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Abstract

Coloboma is a clinical condition in which failure of choroid fissure closure during
development leads to defects in the mature eye. Coloboma is one of the main
causes of visual impairments in humans and it can be both syndromic and
isolated. Mutations in the YAP gene, a key regulator of tissue and organ shape
and size, cause coloboma both in humans and zebrafish by largely unknown
mechanisms. In zebrafish, Yap and its homologue Taz have been shown to be
critical in the specification of the retina pigment epithelium (RPE). This study
investigates potential cellular mechanisms of Yap-mediated choroid fissure

closure using the yap"13 zebrafish coloboma mutant, focusing on the RPE.

Firstly, we investigated the specificity of yap"13 phenotype. Although yap is
broadly expressed in the zebrafish embryo, the phenotype of yapn13 is specific to
the eye. Using RT-PCR and gRT-PCR experiments we assessed and excluded
the presence of eye specific alternative yap isoforms that could correlate with the

specificity of the phenotype.

Secondly, we aimed to understand whether the yap"3 mutation affected the
specification and proliferation of the RPE. Confocal time-lapse experiments
revealed that both specification and proliferation of the RPE are not affected in

yapn13 zebrafish mutant.

Finally, we aimed to wunderstand if the yap"3® mutation impairs
mechanotransduction in the developing RPE. Yap is a key effector in
mechanotransduction and is critical for the maintenance of cell and tissue
mechano-homeostasis. Immunohistochemistry experiments coupled with
morphological analysis of the RPE cells suggested an impairment in actomyosin
contractility in the yap"™3 mutant. Decreasing cell contractility, using both
chemical and genetic manipulation of myosin, increases the frequency of
coloboma in yap"3 mutants whereas increasing cell contractility rescues the

phenotype.

This work highlights the role of Yap in generating the tissue tension required for

optic cup fusion. We suggest that the yap"13 mutation results in an RPE-specific
3



downregulation of cell contractility which affects the correct folding of the optic

cup resulting in failure of choroid fissure closure.



Impact Statement

In this work | provide new information about the role of the gene yap in eye
morphogenesis with a focus on its function in choroid fissure closure. Mutation of
the yap gene is causative of coloboma both in human and in zebrafish. Coloboma
arises when the choroid fissure fails to fuse during the development of the eye,
and it is one of the main causes of congenital visual impairment and blindness in
human. Although failure in the fusion of the choroid fissure represents a major
cause of visual impairment, the cellular and molecular mechanisms underlying
this process are still poorly understood. The data gathered in this work provides

a possible mechanism for the formation of coloboma phenotype in yap mutants.

The observations performed on the yap"3 zebrafish mutant provide a specific
example of the role of this gene in the regulation of the mechanical forces during
eye morphogenesis. While Yap has been identified as critical in cell tension, its
role in the regulation of mechanotransduction in the context of the eye has not
been previously explored. This work identifies yap as a key gene ensuring the
correct regulation of the mechanical properties of the RPE tissues during eye

morphogenesis.

Furthermore, the incomplete penetrance of the yap"'3 zebrafish mutant provides
a sensitised background facilitating the discovery and the screening of genes
involved in RPE genesis and ocular diseases. This will help to broaden our

understanding of the complex genetics underlying congenital eye defects.
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The development of the eye.

The development of the eye is strongly evolutionarily conserved across
vertebrates (Lamb et al., 2007; Sinn and Wittbrodt, 2013; Treisman, 2004). The
first step in eye development is the specification of the eye field. The single
central eye field subsequently splits into two symmetrical anlagen which
evaginate distally generating the optic vesicles (OV). At the end of its evagination
the distal-most part of the optic vesicle invaginates generating a bilayered
structure, the optic cup (OC), in which the outer retinal pigment epithelium (RPE)
enwraps the neuroretina (NR) (Chow and Lang, 2001).

Establishment of the eye field.

The eye field is located in the rostral part of the neuroectoderm and gives origin
to the eye structure. Its molecular signature is the expression of genes encoding
eye-field transcription factors (EFTFs), including Pax6, Six3, Opx2, and RXx.
Mutation or inactivation of each of the EFTFs leads to eye phenotypes in all
vertebrate species. Conversely, overexpression of EFTFs genes can be sufficient
to expand the optic field (Chow et al., 1999; Loosli, Winkler and Wittbrodt, 1999;
Bernier et al., 2000; Loosli et al., 2001; Zuber et al., 2003; Bailey et al., 2004).

One of the early-acting transcription factors required for the specification of the
eye field is Otx2. Otx2 is critical for the specification of the forebrain and its loss
results in lack of forebrain and midbrain in mouse (Acampora et al., 1995; Matsuo
et al., 1995). Expression of Otx2 is also required for the neuroectoderm to
become competent for the development of ocular tissues. Indeed, deficiency of
Otx1 and Otx2 gene expression leads to eye defects in a dosage dependent
manner (Martinez-Morales et al., 2001). The requirement of Otx2 for eye structure
competence has been observed by ectopic expression of the EFTFs: EFTFs
expression is sufficient to drive the formation of ectopic eye tissues only in the
anterior region of the neural plate, where Otx2 is expressed (Loosli, Winkler and
Wittbrodt, 1999; Chuang and Raymond, 2002; Zuber et al., 2003).

Otx2 expression domain is caudally restricted by Wnt activity, which is, in turn,

rostrally inhibited. Reduction of Wn t -€afenin anterior inhibition results in the
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expansion of the caudal diencephalic and midbrain territory at the expense of eye
andt el encephalic tissue. Conver s echtgnin
pathway is sufficient to expand caudally the telencephalon and eyes domains
(Heisenberg et al., 2001; van de Water et al., 2001; Houart et al., 2002). This can
be also observed in the masterblind (mbl) zebrafish mutant in which loss of rostral
inhibition of Wnt activity results in expansion of the caudal diencephalon at the
expenses of both the telencephalon and the eye field (Heisenberg et al., 2001;
Wilson and Houart, 2004; Stigloher et al., 2006).

Al t er at i ocatenordstralMrhibitiob at early stages of anterior neural plate
(ANP) patterning affects both the telencephalon and the eye field as at this
developmental stage these domains are not yet segregated (Stigloher et al.,
2006). The establishment of the eye field and its segregation from the
telencephalon requires the expression of the eye field determinant rx3 (Loosli et
al., 2003; Stigloher et al., 2006; Sinn and Wittbrodt, 2013). Loss of Rx3 activity is
sufficient to result in lack of eye development in zebrafish (Loosli et al., 2003;
Stigloher et al., 2006). The role of rx3 and its homologues in the establishment of
the eye field is conserved across vertebrates and it has been described in
Xenopus, Medaka and mouse (Loosli et al., 2001; Tucker et al., 2001; Zuber et
al., 2003; Fish et al., 2014).

Once established, the eye field domain is restricted anteriorly by the
telencephalon and caudally be the diencephalon. Caudally the activation of Wnt
non-canonical pathway restricts the activi t y o f -tatesin pathway t@ the
diencephalon. In particular, it was observed in zebrafish that Wntl1l and the eye
field specific Wnt receptor Fzd5 are required for the establishment of its boundary
with the diencephalon (Cavodeassi et al., 2005). In zebrafish, the establishment
of the anterior boundary of the eye field domain is dependent on Bmp activity
originating at the rostral margin of the ANP. Here, Bmp restricts rostrally rx3
activity while promoting telencephalic fate of the anterior region of the ANP
(Bielen and Houart, 2012).

The expression of rx3 in the eye field domain is critical for the maintenance of the
cohesion and of the segregation of the eye field. It was observed in zebrafish that

rx3 is required for the regulation of eph and ephrin expression in the eye field and
16
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in the surrounding anterior neural plate (Cavodeassi, Ivanovitch and Wilson,
2013). Ephrin and Eph are membrane proteins regulating cell-cell interaction
often responsible for the repulsive behaviour between different cellular domains
(Pasquale, 2008). In absence of functional rx3, the signalling from Eph/ephrin is
disrupted, resulting in loss of eye field boundaries and of the segregation of its
cells. Disruption of the segregation of the eye field due to loss of Eph/Ephrin
activity resulted in misregulation of eye field splitting and optic vesicle evagination
(Pasquale, 2008).

Splitting of the eye field and optic vesicle evagination.

