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ABSTRACT

Vision is a complex process that begins with the transmission and refraction of light
through a highly specialised transparent tissue called the cornea. The cornea acts as a protective
barrier and contributes to the focusing power of the eye. The development of mammalian cornea
is a multiphase process involving the formation of the corneal epithelium (CE), stroma and
endothelium (CEn) during embryogenesis, followed by the postnatal stratification of epithelium
and constant renewal of desquamated outermost cells.

Paired box protein (Pax) 6 is an evolutionarily conserved transcription factor important
for the proper development of the eye. To provide further insights into the role of Pax6 in
corneal development, we took the advantage of Cre-loxP system for selectively inactivating
Pax6 in two ocular domains, specifically, the postnatal CE and the ocular surface epithelium
(OSE) (cornea, limbus, and conjunctiva). We generated a novel postnatal CE-specific Cre-
expressing transgenic mouse line, Aldh3-Cre. Inactivation of Pax6 in the postnatal CE using
Aldh3-Cre resulted in the abnormal thin cornea with defective cell-cell adhesion, thus providing
direct evidence for the function of Pax6 in postnatal corneal development. Subsequently, the
OSE-specific depletion of Pax6 using K/4-Cre, resulted in the conjunctivalisation of the CE
and limbal epithelium, suggesting the importance of limbal Pax6 in preventing the conjunctival
outgrowth into the cornea.

The genetic causation of posterior polymorphous corneal dystrophy (PPCD) 1 is the
mutations in the highly conserved promoter region of the Ovo-like zinc finger 2 (OVOL2) gene
causing ectopic OVOL2 expression in CEn. In this part of the study, we generated and
characterised seven Ovol2 promoter mutations in mice, including human PPCD1 pathogenic
variant ¢.-307T>C using CRISPR- Cas9 approach. Despite of high degree of sequence
conservation, only two mutations lead to phenotypic effects. Mice harbouring ¢.-307T>C or c.-
307 -320del showed significant upregulation of Ovol2 mRNA but did not demonstrate the
hallmarks of corneal endothelial dystrophy, suggesting species-specific variation in the CEn
development. Interestingly some mutants showed ocular phenotypes such as iridocorneal
adhesion, persistent hyperplastic primary vitreous, and dysplastic retina implying the role of
Ovol2 in early eye development.

Altogether, the main part of this thesis provides insights into the role of transcription
factor Pax6 in corneal development and the effects of Ovol/2 promoter mutations on the
pathogenicity of PPCD1 in mouse models.

In addition, this thesis also presents the role of the chromatin remodeling factor sucrose
non-fermenting 2-homolog (Snf2h) during retinal development. Snf2h is expressed in retinal
progenitors and post-mitotic retinal cells. Our studies show that conditional depletion of Snf2h
in retinal progenitor cells resulted in a thin retina with the absence of the photoreceptor layer.
Immunofluorescence studies revealed that all other retinal cell types are specified in Snf2h
depleted retina, suggesting that Snf2h is not required for the generation and maintenance of
other retinal cell types. On the contrary, it is important for the proliferation of retinal progenitor
cells. The loss of Snf2h in retinal progenitor cells led to cell cycle abnormalities and an increase
in apoptosis, which ultimately culminated in the destruction of photoreceptors and the
lamination of the retina. Together, our data suggest that Snf2h is important for retinal cell
proliferation and maintenance of photoreceptors.
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ABSTRAKT

Vidéni /zrak je slozity proces, ktery zaCind prenosem a lomem svétla pfes vysoce
specializovanou prahlednou tkan nazyvanou rohovka. Rohovka slouzi jako ochranna bariéra a ptispiva
k zaostfovaci schopnosti oka. Vyvoj sav¢i rohovky sestava zné€kolika fazi, zahrnujici tvorbu
rohovkového epitelu (CE), rohovkového stromatu a endotelu (CEn) béhem embryogeneze, nasledované
postnatalni stratifikaci epitelu a pravidelnou obnovou odlupovanych povrchovych bunék epitelu.

Transkripcni faktor Paired box protein (Pax)6 je evolucné konzervovany transkripcéni factor,
dilezity pro spravny vyvoj oka. Pro dal$i porozuméni iloze Pax6 pfi vyvoji rohovky jsme vyuzili systém
Cre-loxP k selektivni inaktivaci Pax6 ve dvou tkanich oka, konkrétné postnatdlnim CE a tkani “epitelu
o¢niho povrchu” (OSE) (rohovka, limbus a spojivka). Vytvofili jsme novou transgenni mysi linii s
postnatalné specifickou expresi Cre-rekombinazy v CE, Aldh3-Cre. Inaktivace Pax6 v postnatalnim CE
pomoci Aldh3-Cre vedla k abnormalné tenké rohovce s defekty v bunééné adhezi. Tim jsme piimo
prokazali, ze Pax6 hraje klicovou roli v postnatalnim vyvoji rohovky. Poté jsme selektivné inaktivovali
Pax6 v OSE pomoci dalsi specifické mysi linie K74-Cre. U téchto mysi dochazelo ke “konjunktivalizaci”
CE a epitelu limbu (pfeméné tkané CE a limbu v tkan morfologicky podobnou spojivce). Coz ukazuje,
ze Pax6 je nepostradatelny pii vyvoji limbu a celkove je jeho exprese nezbytna pro spravnou morfologii
a funkci tkdni OSE (rohovky,limbu a spojivky).

Genetickou pfi¢inou zadni polymorfni dystrofie rohovky (PPCD) 1 jsou mutace vysoce
konzervované oblasti promotoru genu OVOLZ2 (ovo-like zinc finger 2), které zpusobuji ektopickou
expresi OVOL2 v CEn. V této casti studie jsme pomoci metody CRISPR-Cas9 wvytvorili a
charakterizovali sedm transgennich kmenti mys$i nesoucich mutace promotoru Ovol2, vcetné lidské
PPCDI1 patogenni varianty, ¢.-307T>C. Piestoze je sekvence promotoru vysoce konzervovana, pouze
dvé mutace mély fenotypické ucinky. Mysi s mutacemi c.-307T>C nebo c¢.-307 -320del vykazovaly
vyznamné zvySeni hladiny Ovo/2 mRNA, ale nevykazovaly charakteristické znaky dystrofie
rohovkového endotelu, coz naznacuje druhové specifickou variaci ve vyvoji CEn. U nékterych mysich
mutantl jsme popsali o¢ni fenotypy, jako je adheze duhovky a rohovky, abnormality v primarnim sklivci
a dysplastické sitnice, coz naznacuje moznou roli Ovol2 pfi raném vyvoji oka.

Tato prace poskytuje predev§im nové poznatky o uloze transkripéniho faktoru Pax6 pii vyvoji
rohovky; dale popisuje fenotyp novych mysich kmenti nesoucich mutace v promotoru Ovo/2 a timto
hleda souvislost s lidskou rohovkovou distrofii PPCDI.

Kromé toho tato prace pfedstavuje ulohu faktoru chromatinového remodelingu Snf2h (sucrose
nonfermenting 2-homolog) béhem vyvoje sitnice. Snf2h je exprimovan v progenitorech sitnice a
postmitotickych bunéénych typech v sitnici. NaSe studie ukazuji, Ze podminénd deplece Snf2h v
progenitorech sitnice vede k ztenéeni sitnice kvili absenci vrstvy fotoreceptorti. Imunofluorescencni
studie odhalily, ze vSechny ostatni typy bunék sitnice jsou ve Snf2h-depletované sitnici specifikovany,
coz naznacuje, ze Snf2h neni potieba pro vznik a udrzovani ostatnich buné¢nych typi sitnice. Naopak je
dilezity pro proliferaci progenitorovych bunék sitnice. Ztrata Snf2h u progenitorovych bunék sitnice
vedla k abnormalitdm v bunééném cyklu a zvySeni apoptozy, coz nakonec vedlo ke zménave vrstveni
sitnice a k zaniku fotoreceptort. NaSe data naznacuji, Ze Snf2h je dalezity pro proliferaci bunék sitnice
a udrzovani/viabilitu fotoreceptort
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1. PREFACE

Human survival skills depend heavily on the ability of our senses to gather information
and respond to our surroundings. Of the five senses, vision is considered to be of high
importance, since it is a vital tool for social interaction, proper functioning of daily activities,
perceiving beauty and achieving personal fulfilment. Eye morphogenesis is a highly complex
process which starts very early during embryonic development and any abnormalities in this
normal programme of development will result in serious ocular disorders, for instance, aniridia,
anophthalmia, corneal dystrophies, Axenfeld- Reiger syndrome, coloboma. These are mainly
caused by the mutations in genes which are important during eye development. Studies in
animal models have greatly improved our understanding of the roles of each of these genes,
in the cause and progression of these disorders.

This Ph.D. thesis is mainly focused on the role of transcription factor Pax6 during
corneal development and the effect of Ovol2 promoter mutations in developing posterior
polymorphous corneal dystrophy using the mouse as a model organism. It also briefly touches
on the function of the chromatin remodeling protein Snf2h in the development of the mouse
retina.

This thesis consists of four publications as follows:

1. Generation and characterization of Aldh3-Cre transgenic mice as a tool for
conditional gene deletion in postnatal cornea.
Sunny.SS, Lachova J, Dupacova N, Zitova A, Kozmik Z

Sci Rep. 2020 Jun 3:10 (1):9083, doi: 10.1038/s41598-020-65878-1, PMID: 32493941
2. Multiple roles of Pax6 in postnatal cornea development.

Sunny.SS, Lachova J, Dupacova N, Kozmik Z

Dev Biol. 2022 Nov; 491:1-12. doi: 10.1016/5.ydbi0.2022.08.006, PMID: 36049534

3. Investigating the effect of the Ovol2 promoter mutations and their possible
association with Posterior polymorphous corneal dystrophy (PPCD) 1 in the mouse
model.
Sunny SS, Lachova J, Kaspaerek P, Prochazka J, Sedlacek R, Liskova P, Kozmik Z.
Prepared for submission

4. Chromatin remodeling enzyme Snf2h is essential for retinal cell proliferation and
photoreceptor maintenance
Kuzelova A, Dupacova N, Antosova B, Sunny SS, Kozmik Z, Paces J, Skoultchi Al,
Stopka T, Kozmik Z
Cells. 2023 Mar 28; 12 (7):1035. doi: 10.3390/cells12071035. PMID: 37048108



2. LIST OF ABBREVIATIONS

aa Aminoacid
ALDH  Aldehyde dehydrogenase
Ap-2 Adapter-related protein complex 2

CE Corneal  epithelium
CEn Corneal endothelium
cKO Conditional knockout
Dkk Dickkopf-2

DNA Deoxyribonucleic acid
DVL Disheveled

E Embryonic day

EBS Epidermolysis bullosa simplex
EFTF Eye field transcription factor

EMT Epithelial to mesenchymal transition
GRHL2  Grainy head-like transcription factor 2
HD Homeodomain

IF Intermediate filament

KLF Kruppel-like transcription factor
Krt Cytokeratin

LP Lens Placode

LV Lens Vesicle

LSC Limbal stem cell

LSCD Limbal stem cell deficiency

MET Mesenchymal to epithelial transition
miR MicroRNA

mRNA  Messenger ribonucleic acid

NR Neural Retina

oC Optic cup

OSE Ocular surface ectoderm
ov Optic Vesicle

OVOL2  Ovo-like zinc finger 2
Pax6 Paired box 6

PD Paired Domain

PHPV Persistent hyperplastic primary vitreous
PPCD Posterior polymorphous corneal dystrophy

PN Postnatal day

PST Proline- Serine-Threonine

RPC Retinal progenitor cells

RPE Retinal pigment epithelium

SE Surface ectoderm

SD-OCT  Spectral domain optical coherence tomography
Snf2h Sucrose non-fermenting 2 homolog
Snf2l Sucrose non-fermenting 2-like protein
TAC Transient amplifying cell

Tkt Transketolase

ZEBI1 Zinc finger E-box binding homeobox 1
Zo Zona occludens



3. LITERATURE OVERVIEW

3.1 Overview of mammalian eye development

Eye development in mammals involves a series of coordinated inductive events
between the anterior surface ectoderm, neuroectoderm and surrounding extraocular
mesenchyme, derived from mesoderm and neural crest (Graw, 2010).

The developing eye is organized as a single eye field in the anterior neural plate
during late gastrulation. This single eye field then separates and evaginates laterally towards
non-neural surface ectoderm (SE) to form optic vesicles (OVs) at embryonic day (E) 9.5 in
the mouse (Figure 1A). Interactions between OV and SE induce a thickening in the latter
called lens placode (LP) (Figure 1B). Subsequently, the LP coordinately invaginate with
the OV forming the lens pit and a double-layered optic cup (OC), respectively (at E10.0 in
mouse) (Figure 1C). The outer layer of the optic cup will differentiate to form retinal
pigment epithelium (RPE), and the inner layer will form the neural retina (NR). Laterally,
the lens pit invaginate until it detaches from the SE to form a lens vesicle (LV) (E11.0)
(Figure 1D) and LV differentiates to form the mature lens (Graw, 2010).

A B

Lens placode
Surface ectoderm
Surface ectoderm
E8.5

Optic Vesicle Optic Vesicle
E9.5

Presumptive corneal epithelium
Surface ectoderm

Lens pit
Lens vesicle

Optic cup

Retinal pigment epithelium

E10.0

Neural retina

E11.0

Figure 1: Overview of mammalian eye development (A) Evagination of
diencephalon forms optic vesicle (B) Optic vesicle induces the overlying surface
ectoderm to form lens placode. (C, D) Co- ordinated invagination of lens placode and
optic cup forms lens vesicle and double -layered optic cup respectively. Laterally, the
outer layer of the optic cup gives rise to retinal pigment epithelium and the inner layer
forms the neural retina. Lens vesicle detaches from the surface ectoderm and the
surface ectoderm reassembles to form presumptive corneal epithelium. The colour
indicates the tissue of origin, Red: the surface ectoderm, Green: the neuroectoderm.
3.1.1 Corneal development

Shortly after LV formation, SE reassembles to form corneal epithelium (CE), which
remains 1-2 layered until birth. Around E12.5-E13.5, mesenchymal cells of neural crest
origin migrate to the space between CE and LV (Figure 2A) and condense to form 4-6 flat
layers that are separated from each other by a loose extracellular matrix (Figure 2B). During
E14.5 -15.5, the posterior-most mesenchymal cells get flatten and make intercellular
contacts with adjacent cells to form monolayered corneal endothelium (CEn) (Figure 2C)
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(Cvekl and Tamm, 2004; Dublin, 1970; Flugel-Koch et al., 2002; Kidson et al., 1999; Pei
and Rhodin, 1970; Reneker et al., 2000). Mesenchymal cell layers between CE and CEn
differentiate to form corneal stromal keratocytes, which later secretes a highly specialised
extracellular matrix of the corneal stroma (Pei and Rhodin, 1970; Swamynathan, 2013). The
CE continues to develop postnatally, coincident with eye-opening (postnatal day (PN) 14),
it starts dividing rapidly and differentiates to form 6-8 layered stratified epithelium by
PN28 (Figure 2D-E) (Hay, 1980; Zieske, 2004).

A B
ﬁ Presumptive corneal epithelium

Presumptive corneal epithelium

Lens vesicle «; —— Neural crest derived mesencymal cells

Lens

Retinal pigment epithelium DNeuralxefiny

Neural retina Retinal pigment epithelium

D Corneal epithelium

Corneal stroma

Corneal endothelium
Iris

Ciliary body

Presumptive Corneal epithelium
Corneal stromal keratocytes
Corneal endothelium

Iris

Ciliary body PNI2-PN14

Lens

Neural retina . o
Retinal pigment epithelium Corneal epithelium
Corneal stroma

Corneal endothelium

Figure 2: Overview of embryonic and postnatal corneal development (A) Neural crest-
derived mesenchymal cells migrates to the space between the lens and corneal epithelium.
(B)These cells condense to form 3-4 layers. (C) Posterior most mesenchymal cells flatten
and make contact with the adjacent cells to form monolayered corneal endothelium and
others differentiate to form stromal keratocytes. (D) Corneal epithelium remains 2-3 layered
until eye-opening (around PN12-PN14). (E) Upon eye-opening, corneal epithelium starts
dividing rapidly and stratifies to form 6-8 layers by PN28. The colour indicates the tissue
of origin, Red: surface ectoderm, Green: the neuroectoderm, Blue: the neural crest.

3.1.2 Retina, iris and ciliary development

When the lens and cornea are formed, OC differentiates to form neuronal and non-
neuronal tissue types. This process begins at around E12.5 and the resulting tissues include
the NR, the RPE, the iris and the ciliary body. The neural retina is composed of retinal
progenitor cells (RPC), which undergo proliferation and expansion to form three distinct cell
layers. These layers include the outer nuclear layer, which contains cone and rod
photoreceptors, and the inner nuclear layer, which is populated by horizontal, bipolar,
amacrine and Muller glial cells and ganglion cell layer. Retina reaches full development a
few days after birth in mice (Figure 3) (Graw, 2010).

In mice, development of the iris and the ciliary body begins at around E15.5, when
the marginal cells of the optic cup are well distinguished with the absence of neuronal
markers. By E17.5, these progenitor cells differentiate to form the iris epithelium. Cells
located at the root of the iris continue to differentiate and form a ciliary body (Figure 2C-E).
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Mesenchymal cells migrating along the iris and ciliary body epithelium differentiate to form
stroma. (Cvekl and Tamm, 2004; Davis-Silberman and Ashery-Padan, 2008).

Retinal — — Ganglion cell
precursor with axon
1~ Commited
cone precursor
RPE -

Mature retina

ﬁ g§| Ganglion cells
Amacrine cell -+ MF—\
Maller glial cell — Bipolar

Horizontal -+ ,.'_o_‘: cell

call
ﬁ 8’&%’—— | Cone photoreceptors

(red, green, and blug)
Rod i
!

photoraceptor -

RPE E I I I I I

Figure 3: Development of retina. The outer layer of the optic cup differentiates to form
retinal pigment epithelium and the inner layer contributes to the neural retina. The retinal
precursor cells further differentiate to form three distinct layers with seven cell types. Cone
and rod photoreceptors form the outer nuclear layer, and horizontal, bipolar, Muller glial and
amacrine cells populate the inner nuclear layer, whereas ganglion cells reside in the innermost
layer, ganglion cell layer. Adapted from (Graw, 2010).

3.2 Structure and the function of adult mouse cornea

The optimal phototransduction process of the retina is highly dependent on
specialized structures present in the front of the eye. The cornea is a highly specialized,
avascular, transparent tissue that forms the anterior-most part of the eye. It contributes to 60-
70% of the total refractive power of the eye and acts as a protective barrier as well as provides
mechanical stability for the eye (DelMonte and Kim, 2011). The cornea consists of mainly
five layers; CE, Bowman’s layer, stroma, Descemet’s membrane and CEn, each with a
specific structure and function (Figure 4).

Stratified non-keratinized squamous epithelium forms the outermost layer of the
cornea. The CE is in direct contact with the mucin layer of the tear film, which is produced
by the conjunctival globet cells. The close interaction of the mucin layer with CE allows the
hydrophilic spreading of the tear, as each time eye blinks (Sridhar, 2018). The primary
function of CE is to provide a barrier against pathogens and maintain a clear and smooth
transmission of light. An adult mouse eye has 6-8 layered CE, and it is continuously renewed
by a population of stem cells located at the juncture between the cornea and conjunctiva
called the limbus. Limbal stem cells (LSC) divide asymmetrically and give rise to a stem-
like daughter cell that remains in the limbus and a transient amplifying cell (TAC) that
migrates centripetally through the basal epithelium. TACs undergo multiple rounds of
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replication and gradually lose their stemness as they migrate anteriorly, transforming into
post-mitotic suprabasal wing cells and ultimately to terminally differentiated superficial
cells. These superficial cells are constantly shed from the surface through natural exfoliation.
The entire mouse CE is renewed every 7-8 weeks (Collinson et al., 2002; Cotsarelis et al.,
1989; Lavker et al., 1991; Nagasaki and Zhao, 2003; Thoft and Friend, 1983; Yoon et al.,
2014)

Tear film
Epithelium

Bowman's

Layer Cornea

/

Stroma

Limbus

Descemet's —» |- =
b

Endothelium

Corneal

— " Epithelial
T S I G w g
= Keratocyte \(-_‘,‘,—'-" = —— Cells
Cell WS —>
,‘, 238 a7/ Centripetal movement
Collagen 4) 7 " of stem cells
Endothelial r \
Cell
3 ksl Limbal
= Epithelial LmbalStem ¢ ithelial
Cell Cells

Crypt
Figure 4: Schematic representation of the structure of the cornea. The cornea forms the outermost layer
of the eye which provides protection and the first refractive surface for the transmission of light. The cornea
mainly consists of five layers, the corneal epithelium, Bowman’s layer, stroma, Descemet’s layer and corneal
endothelium. Corneal epithelial homeostasis is maintained by stem cells located at the junction between the
cornea and conjunctiva, called limbus (Masterton and Ahearne, 2018).

Dysfunction or loss of LSCs by genetic conditions, thermal or chemical burn, or
autoimmune disorders, will result in a condition called limbal stem cell deficiency (LSCD)
where corneal epithelial renewal function and barrier role is compromised (Chen and Tseng,

1990; Tseng, 1989). Symptoms of LSCD include conjunctivalisation, vascularisation of the
cornea, pain, oedema, redness, tear, and ultimately blindness (Dua et al., 2000; Menzel-
Severing, 2011). In these cases, limbal stem cell transplantation or limbal-derived cell grafts
may be necessary to restore the function of the CE and improve vision (Bonnet et al., 2021;
Kenyon and Tseng, 1989; Le et al., 2020; Pellegrini et al., 1997).

