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Abstract

The Hippo-Yes associated protein (Yap) pathway plays an important role in organ size control by
regulating cell proliferation, apoptosis, and stem cell renewal. Hippo-Yap signaling also functions
at the level of cellular development in a variety of organs through its effects on cell cycle control,
cell survival, cell polarity, and cell fate. Because of its important roles in normal development and
homeostasis, abnormal regulation of this pathway has been shown to lead to pathological
outcomes such as tissue overgrowth, tumor formation and abnormal organogenesis, including
ocular-specific disorders. In this review, we summarize how normal and perturbed control of Yap
signaling is implicated in ocular development and disease.
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INTRODUCTION

The signaling pathways mediated by protein kinase Hijppo (Mst1/2in mammals), the
transcriptional coactivator Yes-associated protein (' Yap, HGNC:16262) and transcriptional
coactivator with PDZ-binding motif ( Taz also known as WWTRI; HGNC:24042) have been
recognized as important regulators of cell proliferation and differentiation, organogenesis
and tissue regeneration (Edgar 2006, Pan 2007) (Fig. 1). After its functional significance as a
major suppressor of tissue growth was first identified in Drosophila melanogaster, Hippo, a
downstream signal transducer (Warts) and target ( Yorkie) were found to have great structural
and functional conservation in mammals (Halder & Johnson 2011, Hansen et al 2015,
Harvey & Tapon 2007, Hilman & Gat 2011, Wang et al 2009). The upstream signals that
activate/inhibit this pathway are still not completely understood, but the proposed initiators
include mechanical forces, cellular stress, cellular polarity, and cell-cell contact (Dupont et
al 2011, Genevet et al 2009, Gumbiner & Kim 2014, Halder et al 2012, Hamaratoglu et al
2009, Hansen et al 2015, Pan 2007, Zhao et al 2011a). Upon activation of the Hippo
pathway, the serine-threonine kinase cascade involving Mammalian STE20-like protein

"Corresponding author: Seo-Hee Cho seo.hee.cho@temple.edu.
The authors contributed equally to this work.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 2

kinase (Mst1/2 kinases) phosphorylates and activates a second class of kinases, large tumor
suppressor kinases (Lats1/2). The Lats1/2 kinases phosphorylate Yap; this phosphorylation
sequesters Yap in the cytoplasm, which prevents nuclear translocation and instead signals its
proteasomal degradation (Zhao et al 2010, Zhao et al 2007). Inhibition of the Hippo pathway
enables unphosphorylated Yap to translocate to, and be retained in, the nucleus (Chan et al
2009, Hansen et al 2015). Within the nucleus, due to its lack of a DNA binding domain, Yap
binds to sets of transcription factors. One major family identified is the TEA domain
transcription factor [Tead1-4; HGNC: 11714-11717] (Cao et al 2008, Vassilev et al 2001,
Zhao et al 2008). Binding to Tead causes transcription of target genes responsible for
cellular proliferation and inhibition of cellular apoptosis, among them cyclins, inhibitors of
apoptosis (IAP), and connective tissue growth factor (Ctgf) (Cao et al 2008, Huang et al
2005, Zhao et al 2008). Other transcription factors that interact with Yap/Taz are PPXY-
motif containing proteins such as tumor suppressor p73, Smads, and Runx2. PPXY-motif
interacts with the WW domain of Yap (Basu et al 2003, Strano et al 2005, Vitolo et al 2007,
Zaidi et al 2004). Additionally, Tbx5, which lacks a WW domain-interacting PPXY-motif,
physically interacts with transcription coactivator Taz via multiple domains, including its
carboxyl-terminal sequence (Murakami et al 2005). The Hippo-Yap pathway, which we
define in this review as Mst1/2-Lats1/2 signaling influencing Yap, also interacts with
numerous other pathways, including Wnt, Bmp, Tgfp, Shh, and Notch (Alarcon et al 2009,
Barry & Camargo 2013, Heallen et al 2011, Lai & Yang 2013, Lin et al 2012, Morgan et al
2013, Nishio et al 2013, Piccolo et al 2014, Rayon et al 2014, Varelas et al 2010, Varelas et
al 2008, Zhou et al 2011). The diversity of these pathways highlights the impact of Yap on
multiple biological processes and the complexity of its regulatory pathways. Because the
role of the Hippo-Yap signaling pathway during development has been particularly well
studied during embryogenesis of the mouse eye, we will briefly highlight the complex
processes that occur during embryogenesis of mouse ocular tissues. Ocular development is a
complex process that depends on various signaling pathways. The Hippo-Yap signaling
pathway affects multiple stages of embryonic eye formation.

