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Abstract

The barrier epithelia of the cornea and retina control drug and nutrient access to various
compartments of the human eye. While ocular transporters are likely to play a critical role in
homeostasis and drug delivery, little is known about their expression, localization and function. In
this study, the mRNA expression levels of 445 transporters, metabolic enzymes, transcription
factors and nuclear receptors were profiled in five regions of the human eye: cornea, iris, ciliary
body, choroid and retina. Through RNA expression profiling and immunohistochemistry, several
transporters were identified as putative targets for drug transport in ocular tissues. Our analysis
identified SLC22A7 (OAT2), a carrier for the anti-viral drug, acyclovir, in the corneal epithelium,
in addition to ABCG2 (BCRP), an important xenobiotic efflux pump, in retinal nerve fibers and
the retinal pigment epithelium. Collectively, our results provide an understanding of the
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SUPPLEMENTAL MATERIAL: This file contains four supplemental tables and three figures. The supplemental tables provide a
detailed description of the clinical demographics of the donors who provided the eye tissues used in expression profiling experiments,
details of the experimental methods and results of differential expression profiling of all array genes, as described in the text. The
demographic characteristics of the eye donors are provided in S1. A comprehensive list of the genes, and their associated PCR primers
used in the gPCR analysis, are provided in Table S2. Table S3 shows the results of differential expression analysis of array genes from
the five eye regions vs. the human kidney, which served as the reference tissue. Table S4 provides a comparison of four transporter
genes evaluated by IHC in various ocular disease states as reported in the online databases PubMed, OMIM and NEIBank.
Supplemental figures S1 and S2 contain the results of hierarchical cluster analysis (S1) of expression data, and network profiling
through Ingenuity Pathway Analysis (S2), respectively. Figure S3 depicts BCRP-specific IHC in the retina. These figures are
described in the Results section of the text. This material is available free of charge via the Internet at http://pubs.acs.org.
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transporters that serve to maintain ocular homeostasis and which may be potential targets for drug
delivery to deep compartments of the eye.

Keywords

expression profiling; open array; gene expression; eye; cornea; retina; protein expression;
transporters; acyclovir; OAT2; BCRP; OCT3

Introduction

Despite its apparent physical availability, the eye presents significant barriers to
pharmacotherapeutic access, which is primarily due to the structure and function of two
tissues at opposite ends of the eye: the cornea and retina. The primary physiological role of
the cornea is to transmit and refract light to the retina, and to serve as a protective barrier to
underlying ocular tissues. In order to provide optimal visual clarity, the cornea must be
transparent; therefore, it is avascular with carefully structured cell layers [1]. The structure
of the cornea consists of epithelial and endothelial cell layers separated by a collagen matrix
(stroma). The corneal epithelium consists of multiple cell layers bound by tight junctions.
This layer contributes to the barrier functions of the cornea by providing an osmotic gradient
and limiting xenobiotic penetration into ocular compartments [2, 3]. In contrast, the retina is
a highly vascularized tissue at the posterior pole of the eye. The blood-retinal barrier is
composed of retinal capillaries and cells of the retinal pigment epithelium (RPE), and limits
the exchange of solutes, such as nutrients and drugs, between the retina and systemic
circulation. The cornea and retina represent highly specialized structures in the eye with
important physiological roles, and influence the development and treatment of ocular
diseases.

Because of the accessibility of the ocular surface, topical administration is the major route
for administration of ophthalmics [4, 5]. To reach the anterior chamber or deeper ocular
structures, topically applied ophthalmics must first be absorbed from the lacrimal fluid
through the cornea. The permeation of some ophthalmic agents across ocular barrier tissues,
such as the cornea, may occur through passive diffusion. However, the physicochemical
properties of many ocular therapeutics necessitate active or facilitated conveyance of these
compounds across membrane barriers by membrane transporter proteins [4, 6, 7]. Membrane
transporters are of significant pharmacological and physiological importance due to their
roles as major determinants of the absorption, distribution and elimination of numerous
exogenous and endogenous substances. To date, two major superfamilies of transporters
have been identified in the human genome. These are the SoLute Carrier Superfamily
(SLC), consisting of 55 families and at least 362 transporter genes coding for proteins that
function primarily as facilitated influx pumps [8], and the ATP Binding Cassette
Superfamily (ABC), which includes seven families and 48 members, most of which are
active efflux pumps driven by ATP hydrolysis [9, 10]. Given the importance of transporters
as permeability barriers and selective carriers for nutrients, xenobiotics and clinically
relevant drugs, a number of studies have explored their expression levels and cellular
localization in tissues involved in drug absorption, distribution, metabolism and elimination
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(ADME) [9, 11-18]. Transporter expression has also been evaluated in organs that are
protected by blood-tissue barriers, such as the brain and testes [19-25]. This expression
profiling of transporter mMRNA and protein in various tissues has contributed greatly to our
understanding of the molecular processes that govern drug absorption across epithelial and
endothelial barriers.

