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Purpose: To identify the effects of a single copy deletion of Yap! (YapI*") in the mouse eye, the ocular phenotypic
consequences of YapI*~ were determined in detail.

Methods: Complete ophthalmic examinations, as well as corneal esthesiometry, the phenol red thread test, intraocular
pressure, and Fourier-domain optical coherence tomography were performed on Yap/*~ and age-matched wild-type (WT)
mice between eyelid opening (2 weeks after birth) and adulthood (2 months and 1 year after birth). Following euthanasia,
enucleated eyes were characterized histologically.

Results: Microphthalmia with small palpebral fissures, corneal fibrosis, and reduced corneal sensation were common
findings in the YapI*~ mice. Generalized corneal fibrosis precluded clinical examination of the posterior structures.
Histologically, thinning and keratinization of the corneal epithelium were observed in the YapI™ mice in comparison
with the WT mice. Distorted collagen fiber arrangement and hypercellularity of keratocytes were observed in the stroma.
Descemet’s membrane was extremely thin and lacked an endothelial layer in the YapI*~ mice. The iris was adherent to
the posterior cornea along most of its surface creating a distorted contour. Most of the Yapl*~ eyes were microphakic
with swollen fibers and bladder cells. The retinas of the YapI”~ mice were normal at 2 weeks and 2 months of age, but the
presence of retinal abnormalities, including retinoschisis and detachment, was markedly increased in the YapI*~ mice
at 1 year of age.

Conclusions: The results show that the heterozygous deletion of the YapI gene in mice leads to complex ocular abnor-
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malities, including microphthalmia, corneal fibrosis, anterior segment dysgenesis, and cataract.

Yes-associated protein (YAP) is a transcriptional coacti-
vator encoded by the gene Y4PI (Gene ID 22601; OMIM
606608) [1] which activates gene expression by associating
with numerous DNA-binding transcription factors [2]. YAP
is a key component of the Hippo signaling pathway which
plays essential roles in development, organ growth, homeo-
stasis, and cancer [3-5]. Yap! is essential for the development
of multiple organs by regulating cell proliferation including
the eye [3,6,7]. Homozygous deletion of the Yap! gene is
known to be lethal to embryos around E8.5 to E9.5 with no
evidence of attachment of the allantois to the chorion and
failure of ventral closure and turning [8]. However, mice that
have single gene deletion of Yap (YapI*") are viable [8], and
a heterozygous mutation in Y4P/ has been reported to cause
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optic fissure closure defects associated with microphthalmia,
cataract, and iris coloboma in humans [7].

Expression of YAP is intimately involved in eye devel-
opment and corneal wound healing. Whole-mount in situ
hybridization in mouse embryos has shown that Yap! is
strongly expressed in the eye [7]. YAP expression has been
documented within an array of ocular tissues, including the
corneal epithelial and endothelial cells, lens epithelial cells,
ciliary body, iris, inner nuclear layer of the retina, and the
RPE, in the adult mouse eye [9]. In addition, YAP and TAZ
are reported to be key molecules that participate in major
signaling pathways relevant to corneal wound healing:
mechanotransduction [10], wingless/integrated (Wnt) [11],
and transforming growth factor beta (TGF-B) [12,13]. They
have also been shown to act as mechanotransducers relaying
the biophysical attributes of the extracellular matrix into
the cells, a process that ultimately influences cell functions
[13-16]. Therefore, it is likely that manipulation of the Yap!/
gene would affect corneal wound healing.
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Mice with heterozygous deletion of the Yap! gene are
viable, but the detailed phenotypic consequences to ocular
structures have not been reported. To address the feasibility
of using YapI™™ mice as a corneal wound healing model, the
present study was undertaken to determine how a single copy
deletion of Yap! affects ocular phenotypes in mice with an
emphasis on examining consequences on the cornea.

METHODS

Animals: Five Yapl heterozygous (Yapl"~) male C57BL/6J
mice from the Knock Out Mouse Program (KOMP) within
the Mouse Biology Program (MBP) at University of Cali-
fornia, Davis and 20 female wild-type (WT) C57BL/6J mice
from The Jackson Laboratory (Sacramento, CA) were used
to generate Yapl™~ mice. Due to the poor fertility of female
YapI'~ mice, male Yapl”~ mice were used to mate with WT
females. A total of 318 pups were generated from breeding
of these initial 25 mice. All procedures were performed in
compliance with the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. The study design
was approved by the Institutional Animal Care and Use
Committee of the University of California, Davis.

