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Self-organization is a process that ensures histogenesis of the eye retina. The phenomenon of self-organisation is
discussed in the spatiotemporal context and illustrated by key findings during vertebrate retina development in vivo
and retinal regeneration in amphibians in situ. Described also are histotypic 3D structures obtained from the
disaggregated retinal progenitor cells of birds and retinal 3D organoids derived from the mouse and human

pluripotent stem cells.

retina development self-organisation cellular and molecular mechanisms

| 1. General Concepts

The ontogeny of the vertebrate retina has been a topic of interest to developmental biologists for many decades.
The retina’s development in vertebrates begins early, from the time of the division of the anterior neural plate into
domains, with the specification of the so-called eye field occurring in the middle of them. The bilateral optic
vesicles, being the eye anlagen, are subsequently formed in this region. The retina appears in the posterior wall of
the optic cup, which is formed from the optic vesicle through its invagination. Simultaneously, the eye primordium
elongates in the posterior part, and its connection to the brain grows narrower, generating the optic stalk (Figure 1)
A A lineage tracing and live imaging, carried out on zebrafish embryos, allowed a detailed analysis of cell
movements, including extended evagination and rim movement EI4E, Retinal progenitor cells (RPCs) in the optic
cup undergo active proliferation, producing the prospective retinal pigmented epithelium (RPE) and neural retina
(NR) 2, Those cells that remain in the outer layer of the optic cup constitute the RPE progenitors, whereas the
inner layer is composed of the NR progenitors. Each of the RPCs is multipotent and capable of producing the full
range of retinal cell types subsequently. Different clones of RPCs have different combinations of precursors of the
major cell types, including Miller glial cells. It is postulated that the interactions that specify the differentiation

pathway of retinal cells occur relatively late in development BIZEIEIL0]
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Figure 1. Schematic representation of vertebrate eye development. (A) Formation of the optic vesicle. (B)
Specification of the NR (inner layer), RPE (outer layer), and optic stalk (OS) domains within the optic vesicle.
Formation of the lens placode from the surface ectoderm. (C) Formation of the optic cup and the lens vesicle. (D)

Organization of the formed eye. Neural retina stratification; growth of the optic nerve. MS: mesenchyme.

The “competence model”, based on the sequential maturation of retina cell types in a certain order and as a result
of changes in the RPCs’ competencies (potencies), is considered as a fundamental basis for the self-development
of the vertebrate NR BILALL The sequential manner of retinal cell differentiation and its “timing”, exhibiting certain
patterns, have been identified in different vertebrate species. It is usually manifested as the generation of ganglion
cells, cone photoreceptors, and horizontal and amacrine cells of the retina in the early phase, overlapping with the
late-phase generation of rod photoreceptors, bipolar cells, and Miller glia 121 To date, the main retinal time course,
similar to that found in other vertebrates, has been described from the developing human retina using RNA-Seq
analysis 13 The competence model, reflecting the intrinsic pattern of cell diversification in the developing retina,
has been further supported by the recently collected extensive information on the expression of transcription
factors (TFs) and signaling molecules that jointly determine the hierarchy of RPCs LL24ILSILSIATIEIIN (see helow)
(Figure 2).
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Figure 2. Schematic representation of the classical competence model for eye development. According to the
model, retinal progenitor cells progress through the competence windows during which a specific retinal cell type is
generated. RPCs—retinal progenitor cells; RPE—retinal pigment epithelium; GC—ganglion cell; AC—amacrine
cells; HC—horizontal cells; BC—bipolar cells; MG—Mdiller glial cell. At the top: the sequential manner of a retinal
cell’s differentiation. It has early and late phases. The represented sequence is general for vertebrates, although
conditional, since the stages overlap with each other and have species-specific features. Key transcription factors

responsible for retinal cell type specification are indicated at the bottom.