Transporters expressed in the corneal epithelium and blood-retinal barriers play essential
roles in mediating the absorption of drugs, other xenobiotics and nutrients into the anterior
and posterior chambers of the eye [7, 26]. Despite their importance in ocular pharmacology,
few studies have characterized transporter mMRNA and/or protein expression, and none have
evaluated the global expression levels of transporters in human ocular tissues [27-31].
Expression levels of 21 transporters in the human cornea, iris-ciliary body, and retina/
choroid tissues have been assessed by semi-quantitative PCR [30], leading to the
identification of several highly expressed transporters, including the organic cation
transporter, OCT1, the oligopeptide transporter, PEPT2, the novel organic cation transporter,
OCTNL, and the multi-drug resistance protein efflux pump, MRP1 in the eye [30]. A more
recent study profiled the mRNA and protein expression of several ABC transporters,
including MRP1, MRP2, MRP3, MRP4, MRP5, MRP6, P-glycoprotein and the breast
cancer resistance protein (BCRP) in the developing RPE derived from human embryonic
stem cells, and showed that expression of these genes is comparable to that of the human
RPE cell line, ARPE-19 [31]. Although these studies provided important information on the
localization and expression of a small number of pharmacologically-relevant transporters in
ocular tissues, the balance of SLC and ABC transporters in the eye remain uncharacterized.

To better understand the location and expression of the greater number of transporters in
ocular tissues, we applied expression profiling utilizing array-based methods. A high-
throughput, semi-quantitative real-time PCR (qPCR) OpenArray® method was used in this
study to profile over 400 transporters and other ADME-related genes in human ocular
tissues. Immunohistochemistry and cell-based transport assays were subsequently used to
localize and functionally characterize those transporters that could serve as drug and disease
targets in the human eye. Most of the analyses were focused on 30 transporters of interest to
the U.S. Food and Drug Administration and drug developers [32] and are referred to as
TransPortal transporters (http://bts.ucsf.edu/fdatransportal) (Table 2). Although five ocular
tissues were studied, particular emphasis was placed on the cornea and retina, which
constitute major barriers to drug delivery in the eye. In this study, we profile the expression
of ocular drug transporters and selectively characterize the roles of organic anion
transporters that influence drug disposition in the human eye. This study establishes the
identity and localization of many drug transporters within the human eye, including the
organic anion transporter (OAT2), OCT3, MRP4 and BCRP. While some of these
transporters may prevent the accumulation of ophthalmics within ocular compartments,
others may, based on their location and function, act as conduits for accessing tissues deep
within the eye.
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Materials and Methods

Tissue Acquisition

Whole human eyes (orbs) from donors with no prior medical history of eye disease(s) were
used for profiling transporter gene expression. Nine orbs from five individuals were
procured from the National Disease Research Interchange (Philadelphia, PA), the San Diego
Eye Bank (San Diego, CA) and the department of Ophthalmology at UCSF (San Francisco,
CA). Six orbs from three individuals were used for gene expression profiling and three orbs
from two individuals were utilized for immunohistochemistry alone. Donor demographics
and medical history are provided in Supplemental Table S1. For comparative expression
profiling of non-ocular tissue, normal human liver and kidney tissue were commercially
obtained (Asterand, Detroit, MI). All tissues were acquired in accordance with UCSF
Institutional Review Board and ethics committee guidelines (IRB number 11-06153).

Eye Dissection

Orbs were procured from donors no more than four hours postmortem in order to limit RNA
and tissue degradation. Intact orbs were enucleated and placed immediately into RNA-Later
Solution (Life Technologies, Grand Island, NY) for up to 48 hours at 4°C prior to dissection
and processing. All subsequent tissue handling and dissection steps were performed under
RNAse-free conditions. For fine dissection, the orbs were rinsed in cold, RNAse-free saline
and kept in sterile tissue culture dishes on ice. The orbs were bisected transversely into two
hemispheres, consisting of the anterior and posterior regions, respectively. The cornea, lens,
iris and ciliary body were separated from the anterior hemisphere under a dissecting
microscope. The retina was removed from the choroid, which was subsequently dissected
from the sclera. The isolated cornea, retina, choroid, iris and ciliary body of both orbs from a
single donor were placed in sterile plastic tubes containing TRIzol Reagent (1 mL/100 mg,
Invitrogen, Carlsbad, CA), placed on ice and homogenized. The homogenates were stored at
-80°C until RNA extraction was performed.

RNA Extraction and Reverse Transcriptase PCR

Total RNA was extracted from the eye (n=15), liver (n=60), and kidney (n=60) tissue
homogenates using TRIzol Reagent and RNeasy Plus Micro Kit (Qiagen, Valencia, CA),
according to the kit instructions. After separation of the organic and aqueous phases by
centrifugation, total RNA was isolated from the aqueous phase using an RNeasy Plus Micro
Kit. After isolation, RNA samples were stored at -80°C. Total RNA (2 pg) was reverse
transcribed using the High Capacity Reverse Transcriptase kit (Life Technologies, Grand
Island, NY) with random hexamer primers, followed by Exol (GE Healthcare, Pittsburgh,
PA) treatment at 37°C for 1 h. The resulting cDNA samples were stored at -80°C.