Generation of a single gene deletion of Yapl: YapI"~ male
mice were obtained from the KOMP within the MBP. Mice
were cryorecovered via in vitro fertilization using C57BL/6N
oocyte donors and Yap! heterozygous sperm preserved by
the KOMP. Fertilized two-cell stage embryos were then
transferred surgically to two pseudopregnant CDI recipients.
Pseudopregnancy was induced by mating with sterile vasec-
tomized male mice on day 0, and the manipulated embryos
were transferred into these recipients a half day later. Derived
pups were genotyped via short-range mutant PCR specific
to Yapl mice with the following primers; CSD-Yapl-SR1:
5'-CAG GCA AGT TTG AGG CTA GTT TCT GG-3/, and
Common-loxP-F: 5-GAG ATG GCA ACG CAA TTA
AT-3". Male YapI*~ mice C57BL/6J were used to breed to
WT C57BL/6J females to generate Yapl™~. All Yapl™~ mice
were tested for the retinal degeneration (Rd8) mutation, and
positive Rd8 mutant animals were excluded from breeding to
generate Yapl"~ without the Rd8 mutation. This was critical
as the Rd8 background has several ocular background find-
ings that may have confounded the study [17,18].

Genotyping: Pups were genotyped with PCR as follows. DNA
was extracted from toe clip samples at 7 days after birth or
tail clip samples approximately 3 weeks after birth using a
DNA extraction kit (DNeasy® Blood & Tissue Kit; QTAGEN
Sciences, MD) following the manufacturer’s protocol. The
extracted DNA was then confirmed for mutant allele copy
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number using PCR with the following oligonucleotides:
YAP5": CSD-lacF: 5-GCT ACC ATT ACC AGT TGG TCT
GGT GTC-3' and YAP3": CSD-YAPI-R: 5-TCA AGG CCA
TCA TAG ATC CTG GAC G-3/, following thermal cycling:
94 °C for 5 min; 10 cycles of 94 °C for 15 s, 65 °C for 30 s
(decrease 1 °C for each cycle), 72 °C for 40 s; 30 cycles of
94 °C for 15 s, 55 °C for 30 s, 72 °C for 40 s; 72 °C for 5 min
and hold at 4 °C. The PCR fragments were separated on the
E-Gel® 2% Agarose with SYBR Safe™ (Invitrogen, Carlsbad,
CA) at 48 V for 45 min using dry-gel system (iBase™; Invit-
rogen) and read with the ChemiDoc-It*2 810 Imager (Ultra-
Violet Products Ltd., Cambridge, UK).

Ophthalmic examination and advanced ocular imaging:
Ophthalmic examination and advanced ocular imaging were
performed using 26 YapI™~ and 16 WT mice within three
different age groups (Appendix 1B): 2 weeks old (weaning
period, eye opening time point; n=6, three Yap/*~ and three
WT mice), 2 months old (adult; n=15, eight YapI”~ and
seven WT mice), and 1 year old (aged adult; n=21, fifteen
YapI"~ and six WT mice). For the ophthalmic examina-
tion and subsequent measurements, the mice were gently
restrained without any pressure to their neck and head.
Cochet-Bonnet esthesiometry (Esthesiometer 12/100 mm;
LUNEAU Ophthalmologi, Prunay-le-Gillon, France) to
determine corneal sensation, a phenol red thread test (PRTT;
Zone-Quick, Showa Yakuhin Kako Co., LTD, Tokyo, Japan)
to assess aqueous tear production, and rebound tonometry
(TonoLab; Icare, Helsinki, Finland) to measure intraocular
pressure (IOP) were performed. All mice then received
a thorough ophthalmic examination of the anterior and
posterior segment using a hand-held slit-lamp (Kowa SL15;
Kowa Optimed, Torrance, CA) and indirect ophthalmoscopy
(Keeler VANTAGE Plus; Keeler Inc., Broomall, PA) with a 90
D indirect lens (Volk Optical, Inc., Mentor, OH). Following
this examination, the mice were sedated with an intraperi-
toneal (IP) injection of midazolam/hydromorphone (0.7 mg/
kg/0.1 mg/kg) for advanced ocular imaging. The palpebral
fissure length was measured with digital calipers accurate
to 0.1 mm (Fred V. Fowler Co., Inc., Newton, MA). The
eyes were photographed with a digital color camera (Canon
EOSSD; flash 1/64. ios 200, F16) and slit-lamp biomicroscopy
with digital capture (Hagg-Streit BQ 900 Slit Lamp; Hagg-
streit, Koeniz, Switzerland). Corneas were imaged with an
RTVue-100 Fourier-Domain Optic Coherence Tomography
(FD-OCT) system (software version 6.1; Optovue Inc.,
Fremont, CA; 26,000 A scan/sec, 5 um axial resolution, 840
nm superluminescent diode) with a CAM-S [S/N 30,107] lens.

