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Highlights
e Extracellular signaling pathways are involved in the generation of retinal progenitor cells.

e A comparison was made between signaling pathways in the transdifferentiation of mesenchymal, neural, and retinal
stem cells.

e Mesenchymal stem cells are essential in the generation of retinal progenitor cells.

Plain Language Summary

Cell replacement therapy is a promising way to treat many diseases. Scientists are interested in finding safe cells
with sufficient potential and selecting efficient methods for generating specific cells without tumorigenicity and ethical
considerations. Molecular realization of cellular differentiation is the primary key to the production of the cell with
particular potentials. The retina is the most critical layer in communicating with the outside environment. Many reti-
nal diseases are associated with cellular disorders. Therefore, cell therapy is a new window in treating these diseases.
However, according to the retinal environment, selecting the right cell and cell differentiation method is vital for cell
transplantation. Discovering the mechanism of trans-differentiation and signaling pathways in integrated cells in the
retina is very important for clinical trials. Therefore, the exact definition of the courses and molecules involved in

retinal cell therapy is essential.

1. Introduction

here are several different factors for con-

trolling ocular tissues in the optic ves-

icle stage, such as extracellular factors

and intrinsic signals (Fuhrmann, 2010).

The distal/ventral part of the optic ves-

icle develops the neural retina, while

the Retinal Pigment Epithelium (RPE)
emerges from the dorsal region (Hirashima, Kobayashi,
Uchikawa, Kondoh, & Araki, 2008; Kagiyama et al.,
2005). At the optic vesicle stage, the neuroepithelium
is bipotential (Araki & Okada, 1977; Clayton, Pomerai,
& Pritchard, 1977; Horsford et al., 2005; Itoh, Okada,
Ide, & Eguchi, 1975; Opas, Davies, Zhou, & Dziak,
2004; Rowan, Chen, Young, Fisher, & Cepko, 2004;
Westenskow, McKean, Kubo, Nakagawa, & Fuhrmann,
2010). The first genes that show specific expression in
the retina and RPE are the homeobox gene Vsx2, the
bHLH (basic helix-loop-helix) transcription factor, and
microphthalmia transcription factor (Mitf) (Burmeister
et al., 1996; Green, Stubbs, & Levine, 2003; Hodgkin-
son et al., 1993; Nguyen & Arnheiter, 2000). Extraocu-
lar mesenchyme is required to express RPE-specific
genes such as Mitf, its target melanosomal matrix pro-
tein MMP115, and Wntl3, in chick optic vesicles cul-
tures. In the mouse, when Mitf is expressed, extraocular
mesenchyme surrounds the budding optic vesicle at its
early stages (Fuhrmann, 2010). Ocular and extraocu-
lar tissues express Fibroblast Growth Factor (FGF) li-

gands and their receptors (De Iongh & McAvoy, 1993;
Pittack, Grunwald, & Reh, 1997; Vogel-Hopker et al.,
2000). The studies showed that FGF results in transdif-
ferentiation of RPE into retinal cell types (Galy, Neron,
Planque, Saule, & Eychene, 2002; Guillemot & Cepko,
1992; Hyer, Mima, & Mikawa, 1998; Mochii, Mazaki,
Mizuno, Hayashi, & Eguchi, 1998; Park & Hollenberg,
1989; Pittack et al., 1997). The extraocular mesenchyme
is a mixture of different growth factors, which act as an
inducer of differentiation of neural embryonic stem cells
towards their fate (Fuhrmann, 2010; Fuhrmann, Levine,
& Reh, 2000; Messina, Casarosa, & Murenu, 2011).

