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Abstract
ATP-binding cassette (ABC) transporters are able to efflux their substrate drugs from the cells.
We compared expression of efflux proteins in normal human corneal epithelial tissue, primary
human corneal epithelial cells (HCEpiC), and corneal epithelial cell culture model (HCE model)
based on human immortal cell line. Expression of multidrug resistance protein 1 (MDR1),
multidrug resistance-associated protein 1–6 (MRP1–6) and breast cancer resistance protein
(BCRP) was studied using quantitative RT-PCR, Western blot, and immunohistochemistry. Only
MRP1, MRP5, and BCRP were expressed in the freshly excised human corneal epithelial tissue.
Expression of MRP1 and MRP5 was localized predominantly in the basal cells of the central
cornea and limbus. Functional efflux activity was shown in the cell models, but they showed over-
expression of most efflux transporters compared to that of normal corneal epithelium. In
conclusion, MRP1, MRP5, and BCRP are expressed in the corneal epithelium, but MDR1, MRP2,
MRP3, MRP4, and MRP6 are not significantly expressed. HCE cell model and commercially
available primary cells deviate from this expression profile.
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INTRODUCTION
The cornea is the major route of drug absorption into the intraocular tissues after instillation
of eye drops.1 The outermost corneal tissue, the corneal epithelium, forms a tight barrier for
drug permeation, because the most apical epithelial cells are interconnected by tight
junctions.1 Small and lipophilic molecules (optimal log DpH74 2–3) can diffuse through the
corneal epithelium by partitioning first into the cell membranes, and then diffusing further
from the epithelium into the stroma and the endothelium.2 Corneal permeability of
hydrophilic drugs is low due to the rate-limiting poor partitioning into the surface layers of
the corneal epithelium. It is important to realize that the deeper layers of the corneal
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epithelium, the stroma, and the endothelium, allow intercellular diffusion of hydrophilic, and
even large molecules, such as proteins.3,4 On the contrary, very lipophilic drugs (log
DpH7.4>3) partition easily into the corneal epithelium, but their overall corneal permeation is
rate-limited by their slow transfer from the epithelium to the hydrophilic stroma.5 Therefore,
they have lower passive permeability than the molecules with intermediate lipophilicity (log
P 2–3).6,7 In general, the ocular bioavailability of the topically administered drugs is low,
usually less than 5%.3,8

Efflux proteins restrict the intracellular accumulation of drugs by transporting them from the
intracellular to the extracellular space. ATP-binding cassette (ABC) transporters are among
the most important efflux transporters. ABC subclasses B, C, and G include at least 10
efflux transporters that may be relevant in pharmacokinetics. It has been estimated that 25%
of clinically used drugs are substrates of efflux transporters. ABC transporters are expressed
in several epithelial and endothelial tissue barriers that limit drug permeation between
compartments of the body, for example, epithelium of small intestine, blood–brain barrier
(BBB), kidney tubuli, and blood–retina barrier.9,10

Expression profile of the efflux transporters in the human corneal epithelium is still poorly
known, because most studies in the field have been done with whole cornea specimens,
animal tissues, or cell lines. Conflicting results on expression of multidrug resistance protein
1 (MDR1) and multidrug resistance-associated protein 1 (MRP1) have been published,
whereas expression levels of breast cancer resistance protein (BCRP) and MRP2 have been
insignificant or low.11–13 Discrepancies emphasize the need for further studies on these
transporters, particularly by using methods that allow reliable comparison of the expression
within the same study. Interestingly, expression of several other ABC transporters such as
MRP3, MRP4, MRP5, and MRP6 has not been studied in the normal isolated human corneal
epithelium.

Cultured cell models are important alternatives to animal studies in pharmacology.
Previously, our research group introduced a cell culture model of immortalized human
corneal epithelial cells (HCE model) for drug studies.14 The morphology of the HCE model
resembles the normal cornea and the permeability barrier of the HCE model is comparable
with the isolated rabbit corneas in diffusion chambers.14,15 Thus, this model can be useful
in permeability studies of ocular drug candidates. However, the active transporters of the
HCE model are poorly characterized.

The aim of this study was to characterize the overall expression profile of effluxing ABC
transporters in the normal human corneal epithelium. The profile was compared to the
expression pattern of the HCE model and commercially available human primary corneal
epithelial cells (HCEpiC cells). Expression profiles of MDR1 (ABCB1), MRP1-6
(ABCC1-6), and BCRP (ABCG2) were studied at the mRNA and protein levels, and the
efflux activity of the cell models was investigated.

