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The retinal pigment epithelium (RPE) plays a key role in the development of many eye diseases leading to visual impairment
and even blindness. Cell culture models of pathological changes in the RPE make it possible to study factors responsible for these
changes and signaling pathways coordinating cellular andmolecularmechanisms of cell interactions under pathological conditions.
Moreover, they give an opportunity to reveal target cells and develop effective specific treatment for degenerative and dystrophic
diseases of the retina. In this review, data are presented on RPE cell sources for culture models, approaches to RPE cell culturing,
phenotypic changes of RPE cells in vitro, the role of signal pathways, and possibilities for their regulation in pathological processes.

1. Introduction

Theretinal pigment epithelium (RPE) has a number of impor-
tant physiological functions, including the maintenance of
the structure and functions of photoreceptors and the blood-
retinal barrier. Although RPE forms a dense monolayer of
nonproliferating cells, it is capable of transformation into
other cell types, with this capability varying in the series of
vertebrates. In adult newts, for example, central RPE cells
and low-differentiated cells of the peripheral growth zone
account for regeneration of the retina [1–4]. After the surgical
removal of the retina, RPE cells dedifferentiate, lose pigment,
and proliferate; thereafter, part of cells recover RPE differenti-
ation, while another part transdifferentiate into neural retinal
cells [5]. Unlike in lower vertebrates, in which the ability
to regenerate the retina via transdifferentiation is lifelong,
its regeneration in some mammals is possible only during
the embryonic period [6], whereas RPE plasticity retained
in adults is responsible for a variety of ocular pathologies.
Thus, RPE damage in humans initiates processes similar to
its transdifferentiation in urodeles: RPE cells lose pigment,
proliferate, migrate, and differentiate into different cell types,
expressing appropriate markers (atypical of RPE) [7], but fail

to produce a new functional retina. In pathological cases, RPE
cells often transdifferentiate not into neural retinal cells but
into fibroblast-like cells, which, in the “wet” (exudative) form
of age-related macular degeneration (AMD), are involved in
the formation of subretinal (choroidal) neovascular mem-
brane [8–10]. In pathologies such as proliferative vitreo-
retinopathy (PVR) and proliferative diabetic retinopathy,
transformed RPE cells contribute to the formation of epireti-
nal membranes [10–12], with consequent visual impairment.

There is no universally accepted term for what occurs
with RPE cells in vivo under pathological conditions. Thus,
phenotypic changes observed in RPE cells are referred to as
“metaplasia” [13], “transformation” [9, 10, 14], “epithelial-
mesenchymal transdifferentiation” [9], or “epithelial-mesen-
chymal transition” (EMT) [15].

The problem of control over RPE cell differentiation is of
major significance to both biologists and specialists in clinical
medicine. In particular, long-standing questions concern the
causes of phenotypic changes in the human RPE and ways
to regulate fibrotic changes in certain pathological states. A
promisingway to find the answers is to usewell-characterized
cell models, provided reliable protocols for effective cell
isolation and culturing are available.
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Table 1: Human RPE cell lines (according to Mannermaa [31], modified).

Cell line Source References
Spontaneously transformed cell lines

H80HrPE-6 Created by Goro Eguchi using primary RPE cells from an 80-year-old person Tsonis et al. [32]

ARPE-19 Derived in 1986 by Amy Aotaki-Keen from the normal eyes of a 19-year-old male who
died from head trauma in a motor vehicle accident

Dunn et al. [33];
ATCC CRL-2302

D407 Derived from the eye of a 12-year-old male child Davis et al. [34]

RPE-340 Derived in 1989 from the eye of a 1-year-old female child who died from trauma Matsunaga et al. [35];
Rambhatla et al. [36]

Immortalized cell lines

hTERT RPE-1 Generated by transfecting the RPE-340 cell line with a plasmid expressing the human
telomerase reverse transcriptase subunit (hTERT)

Rambhatla et al. [36],
ATCC CRL-4000

h1RPE-7
h1RPE-116

Generated by transfecting primary RPE cells from a 50-year-old female donor with a
plasmid encoding the SV40 large T antigen

Lund et al. [37]
Kanuga et al. [38]

2. Sources of RPE Cells for Culturing

There are two main sources of RPE cells for model in vitro
experiments: primary cells and continuous cell lines obtained
as a result of spontaneous transformation and immortaliza-
tion of cells.

2.1. Primary Cells. In countries where eye banks are main-
tained, specialists usuallymake use of human RPE cells either
isolated directly from the initial material (as a rule, cadaver
eyes) or available from certain research laboratories. Thus,
ScienCell Research Laboratories (USA) offers primary RPE
cells (HRPEpiC) isolated from normal human retina and
cryopreserved at passage 1 (http://www.sciencellonline.com),
and Lonza Walkersville Inc. (USA) offers Clonetics human
primary RPE cells (H-RPE) cryopreserved at passage 2 (http:
//www.lonza.com/).

In countries where no human eye banks exist, primary
RPE cells are obtained from the eyes of cows, pigs, rabbits,
rats, and other animals [16–19].

Researchers in different laboratories use essentially the
same procedure to isolate RPE cells from an adult human eye.
The eyeball is cut along the perimeter about 6mm posterior
to the corneal limbus, and its anterior part is discarded [20].
The posterior part is turned upside down to dislodge the
vitreous together with the neural retina, and the remains of
the retina are then cut off at the optic disc. The resulting
cup-shaped segment with RPE on the inner surface is filled
with a cell dissociation reagent and incubated at 37∘C or
room temperature for 8min to 1 hour. Suitable dissocia-
tion reagents include solutions of pronase, papain, trypsin,
hialuronidase/collagenase, or dispase [20–24] or of nonen-
zymatic substances such as EDTA [25, 26]. The solutions
are usually prepared in calcium- and magnesium-free Hank’s
balanced salt solution (HBSS), and the incubation regime
depends on the reagent used. The dissociated fragments of
RPE are collected with a pipette, pelleted by centrifugation,
and resuspended in a complete medium.

To isolate RPE cells from a fetal human eye, the eyeball
is cut about 1-2mm posterior to the corneal limbus to
remove the anterior segment, vitreous, and retina [27, 28].

The posterior segment is transferred to a Petri dish with sili-
cone coating and dissected into four quadrants, which are
then incubated in dispase solution at 37∘C for 30min. After
dispase treatment, sheets of RPE cells are peeled off with
forceps under a microscope and collected in tubes with a
complete medium [27, 28].

Unlike continuous cell lines, primary RPE cells are
relatively heterogeneous, exhibit donor-to-donor variability,
and can be expanded for a limited number of passages.
Rawes et al. [29] reported that a subculture of adult RPE cells
reached replicative failure after 15 population doublings. It is
known that aging cells cease to divide, which is explained by
alterations in gene expression [30].

2.2. Continuous Cell Lines. To date, a variety of continuous
RPE cell lines have been produced.They include both human
lines listed in Table 1 and, for example, rat cell line RPE-
J, which are available from biotechnological companies, in
particular, the American type culture collection (ATCC). A
major advantage of such lines is that they can be subcultured
over more than hundred of passages. Another important
feature is that they have a uniform cell composition, although
this may be evidence that these lines have lost certain
properties essential to the initial cell material.

