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Abstract: Many regeneration processes in animals are based on the phenomenon of cell
reprogramming followed by proliferation and differentiation in a different specialization direction.
An insight into what makes natural (in vivo) cell reprogramming possible can help to solve a number
of biomedical problems. In particular, the first problem is to reveal the intrinsic properties of the cells
that are necessary and sufficient for reprogramming; the second, to evaluate these properties and, on
this basis, to reveal potential endogenous sources for cell substitution in damaged tissues; and the
third, to use the acquired data for developing approaches to in vitro cell reprogramming in order to
obtain a cell reserve for damaged tissue repair. Normal cells of the retinal pigment epithelium (RPE)
in newts (Urodela) can change their specialization and transform into retinal neurons and ganglion
cells (i.e., actualize their retinogenic potential). Therefore, they can serve as a model that provides the
possibility to identify factors of the initial competence of vertebrate cells for reprogramming in vivo.
This review deals mainly with the endogenous properties of native newt RPE cells themselves and,
to a lesser extent, with exogenous mechanisms regulating the process of reprogramming, which are
actively discussed.

Keywords: eye; retinal regeneration; retinal pigment epithelium; reprogramming; molecular
prerequisites

1. Introduction

The retinal pigmented epithelium (RPE) of the eye of adult vertebrates and human is represented
by neuroectoderm-derived cells, packed into the monolayer located between neural retina (NR) and
vascular choroidal coat (choroid). The RPE is composed of pigmented, polarized, hexagonal and highly
specialized cells. Among the variety of well-known functions of this tissue, the most important is its
participation in visual cycle, phagocytosis and digestion of photoreceptor disks, production and release
of growth factors which regulate choroid–NR interconnections and behavior of RPE itself. It is also
worth noting the barrier and transport functions of RPE and its participation in NR pattern formation
in development. Being the main participant of NR sensory function, RPE is a main target for the
destructive effect of different endo- and exogenous factors leading to RPE pathology. The latter, in turn,
is a cause of a severe retinal diseases like as retinal detachment and proliferative vitreoretinopathy
(PVR) in human [1,2]. However, there are animals, such as some amphibians, that never demonstrate
RPE pathology but, in contrast, are capable of NR regeneration in response to NR trauma. At the
basis of this unique ability is the conversion of RPE cell type to neurons and glial cells via a transient
population of RPE-derived neuroblasts.
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2. Regeneration of Neural Retina (NR) from Retinal Pigmented Epithelium (RPE) in Urodela

Retinal regeneration from RPE cells is a long-known phenomenon that has been repeatedly
described at different levels, from morphological to molecular genetic [3–7]. This process in the newt
is initiated by detachment of photoreceptor outer segments from the apical RPE cell processes [8].
The tension of the RPE layer decreases, its attachment to the underlying Bruch’s membrane is weakened
and eventually lost, and some cells come loose. Thus, the RPE partially breaks down but does not
disintegrate, and its cell population recovers due to cell proliferation and redifferentiation during
NR regeneration. In the course of NR regeneration’s start and progression, RPE cells undergo
reprogramming, i.e., their initial differentiation as pigmented epithelial cells changes into that of
retinal cells. This phenomenon, termed transdifferentiation [9], is consistently reproduced after any
kind of split-up between NR and RPE, including detachment of the retina, its surgical removal,
and degradation caused by cutting of the optic nerve and blood vessels [10]. Reprogramming
involves the stage of active proliferation whereby RPE cells dedifferentiate, divide and give rise
to an intermediate population of multipotent blast cells. This process is controlled by overlapping
regulatory gene networks in which a special role is played by signal proteins and transcription
factors [7,11–14].

Evidently, amphibian RPE cells have competence for in vivo reprogramming into NR, which is
rooted in the origin of both tissues from the same anlage, the posterior wall of the developing eye
cup [15,16]. This competence, which underlies the RPE retinogenic potential, needs characterization in
terms of cell and molecular biology. This review summarizes the results of our studies and relevant
published data concerning mainly the endogenous properties of newt RPE cells that, as will be
shown below, are conducive to their reprogramming and, eventually, epimorphic regeneration of the
retina (Figure 1).
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Figure 1. Accumulated data on morphological and molecular features of native retinal pigment 
epithelium (RPE) cells and those at the beginning of natural reprogramming to neuronal and glial 
cells of regenerating retina [6,7,11–14,17–24]. (A) RPE cells (thin white arrows) in the RPE layer of the 
newt Pleurodeles waltl; (B) RPE cell that left its layer and stays at the beginning of reprogramming 
(thick white arrow); Scale bar: 100 µm. See details in the text. Down- (↓) and up- (↑) regulation of 
gene/protein expression. 
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Figure 1. Accumulated data on morphological and molecular features of native retinal pigment
epithelium (RPE) cells and those at the beginning of natural reprogramming to neuronal and glial
cells of regenerating retina [6,7,11–14,17–24]. (A) RPE cells (thin white arrows) in the RPE layer of
the newt Pleurodeles waltl; (B) RPE cell that left its layer and stays at the beginning of reprogramming
(thick white arrow); Scale bar: 100 µm. See details in the text. Down- (↓) and up- (↑) regulation of
gene/protein expression.
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3. Newt Eye Development and Retention of Pedomorphic Features in the Retina

A good help in studies on RPE natural reprogramming in vivo is that ample information is
available on the role of various molecules regulating the processes of vertebrate eye development
during embryogenesis. The development of eye tissues in representatives of different taxa is under
control of highly conserved signal molecules (e.g., Fgf, Tgf, Wnt, Shh, Notch, activin) and transcription
factors (Pax6, Sox2, Six3, Rx1, Chx10, Optx2, Mitf, etc.) that specifically interact with DNA or protein
factors [25]. Each of the above transcription factors can induce ectopic eye development, which is
evidence for their key role in the functioning of regulatory gene networks [26].