Tissue processing for histology and immunofluorescence
staining: Mice were euthanized with pentobarbital (200 mg/
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kg, IP), and body length was measured with a digital caliper
(Fred V. Fowler Co., Inc.). After enucleation of both eyes,
one eye of each mouse was fixed using the freeze substitu-
tion protocol as described by Sun et al. [19], and the opposite
eye was dedicated for transmission electron microscopy as
described below. Briefly, the enucleated mouse eyes were
rapidly frozen by immersion in liquid propane at —80 °C for
1 min and then rapidly transferred to 97% methanol and 3%
acetic acid at —80 °C. The samples were placed at —80 °C
for 48 h and then gradually warmed every 4 h of incubation
at —40 °C, —20 °C, and then 20 °C for 48 h. The fixed eyes
were then processed using standard protocols and embedded
in paraffin wax. Five-micrometer-thick parasagittal sections
were obtained from paraffin blocks and stained with hema-
toxylin and eosin (H&E). Immunofluorochemistry was
performed on the 5-pm-thick paraffin-embedded parasagittal
sections. Paraffin was dissolved in xylene for 10 min twice,
and the samples were rehydrated using a serial dilution of
ethanol. After the slides were blocked in 0.03% H,O, in
methanol for 30 min, antigen retrieval was performed by
immersing the sample in sodium citric buffer (pH 6.0) with
0.02% Tween-20 in a steamer 56 °C for 30 min, and then
cooled to room temperature. Rabbit monoclonal anti-YAP
antibody (Cell Signaling Technology, Danvers, MA) at 1:200
dilution in blocking buffer was incubated with the samples for
2 hin 37 °C. The samples were incubated with an appropriate
secondary antibody (1:200 dilution, Thermo Scientific Pierce,
Rockford, IL) at room temperature for 45 min in the dark.
Nuclei were counterstained with 4’-6-diamidino-2-phenylin-
dole (DAPI; Life Technologies, Carlsbad, CA). The stained
sections were imaged using an Axiovert 200M epifluorescent
microscope (Carl Zeiss Ag, Oberkochen, Germany) with a
20X objective. All images were taken with equal exposure
times.

Transmission electron microscopy: The opposite eye of each
mouse was fixed in 2.5% glutaraldehyde and 2% parafor-
maldehyde in 0.1 M sodium cacodylate buffer, and electron
microscopy of the cornea was performed using standard
protocols. Briefly, the fixed eyes were rinsed in 0.1 M sodium
cacodylate buffer for 15 min twice and then placed in 2%
osmium tetroxide for 1 h. The samples were then rinsed in
water for 15 min twice. Then, the eyes were dehydrated in
50% ethyl alcohol (EtOH), 75% EtOH, and 95% EtOH for 30
min each and 100% EtOH for 20 min twice. The eyes were
then placed in propylene oxide for 15 min twice. Next, the
eyes were infiltrated in a Poly/Bed 812 mixture for 4 h and
polymerized in a Poly/Bed 812 mixture at 65 °C for at least
24 h. Ultrathin sections were mounted on naked copper grids
and stained with 3% uranyl acetate and 0.03% lead citrate
before examination with a transmission electron microscope
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(TEM; Philips CM120 Biotwin Lens, F.E.I. Company, Hill-
sboro, OR; with Gatan MegaScan, model 794/20, digital
camera (2 K x 2 K), Pleasanton, CA; Gatan BioScan, model
792, Pleasanton, CA).

Statistical analysis: Statistical analysis was performed
with a commercially available statistical software program
(GraphPad Prism 7.03, GraphPad Software Inc., San Diego,
CA). Unpaired Student # tests with Welch’s correction were
performed to compare the corneal thickness measurements
between the groups. An odds ratio (OR) was calculated to
evaluate the incidence rate of female YapI™~ pups with a
Fisher’s exact test. A p value of less than 0.05 was considered
statistically significant. Results were expressed as mean +
standard deviation (SD).

RESULTS

A lower number of Yapl"~ progeny than expected were identi-
fied: Genotyping with PCR was performed on 318 pups of
which 285 were WT mice and 33 were YapI*~ mice. Given
that the expected ratio should be 50% WT and 50% Yapl*"
mice, the number of Yapl™™ mice identified was statistically
significantly less than the WT mice (Observed %=10.38,
95% confidence interval [CI]: 7.458 to 14.22; p<0.001). In
addition, we observed a statistically significantly lower
number of female versus male Yapl™~ progeny at eight and
25 mice, respectively (OR=0.387, 95% CI: 0.1794 to 0.902;
p=0.025). Generally, the body length of the YapI™ mice
(26.53+1.39 mm) was statistically significantly shorter than
that of the age-matched WT mice (47.68+£5.83 mm) at the
weaning period (p=0.02), but adult mice were comparable
(Table 1). Around 80% of the YapI*~ mice had abnormal
dome-shaped heads (Figure 1A), and some Yap!*™~ mice were
euthanized because of abnormal seizure-like activity (n=4) or
corneal perforation (n=3).

