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Abstract

Objective: The aim of this study was to investigate the pos-
sible migration of proliferating peripheral retinal pigment
epithelial (RPE) cells and their association with differential
gene expressions. Materials and Methods: The RPE layer
was obtained from the inner aspect of the eyeball of dark
agouti rats (12-13 weeks old) and was mounted on glass
slides. The peripheral RPE cell proliferation was evaluated
using bromodeoxyuridine immunohistochemistry (n = 10).
The cell migration was examined using the Dil tracer tech-
nique (n=40) at the end of weeks 6, 10, 14 and 18. Affymetrix
microarray analysis was used to investigate differential gene
expressions in peripheral and central RPE cells, which was
authenticated by RT-PCR using 4 RPE-specific genes (n = 10).
Results: In this study, peripheral RPE cells divided and ap-
peared in clusters, but equatorial and central RPE cells rarely
divided. The peripheral RPE cells migrated to the central RPE
region in a time-dependent manner up to the end of week

14, but not later. The microarray analysis showed the expres-
sion of 9,645 out of a total of 35,220 genes studied. Among
the 9,645 genes, 573 were differentially expressed (438 were
upregulated and 135 were downregulated) in peripheral
RPE cells as compared to central RPE cells. Of these 573
genes, 56 were associated with signaling pathways related
to the regulation of cell proliferation, including Pax6, TGFf3,
BMP and Wnt, and 404 were associated with pathways of cell
migration. Conclusions: In this study, peripheral RPE cells di-
vided and migrated to the central region. This process was
associated with differential gene expressions in these cells.
©2016 S. Karger AG, Basel

Introduction

The retinal pigment epithelium (RPE) forms a formi-
dable blood-retina barrier that is necessary for normal
and efficient photoreceptor functions [1]. The ability of
peripheral RPE cells to divide in rodents has been proven
using immunohistochemical labeling of cell proliferation
markers. such as bromodeoxyuridine, Ki67 and prolifer-
ating cell nuclear antigen [2, 3]. It has been widely report-
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ed that newly generated peripheral RPE cells replace dead
ones due to aging at the central RPE [2, 4]. In addition,
RPE cell proliferation could be clinically important when
choosing appropriate cells for transplantation as a treat-
ment modality for diseases such as age-related macular
degeneration [5]. In order to replace the dead cells at the
central RPE, the peripheral RPE cells have to migrate, but
evidence in favor of the migration is lacking, although
previous studies have postulated a migration hypothesis
(2, 4].

Although peripheral RPE cells proliferate, both under
normal and disease conditions [6], the molecular path-
ways responsible for this phenomenon are not clearly de-
fined. RPE cell proliferation may be related to possible
differences in the gene expressions in cells of the two RPE
regions. Gene analysis studies of human RPE cells have
shown differential expression of at least 11 genes in the
two RPE regions, and these genes were associated with
the execution of apoptosis, differentiation, metabolism,
oxidative stress and matrix regulation [7]. Another study
showed the differential expression of 1-5% of genes re-
lated to extracellular matrix regulation [8]. However, a
detailed gene analysis study in RPE cells, which may be
useful to understand the underlying mechanisms that are
responsible for peripheral RPE cells, has not been per-
formed. Hence, the objectives of the present study were
to investigate peripheral RPE cell proliferation and mi-
gration, and to investigate differential gene expressions in
the RPE regions.

Materials and Methods

Animals

Adult male dark agouti (DA) rats (12-13 weeks old) were pro-
cured from the Animal Resources Center, Faculty of Medicine,
Kuwait University, Kuwait. The animals were housed under stan-
dard laboratory conditions (23°C, 50% humidity, 12:12 h light and
dark cycle) in plastic cages with sawdust bedding. The animals
were fed with standard laboratory chow and tap water ad libitum.
This experiment was conducted in accordance with the guidelines
stipulated by Kuwait University and according to the ARRIVE
guidelines (Animal Research Reporting in vivo Experiments). It
was also approved by the Institutional Animal Ethics Committee.