The basic stages of eye development in the newt are the same as in other vertebrates, and
the expression pattern of the main transcription factors is also similar among them. Thus, the
multifunctional transcription factor encoded by the Pax6 master gene and expressed during newt
eye development is similar to that described in other species [6]. It is localized in both neuroblastic
layers of the eye cup, of which one develops into the RPE and the other into the NR. The Pax6 protein
is redistributed in the course of tissue specialization so that at later stages it marks differentiating
neurons (ganglion, amacrine, and photoreceptor cells) in the NR, while in the RPE it is detected at
low level. Thus, Pax6 differential expression at later stages of NR and RPE differentiation depends
on the molecular context, the presence of specific binding sites, and signals from the cellular
microenvironment [27].

The development of the newt eye has certain traits related to the phenomenon of
pedomorphosis [28]. An important pedomorphic feature in the developing and definitive newt
retina is that it contains “underdifferentiated” displaced bipolar cells with Landolt’s club. Upon retinal
detachment, they move from the inner nuclear layer to the photoreceptor layer and differentiate
into rods with an outer segment [29,30]. In addition, the retina of adult newts contains the zone of
persistent slow growth, which includes the nonpigmented inner layer of the ciliary zone of the iris
inner layer and the extreme peripheral area of the neural retina (pars ciliaris + ora serrata) [31]. The cells
of this zone are morphologically undifferentiated and express genes and proteins that are markers
of the eye field during early development [17]. Thus, the adult newt retains certain juvenile features
with respect to the level of tissue differentiation. Specific features in its development have also been
revealed at the molecular genetic level. In particular, it has been found that the hematological- and
neurological-expressed sequence 1 protein (HN1), the product of the Hn1 gene, is specifically expressed
in an immature retina, with its subcellular localization changing (from nuclear to cytosolic) during
retinogenesis [32]. The expression of the HN1 protein is highly activated at early stages of retinal
formation in the newt but is not upregulated in mouse RPE cells that lack the ability to dedifferentiate
into the progenitor cells. Therefore, the upregulation of the Hn1 gene can serve as a marker for
detecting dedifferentiated cells capable of reprogramming. Specific features are also observed in the
expression of other genes responsible for specification and maintenance of low-differentiated cell
status in the newt eye, particularly in the RPE (see below).

4. Differentiation of Newt RPE Cells and Conditions of Its Stabilization

Addressing the question of prerequisites for natural cell reprogramming, it is necessary to consider
factors responsible for the stability of differentiation, since it is these factors that can allow or forbid the
cells to enter the path of conversion. Melanogenesis is one of these factors. The presence of melanin
granules in the cytoplasm is a natural specific marker of RPE cells. Our previous experiments with
3H-DOPA, the precursor of melanin synthesis, have shown that the normal RPE of adult newts retains
the ability to synthesize and accumulate the pigment and that melanin-synthesizing cells concentrate
at the RPE periphery, i.e., in the zone where cell proliferation is observed at the same time [33]. There is
also experimental evidence for the loss/resynthesis of pigment granules in adult RPE cells of mammals
and humans [34], but no relationship of pigmentation level and expression of melanogenesis-associated
proteins with RPE transdifferentiation has been revealed in these studies. In contrast, the inhibition
of melanin synthesis in newts is a factor of RPE cell reprogramming, which takes place against the
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background of increased proliferative activity [10,33]. It is also noteworthy that the loss of pigment
after the cessation of its synthesis in newts occurs in two ways: on the one hand, fragments of the
cytoplasm filled with pigment granules are phagocytized by macrophages (including RPE-derived
“melanophages”); on the other hand, the amount of pigment granules is reduced in the course of cell
divisions [35]. As a result, the pigment is rapidly eliminated, and the loss of this specific trait obviously
facilitates the process of RPE cell dedifferentiation and reprogramming.

In addition to melanin, the process of RPE cell conversion involves changes in the expression
of another specific protein, RPE65, which has isomerohydrolase activity and is responsible for
11-cis-retinal regeneration in the visual cycle [36]. Experiments with antibodies recognizing the newt
homolog of RPE65 have shown that this protein in the Cynops pyrrhogaster eye is confined only to RPE
cells [18]. Moreover, this protein has been detected not only in the normal RPE but also in RPE-derived
dedifferentiated cells (neuroblasts) forming the cell rows of the regenerating NR’s early rudiment.
These data are interpreted in different ways: as evidence that the initial characteristics of RPE cells
during reprogramming may be combined with new, proneural characteristics or that the RPE65 protein
detected in the RPE-derived retinal rudiment is the remainder after its incomplete degradation rather
than newly synthesized protein. The second variant is more probable, since the expression of the gene
encoding RPE65 has proved to be sharply downregulated at the early stage of reprogramming [18].
This conclusion is confirmed by our data on the suppression of the Rpe65 gene in the course of
retinal regeneration from the RPE of another newt species, Pleurodeles waltl [37]. The detachment
of RPE from NR in mammals (rodents) also leads to the suppression of Rpe65 expression, with
the reduction in the amount of its transcripts coinciding with downregulation of genes coding for
other proteins of the visual cycle [38]. Thus, the data on Rpe65 expression are not indicative of any
specific features that distinguish the RPE of newts from that of other vertebrates and are associated
with its ability to transdifferentiate into neural cells. However, the detection of the RPE65 protein
in depigmenting cells of the newt RPE, which have already entered the path of dedifferentiation,
suggests the possibility of temporary “overlap” between their initial and new specific characteristics
in the course of reprogramming. The main contribution to the determination and maintenance of
RPE-specific cell differentiation is made by signal molecules and transcription factors. The range of
relevant factors identified to date is relatively small. Thus, it has been shown that Wnt/beta-catenin
signaling targeted at transcription factors such as Pax6, Mitf, and Otx2 plays an essential role in the
development of RPE and the maintenance of its differentiation in lower and higher vertebrates [39–42].
Among several isoforms of the Mitf protein, the main role in the regulation of RPE melanogenic
differentiation is played by the D-Mitf isoform [40]. The expression of the Mitf gene and its isoforms in
the normal RPE of adult newts has not yet been sufficiently analyzed because of technical difficulties.
Studies on another model—explanted chick embryo optic vesicles—has demonstrated the role of
Wnt/beta-catenin signaling and activation of Otx2 transcription factor in inducing the expression
of RPE-specific genes. It has been shown that D-Mitf activation can result from both the binding of
beta-catenin and Otx2 with the D-Mitf gene enhancer and from autoregulation of the Mitf-D and Otx2
gene expression [43].

