




transcriptional level resulting in differential steady-state
mRNA expression levels. Thus, to test the computationally
derived models, we used RT–PCR to assay for the presence
of mRNA encoding transcription factors (TFs) predicted to
play a regulatory role in the RPE. The results obtained from
comparison of mRNA extracted from undifferentiated and
differentiated RPE cells, using both the human ARPE-19 cell
line and primary embryonic chicken RPE cells, are shown in
Figure 10, Figure 11, Figure 12. The analyses of ARPE-19
cells were performed using both undifferentiated cells that
been in culture for one month, exhibiting morphology of
fusiform, unpigmented mesenchymal cells, as well as
differentiated ARPE-19 cells exhibiting morphology of

Figure 6. Frequency analysis of transcription response element
representation in human first intron regions. Frequency of occurrence
of each transcription response element (TRE) in the human gene first
intron regions was determined from the PAINT analysis as described
in Methods. The y-axis indicates the frequency of each TRE among
the upregulated (blue) or down-regulated (green) gene clusters as
well as among the full background gene set (black). The x-axis
indicates the over-represented TREs, ordered by increasing p-value.
Corresponding frequency analyses for mouse, rat and chick first
intron regions are shown in Appendix 27 through Appendix 29.

polygonal, darkly pigmented, epithelial cells (Figure 10A,B).
RT–PCR was first performed on each respective cell
population targeting mRNAs for α-SMA and RPE65,
respective markers of the mesenchymal undifferentiated and
epithelial differentiated state of RPE cells [22]. These results
indeed demonstrated that mRNA encoding α-SMA, but not
RPE65, was expressed in undifferentiated cells, whereas
RPE65 mRNA was readily detected among differentiated
cells with a reduced level of α-SMA mRNA (Figure 10C,D).
Semi-quantitative RT–PCR was used to further distinguish
these levels of α-SMA mRNA, which more clearly
distinguished these two cell states (Figure 10E). Having
verified that these two markers were distinctly expressed
between these two cell populations, we then used RT–PCR to
determine the levels of mRNA encoding the specific
transcription factors previously identified by the
computational analysis, which were expected to fall into three
categories, exhibiting either quantitative, qualitative, or no
differences between the two test cell populations. Of these
TFs, mRNAs encoding four were found to be reciprocally
expressed in differentiated versus undifferentiated ARPE-19
cells, with Oct-1 and TFE3 detected only in differentiated
cells, and Core Binding Factor and NKX3A detected only in
undifferentiated cells (Figure 11). mRNAs encoding
additional transcription factors, including GATA-1, IRF-1,
and SMAD3, were detected in both cell states (Figure 11A).
Semi-quantitative RT–PCR was then used to further analyze
differences in the expression patterns of these factors, with
GATA-1 detected at higher levels in differentiated cells,
whereas IRF-1 and SMAD3 were detected at higher levels in
undifferentiated cells (Figure 11B).

Similar analyses were performed using freshly isolated
chicken RPE tissues and primary chick RPE cultures. When
cultured, chick RPE cells re-enter the cell cycle and de-
differentiate [27]. RNA was prepared from freshly isolated
RPE cells as well as from cells cultured for five days in vitro,
and both cell populations were probed for TFs corresponding