MATERIALS AND METHODS
Materials

Calcein-AM and cyclosporin A (CsA) were purchased from Calbiochem (La Jolla, CA).
5(6)-Carboxy-2′, 7′-dichlorofluorescein (CDCF) and 5(6)-carboxy-2′,7′-dichlorofluorescein
diacetate (CDCFDA) were from Fluka (Buchs, Switzerland), MK571 was from Cayman
Chemicals (Ann Arbor, MI) and verapamil from ICN Biomedicals (Irvine, CA). Probenecid
and progesterone were from Sigma (St Louis, MO). MRP1 (MRPr1) and MRP3 (M3II-9)
antibodies were purchased from Alexis Biochemicals (San Diego, CA), MRP2 (M2 III-6),
MRP4 (M4I-10), MRP5 (M5I-1), and BCRP (BXP-21) were from Abcam (Cambridge, UK)
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and β-actin (C4) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Horseradish peroxidase-conjugated goat secondary antibodies were from Zymed
Laboratories, Inc. (San Francisco, CA). ECL™ Western Blotting Detection Reagents were
purchased from GE Healthcare (Little Chalfont, Buckinghamshire, UK).

Cell Culture
Immortalized human corneal epithelial cells (HCE cells) (passages 23–41) were grown as
described by Toropainen et al.15 For experiments where nonconfluent, dividing state of cells
was studied cells were cultured in flasks and harvested at 80% confluency. For HCE cell
culture model cells were cultured on collagen-coated polyester filters (Transwell-Clear™,
Costar, Cambridge, MA) at the seeding density of 90,000 cells/cm2. After 7–10 days, HCE
cells were exposed to a liquid-air interface by culturing cells without the apical medium for
2–3 weeks. The cell culture medium was supplemented with 40 µg/mL L(+)-ascorbic acid.
The tightness of the HCE culture on filter was followed by measuring transepithelial
electrical resistance (TER) (Endohm, World Precision Instruments, Sarasota, FL). Stratified
and polarized HCE cell layers with TER value greater than 380 Ω cm2 were used in the
experiments.

Primary HCEpiC cell line was purchased from ScienCell Research Laboratories (San Diego,
CA) and cells were cultured according to supplier’s instructions, and cells with passage
numbers 5–12 were used in the experiments.

Human Corneal Epithelial Tissue
Human corneal epithelial tissue samples were obtained from patients, who underwent
photorefractive keratectomy (PRK) eye surgery for the correction of their refractive error.
Patients with manifest ocular pathology or ocular topical drug therapy were excluded. The
epithelial cells were scraped off with a Beaver blade before the photoablation (Silmäkeskus
Laser Oy, Oper Oy, Helsingin yksityinen silmasäiraala Oy, Finland). Tissue samples were
immediately frozen in dry ice and were maintained in −70°C till RNA and protein
extraction. This study was approved by the Northern Savo regional committee for research
ethics (Kuopio) and written permission was obtained from patients before collecting tissue
samples. The research was carried out in accordance with the Helsinki Declaration.

For the immunohistochemical analysis, whole human corneas were obtained from donor
eyes provided by the National Disease Research Interchange (NDRI, Philadelphia, PA) and
processed within 24–48 h from death.

Real-Time RT-PCR
The mRNA expression levels of MDR1, MRP1–6, and BCRP were measured with
quantitative realtime RT-PCR. Primers and probes for MDR1, MRP2, and BCRP were
custom-made as described by Korjamo et al.16 FAM-labeled Assay on Demand TaqMan®

Gene Expression assay (Applied Biosystems, Foster City, CA) was used to study MRP1
(Hs00219905_m1), MRP3 (Hs00358656_m1), MRP4 (Hs00195260), MRP5 (Hs00981071),
and MRP6 (Hs00184566_m1).