Once specified, the single central eye field becomes split into two symmetrical
retinal primordia. Failure in the separation of the eye field leads to cyclopia as the
consequence of the development of a single central retinal primordium. The
physical division of the eye field relies on TGF- and FGF signallin
from the axial mesoderm underlying the eye field (Rebagliati et al., 1998; Varga,
Wegner and Westerfield, 1999; Sinn and Wittbrodt, 2013). These factors induce
migration of cells from the prospective hypothalamus from the posterior region of
the eye field dividing it into two symmetrical regions (Varga, Wegner and
Westerfield, 1999; Wilson and Houart, 2004; Sinn and Wittbrodt, 2013).
Simultaneously, Shh secretion from the ventral midline inhibits the expression of
pax6 in the medial region of the eye fields, splitting its expressing domain in two
(Chiang et al., 1996; Roessler et al., 1996). A nice example for the role of Shh in
the suppression of pax6 comes from studies performed in Astyanax mexicanus
(Yamamoto, Stock and Jeffery, 2004). In this species there are two populations,
one with eyes - the surface one - and one which does not develop eyes - the cave
one. In the cave population overexpression of shh from the prechordal plate
inhibits pax6 expression, obliterating the eye field. This overexpression is
sufficient to induce eye regression in embryos of the surface population. The role
of Shh for eye field splitting is highly conserved. In mammals, loss of Shh
signalling is causative of cyclopia as observed both in mouse and human (Chiang
et al., 1996; Roessler et al., 1996).
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As the eye field is split into two eye primordia, the process of evagination of the
optic vesicle takes place (Fig. 1.0). In amniotes, at the moment of optic vesicle
evagination, the cells of the eye vesicle are organised as a polarised cuboidal
epithelium: changes in shape of the neuroepithelium drive the lateral evagination
of the neural tube ventricle originating the optic vesicle (Fig. 1.0 A). Conversely,
in teleosts the optic vesicle originates from the dense mass of the eye field (Fig.
1.0 B). In this class, at the moment of its evagination, the eye field is comprised
of two different cell populations which are required for the progression of the optic
vesicle morphogenesis (Ilvanovitch et al., 2013). In zebrafish, the cells at the
margin of the eye field are organised into a pseudostratified neuroepithelium prior
to the epithelialization of the surrounding neural tissue. As the marginal cells of
the eye fields organise into an epithelium, the cells in the inner eye field, which
are initially mesenchymal, undergo mesenchymal to epithelial transition (MET)
and intercalate in the eye field pseudostratified epithelium. The intercalation
process of the inner mass of the eye field in the peripheral eye field
neuroepithelium leads to the formation of a virtual ventricle within the optic
vesicle. This process coupled with the thickening of the forming eye
neuroepithelium leads to the lateral evagination of the optic vesicle.

The whole process of epithelization of the eye field and formation of the optic
vesicle is strongly reliant on extracellular matrix (ECM) deposition. Deposition of
ECM around the eye field is required for the acquisition of neuroepithelial
characteristics by the peripheral cells of the eye field. The ECM is in fact a critical
signal inducing and maintaining the polarisation and the organisation of the eye
field neuroepithelium (lvanovitch et al., 2013). In absence of both Laminin and
the apical polarity protein Pard6 the epithelization of the eye field fails and the
whole optic vesicle evagination is compromised. This indicates that the formation

of the neuroepithelium from the eye field is required for its evagination.

As the optic vesicle evaginates, the naso-temporal axis of the eye is established.
The main determinants for of the nasal and temporal neuroepithelium are foxgl
and foxdl1 respectively (Picker et al., 2009; Hernandez-Bejarano et al., 2015).
The origin of the naso-temporal patterning of the optic cup relies on its exposure

to both Fgf signalling from the dorsal forebrain and Shh signalling from the ventral
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forebrain during evagination. During the evagination of the optic vesicle and the
following formation of the optic cup, the eye primordia rotate by 90°, moving the
original dorsal region of the eye in the final nasal position (Fig. 1.2 B). Once the
foxgl and foxd1 expressing domains are established by Fgf and Shh signalling
respectively, the boundary between them is sustained by their mutual repression
(Hernandez-Bejarano et al., 2015). Indeed, inhibition of Fgf activity expands the

temporal domain while loss of Hh activity expands caudally the nasal domain.

During the evagination of the optic vesicle, the patterning of the retina takes place
resulting in the differentiation of the retina pigment epithelium (RPE) and of the
neuroretina (Fig. 1.0 C). At the beginning of optic vesicle evagination the ocular
neuroepithelium is bipotential as the presumptive RPE is competent to develop
in neuroretina and the presumptive neuroretina has the potency to differentiate
into RPE. As the optic vesicle approaches the surface ectoderm, its most distal
region acquires neuroretinal identity, while the tissue adjacent to the prospective
neuroretina, in the dorsal region of the optic cup, acquires RPE identity.
(Fuhrmann, 2010). The initial determinant of the RPE is mitf, which is initially
expressed across the whole optic vesicle (Nguyen and Arnheiter, 2000): inhibition
of mitf results in the differentiation of the neuroretina, while sustained mitf
expression coupled with otx2 are required for the specification of the RPE (See
paragraph 1.2). The earliest neuroretina specific gene is the homeobox gene
Vsx2/Chx10. Chx10- together with Sox10 are responsible for the inhibition of Mitf
activity in the distal region of the eye neuroepithelium allowing its differentiation
into neuroretina. FGF derived from the surface ectoderm has been identified as
the main signal responsible for the repression of Mitf in the prospective
neuroretina (Hyer, Mima and Mikawa, 1998; Fuhrmann, 2010): removal of the
surface ectoderm adjacent to the optic vesicle resulted in loss of neuroretina
specification and expansion of the RPE domain. Conversely, ectopic induction of
FGF secretion across the optic vesicle was sufficient to induce neuroretina
specification. The study also highlighted that, in absence of cues from FGF, the
neuroepithelium of the optic vesicle remains bipotent and displays both
neuroretina and RPE phenotypes. However, it was shown that FGF is not
sufficient to induce the transdifferentiation of RPE into neuroretina in cultured

optic vesicle (Horsford et al., 2005). Experiments on mammalian optic vesicle
19



culture showed that abolishment of Chx10/Vsx2 expression results in ectopic
expression of Mitf, leading to a RPE-like identity in the neuroretina (Horsford et
al., 2005). It has furthermore been shown that, when Chx10/Vsx2 is mutated,
FGF signalling fails to maintain neuroretina specification and it transdifferentiates
into RPE. Thus overall, the neuroretina determination relies on the proximity of
the optic vesicle to the surface ectoderm which, through FGF signalling mediated
by Chx10/Vsx2, inhibits Mitf expression and generates a distal neuroretina

domain.
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Figure 1.0| The development of the vertebrate eye.

A| In amniotes the formation of the OV results from the lateral evagination of the
neural tube (Adapted from: Martinez-Morales, Cavodeassi and Bovolenta, 2017).
B| In teleosts the OV originates from the cavitation of the mesenchymal inner eye
field undergoing epithelization. C| During the evagination of the OV and the
following invagination of the OC the RPE stretches, from a pseudostratified
epithelium to cuboidal. In teleosts the stretching of the RPE continues resulting
in squamous epithelium (Adapted from: Moreno-Marmol, Cavodeassi and
Bovolenta, 2018). D| The QV initially expresses Mitf induced both by Otx2 from
the eyefieldandby TGF- , from the periocul ar mesenc
Mitf is inhibited at the beginning of OV invagination in the prospective neuroretina
by Chx10, induced by FGF signalling from the surface ectoderm. E| Lateral view
of the invaginating optic cup.
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Invagination of the optic cup.

Once the domains of the RPE and neuroretina are determined and the
evaginating optic vesicle touches the overlying surface ectoderm, it begins to
invaginate. The invagination of the optic vesicle will result in a bilayered structure,
the optic cup (OC) in which the outermost layer, the RPE, enwraps the

neuroretina.

The process of epithelial folding occurring during optic cup invagination has been
observed and described during multiple different morphogenetic events: for
instance in Drosophila gastrulation and in vertebrate neural tube closure (Khan
et al., 2014; Nikolopoulou et al., 2017; Visetsouk et al., 2018; Ko, Kalakuntla and
Martin, 2020). Epithelial folding is driven by morphological changes in cells: in
this process, cells acquire a speaqgstriéti c
the apical or basal surface. This polar constriction is dependent on the
contractility of the circumferential actomyosin belt, and relies on the adhesion to
the ECM to transmit the generated mechanical tension at a tissue level (Pearl, Li
and Green, 2017; Wen, Wang and Shibata, 2017; Krueger et al., 2018). During
optic cup folding, neuroretina cells undergo both basal and apical constriction
depending on their position on the optic cup (Martinez-Morales, Cavodeassi and
Bovolenta, 2017) (Fig. 1.1 A,B).

The basal constriction of the neuroepithelium driving optic cup morphogenesis
was firstly described in the medaka ojoplano (opo) mutant (Martinez-Morales et
al., 2009). The opo medaka mutant is characterised by disruption in optic cup
folding while the patterning of the eye neuroepithelium is unaltered. Observations
on the opo mutant revealed that actin deposition in the basal region of the
neuroepithelium was reduced. This reduction was coupled with reduction of
adhesion molecules (integrins and paxillin) anchoring the neuroepithelium to the
ECM. Interestingly, reduction of integrin molecules alone was sufficient to
phenocopy the opo phenotype, revealing that the loss of cell adhesion to the ECM
is required for optic cup folding. Morphological analysis of the nuclei in the opo
mutant neuroepithelium revealed that the eye phenotype is due to a reduction in
cell tension generation. In particular, while in wild type embryos retinal nuclei

appeared to be elongated in response to
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opo mutant did not show such elongation. As nuclear shape reflects the
mechanical tension transmitted through the ECM, loss of nuclei deformation in
the opo mutant indicated an inefficient transmission of mechanical forces to the
basal lamina due to lack of cell adhesion. This study highlighted that the basal
constriction of the neuroretina is required to generate the force to invaginate the
optic cup. It furthermore elucidates that the adhesion to the basal lamina is

necessary for the force generated at a cellular level to be exerted at a tissue level.