Considering the behavior of higher vertebrate RPE cells in vitro, it should be noted that the
stability of the epithelial RPE phenotype, cadherin-dependent cell adhesion, and the presence of
melanin in the cells are in any way related to Wnt/beta-catenin signaling [44]. It is also known that
inactivation of the Wnt/beta-catenin pathway in mouse embryos results in a decrease in the expression
of RPE-specific transcription factors Mitf and Otx2 followed by the onset of expression developing
NR markers Rx and Chx10 [39,43]. The function of the Wnt signal pathway in the normal newt
RPE and during retinal regeneration has not yet been studied in detail. However, these data are
relevant to the subject matter, because Wnt signaling has been shown to be an important component of
reprogramming in experiments on induction of mouse embryonic fibroblasts into pluripotent stem
cells [45].



Biomedicines 2016, 4, 28 5 of 18

In a recent study, an attempt has been made to identify molecules that block the regenerative
activity of pigmented cells in the ciliary zone of the vertebrate eye [46]. The results show that a likely
candidate is ephrin-A3 (the ephrins and EPH-related receptors comprise the largest subfamily of
receptor protein-tyrosine kinases). This protein is upregulated in the early postnatal period, thereby
creating a “strong prohibitory niche” for the above cells. This occurs due to activation of the EphA4
receptor and suppression of Wnt3a/β-catenin signaling. As a result, not only proliferation of these
cells is inhibited, but also their morphology and specialization are firmly established. In other words,
the intrinsic ability of pigmented ciliary body cells to produce different types of retinal neurons [47,48]
is, in this case, abolished by negative regulators of cell proliferation and neuronal differentiation.
It may well be that a similar mechanism is responsible for differences in the RPE retinogenic potential
between the newt and mammals.

Stabilization of RPE differentiation in normal development is dependent on the expression of
the Otx2 gene, which, in turn, suppresses the expression of factors Sox2 and Fgf8 responsible for NR
differentiation [49,50]. The pattern of Otx2 expression in the RPE has also been studied in the course
of cell conversion during NR regeneration in newts C. pyrrhogaster [19] and Pl. waltl [37]. It has been
found that its expression is maintained in the intact RPE and at the onset of its reprogramming into
the NR, against the background of cell entry to the phase of DNA synthesis and retention of RPE
protein markers. As shown by in situ hybridization, Otx2-expressing cells are evenly distributed
all over the RPE layer, both in its central zone (involved in NR regeneration) and the peripheral
zone (not involved in it). There is evidence that Otx2 is expressed for 14 days after the initiation
of regeneration (NR removal) in approximately half of the RPE cell population, including cells
expressing the PCNA proliferation marker [19]. Thus, as in the case of the RPE65 protein, the Otx2
expression in RPE cells is apparently not an obstacle to their entry onto the path of reprogramming.
Therefore, a distinctive feature of the newt RPE is that tissue-specific differentiation molecules are still
expressed in it after the onset of reprogramming. Moreover, it appears that the expression of Otx2 may
even contribute to the process of reprogramming. Such a possibility follows from the data on Otx2
reactivation (together with RX1 and SIX3) by OCT4 and SOX2 during the generation of RPE cells from
human iPSCs [51].

The group of regulatory molecules responsible for RPE specification during development also
includes factors such as Bmp, Shh, and activin [52–55], but information on their expression in the newt
RPE is far from being sufficient.

5. Proliferative Activity of Adult Newt RPE Cells in the Course of In Vivo Reprogramming

5.1. Persistent Cell Proliferation in the RPE

Proliferative activity is essential for the conversion of RPE cells into the NR in adult newts. Its
pattern in the normal RPE and during its conversion into the NR in different newt species (T. vulgaris,
T. cristatus, and Pl. waltl) has been studied by a number of methods in complete series of eye sections.
By means of 3H-thymidine pulse labeling, up to 3% of DNA-synthesizing cells and very few mitoses
were revealed in the normal RPE of adult T. vulgaris newts [33]. The presence of such cells was
subsequently confirmed in experiments on Pl. waltl newts using an original method of long-term
delivery of BrdU (thymidine analog) and repeated 3H-thymidine injections [56]. In all cases, the
proliferative activity of normal RPE cells was characterized by a long S-phase, with mitoses being very
rare. It should be noted that persistent, low-level proliferative activity is not unique to the adult newt
RPE but has also been observed in the marginal zone of RPE in freshly hatched chicks [57] and adult
rodents [58]. Rare BrdU-labeled cells at the periphery of the RPE were also revealed in our experiments
with in vitro cultures of the posterior eye segments from adult albino rat [59].