Total RNA was extracted by using TRI Reagent® (Sigma) and treated with DNase (DNA
free, Ambion, Austin, TX). RNA concentration was measured using RiboGreen
quantification assay (Molecular Probes, Leiden, The Netherlands). Two micrograms of RNA
was transcribed using M-Mulv reverse transcriptase and random primers (Fermentas,
Hanover, MD), and cDNA corresponding to 40 ng RNA was amplified with ABI Prism
7500 (Applied Biosystems, UK) using TaqMan universal master mix (Applied Biosystems,
Foster City, CA) and transporter specific primer/probe sets.
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The amounts of mRNA-transcripts were calculated from standard curves derived from
DNAfragments carrying the same nucleotide sequence. The DNA-standards were achieved
from expression plasmids of MDR1,17 MRP1,18 MRP2,19 MRP3,20 MRP4,21 MRP5,22
MRP6,23 and BCRP.24 Briefly, the DNA-fragment containing certain efflux protein
sequence was cut with appropriate restriction enzymes and purified from agarose gel after
electrophoresis. Concentration of DNA was quantified with PicoGreen reagent (Molecular
Probes).

Western Blot
Western blot was used to estimate the expression of MRP1–5 and BCRP at the protein level.
Cells were lysed in a buffer containing 1% Triton X-100, 20 mM Tris–HCl (pH 6.8), 150
mM NaCl, 1mM EDTA, and 1:200 protease inhibitor cocktail for 30 min on ice. After
centrifugation the cell extracts (50 or 75 µg protein) were separated on 7.5% or 10% SDS–
PAGE gel and electroblotted onto a nitrocellulose membrane (Amersham Biosciences,
Freiburg, Germany). Used primary antibody dilutions were 1:5000 for MRP1, 1:4000 for
MRP2, 1:200 for MRP3, 1:5000 for MRP4, 1:500 for MRP5, 1:2000 for BCRP, and 1:2000
for β-actin. Primary antibodies were detected with HRP-conjugated goat secondary
antibodies diluted 1:2000 and ECL detection system.

Immunohistochemistry
Localization of the MRP1 and MRP5 proteins in human corneal tissue sections was detected
with immunohistochemistry. Freshly frozen human corneal cryosections (5–8 µm thick)
were prepared as previously described.25–27 After fixation with ice-cold methanol at −20°C
for 10 min, the tissue sections were blocked with 2% BSA (w/v) in PBS for 30 min and then
incubated with 1:50 dilution of primary antibody, 1% BSA (w/v) in PBS at 4°C overnight.
Following several washes in PBS, the sections were labeled with a 1:500 dilution of a FITC-
labeled goat anti-rat secondary antibody (Sigma) 1 h at room temperature. The slides were
rinsed three times with PBS and covered with antifade medium (Vectashield; Vector
Laboratories, Burlingame, CA). Fluorescence was visualized on a fluorescence microscope
(Axiophot2; Carl Zeiss Meditec, Inc., Thornwood, NY). To check the specificity of
fluorescent labeling, the sections were solely reacted with the secondary antibody.

Calcein Efflux Assay
Functionality of efflux proteins in primary HCE-piC and immortalized HCE cells was
assessed by the calcein efflux assay.28,29 Cells were incubated with calcein acetoxymethyl
ester (calcein-AM) which is hydrolyzed to fluorescent calcein inside the cells. Calcein-AM
is a substrate for MDR1 and MRP1, whereas calcein is transported by MRP1 and
MRP2.30,31 Inhibition of efflux transport leads to calcein retention that can be quantified by
measuring the intracellular fluorescence. Inhibitors used were 15 µM CsA, 200 µM
progesterone, 500 µM verapamil, and 100 µM MK571.

Briefly, the cells were cultured on 96-well plates for 4 days with the seeding density of
50,000 cells/well and incubated thereafter for 15 min at 37°C in a reaction buffer (25 mM
Hepes, HBSS, pH 7.4) containing efflux inhibitors or in reaction buffer only (control). Test
compounds were dissolved in DMSO (final concentration, 1%). Calcein-AM (2 µM) was
added to the cells, and incubation was continued for 20 min at 37°C. Test solutions were
replaced with ice-cold reaction buffer and the fluorescence was measured with Victor 1420
Multilabel Counter (Wallac, Finland) using 480 nm for excitation and 535 nm for emission.
The results are presented as percentage of fluorescence compared to the control; where the
control is uninhibited transport (100%). The experiments were repeated 4–6 times and each
measurement had three replicates.
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CDCF Efflux Assay
Efflux protein activity was also assessed by measuring the transport of CDCF in HCEpiC
and HCE cells. Cells were loaded with CDCFDA, the diacetate form of CDCF, which
passively permeates the cell membranes. The hydrolyzed form CDCF can pass the cell
membrane by active efflux mediated by MRP2, MRP3, MRP5, and perhaps also by
MRP1.32–35 Probenecid was used as nonspecific inhibitor of MRP proteins.36