The role of basal shrinkage in driving optic cup invagination has been furthermore
explored in zebrafish (Nicolds-Pérez et al., 2016; Sidhaye and Norden, 2017).
Analyses on tissue contractility revealed an increment of myosin foci in the basal
neuroepithelium which actively pulls upon the basal lamina. Similar to what
observed in the opo mutant, downregulation of the ECM component lamcl
resulted in loss of optic cup invagination. These data confirmed both the active
role of the neuroretina in the invagination of the optic cup and the requirement of
ECM in the transmission of forces generated by this tissue. The accumulation of
tension at the basal margin of the neuroretina was furthermore tested directly:
laser-induced cuts at the basal lamina of the neuroretina were sufficient to reduce
the invagination of the optic cup. This demonstrated that the integrity of the basal
ECM is required for the transmission of the force generated by the shrinking

neuroretina forcing the invagination of the optic cup.

Together with basal constriction, cellsoftheopt i ¢ cupés ruedergooepi t
apical constriction at the hinge region between the inner and outer optic cup (Fig.
1.1 B). Similar to the basal constriction, the apical constriction of the hinge cells
is reliant on actomyosin contractility and is an active behaviour. It has been
proposed that the change in shape of the hinge cells, coupled with force
generated by the tangential expansion of the neuroretina, are sufficient to drive
the optic cup invagination (Eiraku et al., 2011; Eiraku, Adachi and Sasai, 2012).
Studies on 3D in vitro cudxpuarnes isoaungdg ensotdeedl
model, the invagination of the optic cup is driven by the difference in tissue
tension between the RPE (stiffer) and the neuroretina (softer). As the optic vesicle
evaginates, the distal region of the expanding neuroepithelium reduces its myosin

phosphorylation levels and becomes softer. The tangential expansion of the
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neuroretina is thus confined by the stiffer RPE: in this situation, the apical
contractility of the hinge cells is sufficient to induce a bias towards the inward

bending of the neuroretina. Once this bias is initiated, the expansion of the
neuroretina against the resisting force from the RPE continues driving the neural

retina involution (See chapter 4; Fig 4.0). This model has been partly investigated

in the mouse system (Carpenter et al., 2015). This study showed that inhibition

of Wnt signalling reduced both the number of cells at the hinge region of the optic

cup and the number of RPE cells. Wnt inhibition furthermore reduced the level of
myosin-mediated tension at the interface of the RPE and neuroretina. At an organ

level these reductions give rise to a poorly invaginated optic cup with lack of

choroid fissure closure (See paragraph 1.1.4). While this study suggested that

the stiffness of the RPE is critical for optic cup invagination, it also revealed the

role of the extension of the RPEdomain. The study in fact sudg
stripo model as a mechani smoplicaupr inthgg t he
model the optic cup curvature originates from the difference in surface between

the larger and stiffer RPE and the smaller neuroretina (Carpenter et al., 2015).

In teleosts, as the optic cup invaginates, the neuroretina dramatically increases
its basal surface (Heermann et al., 2015): by the end of optic cup invagination,
the neural retina surface has almost a 5-fold increase of its area compared to its
surface at the beginning of the process. While basal constriction can model the
morphological changes of the optic cup, it is not sufficient to explain the increase
of surface of the neuroretina. Live confocal imaging experiments performed on
zebrafish identified epithelial flow as the main mechanism feeding the expanding
neuroretina during optic cup invagination (Fig. 1.1 D) (Picker et al., 2009;
Heermann et al., 2015). In particular, neuroepithelial cells from both the temporal
and medial portion of the optic vesicle, averting the surface ectoderm, flow around
the nasal and temporal rim of the optic cup. The last cells taking part into the
epithelial flow during optic cup invagination will form the RPE. The imaging also
revealed that most of the rim involution movement took place in the most nasal
and temporal region of the optic cup. Furthermore, the epithelial flow was not
affected in embryos treated with cell proliferation inhibitor (Aphidicolin), indicating

that this movement is independent by cell division (Heermann et al., 2015).
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Epithelial flow in the optic cup invagination has been so far correlated with
repression of BMP signalling: the study analysed the patterning of the BMP
antagonist follistatin (fsta) and bambia (bambi) which were mainly expressed in
the nasal and temporal region of the optic cup. This pattern corresponded to the
regions where the epithelial flow is most prominent, suggesting that inhibition of
BMP signalling is required for cell mobilization. Accordingly, pan-ocular
expression of BMP4 resulted in arrest of the epithelial flow: in this situation, the
prospective neuroretina did not migrate in the distal region of the optic cup and
remained in the prospective RPE domain. The cells which did not take part in the
rim flow remaining in the medial region of the optic cup did not lose their identity
and differentiated in ectopic neuroretina. At organ level, arrest of the epithelial
flow due to overexpression of BMP resulted in lack of choroid fissure closure

(Heermann et al., 2015).

Figure 1.1 Tissue movements during eye development.

A| Apical constriction in the neuroretina (NR) driven by apical accumulation of
myosin (in red). B| Basal constriction at the hinge cells driven by basal
accumulation of myosin (in red). C| Stretching of the retina pigment epithelium
(RPE) D| The simultaneous occurrence of apical and basal constriction together
with the stretching of the RPE drives the epithelial flow movements during eye
development (black arrows indicating the rim involution movements) (Adapted
from: Eiraku, Adachi and Sasai, 2012)

While the bending of the neuroretina and the epithelial flow take place
simultaneously, they are not mechanistically dependent on each other. In the opo
mutant, where the invagination of the optic cup is impaired, there is not ectopic
neuroretina, suggesting that the epithelial flow occurs even in absence of bending
of the optic cup (Martinez-Morales et al., 2009; Heermann et al., 2015). It is
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conversely suggested that the epithelial flow is impacted by external factors. One
possibility lies in the active role of the RPE: during optic cup invagination the RPE
stretches from a cuboidal to a squamous epithelium (Moreno-Marmol,
Cavodeassi and Bovolenta, 2018). It is still unclear whether these changes in
RPE cell shape are the result of a passive process due to the bending of the optic
cup or whether RPE cells have an active role in regulating its shape. If the latter
was the case, the active expansion of the RPE could be the force driving the

epithelial flow.

Choroid fissure closure.

The invagination of the optic cup occurs asymmetrically, from dorsal to ventral,
and this leaves a transient opening in its ventral region: the choroid or optic
fissure (CF, OF). The formation of the choroid allows the population of periocular
mesenchyme cells (POM) to colonise the intraocular region and give origin to the
retinal vasculature and allows the axons from the retina to leave the eye (Gage
et al., 2005; Hartsock et al., 2014; Bazin-Lopez et al., 2015; James et al., 2016).
As development continues, the choroid fissure fuses, giving continuity to the
neuroretina and the RPE.

The establishment of the dorsoventral asymmetry in the optic vesicle is critical for
the correct morphogenesis/invagination of the optic cup and ultimately for the
formation of the choroid fissure. Similarly to the rest of the brain, the original
dorsoventral polarity of the eye is strongly reliant on ventral Shh signalling and
dorsal Bmp signalling (Macdonald et al., 1995; Adler and Belecky-Adams, 2002;
Wilson and Houart, 2004; Yang, 2004; Lupo et al., 2005; Wilson and Maden,
2005). In the dorsal eye, the Bmp signalling induces the transcriptional activation
of members of the Thx gene family (Veien et al., 2008). Conversely, the ventral
Shh gradient leads to the formation of an expression domain of the Vax and Pax
gene families (Fig. 1.2 A,B; Ekker et al., 1995; Macdonald et al., 1995; Barbieri
et al., 1999; Lupo et al., 2005; Kim and Lemke, 2006). Similarly, experiments
performed in vitro showed that embryonic stem cell-derived eye organoids are
able to independently generate this dorsoventral polarity (Hasegawa, Truman

and Nose, 2016). In these organoids Bmp signalling was spontaneously activated
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within the optic cup leading to the resolution of Tbhx5 and Vax2 dorsal and ventral
eye domains respectively. From these experiments it also emerged that BMP is
the major regulator of D-V polarity stem-cell derived eye organoids, while Shh
has a marginal role in the optic cup polarization. Furthermore, the optic cups in
which the dorsoventral polarity was established were able to invaginate
asymmetrically and generate a choroid fissure-like structure (Hasegawa, Truman
and Nose, 2016).

Loss of dorsoventral patterning can conversely lead to a symmetric invagination
of the optic cup and failure in the formation of choroid fissure. Indeed, in eye
organoids lacking of dorsoventral patterning, the invagination of the optic cup
occurred symmetrically and did not lead to the formation of the choroid fissure
(Eiraku et al., 2011). Furthermore, disruption of Bmp signalling from the ventral
optic vesicle has been proven to be required for the formation of the choroid
fissure (Morcillo et al., 2006). In mouse, disruption of Bmp7 resulted in lack of
expression of eye ventral determinants Pax2, Vax2 and Vax1l and concomitant
absence of choroid fissure formation. Correct dorsoventral patterning is not only
required for the formation of the choroid fissure but also for its closure. In many
cases disruption of the dorsoventral axis in the eye leads to defects in choroid
fissure fusion - a condition known as coloboma. Coloboma associated with loss
of dorsoventral patterning has been observed in several model systems (Barbieri
et al., 1999; Lupo et al., 2005; Zhou et al., 2008). For example, in mouse the loss
of Wnt receptor Lrp6 resulted in the disruption of the dorsalizing signalling from
Bmp4 and dorsal expansion of Vax2 expression domain accompanied by loss of
Tbhx5 expression (Zhou et al., 2008). Ultimately, the disruption of the dorsoventral
patterning of the optic cup in the Lrp6 KO mouse resulted in severe eye

coloboma.

