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Abstract

Purpose—Breast Cancer Resistance Protein (BCRP) belongs to the family of efflux transporters 

involved in drug efflux leading to drug resistance. The objective of this study was to explore 

physical barriers for ocular drug absorption and to verify the presence and possible role of BCRP 

as a bar-rier for ocular drug resistance.

Methods—Transfected human corneal epithelial cells (SV40-HCEC) were selected as an in vitro 

model for corneal epithelium with MDCKII-BCRP as positive control. [3H]-Mitoxantrone ([3H]-

MTX), which is a proven substrate for organic anion transporter like BCRP, was selected as a 

model drug for functional expression studies. Fumetremorgin C (FTC), a known specific inhibitor 

for BCRP and GF120918, an inhibitor for BCRP and P-gp, were added to inhibit BCRP-mediated 

efflux. PGP-4008, a specific inhibitor of P-gp was used to delineate the contribution of P-gp. The 

mRNA extracted from cells was used for RT-PCR analysis and gene expression. Membrane 

fractions of SV40-HCEC and MDCKII-BCRP were used for immunoprecipitation followed by 

Western blot analysis.

Results—Efflux was inhibited significantly in the presence of FTC and GF120918. Dose-

dependent inhibition of efflux by BCRP was noticed in SV40-HCEC and MDCKII-BCRP in the 

presence of FTC and GF120918, and the efflux was ATP-dependent. The metabolic inhibitor, 2,4-

DNP, significantly inhibited efflux. No pH-dependent efflux was noticed except at pH 5.5. RT-

PCR analysis indicated a unique and distinct band at ~429 bp, corresponding to BCRP in SV40-

HCEC and MDCKII-BCRP cells. Western Blot analysis indicated a specific band at ~70 kDa in 

the membrane fraction of SV40-HCEC and MDCKII-BCRP cells.
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Conclusions—We have demonstrated the expression of BCRP in human corneal epithelial cells 

and, for the first time, demonstrated its functional activity leading to drug efflux. RT-PCR and 

Western blot analysis further confirmed this finding.

INTRODUCTION

ATP-binding cassette (ABC) proteins belong to a super family of transmembrane 

transporters that use the energy obtained from ATP hydrolysis to transport their substrate 

drug molecules across biological membranes.1 P-glycoprotein (P-gp; MDR1)2 and 

multidrug resistance associated proteins (MRP),3,4 are drug resistance proteins and are 

considered to be a major barrier for ocular drug delivery. MDR1 and MRP2, which are 

present on the cornea, can play a collective role in the efflux of drug molecules.3 Apart from 

MRP2, human corneal cells have also been shown to express MRP1 and MRP3.4,5 

Erythromycin,3 quinolones (ciprofloxacin, grepafloxacin),5,6,7 steroids, sulfated steroids, 

and estradiol 17β-glucuronide,8,9,10 are widely employed in ocular therapy and are excellent 

substrates for various efflux pumps. P-gp expression encoded by the MDR1 gene and 

expression of the MRP gene was shown to correlate with a reduction in intracellular drug 

concentrations.11,12 As stated in Mao Q et al. (2005),11 “recently, apart from P-gp and MRP, 

several human ATP-binding cassette transporters with an important role in drug efflux have 

been discovered. One of them is a novel protein known as the breast cancer resistance 

protein (BCRP),13 or mitoxantrone-resistance protein (MXR),14 or placenta-specific ABC 

protein (ABCP),15 and was identified independently by three research labs.16 BCRP, with a 

molecular weight of ~70 kDa, is a major efflux pump involved in drug resistance.16 Unlike 

P-glycoprotein and MRP, which are arranged in two repeated halves, BCRP consists of one 

nucleotide-binding and one membrane-spanning domain and is regarded as a half 

transporter.”17 BCRP is classified under the new branch, subfamily G, belonging to the large 