HCEpiC and HCE cells were grown on 96-well plates for 4 days with the seeding density of
50,000 cells/well. First, the cells were washed and preincubated with reaction buffer (25
mM Hepes, HBSS, pH 7.4) for 30 min at 37°C. Then, 5 µM CDCFDA in the reaction buffer
was added to the wells and incubated for 20 min. After CDCFDA loading, the cells were
washed two times with the reaction buffer. Fresh buffer with or without 1 mM probenecid
was added to the wells and samples were taken at 30, 60, 90, and 120 min. Concentration
was determined by the measuring fluorescence with Victor 1420 Multilabel Counter using
480 nm for excitation and 535 nm for emission. Experiments were performed using
horizontal plate mixer (Titramax 1000 and Incubator 1000, Heidolph-Instruments,
Schwabach, Germany) at 150 rpm and 37°C. The CDCF efflux assays were repeated three
times each measurement having four replicates.

Statistical Testing
Kruskal–Wallis analysis was used to compare multiple experimental groups of calcein efflux
assay. If the differences between groups were statistically significant (p < 0.05), analysis
was continued with comparisons versus control group using Dunn’s method. Statistical
analyses were calculated with SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA).

RESULTS
Efflux Protein Expression at mRNA Level

The expression of eight efflux transporters, namely MDR1, MRP1-MRP6, and BCRP was
studied at the mRNA level in human corneal epithelial tissue, primary HCEpiC cells, in non-
confluent HCE cells and in HCE model using realtime RT-PCR with gene-specific DNA-
standards (Fig. 1). Interestingly, only MRP1 and MRP5 mRNA were clearly present in the
human corneal epithelium. MRP5 was expressed at fivefold higher level than MRP1.
Importantly, the data shows that there is no or very low mRNA expression of MDR1,
MRP2, MRP3, MRP4, MRP6, or BCRP in the normal human cornea. In the cell lines
several efflux transporters were upregulated. The expression of MRP1, MRP3, and MRP4
were 6-, 7-, and 46-fold higher in the HCEpiC cells and 10-, 52-, and 85-fold higher in the
HCE model than in human corneal epithelium. In addition, in HCE model moderate MDR1
and high BCRP expression was detected. The polarization and stratification seems to have
only a slight effect on the efflux protein expression in HCE cells, since only small
differences were detected between the HCE model and nonconfluent HCE cells.

Expression at Protein Level
MRP1 protein was most abundantly expressed at the protein level in HCEpiC and HCE cells
(Fig. 2, lanes 3–8). However, only faint MRP1 expression was observed in the epithelial
tissue (lanes 1 and 2). Expression of MRP2 protein was not observed in the human corneal
epithelial tissue or cell samples (data not shown). MRP3 and MRP4 were moderately
expressed in HCEpiC and HCE cell lines, but not in the epithelial tissue. MRP5 expression
was detected in all examined samples with the highest expression levels in the HCEpiC
primary cell line. Expression of BCRP was evident in the HCE cell line (lanes 5–8).
However, in the corneal epithelium, the expressed BCRP protein (lanes 1 and 2) was
migrating slightly faster in SDS–PAGE than the BCRP protein expressed in the HCE cell
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line. Only minor BCRP expression was seen in the HCEpiC cells (lanes 3 and 4). Different
samples contained similar amounts of protein as detected by β-actin. These Western blot
results of efflux proteins correlated well with the results gained from real-time RT-PCR
studies.

Localization of Efflux Proteins in Human Corneal Epithelium
Since MRP1 and MRP5 expression in human corneal tissue was observed by real-time RT-
PCR and Western blot, the cellular localization of MRP1 and MRP5 was examined by
immunohis-tochemistry (Fig. 3). MRP1 immunostaining was predominantly detected in the
basal cell layer (a.k.a. basolateral membrane) of the central and limbal human corneal
epithelium (Fig. 3A and B). MRP5 protein appears to be strongly expressed in the basal cells
of the central cornea (Fig. 3C) and in the basal and wing cells of the limbal region (Fig. 3D).
The labeling of MRP1 and MRP5 seems to be distributed all over the plasma membrane of
these basal cells facing the stroma. There was no apparent labeling of either protein in the
apical membrane. No fluorescence was observed in the negative controls, the corneal and
limbal sections (Fig. 3E and F, respectively) that were solely incubated with the FITC-
conjugated secondary antibody.