3. Properties of Cell Lines

3.1. H80HrPE-6. This dedifferentiated RPE cell line, created
by Eguchi et al. from the eye of an 80-year-oldman,may form
lentoid structures expressing crystallins [22, 32].This cell line
may be a useful system for investigating the regeneration of
the lens by human RPE cells [39].

3.2. ARPE-19. During the past decade, the ARPE-19 cell line
has become most popular in RPE cell research. It has a
visually normal karyotype and expresses RPE-specific mark-
ers, the retinal pigment epithelium-specific 65 kDa pro-
tein (RPE65) and cellular retinaldehyde-binding protein
(CRALBP), as has been shown at the mRNA and protein
levels, respectively [33]. The properties of ARPE-19 cells
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depend on culture conditions and the way the cells are main-
tained and subcultured [40]. Thus, original ARPE-19 cells at
passages 15 to 20 in tissue culture flasks produce a uniform
epithelial monolayer with typical cobblestone morphology
[33], but ARPE-19 strains upon further subculturing change
into a heterogeneous mixture of elongate and polygonal cells
[40]. In long-term culture on Transwell membranes, ARPE-
19 cells have been shown to form a polarized monolayer
(see below). ARPE-19 cells have been widely used in studies
on oxidative stress, retinal pathogenesis, and signaling path-
ways and also in research related to drug and toxicity testing
[10, 31, 41, 42].

3.3. D407. This cell line has typical features of RPE, includ-
ing cobblestone morphology, phagocytosis of photoreceptor
outer segments, and expression of CRALBP protein and
cytokeratins (8 and 18) characteristic of RPE [34]. The D407
cells at early passages have a modal chromosome number of
44 ± 2, but by passage 52 they may become almost triploid
(71 ± 4 chromosomes) [34]. Unfortunately, D407 cells do
not polarize in filter culture and do not synthesize pigment
[31, 43].

3.4. RPE-340. These cells originally have epithelial morpho-
logy in culture, but their replicative ability upon serial pass-
ages is limited, and they senesce after 50–60 population
doublings by assuming two doublings per passage [35]. RPE-
340 cells transfected with hTERT have an extended life span
[30, 36].

3.5. hTERT RPE-1. This is a near-diploid cell line of female
origin with a modal chromosome number of 46 in 90% of
the cells counted (http://www.atcc.org/). hTERT RPE-1 cells
have been used in studies on the inactive X chromosome (Xi),
which provides an excellent model of epigenetic regulation
[44, 45].

3.6. h1RPE (-7 and -116). These cells have epithelial morphol-
ogy with apical microvilli but fail to develop transepithelial
electrical resistance (TER) above 30–40Ω⋅cm2 under normal
culture conditions.This cell line has been used in few studies.
For example, subretinal transplantation of hRPE cells in
Royal College of Surgeons (RCS) rats proved to result in
photoreceptors rescue for 5 months after grafting [37]. These
cells were found to express P-glycoprotein, but its activity
could not be detected [46].

4. Cell Culture Conditions for RPE Cells

Cell differentiation in culture depends on a number of fac-
tors, including the composition of the medium and growth
substrate. A variety of culture conditions have been used in
studies on RPE cells.

4.1. Growth Media. The range of media used in RPE cultures
includes Iscove’s modified Dulbecco’s medium (IMDM) [47,
48], Chee’s essential medium (CEM) [49], alpha modified

Eagle’s medium (MEM) [27, 43], Dulbecco’s modified eagle
medium (DMEM) high glucose [43], andDMEM/F12 [33, 42,
43]. For example, the base media for D407 and ARPE-19 cell
lines are DMEM high glucose and DMEM/F12, respectively.
Moreover, different supplements to basic media are used to
improve the growth and other properties of RPE cells. The
proportion of serum added to the base medium varies from
1 to 20%. Chang et al. [17] consider that serum contains
a factor that inhibits the formation of tight junctions. The
effects of some media supplements on the improvement
of barrier properties of the ARPE-19 cell monolayer are
described in detail in the study by Mannermaa [31]. Typical
supplements used in primary RPE cell cultures include basic
fibroblast growth factor (bFGF) and optimized commercial
mixtures such as N1 Supplement (containing transferrin,
insulin, putrescine, progesterone, selenium, and biotin) or
N2 Supplement (based on N1 Supplement without biotin)
[25, 26, 28, 49]. Other supplements and different glucose
concentrations have also been tested, but there still are no
systematic data or any definitive conclusions on the role
of media supplements in the properness of cultured RPE-
derived cells [31].

4.2. Growth Substrate. It has been shown that the presence of
the basement membrane is essential for the polarization of
RPE cells. Since Bruch’s membrane contains laminin and
collagens, specialists have widely used growth matrices with
these proteins [17, 31]. The same is also true of various
biological membranes, such as the amniotic membrane [19].

5. Advantages and Disadvantages of
Cell Culturing

The culturing of human RPE cells provides the possibility to
analyze in detail their morphology, functions, and molecular
and genomic properties under normal and pathological
conditions, which is hardly possible in vivo. On the other
hand, cell culture, as any artificial system, obviously has
certain disadvantages [50]. Unlike cells in vivo, cultured cells
are devoid of their native 3D microenvironment. RPE cells
in vitro may activate the cell cycle, alter differentiation and
behavior, senesce, and undergo apoptosis [7, 14, 51], with
culture conditions and certain media components having an
effect on their differentiation and viability [27, 52, 53]. Addi-
tional limitations on the use of RPE cell cultures arise due
to genetic instability of continuous cell lines, which results
from their unstable aneuploid chromosome constitution, and
heterogeneity of short-term cultures in terms of growth
rate and capacity for intrapopulation differentiation, with
consequent variation in their properties between passages
[54]. Despite all these circumstances, however, cultured cells
retainmany specialized functions, and cell lines have become
an important tool in studies on RPE. The advantage of cell
lines is that they maintain their characteristics over a number
of passages and have longer survival times, compared to
primary cultures.Moreover,many cell lines are homogeneous
to a large extent, while primary cultures exhibit heterogeneity
and individual donor variability [55]. A noteworthy fact is
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that RPE cells are not uniform even in situ, forming a hetero-
geneous mosaic of similar but not identical cells [56]. It is
important to take into account these features of cultured
RPE cells. Anyway, there is no alternative to this approach
in studies on cell behavior and molecular mechanisms
underlying pathological processes. Currently, both sources of
RPE cells for model in vitro experiments—primary cells and
continuous cell lines—are used in fundamental and applied
research, including the development of new approaches to
treatment of ophthalmological disorders.

6. Approaches to Human RPE Cell Culturing

Depending on research purposes, human RPE cells are cul-
tured so as to obtain either a highly polarized, functional
monolayer of differentiated cells or an adhesive monolayer of
dedifferentiated cells on a solid substrate.