The laminar structure of the retina is formed during cell maturation. Its formation in vivo occurs not only through the
implementation of internal cell competencies and RPCs’ interactions with each other, but also through external
signaling. At the earliest stages, the retina is formed largely through self-organization, a process whose
mechanisms are not fully understood. There is some disagreement between the two theories existing today 29
The first, the above-mentioned competence model, is the theory of RPCs changing competencies, which provides
different cell clones for the development of certain cell types at a certain time 12 (Figure 2). This model suggests
that during retinogenesis, RPCs acquire and then lose the ability to produce certain cell types in accordance with
some internal timing. An assumption has been made that such a behavior of RPCs is regulated and controlled by
the cells’ mutual positive/negative feedback through intercellular adhesion, communication, and physical factors, as

well as signaling from other developing eye tissues 129,

However, in vitro studies on developing zebrafish and rat retinal tissue have shown that the “histogenesis of fates”
observed in the overall population is accounted for by the variability of cell determination within clones and that cell
fate variability among clones is likely to have a partially stochastic explanation 292122 To confirm this, information
is provided that after the elimination of progenitor cells of one or the other cell type in the zebrafish and mouse
embryonic retina in vivo, the remaining cells are able to laminate in the correct order [23l24125] Thys, lamination of
the retina was restored in Chx10, Kip1 double-null mice in the absence of bipolars (23, In the transgenic zebrafish,

an IPL-like neuropil still formed in cellularly simplified retinas consisting of only bipolars and photoreceptors.
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Remarkably, in this presynaptic-only neuropil, axons of bipolars could still make presynaptic structures and display
sublaminar organization of their axonal terminals 241,

There are also data showing that retinal explants, taken at different time points of development and, therefore,
containing different populations of RPCs, reproduce in vitro the same size and composition of clones as in vivo 24,
These facts are evidence that both the competence of RPCs and their fate are stochastic to a certain extent and, at
the same time, are regulated by some intrinsic mechanisms. This makes it challenging to link the competence state
of RPCs to a specific developmental time, as well as to the fully directive action of external regulation. One of the
underlying mechanisms of such stochasticity may be the extreme heterogeneity exhibited by RPCs in their
expression of TFs [28]. Nevertheless, the selection of the fate of retinal cells is not completely stochastic, since the
frequency of some, certain clone compositions, turns out to be higher than one could expect in the case of their
completely stochastic development. Gomez and co-authors 2 support this point of view with a mathematical
model, which shows that the probability of occurrence of early cell types, such as, in particular, ganglion cell
precursors, decreases over time against the background of an increase in the probability of the production of late

cell types such as rods, bipolar cells, etc., rather than disappearing completely.

The process of retinal self-organization includes not only the intriguing abilities of RPCs to behave within the
framework of the competence model and, at the same time, stochastically, but also a number of other intriguing
properties. One of them is the “overproduction” of cells of early cell populations. It has long been known that clones
at early time points are usually much larger than later ones 8. In later developmental phases, overproduction is
purposefully eliminated through cell death so that the populations of retinal cell types reach a number adequate for
their specific relationships and functions. Programmed cell death, or apoptosis, is known as a common
phenomenon in embryonic development and cell differentiation during histogeneses, in particular in the CNS [27128]
(291[301(311[32](33][34][39]. According to Vecino and Acera [28], in the case of the retina, the main functions of cell death
are as follows: eliminating the neurons that have not established synapses with partner cells (targets); involvement
in the retinal laminar structure formation; and eliminating the cells of transit populations. Cell death in the
developing NR is described in a number of early studies, with their data summarized in a review by Valenciano et
al. 29, Two waves of cell death are reported for mammals: the first affects the RPC population in the early
retinogenesis phase, while the second in the late phase, during synaptogenesis, when the plexiform layers of the
NR are formed [281291301 | addition to the above-mentioned phases, Valenciano et al. 22 indicate morphogenic
cell death, a programmed cell death related to optic vesicle evagination, optic cup formation, and closure of the
optic fissure. Many of the cellular and molecular mechanisms involved in cell death have been elucidated. In
particular, many of the molecular triggers underlying programmed cell death have been discovered Bl The
survival/death of both RPCs and retinal neurons in the late stages of retinal development is regulated by families of
molecules that carry out both internal and external control of these processes (summarized in 2931, Among
external signals, Braunger et al. 31 distinguish NF and TGF; in the late phase, neurotrophins (BDNF, CNTF, and
NF) and immune modulators are considered 2232331 There is evidence of the role of cell death in the formation of
cell mosaicism 4. The resulting retinal mosaics constitute the “functional units” necessary for providing the normal
functions of the retina (21361371,
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The cell migration that occurs in the retina along with the processes of cell death and stratification and mosaicism
formation aims to achieve the definitive localizations of cells in the NR structure 738 The cell types that emerge
after exiting the proliferative phase migrate along the radial (apico-basal) axes of the NR anlage. Tangential
migration (perpendicular to the radial axis of the NR) is also known. It is reported to be characteristic of cells
emerging in the early phase of retinogenesis. This allows them to move a short distance within their laminar
position 738 The processes of neuronal migration, lamination, and mosaicism formation are discussed in detail