The CE lies on a fibrous meshwork called Bowman’s layer. It consists of collagen
fibers and proteoglycans which provide structural support for the cornea. Corneal stroma
forms the central and thickest layer of the cornea. More than 97% of stroma consists of
collagen fibers and extracellular matrix proteins secreted by the sparsely dispersed
keratocytes. Stroma reduces light scattering by precise patterning of collagen fibers (Price
et al., 2021).

Descemet's membrane is a thin, acellular layer located between the stroma and CEn.
It provides structural support and aids in the diffusion of nutrients and waste products
(Sridhar, 2018).
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The CEn is a single layer of hexagonal-shaped cells located at the innermost surface
of the cornea. The CEn must perform two functions to maintain nourishment and
transparency of the cornea: it should allow the passive transport of nutrients and other
molecules from the aqueous humour and must regulate stromal hydration to a level that
minimum amount of light scatters. This problem is solved by the pump-leaky mechanism in
the endothelium. Endothelial cells have incomplete tight junctions between the adjacent
cells. This leaky barrier together with imbibition pressure caused by highly charged stromal
proteoglycans, allows the diffusion of nutrients and extracellular fluid into the stroma. At
the same time, endothelium maintains stromal hydration by the active pumps that move
stromal ions and water osmotically to the aqueous humour and thus prevents
inhomogeneities in collagen pattern and light scattering (Bonanno, 2012; Klyce, 2020;
Maurice, 1962). The CEn cells have limited regenerative capability since they are arrested
at the G1 phase of the cell cycle (Senoo and Joyce, 2000). As a result, loss of endothelial
cells due to toxic insult, injury or diseases can cause irreversible endothelial dysfunction
which leads to corneal edema, and thus loss of visual acuity (Koizumi et al., 2012; Park et
al., 2021; Tuft and Coster, 1990). Together, these layers contribute to the unique structure
and function of the mouse cornea.

3.3 Transcription factors regulating corneal epithelial development,
maturation and maintenance

Studies utilizing the advantages of transgenic and knockout models have uncovered
the role of various transcription factors in the development, maturation and maintenance of
cornea. A concise overview of how these transcription factors contribute to corneal
development and homeostasis is discussed below.
3.3.1 Transcription factor Pax6 and its role in corneal development

3.3.1.1 Transcription factor Pax6

Paired box genes encode for a family of transcription factors which are crucial for
various aspects of early development. Paired box (Pax) 6 is a highly conserved member of
the Pax gene family which first gained attention due to its role in eye development (Chi and
Epstein, 2002; Kozmik, 2005; Pichaud and Desplan, 2002). In addition to its role in eye
morphogenesis, Pax6 is also important for the development of the central nervous system,
olfactory system and pancreas (Hanson and Van Heyningen, 1995; Shaham et al., 2012;
Simpson and Price, 2002).

The mammalian Pax6 gene consists of 16 exons spanning around 28 kb of genomic DNA
(Glaser et al., 1992; Kammandel et al., 1999; Kim and Lauderdale, 2006). Transcription of
Pax6 can start from three promoters, PO, P1 and internal promoter Pa (Plaza et al., 1995b;
Walther and Gruss, 1991; Xu and Saunders, 1997) (Figure 5A). Primary transcripts from PO
and P1 encodes Pax6 (46 kDa) and its alternatively spliced isoform Pax6 5a (48 kDa),
whereas from Pa encodes a truncated Pax6 (33kDa) (Carriere et al., 1993; Xu et al., 1999b).
Even though different transcripts are generated as a result of alternate splicing and differential
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selection of promoters as described above, the most abundant and widely studied is the
canonical Pax6 (46kDa) (Czerny et al., 1999; Quiring et al., 1994).
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Figure 5: Schematic representation of locus of Pax6 gene, protein domains and the DNA binding motifs.
(A) Genomic organization of mouse Pax6 gene. Colored boxes with numbers represent coding exons, their
colour represents the locus of respective protein domains and black boxes indicate non-coding exons.
Promoters are represented as PO, P1 and Pa and arrows denote the transcription start site. Grey rhomboids
labelled with lowercase alphabets represent the cis-regulatory elements. (B) Schematic representation of two
main Pax6 isoforms, Pax6 and Pax6 (5a) with their functional domains. PD: Paired domain, PAI; N-terminal
domain of PD, RED: C-terminal domain of PD, HD: homeodomain, PST: Proline-Serine-Threonine domain.
Asterisk (*) and hash (#) represent the phosphorylation and sumoylation sites respectively. (C) Optimal
SELEX-driven binding sites for functional domains of Pax6 (P6CON) and Pax6 (5a) (5aCON). Adapted from
(Shaham et al., 2012).

Canonical Pax6 has two Deoxyribonucleic acid (DNA) binding domains, a 128
amino acid (aa) bipartite paired domain (PD) and 61 aa paired homeodomain (HD) (Walther
and Gruss, 1991; Wilson et al., 1993). These two DNA binding domains are separated by a
glycine-rich 78 aa linker (Figure 5B). The mammalian paired domain which is encoded by
4-7 exons has two independent subdomains, termed PAI (N-terminal) and RED (C-terminal)
(Epstein et al., 1994b; Jun and Desplan, 1996; Xu et al., 1999a). Previously the optimal
binding site of Pax6 PD has been derived using SELEX (systematic evolution of ligands by
exponential enrichment), known as P6CON ((Figure 5C). This 20 base pair (bp) long
consensus sequence is a bipartite region, in which 5' halfis recognized by the PAI subdomain
and 3' half is recognized by the RED subdomain (Czerny et al., 1993; Epstein et al., 1994a).
Lately, the sequences identified by unbiased genome-wide Pax6 ChIP-seq studies in the lens
and forebrain showed consensus sequences comparable to POCON (Sun et al., 2015). The
specificity of PD depends mainly on three aa, asparagine 64, glutamine 61, and isoleucine
59, which are located within the PAI subdomain (Czerny and Busslinger, 1995).

Remarkably the DNA binding site of Pax6 5a (called 5aCON) is different from the
canonical Pax6, as 42bp insertion within the PAI domain disrupts the DNA binding capacity
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of the same and leaving RED and HD for recognition (Epstein et al., 1994b; Xie and Cvekl,
2011) (Figure 5C).

The mammalian paired type homeodomain is encoded by exons 8-10 (Wilson et al.,
1993). Paired type homeodomains bind co-operatively as hetero or homo dimers to
palindromic sequence with two inverted ATTA separated by 2 or 3 bp (Czerny and
Busslinger, 1995; Shaham et al., 2012; Wilson et al., 1993; Wilson et al., 1995).

The C-terminal part of the Pax6 protein is rich in proline, serine and threonine (PST)
residues and important for transactivation (Czerny and Busslinger, 1995; Duncan et
al.,2000; Mikkola et al., 1999; Singh et al., 1998; Tang et al., 1998). These residues are prone
to phosphorylation by ERK and p38 kinases (Mikkola et al., 1999). Paired and homeodomain
have also been shown to participate in protein-protein interactions apart from the PST domain
(Cvekl et al., 1999; Mikkola et al., 2001).

Studies investigating the effects of somatic mutations or conditionally deleted alleles
on Pax6 have revealed its functions as a transcriptional repressor in addition to its well-
known role as a transcriptional activator, (Huang et al., 2011; Numayama-Tsuruta et
al.,2010; Sansom et al., 2009; Shaham et al., 2013; Walcher et al., 2013; Wolf et al., 2013;
Wolf et al., 2009). The mechanisms by which Pax6 represses transcription are varied and
may involve the recruitment of co-repressors, competition for promoter occupancy, and
regulation of negative regulators of gene expression or sequence-specific repression (Cvekl
and Callaerts, 2017; Duncan et al., 1998). Additionally, Pax6 also regulate microRNAs
(miR), including miR-204, miR-135b, and miR-124 (Bhinge et al., 2014; Fang et al., 2014;
Shaham et al., 2013).

The highly complex and dynamic spatiotemporal expression pattern of Pax6 is
controlled by the coordinated and redundant action of cis-regulatory elements (Antosova et
al., 2016). These cis-elements are located upstream, downstream and within introns of the
Pax6 gene. Some of these regulatory elements are active in the eye (Figure 5A, c, e, f, g, j,
k, I, m, n), pancreas (Figure 5A, a, c¢), brain (Figure 5SAd, h, I, m, n, 0) or in the olfactory
region (Figure 5Aj, k, 1) (Kammandel et al., 1999; Kleinjan et al., 2004; Kleinjan et al., 2001;
Plaza et al., 1995a; Schweitzer, 1981; Williams et al., 1998; Xu et al., 1999b). Identifying
Pax6 regulatory modules has the additional advantage of facilitating the generation of tissue-
specific Cre lines. For example, the Le-Cre transgenic line (including regions a, b, and c of
Figure 5A) (Ashery-Padan et al., 2000) and a-Cre line (including regions f in Figure 5A)
(Marquardt et al., 2001) were developed and are commonly used in the study of gene
function in the lens and retina, respectively, using Cre-loxP technology (Shaham et al.,
2012).
3.3.1.2. Pax6 in corneal development

Pax6 is a gene of great significance, as it is highly conserved and plays a critical role
in the development of eyes in both invertebrates and vertebrates. The discovery of
spontaneously occurring loss of function mutations in Pax6 in two model organisms,
Drosophila and mice, has provided valuable insights into the role of this gene in eye
development. In Drosophila, the mutation resulted in a complete absence of eyes, known as
the eyeless phenotype (Sturtevant, 1951), while in mice, it led to the ‘Small Eye’ phenotype,
(Roberts 1967), which is characterized by a failure of lens development and stunted eye
growth. In humans, over the last few decades, there have been numerous reports of Pax6
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mutations, which result in a semi-dominant condition termed aniridia (Cadenas, 1955). This
condition is characterised by several ocular abnormalities including hypoplasia of the iris
and ciliary body, dislocation of the lens, cataracts, corneal opacity, foveal dysplasia, and
glaucoma (Brown et al., 1998; Kokotas and Petersen, 2010; Lee et al., 2008; Lima Cunha et
al., 2019).

The ectopic expression of human Pax6 in non-mammalian models such as
Drosophila and Xenopus results in the formation of ectopic eye structures, indicating that
Pax6 is a key regulator of a highly conserved genetic pathway that initiates eye development
(Chow et al., 1999; Halder et al., 1995). This remarkable ability of Pax6 to induce ectopic
eye formation has led to its classification as a "master control gene" of eye development,
positioned at the top of a gene cascade that triggers eye formation (Gehring and Ikeo, 1999).
However, in mammals, the process of eye formation is more complex, requiring the
interaction of several transcription factors and reciprocal interactions among multiple
tissues.

Pax6 is among the earliest expressed eye field transcription factor (ETTF) in the eye
field of mice, with expression occurring in both the SE and OV. Later in development, Pax6
is expressed in developing NR, RPE and all SE-derived parts lens, CE, limbus and
conjunctiva.

As the retina differentiates, Pax6 expression becomes limited to specific cells, such
as retinal ganglion cells, amacrine cells, horizontal cells, and Miiller glial cells. Whereas
Pax6 expression remained strong in adult CE, limbus and conjunctival epithelium (Koroma
et al., 1997; Walther and Gruss, 1991). Heterozygosity in Pax6 mutations results in various
congenital eye abnormalities including aniridia, Peter’s anomaly in humans and Small eye
(Sey) in mice and rats (Glaser et al., 1992; Hanson et al., 1993; Hill et al., 1991; Jordan et
al., 1992; Matsuo et al., 1993). Homozygous Sey mutant lacks eyes and nasal cavity and dies
at birth (Hogan et al., 1986). Heterozygous Sey mutant (Pax6+/ 7) exhibits abnormalities in
the retina, lens, iris, ciliary body and cornea (Collinson et al., 2001; Davis et al., 2003; Hill
et al., 1991; Ramaesh et al., 2003; Ramaesh et al., 2005; van Raamsdonk and Tilghman,
2000). Prenatally, corneas of Pax6 "/~ exhibit thin epithelium and thickened hypocellular
stroma. Postnatally, the cornea collapses further with inflammatory cell infiltration,
neovascularisation, erosions, and globet cells accumulation in the epithelium reducing
wound healing capability, and leading to corneal opacity (Davis et al., 2003; Kucerova et
al., 2006; Ramaesh et al., 2003; Ramaesh et al., 2005). Further studies on factors contributing
to cornea’s pathogenesis in Pax6"~ mutants revealed enhanced cell turnover, decreased
levels of B-catenin, y-catenin, and desmoglein, delayed expression of cytokeratin (Krt)12,
abnormal migration of neural crest cells and defective centripetal migration of LSCs (Davis
etal., 2003; Douvaras et al., 2013; Kanakubo et al., 2006; Ramaesh et al., 2003; Ramaesh et
al., 2005).

Pax6 activity in the cornea is dosage dependent, as evidenced by the impaired
morphogenesis observed in response to its either over or under-expression. Overexpression
of Pax6 in mice resulted in disturbed epithelial proliferation and homeostasis, which further
leads to inflammation and neovascularisation (Davis and Piatigorsky, 2011; Ouyang et al.,
2006). On the other hand, an interaction between normal pax6 dosage and hedgehog
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signalling is important for the modulation of cell proliferation and migration in CE cells
(Kucerova et al., 2012). Furthermore, normal Pax6 dosage is not only important for CE but
also for corneal stroma and CEn, underscoring the significance of appropriate Pax6 levels in
the development of all layers of mouse cornea (Mort et al., 2011).

Pax6 regulates ocular surface development directly as well as indirectly through the
control of other transcription factors including c-Maf, MafA/L-Maf, Sox2, Prox1, Foxe3 and
Six3 (Cvekl and Tamm, 2004; Swamynathan, 2013).In addition to its role in development,
Pax6 plays a critical role in adult CE wound healing, as evidenced by its interaction with the
hedgehog and gelatinase B (Mmp-9). Pax6 controls gel B promoter activity by directly
interacting with one of the two binding sites and indirectly interacting with the other through
cooperative interactions with Ap2-a (Sivak et al., 2004). These findings highlight the
significant role of Pax6 in various stages of corneal development and maintenance.

3.3.2 Wnt/B-catenin signalling in corneal development

The Wnt signalling pathway plays a crucial role in controlling various cellular
processes such as cell fate, proliferation, apoptosis and differentiation during development,
maintenance of stem cells and tissue homeostasis in adults (Logan and Nusse, 2004;
Nusslein-Volhard and Wieschaus, 1980; Zhang et al., 2010). These proteins are highly
conserved among various species, including humans and Drosophila. Wnt proteins are
secreted glycoproteins with a cleavable N-terminal signal peptide that directs secretion. Wnt
proteins activate intracellular signalling pathways by binding to a dual receptor complex
consisting of Frizzled and either LRP6 or LRP5. This leads to the stabilisation and nuclear
translocation of B-catenin, which subsequently interacts with TCF/LEF to regulate the
transcription of downstream target genes (Figure 6) (Wang et al., 2019). During eye
development, multiple components of the Wnt / B-catenin pathway are expressed in various
ocular tissue, and studies on conditional knockout models (cKO) revealed its importance in
regulating the correct patterning of ocular tissue (Reviewed in (Fujimura, 2016). However,
here I will be discussing the role of Wnt/B-catenin signalling in corneal development.

The strict regulation of Wnt/B-catenin signalling in terms of its spatiotemporal
control is crucial for determining the cell fate and differentiation of progenitor cells into non-
keratinized stratified CE cells. Studies have demonstrated that persistent expression of p-
catenin in differentiated CE cells can lead to ocular neoplasia and neovascularization. In
such cases, an increase in the expression of proliferative markers such as Pcna and p63 was
observed, while the expression of Pax6 and Krtl2 decreased. Moreover, epithelial E-
cadherin and laminins were also decreased, while Mmp-7 levels were elevated. There was
also an ectopic extension of limbal-type K15 to CE. Nuclear translocation of B-catenin leads
to the up/downregulation of genes, which disrupts the differentiation of CE cells, increases
proliferation, and elevates proangiogenic factors, eventually leading to corneal neoplasia
(Walker et al., 2020; Zhang et al., 2010).

Dickkopf-2 (Dkk2) is an antagonist of Wnt-f-catenin signalling. Its expression is
initially limited to the stromal mesenchyme at E11.5, but by E14.5, it expands to both
epithelium and mesenchyme and continues to be expressed in postnatal tissues
(Mukhopadhyay et al., 2006). When Dkk2 or its upstream transcription factor Pitx2 is
ablated, aberrant Wnt/B-catenin signalling commences in CE, which suppresses Pax6 and
causes ectopic expression of a conjunctival phenotype in CE cells. These findings suggest
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that the abnormal expression of Wnt/B-catenin signalling could result in the conjunctivalisation
of CE cells (Gage et al., 2014; Gage et al., 2008; Walker et al., 2020).
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Figure 6: Overview of Wnt/ f-catenin signalling mechanism. (A) In the absence of Wnt ligand, B-catenin

forms a degradation complex with Axin, APC, CK1, and GSK3p. Within the degradation complex, GSK3p and
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CKlo mediate the phosphorylation of p-catenin, which leads to its ubiquitination and subsequent
proteasomal —mediated degradation. (B) In the presence of Wnt ligands, Wnt glycoproteins bind with Frizzled
receptors and LRP5/6 co-receptors, recruiting cytoplasmic Disheveled (DVL). The co-receptor LRP5/6 is then
sequentially phosphorylates by GSK3p and CK1 a and Axin is recruited to the plasma membrane. As a result, -
catenin is no longer phosphorylated or ubiquitinated due to the disassembly of the degradation complex. Stabilized
B-catenin then translocates to the nucleus, where it displaces the co-repressor Groucho and interacts TCF/LEF

transcription factors to regulate target gene transcription. Adapted from (Wang et al., 2019).

In mice, stratification of CE cells is a postnatal event and (Zhang et al., 2015) have
shown that coordinated epithelial-mesenchymal communication by cross-talk between Bmp4
and Wnt/ B-catenin signalling is important for the stratification and differentiation of CE cells.
Aberrant expression of -catenin in stromal keratocytes results in reduced stratification of CE
cells, whereas its ablation results in precocious stratification. Further analysis on these gain or
loss of function mutants showed that active Wnt/B-catenin signalling in stroma is necessary to
prevent Bmp4-mediated precocious CE stratification, before eyelid opening. Although,
expression of nuclear B-catenin in corneal stroma is gradually declined from PN7-PN21 so that
paracrine factor Bmp4 will be upregulated, which further triggers epithelial stratification via
Smad1/5 and Mapk3/1 phosphorylation (Walker et al., 2020; Zhang et al., 2019; Zhang et al.,
2015).
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Taken together, abnormal Wnt signalling in the cornea can result in different effects
depending on the stage and region of activation. CE cells may undergo dedifferentiation to a
more progenitor-like state or change fate to become conjunctival cells or undergo impaired
stratification.

3.3.3 Other transcription factors regulating corneal epithelial development
3.3.3.1 Kruppel-like transcription factors

The Kruppel-like transcription factor 4 (K1f4) is one of the highly expressed transcription
factors in mouse cornea (Norman et al., 2004). K1f4 is expressed in the ocular surface from E10
and its expression is maintained in the adult cornea. Conditional depletion of Klf4 in ocular
surface ectoderm (OSE) (cornea-limbus-conjunctiva) from E10 resulted in multiple ocular
defects including thinner CE, vacuolated, swollen basal epithelial and endothelial cells,
edematous stroma and lack of conjunctival globet cells (Swamynathan et al., 2007). Microarray
analysis on these Klf4 cKO mutants showed that KIf4 maintains corneal epithelial homeostasis
by regulating a subset of genes with specific functions in the progression of the cell cycle,
maintenance of corneal hydration, cell-cell adhesion, crystallins, and epithelial barrier function.
Of these genes, it has been discovered that K1f4 directly regulates the expression of intermediate
filament: Krtl2, aquaporins: Aqp3, Aqp5S, and corneal crystallins: Aldh3al and Tkt
(Swamynathan et al., 2008). Moreover, it has been shown that KIf4 promotes epithelial barrier
function through the regulation of various desmosomal components such as desmoplakin,
desmoglein and basement membrane components such as laminin-o3, laminin-f3, and laminin-
B1-1(Swamynathan et al., 2011).

More restricted spatiotemporal ablation of Klf4 in adult CE, resulted in increased
expression of mesenchymal markers (vimentin, cyclin D1, survivin, and B-catenin), increased
EMT transcription factors (Zebl, Zeb2, Twistl, Twist2, Slug, Snail) downregulation of
epithelial markers (claudins, E-cadherin, and Krt12) and faster wound healing in a manner
suggestive of epithelial to mesenchymal transition (EMT) (Delp et al.,2015). Additionally,
Kl1f4 suppresses EMT and promotes CE differentiation by the inhibition of Smad2/3 mediated
TGF-B signalling and directly upregulating cyclin- dependent kinase inhibitors p27 and pl6
(Tiwari et al., 2019). Together, KIf4 is essential for corneal maturation as well as for the
maintenance of adult CE cell identity and homeostasis.