Neural System Stem Cells (NSCs) are derived from dif-
ferent sources such as the embryonic, fetal, and adult
nervous systems. The functions of NSCs are to produce
other cells and differentiate them into progenitor cells
(Weiner, 2008). Neural stem cells have multipotential-
ity for differentiation. In vitro, under the conditioned
medium, these cells become floating cell aggregates,
known as neurospheres, and in the form of adherent cell
monolayer called neural stem cells (Matthew, 2011).
There is little information about the fundamental mecha-
nisms regulating cell fate in adult NSCs than develop-
ing neural stem cells. Transplantation of NSCs into the
adult CNS results in differentiation into proper cell types
after an initial culture period, which we know as neu-
rospheres (Zigova, Sanberg, & Sanchez-Ramos, 2002).
The embryonic cortical and spinal cords NSCs are simi-
lar in self-renewal properties and multipotency (Kelly,
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Karsten, Geschwind, & Kornblum, 2009). NSCs differ-
entiate into neural lineage cells both in vitro and in vivo
(Bae et al., 2011; Choi et al., 2005; Fujimura, Ogawa,
Mizuno, Fukunaga, & Suzuki, 2005; Kelly et al., 2009;
Krabbe, Zimmer, & Meyer, 2005; Montzka et al., 2009;
Xu et al., 2008). These cells show multipotentiality like
embryonic cortical stem cells (Redi, 2011).

1.1. Mesenchymal stem cells, importance in the
generation of retinal progenitor cell

Different studies used stem cells to treat degenerative
eye diseases (Table 1) (Scheven, 2015; Wong, Poon,
Pang, Lian, & Wong, 2011). In these studies, mesenchy-
mal stem cells or, in specific terms, Bone Marrow Stro-
mal Stem Cells (BMSCs) are the study targets. BMSCs
are versatile, i.e. have plasticity (Redi, 2011), neuropro-
tection, and immune modulation properties. They intro-
duce no ethical problem and be used in an autologous
fashion (Barry & Murphy, 2004; Caplan, 1991; Catac-
chio et al., 2013; Chotima, 2007; Duan, Xu, Zeng, Wang,
& Yin, 2013; Levkovitch-Verbin et al., 2010).

Studies showed that many subpopulations of Mesenchy-
mal Stem Cells (MSCs) could express OCT4, Nanog, and
Rex1 at the mRNA and protein levels (Wong et al., 2011).
BMSCs are a suitable cell source for the treatment of eye
diseases. BMSCs have an essential role in tissue repair.

These cells migrate into the injured site and integrate
with host tissue (Catacchio et al., 2013; Chotima, 2007;
Duan et al., 2013). These cells can differentiate into RPE
(Catacchio et al., 2013; Hatzistergos et al., 2010; Stern &
Temple, 2011) and retinal cells (Chotima, 2007; Wong et
al., 2011; Xu & Xu, 2011). These cells have been studied
in the clinical trials of eye diseases such as Age-Related
Macular Degeneration (ARMD), glaucoma, diabetic
retinopathy, retinitis pigmentosa, ischemic retinopathy,
macular dystrophy, and optic atrophy (Mead et al., 2015;
Wong et al., 2011). Thus, a variety of protocols have been

Table 1. Genes expressed in different stem cells
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used for the generation of RPE and retinal cells (Bharti
et al., 2012; Bharti, Miller, & Arnheiter, 2011; Bharti,
Nguyen, Skuntz, Bertuzzi, & Arbheiter, 2006; Cho et al.,
2012; Fuhrmann, 2010; Fujimura, Taketo, Mori, Korinek,
& Kozmik, 2009; Lamba, Karl, Ware, & Reh, 2006; Miil-
ler, Rohrer, & Vogel-Hopker, 2007; Tang et al., 2010).

One method for producing cells in vitro is the coculture
technique. To induce retina and RPE cell preparation, re-
searchers carried out several experiments. This method
and generated cells are morphologically like native cells
and, after transplantation in animal model migrate and in-
tegrate into host tissue (Catacchio et al., 2013; Duan et al.,
2013; Hatzistergos et al., 2010; Li et al., 2007; Messina
etal., 2011; Stern & Temple, 2011). But orienting retinal
layers in the culture (outer extraocular, middle RPE, and
inner retina) is a benefit to produce cells in each layer. 3D
coculture is a new tool for developing organoids to model
tissues (Huch & Koo, 2015). Therefore, the combination
of extracellular matrix and 3D culture systems with the
knowledge of the signaling pathways is vital for tissue
repair. The studies showed that several organoids derived
from adult stem cells (Huch & Koo, 2015).