in a review by Amini et al. [34],

Spatiotemporal, precise orchestrated processes such as the fate choice (competence, differentiation) by cells,
excess proliferation, migration, and death, as well as the definitive maturation of cells upon reaching the correct
location (in terms of time and position) in the overall NR composition provide adult functionality of the retina. These
processes are initially based on a high measure of plasticity of neuroepithelial cells to accommodate the
spatiotemporal process while maintaining their tissue integrity and architecture. The self-regulation of plasticity
properties against the background of intercellular and physical factors of influence in vivo is described in terms of

the expression of genes, TFs, controlled by intrinsic and extrinsic factors of the cells.

2. Regulation of Eye and Retina Development by Extrinsic
Factors in Vertebrates In Vivo

The role of intrinsic regulatory factors in response to external signaling systems can be observed at all stages of
retinal development in vivo. A number of signaling regulatory molecules emitted from neighboring tissues are
identified at the very early stage of eye development. A previous work implicates the extracellular matrix (ECM) as
a major player in eye structures’ morphogenesis, with the mechanisms of this influence, however, being poorly
understood and the roles of individual ECM proteins not fully defined B[40 The eye anlage is surrounded by
periocular mesenchyme. However, the study of the effect of its ECM proteins is reported [ to be complicated by
the presence of two sources in the periocular mesenchyme: the neural crest and cells of mesodermal origin, whose
specific role is difficult to identify. To understand the role of the neural crest, Bryan et al. 1l analyzed the proteins
of its basal membrane. For this, embryos of mutant zebrafish lines were used, in which the basal membrane of the
neural crest adjacent to the prospective RPE was destroyed genetically. Most neural crest cells were absent,
resulting in optic vesicle cells that moved faster and farther than those in wild-type embryos. Rim movement was
impaired in the absence of a complete, continuous basal membrane around the RPE, which resulted in optic cup
malformations. A search for a key molecular effector involved in the interaction of the neural crest ECM with the
developing eye indicated conserved sulfated monomeric glycoproteins, referred to as nidogens, acting as ECM
modulators. The authors 1 suggested that the ECM of the basal membrane is a dynamic substrate capable of
regulating cell movements in the early eye anlage, as well as spreading of its outer layer, the RPE. There is an
opinion that the periocular mesenchyme, regardless of its source, controls the signaling pathways Hh, TGFf3, and

