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ABSTRACT 

 

Yes-associated protein (Yap) transcriptional co-activator, a major downstream effector 

of Hippo signaling pathway, controls organ size by modulating cell proliferation and 

apoptosis. The Hippo signaling cascade phosphorylates Yap, and this phosphorylation 

inhibits the nuclear retention of Yap, which is essential for cell proliferation. Thus, the 

loss of Hippo pathway components leads to enlarged organs through increased Yap 

activity in the nucleus. Our initial study showed that Yap was expressed in the 

developing retina and retinal pigment epithelium (RPE), suggesting Yap’s tissue-

specific roles during the eye development. Intriguingly, Yap proteins were localized at 

the apical junctions in addition to the nucleus and cytosol of the retinal progenitor cells, 

adding another level of regulation. To uncover the tissue- and localization–specific 

functions of Yap, we generated a Yap conditional knockout mouse with Rx-Cre for the 

ablation of the Yap gene in the developing retina and RPE. Upon deletion of Yap, the 

retina showed severe lamination defects with numerous folding, which is reminiscent 

of the polarity and adhesion loss. The RPE, a single pigmented cell layer overlying the 

retina, lost pigmentation and changed into a multi-layered epithelium. The marker 

analysis revealed that 1) in the retina, the localization of the polarity complex proteins 

such as Pals1, Crb1 and atypical PKC were disrupted, suggesting Yap’s indispensable 

role in junctional stability, and 2) the level of Otx2 in RPE decreased while those of 

Chx10 and β-tubulin increased, suggesting transdifferentiation of RPE into the retina. 

In addition, the deletion of Yap induced a decrease in proliferation and an increase in 

apoptosis, ultimately resulting in microphthalmia. In conclusion, our results are 

consistent with the model that Yap functions in the stabilization of apical proteins for 
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maintenance of the laminar organization, determination of RPE territory, and regulation 

of proliferation and apoptosis during the eye development. 
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CHAPTER 1 

INTRODUCTION 

1.1 The eye 

1.1.1 The retina 

The retina is a layered structure located in the inner surface of the eye that contains 

neurons for visual transduction. The mature retina is composed of six types of neuron 

and one type of glial cell within three cell body and two synapse layers. The outer 

nuclear layer (ONL) consists of rod and cone photoreceptor cells, the inner nuclear 

layer (INL) contains amacrine, bipolar, horizontal and Müller glia cells, and the 

ganglion cell layer (GCL) is formed by retinal ganglion cells (RGCs) and displaced 

amacrine cells [1]. For visual function, photoreceptor cells, the rods and the cones, are 

stimulated by light and the information is extracted and transmitted through 

photoreceptor synapses, which are connected to bipolar, interneurons, and amacrine 

cells. Finally, all of the information processed in the retina is transmitted to visual 

cortex [2].  

The distinctive retinal cell types can be generated from the multipotent retinal 

progenitors during development. The retinal progenitors differentiate into seven types 

of retinal cells in a conserved sequence. The RGCs are first generated and cone, 

horizontal, amacrine, rod, bipolar and Müller glia cells are subsequently produced, 

moderately adhering to that order [3]. The production of different retinal cell types at a 

given time is influenced by environmental signals. The retinal progenitors intrinsically 

undergo a series of competence states to respond to the extrinsic environmental cues 

for producing different retinal cell types. Each state of competence transiently promotes 
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progenitors to express transcription factors in response to the environmental cues. Once 

the competent cells commit to produce a particular cell type, the cells can be 

differentiated in the absence of environmental cues. The competence state is 

unidirectional, meaning it cannot go back to its previous state [2, 4].  

Expression of multiple transcription factors is essential to specify retinal cell fate 

[1, 5]. Expression of Math5 and Brn3b are necessary to produce RGCs, as mutations of 

Math5 and Brn3b are shown to decrease the total number of RGCs [6-8]. Production of 

bipolar cells is regulated by the basic helix-loop-helix (bHLH) genes, Mash1 and Math3, 

and the homeobox gene, Chx10. Mash1-null retinas show delayed differentiation of rod, 

horizontal, and bipolar cells and reduction in the total number of bipolar cells [9]. A 

Mash1-Math3 double mutant leads to a loss of bipolar cells, and overexpression of 

Mash1 and Chx10, or Math3 and Chx10 results in an increase of mature bipolar cells 

[10]. The combination of the neural bHLH genes, Math3 and NeuroD, and the 

homeobox gene, Pax6, is essential to generate amacrine cells. Interestingly, although 

overexpression of NeuroD with Pax6 increases generation of amacrine cells, the co-

expression of Math3 and Pax6 produces horizontal cells and amacrine cells [11]. The 

winged helix/Forkhead transcription factor, Foxn4, functions to generate amacrine cells 

and horizontal cells as an upstream factor of Math3 and NeuroD [12]. Prox1 plays an 

essential role in horizontal cell genesis. A Prox1-/- mouse lacks horizontal cells while 

ectopic expression of Prox1 increases horizontal-cell formation [13].  

Rod and cone photoreceptor cells are regulated by two key molecules, Crx and Otx2. 

Crx can transactivate photoreceptor-specific genes including Otx2. Overexpression of 

Crx by retroviral infection increases the number of clones for generation of rod 
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photoreceptors, and expression of dominant-negative Crx in presumptive 

photoreceptors leads to an abnormal development of outer segments and terminals of 

the photoreceptors [14]. Consistent with a role of Crx in photoreceptor development, 

photoreceptor cells fail to develop in conditional deletion of Otx2 [15].  

The bHLH type transcription factors, Hes1 and Hes5, are key regulators in the 

generation of Müller glia. Expression of Hes1 and Hes5 is induced by Notch signaling 

and leads to inhibition of expression of neuronal cell fate specification related genes 

such as Mash1 and Math3 [5]. Retroviral transduction of Hes1 causes retinal 

progenitors to express markers for Müller cells whereas expression of a dominant-

negative form of the Hes1 gene leads to a reduction of Müller glial cells [16]. 

Expression of Hes5 promotes generation of Müller glial cells at the expense of neurons, 

while Hes5-deficient retinae show a decrease of Müller glia cells [17]. In addition to 

bHLH type transcription factors, a homeobox gene, Rx is also required for the 

generation of Müller glia cells. Rx is expressed in retinal progenitors during retinal 

development and is restricted to Müller glia cells after the generation of retinal cells is 

nearly complete. In addition, forced expression of Rx leads to an increase of Hes1 and 

Notch transcription (Figure 1-1) [16]. 
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Figure 1-1. Schematic of cross section the eye and retinal cell fate specification by 

transcription factors. This illustration shows the main tissues of the eye. The eye is 

composed of cornea, lens, Iris, ciliary body, optic nerve, retina, and RPE. In retina, 

there are seven types of retinal cells, ganglion cells in the ganglion cell layer (GCL), 

amacrine, horizontal, bipolar cells, and Müller glia in the inner nuclear layer (INL), and 

cone and rod cells in the outer nuclear layer (ONL). Each retinal cell fate is determined 

by a combination of cell-type specific transcription factors. CB, Ciliary Body. 
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1.1.2 The RPE 

The Retinal Pigment Epithelium (RPE) is a monolayer of pigmented cells that is 

located between the photoreceptor cell layer and Bruch’s membrane, which separates 

the RPE from the fenestrated endothelium of the choriocapillaris. The RPE interacts 

with photoreceptors cells for homeostasis of the neural retina, such as phagocytosis of 

photoreceptors shed outer segments and transport of nutrients. This interaction is 

mediated by apical microvilli of the RPE [18]. The RPE has two types of microvilli at 

the apical membrane. Long microvilli (5-7 µm) maximize the apical surface for 

epithelial transport to remove water from the retina and supply glucose to the retina 

while shorter microvilli form photoreceptor sheaths for phagocytosis of photoreceptor 

outer segments. The extracellular space between the RPE and photoreceptors is filled 

by the interphotoreceptor matrix (IPM). The IPM is required for photoreceptor function 

and maintenance as it facilitates the exchange of metabolites between the RPE and 

photoreceptors. The basolateral membrane of the RPE contains numerous infolding, 

which are adherent to Bruch’s membrane [19-21]. Bruch’s membrane consists of five 

layers: the basement membrane of the RPE, the inner collagenous layer, the elastin 

layer, the outer collagenous layer, and the basement membrane of the choriocapillaris. 

This five-layered structure functions as the substratum of the RPE and a vessel wall of 

the retina (Figure 1-2) [22].  
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Figure 1-2. Schematic drawing showing an RPE cells. The RPE cell is located on 

Bruch's membrane between choroidal capillaries and the photoreceptor cells. Microvilli 

of the RPE specialize in degradation of shed tip of photoreceptor outer segment and in 

transportation of glucose to the retina. The basal infolding of the RPE is essential for 

the attachment to brunch’s membrane.  
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The embryonic development of the RPE can be divided into three stages to establish 

the apical-basolateral polarity of the RPE. During these stages, the RPE forms tight 

junctions (TJs) to become a blood barrier of the retina. In the early stage, formation of 

the apical and basolateral polarity is initiated by activation of key proteins such as 

claudin1, 2, and 5. The junctional complexes define the apical and basolateral parts of 

the membrane. For example, γ-tubulin is expressed in the apical membrane and α1β3-

integrin is localized to the basal membrane. At the end of the early stage, apical 

microvilli start to elongate and photoreceptors protrude through the outer limiting 

membrane of the retina. In the intermediate stage, the RPE develops constant tight 

junction connections to define the apical and basolateral domains. In the late stage, the 

RPE becomes a tight epithelium with stabilization of tight junction proteins such as Zo-

1, occludin, and claudins 1, 2, 5, 12. Photoreceptors begin to elaborate the outer 

segments between the intermediate and the late stages [19, 23].  

