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ABSTRACT 

Sunitinib malate (Sutent®, SU11248) is a small-molecule receptor tyrosine kinase (RTK) 

inhibitor that inhibits cellular signaling of multiple targets such as the platelet-derived growth 

factor receptors and the vascular endothelial growth factor receptors and is used in the treatment 

of renal cell carcinoma and imatinib-resistant gastrointestinal stromal tumors. Since tyrosine 

kinase inhibitors are known to increase the oral bioavailability and brain penetration of 

chemotherapy drugs in animal models, we sought to examine the effect of sunitinib on the ATP-

binding cassette drug transporters P-glycoprotein (P-gp, ABCB1), the multidrug resistance-

associated protein 1 (MRP1, ABCC1) and ABCG2, which are known to transport a wide variety 

of anticancer drugs. In this study, we show that sunitinib inhibits P-gp- and ABCG2-mediated 

efflux of fluorescent substrates in cells overexpressing these transporters. In 4-day cytotoxicity 

assays, at non-toxic concentration (2 µM) sunitinib was able to partially reverse drug resistance 

mediated by P-gp and completely reverse resistance mediated by ABCG2. We further 

demonstrate a direct interaction of sunitinib with the substrate binding pocket of these 

transporters as it inhibited binding of the photoaffinity substrate, [125I]-Iodoarylazidoprazosin to 

P-gp (IC50 = 14.2 µM) and ABCG2 (IC50 =1.33 µM). Sunitinib stimulated the ATP hydrolysis by 

both transporters in a concentration-dependent manner. Conformation-sensitive antibody binding 

assays with the P-gp and ABCG2 specific antibodies, UIC2 and 5D3, respectively, also 

confirmed the interaction of sunitinib with these transporters. Collectively, this is the first report 

showing that sunitinib inhibits transport mediated by ABC drug transporters which may affect 

the bioavailability of drugs co-administered with sunitinib. 
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Introduction 

Sunitinib malate (SU011248, Sutent®) is an ATP-competitive multi-targeted tyrosine 

kinase inhibitor with efficacy against renal cell carcinoma (RCC) and gastrointestinal stromal 

tumor (GIST) (Goodman et al., 2007; Rock et al., 2007) that was approved on January 26, 2006 

by the Food and Drug Administration for the treatment of advanced RCC and imatinib-resistant 

GIST (Goodman et al., 2007; Rock et al., 2007). Sunitinib is first anti-cancer drug 

simultaneously approved for two different types of cancers. Moreover, it also has anticancer 

activity in patients with metastatic breast, colon and neuroendocrine cancer (Faivre et al., 2006; 

Chow and Eckhardt, 2007). 

Sunitinib inhibits cellular signaling by targeting multiple receptor tyrosine kinases. These 

include receptor tyrosine kinases such as platelet-derived growth factor receptors (PDGFR-α and 

PDGFR-β), the vascular endothelial growth factor receptors (VEGF-R); types 1 and 2; the stem 

cell factor receptor c-KIT; FMS-like tyrosine kinase-3 receptor (FLT3) and the glial cell-line 

derived neurotrophic factor receptor (RET) (Chow and Eckhardt, 2007) which play a role in both 

tumor angiogenesis and tumor cell proliferation. These receptor tyrosine kinases (TKs) are 

transmembrane proteins at the cell surface which posses extracellular ligand-binding domains 

and an intracellular catalytic domain and transduce extracellular signals to the cytoplasm 

(Pawson, 2002). Ligand binding induces dimerization of the receptor TKs resulting in 

autophosphorylation of the cytoplasmic domains and activation of tyrosine kinase activity. These 

receptors are important in signal transduction and growth of a number of solid tumors (Bello et 

al., 2006; Chow and Eckhardt, 2007). Inhibition of these TKs blocks signal transduction, thereby 

affecting many of the processes involved in tumor growth, progression, metastasis, and 

angiogenesis (Hanahan and Weinberg, 2000). 
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The ATP binding cassette (ABC) drug transporters such as P glycoprotein (P-gp, 

ABCB1), MRP1 (ABCC1) and ABCG2 (BCRP, MXR) were first identified based on their role 

in conferring  multidrug resistance (MDR) in cancer (Sarkadi et al., 2006). They are now 

recognized for their wider role in the absorption, distribution, metabolism, excretion, and toxicity 

of xenobiotics (Glavinas et al., 2004).  It has been recently shown that the MDR-linked ABC 

transporters, P-gp and ABCG2, interact with different TK inhibitors (TKIs) such as gefitinib, 