Real-time PCR

High-throughput, semi-quantitative real-time PCR was performed using a customized
platform, OpenArray® system (Life Technologies, Inc, Grand Island, NY). The
OpenArray® technology is based on a stainless steel “nanoplate” the size of a microscope
slide that has been photolithographically patterned and etched to form a rectilinear array of
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3072 x 320 um diameter holes, each holding 33 nL. Samples were profiled on custom
OpenArray® plates containing 448 pre-validated real-time SYBR Green gPCR assays.
cDNA at a concentration of 108 ng/pL and SYBR Green gPCR reagent (Fast Start DNA
SYBR Green kit, Roche, CA) were dispensed into an OpenArray® plate. Six cDNA samples
were tested simultaneously per plate, with up to 3 plates processed per qPCR run. Real-time
PCR occurred in a computer-controlled imaging thermal cycler where 9216 PCR
amplifications and dissociation curves were implemented in less than four hours. The genes
analyzed and the PCR primers used are listed in Table S2. Post-acquisition data processing
generated fluorescence amplification and melt curves for each through-hole in the array,
from which cycle threshold (Ct) and melt temperature (T,,) were computed and used for
further data analysis. The relative expression of each gene in the different tissues was
calculated by the AACt comparative expression method [33]. The AC+ values for all the
genes in each sample were calculated by subtracting the mean C+ values for three
housekeeping genes (GAPDH, B-Actin, and 2 microglobulin) from the C+ for each target
gene. The relative quantity (RQ) of each gene was then determined by calculating the 2-2C+
value. To determine the fold change in gene expression relative to a reference tissue, the
log2-transformed RQ values from each tissue were compared to each other.

Statistical Analysis of Array Data

All statistical analyses were conducted using the R version 2.14.0 [34] and Bioconductor
[35]. software packages. The normalized, log, transformed RQ values for all samples were
compared against the sample mean to compute the log, ratios for each sample. The
differences across sample means were evaluated using Welsh's t-test. To compare gene
expression patterns across samples and genes, hierarchical cluster analysis was performed
using Pearson correlation distance metric and average linkage, using the Bioconductor
packages HTgPCR and made4 [35]. For feature selection and identification of differentially-
expressed genes, the data were fitted using a linear model. The significance of the estimates
returned by the fitted model were determined using an empirical Bayes moderated t-
statistics test using the Bioconductor package limma [35].

Network Analysis

Ingenuity Pathway Analysis (IPA) is an internet-accessible database that applies known
interactions among genes and curated molecular pathways (http://www.ingenuity.com) to
gene expression data [33]. A data set containing TransPortal gene identifiers and
corresponding expression values was uploaded into the IPA application and a log; ratio
cutoff of 1.5 was applied to identify molecules with significantly differentially regulated
expression patterns. The IPA software then annotated the genes according to their curated
molecular functions. Right-tailed Fishers exact test was used to calculate a P value to
determine the probability that each biological function and/or disease assigned to that
network is due to chance alone. The top-ranked TransPortal gene networks (based on P
values) were merged with the IPA-curated HSK networks generated from the IPA database
of curated pathways. The hub genes within the networks (represented as symbols), and their
relationships to other genes within the network (edges) were then evaluated.
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Immunohistochemistry

For immunohistochemistry (IHC), dissected eye subregions were fixed in 10% neutral
buffered formalin for 48 hours, and then placed in 70% ethanol. Fixed tissues were
sectioned, embedded in paraffin and mounted onto glass slides. The sections were
deparaffinized in xylene and rehydrated in a graded ethanol series, followed by antigen
retrieval and incubation in 0.3% hydrogen peroxide to block endogenous peroxidase
activity. For the remaining IHC steps, the ABC Universal Elite Kit was used according to
the manufacturer's instructions (Vector Labs, Burlingame, CA). To block nonspecific
antibody binding, sections were treated with 3% normal horse serum in phosphate-buffered
saline (PBS) at pH 7.4 and then incubated overnight at 4°C. with the primary antibodies
listed in Table 1.

Negative control sections were treated with IgG alone or with the primary antibody omitted.
Antibody specificity was determined by incubating primary antibody with a 10-fold excess
of purified recombinant target protein overnight at 4°C. Tissue was then incubated with the
pre-absorbed primary antibody as described above. Following primary antibody incubation,
the sections were washed three times in PBS and incubated with the Universal secondary
antibody for 20 minutes. Sections were washed, incubated with the Universal ABC Reagent
and developed with InmPACT NovaRed Substrate (Vector Labs, Burlingame, CA)
according to the manufacturer's instructions. Developed slides were dehydrated in ethanol,
coverslipped and evaluated for specific IHC signals at 20X and 40X magnification (Nikon
Eclipse microscope, Nikon DS-Fil digital camera). An eye pathologist in the Department of
Ophthalmology at the University of California, San Francisco, reviewed all slides. The
image files were digitally resized using Adobe Photoshop software suite (Adobe Systems
Inc., CA).