Multiple ocular abnormalities were identified on ophthalmic
examination: Similar ocular phenotypes were observed in
YapI"~ mice at the ages examined. Microphthalmia with a
small palpebral fissure was observed in 67% of the Yapl*~
mice (Figure 1A) with 23% of the eyes of the YapI™~ mice had
no ocular structures clinically detectable with slit-lamp evalu-
ation (Table 2). Generalized corneal fibrosis was present in
85% of the YapI"~ eyes as assessed with slit-lamp biomicros-
copy (Table 2) which often precluded clinical examination
of the intraocular structures (Figure 1B). Three Yapl*~ mice
were euthanized due to corneal perforation occurring between
2 and 6 months of age, and one eye of a YapI™™ mouse at 2
months of age developed a perforated cornea with granulation
tissue (Figure 1B). Using FD-OCT, a thin cornea with the iris
adhered to the posterior aspect and aphakia were commonly
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observed in the Yap!*~ mice (Figure 2). The central corneal
thickness (CCT) of the YapI"~ mice was significantly thinner
at all ages as measured with FD-OCT (p<0.05; Table 1). Only
six eyes (two eyes in two 2-month-old mice and four eyes in
three 1-year-old mice) of five YapI™ mice had corneas with
adequate transparency allowing documentation of hyperma-
ture cataract and posterior synechiae (Figure 1B and Figure
2). The five Yapl™~ mice with clear corneas were related
along paternal lines (Appendix 1C). The anterior segment and
fundus of the WT mice were normal on clinical examination
and FD-OCT.

The palpebral fissures in the Yap/*~ mice were signifi-
cantly shorter than those in the WT mice at all ages (p<0.01;
Table 1). Corneal touch threshold, as measured with Cochet-
Bonnet estheiometry, was significantly lower in the Yap/*~
versus WT mice (p<0.001), but tear production as measured
with the PRTT (p>0.05), and intraocular pressure (p>0.05)
as measured with rebound tonometry did not differ statisti-
cally significantly between the Yap/*~ and the WT mice for
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the three age groups tested (Table 1). Moreover, the IOP of
the Yapl*~ eyes which had clear corneas and normal anterior
chamber depths showed no statistically significant differ-
ences compared with the YapI*~ eyes with microphthalmia
and corneal fibrosis at 2 months (13.5£2.1 mmHg in two clear
corneal eyes versus 13.5+3.9 mmHg in the abnormal eyes;
p>0.999) and 1 year of age (10.0+0.0 mmHg in three clear
corneal eyes versus 11.6+£3.2 mmHg in the abnormal eyes;
p=0.865).

YAP expression was lower in Yapl™~ versus WT mice: YAP
expression was detected in the corneal epithelium and endo-
thelium and non-pigmented epithelium of the ciliary body in
all groups of the Yap!*~ and WT mice and primarily localized
to the cytoplasm in both groups. The expression of YAP was
reduced in the Yap!* mice compared with WT mice (Figure
3). Interestingly, YapI*~ mice with clear corneas had greater
expression of YAP versus those with corneal fibrosis but had
less expression in comparison with the WT mice (Appendix
2).
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Figure 1. Microphthalmia with anterior segment dysgenesis in Yap/*" mice. Many YapI*~ mice were microphthalmic with anterior segment
dysgenesis in comparison to age-matched WT littermates. A: Compared with the wild-type (WT) mouse, microphthalmia with a small
palpebral fissure was identified at all ages of YapI*~ mice on gross examination. B: A normal transparent cornea with an appropriate anterior
chamber, iris, and lens are found on biomicroscopic examination with diffuse illumination (left) and narrow-slit beam (right) in the WT mice.
Many YapI™~ mice displayed generalized corneal fibrosis and a collapsed anterior chamber with the iris adherent to the posterior cornea
(left eye; 2 months old; right eye; 1 year old). A perforated cornea and granulation tissue were observed in the right eye of a 1-year-old male
YapI*~ mouse. A hypermature cataract and posterior synechia with a deep anterior chamber were identified in the left eye of a 1-year-old

male YapI"~ mouse with a transparent cornea.
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Figure 2. YAP expression in YapI™ and WT mice. Immunofluorescent staining showed expression of YAP in the corneal epithelium and
endothelium (A) and non-pigmented epithelium of the ciliary body (B) in wild-type (WT) and YapI*~ mice. Decreased expression of YAP

was identified in Yapl*~ versus WT mice.