ABC transporter family.16 ABCG1, which is a human homologue of Drosophila white gene, 

is the founding member of the ABCG family.16,17 BCRP is categorized as the second 

member of the subfamily G and, hence, was designated ABCG2.16

As indicated by Mao et al. (2005), “Comparison of ABCG protein sequences with that of P-

gp and MRP1 revealed that, unlike P-gp and MRP1, which are organized in two repeated 

halves, all ABCG proteins are half transporters that are composed of a single nucleotide-

binding domain (NBD) followed by one membrane-spanning domain (MSD). There is 

increasing evidence to suggest that ABCG proteins may operate as either homodimers or 

heterodimers.”18,19

The literature suggests that BCRP can efflux conjugated organic anions in transport studies 

performed on plasma membrane vesicles.16 BCRP was found to transport estrone-3-sulfate 

(E1S) with a Km value of ~10 μM.16,20,21 With its broad substrate specificity, along with 

sulfated conjugates, BCRP was also found to transport E217βG and DNP-SG, which are 

glucuronide conjugates.16,22 The affinity for sulfated conjugates was found to be enhanced 

compared to GSH and glucoronide conjugates.16,22 E1S and DHEAS represent the major 

estrogens that are manufactured and eliminated by syncytiotrophoblasts of placenta in the 

mother and were the first substrates of BCRP identified.16 BCRP was also found to transport 

unconjugated organic anions.16 An interesting study by Umemoto et al. (2005) revealed that 
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basal limbal epithelial cells of the rat eye express BCRP significantly. Also, side population 

stem cells, which help in the regeneration of corneal epithelium, express BCRP, but at a 

relatively very low level compared to limbal side population cells.23

Therefore, the main objective of this study was to determine if human corneal epithelial cells 

express a major ATP-binding efflux transporter, BCRP, that is commonly expressed on the 

apical side of the cell membrane16 and examine its role in drug efflux. Efflux of [3H]−MTX 

in SV40-HCEC and MDCKII-BCRP, use of FTC and GF120918 as specific inhibitors of 

BCRP, RT-PCR data for gene expression and immunoprecipitation, followed by Western 

blot analysis for protein expression, were applied to confirm the presence of BCRP in SV40-

HCEC.

MATERIALS AND METHODS

Fumtremorgin C (FTC), a specific inhibitor for BCRP,16 2-deoxy-D-glucose, and sodium 

azide were obtained from Sigma Chemical Co. (St. Louis, MO, USA). GF120918, a dual 

inhibitor of BCRP and P-gp,17 was a generous gift from Glaxo Wellcome (Research 

Triangle, NC, USA). PGP-4008, a specific P-gp inhibitor47 and poly-D-lysine were obtained 

from Fischer Science (Pittsburgh, PA, USA). [3H]-E17βg was obtained from Moravek 

Biochemical's and Radiochemicals (Brea, CA, USA). Twenty-four well culture plates were 

purchased from Midwest Scientific and were employed for transport studies (St. Louis, MO, 

USA).

Cell Culture

Culture of Human Corneal Epithelial Cells (SV40-HCEC)—The SV40-immortalized 

human corneal epithelial cell line was obtained as a gift from Araki-Sasaki and colleagues.24 

Cells were cultured based on published protocol with minor modification.25 Mycoplasma-

free SV40-HCEC were grown at 37°C, humidified in a 5% CO2/95% air atmosphere in a 

culture medium containing 50% of Dulbecco's Modified Eagle's Medium (DMEM) and 50% 

of Ham's nutrient mixture F-12 (from Gibco, Paisley, UK), (v/v) fetal bovine serum, 15% as 

supplement (GIBCO), antibiotic solution (gentamycin (30 μg/ml) from Gibco) and sodium 

bicarbonate (1.86 g/l). Cells were harvested using trypsin-EDTA (Gibco).