Then, Extraocular Mesenchyme (EOM) and RPE cells
together may induce differentiation of the neural stem
cells into retinal cells and RPE cells more potently. This
procedure is a new method for the production of retinal/
RPE cells in vitro.

1.2. Evolutionary molecules and signaling path-
ways in mesenchymal, neural, and retinal stem cells

In comparison between Neural Stem Cells (NSCs),
Retinal Stem Cells (RSCs) in the eye field stage, early
Retinal Progenitor Cells (RPCs), and late Retinal Progen-
itor Cells (RPCs) in transcription factors expression level
(Table 1) from all markers that neural stem cells express,
the more attention in retinal differentiation is to Pax6,

Stem Cells Markers Retinal Stem Cells (RSCs)

Neural Stem Cells (NSCs)

Early Retinal Progenitor  Late Retinal Progenitor

Cells Cells
Pax6 v v \ v
Otx2 v v
Notchl v v v
Sox2 v v
Lhx2 v v v
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Figure 1. Schematic representation of similarity in the potency of stem cells for the generation of retinal cells

Blastomeres in the animal pole of the embryo can differentiate into the eye, and other blastomeres could differentiate into
neuroectoderm cells. Cells in RPCs and NSCs are similar in potency and differentiation and may generate RPCs or different

retinal cell types.

DRCs: Dorsal retinal cells; RSCs: Retinal stem cells; NSCs: Neural stem cells; RPCs: Retinal progenitor cells; RPE: Retinal pig-

ment epithelium; NR: Neural retina; OV: Optic vesicle.

Sox2, Otx2, and Notchl transcription factors (Faigle &
Song, 2013; Kuhn & Eisch, 2014; Temple, 2001).

Pax6 and Otx2 are two important factors for RSCs
while, Pax6, Sox2, and Notchl are for early and late
Retinal Progenitor Cells (RPCs) (Cwinn et al., 2011;
Fuhrmann, 2010; Hennig, Peng, & Chen, 2008; Peng,
Ahmad, Ahmad, Liu, & Chen, 2005; Swaroop, Kim, &
Forrest, 2010). Later 4 stem cells are like each other in the
expression of transcription factors Pax6 and NSCs and
RSCs in Otx2. NSCs and early and late RPCs in Notch1
and NSCs and early RPCs in Sox2 are similar. The stud-
ies showed that maintaining neurogenic competence and
multipotency in RPCs depends on the balance between
Sox2 and Pax6 (Brzezinski & Reh, 2015; Xiang, 2013).

As eye development has become clear (Fuhrmann,
2010; Sernagor, Eglen, Harris, & Wong, 2012; Zaghloul,
Yan, & Moody, 2005), a subtype of totipotent morula
cells competent to totipotent dorsal retinal stem cells
and RSCs derived from DRCs under the influence of
Eye Field Transcription Factors (EFTFs) dedicated and
formed optic vesicle and optic cup. These cells are plu-

ripotent and, in the next stage, differentiate into RPCs.
The last cells are multipotent and included early and
late retinal progenitor cells, Retinal Pigment Epithelium
(RPE), and optic stalk (Figure 1).

Other blastomeres in equatorial and ventral animal
poles could reprogram in response to interaction with
their neighbor’s cells and generate normal retinal cells
(Sernagor et al., 2012; Zaghloul et al., 2005). Therefore,
animal pole blastomeres have different potential to gen-
erate retina. At the end of gastrulation, these cells become
neuroectoderm and neural stem cells with multiple com-
petencies (Kuhn & Eisch, 2014). Signaling pathways
in the embryonic stage for neural induction are BMP
antagonists, FGF/ERK, and Wnt (Turner et al., 2014).
Multipotent Bone Marrow Stromal Stem Cells (BMSCs)
are in the mesenchymal lineage (Barry & Murphy, 2004;
Carido et al., 2014; Machalinska et al., 2009; Redi, 2011)
and have the potential to differentiate into NSCs (Catac-
chio et al., 2013; Deng, Obrocka, Fischer, & Prockop,
2001; Egusa, Schweizer, Wang, Matsuka, & Nishimura,
2005; Hatzistergos et al., 2010; Jiang et al., 2010; Ram-
rattan et al., 1994; Woodbury, Reynolds, & Black, 2002).
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Table 2. Signaling pathways used by stem cells in differentiation processes

