ABCB1-specific sensitizers with neratinib; however, in vitro, zosuquidar 
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reversed resistance to DOX at 18-fold and 14-fold in MCF-7/Adr cells with 0.1 and 

0.5μmol/L, respectively, which was similar to neratinib (Table 1). 

 Preclinical data suggested that neratinib was a substrate of CYP3A and was susceptible to 

interact with potent CYP3A inhibitors and substrates.  Thus, dose adjustments may be 

necessary if neratinib is administered with such compounds (Abbas et al., 2011).  

Preliminary analyses of the trial, presented at the 2006 annual meeting of the American 

Society of Clinical Oncology, showed that neratinib can achieve stable disease control for 

over 6 months in some patients with non small cell lung cancer (NSCLC) that has progressed 

after treatment with gefitinib or erlotinib(Wong, 2007).  Neratinib was evaluated in a phase 

II clinical trial of patients with advanced NSCLC who had previously received up to 3 

chemotherapy regimens.  Unfortunately, neratinib had low activity in patients with prior 

benefit from TKIs and in TKI-naive patients, potentially because of insufficient 

bioavailability from diarrhea-imposed dose limitation (Sequist et al., 2010).   

Strategies to develop ABC transporter modulators as a therapeutic target to overcome drug 

resistance have to date failed in the clinic (Shi et al., 2011).  However, much effort is still 

being put into the development of ABC transporter modulators, as well as understanding the 

mechanism of action of ABC transporters.  There is increasing evidence that ABC 

transporters are important in regulating oral bioavailability, pharmacology and sanctuary site 

protection.  Thus, neratinib may have the potential to improve the chemotherapeutic 

outcome of cancer patients with possibly several mechanisms of action (Shi et al., 2011). 

In conclusion, our study showed that neratinib inhibited ABCB1-mediated drug efflux, 

resulting in elevated intracellular concentrations of antineoplastic agents and augmenting drug 

sensitivity.  Validation of MDR reversal by neratinib in a tumor xenograft model and 
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leukemia blasts further supports the potential effectiveness of combining neratinib with 

conventional anticancer drugs in surmounting clinical resistance in cancer chemotherapy.  
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Figure legends 

Figure 1. Potentiation of the antitumor effects of paclitaxel by neratinib in a KBv200 

xenograft model.  KBv200 cells were collected and implanted into the mice for the 

chemotherapeutic studies.  After 6 days, when the subcutaneous tumors were approximately 

0.5×0.5 cm2 (two perpendicular diameters) in size, mice were randomized into the following 

four treatment groups: control (vehicle alone); neratinib (20 mg/kg, p.o., q3d × 4); paclitaxel 

(18 mg/kg, i.p., q3d × 4); and paclitaxel (18 mg/kg, i.p., q3d × 4) plus neratinib (20 mg/kg, 

p.o., q3d × 4, given 1 h before paclitaxel administration).  (A) The curve of tumor growth 

was drawn according to tumor volume and time of implantation.  (B) Tumor tissues were 

excised from the mice and their weights were measured.  (C) Animals' body weights were 

measured every 2 days for modulation of the drug dosage.  The mice were anaesthetized and 

killed when the mean tumor weights was about 1g in the control group.   

Figure 2. Neratinib increased the intracellular accumulation of Rho 123 and enhanced 

the cytotoxicity of DOX in primary leukemia blasts with ABCB1 overexpression.  Three 

newly diagnosed patients’ bone marrows were collected.  (A) The expression of ABCB1 in 

primary leukemia blasts was determined by flow cytometry.  Red and black histograms 

represent the isotype control and ABCB1, respectively.  The percentage of ABCB1-positive 

cells is shown.  (B) Intracellular accumulation of Rho 123 in primary leukemia blasts with or 

without neratinib treatment was determined by flow cytometry.  The relative levels of 

intracellular accumulation of Rho 123 (described in mean fluorescence intensity unit) as 

determined by flow cytometry were plotted in bar graphs.  (C) Enhancement of DOX 

cytotoxicity in primary leukemia blasts with ABCB1-overexpression by neratinib.  

Cytotoxicity was determined by MTT assay as described in “Materials and Methods”.  All 
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data represent the means ± SD from at least three independent experiments performed in 

triplicate. ** P< 0.01. 

Figure 3. Effect of neratinib on the accumulation of DOX and Rho 123 and the activity 

of ABCB1 ATPase.  (A and B) The accumulation of DOX and Rho 123 was measured by 

flow cytometric analysis as described in ‘‘Materials and Methods’’.  The results are 

presented as fold change in fluorescence intensity relative to control MDR cells.  They are 

calculated by dividing the fluorescence intensity of each sample with that of MDR cells 

treated with DOX or Rho 123 alone.  Columns, means of triplicate determinations; bars, SD.  