Efflux Protein Activity
The functionality of efflux proteins was assessed only in the cultured corneal epithelial cells,
since studying the efflux protein activity in the normal human corneal epithelium is very
difficult due to the small number of cells isolated. Overall efflux protein activity in HCEpiC
and HCE cell lines was examined by measuring intracellular calcein retention in the
presence of various efflux protein inhibitors. Inhibition of calcein efflux activity was
detected in both cell lines (Fig. 4). In the primary HCEpiC cells, nonspecific efflux protein
inhibitors MK571 and verapamil, increased calcein retention approximately by twofold,
when compared to control cells. MK571 has been earlier considered as MRP-specific
inhibitor, but recently found to inhibit also MDR1 and BCRP.37 In HCE cells, the inhibitory
effect of MK571 and verapamil on efflux transport was ~2.5-fold. Also CsA and
progesterone increased the calcein retention by 2.0-fold in the HCE model, but in the
primary cell line (HCEpiC) the calcein retention was only slightly elevated.

MRP-dependent efflux activity was also examined by measuring CDCF transport in
HCEpiC and HCE cells. CDCF efflux was detected in both cell lines and probenecid
inhibited appearance of CDCF with similar efficacy (Fig. 5). Since CDCF is high affinity
substrate of MRP5,34 the efflux of CDCF in the primary HCEpiC and immortal HCE cell
lines may suggest some MRP5-mediated efflux, but also other transporters, including MRP3
and MRP1, may also play role in CDCF efflux.

DISCUSSION
Apically localized efflux proteins in the corneal epithelium may limit the drug absorption by
pumping drugs from the cells into the lacrimal fluid. Conversely, basolaterally localized
efflux proteins may improve drug absorption by facilitating the drug transfer from the
epithelial cells to the stroma. At least 21 ophthalmic drugs (e.g., antibiotics, antiviral,
antifungal, and anti-inflammatory drugs) have been suggested to interact with efflux
proteins.38 Therefore, it is important to investigate the expression and function of efflux
proteins in the human corneal epithelium. In this study, we examined the presence of efflux
proteins in the human corneal epithelial tissue and the validity of commercially available
human primary cells and HCE model in ocular drug efflux studies. This is the first
quantitative and systematic study on efflux transport expression in the normal corneal
epithelium and the available cell models. The quantitative RT-PCR method with plasmid
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standards allows comparison of the efflux transporter expression at mRNA level. Previously,
only individual efflux proteins have been studied in cornea epithelium derived cell lines or
in the whole corneas (human, rabbit, mouse) that include several different cell types. Our
data reveals that the cell lines (also commercial primary cells) deviate substantially from
freshly isolated human corneal epithelium in terms of efflux transporter expression. In the
cell lines several efflux proteins were over-expressed. We show that MRP1, MRP5, and
BCRP are present in the normal freshly isolated human corneal epithelial tissue, whereas
MDR1, MRP2, MRP3, MRP4, and MRP6 are absent or expressed at very low levels.

In human corneal epithelium MRP1 expression was observed both at mRNA and protein
levels. Immunolocalization of MRP1 revealed expression in the basal layer of human
corneal and limbal epithelium. However, our data are in contrast to the results of Becker et
al.,12 who did not detect MRP1 expression in the human cornea, possibly due to the less
sensitive regular RT-PCR that they used. Here, we demonstrate the expression of MRP1 in
corneal epithelium by using real-time quantitative RT-PCR, immunohistochemistry, and
Western blot, which enables us to reliably compare expression level between tissue and cell
lines. In addition, Becker et al. used whole transplantation corneas (including also
keratocytes and endothelial cells) that were stored considerable times before the
experiments. In this study, we used pure corneal epithelial tissues without other
contaminating cell types. The tissue was obtained fresh to avoid degradation of mRNA.

MRP1 has a wide substrate specificity including both neutral hydrophobic and anionic
compounds and glutathione, glucuronide, and sulfate conjugates.39 In addition, topically
used ocular drugs, such as antibiotic agents ofloxacin and erythromycin,40 antifungal
clotrimazole,41 and immunomodulator CsA42 are suggested to interact with MRP1.38 The
clinical significance of these interactions on the corneal drug permeability has not been
studied yet.