Signaling Path- Retinal Stem Cells  Neural Stem Cells

Early Retinal Pro-  Late Retinal Pro- Mesenchymal

ways (RSCs) (NSCs) genitor Cells genitor Cells Stem Cells (MSCs)
Shh v v v v
BMP v Vv v v
FGF v v v
Notchl Vv v
Whnt v v v

As mentioned above, NSCs are in neural lineage like
BMSCs multipotent (Table 1) (Bae et al., 2011; Choi et al.,
2005; Fujimura et al., 2005; Kelly et al., 2009; Krabbe et al.,
2005; Montzka et al., 2009; Xu et al., 2008). The question
is whether NSCs could generate retinal cells. As for the ex-
pression of markers explained later, NSCs may be similar
to RSCs at the eye field stage and could create cells of the
optic vesicle and optic cup. Studies showed that mouse Em-
bryonic Stem Cells (mESCs) in culture medium containing
N2, b27, serum, and Retinoic Acid (RA), result in the gen-
eration of a neural precursor that express Sox2 and SoxI.
These cells in low levels of Nodal and Activin gained neural
fate (Fujimura et al., 2009).

In vivo studies showed that transplantation of NSCs in
the injured retina could migrate and integrate and differ-
entiate into retinal cells such as photoreceptors cells but
not retinal ganglion cells (Mead et al., 2015). In other
words, NSCs may be differentiated to RPCs and pro-
duce neural retina, RPE, and optic stalk. These similari-
ties arise from declaration and homogeny in transcrip-
tion factors released from NSCs (Faigle & Song, 2013;
Kuhn & Eisch, 2014; Mead et al., 2015; Temple, 2001)
in contrast to RSCs and RPCs. Therefore, NSCs could
generate early and late PRCs in vitro. To clarify this po-
tentiality, we could trace signaling pathways that these
cells use (Table 2).

From pathways that RSCs use for differentiation (Sinn
& Wittbrodt, 2013; Wang, 2017), two pathways, Shh,
and BMP are essential. Shh, BMP, FGF, EGF, Notchl,
and Wnt are pathways in NSCs (Faigle & Song, 2013).

Interestingly, BMSCs also use BMP, FGF, and Wnt
signaling pathways. Two other stem cells, early and late
retinal stem cells like the above cells, use BMP, FGF,
EGF, and Notchl signaling pathways.

According to Table 2, there is a similarity in signaling
pathways in NSCs with other stem cells. Due to the simi-
larity in differentiation potential, BMSCs, NSCs, RSCs,
and RPCs are similar and could act in the same man-
ner. Shh is a common pathway between NSCs, RSCs,
early and late RPCs, and BMP is a common factor to
BMSCs, NSCs, RSCs, and early RPCs. Also, FGF is
common between BMSCs, NSCs, and early RPCs, and
Finally, Wnt is common between BMSCs, NSCs, and
RSCs. Therefore, theoretically, BMSCs and NSCs may
be differentiated into retinal cells (Dong, Pulido, Qu, &
Sugaya, 2003; Yuan et al., 2003). Although NSCs could
differentiate into RPCs, early and late RPCs and BMSCs
could differentiate into RSCs and late RPCs (Moviglia,
Blasetti, Zarate, & Pelayes, 2012; Sevlever, Miriuka, &
Pitossi, 2015). The studies have shown that Wnt (Na-
kamura, de Paiva Alves, Veenstra, & Hoppler, 2016)
and BMP (Pandit, Jidigam, Patthey, & Gunhaga, 2015;
Singh & MacLaren, 2011; Wong, Trembley, Wahab, &
Viczian, 2015) identify the linage and fate of the retina
(Sernagor et al., 2012; Xiang, 2013) and Wnt, FGF (Ser-
nagor et al., 2012), BMP, Nodal and Retinoic Acid (RA)
(Brzezinski & Reh, 2015; Zhou et al., 2015) are deter-
mined by neural pattern (Turner et al., 2014).