Acyclovir Transport Assay

Transport studies were preformed as previously described [36]. Briefly, HEK293 cells were
transiently transfected with 1 pg of OAT1, OAT2, OAT3, OAT4 or empty vector (pcDNA5/
FRT) and 3 pL of Lipofectamine 2000 (Invitrogen, CA) in each well according to the
manufacturer's protocol. Cells were seeded at a density of 34x10° cells per well in poly-D-
lysine-coated 24-well plates (Becton Dickenson Biosciences, San Jose, CA) and grown
overnight. Uptake assays were conducted 18 to 24 h after transient transfection by
incubating the cells for 2 or 5 minutes in 0.3 mL of pre-warmed buffer containing either
[3H]acyclovir (25 nM) or [3H]p-aminohippurate (PAH, 70 nM) (American Radiolabeled
Chemicals, St Louis, MO) in the presence or absence of 10 uM nitrobenzylthioinosine to
inhibit nonspecific nucleoside transporter mediated uptake. The reaction was terminated by
washing with ice-cold Na* free buffer and cells lysed in 0.1N NaOH/0.1% SDS wi/v buffer.
Acyclovir and PAH were quantified by liquid scintillation counting, and the amounts taken
up normalized to total protein per well. The kinetics (K, and Vnax) of acyclovir uptake by
hOAT2 were determined at 2 minutes as described above using different concentrations of
[3H]acyclovir (25 - 600 uM). The data were fitted to a Michaelis-Menten curve by non-
linear regression using GraphPad Prism® 4 Software (La Jolla, CA).
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A custom OpenArray® was designed to detect expression of 401 SLC and ABC superfamily
transporters, 17 Phase | and Phase Il metabolic enzymes, 20 nuclear receptors and
transcription factors, seven additional enzymes and receptors relevant to drug metabolism,
and three housekeeping genes (n=448 genes; Table S2). Of the 448 genes on the custom
array, 435 genes (97%) were detected in at least one eye region. The cornea and retina had
higher median array gene expression levels than all other tissues, with comparable gene
expression ranges (Figure 1A, boxplot). To detect groups of genes with similar expression
patterns, unsupervised hierarchical clustering of Pearson-correlated expression values was
performed (Figure S1). Three-hundred and sixty-two genes with variable expression levels
across all eye regions (SD > 0) were clustered on the basis of the similarity of their
expression profiles (Figure S1A). This analysis identified unique sets of genes with
correlated expression patterns (clusters) present within the five ocular tissues (Figure S1A).
The cornea and retina contained gene clusters with the highest expression levels, which also
appeared to be differentially expressed (Figure S1A and S1B). Differential expression
analysis was performed to identify genes and clusters with statistically significant
differences in their ocular expression patterns (Table S3). Those genes with the most
significant differential expression levels (ranked by false discovery rate-adjusted P-value <
0.05) included ABCG2, ABCC4, SLC10A2, SLC7A8, SLC28A3, SLC22A15, S_C12A6,
SLC7A2, HNF1A, NAT2, S_.C11A2, 9. C39A13, SLC10A7, CYP2EL, SLC35F5, HNF4A,
ABCA4, 9. C19A2 and SLC17A3 (Figure S1C). Many of these (e.g. ABCG2, ABCC4,
S.C10A2, SLC28A3, HNF1A, NAT2, CYP231, HNF4A) are well-characterized genes
involved in drug metabolism and transport, and the transcriptional regulation of ADME
genes.

As the cornea and retina contained the highest median levels of gene expression, the
biological roles of these genes were further examined (Figure 1B and C). When filtered by
expression values, the top 100 genes present in the cornea and retina consisted primarily of
SLC transporters (Figure 1B). This is consistent with the greater number of SLC genes
included in the custom OpenArray® compared to other genes. The top 100 most highly
expressed transporter genes in the cornea and retina were annotated according to their
reported functional roles, including xenaobiotic and macronutrient transport, with the top fifty
genes shown in Figure 1C. Of the top 100 transporter genes located in the cornea and retina,
44% and 50%, respectively, were identified as nutrient and macronutrient transporters.
These nutrient transporters were identified as 38% and 46% of the top 50 genes in the
cornea and retina, respectively (Figure 1C, red bars). The majority of the macronutrient
transporter genes in the subset of most highly expressed genes were carriers for
carbohydrates (sugars), amino acids, metal ions and neurotransmitters (Figure 1C).
Compared to the retina, the cornea contained a far greater number of drug transporters (29%
in the cornea to 13% in the retina) in the 100 most highly expressed genes, and included
members of the SLC22A organic cation/anion/zwitterion transporter family and several
ABCC (MRP) efflux transporters. Xenobiotic transporters represented 32% of the top 50
most highly expressed genes in the cornea, and 8% of those in the retina (Figure 1C, blue
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bars. In contrast to the cornea, the retina contained a greater proportion of neurotransmitter
transporters such as carriers of glutamate and choline, amino acid carriers and ion
transporters (Figure 1C, bottom panel, red bars). However, the most highly expressed genes
in the retina were associated with transporters that have functions other than nutrient or drug
transport, specifically the SLC25A family of mitochondrial carriers, which have diverse roles
in mitochondrial function and energy metabolism (Figure 1C). In comparison to the retina,
the cornea contained a far greater number of drug transporters (29% vs. 13%) in the 100
most highly expressed genes, including many well-characterized members of the SLC22A
organic cation/anion/zwitterion transporter family, and several of the ABCC (MRP) efflux
transporters (Figure 1C, blue bars). The expression of numerous drug transporters in the
cornea, many of which are known efflux transporters, is consistent with the role of this
tissue as a major barrier to ocular drug delivery.