Ocular development begins at embryonic day (E) 8.5-9 in the mouse, when the optic vesicle
(OV) evaginates from the diencephalon (Chow & Lang 2001, Fuhrmann 2010, Graw 2010)
(Fig. 2). The lens placode forms concurrently on the overlying surface ectoderm and, at E10,
begins to invaginate to form the lens vesicle along with the OV forming the optic cup (OC).
The subsequent division of the OC into two main layers is facilitated by the antagonistic
signaling relationship between transcription factors Vsx2 and Mitf (Nguyen & Arnheiter
2000). The outer layer forms the non-neuronal, single-layered retinal pigment epithelium
(RPE), which nourishes retinal photoreceptors (Martinez-Morales et al 2004). The inner
layer is made up of retinal progenitor cells (RPCs), which proliferate and differentiate into
the seven different cell types (including both neuronal and glial cells) that ultimately
comprise the multilayered neural retina. Retinal differentiation begins at E12 and is
primarily completed when the eyelids open two weeks after birth (Graw 2010). At this stage,
the retina comprises three layers: the ganglion cell layer, which contains retinal ganglion
cells; the inner nuclear layer, which contains amacrine, Muller glia, bipolar, and horizontal
cells; and the outer nuclear layer, which contains photoreceptor cells.
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The Hippo-Yap signaling pathway has key functions in both organism development and
disease. During normal development, for example, the major roles played by Hippo-Yap
signaling in organ size determination include: regulating cell numbers via cell proliferation
and apoptosis in a cell density-dependent manner (Dong et al 2007, Huang et al 2005, Zhao
et al 2007); embryonic trophectoderm cell fate specification in the preimplanted mouse
embryo (Nishioka et al 2009); post-mitotic cell fate specification (Jukam et al 2013); tissue-
specific regeneration of progenitor cells (Wang et al 2017); mechanotransduction (Dupont et
al 2011, Halder et al 2012, Morgan et al 2013); and integration of apical and basal signaling
(Elbediwy et al 2016). Perturbed regulation of the Hippo-Yap pathway can contribute to
pathological tissue overgrowth and tumor progression, which result in unchecked
proliferation and evasion of apoptosis, two major aspects of cancer development (Steinhardt
et al 2008, Zhao et al 2007). Yap also has the potential to serve as a marker for malignancies
because it is upregulated in a variety of tumors, including colon cancer, hepatocellular
carcinoma, ovarian cancer (Cai & Xu 2013, Rosenbluh et al 2012, Tschaharganeh et al 2013,
Zhang et al 2014), pancreatic adenocarcinoma and uveal melanoma (UM) (Yu et al 2014a).
Abnormal regulation of the Hippo-Yap signaling pathway may also be associated with
diseases other than cancer, including ocular-specific disorders such as ocular colobomas,
Sveinsson chorioretinal atrophy (SCRA; OMIM #108985), and retinal degeneration (Fossdal
et al 2004, Hamon et al 2017, Kitagawa 2007, Oatts et al 2017, Williamson et al 2014).
Disorders such as these have made Yap expression in ocular tissue a particularly promising
target for innovative therapies.

In this review, we first summarize the expression and subcellular localization of Yap and
Tead family transcriptional factors during mammalian ocular development. We then consider
functional studies of Hippo-Yap pathway that have used diverse gene knockout (KO) and
knockdown approaches. Finally, we discuss canonical and non-canonical functions of the
Hippo-Yap pathway during normal ocular development and diseases.

EXPRESSION AND SUBCELLULAR LOCALIZATION OF YAP AND
INTERACTING PROTEINS IN DEVELOPING OCULAR TISSUES

(1) Yap shows a dynamic expression pattern and diverse subcellular localization during
ocular development

Yap is weakly expressed in the lens placode, neural retina, RPE and surface ectoderm of the
developing OV (Kim et al 2016). At the OC stage, Yap is exclusively expressed in the outer
neuroblastic layer (ONBL) of the neural retina where RPCs are enriched, but it is absent in
the inner neuroblastic layer (INBL) where post-mitotic cells reside. Yap is also expressed in
other ocular tissues, including the lens epithelium, ciliary body, iris, extrinsic muscles, RPE,
corneal epithelium, and periocular mesenchymal cells (Fig. 3).

Yap subcellular localization within ocular tissues follows three principal patterns (Fig. 3).
(1) Yap is enriched (or nearly exclusive) in the nucleus. This pattern is seen in subsets of the
corneal epithelium (mainly in the squamous cells) and endothelium (Hamon et al 2017). In
the RPE, subcellular localization of Yap changes during mouse development. Yap is nuclear
at E10.5 but becomes cytoplasmic at subsequent embryonic stages. In the mature RPE, Yap
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remains in the nucleus (Kim et al 2016, Moon et al 2018). It is also characteristic of various
types of tumor cells, including human UMs, although normal melanocytes do not exhibit
nuclear accumulation of Yap (Feng et al 2014, Yu et al 2014a). 2) Yap is localized in all
subcellular compartments, including the nucleus, soma, processes, and apical and basal
endfeet. This pattern of ubiquitous distribution appears, for example, in RPCs, MGCs, lens
epithelium, and non-pigmented ciliary epithelial cells (Hamon et al 2017, Kim et al 2016).
(3) Yap is located predominantly in the cytosol and excluded from the nucleus, as in
transient cell-cycle exiting cells in the equators of the lens (Song et al 2014). These unique,
cell-type specific localization patterns within ocular tissues strongly suggest that Yap plays
novel roles beyond its oncogenic function mediated by localization in the nucleus.

(2) Yap interacts with apical junction-associated proteins

The movement of Yap between the cytoplasm and nucleus highlights the dynamic features
of this protein. While nuclear translocation is facilitated when upstream kinase signaling is
absent, the fate of cytoplasmic Yap is further regulated. The first way is through degradation
of abundant pYap by an ubiquitin-mediated mechanism (Zhao et al 2011b). The second is by
phosphorylation at Ser 127, which facilitates Yap’s interaction and stabilization with protein
14-3-3 that sequesters it in the cytoplasm (Zhao et al 2011b).