In the cascade view, Wnts and BMPs signaling pathways
are essential in the specification of eye field (Nakamura
et al., 2016; Wang, 2017), and following FGF signaling
pathway and EFTFs cause the expression of PERK that
results in activation and expression of Sox2 and Vsx2.
The expression of these two factors results in the inhibi-
tion of MITF. Besides, Notch pathway activation causes
activation of Pax6 (Fuhrmann, 2010; Wang, 2017).

Therefore, Pax6 as a regulator of eye formation, fol-
lowed by activation of the FGF signaling pathway, re-
sults in the formation of RPCs. Then, it seems that sig-
naling pathways such as Wnt, BMP, FGF, Nodal, and
RA and followed by Wnt, FGF and in the final step FGF,
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Figure 2. Schematic illustration of possible mechanism in our hypothesis for the differentiation of BMSCs into RPE/retinal cells

Bone marrow stromal stem cells under the influence of signaling factors cause aggregation called neurosphere. These cells, under the
influence of eye signaling and transcription factors for the retina, differentiate into retinal progenitor cells and finally into RPE and

different retinal cells.

BMSCs: Bone marrow stromal stem cells; RPCs: Retinal progenitor cells; RPE: Retinal pigment epithelium.

Shh, and transcription factors (Adler & Canto-Soler,
2007; Faigle & Song, 2013; Sinn & Wittbrodt, 2013; Za-
ghloul et al., 2005) result in the generation of RPCs. If a
similar cascade induces NSCs, given that NSCs are simi-
lar to RSCs in multipotency and could use identical sig-
naling pathways, it can differentiate into RPCs and early
and late RPCs in vitro (Dong et al., 2003; MacLaren &
Pearson, 2007).

The studies showed that BMSCs under the influence of
differentiation medium containing B27, EGF, and bFGF
could change their fate and transdifferentiate into aggre-
gated floating cells called neurosphere (Figure 2). After
plating these cells, generated neural stem cells could ex-
press specific markers for neural and glial cells (Aruta et
al., 2011; Bae et al., 2011; Choi et al., 2005; Fujimura et
al., 2005; Kelly et al., 2009; Krabbe et al., 2005; Montz-
ka et al., 2009; Stern & Temple, 2011; Xu et al., 2008).
These cells may have the potential to differentiate into
RPCs and finally RPE or retinal cells.

1.3. Factors and signaling molecules secreted from
EOM and adult RPE

Extraocular mesenchyme cells surrounding the optic
vesicle and optic cup secrete different factors and mol-
ecules. The diencephalon and mesencephalon of prosen-
cephalon are two primary sources of extraocular mesen-
chymal cells (Fuhrmann, 2010; Kagiyama et al., 2005).
EOM cells secrete several factors that affect adjusting
optic cup cells (RPE cells and neural retina) and change

their fate and function (Adler & Canto-Soler, 2007;
Fuhrmann, 2010; Messina et al., 2011; Yang, 2004). The
healthy and functionality of the neural retina and choroid
layer depends on RPE monolayer (Kadkhodaeian et al.,
2018; Dutt, Douglas, & Cao, 2010; Elner et al., 2003;
Hogan, Alvarado, & Weddell, 1971; Korte, Reppucci,
& Henkind, 1984; Young & Bok, 1970; Zarbin, 2004).
RPE released factors directly change the fate of neural
retinal cells (Dutt et al., 2010). In other words, the cor-
relation between EOM, RPE cells, and neural retina leads
to the development of eyecup.

In Table 3, secreted factors by EOM and RPE cells are
listed. They are common in three factors, TGF-B, FGF,
and BMP. It seems that the influence of these factors in-
creases by using these two cells together and could acti-
vate signaling pathways such as BMP, FGF, and TGF-B.

BMP signaling cascade is necessary for retinal speci-
fication and preservation of retinal domain (Adler &
Canto-Soler, 2007; Faigle & Song, 2013; Fuhrmann,
2010; Yang, 2004). Inhibition of BMPs and Wnts signal-
ing cause neuroectodermal specification (Sernagor et al.,
2012; Sinn & Wittbrodt, 2013), retinogenic fate (Serna-
gor et al., 2012; Sinn & Wittbrodt, 2013), and retinal for-
mation (Turner et al., 2014; Wong et al., 2015).

