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Abstract

ABCG2, a member of the ATP binding cassette (ABC) transporters, has been identified as a
molecular determinant for bone marrow stem cells and proposed as a universal marker for stem
cells. This study investigates ABCG2 expression and its potential as a marker that identifies
human limbal epithelial stem cells. ABCG2 expression was evaluated by immunofluorescent and
immunohistochemical staining, laser scanning confocal microscopy, flow cytometry, and
semiquantitative reverse transcription—polymerase chain reaction. Cells selected from primary
limbal epithelial cultures by flow cytometry with ABCG2 monoclonal antibody (mAb) or Hoechst
33342 dye staining were evaluated for their gene expression and colony-forming efficiency (CFE).
ABCG2 protein was mainly located in the basal cells of limbal epithelia but not in the limbal
suprabasal and corneal epithelia. ABCG2 staining was also observed in primary limbal epithelial
cultures. Limbal epithelia express higher levels of ABCG2 and ANp63 mRNAs than corneal
epithelia. Labeling with ABCG2 mAb yielded 2.5%-3.0% positive cells by flow cytometry. The
ABCG2-positive cells exhibited greater CFE on a 3T3 fibroblast feeder layer than ABCG2-
negative cells. A side population (SP) was detected by the Hoechst 33342 exclusion assay. SP
cells displayed stronger expression of ABCG2 and ANp63 mRNA and greater CFE than the non-
SP cells. In conclusion, these findings demonstrate that ABCG2 transporter was exclusively
expressed by limbal basal cells and that the ABCG2-positive and SP cells possess enriched stem
cell properties, suggesting for the first time that ABCG2 could serve as a marker to identify the
putative limbal epithelial stem cells.
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Introduction

The tissue-specific stem cells residing in certain adult tissues have been recognized to
possess the ability to regenerate tissues, and they offer great therapeutic potential for treating
diseased and damaged tissues and serving as gene delivery vehicles [1,2]. Widely accepted
criteria for defining adult stem cells are their slow cycling or long cell cycle time during
homeostasis in vivo; poor differentiation with primitive cytoplasm; high capacity for error-
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free self-renewal; and high proliferative potential after wounding or placement in culture
[3-7]. The easily visualized well-defined tissues of the ocular surface (i.e., conjunctiva,
limbus, and cornea) make it an ideal region to study epithelial stem cell biology, and the
compartmentalization of the corneal epithelial stem cells within the limbus provides a
valuable opportunity to study the behavior of adult stem cells [4,8,9]. Although the concept
that corneal epithelial stem cells reside in the limbus is widely accepted, there is no direct
method to identify the corneal epithelial stem cells to date because of the lack of unique
molecular markers.

A variety of stem cell markers have been proposed to identify the stem cells. The major
markers proposed for epithelial stem cells in the past decade can be categorized into at least
three groups: nuclear proteins, such as the transcription factor p63; cell membrane or
transmembrane proteins, including integrins (integrin 31, a6, and a9), receptors (epidermal
growth factor [EGF] receptor and transferrin receptor CD71), and drug-resistance
transporters (ABCG2); and cytoplasmic proteins such as cytokeratins (cytokeratin 19) and
a-enolase. We have recently evaluated these proposed stem cell markers to characterize a
putative stem cell phenotype in human limbal epithelia [10]. That study demonstrated for the
first time that the ABCG2 transporter was exclusively expressed by the limbal epithelium on
the ocular surface.

ABCG2, formally known as breast cancer resistance protein 1, is a member of the ATP-
binding cassette (ABC) family of cell surface transport proteins, which includes more than
50 members and mediates the transfer of a diverse array of substrates across cellular
membranes. ABCG2 expression occurs in a variety of normal tissues and is relatively
limited to primitive stem cells [11]. ABCG2 expression is associated with the side
population (SP) phenotype based on the ability to efflux Hoechst 33342 dye [12]. Dye efflux
studies with Hoechst 33342 have identified a minor fraction of CD34— hematopoietic stem
cells termed SP cells on the basis of unique fluorescent properties [13]. SP is highly
enriched for hematopoietic stem cells with long-term repopulation activity after
transplantation, and it is present in multiple mammalian species [14,15]. Inhibition of the SP
phenotype by verapamil, presumably by blocking dye efflux, suggests that the SP phenotype
may result from the expression of certain membrane pumps. The expression of ABCG2 was
recently reported to be upregulated in SP cells isolated from mouse, rhesus monkey, and
human bone marrow, and it has been identified as a molecular determinant for the SP
phenotype. Furthermore, it was suggested that expression of ABCG2 transporter gene is a
conserved feature of stem cells from a wide variety of tissues [15-17].