It is intriguing that cytoplasmic Yap and pYap associate with junction proteins, although the
features and function of this interaction are not fully understood. Several lines of evidence
from /n vitroand /n vivo studies support the idea that the association plays a regulatory role
in nuclear translocation of Yap and the novel notion that Yap is engaged in junctional
stability. First, angiomotin (Amot) tight junction-associated protein directly interacts with
Yap and prevents cellular proliferation (Zhao et al 2011a). However, interaction with Amot
has also been reported to facilitate nuclear translocation of Yap in other contexts (Hong
2013, Moleirinho et al 2017, Yi et al 2013). Second, physical interaction between Yap and
Crumbs polarity complex proteins, including Amot, Pals1, PatJ, and Lin7C, was
demonstrated by co-immunoprecipitation assay in cultured HEK293 cells (Varelas et al
2010). Third, a comprehensive, unbiased Yap interactome study by co-immunoprecipitation
followed by mass spectrometry also identified many junctional proteins, including a-
catenin, Par3, Pals1, and Amot (Kohli et al 2014).

One mode of regulation mediated by interaction between Yap and junction-associated
protein is control of Yap’s subcellular localization. For example, aE-catenin promotes Yap’s
cytoplasmic sequestration by binding with Yap; Yap is constitutively nuclear in aE-catenin-
null cells (Silvis et al 2011). In addition, a-catenin controls the activity and phosphorylation
of Yap by regulating Yap’s interaction with 14-3-3 and PP2A phosphatase (Schlegelmilch et
al 2011). Recent results showing destabilized junctional complex proteins and laminar
organization suggest Yap’s critical role in tissue organization. Importantly, Yap mutant
studies have indicated that Yap may contribute to assembling and/or maintaining an apical
polarity complex within epithelial cells and providing structural organization (Kim et al
2016, Song et al 2014). It has been proposed that, by localizing at the apical junction of
developing ocular tissues, including the retina and lens, Yap acts as a novel regulator of cell-
cell adhesion. Genetic mutant studies have revealed disruption of the apical junction and
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structural integrity in both Yap mutant retinas and lenses. These disturbances of cellular
polarity and adhesion result in compromised cellular and nuclear shape, rosette formation,
and laminar disorganization followed by cellular degeneration. Yap’s apical junctional
association may therefore play a novel role in stabilizing cell-cell adhesion, particularly
during ocular growth and development. Alternatively, absent transcriptional activation of
Yap and/or altered genetic interaction between mutations of Yap and unknown genes may
also affect junctional phenotype.

(3) Yap’s transcriptional partners in ocular tissues

In the absence of upstream kinase signaling, cytoplasmic Yap translocates into the nucleus,
where it does not bind to DNA directly but forms a transcriptionally active complex with
transcription factors such as Tead (Vassilev et al 2001). Mammalian genomes encode four
TEA domain family DNA binding transcription factors ( 7eadZ-4) lacking a transactivation
domain. These proteins share a common TEA DNA binding domain and have different
expression patterns in various tissues and developmental stages (Kaneko & DePamphilis
1998).

While most adult tissues express at least one 7ead gene (Kaneko et al 1997, Yockey et al
1996), a variety of developing mammalian ocular tissues express Tead1-4 (genepaint.org).
At E14.5, Tead1 transcripts are weakly distributed in the mouse eye while Tead4 is nearly
absent (genepaint.org). During the same developmental stage, Tead2 is highly expressed in
the ONBL of the retina and enriched on the basal side where S-phase cells are located.
Tead?2 is also expressed in lens epithelial cells, but not in lens fibers, cornea, or periocular
mesenchyme. At this stage, Tead3 is highly enriched in INBL, which includes retinal post-
mitotic cells, and is present in the ONBL, cornea, and periocular mesenchyme
(genepaint.org). Considering that stimulation of nuclear Yap signaling is normally detected
in cells that are actively proliferating, such as cancer cells, Tead3’s strong enrichment in the
post-mitotic cells suggests a novel, non-canonical Yap function during differentiation of
retinal neurons. For further insight into Yap function, knockout mutants of Tead 1 and 2
were characterized during early development (Sawada et al 2008). Tead1 ™'~ mice died at/
around E11.5 while Tead2™~ mice did not show any overt abnormalities and maintained
fertility. However, Tead1™/~; Tead2™/~ mice died at/around E9.5 and displayed severe growth
defects and morphological phenotypes. Ocular phenotype was not described.

Intriguingly, a novel missense mutation in a conserved amino acid in the C-terminal domain
of the Teadl, putative Yap binding region, has been proposed to cause an ocular disorder,
SCRA (Fossdal et al 2004). Overexpression in the optic vesicle of dominant negative
Tead1la, which is incapable of binding to Yap, induced RPE loss in zebrafish, similar to that
in human SCRA patients with Tead1 mutation (Jonasson et al 2007a, Jonasson et al 2007b,
Miesfeld et al 2015). Although ocular mouse mutant studies using 7eadZ—4 have not yet
been performed, the relatively strong expression in multiple ocular tissues suggests that at
least Tead2 and 3 serve multiple functions in the developing eye.

Since Yap partners with multiple transcriptional factors, including Tead, Runx1/2 and p73,
the 7ead mutant phenotype may represent a subset of that of Yap mutant.

Dev Dyn. Author manuscript; available in PMC 2019 June 01.


http://genepaint.org
http://genepaint.org
http://genepaint.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 6

(4) Selective Yap-Tead transcriptional activity in developing ocular tissue

Yap/Taz-responsive reporter constructs provide powerful tools for identifying cells and
tissues where Yap-Tead mediated transcription is active (Mahoney et al 2005), especially
during embryonic tissue development. To monitor the dynamics of Hippo-Yap signaling
during development in the eye, Yap-Tead reporters have been used /7 vivo, including
8XGTIIC in chick embryos (Kim et al 2016) and 4xGTIIC in zebrafish (Miesfeld & Link
2014). In both zebrafish and chick embryos, reporter activity was strong in RPE, weak in
neuroepithelium.