Wnt regulating the eye development in vivo [£2l42],

The role of the Wnt and BMP pathways in vertebrate eye development was assessed using inhibitors of these

signalings, DKK1 and Noggin (for Wnt and BMP, respectively), and exposure to exogenous IGF1 (Glinka et al.,
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1997; Lamba et al., 2006) 431441 Other results 2! provide evidence that BMP signals in early development inhibit
the acquisition of the eye field traits. However, at the stage of the formation of optic vesicles, BMP signals running
from the forming lens, on the contrary, are necessary for the maintenance of the eye field character, inhibition of
dorsal telencephalic cell identity, and specification of NR cells. The inhibition of WNT and BMP in the developing
RPCs derived from ESCs in vitro 44! and the injection of IGF1 mRNA to clawed frog (Xenopus) embryos in vivo 48
induced retinal development. In the latter case, this occurred presumably due to the suppression of the Wnt

signaling pathway by IGF 7],

The non-canonical, B-catenin-independent Wnt signaling pathway turned out to be important to form and maintain
the eye field and to regulate cellular movements during morphogenesis. The development of the eye field has been
shown to be at least partially controlled by Wntll and Fz5 through local antagonistic interactions with Wnt/3-
catenin signaling, which suppresses retinal identity #&l. In turn, Wnt/B-catenin signaling plays an essential role in
multiple developmental processes and has a profound effect on cell proliferation and cell fate determination. Faulty
regulation of Wnt/B-catenin signaling results in multiple ocular malformations due to defects in the process of cell

fate determination and differentiation 2.

In addition to Wnt, BMP, and IGF1, other factors should also be included in the system of regulation of the early
retinal formation stages. It was found that FGF, TGF[(3, Notch, Vax, retinoids, and Gasl are responsible for the
diversification and stabilization of the two major visual domains (RPE and NR) in the optic vesicles and eye cup Y
Bl The role of FGF and Wnt signaling has been studied in mice both during RPE and NR formation and in
maintaining the properties of the retinal growth zone (ciliary margin (CM)). Using a single-cell analysis,
Balasubramanian et al. B2 found that FGF along with Wnt signaling regulate the stem properties of CM cells and
their entry into differentiation. FGF promotes Wnt signaling in the CM by stabilizing -catenin, while Wnt signaling
converts the NR into either the CM or the RPE depending on FGF signaling; FGF transforms the RPE to the NR or
CM depending on Wnt activity. These data collectively showed that the vertebrate eye develops through a phase

transition determined by a combinatorial code of FGF and Whnt signaling 221,

3. Regulation of Eye and Retina Development by Intrinsic
Factors in Vertebrates In Vivo

The external signaling influences the expression of TFs, whose differential functioning ensures both early and
advanced retinal development 2534 TFs are suggested to be the primary determinants of retinal fate choices
(Figure 2 and Figure 3). The expression of genes responsible for the emergence of differences in the competence
or, in other words, the potential of RPCs to produce certain cell types determines the processes of cell sequential
diversification. It should be noted that TFs, whose differential expression is characteristic of the development of the
eye and, in particular, the retina, are conserved across species, and this is certainly a convenience for assessing

their role in the eye development mechanism L254155]
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Figure 3. A schematic illustration of the groups of key transcription factors whose expression is associated with the
main successive stages of eye development. NR—neural retina, RPE—retinal pigmented epithelium, OS—optic

stalk, ON—optic nerve. See the detailed description is in the text.