The purpose of this study was to evaluate the expression of this novel ABCG2 transporter by
human limbal epithelial cells and to determine whether the limbal SP cells and ABCG2-
cells possess stem cell properties, with the intention to determine whether ABCG2 could
serve as a new marker for limbal epithelial stem cells.

Materials and Methods

Materials and Reagents

Mouse monoclonal antibodies (mAb) against ABCG2 were purchased from Calbiochem
(San Diego; clone BXP-21) and from eBioscience (San Diego; clone 5D3). Alexa-fluor 488
goat anti-mouse antibody was from Molecular Probes (Eugene, OR). Vectastain Elite Kits
were from Vector Laboratories (Burlingame, CA). Fetal bovine serum (FBS) was from
Hyclone (Logan, UT). Dulbecco’s modified Eagle’s medium (DMEM), Ham F-12,
amphotericin B, gentamicin, 0.25% trypsin/0.03% EDTA solution, and phenol were from
Invitrogen-GIBCO BRL (Grand Island, NY). Dispase Il was from Roche (Indianapolis).
Cholera toxin subunit A, dimethyl sulfoxide (DMSO), hydrocortisone, insulin-transferrin-
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sodium selenite media supplement, human recombinant EGF, mitomycin C, Hoechst 33342,
verapamil, propidium iodide (PI), and rhodamine were from Sigma (St. Louis). Mouse NIH
3T3 fibroblasts were from American Type Culture Collection (Rockville, MD) and used at
passages 129 through 132. GeneAmp RNA-PCR kit was from Applied Biosystems (Foster
City, CA). All plastic ware was from Becton, Dickinson (Lincoln Park, NJ).

Human Corneal and Limbal Tissue

Fresh human corneoscleral tissues (less than 72 hour postmortem) that were not suitable for
clinical use, from donors aged 19-64 years, were obtained from the Lions Eye Bank of
Texas (Houston) and from the National Disease Research Interchange (Philadelphia). They
were cut through horizontal meridian, frozen, and sectioned for immunostaining, whole
mount for laser-scanning confocal microscopy, or prepared for single epithelial cells, which
were used for primary limbal epithelial cultures and ABCG2 or Hoechst 33342 staining
assays by flow cytometry. Fresh corneas less than 48 hours postmortem were used for gene
expression analysis. An 8-mm trephine was used to isolate the cornea from the limbus, and
the epithelia in both areas, the central button (K) and the limbal rim (L), were scraped and
collected for RNA extraction and reverse transcription—polymerase chain reaction (RT-
PCR).

Primary Human Limbal Epithelial Cell Culture

Limbal epithelial cell cultures were established from single-cell suspensions that were
isolated from limbal tissues and cocultured on a mitomycin C (MMC)-treated 3T3 fibroblast
feeder layer using a previously reported method with modification [18-20]. In brief, each
corneoscleral rim was trimmed, and the endothelial layer and iris remnants were removed.
The limbal rim was incubated with dispase 1l (5 mg/mL) at 37°C for 1 hour. The limbal
epithelial sheets were then collected and treated with 0.25% trypsin/0.03% EDTA at 37°C
for 10 minutes to isolate single cells. Mouse NIH 3T3 fibroblasts, grown in DMEM
containing 10% FBS to confluence, were treated with MMC (5 pg/mL) for 2 hours and then
trypsinized and plated at a density of 2 x 10 cells/cm? in 35-mm dishes or six-well plates.
The isolated limbal epithelial single cells were seeded at a density of 1 x 103 cells/cm? on a
3T3 feeder layer in supplemented hormonal epidermal medium (SHEM) containing equal
amounts of DMEM and Ham’s F12 medium supplemented with 5% FBS, 5 ng/mL EGF, 5
pg/mL insulin, 5 pg/mL transferrin, 5 ng/mL sodium selenite, 0.5 pg/mL hydrocortisone, 30
ng/mL cholera toxin A, 0.5% DMSO, 50 pg/mL gentamicin, and 1.25 pg/mL amphotericin
B. Cultures were incubated at 37°C under 5% CO» and 95% humidity, and the media were
changed every 2-3 days. Confluent cultures (10-14 days) were used for experiments.