YAP AND TAZ SHOW CONTEXT-DEPENDENT FUNCTIONAL OVERLAP

Both Yap and Taz possess multiple protein-protein interaction domains, including Tead-
binding and transactivation domains. Both also have coiled-coil, WW-rich domains and PDZ
binding motifs at their C-termini (Kanai et al 2000). Structural comparisons between these
paralogs in mice (and humans) have revealed (1) an approximately 54% (54%) overall
protein sequence similarity and 39% (40%) overall protein sequence identity
(Clustalw2.com) and (2) that the transcriptional activator function of both transcription
coactivators depends highly on the TEA family of transcriptional factors (Tead1-4), (Kanai
et al 2000).

Given this similarity, it is highly likely that the two paralogs function redundantly or
compensate for loss of one another during development and disease pathogenesis. Several
lines of evidence support the importance of their compensatory interactions, which may be
context-dependent. First, the two paralogs have been reported to act synergistically in
tumorigenesis and metastasis. A retrospective cohort study using immunohistochemistry,
small interfering RNA (siRNA) transfection, and multivariate statistical analysis revealed a
functional relationship between Yapand 7azin colorectal cancer (CRC) (Wang et al 2013):
patients who overexpressed both Yap and Taz had a lower overall survival than those who
overexpressed either Yap or Taz alone. Moreover, cells transfected with both Yapand 7az
siRNAs exhibited a larger reduction in proliferation, migration, and invasion than cells
transfected with either Yapor 7azsiRNA alone, which highlighted the potential synergy
between Yap and Taz in growth and spread of CRC cells (Wang et al 2013). Yapand 7az,
however, have been found to function redundantly in the intestinal epithelium of mice: KO
of a single gene did not produce a phenotype but KO of both Yapand 7azinhibited crypt
cell proliferation and differentiation into goblet cells (Imajo et al 2015). KO studies in
hepatocellular carcinoma cells, colon cancer cells, and healthy fibroblast cells also noted the
ability of Yapto compensate for 7azablation and rescue its proliferative function at least in
part (Hayashi et al 2015). In addition, whereas deletion of both Yapand 7azin mouse
epicardium resulted in cardiomyopathy, impaired coronary vasculature development, and
lethality, Yap compensation produced viable mice following removal of 7azalone (Singh et
al 2016).

Studies of ocular development in zebrafish provide further evidence of the compensatory
interaction: loss of RPE was amplified in Yap mutant embryos when a 7azallele was also
mutated. Similarly, although Yap is recognized as the principal regulatory transcription
cofactor for determining RPE fate, mutant studies have highlighted the ability of 7azto
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compensate for Yap ablation in RPE genesis as in the myelination of peripheral nerves by
Schwann cells (Grove et al 2017, Miesfeld et al 2015). However, the potential compensatory
interaction between Yap and Taz need to be determined in mouse eye. The modes of
interaction between Yap and Taz therefore, may be context- and tissue-dependent in both
developmental and pathological conditions.

MUTANT MODELS OF YAP

A number of Yap-mutant animal models have been used to investigate the functions of Yap
during different developmental stages (Table 1). One of the earliest Yap mutants was a Yap
KO mouse (Morin-Kensicki et al 2006). Loss of Yap activity disrupted embryogenesis at
E8.5 and resulted in failure of yolk sac vascular plexus formation and chorioallantoic
attachment, shortened body axis, and caudal dysgenesis. These results revealed the critical
importance of Yap in early stages of development. Conditional gene knockdown using RNA
interference (RNAI) or conditional knockout (CKO) technologies have been used
subsequently to ablate Yap activity in ocular progenitors /n vivo. Zhang et al. showed that
inhibition of Yap in late-stage RPCs by RNAI decreased proliferation and increased neuronal
differentiation, which indicated Yap’s pivotal functions in regulating proliferation and cell
cycle exit during retinal development (Zhang et al 2012). Nestin-Cre mediated Yap gene
ablation techniques have also been used to generate a Yap CKO that eliminated Yap in
developing lens epithelial cells and permitted analysis of Yap function in lens development
and growth. This work demonstrated that Yap is critical for normal lens development, timely
differentiation of lens progenitor cells, and maintenance of lens epithelial cell polarity and
survival (Song et al 2014). Similarly, Rx-Cre was used to conditionally remove Yapin the
early OV to study its function in the descendant ocular tissues, mainly RPE and retina.
Ablation of Yapin early primordial retinal tissue led to defective retinal and RPE laminal
organization, destabilization of apical complex proteins in the retina, increased apoptosis of
retinal cells, mildly compromised RPC proliferation, altered cell cycle progression, rosette
formation and, ultimately, retinal degeneration. RPE also transdifferentiated into retinal
tissue in Yap CKO using Rx-Cre (Kim et al 2016). Yap’s essential function in RPE was
similarly documented in zebrafish in which double mutants of Yapand 7az showed agenesis
of RPE in addition to the coloboma phenotype (Miesfeld et al 2015). Overexpression of wild
type (WT) or constitutively active Yap in zebrafish led to ectopic pigmentation in the retina
(Miesfeld et al 2015). These results from mouse and zebrafish indicate that Yapand 7azare
necessary and sufficient for RPE fate determination in OV cells.