As mentioned above, the eye’s development is initiated with the emergence of eye field cells in the anterior neural
plate during late gastrulation. The formation of this region is accompanied and coordinated by the expression of the
eye field TFs (EFTFs). The progenitor cells of the optic vesicle in this region express the same basic
genes: Pax6, Rx, Six3,6, Otx2, Sox2, and Lhx2, encoding the respective TFs. In the anterior neural plate, EFTFs
compose a genetic network to control the eye specification against the background of inhibition of BMP, Nodal, and
Wnt/B-catenin signaling B4IB3l56][65 66 67]. The work of TFs in their interaction with signaling pathways at different
stages of the eye and retina development (RPE and NR) has been well characterized and presented in many
works [LIIEILABE3N11 29 30,64]. In brief, it can be represented as follows. As mentioned above, the presence of the
eye field in the anterior part of the neural plate is characterized by the expression of EFTFs, in particular Rx. The
latter is up-regulated due to the cooperative work of TFs Otx2 and Sox2. The interaction with the BMP, Wnt, and
Shh signaling pathways leads to the separation of the eye field area from other areas of the developing brain.
Then, the expression of Lhx2 occurs, which allows the initiation of the optic vesicle formation. The expression of
TFs Otx2 and Mitf, induced by the TGFB pathway, as well as Pax6 is characteristic of the optic vesicle in general.
However, when the prospective NR is formed, Mitf is down-regulated with the involvement of Vsx2. The formation
of RPE requires the suppression of FGF signaling, as well as Sox2, which occurs with the involvement of Otx2.
Thus, the signaling involving simultaneously developing surrounding tissues leads to regionalization in the eye
anlage, namely the formation of the RPE and NR domains L8556 The major transcriptional modulators to

differentiate and maintain the specific RPE properties are Mitf, Otx, and [-catenin. However, after the determination
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of the domains, both cell populations retain the ability to convert one into another (RPE«—NR). In birds, this is
observed during embryonic development B2, as well as in the case of BMP application 8. The RPE conversion
into the NR is also reported for amphibians B (see below). In Chx10-null mutant mice, NR cells

transdifferentiate into RPE cells against the background of developing microphthalmia (62!,

As mentioned above, during the NR development, RPCs produce the full range of retinal cell types. They do not do
this simultaneously, although frequently with overlapping. This indicates that, already in the early phase of NR
genesis, RPCs represent a heterogeneous population that exhibits differential gene expression responsible for

differences in the RPC potential to produce one or another cell type [62],

One family of TFs that has been shown to be most important in the regulation of cell fate is the basic—loop—helix
(bHLH) family. The proneural bHLH transcriptional regulators are key components for the intrinsic programming of
RPCs and are essential for the formation of the diverse retinal cell types 3164l |n turn, the expression of key
intrinsic regulators, multiple retinogenic bHLH and homeodomain TFs, responsible for the specification of NR

neurons, is controlled by the Pax6 master gene [621(66],

Miesfeld et al. [67, using antibodies recognizing the Atoh7 (formerly Math5) polypeptide of mice and humans, as
well as informative knockout and transgenic mouse tissues and overexpression experiments, found that the
transient features of the Atoh7 protein and Atoh7 mRNA expression during retinal neurogenesis match the
expected pattern on the tissue and cellular levels during the neurogenesis wave preceding the optic cup formation.
The differentiational expression of TFs Olig2, Ngn2 (Neurog2), and Ascll (Mashl) is characteristic of RPC
subpopulations B8I6A7A Brzezinski et al. X attempted to link the heterogeneity of the RPC population with the
differences of its cells in the expression of TFs-encoding genes. They used genetically modified mouse lines, their
embryos, as well as retinal explants in vitro. Ascll- and Ngn2-inducible expression fate mapping was conducted
using the CreER™/LoxP system. It was found that RPCs represent a highly heterogeneous cell population
expressing every possible combination of TFs. By summarizing the results, it became possible to divide the RPC
population into at least two categories: early (Ngn2*), which gives rise to a population of ganglion cells, and late
(Ascl1*), whose cells differentiate into other types of retinal neurons. Simultaneously, it has been shown that the
DNA-binding protein, lkzfl/lkaros zinc finger TF, plays a role in determining the state of RPCs’ competence
associated with generating early-born cell types. The inactivation of Ikzfl caused a loss of early-born neurons

including ganglion, amacrine, and horizontal cells without affecting late-born cell types 22,