Experiments performed in zebrafish showed that the formation of the choroid
fissure occurs spontaneously in isolated optic cups once the naso-temporal and
dorsoventral patterning of the optic vesicle are established (Gestri et al., 2018).
The development of explanted optic vesicle onto the yolk of host embryos
occurred normally with exception of the choroid fissure fusion, which never

occurred. However, where the explant was performed during early stages of eye
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development (12ss), choroid fissure formation was less consistent, suggesting
that the patterning of the optic vesicle is established-prior to the 12ss stage.

While the correct patterning of the eye is critical for the formation of the choroid
fissure, it is not sufficient for its fusion. The experiments performed on heterotopic
eye transplants showed that while the optic cup morphogenesis occurred
normally in explanted optic vesicle, no transplanted eyes showed fusion of the
choroid fissure (Gestri et al., 2018). Given that the optic vesicles are isolated by
the periocular mesenchyme (POM) surrounding the eye, one possibility is that
the lack of choroid fissure fusion is due the lack of signalling from the POM cells.
POM cells are a cell population which has dual origin deriving both from the
neural crest cells and from the mesoderm. This cell population is critical for the
development of different tissues including ciliary body muscles, extraocular
muscles and the eye vasculature and are furthermore required for the generation
of signalling driving optic cup patterning and differentiation (Fuhrmann, Levine
and Reh, 2000; Gage et al., 2005; Gestri, Link and Neuhauss, 2012; Williams
and Bohnsack, 2015).

The role of POM cells in choroid fissure closure has been observed both in mouse
and zebrafish. Mutations in the POM-specific genes, such as Pitx2, Imx1b, foxcl,
tfap2a lead to the disruption of eye patterning, expansion of the vax1l and vax2
expression domains, disruption of the ventral retina and failure in choroid fissure
closure (Evans and Gage, 2005; Berry et al., 2008; McMahon et al., 2009; Lupo
et al., 2011). These studies highlighted how POM is required for the choroid
fissure closure through the establishment and maintenance of the ventral
patterning of the optic cup. However, a study performed in zebrafish has been
able to decouple the role of POM in choroid fissure closure from their role in
ventral retina patterning (Lupo et al., 2011). Abrogation of retinoic acid receptor
signalling (RAR) led to failure in choroid fissure closure and disruption of ventrally
expressed genes. Expression analyses performed on embryos in which RAR
signalling was inhibited allowed the identification of two distinct groups of genes
regulated by RAR, one of which is expressed in the ventral retina and one in the
POM. Knock-down of POM specific RAR signalling targets resulted in coloboma

phenotype without affecting the patterning of the ventral retina. These evidences

28



supported the fact that POM cells are required for choroid fissure fusion also in a
process which is independent from their role in maintenance of the optic cup

dorsoventral patterning.

One of the key features of choroid fissure closure is that, differently from other
epithelial fusions, the nasal and temporal margin of the choroid fissure approach
each other via the basal membrane. As the basal surface of the RPE is in contact
with the basal lamina, at the moment of choroid fissure closure the extracellular
matrix composing the lamina needs to be dissolved. This allows the two margins
of the choroid fissure to get in direct contact, repolarise and fuse (James et al.,
2016; Bernstein et al., 2018; Gestri et al., 2018). Failure in the degradation of the
basal membrane lining the choroid fissure is in fact sufficient to drive failure of its

fusion and lead to coloboma (Tsuiji et al., 2012).

POM cells have a critical role in choroid fissure fusion for their role in the
degradation of its basal membrane (Fig. 1.2 E, F, G). While the absence of
mesoderm-derived POM does not impair choroid fissure closure, disruption of
genes specific to neural-crest-cell-derived POM leads to eye morphogenesis
defects and coloboma (McMahon et al., 2009; Sedykh et al., 2017). This
suggested that neural-crest-cell-derived POM are conversely essential for
choroid fissure fusion. Indeed in isolated optic cup, in complete absence of POM
cells, the choroid fissure fails to fuse, indicating that this cell population is required
for this process (Gestri et al., 2018). The direct observation of POM cell behaviour
in choroid fissure closure has been mostly performed on zebrafish (Gestri et al.,
2018; James et al., 2016). In this model it was observed that motility of POM cells
is required for basal lamina degradation at the level of the choroid fissure. In the
choroid fissure area, foci of high actomyosin activity within the population of
mesoderm-derived POM cells were in fact observed in regions of higher
degradation of the choroid fissure basal lamina. Moreover, POM-specific
inhibition of cell motility in the talinl loss of function mutant was sufficient to impair
basal lamina degradation in the choroid fissure resulting fusion failure and
coloboma. The study furthermore addressed the role of the POM-derived hyaloid
vasculature in choroid fissure fusion by observation of the cloche zebrafish

mutant. In the cloche mutant, that completely lacks the hyaloid vasculature, the
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breakdown of the basal lamina and choroid fissure fusion occurs, even though

delayed. Thus, while the hyaloid vasculature and the mesodermal-derived POM

population facilitate the choroid fissure basal membrane degradation, the neural-

crest-cell-derived POMs are actively contributing to this process.
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Figure 1.2 Establishment of the zebrafish eye patterning and the role of

POM in choroid fissure closure

A,B| The original dorsoventral patterning is established in the optic vesicle under
the influence of dorsal Fgf and ventral Shh signals. C| During development the
eye rotates in a pinwheel motion, moving the dorsal foxgl domain in the nasal
position of the eye, and foxdl in the temporal position. D| Established
dorsoventral and nasotemporal eye patterning. E| As development proceeds, the
choroid fissure is colonized by POM cells. F| POM cells contribute to the
degradation of the basal memrbane (ECM) in the choroid fissure allowing the two
f i ssur e 0 scomaanrcantachand fase G.

The Retinal Pigment Epithelium.

Across the whole animal kingdom photoreceptors are preserved from exposure

to the toxic effects of excess photons through a pigmented tissue acting as a

Aphoton si

nko.

I n

vertebrates,

this

layer of the eye: the retinal pigment epithelium (RPE, Figl). Indeed, one of the
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most noticeable features of the RPE is its high pigmentation, which contributes
to its function in protection of the photoreceptors and names this tissue.

In all vertebrates, the RPE is a single layered epithelium. However, the RPE
differs in the morphology of its cells as in teleosts the RPE is a squamous
epithelium while in amniotes it is a cuboidal epithelium. Morphologically RPE cells
show apical processes which extend and interdigitate with the outer segments of
the photoreceptors (Altunay, 2000). The basal surface of the RPE is
characterised by a number of cells folding that act to increase the cell surface
area thus facilitating the exchange with the adjacent choriocapillaris vasculature.
The RPE acts in fact as a buffer between the photoreceptors and the
choriocapillaris plexus allowing the solute exchange between these two tissues.
The direct interface between the RPE and the choriocapillaris plexus is

represented by the Bruchods membrane,
Development of the RPE

The first molecular determinant for the RPE is the basic helix-loop-helix (bHLH)
transcription factor Mitf which, together with Otx2, is required for the specification
and maintenance of the RPE (Hodgkinson et al., 1993; Matsuo et al., 1995;
Martinez-Morales et al., 2001; Westenskow, Piccolo and Fuhrmann, 2009).
Similar to the other eye determinants, the role of Mitf is strongly conserved across
vertebrates. Although they are expressed prior to RPE melanization, Mitf and
Otx2 are required for the expression of pigment genes and loss of Mitf results in
loss of pigmentation and in transdifferentiation of the RPE into neuroretina
(Bumsted and Barnstable, 2000). Evidence from mouse studies indicates that
Mitf is initially expressed across the whole optic vesicle (Nguyen and Arnheiter,
2000). Once the optic vesicle gets in contact with the surface ectoderm,
ectodermal FGF signalling induces the expression of the neuroretina determinant
Vsx2. Vsx2 inhibits Mitf in the distal region of the optic vesicle initiating the
differentiation of the neuroretina (Fig. 1) (Yun et al., 2009; Zou and Levine,
2012).

Once induced, RPE identity is maintained by a number of upstream factors that

regulate the expression of Mitfand Otx2. One of t hese fact
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signalling (Westenskow, Piccolo and Fuhrmann, 2009): upon deletion of

c a t aheiRPE loses its epithelial organisation, and it transdifferentiates into
neuroretina as indicated by downregulation of Mitf and Otx2 and upregulation of
Vsx2 expression. However, while both Otx2 a n d catenin are
the expression of Mitf in the optic vesicle, neither of these factors alone is
sufficient to induce Mitf transcription (Westenskow et al., 2010). Studies in chick
showed that -catenin and Otx2 were able to drive RPE transdifferentiation of the

neuroretina in optic vesicle only when these factors were co-expressed. Otx2 acts

suf

i n fact as a compet e teqire sighabing ttooinduce Mitf o wi n ¢

expression.