The ability of amphibian RPE cells to pass from quiescence to active proliferation is conducive
to their reprogramming. This process is initiated during the first week after the loss of contact with
the NR [10]. After the cells begin to proliferate, they cease to synthesize melanin and gradually lose
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melanin granules (their basic trait), which are “diluted” as a result of cell divisions [10,33]. The duration
of the cell cycle decreases during the proliferative stage of RPE reprogramming, and its parameters
change: the G1 phase is reduced, while the S phase is prolonged [4]. It is also noteworthy that six
to seven cell divisions of newt RPE cells are necessary for them to express the first signs of new
specialization acquired in the course of in vivo reprogramming [60].

Thus, the low-level proliferative activity of the adult RPE is an intrinsic property of this tissue
that is common to all vertebrates studied in this respect, but it is only in amphibians that this property
is implemented for in vivo reprogramming and enlargement of the transitory cell population that
subsequently differentiates into neurons and glial cells of the regenerating NR. Therefore, measures
(treatments) aimed solely at stimulating in situ proliferative activity of RPE in mammals or humans
are unlikely to results in the enhancement of its retinogenic potential. This conclusion is indirectly
confirmed by data on the nonpigmented RPE of albino rats, which has ten times higher proliferative
activity, compared to that of wild-type rats, but is incapable of changing its phenotype in vivo [58].

5.2. Mechanism of Activation of Newt RPE Cell Entry into the S-Phase

In a recent study aimed to determine the key molecular mechanism underlying natural
reprogramming and regeneration in lower vertebrates [61] have devoted special attention to
extracellular signal-regulated kinase (ERK) activation. They have shown that sustained ERK activation
by serum in postmitotic salamander muscle cells results in their cell cycle re-entry that possibly
linked with p53 downregulation. In parallel, ERK activity leads to epigenetic modifications and Sox6
downregulation. The latter is one of the muscle-specific genes regarded as an aspect of dedifferentiation.
It is important to note also that ERK activation is long term in salamander myotubes, while it is short
and transient in myotubes of mammals. Regeneration-incompetent mammalian cells are incapable
of inducing sustained ERK activation, most likely due to a lack of an upstream receptor or signaling
component, and are therefore unable to undergo reprogramming [61].

The newt RPE has also been studied with respect to the molecular mechanism of cell entry
into the S-phase after RPE separation from the NR [62,63]. The authors of the first study analyzed
an activity of MEK-ERK signaling in RPE just after NR removal from the newt eye and found it
activated within 30 min after retinectomy. In the second study, changes in the MEK–ERK cascade were
analyzed in short-term in vitro cultures of the posterior eye segments without the NR, and activation of
MEK–ERK was observed within 1 h after dissection. In both cases, the authors attribute these results to
upregulation of each component of the MEK–ERK pathway by a positive feedback mechanism [62,63].
It is noteworthy that the timing of RPE cell entry into the phase of DNA synthesis differs depending
on the newt species and the kind of surgery, but, in any case, this occurs within the first 10 days after
RPE separation from the NR [10]. It remains to be found what occurs in the as-yet morphologically
unchanged RPE layer during this period. Nevertheless, the results obtained show that RPE of the newt
has the mechanism of signaling cascade fast start or its sustained activation, with consequent entry
into the cell cycle and, hence, the process of reprogramming.

6. Competence of Adult Newt RPE Cells for Differentiation into Nonretinal Cell Types

6.1. RPE Cell Conversion into Neuronal and Lentoid Phenotypes In Vitro

It is well known that in vitro culturing combined with targeted treatments makes it possible to
reveal the silent potential of mammalian and human RPE cells for reprogramming into neural [64,65]
or other (e.g., mesenchymal) directions [66]. The adult newt RPE is poorly culturable: it has a long
lag phase in a medium with serum, retains for a long time its initial phenotype, and fails to enter
the proliferative phase. Upon long-term incubation, however, cell depigmentation and formation of
long cell processes may be revealed (personal observations). As reported in early studies, cells of
the cultured newt RPE were not losing pigment granules but, after 40 days, transformed into eye
lens cells arranged into lens-like structures (lentoids) [67]. During clonal culturing, some colonies
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after depigmentation also produced lentoids; other colonies reverted to the initial differentiation
state, showing the ability to resume melanin synthesis; and only a small part of cells produced clones
containing neuron-like cells with long processes that showed positive Bodian staining [68].

Isolated newt RPE cells in a serum-free medium did not proliferate but gradually lost their initial
characteristics (pigmentation and RPE65 protein) and showed the signs of proneural differentiation,
expressing pan-neural markers (neurofilament proteins and acetylated tubulin) and the Pax6
transcription factor [69]. In RPE organ cultures on filters, pigmented cells detached from the epithelial
layer and gave rise to neuron-like progeny that expressed several neuron-specific proteins [70].
Notable effects were observed in our experiments with organotypic cultures of the RPE of Pl. waltl
posterior eye segments in a 3D roller system: RPE cells dedifferentiated, began to express the
NF-200 pan-neural marker, and produced an early retinal rudiment consisting of three rows of cells
depigmented to different degrees, which closely resembled the NR rudiment formed in vivo [59].
None of the above experiments indicates that the newt RPE can differentiate into any extra ectodermal
(in particular, mesenchymal) lineage, as is the case with cultures of the mammalian and human
RPE [66]. They only confirm that its cells are highly competent for reprogramming into neural (retinal)
cells. As for the expression of crystallins in the cultured RPE cells, it appears that their function in
this case is related not to reprogramming and acquisition of new cell specialization but rather to
the maintenance of cell homeostasis. It has been shown that crystallins play a role of chaperons for
making and maintaining of topological and functional order of molecular complexes in a variety of
cell types [71].