More recently, Hippo-Yap pathway genes were also genetically manipulated in retinal
endothelial cells. In one set of studies, Yap/7azdouble knockout (DKO) mice were
generated by combining flox alleles with inducible Cre lines such as VE-cadherin-CreERT2
or Pdgfb-iCreERT2 (Kim et al 2017, Sakabe et al 2017). Using another approach,
knockdown in the retinal vasculature was achieved by injecting short-interfering RNAs
(siYap). These studies revealed a critical requirement for, and functional redundancy
between, Yap/Taz in coordinating proliferation of vascular endothelial cells, vascular
branching and barrier formation (Choi et al 2015, Kim et al 2017, Sakabe et al 2017).

Dev Dyn. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 8

YAP FUNCTION IN OCULAR DEVELOPMENT

(1) Control of cell proliferation and retinogenesis

Gain and loss of function studies showed that Yap provides timely regulation of retinal cell
differentiation by promoting proliferation of RPCs while inhibiting cell cycle exit. Yap is
also negatively regulated by pro-neural basic-helix-loop-helix (bHLH) proteins such as
Neurog2 and Ascll. For example, bHLH proteins can indirectly inhibit Yap function by
downregulation of Yao mRNA or by post-translational inhibition due to activating Lats1/2
kinases. This inhibition of Yap can reduce proliferation of RPC and increase cell cycle exit
and neuronal differentiation (Zhang et al 2012). These results demonstrated a mutually
antagonistic interaction between Yap and pro-neural genes that coordinates the timely exit of
RPC to produce retinal neurons. Similarly, in Yap-ablated developing lens epithelial cells,
BrdU (+) progenitor pools were severely reduced and a CDK inhibitor such as p57, and a
factor promoting cell cycle exit such as Prox1, were ectopically upregulated (Song et al
2014). Interestingly, the fraction of S-phase cells in Yap-deficient mouse retinas was only
slightly reduced compared to WT retinas (Kim et al 2016). However, Yap-deficient RPCs
show an overall delayed progression through the cell cycle, additional evidence of Yap’s
critical function in normal cell cycle progression. These findings received further support
from studies of the amphibian retina in which Yap knockdown markedly reduced the
proportion of time that retinal stem cells spent in S-phase, which ultimately increased DNA
damage and cell death (Cabochette et al 2015). In summary, these results suggest that Yap
plays a vital role in regulating progenitor proliferation and neurogenesis in the retina.

(2) Anti-apoptosis
One class of Yap/Taz-Tead transcription target genes includes anti-apoptotic genes such as
Cugf, c-myc, Sox4, Mcl1, and inhibitors of apoptosis such as survivin/BIRC5 and BIRC2
(Dong et al 2007, Hong & Guan 2012, Tian et al 2015, Zhao et al 2008). Yap’s upregulation
of these anti-apoptotic genes may indicate a critical role in the survival of ocular cells (Hong
& Guan 2012). Consistent with this notion, both INBL and ONBL of Yap-deficient
developing retinas showed a dramatic increase in dying cells, as determined by an increase
of cell death markers such as activated cleaved caspase 3 (Kim et al 2016). In addition, a
CKO of Yapin the developing mouse lens reduced the lens epithelial progenitor cell (LEC)
pool, which was partially due to increased apoptosis of LECs (Song et al 2014). These
results highlight the possibility that Yap serves an anti-apoptotic function in ocular tissues,
as in pancreatic beta cells, podocytes, and colorectal cancer cells (Campbell et al 2013,
Wang et al 2013, Yuan et al 2016).

(3) Regional fate determination

In addition to its transcriptional functions regulating cell proliferation and survival, Yap also
plays an important role in determining the fate of cells such as epidermal stem cells (Totaro
et al 2017) and of regions such as the early developing ocular tissues of vertebrates. In
zebrafish, Yap/Taz-Tead activity is critical for OV progenitors to become RPE and depends
on nuclear localization of Yap as well as Yap’s interaction with Tead (Miesfeld et al 2015).
Therefore, Yap-deficient zebrafish lose a subset of RPE cells, while 7az-deficient zebrafish
develop normal RPE. Additional loss of 7azin Yap-deficient zebrafish causes a larger loss of
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RPE cell types than Yap deficiency alone, suggesting functional compensation by 7azin Yap
mutant (Miesfeld et al 2015). Complementary to this result, expression of WT or
constitutively active Yap (YapS87A) in RPCs led to ectopic pigmentation in addition to
disrupted lamination. Intriguingly, in mouse Yap mutant eyes, RPE, normally a cuboidal
epithelial sheet consisting of a single layer, transdifferentiates into multilayered
pseudostratified epithelial cells that express retinal markers, including Chx10 and Tubulin
beta Il1, rather than the RPE markers Ezrin and Mitf, as in WT (Kim et al 2016). These
findings indicate that Yap plays a novel role in determining regional RPE fate during OV/OC
development. Interestingly, Yorkie, a homolog of Yapin Drosophila, contributes to
determining the fate map of the fly eye by similarly exerting an instructive role in non-neural
RPE territory in the developing OV. The inactivation of Yorkiethus led the peripodial
epithelium (non-neural) to transdifferentiate into disc proper (neural retina) (Zhang et al
2011). Therefore, the function of Yap or Yorkie in instructing the regional fate of the non-
neural tissue in developing epithelium is evolutionarily conserved between vertebrates and
invertebrates.