Figure 7. Archetypal cross-species gene regulatory region models of
undifferentiated and differentiated gene clusters. These models
incorporate transcription response element (TREs) that were found
to be over-represented in results of both the human and chicken, as
well as either the mouse or rat, promoter analysis and interaction
network toolset (PAINT) analysis. TSS represents transcriptional
start site.
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to those TREs identified in association with both the global as
well as gene-specific regulatory models. The results indicated
that, similar to ARPE19 cells, and consistent with model
predictions, the primary chick RPE cells also revealed
reciprocal TF expression between differentiated and
undifferentiated cells. mRNAs encoding AML-1 and HNF-1
were detected only in the differentiated chicken RPE cells,
whereas mRNAs encoding HNF-3 and SREBP-1 were
detected only in the undifferentiated cells, while two
additional mRNAs encoding TFs DP-1 and TFII-I were
detected in both cell populations (Figure 12). Finally, as an
adjunct to the PAINT-derived analyses, an additional series
of RT–PCR reactions were performed to determine whether
other TFs, not identified through PAINT, but known from
prior studies to be involved in EMT of epithelial cells other
than RPE, were expressed in chick or ARPE-19 cells. As
shown in Figure 13, RT–PCR amplification of mRNA from
undifferentiated and differentiated primary chick RPE cells
generated similar levels of amplicons for Slug, Twist and
SIP1, whereas Snail was detected at higher levels in
undifferentiated cells, and LEF1 was detected only in
differentiated cells. When similar analyses were performed
with total RNA isolated from differentiated or
undifferentiated ARPE-19 cells, Slug, Snail, Twist, and SIP1
were not detected, while SMAD2 was detected at equal levels
in both samples. Interestingly, while LEF-1 was also detected
in both cell populations, a distinct additional amplicon was
detected in differentiated RPE cells, indicating that
differential splicing of this gene transcript occurs during the
course of RPE differentiation. Our inability to detect
expression of certain classical mediators of EMT such as
Snail, Slug, Twist or SIP1 in ARPE-19 cells, while we were
able to detect them in primary cultures of embryonic chick
RPE cells, may be related to the different stages of

Figure 8. Human gene regulatory region models of undifferentiated
and differentiated gene clusters. These models incorporate
transcription response elements (TREs) that were found to be over-
represented in results of the human, and either the chicken, mouse or
rat, promoter analysis and interaction network toolset (PAINT)
analysis. TSS represents transcriptional start site.

development represented by these two model systems
(embryonic versus adult), to the unique properties of RPE
cells compared to other epithelial cell types that may exhibit
species-specific differences, or to some specific phenotypic
property of ARPE-19 cells that arose during their derivation
[28,29]. Overall, the results of the RT–PCR analyses indicate
that the computational biology approach was successful at
identifying transcription factors whose expression is regulated
during RPE cell differentiation, and thus may play a role in
control of differential gene expression and modulation of RPE
cell phenotype.

DISCUSSION
The results of the present study have permitted the
construction of several hypothetical models for regulation of
genes in RPE cells during EMT, each generated using a
different set of theoretical boundaries and statistical criteria.
While the computational approach using the PAINT toolset
has been previously applied to other cell types [12,30], to the
best of our knowledge the present work represents the first

Figure 9. Gene regulatory region models for specific reciprocally-
regulated gene pairs. Models for the paired genes that are reciprocally
regulated during EMT of RPE cells models including N- and R-
cadherin (A), α-SMA and RPE-65 (B), and MCT-3 and −4 (C).
Models were constructed by including only those TREs that are over-
represented in both the human and chicken, as well as either the
mouse or rat, PAINT analysis.
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application to the analysis of RPE cell differentiation. A
strength of the models developed here is that they make strong
predictions of which TFs would be expected to be
differentially acting during phenotypic changes in RPE cells,
predictions which were successfully tested and positively
borne out by the RT–PCR analyses in the present studies.
These results form the basis for design of future studies that
will be directed at testing the function of these various TFs in
regulating RPE cell phenotype. These experiments are guided
by the integration of the experimental results into a
comprehensive model for RPE gene regulation (Figure 14),
which indicates for each TRE included in the final model, the
various criteria filters that led to its inclusion, including
evolutionary conservation, frequency of occurrence, position
in a gene regulatory network node, and generation of a positive
amplicon in RT–PCR validation assays. Two TFs, Oct1 and
HNF1, although not previously identified with respect to
EMT, pass all of these four criteria, may play a unique role in
this context in RPE cells, and thus are identified as excellent
candidates for direct functional analysis in future studies.