Immunofluorescent Staining

Fresh human corneas were embedded in a mixture of 75% (vol) OCT compound (Sakura
Finetek USA Inc., Torrance, CA) and 25% (vol) Immu-Mount (Thermo-Shandon,
Pittsburgh) and then flash frozen in liquid nitrogen. Sections (10-um thick) were cut with a
cryostat (HM 500; Micron, Waldorf, Germany) and were stored at —80°C until they were
used. Immunofluorescent staining was performed by a previously reported method
[10,21,22]. In brief, corneal and limbal frozen sections and primary limbal epithelial cultures
had fixation with 2% paraformaldehyde at 4°C for 10 minutes. After blocking with 5%
normal goat serum in phosphate-buffered saline (PBS) for 30 minutes, a primary mAb, clone
BXP-21, reactive with the 70-kD transmembrane ABCG2 transporter protein, was applied at
a 1:50 dilution (5 pg/mL) for 1 hour at room temperature. After washing with PBS,
Alexafluor-488 conjugate secondary antibody (1:300) was applied for 1 hour in a dark
incubation chamber. After washing with PBS, Antifade Gel/Mount (Fisher, Atlanta)
containing 1 pg/mL Hoechst 33342 dye and a cover slip were applied. Staining patterns
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were examined and photographed with a Nikon Eclipse 400 epifluorescent microscope with
a DMX 1200 digital camera (Garden City, NY).

Immunohistochemical Staining

Immunohistochemical staining was performed by a previously reported method [10] to
evaluate the expression of ABCG2. In brief, the corneal frozen sections were fixed in 2%
paraformaldehyde in PBS at 4°C for 10 minutes. The endogenous peroxidases were
quenched with 0.3% H,0, in PBS containing 0.5% goat serum and incubated with 5% goat
serum to block the nonspecific sites. ABCG2 mAb (clone BXP-21, 1:50) was applied and
incubated for 1 hour at room temperature, followed by incubation with biotinylated anti-
mouse second antibody using a Vectastain Elite ABC kit according to the manufacturer’s
protocol. The samples were finally incubated with diaminobenzidine peroxidase substrate to
give a brown stain and counterstained with hematoxylin. The samples were mounted with
cover slips and examined with a Nikon Eclipse 400 microscope.

Laser Scanning Confocal Microscopy

Whole fresh human corneas were fixed in fresh 2% paraformaldehyde in PBS for 10
minutes at room temperature. After fixation, they were rinsed extensively with PBS
containing 0.1% Tween 20 (TPBS). The corneas were bisected and then blocked with 20%
goat serum in TPBS from 2 hours to overnight to reduce nonspecific labeling. The tissues
were then incubated with ABCG2 mADb (clone BXP-1, 1:50 dilution) in TPBS containing
20% goat serum at 4°C overnight. Tissues without primary antibody were used as negative
controls. After extensive washing with TPBS, Alexa Fluor-488 conjugated goat anti-mouse
antibody (1:300) was applied for 1 hour. Tissues were rinsed and counterstained with DNA
binding dye propidium iodide (1 ng/mL in PBS) for 5 minutes. After washing with PBS,
corneal tissues were flatted on slides and mounted with antifade Gel/Mount (Fisher) and
cover slips. The samples were observed with a laser-scanning confocal microscope (LSM
510, Zeiss with Krypton-argon and He-Ne laser, Thornwood, NY) with 488- and 543-nm
excitation and emission filters, LP505 and LP560, respectively. Images were acquired with
x 40 oil-immersion objective and processed using Zeiss LSM-PC software and Adobe
Photoshop 6.0.