Evaluation of RPE Cell Proliferation

5-bromo-2'-deoxyuridine (bromodeoxyuridine) was obtained
from Sigma-Aldrich (New York, N.Y., USA) and dissolved in
NaOH/phosphate-buffered saline (PBS). The rats (n = 5) were in-
traperitoneally (i.p.) injected with 50 mg/kg body weight of bro-
modeoxyuridine once daily for 5 days a week for 4 months. At the
end of the 4th month, the animals were killed the next day. The
eyes were dissected and immunohistochemistry was carried out
according to a previously described procedure [2] to evaluate the
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RPE cell proliferation. By using a fluorescence microscope, the
number of bromodeoxyuridine-labeled cells in each RPE layer was
counted under a 20x objective. The locations of the labeled cells
were mapped on a floral diagram of the RPE layer.

Evaluation of RPE Cell Migration

The 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil crystal tracer; Molecular Probes, Eugene, Oreg.,
USA) technique was used to investigate the hypothesis of RPE cell
migration. The rats (n = 40) were anesthetized using a mixture of
ketamine (Fort Dodge, London, UK) and dormitor (Pfizer, Tad-
worth, UK) diluted in sterile water (0.2 ml/100 g, i.p.). A small
amount (2-3 pl) of very fine Dil crystals was injected into the pe-
ripheral retina at two locations. The rats were killed after 6, 10, 14
and 18 weeks from the day of injections and the eyeballs were re-
moved and fixed in 4% paraformaldehyde. The RPE was stained
using Alexa Fluor 488, DAPI and phalloidin (1:50; Invitrogen) di-
luted in PBS for 1 h, washed and mounted in Vectashield®. The
RPE layer was observed under a fluorescent microscope and Dil
crystal fluorescing RPE cells were identified. The distances trav-
eled by the fluorescing cells from the sites of the injections were
measured.

Microarray Analysis

Ten DA rats were killed using CO, asphyxiation. The eyes were
removed, immersed in RNAlater for 5 min (Qiagen, Hilden, Ger-
many) and the RPE layer was separated from the peripheral and
central regions as described previously [2]. The RPE layers were
pooled and collected in separate nuclease-free tubes containing
RNAlater. The tissue samples were stored at ~20°C for gene anal-
ysis.

Total RNA was extracted from 100 mg of tissue using the
TRIzol method as previously described [9, 10]. The amount of
RNA was measured using a NanoDrop spectrophotometer 8000
and its quality was assessed with a Bioanalyzer 2100 (Agilent Tech-
nologies, Santa Clara, Calif., USA). The microarray was conducted
using a GeneChip® 3’ VT Express kit according to the procedure
described in the assay manual (Affymetrix, Santa Clara, Calif,,
USA).

Affymetrix Rat 230_2 dataset quality control was performed
using the Expression Console software (Affymetrix). Data set anal-
ysis and visualization were done using EASANA® (GenoSplice;
www.genosplice.com), which is based on GenoSplice FAST DB®
annotations. Normalization, background correction and the an-
notation of data were performed as previously described [11-13].
Genes were considered significantly regulated when the fold
change between peripheral RPE and central RPE cells was >1.5and
the uncorrected p value from the unpaired Student t test was
<0.05.

Hierarchical Clustering and Pathway and Gene Ontology

The distance from the gene signal in a given sample to the cor-
responding average in all the samples was calculated for each reg-
ulated gene. Corresponding values were displayed and clustered
with MeV4.6.2 from the Institute of Genome Research using the
Euclidean distance and average linkage clustering. Significant
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
[14, 15] and Gene Ontology (GO) terms were retrieved using the
Database for Annotation, Visualization and Integrated Discovery
(DAVID) [16, 17].
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Fig. 1. Quantification of RPE cell proliferation and migration in
adult DA rats. a Representative photomicrograph of binucleated
and mononucleated RPE cells indicating BrdU-labeled cells. Scale
bar = 10 pm. b Distribution of BrdU-labeled cells mostly in the
peripheral RPE cells. Scale bar = 2 mm. ¢ The number of BrdU-
labeled cells at the three RPE regions: central (C), equatorial (E)
and peripheral (P). d A low-magnification photomicrograph
showing the Dil crystal injection site on the lower right; a few Dil-
labeled RPE cells are indicated by arrows. e, f A fluorescent Dil
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crystal-incorporated cell from a is shown at a higher magnifica-
tion. In f, the same cell shown in e is presented with phalloidin
counterstain to mark the cell membrane. Scale bars = 500 pm (d)
and 10 um (e, f). g Distances (in um) travelled by migrating RPE
cells at the end of weeks 6, 10, 14 and 18, measured from the sites
of Dil crystal injections at the peripheral retina. h The floral repre-
sentation of distances travelled by migrating RPE cells by week 14.
The letter X indicates the site of the injection and the numbers in-
dicate the distances (in um) travelled by the migrating cells.
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Fig. 2. a Hierarchical clustering of differentially expressed genes in
the two regions of the RPE layer. The color intensities show the
extent of gene expressions in peripheral RPE cells either above
(red) or below (green) the average gene expression (indicated by
0.0). b KEGG pathways and GO terms relating to proliferation.
White bars correspond to the number of genes involved in KEGG