**, P<0.01, versus the MDR control group, respectively.  (C) Luminescent ABCB1 ATPase 

assays were performed according to Pgp-Glo™ Assay Systems instruction.  Inset, effect of 

lower concentrations of neratinib on ABCB1 ATPase.  Each point represents the mean ± SDs 

for three independent determinations. 

Fig 4. Effect of neratinib on the photoaffinity labeling of ABCB1 with [125I]-IAAP.  

ABCB1-containing insect cell crude membranes (500µg protein/ml) were incubated with 

neratinib for 3 min at room temperature in 50 mM Tris–HCl (pH 7.5), after which 4–6 nM 

[125I]-IAAP was added. The samples were then exposed to ultraviolet (365 nm) light for 10 

min at room temperature. The samples are resolved on 7% Tris-Acetate gels and the 

radioactivity incorporated into ABCB1 bands was determined by exposing the gel to an X-ray 

film at -80oC and quantified using a phosphoimager and ImageQuaNT software (Sauna et al, 

2000). Panel A: An autoradiogram from a representative experiment showing the 

photoaffinity labeling of ABCB1 with [125I]-IAAP in the presence of neratinib at 

concentrations ranging from 0 to 5 µM. Panel B: The IAAP incorporation data from 

ImageQuaNT analyses are plotted using GraphPad Prism 5.  The values represent mean ± 
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SD from three independent experiments. 

Figure 5. Effect of neratinib on the expression of ABCB1 in MDR cells and blockade of 

Akt phosphorylation.  (A) KBv200 cells were treated with neratinib at various 

concentrations for 48h and various hours for 1.0 μmol/L ; equal amounts of total cell lysates 

were loaded and detected with Western blotting.  (B and C) The mRNA level of ABCB1 was 

determined by RT-PCR and Real-time PCR as described in “Materials and Methods”.    A 

representative result is shown from at least three independent experiments.  (D) KB and 

KBv200 cells were treated with neratinib at various concentrations for 24 h and various hours 

for 1.0 μmol/L.  Equal amount of protein was loaded for Western blot analysis as described 

in Materials and Methods.  Independent experiments were performed at least three times, 

and results from a representative experiment are shown.  

Figure 6. The predicted binding conformation of neratinib within the large hydrophobic 

drug binding cavity (site-1) of human ABCB1 showed the importance of mainly 

hydrophobic and to some extent electrostatic interactions and  the neratinib binding 

site on both the targets share significant hydrophobic component.  (A) XP-Glide 

predicted binding conformation of neratinib within the site-1 of human ABCB1.  Important 

amino acids contacting neratinib are depicted as sticks with the atoms colored as carbon – 

green, hydrogen – white, nitrogen – blue, oxygen – red and sulfur – yellow, whereas the 

inhibitor is shown as ball and stick model with the same color scheme as above except carbon 

atoms are represented in orange and chloro group in dark green.  (B) Schematic 

representation of neratinib interactions with the site-1 residues of human ABCB1.  EGFR (C) 

and human ABCB1 (D) are represented as Macromodel surface according to residue charge 

(electropositive charge: blue, electronegative charge: red, neutral (hydrophobic): yellow) as 
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implemented in Maestro.  Covalently bound neratinib within ATP binding site of EGFR and 

docked conformation of neratinib within drug binding cavity (site-1) of human ABCB1 is also 

shown with color code as per Fig. 6 (A and B). 
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Table 1  Effect of  neratinib  on reversing ABCB1-, ABCG2-and ABCC1-mediated drug resistance 

Compounds 
IC50 ± SD (μM) (fold-reversal) 

KB KBv200(ABCB1) 

Doxorubicin 0.031 ± 0.006 (1.00) 7.122 ± 0.430 (1.00) 

+ 0.25 μM Neratinib 0.025 ± 0.004 (1.26) 2.135 ± 0.103* (3.34) 

+ 0.5 μM Neratinib 0.018 ± 0.003* (1.69) 1.550 ± 0.278** (4.60) 

+1.0 μM Neratinib 0.014 ± 0.003* (2.20) 0.588 ± 0.207** (12.11) 

+ 10 μM Verapamil 0.029 ± 0.004 (0.94) 0.250 ± 0.070** (28.45) 

Vincristine 0.0025 ± 0.0002 (1.00) 1.440 ± 0.130 (1.00) 

+ 0.25 μM Neratinib 0.0025 ± 0.0004 (1.00) 0.765 ± 0.070** (1.88) 

+ 0.5 μM Neratinib 0.0025 ± 0.0003 (1.00) 0.269 ± 0.028** (5.36) 

+1.0 μM Neratinib 0.0021 ± 0.0003 (1.16) 0.035 ± 0.002** (41.17) 

+ 10 μM Verapamil 0.0023 ± 0.0004 (1.06) 0.018 ± 0.001** (82.48) 

Paclitaxel 0.0016 ± 0.0002 (1.00) 0.222 ± 0.021 (1.00) 