The RPE is essential for the maintenance and survival of the photoreceptor cells. 

First of all, the RPE absorbs the light energy focused by the lens on the retina and 

prevents the scattering of any light rays that were not absorbed by the neural layer, and 

therefore, protects the photoreceptors against photo-oxidation [19]. The photoreceptor 

outer segments (POS) undergo a constant renewal process to maintain the excitability 

of photoreceptors. The distal portions of POS containing photo-damaged proteins and 

lipids are shed daily from the photoreceptors and are phagocytized by the RPE. The 

RPE also transports nutrients, water and ions between the photoreceptors and the 

choriocapillaris.  
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In the visual cycle, 11-cis retinal, which is a light-sensing chromophore in visual 

pigments, detects light in photoreceptors for visual transduction, which is a process of 

converting light into electrical signals. The photoreceptors are unable to regenerate 11-

cis retinal from all-trans retinal, which is the product of photoisomerization. Cells in 

the RPE are responsible for converting the all-trans retinal back to 11-cis retinal for 

reuse in photoreceptor cells [19, 20].  

1.2 Eye development 

1.2.1 Determination of the Eye Field and Optic Vesicles 

Vertebrate eye development initiates with the induction of a primordial eye field, 

which is located in the anterior neural plate. The eye field differentiates from the 

diencephalon by coordinated regulation of extracellular signaling and transcription 

factors. Fibroblast growth factor (Fgf) and EphrinB1 signal pathways regulate the 

movement of progenitors into the eye field [24, 25] while the expression of transcription 

factors such as Rx1, Pax6, and Six3 ensure the morphogenetic movement and cohesion 

of neuroepithelial cells within the eye field.  

The single eye field is specified into two optic vesicles (OV) by expression of 

cyclopia, leading to induction of Hedgehog (Hh) signaling. Hh promotes the expression 

of Pax2 to establish the proximo-ventral domain of the OV [26, 27]. Pax2 is initially 

expressed with Pax6 in OV and together they determine the ventral optic stalk by 

reciprocal repression at the boundary between the optic stalk and neural retina [28, 29]. 

The coordinated expression of eye-field transcription factors (EFTFs) such as Six3, 

Lhx2, Rax (Rx in mouse, RX3 in zebrafish), Tbx3, Optx2/Six6, Nr2e1/Tlx and Pax6 

define the eye field and maintain neuroepithelial cells in the early OV (Figure 1-3A). 
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Conditional removal of Six3 in the late eye field causes impairment of neuroretinal 

development with ectopic activation of Wnt8b in the OV [30]. Loss of Rx causes a 

failure in the formation of the OV by disruption of cell migration in the eye field in a 

cell autonomous manner [31, 32]. Similarly, Pax6-deficient mice exhibit arrested OV 

development, leading to anophthalmia [33].  

1.2.2 Patterning of the Optic Cup and specifications of the retina and the RPE 

Next, the bi-potent neuroepithelial cells are specified into either the RPE or the 

retina, as domain-specific genes are mutually expressed during the OV-Optic Cup (OC) 

transition. As the OV evaginates to make contact with the surface ectoderm, the distal 

OV invaginates by mutual interaction with the lens placode (LP) formed in the surface 

ectoderm [34].  

Once the invagination occurs, the OV develops into a two-layered OC. The inner 

layer of the OC interacts with the surface ectoderm to differentiate into the neural retina 

and, the outer layer of OC receives signals from surrounding extraocular mesenchyme 

to develop into the RPE [34, 35]. During patterning of the OC, intrinsic signaling is 

simultaneously coordinated to specify the retina and the RPE with the activation of 

extrinsic factors. LIM homeobox transcription factor 2 (Lhx2) is initially expressed in 

OV and later specifies the neural retina by coordinating with intrinsic and extrinsic 

factors during the OV-OC transition. In absence of Lhx2, the eye field is properly 

formed and OV is normally initiated. However, the OV fails to be maintained and OC 

formation is arrested with alterations of regional specification-related gene expression 

and the BMP signaling. Treatment with BMP4 and BMP7 in the absence of Lhx2 

recovers OV patterning with expression of SOX2 and Pax2. This suggests that Lhx2 
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links eye field specification to OV patterning by regulation of intrinsic and extrinsic 

factors (Figure 3-2B) [36].  

The earliest molecules that determine the domains of the retina and the RPE are the 

bHLH-leucine zipper transcription factor microphthalmia associated transcription 

factor (Mitf) and the retinal-expressed paired-like cvc homeodomain transcription 

factor (Chx10). Initially, the entire OV uniformly expresses Mitf and Chx10. As the 

OV contacts the lens placode, Mitf expression is restricted to the presumptive RPE 

while Chx10 represses the neuroretinal expression of Mitf in the prospective retina [37]. 

Mitf is crucial for the induction and maintenance of expression of pigment-related 

genes such as tyrosinase, TRP1 and QNR71. Mitf mutants which contain a 3-bp 

deletion or substitution at the basic domain in Mitf locus show an RPE-to-neuroretinal 

change in the dorsal region of the eye, commonly referred to as transdifferentiation [38-

40]. Orthodenticle homeobox 2 (Otx2) transcription factor plays a critical role in RPE-

specific gene expression at the same hierarchical level as Mitf [41]. Otx2 also 

establishes eye territory during early eye development. Later, Otx2 is specifically 

expressed in the dorsal portion of the vesicle to determine the domain of the RPE. Otx2-

deficience in mice leads to eye malformation with down-regulation of Mitf expression 

[42]. In addition, deletion of Otx2 causes ectopic expression of neural retina markers in 

the RPE, which resembles a mirror image duplicated retina [43].   

The retinal domain is determined by mutually exclusive expression of Chx10 and 

Mitf in the vesicle. Chx10 is an essential transcription factor for determination of the 

retinal domain. Ocular retardation in mice caused by the Chx10 homeobox null allele 
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leads to the formation of an RPE-like structure in the retina with ectopic expression of 

Mitf and microphthalmia resulting in a decrease of retinal progenitor proliferation [37].  

Fibroblast growth factor (Fgf) signaling is one of the critical pathways in regional 

specification. Fgf1 and Fgf2 are expressed in the surface ectoderm to induce neural 

retina formation upon contact with the surface ectoderm. In the presence of Fgf1 or 

Fgf2, the presumptive RPE is differentiated into a retina-like structure forming a mirror-

imaged double neural retina, while addition of neutralizing antibody to Fgf2 blocks the 

neural differentiation of the presumptive RPE [44, 45]. Implantation of Fgf2-coated 

beads in OV explants disrupts the Mitf expression and pigmentation in the RPE [46]. 

Moreover, ectopic expression of Fgf9 under the Tyrosinase-related protein (TRP) 2 

promoter leads to transdifferentiation of a monolayered RPE to a second neuroretinal 

layer [47].  

The presumptive RPE is surrounded by extraocular mesenchyme, which is required 

for RPE domain specification. Removal of extraocular mesenchyme leads to the failure 

of expression of the RPE-specific genes, Mitf, Wnt13 and the melanosomal matrix 

protein MMP115 in explant cultures of chick OV. The decreased expression of RPE-

specific genes is recovered by addition of the transforming growth factor β family 

member activin, which is expressed in the extraocular mesenchyme of frogs and mice 

[48-50].  

Wnt signaling plays an essential role in RPE development [51]. Wnt ligands are 

secreted glycoproteins which bind to and activate transmembrane Frizzled/Low density 

lipoprotein receptor-related protein receptor complex. Activation of Frizzled is 

transduced into several different intracellular signaling cascades such as the canonical 
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Wnt/β-catenin, planar cell polarity and the Wnt/Ca2+ pathways. In the canonical Wnt/ 

β-catenin, β-catenin is stabilized by the binding of Wnt to the receptors and begins to 

accumulate in the cytoplasm and the nucleus whereas, in the absence of activation, β-

catenin is normally degraded by the complex containing glycogen synthase kinase-3β 

(GSK-3β), Axin and Adenomatous Polyposis Coli (APC) [52]. Nuclear β-catenin 

interacts with the transcription factors, T-cell specific transcription factor (TCF), and 

lymphoid enhancer-binding factor (LEF) to transactivate target genes [53, 54]. Wnt 

signaling is required for Mitf and OTX2 expression during RPE development [55, 56]. 

Implantation of beads of soluble-frizzled-related proteins and the Wnt-inhibiting factor-

1, which are inhibitors of all Wnt pathway at OV stage, downregulates Mitf expression 

and the operated eye shows a reduction in size and loss of pigmentation [55]. 