EKI-485, erlotinib, imatinib, nilotinib, CI1033, INNO-406 and ABCG2 has an especially high 

affinity for some of these kinase inhibitors (Ozvegy-Laczka et al., 2004; Burger et al., 2005; 

Ozvegy-Laczka et al., 2005; Yang et al., 2005; Leggas et al., 2006; Brendel et al., 2007; Shi et 

al., 2007; Lemos et al., 2008).  In animal models, gefitinib has been shown to impact the oral 

absorption of chemotherapy agents (Stewart et al., 2004; Leggas et al., 2006) and imatinib has 

been shown to enhance efficacy of photodynamic therapy by inhibiting ABCG2 (Liu et al., 

2007). Moreover, it has also been shown by several groups that some TKIs are substrates of the 

two major drug transporters, P-gp and ABCG2, suggesting that the interaction with ABC 

transporters may also significantly modify the pharmacokinetics and toxicity of TKIs in patients 

(Illmer et al., 2004; Widmer et al., 2007; Polli et al., 2008; Shukla et al., 2008b). 

Although sunitinib has seen early clinical success as an oral agent, its interaction with the 

MDR-linked ABC drug transporters has not been characterized. The objective of this work was 

to investigate the interaction of sunitinib with two major ABC drug transporters involved in drug 

disposition, P-gp and ABCG2. We show here that sunitinib inhibits the efflux mediated by P-gp, 

MRP1 and ABCG2 and that sunitinib completely reverses ABCG2-mediated drug resistance. 

The biochemical data presented here demonstrate that there is a direct interaction of sunitinib 

with both P-gp and ABCG2 most likely at the drug-binding sites as it prevents the photolabeling 
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of these transporters with 125I- Iodoarylazidoprazosin (IAAP) and it also induces a 

conformational change in the transporters similar to that observed with the known 

substrates/inhibitors of these transporters”.  
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Methods 

Chemicals 

Sunitinib (N-[2-(diethylamino)ethyl]-5-[(Z)-(5-fluoro-1,2-dihydro-2-oxo-3H-indol-3-

ylidine)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide; see Chow and Eckhardt, 2007 and 

Rock et al., 2007 for chemical structure and formula) was obtained from Pfizer Global Research 

and Development, La Jolla Laboratories (La Jolla, CA). Rhodamine 123 and doxorubicin were 

obtained from Sigma Chemical (St. Louis, MO). Pheophorbide A was from Frontier Scientific 

(Logan, UT). Calcein-AM was purchased from Invitrogen Corporation (Carlsbad, CA).  

Fumitremorgin C (FTC) was synthesized by Thomas McCloud, Developmental Therapeutics 

Program, Natural Products Extraction Laboratory, NCI, National Institutes of Health (Bethesda, 

MD). MK571 was purchased from EMD Biosciences (Gibbstown, NJ). PSC833 (valspodar) was 

obtained from Novartis, (East Hanover, NJ). Flavopiridol and depsipeptide were supplied by the 

National Cancer Institute anticancer drug screen (Bethesda, MD). Topotecan and SN-38 were 

from LKT laboratories (St. Paul, MN). [125I]-iodoarylazidoprazosin (IAAP) (2200 Ci/mmol) was 

purchased from Perkin Elmer Life Sciences (Wellesley, MA). 

Cell lines 

HEK-293 cells stably transfected with pcDNA3.1 vector containing wild-type ABCB1 

(Pgp- HEK) , ABCC1 (MRP-HEK), or ABCG2 (R482-HEK) were maintained as previously 

described (Muller et al., 2002; Robey et al., 2003). The stable transfectants of HEK-293 cells 

were maintained in EMEM supplemented with 10% FBS, penicillin, streptomycin and 2 mg/ml 

of G418. MCF7 FLV1000 cells (Robey et al., 2001) were grown in the RPMI media 

supplemented with 10% FBS penicillin, streptomycin and 1 μM of flavopiridol. 

Flow cytometry 
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Inhibition of P-gp-, MRP1, or ABCG2-mediated transport was determined by flow 

cytometry using the fluorescent compounds rhodamine 123, calcein AM, or pheophorbide a, 

respectively, as previously described (Robey et al., 2004). Briefly, cells were trypsinized and 

incubated with 0.5 µg/ml rhodamine 123, 200 nM calcein AM or 1 µM pheophorbide a in the 

presence or absence of the desired inhibitor (indicated concentration of sunitinib or 2.5 µM 

valspodar for P-gp, 50 µM MK571 for MRP1 or 10 µM Fumitremorgin C (FTC) for ABCG2) 

for 30 min. Subsequently, cells were washed and allowed to incubate for 60 min in substrate free 

medium continuing with or without inhibitor. Cells were then washed with cold PBS before 

analysis (all the incubations and washings were carried out in the subdued light). 