In the last 25 years, a large number of TFs, combinations of genes, as well as cofactors responsible for the
differentiation of specific NR cell types have been identified using molecular genetics approaches and
bioinformatics. In particular, it was found that Atoh7 and Pou4f2 (homeobox) catalyze the rate-limiting step in the
specification of retinal ganglion cells. Prox1 expression proved to be essential for the production of horizontal cells,
while Neurod1 and Neurod4 and Pax6 and Six3 regulate the production of amacrine cells. Crx is regarded as a key
TF for the specification of photoreceptors, while Vsx2 (Chx10) is key for the production of bipolars ZEIZ4, The

expression of TFs Sox11 and Sox4, carried out in a coordinated manner during retinogenesis, is responsible for
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correcting the size of populations of certain specific cell types. As reported, the epigenetic mechanisms of gene

regulation are used in this case [2],

The scope of the present entry does not allow a detailed consideration of the dynamics of TFs’ expression during
the maturation of each individual NR cell type. A more detailed description of the data found in this area of research
is provided in earlier reviews, e.g., 2419781 |n many studies, a core transcriptional hierarchy underlying retinal cell
types’ appearance in vertebrates is assumed. However, at the same time, in many studies, the complicated pattern
of TFs’ expression is reported. It has been noted that TFs’ expression is influenced by simultaneous, synergistical
expression of other TFs (combinatorial codes), which also plays an important role in cell fate diversification A8l
In RPCs, thousands of genes undergo differential expression, which are turned on or off as the major specific NR
cell types arise. Although studies of the recent past have identified the key genetic regulators of retina specification,
the question as to how their network works is still far from being fully addressed. In the review by Buono and
Martinez-Morales 2, the authors confidently state that the system biology and the emerging techniques such as
RNA-seq, ChlIP-seq, ATAC-seq, or single-cell RNA-seq can make a significant contribution to understanding the
operation principles of genetic regulatory networks in retinal development. Recently, Lyu et al. /8 used integrated
single-cell RNA and single-cell ATAC sequencing (SCATAC-seq) analysis and the models of developing mouse and
human retinas to identify multiple interconnected, evolutionarily conserved genetic networks composed of cell-type-
specific TFs that both activate genes within their own network and inhibit genes in other networks. It has been
shown that such regulatory machinery can control temporal patterning in primary RPCs, regulate transition from
primary to neurogenic progenitors, and drive the specification of each major retinal cell type. The authors exemplify
this by TF nuclear factor | (NFI), which binds CAATT-boxes. It was indicated that this and other TFs selectively

activate the expression of genes promoting late-stage temporal identity in primary retinal progenitors [Z8],

Along with studies of regulatory genetic networks, with the full complexity of this problem, attention is paid to
epigenetic regulatory mechanisms, including the chromatin landscape, histone modifications, DNA methylation,
non-encoded RNASs, etc. Thousands of enhancers are shown to be active in the developing retinae, and many of
them have features of cell- and developmental stage-specific activity [BUBLB2E3] - Attempts to identify the role of
mMiRNAs were made earlier. MicroRNAS, single-stranded 19 to 25 nt small ncRNA that are part of the RNA-induced
silencing complex (they pair with target sites located primarily within the 3'-untranslated region of mRNAs), are
capable of suppressing gene expression by inhibiting the translation or causing degradation of RNA 4. A study of
the miRNAs profile by the application of the in situ hybridization method has shown that many of them are

expressed both during retinogenesis and at the adult stage in overlapping and distinct patterns [831[88]87][88]

Norrie et al. [l studied the dynamic changes in the 3D chromatin landscape by ultra-deep in situ Hi-C analysis on
murine retinae during retinal development. Developmental stage-specific changes were identified in chromatin
compartments and enhancer—promoter interactions. The authors designed a machine-learning-based algorithm to
map euchromatin and heterochromatin domains’ genome-wide and overlaid it with chromatin compartments
identified by Hi-C. Single-cell ATAC-seq and RNA-seq were integrated with Hi-C and previous ChlIP-seq data to
identify cell- and developmental-stage-specific super-enhancers. As a result, it became possible to identify the