On the other hand, it is known that the human RPE has a limited neurogenic potential in vitro but
is capable of epithelial–mesenchymal transition, expressing protein markers of the main mesenchymal
cell types [66]. This phenomenon is responsible for certain eye pathologies, e.g., proliferative
retinovitreopathy (PVR) [72]. An insight into the mechanisms of RPE plasticity is necessary for
explaining the causes of PVR in higher vertebrates. As for prerequisites for reprogramming of the
newt RPE, it is important to evaluate the possibilities and conditions of the conversion of its cells
into mesenchymal lineages. Recently, it was shown for the first time that the change of RPE cell
behavior and differentiation resembled very much those of PVR symptoms, also taking place in the
newt eye [73]. When Pax6 was knocked down, RPE cells expressed key components of the epiretinal
membrane characteristic of PVR. These results suggest Pax6 can be an important player that directs
newt RPE cells to realize their retinogenic potential [73]. We also know that primary cultures of the
newt RPE show upregulation of vimentin, an intermediate filament protein putatively characteristic of
mesenchymal differentiation (personal observations).

6.2. Transformation of Newt RPE Cells into Melanophages In Vitro

A noteworthy feature common to RPE cells of newts and mammals is that they can change their
morphological phenotype and convert into macrophage-like cells (melanophages) with a migratory
behavior. This phenomenon in adult newts was described long ago at light and electron microscopic
levels [35]. After the retina was removed or the optic nerve and blood vessels were cut, RPE cells
acquired the ability to function as “cleaners” both within and outside the epithelial layer. The same
has been repeatedly observed in subsequent experiments, particularly in 3D RPE tissue cultures [59].
Comparing this ability in the RPE of adult newts and albino rats cultured in vitro under similar
conditions, we found that cells of the rat RPE also could detach from the layer and convert into
melanophages, but the number of such cells was far smaller than in newts [8,59]. Melanophages
perform the basic function of RPE cells, i.e., internalization and digestion of the shed outer segments
of photoreceptors, and the phenomenon of cell conversion in this case cannot be interpreted as
transdifferentiation. However, changes in cell phenotype and intercellular communications, migratory
behavior, and the expression of phagocyte (macrophage)-specific markers imply modification of the
initial gene expression pattern.
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7. Specific Features of Cytoskeleton, Cell Contacts, and Extracellular Matrix Components in the
Newt RPE

Characteristics of the cytoskeleton in the RPE reflect the epithelial type of this tissue, its functional
specialization, and phenotypic plasticity [74]. We studied cytoskeletal components in the RPE of
Pl. waltl in the norm and during reprogramming after retinectomy or retinal detachment [75–77].
For this purpose, we used antibodies against neurofilament protein NF-200 (a pan-neuronal marker) to
reveal intermediate filaments and antibodies against cytokeratins as epithelial cell markers. The results
showed that a high level of cytokeratin expression is characteristic of the normal RPE. It should be
noted that we found published data that optic nerve astrocytes of Pl. waltl contain cytokeratins [78].
The authors interpret this as evidence that astrocytes retain their embryonic status. Apparently, the
same may be true of newt RPE, the more so that its induction to reprogramming by isolation from
the NR proved to result in rapid inhibition of cytokeratin expression [76,77]. The expression of
these proteins was also inhibited immediately after isolation of Pl. waltl RPE and its dissociation
into individual cells, i.e., under the effect of change in the conditions of cell microenvironment.
During retinal regeneration, the expression of NF-200 was initiated already in the first cells that began
to detach from the RPE layer and change their phenotype but still contained pigment granules in the
cytoplasm [76]. These data indicate that the cytoskeleton and, in particular, intermediate filaments
are active components of the program of change in the fate of RPE cells. Their reprogramming
may be facilitated due to rapid switching to the transcription and translation of genes encoding
pan-neuronal proteins and flexibility of this process including phosphorylation and dephosphorylation
of intermediate filament proteins.

As in other vertebrates, cells of the newt RPE are connected by tight junctions located in the
apical part of their lateral membrane [35,79]. It has also been shown that cells detaching from the
RPE layer at the early stages of reprogramming retain gap junctional coupling with cells remaining
in the layer [80]. Our experience in experiments with the newt RPE (which as a rule is readily
dissociable into individual cells) and the data on de novo formation and changes in the localization
of contacts between its cells upon their detachment from the layer suggest that these contacts are
easily assembled and disassembled. This, in turn, is one more factor that facilitates reprogramming.
However, this aspect of RPE biology, especially its molecular component, is as of yet poorly studied in
Urodela, while relevant data on mammals are already available. For example, proteins of the signaling
pathway associated with tight junctions (ZO and ZONAB) have been shown to play a regulatory role
with respect to proliferation and differentiation of mouse RPE cells, with upregulation of ZONAB
and downregulation of ZO-1 resulting in a change of the epithelial phenotype of these cells into a
fibroblast-like phenotype [81]. It is also discussed how much the claudins, proteins of tight junctions,
and such a type of cellular cooperation in the RPE differ from those of other epithelia. It is interesting
to know also how they vary in different animal species [79]. Such differences in cell contact-associated
proteins may also have an effect on success in RPE reprogramming in vivo.