RNA Isolation and Semiquantitative RT-PCR

Total RNA was isolated from cornea and limbal epithelia in fresh human tissues and from
selected populations of primary cultured limbal epithelial cells sorted by flow cytometry
with ABCG2 mAb or Hoechst 33342 staining, using acid guanidium thiocyanate-phenol-
chloroform extraction [21]. The RNA was quantified by its absorption at 260 nm and stored
at —80°C before use. Using a housekeeping gene, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), as an internal control, the mRNA expression of different
molecular markers was analyzed by semiquantitative RT-PCR as previously described
[21,23]. Briefly, first-strand cDNAs were synthesized from 0.5 mg of total RNA with
murine leukemia virus reverse transcriptase. PCR amplification was performed with specific
primer pairs designed from published human gene sequences (Table 1) for different markers
using a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA).
Semiquantitative RT-PCR was established by terminating reactions at intervals of 20, 24,
28, 32, 36, and 40 cycles for each primer pair to ensure that the PCR products formed were
within the linear portion of the amplification curve. The fidelity of the RT-PCR products
was verified by comparing their size with the expected cDNA bands and by sequencing the
PCR products.
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Flow Cytometry Analysis and Fluorescence-Activated Cell Sorting with ABCG2 mAb

Staining

Freshly harvested limbal epithelial cells were used for ABCG2 staining analysis, and
primary cultured human limbal epithelial cells were used for ABCG2 staining analysis and
cell sorting by flow cytometry using a functional-grade purified anti-human ABCG2 mAb
clone 5D3. This antibody reacts with the extracellular portion of the human ABCG2 protein
and has been used for flow cytometry analysis of living cells such as acute myeloid
leukemia cells [24], cell lines overexpressing ABCG2 [25], and human limbal epithelial
cells [26]. Briefly, limbal epithelial cells at 0.5 x 10° cells/100 pl were incubated with
ABCG2 mAb antibody (clone 5D3, 1:25 dilution, 40 ug/ml) for 30 minutes on ice, washed
with PBS containing 1% FBS, incubated with Alexafluor-488 conjugate goat anti-mouse
secondary antibody (1:100 dilution) for 30 minutes, washed with PBS/1% FBS, and then
resuspended in SHEM. The cells were kept on ice until flow cytometry was performed.

Fluorescence-activated cell sorting (FACS) was performed at the Baylor College of
Medicine Core Facility using a triple-laser Beckman-Coulter Altra high-pressure, high-
speed cell sorter (Beckman-Coulter Altra, Hialeah, FL). A 488-nm argon laser excited
fluorescein isothiocyanate, and a band-pass filter of 525/20 was used to measure emitted
light. Gates in the right angle scatter versus forward scatter diagrams were used to exclude
debris. At least 100,000 events were collected before analysis. All flow cytometric data was
analyzed with Expo 32 software (Beckman-Coulter). The primary cultured limbal epithelial
cells were sorted into subpopulations differing in their expression of ABCG2. The sorted
ABCG2-positive and -negative cell populations were used to evaluate their colony-forming
efficiency (CFE) and gene expression of stem cell markers.

Hoechst 33342 Exclusion Assay and FACS for SP

Hoechst 33342 exclusion assay and FACS for SP were performed according to a previously
described method for isolating an SP for hematopoietic stem cells [13] using Hoechst 33342,
which is a DNA binding dye that allows identification of cell cycle. Single cells isolated
from fresh human limbus or from their primary cultures were used for the Hoechst 33342
exclusion assay to identify SP. FACS for SP was performed using primary cultured cells but
not limbal epithelial cells from human tissues because of the limited number of cells that
were available for sorting. The SP is characterized by low blue and low red fluorescence
intensity on a dot-plot displaying dual wavelength of Hoechst blue versus red. Briefly, the
cells were resuspended at 1 x106 cells/mL in SHEM containing 5 pg/mL of Hoechst 33342
and incubated at 37°C for 120 minutes with shaking. The cell suspension was centrifuged
and resuspended in cold SHEM with HEPES containing Pl (2 ug/mL) to identify dead cells.
To identify the SP, 50 uM of verapamil, a transporter inhibitor, was preadded for 30 minutes
before adding Hoechst 33342. To ensure that the SP was sorted, a sorting gate was chosen in
which the inhibition of Hoechst exclusion by verapamil was the highest. The non-SP cells
were sorted from cells that were in the GO/G1 stage of cell cycle. Sorted cell populations
were used to evaluate CFE and gene expression for stem cell markers.