Another KLF family member which is highly abundant in the cornea is Kruppel-like
factor 5 (KIf5) (Norman et al., 2004). Even though, KIf5 is structurally related to Klf4; they
play a nonredundant function in the anterior eye development. Conditional depletion of KIf5 as
early as E12 resulted in multiple ocular defects such as abnormal eyelids, malformed
Meibomian glands, and lack of conjunctival globet cells (Kenchegowda et al., 2011). More
restricted depletion of KIf5 in adult CE resulted in decreased expression of desmosomal (Dsgl)
and tight junction components (Tjpl, Gknl) contributing to the loss of barrier function;
decreased cyclin D1 and upregulated levels of p27 contributing to reduced proliferation; and
absence of significant change in the expression of CE markers such as Krt12, E-cadherin and
B-catenin. Altogether, this suggests that KIf5 is important for CE cell proliferation and barrier
function (Loughner et al., 2017).
3.3.3.2 Adapter-related protein complex 2 (Ap-2)

The Ap-2 family of transcription factors are retinoic acid-responsive genes, which are
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important for epithelial differentiation (Swamynathan et al, 2013). To date, five homologous
members are known as Ap2-a, Ap2-B, Ap2y, Ap2-6 and Ap2-e. Ap2-0 commences its expression
from the OC stage in presumptive CE whereas, in the adult cornea, its expression is restricted to
the basal epithelium (West-Mays et al., 2003). Ap2-a null embryos exhibited a range of ocular
phenotypes from a complete lack of eyes to persistent attachment of lens stalk to the cornea (West-
Mays et al., 1999). Targeted depletion of Ap2- a in SE derivatives, including CE, resulted in
thinner CE despite of no change in proliferation or apoptosis, suppressed expression of cell-cell
adhesion molecule E-cadherin, altered expression of basement membrane proteins like laminin,
entactin and type IV collagen, indicating that Ap2-o is important for proper corneal
morphogenesis (Dwivedi et al., 2005).

3.4 Other genes with important functions in the cornea
3.4.1 Corneal crystallins

Corneas abundantly accumulate a few water-soluble proteins/enzymes called corneal
crystallins in a taxon-specific manner. They function as metabolic enzymes or chaperons that
protect the cells from UV light-induced damage. In addition to this, it has been proposed that they
also contribute to structural function by providing a short-range order within the cytoplasm of
corneal keratocytes and thus directly reducing light scattering (reviewed in Jester et al, 2008)

Aldh3al (Aldehyde dehydrogenase 3 al), contributes to 50% of the water-soluble
protein present in the mammalian cornea (Abedinia et al., 1990). Aldh3al is known to protect
against oxidative damage through multiple mechanisms (Estey et al., 2007). Like other members
of the ALDH family, ALDH3A1 aids in the elimination of toxic aldehydes that arise due to lipid
peroxidation and generates the antioxidant co-factor NADPH. Additionally, ALDH3A1 has also
been found to directly absorb UV light, act as a chaperone, and scavenge reactive oxygen species
(reviewed in (Estey et al., 2007). In mice, endogenous expression of Aldh3 begins from PN9
and increases by approximately 100-fold between birth and 6 weeks of age. A 4.4 kb promoter
fragment from the mouse A/dh3al gene regulates its expression in the CE cells and its promoter
activity is co-operatively regulated by Pax6, p300 and Octl (Davis et al., 2008; Kays and
Piatigorsky, 1997). While the absence of Aldh3al does not affect corneal transparency in mice,
it does make their eyes more vulnerable to UV-induced cataracts and corneal opacities compared
to age-matched controls (Lassen et al., 2007). Aldhlal is another corneal crystallin which is
present in very low levels in the cornea and lens. Aldhlal/ Aldh3al double knockout mice
showed increased proliferation in CE cells although no change in single knockout mice, which
suggest the possibility that both Aldh’s compensate for each other in the cornea (Koppaka et al.,
2016).

Transketolase (Tkt) is the second significant crystallin in mouse cornea, with mRNA
levels increasing by six-fold coincident with eye-opening. This increase is attributed to oxidative
stress and exposure to light (Sax et al., 2000). Currently, there is limited information on the
transcription factors responsible for regulating 7kt promoter, apart from Klf4 (Swamynathan et
al., 2008).

3.4.2 Cytokeratin

Cytokeratin are the building blocks of intermediate filaments (IF) which play, a crucial
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role in providing mechanical strength and establishing desmosomes between cells, as well as
hemi desmosomes with basement membrane to maintain the structural integrity of epithelial
tissues. One of the distinctive characteristics of keratin IF is the pairing of type I and type 11
keratins to form heterodimers during normal assembly. For instance, Krt5 (type 1)/ Krt12 (type
II) are paired and expressed by differentiated CE cells. It is worth noting that unpaired keratins
are quickly degraded within the cells (Moll et al., 2008). As a result, missense mutations in
keratin can lead to detrimental pathological effects in the stratified epithelial tissues (Chamcheu
etal., 2011; Hassan et al., 2013).

During mouse embryonic development, the single layer of SE begins the expression of
Krt8/Krt18 at E8.5. Around E13.5, the SE (presumptive CE) stratifies and forms a non-
keratinized, two-cell layered epithelium, where suprabasal cells continue to express Krt8/Krt18
and basal cells commence Krt5/Krt14 expression. From E15.5, suprabasal cells express Krtl12
and maintain this expression until birth. At birth, there is a dynamic change in Krt12 expression
and it is re-expressed from PN4, when CE starts stratification again. Krt5 /K14 expression
persists in the basal layer of CE, which slowly differentiates and co- express Krt5/Krt14, and
Krt5/Krt12. The mouse limbus consists of 2-3 stratified layers with Krt5/Krt14 expressing basal
stem cells and Krt5/Krt12 suprabasal/ superficial cells (Figure 7) (reviewed in (Kao, 2020).
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Figure 7: Cytokeratin expression pattern during corneal development. During the early stages of mouse
corneal development, progenitors derived from the SE express Krt8/Krtl8 IF, which is a marker for non-
keratinised simple epithelium. By 13.5, these cells begin to stratify and form two-layered epithelium, where the
basal layer commences the expression of Krt5/Krt14 IF. From E15, Krt5/Krtl2 expression starts sporadically in
the suprabasal cells, while basal cells continue to express Krt5/Krt14 IF. At the time of birth, CE is negative for
Krt12 and is regained by PN4. From PN4, CE begins to stratify and re-expresses Krt12, when eyes open at PN14.
In young adults, Krt5/Krt14 cells persist at the basal layer, slowly committing to differentiation and co-expressing
Krt5/Krt14 and Krt5/Krt12. P4 =PN4, and K=Krt. Adapted from (Kao, 2020)

As discussed above, CE expresses various type I keratins such as Krt12, Krt14, Krtl5,
Krt18, and Krt19 and type II keratins such as Krt3, Krt5 and Krt8. Of these only Krt3/Krtl12
and Krt5/Krt12 IF expression is specifically for CE differentiation. As a result, mutations in
Krt3/ Krt12 specifically result in Meesmann’s corneal dystrophy, while a mutation in other
keratins like Krt14, Krt18 and Krt5 causes pathogenesis in multiple organs derived from SE.
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Krt5/ Krt14 IF is expressed in all stratified epithelium including keratinised and non-
keratinised tissues. Thus, the dominant negative mutation in Krtl4 or Krt5 leads to
epidermolysis bullous simplex (EBS), which is characterised by the blistering of the skin (Peters
et al., 2001). In the case of the knockout model for Krt14 and Krt5 (Lloyd et al.,1995; Lu et
al., 2006), most of the newborn pups die shortly after birth. In Krt14 - mice, some pups survive
with severe EBS symptoms and the CE of these mice has fewer cell layers with basal layer
cytolysis (Lloyd et al., 1995). Whereas no pathological changes were observed on Krt5”~ CE
due to the ectopic expression of Krt4 which heterodimerize with Krt12 in the absence of Krt5
(Lu et al., 2006). Unlike other keratin knockout mice, Krt12”" is viable and fertile and their CE
is fragile with intracellular cysts of keratin aggregates (reviewed in (Kao, 2020)).

Particle-mediated gene transfer was utilised to identify CE-specific regulatory elements
within a 2.5kb Krt/2 promoter region (Shiraishi et al., 1998). It was discovered that Krt12
promoter activity is regulated by Pax6, K14 and KIf6 (Chiambaretta et al., 2002; Liu et al., 1999;
Swamynathan et al., 2008; Swamynathan et al., 2007). This was further supported by the
downregulation and delayed expression of Krt12 in Pax6”" mutants (Ramaesh et al., 2005).
Intriguingly, Pax6 overexpression also affected the expression of Krt12, which indicates the
importance of Pax6 dosage in K712 promoter activity (Davis and Piatigorsky, 2011).

3.4.3 Adhesion-related genes

Corneal epithelium provides the first line of barrier against pathogens, dirt and foreign
particles. These barrier functions are performed by four types of cell-cell junctions present in
the CE; gap junctions, tight junctions, desmosomes, and adherens junctions (Figure 8).
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Figure 8: Spatial distribution of cell-cell junctions in corneal epithelial cells. Gap junctions are distributed in all
basal cell layers of corneal epithelium. Desmosomes are abundantly present in wing cells and tight junctions
are found highly in superficial cells. Adherens junctions are distributed in all stratified layers of corneal epithelium.
Adapted from (Mantelli et al., 2013).

Gap junctions are present in all basal layers of CE (Mantelli et al., 2013), which is
important for intercellular communication. Gap junctions are formed by transmembrane proteins
called connexins in vertebrates (Nielsen et al., 2012). Connexin 43 is a major gap junction
protein which contributes to corneal epithelial integrity in the mouse.
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Downregulation of connexin 43 is found in pathology associated with keratoconus,
whereas it is not clear whether alteration in connexin 43 levels is directly associated with
pathogenesis (Gatzioufas et al., 2008).

Desmosomes are abundant in wing cells of CE (Mantelli et al., 2013) and mediate
adjacent cell-cell adhesion by the interaction of desmosomal proteins to the IF cytoskeleton.
Desmosomes are formed by transmembrane glycoproteins of the desmosomal cadherins family
(desmogleins and desmocollins), which recruit plakoglobins, plakophilins, and desmoplakin,
which in turn couples with IF cytoskeleton (Kowalczyk and Green, 2013; Mantelli et al., 2013).
Adherens junctions are present in all stratified layers of CE (Mantelli et al., 2013). Adherens
junctions are formed by transmembrane cadherins such as E- cadherin, which binds to d-catenin
(p120), near the plasma membrane, which in turn recruits B-catenin and o catenin. The B-catenin
binds directly to the C-terminal tail of E-cadherin, which in turn binds to a-catenin which
attaches to actin cytoskeleton (Hartsock and Nelson, 2008). As discussed in section 3.3, null
mutation of various transcription factors like Pax6 (Davis et al., 2003), K1f4 (Tiwari et al., 2017),
and Ap2-a (Dwivedi et al., 2005) resulted in fragile thinner CE, which attributes to reduced
expression of components of adherens junction or desmosomes and thus suggesting the
importance of these cell-cell junctions in maintain epithelial integrity and barrier function.

The tight junctions form a continuous intercellular barrier between the superficial CE
cells, which prevents the passive diffusion of molecules through the paracellular pathway. The
major components of the tight junction complex include integral transmembrane proteins
(Occludins, Claudins, and Junctional adhesion molecule-A), which interact with actin filaments
through adapter proteins such as Zona occludens (Zo) (Mantelli et al., 2013; Sugrue and Zieske,
1997). It has been shown that altering the levels of Zo-1 and Zo-2 or changes in its distribution
in CE cells results in disruption of CE barrier function, which makes it more prone to infections
and irritations (Chen et al., 2012; Xiang et al., 2018; Yi et al., 2000).

3.5 Posterior Polymorphous corneal dystrophy

Corneal dystrophies are a group of rare genetic diseases that are associated with single
or more layers of the cornea (Lin et al., 2016). Posterior polymorphous corneal dystrophy
(PPCD) is a rare autosomal dominant disorder predominantly affecting CEn, which is first
described by Koeppe in 1916. Symptoms of PPCD are highly variable from vesicular, band-
like or diffused lesions in the CEn to corneal edema, which necessitates corneal transplantation.
In PPCD, CEn cells differentiate aberrantly and these cells express several epithelial-like
characteristics such as keratin, desmosomes and numerous microvilli. These abnormal cells are
not only restricted to the CEn but in many cases, they migrate to the iridocorneal angle and
peripheral iris surface, which results in anterior synechia (Iris adhesion to the cornea), resulting
in angle closure and subsequently to secondary glaucoma (Bourgeois et al., 1984) (Grayson,
1974).

The genetic cause of PPCD is heterogeneous, so far mutations in 4 different genes are
described in its genesis, designated as PPCD1 to PPCD4. PPCDI1 is caused by the heterozygous
mutation in the promoter region of the Ovo-like zinc finger 2 (OVOL2) gene (Davidson et al.,
2016). PPCD2 is due to the non —synonymous mutation in the COL8A2 gene. PPCD3 is
associated with Zinc finger E-box binding homeobox 1 (ZEBI) truncating deletions leading to
ZEBI haploinsufficiency (Aldave et al., 2007; Krafchak et al., 2005). PPCD4 is associated with
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promoter mutations in the Grainy head-like transcription factor 2 (GRHL?2) gene (Liskova et al.,
2018).
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Figure 9: The pathogenic mechanism in PPCD. ZEB1 induces EMT and maintains the homeostasis of
corneal endothelial cells. OVOL2 and GRHL2 promote MET by directly repressing ZEB1. ZEBI1 also can repress
the expression of both OVOL2 and GRHL2. In PPCD3, mutations affecting the ZEBI gene results in ZEBI
haploinsufficiency and thus a reduced expression of ZEB1 leading to stratified, epithelial-like corneal endothelial
cells. In PPCD1 and PPCD4, mutations result in the ectopic expression of OVOL2 and GRHL?2 respectively and
thus to pathogenicity. Adapted from (Liskova et al., 2018).

Three of the genes linked with PPCD together control cell fate transitions like
epithelial to mesenchymal transition (EMT) and its reverse process mesenchymal to epithelial
transition (MET) (Chung et al., 2019; Liskova et al., 2018). For example, ZEB1 regulates EMT.
EMT is a process in which polarised epithelial cells are transformed into extracellular matrix-
secreting mesenchymal cells. ZEB1 induces EMT by repressing epithelial genes such as CDHI1,

24



OVOL2 and GRHL2 (Cieply et al., 2013; Hong et al., 2015;Vandewalle et al., 2009; Werner et
al., 2013). Three of the genes linked with PPCD together control cell fate transitions like

epithelial to mesenchymal transition (EMT) and its reverse process mesenchymal to epithelial
transition (MET) (Chung et al., 2019; Liskova et al., 2018). For example, ZEB1 regulates EMT.
EMT is a process in which polarised epithelial cells are transformed into extracellular matrix-
secreting mesenchymal cells. ZEB1 induces EMT by repressing epithelial genes such as CDHI,
OVOL2 and GRHL2 (Cieply et al., 2013; Hong et al., 2015;Vandewalle et al., 2009; Werner et
al., 2013). EMT is critical for the delamination of neural crest cells from the dorsal neural tube
(Nieto, 2001) and ZEB1 seems to have a role in neural crest cell migration and thus for the
development of neural crest-derived CEn (Darling et al.,2003; Liu et al., 2008). PPCD3-
associated ZEBI mutations result in ZEB1 haploinsufficiency and thus an altered endothelial
expression of genes regulated by ZEB1, resulting in abnormal endothelial proliferation, corneal
thickening and iridocorneal adhesions (Chung et al., 2017; Liskova et al., 2016).

In contrast to ZEB1, GRHL2 and OVOL2 encode transcription factors that promote MET,
by directly repressing ZEB1 (Cieply et al., 2013; Hong et al., 2015; Mooney et al.,2017; Roca
etal.,2013; Werner et al., 2013). OVOL2 and GRHL2 are expressed in the CE but are not present
in the CEn (Davidson et al., 2016; Liskova et al., 2018). Thus the pathogenic consequences linked
to PPCD1 and PPCD4 are due to the ectopic expression of OVOL2 and GRHL2 respectively,
which subsequently represses the expression of ZEB1 (Chung et al., 2019). So the pathogenic
mechanisms associated with PPCD are due to the deregulation of the OVOL2-ZEB1-GRHL2
axis (Figure 9)
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4. AIMS OF THE STUDY

Vision is a complex process, which starts with the transmission and refraction of light

through a specialised transparent tissue called cornea. The proper development, maintenance
and homeostasis of the cornea are quite important for normal socio-economic human life

since any abnormalities in these processes will lead to corneal blindness, which is the fourth

leading cause of blindness. This thesis mainly focuses on the role of certain transcription
factors in corneal development and its homeostasis. Specific aims are as follows:

1.

Unlike other ocular tissues, the cornea continues to develop postnatally and its function
is also dependent on its postnatal development and homeostasis. Conventional gene
knockout mouse models are valuable sources for deciphering gene function in vivo,
however, they present challenges when it comes to studying gene functions beyond
embryonic stages due to prenatal fatality or developmental arrests. Generation of cKO
models using the Cre-loxP system allow us to overcome these challenges. Several Cre
drivers are available for the inactivation of the gene of interest in the ocular surface,
nevertheless, they start their activity during embryonic stages, which prevents the
understanding of the role of the gene of interest during postnatal corneal development
and maturation. So we aimed at generating and characterizing a Cre recombinase
expressing transgenic mouse line for inactivation of the gene of interest during postnatal
corneal development.

During the last decades, a lot has been revealed about the function of transcription factor
Pax6 in various ocular tissues using cKO models, whereas its spatiotemporal function
during embryonic or postnatal corneal development is not well understood. Therefore
we investigated the role of Pax6 in CE by taking advantage of Cre drivers specific for
postnatal CE or OSE.

PPCD1 is caused by mutations in the evolutionarily conserved promoter region of the
OVOL? gene, resulting in its upregulation in the CEn. However, the disease mechanism
leading to PPCD1 phenotypes is not well understood. Hence, we intended for generating
and characterising the allelic series of Ovol2 promoter mutations in mice including
human disease-associated variant c. -307T>C using CRISPR-Cas9 gene editing.

4. Chromatin remodeling complexes are important for the regulation of gene expression,

DNA replication, and DNA repair. However, its function in the mammalian retina is not
well studied. Thence, we focussed on understanding the role of chromatin remodeler
Snf2h in retinal development by taking advantage of Cre —loxP technology.
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5. LIST OF METHODS

Nucleic acid manipulation
RNA isolation
Polymerase chain reaction, Quantitative PCR (QRT-PCR)
PCR- based mouse genotyping
Tissue collection
Dissection and collection of embryonic and postnatal mouse tissues
Histology
Immunohistochemistry
- galactosidase assay
Hematoxylin and Eosin staining
Alcian blue staining
Fluorescence confocal microscopy
BrdU incorporation assay
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6. RESULTS AND DISCUSSIONS

6.1 Generation and characterization of A/dh3-Cre transgenic mice as a
tool for conditional gene deletion in postnatal cornea.

Eye morphogenesis in mammals is a complex process which involves cascades
of sequential and reciprocal inductive events (Cvekl and Piatigorsky, 1996). Classical
gene knockout mouse models have been widely used for in vivo studies of gene function.
However, the analysis of gene function during postnatal stages can be complicated by
issues such as embryonic lethality or developmental arrest (Hill et al., 1991; Hogan et
al., 1986). In contrast, the development of conditional knockout mice using the Cre-/loxP
system has addressed these challenges. With conditional gene knockout models, the
expression of the gene of interest can be specifically deactivated by controlling the
spatiotemporal expression of the Cre driver, offering greater precision and flexibility in
studying gene function (Gu et al., 1994; Gu et al., 1993).

Several Cre driver lines are accessible for conditional gene deletion in the OSE.
However, these driver lines begin the process of Cre -mediated recombination during
embryonic development (Joo et al., 2010; Swamynathan et al., 2007). This poses a
challenge for determining whether the defects in the maturation and self-renewal of
the cornea are caused by abnormal development or gene function during postnatal
stages, especially for genes that are vital for embryonic and postnatal corneal
development like Pax6.

In this study, we used regulatory sequences of the mouse Aldh3al gene to
generate Aldh3-Cre transgenic line to direct the Cre expression in the postnatal cornea.
Using a set of floxed alleles, we characterised the Cre expression pattern and the
efficiency of Cre- mediated recombination. Our data suggest that A/dh3-Cre is a very
useful tool for the functional analysis of genes which is crucial for the postnatal
development of cornea and conjunctiva.

My contribution to this work: I generated the majority of the experimental data and

wrote the manuscript of the published paper Sunny SS et al, 2020 (presented on pages 29-
38 of'this thesis).

28



OPEN

www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

Generation and characterization
of Aldh3-Cre transgenic mice as a
tool for conditional gene deletion
in postnatal cornea

Sweetu Susan Sunny?, Jitka Lachova®, Naoko Dupacova®, Anna Zitova™? &
Zbynek Kozmik?=

Conditional gene targeting in mice by means of Cre-loxP strategy represents a powerful approach te
study mammalian gene function. This approach is however dependent on the availability of suitable
strains of mice with a tissue or time restricted activity of the Cre recombinase. Here we describe Aldh3-
Cre transgenic mice as a useful tool to conditionally delete genes in cornea, a specialized transparent
tissue found on the anterior-most part of the eye, which acts as a protective barrier and contributes

to the refractive power. Using a set of floxed alleles we demonstrate high Aldh3-Cre activity in corneal
epithelial cells, corneal stroma and conjunctival epithelial cells at postnatal stages. Aldh3-Cre will thus
be particularly beneficial for functional analysis of genes which are vital for postnatal development of
cornea and conjunctiva.