Conditional inactivation of Wnt/β-catenin in RPE results in transdifferentiation of RPE 

to neural retina [51, 56]. Interestingly, β-catenin transcriptionally activates Mitf and 

Otx2 through binding near the putative TCF/LEF sites in the Mitf and Otx2 enhancers 

[56]. Overexpression of β-catenin or Otx2 is not sufficient to induce Mitf while co-

expression of β-catenin and Otx2 promotes Mitf expression [57]. These suggest that 

Wnt/β-catenin pathway is directly involved in RPE specification through regulation of 

expression of RPE-specific genes (Figure 1-3C).  

 

 

 



 

 

13 

 

Figure 1-3. Schematic representation of the vertebrate eye development. (A) The 

presumptive ventral forebrain (VF, red) is evaginated (indicated by arrow) into 

presumptive lens ectoderm (PLE, blue) to form the dorso-distal optic vesicle (OV), 

where eye-field transcription factors are expressed (green), and the proximal-ventral 

OV, which give rise to the presumptive ventral optic stalk (POS, violet). (B) The dorso-

distal OV is specified into the presumptive neural retina (NR, green) and the 

presumptive retinal pigment epithelium (RPE, gray) after lens placode (LP, blue) and 

NR contact with each other. (C) Continued invagination of the OV results in the lens 

vesicle (LV, blue), NR (green), and RPE (gray), which give rise to establishment of the 

overall structure of the eye. The point at which the neural retina and RPE meet develops 

into the ciliary body and iris (C/I). M, Mesenchyme; DOS, dorsal optic stalk; VOS, 

ventral optic stalk.  
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1.3 The Hippo-Yap pathway 

1.3.1 Core Hippo-Yap pathway: a kinase cascade  

The Hippo-Yap pathway has emerged as a key player in coordinating cell 

proliferation, differentiation, growth, and death during development. The components 

of the pathway have been established in both Drosophila melanogaster and mammals 

since the pathway was originally discovered by genetic screens in Drosophila (Table1-

1) [58]. 

 Table 1-1. Mammalian counterparts of the Hippo pathway core components.  

 

Mst, mammalian STE20-like protein kinase; SAV1, Salvador homolog 1; Lats, large 

tumour suppressor homolog; MOB1, MOB kinase activator 1; YAP, Yes-associated 

protein; Taz, transcriptional co-activator with PDZ-binding motif; TEAD, TEA 

domain-containing sequence-specific transcription factor; NF2, neurofibromin 2; Hpo, 

Hippo; Wts, Warts; Mats, Mob as tumor suppressor; Yki, Yorkie; Sd, Scalloped; Mer, 

Merlin; Ex, Expanded; KIBRA, kidney and brain protein; FERM, protein 4.1, ezrin, 

radixin and moesin; SARAH, Sav–Rassf–Hpo domain. 



 

 

15 

The Hippo-Yap pathway consists of the mammalian sterile-20 kinase1/2 (Mst1/2), 

Large tumor suppressor 1/2 (Lats 1/2) and transcriptional coactivator Yes-associated 

protein (Yap), and the Yap paralog transcriptional co-activator with PDZ binding motif 

(Taz), which are core components of the pathway. Mst1/2 plays an important role in an 

increase of apoptosis. The mammalian tumor-suppressor protein Ras association family 

member 1A (RASSFA1A) inhibits inactivation of Mst1/2 by preventing 

dephosphorylation of Mst1/2 by PP2A [59]. In addition, proteolytic removal of a 

caspase cleavage site of Mst1/2 by caspase-3 increases its catalytic activity [60]. 

Lats1/2 also negatively regulates cell proliferation. Lats1 blocks the G2/M transition by 

down-regulating cyclin A and cyclin B during the cell cycle. Ectopic expression of 

Lats1 induces apoptosis by up-regulation of Bax [61]. In the active Hippo pathway, 

Mst1/2 directly phosphorylates Lats1/2 at T1079 (Lats1) or at T1041 (Lats2), which is 

essential for Lats1/2 activation [62-64]. The activated Lats1/2 phosphorylates Yap/Taz 

at S127/S89 by interaction of the PPxY motif on Lats1/2 with the WW domains on 

Yap/Taz. This phosphorylation leads to cytoplasmic retention of Yap/Taz via 

interaction with 14-3-3 protein, resulting in the inhibition of target gene transcription 

[65-67]. In addition, phosphorylation of Yap/Taz at S381/S311 by Lats1/2 primes 

Yap/Taz phosphorylation by casein kinase 1 δ/ɛ (CK1δ/ɛ), and consequently leads to 

recruitment of β-Transducin Repeat-Containing Protein (β-TRCP) ubiquitin E3 ligase 

which results in polyubiquitination and degradation of Yap [68, 69].  

When Hippo signaling is inactive, unphosphorylated Yap/Taz translocates to the 

nucleus. Since Yap/Taz does not contain a DNA binding domain (DBD), an interaction 

with a DNA-binding protein is required for initiation of target gene transcription. 
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Several transcription factors such as TEAD, p73, Runx2, and ErbB4 are known binding 

partners of Yap in the nucleus [70-73]. TEAD is a major transcription factor, which 

promotes cell growth mediated by the Hippo pathway [74, 75]. TEAD consists of an 

N-terminal DBD and a C-terminal Yap-binding domain (YBD). The N-terminal 

TEAD-binding domain (TBD) of Yap/Taz interacts with the YBD to mediate 

transcription of genes [73, 75, 76].  

Additional components play important roles to enhance the kinase activity in the 

Hippo-Yap pathway. Mst1/2 interacts with and phosphorylates a scaffold protein, Sav1 

through the SARAH (Sav/Rassf/Hpo) domains to enhance its stabilization [77]. Mst1/2 

also phosphorylates a scaffold protein, Mps one binder kinase activator-like 1A and 1B 

(Mob1). The phosphorylated Mob1 binds to Lats1/2 and consequently leads to 

autophosphorylation of Lats1/2 at S909/S872, which is required for Lats1/2 kinase 

activity [78, 79].   

1.3.2 Upstream regulators in the Hippo-Yap pathway 

Many components involved in apical-basal polarity are known as upstream 

regulators of the Hippo-Yap pathway The FERM (4.1, Ezrin, Radxin, and Moesin) 

domain proteins, Merlin (Mer; also known as NF2 for neurofibromatosis 2) and 

Expanded (Ex), function to activate Hippo-Yap signaling through interaction with Sav 

and Hpo [80]. In Drosophila, deletion of both Mer and Ex results in massive tissue 

overgrowth [81]. The WW- and C2-domain protein Kibra physically links Mer and Ex 

at the apical membrane. Kibra also interacts with and phosphorylates Lats1/2 to activate 

the Hippo-Yap pathway. Loss of Kibra shows reduction of Yap phosphorylation 

leading to an overgrowth phenotype [80, 82, 83]. Recently, Mer has been shown to 
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directly recruit Lats1/2 to the membrane for Lats1/2 phosphorylation [84]. These 

interactions suggest that the Hippo pathway kinases may be recruited to the apical 

plasma membrane by the Mer/Ex/Kibra complex for activation. The apical 

transmembrane protein Crumbs (Crbs) plays an important role in the Hippo-Yap 

pathway. Crbs associates with Ex through interaction between FERM-binding motif of 

Crbs and FERM domain of Ex. Loss of Crbs leads to mislocalization of Ex to the 

basolateral domain, resulting in tissue overgrowth through a defective Hippo pathway 

[85, 86].  

Similar to the Crb complex, the atypical PKC (aPKC)-partitioning defective (Par) 

6-Par3 complex and Lethal giant larvae (Lgl)-Discs large-Scribble group also influence 

the Hippo-Yap pathway. Deletion of Lgl and expression of aPKC cause an increase of 

Yap activity by mislocalization of Hpo and RASSF. The mislocalization caused by the 

loss of Lgl is recovered by blocking the aPKC activity. This suggests that Lgl acts 

antagonistically to aPKC to regulate Hippo and RASSF localization [87].  

Recently, AMOT has been reported to interact with Yap/Taz at TJs. Angiomotin 

(AMOT) is required for TJ formation by associating with apical polarity proteins [88]. 

Association of WW domain in Yap/Taz with PPxY motif in AMOT upregulates 

phosphorylation of Yap/Taz leading to localization of Yap/Taz at TJs [89]. ZO (zona 

occludens)-1 and -2 associate with Yap through an interaction between PDZ domain 

and PDZ binding motif. Interestingly, this association promotes nuclear localization of 

Yap2, which is a Yap isoform, instead of membrane retention of Yap2 [90]. 

In addition, disrupting adherens junctions (AJ) results in the activation of Yap. 

Alpha-Catenin interacts with Yap and 14-3-3 at AJs and this binding prevents 
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dephosphorylation of Yap by protein phosphatase 2. Thus, deletion of α-Catenin 

increases Yap’s nuclear localization, causing tumor formation [91]. A non-receptor 

protein tyrosine phosphatase PTPN14 has been shown to regulate the Hippo-Yap 

pathway. As PTPN14 interacts with Yap through PPxY motif and WW domain, 

PTPN14 promotes the cytoplasmic retention of Yap for reduction of Yap’s activity. 

Thus, knockout of PTPN14 promotes localization Yap to the nucleus and increases cell 

migration [92-94].  