6.1. Human RPE Cell Culturing under Conditions of a Highly
Polarized, Functional Monolayer. This approach is aimed
at producing a culture of RPE cells with properties charac-
teristic of the native tissue, including morphological fea-
tures (apical microvilli, basal invaginations, well-defined
tight junctions, and prominent melanocytic pigmentation),
expression of specific proteins (CRALBP, RPE65,MITF,Otx2,
ZO-1, occludin, claudin, ezrin, Na+/K+-ATPase, bestrophin,
and cytokeratins 8/18), and physiological parameters, TER
in particular. To this end, it is expedient to use special
culture inserts (e.g., Transwell permeable supports) with a
membrane coated with a certain component of extracellular
matrix (ECM). The RPE cells are plated onto the membrane
at a high density (e.g., 1 × 105 cells per 12mm diameter insert
[28] or 3 × 105 cells per 24mm diameter insert [57]) and
cultured to form a confluent monolayer, which takes 30–
60 days. It is only in such a monolayer that epithelial cells
produce tight junctions, which provide for a high electrical
resistance between electrodes placed in the inner and outer
chambers. Cultures derived from the RPE of fetuses at weeks
16–22 of gestation make it possible to obtain a polarized RPE
cell monolayer with a high TER (over 500Ω⋅cm2) [27, 28, 49].
For comparison, this parameter in the human RPE in vivo is
only 150Ω⋅cm2 [28].

Polarized monolayer cultures are used as a model for
analyzing properties and functions characteristic of native
RPE. Moreover, since disturbances of RPE polarization play
a major role in the pathogenesis of various retinal diseases,
simulation of RPE dysfunction in such cultures provides the
possibility to evaluate the ability of RPE to recover under
pathological conditions and to test in vitro the effects of
new medicines. In particular, RPE cells cultured in Transwell
inserts are highly suitable for analyzing the transport of
various substances and their distribution relative to the insert
membrane; polarized secretion of growth factors [33, 48],
cytokines [47], and retinoids [58]; and drug toxicity [42].

A polarized functional monolayer can be grown not only
from fetal cells but also from human ARPE-19 cell line [33,
43, 47, 59]. For example, Dunn et al. [33] confirmed the
ability of ARPE-19 cell line to form polarizedmonolayers and

evaluated their properties, showing, in particular, that FGF5
is secreted from the basolateral surface of ARPE-19 cells.
Unlike fetal cells, adult RPE cell lines usually form polarized
monolayers with a low TER (<50Ω⋅cm2) [33, 59]. How-
ever, Fragoso et al. [42] managed to obtain ARPE-19 cell
monolayers with a TER of about 150Ω⋅cm2. This is evidence
that optimization of protocols for obtaining polarized human
RPE cultures from an adult donor is a difficult task that
nevertheless should be attempted in view of the special
clinical significance of such cultures.

Polarized human RPE cultures derived from donors aged
9–24 years have been used to study polarized secretion of
interleukins IL-6 and IL-8 [47], vascular endothelial growth
factor (VEGF), and pigment epithelium-derived factor
(PEDF) [48, 60]. The level of TER recorded in these cultures
is similar to that in monolayers formed by continuous cell
lines. The main difficulty in experiments with cultures of
adult human RPE is that there is a high probability of change
in the morphology of these cells in the course of culturing.
Compared to fetal cells, RPE cells from an adult donor are less
capable of proper assembly/disassembly of cytoskeleton and
cell-to-cell contacts in the course of proliferation, which may
eventually result in EMT.However, Blenkinsop et al. [61] have
developed an optimized protocol where the growth medium
is supplemented with several factors used for culturing fetal
RPE cells (taurine, hydrocortisone, and triiodothyronine),
which makes it possible to obtain a functional monolayer of
adult RPE cells with a TER of about 200Ω⋅cm2.

6.2. RPE Cell Culturing as an Adhesive Monolayer on a Solid
Substrate. This approach has been used in the majority of
studies on phenotypic changes in RPE cells evaluated by
morphological and molecular genetics methods. It has been
shown that RPE cells in such cultures gradually lose polarity
and specialized cell-to-cell contacts characteristic of epithelia
and acquire certain features of mesenchymal cells, including
migration behavior [15]. Similar changes take place in vivo
during EMT in the embryonic neuroectoderm, with RPE
being one of its derivatives. In particular, cells from the
roof plate of the neural tube undergo EMT and delaminate
from the neuroepithelium to form a migratory population of
multipotent mesenchyme-like neural crest cells [62, 63].

One of the early events in EMT is the disassembly of tight
junctions, with consequent redistribution of zonula occlu-
dens (ZO) proteins, claudins, and occludin, the disruption
of the polarity complex, and the initiation of cytoskeletal
reorganization [64]. Experiments with the ARPE-19 cell line
have shown that these cells gradually lose tight junctions
but continue to express ZO-1 and occludin proteins [40]. In
primary cultures of human RPE cells and in rat RPE-J cell
line, the loss of polarity in the expression of Na+/K+-ATPase
has been observed [65], with this enzyme being revealed not
only on the apical but also on the basolateral surface of RPE
cells [66].

Subsequent EMT events include disassembly of adhesion
contacts and reorganization of the polarized epithelial actin
cytoskeleton into actin stress fibers anchored to the focal
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adhesion complexes [64]. The attachment of actin micro-
filaments to the cytoplasmic membrane in cultured human
RPE cells is facilitated due to the synthesis of vinculin, which
contributes to the binding of cell surface integrin receptors to
ECM adhesion molecules [67].

A basic factor of cytoskeletal reorganization is the cessa-
tion or reduction of E-cadherin expression, which is also
observed in RPE cells in vitro. This is accompanied by
increased expression of N-cadherin, a marker of neural cell
contacts [25, 68–70], which is evidence for the loss of
epithelial cell organization [71]. As a result of aforemen-
tioned rearrangements, the cells undergoing EMT acquire a
mesenchyme-like phenotype characterized by the expression
of corresponding cytoskeletal proteins (namely, vimentin)
and increased deposition of ECM proteins, including colla-
gen and fibronectin [62, 72]. All these events also take place
in RPE cells grown in culture flasks. Thus, human RPE cells
grown in vitro show distinct positive staining for vimentin
[73] and synthesize various ECM molecules such as tissue
inhibitor of metalloproteinase 3 (TIMP-3) [74]; collagen
types I [26], IV, and V [75]; laminin [76]; fibronectin [26,
77, 78]; heparan sulfate proteoglycan; and hyaluronic acid
[79, 80].

The secreted ECM components (collagen and fibronect-
in) stimulate integrin signaling and consequent formation of
focal adhesion complexes, which facilitate cellmigration [72].
This fact has also been confirmed for RPE cells. Adult human
RPE cells cultured in vitro, compared to native RPE, show
an increased expression of integrins, which form receptors
for laminin, fibronectin, and collagen, thereby making the
attachment of cells to the substrate more effective and facili-
tating their migration [77].The secretion of ECM proteins by
RPE cells can also be stimulated by certain factors added to
the culture medium. For example, protein S100𝛽 stimulates
fibronectin secretion [41, 81], and TGF-𝛽1 added to ARPE-19
cell culture enhances the expression of fibronectin, laminin,
matrix metalloproteinase 2 (MMP-2), and collagen type I
[10, 82].