Vision is a complex process which begins with the refraction of light through the cornea, a highly specialised tis-
sue with unpr:r_'tdrnwd transparency, refractive and protective properties. In mouse, the adult cornea comprises
of mainly three layers, anterior non-keratinised stratified squamous epithelium which is 6-8 cell layers thick,
collagenous stroma with sparsely dispersed keratocytes, and posterior monolayered endothelium'~. Corneal
morphogenesis involves differentiation of surface ectoderm o two-layer thick corneal epithelium and migration
of neural erest-derived mesenchymal eells to space between the lens and eorneal epithelium, which forms stromal
keratocytes and endothelium®. Corneal epithelium continues to develop after birth; coincident with eye-opening
corneal epithelium cells proliferate and differentiate to form 4-5 layered epithelium by postnatal day (PN)21
and form matured 6-8 layered tissue by eight weeks after birth. In the mature cornea, superficial cells of corneal
epithelium are regularly sloughed off and constantly replaced by apically moving differentiated basal cells, which
in turn are maintained by limbal epithelial stem cells present in limbus which forms a transition between cornea
and conjunctiva®™. Any abnormalities in the development and maintenance of cornea result in loss of corneal
transparency and thus redueed visual acuity®.

Classical gene knockout mouse models are excellent tools for studying gene function in vive, but embryonic
lethality or developmental arrest complicates the dissection of gene function during postnatal stages™". In con-
trast, the generation of conditional gene knockout mice using the Cre-loxP system resolved these difficulties. In
conditional gene knockout models, spatiotemporal expression of Cre driver controls Cre mediated inactivation
of the gene of interest''%.

Various Cre driver lines are available for conditional gene deletion in the ocular surface. However, these driver
lines start Cre-mediated recombination during embryonic development'*". In the case of genes which are essen-
tial for embryonic and postnatal corneal development, it makes it difficult to determine whether the defects in
maturation and self-renewal of the cornea is due to abnormal development or gene function at the postnatal
stages. Hence the generation of Cre driver line, which is restricted to postnatal corneal development would permit
a more precise understanding of gene function.

!Labaratary of Eye Biology, Institute of Molecular Genetics of the Czech Academy of Sciences, Division BIOCEV,
Prumyslova 595, 252 50, Vestee, Czech Republic. *Laboratery of Transeriptional Regulation, Institute of Malecular
Genetics of the Czech Academy of Sciences, Videnska 1083, Praha 4, 142 20, Czech Republic. ®e-mail: kozmik@
Img.cas.cz
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Figure 1. Generation of Aldh3-Cre BAC transgenic mice and characterisation of Cre expression pattern. (A}
Schematic representation of the modification of a BAC clone containing Aldh3 gene by BAC recombineering. A
cassette containing the coding sequence of Cre recombinase (Cre-pA) and the coding sequence of EGFP linked
by IRES sequence was inserted into the first translational start site (ATG) of Aldh3 gene. Black box indicates
exons. {B) Schematic of mouse lines used to characterise Cre expression pattern. Aldh3-Cre driver line was
crossed with Rosa26 reporter strain. This reporter strain has stop cassette flanked by loxP sites precedent to LacZ
gene. In the presence of Cre recombinase, the LacZ gene will be expressed upon deletion of loxP flanked stop
cassette. (C-V) Coronal section of the eye at indicated stages was stained with X-gal to show Cre activity in the
ocular surface. (EK,P,U) Red arrowheads indicate regions without Cre activity in the limbus region. (D,G,L)
Black arrowheads indicate few lacZ™ ve cells in corneal epithelial cells and conjunctival epithelial cells. Scale
bar —100 um except for (C,H,M,R) —200um. Abbreviations used in this figure and consecutive images: Co,
Cornea; Le, Lens; Re, Retina; Rpe, Retinal pigment epithelium; El, Eyelid; Epi, Corneal epithelium; Str, Corneal
stroma; En, Corneal endothelium; Ch, ciliary body; Ir, Iris; Cj, Conjunctival epithelium.

Aldehyde dehydrogenase 111 (Aldh3), encoded by Aldh3A T gene, constitutes nearly one half of total
water-soluble protein fraction in the mammalian adult cornea'. Aldh3 plays a vital role in protecting the eye
from ultraviolet radiation as well in maintaining corneal transparency***!. Endogenous expression of Aldh3 starts
at PN9 in very low levels and increases robustly by PN13 in corneal epithelial cells of mouse cornea, coincident
with eye-opening™. This expression pattern suggests Aldh3 as a promising candidate for driving the Cre expres-
sion to cornea specifically at postnatal stages. In the present study we generated BAC transgenic mice expressing
Cre recombinase under cis-regulatory control of Aldh3 gene. We characterised the Cre expression pattern as well
as the efficiency of Cre-mediated recombination. Our data suggest that Aldh3-Cre is a very useful tool for postna-
tal deletion in case of genes which specifically expressed only in the corneal epithelial cells.

Results

Generation of Aldh3 -Cre transgenic mice and characterisation of Cre activity using Rosa26R
reporter strain.  To generate Aldh3-Cre transgenic mice, we used a large BAC-based construct harbouring
regulatory sequences of Aldh3A 1 gene. A cassette carrying Cre recombinase and EGFP coupled via internal ribo-
somal entry site (IRES) was introduced into the translation start site of the Aldh3A1 by BAC recombineering,
and the modified BAC clone was then used for pronuclear injections (Fig. 1A). Founders were screened for the
presence of the BAC and a single transgenic line was established by breeding to C57BI/6. To visualise the Cre
recombinase activity, we mated Aldh3-Cre transgenic mice with Rosa26R reporter strain. In Aldh3-Cre; Rosa26R
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Figure 2. Ectopic expression of 3-catenin using Aldh3-Cre results in epithelial hyperplasia. (A) Schematic

of mouse lines used for ectopic expression of Ctnnb1 gene. Generation of Aldh3-Cre; Ctnnb 9=+ double
transgenic mice, by crossing Aldh3-Cre driver line with Ctnnb1==3"* transgenic mice, which harbours

loxP sites flanking exon3 of Cinnb1 gene. Cre mediated deletion results in the accumulation of a stabilised
Ctnnb1 protein in the cells. (B-8) Corneal sections from PN12 and PN25 of wild type and gain of function
mutant were subjected to H & E staining and antibodies indicated. Epithelial protrusions (arrowheads) were
found on (B-K) corneal and (L,M) conjunctival epithelial cells of gain of function mutant. (N,Q) Loss of K12
expression in the entire corneal epithelium of gain of function mutant. Diminished Pax6 expression in epithelial
protrusions found on (O,R) corneal and (P,8) conjunctival epithelium. Inserts are the higher magnification of
corresponding panels and asterisks (*) indicates its position. Scale Bar- 20 pm.

double transgenic mice, Cre induced recombination activated the expression of LacZ under Rosa26 promoter by
excision of loxP-flanked stop cassette. (Fig. 1B)*. As a result, X-gal staining in Aldh3-Cre; Rosa26R mice reveals
the spatio-temporal activity of Cre in vivo.

Beginning by embryonic day (E)15.5, weak X-gal staining was found in few cells in the presumptive corneal
stroma (Supplementary Fig. 51). By PN6 X-gal staining spreads over the anterior corneal stroma (Supplementary
Fig. S1). Later on, by PN9 the Cre activity starts in few corneal epithelial cells, in addition to intense X-gal stain-
ing throughout the corneal stroma (Fig. 1C-F). A more conspicuous X-gal staining becomes apparent in corneal
epithelial cells by PN12 (Fig. 1H-]) with a further sharp increase from PN12 to PN28 (Compare Fig. 1H-J with
M-0, R-T). Besides this, we observed mosaic X-gal staining in conjunctival epithelial cells in PN9 and PN12
(Fig. 1G,L) and considerably stronger expression in later postnatal stages (Fig. 10,V). In accordance with the pre-
vious report®, we found weak or no X-gal staining in limbal epithelial cells in all indicated stages (Fig. IEK,BU).
We found no X-gal staining on age-matched Rosa26R mice, used as negative controls, upon parallel incubations
(Supplementary Fig. S1).

Our experiments demonstrated the spatio-tempaoral expression pattern of Aldh3-Cre, in which highly mosaic
Cre activity was found at embryonic stages, whereas a strong rate of recombination was detected at postnatal
stages in the cornea, concurrent with eye-opening,

Ectopic expression of 3-catenin using Aldh3-Cre results in the formation of corneal epithelial
nodules. Inorder to evaluate the utility of Aldh3-Cre in conditional gene modification, we crossed Aldh3-Cre
transgenic mice with a mouse strain that harbours a conditional allele of 3-catenin, Ctrmb ploxlexdit (Fig. 2A).
Upon Cre-mediated recombination loxP sites flanking exon3 of Ctnnbl gene will be excised which results in
mutant (3-catenin protein resistant to phosphorylation and proteasome-mediated degradation. This stabilised
mutant 3-catenin protein accumulates in the cell and mimics activation of canonical Wnt signaling (3-catenin
gain-of-function situation)®. For the sake of simplicity, now onwards we refer Ctnnb1™“** as wildtype and
Aldh3-Cre; Ctnnb1"*="* a5 a gain-of-function mutant in the subsequent text. To investigate the effect of ectopic
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{-catenin expression in the ocular surface of the gain-of-function mutant we performed morphological analysis
of different developmental stages from PN6 to PN25. We observed no conspicuous changes in the ocular sur-
face until PN9 (Supplementary Fig. $2). However, epithelial protrusions began to appear in the corneal epithe-
lium of gain of function mutant from PN12 (Fig. 2D,]) and conjunctival epithelium by PN25 (Fig. 2L), whereas
age-matched wildtype exhibited normal corneal (Fig. 2B,F) and conjunctival epithelium (Fig. 1H). This obser-
vation is consistent with a previous study showing that the gain-of-function of 3-catenin induces hyperplastic
transformation in corneal epithelial cells™.

In addition to the phenotype described above, H & E staining also revealed that unlike wildtype, which pos-
sessed 5-6 layers at PN25 (Fig. 2F), the gain-of-function mutant exhibited thinner epithelium with only 2-3
layers (Fig. 2J). This phenotype corroborates previous study showing that the aberrant 3-catenin expression in
stromal keratocytes prevents corneal stratification®’.

To confirm that phenotypic consequences in the cornea of 3-catenin gain-of-function mutant are due to the
increased level of 3-catenin we performed immunohistochemistry staining using an antibody that recognises
C-terminus of the protein. Indeed, we confirmed that compared to wildtype, there was a significant increase of
{3-catenin staining in corneal epithelial cells and stroma from PN12 (Fig. 2C,E,G,K) and conjunctival epithelial
cells by PN25 (Fig. 21,M).

Next we investigated whether corneal epithelial differentiation is affected upon [i-catenin overexpression.
Immunohistochemistry staining showed diminished expression of Paxé in the epithelial nodules formed in
the corneal (Fig. 20,R) and conjunctival epithelium (Fig. 2P,S) of the gain-of-function mutant. Furthermore,
in contrast to wildtype corneal epithelium which exhibited a typical keratin 12 (K12) expression (Fig. 2N), the
gain-of-function mutant completely lost K12 expression in the entire corneal epithelium (Fig. 2Q). This data
indicates that corneal character is lost upon (3-catenin activation, as reported previously™.

Combined, our data suggest that Aldh3-Cre mediated recombination is high in the corneal stroma, corneal
epithelial cells and conjunctival epithelial cells postnatally. Furthermore, Aldh3-Cre is capable of efficiently gen-
erating stabilised 3-catenin protein upon breeding to Ctnnb1"=* to replicate previously described phenotypes.

Postnatal inactivation of 3-catenin in cornea using Aldh3-Cre. To further assess the efficacy of
Aldh3-Cre in conditional gene deletion, we generated Aldh3-Cre; Ctanb1'™/@2-4/x=25} mice, in which loxP
sites flank exons 2-6 of the 3-catenin gene (Fig. 3A)*™. Cre mediated deletion removes exons 2-6 of the floxed
allele and results in dejplelicm of 3-catenin in the cells. For the sake of simplicity, from now onwards we refer
to Aldh3-Cre; Ctnnb]'ove2-allaxted-al 45 4 |oss-of-function mutant and Ctnnb jlore2-blaxie-al g0 9 wildtype.
Immunohistochemistry staining showed depletion of 3-catenin in corneal epithelial cells of loss-of-function
mutant compared to wildtype by PN14, whereas we found no significant decrease in 3-catenin staining in lim-
bal epithelial cells and conjunctival cells at this stage (Fig. 3F-K). However, we observed a notable depletion of
{3-catenin protein in corneal and conjunctival epithelial cells by PN23 (Fig. 3L-Q). As expected, even at PN23 we
found no evidence of 3-catenin gene deletion in limbal epithelial cells (Fig. 3M,P). Next we determined the phe-
notypic consequence of 3-catenin gene deletion in Aldh3-Cre; Ctnnbi*-#/==2-% mjce Histological analysis
of postnatal corneas at PN 14 and PN23 showed that unlike control littermates the loss-of-function mutants have
thicker epithelium (Fig. 3B-E). This result is in agreement with the previous findings that the loss of 3-catenin
in stromal keratocytes results in precocious stratification®. Taken together, these experiments demonstrated that
Aldh3-Cre-mediated excision of 3-catenin floxed allele resulted in the depletion of 3-catenin protein from post-
natal corneal and conjunctival epithelial cells. Combined, our data suggest that Aldh3-Cre is a useful tool for gene
modification for elucidating biological functions of any gene of interest during postnatal corneal (or conjunctival )
development.

Discussion

Based on serial analysis of gene expression data (SAGE) demonstrating that Aldh3 is one of the most abundant
genes in the postnatal cornea™, we generated an Aldh3-Cre transgenic driver mouse line for conditional gene
modification in the postnatal cornea. We characterised the expression pattern of Cre recombinase by X-gal stain-
ing after breeding Cre driver line with Rosa26R reporter mice. Endogenous expression of Aldh3 protein starts
at PN9* and is restricted to corneal epithelial cells of the mouse cornea®. In contrast, we observed mosaic Cre
activity in the corneal stroma by E15.5 (Supplementary Fig. $1) and strong Cre activity throughout the corneal
stroma by PN9 (Fig. 1C-V). We also noted that X-gal staining starts in few corneal epithelial cells at PN9, and
becomes stronger coincidentally with eye-opening, as described previously™. BAC transgenes carry extensive
cis-regulatory sequences of the corresponding gene, and thus usually Cre recombinase activity recapitulates
endogenous gene expression. One possible explanation for the difference that we noted between the endogenous
Aldh3 expression and Cre activity is that the BAC clone used by us does not possess all of the regulatory informa-
tion of the Aldh3A1 gene.

We further assessed the functionality of Aldh3-Cre by generating mouse strains Aldh3-Cre; Ctnnb1=9==/* and
Aldh3-Cre; Ctnnblosiex2-6/lexiex2-4) In both cases, we found that Aldh3-Cre-mediated recombination resulted in
excision of the floxed genomic region, and generated a gain- and loss-of-function mutant for 3-catenin, respec-
tively, that recapitulated previously described phenotypes (Figs. 2 and 3). A recent study showed a constitutive
expression of active [i-catenin in postnatal corneal epithelial cells and dynamic expression in the corneal stroma
during PN1 to PN21%. This expression pattern will make it difficult to determine whether the phenotypic con-
sequences on corneal epithelial cells are precisely due to loss/gain of 3-catenin in corneal epithelial cells or due
to its loss/gain in the corneal stroma. Despite this limitation, Aldh3-Cre strain described here is a highly efficient
driver line for postnatal gene ablation in case of genes which are specifically expressed in corneal epithelial cells.
Furthermore, Aldh3-Cre is a useful tool for deletion of genes that cause developmental arrest during embryonic
development, allowing to determine their function in the postnatal stages. Finally, we propose that the late onset
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Figure 3. Postnatal deletion of 3-catenin using Aldh3-Cre. (A) Schematic of mouse lines used for conditional
inactivation of 3-catenin. (B-E) H & E staining on corneal sections of wildtype and loss of function mutant
from PN 14 and PN23 old mice. Corneal epithelium of loss of function mutant had more layers at PN14 and
PN23 in comparison to age-matched control epithelium. (F-Q) 3-catenin staining on corneal and conjunctival
sections from PN14 and PN23 old mice of wild type and loss of function mutant. (F1,L,0) Loss of 3-catenin in
corneal epithelial cells from PN14 and (H,K,N,Q) conjunctival epithelial cells by PN23.(G,],M,P) Depletion
of 3-catenin in the peripheral cornea at indicated stages, but note that staining retained in limbal epithelial
cells. The dashed line indicates a region with 3-catenin deletion. White arrowheads indicate the position of the
limbus. Abbreviations: Lm, Limbus. Scale bar (B-E) —200 pm (F-Q) — 100 pm.

of Cre expression in conjunctival epithelial cells will be beneficial for the functional analysis of genes which are
vital for its postnatal development.

Methods

Ethics statement. Experimental mice were housed and in vivo experiments were executed in compliance
with the European Communities Council Directive of 24 November 1986 (86/609/EEC) and national and institu-
tional guidelines. Experimental procedures for handling the mice were approved by the Animal Care Committee
of the Institute of Molecular Genetics (no. 71/2014). This work did not include human subjects.

Mouse strains. A 164kb bacterial Artificial Chromosome (BAC) (RP24-338F21) harboring the
mouse Aldh3AI gene was purchased from Children’s Hospital Oakland Research Institute. To gener-
ate Aldh3-Cre BAC, the open reading frame of Cre recombinase fused to EGFP via IRES was inserted
into the exon 1 containing the translation initiation codon of Aldh3A1 using a method of BAC recom-
bineering*; http://web.nciferf.gov/research/brb/protocol.aspx). The CrelRESEGFP-FRT-neo-FRT tar-
geting cassette was PCR-amplified from pCS- CrelRESEGFP-FRT-neo-FRT using Aldh3 forward and
reverse targeting primers: 5'-gecatcctecttectctgatgeaaagtgtictctatccccagttaccatgtecaatttactgacegtaca-3';
5'-gegctgeaacgectccagetgetcaacceggaactgeageggtegagtctgetattccagaagtagtgag-3'. The PCR product was purified
using QIAEX Gel extraction Kit (Qiagen) and treated with Dpnl to destroy the template plasmid. The PCR prod-
uct was electroporated into bacterial strain EL250 carrying RP24-338F21 BAC, and colonies were tested for
homologous recombination by PCR. The kanamycin resistance cassette was next removed by induction of flipase
activity in EL250 cells. Modified Aldh3-Cre BAC DNA was isolated and used for pronuclear injection. Mice were
genotyped using primers that recognize the recombination junction, with forward primer located upstream of the
Aldh3 translation start site (5"-aattagcatagtggtggagtca-3') and reverse primer located in Cre recombinase coding
region (5'-cgttgcatcgaccggtaatgea-3'). For analysis of Cre activity, the animals of the tenth and later generations
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from the original founder were used for genetic crossing. Samples exhibited reproducible Cre-mediated recombi-
nation regardless of the breeding generation.

Following are the other genetically modified mouse strains used for this study; Rosa26R” (Jackson Laboratory,
stock no. 003309), Ctnnb™=¥*, and Ctunb*==2% The genotype of each mouse was identified by PCR analysis
of tail DNA.

X-gal staining for LacZ activity. We harvested mouse eyes at different developmental stages from PN9.
Enucleated eyes were fixed in 0.2% formaldehyde in 1x PBS for 15 min at room temperature on ice, washed 2 x
5 minutes with the rinse buffer (0.1 M phosphate buffer pH 7.3, 2mM MgCl,, 0.01% sodium deoxycholate and
0.02% Nonidet P-40), followed by incubation in X-gal staining solution (rinse buffer,5 mM potassium ferrocya-
nide, 5mM potassium ferricyanide, 20 mM Tris pH 7.3, 1 mg/ml X-gal) for 1 hour at 37°C and overnight at room
temperature. Eyes were postfixed in 4% formaldehyde in 1x PBS overnight at 4 °C, cryoprotected in 30% sucrose
and frozen in OCT (Tissue Tek, Sakura). Frozen tissues were sectioned at 18 pm thickness.

Histology and Immunohistochemistry for corneal characterisation. Enucleated eyes were fixed
in 4% formaldehyde in 1x PBS for overnight at 4°C, washed 3 x 10 minutes in 1x PBS and followed by par-
affin embedding. For histology analysis, paraffin sections (6 um) were deparaffinised, rehydrated with ethanol
series and stained with Hematoxylin and Eosin (H & E). For immunofluorescence, paraffin sections {6 pm) were
deparaffinised, rehydrated with ethanol series, followed by antigen retrieval in sodium citrate buffer (10 mM
sodium citrate buffer, 0.05% Tween 20, pH-6.0). The sections were blocked in 10% BSA/0.1% PBT for 30 minutes
and incubated with primary antibodies in 1% BSA/0.1% PBT for overnight. On the following day, samples were
washed in 1x PBS for 3 x 10 minutes, incubated with secondary antibodies in 1% BSA/0.1% PBT for 1 hour,
washed in 1x PBS, counterstained with DAPI (1 pg/ml) and mounted in Mowiol (Sigma). Following are the anti-
bodies used for this study: rabbit anti-3-catenin (1:1000, Sigma, C2206), rabbit anti- Pax6 (1:1000, Covance, PRP-
278P), goat anti-K12 (1: 300, Santa Cruz Biotec Inc, Sc-17101), anti-rabbit Alexa 594, and anti-goat Alexa 594 (all
1:500, Molecular Probes). Stained sections were analysed with Zeis Imager Z2 (Zeis, Germany).