MDCKII-BCRP Cells—MDCKII-BCRP cells were transfected with a viral vector having 

the human BCRP gene, which are known to overexpress BCRP on the apical side of the cell 

membrane.26 They were obtained as a generous gift from Dr. Peit Borst (Netherlands 

Cancer Institute, Amsterdam). A well-established and published protocol was used to culture 

the cells. As indicated in earlier publications from our laboratory, “Cells were maintained in 

DMEM supplemented with 10% calf serum, 100 IU/ml penicillin, 100 μg/ml streptomycin, 

and 20 mmol/l HEPES, pH 7.4. Cells were plated at a density of 100,000/cm2 in 12-well 

tissue culture treated plastic plates. MDCKII-BCRP cells were incubated at 37°C in an 

atmosphere of 5% CO2 and 95% humidity in air and were allowed to grow for 5–8 days.”27

Human Gingival Fibroblast Cells (HGF-1 Cells)—Human gingival fibroblast cells 

were procured from American Type Culture Collection (Manassas, VA, USA). Cells were 
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cultured using the DMEM supplemented medium we employed for culturing the MDCKII-

BCRP cells. Similar culture conditions were maintained.

Transport Experiments

To determine functional activity of BCRP in corneal epithelial cells, transport studies were 

performed with MTX. Transport studies were performed based on the protocol established 

by Schuetz et al. (1999), with minor modifications.28 Monolayers of MDCKII-BCRP and 

SV40-HCEC cultured in 12-well tissue culture plates (Fisher Scientific, Pittsburg, PA, USA) 

were employed. As reported previously, the addition of 10 mM sodium azide and 10 mM 2-

deoxy-D-glucose to cell monolayers reduced intracellular ATP by >90% in the first 5 min of 

incubation, but did not affect cell viability.29 The principle behind this study involves 

preloading drug into cells by deactivating the efflux transporter (ATP depleting conditions), 

washing, and then reactivating the transporter with a medium containing glucose.29 

Transport kinetics of BCRP were observed with and without inhibitors.

Cells were incubated for 60 min with 3H-bis (POM) PMEA (1μCi) and 3H-acyclovir (1μCi) 

in the presence of 10 mM sodium azide and 2-deoxy-D-glucose. Following a 1-hr incubation 

period under normal and ATP-depleting conditions, cell viability was determined by the 

trypan blue exclusion test. Cells were examined for viability (unstained) and nonviability/

cytotoxicity (stained). A hemocytometer (Hausser Scientific, Horsham, PA, USA) was used 

to count the cells. After the incubation, the drug solution was removed from the wells, and 

the cells were washed with 0.16 M NaCl and subsequently incubated for 60 min with Hanks 

buffered saline solution (HBSS) with glucose, pH 7.2, and HBSS with glucose incorporating 

the inhibitors. Preparation of HBSS with inhibitors is described in the next section. The 

supernatant was collected and the radioactivity measured with a Beckmann scintillation 

counter (Beckman Coulter, Inc., Fullerton, CA, USA). The amount of radioactivity in the 

supernatant represents the amount of drug effluxed. Radioactivity was converted to drug 

concentration based on the specific activity of the compound.

RT-PCR and Sequencing Analysis

SV40-HCEC, MDCKII-BCRP, and HGF-1 cells were grown for mRNA extraction. RT-

PCR was performed based on a protocol published from our laboratory and Sugarawa et al. 

(2000).2,30 BCRP primers were designed from human BCRP cDNA (Genbank Accession 

No: AY289766). The forward and reverse primers designed for BCRP were 5 

TTATCCGTGGTGTGTCTGGA 3′ and 3′ CCTGCTTGGAAGGCTCTAG 5′, respectively. 

RT-PCR was performed with a kit (SuperScript™III First-Strand Synthesis System for RT-

PCR; Invitrogen, Carlsbad, CA, USA). Reverse transcription conditions were template RNA 

denaturation at 70°C for 10 min and reverse transcription at 42°C for 60 min. PCR 

amplification conditions were denaturation at 94°C, annealing at 58.5°C, and extension at 

72°C for 1 min each for 35 cycles, followed by a final extension at 72°C for 10 min. 2% 

agarose gel was employed to analyze RT-PCR products. Sequencing analysis was performed 

by Agencourt Biosciences (Beverly, MA, USA) using Quicklane®sequencing technology.
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Western Blot

A published protocol from our laboratory by Dey et al. (2003) was employed with slight 

modifications.2 MDCKII-BCRP cells and SV40-HCEC cultured on T-75 flasks and 

harvested into 5 ml of phosphate buffered saline. A Mem-PER Eukaryotic Membrane 

Protein Extraction Reagent Kit (Pierce Biotechnology, Inc., Rockford, IL, USA) was 

employed to separate the membrane fraction of the cells. The fraction was stored at – 80°C. 