Profiling of drug transporter (Transportal) genes

Transporter genes that may be important for drug transport in the eye were identified by
examining TransPortal gene expression levels in all ocular subregions. The top ten most
highly expressed TransPortal genes in each ocular tissue are presented in Figure 2. To our
knowledge, many of these transporter genes, such as SLCO1B3, ABCC2, and ABCC4 in the
cornea, have not been previously identified in the various tissues of the human eye (Table
2).

The liver and kidney both have well-characterized drug transport function, and are major
sites of drug disposition in the body. Therefore, TransPortal gene expression was compared
between the cornea, retina, liver and kidney samples. On average, TransPortal gene
expression levels in the cornea were 6.10 fold higher than in the liver and similar to those
levels in the kidney (1.36 fold; data not shown). The retina expressed TransPortal genes at
levels 4.08 fold higher than the liver, but only at 0.69 fold of the kidney (data not shown).
These results indicate that key transporter genes known to influence drug disposition in the
liver and kidney are also present at similar, if not higher, transcript levels in the cornea and
retina.

To identify TransPortal genes with similar expression patterns in the five eye regions,
unsupervised hierarchical cluster analysis was performed (Figure S1C). Twenty-seven
TransPortal genes were variably expressed (SD>0) in the eye tissues studied. Several well-
defined clusters of differentially expressed genes emerged among the different regions.
Notably, a cluster comprised of ABCB11, ABCC2, S.C22A3, 9. C22A6, S C22A7 and

S . C15A1 had uniquely high expression in the cornea versus all other eye regions (Figure
S1C). In addition, the retina contained two clusters, each of which contained a single,
highly-expressed gene (ABCC5 and ABCG2). Together, these analyses identified several
genes that may serve as potential ocular drug targets in the cornea and retina.

IPA was used to investigate the functional relationships among TransPortal gene (listed in
Table 2) expression patterns and corneal diseases, in particular herpetic stromal keratitis
(HSK), one of the most common causes of blindness in the developed world [37]. Damage
to corneal cell layers by recurrent herpetic infection increases corneal opacity resulting in
decreased visual acuity. The association of TransPortal genes with HSK was analyzed by
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generating and merging networks of the TransPortal genes with IPA-curated pathways for
HSK (Figure S2), with the top-scoring (P=2.32E-14) network of corneal TransPortal genes
selected for further evaluation. Within the HSK network, SLC22A7 emerged as the most
highly expressed gene (log ratio=2.86), whereas SLCO1A2 was the most weakly expressed
gene (log ratio=-3.85) (Figure S2). The merged network revealed complex inter-
relationships based upon regulation of gene expression and shared molecular interactions.
Within the merged network, two major hubs emerged, consisting of highly interconnected
nodes interacting with two central nodes, the inflammatory response gene, IL1B, and the
transcription factor HNF4A, respectively. The analysis suggested that many TransPortal
genes are regulated by a variety of immunological mediators and well-characterized post-
translational modifiers, such as PXR and CAR, and also serve as important mediators of
molecular pathways within the human cornea.

Localization of drug transporters in the cornea and retina

Seven highly expressed TransPortal genes (ABCC1, ABCC2, ABCC4, ABCC5, ABCG2,

S C22A3, SLC22A7) were further evaluated by IHC to determine their cellular localization
within the cornea. BCRP (ABCG2), OCT3 (SLC22A3), MRP4 (ABCC4) and OAT2
(SLC22A7) all localized to the corneal epithelium (Figure 3). OCT3 also was expressed in
the corneal endothelium (Figure 3C). In contrast, MRP1 (ABCC1), MRP2 (ABCC?2) and
MRP5 (ABCC5) were undetectable in the entire cornea (data not shown). Five genes
(ABCC1, ABCC5, ABCG2, SLC22A3, and SLCO1B3) were profiled in the retina by IHC
(Figure 4). OCT3 was expressed in the RPE and rod and cones, with the highest expression
levels observed in the rods and cones (Figure 4B). BCRP was expressed at higher levels in
the outer plexiform and nerve fiber layers than in the inner and outer nuclear layer, and
ganglion cells (Figure 4C). Interestingly, BCRP does not appear to be expressed in large (>
20 pm) blood vessels of the retina (asterisk in Figure 4C). Furthermore, the positive staining
pattern in the retina was confirmed to be BCRP-specific, and not due to non-specific
interactions of the primary or secondary antibodies (Supplemental Figure S3). MRP1, MRP5
and OATP1B3 expression were undetectable in all regions of the retina (data not shown).