Data availability
All the data generated and analysed in our study are included in this article.
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Supplementary Figure S1. Mosaic Cre activity starts at E15.5 and no endogenous lacZ

expression upon X-gal incubation. (A-C) X-gal staining on frontal sections from indicated

stages revealed (B, b) mosaic Cre activity on corneal stroma (black arrowheads) at E15.5 and

(C, ¢) more spreaded activity by PN6 (D-J) No Cre activity in age-matched RosaZ6R sections

and (A,a) sections from E13.5. Abbreviations: Pce, Presumptive corneal epithelium. Scale bar:

(A-F) - 100 um, (G-J) - 200 um
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Supplementary Figure S82. No epithelial protrusions until PN9 upon ectopic B-catenin
activation. (A-H) H & E staining and immunostaining with f-catenin on corneal sections from
PN6 and PN9. (A, C, E, G) No significant morphological changes till PN9. (B, D, F, H) No
significant increase in -catenin levels in corneal epithelial cells, but there is an increase in the

corneal stroma at PN9. Scale bar- 20pm
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6.2 Multiple roles of Pax6 in postnatal cornea development.

It has been reported that Pax6 plays an important role in corneal morphogenesis
(Davis et al., 2003; Douvaras et al., 2013; Ramaesh et al., 2003; Ramaesh et al., 2005).
However, the consecutive induction of lens and cornea from SE, the impact of the lens in
the morphogenesis of the anterior segment (Collinson et al., 2001; Genis-Galvez, 1966;
Genis-Galvez et al., 1967; van Raamsdonk and Tilghman, 2000) and continued expression
of Pax6 in the adult lens and cornea (Koroma et al., 1997), makes it challenging to
discriminate spatial and temporal function of Pax6 in CE using Pax6"" mutants. Here we
took advantage of the Cre-/oxP system for selectively inactivating Pax6 either in the CE or
OSE.

In this study, we used two independent Cre recombinase systems with different
spatiotemporal Cre activity, first 4/dh3-Cre where Cre activity is controlled by promoter-
specific for postnatal CE and second, K/4-Cre where Cre activity is controlled by promoter-
specific for basal keratinocyte, which is expressed in OSE. We show that specific depletion
of Pax6 from CEs upon eye opening leads to an abnormal cornea with reduced thickness, in
spite of increased proliferation. Immunostaining studies revealed the loss of CE-specific
intermediate filament Krtl2, the diffused expression pattern of adherens junction
components, E-cadherin and B-catenin and decreased expression of tight junction protein,
Zo-1 suggesting defective cell-cell adhesion. Besides that, the expansion of Krtl4, a basal
cell marker in apical layers, indicates impaired differentiation. Taken together, this provides
direct evidence for the role of Pax6 in maintaining proper cell-cell adhesion and
differentiation in postnatal CE. While Pax6 ablation using K/4-Cre from OSE at early
postnatal stages (PN1-PN9) resulted in conjunctivalisation of the CEs, suggesting the
importance of limbal Pax6 in maintaining the corneal-conjunctival barrier.

My contribution to this work: I generated the majority of the experimental data and

wrote the manuscript of the published paper Sunny SS et al, 2022 (presented on pages 40-
60 of this thesis).
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ARTICLE INFO ABSTRACT

Keywords: Mammalian corneal development is a multistep process, including formation of the comneal epithelium (CE),
Eye endothelium and stroma during embry is, foll 1 by p al stratification of the epithelial layers and
Development continuous renewal of the epithelium to replace the outermost corneal cells. Here, we employed the Cre-loxP
E;Ta system to conditionally deplete Paxb proteins in two domains of ocular cells, i.e., the ocular surface epithelium
Conditional knockout (comea, limbus and conjunctiva) (OSE) or postnatal CE via K14-cre or Aldh3-cre, respectively. Earlier and broader
E-cadherin inactivation of Pax6 in the OSE resulted in thickened OSE with CE and limbal cells adopting the conjunctival
Kerating keratin expression pattern. More restricted depletion of Pax6 in postnatal CE resulted in an abnormal cornea

marked by reduced epithelial thickness despite increased epithelial cell proliferation. Immunofluorescence studies
revealed loss of intermediate filament Cytokeratin 12 and diffused expression of adherens junction components,
together with reduced tight junction protein, Zonula occludens-1. Furthermore, the expression of Cytokeratin 14,
a basal cell marker in apical layers, indicates impaired differentiation of CE cells. Collectively, our data
demonstrate that Pax6 is essential for maintaining proper differentiation and strong intercellular adhesion in
postnatal CE cells, whereas limbal Pax6 is required to prevent the outgrowth of conjunctival cells to the cornea.

1. Introduction

The complex process of vision starts with the light transmission and
refraction through the multilayered cornea, a transparent avascular tis-
sue, which contributes to 60-70% of the eye's total refractive power and
functions as a protective barrier (Sridhar, 2018). The cornea is composed
of three main compartments; outermost non-keratinized stratified squa-
mous epithelium, central collagenous stroma with sparsely dispersed
keratocytes and innermost monolayered endothelium (Hay, 1980;
Zieske, 2004). Any defects in corneal development or maintenance of its
homeostasis result in loss of vision (Vincent et al., 2005; Klintworth,
2003).

Mammalian corneal development is a multistep process originating at
the early optic cup stage with formation of the presumptive corneal
epithelium from the surface ectoderm, followed by formation of the
corneal endothelium and keratocytes during two migratory waves of the
neural crest-derived periocular mesenchyme. Postnatal stratification of
the epithelial layers and continuous epithelial renewal are central pro-
cesses of adult corneal cell biology (Cvekl and Tamm, 2004; Dhouailly
et al., 2014; Lwigale, 2015; Lavker et al., 2020; Walker et al., 2020).
Mouse comeal development is a leading mammalian model for under-
standing cellular, molecular and genetic mechanisms underlying corneal

development and homeostasis. Coincident with eyelid opening around
postnatal dayl4 (PN14), 1-2 layered corneal epithelium (CE) divides and
differentiates into 4-6 layers by PN21 and forms mature 6-8 layered
tissue by 8-10 weeks after birth (Hay, 1980; Zieske, 2004; Collinson
et al., 2002). In the mature cornea, most superficial cells are shed off and
replaced regularly by differentiated cells that move apically from the
underlying layers, which are replenished by centripetal migration of stem
cells from the limbus located at the juncture between the cornea and the
conjunctiva (Collinson et al., 2002; Cotsarelis et al., 1989; Nagasaki and
Zhao, 2003; Lavker et al., 1991; Thoft and Friend, 1983).

Paired domain and homeodomain-containing transcription factor
Pax6 is an evolutionarily conserved regulator of eye development in
vertebrates and invertebrates (Cvekl and Callaerts, 2017; Kozmik, 2008).

In the mouse, Pax6 is expressed in the surface ectoderm, giving rise
first to the prospective lens ectoderm and then to CE (Walther and Gruss,
1991). Pax6 is also expressed in the corneal limbus, where stem cells
reside, and in the conjunctiva (Li et al., 2007; Secker and Daniels, 2008).

Several mutated Pax6 alleles have been used to dissect both cell type-
and stage-specific roles of this transcription factor in mouse eye devel-
opment, including the cornea (Hill et al., 1991; van Raamsdonk and
Tilghman, 2000; Collinson et al., 2001; Davis et al., 2003; Ramaesh et al.,
2003, 2005; Ambati et al., 2006; Masse et al., 2007; Ashery-Padan et al.,
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2000; Marguardt et al., 2001; Raviv et al., 2014; Klimova and Kozmik,
2014; Antosova et al., 2016).

Heterozygous mutations in both human PAX6 and mouse Pax6 genes
cause a range of ocular and postnatal developmental abnormalities (i.e.,
human aniridia and Peters’ anomaly) that affect all ocular tissues at
variable degrees depending on the type and location of each mutation
(Hingorani et al., 2012; Lima Cunha et al,, 2019). In the cornea, the
prevailing PAX6-associated defects are aniridia-associated keratopathy
(Ihnatko et al., 2016; Latta et al., 2021) and limbal stem cell deficiency
(Tseng et al., 2020). In contrast, Pax6 homozygous mutants such as
Sey/Sey lack the eyes, exhibit brain, olfactory placode and pancreas ab-
normalities and die at birth (Hogan et al., 1986).

Prenatally, Pax6™/— corneas exhibit thin epithelium and thickened
hypocellular stroma. Postnatally, the cornea collapses further with in-
flammatory cell infiltration, neovascularisation, erosions, and goblet cell
in the epithelium, leading to corneal opacity (Davis et al.,
2003; Ramaesh et al., 2003, 2005; Ambati et al., 2006; Leiper et al.,
2009). Further studies on factors contributing to corneal pathogenesis in
Pax6 ™ mutants revealed enhanced cell turnover, delayed expression of
Cytokeratin 12 (Krt12) and defective centripetal migration of limbal stem
cells (LSC) (Davis et al., 2003; Ramaesh et al., 2003, 2005; Douvaras
et al, 2013). However, the lethality of homozygous Sey mutants,
consecutive induction of the lens and cornea from SE, the impact of the
lens in morphogenesis of the anterior segment (van Raamsdonk and
Tilghman, 2000; Collinson et al., 2001; Genis-Galvez et al,, 1967; Gen-
is-Galvez, 1966) and continued expression of Pax6 in the adult lens and
cornea (Koroma et al., 1997) make it challenging to dissect both spatial
and temporal functions of Pax6 in CE using classical knockout models.

Analysis of mouse Pax6 heterozygous mutations offers some insight
into its corneal function; however, loss-of-function studies resulting in
complete depletion of the Paxé protein provide key mechanistic insights
into how this transeription factor functions in different corneal cellular
compartments. Here, we thus took advantage of the Cre-loxP system for
selectively inactivating Pax6 either in the ocular surface epithelium (OSE)
(cornea, limbus, and conjunctiva) or CE. We used two Cre drivers: K14-
Cre, where cre activity is conirolled by Keratin 14 promoter, specific for
basal keratinocytes in OSE (Andl et al., 2004), and Aldh3-Cre, where cre
activity is controlled by the Aldh3/Aldhla3 promoter specific for post-
natal CE (Sunny et al., 2020). Pax6 ablation using K14-Cre from OSE at
early postnatal stages (PN1-PN9) resulted in conjunctivalisation of the CE
and limbal epithelium, suggesting the importance of limbal Paxé in pre-
venting the overgrowth of conjunctival epithelia to the cornea. In contrast,
specific deletion of Pax6 from CE upon eyelid opening leads to an
abnormal thin cornea with defective cell-cell adhesion, thus providing
direct evidence for the function of Pax6 in postnatal corneal development.

acct lati

2. Methods
2.1. Ethics statement

The housing of mice and in vivo experiments were done in concur-
rence with the European Communities Council Directive 86,/609/EEC of
November 24, 1986 and institutional and national guidelines. All
experimental methods and animal care were approved by the Animal
Care Committee of the Institute of Molecular Genetics (no. 71/2014).
This work did not include human subjects.

2.2, Mouse strains

The following genetically modified mouse strains were used for this
study: Aldh3-Cre (Sunny et al., 2020), K14- Cre (Andl et al., 2004) and
Paxsf (Klimova and Kozmik, 2014).

2.3, Histology and immunofiucrescence

Eyeballs from pups of desired age were enucleated, fixed in 4%

Developmental Biology 491 (2022) 1-12

formaldehyde in 1x PBS (Phosphate-Buffered Saline) overnight at 4 °C,
then washed 3 « 10 min in 1x PBS, dehydrated in ethanol series, cleared
in xylene, and then processed to paraffin wax.

For histological analysis, sections (6 pm) were deparaffinized, rehy-
drated with ethanol series, stained with Hematoxylin and Eosin (H & E),
and mounted in glycerol. For immunofluorescence, deparaffinized sec-
tions were heat-treated with sodium citrate buffer (10 mM sodium citrate
buffer, 0.05% Tween 20, pH-6.0) for antigen retrieval. Non-specific
binding was blocked by incubation in 10% BSA (Bovine Serum Albu-
min)/0.1% PBT (PBS with 0.1% Tween-20) for 30 min and then incu-
bated with primary antibodies in 1% BSA/0.1% PBT overnight
Subsequently, samples were washed in 1x PBS for 3 « 10 min, followed
by incubation for 1 h in secondary antibodies in 1% BSA/0.1% PBT,
washed in 1x PBS, 2 » 10 min, counterstained with DAPI (1 pg/ml) and
mounted using Mowiol (Sigma).

For staining with antibodies related to adhesion, eyeballs collected
were fixed for 1 h in 4% formaldehyde,1x PBS, washed in 1x PBS for 2 =
5 min, cryopreserved in 30% sucrose/PBS and later frozen in OCT. Cryo-
sections (6pm) were permeabilized by incubation with 0.1% PBT for 15
min, followed by a heat-induced antigen retrieval step using sodium
citrate buffer. Successive steps were the same as for paraffin sections (as
described above).

Whole-mount staining of the cornea was performed to analyze tight
junction marker ZO-1. Enucleated eyes were fixed for 1 hin 4% PFAin 1x
PBS. Corneal buttons were dissected from the remaining parts of the eye
and washed for 3 » 5 min in 1x PBES, then permeabilized with 0.3%PBET
(PBS with 0.3% Triton x-100) for 1 h, blocked with 10% BSA/0.1% PBT
for 1 h, and further antibody incubation steps were the same as for
corneal sections. Then, corneal buttons were radially cut to flatten and
mounted. The primary antibodies used in this study are listed in Table 51
and secondary antibodies were fused to Alexa fluorophore (Molecular
Probes, 1:500). All stained sections were analyzed with Zeis Imager Z2
(Zeis, Germany).

2.4, Phalloidin staining

Fresh frozen samples were cut at 6um thickness, air-dried for 30 min,
fixed for 8 min at 4°C, washed in 1x PBS for 2 x 5 min, permeabilized
with 0.5% PBT for 15 min, blocked with 10% BSA/0.1% PET for 30 min,
followed by overnight incubation with Pax6 primary antibody in 1%
BSA/0.1% PBT. Sections were washed with 0.1% PBT for 3 = 10 min,
incubated with a solution containing secondary antibody (Anti-rabbit
Alexa fluor 488) and Alexa fluor 594 Phalloidin (Invitrogen, A12381) in
1% BSA/0.1% PBT for 1 h and washed with 0.1% PBT, 2 x 10 min,
counterstained with DAPI, washed with 1x PBS for 2 x 5 min, and
mounted in Mowiol.

2.5. BrdU labeling

To determine proliferation in wild-type and mutant mice, animals of
desired age were injected intraperitoneally with BrdU (Sigma B9285, 0.1
mg/g body weight) and sacrificed by cervical dislocation after 2 h.
Enucleated eyes were fixed in 4% formaldehyde and processed to embed
in paraffin wax. Paraffin sections were cut at 6pm thickness, dewaxed
and hydrated with ethanol series. The antigen retrieval step was done by
heating in sodium citrate buffer (10 mM sodium citrate buffer, 0.05%
Tween 20, pH-6.0), followed by incubation in 2N HCI for 30 min and 20
min neutralization using 0.1M borate buffer (pH 8.3). Subsequently, they
were washed with PET for 10 min, blocked with 10% BSA for 1 h and
incubated at 4 °C overnight with rat anti-BrdU antibody (1:500, Abcam,
ab6326) and rabbit anti-Pax6 in 1% BSA in PBT. Follow-up steps were the
same as described above for paraffin sections.

The ratio of proliferating cells and the number of DAPI™ cells for each
genotype were always calculated by counting 5-6 central sections from at
least three different samples. The statistical significance was determined
by Student's t-test.
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3. Results

3.1. Pax6 depletion in postnatal corneal epithelium results in an abnormal
cormea with reduced thickness

For conditional inactivation of Pax6 during postnatal development of
CE, we used Aldh3-Cre transgenic mice (Sunny et al.. 2020) in which Cre
recombinase expression is controlled by the cis-regulatory regions of the
mouse Aldh3 gene within a large BAC clone (Fig. 51). To visualize Cre
recombinase activity, we bred Aldh3-Cre transgenic mice with the
RosaZ26R reporter strain (Soriano, 1999). Consistent with the endogenous
expression of Aldh3 (Davis et al.. 2008), apparent f-gal activity was
found in CE from PN12-PN14, with a robust increase upon eyelid opening
(Fig. 51). At all experimental stages, weak or no p-gal activity was found
in limbal epithelial cells (LE) (Fig. S1). To inactivate Pax6 in postnatal
CE, Aldh3-cre mice were bred with Pax6™" (Klimova and Kozmik, 2014).
For the sake of simplicity, we refer to Pax6™" as wild- type and Aldh3-Cre;
Pax6™f as CE cKO mutant in the text.

To assess the efficiency of Aldh3-Cre in Pax6 inactivation, we
collected eyeballs from wild-type and CE ¢KO and analyzed them by Pax6
immunostaining. At PN12 in CE ¢KO mutant, reduced and patchy Pax6
expression was observed in central CE (Fig. 51). By PN21, very few or no
cells expressed Pax6 in the central cornea (Fig. 1A’). At PN28, mosaic
expression was observed, with no Pax6 proteins found in the peripheral
cornea (Fig. 1D") and a patch of Pax6-positive cells at the central cornea
(Fig. 1C"). Pax6 expression was retained in all these stages in LE and at
the end of the peripheral cornea (Fiz. 1B, D). High Pax6 protein
expression was observed in CE and LE of wild type (Fig. 1A, B, C, D).

To investigate the phenotypic consequences in response to Paxé
inactivation, we performed histological analysis. Hematoxylin and eosin
staining revealed no significant difference between wild-type and CE cKO
mutant at PN12. (Fig. 51). At PN21, the wild type had 4-6 layered
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stratified CE with three types of cells; basal, wing, and superficial. Basal
cells are cuboidal or columnar with oval nuclei, wing cells are polygonal
cells with central rounded nuclei, and superficial cells exhibit flat
polygonal morphology and flat nuclei (Fig. 1E and F) (Sridhar, 2018). At
the same time, the CE ¢KO mutant had 2-3 layers lacking any neatly
ordered architecture (Fig. 1E", F'). At PN28, the wild type CE had 5-6
layers (Fig. 1G and H), whereas the central CE (which retains Pax6) of
CE cKO mutant had 3-4 layers but remained morphologically similar to
the wild type (Fig. 1G"). In contrast, the peripheral cornea (with loss of
Pax6 expression) showed abnormal epithelial cells (Fig. 1H). Further-
more, histology revealed disturbed stroma with increased keratocytes at
the boundary between the region with and without Pax6 (Fig. 52). The
CE did not have mucin-containing goblet cells (Fig. 52), while on the
contrary, goblet cells were present in central and peripheral CE in some
CE ¢KO mutants (F ). Taken together, normal corneal development
was disrupted following the onset of Cre expression and depletion,/re-
duction of Pax6 proteins marked by fewer cell layers and abnormal cell
morphology.

3.2, Misregulation of differentiation in CE cKO mutants

To further characterize the abnormal corneas, we analyzed the
expression of epithelial differentiation markers. Krtl2 is a bona fide
marker for CE, not for basal limbal and conjunctival epithelial cells (Lin
etal, 199 al., 1996). In the wild type, Krt12 is expressed in all
layers of CE (Fig. 2A and B). However, by PN21, Krt12 was lost in the
entire CE of CE ¢KO mutants (Fig. 2A’, B'). We also examined the
expression pattern of Cytokeratin 14 (Krt14), a basal cell marker (Kur
pakus et al., 1994). In contrast to wild type CE, where Krtl4 is present
only in the basal layer (Fig. 2C and D), CE ¢KO mutants showed strong
expression in all existing layers (Fig. 2C", D). Moreover, there was no
change in the expression pattern of Cytokeratin 4 (Krt4) and Cytokeratin

Central cornea Peripheral corneas limbus I

Paxt™

PN21

Aldh3-Cra; Paxt™ I

PN28
Paxt™

Aldh3-Cra; Paxe™ |

Cantral cornea I Peripheral corneas limbus |

Paxt [ DAP1 I H& E

Fig. 1. Aldh3-Cre-mediated Pax6 inactivation and morphological consequences in postnatal corneal epithelial cells. (A-D') Coronal sections of wild-type (Pax6™™ and
CE cKO (Aldh3-Cre: Paxt6™™) stained with Paxe antibody at indicated stages. (A-B') At PN21, very few or no active Pax6™ cells are found in the CE ¢KO. At PN28,
patchy expression of Pax6 is detected in (C, C') central cornea of CE cKO, whereas deletion is observed in (D, D) peripheral comea. (B', D') At all stages, Paxé is
retained in LE cells. (E-H') Hematoxylin and eosin staining in frontal sections of wild type fPu_xfiﬂ'."r] and CE eKO (Aldh3-Cre; Pu&ﬂ";'i] mutant. (E-F’) At PN21, CE of the
CE KO mutant has a lower number of layers and abnormal stratification. {G-H') At PN28, (G, G') central CE of CE KO mutant is slightly thin compared to the age-
matched control, but with proper stratification as in wild type. (H, H") The peripheral cornea remains thin and with abnormal architecture, Inserts are higher
magnification images of the region of interest indicated by asterisks (*). Abbreviations used in this figure and successive images: En, Comneal endothelium; Str, Corneal
stroma; Epi, Corneal epithelium; Ch, Ciliary body; Ir, Iris; Lim, Limbal epithelium. Scale bar: (A-H') - 50 pm and inserts — 20 pm.
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Fig. 2. Altered expression of keratins in corneal epithelium. (A-H") Coronal
sections from PN21 and PN35 of wild type (Paxt™ ") and CE eK0 mutant (AlR3-
Cre; Paxt™?) were subjected to immunostaining with antibodies indicated. (A,
B) Wild-type CE is stained with Krt12, while expression of Krt12 is lost in (A", B
) CE ¢KO mutant. Expression of Krt14 is seen only in the basal layer of (C, D)
wild-type cornea, whereas in (C', D') CE ¢KO mutant, Krt14 is detected at other
layers. (E-F) As in the control, conjunetival specific expression of Kri4 was not
expanded to the CE in the (E-F) CE ¢KO mutant. No immunoreactivity for

Ert10 was found in the CE of (G, H) wild type and (G', H') CE cKO mutant.
Abbreviations: Cj, Conjunctival epithelium; El, Eyelid, Scale bar: (A-H") - 50 pm.