Reverse Transcription-Polymerase Chain Reaction

RT-PCR was performed for five genes that are known to be in-
disputably expressed in RPE: Lhx9 (LIM homeobox 9; assay ID
Rn00710498_m1), Pax6 (paired box 6; assay ID Rn00689608_m1),
Igtbp2 (insulin-like growth factor binding protein; assay ID
Rn00565473_m1), Mitf (microphthalmia-associated transcription
factor; assay ID Rn01425758_m1) and Otx2 (orthodenticle ho-
meobox 2; assay ID Rn01414596_m1). The RNA (500 ng) from
each sample was reverse transcribed into cDNA using the Quanti-
tect reverse transcription kit (Qiagen) and used as templates for
the RT-PCR reactions. The reactions were performed in an RT-
PCR system (7500 Fast; Applied Biosystems) using commercially
available TagMan Gene Expression Assays (Applied Biosystems).
Rat GAPDH (ID NM_017008.3) served as an endogenous control
gene. The RPE-derived rhodopsin homolog (Rrh; ID Rn01521911_
m1) was used as a control to evaluate neural retina contamination
in RPE samples. The samples were tested in triplicate for each
primer and fold changes in gene expressions were calculated [18]
using 7500 Fast system software, version 1.4 (Applied Biosystems).
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pathways/GO terms and the gray bars correspond to the number
of regulated genes involved in the 4 signaling pathways associated
with cell proliferation. The dark curve corresponds to -log (DA-
VID p value) for each KEGG pathway/GO term (uncorrected p
values are indicated above and below the curve, calculated using
the EASE score (modified Fisher’s exact p value) from DAVID.

Results

Some Peripheral RPE Cells Proliferate and Migrate in

the Normal Retina

A total of 468 dividing cells appeared as clusters at
the peripheral RPE region while 22 dividing cells were
found at the equatorial and 3 cells at the central RPE
regions (p < 0.001; fig. 1la-c). Autofluorescent Dil-la-
beled peripheral RPE cells were present farther away
from the sites of the injections at or near the center of
the RPE (fig. 1d). The migrating peripheral RPE cells
traveled in a time-dependent manner up to the 14th
week (fig. 1g, h). Interestingly, increasing the sample
time to 18 weeks did not increase the distance of cell
migration (fig. 1g).
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Fig. 3. KEGG pathways/GO terms relating to migration. White
bars correspond to the number of genes involved in the KEGG
pathways/GO terms and the gray bars correspond to the number
of regulated genes for the 17 signaling pathways associated with

Peripheral RPE Cells Show Differential Gene

Expressions as Compared to Central RPE Cells

The microarray analysis for 35,220 transcripts in the
RPE layer showed the expression of 9,645 genes, out of
which 573 genes presented differential expressions in
central and peripheral RPE regions. Of these 573 differ-
entially expressed genes, 438 (76.44%) were upregulated
(mean fold change of 3.89; median fold change of 2.02)
and 135 (23.56%) were downregulated (mean fold change
of -2.11; median fold change of 1.64) in the peripheral
RPE as compared to that in the central RPE (438 down-
regulated and 135 upregulated genes; fig. 2a). Among the
differentially expressed genes in the peripheral RPE, 56
(9.77%) were associated with signaling pathways related
to cell proliferation (see online suppl. tables 1-4; see
www.karger.com/doi/10.1159/000446480 for all online
suppl. material) while 404 (70.51%) were associated with
pathways of cell migration (fig. 3).
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cell migration. The black line corresponds to -log (DAVID p val-
ue) for each KEGG pathway/GO terms (uncorrected p values are
indicated above and below the curve, calculated using the EASE
score (modified Fisher’s exact p value) from DAVID.