A major role in the maintenance of cell differentiation is played by the microenvironment,
particularly the behavior of extracellular matrix (ECM) molecules [82]. ECM operates not only as an
adhesive substrate but also as a regulator of intracellular signals. The newt RPE has been characterized
with respect to individual ECM components in the normal tissue and changes in their expression
during its transdifferentiation. The vertebrate RPE is underlain by Bruch’s membrane, which is not
a membrane proper but a complex lamina consisting of the RPE basement membrane, a dense layer
of collagen and elastic fibers, and the basement membrane of the choroid [83]. Fibronectin is one
of the main adhesion components of Bruch’s membrane [84]. In experiments with anti-fibronectin
antibodies, specific immunofluorescence in the posterior segment of nonoperated newt (Pl. waltl)
eyes was observed in the Bruch’s membrane, choroid, and sclera. On day 10 after retinal detachment,
the fluorescence intensity decreased on the basal surface but increased on the lateral surfaces of
adjoining RPE cells, which were entering the proliferation phase at that time [85]. A similar pattern
of fibronectin distribution in the normal RPE and during its conversion was also observed by other
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authors [86]. Special attention should be given to the fact that the distribution and expression level of
fibronectin proved to differ between the peripheral zone of the newt RPE, where its cells retain their
tissue-specific phenotype, and its central zone, where cell conversion takes place [85]. This is evidence
that conditions of the local microenvironment of RPE cells have a role in maintaining stability of their
differentiation and that fibronectin is involved in this process. Its stabilizing effect is abolished soon
after separation of RPE from NR, which may also be a factor of cell reprogramming. It should be noted
that other components of ECM and basal membranes are also candidates for the role of regulators of
RPE transdifferentiation. They include tenascin and N-CAM, whose expression changes in the course
of newt RPE cell conversion [87] and laminin, which has proved to stimulate neural differentiation of
frog RPE cells in vitro [88].

8. Transcription Factors and Signal Molecules Characteristic of Progenitor Cells in the Adult
Newt RPE

The adult newt RPE in the course of in vivo reprogramming into NR cells passes through the
stage of stem-like cell population and expresses genes coding for transcription factors known as
regulators of early development and cell multipotency, such as Pax6, Mitf, c-Myc, Klf4, and Sox2 [7].
In experiments on the eye tissues of adult Pl. waltl newts, we used RT-PCR and Western blotting
to analyze the expression pattern of genes Fgf2, Pax6, Six3, Otx2, and Pitx1, which are involved in
the regulatory network of eye field genes and play a key role in retinal development. The results
show that the normal RPE (prior to cell reprogramming) contained transcripts and proteins encoded
by homeobox genes of the Pax, Otx2, and Pitx families (Pax6, Otx2, and Pitx1/Pitx2), in addition to
the Rpe65 gene and its protein product considered above [12,13,37,89]. The expression of Pax6 in the
normal newt RPE deserves special attention in view of data on its role and place in the mechanisms of
RPE cell reprogramming. One of the functions of this gene and its isoforms is related to self-renewal of
multipotent eye cells. [90,91]. Analysis of neural progenitor cell population after Pax6 gene silencing
have revealed a decrease in the number of S-phase cells, increase of the number of cells which left
cell cycle and, as a result, a disturbance of the process of cell differentiation. These events are related
to changes in the expression of the target genes for PAX6 that stimulate passage through the cell
cycle (Ccnd1, Ccnd2, Ccnd3) or inhibit it (P27kip1, P27kip2) and also of the SHH signal protein and
transcription factors Vsx2, Nr2e1, and Plagl1 [92]. As shown previously, PAX6 expression blocking
restricts the multipotency of retinal progenitor cells so that they differentiate into a single interneuronal
lineage, producing an excess amount of amacrine cells [93]. We used different methods to study the
expression of Pax6 and its protein product during RPE cell reprogramming, including PCR, in situ
hybridization, and immunohistochemical analysis [6,11,13]. A detailed analysis by highly sensitive
PCR methods revealed the presence of Pax6 mRNA and protein in normal RPE cells of adult Pl. waltl
and C. pyrrhogaster newts [6,37]. In the former species, the level of Pax6 transcripts in the RPE was
lower than in the normal retina. It should be noted that, according to [94], Pax6 has several transcripts
(isoforms) produced as a result of alternative splicing, which are represented in the molecular profile
of RPE in lower and higher vertebrates. The mechanism of Pax6 splicing in vertebrates is evolutionary
conserved and yields mainly two transcript variants, Pax6 and Pax6-5a, which can produce different
protein isoforms with specific functions. For example, Pax6-5a has a role in inducing embryonic stem
cells toward neural differentiation [95]. Each of the two isoforms can regulate its own set of target
genes, but they also can have a cumulative effect on the expression of these genes [96,97]. Inami and
co-authors (2016) have identified Pax6 transcripts of different classes in C. pyrrhogaster. Splice variants
of classes 1 and 2 (v1 and v2) are activated at early stages of NR regeneration but remain silent in
the normal RPE, with class 1 variants being expressed in the normal NR [97]. By means of inhibitor
analysis, these authors have also shown that Pax6 expression is controlled via signaling pathways that
differ from the canonical MEK-ERK pathway responsible for the initiation of RPE cell proliferation.
Of interest is also the expression pattern of the Sox2 protein at the initial stages of RPE reprogramming.
Unexpectedly, it has proved to be similar to that of the Pax6 protein: Sox2 immunoreactivity appears
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in a few still pigmented but already transdifferentiating RPE cells and markedly increases in the
regenerating retinal rudiment [7].

If our premise is that the RPE and other newt eye tissues retain molecular attributes of
developmental regulation, we should take into account the possible role of homeobox gene Chx10 in
RPE reprogramming. The transcription factor encoded by this gene can suppress melanin accumulation
in the presumptive chick RPE and promote NR differentiation; i.e., it can regulate processes that involve
the expression of genes relevant to retinal development: Sox2, Six3, Rx1, and Optx2. In accordance with
the results, Chx10 gene expression could be responsible for determination of cell identity in the complex
structure of developing retinal anlage, acting upstream in the cascade of transcription [98]. There are
data that Chx10 is expressed in RPE-derived neuroblasts of the regenerating retinal rudiment [6,20]
and it appears expedient to analyze whether reprogramming-associated transient misexpression of
this gene takes place in the normal RPE of adult newts.