Sonic Hedgehog (Shh) is an important signalling factor for the differentiation,
maturation and maintenance of the RPE. Experiments in chick showed that
inhibition of Shh signalling resulted in disruption of the ventral RPE paired with
loss of the RPE marker Otx2, thus indicating loss of RPE cell identity (Zhang and
Yang, 2001). In Xenopus, inhibition of Hh signalling after eye field separation did
not disrupt the neuroretina while it inhibited the differentiation of the RPE (Perron
et al., 2003). In particular, the study observed that Hh signalling is received by
RPE precursors where it induces their maturation and the Hh signalling is
furthermore sustained. Inhibition of Hh signalling resulted in loss of RPE cells and

pigmentation without, however, leading to transdifferentiation into neuroretina.

Some of the factors required for the maintenance of Mitf expression in the RPE,
such as signalling from the TGF and
the extraocular tissues (i.e. extraocular mesenchyme and surface
ectoderm) (Westenskow, Piccolo and Fuhrmann, 2009; Steinfeld et al., 2013).
Studies in chick highlighted the role of the surface ectoderm in the induction of
the RPE during early optic vesicle evagination (Steinfeld et al., 2013): the surface
ectoderm provides BMP signalling which induces Mitf expression in the
evaginating optic vesicle. BMP signalling is furthermore stabilised by a
simultaneous contribution of Wnt from the dorsal surface ectoderm ultimately

sustaining Mitf expression.

Together with the surface ectoderm, the extraocular mesenchyme is critical for

the maintenance of Mitf e x pr essi on i n t he RPE
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(Fuhrmann, Levine and Reh, 2000). Experiments on optic vesicle explants
cultured in absence of extraocular mesenchyme showed loss of Mitf and Mitf-
target genes (such as the matrix metalloproteinase MMP115 which is required
for melanin synthesis) in the RPE. These experiments furthermore indicated that
extraocular mesenchyme not only maintains RPE identity, but also restricts the
neuroretina domain: absence of extraocular mesenchyme resulted in ectopic
expansion of the neuroretina marker Chx10. The absence of extraocular
mesenchyme could be compensated by Acti v

contributor for RPE sustenance from this tissue.

Once specified, the RPE undergoes major changes in cell shape. While at the
moment of its specification it consists of a pseudostratified epithelium, during the
development of the RPE its cells stretch and become cuboidal. In amniotes the
mature RPE maintains the cuboidal morphology while in teleosts its stretching
continues ultimately resulting in a squamous epithelium. It has not been clarified
whether the invagination of the optic cup drives the stretching of the PRE or
whether the morphological changes of this epithelium is an active process
(Moreno-Marmol et al., 2018) (See chapter 4).

Function of the RPE

The mature RPE has a variety of functions (Boulton and Dayhaw-Barker, 2001).
It constitutes the outer-retinal barrier: as such one of its roles is the regulation of
the transport of ions and metabolites across the epithelium. Such transport is
highly regulated and occurs through junctional protein complexes both in the
apical and basal domains of the RPE cells (Boulton and Dayhaw-Barker, 2001;
Strauss, 2005; Diaz-Coranguez, Ramos and Antonetti, 2017) (See chapter 4).
The RPE has also a key role in the transport, storage and processing of retinoids
which are required to sustain the visual cycle. It has the role of absorbing retinol
from the bloodstream, converting it into retinal and transporting it to the
photoreceptors (Raymond and Jackson, 1995; Boulton and Dayhaw-Barker,
2001; Strauss, 2005). Another main function of the RPE is the protection from
phototoxicity and free radicals. Indeed, the high metabolic rate of the RPE makes
it prone to the generation of reactive oxygen species (ROS). Furthermore, the

constant exposure to light contributes to the generation of ROS. Melanin can thus
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act as a photon sink, protecting both the RPE cells themselves and absorbing
extra photons in order to protect the photoreceptors.

The RPE is furthermore critical for many aspects of eye development such as cell
differentiation and morphogenesis. As previously mentioned, the RPE contributes
to the generation of the mechanical forces driving the invagination of the optic
vesicle and the folding of the optic cup. The RPE is also required for the
development and maintenance of the underlying neuroretina (Raymond and
Jackson, 1995). Experiments performed in mouse showed that ablation of the
RPE during early eye development resulted in disorganization of the neuroretina
and regression of the eye. While ablation of the RPE in later developmental
stages allowed the development of the eye, the laminar structure of the
neuroretina was disrupted. The direct correlation between sustenance of the
underlying neuroretina and RPE was made evident in eye regions where the
ablation of the RPE was incomplete. Exclusively in the region in which the RPE
was intact, the underlying neuroretina showed healthy lamination and structure
while it was disrupted in all the other regions of the eye (Longbottom et al., 2009).
The communication between RPE and neuroretina is critical for the regulation of
the neuroretina proliferation. In particular, the presence of Gap junctions at the
interface of these two tissues allows the release of proliferative signals from the
RPE (Pearson et al.,, 2005; Tibber, Becker and Jeffery, 2007). One of the
mechanisms through which the RPE sustains the regulation of neuroretina
proliferation is through the release of soluble ATP driven by Ca?* waves. The
RPE has been observed releasing ATP from the apical region, facing the
neuroretina: secreted ATP drives neuroretina proliferation through purinergic
signalling (Pearson et al., 2005). Loss of RPE Gap junction proteins is
furthermore sufficient to impair this mechanism of neuroretina mitosis regulation,

revealing that this mechanism is indeed essential for its development.

The RPEalsoensures the iIintegrity of the

their development. In mouse retina culture the RPE is required for the
maintenance of photoreceptors outer segments (Ogilvie et al., 1999). However,
the outer segment development was not altered if the RPE was not continuous

across the culture. This indicated that the RPE ensures correct outer segment
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development through diffusible factors. The role of the RPE in the development
of photoreceptor outer segments has been observed also in vivo. Mitf mutation in
mouse not only results in the disruption of the RPE but also resulted in impaired
development of rod photoreceptor outer segments (Bumsted, Rizzolo and
Barnstable, 2001).

Eye defects: microphthalmia anophthalmia and coloboma.

Defects in the complex development of the eye can lead to a wide range of ocular
phenotypes (Skalicky et al., 2013; Williamson et al., 2014; Reis and Semina,
2015; Deml et al., 2016; Harding and Moosajee, 2019). Disruptions of early
developmental stages of the eye result in microphthalmia, anophthalmia and
coloboma (MAC) which are amongst the most common congenital eye defects in
humans. Microphthalmia defines the phenotype in which the eye is smaller in
volume than the population mean, which can lead to diverse degrees of visual
impairment to blindness. Anophthalmia identifies the complete loss of all the
ocular tissues during development, including optic nerve and chiasm (Harding
and Moosajee, 2019). Clinically, anophthalmia also includes severe cases of
microphthalmia, where the eye is formed but it regresses into non-functional
cystic tissues. Ocular coloboma is the failure of closure of the choroid fissure.
Similar to the previously described ocular phenotypes, coloboma has a range of
severity as it can involve a variety of tissues including the iris, the retina and the
RPE and can result in impaired vision.

Many of the mutations causative of MAC in humans involve genes directly
responsible for eye development such as OTX2 VSX2, RAX, PAX6 or members
of the signalling pathways involved in this process as BMP4,7 and ALDH1AS3,
STRAG6, RARB. As these genes and their role are highly conserved amongst
vertebrates, mutation of the same genes causes similar phenotypes in a variety
of animal systems. However, the same mutation can lead to different phenotypes
in different individuals. This suggests that while individual mutations have been
identified as causative of MAC, for these mutations to result in ocular
developmental defects the presence of sensitizing factors is required (Reis and

Semina, 2015). MAC are to be in fact considered a phenotype spectrum rather
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than individual phenotypes (Harding and Moosajee, 2019; Young et al., 2019).
This is due to the number of environmental factors and genetic background in
which the mutation takes place, providing differentially sensitised backgrounds
for eye development (Harding and Moosajee, 2019). While many of the mutations
causative of MAC in humans affect genes involved in eye development, up to a
third of MAC cases occur in association with other non-ocular developmental

defects.

Congenital coloboma is reported to be one of the main causes of visual
impairment in human (Gregory-Evans et al., 2004). While the term coloboma
groups all the consequences of the impairment in choroid fissure closure, it can
be classified depending on the severity of the phenotype and the tissues involved.
Iris coloboma groups the cases in which the RPE is resulting in the typical
A k e y hpopil. €dnversely, in chorioretinal coloboma both the NR and the RPE
and choroid are affected, generally in the posterior segment of the eye. In severe
cases the lack of fusion of the choroid fissure can affect the optic nerve (Gregory-
Evans et al., 2004)

Causes of coloboma can be both genetic and environmental. Drugs
administration during pregnancy has been identified as a possible cause
underlying coloboma. In particular thalidomide and alcohol assumption during
pregnancy appear to be causative for a range of eye defects including coloboma
(Miller and Stromland, 1999; Gregory-Evans et al., 2004). Similarly, vitamin A
deficiency has been proposed as a cause of ocular coloboma (Hornby, Ward and
Gilbert, 2003; Gregory-Evans et al., 2004). Rarely, cases of coloboma are
reported in association with maternal viral infections, however in these cases the

causation has to be confirmed (Gregory-Evans et al., 2004).

While environmental causes can be causative for isolated incidence of coloboma,
a portion of the identified cases has been identified correlated with genetic
abnormalities. A number of chromosomal aberrations have been identified to be
causative of both syndromic or isolated coloboma in human. Interestingly those
aberrations show overlap with genes known to be associated with coloboma
including SHH, CH10 , FGF, PAX, VAX and YAP1.(Gregory-Evans et al., 2004;

Williamson et al., 2014; Eckert et al., 2017). Indeed, most of the genes that have
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been correlated with syndromic or isolated coloboma in human, are critical for

eye morphogenesis and patterning.
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Yap and the Hippo pathway.