+ 0.25 μM Neratinib 0.0016 ± 0.0002 (1.00) 0.074 ± 0.009** (2.99) 

+ 0.5 μM Neratinib 0.0015 ± 0.0001 (1.07) 0.022 ± 0.004** (10.13) 

+1.0 μM Neratinib 0.0017 ± 0.0002 (0.94) 0.005 ± 0.001** (43.34) 

+ 10 μM Verapamil 0.0016 ± 0.0003 (1.00) 0.004 ± 0.001** (50.76) 

Cisplatin 3.022 ± 0.30 (1.00) 3.951 ± 0.40 (1.00) 

+1.0 μM Neratinib 2.888 ± 0.28 (1.05) 3.354 ± 0.34 (0.97) 

+ 10 μM Verapamil 2.943 ± 0.30 (1.03) 4.071 ± 0.40 (1.18) 

 MCF-7 MCF-7Adr(ABCB1) 

Doxorubicin 0.283 ± 0.02 (1.00) 11.675 ± 1.186 (1.00) 

+ 0.25 μM Neratinib 0.262 ± 0.03 (1.08) 2.413 ± 0.196** (4.84) 

+ 0.5 μM Neratinib 0.215 ± 0.02* (1.31) 1.443 ± 0.27** (8.09) 

+1.0 μM Neratinib 0.163 ± 0.01* (1.74) 0.944 ± 0.06** (12.37) 

+ 10 μM Verapamil 0.285 ± 0.03 (0.99) 0.478 ± 0.076** (24.40) 

 MCF-7 MCF-7/FLV1000(ABCG2) 

Mitoxantrone 0.115 ± 0.012 (1.00) 6.723 ± 0.632 (1.00) 

+0.125 μM Neratinib 0.109 ± 0.011 (1.05) 6.231 ± 0.611 (1.07) 

+0.25 μM Neratinib 0.107 ± 0.011 (1.07) 6.081 ± 0.602 (1.11) 

+ 0.5 μM Neratinib 0.114 ± 0.010 (1.02) 5.149 ± 0.521 (1.31) 

+ 2.5 μM FTC 0.109 ± 0.011 (1.06) 0.276 ± 0.021** (24.36) 

 HL60 HL60/Adr (ABCC1) 

Doxorubicin 0.074 ± 0.007 (1.00) 3.622 ± 0.313 (1.00) 

+0.125 μM Neratinib 0.078 ± 0.008 (0.95) 3.668 ± 0.367 (1.12) 

+0.25 μM Neratinib 0.069 ± 0.006 (1.08) 3.600 ± 0.360 (1.14) 

+ 0.5 μM Neratinib 0.061 ± 0.006 (1.21) 3.083 ± 0.301 (1.18) 

+40 μM MK571 0.065 ± 0.006 (1.13) 0.0825 ± 0.008** (5.50) 

Cell survival was determined by MTT assays as described in Materials and Methods.  Data 

are the mean ± SD of at least three independent experiments performed in triplicate.  The 
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fold-reversal of MDR (values given in parentheses) was calculated by dividing the IC50 for 

cells with the anticancer in the absence of neratinib, VRP or FTC by that obtained in the 

presence of neratinib, VRP or FTC.  Abbreviation: FTC, fumitremorgin C. *P<0.05; **P< 

0.01, versus the values obtained in the absence of neratinib, VRP or FTC. 
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Table 2.  Effect of neratinib on reversing ABCB1-mediated MDR  in transfected  cell lines 

Compounds 

IC50 ± SD (μM) (fold-reversal) 

HEK293/pcDNA3.1 HEK293 /ABCB1 

Doxorubicin 0.074 ± 0.006 (1.00) 1.339 ± 0.130 (1.00) 

+ 0.25 μM Neratinib 0.065 ± 0.006 (1.13) 0.756 ± 0.070** (1.77) 

+ 0.5 μM Neratinib 0.079 ± 0.008 (0.94) 0.332 ± 0.027** (4.03) 

+1.0 μM Neratinib 0.082 ± 0.007 (0.90) 0.167 ± 0.010** (7.98) 

+ 10 μM Verapamil 0.083 ± 0.008 (0.89) 0.094 ± 0.008** (14.19) 

Cisplatin 2.431 ± 0.27 (1.00) 2.681 ± 0.27 (1.00) 

+1.0 μM Neratinib 2.263 ± 0.22 (1.07) 2.176 ± 0.22 (1.23) 

+ 10 μM Verapamil 2.356 ± 0.23 (1.03) 2.344 ± 0.23 (1.14) 

 

Cell survival was determined by MTT assays as described in Materials and Methods.  Data 

are the mean ± SD of at least three independent experiments performed in triplicate.  The 

fold-reversal of MDR (values given in parentheses) was calculated by dividing the IC50 for 

cells with the anticancer drugs in the absence of inhibitor by that obtained in the presence of 

inhibitor. ** P< 0.01, versus the values obtained in the absence of inhibitor. 
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