SDS polyacrylamide gel electrophoresis (8% Trisglycine gels for 2 hr at 120 V) was used to 

separate the proteins. Proteins were transferred onto nitrocellulose membranes by exposing 

the gel for ~2 hr at ~250 mA on ice. 0.2% ponceau S (dissolved in 3% w/v trichloroacetic 

acid and sulfosalicylic acid)2 was used to check the protein transfer efficiency. The blot was 

incubated in blocking buffer (1% w/v BSA and 5% nonfat dry milk in Tris-buffered saline)2 

at room temperature for 1 hr. The blot was treated with BCRP antibody (1:100) for 12 hr at 

4°C. The membrane was washed 4–5 times at 5-min intervals with TBST (Tris-buffered 

saline + 0.1% Tween 20)2 and later treated with a secondary antibody (1:1500 anti-rat IgG-

horseradish peroxidase [HRP]). The blot was washed with TBST three times each at 10-min 

intervals. An amplified Opti-4CN Western Blot amplification kit (Bio-Rad, Herculus, CA, 

USA) was used to develop the blots, according to the manufacturer's protocol.

Statistical Analysis

Experiments were performed with n = 4 (n = 3 for data in Fig. 6), and the results expressed 

as the mean ± SD. Statistical significance testing was performed with a two-factor analysis 

of variance (ANOVA; SPSS, ver. 12.0; SPSS Inc., Chicago, IL, USA). A difference between 

mean values was considered significant at p ≤ 0.05. The Fisher least-significance-difference 

(LSD) method was used to discriminate among significant differences between the mean 

values.

RESULTS

BCRP mRNA and Protein Expression in MDCKII-BCRP and SV40-HCEC

RT-PCR, conducted on cultures of human corneal epithelial cells (SV40-HCEC) and 

positive control cells (MDCKII-BCRP) demonstrated the presence of mRNA for BCRP 

(Fig. 7). The RT-PCR product sizes were correct, i.e., ~429 bp. No expression was noticed 

in HGF-1 cells (negative control). Sequencing, alignment in ClustalW, and comparison with 

the GenBank sequences showed that BCRP from SV40-HCEC was ~98% identical to the 

human BCRP sequence in the pubmed database. Western blot analysis using rat monoclonal 

BCRP antibody detected bands of the expected size in MDCKII-BCRP and SV40-HCEC, 

i.e., at ~70 kDa (Fig. 8).

Efflux Studies in MDCKII-BCRP and SV40-HCEC

To determine whether BCRP isozymes present in SV40-HCEC were functionally active, 

transport studies were conducted using the organic anion [3H]-MTX. Following a 1-hr 

loading of 0.05 μCi/ml [3H]-MTX under ATP-depleting conditions, efflux was measured 

from SV40-HCEC cells by determining the concentration of [3H]-MTX effluxed into the 

external medium. The addition of 10 mM sodium azide and 2-deoxy-D-glucose to cell 
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monolayers was known to decrease intracellular ATP by ~90% in the first 5 min of 

incubation28 and did not affect the viability of the cells, as determined by a trypan blue 

exclusion test. The efflux of [3H]-MTX was significantly decreased (p ≤ 0.05) in the 

presence of FTC and GF120918. Dose-dependent inhibition of efflux in the presence of FTC 

and GF120918 was observed in MDCKII-BCRP (Fig. 1). Efflux was reduced by ~40% with 