The Hippo pathway

The tuning of cell proliferation, cell death and differentiation is critical for the
accurate development of tissues and organs. The Hippo pathway and its effector
Yap have been identified as the key elements in such regulatory processes (See
chapter 3). The Hippo pathway has been firstly described in Drosophila through
screenings for over-proliferation phenotype which allowed to identify the role of
this pathway in the regulation of tissue growth (Xu et al., 1995; Camargo et al.,
2007; Pan, 2007).

Further studies identified the role of this pathway in the integration of multiple
stimuli representingt he cel |l 6s environment . Thfe
the integration of stimuli such as oxidative stress, cell polarity, cell crowding, cell
adhesion, substrate stiffness and mechanical stresses (Pan, 2007; Dupont et al.,
2011; Halder, Dupont and Piccolo, 2012; Piccolo, Dupont and Cordenonsi, 2014;
Hansen, Moroishi and Guan, 2015; Davis and Tapon, 2019).

Since its isolation, the Hippo pathways has been identified as responsible for the
regulation of cell number in a variety of developing tissues including lungs, brain,
liver, bone vasculature and heart (Jiang et al., 2009; Lian et al., 2010; Fitamant
et al., 2015; Lange et al., 2015; Lu, Finegold and Johnson, 2018) (See chapter
3). Yap transcriptional activity is furthermore critical in the regulation of cell fate.
In a number of cases, Yap transcriptional activity sustains cell pluripotency while
reduction of its activity results in cell differentiation. Examples for the role of Yap
in cell fate determination are that in mammary glands, pancreas and kidneys, Yap
transcriptional activity maintains the cells as non-specified (Lian et al., 2010;
Chen et al., 2014; Gao et al., 2014; Panciera et al., 2016; McNeill and Reginensi,
2017). Yap thus integrates information from the cell& environment to trigger the
cellular fate switch in response to cell-cell adhesion, tensile state and ECM

stiffness indicating tissue maturity (See chapter 3).
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The core structure of the Hippo pathway is conserved across all metazoans and
it consists of a phosphorylation cascade ultimately converging on Yap (Davis and
Tapon, 2019; Hansen et al., 2015; Piccolo et al., 2014). The first protein in the
Hippo pathway cascade is Mstl/2. Phosphorylated Mstl/2 subsequently
phosphorylates LATS1/2 which, in turn, is directly responsible for the
phosphorylation of Yap. The phosphorylated state of Yap mediates its
transcriptional activity through regulation of its nuclear shuttling. Upon
phosphorylation Yap is inhibited by cytoplasm retention through binding of the
protein 14-3-3, or by proteasomal degradation. Conversely, when the Hippo
pathway is inactive, Yap remains in a dephosphorylated state and it is free to
translocate in the nucleus where it binds the transcription factor TEAD promoting
the transcription of its downstream target genes (Piccolo, Dupont and
Cordenonsi, 2014; Hansen, Moroishi and Guan, 2015). This core mechanism for
Yap phosphorylation represents a hub for the integration of a variety of stimuli
transduced by independent pathways ultimately converging on the Hippo
cascade. The signalling converging on the Hippo pathway transduces information
relative to the environment and to the tissue organization: in epithelia, Yap
transcriptional activity is in fact correlated to factors as cell polarity, cell-cell
adhesion and cell-ECM adhesion (Piccolo, Dupont and Cordenonsi, 2014;

Hansen, Moroishi and Guan, 2015; Rausch and Hansen, 2020).

Cell polarity is one of the upstream regulators of the Hippo pathway. Information
regarding apico-basal polarity is transduced to the core Hippo cascade through
the tight-junctions (TJ) protein complex (Genevet and Tapon, 2011; Fulford,
Tapon and Ribeiro, 2018; Liu et al., 2018). Many of the proteins composing the
TJ complex are known to directly interact with Mst and Lats proteins: TJ proteins
can act as scaffolds assembling the Hippo core kinase and promoting the
phosphorylation of Yap. Indeed, interference with the apical-basal determinants
can lead to the transcriptional activation of the Yap protein as consequence of
disruption of the Hippo kinase core (Schroeder and Halder, 2012). For example,
experiments show that the apical protein Zonula Occludens 2 (ZO2) can directly
regulate Yap activity. ZO2, is in fact able to drive Yap sequestration to the cytosol

by generating, and binding, the Lats1-Yap complex (Liu et al., 2018).
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Junctional proteins are furthermore relevant in the regulation of Yap in response
to cell-cell adhesion stimuli. These stimuli are transduced to the Hippo pathway
through the adherens junctions (AJ) components providing a mechanism for the
cell to sense and respond to cell crowding and density (Borghi et al., 2012; Yang
et al., 2015; Hirata, Samsonov and Sokabe, 2017; Dutta et al., 2018; Fulford,
Tapon and Ribeiro, 2018). The regulation of Yap activity of the AJ relies on the
conformational changes of its components upon tensile strain: in particular,
mechanical tension induces unfolding of Vinculin. Once the conformation of this
protein has changed, these components of the AJ are able to bind LATS inhibiting
its phosphorylative function (Dutta et al., 2018; Ibar et al., 2018). Conve-r sel vy
catenin, another critical component of AJ, has been found to be able to stabilize
the complex of Yap and 14-3-3, preventing Yap dephosphorylation and
sustaining its sequestration to the cytoplasm (Dobrokhotov et al., 2018).

ECM composition is another important regulator for Yap activity as its nuclear
translocation has been observed being directly correlated with cell-spreading and
substrate stiffness (Dupont et al., 2011; Nukuda et al., 2015; Dobrokhotov et al.,
2018). The transduction of mechanical proteins into cellular signals is reliant on
focal adhesion (FA) proteins cluster which includes talins, vinculins and paxilins
(Klapholz and Brown, 2017; Rausch and Hansen, 2020). While FA proteins are
critical to sense mechanical information from the cell substrate, focal adhesion
kinase (FAK) transduces this information downstream. In particular, FAK is in fact
responsible for the inhibition of LATS in presence of stiff ECM, resulting in Yap
nuclear localisation (Rausch and Hansen, 2020).

The hippo pathway can furthermore integrate extracellular biochemical signals
(Guo and Zhao, 2013). In particular, activation of G-protein-coupled receptors
(GPCRSs) on the cell surface is able to activate downstream Yap transcriptional
activity. The signalling from GPCRs converges on RhoGTPase and F-Actin
remodelling, which are, in turn, regulators of Yap activity. Yap transcriptional
activity can be regulated directly by the actomyosin cytoskeleton, thus relaying

information on the mechanical state of the cell (Davis and Tapon, 2019). While
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the exact molecular mechanisms through which the cytoskeleton regulates Yap
activity have to be yet elucidated, it is known that polymerised actin (F-actin) has
a major role in increasing Yap transcriptional activity. Loss of actin
depolymerization proteins can increase Yap transcriptional activity while
induction of actin depolymerization reduces its activity. The Amot family is
suggested to be playing a role in cytoskeletal-mediated Yap regulation in a Hippo
independent manner (Chan et al., 2011; Mana-Capelli et al., 2014). Amot proteins
are F-actin binding proteins which can be localised at TJ and AJ. Amot can bind
and sequester Yap to the TJ, inhibiting its transcriptional activity. Actin competes
with Yap-Amot binding, providing a mechanism through which Yap activity can

be regulated in response of actin polymerization.
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Figure 1.3| Regulation of Yap phosphorylation.

Yap phosphorylation is regulated by the core Hippo pathway involving Mst and
Lats. The core Hippo pathway is regulated upstream by cell polarity signalling
transduced through the tight junction complex (TJ). TJ are able to stabilize the
Lats-Yap complex promoting its phosphorylation. Cell-cell adhesion signalling is
transduced to the Hippo pathway through the apical junction complex (AJ). The
AJ is able to sequester Lats upon tension. It can conversely stabilize the complex
of phosphorylated Yap and 14-3-3 sustaining its sequestration in the cytosol.
Focal adhesion (FA) is responsible for the inhibition of Lats in response to ECM
stiffness changes. Finally, GPCR can regulate the transcriptional activity Rho-
mediated regulation of actin polymerization. Actin polymerization can regulate
Yap phosphorylation through unknown mechanisms and competing for the
binding of Amot, which, in turn, can sequester Yap to the cytosol.
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Yap function in eye development.

Yap is critical in the development of the eye in most animals studied. Its role in
eye development covers the maintenance of the pool of retinal progenitor cells,
regulation of cell differentiation and proliferation (Lian et al., 2010; Asaoka et al.,
2014; Williamson et al., 2014; Cabochette et al., 2015; Miesfeld et al., 2015).