(4) Photoreceptor cell differentiation

Evidence demonstrating the role of the Hippo-Yap signaling pathway in zebrafish
embryogenesis has shed light on its importance in retinal cell differentiation during
development. First, a knockdown of zebrafish Mst2, a homolog of Hippo kinase, resulted in
abnormal eye development and retinal pigmentation (Asaoka et al 2014). Second, similar
phenotypes were subsequently observed in zebrafish when constitutively active Yap
(Yap®SA) was overexpressed by mutating five serine residues to alanine to produce
phosphorylation-defective Yap (Asaoka et al 2014). Microarray and gene ontology analyses
of these Yap®SA-injected embryos revealed downregulation of photoreceptor transcription
factors such as Crx, Nr2e3 and Otx5, and of genes involved in phototransduction such as
rhodopsin (Asaoka et al 2014). In addition, co-immunoprecipitation analysis showed a
physical interaction between Yap and retina-specific transcription factor Rx1; functional
assays demonstrated that this physical interaction enabled Yap to prevent the Rx1-mediated
transactivation of the rhodopsin and Otx5/Crx genes. Thus, instead of promoting
proliferation of RPCs, Yap inhibited photoreceptor cell differentiation by preventing the
transcription of genes downstream of Rx, such as the rhodopsin and transcription factors Otx
and Crx that are crucial for photoreceptor cell differentiation. It has been suggested that
Yap’s binding with TEAD (Yap binding domain with TEAD-binding domain) promotes
transcription of downstream target genes, whereas Yap’s binding with Rx1 (WW1 & 2 with
PPXY) represses downstream genes involved in photoreceptor differentiation. The
widespread expression of Rx1 in retinal progenitor cells suggests that Yap may function as a
general inhibitor of retinal neurogenesis.

(5) Cell polarity, junctional integrity, cellular and laminar organization

In addition to its well-studied growth control function, Hippo-Yap signaling has been
implicated in regulating cell polarity and size of the apical domain in Drosophila (Enderle &
McNeill 2013, Genevet & Tapon 2011, Grifoni et al 2013, Grzeschik et al 2010,
Hamaratoglu et al 2009, Robinson et al 2010, Yang et al 2015). Imaginal discs deficient in
Hippo or Warts showed an increased apical domain and enhanced localization of apical
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polarity determinants including Crumbs, which was independent of tissue growth regulation
by Crumbs (Chen et al 2010, Genevet et al 2009, Ling et al 2010). In columnar epithelium,
the effect is mediated by Crumbs —dependent phosphorylation of Yap/Taz by activating
Mst1/1-Lats1/2 signaling. Therefore, apical polarity complex proteins are putative upstream
regulators of Hippo-Yap pathway (Elbediwy et al 2016).

Ablation of Yapin developing mouse lens and retina disrupted cellular and laminar
organization (Kim et al 2016, Song et al 2014). Yap-deficient lens epithelial cells lost their
normal columnar appearance and oval nuclear shapes concomitant with reduction and
disorganization of apical junctional proteins. Instead of their normal appearance, lens
epithelial cells assumed a flattened shape similar to that of squamous cells. Nuclei were also
severely flattened. Additionally, developing retinas devoid of Yap showed disrupted apical
junctions in the embryonic counterpart of the outer limiting membrane. As a result, retinal
epithelia demonstrated areas of folding or rosette formation, and ultimately lost their laminar
arrangement, indicating Yap’s crucial role in maintaining cellular, nuclear and laminar
organization. Similar findings appeared in other central nervous system tissues such as the
ventricular layer of the developing midbrain (Park et al 2016). In the absence of Yap,
progenitor cells in the developing aqueduct lost their polarized shape and showed rounding
of their nuclei in addition to disrupted junctions.

(6) Retinal vascular development

Recent studies show that Yap/Taz are also involved in the proliferation and migration of
vascular endothelial cells (ECs) during retinal angiogenesis, vascular barrier formation and
maturation (Kim et al 2017, Sakabe et al 2017). These retinal vascular ECs show dynamic
patterns of expression and localization similar to those of other ocular tissues. Yap is
predominantly but diffusely localized in the cytoplasm and nuclei of ECs, whereas Taz is
primarily distributed in the nuclei. Yap is localized in the nuclei of ECs in the frontal
vascular region of the retinal vessels and at the branching points of invading retinal vessels.
While nuclear Yap controls the proliferation of ECs via activation of Myc signaling
(transcriptional), cytoplasmic Yap (possibly pYap) promotes EC migration by activating
components of the actin cytoskeleton such as Rho family GTPase CDC42 (non-
transcriptional). Thus deletion of Lats1/2 was found to cause cell migration defects (Sakabe
et al 2017). The failure to maintain the integrity of tight and adherens junctions in Yap/7az-
deficient ECs was exemplified by disrupted ZO-1, Claudin-5, and VE-cadherin, suggesting a
critical requirement in the formation and maturation of the blood-retinal barrier (Choi et al
2015, Kim et al 2017, Sakabe et al 2017).

DYSFUNCTIONAL YAP SIGNALING IN OCULAR DISEASES (TABLE 2)

(1) Coloboma and optic fissure closure defect

Yap KO mouse shows embryonic lethality at E8.5, indicating the critical requirement for

Yap activity during early embryogenesis (Morin-Kensicki et al 2006). Human Ygp mutations
are therefore thought to be difficult to find because of their potential fetal lethality. However,
a rare dominant allele of Yapwas identified in human patients exhibiting ocular defects. One
such disease is ocular coloboma, which results from the inability of the optic fissure to fully
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close during ocular development, and affects optic structures such as the lens, retina,
choroid, ciliary body, iris, and cornea (Chang et al 2006, Gregory-Evans et al 2004, Oatts et
al 2017). Whole exome sequencing analysis of two families with autosomal-dominant
inheritance of coloboma revealed two novel heterozygous nonsense mutations in the Yap
gene. One of these two nonsense mutations, ¢.370C>T, was specifically identified within the
Tead-binding domain, and the other, ¢.1066G>T, within the transactivation domain of the
Yap gene (Williamson et al 2014). Specifically characterized as heterozygous loss-of-
function Yap mutations segregating with the optic fissure closure defect phenotype of
coloboma, these mutations may be related to the incomplete penetrance of the disease (Oatts
et al 2017, Williamson et al 2014).