To date, few studies have examined the expression of drug transporter genes in specific
ocular disease states. To compare reported expression and association of the transporters
shown in Figure 3 and Figure 4 with ocular disease, we queried the online databases Online
Mendelian Inheritance in Man (OMIM) (http://www.ncbi.nlm.nih.gov/omim) and the
National Eye Institute's NEIBank (http://neibank.nei.nih.gov/index.shtml). Our search
identified reports of altered expression levels for BCRP and MRP4 in disorders affecting the
retina (Supplemental Table S4). In particular, Berp and Mrp4 showed reduced expression in
a mouse model of oxygen-induced retinopathy (Supplemental Table S4). While no reports of
OCT3/Oct3 or OAT2/0at2 expression in ocular disease states exist, the genes encoding
these proteins are predicted to be in linkage disequilibrium with candidate loci for ocular
disorders affecting the lens and retina, and may play a role in development or progression of
these diseases (Supplemental Table S4).
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Validation of SLC22A7 (OAT2) as an ocular drug target

As noted above, S_.C22A7 (OAT2) was identified as a highly-expressed corneal gene also
present within a network of genes involved in inflammatory responses to viral infection. We
investigated the role of this gene in the transport of acyclovir, a drug used in the treatment of
HSK in the cornea [38]. In OAT2-overexpressing HEK293 cells, acyclovir transport was 40
fold higher than empty vector transfected HEK293 cells, and 8 fold higher than PAH, a
previously established model substrate for OAT2 (Figure 5A). OAT2-transfected cells
transported acyclovir with moderate affinity and high capacity (Ky,=142+50 uM,
Vmax=17212220 pmol mg protein-t minute'1), supporting its role as a selective carrier for
acyclovir in the eye (Figure 5B). The selectivity of acyclovir transport by selected OAT
family members expressed in the cornea was assessed using HEK293 cells expressing
OAT1-4. The functionality of each transporter was determined using each transporter's
model substrate (data not shown). Uptake of acyclovir by OAT2 was 21 fold greater than
OAT1 and OAT3 (Figure 5C). In contrast, acyclovir was not a substrate for OATA4.
Furthermore, OAT2 more efficiently transported acyclovir than OAT1, as indicated by the
respective ratios of acyclovir to PAH uptake of 29 and 0.055, consistent with OAT2 being
the major transporter for acyclovir.

Discussion

Several transporter genes that may influence ocular drug disposition were identified in
ocular tissues through comparative bioinformatic analysis of the mRNA expression profiles
of 445 genes. This included genes for transporters, metabolic enzymes, transcription factors
and nuclear receptors. Large scale expression profiling of transporter genes detected 97% of
the array transcripts in the eye, consistent with the observation that >90% of genes within
the human genome are expressed in one or more ocular tissues [39]. Expression profiles of
the array genes (the majority of which are for transporters) differed among the five ocular
tissues investigated, with the highest expression of array genes in the retina and cornea. Both
the retina and cornea manifested high levels of transporter gene expression, particularly for
known efflux transporters. Given the endothelial and epithelial cell barriers found in the
retina and cornea, their enrichment in transporter transcripts is consistent with their roles in
maintaining barrier tissue homeostasis [8, 9]. Reflecting its sensory detection and processing
functions, the retina also expressed high levels of genes for neurotransmitter transporters.
However, the most highly expressed transporter genes in the retina were from the SLC25A
family of mitochondrial carriers, consistent with the high rate of oxidative metabolism
conducted in the retina [40].

Functional annotation of the most highly expressed transporter genes in the cornea and
retina (Figure 1C) indicated that the cornea had the highest expression levels of drug
transporter genes, which may serve as important targets for transcorneal delivery of
opthalmics. The highly expressed efflux transporters ABCC2 and ABCC5 may serve as a
barrier to the absorption of anionic drug substrates such as acyclovir by the cornea. In the
retina, ABCA4 was among the most highly expressed transporters in the retina (Figure 1C).
The ABCA genes play important roles in the progression of various central nervous system
disorders involving cholesterol and lipid accumulation, including age-related macular
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degeneration (AMD) [41-43]. Age-related macular degeneration (AMD) is a complex,
heterogeneous disorder that is characterized by accumulation of lipid and lipoprotein
deposits and formation of lesions in the RPE, leading to progressive or sudden vision loss
[44]. Recent genome-wide association studies have implicated ABCAL1 in the development
of the most common, chronic subtype of age-related macular degeneration (termed ‘dry’
AMD) [45, 46], potentially through faulty lipid transport in the RPE. This may contribute to
the excessive accumulation of lipid deposits (drusen) in the retina, leading to the
degeneration of RPE cells, localized inflammatory responses and neovascularization, with
the resulting loss of visual acuity [47]. Even though ABCA1 was not among the most highly
expressed retinal transporter genes, it was expressed in the top 51% of all transporter genes
detected in the retina (data not shown). Additional ABCA genes having functional overlap
with ABCAL, such as ABCA4 [48], may also be associated with dry AMD [42, 43]. Previous
genome-wide studies also suggest that, SLC10A7, among the top 100 most highly expressed
genes in the retina (Figure 1C) is also a candidate gene for the development of dry AMD
[45]. Unlike its other family members, the function of SLC10A7 remains to be investigated,
as it does not transport bile acids and steroid sulfates when expressed in Xenopus laevis
oocytes and HEK?293 cells [49].