1 μM GF120918, ~50% with 5 μM, and a maximum of ~60% reduction was obtained with 

20 μM, respectively. Efflux was reduced by 40% with 10 μM FTC and a maximum 65% 

reduction ~ was obtained with 40 μM. In SV40-HCEC, a dose-dependent decrease in efflux 

was noticed with GF120918, and inhibition (~50%) (0.82 ± 0.17 pmoles/mg protein) was 

observed at a concentration of 20 μM as compared to control (1.68 ± 0.008 pmoles/mg 

protein) (Fig. 2). Also, a dose-dependent inhibition was observed with FTC, and a maximum 

of ~55% (0.79 0.01 pmoles/mg protein) inhibition was demonstrated with 40 μM FTC 

relative to control (1.68 ± 0.008 pmoles/mg protein) (Fig. 2). IC50 values from dose-

dependent inhibition studies were ~10 μM for FTC and ~5 μM for GF120918. No relative 

contribution of P-gp was noticed with the use of PGP-4008, and this clearly indicates that 

inhibition of efflux by GF120918 was BCRP-mediated (Fig. 3). Use of 2,4-DNP, a 

metabolic inhibitor, showed dose-dependent suppression of ATP-mediated efflux of [3H]-

MTX (Fig. 4). No pH-dependant efflux was noticed in SV40-HCEC, except at pH 5.5. 

Efflux was not statistically significant at pH 4.0 and 8.8 when compared to control (pH 7.4) 

(Fig. 5). Time-dependent efflux was observed, and the cumulative amount of efflux was 

statistically significant at various timepoints with ~20 μM FTC and ~20 μM GF120918 in 

SV40-HCEC (Fig. 6).

DISCUSSION

In this article, we are reporting the functional expression of BCRP in human corneal 

epithelial cells. We have demonstrated that it does play a role in drug efflux. Significant 

efflux of [3H]-MTX in the presence of FTC and GF120918 established the functional 

activity of BCRP in SV40-HCEC and its possible role in reducing the ocular bioavailability 

of topically applied drugs.

Dose-dependent inhibition of efflux was noticed with both FTC and GF120918 in MDCKII-

BCRP (+ve control) and SV40-HCEC. Inhibition of efflux was more prominent in MDCKII-

BCRP than in SV40-HCEC with the same concentrations of inhibitors. This may potentially 

be due to the overexpression of the BCRP transporter in the transfected cell line. FTC is a 

specific inhibitor of BCRP16 and does not react with P-gp/MRP, and, hence, the inhibition 

of efflux was representative of BCRP-mediated efflux. However, as GF120918 modulates 

both BCRP and P-gp,16 PGP-4008 was employed as a control, and our data indicates no role 

of P-gp in the transport of [3H]-MTX. This confirms that inhibition of efflux by GF120918 

was due to inhibition of BCRP. This further confirms the presence of BCRP and its 

functional role in SV40-HCEC. Use of 2,4-DNP, a potent metabolic inhibitor,48 suggests 

ATP-mediated efflux of [3H]-MTX. As BCRP is a major class of ATP-binding cassette 

transporter proteins requiring ATP for their function, the data further supports the presence 

of BCRP.21 No pH-dependant efflux was noticed except at pH 5.5. It appears that high 

acidic conditions inactivate the transporter. Studies by Breedveld et al. (2006) indicated that 

BCRP was activated as pH was decreased from 7.9 to 5.1. Our results indicate that BCRP is 
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activated at pH 5.5, but no significant activation is noticed at an acidic pH of 4.0. We do not 

know the reason for this discrepancy. It was indicated by Acheampong et al. (2002) that 

formulation factors, such as pH, preservative, and vehicle, might influence the ocular 

penetration of drugs.42 Though a pH of ~5.5 was shown to activate BCRP in HCEC, its role 

in modulating ocular penetration of drugs needs to be further investigated. Based on the 

nature of the active ingredient, ocular drugs are formulated at lower pH to increase aqueous 

solubility and stability.42 Taking buffer capacity of the pre-corneal fluids, and our results 

demonstrating a mild activation of BCRP at acidic pH into consideration, the role of 

formulation pH in activating BCRP and leading to poor permeation of drugs might be 

minimal.

Data in Figure 5A and 5B indicate inhibition of efflux over a period of time (120 min), and 

the inhibition was statistically significant at all the timepoints with the use of both FTC and 

GF120918. This data further indicates that BCRP is indeed functionally active in efflux of 

molecules across corneal epithelium and might play a significant role in ocular drug efflux. 