bipolar neuron-specific core regulatory circuit super-enhancers upstream of Vsx2, whose deletion in mice led to the
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loss of bipolar neurons 1. A number of works consider the impact of the loss of polycomb repressive complex 2
(PRC2), which catalyzes the addition of the repressive mark H3K27me3, on retinal development. Mutations in the
subunit of this complex (Ezh2, Ead) led to a noticeable decrease in the RPC proliferation, as well as to changes in

the choice of the type of differentiation by progenitors 820,

Thus, studies considering the work of the genome and epigenome, the changes and modulations occurring in cells
of the prospective retina as it self-organizes in vivo, being fundamental, are, nevertheless, still far from
comprehensively addressing these issues. However, as can be seen, the prospects for such research have been

outlined, and a technological capacity for complex molecular genetics and epigenetic studies has been built.

4. Morphogenetic Factors of Retinal Self-Organization In
Vivo

The self-development of the retina implies the acquisition of its characteristic shape, the process of morphogenesis
that occurs along with cell differentiation, and the formation of their coordinated functional circuit. In studying the
role of TFs as morphogenetic factors, special attention is paid to Pax6, a master gene that is key to the control of
eye development in both invertebrates and vertebrates 2122 |n the work by Grocott et al. 23, who used chicks as
a model organism, Pax6 was shown to direct the expression of a pair of morphogen coding genes, Fst and Tgfb2,
which modulate the Pax6 function via positive and negative feedback. The topology of the Pax6/Fst/Tgfb2 gene
network proved to be consistent with the activator—inhibitor-type Turing network (24 which is capable of
manifesting a self-organizing pattern-forming ability in the absence of position information. This process was
computationally modeled, and the results indicated that the work of this genetic network is essential for establishing

the primary axis of organization for the spontaneously polarizing retina and prefiguring its further development 281,

Nevertheless, the study of the TF expression, signaling pathways, and their regulatory networks does not seem to
be sufficient enough to explain the mechanisms of self-organization and morphogenesis of the retina. In particular,
it is not clear how individual cells determine the state in space and time and consistently modulate the formation of
a 3D structure until the definitive shape that suits the function to be performed. As discussed below, the extensive
reshaping of the eye primordium during development is highly conserved across vertebrates and is successfully
reproduced in vitro in organoid models, using not only RPCs, but also embryonic (ESCs) or induced pluripotent
stem cells (iPSCs) 231981 This confirms the existence of the self-regulating properties of the RPCs and their
ensembles involved in this process, which coordinate their actions by direct and indirect interactions between each
other. The information about the molecular participants of these interactions in the early phases of self-organization

is still insufficient 281,

Cellular mechanosensing mechanisms, which, apparently, should also be considered in the system of regulatory
mechanisms of retinal morphogenesis, have been found using models of the development of other tissues 271981,
The study of Okuda et al.2 considers the mechanical aspect of the problem of eye and retina formation. The
authors based their study on the previous data of experiments with the eye cups derived from mouse ESCs in vitro

and the “relaxation—expansion” model proposed at that time 2212001 |n a study of cell displacements during optic
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cup formation, eye primordia of 9-day mouse embryos were used in ex vivo conditions. The key cell behaviors
required for the invagination and the subsequent hinge formation along the NR-RPE boundary were identified. A
conclusion was made that mechanical force plays a primary role in feeding back the 3D tissue deformation to the
force generations of individual cells across different scales 22, It is also known that mechanical deformations play
a role in the formation of the optic fissure 1%, The Hippo signaling pathway, a main cell mechanotransducer that
can respond to ECM stiffness, should also be mentioned in this context 1921, |t is known that Yap and Taz, being
the co-activators of the Hippo pathway, are involved in the RPE development as sensors of mechanical signals
inside the cell nucleus 2% Data obtained on a zebrafish model have shown that the Yap/Taz-Tead activity is
necessary for a part of the RPCs, having equal potencies for both RPE and NR production in the optic vesicle, to
acquire the RPE identity subsequently. The conclusion is supported by the Yap immunoreactivity in the nuclei of
prospective RPE. Furthermore, zebrafish yap (yapl) mutants completely lost the population of RPE cells and/or
exhibited NR colobomas (redundant proneural cell proliferation). These data allowed the conclusion that Yap and
Taz are early key regulators of RPE genesis and one of the causes of congenital ocular defects 298], The role of
cell primary cilia, or rather the expression of genes regulating ciliogenesis, has recently been discovered in the
morphogenesis of the eye. Fiora et al. 194 found that in Ar/13-null mouse embryos, the lens is abnormally
surrounded by an inverted optic cup whose RPE is oddly facing the surface ectoderm. It has been found also
that Arl13b genes can modulate the work of the Shh signaling pathway along the dorsoventral (DV) axis and are