The genes associated with cell proliferation were re-
lated to: (i) the regulation of cell proliferation, (ii) the
transforming growth factor-f (TGF-p) signaling path-
way, (iii) the Wnt signaling pathway and (iv) cell cycle
regulation (fig. 2b; online suppl. tables 1-4). The note-
worthy upregulated genes responsible for cell prolifera-
tion and migration included Pax6 (18.82-fold), catenin
(cadherin-associated protein)-delta 2 (Ctnnd2; 6.82-
fold), Ctnna2 (1.81-fold), TGF-B2 (2.02-fold), BMP-2
(2.51-fold), BMP-4 (3.07-fold) and BMP-7 (3.9-fold).

Peripheral RPE Cell Proliferation and Migration Are

Associated with Upregulated BMP and Wnt Signaling

Pathways

Although 573 genes showed up- or downregulations
in the peripheral RPE cells as compared to the central
RPE cells, two important pathways seemed to have an as-
sociation with the peripheral RPE cell proliferation and
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Fig. 4.a BMP and Wnt signaling pathways in peripheral RPE cells.
Fold changes for upregulated (dark gray) and downregulated (light
gray) genes in peripheral RPE cells as compared to those in central
RPE cells are indicated. The fold changes are indicated by numbers
inside circles. b Comparison of RT-PCR results for the 5 genes

migration. The BMP-2 and BMP-4 were upregulated,
which appeared to have initiated the transcription of the
Pax6 and Meis-1 genes (fig. 4a).

The analysis and pathway building for Wnt signaling
showed upregulations of the Wnt4, Wntl6, Fzdl and
Axin2 genes. This pathway upregulated the transcription
factor genes of cluster domain 44 (CD44), T cell factor 1
(Tcf-1) and peroxisome proliferator-activated receptor
gamma, coactivator 1 alpha (PPARcla). However, there

RPE Proliferation Mechanisms

with those of the microarray in peripheral RPE cells indicating the
reproducibility of fold changes by the two methods. ¢ RT-PCR re-
sults for the 5 genes indicating fold changes in the peripheral RPE
as compared to those in the central RPE.

was no change in p-catenin signaling, which is the key
component of the canonical Wnt pathway (fig. 4a; online
suppl. table 3). The analysis of the noncanonical Wnt
pathway showed upregulations of the Tcf-1 and PPARcla
genes, but not the other genes of this pathway (fig. 4a).
The Ca** level also played a major role in the noncanon-
ical pathway, although in this study the level of Ca™ in
RPE cells was not estimated.

Med Princ Pract 2016;25:408-416
DOI: 10.1159/000446480

413


http://dx.doi.org/10.1159%2F000446480

Microarray Results Are Comparable to RT-PCR

Results

The RT-PCR analysis for the representative genes
(Lhx9, Pax6, Igtbp2, Otx2 and Mitf) indicated that their
expression levels were comparable to those seen in the
microarray analysis. All these genes, except Mitf, were
upregulated in peripheral RPE cells as compared to cen-
tral RPE cells (p < 0.05; fig. 4b, ¢). The Rrh gene did not
show any expression in the RPE sample, indicating a lack
of neural retina contamination.

Discussion

The main findings of this study were peripheral RPE
cell proliferation and migration towards the central re-
gion, and the upregulation of genes related to the cell pro-
liferation and migration, including the BMP and Wnt
pathways. These findings showed that a higher number
of proliferating cells was seen at the peripheral RPE re-
gion than at the other two regions. The reasons for pe-
ripheral RPE cell proliferation and migration are not en-
tirely clear, which could be due to their intrinsic nature to
divide, as they develop later compared with the central
RPE cells. Because the cells at the equatorial and central
regions are very closely and tightly packed due to their
stronger cell junctions, it might be difficult for the newly
formed cells to migrate centripetally.

It is probable that not all dividing peripheral RPE cells
migrate to the central region and that the cell migration
could be an end result of RPE cellular remodeling and re-
positioning in the epithelium. In addition, whether or not
any dividing central RPE cells migrate to the peripheral
region is also unclear, but it is highly unlikely because
rarely do any central RPE cells divide, and even if they do,
the migration would not be possible because in the central
region the cells are tightly packed [2].