One of the roles of Yap in eye development is the maintenance of the retinal
progenitor pools through the regulation of their cell cycle. It was observed in
mouse that Yap is expressed early in development in the eye tissues being
strongly expressed in the retinal progenitor cells (Williamson et al., 2014; Kim et
al., 2016). In these cells, loss of Yap resulted in reduced proliferation coupled
with suppression of G to S phase cell cycle transition. Indeed the role in retinal
progenitor maintenance has also been observed in Xenopus (Cabochette et al.,
2015). In this model Yap controls the pool of retinal progenitor cells also in the
post-embryonic retinal growth: overexpression of Yap led to eye overgrowth as a
consequence of continued cell proliferation and survival. Conversely, Yap knock-
down resulted in decreased cell survival and proliferation leading to the
generation of eyes smaller than the wild-type. However, by restoring Yap activity
in the eye in late embryogenesis, the normal size of the eye could be recovered.
The role of Yap in post-embryonic retinal growth has been linked to its function in
maintaining the proliferative state in retinal progenitor cells: loss of Yap resulted
in slowed cell cycle kinetics in retinal progenitor cells resulting in the reduction of
both the cellular progenitor pool and their differentiation into mature retinal cells.

Together with its role in the maintenance of the retinal cell progenitor pool, Yap
has a role in the maintenance of differentiated ocular tissues. In particular, it was
observed in the mouse model that loss of Yap led to loss of RPE differentiation
and trans-differentiation into neuroretina (Kim et al., 2016). In particular, absence
of Yap led to ectopic expansion of neuroretina markers (such as Chx10) paired
with loss of the RPE determinant Mitf. Yap is also responsible for the
maintenance of the mature neuroretina. In Yap conditional KO mice, it was
observed a reduction of neuroretina cell number and laminar thinning of this

tissue: loss of Yap-mediated anti-apoptotic signalling was identified being
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responsible for the increase of cell death in the neuroretina. Together with the
survival of the neuroretina, Yap has also a critical role in the regulation of the
polarity of its cells. Together with hypocellularity, the neuroretina of Yap CKO
mice underwent major disruption of the laminar organization showing irregular
folded morphology and irregular thickness. Such disorganisation has been
observed being the consequence of lack of Yap-mediated maintenance of cell
polarity in the neuroretina tissue, leading to the disruption of apical polarity
complexes. If this is a consequence of the lack of the RPE or if this is due to a
direct effect of Yap in the neuroretina needs however to be addressed with the
use of tissue specific KO.

The role of Yap in the regulation of the balance between retinal progenitor cell
proliferation and differentiation has been confirmed also in the zebrafish model
(Asaoka et al., 2014). It was observed that expression of constitutively active Yap
led to the downregulation of photoreceptor specific genes such as otx, crx and
rhodopsin, indicating a lack of retinal differentiation. The study furthermore
identified a direct interaction between Yap and Rx1 (through the Yap WW protein-
protein interaction domains), providing a mechanism for Yap-mediated control of
retina specification: the study proposes that, when the Hippo pathway is inactive,
Yap promotes TEAD-mediated transcription of proliferation genes.
Simultaneously, de-phosphorylated Yap binds and sequesters Rx1 inhibiting its
activation of photoreceptor specific genes. Yap activity can in this way sustain the
undifferentiated state of the retinal progenitor cells. Conversely, upon Hippo
pathway activation (and consequent Yap phosphorylation), the Rx1-mediated
transactivation of photoreceptors genes is upregulated driving the maturation of
photoreceptors cells.

In zebrafish, mutation in the yap gene leads to loss of RPE, indicating that Yap
has a role also in the differentiation and maintenance of this tissue (Miesfeld et
al., 2015). In this study two yap mutant alleles were observed: yap™48 and
yap"13, In the yap™¥48 mutant areas lacking the RPE were observed across the
eye. In these regions the neuroretina progenitors were not covered by the RPE.

However, the retina tissue was properly layered and the photoreceptor structures
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were maintained even in region were the RPE was not present. The inclusion of
a single mutant taz allele in a homozygous yap™+48 background resulted in higher
severity in the RPE loss. The loss of RPE in consequence of yap mutation was
linked directly to the lack of expression of Tead target genes: driving the
expression of yap lacking the Tead binding domain resulted in loss of RPE
development, indicating that Yap-mediated activation of Tead is required for the
correct development of the RPE. While the RPE was disrupted, neither
proliferation nor apoptosis were altered in this tissue, indicating a role of Yap early
in the specification of the RPE. Indeed, differently from control cells, cells from a
yap¥m48 | taz”’ donor grafted into wild type embryos, fail to contribute to the
formation of the RPE. This confirmed that yap together with taz are required to
drive the specification of progenitor cells to acquire RPE fate. Other observations
on the role of yap in eye development in the zebrafish model have been
performed on the yap"® mutant. This mutant shows a coloboma phenotype

without any other overt defects (See chapter 2.1).

Aims of the thesis

Coloboma is one of the main causes of congenital visual impairment in humans.
However, little is known on the mechanisms driving the process of choroid fissure
closure and how impairments of these mechanisms lead to coloboma. While
many of the morphogenetic events driving eye development have been studied
in detail, the mechanisms underlying the fusion of the choroid fissure are only

recently beginning to be understood.

Genome wide studies revealed that mutations in the YAP gene can be causative
of coloboma in human, providing information on the relevance of this gene in
choroid fissure fusion (Williamson et al., 2014). This has been shown in the yapn13
zebrafish allele as well (Miesfeld et al., 2015). However, the mechanisms through
which YAP is involved in choroid fissure closure, and the mechanistic causes
underlying the coloboma phenotype upon mutation of this gene are not yet
defined. The zebrafish model provides a very insightful system to observe

development processes in vivo: embryo accessibility allows the study of
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developmental events which are precluded in other well studied vertebrate

systems.

Previous studies performed by this laboratory on the yap"13 allele showed that
the coloboma phenotype in yap"13 is due to the lack of functional yap in the RPE
(See chapter 2). However, the nature of RPE defects resulting in a coloboma
phenotype have not yet been investigated. yap encodes a co-transcriptional
factor critical in development due to its role in the regulation of cell differentiation,
cell proliferation and mechanotransduction. Considering the known functions of
yap, this work aims to understand which developmental events are misregulated
in the RPE as consequence of the yap"3 mutation. Understanding the
mechanisms underlying the coloboma phenotype of yap"13 mutants will provide

insights on the role of yap for choroid fissure closure.

To do so, the following aims have been set out:

1. Despite the fact that yap is broadly expressed in different domains of the
embryos, the yap"13 phenotype is eye specific. Thus, | investigate possible
mechanisms for the eye specificity of the yap"13 zebrafish mutant.

2. Given the role of yap™48in promoting RPE specification and the general
requirement for Yap in regulating cell proliferation. | investigated the
effects of the yap"'13 mutation on the specification and proliferation of the
RPE.

3. The YAP/TAZ/Hippo pathway has been extensively studied for its ability
to sense and respond to changes in mechanical forces-such as stretching
and compressing. | thus investigate whether the yap"'13 mutation impairs

the mechanotransduction and the mechanical properties of the RPE.
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Chapter 2.

Yap transcriptional activity is reduced specifically in

the eye in yap"''® zebrafish mutants.
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Introduction

yap is broadly expressed during zebrafish development: in early stages yap is
transcribed ubiquitously in the embryo. Yap transcripts are detectable through in
situ hybridization already in the zygote: the presence of yap RNA prior to mid-
blastula transition suggests maternal contribution of early yap transcripts (Jiang
et al., 2009). As development proceeds, yap transcription localises in the
notochord, brain, eyes, and branchial arches (Jiang et al. 2009).

A number of studies have revealed how Yap is critical for the development of a
large variety of tissues and organs (Camargo et al., 2007; Varelas, 2014; Zhao
et al., 2010). Knockdown experiments showed that downregulation of yap leads
to developmental delays in gastrulation, cardiogenesis, hematopoiesis and
somitogenesis (Morin-Kensicki et al.,, 2006; Hu et al., 2013). Furthermore, a
decrease of Yap activity leads to disruption of the whole body axis and to
ventralization of the zebrafish embryo (Hu et al., 2013). The broad role of yap is
also reflected by the phenotype of the yap medaka mutant hirame (hir). Indeed,
medaka hir mutant embryos show disruption of the body axis: the whole embryo
flattened due to loss of cell tension, which leads to the collapse of multiple tissues

including the neural tube, somites and eyes (Porazinski et al., 2015).

Despite the extensive role of yap in development and its broad expression pattern
in the zebrafish embryo, the yap"13 phenotype in the zebrafish larva is specific to
the eye. Similarly, the first study which correlated a mutation in YAP to a
coloboma phenotype in humans described how coloboma phenotype can be both
syndromic and isolated. The study reported two cases of families carrying YAP
mutation: while in one of the families coloboma is paired with hearing loss,
intellectual disability, haematuria and orofacial clefting, in the other family
coloboma is not associated with any other phenotype (Williamson et al., 2014).
The study suggested that the variability of the phenotype in the two families could
be traced back to the presence of different alternative transcripts, ameliorating

the syndromic effect of YAP mutation in one of the two study cases.
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The hypothesis of splicing-mediated regulation of yap tissue-specific
transcriptional activity has been the object of several studies. The large number
of existing yap isoforms (8 in humans and 2 in zebrafish) suggested that different
yap isoforms could have non-redundant functions (Gaffney et al., 2012; Hoshino
et al., 2006; Hu et al., 2013). Supporting this hypothesis, the first in-depth study
on YAP alternative splicing in human (Gaffney et al., 2012) found that while most
of the 8 isoforms were expressed at different levels across the majority of the
human tissues, one of the alternative YAP variants was completely missing in
leukocytes. This finding suggested the existence of a tissue-specific regulation of
splicing events. The study furthermore revealed that the relative abundance of
YAP isoforms varies significantly in different tissues corroborating the hypothesis

of tissue-specific alternative splicing in YAP.