Interaction with P-gp and ABCG2 was further examined with the UIC2 shift (for P-gp 

expressing cells) or 5D3 shift (for ABCG2 expressing cells) assay, as described earlier 

(Mechetner et al., 1997; Ozvegy-Laczka et al., 2005), with minor modifications. 300,000 cells 

were incubated in the presence of absence of varying concentrations of sunitinib, 10 µM 

cyclosporine A (for P-gp) or 20 µM FTC (for ABCG2) for 5 min at 37°C followed by the 

addition of UIC2 antibody (3 µg for P-gp; BD Biosciences, San Jose, CA) or 5D3 antibody 

(1:2500 for ABCG2, eBioscience, San Diego, CA) for 45 min (for P-gp expressing cells) or 2 h 

(for ABCG2 expressing cells). Cells were subsequently washed and incubated in FITC-labeled 

anti-mouse secondary antibody (4 µg for P-gp; BD Biosciences, San Jose, CA) or APC-labeled 

goat anti-mouse secondary antibody (1:35 for ABCG2; Leinco Technologies, St. Louis, MO) for 

45 min in dark at 37°C. The cells were washed with cold PBS and analyzed. 

Rhodamine, calcein and FITC fluorescence was measured on a FACSort flow cytometer 

equipped with a 488 nm argon laser and 530 nm band pass filter; pheophorbide a and APC 

fluorescence was measured with a 635 nm red diode laser and a 561 nm long pass filter. At least 
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10,000 events were collected for all samples and debris was eliminated by gating on forward 

versus side scatter based on propidium iodide staining. 

Cytotoxicity assays 

Cytotoxicity assays were performed based on the sulphorhodamine B assay reported by 

Skehan et al (Skehan et al., 1990). Cells were plated at a density of 10,000 cells/well in 96-well 

plates and allowed to attach overnight at 37°C in 5% CO2. The drugs were subsequently added at 

various concentrations and plates were allowed to incubate for 96 h at 37°C in 5% CO2. Cells 

were then fixed with 50% trichloroacetic acid, washed and allowed to dry. Plates were then 

stained with sulphorhodamine B solution (0.4% sulphorhodamine B w/v in 1% acetic acid) for 

30 minutes and washed 3 times in 1% acetic acid solution. Sulphorhodamine was then 

solubilized with 10 mM Tris Base and optical densities were read on a plate reader at an 

absorbance of 570 nm. Each concentration was tested in quadruplicate and controls were 

performed in replicates of eight. 

Photoaffinity labeling of P-gp and ABCG2 with [125I]-Iodoarylazidoprazosin (IAAP)  

Crude membranes (1 mg protein/ml) from either P-gp-expressing High-five cells or 

ABCG2-expressing MCF-7 FLV1000 cells were incubated with 0-100 µM sunitinib for 10 min 

at 21-23°C in 50 mM Tris-HCl, pH 7.5. 3-6 nM [125I]-IAAP (2200 Ci/mmole) (Perkin Elmer 

Life Sciences, Wellesley, MA) was added and incubated for an additional 5 min. Both the 

incubations with sunitinib or another inhibitor and IAAP were carried out under subdued light. 

The samples were illuminated with a UV lamp (365 nm) for 10 min at room temperature. The 

labeled ABCG2 was immunoprecipitated as described previously (Shukla et al., 2006). Samples 

were separated on a 7% Tris-acetate gel at constant voltage and gels were dried and exposed to 

X-ray film for 12-24 h at -80°C. The incorporation of [125I]-IAAP into the ABCG2 or P-gp band 
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was quantified using the STORM 860 phosphor imager system (Molecular Dynamics, 

Sunnyvale, CA, USA) and the software ImageQuaNT, as described (Sauna et al., 2004b). 