Histology and TEM confirmed severe corneal pathology
in the YapI'”~ mice: Histologically, partial or complete
collapse of the anterior chamber was observed with broad
anterior synechiae in 87% of the YapI*~ eyes (Figure 4B and
Appendix 3). Iris hypoplasia with abnormal iridocorneal
angle morphology was observed in 89% of the Yapl*" eyes

135

(Table 2). The number of corneal epithelial cell layers in the
YapI'~ mice was decreased in comparison with the WT mice
(Figure 5 and Appendix 3) with loss of polygonal wing cells
and superficial cells. In the corneal stroma, distorted stromal
fibers, hypercellularity of corneal stromal, and rare focal
edema with stromal neovascularization were observed in the
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Wildtype Yap1*/-

Figure 3. Anterior segment images
using optic coherence tomography
(OCT) in YapI*- and WT mice.
A: Fourier-domain optical coher-
ence tomography demonstrates
the normal anterior segment of
male wild-type (WT) mice at
the indicated age: 2 weeks old, 2
months old, and 1 year old. B: The
YapI*~ mice demonstrate corneal
pathology and anterior segment
anomalies at all ages. A thin cornea
with adherent iris (arrowhead), a
collapsed anterior chamber, and
aphakia in age-matched male
YapI*~ mice at 2 weeks old, 2
months old, and 1 year old. A small
lens and a deep anterior chamber
were identified in the left eye of a
1-year-old male YapI'"~ mouse. A,
anterior chamber; C, cornea; I, iris;

L, lens.

YapI”~ mice (Figure 5B). Descemet’s membrane was absent  ages of YapI™™ mice with multiple ultrastructural lesions
in 86% of the Yap!"" mice eyes (Table 2). identified. In the WT mice, the corneal epithelium comprised

Corneal abnormalities observed with TEM were consis- seven to nine layers of keratinocytes with clearly identifiable

tent with those observed with bright-field microscopy in all ~ differentiation among the basal, wing cell, and superficial

>
w

Wildtype Yap1*/-

2 weeks
2 weeks

Figure 4. Histopathology of whole
globes with low magnification in
Yapl”- and WT mice. Histopa-

2 months
2 months

thology demonstrating globe size
from a WT mouse with normal
eyes (A) versus Yapl”~ mice with
microphthalmia and anterior

1 year

segment dysgenesis (B). Eyes from

the YapI™~ mice also demonstrated

1year

microphakia with cataractous
changes characterized by marked
degeneration and liquefaction of

lens fibers, formation of Morgag-
nian globules, as well as bladder
cells (D) versus age-matched WT mice with an appropriate lens size and morphology (C). (A and B) 2X, 1 year old; (C and D) 20X, 2
months old.
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Wildtype
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Figure 5. Histopathology of cornea

Epithelium

and retina in the Yapl*- and WT
mice with high magnifications.
Normal corneal (A) and retinal (C)
morphology was observed in 1-year-
old wild-type (WT) mice. In the
1-year-old YapI*~ mice, the cornea
(B) was diffusely thinner than in
the WT mice, presenting epithelial
attenuation with loss of superficial
squamous cells, and hypercel-
lular and compacted stroma with
A distorted lamellar arrangement
and stromal neovascularization
(*) and melanin pigmentation.

Descemet’s membrane was absent

or severely thinned, and normal
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corneal endothelial cells were
absent. In many locations, there

S was fusion of the iris tissue to the

exposed posterior cornea stroma,
® : and melanotic cells lined the poste-

v o rior cornea in many regions where

< Rl <
of S ¥Ry B .. .
JOVATA ® Vo frank iris fusion was not observed

L (arrowheads). In 1-year-old Yapl*~
@n mice, retinal detachment was
commonly observed and accompa-
nied by subretinal accumulation of
macrophages (arrows) and loss of
photoreceptors (D). Retinoschisis
(*) of the inner nuclear layer and
separation of the internal limiting
membrane from the nerve fiber
layer (arrowheads) were observed.

(A and B) 40X, hematoxylin and

eosin (H&E); DM, Descemet’s membrane. (C and D) 20X, H&E; ILM, internal limiting membrane; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; IS,

inner segment; OS, outer segment; RPE, retinal pigment epithelium.

squamous cell layers (Figure 6A). In contrast, the YapI™~ mice
demonstrated marked thinning of the superficial squamous
cell layer and a lack of microvilli on the apical surface of
the most superficial keratinocytes (Figure 6B). The corneal
stroma on the Yapl”~ mice showed increased cellularity due
to the presence of fusiform cells between the stromal lamellae
with an abundant vacuolar cytoplasm and oval nuclei, consis-
tent with reactive keratocytes (Figure 6B); spindle-shaped
keratocytes were localized between the stromal lamellae in
the WT mice. The Yap/*~ mice also had a thin Descemet’s
membrane compared to the age-matched WT mice and lacked
arecognizable endothelial cell layer, which was replaced by a
layer of melanin-laden cuboidal cells (Figure 6).