Profiling of genes of relevance to drug disposition (e.g., the TransPortal genes) in ocular
tissues indicated that the expression patterns of corneal TransPortal genes is correlated with
inflammatory regulators IL1B and HNF4A (Figure S2). The critical pro-inflammatory
cytokine IL1p is produced in the corneal epithelium and is involved in apopotosis, tissue
repair, proliferation and differentiation (for a review, see Bensi, et al. [50]). HNF4A
represents a major network hub with significantly enriched expression in the eye
(logFC=2.73, P=0.0013; Table S3) and as a nuclear transcription factor regulates the
expression of the TransPortal genes S.C22A7, ABCB11, ABCC2, ABCC6, S_LC22A1,
ABCAL1, and ABCBL1, and possibly SLC22A3, ABCC3 and SLC10A1 [51-53]. Given the
involvement of IL1B [54] and HNF4A [55, 56] in chronic, autoinflammatory states [55, 56],
this sub-network of genes likely serve important roles in corneal surface inflammatory
diseases, warranting further characterization [57-59].

Through mRNA and protein expression profiling, network pathway modeling and
prioritization of pharmacologically-relevant genes, S.C22A7 (OAT2) was identified as a
key network node for HSK in the cornea. OAT2 transports cyclic guanosine monophosphate
(cGMP) [36], an important second messenger in mammalian phototransduction [60]. In
addition, OAT?2 transports acyclovir, a widely prescribed treatment for HSK [61]. OAT2
was localized in the corneal epithelial layer, where it may transport acyclovir and other
substrates through the corneal matrix into the anterior chamber (Figure 3). The role of OAT2
in corneal acyclovir transport has important implications for the treatment of herpes simplex
virus (HSV) infections, providing a co-development target for topically administered anti-
herpetics. In addition to the role of OAT2 in acyclovir transport, inhibitors of BCRP
enhance acyclovir accumulation in vitro, suggesting a role for BCRP in transcorneal
acyclovir transport [58]. BCRP mRNA and protein are also expressed in corneal epithelium
(Figures 3 and 4), and ABCG2 was identified as a network node regulated by IL1B in the
cornea (Figure S2). Corneal damage in HSK also activates expression of IL1B and HNF4A,
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altering the expression of genes they regulate [59]. Together, these data suggest that
S_C22A7 and ABCG2 are involved in transcorneal transport of acyclovir and the severity of
the inflammatory response to that infection.

In addition to its corneal expression, BCRP was highly expressed in the retina, with its
primary localization in the nerve fiber layers (Figure 4C). While BCRP is reportedly
expressed in the blood vessels forming the mouse inner blood-retinal barrier (BRB) and in
the conditionally immortalized rat retinal capillary endothelial cell line, TR-iBRB [62]
(Table 2), it was not detected in large (> 20 um) blood vessels of the nerve fiber layer
(Figure 4C). Since BCRP primarily effluxes intracellular substrates into the extracellular
space, this expression pattern suggests that BCRP may act to protect retinal nerve fibers
from injury by removing intracellular toxins and xenobiotics. For example, a recent study
investigating the mechanism of retinal degeneration and blindness in cats due to
fluorquinolone exposure found that feline BCRP is functionally defective and fails to
provide adequate protection against enrofloxacin-induced phototoxicity [61].

In glaucoma, loss of the retinal ganglion cells and their optic nerve axons leads to elevation
of intraocular pressure. Brimonidine, a non-selective a.2-adrenergic receptor agonist which
is prescribed for treatment of open-angle glaucoma or ocular hypertension, was also recently
shown to be neuroprotective in the retina [63]. Due to its ability to lower intraocular
pressure and also preserve axonal transport, brimonidine may directly inhibit the progression
of glaucoma. A cationic drug, brimonidine requires a carrier-mediated uptake mechanism in
order to permeate cell membranes. Brimonidine has been shown to accumulate in bovine
RPE and ARPE-19 cell monolayers by a carrier-mediated process that is sensitive to some
organic cation transporter inhibitors [64]. Due to their substrate specificity for organic
cations, the SLC22A family members represent likely carriers for brimonidine; however, the
exact transport mechanism has not yet been identified. We found that the organic cation
transporter OCT3 was expressed in the RPE (Figure 4B), consistent with previous
observations of OCT3 mRNA expression in mouse retina and the human RPE cell line,
ARPE-19 [65] (Table 2). OCT3 may therefore enhance organic cation penetration into the
retina, particularly through the RPE.