Yap/Taz oncoproteins may be regulated by growth factors that are involved in cell 

proliferation. However, several well-known growth factors such as epidermal growth 

factor and insulin do not affect Yap phosphorylation [67]. Recently, G protein-coupled 

receptor (GPCR) signaling is discovered as an upstream regulator of the Hippo-Yap 

pathway. Serum-borne lysophosphatidic acid (LPA) and sphingosine 1-phosphophate 

(S1P) are ligands of Gα12/13-coupled receptors and induce Yap/Taz dephosphorylation 

through activation of Rho GTPase [95]. Consistent with the role of Gα12/13 in the Hippo-

Yap pathway, thrombin activates protease-activated receptor 1 (PAR1), which is a 

subfamily of GPCRs, to stimulate Gα12/13, Rho, and Yap/Taz resulting in an increase of 

cell migration and cell invasion [96]. Whereas Gα12/13-coupled receptor promotes 

Yap/Taz activity, GαS-coupled receptor suppresses Yap/Taz activity. Ligands of GαS-

coupled receptors such as glucagon, epinephrine, and a dopamine receptor agonist 

induce phosphorylation of Yap [95]. These results suggest that GPCR signaling can 

regulate the Hippo-Yap pathway either positively or negatively, depending on which 

Gα-coupled receptor is involved (Figure 1-4A). 
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1.3.3 The crosstalk between The Hippo-Yap and the Wnt/β-catenin pathway  

Interactions between essential pathways are required for an appropriate response to 

regulate tissue growth. Since the Hippo-Yap pathway is known to be an important 

signaling pathway to control tissue development, studies have also shown significant 

crosstalk with the Wnt pathway, which is another important signaling mechanism 

during embryonic development. The Hippo and Wnt pathway converge in the nucleus 

for expression of growth related genes. An increase of nuclear Yap/Taz induces the 

nuclear localization of β-catenin and promotes expression of the Wnt/β-catenin target 

genes such as Sox2 and Snai2 [97]. 

In addition, Taz interacts with dishevelled (Dvl) in the cytoplasm to inhibit Wnt 

signaling. In the presence of Wnt, Dvl is phosphorylated, and localizes to the membrane, 

and is subsequently polymerized. This dynamic polymerization promotes the 

recruitment of the GSK-3β-Axin-APC complex to the membrane, leading to 

stabilization of β-catenin in the cytoplasm and in the nucleus [98, 99]. However, 

phosphorylated Taz inhibits the phosphorylation of Dvl by CK1δ/ɛ and instead interacts 

with Dvl to prevent responses to Wnt signaling [100]. Yap has been also identified as 

a counterbalance to Wnt signaling. Dvl contains the nuclear localization sequence and 

the nuclear export sequence, and it forms a complex with β-catenin and TCF in the 

nucleus to enhance canonical Wnt signaling [101, 102]. Dvl is highly localized in the 

nucleus when Yap is deleted, and conversely, Wnt-mediated intestinal regeneration is 

inhibited by expression of constrictively active Yap [103]. These reports mean that 

Yap/Taz may function as a growth-suppressor by regulation of Dvl localization and 

phosphorylation under Wnt signaling. 
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Interestingly, Taz has been independently shown to mediate the Wnt/β-catenin 

pathway as a downstream factor of the Wnt pathway. In the absence of Wnt, Taz 

degradation is promoted by association with the β-catenin degradation complex (GSK-

3β-Axin-APC), and phosphorylated β-catenin bridges Taz to ubiquitin ligase β-TRCP. 

In the presence of Wnt, Taz and β-catenin both are separated from the destruction 

complex and localize to the nucleus resulting in activation of target genes [104, 105]. 

Taken together, these data suggests that the Hippo pathway may cooperate with Wnt 

signaling in response to an intricate set of stimuli during development (Figure 1-4B).   
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Figure 1-4. Overview of the Hippo-Yap pathway and the Wnt/β-catenin pathway. 

(A) The Hippo-Yap pathway, which is controlled by G protein-coupled receptor (GPCR) 

signaling or the FERM (4.1, Ezrin, Radxin, and Moesin) domain proteins, is activated 

by phosphorylation of Mst1/2, leading to promotion of Lats1/2 phosphorylation. The 

activated Lats1/2 phosphorylates Yap/Taz, resulting in the degradation or cytoplasmic 

retention of Yap. The phosphorylated Yap also localizes at tight junctions (TJs), 

adherens junction (AJs), or apical membrane by binding with junctional localized 

proteins. Unphosphorylated Yap/Taz translocates into the nucleus for binding with 

TEAD1-4. (B) Phosphorylation of Disheveled (Dvl) inhibits the destruction complex 

and then promotes the accumulation of cytoplasmic β-catenin, resulting in 

translocalization of β-catenin into the nucleus. However, Yap/Taz inhibits the 

phosphorylation of Dvl by interacting with Dvl. In addition, β-catenin phosphorylated 

by the destruction complex, degrades Taz through its ubiquitin ligase β-TRCP.  
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1.4 Hypothesis and Object of Dissertation 

In order for an organ to function properly, achieving the proper organ size is crucial. 

For the proper organ size, the cell size and the number of cells must be regulated and 

coordinated during tissue development. The Hippo-Yap pathway has emerged as a key 

regulator of the organ size determination. Thus, mutations in components of the Hippo 

pathway can result in abnormal tissue growth. For example, a Sav conditional knockout 

mouse shows cardiomegaly, which is an enlarged heart through an increase of nuclear 

β-catenin expression [97]. In addition, in the brain, loss of NF2 leads to severe 

malformation of the hippocampus in adult mice by overexpansion of neural progenitor 

pools [106].  

Interestingly, the Hippo-Yap pathway is also involved in the eye development. Yap 

plays an essential role for normal lens growth through regulation of lens progenitor 

cells and cellular polarity [107]. In the retina, overexpression or shRNA-mediated 

downregulation of Yap increase retinal proliferation or differentiation, respectively 

[108]. However, the mechanism by which the Hippo-Yap pathway regulates the eye 

development remains unclear. The specific aim of this study is to understand the 

role of the Hippo-Yap pathway in eye development through genetic manipulation 

of Yap in the mouse model.  

In the lens, deletion of Yap results in abnormal lens growth through a reduced lens 

progenitor proliferation, an increase of premature differentiation and an expansion of 

the number of apoptotic cells. Moreover, loss of Yap disrupts the correct localization 

of polarity protein, resulting in failure of maintenance of cell shape. We hypothesize 

that the absence of Yap can cause malformation of the eye through decreased 
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proliferation and increased apoptosis in the retinal progenitor cells. Moreover, we 

speculate that the apical localization of Yap in the eye is important to maintain 

stability of the apical polarity proteins as shown in the lens. To test this hypothesis, 

we generated a Yap-cKO mouse using Rx-cre, which is expressed in the retinal 

progenitor cells. We examined the eyes of the cKO at several developmental stages for 

any phenotypic difference.  

Additionally, we demonstrated the role of Yap in the RPE development using the 

cKO. According to the Dr. Martin’s group, disruption of Sav leads to an increased 

accumulation of β-catenin in the nucleus, resulting in an activation of Wnt/β-catenin 

target genes such as Sox2 and Snai2. The Wnt signaling plays a critical role to induce 

RPE-specific genes such as Mitf and Otx2 when RPE territory is determined in OV. 

Thus, we also hypothesize that Yap can be involved in RPE fate determination by 

regulation of RPE-specific genes. To approach this hypothesis, we utilized a Yap-

cKO mouse to delete the Yap gene from the early eye development when the OV is 

determined as the RPE and the retina. The Yap-ablated RPE was analyzed to examine 

whether the RPE fate was changed at several eye development stages. 

1.5 Significance of Dissertation 

The significance of the work described in this dissertation serves to understand the 

importance of Yap for the eye development. Not only did our study with Yap cKO mice 

uncover the general defects that are related with Yap’s general role known in other 

tissues, but it also discovered some novel phenotypes caused by loss of Yap in the eye. 

We demonstrate that Yap is essential for the normal retinal growth by regulation of 

retinal cell proliferation and apoptosis, which is consistent with Yap’s known role in 
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other tissues. In the eye, deletion of Yap causes a decrease in proliferation and an 

increase in apoptosis. These effects lead to malformation of the eye showing small eyes. 

The phenotypes in Yap cKO mice may be similar to microphthalmia and coloboma 

observed in human patients with heterozygous Yap mutation [109]. Microphthalmia is 

a major structural eye malformation, which is described as the presence of a small eye 

within the orbit. Microphthalmia affects approximately 14 in 100,000 people, and is 

reported in about 11% of blind children [110]. In addition, some patients with 

microphthalmia may have coloboma, which is a segmental ocular defect in the iris, 

retina, choroid, or optic nerves. Mutations of essential genes, which are required for 

development of the eye, cause severe ocular malformation. For example, the 

heterozygous loss-of-function mutation of Otx2 leads to microphthalmia [111]. 

However, the etiology of microphthalmia is not fully understood. In our study, Yap-

ablation in the retina shows a retinal growth defect, which is reminiscent of 

microphthalmia. This suggests that Yap may be a noble causative gene of these ocular 

defects.  