Dedifferentiation of adult human (or animal) RPE cells in
vitro is accompanied by the onset or intensification of expres-
sion of proteins associated with motor cell function. Thus,
𝛼-smooth muscle actin (𝛼-SMA), a marker of myogenesis,
appears in cells that acquire a spindle-shaped morphology
[10, 82]. However, neither the 𝛼-actinin-1 isoform specific for
skeletal muscle cells [55] nor markers of mesenchymal stem
cells such as STRO-1 [25, 55], CD90, and CD105 [55] can be
detected in human RPE cell culture.

The expression of desmoplakin and other desmosomal
components decreases in the course of EMT, but the effect
of this decrease on other events involved in EMT is as yet
unclear. It has only been shown that changes take place in
the expression pattern of cytoskeletal proteins, including a
decline in the expression of specific intermediate filaments
structurally associated with desmosomal proteins. RPE cells
cultured in vitro cease to express cytokeratins 8 and 18,
which are characteristic of native RPE [83, 84] but start to
express cytokeratins 7 and 19 [67, 84]. There is evidence that
cytokeratin 19 is synthesized in migrating RPE cells [84].

Thus, RPE cells cultured as an adhesive monolayer grad-
ually lose epithelial characteristics, including polarity and
specificmarkers (pigmentation and expression of E-cadherin,
CRALBP, and cytokeratins 8 and 18) and acquire migratory
properties and mesenchymal cell-like features (e.g., express
collagen type I and fibronectin), which is similar to phe-
notypic changes of RPE cells in vivo under pathological
conditions.

In addition to phenotypic manifestations of EMT, RPE
cells in vitro begin to display some features characteristic
of neural cells, which may reflect the neuroepithelial origin
of the RPE itself. Thus, adult rat RPE cells in culture were
shown to express both neuronal markers—nestin, 𝛽-tubulin
3 (TUBB3), cortin, NG2, MAP2, and 200 kDa neurofilament
protein (neurofilament 200)—and glial cell marker (GFAP)
[85]. Using immunohistochemical methods and Western
blot analysis, Vinores et al. [86] found that TUBB3 (an
early neuronal marker) was not initially expressed in a
primary culture of adult human RPE but could be detected
beginning fromday 5, with its expression beingmaintained in
subsequentmonolayer subcultures. Experimentswith human
RPE cell lines H80HrPE and ARPE-19 confirmed that these
cells were immunoreactive for TUBB3 and could be induced
to expressmature neuronal proteinmarkers NSE,V0`5, and
neurofilament 200 [7].

Our immunohistochemical andmolecular genetic studies
on primary cultures of adult human RPE cells have shown
that they begin to express stem cell gene markers such as
Oct4 (POU5F1), Nanog, Prox1, Musashi 1, and Pax6, which
is evidence for dedifferentiation of RPE cells in the course of
culturing [87].Moreover, these cells are capable of subsequent
transdifferentiation into neural cells, as indicated by the
expression of Musashi 1, Pax6, and TUBB3 (Figure 1(a)) and
positive staining with antibodies against protein markers of
neuronal differentiation—nestin, TUBB3 (Figure 1(b)), tyro-
sine hydroxylase, neurofilaments 68 and 200 (Figure 1(c)),
and nNOS—and glial differentiation (CNPase, GFAP) [25,
26, 87, 88]. RPE cells in vitro also show positive staining
for vimentin, a marker of intermediate filaments [26, 73].
Simultaneous expression of vimentin and intermediate fila-
ment proteins of other classes, nestin and GFAP, observed in
RPE cell culture [26] is also characteristic of human neural
stem cells [89]. This fact indicates that RPE cells in vitro are
apparently multipotent.

Evidence for multipotency of adult human RPE cells
has also been obtained by other authors. Thus, Salero et al.
[55] have shown that a subpopulation of these cells in vitro
can be activated into self-renewing retinal pigment epithelial
stem cells (RPESCs) that lose RPE markers, proliferate, and,
depending on culture conditions, can either redifferenti-
ate into stable RPE monolayers or transdifferentiate into
neural or mesenchymal cells (adipocytes, chondrocytes, or
osteogenic cells). In other words, RPESCs are multipotent
stem cells that, under certain conditions, can generate both
neural and mesenchymal progeny.

Experimental evidence that adult human RPE cells in
vitro can acquire some features of neural cells suggests the
existence of factors preventing RPE transdifferentiation into
neural retinal cells in situ. Therefore, the search for means to
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Figure 1: Some characteristics of adult human RPE cells in vitro. (a) The results of real-time PCR analysis of TUBB3 expression in primary
culture (PC) and subsequent passages (P1–P4) of RPE cells in adhesive monolayers, compared to freshly isolated RPE (RPE Tissue). (b)
Immunoperoxidase staining for TUBB3 (brown) in passage 2 RPE cells. (c) Immunoperoxidase staining (brown) for neurofilaments 68 and
200 in passage 4 RPE cells. Cell nuclei are stained with hematoxylin. Scale bar, 60𝜇m.

induce RPE cell differentiation into neuronal direction, sup-
pressing their mesenchymal differentiation, is of obvious
fundamental and practical importance and may offer new
possibilities for restoring the retina after injury or pathology.

7. Role of Signaling Pathways in Phenotypic
Changes of RPE Cells In Vitro

Morphological and functional changes in RPE cells cultured
as adhesive monolayers are similar to those observed in the
RPE of patients with various degenerative or proliferative

vitreoretinal diseases. For this reason, such cultures are used
as in vitro model systems to study factors responsible for
changes in RPE cells (with regard to their proliferation,
migration, and differentiation) and signaling pathways coor-
dinating the mechanisms of cell-to-cell interactions in the
course of these processes.

Cells need to sense cues from their extracellular envi-
ronment and integrate this information into appropriate
developmental or physiological responses. Although there are
a number of mechanisms that relay information from the
exterior to the interior of the cell, a relatively small set of
highly evolutionarily conserved signaling pathways stand out



Journal of Ophthalmology 7

as playing particularly important roles in this transmission
of information [90]. In particular, they include Shh, Wnt,
Notch, TGF-𝛽/BMP, EGFR, PI3K/AKT/mTOR, JAK/STAT,
and nuclear hormone receptor (NHR) pathways [90, 91].
Each of the pathways converts information about the con-
centration of extracellular ligands into specific transcriptional
responses in the cell nucleus.

7.1. TGF-𝛽/BMP Signaling Pathway. The TGF-𝛽 superfamily
of ligands in mammals comprises not only three isoforms
of this factor (TGF-𝛽1, TGF-𝛽2, and TGF-𝛽3) but also
other signaling proteins of similar structure, such as bone
morphogenetic proteins (BMPs), growth and differentiation
factors (GDFs), activins, and inhibins [92].