In summary, the transcript levels of 445 transporters, drug metabolizing enzymes,
transcription factors and nuclear receptors were profiled in an effort to identify potential
therapeutic drug targets within the eye. Through RNA expression profiling,
immunohistochemistry and bioinformatic analyses, we have identified several transporters
that may potentially play a role in drug disposition within the regions of the eye, including
OAT?2 in the cornea and BCRP and OCT3 in the retina. These findings have implications for
guiding drug design strategies to achieve tissue-specific drug delivery in the eye through
selective targeting of ocular transporters.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of Array Gene Expression
The distribution of MRNA expression values (log-transformed ACt values) for all genes in

all eye regions (n=15) in addition to the liver (n=60) and kidney (n=60) is shown in the
boxplot (A). Ocular data are from six orbs obtained from three individuals, see
Supplemental Table S1 for donor information. The boxes depict the 25th and 75t percentile
(the lower and upper quartiles, respectively), the middle band is the 50t percentile (median)
and the upper and lower whiskers represent the data minimum and maximum, respectively.
(B) The pie graphs show the distribution of functional annotation categories (SLC
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transporters, ABC transporters, Phase | and Phase Il enzymes, nuclear receptors and
transcription factors) of the top-100 most highly expressed genes in the cornea (top graph)
and retina (bottom graph). (C) Bar graphs of the top 50 most highly expressed transporter
genes, separated into three functional classes, are shown for the cornea (top plot) and retina
(bottom plot). On the y-axis, ACt levels for each gene are shown, while the colored bars on
the x-axis correspond to annotated functional class: nutrient transporters (red), xenobiotic
transporters (blue) and other molecular or functional role (green).
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Figure 2. Relative Gene Expression in Different Eye Regions
The ten most highly expressed TransPortal genes in each region of the human eye are

shown: choroid (A), ciliary body (B), cornea (C), iris (D), and retina (E). Data are from six
orbs obtained from three individuals, see Supplemental Table S1 for donor information.
Each data point corresponds to one donor, with RNA from each region of both orbs used to
measure expression. Expression values of all genes are presented as fold difference relative
to the mean of housekeeping genes within each sample. Only genes detected in at least two
donors were included. For each gene, the upper and lower limit of each box represents the
highest and lowest expression value, respectively, and the middle line within each box
represents the mean expression value.
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Figure 3. Immunohistochemical Analysis of Transporter Gene Expression in the Cornea
Control cornea sections were prepared with hematoxylin-eosin (H & E) staining (A) to

differentiate the tissue layers (epithelium and stroma are labeled). Protein expression pattern
of four transporters was evaluated by IHC: BCRP (B), OCT3 (C), MRP4 (D), and OAT2
(E). In (C) the arrow (1) denotes the corneal endothelium. Scale bars are set to 20 microns.
Data are from three orbs obtained from two individuals, see Supplemental Table S1 for
donor information. An eye pathologist reviewed all IHC of the cornea.
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Figure 4. Immunohistochemical Analysisof Transporter Gene Expression in the Retina
Control retina sections were prepared with hematoxylin-eosin (H & E) staining (A) to

differentiate the tissue layers. The protein expression pattern of two transporters was
evaluated by IHC: OCT3 (B) and BCRP (C). (C) The arrow (1) and the asterisk (*) denote
nerve fibers and a blood vessel, respectively. Scale bars are set to 20 microns. See
Supplemental Table S1 for donor information. An eye pathologist reviewed all IHC of the
retina. RPE, retinal pigmented epithelium; RC, rods and cones; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer.
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Figure5. Transport of Acyclovir by hOAT2-HEK 293 Cells
The uptake kinetics of [3H]-acyclovir were evaluated in OAT2-transfected HEK293 cell

lines using a 2 minute incubation period. Uptake of [3H]-acyclovir was substantially greater
than that of [3H]-PAH in the OAT2 expressing cells, but not the control (empty vector) cells
(A). The kinetics of OAT2-HEK293 cell mediated transport of [3H]-acyclovir transport was
high-capacity and moderate affinity (B). Acyclovir uptake was greatest in cells expressing
OAT2 in comparison to cells expressing OAT1, OAT3 or OAT4 under the same
experimental conditions (C). Values represent mean £ SEM of at least three replicate
determinations in a single experiment.
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Table 1

Primary antibodies used in immunohistochemistry

Target Protein  Titer Source

BCRP 1:50 Alexis, Farmingdale, NY
MRP1 1:50 Alexis, Farmingdale, NY
MRP2 1:50 Genway, San Diego, CA
MRP4 1:20 Alexis, Farmingdale, NY
MRP5 1:50 Alexis, Farmingdale, NY
OCT3 1:100 Abcam, Cambridge, MA
OCT3 1:100 GenWay Biotech, San Diego, CA
OAT2 1:450 Sigma Aldrich, St. Louis, MO

OATP1B3 1:350 Sigma-Aldrich, St Louis, MO
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