ATPase assay  

Crude membrane protein (100 µg protein/ml) from High-five insect cells expressing 

either P-gp or ABCG2 was incubated at 37°C with varying concentrations of sunitinib in the 

presence and absence of sodium ortho vanadate (0.3 mM for P-gp) or BeFx (0.2 mM beryllium 

sulfate and 2.5 mM sodium fluoride for ABCG2) in ATPase assay buffer (50 mM KCl, 5 mM 

NaN3, 2 mM EGTA, 10 mM MgCl2, 1 mM DTT pH 6.8) for 10 min. The reaction was started by 

the addition of 5 mM ATP and incubated for 20 min at 37°C. SDS solution (0.1 ml of 5% SDS) 

was added to terminate the reaction and the amount of inorganic phosphate released was 

quantified with a colorimetric reaction, as described previously (Ambudkar, 1998). The specific 

activity was recorded as either vanadate-sensitive (for P-gp) or BeFx-sensitive (for ABCG2) 

ATPase activity. 
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Results 

Sunitinib inhibits P-gp-, MRP1- and ABCG2-mediated efflux of substrates: 

Inhibition of ABC transporters appears to be a class effect for the TKIs (Ozvegy-Laczka 

et al., 2005); for this reason, we evaluated sunitinib for its ability to inhibit transport mediated by 

P-gp, MRP1 and ABCG2. Accumulation assays with different fluorescent substrates (rhodamine 

123 for P-gp, calcein AM for MRP1 and pheophorbide a for ABCG2) in P-gp-, MRP1- and 

ABCG2-expressing HEK cells were performed in the presence or absence of 1 or 10 µM 

sunitinib or specific inhibitors as described in the ‘Materials and Methods’ section. As shown in 

Figure 1, the presence of sunitinib (1 µM and 10 µM) inhibited the efflux of rhodamine 123 and 

pheophorbide a by P-gp and ABCG2, respectively but 10 µM sunitinib only had a slight effect 

on calcein-AM efflux by MRP1. The inhibition of P-gp and ABCG2 activity with 10 µM 

sunitinib was comparable to the inhibition observed with valspodar and FTC, respectively, which 

are known inhibitors of these transporters. The control pcDNA3.1-HEK cells did not show any 

significant differences in the accumulation of rhodamine 123, calcein AM and pheophorbide a at 

the tested concentrations of sunitinib and the cells treated with sunitinib alone also did not show 

any detectable intrinsic fluorescence in FL1, FL2, FL3 or FL4 setting in the flow cytometer (data 

not shown). 

Sunitinib changes the binding of conformation-sensitive antibodies to P-gp and ABCG2 

We next sought to determine whether the effects of sunitinib were due to direct 

interaction with the transporters. UIC2 and 5D3 are P-gp and ABCG2 specific antibodies, 

respectively, that recognize extracellular epitope(s) and have been shown to recognize 

conformation changes in these transporters that result in increased binding in the presence of 

substrates or inhibitors in the case of UIC2, or inhibitors alone in the case of 5D3 (Mechetner et 
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al., 1997; Ozvegy-Laczka et al., 2005; Robey et al., 2007) Binding of these antibodies to P-gp 

and ABCG2 in the presence and absence of varying concentrations of sunitinib was examined. 

As shown in Figure 2, while 10 μM cyclosporine A increased the binding of UIC2 to P-gp 

(Figure 2d), 0.1-10 μM sunitinib decreased the binding of this antibody to this transporter 

(Figure 2a-c) similar to the other known inhibitors such as vanadate which blocks the transport 

cycle of P-gp (Druley et al., 2001) or NSC73306 which inhibits P-gp activity by competitively 

inhibiting the drug binding sites (our unpublished data). On the other hand, 0.1-10 μM sunitinib 

increased the binding of 5D3 antibody to ABCG2 (Figure 2h) which was similar to the increase 

in the antibody binding caused by 10 μM FTC (Figure 2e-g). Collectively, the above data 

suggest that sunitinib interacts with both P-gp and ABCG2 and induces conformation changes 

similar to other substrates or inhibitors of these transporters. 

Sunitinib inhibits photo-cross linking of [125I]-IAAP to P-gp and ABCG2 

To determine if sunitinib interacts at the substrate ([125I]-IAAP) binding sites of these two 

transporters, its effect on photolabeling of P-gp and ABCG2 with [125I]-IAAP was also studied. 

[125I]-IAAP is known to photolabel both P-gp and ABCG2 and this labeling is inhibited by some 

substrates and inhibitors of these transporters (Sauna and Ambudkar, 2000; Shukla et al., 2006). 