Lens abnormalities were observed in Yapl™™ mice of all
ages: Hypermature cataract and posterior synechiae were
documented in the five YapI”™ mice that had transparent
corneas with a slit-lamp examination and imaging (Figure
1B and Figure 3); the age-matched WT mice showed no lens
abnormalities. Clinical evaluation of the lens could not be
performed in the remaining 28 YapI*~ mice due to microph-
thalmia, corneal fibrosis, and anterior synechiae.

In cases where the lens could be identified clinically,
histopathological features of included microphakia with
hypermature cataract (Figure 4D). The cataractous changes
were represented by marked degeneration and liquefaction
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of the lens fibers, formation of morgagnian globules, bladder
cells, and posterior migration of the lens epithelium in 60% of
total YapI'~ eyes or 96% of the YapI™~ eyes where a lens was
present (Table 2). In 40% of the YapI™~ eyes, a lens could not
be found on histologic evaluation, and the eyes were consid-
ered aphakic (Table 2). Additional lens findings included
abnormal lens capsules (Figure 4D) and frank posterior lens
capsule rupture with extruded degenerate lens fibers (Table
2).

Age-related retinal degeneration and retinoschisis were iden-
tified in the 1-year-old YapI”~ mice: The fundus could not be
clinically evaluated in any YapI*~ mice due to opacification
of the cornea or cataracts; the fundus of all WT mice was
assessed as normal. Histologically, retinal morphology was
typically normal in WT and Yap/*~ mice at 2 weeks and 2
months of age (Appendix 4). Persistent hyaloid artery (HA)
and tunica vasculosa lentis (TVL) were commonly observed
at 2 weeks after birth in the WT and Yap/*~ mice as normal
developmental findings. Seven eyes of 2-month-old YapI*”~
mice had normal retinal morphology while two eyes had
retinoschisis (n=2) and focally extensive areas of retinal
detachment (n=1; Table 2). In the YapI*~ mice, the incidence

© 2019 Molecular Vision

of retinal abnormalities, including retinal detachment and
retinoschisis, was greater in the 1-year-old age group than
in the 2-week-old and 2-month-old age groups in the Yapl*~
mice (Table 2). In the 1-year-old YapI*~ mice, retinal detach-
ment with loss of the RPE and subretinal accumulation of
macrophages were common findings (Table 2 and Figure
5D); retinal thinning with loss of outer nuclear, photoreceptor,
and RPE layers accompanied retinal detachment (Figure
5D). Retinoschisis was observed in 36% of the l-year-old
YapI"~ mice, and it was characterized by focally extensive
vacuolization of the inner nuclear layer and/or separation of
the internal limiting membrane from the nerve fiber layer
(Figure 5D). Rosette formation in the photoreceptor layer was
also identified in two 1-year-old YapI® mice.

DISCUSSION

The present study investigated the ocular phenotypic conse-
quences of a single copy deletion of the Yap! gene. In addition
to profound anterior segment abnormalities, the data suggest
that haploinsufficiency of Yap! promotes embryonic death
and in survivors, developmental consequences, as indicated
by the shorter body length in the YapI™~ versus WT mice,

Yap1*/-

Wildtype

Epi

Figure 6. Corneal findings using
transmission electron microscopy
of 2-month-old wild-type (WT;
A and C) and Yapl”" mice (B
and D). A: The WT mice had a
normal five- to eight-layer corneal
epithelium, including discernable
basal columnar cells with oval
nuclei, intermediate polygonal
cells, and stratified squamous cells.
B: The corneal epithelium in the

YapI'~ mice was thinner with two
to four layers of cells, including a
normal basal cell layer and a poorly
differentiated superficial squamous
layer. The corneal stroma of the
YapI'~ mice was hypercellular with
cells characterized by abundant
cytoplasm, numerous variable-
sized vacuoles, and oval nuclei,
interpreted as reactive keratocytes
(black arrows). C: A single layer
of flattened endothelial cells with

well-structured gap junctions was identified resting on the normal Descemet’s membrane in the WT mice. D: The Yapl”~ mice lacked

a normal endothelium that was replaced by cuboidal melanocytes containing numerous pigment granules (melanin; white arrowheads).