It is currently accepted that retinal progenitor cells are competent to develop in two different
(but closely related) ways, to become RPE or neural retina cells, and this choice is under regulation
by the link between fibroblast growth factor (FGF) and microphthalmia-associated transcription
factor (MITF) [99,100]. The FGF signaling pathway is known to play a key role in the neural retina
formation during development and regeneration [53,101,102]. Basic fibroblast growth factor Fgf2
has five isoforms with different functions and subcellular localization. The 18 kDa isoform is mainly
cytosolic and operates through cell surface receptors, while isoforms with higher molecular weights
(22, 22.5, 24, and 34 kDa) are predominantly located in the nucleus and function independently of the
transmembrane receptor pathway [103]. However, the endogenous 18 kDa isoform has been revealed
in the nucleoplasm and nucleolus [104] and shown to directly regulate rRNA transcription, interacting
with nucleolar transcription factors [105]. Thus, Fgf2 signaling can regulate rRNA transcription via
both intra- and extracellular pathways regulation [106]. It is noteworthy in this context that the
expression of genes encoding the basic components of the FGF2 signaling pathway—Fgf2 itself and its
receptor Fgfr2—as well as their products have been detected in the normal newt RPE [22]. The role
of this pathway in RPE reprogramming remains unclear, but it has been found that intensification
of its function correlates mainly with progression of cell proliferation rather than with initiation of
reprogramming [22]. The Notch signaling pathway is also important for the initiation and early
progression of newt RPE cell reprogramming [20,21]. It has been shown that Notch and its ligands
are upregulated immediately after damage, which is usually regarded as a reliable indicator of
regeneration in sensory systems [107]. The involvement of Notch-1 signaling at successive stages of
RPE reprogramming in adult C. pyrrhogaster newts has been studied in detail using Notch-1 cDNA
probes derived from neural plate to tailbud stage embryos [20]. It has been found that Notch-1
receptors are already expressed at the stage of cell displacement from the RPE layer, with their
expression increasing in the course of cell conversion and growth of the amplifying cell population of
the regenerating retinal rudiment. Results obtained suggest that Notch-1 signaling pathway regulating
neurogenesis during development is likely recruited for similar functions in retinal regeneration.
Moreover, as shown by PCR analysis, RPE cells of the adult newt express some genes involved in
Notch signaling (such as Hes-1, neurogenin1, and occasionally Delta-1) on postoperative day 0 and
that these genes are apparently upregulated before the onset of Notch-1 expression [20]. That, in turn,
means that Notch-1 pathway is partially activated prior to the beginning of the way to RPE cell type
conversion. It is important in this context that the same authors performed RT-PCR analysis of single
freshly isolated RPE cells, and the results proved to be consistent with those of PCR with eye cups
of postoperative day 0, showing that RPE cells expressed both Hes-1 and Ngn-1. Summarizing these
results, it may be hypothesized that the components of the proneural Notch signaling pathways are
initially expressed in normal RPE cells of adult newts or that separation of RPE cells from each other is
sufficient for triggering this pathway. Anyway, the above data show that the expression of Notch-1
pathway components in the adult newt RPE may be included in the set of factors accounting for its
high competence for reprogramming into retinal cells.
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On the other hand, analysis of the adult rat RPE for the expression of transcription factors,
signaling pathway components, and cytoskeletal proteins characteristic of retinal stem/progenitor
cells (Pax6, NeuroD, Notch, Musashi, βIII-tubulin, Dcx, Nestin) showed that none of them was
expressed in the freshly isolated RPE, except for transcription factor Hes1. However, all these markers
were reliably detected in the RPE cultured in vitro, after the third passage under permissive conditions
for differentiation in neuronal direction [108]. It may well be that new, more sensitive research methods
will reveal the expression of certain markers of early eye development and proneuronal differentiation
in the RPE of adult mammals and that differences in their expression between newts and mammals
will prove to be mainly quantitative rather than qualitative. It is also probable that the pattern of
genetic and epigenetic regulation of their expression differs between these groups.

9. Epigenetic Factors in Cell of Normal RPE and at Early Stages of Reprogramming

9.1. Chromatin Reorganization in Cells of Adult Newt RPE at the Onset of Reprogramming

Changes in the RPE occur immediately after its detachment from the NR, intraocular pressure
relief, and relaxation of tension within the layer [8]. Some cells leave the RPE layer and change
morphologically: they acquire an irregular oval shape, the relative volume of the nucleus increases,
and chromatin rearrangements take place. The chromatin state—the packaging of DNA with
histone and nonhistone proteins—has a profound effect on gene expression and can contribute
to the establishment and maintenance of cell identities. It is becoming evident that the dynamic
composition of chromatin plays an important role in the regulation of activities of enzymes [109].
Genome reprogramming in RPE cells is accompanied by chromatin rearrangements and changes
in 3D organization of chromosomal loci, which, in turn, play a major role in the regulation of gene
activity. The pattern of these rearrangements in newt RPE cells during reprogramming and their role in
initiating a transcriptional program for retinogenic differentiation in these cells have not been studied
systematically. We made an attempt to characterize the state of chromatin in RPE cells in preliminary
experiments on the model of RPE transdifferentiation in Pl. waltl newts after different kinds of damage
disrupting the RPE–NR contact (bright light irradiation, mechanical retinal detachment, or retinectomy).
The material was stained with toluidine blue and DAPI (4′,6-diamidino-2-phenylindole) and analyzed
in semithin sections at high magnification [23,110]. In cells of the normal RPE, the nuclei contained
mainly diffuse chromatin composed of granular elements and fibers. Small regions of condensed
chromatin (10–20 per nucleus) were distributed largely at the nuclear periphery and often attached
to the nuclear membrane (parietal heterochromatin). Initiation of RPE cell reprogramming after the
loss of contact with photoreceptors was accompanied by chromatin displacement to the nuclear center
and a significant increase in the size of condensed chromatin regions, with consequent change in
the ratio of condensed to diffuse chromatin in favor of the former. Such regions were structurally
segregated into discrete large blocks (chromocenters) (Figure 1B). Thus, RPE cells at the very onset
of reprogramming, long before entering the S-phase, already show chromatin condensation, which
is indicative of transcriptional repression rather than activation. The observed changes in the degree
of chromatin condensation and distribution pattern occur before the cells lose specific products of
their initial differentiation (such as melanin), whose synthesis is already blocked [10,33]. RPE cells
increasingly lose the traits of initial differentiation as they start to proliferate. Both these processes
occur in parallel, against the background of molecular genetic events considered above [6,7,11,37].
It should be emphasized that a distinctive feature of the early stage of reprogramming is that the
expression of genes characteristic of the initial RPE cells is combined with upregulation of genes
responsible for their new, proneuronal differentiation. Apparently, the described changes in chromatin
and nuclear membrane are related to these processes and transition to the stage of active proliferation.