A TGF-𝛽 ligand binds to a specific type II receptor dimer,
which recruits a type I receptor dimer, both of them forming
a complex with the ligand. The respective receptors for
TGF-𝛽 ligands are named TGF𝛽R2 and TGF𝛽R1; for BMPs
BMPR2 and BMPR1; and so forth.These are serine/threonine
protein kinase receptors, and the type II receptor in the
complex catalyzes phosphorylation of the type I receptor,
thereby activating the latter. The type I receptor, in turn,
phosphorylates receptor-regulated Smad proteins involved
in different intracellular pathways: Smad2 and Smad3 in
the TGF-𝛽 pathway or Smad1, Smad5, and Smad8 in the
BMP pathway [93, 94]. These phosphorylated proteins form
heteromeric complexes with Smad4 (a co-Smad) that enter
the nucleus and interact with DNA-bound transcription
factors of the Snail, ZEB, and bHLH families, which activate
or suppress the transcription of genes involved in EMT
(Figure 2).

TGF-𝛽 induces the expression of connective tissue
growth factor (CTGF), and both these factors as strong
activators of the synthesis and accumulation of ECMproteins
play a key role in the development of PVR and transformation
of RPE into fibroblast-like cells in vitro [10, 14]. Thus,
experiments with ARPE-19 cells have shown that TGF-𝛽 and
CTGF enhance the expression of ECM components such as
fibronectin, laminin, MMP-2, and collagen type I; as a result,
the cells undergo rearrangements in the cytoskeleton, start
to express 𝛼-SMA, and acquire a mesenchymal phenotype
[10, 82]. In the D407 cell line, TGF-𝛽 and activin A proved to
stimulate not only reorganization of the cytoskeleton but also
cell migration, acting through the TGF-𝛽/Smad signaling
pathway [93].

As shown by Li et al. [95], TGF-𝛽1 induced EMT in ARPE
-19 cells, as followed from the expected decline of E-cadherin
and ZO-1 expression and enhancement of fibronectin and
𝛼-SMA expression, with the associated increase in the
expression of Snail transcription factor at both mRNA and
protein levels. Snail silencing significantly attenuated TGF-
𝛽1-induced EMT, reducing the expression of mesenchymal
markers (fibronectin and 𝛼-SMA) and enhancing that of
the epithelial marker E-cadherin and ZO-1. Snail knock-
down could effectively suppress ARPE-19 cell migration.
Finally, Snail was activated in epiretinal membranes from
PVR patients. Thus, Snail plays an important role in TGF-
𝛽-1-induced EMT in human RPE cells and may contribute

to the development of PVR, while its specific inhibition may
provide a new approach to the prevention and treatment of
PVR [95].

The results of numerous experiments with knockout
animals show that BMPs (in particular, BMP-4 and BMP-7)
play a major role in eye morphogenesis [96–98] and RPE
specialization [99, 100], but information on the functions of
BMPs and their receptors in the adult RPE under normal or
pathological conditions is scarce. Mathura et al. [101] were
the first to evaluate the expression of BMP-4 and BMPR2
mRNAs in fresh isolates of adult human RPE cells, their
primary cultures, and the ARPE-19 cell line. BMP-4 has
been shown to inhibit RPE cell proliferation [101]. As shown
in subsequent studies, BMP-4 is differentially expressed in
the macular RPE of patients with dry or wet AMD [102,
103], depending on microenvironment [104]. Thus, BMP-
4 expression in the dry form is enhanced, but in the wet
form it is reduced so that the protein cannot be detected
by immunochemical methods in surgically excised choroidal
neovascular (CNV) membranes [102] consisting of vascular
endothelial cells, macrophages, and transdifferentiated RPE
cells [8]. In dry AMD, BMP-4 mediates oxidative stress-
induced RPE senescence and is responsible for increased p53
protein contents in RPE cells [103].Therefore BMP-4 appears
to be a new potential therapeutic target for suppressing the
effects of oxidative stress and RPE senescence in dry AMD
[103]. The data obtained by Xu et al. [104] appear to explain
the mechanism of BMP-4 downregulation in CNV. These
authors have found that the level of tumor necrosis factor
alpha (TNF𝛼), a major pleiotropic inflammatory cytokine,
inversely correlates with the level of BMP-4 in laser-induced
CNV lesions in mice, indicating that TNF𝛼 inhibits BMP-4
expression in the RPE cells during active CNV development.
They have also shown that TNF𝛼 significantly downregulates
BMP-4 expression in cultured human fetal RPE cells, ARPE-
19 cells, and RPE cells in murine posterior eye cup explants
[104].

Signaling proteins of the TGF-𝛽 family have a regulatory
effect on EMT and can reverse this process during embryonic
development and normal wound healing. Moustakas et al.
[92] have shown that TGF-𝛽 acting on polarized epithelial
cells stimulates their transformation into mesenchymal cells,
while treatment of mesenchymal cells with BMPs stimulates
mesenchymal-to-epithelial transition. However, the balance
between EMT and reverse transition is thought to become
deregulated under pathological conditions such as chronic
inflammation, resulting in development of fibrotic disorders.
Therefore, agents capable of inhibiting the EMT of RPE cells
may be of great therapeutic value in the prevention of PVR
after retinal detachment or active CNVdevelopment. For this
reason, the mechanism of BMP4 downregulation revealed by
Xu et al. [104] may be useful for defining novel targets for
AMD therapy.

In addition to the canonical TGF-𝛽/Smad pathway, there
are also non-Smad-signaling cascades. Recent studies on
changes in the RPE cytoskeleton under the effect of TGF-𝛽1
confirm that this factor plays a major role in such cascades,
in particular, the Rho0/ROCK signaling cascade (Figure 3(a))
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[9, 10, 82]. The RhoA protein, which is important for the
formation and maintenance of cell-to-cell contacts [105],
is a small GTPase of the Rho family. These GTPases acti-
vate Rho-associated protein kinase (ROCK) belonging to
the superfamily of serine/threonine protein kinases. About
20 substrates phosphorylated by ROCK are known. They
include cytoskeletal proteins, myosin light chains, myosin
phosphatase, and LIM kinase, which plays an important role
in actin polymerization by phosphorylating cofilin [106].
ROCK is involved in various functions and activities of
cells, including organization of the cytoskeleton, formation
of stress fibers and focal contacts, proliferation, migration,

and apoptosis [107]. Thus, TGF-𝛽1 treatment of primary iso-
lates of adult human RPE cells and ARPE-19 cell line resulted
not only in the increased phosphorylation of Smad2/3 but
also in the RhoA and Rac1 activation [9, 82]. Fibroblast-
like changes in the cytoskeleton of ARPE-19 cells could be
prevented by cell pretreatment with hydroxyfasudil, a specific
inhibitor of Rho [82].Moreover, the expression of fibronectin,
MMP-2, and collagen type I in these cells was blocked
when the culture medium was supplemented with Y27632, a
specific small-molecule inhibitor of ROCK. This is evidence
that the expression of mesenchymal ECM components is
enhanced due to activation of the Rho0/ROCK signaling
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cascade, while suppression of this cascade reduces manifes-
tation of mesenchymal properties in transformed RPE cells.