The crude membranes of P-gp-expressing High-five insect cells (Figure 3a) or ABCG2-

expressing MCF-7 FLV1000 cells (Figure 3b) were incubated with varying concentrations (0-

100 µM) of sunitinib for 5 min at 21-23°C. [125I]-IAAP (3-6 nM) was added and the membranes 

were incubated for an additional 5 min under subdued light. The samples were then illuminated 

with a UV lamp (365 nm) for 10 min and processed as described in ‘Materials and Methods’. It 

was observed that sunitinib inhibited the photolabeling of both P-gp (Figure 3a) and ABCG2 

(Figure 3b) by [125I]-IAAP, suggesting that it competes for the IAAP binding site on Pgp and 
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ABCG2. This inhibition of [125I]-IAAP binding to P-gp and ABCG2 by sunitinib was 

concentration-dependent, with IC50 values of 14.2 μM (Figure 3c) and 1.33 μM (Figure 3d), 

respectively. The IC50 values obtained for inhibition of [125I]-IAAP binding to Pgp and ABCG2 

are comparable to those reported for imatinib and other known inhibitors of these transporters  

(imatinib; 3.18 μM (Shukla et al., 2008a), disulfiram;3.5-6.3 µM (Sauna et al., 2004a); for Pgp)  

and (imatinib; 0.47 µM (Shukla et al., 2008a),  FTC 5.7 μM (Wu et al., 2007) for ABCG2), and 

indicate direct interaction with both proteins. 

Effect of sunitinib on ATP hydrolysis by P-gp and ABCG2  

The effect of sunitinib was monitored on the vanadate-sensitive (for P-gp) or BeFx-

sensitive (for ABCG2) ATPase activity in crude membranes isolated from High-five cells 

transfected with ABCB1 (P-gp overexpressing) or ABCG2. The crude membranes expressing P-

gp and ABCG2 were incubated with varying concentrations of sunitinib (0-50 µM) for 10 min at 

room temperature and the ATPase activity at 37°C was determined as described in ‘Materials 

and Methods’. Sunitinib stimulated the ATPase activity of P-gp to 3-fold (Figure 4a) and 

ABCG2 to 2-fold (Figure 4b). Thus, results with IAAP provide yet another confirmation that 

sunitinib directly interacts with the transporter proteins P-glycoprotein and ABCG2. (Apparent 

Kd: Pgp; 15.1 ± 3.1 μM, ABCG2; 0.18 ± 0.05 μM) 

Sunitinib reverses resistance in P-gp- and ABCG2-expressing cells  

As shown in Figure 1, sunitinib inhibited efflux of substrates in P-gp-, MRP1- and 

ABCG2-expressing HEK cells. We next sought to determine if sunitinib could reverse P-gp, 

MRP1-, or ABCG2-mediated resistance to anticancer agents in 4-day cytotoxicity assays. The 

toxicity of sunitinib in empty vector-transfected pcDNA3.1-HEK as well as ABCB11-, ABCC1- 

and ABCG2-transfected HEK cells was determined in cytotoxicity assays as described in 
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‘Materials and Methods’. Sunitinib had similar IC50 values (9-10 µM) in all sublines (data not 

shown) with no evidence of cross resistance.  

 Based on these data, a non-toxic concentration of sunitinib (2 µM; >90% cells were 

viable for all transfectants) was used in further cytotoxicity experiments with empty vector-, 

ABCB1-, ABCC1- and ABCG2-transfected HEK-293 cells. We combined 2 µM of sunitinib with 

varying concentrations of the substrate drugs depsipeptide and doxorubicin for cells expressing 

P-gp, etoposide for cells expressing MRP1 and topotecan and SN-38 for cells expressing 

ABCG2. The P-gp expressing cells were 800-fold and 80-fold resistant to depsipeptide and 

doxorubicin, respectively, and ABCG2- expressing cells were 19-fold and 28-fold-resistant to 

topotecan and SN-38, respectively. While the presence of sunitinib slightly reversed P-gp-

mediated resistance to depsipeptide and had little effect on resistance to doxorubicin (Table 1), it 

completely inhibited resistance to topotecan and SN-38 in ABCG2 expressing cells (Table 2). 