These experiments were performed at the Baylor College of Medicine Core Facility using a
triple-laser instrument (Beckman-Coulter Altra) equipped with the autoclone feature. Two of
the lasers are water-cooled argon lasers, tunable to 350, 457, 488, and 514 nm, and the third
is a smaller air-cooled helium-neon laser that emits light with a wavelength of 632 nm.
Hoechst and PI dyes were excited with 350 nm UV (100 mW power) and 488 argon (50 mW
power) lasers, respectively. The 450/20 and 675 band-pass filters, in combination with a 640
long-pass dichroic filter, were used for detection of Hoechst blue and red emission,
respectively. Concomitant Pl fluorescence was read using a 610/20 band-pass filter. At least
100,000 events were collected before analysis. All flow cytometric data were analyzed with
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Expo 32 software (Beckman-Coulter). Cells were displayed in a Hoechst blue versus
Hoechst red dot-plot to visualize the SP.

To evaluate CFE, selected populations of ABCG2-positive and -negative cells and SP and
non-SP cells sorted by FACS were seeded, at least in triplicate, at 1 x 103 cells/cm? into six-
well culture plates containing a mitomycin C—treated 3T3 fibroblast feeder layer. The
colonies were counted at days 5 through 8, and CFE was calculated as a percentage of the
number of colonies at days 5 through 8, generated by the number of epithelial cells plated in
a well. The growth capacity was evaluated on day 14, when cultured cells were stained with
1% rhodamine.

ABCG2 Expression and Growth Potential in Human Corneal and Limbal Epithelial Cells

Immunofluorescent (Figs. 1A-1D) and immunohistochemical (Fig. 1E) stainings of
histologic sections of human cornea and limbus showed that ABCG2 transporter was
expressed in the membrane and cytoplasm of certain basal cells in the human limbal
epithelia (Figs. 1D, 1E) but not in the suprabasal layers of the limbal epithelium or in any
layer of the corneal epithelium (Fig. 1B). This staining pattern is similar to that observed for
nuclear protein p63, a proposed keratinocyte stem cell marker [27]. Laser scanning confocal
microscopy was also used to evaluate ABCG2 expression in all layers of the corneal and
limbal epithelia. ABCG2 staining was observed only in the cell membranes of certain basal
epithelial cells in the human limbus, forming a net-like pattern (Figs. 1H, 11). In contrast, no
ABCG?2 staining could be visualized in the entire corneal epithelia, even in its basal layer
(Figs. 1F, 1G).

In primary cultured human limbal epithelial cells, the ABCG2 antibody mainly stained the
membranes of clusters of small cells, and minimal or no staining was observed in the large
cells. ABCG2- cells accounted for 10.62 + 4.04% (mean = standard deviation [SD]) of cells
in limbal primary cultures (n = 6) (Fig. 1K).

Semiquantitative RT-PCR analysis revealed that ABCG2 mRNA was expressed at low
levels by the corneal epithelia and at higher levels by the limbal epithelia (Fig. 2). A similar
pattern was observed for the expression of ANp63 by the corneal and limbal epithelia.
ANPp63, a truncated dominant-negative isoform of p63, is the predominant species in
epithelial stem cells [28]. No difference in the levels of GAPDH, a housekeeping gene used
as an internal control, was observed between the corneal and limbal epithelia.

ABCG2 Expression and CFE of ABCG2™ Cells Sorted by FACS

The expression of ABCG?2 in freshly harvested limbal epithelial cells and primary cultured
limbal epithelial cells (Fig. 3) was also evaluated by flow cytometry using an anti-human
ABCG2 mAD clone 5D3. These experiments were repeated several times, and the results
averaged. Cells positively stained with ABCG2 accounted for 3.02 = 0.83% (mean = SD, n
= 3) of freshly harvested limbal epithelial cells and 2.31 + 1.83% (n = 6) of primary limbal
epithelial cultures. One of the representative experiments using primary cultured limbal
epithelial cells is shown in Figure 3A.

ABCG2 expression in the positive population sorted by FACS was confirmed by comparing
the levels of ABCG2 mRNA detected by RT-PCR in positive and negative populations. The
ABCG2 and p63 transcripts were highly expressed in the ABCG2- population, whereas they
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were barely detectable in ABCG2- population. There was no difference in GAPDH
expression between these two groups (Fig. 3B).