However, the relative rate of efflux can be governed by various factors, including substrate 

specificity of the efflux transporter and extent of expression of the transporter compared to 

other efflux pumps, etc. Limited data is available on substrate specificities of various ocular 

drugs. Therefore, additional studies are being performed to delineate the relative 

contributions of various efflux pumps in ocular drug efflux. RT-PCR data, combined with 

excellent sequence homology (98%) with human BCRP gene sequence, supports our results. 

Immunoprecipitation, followed by Western blot analysis, confirms such expression. Lung 

resistance protein (LRP) has also been identified in HCEC (unpublished data). The presence 

of LRP in human cornea was shown recently.43 However, to the best of our knowledge, 

there were no reports indicating the interaction of FTC and GF120918 with LRP, and both 

were found not to interact with MRP. They were used to specifically modulate BCRP. The 

relative significance of LRP in corneal drug resistance is undergoing further evaluation in 

our laboratory.

Ocular drug delivery, followed by topical administration of drugs, is not an efficient 

process.2 Many topically instilled drugs reach the internal segments of the eye through the 

cornea.2 As stated by Dey et al. (2003),2“these drugs include steroids,31,32 ß-

blockers,33,34antibiotics,35,36,37 and nonsteroidal anti-inflammatory agents.38” The cul-de-

sac, as a route for topical drug administration, is the most common route of ocular drug 

delivery.2 Absorption from the cul-de-sac involves both non-corneal (sclera and 

conjunctiva) and corneal routes.2 As the drug is absorbed by the non-scleral route, the drug 

is eventually eliminated through the general circulation.2 This results in poor ocular 

bioavailability.2 From the corneal route, lipoidal corneal epithelium, tight junctions, and 

efflux transporters (such as Pgp and MRP) offer significant resistance.2,3,4 Solution drainage 

and lacrimation include other modes of drug elimination.2

Our studies indicate that BCRP may cause the efflux of molecules out of corneal epithelium 

into the precorneal fluid and may contribute as one of the factors leading to ocular drug 

resistance. BCRP was found to be expressed at a relatively low level in stem cells, which 

helps in regenerating corneal epithelium.21 Hence, it is regarded as a putative stem cell 

marker used to identify the corneal stem cells responsible for regeneration of epithelial cells. 
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This is of high clinical significance, as constructs generated from limbal epithelial cells were 

successfully used in clinical transplantation to human patients.23 The fact that BCRP was 

found on stem cells and on human corneal epithelial cells, and demonstrated rapid efflux of 

substrate molecules, provides new insight into ocular drug resistance. Relative expression 

levels of BCRP between stem cells and epithelial cells can be investigated in the future, 

which might provide a new approach to ocular drug delivery. Ocular pharmacokinetic 

studies by Dey et al. (2004) and Karla et al. (2008) indicate that efflux pumps do indeed 

pose a major barrier to ocular drug delivery.39,40,41 MRPs (MRP1, MRP2, and MRP3) were 

found to cause significant resistance to the absorption of erythromycin following topical 

administration in male New Zealand white rabbits.41 When MK571, a specific inhibitor of 

MRP, was employed, Cmax and AUC0--∞ were (0.40 ± 0.05 μg/ml) and (67.9 ± 3.81 

μg/min/ml) compared to the corresponding values for control Cmax (0.13 ± 0.01 μg/ml) and 

AUC0--∞ (3.17 ± 4.65 μg/min/ml)41. The significant increase in aqueous humor 

concentrations demonstrated functional activity of MRP in vivo.42 As indicated in our earlier 

publication, Karla et al. (2007), efflux transporters play a collective role in conferring 

resistance to the absorption of common substrates.3 As indicated in the publication, 

erythromycin is a substrate for both Pgp and MRP.3 Both the transporters were found to play 

a collective role in the efflux of erythromycin.3 In light of new efflux transporters like 

BCRP, ocular drugs need to be screened for their relative substrate specificities with the 

transporters. A drug that is a common substrate for Pgp, MRP, and BCRP can encounter a 

significant resistance to the permeation across the cornea as the three transporters might act 

as a collective barrier preventing drug absorption. A diagrammatic representation of BCRP 

embedded in the lipid bilayer of corneal epithelial cell leading to drug efflux is shown in 