While the discrepancy between reversal of resistance mediated by P-gp or ABCG2 could be due 

to the difference in cross-resistance to substrate drugs, the findings are in agreement with our 

data above showing a lower IC50 value for inhibition of IAAP binding to ABCG2 compared to P-

gp. These data suggest that sunitinib will probably be more effective in inhibiting ABCG2 than 

P-gp function. This may further explain the above observation where sunitinib was not able to 

reverse the P-gp-mediated drug resistance but was effective in inhibiting ABCG2-mediated drug 

resistance. It is possible that depsipeptide and daunorubicin bind to different regions in the drug-

binding pocket and sunitinib higher affinity for the depsipeptide binding region compared to 

daunorubicin binding site. Sunitinib had no effect on MRP1-mediated etoposide resistance at the 

same concentration which is in agreement with the flow cytometry data in Figure 1 where 

sunitinib at 10 µM was able to only slightly increase calcein fluorescence in MRP1-transfected 
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cells. The decrease in IC50 values by sunitinib was 2- to 3-fold for P-gp-expressing cells and 

>10-fold for ABCG2-expressing cells. This suggests that sunitinib can inhibit the function of 

drug transporters thereby making the cells sensitive to these and other drugs that are substrates 

for these transporters.  
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Discussion 

Sunitinib is a rationally designed and developed receptor TKI that, like others in its class, 

inhibits multiple tyrosine kinases through competitive inhibition of ATP-binding, a key step in 

the phosphorylation activity of the kinases. One surprising finding that emerged during the 

development of TKIs has been that imatinib was first shown to be a transport substrate of P-gp 

(Mahon et al., 2000), and imatinib along with EKI-785 was shown to interact with P-gp or 

MRP1, respectively (Hegedus et al., 2002). Similarly, CI1033 (Erlichman et al., 2001) and 

gefitinib (Elkind et al., 2005) were demonstrated to be substrates as well as inhibitors of ABCG2 

and TKIs such as erlotinib have been shown to inhibit P-gp- and ABCG2-mediated transport (Shi 

et al., 2007). Interaction with ABC transporters thus appears to be a class effect of these 

compounds thus leading us to examine the interaction between sunitinib and P-gp, MRP1 and 

ABCG2. 

We show here that sunitinib at low micromolar concentrations inhibited the efflux of 

fluorescent substrates mediated by P-gp or ABCG2 in a manner comparable to established 

inhibitors of these transporters. Conformation-sensitive antibody binding assays with UIC2 and 

5D3 antibodies also suggested that sunitinib interacts directly with P-gp and ABCG2, 

respectively, and induces conformational changes similar to those observed with 

substrates/inhibitors of these transporters. Sunitinib also inhibited the photolabeling of P-gp and 

ABCG2 by [125I]-IAAP, which is also a substrate of these transporters (Shukla et al., 2006). This 

observation clearly indicated that sunitinib also interacts at the substrate-binding pocket of both 

transporters. The IC50 of sunitinib for inhibition of IAAP binding was 14.2 μM and 1.33 μM for 

P-gp and ABCG2, respectively. Sunitinib interaction at the substrate-binding pocket was further 

monitored by ATP hydrolysis assays. The concentration required for 50% stimulation of ATP 
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hydrolysis by ABCG2 was lower compared to P-gp (IC50 = ABCG2, 0.18 ± 0.05 μM; P-gp, 15.1 

± 3.10 μM), which indicates that sunitinib exhibits higher affinity for ABCG2 compared to P-gp. 

This is in agreement with previous studies, as it is known that other tyrosine kinase inhibitors 

have higher affinity for ABCG2 compared to P-gp (Ozvegy-Laczka et al., 2004; Ozvegy-Laczka 

et al., 2005).  

In combination cytotoxicity assays, we also found that a non-toxic concentration of 

sunitinib (2 μM) in combination with a P-gp or an ABCG2 specific substrate was able to 

partially inhibit drug resistance mediated by P-gp and completely inhibit resistance mediated by 

ABCG2 in transfected HEK293 cells. These results were similar to those obtained in short term 

substrate accumulation assays using flow cytometry, which showed higher accumulation of 

tested drug in the presence of sunitinib. The results also mirrored those obtained in the IAAP 

competition and ATP hydrolysis assays, where sunitinib was found to have a higher affinity for 

ABCG2 than P-gp.  Taken together, these results are convincing evidence that sunitinib inhibits 

ABCG2 and inhibits P-gp as well, albeit more weakly. The question is whether this could be 

clinically relevant.  One immediate implication is that orally administered sunitinib in 

combination with an ABCG2 or P-gp substrate could affect their absorption.  Indeed, in vivo 

animal studies have shown that combining substrate drugs with TKIs can result in increased oral 

bioavailability (Stewart et al., 2004; Breedveld et al., 2005) and it can be perceived that 

combining sunitinib with substrate drugs may also lead to enhanced systemic exposure of other 

anticancer agents by inhibiting gastrointestinal efflux or biliary/renal excretion of these agents. 