Consistent with the observation of Yap loss-of-function mutations in humans, Yap zebrafish
mutants ( Yap 1131113 mytants, and, to a lesser degree, Yap™") also exhibited coloboma
(Miesfeld et al 2015). This mutation in the splice acceptor site of intron 4 resulted in
premature truncation at the beginning of the transactivation domain. Injections of wild-type
Yap mRNA rescued the coloboma phenotype in the zebrafish embryos, confirming the Yap
mutation as the cause of the ocular phenotype. These results demonstrate that Yap’s role in
choroid fissure closure is conserved across species and that it is important for preventing
coloboma in both zebrafish and humans (Miesfeld et al 2015).

(2) Sveinsson chorioretinal atrophy (SCRA)

Ocular diseases are associated not only with Yap-specific mutations, but with mutations in
regulators of the Hippo-Yap pathway. SCRA, an eye disorder causing bilateral chorioretinal
degeneration, is genetically linked to a missense mutation in the gene encoding 7eadl
(Kitagawa 2007). In mice this mutation causes the interaction between the C-terminal
domain of Teadl and Yap/Taz cofactors to be lost, and reduces transcriptional activity of
Tead1 in the presence of Yap/Taz (Komuro et al 2003). While its precise contribution to
pathogenesis in SCRA is unclear, it has been suggested that lack of Yap/Taz-Teadl may
cause RPE pathology because RPE and choroidal loss are followed by photoreceptor loss
(Liu et al 2010).

(3) Uveal melanoma (UM)

Another ocular disorder related to defects in components of the Hippo-Yap signaling
pathway is UM, a non-cutaneous melanoma that is one of the most common intraocular
defects in adults (Amaro et al 2017). It is primarily caused by mutations in guanine
nucleotide-binding protein subunit alpha-Q (GNAQ gene), which encodes for Gag, and in
guanine nucleotide binding protein subunit alpha 11 (GANA11 gene), which encodes Ga11;
both are alpha subunits of the heterotrimeric G proteins that play a role in transmembrane
signaling systems (Markby et al 1993). Yap activity increases in mutated mice and, when
Yap is knocked down, tumor growth of UM mice is blocked (Lyubasyuk et al 2015, Yu et al
2014b). Thus, Yap seems to play a critical oncogenic role in mutant mice with UM.

(4) Neurofibromatosis 2 (NF2)

NF2 is a rare genetic disorder characterized by formation of benign tumors in the nervous
system. About half of NF2 patients develop posterior subcapsular cataracts, which cause
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clouding of the lens and, along with retinal hamartomas and epiretinal membrane, result in
progressive visual impairment (Baser et al 1999, Kaiser-Kupfer et al 1989). Nf2encodes for
a tumor suppressor that acts as an activator of the Hippo kinases and therefore
downregulates Yap’s transcription coactivator function (Hamaratoglu et al 2009, Zhao et al
2007). Mouse mutants with lens-specific ablation of 72 developed a phenotype mimicking
posterior subcapsular cataracts (Giovannini et al 2000, McLaughlin et al 2007, Wiley et al
2010, Zhang et al 2010). In these mice, lens fiber cells fail to exit the cell cycle and retain
their progenitor status, which results in a poorly differentiated lens with cellular polarity
defects (Wiley et al 2010). Intriguingly, reducing Yap expression by introduction of Yap
heterozygote suppressed the cataracts and disorganized lens phenotype caused by N2 loss
(Zhang et al 2010). Lens-specific Yap deletion induced a phenotype opposite to that of N2
mutants, which strengthens the notion that NF2 is a major upstream inhibitor of Yap in lens
(Song et al 2014). Yap-deficient lens epithelial cells prematurely initiated lens fiber cell
differentiation by upregulating cell cycle inhibitor gene Prox1. Together, these results
suggest that suppression of Yap activity by Nf2 in the transition zone where lens epithelial
cells exit the cell cycle, is crucial for timely control of lens fiber differentiation. In
developing mouse eye at mid-gestation, NF2 is mainly expressed in the RPE and ciliary
margin, which expand slowly, whereas its expression is diminished in the highly
proliferative retina (Moon et al 2018). Postnatally, expression is maintained in the pigmented
cells, including RPE and pigmented ciliary epithelium. As in the developing lens, NF2
ablation in the RPE and retina leads to increased RPE and retinal progenitor cell
populations, suggesting that NF2 plays a crucial role in controlling ocular progenitor pools
by inhibiting cell proliferation.