In the normal eye, TGF-𝛽 has been revealed in pho-
toreceptors, aqueous humor, hyalocytes of the vitreous body,
and choroid [108], and its expression has proved to increase
in PVR [82, 109]. Huang et al. [9] cultured early passages
of adult human RPE cells (from healthy donors) in the
presence of 25%vitreous humor and revealed rearrangements
in their cytoskeleton that were similar to those observed by
Lee et al. [82] in ARPE-19 cells treated with TGF-𝛽1. These
rearrangements, however, could be prevented by treating
RPE cells with NSC23766, a specific small-molecule inhibitor
of Rac1 activation. It is known that the Rac protein plays
a key role in the regulation of actin polymerization and
contributes to the formation of lamellipodia at the leading
edge of migrating cells [9]. Zhu et al. [10] consider that
an effective way to prevent RPE cell transformation (EMT)
under the effect of TGF-𝛽 is to inhibit the Rho0/ROCK
signaling cascade in these cells.This appears to be a promising
therapeutic approach to PVR treatment, which is being
developed on the model of RPE cell cultures.

Chung et al. [12] in experiments of mouse RPE cell
culture have shown that TGF-𝛽 activates Ras proteins
(Figure 3(b)) involved in different signal transduction cas-
cades, including the well-studied MAPK/ERK signaling
cascade. Mitogen-activated protein kinases (MAPK) are

involved in signal transduction from membrane receptors
to transcription factors in the nucleus. They comprise three
small protein kinase families: p38 mitogen-activated protein
kinases (p38 MAPK), c-Jun N-terminal/stress-activated pro-
tein kinases (JNK/SAPK), and extracellular signal-regulated
kinases (ERK). Activation of ERK kinases is almost always
connected with cell survival, stimulation of proliferation,
and activation of p38 and JNK kinases, with induction of
apoptosis [110].The data by Chen et al. [111] provide evidence
that ERK1/2 signaling pathway can cross-interact with the
canonical TGF-𝛽/Smad and the Jagged/Notch pathways in
RPE cells during EMT. In particular, these authors have
shown that the activation of ERK1/2 signaling by TGF-𝛽2
is independent of the canonical TGF-𝛽2/Smad pathway in
ARPE-19 cells. On the other hand, inactivation of ERK1/2 sig-
naling by U0126, a small-molecule phosphorylation inhibitor
ofMEK-1/2 (a type ofMAPK/ERKkinase), prevents TGF-𝛽2-
induced downregulation of P-cadherin and upregulation of
𝛼-SMA, collagen type IV, N-cadherin, and fibronectin in the
RPE cells through inhibiting both canonical TGF-𝛽2/Smad
and Jagged/Notch pathways. Finally, Notch pathway blockade
with specific inhibitor DAPT can suppress TGF-𝛽2-induced
activation of ERK1/2 pathway [111].

According to Chung et al. [12], the Ras-ERK signaling
pathway is involved in the regulation of neuronal cell dif-
ferentiation. Thus, TGF-𝛽 added to the culture medium
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of mouse RPE cells proved to enhance the expression of
neuron-associated genes, TUBB3 in particular; on the other
hand, cell pretreatment with U0126 effectively blocked TGF-
𝛽-induced ERK phosphorylation and markedly suppressed
TUBB3 expression.These results show that TGF-𝛽 stimulates
TUBB3 expression by activating the MAPK/ERK signaling
pathway and agree with published data on the involvement
of the MAPK/ERK pathways in RPE transdifferentiation
into the neural retina. In particular, it has been shown that
the ectopic expression of a constitutively activated allele
of MEK-1 (MEK𝐷𝐷), the immediate upstream activator of
MAPK/ERK, in chicken embryonic retina in ovo induces
transdifferentiation of the RPE into a neural-like epithelium,
which is correlated with downregulation ofMITF expression
in the presumptive RPE [112]. Therefore, TGF-𝛽 activates
RPE cell differentiation in both mesenchymal and neuronal
directions.

Saika et al. [113] have reported that p38MAPK is involved
in EMT of RPE cells: inhibition of p38 MAPK by the specific
inhibitor, SB202190, interferes with stimulatory effects of
exogenous TGF-𝛽2 on migration of ARPE-19 cells and on
production of ECM components, such as collagen type I and
fibronectin.

Further evidence that TGF-𝛽 activates non-SmadMAPK/
ERK and PI3K signaling pathways (Figures 3(b) and 3(c))
comes from the studies by Lee et al. [82] and Huang et al. [9].
They show that the level of ERK1/2 andAKTphosphorylation
in human RPE cells increases after treatment with TGF-𝛽1,
compared to that in control cells. Activation of the PI3K/
AKT/mTOR pathway by TGF-𝛽 is of special interest in
view of the data by Zhao et al. [114] on its role in RPE
dedifferentiation and hypertrophy. These authors experi-
mented on transgenic mice with an RPE-selective postnatal
loss of mtDNA transcription and replication in which early
activation of this pathway accounted for dedifferentiation
of the RPE, with morphological changes in it being similar
to those observed in human retinal diseases. They found
that RPE dedifferentiation and consequent degeneration of
photoreceptors could be prevented by blocking mammalian
target of rapamycin (mTOR) activation with rapamycin, an
inhibitor of mTORC1 (the intracellular mTOR form sensitive
to this inhibitor). Thus, specific inhibition of this pathway,
mTOR in particular, appears to be a valid strategy for the
treatment of degenerative retinal diseases caused by RPE
damage.

Thus, the above data on the involvement of TGF-𝛽 in
the activation of Rho0/ROCK and MAPK/ERK signaling
pathways in the RPE suggest that postnatal RPE cells cultured
in vitro not only undergo EMT but, in parallel, also trans-
differentiate into neural cells, but this transdifferentiation
in higher vertebrates, including humans, is not completed.
To reveal factors restraining neural transdifferentiation of
human RPE cells and understand the mechanisms of signal-
ing responsible for EMT, it is necessary to take into account
the crosstalk between the TGF-𝛽/BMP and other signaling
pathways, including the Wnt and Notch cascades (Figure 4).

Although TGF-𝛽 appears to play a key role in stimulating
RPE cells to form a PVR membrane, many other factors may

be involved in pathogenesis of vitreoretinal disorders and
other EMT-related retinochoroidal diseases. They include
platelet derived growth factor (PDGF) [115, 116], heparin-
binding epidermal growth factor (HB-EGF) [117, 118], hep-
atocyte growth factor (HGF) [118], epidermal growth factor
(EGF) [118], and TNF𝛼 [119–121]. It has been shown that the
contents of various growth factors and cytokines, which are
inflammatory products of cell activation, are increased in
vitreous aspirates from the eyes with PVR [118, 119].

According to Liu et al. [120], TNF𝛼 activates AKT,
mTORC1, and mTORC2 signaling in cultured ARPE-19 cells;
however, it is AKT/mTORC1, but not mTORC2, signaling
that is required for TNF𝛼-mediated RPE cell migration in
vitro. As shown in their subsequent study, mTORC1 (but
not mTORC2) signaling is important for matrix metallopro-
teinase 9 (MMP-9) expression in RPE cells [121].