The CFE of the ABCG2-positive and -negative cells was evaluated at days 5 and 8 after they
were seeded on a 3T3 feeder layer. By day 5, wells seeded with ABCG2- cells showed
greater CFE than the wells with ABCG2- cells (4.65 + 0.42% versus 1.79 + 0.29%; p <.
005; n = 3). By day 8, ABCG2- cells continued to show superior growth, with a greater CFE
(5.67 + 0.54% versus 2.39 + 0.33%; p < .001; n = 3) and larger sized colonies than the
ABCG2- cell wells (Fig. 3C). The ABCG2- grew to confluence by day 14, whereas the
ABCG2- never reached confluence (Fig. 3D).

ABCG2 Expression and CFE of the SP Sorted by FACS Using the Hoechst 33342 Exclusion

Assay

To further evaluate the expression and function of ABCG2 transporter in limbal epithelial
cells, the Hoechst exclusion assay was performed to detect the SP, defined as a distinct cell
population that displays lowest fluorescence intensities of both Hoechst blue and Hoechst
red. To confirm the SP, the cells were preincubated with verapamil for 30 minutes before
staining with Hoechst 33342. Verapamil is a transporter inhibitor that is able to block
Hoechst dye exclusion from bone marrow SP [13]. We could demonstrate the inhibitory
effect of verapamil in fresh epithelial cells isolated from limbal tissues and in primarily
cultured limbal epithelial cells with a similar fashion to the ability of this agent to block
bone marrow SP (Fig. 4). The formation of the SP from human limbal epithelial cells was
blocked by verapamil (50-200 uM) in a concentration-dependent manner (data not shown).
The percentage of the cells that were in the SP gate dramatically decreased from 2.90 £
1.14% 10 0.78 £ 1.15% (p < .01, n = 4) with 50 uM of verapamil.

SP from primary cultured human limbal epithelial cells was detected by Hoechst exclusion
assay and sorted by FACS. One representative experiment is shown in Figure 4. Using the
Hoechst exclusion assay, 2.1% of all cells were observed in the SP region (region A, Fig.
4A1). Non-SP cells (in region B) corresponded to cells that are in the GO/G1 stage of the
cell cycle (Fig. 4A1). The sorted cells from SP and non-SP were used to evaluate their gene
expression and CFE.

Using the housekeeping gene GAPDH as an internal control, semiquantitative RT-PCR
disclosed a differential expression pattern of ABCG2 in SP and non-SP limbal epithelial
cells (Fig. 4B). ABCG2 mRNA was much more abundantly expressed by the SP cells than
by non-SP cells. The limbal SP cells also showed higher expression of ANp63 than the non-
SP cells. The differential patterns for ABCG2 and ANp63 expression in SP and non-SP
populations resembled the differences seen between human limbal and corneal epithelia

(Fig. 2).

The CFE was evaluated at days 5 and 8 (Fig. 4C). The SP-containing wells showed a greater
number of colonies than the non-SP wells (CFE, 3.38 = 1.18% versus 0.83 * 0.29%; p < .05;
n = 3) at day 5. On day 8, the colonies in SP-containing wells increased in size and number,
whereas little increase in colony size and number was observed in the non—-SP-containing
wells (CFE, 4.84 + 1.56% versus 1.44 + 0.33%; p < .01; n = 3). The limbal SP cells grew to
confluence at day 14, whereas the non-SP cells never reached confluence (Fig. 4D).

Discussion

Most studies of ABCG2 have focused on its potential role in producing the multidrug
resistance phenotype in cancer cells and its expression in primitive stem cells. Different
from most other transporters, ABCG2 expression is present in the plasma membrane and is
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relatively limited to primitive stem cells [11]. ABCG?2 transporter has been identified as a
molecular determinant for bone marrow stem cells, and it has been proposed as a universal
marker for stem cells from a variety of sources [12,15]. Although ABCG2 expression occurs
in a variety of normal tissues, its expression and functional role in corneal epithelial cells
was only recently reported [10,26]. This present study confirmed the exclusive expression
pattern of ABCG2 transporter by the basal cells of human limbal epithelia and its potential
role in identifying human corneal epithelial stem cells.