Moreover, Yap is required for determination of the RPE territory in the OV, and 

Yap-ablation in the RPE from the early eye development shows transdifferentiation of 

the RPE to the retina. The OV develops a two-layered OC, and the outer layer of the 

OC is specified into the RPE through a combination of expression of RPE-specific 

genes, such as Mitf and Otx2, and the activation of extracellular signaling pathway such 

as the Wnt/β-catenin pathway. Thus, downregulation of RPE-specific genes in the 

timeline leads to alteration of RPE fate from the RPE to the retina in the outer layer of 

OC. Intriguingly, deletion of Yap induces differentiation of RPE into retina-like 
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epithelium, suggesting a change of RPE fate by loss of Yap. In addition, the 

transdifferentiated RPE to the retina shows downregulation of RPE-specific genes. This 

implies that Yap may be involved in the regulation of RPE-specific genes expression 

during the RPE regional-fate specification. Although it is evident that Yap is important 

for expression of RPE specific gene, little is known about the relationship between Yap 

and RPE specific genes in the eye development. Thus an understanding of the functions 

of Yap in the eye development may be able to provide new insights into the biological 

processes involved in the eye development. 
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CHAPTER 2 

MATERIALS AND METHODS 

Breeding and generation of Yap cKO mice 

Yapf/f mice and Rx-Cre mice were designed and generated by Dr. Eric Olson’s lab 

(University of Texas Southwestern Medical Center, Dallas, TX) and Dr. Milan 

Jamrich’s lab (Baylor college of medicine, Houston, TX), respectively [112, 113]. 

Yapf/f mice were crossed with Yapf/+; Rx-Cre to obtain the Yap cKO (Yapf/f; Rx-Cre), 

heterozygote (Yapf/+; Rx-Cre), and wild type (WT) control littermates (no RX-Cre). All 

animal housing and handling were approved and conducted in accordance with the 

guidelines of the Temple University Institutional Animal Care and Use Committee.  

Genotyping 

Genotyping was done by PCR analysis. Chromosome DNA was extracted from a piece 

of toe from one week old mice using sodium hydroxide extraction [114]. The PCR 

condition was 40 cycles of 95 °C for 30 seconds, 57 °C for 30 seconds, and 72 °C for 

30 seconds. Mice genotypes were determined by specific product sizes amplified by 

specific primers (Table 2-1). 
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Table 2-1. Primer information. 

Gene Primer sequence (5’ – 3’) 

Product sizes 

(bp) 

Yap 

Forward CCACCAGATCTCATTATAGATGG WT: 400 

loxP: 550 Reverse ACCTAGTAAGTACCAGTTTCCCAGT 

Rx-Cre 

Forward GTTGGGAGAATGCTCCGTAA 

362 

Reverse GTATCCCACAATTCCTTGCG 

 

Tissue processing and paraffin slides preparation 

The entire embryo heads and enucleated eyes of postnatal mice were fixed with 4% 

paraformaldehyde (PFA) at 4 °C overnight. The fixative was washed with phosphate 

buffered saline (PBS) and the tissues were dehydrated through ethanol gradient from 

70% to 100%. After dehydration, the tissues were cleared in xylene for two hours and 

incubated in paraffin for three hours. The tissues that were embedded in paraffin were 

sectioned in 7 μm thickness and dried on a slide warmer at 30 °C overnight to ensure 

tissue attachment.  

Hematoxylin and Eosin (H&E) stain  

Slides were deparaffinized in three changes of xylene in total of 15 minutes and 

rehydrated in alcohol gradient from 100% to 70%, then into deionized water in the span 

of 15 minutes. The slides were stained with hematoxylin (VWR, 95057-844) for five 

minutes and then washed with deionized water. To provide sharper nuclear staining, 

the slides were dipped in a differentiation solution (VWR, 95057-856) for 10 seconds. 
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For cytoplasmic staining, the slides were stained with Eosin stain (VWR, 95057-848) 

for five seconds, and then dehydrated in an alcohol gradient from 70% to 100%, into 

xylene. Slides were cleared with CitriSolv (Fisher Scientific, 22-143975) and mounted 

with CytosealTM 60 (Richard-Allan Scientific, 8310-4).  

Immunofluorescence (IF) and Diaminobenzidine (DAB) staining 

Paraffin slides were deparffinized and rehydrated in decreasing alcohol gradient from 

100% to 30% then into deionized water. The slides were boiled in sodium citrate buffer 

(10 mM Sodium Citrate, pH 6.0) for 30 minutes for antigen retrieval. Slides consisting 

dissociated cells were incubated in 2 N hydrogen chloride at 37 °C for 30 minutes. After 

washing off the antigen retrieval buffer or HCl, the slides were incubated in primary 

antibody at 4 °C overnight (Table 2-2). The slides were then washed with PBS and 

incubated with fluorescence or horseradish peroxidase (HRP) conjugated secondary 

antibody for three hours at room temperature (RT). For fluorescence staining, the slides 

were washed with PBS and nuclear counterstaining was accomplished using 

Hoechst33342 (1:500, Invitrogen, H21492) after incubation in secondary antibody at 

RT for 3 hours (Table 2-3). For DAB staining, the slides were washed with PBS and 

incubated with VECTASTATIN Elite ABC reagent for 90 minutes at RT. After 

washing off the reagent, the staining was developed with DAB reagents (sigma, 

D3939). The slides were mounted with Fluoromount-G slide mounting medium 

(Southern Biotech, Inc., 0100-01).  
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Quantification of S-phase retinal progenitor cells  

BrdU (50 mg/kg body weight, Sigma-Aldrich) was injected intraperitoneally to timed-

pregnant females harboring E15.5 and E16.5 embryos 30 minutes before harvesting. 

Slides were stained with BrdU and Yap antibodies (Table 2-2 and 2-3). Images were 

obtained by a confocal microscope (TCS SP8, Leica Microsystems GmbH). BrdU (+) 

and Yap (+) cells in WT and BrdU (+) and Yap (-) cells in Yap cKO were manually 

counted using Photoshop and ImageJ program. 

In vitro Electroporation and dissociation of retina 

Eyeballs were harvested from E18.5 embryos. Dissected retinas and DNA (0.5 ug/ul, 

pCAG-GFP or pCAG-GFP-Yap plasmid) were placed in PBS in an electroporation 

chamber. Electroporation was applied five pulses using a pulse generator (CUY21, 

BEX co., LTD): each pulse is 45 volts and 50 milliseconds in duration with a 950-

millisecond interval between pulses. The electroporated retinas were placed in the 

DMEM/F12 media containing 10% FBS and incubated in the 5% CO2, 37°C cell culture 

incubator for three days. Before dissociation, the retinas were incubated in BrdU (10 

mg/ml) for two hours and dissociated using 0.25% Trypsin-EDTA. The cells were 

plated on poly-D lysine coated slides and incubated for 30 minutes at 37 °C. After 

aspirating the medium, the slides were immediately fixed in 4% PFA for five minutes 

and stored in PBS at 4°C.  
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Table 2-2. Primary antibody information. 

Antibody Company Catalog  Dilution ratio 

Yap Cell Signaling 4912 1:200 (IF, DAB) 

Yap Abcam ab56701 1:200 (IF, DAB); 1:1000 (WB) 

pYap Cell Signaling 4911 1:200 (IF, DAB) 

pYap Abcam ab76252 1:200 (IF, DAB) 

BrdU BD sciences BDB347580 1:50 (IF) 

BrdU Abcam ab6326 

1:200 (IF for paraffin slides); 

1:1000 (IF for dissociated cells)  

CC3 Cell Signaling 9661 1:200 (IF) 

α-catenin BD sciences 610193 1:200 (IF) 

Pals1 EMD Millipore 07-708 1:200 (IF) 

p27 BD sciences 610241 1:200 (IF) 

rhodoposin Phosphosolution 1840-RHO 1:200 (IF) 

Pax6 

Developmental 

Studies Hybridoma 

Bank 

Pax6 1:200 (IF) 

Pan-Crbs oligopeptide  [115] 1:200 (IF) 

Chx10 Exalpha Biologicals X1179P 1:200 (IF) 

Sox9 EMD Millipore AB5809 1:200 (IF) 

aPKC BD sciences 610207 1:200 (IF) 

PCNA One World Lab MA1083 1:200 (IF) 

β-actin 

Santa Cruz 

Biotechnolog 

sc-47778 1:1000 (WB) 

Otx2 EMD Millipore AB9566 1:200 (IF) 

Tubulin beta-III (Tuj) Covance MMS-435P 1:200 (IF) 

Ezrin Abcam ab4069 1:200 (IF) 
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Table 2-3. Secondary antibody information. 

Antibody Company Catalog  

Dilution 

ratio 

Alexa Fluor 488 conjugated to 

goat anti-mouse 

Life technologies A11001 1:200 

Alexa Fluor 488 conjugated to 

goat anti-rabbit 

Life technologies A11008 1:200 

Alexa Flour 488 conjugated to  

goat anti-Mouse  

Life technologies A-11029 1:200 

Cy3 conjugated to goat anti-

mouse 

Jackson 

ImmunoResearch 

115-165-146 1:300 

Cy3 conjugated to goat anti-

rabbit 

Jackson 

ImmunoResearch 

111-165-045 1:300 

Cy3 conjugated to goat anti-rat 

Jackson 

ImmunoResearch 

112-165-003 1:300 

 

Western blot (WB) 

Retinas were dissected and incubated in cell lysis buffer (Cell Signaling, 9803s) 

supplemented with a protease inhibitor cocktail (Sigma, P8340) for five minutes at 

4 °C. Samples were frozen and thawed three times, then homogenized by pipetting. 