Figure 9. A detailed structure of BCRP was also shown. In the light of new efflux 

transporters like BCRP, further studies are being conducted in our laboratory to study the 

relative role of efflux pumps to alter the ocular pharmacokinetics of various drugs.
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Figure 1. 
Dose-dependent effect of FTC (A) and GF120918 (B) on the efflux of [3H]-MTX by 

MDCKII-BCRP cells. Monolayers of SV40-HCEC were incubated with [3H]-MTX (0.05 

μCi/ml) under ATP-depleting conditions, and complete medium was added with and without 

inhibitor. The medium was analyzed after 1 hr. Each data point is representative of mean ± 

SD of three determinations. Statistical significance was tested by two-factor ANOVA. *p ≤ 

0.05; **p ≤ 0.01.
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Figure 2. 
Dose-dependent effect of FTC (A) and GF120918 (B) on the efflux of [3H]-MTX by SV40-

HCEC. Monolayers of SV40-HCEC were incubated with [3H]-MTX (0.05 μCi/ml) under 

ATP-depleting conditions, and complete medium was added with and without inhibitor. The 

medium was analyzed after 1 hr. Each data point is representative of mean ± SD of three 

determinations. Statistical significance was tested by two-factor ANOVA. *p ≤ 0.05; **p ≤ 

0.01.
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Figure 3. 
Demonstration of BCRP-specific efflux using FTC, GF120918, and PGP-4008 in SV40-

HCEC. Monolayers of SV40-HCEC were incubated with [3H]-MTX (0.05 μCi/ml) under 

ATP-depleting conditions, and complete medium was added with and without inhibitor. The 

medium was analyzed after 1 hr. Each data point is representative of mean ± SD of three 

determinations. Statistical significance was measured by two-factor ANOVA. *p ≤ 0.05; 

**p ≤ 0.01.
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Figure 4. 
Dose-dependent inhibition of BCRP using a metabolic inhibitor 2,4-DNP. Monolayers of 

SV40-HCEC were incubated with [3H]-MTX (0.05 μCi/ml) and complete medium was 

added with and without metabolic inhibitor. The medium was analyzed after 1 hr. Each data 

point is representative of mean ± SD of three determinations. Statistical significance was 

tested by two-factor ANOVA. *p ≤ 0.05; **p ≤ 0.01.
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Figure 5. 
Efflux of MTX as a function of pH. Monolayers of SV40-HCEC were incubated with [3H]-

MTX (0.5 μCi/ml) under ATP-depleting conditions, and complete medium with different pH 

ranges was added and the efflux was determined after 1 hr. Each data point is representative 

of mean ± SD of three determinations. Statistical significance was determined by two-factor 

ANOVA. *p ≤ 0.05; **p ≤ 0.01.
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Figure 6. 
Efflux of [3H]-MTX as a function of time in the presence of FTC and GF120918. Efflux was 

determined at different timepoints from 0 and 120 min. Each data point is representative of 

mean ± SD of three determinations. Statistical significance was tested by two-factor 

ANOVA. *p ≤ 0.05; **p ≤ 0.01.

Karla et al. Page 17

Curr Eye Res. Author manuscript; available in PMC 2015 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
RT-PCR confirming the expression of BCRP in human corneal epithelial cells. RT-PCR has 

(lane 1) 100 bp DNA ladder, (lane 2) RT-sample (−ve control), (lane 3) HGF-1 cells (−ve 

control), (lane 4) MDCK11-BCRP (+ve control), and (lane 5) SV40-HCEC.
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Figure 8. 
Immunoprecipitation followed by Western blot indicating the presence of BCRP in 

membrane fractions of human corneal epithelial cells (lanes 1, 2, and 3) and MDCK11-

BCRP (positive control, lanes 4 and 5).
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Figure 9. 
Pictorial representation for the presence of BCRP on human corneal epithelial cell leading to 

drug efflux. BCRP is a half transporter having six transmembrane domains and one ATP-

binding domain. Figure drawn based on inspiration from Perez-Plasencia et al. (2006)46 and 

Gottesman et al. (2002)46.
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