Whether sunitinib could be used with substrate drugs to improve clinical outcome is a hypothesis 

worthy of study. 
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Another question is whether sunitinib could, in some settings, be a substrate for ABC 

transporters and resistance mediated by them. One postulated mechanism of resistance to orally 

administered kinase inhibitors is the active extrusion of these agents by ABC drug transporters 

(Lemos et al., 2008). This not only could limit the concentration of the agents inside cells, but 

the clinically significant gastrointestinal expression of ABC transporters could also affect the 

bioavailability of kinase inhibitors (Lemos et al., 2008). The role of kinase inhibitors as substrate 

of ABC drug transporters is controversial and is under current investigation. For instance, while 

several groups have shown that the resistance to one such TKI, imatinib mesylate, is due to its 

low intracellular level accumulation (Illmer et al., 2004; Brendel et al., 2007; Widmer et al., 

2007), other reports suggested that the resistance is not dependent on the drug efflux by ABC 

drug transporters (Ferrao et al., 2003; Zong et al., 2005). Our results showed that sunitinib 

stimulates ATPase activity of both P-gp and ABCG2 and inhibits the photolabeling with IAAP 

suggesting that sunitinib most likely is a transport substrate of both transporters. To confirm 

these findings the efflux of radiolabeled sunitinib from the P-gp and ABCG2 expressing cells or 

ATP-dependent accumulation of labeled sunitinib in membrane vesicles needs to be carried out. 

In this case, the oral bioavailability of sunitinib might be affected by single nucleotide 

polymorphisms of the ABCB1 or ABCG2 genes that have been shown to influence transport 

efficacy (Cascorbi, 2006). Further, if sunitinib was a transport substrate, this would suggest that 

inhibition of P-gp or ABCG2 might lead to increased bioavailability. 

The detailed characterization of the interaction of sunitinib with transporters will not only 

provide information about the involvement of transporters in drug-drug interactions between 

sunitinib and other anticancer agents but would also add information about the impact of 

transporters on the efficacy, toxicity, and pharmacokinetics of sunitinib. The results from these 
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studies would also provide a better understanding of the potential drug interactions between 

sunitinib and other anticancer agents which not only would result in altered pharmacokinetics of 

sunitinib but would also affect the pharmacokinetics, efficacy, or toxicity of the known 

anticancer agents or substrates of these transporters.  

In conclusion, this study provides the first in vitro evidence that sunitinib interacts with 

the two major ABC drug transporters, P-gp and ABCG2. This interaction of sunitinib with the 

drug transporters may affect treatment outcome for sunitinib and could also influence the 

disposition and toxicity of this drug in cancer therapy. 
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Figure legends: 

Figure 1. Effect of Sunitinib on the accumulation of fluorescent drug substrates in P-gp- 

and ABCG2-expressing cells: P-gp-HEK (a), R482-HEK (b) or MRP1-HEK (c) cells 

(300,000/tube) were incubated with (a) 0.5 μg/ml of rhodamine 123 (b) 1 μM pheophorbide a or 

(c) 200 nM calcein-AM for 30 min at 37oC in the dark, in the absence (grey filled) or presence of 

1 μM (bold line) or 10 μM (thin line) sunitinib and specific inhibitors (dashed line, 2.5 µM 

valspodar (PSC-833) for P-gp, 10 µM FTC for ABCG2 or 50 µM MK571 for MRP1). The cells 

were then washed, allowed to incubate for 1 h in substrate-free medium continuing without or 

with inhibitors and were subsequently analyzed by flow cytometer as described in ‘Materials and 

Methods’. The histograms represent the intracellular fluorescence intensity of the substrates. 

Representative histograms from one of three independent histograms are shown.  

Figure 2. Effect of sunitinib on the binding of UIC2 antibody to P-gp and 5D3 antibody to 

ABCG2: KB-V1 (a-d) or R482-HEK (e-h) cells were incubated in the absence (bold line) or 

presence of 0.1 µM sunitinib (a, e: dashed line), 1 µM sunitinib (b, f: dashed line), 10 µM 

sunitinib (c, g: dashed line) sunitinib, 10 µM Cys A (d: broken line) or 10 µM FTC (h: broken 

line) for 5 minutes at 37°C. 3 µg of P-gp specific UIC2 antibody (a-d) or 1:3500 dilution of 5D3 

(e-h) antibody was added and the cells were incubated at 37°C for 20 min. The cells were 

washed and subsequently incubated with 3 µg FITC conjugated (a-d) or 1:100 dilution of APC-

labeled secondary antibody (e-h). The cells were then washed and analyzed by flow cytometer as 

described in ‘Materials and Methods’. Representative histograms from one of at least 3 

independent experiments are shown. Sun, sunitinib; Cys A, cyclosporine A and FTC, 

fumitremorgin C. 
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Figure 3. Effect of sunitinib on photoaffinity labeling of P-gp and ABCG2 with [125I]-IAAP. 