After four minutes of centrifugation at 13,000 rpm at 4 °C, the supernatants were 

collected to new tubes. Proteins were measured by a bicinchoninic acid (BCA) Protein 

Assay Kit (Pierce Biotechnology, 23225). Protein samples were denatured by boiling 
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for five minutes with NuPAGE LDS Sample Buffer (Invitrogen, NP0008) and 

NuPAGE Sample Reducing Agent (Invitrogen, NP0009). The denatured samples were 

run on NuPAGE Novex 4-12% Bis-Tris Protein Gels (Invitrogen, NP0321) in 1X 

NuPAGE MOPS SDS Running Buffer (Invitrogen, NP0001) with NuPAGE 

Antioxidant (Invitrogen, NP0005). The samples were transferred to a PVDF membrane 

(Millipore, IPFL10100) by semi-dry transfer at 10 volts for one hour. The membrane 

was blocked with 10% BSA Diluent/Blocking Solution (Kirkegaard & Perry 

Laboratories, Inc., 50-61-10) for 1 hours at RT and then incubated with a primary 

antibody in 10% BSA Diluent/Blocking Solution overnight at 4°C. The next day, the 

primary antibody was washed with tris buffered saline containing 0.02% Tween-20 

(TBS-T) and HRP conjugated secondary antibody in TBS-T was added and incubated 

for two hours at RT. After further wash, membrane was developed by enhanced 

chemiluminescence (ECL Western Blotting Detection Reagents; GE Healthcare, 

RPN2232) and visualized on AGFA Film Processor (AGFA, CP1000).  

 

 

 

 

 

 

 



 

 

33 

CHAPTER 3 

RESULTS 

3.1 Yap is expressed in developing eye tissues  

In the eye, specific expression patterns and the function of the Yap protein were 

reported in cases regarding murine lens development. It was proven that Yap protein 

stays exclusively in the lens epithelia cells, not in the lens fiber cells. Yap protein 

mainly resided in both nucleus and cytoplasm, but was also found at the apical junction 

of the lens epithelial cells. It is likely that the function of Yap is essential for the lens 

development, as Yap-deficient lens showed severe degeneration preceded by reduced 

proliferation of lens progenitor cells [107].  

To understand the role of Yap in developing retina, we first examined its expression 

mode and cellular localization from embryonic day 10.5 (E10.5) to E16.5. At E10.5 

when the OV was formed and just started to separate into presumptive retina and RPE, 

Yap protein was found in both nucleus and cytoplasm in most cells of the OV (Figure 

3-1A and E). Then, as the RPE and the retina developed into distinctive tissues, 

expression patterns of Yap also became clearer between the two tissues.  

At E13.5 in the RPE, a monolayer tissue residing on the apical side of the retina, 

the Yap was strongly localized in the nucleus while basal level of expression was also 

maintained in the cytosol. In the retina, a multilayer tissue comprising multiple cell 

types, Yap was found in both nucleus and cytosol in the majority of cells in the apical 

half of the retina.  
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The overall intensity of Yap expression in the RPE was clearly reduced, but nuclear 

expression still remained in some population of cells at E16.5. In the retina, Yap is 

highly localized on the apical side of the retina. Moreover, Yap expression patterns in 

the nucleus and/or cytosol became more heterogeneous in the cells of the outer 

neuroblastic layer (ONBL) and almost emptied in the inner neuroblastic layer (INBL) 

cells (Figure 3-1B, C, F and G). This heterogeneity was proven by double staining with 

a transcription factor, Sox9, which is localized in the nucleus of retinal progenitor and 

RPE cells during retinogenesis [116]. Yap was partially co-localized with Sox9 in the 

retina and RPE, exhibiting its nuclear localization (white dotted lines and arrows in 

Figure 3-1I). Yap was also localized in the cytoplasm, indicated by the exclusive 

expression from Sox9 (yellow dotted line in Figure 3-1I) and was strongly expressed in 

the ciliary body (Figure 3-1D and H).       
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Figure 3-1. Expression and localization of Yap in retinal progenitor cells, ciliary 

body and RPE. Immunostaining of Yap (green) at E10.5 (A and E), 13.5 (B and F), 

and E16.5 (C-D and G-I) showed that Yap was expressed in the retinal progenitors 

(asterisks in B-D), the RPE (arrows in B-D), the ciliary body (arrowhead in D), and at 

the apical side of the retina (open arrows in C). Sox9 was expressed in the nucleus in 

retinal progenitors (red, I, I2, and I4). Two types of Yap expressing retinal progenitor 

cells were identified; one with exclusive cytoplasmic localization (yellow dotted line in 

I1-I4) or the other with both nuclear and cytoplasmic localization (white dotted lines in 

I1-I4) in addition to the RPE (allows in I1-I4). Nuclear counter staining was 

accomplished with Hoechst33342 (blue). Le, Lens; RPE, retinal pigment epithelium; 

ONBL, outer neuroblastic layer; INBL, inner neuroblastic layer.  
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3.2 Yap is required for normal eye growth  

A mouse with floxed allele for Yap was generated by Dr. Olson [117]. A conditional 

Yap knock out (cKO) mouse using Rx-Cre showed normal phenotype except in the eye. 

The eye showed loss of pigmentation and growth defects at postnatal day 0 (P0), which 

was reminiscent of microphthalmia (Figure 3-2A1 and A2). The reduction of Yap 

protein in cKO was confirmed by WB (Figure 3-2A3).  

In order to examine the deletion of Yap in detail, cross sections of the eye were 

stained with Yap or phospho-Yap (pYap) antibodies and analyzed by DAB staining. As 

previously described, Yap and pYap were highly expressed in retinal progenitors in 

ONBL and in the ciliary body in WT at E13.5 and E16.5. In addition, Yap and pYap 

were also detected in RPE and lens progenitors (Figure 3-2B, C, F, and G). In cKO, 

Yap and pYap expressions were partially decreased in the retina and the RPE 

presumably depending on where Rx-Cre was expressed during embryogenesis (Figure 

3-2D, E, H and I). Although Yap gene was not completely deleted in the developing 

eye due to mosaic nature of cre expression in Rx-Cre strain [118], we confirmed that 

the retina was affected by the YAP deletion, resulting in malformation of the eye.    

 

 

 

 

 



 

 

37 

 

Figure 3-2 Generation of YAP conditional knock-out mice. (A) A Yap cKO mouse 

showed microphthalmia phenotypes at P0 (arrow in A1). Eyeball harvested at E15.5 

shows coloboma in cKO (arrow in A2). In Yap cKO, the decrease of the amount of 

protein was shown by WB at E15.5 and E17.5 (A3). DAB staining of Yap and pYAP 

at E13.5 (B, D, F, and H) and E16.5 (C, E, G and I) showed that Yap and pYAP are 

highly expressed in RPE (arrow), in ONBL and in ciliary body (asterisks) in WT (B-C 

(Yap) and F-G (pYap)). Expressions of Yap and pYAP wre partially reduced in the 

regions of cKO retinas (arrow heads) (D-E (Yap) and H-I (pYap)). Arrows in E and H 

indicated merged area between retina and RPE. Le, Lens; RPE, retinal pigment 

epithelium; ONBL, outer neuroblastic layer; INBL, inner neuroblastic layer. 
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3.3 Ablation of Yap leads to retinal disorganization 

We found that Yap deletion induced abnormal morphology of the eye. To 

characterize general morphological changes by loss of Yap, histological analysis was 

performed. At E12.5, the normal eye developed to form a single layered RPE and 

multiple pseudostratified retinal epitheliums. However in cKO, part of RPE was 

changed from single layer to multiple layers that suggest its characteristic was changed 

(Figure 3-3A and D).  

At E16.5 the retinal progenitor cells were positioned in the apical side (ONBL) 

while post-mitotic cells were located at the basal side (INBL) of the retina. In cKO, the 

retina was also divided into ONBL and INBL. However, part of RPE was changed to 

multiple layers resembling the retina and the transformed RPE also had two separated 

layers (ONBL and INBL) like the retina. Therefore, some of the retina showed mirror 

image duplication as a result of appearance of retina-like epithelium in RPE layer. In 

addition, the apical and basal junctions were disrupted in the retina and numerous 

folding were found. The disorganized retinal layers were intermingled with the retina-

like RPE (Figure 3-3B and E).  

After birth, as the retinal progenitors gradually differentiated into specific retinal 

cells, ONBL transformed into ONL where photoreceptor cells were resided and INL 

where bipolar, amacrine, and horizontal cells were located. Additionally, INBL 

changed into GCL where ganglion cells were located. In cKO, although the eye was 

hardly recognized with a naked eye at birth, histological analysis showed that the 

number of retinal cells still existed around the lens. However, the retinal cells were 

disorganized and the overall size was much decreased compared to that of WT. RPE 



 

 

39 

was not recognized at all, suggesting all RPE cells were changed to the retina-like cells 

and mixed with the retinal cells (Figure 3-3C and F). 