10 (Krt10), markers of conjunctival epithelial cells (Kurpakus et al.,
1994) (Fig. 2E-F') and skin, respectively (Fig. 2G-H'). Together, these
data suggest that upon loss of Pax6 around eyelid opening, CE differen-
tiation is misregulalted.

3.3. Changes in the proliferation potential or apoptotic rate do not accord
with fewer layers in CE cKOQ mutants

Disruption of corneal epithelial differentiation and reduced thickness
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might be due to changes in the cell proliferation potential. To prove this
directly, we investigated the proliferation status of CE at different post-
natal development stages by BrdU incorporation for 2 h. The distribution
of BrdU™ nuclei was restricted to the basal layer of the CE (Fig. 3B and C).
The fraction of proliferating cells was counted by dividing the number of
BrdU™ cells by DAPI™ cells in the basal layer. The number of proliferating
cells was slightly increased in the CE cKO mutant compared to the wild
type at PN12 and PN14 (Fig. 53). Moreover, at PN21 and PN28, only 7.4
4+ 1.2%, 5.9 + 1.7% were BrdU" in wild-type CE compared with 19.6 +
2.1%, 20.4 + 4.2% BrdU" in CE cKO, respectively (Fig. 3A- F', G). These
findings suggest that inactivation of Pax6 results in increased prolifera-
tion, although this change in proliferation status does not contribute to
the reduced thickness or impaired epithelial differentiation.

Increased cell death could be another possibility for reduced cell
layers despite increased cell proliferation. We therefore analyzed
apoptosis in corneal epithelium using an antibody against cleaved cas-
pase 3. Nevertheless, we noticed no significant difference in the number
of cCaspase3 ™ cells between the wild type and CE cKO mutants at PN21
and PN28 (Fig. 54). Collectively, variations in the proliferation status or
apoptosis do not accord with the decreased number of layers or mis-
regulation in CE differentiation.

3.4. Pax6 activity is required for the proper cell-cell adhesion in posmatal
corneal epithelium

Considering the above paradox that proliferation is increased despite
the reduced thickness, we next investigated these affected cell pop-
ulations at the level of cell-cell adhesion. First, we looked at the
expression of E-cadherin, a key transmembrane protein of the adherens
junction. Immunostaining revealed abundant and proper membrane
localization of E-cadherin in wild-type CE (Fig. 4A-B’). In contrast, the CE
cKO mutants showed improper membrane localization (Fig. 4C-D'). Next,
we analyzed f-catenin, a binding partner of E-cadherin. Similarly to E-
cadherin, p-catenin has a plasma membrane localization in wild-type CE
(Fig. 4I-J'), whereas its presence sharply decreased in CE ¢KO mutants
(Fig. 4K-L'). Furthermore, we analyzed organization of the F-actin cyto-
skeleton in CE using fluorescently labeled phalloidin. In contrast to the
proper organization in the wild type 1E-F'), CE cKO mutants dis-
played more diffused cytoplasmic localization patterns (Fig. 4G-H').
Finally, we assessed the expression of tight junction protein Zonula
occludens-1 (Z0-1), which plays a vital role in the epithelial barrier
function of the comea (Srinivas, 2010; M | et al., 2006). In the
wild-type cornea, Z0-1 displays robust continuous expression at the
cell.cell borders of superficial layers (Fig. 4M, M'), whereas CE cKO
mutants had decreased expression at the cell-cell borders (Fig. 4N, N°).
These findings suggest a loss of epithelial barrier integrity upon Paxé
depletion. Our aggregate data support the model in which postnatal
inactivation of Pax6 results in the loss of proper cell-cell adhesion in CE,
which in turn could account for the reduced number of layers.

3.5. Pax6 depletion in the ocular surface ectoderm resulted in thickened
epithelia

Next, for conditional inactivation of Pax6 in OSE from embryonic
stages, we used K14-Cre (A et al., 2004), where Cre recombinase ac-
tivity is controlled by the Krt14 promoter. To visualize the Cre activity,
we crossed the K14-Cre transgenic mice with the Rosa26R reporter strain
(Soriano, 1999). X-gal staining revealed weak reporter activity in CE,
while modest Cre activity was observed in the presumptive conjunctival
epithelium during embryogenesis (Fig. 55).

To generate conditional knockout mutant KI14-Cre; Pax&, we
crossed K14-Cre transgenic mice with Pax6™". Hereafter, we refer to
K14-Cre; Paox6™f as OSE cKO mutant and Pax6™ as wild type in the text.
To investigate the efficiency of the KI14-Cre recombinase system in
inactivating the Pax6 gene, we performed Pax6 immunohistochemistry.
Consistent with Cre expression, patchy Pax6 protein expression was
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Fig. 3. Increased cell proliferation in corneal epithelium. (A-F) Immunostaining of Pax and BrdU in frontal sections of wild type (Pax6™™) and CE ¢KO (Aldh3-Cre:
Pax6™) at PN21 and PN28. CE of (A'-C"), (D'-F’) Paxt CE cKO mutant had an increased number of BrdU™ cells compared to the age-matched control at (A-C) PN21
and (D-F) PN28. (G) The fraction of proliferating cells is determined by dividing the number of BrdU* cells by the total number of DAPI*cells in the basal layer. Error

bars indicate standard deviation. The p-values are calculated by Student's t-test. ***p < 0,001 (A, A", D, D’

The dashed rectangle in the whole cornea indicates the

region of interest shown in higher magnification panels. Abbreviations used; Co, Cornea; Le, Lens. Scale bar: 50 pm except for (A, A', D, D’) — 100 pm.

observed in presumptive CE of OSE cKO at E15.5 and E18.5 (Fig. 55). In
contrast to E15.5 CE, Pax6é expression was decreased in presumptive
conjunctival epithelial cells of the OSE cKO mutant (Fig. 55). At PN2, an
asymmetrical deletion pattern was observed in most of the OSE cKO
mutants; one periphery had a loss of Pax6™ cells, while in contrast, the
other periphery and conjunctiva retained Pax6 expression (Fig. 5A-C').
By PN6, very few or no Pax6 ™ cells were found in the entire OSE domain
(Fig. SD-F).

To further characterize the phenotypic changes, we examined
morphological and histological changes in OSE ¢KO mutants and age-
matched controls. Hematoxylin and eosin staining at PN2 revealed
thickened limbal and conjunctival epithelia in the OSE cKO mutant
(Fig. 5H') in contrast to 1-2 layered wild-type epithelia (Fig. 5H and I).
Simultaneously, part of the cornea and limbus, which retains Paxé,
remained thin (Fig. 5I°). Besides that, no significant change was found in
the central CE (Fig. 5G, G'). At PN6, in comparison to wild-type tissue
morphology, the corneal, limbal and conjunctival epithelia of the OSE
KO mutants were moderately thickened (Fig. 5J-L"). By PN18, palpebral

spaces in OSE cKO mutants were small, with some having eyelashes
touching the CE (Fig. . By PN23, the eyes of OSE cKO mutants
appeared opaque with 20% penetrance (Fig. 56). Histological analysis of
opaque eyes at PN23 showed keratinization and extensive thickening of
central CE of OSE cKO compared to age-matched control animals
(Fig. 56). Collectively, these data show that Pax6 inactivation in OSE
during early postnatal stages impairs ocular surface homeostasis.

3.6. Pax6 loss in ocular surface epithelium resulted in corneal epithelium
adopting conjunctival keratin expression

Our present histological analysis indicates a switch to epidermal cell
fate on the ocular surface. Our hypothesis predicts that loss of Pax6 af-
fects the cell fate decisions in the OSE compartment, and is thus involved
in major corneal postnatal developmental processes. To test this hy-
pothesis, we examined the expression of epithelial markers at early
postnatal stages (PN1-PN12) prior to eye opening. In contrast to wild-
type eyes, Krt12 expression was lost in OSE cKO mutants (Fig. 6A-C'),
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Fig. 4. Cell adhesion and cytoskeletal defects in corneal epithelia. (A-L") Coronal sections from PN21 of control (Pax6™) and CE ¢KO (Aldh3-Cre; Paxs™™) were
subjected to immunestaining with antibodies indicated. (A-B') Proper membranous localization of E-cadherin in CE eells of control eyes (C-D'), while a diffused

pattern was observed in CE ¢KO mutants. (E-H') Diffused expression of F-actin is observed in the CE

0 mutant in contrast to its proper organization in the control. (I-

J°) Control CE cells have membrane localization of i-catenin, whereas (K-L') the CE ¢KO mutant has an overall downregulated expression in CE cells. (M-N") Whaole-
mount immunostaining of Z0-1 in superficial layers of CE at PN21. Inserts are higher magnification images of the region of interest indicated by asterisks (*). Scale

bar: (A-L) - 50 pm and inserts — 20 pm, (M-N") — 20 pm.

while expression of Krt14 expanded to all cell layers in the cornea by PN6&
(Fig. 6D-F'). These findings demonstrate that corneal epithelial differ-
entiation was impaired upon Pax6 inactivation. In control conjunctiva,
Krt14 was expressed in basal and suprabasal cells (Fig. 6D-F), and OSE
cKO mutants maintained the same expression pattern even though they
had comparatively thicker epithelia (Fig. 6D"-F').

In most cases, CE of OSE cKO mutants was devoid of Krt10 during
early postnatal stages (Fig. 6G-I'). Rarely, some samples with patches of
Krt10" cells were observed. These had comparatively no conjunctival sac
and more or less direct contact of CE with the thickened conjunctiva
(Fig. 57). Keratinization in these samples could be a response to irrita-
tions caused by the closeness of thickened conjunctival epithelia and CE.
Therefore, we further analyzed the expression of Krt4, which was local-
ized to the conjunctival epithelium in wild-type mice. Krt4 expression
expanded into the LE and CE in OSE cKO mutants (Fig. 6J-L'). Based on
these data, we infer that the loss of Pax6 in OSE during the early postnatal
stages results in the conjunctivalization of CE.

To complete these analyses, we examined the expression of three
epithelial markers, Krt12, Krt14 and Krt10, at PN23. The expression of
Krt12 was absent in the thickened epithelia of OSE cKO mutants, while
the expression of Krt14 was expanded to apical cell layers in OSE cKO
mutants in contrast to its basal layer expression in control eyes
(Fig. 7). Furthermore, the expression of skin-specific Krtl0 was
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observed in CE with Pax6 loss (Fig. 57). Even though these data
indicate the developmental fate change of CE to the epidermis at
PN23, we interpret this fate change as a response to irritations
happening to the corneal surface, including small palpebral space,
infection, and contacts with eyelashes.

4. Discussion and conclusions

This is the first study to define the roles of Pax6 in postnatal mouse
corneal development and to integrate these results with previously
established eritical functions of this transcription factor in early corneal
development. These findings are both important for understanding the
intricate complexity of corneal development, their maintenance, and the
pathology of the comea in human aniridia patients (Ihnatko et al
Latta et al., 2021). To accomplish these goals, we employed genetic
cond ional ]oss of-function approaches using two-stage and cell-specific
K14- and Aldh3-cre lines. Previous studies were l]mned to analysis of
various Pax6 haplomsufﬁcten.c} models (Davis Mort et al.,
2011; Ramaesh et al., 2006); however, in both our KM and Aldh3-cre
models, corneal development proceeds normally until PN1 and PN12-14,
respectively. Our data show that Pax6 is important for postnatal devel-
opment of the cornea and the maintenance of the limbal epithelial
identity.

. 2016;
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Fig. 5. K14-Cre-mediated deletion of Paxb and histological changes in the ocular surface ectoderm. (A-L') Consecutive frontal sections of control (Pax6™) and 0SE

KO mutants (K14-Cre; Poxt

) were stained with Paxt and H&E at indicated postnatal stages. (A-C") At PN2, Pax6 expression is retained in one peripheral part of the

cornea, while it is deleted in other periphery and central epithelial eells. (D-F') At PN6, Paxh expression is absent in the central, limbal and conjunetival epithelial cells
of OSE KO mutants. (G-1') At PN2, OSE ¢KO mutants have thicker LE compared to the control. (J-L') At PNG, the OSE cKO mutant exhibits moderately thickened
corneal, limbal and conjunctival epithelium compared to the control epithelium. The dashed line indicates the region of Pax6 deletion. Scale bar: (A-L') — 50 pm.

4.1. Role of Paxt in comneal epithelium during postnatal development

Selective inactivation of Pax6 in CE concomitant with eye opening
leads to the abnormal cornea marked by only 34 cell epithelial layers
concomitant with altered cell-cell adhesions in the CE of CE cKO
compared to control littermates.

Initial analysis of the cornea using chimeric AP-2a wild-type and null
cells showed downregulation of E-cadherin in mutated cells (West-M

¥s

et al. 2003). In the follow-up studies, E-cadherin expression was
decreased in the lens and CE of AP-2a conditional knockout mutants
(Dwivedi et al., 2005). Previous studies have shown that AP-2u, together
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with Pax6, controls gelatinase B (Mmp9) promoter activity in response to
wound healing (Sivak et al., 2004). AP-2a has o\per]appmg expresston
with Pax6 in bmh embryonic and adult eyes (West-Ma | %
Makhani et al., In vitro Stlldl&i proposed AP-2a- med:a.ted E ca.d
herin promoter actl\u]ty (Behr al., 1991; Hennig et al., 1996).
Corneas of AP-2a conditional knockout mutants exhibit a similar
phenotype to Pax6 deficient ones, 1r1c!ud1ng adhesion-defective thin
epithelium (Davis et al., 2003 et al., 2005). Taken together,
these findings raise the possibility of co-operative regulation of E-cad-
herin expression by Pax6 and AP-2o. Further studies are required to
determine whether AP-2a regulates E-cadherin through its co-operative
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Fig. 6. Corneal epithelium adapts keratin expression pattern in conjunctival epithelium. (A-L') Coronal sections of control (Pax™™) and OSE cKO mutants (K14-Cre;
Poet™M) were stained with indicated antibodies. (A-C") Krt12 expression is lost in CE cells of OSE ¢KO mutants. (D-F’) Krt14 expression is expanded apically to all cell

layers in OSE cKO mutants, while it is restricted to the basal cell layer in control CE. {(G-1') No immunostaining of Krtl0 is observed either in the CE of OSE ¢KO mutant
or control. (J-L°) Expansion of Krt4 expression to the CE in the OSE cKO mutant, whereas it is confined to the conjunctival epithelium in the control. Dashed lines

indicate OSE with Pax6 loss in OSE cKO mutants. Scale bar: (A-L") - 50 pm.

interaction with Pax6. Interestingly, Pax& hete TOZY gous corneas showed
no change in E-cadherin expression (Davis et al., al.
2007). It is likely that one copy of Paxé is sufﬁctent to maintain the
promoter activity of E-cadherin (M: et 7). It is further
supported by the notion that no morphological ch.anges were found upon
conditional deletion of one copy of Pax6 in postnatal CE cells using the
tamoxifen-inducible Cre model (D 2018). However, these
models delete the floxed Pax6 allele using the ubiquitous CAG promoter
and cell-specific Krt19 at E9.5 and 12 weeks postnatally, respectively
(Dol 2018).
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Homozygous knockout models in mice (Ka 1996) and muta-
tions in the human Krt12 gene (Nishida et ¢ 7) are characterized by
corneal fragility. We thus propose that loss of Krt12 in the CE ¢cKO mutant
could further deteriorate intercellular adhesion.

Our CE Paxt cKO data show for the first time that tight junction
protein Z0O-1 located between the superficial epithelial cells was down-
regulated in a Pax6 gene loss-of-function murine model, consistent with
increased fluorescein uptake in comneas of heterozygous Paxé mutant
mice (Davis et al., 2003), which indicates defective tight junctions upon
Pax6 loss. The formation of adherens and tight junctions is
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interdependent, and the loss of adherens junction components could lead
to cells that do not develop tight junctions (Ooshio et al., 2010; Campbell
et al, 2017; Capaldo and Macara, 2007; Sugrue and Zieske, 1997). It is
plausible that a decrease in adherens junction components could affect
other cell-cell junctions and, thus, total cell-cell adhesion.

To further evaluate the possibility of transdifferentiation of CE to the
skin-like cells or migration of conjunctival cells, we examined Krt10 and
Krt4 expression, respectively. Although earlier studies reported Krid™
cells in the CE of heterozygous Pax6 mutants (Davis et al., 2003), we did
not observe any expansion of Krt4 or Krtl0 to CE. At the same time,
goblet cells were observed in peripheral and Pax6-retaining regions
(Krt12") of the central cornea in CE cKO mutants at PN28. The presence
of goblet cells in CE is considered a major characteristic of limbal stem
cell deficiency (Puangsricharern and Tseng, 1995; Nishida et al., 1995).
The stem cells in the limbus cannot maintain epithelial homeostasis, so
cells migrate from the conjunctiva into the cornea (Puangsricharern and
Tseng, 1995; Nishida et al., 1995). Goblet cells are observed before the
limbal stem cells are assumed to be active (Collinson et al., 2002). Hence
the ectopic goblet cells cannot be explained as a direct consequence of
limbal stem cell deficiency/limbal barrier breach. Incongruent with this,
a recent study reported the presence of a compound niche at the
limbal-corneal border, which contains a heterogeneous population of
cells, including post-mitotic Krt8"/Krt12"/MucSac™ goblet cells. The
authors hypothesized that, in the case of wounds in the CE near the
limbus, goblet cells increase in number, and they arise from cells in the
compound niche, not from bulbar conjunctiva (Pajochesh-Ganji et al.,
2012). We therefore assume that ectopic goblet cells in the CE of CE cKO
mutants could be raised from progeni in the compound niche in
response to severe wounding/erosions due to adhesion defects.

Increased proliferation in the CE ¢KO corneas is consistent with the
previous findings from Pax6 heterozygous corneas (Davis et al., 2003;
Ramaesh et al., 2005). It is possible that this could be compensation for
the cell loss due to adverse adhesion defects (Zieske, 2000). Alternate
possibility is that Paxé directly or indirectly regulates components of cell
cycle machinery. For example, Pax6 was found to control cell cycle exit
and differentiation into lens fiber cells in ocular lens (Klimova and
Kozmik, 2014; Duparc et al., 2007; Estivill-Torrus et al, 2002; Holm
et al., 2007).

The development, maturation and maintenance of CE is regulated by
a set of transcription factors including Pax6, Ap2-w, EHF and KIf4 (Davis
et al., 2003; Dwivedi et al., 2005; Swamynathan et al., 2007; Delp et al.,
2015; Tiwarl et al., 2017). Pax6 together with KIf4 and Oct4 regulates
intermediate filament Krtl 2 (Swamynathan et al., 2007; Sasamoto et al.,
20165 Liu et al., 1999). The expression of Krt12 indicates cormea-specific
differentiation, and the loss of Krt12 in CE cKO mutant corneas suggests
misregulation of differentiation. This observation is further supported by
robust and multilayered expression of basal cell-specific Krtl4 in
Pax6-deficient CE.

Pax6 is two-fold d gulated in KIf4 conditional knockout mu-
tants. Furthermore, the CE of Klf4 conditional knockout mutants has
fewer layers despite the increased proliferation and disrupted cell
adhesion, which is remarkably similar to Paxé CE cKO mutants (Swa-
mynathan et al., 2007, 2008). The Ets transcription factor EHF acts as a
regulator for corneal epithelial cell diffe ion (Stephens et al.,
2013). The Ehf expression is progressively upregulated during develop-
ment, retained highly in adults and upon ageing. Previous studies suggest
the possibility of co-regulation of different set of target genes which
promote corneal epithelial differentiation by EHF- PAX6 and EHF -KLF4
(Stephens et al., 2013). But the hierarchical network of these transcrip-
tional regulators in corneal embryonic development and postnatal
maturation as well as maintenance is not well established.

The robust expression of Aldh3/Aldh3al in CE is directly regulated
by Pax6, Octl,/Pou2fl and p300 (Davis et al., 2008). This explains the
repopulation of Pax6’" central CE by PN28. Even though the central
cornea of CE cKO mutants is Pax6™"*, we observed fewer layers
compared to its age-matched controls. This could be possibly due to the
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developmental delay resulting from the depletion of Pax6é during strati-
fication initiation. However, somatic depletion of Aldh3 proteins gen-
erates structurally normal corneas (Nees et al., 2002), and, thus, we did
not investigate further reduction of Aldh3 proteins in our system.

In summary, our data have revealed that Pax6 is required for the
proper maintenance of strong intercellular adhesion and differentiation
of CE during postnatal development (Fig. 7A).