These cells were observed overlying an absent or markedly thinned Descemet’s membrane. Epi, epithelium; S, stroma; DM, Descemet’s

membrane; E, endothelium.
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ocular and adnexal abnormalities, and the development of
a dome-shaped head in some animals. Yap! is required to
promote early chondrocyte proliferation and its subsequent
maintenance [20]. These critical functions likely contributed
to the smaller body size observed in the Yapl*~ mice and
may have contributed to the development of a dome-shaped
head. In the present study, male YapI™ mice were used to
mate with the WT females to generate additional Yapl"~ mice
because female YapI*~ mice are unable to be fertilized due to
a lack of ovarian follicular growth [21,22]. Only 10% of the
pups generated in this study were genotyped as YapI™~ which
is consistent with previous studies reporting between 12.5%
and 16.7% [23]. Given the important myriad roles that YAP
and Hippo signaling [8,23] play throughout development,
it is unsurprising that knockout of even one copy of Yapl
often results in embryonic death. Moreover, the phenotypic
consequences of single gene deletion of Yapl was widely
variable. A range of ocular phenotypic consequences was
observed in this study. Although all animals had ocular
abnormalities, the extent of the ocular involvement varied.
This is best exemplified by the corneal findings that ranged
from normal to markedly abnormal. This variability is likely
the consequence of the interplay between the “noise” in gene
expression and the complex downstream effects on regulatory
networks [24,25]. Variability in phenotypic consequences for
the deletion of Yap65 has been reported in mice [8] as well
as functional mutation of Y4PI in human clinical studies [7].
Interestingly, in this study, the YapI™™ mice possessing a clear
cornea (but cataract) were all related along paternal lines, and
greater expression of YAP was observed in these animals in
the cornea and ciliary body than in the Yap/*”~ mice with more
severe corneal involvement.

The eyes of the YapI™ mice were often microphthalmic
with a narrowed palpebral fissure consistent with previous
studies in the yap/ knockdown of Xenopus tadpoles [26] and
the conditional knockout of Yap in mouse embryos [27]. YAP
is a key regulator of organ size and tissue homeostasis. Hippo
signaling controls organ size by phosphorylating and inhib-
iting the transcriptional coactivator YAP [2]. In the mouse
liver, Yapl induction increases the organ size and causes
aberrant tissue expansion [3]. Our finding of microphthalmia
in the Yapl”~ eyes is consistent with these studies in other
organs and suggests that YAP expression is necessary for
normal eye development.

Anterior segment dysgenesis (ASD) consisting of corneal
fibrosis, lack of proper formation of the anterior chamber,
iris hypoplasia, and cataract were commonly observed in the
YapI*~ mice at all examined ages. In particular, the Yapl*~
mice exhibited marked cataractous changes that may be due to
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a close regulatory relationship between Hippo-YAP signaling
or the Notch/Wnt signaling pathway. Yap is shown to activate
target genes in Wnt signaling [28]. Hippo-YAP signaling is
critical to lens development by modulating Notch signaling
and subsequent lens epithelial cell migration [29,30].

Numerous ocular developmental studies in mice support
that improper lens development can result in abnormal ante-
rior segment formation [31,32]. Signals from the lens epithe-
lium are required for proper differentiation of the cells that
form the anterior structures of the eye, including the corneal
endothelium [33,34] and the ciliary epithelium [35]. Neural
crest-derived mesenchymal cells also contribute to the proper
development of the iris, ciliary process, corneal stroma, and
endothelium [31,36]. In aggregate, it is clear the lens is impor-
tant for the mesenchymal-to-epithelial transformation that
accompanies the formation of the corneal endothelium. Thus,
the markedly thin or absent Descemet’s membrane without an
endothelium observed in most of the Yap/*~ mice may be a
result of abnormal lens development.

YAP and TAZ are known to be present in the normal
human trabecular meshwork (HTM) [14], and the expres-
sion of YAP is dramatically influenced by substratum
compliance in primary HTM cells [16]. Moreover, a stiffer
HTM associated with primary open angle glaucoma results
in nuclear localization of YAP and TAZ that subsequently
increases gene expression [16]. In this study, the YapI™ mice
had an improperly formed iridocorneal angle and abnormal
trabecular meshwork structures but also a poorly developed
ciliary body and an absent anterior chamber suggesting that
aqueous humor outflow and production are likely abnormal.
Thus, these marked anterior segment changes prevented
further study of the role that YAP may play in the aqueous
outflow in YapI”~ mice. When considering that the severity of
clinically detected ASD does not correlate with IOP elevation
in other mouse models as well as human patients [37], it is not
surprising that the YapI*~ mice demonstrated no alterations
in IOP at any examined age in the present study.

YAP is reported to be essential for normal retinal devel-
opment [27] and is specifically expressed in Miiller cells and
the RPE [9]. In the present study, the retinal architecture in
the YapI™~ mice was similar to that of their normal WT litter-
mates at 2 weeks and 2 months of age. However, numerous
retinal abnormalities were observed in the aged Yap/™™ mice,
including loss of the RPE and outer nuclear and photoreceptor
layers, retinal detachment, or retinoschisis. YAP signaling
has various functions in the retina that are age-dependent
[38]. YAP is a key regulator of RPE genesis [39], as well
as cell proliferation and dedifferentiation in RPE cells [40].
Decreasing YAP expression has been reported to reduce
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proliferation and increase differentiation in the postnatal
mouse retina [9]. Taken together, these studies demonstrate
that Yap! has multiple roles in retinal development and health
that are consistent with the age-dependent retinal changes
identified in the present study.