The microarray analysis study showed that none of the
signaling pathways that are usually upregulated in pe-
ripheral RPE cells during disease conditions had any
changes, indicating that they did not regulate the prolif-
eration of these cells [19-21]. These pathways include,
but are not limited to, protein kinases C [19], mitogen-
activated protein kinases [20] and PI3K/Akt pathways
[21]. These proproliferative molecular pathways become
active and stimulate RPE cell proliferation and migration
due to disruptions to the blood-retina barrier in diabetes
[22] and retinopathies [23]. In this study the rats were
normal, hence the barrier was intact and therefore the
lack of changes in the abovementioned pathways could be
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due to intact cellular functions. If the blood-retina barrier
is disrupted, as happens in retinopathies, RPE cells are
exposed to some blood-borne growth factors, which in-
duce proproliferative signaling pathways and RPE cell
proliferation [24]. In this study, considering that the
blood-retina barrier was normal in the rats, what could
have stimulated some peripheral RPE cells to proliferate
in the normal retina? Our results showed no differential
gene expressions for protein kinases, mitogen-activated
protein kinases, cell cycle progression proteins and PI3k/
Akt. Although their protein expressions were not esti-
mated, which might or might not have been differentially
expressed, based on the microarray study, it is clear that
both normal retinal regions present comparable levels of
gene expressions for the abovementioned proteins that
are actively involved in cell proliferation. Another issue
relates to the upregulation of so many genes controlling
cell junctions (adherens junctions and tight junctions) in
the peripheral RPE region as compared to the central RPE
region. Logically, if peripheral RPE cells have to migrate
centripetally, then the cell junctions between themselves
and between the cells and the basement membrane should
be loose and yielding; however, the upregulations of the
cell junction-related genes at the peripheral RPE region
in our study indicated otherwise. So, this structural fea-
ture of the peripheral RPE could be another impediment
for cell proliferation and migration.

Although numerous genes were up- or downregulated
in the peripheral as compared to central RPE cells, the
most important finding was the upregulations of the
BMP and Wnt signaling pathways. In this study, BMP-2,
BMP-4 and BMP-7 showed increases in peripheral RPE
cells, thereby indicating their role in cell proliferation.
The BMPs, a group of proteins that belong to the TGF-f3
superfamily, play a major role in retinal regeneration
from progenitor cells by upregulating the canonical BMP/
Smad pathway [25, 26]. However, the Smad genes did not
show any upregulation in peripheral RPE cells, indicating
that the canonical BMP pathway was not operational in
these cells. Moreover, if the Smad genes were regulated,
there would have been regulations of at least mitogen-
activated protein kinases [27], which was not the case in
our study, reflecting the fact that the Smad genes main-
tained a balance between the two RPE regions in normal
retinas.

In this study, the finding that the gene expression of
Pax6 — which is transcriptionally downstream of BMPs —
showed more than an 18-fold increase in peripheral RPE
cells indicated that peripheral RPE cells were more ca-
pable of dividing than the central RPE cells, and that this
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involved the BMP pathway. Previous studies indicated
that the Pax6 gene along with Mitf inhibited the forma-
tion of the retina, but, conversely, by interacting with ret-
inogenic genes it promoted retinogenesis [28]. The Pax6
gene is highly upregulated in newts during retinal regen-
eration, suggesting its involvement in RPE proliferation
[29]. From our results, it appears that Wnt4 and Wnt16
are maintained at higher levels in normal peripheral RPE
cells along with that of Frizled2 and Axin2. However,
B-catenin levels did not show any significant changes be-
tween the two RPE regions. The latter finding indicates
that transcriptional upregulation of f-catenin is not nec-
essary for peripheral RPE cell proliferation, but its protein
form stimulates RPE cell proliferation upon translocation
to their nuclei, as reported previously [3]. Hence, the up-
regulated BMP and Wnt signaling showed an association
with RPE cell proliferation.

We did not observe any changes in the expression of
MKI67 or PCNA (proliferating cell nuclear antigen)
genes in peripheral RPE cells in contrast to the expres-
sions of their protein forms as markers for cell prolif-
eration [2]. The lack of changes in MKI67 and PCNA
gene expressions was unexpected, but this could be due
to undetectable increases in these genes as the number
of proliferating cells in peripheral RPE was abysmally
small (~5 cells/day), or their upregulation might be only
at protein levels rather than at gene levels. In addition,
the genes quantified in this microarray study did not
show striking increases or decreases in peripheral RPE
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