4.2, Role of Paxt in the early posmatal ocular surface ectoderm

To unravel the autonomous function of Pax6 in OSE, we used K14-Cre,
which is controlled by a promoter specific for basal keratinocytes (Andl
et al., 2004). Targeted deletion of Pax6 using K14-Cre in OSE results
(Swamynathan, 2013) in the migration of Krt4™ conjunctival cells into
the cornea by PN6. In conditions in which the limbus is partially or
entirely deleted or lost due to chemical burns, varying degrees of limbal
stem cell deficiency (LSCD) arise, which results in conjunctivalization of
the cornea (Moyer et al, 1996; Dua and Azuara-Blanco, 2000; Tseng,
1989; Shapiro et al., 1981; Kruse et al., 1990; Koizumi et al., 2000; Lin
et al., 20132). While in OSE cKO mutants, migration of conjunctival cells
to the cornea occurs prior to limbal stem cell activation (Collinson et al.,
2002), it is unlikely to have LSCD in our model. Here, we interpret our
phenotype as a loss of limbal epithelial identity, which resulis in the
overgrowth of conjunctival epithelial cells in the comea.

In the anterior segment of the eye, lens and epithelial components of
the eyelid, cornea, limbus, conjunctiva, lacrimal gland, and harderian
gland are specified from OSE (Collinson et al,, 2004; Chow and Lang,
2001). Spatiotemporal control of Wnt/f-catenin signaling is important
for determining these specific fates within OSE. For example, activation
of Wnt/p-catenin signaling in the early OSE prevents lens induction,
whereas its ablation results in ectopic lens in peripheral SE (Smith et al_,
2005; Miller et al., 2006; Kreslova et al., 2007). In addition to this,
aberrant expression of fi-catenin in presumptive corneal and conjunctival
ectoderm disrupts its proper morphogenesis and results in ocular surface
squamous metaplasia (Mizoguchi et al., 2015; Zhang et al., 2010). Re-
ceptors and ligands of Wnt/p-catenin signaling are consistently expressed
throughout the OSE (Liu et al., 2003; Ang et al.. 2004). However, active
‘Wnt signaling is detected in early conjunctival epithelium and underlying
mesenchyme of the cornea, limbus and conjunctiva, not in the pre-
sumptive corneal and limbal ectoderm (Liu et al., 2003; Gage et al., 2008;
Zhang et al., 2015). This regional specificity could be necessary for the
barrier function of limbal epithelium, which may be maintained by active
repression of this pathway at various levels. It is further supported by the
wide expression of Wnt inhibitors DKKs and Sfrpl in the cornea during
embryonic and postnatal development (Liu et al., 2003; Ang et al., 2004;
Mukhopadhyay et al., 2006). The effect of aberrant Wnt signaling de-
pends on the stage and region of activation; CE could undergo a fate
switch to the epidermis (Zhang et al., 2010; Mukhopadhyay et al., 2006;
Pearton et al., 2005; Joo et al., 2010; Meng et al., 201 4) dedifferentiate to
more progenitor-like cells (Zhang et al., 2010; Pearton et al., 2005),
proliferate in an unregulated fashion (Mizoguchi et al., 2015; Zhang
etal., 2010), or could inhibit stratification of CE cells (Zhang et al., 2015,
2019).

Paxé directly regulates Wnt inhibitors such as Sfrpl, 5frp2 and Dkk1
in the lens and central nervous system (Machon et al., 2010; Duparc et al.,
2006; Kim et al., 2001). Moreover, elevated mENA levels of Wnt in-
hibitors Wifl and Sfpr2 were found in the comea with Paxé over-
expression {Davis and Piatigorsky, 2011). Loss of OSE identity and bias
towards conjunctival fate was reported for Dkk2™~ mutants similarly to
our model. Taken together, we assume that Pax6 regulates the expression
of Wnt inhibitor Dkk2 in the cornea. Further research needs to be carried
out to see whether Dkk2 is regulated by Pax6 or not.

Finally, as we found keratinization of the cornea by PN23 in OSE cKO
mutants, CE of Dkk2™/~ mutants also exhibited keratinization and opa-
que cornea postnatally (Gage et al., 2008). In Dkk2~'~ mice, keratini-
zation is assumed as the consequence of irritations caused by ectopic
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Fig. 7. Schematic summary of the plausible role of Paxt in the developing cornea. (A-B) Schematic summary of the plausible function of Pax6 during mouse corneal
development. (A) Depletion of Paxé during postnatal corneal development in CE results in a thinner cornea with adhesion defects. (B) Depletion of Pax6 in OSE during
ecarly postnatal stages results in conjunctivalization of CE cells. Arrowheads in (B) indicate the position of the limbus in OSE ¢KO mutants.

eyelashes and infections raised due to eyelid defects (Gage et al., 2008).
In our study, during early postnatal stages, ectopic Krtl0" cells were
observed very rarely in OSE, and they exhibited a very narrow
conjunctival sac, which could cause rubbing of CE with conjunctival
epithelia. We believe that the complete fate switch to the epidermis seen
at PN23 in OSE ¢KO mutants either occurred progressively during
development as a disease response to the constant contact of CE with
conjunctival epithelium or by chronie irritations by eyelashes after eye
opening (Fig. 55).
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In conclusion, conditional inactivation of Pax6 in OSE using K14-Cre
revealed the role of Pax6 in maintaining the epithelial identity of limbal
cells. We observed loss of comneal epithelial identity and migration of
conjunctival cells to the cornea upon Pax6 loss in OSE (Fig. 7B).
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Supplementary Figure 1: Characterization of Cre recombinase activity of 4ldh3-Cre
transgenic mice and Pax6 deletion pattern in the cornea of CE ¢cKO mutants

(A) To generate Aldh3-Cre, BAC containing regulatory sequences of the Aldh3 gene was
modified by BAC recombineering. A cassette containing Cre recombinase (Cre-pA) and
EGFP linked by Internal ribosomal entry point (/RES) sequence was integrated into the first
translational start site (ATG) ofthe Aldh3 gene. (B-C”’)The Aldh3-Cre activity was
visualized using the Rosa26R reporter strain. The B- Gal activity in frontal sections of the
eye at (B-B’*’) PN 14 and (C-C”’) PN22. (D-E’) Coronal sections of wildtype (Pax6™") and
CE cKO (4ldh3-Cre; Pax6"") stained with Pax6 antibody at PN12. Decreased levels of Pax6
in CE at PN12 (D’, E’) in the CE cKO mutant compared to (D, E) age-matched control. (F-
G’) Hematoxylin and eosin staining in frontal sections of wildtype (Pax¢™") and CE cKO
(Aldh3-Cre; Pax6™") mutant at PN12. No obvious difference is found in CE morphology.
Abbreviations used: Co, Cornea; Le, Lens: Re, Retina; Rpe, Retinal pigment epithelium. En,
Corneal endothelium; Str, Corneal stroma; Epi, Corneal epithelium; Cb, Ciliary body; Ir,
Iris; Lim, Limbal epithelium Scale bar: (B, C) — 200um (B’-G’) — 50um.
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Supplementary Figure 2: Morphological changes in the cornea at PN28

(A-E’) Hematoxylin and eosin staining and alcian blue staining of eyes of the control
(Pax6™") and CE cKO mutant (4/dh3-Cre; Pax6¢"") at PN28. (A-A’) In contrast to control
mice, (B-B’) the CE cKO mutant has a disturbed stroma with an increased number of
keratocytes at regions with the loss of Pax6. (C-C’) Goblet cells are absent in control CE
cells, while the CE cKO mutant has ectopic goblet cells in CE cells. (D-E’) Presence of
globet cells in CE of CE ¢cKO mutants are confirmed by Alcian blue staining (A, B, C)
Dashed rectangle in the whole cornea indicates the position of the region of interest shown
in higher magnification panels. Black arrowheads in B’ and C’ indicates keratocytes in the
stroma and goblet cells, respectively. Scale bar: (A, B, C, D, E) -100um, (A’, B’, C’, D’,
E’) - 50pm.

54



Whole cornea “ Central cornea “ Peripheral cornea

PN12

Aldh3-Cre; Pax6™"

1dva / npig { 9xed

g

2
©
a

PN14

Aldh3-Cre; Pax6™"

25 - mWT - CE cKO

n
o
L

-

=y
w
L

cells (%)

Fraction of proliferating
s

o
'

o

PN12 PN14

Supplementary Figure 3: Proliferation in CE ¢cKO mutant corneas

(A-F”) Coronal sections of control (Pax6¢™") and CE cKO mutants (Aldh3-Cre; Pax6"")
were stained with Pax6 and BrdU antibodies at PN12 and PN14. CE of CE cKO mutants at
(A-C’) PNI12 and (D-F’) PN14 has a slight increase in the number of BrdU" cells in
comparison to control corneas. (G) Quantification of S-phase cells determined by the
proportion of BrdU" cells against the total number of DAPI" cells in the basal layer. Error
bars indicate standard deviation. The p-values are calculated by Student’s t-test. ** p <0.01
Scale bar: (A-F’) — 50 um
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Supplemenatry Figure 4 : Apoptosis in CE ¢KO mutants

(A-D’) Coronal sections of control (Pax6/”/ ') and OSE ¢cKO mutants (K/4-Cre; Pax6""
were stained with cCaspase 3 and Pax6 at indicated postnatal stages. No significant changes
are found in CE ¢cKO mutants in comparison to controls. Scale bar: (A-D’) — 50 um
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Supplemenatry Figure 5 : Characterization of Cre recombinase activity in K74-Cre
transgenic mice and Pax6 deletion pattern in the OSE ¢KO mutants (A-D’”) The K74-
Cre activity was visualized by the Rosa26R reporter strain. X-gal staining in coronal sections
at (A-A”’) E14.5, (B-B”) El6.5, (C-C’) E18.5 and (D-D”) PN2. (E-H’) Pax6
immunostaining in the eyes of OSE cKO mutants (K/4-Cre; Pax6¢"") and age-matched
controls (Pax6¢™"). (E, E’) Pax6 staining is retained at E15.5 in CE cells of the OSE cKO
mutants (F, F”), while it is decreased towards the presumptive conjunctiva compared to the
control. (G, G’) Mosaic expression of Pax6 is observed in CE cells of OSE ¢KO mutants at
E18.5 (H, H’), while it is downregulated at presumptive conjunctival epithelial cells. Scale
bar: (A, B, C,D)- 100 um, (A’, A”’, B>, B”’, C’, C’) — 50 um, (E-H’) — 50 pm.
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Supplementary Figure 6: Morphological defects in OSE cKO mutants after eye
opening
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(A) Compared with control (Pax6™") eyes, OSE ¢cKO mutants (K/4-Cre; Pax6"") have (B,
C) smaller palpebral space and (C) eyelashes touching the corneal surface at PN18. (D, E)
Control eyes at PN23 are transparent, while OSE ¢cKO mutants have opaque eyes. (F, G)
H&E stained coronal sections of eyes at PN23 of control and OSE ¢cKO mutants. (G) In
contrast to (F) 4-6 stratified layers in the control epithelium, there is extensive thickening
and keratinization of central CE in OSE ¢cKO mutants. (C) White arrowhead indicates
eyelashes touching the ocular surface. Scale bar: (A, B, C, D, E) — 50 um, (F, G) — 100 pm.
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Supplementary Figure 7: Altered keratin expression and switch in developmental fate
to epidermis after eye opening

(A-I’) Coronal sections of control (Pax6"/") and OSE cKO mutants (K14-Cre; Pax6"") were
stained with indicated antibodies at mentioned postnatal stages. (A-C’) Krt10" cells in CE
and conjunctival epithelium of OSE cKO mutants at PN2. (D-E’) Krt12 expression is lost in
OSE cKO mutants compared to the control. (F-G”) Krt14 expression is expanded to all layers
in OSE cKO mutants. (H-I") Ectopic expression of Krt10 in CE cells of OSE cKO mutants.
Inserts in (A-C’) are higher magnification of (*) indicated positions. Abbreviations used:
Cjs, Conjunctival sac Scale bar: (A-I’) — 50 pm
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Antibody Host Dilution Source

Pax6 Rabbit 1:1000 Covance (PRP-278P)
K12 Goat 1:300 Santa Cruz Biotec Inc, sc-
171011, 2]
K14 Mouse 1:500 Thermo fisher scientific,
LLO2,MA5-11599
K10 Mouse 1:500 Thermo fisher scientific, DE-
K10,MA5-13705
K4 Mouse 1:100 Thermo fisher scientific,
6B10,MA1-35558
E-cadherin Rat 1:300 Thermo fisher scientific, 13-
1900[3, 4]
B-catenin Rabbit 1:1000 Sigma, C2206[5, 6]
70-1 Rabbit 1:250 Thermo fisher scientific, 61-
7300[7, 8]

Supplementary Table S1: Primary antibodies used
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6.3 Investigating the effect of the Ovol2 promoter mutations and their
possible association with posterior polymorphous corneal dystrophy
(PPCD) 1 in the mouse model.

Corneal dystrophies are a diverse group of inherited disorders with heterogeneous
genetic backgrounds. PPCD is a rare, autosomal dominant corneal dystrophy characterized
by an abnormal CEn, which leads to corneal opacity, secondary glaucoma and consequently
blindness (Evans et al., 2015; Krachmer, 1985; Weiss et al., 2015). PPCDI is caused by
mutations in the evolutionarily conserved promoter region of the OVOL2 gene causing its
upregulation in the CEn (Davidson et al., 2016). Since the disease mechanism leading to
PPCDI1 phenotypes is not well understood, it is advantageous to model PPCD in an
appropriate experimental system.

In an attempt for this, using the CRISPR-Cas9 system, we generated allelic series of
mice carrying Ovol2 promoter mutations, including human PPCD1 pathogenic variant c.-
307T>C. Surprisingly, not all mutations resulted in ocular phenotypes in mice, despite of
high degree of conservation within the mammals. Four distinct mutations in the distal
promoter region did not alter the Ovol2 mRNA expression as well as did not exhibit any
ocular phenotype. Contrary to this, the base substitution of c.-307T>C resulted in the
upregulation of (mRNA) Ovol2 expression in CEn but did not lead to any characteristics of
endothelial dystrophy. Similarly, despite increased Ovol2 mRNA levels, mice carrying a
deletion of the Ovoll1/Ovol2 binding site located next to the ¢.-307T>C mutation did not
exhibit any signs of endothelial abnormalities. Collectively, even though Ovol2 mRNA
levels are upregulated in CEn of ¢.-307T>C and c.-307_-320del mutations, the absence of
endothelial dystrophy in mice suggest the species-specific variation in CEn genesis.
Interestingly, a minority of the ¢.-307T>C and c.-307_-320del mutants exhibited a myriad
of phenotypes including iridocorneal adhesion, persistent hyperplastic primary vitreous
(PHPV), and dysplastic retina, implicating the possible role of Ovol2 in early eye
development.

My contribution to this work: I generated the majority of the experimental data presented
in this study, except for analysis using SD-OCT. I wrote the manuscript prepared for
submission, presented on pages 62- 83 of this thesis
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Abstract

Pathogenic variants in a highly conserved region of the OVOL2 promoter cause
autosomal dominant corneal endothelial dystrophies. The molecular basis of the phenotype
appears to be the upregulation of the endothelial OVOL2 mRNA. Here we produced an
allelic series of Ovol2 promoter mutations in the mouse model including the ¢.-307T>C
mutation present in the affected human PPCDI1 individuals. Despite the high evolutionary
conservation of the Ovol2 promoter only some alterations of its sequence resulted in
phenotypic consequences in mice. Four independent mutations in the distal part of the mouse
Ovol2 promoter had no significant effect on endothelial Ovol2 mRNA level and did not
produce any ocular phenotype. In contrast, the mutation c¢.-307T>C resulted in a strong
increase of Ovol2 gene expression in the corneal endothelium, and a small fraction of adult
¢.-307T>C heterozygotes developed distinct ocular phenotypes such as irido corneal
adhesion, corneal opacity and persistent hyperplastic primary vitreous (PHPV).
Interestingly, 50% of heterozygotes and 91% of the homozygotes developed phenotypes
associated with iris and PHPV already at embryonic stages. We noticed that the c.-307T>C
mutation is located next to the Ovoll/Ovol2 transcription factor binding site implicated in
Ovol2 autoregulation. Mice carrying an allele with a deletion encompassing the Ovol2
binding site -307 -320del showed significant Ovol2 gene upregulation in the cornea
endothelium and exhibited phenotypes similar to ¢.-307T>C mutation.

In conclusion, although the mutations c¢.-307T>C and -307 -320del lead to a
comparably strong increase in endothelial Ovol2 expression as found previously in PPCD1
patients, endothelial dystrophy was not observed in the mouse model, implicating species-
specific differences in endothelial cell biology. The emergence of the defined set of
dominant ocular phenotypes associated with Ovol2 promoter mutations in mice nonetheless
argues for the possible role of this gene in eye development and/or disease.

Keywords: Eye, Gene, Cornea, PPCD, Ovol2
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Introduction

Corneal dystrophies are a group of rare genetic disorders that affects single or several
layers of the cornea. Posterior polymorphous corneal dystrophy (PPCD) is an autosomal
dominant disorder that is associated primarily with changes in corneal endothelium (CEn).
The acuteness and phenotype of PPCD are variable from mild symptoms such as band-like,
geographic and vesicular lesions to corneal endothelial failure necessitating surgical
intervention /corneal transplantation [1-4]. With PPCD, CEn cells exhibit several epithelial-
like characteristics, including the expression of keratin, numerous desmosomes and
microvilli. These abnormal endothelial cells can proliferate and migrate through the
trabecular meshwork and the peripheral iris surface, which further results in iridocorneal
adhesions, iris atrophies and raised intraocular pressure, leading to glaucoma [1, 5-7].

The genetic causation of PPCD is implicated to four different genes. PPCD4 is
caused by the mutations in the regulatory region of GRHL?2 gene [8], PPCD3 is arised by the
ZEBI haploinsufficiency due to truncation or deletions of ZEBI gene [3, 9-11] and PPCD2
associated with non-synonymous mutations in COLS8A2 gene [12], and PPCD1 with
mutations in the promoter region of OVOL2 gene [4, 13]. Genes that are associated with
PPCD encode a group of transcription factors that mediate cell state transitions, such as
epithelial-to-mesenchymal transition (EMT) and mesenchymal-to-epithelial transition
(MET). ZEBI (Zinc finger E box binding homeobox 1) promotes EMT and is expressed in
human CEn, whereas GRHL2 (Grainy head-like transcription factor 2) and OVOL2 (Ovo—
like zinc finger 2) are direct transcriptional repressors of ZEB1 and induces MET [14-19].
Additionally, ZEB1 also suppresses the expression of these genes [15, 20, 21]. Accordingly,
the mutations identified in PPCD are causing a shift in OVOL2-ZEB1- GRHL?2 axis [4, §].

Whole genome sequencing analysis of a large British kindred family with PPCD1
identified a heterozygous duplication of 22 bp within the OVOL2 promoter [4, 6], whereas
a ¢.-370T>C transition was associated with 16 Czech families with PPCD1 [4, 22, 23].
Further screening identified two more mutations in the proximal OVOL2 promoter region of
British families, ¢.-307T>C and c.-274T>G [4, 13]. Despite this, the OVOL2 expression is
not normally found in fetal and adult human CEn. Pathogenic variants of PPCD1 resulted in
increased OVOL2 promoter activity in vitro, which suggested the possibility of its ectopic
expression in the CEn [4]. Transcriptomic analysis of RNA-seq data on CEn of PPCD1
patients with c¢.-307T>C confirmed ectopic expression of OVOL2 and GRHL2 and
demonstrated decreased expression of ZEBI, which indicated the deregulation of OVOL2-
ZEB1-GRHL2 axis [24].

Intriguingly, OVOL?2 proximal promoter region encompassing these mutations is
highly conserved within mammals [4]. It has been shown that this region has binding sites
for multiple transcription factors present in CEn and these mutations are altering their
binding sites. Thus it has been hypothesised that the ectopic expression of OVOL? is driven
by the cryptic cis-regulatory sequence binding site [4]. But the exact mechanism is not
clearly understood.

Here, we presented an allelic series of Ovo/2 promoter mutations including
pathogenic variant ¢.-307T>C in mice using the CRISPR-Cas9 approach. Despite a high
degree of evolutionary conservation, not all mutations cause ocular abnormalities in mice.
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Four distinct mutations in the distal promoter region did not significantly change Ovol2
mRNA levels and exhibited no ocular phenotype. Nevertheless, our data indicate that similar
to human patients, mice carrying c.-307T>C mutation and deletion of the Ovol2/Ovoll
binding site -307 -320del showed increased transcriptional activity of Ovol2, but does not
lead to endothelial dystrophy, suggesting the species-specific variation in endothelial
development. Interestingly, a minority of these mutants showed ocular phenotypes including
iridocorneal adhesion, PHPV and dysplastic retina indicating a possible role for Ovol2 in
eye development.

Materials and methods

Ethics statement

The housing of the mice and in vivo experiments were performed in agreement with
the European Communities Council Directive of 24 November 1986 (86/609/EEC),
institutional and national guidelines. Experimental methods and animal care were approved
by the Animal Care Committee of the Institute of Molecular Genetics (no. 71/2014). No
human subjects are included in this work.

Histology and Immunofluorescence

Eyeballs from appropriate age were isolated, and fixed in 4 % paraformaldehyde in 1x
Phosphate buffer saline (PBS) overnight at 4°C. The following day, samples were washed 3
times % 10 minutes in 1x PBS, dehydrated in a series of ethanol, cleared in xylene and then
embedded using paraffin wax.

For Hematoxylin and Eosin (H&E) staining, the sections of 6 um thickness were
deparaffinised with xylene and xylene is removed with 100 % ethanol. Then sections are
rehydrated with the ethanol series (95% - 80% - 70% - 50% - 25%), dyed with Hematoxylin
and eosin and mounted using 70% glycerol.