 

 

Figure 3-3. Loss of Yap results in retinal disorganization. H&E staining of the 

retinas from WT and cKO at E12.5 (A and D), E16.5 (B and E), and P0 (C and F) 

show that retinas from WT had single cell layered RPE (arrows in B) and multiple 

pseudostratified retinal epitheliums (B-C). Yap cKO possessed multi-layered RPE 

(asterisk in D, arrow indicates normal RPE) and defected and disorganized retinal 

lamination (E and F). Le, Lens; RPE, retinal pigment epithelium; ONBL, outer 

neuroblastic layer; INBL, inner neuroblastic layer. 
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3.4 Yap-deficient retinal epithelia induce the progressive disruption of junctional 

proteins 

The establishment and maintenance of epithelial cellular polarity is essential for the 

proper development of the eye. For example, the retinal progenitors are anchored to the 

apical and basal surfaces of the epithelium and then interkinetic nuclear migration takes 

place after forming long apical and basal processes [119]. The polarity is determined 

by the apical and basolateral domains where specific membrane-associated proteins are 

localized. In the retina, apical junctions are comprised of subapical junctions adjacent 

to AJ. Apically to the AJs reside two apical complexes: the Crumbs complex, which 

consists of Crbs, Pals1, and Patj and the Par complex which is composed of Par6, Par3, 

and aPKC.  

To clarify whether polarity proteins was affected by loss of Yap, the interaction 

between the apical proteins and Yap was analyzed using antibody staining of junctional 

proteins in WT and cKO. During the retinal development, the Crumbs complex proteins 

and the Par complex proteins were localized at the apical surface of the epithelium. Yap 

was also expressed at the apical surface and co-localized with the Crumbs complex 

proteins such as Pals1 and Crbs and the Par complex proteins such as aPKC (Figure 3-

4A-C and G). Interestingly, a reduction of Yap protein at the apical surface disrupted 

the junctional expression of the Crumbs complex proteins and the Par complex protein, 

aPKC (Figure 3-4D-F and I). The effect of Yap reduction on the Crumbs complex and 

the Par complex suggested that AJ proteins might also be affected since AJ proteins 

were closely related to cell polarity regulators for the establishment and maintenance 

of apical-basal polarity.  
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To determine whether the integrity of the AJs was disrupted by deletion of Yap, 

junctional expression of β-catenin was analyzed by immunostaining. In WT, β-catenin 

was co-localized with Yap at the junction, however, in cKO, β-catenin protein was 

decreased at the junction where Yap was absent (Figure 3-4H-J). This suggested that 

the decrease of Yap disrupted the stability of the apical surface and AJ by reducing the 

expression of junctional proteins. 
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Figure 3-4. Lack of Yap leads to disruption of apical polarity complex proteins. 

Immunostaining of Yap (green in A-B, D-E, G and I), pYap (green in C, F, H and J), 

Pals1 (red in A, D, G, I), pan-Crbs (red in B and E), aPKC (red in C and F), α-catenin 

(red in H and J) showed that Yap and pYAP were co-localized with apical polarity 

complex at apical junction (arrows, A-C, G and H) in WT. In cKO, apical polarity 

complex proteins were disrupted by deletion of Yap at the apical junction (brackets in 

D-F, I and J) Le, Lens. 
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3.5 Yap deletion causes apoptosis in the retina 

Yap-ablated retinas showed abnormal growth leading to microphthalmia after birth. 

To figure out whether the growth defect was due to apoptosis, retinal sections of WT 

and cKO were stained by an anti-cleaved caspase 3 (CC3) antibody. Interestingly, the 

number of CC3 (+) cells was not significantly different between the WT and the cKO 

at E16 although the laminar disorganization was clearly identified in the cKO. 

However, it was found that Yap cKO had a 27-fold increase in the number of apoptotic 

cells at P0 in a given field compared to the WT (Figure 3-5A-C).  

To determine the types of cells undergoing apoptosis, the identity of CC3 (+) cells 

was analyzed by double staining with antibodies against CC3 and other cell markers. It 

was shown that most of the dying cells were located in Yap-deficient area, suggesting 

cells were dying in a cell-autonomous manner (Figure 3-5D and G). Also, the use of 

proliferating cell nuclear antigen (PCNA) indicated that majority of the dying cells were 

not proliferating cells (Figure 3-5E and H). Moreover, the CC3 positive cells were not 

post-mitotic cells since most of the cells did not overlap with p27, which is a cell cycle 

inhibitor (Figure 3-5F and I). Surprisingly, any type of differentiated retinal cells did 

not express CC3. For example, none of the dying cells was chx10 (+) cells, which 

marked progenitors and bipolar cells, and Pax6 (+) cells, which marked progenitors, 

amacrine and ganglion cells, and rhodopsin (+) cells, which marked photoreceptor cells 

(Figure 3-5K, N, L, and O).  
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Figure 3-5. Deletion of Yap induces an increase of cell death. Anti-CC3 staining 

(red) showed an increase number of apoptotic cells in Yap cKO (B) compared to the 

WT (A). (C) Quantification of cells undergoing cell death showed that the number of 

CC3 (+) cells in cKO (orange bar) is 17.2-fold higher compared to that of WT (green 

bar). Double-staining of Yap (green in D and G), PCNA (green in E and H), p27 (green 

in F and I), Chx10 (green in J and M), Pax6 (green in K and N), and rhodopsin (green 

in L and O) with CC3 (red) showed that the majority of CC3 (+) cells were not 

progenitor cells nor the post-mitotic cells at P0 in Yap cKO retina. Le, Lens. 
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3.6 Yap is crucial for proliferation of retinal progenitors 

Yap plays an important role in cell proliferation in various types of cells [120-122] 

To determine whether Yap is essential for proliferation of retinal progenitors, BrdU 

pulse-labeling was applied to label cells undergoing S-phase of the cell cycle at E15.5 

and E16.5. In WT, the average fraction of BrdU (+) cells was 37.6% in the retina. 

However, the average fraction of BrdU (+) cells in the cKO was 28.3%. This showed 

that the fraction of dividing cells in cKO was decreased by 24.6% compared to that of 

WT (Figure 3-6A-C).  

To confirm the role of Yap in proliferation of retinal progenitors, gain-of-function 

study using in vitro electroporation was additionally performed. Yap was 

overexpressed in the embryonic retinas using pCAG-GFP-Yap fusion plasmid, which 

then were cultured for 3 days and dissociated after BrdU pulse-labeling. The average 

percentage of BrdU (+) cells among GFP expressing cells was 17.5 while the average 

percentage of BrdU (+) cells among Yap-GFP expressing cells was 40.7. This showed 

that Yap was capable of stimulating the proliferation of retinal progenitors when 

overexpressed (Figure 3-6D).  
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Figure 3-6. Yap is required for retinal cells proliferation. (A-C) Retinal cells 

undergoing S-phase of the cell cycle was labeled using BrdU at E15 and E16.5. BrdU 

(+) cells were then analyzed by BrdU immunostaining in WT (A) and cKO (B). 

Quantification of the number of BrdU (+) cells showed that the fraction of dividing 

cells in cKO was decreased by 24.6% compared to that of WT. (D) Schematic diagram 

showed that plasmids expressing GFP or GFP-Yap were introduced into the retina. The 

retinas were cultured for three days. The change of retinal cells proliferation was 

analyzed by BrdU pulse labeling. Representative images showed BrdU (-) or (+) cells 

in GFP (+) cells. In the retina expressing GFP-Yap, the percentage of proliferating cells 

was increased by 2.3-fold compared to that of the retina expressing GFP alone. Le, 

Lens; DIV, Day In Vitro. 
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3.7 Yap loss causes RPE-transdifferentiation into the retina; loss of RPE identity 

The Yap-deleted eyes showed phenotypic resemblances to that of a Mitf 

homozygous mutant. In the Mitf mutant, RPE development was impaired with loss of 

RPE-specific morphology and forming of retina-like structure. Moreover, the RPE lost 

RPE-specific gene expressions and instead, expressed retina-specific genes in the 

highly proliferated retina-like structure, suggesting RPE-transdifferentiation to the 

retina [123, 124].  

To determine whether loss of Yap led to the transdifferentiation of RPE to the retina, 

changes of gene expression were analyzed. Otx2 was initially expressed in the entire 

OV and later the expression was restricted to RPE and retinal photoreceptors [56, 125]. 

In WT, Otx2 was expressed in a single cell-layered pattern in RPE and in a scattered 

pattern in the ONBL of the retina, where developing photoreceptors were localized. 

This expression continued until the retina became mature (Figure 3-7A-D).  

However, in cKO, as RPE morphology was changed into multi-layered epithelium, 

the changed epithelium did not show the typical single-row Otx2 expression. Instead, 

the retina-like epithelium showed the scattered Otx2 expression, reminiscent of Otx2 

expression in developing photoreceptors (Figure 3-7E-H). In addition, the cells in 

transdifferentiated layer had increased Pax6 expression, similar to post-mitotic retinal 

cells localized in INBL (Figure 3-7E-H).   
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Figure 3-7. Yap deletion in RPE induces transdifferentiation to retina. 