While not previously analyzed in the context of RPE
cells, the transcription factors identified in the present study
by the PAINT and RT–PCR analyses can be categorized with

Figure 10. Reverse transcriptase polymerase chain reaction analysis
of markers during retinal pigment epithelium cell differentiation.
mRNA was isolated from undifferentiated (A) or differentiated (B)
ARPE-19 cells and subjected to reverse transcriptase polymerase
chain reaction amplification to detect SMA (C) or RPE65 (D) as
described in Methods. Phase-contrast micrographs represent
undifferentiated (A) or differentiated (B) ARPE-19 cells after one
week (A) or 52 weeks (B) of culture. C and D represent RT–PCR
amplification of mRNA samples isolated from ARPE-19 cells
maintained in culture for 1, 2, 5, 7, 10, 12, and 52 weeks, using
primers to detect mRNA for either αSMA (C) or RPE65 (D). E
represents RT–PCR amplification for a series of 25, 30, or 35 cycles
to detect αSMA using mRNA isolated from ARPE-19 cells that are
undifferentiated (U) differentiated (D). The first lane in C-E
represents a DNA standard ladder of 300, 400, and 500 bp.

respect to other cell types into three groups that include (1)
TFs not previously associated with EMT; (2) TFs that, while
not previously known to directly affect EMT, have been
shown to regulate cellular processes that are components of
EMT, and (3) TFs previously shown to directly affect EMT
principally in other cell types. The first group includes the TF
GATA-1, which of all the TFs identified in this study is the
only one not directly linked to an EMT-related process. This
factor is expressed in cells of the erythroid lineage and is
essential for proper erythroid development, but its potential
role in regulation of epithelial cell phenotype remains to be
determined [30-32]. The second group encompasses the
factors such as Oct-1, HNF-1, NKX3A, IRF-1, SREBP-1, and
Core Binding Factor, which have not been specifically linked
to EMT, yet regulate processes such as cell migration, cell
adhesion and metabolic pathways associated with EMT. Oct-1
and HNF-1 act as important regulators of development
processes such as neural tube development [33-36]. NKX3A,
a homolog of NKX2–5 that functions to activate N-cadherin
expression in cardiac development, may function in a similar
manner by activating N-cadherin expression, which has been
shown to be highly expressed in metastatic cancer cells
[37-41] and is upregulated during RPE de-differentiation.

Figure 11. Reverse transcriptase polymerase chain reaction
amplification of transcription response element mRNAs during
ARPE-19 retinal pigment epithelium cell differentiation RNA was
isolated from undifferentiated and differentiated ARPE-19 cells and
subjected to RT–PCR analysis to detected transcription response
element (TRE) mRNAs as described in Methods. In A, all reactions
were performed for 40 cycles, where lane 1 represents DNA
standards, lane 15 represents the positive control primers for
GADPH, and lane 16 is the negative control with no mRNA template.
The intervening lanes in A represent primers specific for the
following TFs: 2 Core binding factor, 3 E2F1, 4 Evi-1, 5 GATA1, 6
HNF-1, 7 IRF-1, 8 Nkx2–5, 9 NKX3A, 10 Oct-1, 11 SMAD3, 12
SREBP-1, 13 TFE3, 14 v-Myb. In B, semi-quantitative RT–PCR was
also done for either 30, 35, or 40 cycles as indicated using primers
specific for GATA-1, IRF-1, or SMAD3. The first lane in A
represents a standard DNA ladder at 300, 400, and 500 bp, while in
B the DNA standards are at 400 and 500 bp.
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Interferon regulatory factor-1 (IRF-1) is another factor that
falls into this category, in that it plays an important tumor
suppressive role in a wide variety of human neoplasias [42,
43]. Sterol regulatory element binding protein-1 (SREBP-1)
is known to affect expression of lipogenic genes in the liver,
which is of interest insofar as cells undergoing EMTs possess
altered fatty acid and glucose/insulin metabolism [44].
Previous work has shown a switch to aerobic glycolysis when
cells begin to migrate in the initial stages of EMT, an action