thereby involved in setting the DV polarity and morphogenesis of the optic vesicle.

Many theoretical and practical attempts been made to show the role played by mechanics as a driver of tissue self-
organization and morphogenesis 193 Recently, attempts have been made to determine the role of RPE in the
creation of the mechanical forces responsible for optic cup formation 1%, The authors managed to address this
problem by genetically modifying the Tg (E1-bhlhe40.GFP) line of zebrafish. This allowed making all newly
appearing RPE cells fluorescent. It was shown that, in the virtual absence of proliferation, RPE cells stretched and
flattened, thereby matching the retinal curvature and promoting optic vesicle folding. The localized interference with

the RPE cytoskeleton disrupted tissue stretching and optic vesicle folding.

The role of mechanical forces, as well as the ECM composition mentioned above, responsible for their generation,
are traditionally discussed when considering the formation of the optic vesicle and the optic cup in vivo and in vitro,
a well as in the development of congenital eye pathologies [1071O8I109] The ECM is involved in the regulation of
the movements of individual cells and their groups; the binding of the ECM to the cell causes the contractile force
to strengthen, with the subsequent transmission of this signal into the cell 207110 To describe the regulation of
eye morphogenesis, when considering the role of mechanical forces and the ECM, authors often use mathematical
models [E3I10L[107A1[112] 55 well as observations of changes in morphogenetic movements during the selective
elimination of certain ECM proteins and their receptors 1131141 |ntraocular pressure (IOP), created through the
accumulation of the aqueous humor of the eye, should also be mentioned among the physical forces that are
factors influencing the formation of eye tissues in vivo. It has long been known that a slowdown/underdevelopment
of the eye occurs with a decrease in IOP (1151 However, to date, there is no specific data on the role of flows of
accumulated aqueous humor, the pressure they exert, and the resulting stresses in the tissue of the developing

retina.
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Proteins providing the planar cell polarity (PCP), i.e., a polarity axis that organizes cells in the plane of the tissue,
are considered another morphogenetic regulatory factor. PCP proteins coordinate the planar polarity between cells
and control polarized behavior by modulating the cytoskeleton (18 According to Alvarez-Hernan et al. 117, the
distribution of PCP proteins in the developing chick retina indicates their important role in the axonal guidance at
early stages of retinogenesis, as well as possible involvement in the formation of cell asymmetry and the

maintenance of retinal cell phenotypes.

Thus, when considering the phenomenon of retinal self-organization during eye development in vivo, the
multifactorial nature of the process, including both intrinsic and extrinsic regulatory mechanisms, should be taken
into account. In brief, these are as follows: cell—cell relationships and intercellular signaling positive and negative
feedback, expression of genes and TFs and their networks operating differentially in a spatiotemporal manner, the
role of epigenetic regulatory mechanisms, regulation carried out by external signaling pathways, cell proliferation,
migration, and apoptosis, changes in mechanical properties and cell-level forces that are regulated by molecular
signals, etc. This list is a vivid demonstration of the biological complexity and genetic heterogeneity of the self-

organisation process.
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