Retinoschisis is caused by a mutation in the retinoschisin
(RS1) gene, known to express a cell adhesion protein that
binds tightly to the surface of photoreceptors and bipolar cells
to maintain the cellular organization in the retina [41]. Experi-
mental mouse models such as the RS/ knockout [42] and RS/
knock-in [43] have been developed to study the clinical effects
of retinoschisis. However, to the authors’ knowledge a relation
between retinoschisis and Yap! has not been reported. The
present study is the first to report that retinoschisis occurs
as a consequence of a single copy deletion in Yapl. Further
studies are needed to explore the potential link(s) between the
RSI gene and the YAP/TAZ signaling pathway.

This study focused on the phenotypic characterization of
YapI'~ eyes because our motivation was to study the role of
YAP in corneal wound healing. YAP is important in corneal
epithelial cell proliferation and the formation of tight junc-
tions [15]. Moreover, because YAP is related to stem cell
expression [44], alteration of YAP could cause disruption of
cornmeal epithelial limbal stem cell function. Unfortunately,
the marked corneal changes in the Yapl*~ mice prevented
study of corneal epithelial and stromal wound healing. We
note that three mice were euthanized due to the corneal perfo-
ration between 2 and 6 months of age. In contrast, no corneal
abnormalities were found in any WT mice at any age. The
loss of corneal integrity could be related to disruption of YAP
signaling impairing the maintenance of corneal homeostasis
and negatively impacting corneal wound healing. Therefore, a
conditional knockout mouse would be necessary to study the
role of YAP in corneal epithelial and stromal wound healing,
and a recent study using such mice demonstrated that YAP
signaling is crucial for corneal epithelial regeneration and
wound healing [45].

In conclusion, the YapI*~ mice demonstrated microph-
thalmia, hypoplastic, dysplastic, and fibrotic corneas with
anterior segment dysgenesis, cataract, and retinal changes.
Due to the complete loss of corneal transparency accompa-
nied by corneal fibrosis, corneal wound healing could not be
investigated using the YapI™™ mouse suggesting that condi-
tional knockouts are necessary. In aggregate, these results
support that YAP signaling is critical for the proper formation
and maintenance of the normal ocular structures in the eye.
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APPENDIX 1.

Tables show (A) total number of mice with genotypes and
genders generated from the initial pairs and (B) number of
mice used for the examination and imaging in this study. One
eye of each mouse was submitted for histology and the oppo-
site eye was dedicated for transmission electron microscopy.
*Both eyes were fixed for the H&E staining when the eyes
were severe microphthalmia. (C) Pedigree structure shows
paternal relationships of the 5 YapI*~ mice with clinically
normal transparent corneas. The mouse #1643 is one of
YapI*~ mice among 5 from the KOMP to produce 5 of the 318
pups included in this study. No clinical exam was performed
for mice #1643 and #25. To access the data, click or select the
words “Appendix 1.”

APPENDIX 2.

YAP expression of a Yap/*~ mouse with a transparent cornea
is greater than other Yap/*~ mice but still less than WT mice.
To access the data, click or select the words “Appendix 2.”

APPENDIX 3.

Microphthalmia and microphakia with cataract are common
findings in all three age groups examined of YapI™~ mice (B,
G, L) in comparison to age-matched WT mice (A, F, K) under
low magnification (x2). In comparison to the normal cornea
(C, H, M), YapI"~ showed collapse of the anterior chamber
with broad anterior synechiae (D, E, J, N, O), stromal edema
(D, I) and neovascularization (I, N) in higher magnification
(x20). To access the data, click or select the words “Appendix
37

APPENDIX 4.

Normal retinal morphology was observed in young (2
weeks and 2 months old) WT (A, B and E, F, respectively)
and Yapl”~ (C, D and G, H, respectively) mice. For the
YapI"~ and WT mice examined 2 weeks after birth, a small
vessel extending from the optic nerve head into the vitreous
consistent with a hyaloid artery (HA) was observed. At the
same time, there were small and regularly distributed vessels
free floating in the vitreous chamber, suggesting the pres-
ence of a tunica vasculosa lentis (TVL). The TVL and HA
are appropriate for this developmental stage. In comparison
with the normal retina of 1 year old WT mice (I, J), retinal
detachment accompanied with subretinal accumulation of
macrophages, hypertrophy of the retinal pigment epithelial
cells and light proteinaceous exudate was also observed in a
mouse in one year old Yap/*~ mice with retinoschisis (K, L).
Thinned retinas due to loss of outer nuclear and photoreceptor
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layers were also common findings at this age in Yap/*"~ mice.
To access the data, click or select the words “Appendix 4.”
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