Figure 12. Reverse transcriptase polymerase chain reaction
amplification of transcription response elements mRNAs during
chick embryo retinal pigment epithelium cell differentiation RNA
was isolated from undifferentiated cultured chick embryo retinal
pigment epithelium (RPE) cells or differentiated fresh RPE tissue
and subjected to RT–PCR analysis to detect transcription response
elements (TREs) mRNAs as described in Methods. Lanes 1 and 11
represent DNA standard ladders at 300, 400, 500, 600, and 700 bp,
lane 10 represents the positive control for GADPH, and the
remaining lanes represent primers specific for the following TFs: 2
FoxD3, 3 AML-1, 4 HNF-3α, 5 HNF-1, 6 E2F1, 7 DP1, 8 TFII-I, 9
SREBP-1.

Figure 13. Reverse transcriptase polymerase chain reaction
amplification of EMT-associated transcription response elements
mRNAs during ARPE-19 and chick embryo retinal pigment
epithelium cell differentiation RNA was isolated from
undifferentiated and differentiated ARPE-19 or chick embryo retinal
pigment epithelium (cRPE) cells and subjected to RT–PCR analysis
to detect transcription response elements (TRE) mRNAs as described
in Methods. Lanes 1 and 16 represent DNA standard ladders at 300,
400, and 500 bp, lanes 8 and 15 represent the positive controls for
GADPH, and the remaining lanes represent primers specific for the
following TFs: 2 and 9, Slug; 3 and 10, Snail; 4 and 11, Twist; 5 and
12, SIP-1; 6 and 13, SMAD-2; 7 and 14, LEF-1.

that may be mediated by SREBP-1 [45]. Core binding factor
(CBF) may also be indirectly involved in EMT, in that it
interacts with members of the TGF-β signaling factor to
influence cell growth and differentiation [46]. Finally,
SMAD3 and TFE3 constitute the last group and have
previously been strongly implicated in the signaling pathways
associated with TGF-β induced EMT, whereby they activate
LEF-1 transcription, a major EMT inducer [47-51]. These two
TFs are thus also identified as excellent candidates for further
analysis in RPE cells, since they were identified through the
PAINT analysis and have also been previously identified as
regulators of genes associated with EMT in several cell types
[52-56], and in one report in RPE cells [57]. Thus, while this
study has identified several novel potential regulators of the
RPE, the concordance between certain results of the present
study and prior reports provides further validation of a
combined in silico computational approach as an adjunct to in
vivo as well as in vitro biochemical and cell biologic studies.

One potential limitation of the present approach is
indicated by the apparent lack of identification by the PAINT
analysis of some TFs that have been previously associated
with EMT in other cell types and that may play a role in RPE
as well. These include additional downstream mediators of
TGF-β signaling pathways besides SMAD3 such as Snail,
Slug, Twist, SMAD2, SIP1, β-catenin, and LEF-1 [55,
57-61]. As one approach to addressing this, we performed
RT–PCR assays to determine the presence of mRNAs
corresponding to these TFs, and did detect several of these in
RPE cells, although only LEF-1 was indicated to be
differentially expressed between differentiated and
undifferentiated cells. Interestingly, differential splicing of
LEF-1 mRNA, as detected here, has been reported previously
to generate several isoforms that may confer distinct