ABCG2 Transporter Was Uniquely Expressed in Human Limbal Epithelia and Their Primary

Cultures

The results of this study indicate that ABCG2 protein is uniquely expressed by certain cells
of basal layers in the limbal epithelium, whereas it is absent in the central cornea, as shown
by immunofluorescent and immunohistochemical staining on frozen sections (Figs. 1A-1E)
as well as laser scanning confocal microscopy on whole mount corneas (Figs. 1F-11). The
staining pattern agrees with previous reports that ABCG2 protein is primarily localized in
the plasma membrane; however, some cytoplasmic staining has been observed [29]. ABCG2
protein was also expressed by primary cultures of human limbal epithelial cells and
preferentially by clusters of small cells (Figs. 1J, 1K). ABCG2 transcripts were also found to
be much more abundant in the limbus than in the cornea, a pattern similar to the expression
of ANp63, a truncated dominant-negative isoform of p63. Nuclear protein p63, a member of
the p53 family, was proposed to be an epithelial stem cell marker [27]. p63 is highly
expressed by the basal cells of many human epithelial tissues, and ANp63 is the
predominant species in these stem cells [28]. Analyzed by flow cytometry with ABCG2
mADb staining, the ABCG2™ cells accounted for 2%-3% of the population of epithelial cells
isolated from limbal epithelial tissues or their primary cultures. These results support the
widely accepted concept that the corneal stem cells reside at limbus [5, 9].

ABCG2 Expression Was Correlated to Growth Capacity and SP Selected by FACS

To evaluate whether ABGC2 expression identifies a population of limbal epithelial cells
with stem cell features, we used FACS to separate human limbal epithelial cells based on
their immunoreactivity to an ABCG2 mAb (clone 5D3). A small but distinct population of
ABCG2™ epithelial cells expressed higher levels of ABCG2 transcripts and exhibited greater
CFE in culture than did the ABCG2™ cells (Fig. 3).

ABCG2 expression is associated with the SP phenotype of Hoechst 33342 efflux [12].
Human hematopoietic stem cells isolated as an SP express high levels of ABCG2 [12], and
its expression dropped sharply in committed progenitor cells [16]. Using an ABCG2
knockout mouse model, Zhou et al. [30] demonstrated a significant decrease in the number
of bone marrow SP cells and loss of repopulation capability of these cells when sorted. A
population of cells with an SP phenotype has also been found in other non—bone marrow-
derived cells, including muscle [31,32], brain [33], pancreas [34], mammary gland [35,36],
lung [37], testis [38], heart [39], and human limbus [26], and the SP may identify primitive
progenitor cells in those tissues. It was reported that the bromodeoxyurindine label-retaining
cells (stem cells) isolated from primary mouse mammary cultures were enriched for both
stem cell antigen-1 and Hoechst dye—effluxing SP properties [35].

A controversy around the SP cells representing the stem cells of the epidermis has been
reported very recently. Terunuma et al. [40] found that the SP epidermal keratinocytes from
human newborn foreskins have a different cell surface phenotype (low B1 integrin and low
a6 integrin expression) than label-retaining keratinocytes, and they represent a unique
population of keratinocytes that are distinctly different from the traditional keratinocyte stem
cell candidate. Triel et al. [41] found that the SP cells in human and mouse epidermis lack
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stem cell characteristics. The SP cells from 44 human skin samples, at frequencies ranging
from 0.01%-5.39%, did not express particular high levels of 31 integrin. Mouse epidermis
SP cells are not identical to the label-retaining population but are cycling cells.

We performed FACS using Hoechst exclusion assay on the limbal epithelium. Similarly to
the bone marrow, human limbal epithelial cells showed decreased SP formation in the
presence of the blocker verapamil. The sorted limbal SP cells expressed higher levels of
ABCG2 as well as the stem cell-associated marker, ANp63. Limbal SP cells sorted by
FACS exhibited higher CFE in culture than the non-SP cells, and they reached confluence
by 14 days. Consistent with a recent report by Watanabe et al. [26] that human limbal
epithelium contains SP cells expressing the ATP-binding cassette transporter ABCG2, our
results further suggest that ABCG2 expression is correlated to limbal SP, with greater
proliferative capacity and higher ANp63 expression.

In conclusion, our findings demonstrate that ABCG2 transporter is exclusively expressed by
the basal cells of human limbal epithelia. The ABCG2™ population and SP showed higher
expression of ABCG2 and ANp63 and greater proliferative capacity. Taken together, it
suggests that ABCG2 transporter could serve as a marker to identify the putative limbal
epithelial stem cells.
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Figure 1.