Immunostaining of Otx2 (red) and Pax6 (green) at E12.5 (A and E), E13.5 (B and F), 

E14.5 (C and G), and E16.5 (D and H) showed that typical Otx2 expression pattern in 

RPE was disappeared in YAP cKO (bracket in E) at E12.5 and later the pattern was 

changed into a scattered pattern, similar to normal retinal pattern (dotted lines in F and 

G). Le, Lens; RPE, retinal pigment epithelium; ONBL, outer neuroblastic layer; INBL, 

inner neuroblastic layer. 
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3.8 Yap loss causes RPE-transdifferentiation into the retina; acquisition of the 

retinal identity 

Chx10 was essential for retinal progenitors’ proliferation and bipolar cells 

determination. During the early embryogenesis in WT, Chx10 was only expressed in 

the ONBL where retinal progenitors were localized during embryogenesis. However in 

cKO, the multi-layered epithelium where Otx2 expression pattern was disturbed 

expressed Chx10 (Figure 3-8A-D). This suggested that the RPE properties had been 

changed into retina-like characteristics.  

In addition, we found that class III beta-tubulin (Tuj) marks for neuronal lineage in 

developing retina. In WT, Tuj was expressed in INBL where dendrites of differentiated 

neuronal cells such as ganglion cells and displaced amacrine cells were localized. In 

cKO, Tuj was ectopically localized in the retina-like epithelium and the ectopic 

epithelium showed a mirror image duplication of the original neural retina (Figure 3-

8E-H).  

Moreover, Ezrin was normally localized at the apical villi of RPE. In cKO, RPE 

where the Otx2 expression pattern was changed lost the expression of Ezrin at the apical 

villi of the RPE (3-8I-N).  
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Figure 3-8. RPE-specific deletion of YAP causes an increase of neural markers in 

retina-like RPE. Immunostaining of Chx10 (green in A-D) and Otx2 (red in A-D) 

revealed that the multi-layered epithelium in RPE express retina-specific gene, Chx10 

(arrows in C-D). Double staining of B-tubulin (green in E-H) and Pax6 (red in E-H) 

showed that the retina-like structure expresses neural marker, Tuj (arrows in G-H). 

Immunostaining of Ezrin (green in I-N) and Otx2 (red in I-J) showed that Ezrin was not 

expressed at the apical villi of RPE where Otx2 was not expressed as a typical-one-row 

pattern (dotted line in L-N). RPE, retinal pigment epithelium; ONBL, outer neuroblastic 

layer; INBL, inner neuroblastic layer. 
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CHAPTER 4 

DISCUSSION 

Our study addresses the function of Yap in the retina and RPE during 

embryogenesis. Yap is known as a regulator in the self-renewal of progenitor/stem cells 

in other tissues [126, 127]. In the eye, Yap is highly expressed in the retina and lens, 

leading to a negative regulation of neuronal differentiation [107, 128]. However, there 

is scant information about the roles of Yap during the eye development. We have shown 

that deletion of Yap causes growth defects in the retina as well as change of RPE fate 

into retina. Our study is significant in understanding of the eye development relating to 

the retinal size control and specification of RPE territory in the OV. 

4.1 The function of Yap in the retinal development  

The Hippo-Yap pathway has been identified to have a critical role in controlling 

cell proliferation and apoptosis in tumorigenesis and organ development. For example, 

it has been suggested that the Hippo pathway regulates heart size by restraining 

cardiomyocyte proliferation [97]. In addition, Yap positively regulates the size of brain 

by managing the neural progenitor pools [121]. In the eye, Yap is highly expressed in 

retinal progenitors and its activity is involved in the promotion of proliferation and 

inhibition of differentiation [108]. In this study, we found the essential role of Yap in 

retinal progenitors. Yap deficiency during retinal development leads to retinal 

hypocellularity through a reduction of proliferation and an induction of apoptotic cell 

death. Our results support and extend the previous study that overexpression of Yap 

causes an increase of proliferation, while inhibition of Yap results in an elevation of 

differentiation [108]. Consistent with the results of several previous reports, our study 
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shows that Yap is required for survival of the retinal cells as an essential regulator of 

proliferation and apoptosis during the eye development. This data strongly suggests that 

Yap is a major player in determining the proper eye size by controlling the retinal cell 

population.  

In addition to regulation of the retinal size, Yap is necessary for cell cycle 

progression in which Yap negatively regulates cell cycle exit. In the retina, cell cycle 

exit is initiated through the activation of Lats1/2 by a proneural bHLH protein Nuerog2. 

Therefore, overexpression of Yap results in inhibition of the cell cycle exit, whereas 

downregulation of Yap induces an increase of premature neuronal differentiation, 

meaning an increase of abnormal cell cycle exit [108]. Therefore, it is plausible that 

genetic Yap deletion in the retina causes the aberrant cell cycle exit and increases the 

premature neuronal differentiation in retinal progenitors increasing the number of cell 

death in the end. As predicted, we observed an increase number of apoptosis in Yap-

ablated retina. Interestingly, the majority of the dying cells were not determined 

whether they were the cell cycle exited retinal cells, the neuronal differentiated cells, 

or the retinal progenitors. It is likely that since only a small fraction of dying cells was 

detected by CC3 staining in one section, the dying cells could not be analyzed for their 

identity by a combination of CC3 and other cell type specific markers. Another 

possibility is that the cells detected by CC3 became apoptotic bodies, meaning the cells 

were already broken down for phagocytosis and thus markers such as p27 or PCNA 

could not be detected in the cells at that moment.  

Although the identity of dying cells was not clearly determined, it is possible that 

an increase of apoptosis in Yap-ablated retina may mainly affect the premature neurons, 



 

 

53 

which are precociously exited from cell cycle. This prediction is consistent with the 

role of Yap in the lens where Yap prevents precocious cell cycle exit and premature 

differentiation, and thus, the loss of Yap causes an increase of caspase3-mediated cell 

death in the precociously differentiating cells.  

We found that Yap was localized at the apical side with the polarity/junctional 

protein, and thus, Yap deletion led to disruption of polarity complex proteins. In this 

regard, the interaction between Yap and polarity complex proteins is demonstrated 

using the HEK293T cell line [129]. Also, our previous study showed that in the lens, 

Yap functions to stabilize the apical proteins for maintenance of cell shape and 

organelle polarity of lens epithelium [107]. Consistent with the functions of polarity 

proteins in the previous study, we found that expression of polarity proteins was 

decreased in the Yap-ablated retina, which indicates Yap’s indispensable role for 

stabilization of polarity proteins.  

In addition, the disrupted apical junctions by loss of Yap caused numerous folding 

in the layer of the retina and the protrusion of retinal cells into the subretinal space, 

suggesting loss of polarity/adhesion and the disrupted retinal apical junction. These 

phenotypes suggest that Yap may be required for the establishment and/or stabilization 

of apical polarity complex proteins. Moreover, the role of Yap in the stabilization of 

polarity proteins might be connected to its role in regulation of apoptosis, since loss of 

polarity causes an increase of apoptosis with the retinal lamination defects [118, 130]. 
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4.2 The function of Yap in RPE development 

During the eye development, OV is determined into RPE by regulation of two key 

regulatory transcription factors, Mitf and Otx2. Loss of either gene results in altered 

gene expression for the proper subdivision of OV territory into RPE as well as the 

morphological change of RPE to thickened neuroepithelium, suggesting 

transdifferentiation of RPE into the retina [40, 131]. In addition, RPE-specific deletion 

of β-catenin leads to transdifferentiation of RPE to retina by direct regulation of Mitf 

and Otx2 expression [56]. We found that Yap-deficient RPE resulted in the 

transformation of RPE into a retina-like structure, loss of pigmentation and a loss of the 

typical Otx2 expression pattern, reminiscent of transdifferentiation of RPE into the 

retina. Intriguing recent studies in muscles showed that Yap was highly expressed in 

activated satellite cells which were resident stem cells of skeletal muscle, and that Yap 

determined the fate of satellite cells, meaning Yap dictated whether the cells would 

differentiate or self-renew [132]. Moreover, the Hippo signaling is required for the 

maintenance of differentiated state of hepatocyte in the liver, and thus inactivation of 

hippo signaling or overexpression of Yap induces dedifferentiation of hepatocytes to 

liver progenitor cells [133]. Based on the role of the Hippo-Yap pathway in other 

tissues, our results suggest that Yap may be required for determination and/or 

maintenance of RPE fate by regulation of RPE-specific genes in RPE development.  

Interestingly, the transdifferentiated RPE to the retina by a decrease of Yap showed 

a mirror-image duplication of the retina. In RPE, deletion of growth arrest specific 

gene1 (Gas1) also leads to transdifferentiation of RPE to neural retina, showing the 

mirror-imaged duplication [134]. In addition, the insertion of implants containing basic 
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Fgf into the eyes of chick embryos induces RPE-transdifferentiation to retina, and the 

newly formed retina-like RPE forms in the reverse direction, suggesting the mirror-

imaged duplication [135]. However, the loss of β-catenin, which is one of the requisite 

protein for the RPE development, does not show the mirror-imaged duplication in 

multi-layered epithelium in RPE [56]. Whether the mirror-imaged duplication with 

retina is in respond to the already reported proteins or other unrevealed signaling is 

speculative, but this approach eventually suggests that Yap may be involved in cell 

arrangement in the retina. Thus, the deletion of Yap may show a noble function of Yap 

that has not been already identified in the other RPE-specific genes in the process of 

the determination of RPE territory.  
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