In Xenopus, noggin upregulates EFTSs and causes
retinal progenitor cell fate. In other words, noggin in-
hibits the BMP4 and result in retinal formation. The sug-
gested mechanism for neural induction is inhibition of
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Table 3. Extraocular and adult Retinal Pigment Epithelium (RPE) cells factors and signaling molecules

Signaling Molecules Extraocular Mesenchyme Adult RPE
TGF-B v v
FGFs v v
BMP v v
CNTFs v
BDNFs v
NGFs v
bFGFs v

BMP-Smadl and Activin/TGFB-Smad2. Smad1/5/8 and
Smad2/3 are downstream of BMP and Activin pathways.
Activation of noggin causes the expression of Otx2, Rax,
Pax6, Six3, and Lhx2 (Wong et al., 2015). Noggin over-
expression in ventral blastomeres causes retina formation.
Inhibition of BMPs and Activin in human embryonic
stem cells (hESCs) result in neural induction (Wong et
al., 2015). Studies showed that antagonist Wnt and BMP/
Activin and IGF on the hESCs result in the generation of
retinal progenitor (Wong et al., 2015).

The studies showed that BMP and Wnt are necessary
for RPE generation in chick, and BMP is essential to
maintain Rax2+ and neural retinal differentiation in the
optic vesicle. Still, it is not needed for Mitf+ RPE induc-
tion in optic vesicle explant (Pandit et al., 2015). FGF is
essential for retinal patterning, but TGF-B is an inhibito-
ry molecule. BMP signaling is vital in retinal pattern for-
mation as in D-V axial patterning in the nervous system,
in D-V axial determination of the optic cup and neural
retina, establishing the topographic projection map of
the RGC axons in their target fields. Also, several stud-
ies implicated BMP involvement in retinal cell survival
(Adler & Canto-Soler, 2007; Yang, 2004).

In chick, at neural tube/optic vesicle stage, BMP signal-
ing causes maintenance of eye field and specification of
neural retinal cells. In mice, the BMP pathway is necessary
for retinal growth and early retinal neurogenesis (Pandit
et al., 2015). Activin, one of the TGF-B family members,
secreted from EOM cause RPE development (Adler &
Canto-Soler, 2007; Messina et al., 2011). In other words,
Activin triggers Mitf, Wnt13, MMP115 and inhibits the
Pax6, Chx10, and Optx2 (Messina et al., 2011).

RPE cells are post-mitotic cells that have one incom-
plete cell division (Hogan et al., 1971). Therefore, they
are seen as binuclear in vivo (Dutt et al., 2010). In vi-
tro, under the influence of different factors and micro-
environment, they transdifferentiate into other cells like
retinal cells (Wong et al., 2011). In other words, in a me-
dium containing bFGF, BDNF, CNTF, and alpha TGF,
RPE cells transdifferentiate into retinal cells, especially
photoreceptors (Dutt et al., 2010).

Signaling molecules such as bFGF, CNTF, FGF, and
Hh (Yang, 2004) secrete from adult RPE cells in vitro
(Duttetal., 2010). Then, regulatory systems in these cells
are responsible for changing the fate and morphology in
vitro. Uses of adult RPE cells have two advantages, 1-
secreted growth factors induce differentiation pathways
in NSCs (Dutt et al., 2010) and 2- transdifferentiation
of adult RPE cells may influence later NSCs differentia-
tion into retinal cells. Studies showed that cells derived
from the RPE layer, plated at clonal density, could form a
neural sphere if treated with FGF2 or EGF (Yang, 2004).

As mentioned, signaling molecules such as Shh, TGFb/
BMP, FGF, and Wnt have an essential role in optic cup
development and RPCs generation (Zaghloul et al.,
2005). The Shh has a different role in retinogenesis and
making developmental decisions. This factor separates
optic primordia through repressing expression of an eye
field specification, optic cup regionalization by the ex-
pression of Pax6, Pax2, Vax, Rx1, Mitf, and Otx2, and
the formation of differently-biased RPCs thought several
cytokines, including FGF and transcription factors (Dutt
et al., 2010; Zaghloul et al., 2005).