Figure 14. Comprehensive cross-species models for reciprocal
regulation of genes during retinal pigment epithelium cell
differentiation Models for regulatory regions, including promoters
and first introns, of differentiated and undifferentiated gene clusters,
were constructed as described in the text. transcription response
elements (TREs) inclusion criteria indicated in these models are
frequency ratio, evolutionary conservation factor, and RT–PCR
detection of mRNA expression. Symbols representing TREs
indicates passage of corresponding criteria filter, as indicated in key,
by TRE, filled boxes signify that a TRE has passed all criteria filters.
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functionality on this TF [62]. The primers used in our RT–
PCR flank the third through sixth exons, the third of which
encodes a premature stop codon that can generate a form of
LEF-1 retaining its β-catenin binding site but lacking DNA
binding domain and nuclear localization signal [62]. Given
the key role of LEF-1 in the TGFβ signaling pathway, this may
indicate one possible means through which modulation of
such pathways occurs during RPE differentiation. For any
TRE to be analyzed via PAINT, its sequences must be
available in TRANSFAC database, and our manual inspection
of this database revealed that no sequences are available for
TREs corresponding to Slug in any species, and Snail, Twist
and SIP1 sequences are available only for the mouse genome,
whereas only SMAD-2 and LEF-1 sequences are available for
all species analyzed in this study. Of these TREs for which at
least partial sequence data was available, although some were
indeed detected by PAINT in some genes within the clusters,
only LEF-1 was enriched with a p-value <0.1, but had a low
ECF value.

A second limitation of the present study is the inherent
variability observed in the phenotype of ARPE-19 cells.
Several reports have indicated that there is a degree of
variability, depending on the culture conditions such as serum
concentration and growth substrate, as well as differences
between ARPE-19 cells and native human RPE [63,64].
While we acknowledge that this inherent variability exists, the
ARPE-19 cells used in the present study were from
undifferentiated and well differentiated cell cultures,
respectively, as defined by both morphological as well as
biochemical criteria.

In situ, the RPE is a monolayer of morphologically and
functionally polarized non-proliferative and non-migratory
cells whose unique properties are essential to the proper
development and function of the retina. However, these cells
are known to exhibit a high degree of plasticity in phenotype
and function both in vitro and in vivo [1,3]. Delineating the
mechanisms underlying this plasticity is essential to
understanding the conditions under which RPE cells undergo
these changes, and is critical to developing preventive and
therapeutic interventions for conditions in which RPE
plasticity may lead to retinal diseases such as proliferative
vitreoretinopathy (PVR) [6]. Current therapeutic techniques
used to treat retinal detachments and their complications are
limited to invasive surgical procedures aimed at physically re-
attaching the sensory portion of the retina to the underlying
RPE, and removing epiretinal membranes, such as laser- or
cryo-therapy, supplemented by pneumatic retinopexy, scleral
buckling or vitrectomy. Presently, PVR occurs as a
complication in up to 10% of surgical retinal detachment
repairs, making it the most common post-surgical
complication associated with these procedures [4].
Development of non-surgical or adjunct treatments for PVR
will require a better understanding of the underlying biology
of the genetic and epigenetic mechanisms regulating RPE cell

phenotype and underlying the plasticity exhibited by RPE
cells. Since this plasticity likely reflects changes in the
expression of a wide variety of gene products, and thus
ultimately the coordinated function of several transcription
factors, the present study was designed to apply the tools of
computational biology to identify transcription factors whose
function could modulate changes in RPE cell phenotype. The
TFs identified in this study thus become excellent candidates
for further analysis of their role in this process.

In conclusion, we have predicted and experimentally
verified the differential expression of several transcription
factors including Oct-1, HNF-1, SMAD3, TFE, Core binding
factor, GATA-1, IRF, NKX3A, SREBP-1, and LEF-1 that
may be of importance in the regulation of genes during EMT
of RPE cells, as determined first by computational analysis
and modeling, and then tested by direct RT–PCR analysis. The
results clearly indicate that several of these TFs are
differentially regulated during RPE differentiation and thus
may play a role in epithelial-mesenchymal transformations of
RPE cells in both developmental and disease processes. These
TFs are thus excellent targets for further studies directed at
testing their role as regulators of RPE cell phenotype, and
consequently may also provide future targets for therapeutic
interventions in cases of PVR and other related disorders of
the eye.
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