Crude membranes (500 µg/ml) from High-five cells expressing P-gp (a) or MCF-7 FLV1000 (b) 

cells were incubated with 0-100 µM of sunitinib for 5 min at 21-23°C in 50 mM Tris-HCl, pH 

7.5. 3-6 nM [125I]-IAAP (2200 Ci/mmole) was added and incubated for an additional 5 min 

under subdued light. The samples were then illuminated with a UV lamp (365 nm) for 10 min 

and were processed as described in ‘Materials and Methods’. Representative autoradiograms 

from one experiment are shown and similar results were obtained in two additional experiments. 

The arrows show the position of the P-gp and ABCG2 band. (c, d) The incorporation of [125I]-

IAAP (from autoradiogram, Y-axis) into the P-gp (c) and ABCG2 (d) band was quantified by 

estimating the radioactivity of this band using the STORM 860 phosphor imager system and the 

ImageQuaNT software and plotted as a concentration of sunitinib. 

Figure 4. Effect of sunitinib on ATPase activity of P-gp and ABCG2: Crude membrane 

protein (100 µg protein/ml) from High-five cells expressing (a) P-gp or (b) ABCG2 was 

incubated at 37oC with varying concentrations of sunitinib in the presence or absence of 0.3 mM 

sodium orthovanadate (a) or BeFx (0.2 mM beryllium sulfate and 2.5 mM sodium fluoride) (b) 

in ATPase assay buffer for 10 min. The reaction was started by the addition of 5 mM ATP at 

37°C and was stopped by the addition of 0.1 ml of 5% SDS solution. The amount of inorganic 

phosphate released and the vanadate or BeFx-sensitive ATPase activity was determined as 

described in ‘Materials and Methods’. The basal activity (10-20 nmoles Pi/min/mg for P-gp and 

25-35 nmoles Pi/min/mg for ABCG2) was subtracted to calculate % stimulation in the presence 

of indicated concentrations of sunitinib. The average from three experiments is shown here and 

the error bars represent SE. Inset in (b) shows the % stimulation of ABCG2 ATPase activity 

plotted as a function of concentration in the range of 0 to 5 µM sunitinib. 
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Table 1: Reversal of cytotoxicity in P-gp-expressing cells by sunitinib 

 

Cell line   Depsipeptide, IC50 (μM)a       Doxorubicin, IC50 (μM)a 

        (Relative resistance)b       (Relative resistance)b 

   Control         + 2 µM    Control        + 2 µM 

   (DMSO)        Sunitinib              (DMSO)        Sunitinib 

 

pcDNA3.1-HEK     0.0012 ± 0.0006   0.0012 ± 0.0006     0.055 ± 0.033        0.14± 0.010 

P-gp-HEK   0.96 ± 0.23     0.38 ± 0.17            4.4 ± 2.4              4.8 ± 3.3          

             (800)         (317)       (80)           (87)          

 

aThe values represent the mean  ±  SD of three independent experiments performed in triplicate.  

bRelative resistance values (in parentheses) were obtained by dividing the IC50 value of the P-gp-

HEK cells by the IC50 value of the empty vector pcDNA3.1- transfected HEK cell line.  
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Table 2: Reversal of cytotoxicity in ABCG2-expressing cells by sunitinib 

 

Cell line   Topotecan, IC50 (μM)a             SN-38, IC50 (μM)a 

        (Relative resistance)b       (Relative resistance)b 

   Control         + 2 µM    Control        + 2 µM 

   (DMSO)        Sunitinib              (DMSO)        Sunitinib 

pcDNA3.1-HEK         0.011 ± 0.0041    0.014± 0.0078   0.0017 ± 0.0011  0.0026 ±0.0017 

R482-HEK (ABCG2) 0.21 ± 0.0066    0.019 ± 0.0036  0.048 ± 0.0038   0.0022 ± 0.00047 

              (19)                   (1.7)          (28)               (1.3)          

 

aThe values represent the mean  ±  SD of three independent experiments performed in triplicate.  

bRelative resistance values (in parentheses) were obtained by dividing the IC50 value of the 

R482-HEK293 cells by the IC50 value of the empty vector pcDNA3.1- transfected HEK cell line.  
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