Immunofluorescent (A-D, J, K) and immunohistochemical (E) stainings and laser scanning
confocal microscopy (F-I) for ABCG2 transporter in human cornea (A, B, F, G), limbus
(C-E, H, 1), and primary cultured human limbal epithelial cells (J-K). (A, C, J): Hoechst
33342 counterstaining. (B): Cornea showing no staining for ABCG2. (D): Limbus showing
brighter membrane staining for ABCG2 on certain basal cells (arrows), whereas other basal
cells are negative (N). (E): Limbus showing cytoplasmic staining in some of basal cells (P).
(K): Cultured limbal epithelial cells showing positive ABCG2 staining in clusters of small
cells. Confocal microscopy showing ABCG2 stained on basal layer of whole-mounted
human limbus (H, 1) but not corneal basal layer (F, G). (G, I): Merged color images for
ABCG2 (green) and propidium iodide (red). Original magnification x 400.

Stem Cells. Author manuscript; available in PMC 2010 July 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

de Paiva et al.

Page 13

L1 L2 L3 K1 K2 K3

ABCG2
379 bp

ANp63
440 bp

500 bp— GAPDH

498 bp

Figure 2.

Semiquantitative reverse transcription—polymerase chain reaction showing expression of
ABCG?2 (379 bp), ANp63 (440 bp), and GAPDH (498 bp) mRNAs by corneal (K1, K2, and
K3) and limbal (L1, L2, and L3) epithelia. A 100-bp DNA ladder is shown in the first left
lane.

Stem Cells. Author manuscript; available in PMC 2010 July 19.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

A

/ cells

§ i .
o
= 2nd antibody
n control, 0.2%
= LB REL LU BLELRLLY
1 Alexa 488
B ABCG2
+ -
500 bp —» ABCG2
379 bp
300 bp —»
500 bp — ﬁ‘?gﬁ)
300 bp —
GAPDH
300 bp —»
Figure 3.

CFE %

Page 14

count
L

ABCG2-Alexa 488
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(A): Flow cytometry analysis of cultured human limbal epithelial cells showing a distinctive
small population of ABCG2* cells (2.31%). (B): Semiquantitative reverse transcription—
polymerase chain reaction showing higher expression of ABCG2 mRNA (379 bp) in the
ABCG2* cells sorted by fluorescence—activated cell sorting. A 100-bp DNA ladder is shown
in the first left lane. GAPDH (498 bp), a housekeeping gene, was used as an internal control.
(C): CFE of ABCG2-selected populations showing a greater colony-forming efficiency
generated by the ABCG2* cells at days 5 and 8 than that by ABCG2~ cells (p < .005 and p
<.001, respectively). (D): Growth capacity of ABCG2* cells and ABCG2™ cells, evaluated
by 1% rhodamine staining at day 14, showing that ABCG2* cells were confluent, whereas
ABCG2™ cells had fewer colonies. Abbreviation: CFE, colony-forming efficiency.

Stem Cells. Author manuscript; available in PMC 2010 July 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

de Paiva et al.

Figure 4.

(A1): Flow cytometry analysis of cultured limbal epithelial cells showing SP (gate A)
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effluxing the Hoechst 33342 dye. Corneal SP cells were sorted from gate A, and NSP limbal
cells were sorted from gate B. (A2): Dye efflux from limbal SP cells is inhibited in the
presence of 50 uM verapamil, evidenced by decreased limbal SP from 2.1% in Al to 0.3%
in A2. (B): Semiquantitative reverse transcription—polymerase chain reaction showing that
limbal SP cells sorted by Hoechst 33342 assay express higher levels of ABCG2 (379 bp)

and p63 (440 bp) than NSP cells. A 100-bp DNA ladder is shown in the first left lane.

GAPDH (498 bp) was used as an internal control. (C): CFE of SP and NSP cells sorted by
fluorescence—activated cell sorting showing a greater colony-forming efficiency generated
by SP than NSP at days 5 (p < .05) and 8 (p < .01). (D): Growth capacity of SP and NSP
cells evaluated by 1% rhodamine staining at day 14 showing that an SP well was confluent,

whereas few colonies were in the NSP well. Abbreviations: CFE, colony—forming

efficiency; NSP, non-side population; SP, side population.
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