The sonic hedgehog signaling pathway is required
for maintenance of RPE fate in the ventral optic cup
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Figure 3. Generation of retinal cells from blastomeres under the influence of different signaling molecules and factors

In blastomeres, localized VegT and Vgl are involved in the initial step in retinogenesis. BMP signaling gradient causes selec-

tion of DRCs and under the influence of

EphrinB1 and FGF cells move into the eye field. Also, Notch signaling via expression of Pax6, Pax2, Vax, Rx1, Mitf, Six6 causes
specification of eye field RSCs. FGF and Shh signaling pathways through the expression of EFTFs result in optic cup regional-
ization and generation of RPCs. The combination of homeobox and bHLH transcription factors causes differentiation of RPCs

into retinal cells.

DRCs: Dorsal retinal cells; RSCs: Retinal stem cells; RPCs: Retinal progenitor cells.

and reduced Shh signaling increased proliferation of
RPE and transdifferentiation into the retina (Fuhrmann,
2010). It is suggested that the Shh factor by attaching to
intramembranous protein like patched, my be activated
slowly. The activation of Gli causes an effect on specific
transcription factors, for example, Pax6 and Rx1. Tran-
scription factors of Pax6, Rx, LHx2, and Chx10 guide
the optic vesicle toward the neural retina (Dutt et al.,
2010; Wang, 2017).

Besides, Shh affects primitive RPE tissue and inhib-
its Pax6, Mitf, and Otx2 (Wang, 2017). In other words,
in response to graded Shh, Pax2 and Vax genes are ex-
pressed in the region adjacent to the midline and gener-
ate the optic stalk and ventral retinal fate, since Pax6 and
Rx are expressed in site further distal to the midline and
defines the optic cup. Also, Shh signal levels play a role
in regulating the expression of the RPE determinants, i.e.
Otx2 and Mitf (Dutt et al., 2010; Wang, 2017).

These factors may direct the optic vesicle to RPE.
Therefore, the use of Shh along with Pax6 and Rx induc-

es cells into the neural retina and RPCs. Besides, these
molecules inhibit factors related to the RPE layer and
optic stalk. For example, Pax6 has an inhibitory role in
Pax2 and Chx10 on Mitf (Wang, 2017). Studies showed
that Shh regulates the Ciliary Margin Zone (CMZ) in
fish, amphibians, and chicken. CMZ is absent in mice
but increases the activity of Shh signaling in mouse
causing the proliferation of progenitors (Wang, 2017).

1.4. Extracellular signaling systems in generation
of RPCs

As mentioned before, Fibroblast Growth Factor (FGF)
has a vital role in retinal development. FGF signal causes
neural retina specification and organizes the double-lay-
ered optic cup (Adler & Canto-Soler, 2007; Dutt et al.,
2010). In general, FGF roles during eye development
include forebrain development, eye field specification,
RPCs differentiation (Figure 3), eye field split, optic
vesicle evagination, optic cup formation, and retinal dif-
ferentiation (Sinn & Wittbrodt, 2013).
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Shh and FGF signaling influence the cell-intrinsic de-
cision of RPCs (Sernagor et al., 2012). Studies showed
that neutralize the FGF2 blocks neural differentiation,
and adding the FGF to the culture medium causes the
presumptive RPE to differentiate into the retinal layer.
FGF suppresses genes of RPE determination; therefore,
intracellular determinants for RPE may be stopped by a
high concentration of FGF (Dutt et al., 2010). Several
types of FGF molecule exists in the different area of de-
veloping retina (Adler & Canto-Soler, 2007; Messina et
al., 2011) and have a distinct effect on the retina. Among
these factors, FGF8 causes the conversion of RPE into
the neural retina, and FGF2 has an inhibitory role on it
(Adler & Canto-Soler, 2007). Whereas FGF1 or FGF2
downregulates Mitf expression and interferes with the
pigmentation of cultured mouse eyes (Dutt et al., 2010).