Very low mRNA levels of MRP2, MRP3, and MRP4 detected in human cornea epithelium
do not seem to be translated into detectable protein amounts. Both corneal epithelial cell
lines, HCEpiC, and HCE, over-expressed several efflux proteins as compared to expression
pattern in the human corneal epithelial tissue. In the primary cells and in HCE model the
expression of MRP1, MRP3, and MRP4 were clearly upregulated. In addition in HCE
model, the expression of MDR1 and BCRP were clearly present. Although HCEpiC cells are
isolated from human tissue and they should represent corneal epithelium, culturing of
commercial HCEpiC cells in the laboratory conditions, out of natural environment seem to
influence the efflux protein expression. This may lead to erroneous conclusions regarding
the in vivo relevance of the findings in the cell studies. In HCE cells, the immortalization of
human epithelial cells with T-antigen gene of simian virus (SV) 40 may alter the genomic
content and gene expression43 and, furthermore, the large T antigen may inhibit the function
of p53 and retinoblastoma protein 1 (RB-1) and thereby affect expression of MDR1 and
MRP1.44

Noteworthy, our study reports the expression of MRP5 in the corneal epithelium at mRNA
and protein level. MRP5 is strongly expressed in the basal layer of human corneal
epithelium and limbus. The physiological function ofMRP5 is still unclear but it has been
shown to transport important second messengers cAMP and cGMP.45,46 By efflux
mechanism, MRP5 may confer resistance to antiviral and anticancer compounds such as
anti-metabolite drugs.47,48 The relevance of this mechanism in the treatment of cornea by
anti-metabolites such as 5-fluorouracil49,50 and in corneal transport of antiviral and
anticancer drugs requires further studies.
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Different roles for transporters are possible depending on their location. In the corneal
epithelium, the functional effects of efflux proteins depend on their membrane localization
(apical or basolateral) and protein expression levels. The apical location might reduce drug
absorption, but the basolateral expression could enhance permeation into the anterior
chamber. Since partitioning from the corneal epithelium to the stroma is rate-limiting step
for lipophilic compounds2 which easily permeate trough corneal epithelium, efflux pumps
may increase the rate of drug absorption by increasing the transfer rate of their substrates
from the epithelium to the corneal stroma. In this study basolateral location of both MRP1
and MRP5 was detected. Although both MRP1 and MRP5 are expressed in the apical side in
the BBB,51 MRP1 is mainly localized in basolateral membranes52 and also ectopically
expressed MRP5 is directed to the basolateral membrane in MDCK cells.53 Obviously, the
affinity and the capacity of the efflux protein for each drug determine the quantitative
impact of the transporter on the corneal absorption.

In this study, expression of MRP6 and MDR1 mRNA was not found in the human corneal
epithelial tissue even though expression of MRP6 and MDR1 has been reported in mouse
and in rabbit corneal epithelium, respectively.11,54–56 In addition, MRP2 expression has
been detected in primary rabbit corneal epithelial cells,57 but it is not present in the normal
human corneal epithelium. These differences from other species and cell models may lead to
erroneous conclusions regarding the role of the efflux proteins in the human corneal
epithelium. Thus, it is important to know that MDR1, MRP2, MRP3, MRP4, and MRP6 are
not expressed in the human corneal epithelium.

Western blots of efflux proteins revealed the presence of BCRP protein expression in the
human corneal epithelium, although the mRNA of BCRP was expressed at very low levels
(Figs. 1 and 2). The discrepancy between low mRNA levels and detectable protein levels
may be due to the slow turnover rate of BCRP protein in the corneal epithelial cells or
posttranscriptional modifications which may delay mRNA degradation and enhance
translation. The molecular mass of BCRP protein in corneal epithelial tissue samples was
slightly smaller than observed in cell lines. This might be due to differential
posttranslational modification of BCRP in the corneal epithelium. Several reports have
described localization of BCRP in the subset of limbal basal cells and lack of BCRP
expression in the central human corneal epithelial tissue.58–62 However, recently Chang et
al.63 showed by immunohistochemistry BCRP expression in the layers of central epithelium
during healing process of wounded corneas, although at lower levels than in the limbal
region. BCRP is localized apically in many normal tissues52 and its substrate specificity is
wide including ocular drugs such as fluoroquinolone antibiotics ciprofloxacin, ofloxacin,
and norfloxacin.64 BCRP inhibitors include also topically used CsA and dexamethasone.
65,66