(5) Retinal degeneration

Yap has been implicated in different stages of retinal degeneration. One important study
explored the activity of Hippo-Yap signaling components in degenerating retinas by
comparing Yap and Tead protein expression levels in retinal degeneration 10 (rdZ0) mice
and WT mice (Hamon et al 2017). It demonstrated that both Yap and Tead1 are normally
expressed in adult Muller glial cells and that, interestingly, the number of Muller cells
undergoing gliosis in the retina increases near the beginning of retinal degeneration at P13;
this increase in Muller cell gliosis is directly correlated with increased Yap transcription and
protein levels. Furthermore, 7ead and Yap/Tead target genes, Ctgfand Cyr61, are also
upregulated in response to photoreceptor degeneration after P20 in raZ0 mouse lines and
after P13 in rdZ mouse lines (Hamon et al 2017). Yap-dependent gliosis in the degenerating
retina therefore may provide a framework for elucidating the unknown roles of the Hippo-
Yap signaling pathway in diverse pathological and retinal degenerations.

CONCLUSIONS AND FUTURE DIRECTIONS

Although studies of Hippo-Yap signaling have primarily focused on tumorigenesis and organ
size control, the eye has provided a distinctive opportunity to understand cell and tissue
context-dependent functions of Yap signaling during development and disease. One
advantage, for example, is that the eye comprises the neural retina and non-neural RPE,
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which are derived from the neural tube, as well as the lens and cornea, which originate in the
ectoderm.

Although the abundant evidence now available clearly establishes the importance of Hippo-
Yap signaling in ocular development and diseases, the upstream modulators, partnering
transcription factors and downstream target genes of Yap in the eye remain largely
unaddressed. For example, little is known about the identity and function of the upstream
regulators of Yap, such as Hippo (Mst1/2) and Warts (Lats1/2), or about the role of
regulation by mechanical signaling in developing tissues. DNA sequence-specific
transcription factors interacting with Yap in the nucleus of ocular cells have also not been
extensively investigated. It is highly plausible that Tead1-4 participate as primary
transcription factors interacting with Yap in ocular progenitors. However, expression of
Tead1-4 during development is not limited to progenitors and partially overlaps with Yap
expression in differentiated cells. Therefore, it is possible that Yap interacts with other
ocular tissue-specific transcription factors in a context-specific manner; one known
interacting transcription factor is Rx1, a regulator of photoreceptor differentiation (Asaoka et
al 2014). Furthermore, there is only scant information about downstream targets (effectors).
It is especially important to understand the constellation of Yap’s transcription target genes
that mediate RPE specification and photoreceptor differentiation. It is widely accepted that
the molecular signaling cascades initiated by Wnt, Bmp, and Hh interact with and influence
Hippo-Yap signaling in non-ocular tissues during normal development, in diseases and after
injury. In the eye, however, crosstalk between Hippo-Yap and other signaling pathways has
not been explored, although in developing RPE, for example, Wnt, Bmp and Hh signaling
are required for RPE fate and maintenance (Fuhrmann et al 2014). Therefore, study of the
interactions between Hippo-Yap and these other signaling pathways is expected to reveal
how crucial multifactorial regulatory pathways determine region-specific fates of OV, neural
retina and RPE.

One category of proteins that interact with Yap in the cytoplasm is junction-associated
proteins such as a-catenin, Crumbs complex proteins and Amot. Understanding the specific
mode of protein-protein interaction between Yap and junctional proteins will greatly
facilitate understanding the roles of Yap in extra-nuclear compartments and in the assembly
and/or maintenance of apical epithelial junctions.

Finally, Hippo-Yap activity can be altered by pharmacological treatment (Johnson & Halder
2014, Oku et al 2015). For example, chemical agents such as verteporfin (VP) limit the
amplification of tissue overgrowth and the proliferation of human cancers by interfering with
the Yap-Tead complex (Al-Moujahed et al 2017, Feng et al 2016, Liu-Chittenden et al
2012). Thus VP was shown to be effective in inhibiting growth of human ocular tumors
resulting from Yap activation, such as retinoblastoma and UM (Brodowska et al 2014, Liu-
Chittenden et al 2012, Lyubasyuk et al 2015). While the efficacy of inhibitors of Yap-Tead
has been demonstrated, identification of pharmacological agents that activate Yap will
provide an important framework for treating ocular diseases caused by loss of function of
Yap or of its interacting proteins such as Tead1.
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Key findings

Dynamic spatiotemporal Yap expression and subcellular localization suggest
diverse functions in ocular tissues.

Yap activity exerts not only its canonical function mediating progenitor
proliferation and survival, but also non-canonical functions related to cell
polarity and fate determination.

Perturbations of Hippo-Yap signaling result in diverse ocular disorders.
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Table 2

Summary of human ocular disorders with altered Hippo-Yap pathway

Page 26

Nature of mutation

Biochemical alteration of the
pathway

References

Coloboma and optic fissure
closure defect

Non-sense mutations in Yap gene
(370C>T; 1066G>T)

Truncation of TEAD-binding
domain

(Oatts et al., 2017,
Williamson et al., 2014)

Sveinsson's chorioretinal atophy
(SCRA)

Missense mutation in TEAD1

Inefficient binding with Yap

(Fossdal et al., 2004,
Kitagawa, 2007)

Uveal melanoma (UM)

Mutations in guanine nucleotide
binding protein subunit alpha-Q
(GNAQ) and alpha 11 (GNA11)

Increased Yap activity

(Feng et al., 2014, Lyubasyuk
etal., 2015, Yu et al., 2014a)

Neurofibromatosis 2 (NF2)

Mutations in NF2 gene coding
merlin protein

Increased Yap activity

(Guerrant et al., 2016, Wiley
etal., 2010, Zhang et al.,
2010)

Retinal degeneration

Retinal degeneration 10 (rd10)

Increased Yap activity in the
Muller glia

(Hamon et al., 2017)
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