Secreted FGF from surface ectoderm have an induc-
tion role in neural retina formation and cause expres-
sion of FGF8 and FGF9. These two factors result in the
boundary between the neural retina and RPE (Adler &
Canto-Soler, 2007; Messina et al., 2011). FGF9 is usu-
ally expressed by the distal optic vesicle in the mouse.
Miss-expression of FGF9 by the alpha crystalline in the
lens causes dorsal RPE to convert into the neural retina
(Duttetal., 2010). FGF2, 8, 3, FGFR1, and Spry2 are ex-
pressed in the central segment of the developing retina.
FGF 8, 3 signalings are necessary for the initial neuro-
genic switch in the retina (Sernagor et al., 2012). FGF9,
FGFRI1, 2, CRF are seen in the boundary between the
central and peripheral portion, and FGF1, 19, FGFR1,
and FGFR1, 2 are expressed in the peripheral neural
retina (Adler & Canto-Soler, 2007).

Signaling molecule BMP is expressed in a different
portion of optic vesicle as BMP4 and noggin in periph-
eral and noggin in the central part of the neural retina are
seen (Adler & Canto-Soler, 2007). Expression of noggin
results in RPE transdifferentiation into neuroepithelium-
like tissue (Adler & Canto-Soler, 2007). Also, Wnt5a,
7b, 11 and Fz2, 3,5,8 and Sfipl, 2 are expressed in the
central portion and Wnt5a, 7b, 2b, 2 and Fz2, 3,5,1,4,6,7
and Sfrpl, 2 in dorsal part and finally Wnt5a, 7b, and
Fz2, 3,5 and Sfipl, 2 between the previous parts.

Therefore, extracellular signaling molecules such as
FGF, BMP, Wnt (non-canonical) affect the expression
of transcription factors like Rx, Pax6, Six3, Lhx2, Six6/
Optx2, Et, tll, Hes1 and Otx2 (Messina et al., 2011) and
cause the generation of RPCs. The studies show several
genes like above, and ABCG2, CR3, FABP7/B, neuro-
genin-2, Sox2, and P-cadherin are expressed in RPCs.

January, February 2021, Volume 12, Number 1

2. Conclusion

There are many strategies for the replacement of retinal
cells in degenerative eye diseases:

producing photoreceptor cells from fetal tissue, 2- gen-
erating photoreceptors from stem cells (Retinal Progeni-
tor Cells (RPC), Embryonic Stem Cells (ESC), induced
pluripotent stem cells (iPS), or mesenchymal stem cells
(MSC), and 3- generating photoreceptors by therapeu-
tic cloning (Hogan et al., 1971; MacLaren & Pearson,
2007; Messina et al., 2011; Stern & Temple, 2011). The
embryonic stem cells are the most common type for dif-
ferentiation and clinical trial in retinal disease, but they
have limitations such as ethical, immune rejection, and
tumorigenesis.

Although the iPS cells lack many problems like ESCs,
but short, rapid telomerase activity and aging in differen-
tiated cells are the main problems.

Extraocular mesenchyme factors act as an inducer of
differentiation, as the optic vesicle stage. Also, adult
RPE cells secrete factors that affect adjacent cells. The
studies showed that the Activin-like factor released
from EOM causes the expression of Mitf and Otx2 for
RPE specification. We hypothesized here that this factor
might act on neural stem cells and stimulate them for the
production of Mitf. Besides, FGFs released from EOM
cause the expression of ERK in the neural retina that
stimulates expression of Sox2 and Vsx2, for the retinal
specification. Therefore, FGFs from EOM could affect
neural stem cells and stimulate them to produce Sox2,
Vsx2. These factors also may affect adult RPE cells and
cause transdifferentiation into retinal cells. The combi-
nation effect of Sox2, Vsx2, and transdifferentiation of
RPE cells could stimulate the neural stem cells for differ-
entiation into retinal cells. We suggested that the expres-
sion of Pax6 in neural stem cells is the beginning of the
differentiation of the neural retina, like to optic vesicle
stage in development. Besides, factors buried from EOM
provide the essential signals for neural retina morpho-
genesis and RPE differentiation. By this method, neural
stem cells, under the coculture condition with EOM and
RPE may get potential for differentiation into retinal pro-
genitor cells
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