Two main yap isoforms have been identified both in mammals and in zebrafish.
The two main identified isoforms differ in the fact that they harbour one or two
WW domains, respectively (lglesias-Bexiga et al., 2015). The WW domains are
wide-spread modules regulating protein-protein interaction, allowing Yap to form
dimers and complexes with other co-transcriptional factors, transcriptional
enhancers and repressors. Since Yap has no intrinsic DNA-binding domain, its
function as transcriptional regulator is critically reliant on the WW modules to
mediate its association with other transcription factors. It has been shown that the
two WW domains of Yap have different protein binding specificity and that the
presence of tandem WW domains further alters the selectivity of protein-protein
interactions (Finch-Edmondson et al., 2016). As a consequence, the presence of

a single or two WW domains in the Yap protein mediates the association of Yap

with different partners, r esul tomahagtivity n t h ¢
(Iglesias-Bexiga et al., 2015; Chen et al., 2019). Alternative splicing can modulate
Yapbs transcriptional aecC-térmainalt tnansalstiyatiomo d i f i

domain. It has been found that some of the Yap isoforms generate Yap proteins

with a shorter TAD sequence. In particular, alternative splicing events can partly

di srupt the | eucine zipper o fronglyhafectiga p 6 s
the proteinb6s t r(RAnclkEBEdmongsonietoah d0l6).act i vi ty
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Overall, it appears that alternative splicing can finely modulate the transcriptional
potency of Yap both by directly affecting its transactivation domain and by
modulation of its interaction with specific partners. The presence of differently
enriched yap isoforms in different tissues furthermore indicates that yap splicing
events occur with various frequencies across multiple tissues. Since distinct
isoforms have variable transcriptional potency and different protein-protein
interaction preferences, this provides a possible mechanism for yap tissue
specific regulation. Although it has not yet been verified, it is plausible that the
tissue-specific relative abundance of yap isoforms could lead to preferential
association with tissue-specific partners resulting in tissue-specific Yap

transcriptional function.

Yap transcriptional activity is strongly reliant on its cooperation with Taz, a co-
transcriptional factor homologous of Yap. Yap and Taz have high protein
sequence similarity (around 60% in humans (Kanai et al., 2000; Plouffe et al.,
2018)) resulting in very similar protein structure and domains: Taz harbours a
TEAD binding domain followed by a single WW domain and a C-terminal
transactivation domain. The high structural similarity between Yap and Taz is
matched by functional redundancy of the two proteins as, like Yap, the main

partner of Taz is the transcriptional factor TEAD.

The functional overlap between Yap and Taz has been often described both in
vitro and in vivo (Gao et al., 2014; Varelas, 2014; Plouffe et al., 2018; Tang et al.,
2018). For example, a recent study in zebrafish reported an overlapping role of
Yap and Taz in the establishment of left-right asymmetry (Fillatre et al., 2019). In
this study it has been observed that while downregulation of taz leads to mild
defects in laterality, the downregulation of both yap and taz exacerbates this
phenotype. Similarly, the penetrance of laterality defects in taz homozygous

mutants is increased in embryos carrying a single yap mutated allele.

Similarly, in the retinal pigment epithelium (RPE), a redundancy between taz and
yap functions has been reported the zebrafish yap™4é mutant (Miesfeld et al.,
2015). yap™48 mutant embryos are characterised by reduction of RPE cells. This
reduction in yap“™8 mutant embryos is the consequence of defects in RPE

specification, while proliferation and apoptosis are unaltered in yap™4é mutant.
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RPE. Like yapm13, the penetrance of the yap™4“8 mutation is temperature
dependent: the phenotype of yap™® is fully rescued when embryos are raised
at 20°C. However, this is abolished when a single mutant taz allele is added to a
yap™48 homozygous background. Furthermore, the phenotype of yap™¥48, taz*-
embryos raised at 28°C is exacerbated compared to embryos carrying yap™v48
mutation alone as embryos show complete loss of RPE cells. Conversely,
embryos homozygous for taz mutation show no developmental defect. Overall
these observations indicated an overlapping role of yap and taz in the

specification and development of the RPE (Miesfeld et al., 2015).

Considering the evidence for the overlapping roles of yap and taz in yap™48, we
sought to understand whether the reported redundancy of taz is also responsible
for the incomplete penetrance of yap"3 in mutant embryos raised at 28°C.
Alternatively, given that yap"™13 leads to the formation of different yap splice
variants, we investigated whether the phenotype could be due to the presence of
a specific isoform. Indeed, it has been shown that temperature sensitivity of some
vertebrate mutants (e.g. mitfa mutation in zebrafish and the eyeless rx3 mutant
in medaka (Loosli et al., 2001; Zeng et al., 2015) depends on the generation of

alternative splice forms at different temperatures.
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Results

In the yap"13 mutant, Yap transcriptional activity is reduced specifically in

the eye.

A compensatory role of Taz for RPE development has been previously described
in other zebrafish yap mutant alleles (Miesfeld et al., 2015). We thus asked
whether the redundancy of Taz and its activity may be responsible for the reduced
penetrance of the coloboma phenotype observed in yap"13 mutant raised at 28°C.
To evaluate the presence of an increase in taz transcription, suggesting a
compensatory event in yap"13 mutant, we performed gRT-PCR experiments. We
furthermore evaluated the expression levels of yap to observe whether yap"13
mutation is paired to an increase of yap transcription. We hypothesised that, in
absence of functional Yap, an increase of yap transcription could take place to

compensate for the lack of Yap transcriptional activity.

To assess the overall transcriptional activity of both yap and taz we used the
transcription levels of ctgfa as a readout. ctgfa is a well characterised downstream
effector of both Taz and Yap and its transcription is directly regulated by both Yap
and Taz. For this reason, ctgfa expression levels are commonly used as a proxy
for Yap and Taz transcriptional activity (Zhang, Smolen and Haber, 2008; Zhao,
Tumaneng and Guan, 2011; Astone et al., 2018). We performed the gRT-PCR
experiments on both wild types and yap"13 mutants raised at 28°C and 32°C, to
compare the transcriptional levels of our gene-set in conditions of reduced and

full penetrance of yap"13 coloboma phenotype.

Our experiments showed that yap expression is significantly reduced in yap"13

mutant embryos raised at both 28°C and 32°C when compared to the abundance

of yap transcripts in wild type embryos (Fig 2.0 A; Yap2 8 AC &Ct = 0.

378K

mean+SEM; Yap 32 AC &Ct = 0.394N0. 032, -testserasn NS EM

p>0.05; N=3 n=35). Conversely, while taz transcription is reduced in yap"13
embryos raised at 28°C, in yap"13 embryos raised at 32°C taz is significantly
overexpressed (Fig 2.0 A; Taz 2 8 AC 6€19+8.064, mean+SEM; Taz 32°C

@Ct = 1.137N0. 073, meeats1 PpcO.G5ENA3 n=8%) Hdwevpr] e t
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ctgfa downregulation is not significantly different in yapn'13 mutant embryos raised
eitherat28°Cand at 32°C (Fig2.0A;Ct gf a 28 AC a&®Wimedn+IEM8 N0 . 1
Ctgfa 32AC &Ct=0.742 N Ot hs. pr@.@5nRESEM; 1
n=35). This suggests that increased transcription of taz in yap"13 does not result

in a recovery of the pathway activation.

Our RT-gPCR experiments highlighted a downregulation of ctfa in the mutants at
both 28°C and at 32°C, which suggests an overall reduction of the transcriptional
activity of Yap. To confirm this result, and to furthermore assess whether the
downregulation of Yap transcriptional activity is specific to the eye, we performed
confocal live imaging on Yap reporter line (Tg(4xGTIIC:d2GFP)). The imaging
revealed a significant decrease of 4xGTIIC:d2GFP expression in yap"'13 mutant
embryos, indicating a downregulation of Yap transcriptional activity in the mutant
(Fig 2.0 B, Gray Value Wild Type = 0.22974+0.008, mean+SEM; Gray Value
yap"13= . 1124+0.020, mean+SEM; t-Test: p<0.05). The downregulation of
AXGTIIC:d2GFP is restricted to the eye region: while the intensity of
4xGTIIC:d2GFP is significantly reduced in the eye of yap"13 mutant embryos, the
reported transcriptional activity of Yap in the rest of the embryo is not significantly
different in yap"13 mutants compared to wild type embryos (Fig 2.0 C and data
not shown). This observation suggests that the eye specific phenotype in yap13

mutants is due to an eye-specific reduction of Yap transcriptional activity.
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Figure 2.0| taz is not responsible for compensating mechanisms in yap"'3
mutant.

AlRel ati ve expr es yapdazand egfaenlyap"{maant embrgos
raised at both 28°C and 32°C. Transcript abundances are normalised to
expression levels of the gene set measured in wild type embryos raised at the
same conditions (continuous line). B| Imaging of Yap reporter line
(Tg(4xGTIIC:d2GFP)) in both wild-type and yap"3 mutants. Yap Dotted lines
marking the position of the region of interested (ROI) used for measurements.
N=nasal; T=temporal; D=dorsal; V=ventral, C| Measurement of the absolute gray
value measured in the ROI on the green channel in figure B.
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