Takahashi et al. [119] have shown that TNF𝛼 induces the
formation of fibrotic foci by cultured ARPE19 cells through
activation of TGF-𝛽 signaling in a manner dependent on
hyaluronic acid-CD44-moesin interaction. TNF𝛼 promotes
the expression of CD44, the principal transmembrane adhe-
sion receptor for hyaluronic acid, and moesin phosphoryla-
tion by protein kinaseC (PKC),which leads to the pericellular
interaction of hyaluronic acid and CD44. The formation
of the hyaluronic acid-CD44-moesin complex results in
cell-cell dissociation and increased cellular motility through
actin remodeling. Furthermore, this complex has proved to
associate with TGF𝛽R2 and clathrin at actin microdomains,
with consequent activation of TGF-𝛽 signaling and induction
of the mesenchymal phenotype in RPE cells. Furthermore,
the authors have demonstrated that the development of
fibrosis induced by injection of TNF𝛼 into the mouse retina
is markedly suppressed in CD44 knock-out mice. These
findings indicate that the hyaluronic acid-CD44 interaction
plays a key role in EMT-associated fibrotic disorders.

Chen et al. [118] have reported that HGF coupled with
EGF orHB-EGF inducesmigration of both primary RPE cells
and ARPE-19 cells in a synergistic manner, via enhancement
of PKC𝛿 and ERK.

7.2. EGFR Signaling Pathway. The actions of EGF, including
those related to cell survival, begin with the binding of this
factor to its receptor (EGFR), which belongs to the ErbB
family of receptor tyrosine kinases. The interaction of EGF
or any other specific ligand (e.g., TNF𝛼, HB-EGF, and beta-
cellulin) with EGFR (ErbB1) induces receptor dimerization,
which activates an intrinsic tyrosine-specific kinase [122]. It
has been shown that EGF enhances the survival of RPE D407
cells in serum-free suspension culture via signaling through
both PI3K and ERK/MAPK pathways, with this effect of
EGF being substantially reduced by either the PI3K inhibitor
LY294002 or the MEK1/2 inhibitor U0126 [122].

As follows from the above data, different growth factors
exert their effects on the cell via different signaling pathways,
and this should be taken into account when developing
drug therapy against EMT of RPE cells in fibrotic disorders.
Consideration should also be given to crosstalk between
different signaling pathways. For example, if phosphorylation



Journal of Ophthalmology 11

II I

Dsh

TCF/
LEF1

Wnt Delta/
jagged

RBPJK/ 
CBF1/Su

Hey1

Snail1/2 

𝛽-Catenin

GSK-3𝛽

Smad2/3

Smad2/3
Smad4

VE-cadherinE-cadherin

TGF-𝛽

Figure 4: Signaling crosstalk between the TGF-𝛽-activated pathway and other pathways during EMT (according to Xu et al. [94]).

of AKT and ERK1/2 in RPE cells is blocked in order to inhibit
EMT, then the protective effect of EGF or other such factors
on cell survival will also be blocked.

7.3.Wnt/𝛽-Catenin Signaling Pathway. ThecanonicalWnt/𝛽-
catenin signaling pathway plays a key role in the regulation
of tissue differentiation not only in the course of embryonic
development but also in the postnatal period, having an
effect on cell proliferation, senescence, and tumor growth
[123]. 𝛽-Catenin is the central mediator of this pathway. For
example, it accounts for activation of MITF K TYR genes in
the committedOtx2+ precursor cells of the developing retina,
which leads to their differentiation into RPE cells [124].

When the Wnt pathway in the RPE is inactive, 𝛽-catenin
is contained in the cytoplasm and cell membranes, where
it is phosphorylated and associated with E-cadherin. The
association between these proteins is indicative of stable cell-
to-cell adhesion. This pathway is activated by extracellular
Wnt ligands, which interact with Frizzled receptors and
their Lrp5/6 coreceptors on the cell membrane and thereby
inhibit 𝛽-catenin phosphorylation. As a result, its binding
to E-cadherin is hindered, with consequent impairment of
cell adhesion, and 𝛽-catenin is translocated to the nucleus
[125]. In the RPE cell nuclei, 𝛽-catenin interacts with T-cell-
specific transcription factor (TCF) to form the 𝛽-catenin-
TCF complex which induces gene transcription, including
that of cyclin D1 and c-Myc [123, 126, 127]. This leads to
activation of cyclin-dependent kinases responsible for cell
cycle progression through G1 to S phase.

In the postnatal period, Wnt/𝛽-catenin signaling in RPE
cells regulates the expression of genes pertaining to the

antioxidant protection system [42, 128]. A protective effect
of the Wnt31 ligand was demonstrated in experiments on
ARPE-19 cells treated with Wnt31 in the presence or absence
of cytotoxic agents, hydrogen peroxide, and paraquat. The
results showed that such treatment improved cell viability,
with its effect being mediated by STAT3 activation [42].

Rak et al. [129] in calcium switch experiments on adult
human RPE cell cultures revealed a relationship between
calcium-dependent cell adhesion, morphology, and pig-
mentation. The observed changes in cell morphology (grad-
ual transformation of pigmented cells with an epithelial
phenotype into spindle-shaped depigmented cells) proved
to be reversible, depending on calcium concentration in
the medium. The RPE cells were plated at high density in
a low-calcium medium and cultured through at least six
serial passages to minimize their differentiated properties.
Thereafter, they were transferred to a high-calcium medium
and maintained at confluence for up to 4 months, being
examined for phenotype, pigmentation, and the expression
of epithelial cell markers by Western blot analysis. The
calcium switch resulted in a rapid restriction of N-cadherin
to lateral cell borders and expression of tyrosinase by day 4.
The pigment was again detected in the cells after 8 weeks;
CRALBP expression, after 12 weeks; and myocilin, after 4
months.Myocilin is known to have a role in actin cytoskeletal
reorganization, cell-to-cell interactions, and cell migration.
This protein is a modulator of the Wnt cascade: it competes
with Wnt for binding with certain Frizzled receptors and
interacts with 𝛽-catenin [130].

Mechanisms of Wnt/𝛽-catenin signaling can provide
explanation for many pathological processes associated
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with changes in the structure and function of RPE cells.
Studies in this field are developing rapidly, since disclosure
of these mechanisms and approaches to their regulation will
help in understanding the essence of EMT not only of RPE
cells in vivo but also of pathological processes in the senescent
RPE.

7.4. JAK/STAT Signaling Pathway. Signal transducers and
activators of transcription (STATs) comprise a well-charac-
terized family of proteins that transmit a signal from the
cell surface to the nucleus and directly participate in gene
regulation and cell responses to cytokines and growth factors.
In particular, the STAT3 protein induces the expression of
antiapoptotic genes in various tissues and activates receptors
for IL-6, leukemia inducing factor (LIF), ciliary neurotrophic
factor (CNTF), and tyrosine kinase. STAT3 is expressed in
the developing and adult RPE and neural retina [131]. Its
expression in the RPE of patients with AMD increases upon
formation of CNV membranes [132]. In the ARPE-19 cell
line, STAT3 activation has proved to result in enhancement
of proliferation. JAK/STAT signaling can initiate angiogenesis
by activating the production of angiogenic factors, including
VEGF and MMPs. Analyzing cytokine-induced changes in
the JAK/STAT pathway on the model of ARPE-19 cells,
Fasler-Kan et al. [132] have shown that different cytokines
(interferon-𝛼, interferon-𝛾, IL-4, and IL-6) are involved in
stimulation of different signaling molecules (STAT1, STAT2,
STAT3, or STAT6). As STAT3 plays a central regulatory role
in the pathogenesis of AMD, specialists regard it as a potential
therapeutic target for the treatment of this disease.