It is impossible to study efflux protein function in human corneal epithelium in vivo, and the
cell phenotype may change during their culture after isolation. Furthermore, it is difficult to
obtain adequate quantity of epithelial cells from the human corneas to the transport studies.
Therefore, the functionality of efflux proteins was confirmed only in primary cells and HCE
cell line. These results suggest, in accordance with the efflux protein over-expression,
significant MRP-mediated efflux in both cell lines. CDCF efflux was not, however,
completely inhibited in the presence of probenecid. This may be due to the passive leakage
of CDCF from the cells even though it is almost completely in the ionized form at pH 7.4
(CDCF pKa 5.1). It is also possible that some other unknown efflux proteins may transport
CDCF and probenecid may not be able to block that efflux transport. The role of individual
efflux proteins cannot be determined due to their wide and overlapping substrate specificity
and expression of multiple MRP transporters in these cells. However, neither primary
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HCEpiC nor immortalized HCE cells properly describe the efflux protein function of the
human corneal epithelium.

CONCLUSION
In conclusion, we demonstrate mRNA level expression of MRP1, MRP5, and BCRP in the
freshly isolated pure human corneal epithelium, and the insignificant levels of MRP2,
MRP3, MRP4, MRP6, and MDR1 expression. The expression of MRP1, MRP5, and BCRP
was shown at protein level in the corneal epithelium, and we localized the MRP1 and MRP5
to the basal corneal epithelium. Primary HCEpiC cells and immortalized HCE model
express efflux proteins more abundantly, thereby limiting the usefulness of these models in
the efflux studies. MRP1, MRP5, and BCRP may have influence on ocular pharma-
cokinetics and physiology.

Abbreviations

ABC ATP-binding cassette

BCRP breast cancer resistance protein

CsA cyclosporin A

CDCF 5(6)-carboxy-2′,7′-dichlorofluorescein

MDR1 multidrug resistance protein 1

MRP multidrug resistance-associated protein
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Figure 1.
mRNA expression levels of efflux proteins in human corneal epithelial tissue, in primary
HCEpiC cells, in nonconfluent HCE cells and in stratified, polarized HCE cells grown on
filters (HCE model). Data are expressed as mean ± SD (n = 2–4).
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Figure 2.
Efflux protein expression in human corneal epithelial tissue (lanes 1 and 2), HCEpiC (lanes
3 and 4), nonconfluent HCE cells grown in flasks (lanes 5 and 6), and stratified HCE cells
grown on filters (HCE model) (lanes 7 and 8) each detected from two separate samples by
Western blot. Each sample contains 50 µg protein except in MRP1- and MRP5-protein
immuno-detection 75 µg protein was used (excluding lane 4, in which 50 µg protein extract
was used). Immunodetection of various efflux proteins was performed as described in
Materials and Methods Section.
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Figure 3.
Immunolocalization of MRP1 and MRP5 in the human corneal epithelium. Cryosections
from human donor tissue (5–8 µm thick) fixed in ice-cold methanol were probed with anti-
MRP1 or anti-MRP5 antibodies. Positive MRP1 and MRP5 fluorescent labeling was
restricted to the basolateral surfaces in both the central (A and C) and limbal (B and D)
corneal regions, respectively. No fluorescent staining was observed when the central (E) and
limbal (F) corneal epithelial sections were incubated with the FITC-conjugated secondary
antibody alone. Arrows indicate epithelial labeling. The stromal surface is labeled to
indicate the basal side of the epithelial membrane. Bar represents 20 µm.
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Figure 4.
Calcein retention into HCEpiC and HCE cells after incubating with calcein-AM in the
presence of efflux protein inhibitors including 15 µM cyclosporine A, 200 µM progesterone,
500 µM verapamil, and 100 µM MK571. The results are expressed as a percentage of
fluorescence relative to control (100%). The data are means ± SEM (n = 4–6), *p < 0.05.
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Figure 5.
Time-dependent CDCF efflux from HCEpiC and HCE cells in the absence and presence of
inhibitor, 1 mM probenecid. The data are expressed as means ± SD (n = 3).
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