In recent years, significant progress has been made in understanding the roles of histone
modifications and chromatin remodeling in cell differentiation [109]. Such data on the newt RPE are
absent, but it is already known that the embryonic linker histone B4 is expressed and required during
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transdifferentiation of iris pigment epithelial cells into lens cells during lens regeneration in newts [111].
As found in our early experiments, newt RPE cells at the onset of reprogramming, before entering
active proliferation, show a significant increase in total protein production (including nonhistone
proteins); according to quantitative estimates based on 3H-tryptophan incorporation, the rate of protein
synthesis increases twofold at this stage [60].

9.2. Nucleostemin Expression

Nucleostemin (Ns), or guanine nucleotide binding protein-like 3 (GNL3/Gnl3), is one of nucleolar
proteins that plays an important role in epigenetic control of cellular processes. We have studied
its expression in order to characterize in more detail the epigenetic state of the RPE. Nucleostemin
(a marker of low-differentiated cells) has been identified in pluripotent embryonic stem cells and
low-differentiated neural cells in both vertebrates and invertebrates [112–115]. It has various functions
and is involved in the regulation of RNA polymerase I activity, transcription, chromatin structure,
etc. [116–121]. We found nucleostemin in cells of normal eye tissues, including the RPE of adult
Pl. waltl newts [24], where the expression of its gene (Ns) was revealed by PCR. The sequencing of
amplicons confirmed their homology to the target gene sequence. The expression of this gene and other
markers of low-differentiated cells in RPE cells may be indicative of its involvement in the molecular
mechanisms accounting for the plasticity and retinogenic potential of this tissue. The expression
of the nucleostemin gene was also revealed in differentiated pigment epithelial cells of the iris in
C. pyrrhogaster newts. These cells were capable of conversion into lens cells [122]. Attention should also
be given to the Musashi1 protein (Msi1) expressed in the nuclei of normal RPE cells. Upon retinectomy,
Msi1 is localized in the cytoplasm and nucleus of RPE-derived cells and maintains its expression during
all phases of reprogramming, including differentiation of retinal cell types. There is a suggestion that
Msi1 plays important but still unknown role(s) in the process of RPE cell phenotype conversion and in
posttranslational regulation, in particular [123].

On the whole, it may be concluded that further studies are needed to gain an insight into the
epigenetic aspect of in vivo reprogramming as related to its specific features in specialized somatic
cells such as the newt RPE cells.

10. Conclusions

An important mechanism underlying the regeneration capacity of vertebrates is natural cell
reprogramming, i.e., the conversion of differentiated cells into a different cell type. The known
examples of this process are few, and their analysis (along with the search for new relevant experimental
models) is necessary for developing approaches to stimulate regeneration in vivo based on adult
reserve cells. To this end, in turn, it is important to gain an insight into not only the conditions
leading to destabilization of cell differentiation but also into the competence of cells to respond to
appropriate stimuli. The conversion of retinal pigment epithelium (RPE) cells into neural retinal cells
in adult newts (Urodela) is a classic example of natural cell reprogramming in vivo. This process
leads to perfect regeneration of the retina even after its surgical removal. In view of the results of
our long-term studies, we have recently focused on the search for specific cellular and molecular
features of the newt RPE that can be related to its unique ability to transform into neurons and
glial cells and give rise to de novo formation of the retina. As a result, several lines of evidence
have been obtained that, in the aggregate, indicate that RPE cells may combine the properties of
functionally specialized cells and their low-differentiated progenitors. Thus, RPE cells in situ express
not only the initial cell type-specific markers (melanin, RPE65 protein, transcription factors Otx2,
Mitf, etc.) but also the transcription factors, signal molecules, and marker proteins of neuronal
progenitor cells (FGF2, Pax6, Ns, E-NTPDase, c-myc, etc). Moreover, the cells of adult newt RPE show
persistent, low-level (restrained) proliferative activity, can quickly enter the amplification phase, and
are capable of cytoskeleton remodeling, with epithelial cytokeratins being substituted by neurofilament
proteins under the effect of changes in the extracellular matrix. Epigenetic processes, particularly
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chromatin remodeling, also contribute to the competence of RPE cells for reprogramming. Some of
the factors determining such competence have been described for other animals in which no adult
RPE reprogramming is observed. However, it may well be that all the relevant properties as a whole
are essential only to representatives of the order Urodela, which are known to be pedomorphic
(i.e., to retain juvenile features in the adult age). We have revealed certain properties of newt RPE
cells that facilitate their reprogramming, and this information can contribute to the development of
approaches to experimental “rejuvenation” of cells, i.e., to the reversal of their terminal differentiation
providing for the involvement of these cells in the processes of regeneration and repair.
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