Fragoso et al. [42] in experiments with ARPE-19 cells
were the first to reveal the relationship between Wnt31-
mediated STAT3 activation and cell survival, showing that
there is a crosstalk between the corresponding two signaling
pathways. The role of STAT3 in the Wnt pathways is so
significant that STAT3 knockdown by siRNA impairsWnt31-
dependent cell protection from oxidative stress.

7.5. Notch Signaling Pathway. In canonical Notch signaling,
a Notch transmembrane receptor undergoes proteolysis in a
presenilin/𝛾-secretase-dependent manner when exposed to
ligand-expressing cells (Delta or Serrate/Jagged). Proteolysis
of the Notch receptor releases the Notch intracellular domain
(NICD), which translocates to the nucleus, where it binds to
the transcription factor RBP-Jk/CBF1/Su(H) and converts it
from a repressor into an activator of target genes, including
the Hes and Hey family genes [90, 94]. In epithelial cells, for
example, Hey1 was found to be required for TGF-𝛽-induced
EMT and migration [94].

Studies on the role ofNotch signaling pathway in pigment
cells began relatively recently. It has been shown that Notch
signaling, mediated in rodents by the RBP-Jk transcription
factor (homologous to human CBF1), is necessary for self-
maintenance of melanoblasts and melanocyte stem cells
[133]. Available data on its role in the regulation of RPE
differentiation have been obtained only in experiments
with animal models. During normal development, RPE
cell differentiation is regulated via the canonical Notch

signaling pathway [134], with its target gene Hes1 being
implicated in the formation of the lens, optic cup, and RPE
in early embryos [135]. Optic cup and lens defects, plus
precocious neurons, were found in E10.5 Hes1−/− eyes [136].
Loss- and gain-of-function studies in the late embryonic
and postnatal mouse retina demonstrate that Hes1 represses
the formation of retinal ganglion cells, rods, and horizontal
and amacrine neurons [136, 137]. Lee et al. [135] propose
that Hes1 is a temporal brake that integrates the timing of
neurogenesis with morphogenesis. According to recent data,
constitutive activation of RBP-Jk-dependent Notch signaling
during mouse embryonic development leads to hyperprolif-
eration and tumor formation in the adult RPE [138].

Experiments of Saad et al. [139] with kidney tubule
epithelial cells have shown that Notch signaling combined
with Snail expression plays an important role in EMT and
fibrosis formation.Notch inhibition byDAPT in the course of
EMT has proved to retard decrease in E-cadherin expression
and increase in 𝛼-SMA, MMP-2, and MMP-9 expression,
with the level of Snail expression being also reduced. The
authors consider that inhibition not only of Snail but also of
Notch can provide a means of control over EMT.

As noted previously, Notch signaling can cross-interact
with both canonical Smad-dependent and noncanonical
TGF-𝛽 signaling pathways in RPE cells during EMT [111].
Moreover, it has also been shown that elements of the
Notch signaling pathway—including Jagged-1, Notch-3, Hes-
1, and Hey-1—are upregulated in TGF-𝛽2-stimulated EMT in
human RPE cells, while blockade of this pathway with DAPT
completely reverses TGF-𝛽2-induced EMT [140].

Not only does the Notch signaling pathway interact with
Wnt and TGF-𝛽/BMP but there is also evidence for its
interactions with other pathways, such as Shh and NF-𝜅B
[141], but their role in phenotypic changes of humanRPE cells
in vitro has not yet been studied.

8. Prospective Therapeutic Agents

Several strategies aimed at the inhibition of signaling path-
ways involved in RPE pathologies have been elaborated
to date [142, 143]. Modulation of signal transduction mole-
cules—for example, RhoA/Rho-kinase, Smad, or MAPK
—by small molecules, gene transfer, or some other tech-
nology appears promising as a means of prevention and
treatment of such pathologies [143]. Systemic administra-
tion of ALK5 inhibitors effectively suppresses fibrogenic
reaction and development of tissue fibrosis in animals
[144–146]. Increasing attention has been recently devoted
to the inhibitory role of different microRNAs [147], spe-
cific small molecules [148–151], antibiotics, immunosuppres-
sants [114], steroids [152], and histone deacetylase inhibitor
[153]. Another group of interest comprises antiangiogenic
agents capable of blocking different steps in the pathway
of angiogenesis under pathological conditions: antibodies
to the VEGF, novel steroids, triamcinolone acetonide, siR-
NAs, high-affinity VEGF antagonists (angiostatin, endo-
statin), PEDF, and so forth, [154]. Future studies are needed
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to identify other key modulators involved in the process
of RPE damage, which is necessary for gaining a deeper
insight into the causativemechanisms of RPEpathologies and
finding effective ways of their prevention and treatment.

9. Conclusions

Human RPE cell cultures provide wide possibilities for
research on the mechanisms of pathological processes taking
place in vivo and the methods of their regulation at the cell
and molecular levels. Depending on culture conditions, RPE
cells can change their differentiation status, losing cell type-
specific features and redifferentiating into epithelial cells. In
directed experiments, adult RPE cells undergo EMT and
acquire certain properties of mesenchymal and proneural
cells. Pioneering studies on signaling pathways involved in
pathological processes in the RPE have revealed novel molec-
ular targets for suppressingmesenchymal differentiation.The
TGF-𝛽/BMP signaling pathway plays a crucial role in the
mesenchymal transformation of RPE cells. The inhibition of
Snail and Rho0/ROCK in the canonical and noncanonical
TGF-𝛽 cascades reduces manifestations of mesenchymal
properties in the transformed RPE cells, which offers a new
approach to the prevention and treatment of PVR. Another
promising therapeutic strategy consists in inhibiting mTOR,
a component of the PI3K/AKT/mTOR signaling pathway.
Moreover, BMP-4 signaling is regarded as a target for sup-
pressing the effects of oxidative stress and RPE senescence
in AMD. The same is true of STAT3, a component of the
JAK/STAT pathway, since it plays a regulatory role in the
pathogenesis of this disease.The inhibition ofNotch signaling
impedes EMT, retarding mesenchymal differentiation. Thus,
a series of promising research approaches to control over
mesenchymal differentiation of RPE cells have already taken
shape. On the other hand, no less important is to find ways
to stimulate and maintain neuronal differentiation of RPE
with a view to restore the retina after injury or pathology.
Factors operating in vivo restrain RPE transdifferentiation
into the neural retina, but RPE cells manifest their proneural
properties in vitro. This is of major interest for further
research aimed at developing methods for retinal repair in
ocular pathologies. The search for factors regulating RPE
differentiation is obviously of both fundamental and practical
interest. Experiments with in vitro cultures of human RPE
allow extensive screening for changes at the cell and molec-
ular levels that occur under pathological conditions, and
profound analysis and interpretation of the results will help to
find adequate approaches to correction of RPE abnormalities
in vivo.
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