For immunostaining, deparaffinised and rehydrated sections were treated with sodium
citrate buffer (10 mM sodium citrate buffer, 0.05% Tween 20, pH-6.0) for heat-induced
epitope retrieval. For preventing nonspecific binding between tissue and primary antibodies,
sections were incubated with 10 % BSA (Bovine Serum Albumin) in 0.1% PBT (1x PBS with
0.1% PBT) for 1 hour. Then sections were incubated in primary antibodies in 1% BSA /0.1%
PBT overnight. Next day, sections were washed 4 % 10 minutes with 0.1% PBT, and incubated
with secondary antibody for 1 hour, washed 2x 10 minutes with 1x PBS, stained with DAPI
(1pg/ml) and mounted using Mowiol. The primary and secondary antibodies utilized in this
study are presented in Table S1. Stained sections were imaged using Andor Dragonfly 503
(Immunostaining) and Leica DM6000 and Zeis Imager Z2 (H&E staining).

Quantitative RT-PCR (qRT-PCR)

To analyze mRNA expression, CEn cells from PN21 eyes were isolated (each sample = 6
eyes) and total RNA was isolated using Trizol Reagent (Life Technologies/ Invitrogen).
Superscript VILO ¢cDNA synthesis kit (Life technologies) was used to generate randomly
primed cDNA from 200 ng of total RNA. CEn cells was isolated from at least 6 independent
biological replicates. All qRT-PCR experiments were done using a Roche LC480 light cycler
and the amplifications are made using SYBR Green I PCR master mix (Roche). The thermal
cycling conditions used: Initial denaturation at 95°C for 1 minute followed by 50 cycles at
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95°C for 10 seconds, 55°C for 20 seconds, and 72°C for 20 seconds. The experiments were
performed with three technical replicates for each biological replicate. The relative quantities
are calculated using the AACy method [25]. Using this method, we obtained fold changes in
gene expression normalized to a housekeeping gene SDHA (Succinate dehydrogenase
complex, subunit A).

Sequences of primers used are listed below:

Ovol2 F: GAGCTTCACGACGCCCAA, Ovol2 R: AGAGTTGTCGCATGTGCCG
SDHA F: AAGGCAAATGCTGGAGAAG, SDHA R: TGGTTCTGCATCGACTTCTG
Spectral-domain optical coherence tomography (SD-OCT)

Experiments were carried out in 6 wild-type C57Bl/6J and 13 mutant Ovol2 mice of
both sexes. Mice were examined at the ages of 12.7 to 13.7 weeks. Animals were housed in
individually ventilated cages (Tecniplast, Buguggiate, Italy) under a standard light condition
(LD 12:12) at a temperature of 22.5°C and 55% humidity with food and water ad libitum.
The measurements were carried out under general anaesthesia (i.m., Tiletamine +
Zolazepam, 30 + 30 mg/kg, supplemented with 3.2 mg/kg Xylazine). Anaesthetized mice
were kept on a heating pad throughout the experiment, their pupils were dilated with a drop
of 0.5% Atropine (Ursapharm, Prague, Czech Republic) and after finishing measurements,
the eyes were covered by transparent Vidisic gel (Bausch and Lomb, Berlin, Germany) to
prevent eyes from drying. Experiments were approved by the Animal Care and Use
Committee of the Czech Academy of Sciences.

For the imaging of the anterior eye segment/cornea, anterior chamber and anterior
lens we used a spectral domain— optical coherent tomography (SD-OCT-Heidelberg-
Engineering, Heidelberg, Germany) with a special Spectralis anterior segment module
(ASM). The mice were positioned with the scanned eye toward the OCT camera so that the
eye was displayed in a horizontal view. Volume scan comprising at least 20 A-scans was
collected for both eyes with at least 16 frames per A-scan. This setting corresponded to a
distance of 69 pm between neighbouring sections. The obtained high-resolution images were
used to detect the layers of the cornea in detail.

Results

A mouse model for PPCD1 associated with Family BR3 ¢.-307T>C shows
increased Ovol2 levels in the corneal endothelium.

Given that the disease-causing mutations associated with PPCDI1 are clustered within the
145bp-long evolutionarily conserved promoter region of OVOL?2 (Fig.1A), we generated an
allelic series of seven mutations encompassing two areas where PPCD mutations in British
and Czech families were previously identified [4]. Four distinct mutations were generated
in the distal part of the mouse Ovol2 promoter region (Fig.S1). To investigate whether these
mutations result in some phenotypic consequences in the eye, we performed histological
analysis. Hematoxylin and eosin staining displayed no significant difference between wild-
type and distal promoter mutants (Fig.S1). Expression of Ovol2 mRNA in the CEn of
wildtype and distal promoter mutants was analyzed via qRT-PCR. Compared to wild-type
mice, an apparent decrease (statistically not significant) in Ovol2 mRNA expression was
observed in distal promoter mutants (Fig.S1). Combined, mutations generated by us here in
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the distal part of the promoter did not increase the levels of endothelial Ovol2 (mRNA) and
did not result in PPCD or any other conspicuous ocular abnormality.

Next, we generated a mouse model for the pathogenic variant associated with Family
BR3, i.e. the base substitution of ¢.-3077>C (Fig.1A). Here on, the mouse allele c.-307T>C
will be designated as Ovol2 307T>C. To assess whether Ovol2 307T>C mutation in mice
results in ectopic expression of Ovol/2 mRNA in CEn, we analyzed the expression levels of
the Ovol2 gene by qRT-PCR. Similar to ¢.-307T>C human patients [24], a 200-fold
upregulation was found in Ovol2 307T>C heterozygotes in comparison to age-matched
wildtype (Fig.1C).

Ocular phenotypes developed in Ovol2 307T>C heterozygous mice.

To characterize the phenotypic changes associated with the upregulation of Ovol2
mRNA in CEn, we examined morphological and histological changes in Ovol2 307T>C
heterozygotes and age-matched controls. A stereomicroscopic examination revealed an
intact cornea with no opacities in 92% of the Ovol2 307T>C heterozygous mice (Fig.2B,
Fig.S2). Given that, the mouse eye is ~8-10 times smaller than a human eye [26] and the
major characteristic of PPCD includes irregular endothelium represented either as vesicular
or minute band-like lesions and diffuse or focal edema [4], which suggests the necessity of
analyzing the mouse cornea using high-resolution imaging techniques. So here, for further
scrutinization of Ovol2 307T7>C mutants, we performed non-invasive, high-resolution
imaging of the anterior segment using SD-OCT followed by hematoxylin and eosin staining
on paraffin-embedded sections.

No ocular abnormalities were revealed in the majority of the Ovol2 3077>C
heterozygous mice (Fig.2B’ F, F’). Interestingly, the remaining 8% of the Ovol2 307T>C
heterozygotes exhibited a myriad of phenotypes, including irido—corneal adhesions (Fig.2C,
C’, G, G’), iris hypoplasia, corectopia like phenotype, corneal opacity, persistent
hyperplastic primary vitreous (PHPV), narrow anterior chamber angle, increased anterior
chamber thickness, and a dysplastic retina (Fig.S2).

Clinically, some of the PPCD1 patients show multi-layering of the CEn, which is a
sign of MET [4]. To analyze possible MET in the mouse model, we performed
immunostaining for MET markers on the cornea of wildtype and Ovol2 3077>C
heterozygous mice. Corneal epithelial-specific expression of Krtl2 is maintained in the
corneas with no external phenotype (Fig.S3), although its expression is lost in those corneas
that are exhibiting opacity (Fig.S3). However, in none of these cases, the ectopic expression
of Krt12 was observed in CEn (Fig.S3). Next, we examined the expression of E-cadherin, a
component of the adherens junction and a classical epithelial marker. Similar to wildtype,
E-cadherin expression was sustained in the corneal epithelium and no E-cadherin
immunostaining was found in the CEn of Ovol2 307T>C heterozygotes (Fig. S3). Finally,
there was no apparent change in the expression pattern of Zebl, a mesenchymal marker,
which is downregulated in the CEn of PPCD1 patients (Fig.S3). Taken together, these data
suggest that no MET is occurring in the CEn of Ovol2 307T>C heterozygous mice with or
without external phenotypes.

We were intrigued by the fact that the frequency of eye phenotype was as low as 8%
in Ovol2 307T>C heterozygous mice and reasoned that the apparently low penetrance could
be at least in part due to lethality in the late embryonic or early postnatal stages. Therefore

67



we examined whether the correct Mendelian ratio is maintained in the breedings of the Ovo/2
307T>C strain of mice. A reduced yield of heterozygotes and homozygotes was observed in
the adult stages, although the correct Mendelian ratios were obtained for the embryonic
stages (Fig.S4), suggesting significant postnatal lethality, especially in the homozygous
Ovol2 307T>C mutant mice.

Embryonic phenotypes associated with Ovol2 307T>C heterozygotes and
homozygotes

Since the abnormal Mendelian ratio indicated possible postnatal lethality, we next
analyzed Ovol2 307T>C heterozygotes and homozygotes at embryonic stages. At E14.5,
anatomical examination of wild type (Fig.3A) and Ovol2 3077>C embryos revealed
coloboma (Fig.3B) and increased retrolental mass (Fig.3B’) in Ovol2 3077>C
heterozygotes (33%), whereas, in addition to coloboma (Fig.3C), the dysplastic retinae
(Fig.3C’) were also found in Ovol2 3077>C homozygotes. Further analysis at E18.5,
showed the presence of PHPV with increased penetrance in Ovol2 307T>C homozygotes
(91%) in comparison to heterozygotes (30%) (Fig. 3E-F).

The adult iris and ciliary body are generated from the peripheral part of the retina
called the ciliary margin zone (CMZ). Iris morphogenesis starts late embryonically and
continues during the first week of postnatal development [27]. Considering the iris
phenotypes observed during the adult stages in Ovol2 307T>C heterozygotes, we used E18.5
Ovol2 307T>C embryos to analyze the expression of CMZ-associated transcription factors
Msx1 and FoxP2, water channel Aqpl and the Shh co-receptor Cdo [28] [29] by
immunostaining. A reduction in the number of cells expressing Msx 1 was observed in Ovol2
307T>C heterozygotes (50%) and homozygotes (66%) as compared to age-matched
wildtype mice (Fig.3G-H). In addition to this, the downregulation of Cdo (Fig.3J-K), FoxP2
(Fig.3M-N) and Aqgp1 (Fig.3P-Q) were observed in a significant fraction (~37-50 %) of the
Ovol2 307T>C heterozygous and homozygotes mice.

Deletion of the Ovoll/Ovol2 binding site recapitulates the ocular
phenotype in Ovol2 307T>C heterozygotes.

We noticed that a CCGTTA element representing the Ovoll [30] and Ovol2 [31, 32]

consensus binding site (Fig.4C) is present next to the c¢.-307T>C mutation (Fig.4A). Ovoll
and Ovol2 recognize nearly identical consensus sequences for regulating their target genes,
proposing the possibility that they may regulate each other or themselves [30, 31].
As a byproduct of the process of generating Ovol2 307T>C mice, we obtained two alleles
carrying either Sbp or 14bp deletion in the nearby sequence. The Sbp deletion (allele
designated as Ovol2 307 311del) included a part of the Ovol2 consensus binding site but
due to the serendipitous fusion following CRISPR-Cas9 manipulation the Ovol2 consensus
binding site was almost completely recreated (Fig.S5). Similar to distal promoter mutants
lacking the apparent phenotypes, histological analysis revealed no significant ocular
abnormalities in Ovol2 307 31 1del heterozygous mice.

In the allele carrying the deletion of 14bp (further designated here as Ovol2
307 _320del) the entire Ovoll/2 binding site was eliminated (Fig.4A). To investigate the
effect of this deletion on Ovol2 mRNA levels, we performed qRT-PCR analysis on CEn
from Ovol2 307 320del heterozygotes and wild type controls. In contrast to the basal level
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of expression in wildtype, a 40-fold increase in the expression of Ovol2 mRNA levels was
found on Ovol2 307 320del heterozygotes (Fig.4B).

To characterize possible ocular phenotypic, we performed morphological and
histological analysis of wildtype and Ovol2 307 320del heterozygotes. A 20% of Ovol2
307 320del heterozygotes exhibited ocular phenotypes, including corneal opacity (Fig.4F,
F’), iridocorneal attachment (Fig.4G, G’), PHPV (Fig.4F’,G’) and dysplastic retina
(Fig.4F’), whereas the remaining 80 % of the Ovol2 307 320del heterozygotes did not show
any ocular phenotype (Fig.4E, E’, E”°, Fig.S6). Next, we analyzed the expression of CMZ
markers by immunostaining at E18.5. In comparison to the wild-type embryos, a decrease
in the number of Msxl-positive cells was found in ~50 % of Ovol2 307 320del
heterozygotes (Fig.4H-I). In addition, a slight decrease in the expression of other CMZ
markers, Cdo (Fig.4J-K), Aqp! (Fig.4L-M) and FoxP2 (Fig.4N-O) were found in Ovol2
307 _320del heterozygotes. Similar to Ovol2 307T>C, a reduced yield of adult heterozygotes
was observed in Ovol2 307 320del breedings (Fig.S6). In addition, the number of
heterozygotes obtained at embryonic stages was also not following the Mendelian law of
segregation, which suggests perinatal lethality of the Ovol2 307 320del mouse strain (Fig.
S6).

Discussion

The genetic cause of PPCDI is linked to mutations within the evolutionarily
conserved promoter region of the Ovol2 gene [4]. It has been shown that these promoter
mutations strongly increase the expression of (mRNA) Ovol2 in the CEn, which in turn
deregulates the OVOL2-ZEB1-GRHL?2 axis. An allelic series of seven mutations in mice
produced and characterized here, including one of the known pathogenic variants in human
PPCDI patients, c.-307T>C, aimed to create a mouse model of the PPCD disease. We
reasoned that given the high evolutionary conservation of the promoter, almost any sequence
alteration might de-repress the Ovol2 promoter in CEn (or elsewhere in the eye) and cause
a phenotype. To our surprise, five out of seven mutations for which we were able to establish
stable mouse lines did not exhibit an ocular phenotype. It is very well possible that given the
dominant nature of Ovo/2 mutations, the CRISPR-Cas9 genome editing in FO generation
counter-selected for phenotypically stronger promoter alterations. It is worth noting that
despite repeated efforts we were unable to establish a c.-370T>C stable line of mice
corresponding to affected Czech individuals (family C1-14, C25, C30; (Fig.1A)).

A similar pattern of ocular phenotypes observed in Ovol2 307T>C and 307 311del
mutation suggest that the base pair substitution of T to C could be hindering the binding of
Ovoll/Ovol2 to its consensus site or interaction with its hypothetical partner protein(s) and
thus preventing repression of Ovol2 gene transcription [30-32]. This scenario is further
supported by the observation that no ocular phenotypes were observed in mouse variant
Ovol2 307 311del in which the Ovoll/Ovol2 binding site was serendipitously restored.
Remarkably, in spite of the fact that a reproducible set of ocular phenotypes was observed
in Ovol2 307T>C and 307 31ldel mice, those abnormalities only occurred in a small
fraction of mutants. The reason for the incomplete penetrance is unclear. Although we
observed a reduced viability of Ovol2 307T>C and 307 311del mice, this cannot on its own
account for low phenotypic penetrance.

69



Cell fate transitions like MET or EMT are critical for embryonic development and
the development of various tissues and organs [33]. The Ovol2 transcription factor is one of
the key inducers of MET or a repressor of EMT. It functions by directly repressing EMT by
promoting factors like ZEB1, ZEB2, and TWIST and inducing the expression of cell
adhesion molecules like E-cadherin [16, 34, 35]. In mice, Ovol2 is indispensable for
embryonic development and Ovol2 “~mice die at E10.5 [36]. Its expression begins during
early-mid embryogenesis, especially in inner cell mass and later in ectoderm derivatives of
the epiblast. It has also been shown that Ovol2 is required for the efficient migration and
survival of neural crest cells [36]. Furthermore, Ovol2 is also expressed in adult epithelial
tissues like skin, kidney, cornea, ovary, testis and mammary epithelia [16, 36-39].
Considering the importance of Ovol2 during embryonic development and in organ
morphogenesis, we assume that the decreased yield of heterozygotes and homozygotes with
phenotypes could be due to perinatal lethality. Even though it is not clear whether Ovol2
regulates the migration and survival of neural crest cells autonomously or non-autonomously
[36], the ocular phenotypes we observed are likely associated with defective neural crest
[40]. Neural crest cells are important for the development of various structures in the eye
such as CEn, corneal keratocytes, trabecular meshwork, iris stroma, and primary vitreous
[41-43]. The abnormal migration and differentiation of neural crest cells during embryonic
development lead to anterior segment dysgenesis like aniridia, iris hypoplasia, Peters
anomaly, congenital hereditary endothelial dystrophy, Axenfeld anomaly and congenital iris
ectropion [44-46]. Development of iris hypoplasia, iridocorneal adhesion and absence of
CEn in Ovol2 307T>C and Ovol2 307 320del mutants are thus consistent with abnormal
migration, proliferation, or survival of neural crest cells. Furthermore, PHPV-like
phenotypes observed in Ovol2 3077>C and Ovol2 307 320del mutants are known to be
caused either by the failed regression of neural crest and mesoderm-derived transient
vasculature during post-natal stages [47, 48] or due to the increased migration or
proliferation of neural crest cells during embryonic development [40]. Finally, in both Ovol2
307T>C and Ovol2 307 311del mutants we observed an increased retrolental mass as early
as E14.5 which remained persistent throughout postnatal stages. Taken together, these
observations strongly suggest that the increased migration or proliferation of neural crest
cells, which can be a direct or indirect effect of the deregulation of Ovol2 expression caused
by the engineered promoter mutations, are responsible for the phenotypes described in this
study. However, we are currently unable to exclude the possibility that defects in optic
fissure closure observed in Ovol2 3077>C mutants also significantly contribute to more
extensive migration of neural crest cells into the eye cup. We believe that the abnormal
lamination of the neural retina located adjacent to the hyperplastic vitreous in the affected
Ovol2 promoter mutants is a secondary phenotype of PHPV, a model proposed previously
for human PHPV patients [49].

In conclusion, the pathogenic Ovol2 promoter mutation c.-307T>C results in strong
upregulation of the gene transcription in the cornea endothelium of the mouse model,
mirroring the situation in human PPCD1 patients. However, such an upregulation does not
trigger phenotypic changes seen in PPCDI1 patients suggesting that notable differences exist
in corneal endothelial cell biology between humans and mice. The observation of dominant
ocular phenotypes in Ovol2 promoter mutants, potentially associated with defects in the
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neural crest, is intriguing. This finding suggests that the Ovol2 gene may play a significant
role in eye development and/or disease. Further studies can help to elucidate the specific role
of the Ovol2 gene in eye development, identify downstream targets or pathways influenced
by Ovol2, and potentially uncover its involvement in the development of additional ocular
diseases.
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Figure 1: Generation and validation of mouse model for PPCD1 associated with Family BR3 ¢.-307T>C.
(A) Schematic representation of sequence conservation of 145 bp long promoter region of Ovol2 among
mammals (Adapted from [4]). The black box indicates the position of pathogenic variants, red letter ‘C in the
alignment indicates base pair substitution generated in mice using CRISPR-Cas 9 system (Ovol2 307T7>C).
The arrow indicates the transcription start site. (B) Representation of sequencing results validating the base
substitution of ¢.-307T>C in mice. (C) Quantitative qRT-PCR levels of Ovo/2 mRNA in the corneal
endothelium of Ovol2 307T>C mutant and wild type. A 200-fold increase in the expression levels of (mMRNA)
Ovol2 in Ovol2 307T>C mutant compared to the wild type. The error bar indicates standard error. The p values

are calculated using the student’s t-test, *p < 0.01. ns represents the number of samples used.
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Figure 2: Occular phenotypes in Ovol2 307T>C heterozygous mice. (A-L) Representative examples of in
vivo anterior segment images recorded using spectral domain optical coherence tomography (SD-OCT) of 4
months old Ovol2 307T>C heterozygotes and wildtype mice and Hematoxylin and Eosin staining on paraffin-
embedded sections. (A-C) An aEn face view of the mouse eye (A’-C”) indicates the SD-OCT images of the
anterior segment of the eye. (B, B’, F, F’) Representative image of Ovol2 307T>C heterozygote eye showing
no significant difference compared to (A, A’, E, E’) age-matched control whereas (C, C’ G, G’) represents
Ovol2 307T>C heterozygote eye with an irido-corneal adhesion. Abbreviations used: Co, Cornea; Ir, Iris; Cb,
Ciliary body; Le, lens; Re, Retina; Epi, Corneal epithelium; Str, Corneal Stroma; En, Corneal endothelium.
Scale bar: (A-C”)-500um, (E-G) -100um, (E’-G’) - 50pm
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Figure 3: Ocular phenotypes observed during embryonic stages in Ovol2 307T>C mutant mice. (A-C)
Eye at E14.5 in control, Ovol2 307T>C heterozygotes and Ovol2 307T>C homozygotes. (B, C) The coloboma
was observed in some of the Ovol2 307T>C heterozygotes and homozygotes. (A’-C’) H & E staining illustrates
the presence of retrolental mass (yellow arrowhead) in Ovol2 307T7>C heterozygous mutants and deformed
retina (red arrowhead) in Ovol2 307T7>C homozygous mutants. (D-F) Presence of retrolental mass/persistent
hyperplastic primary vitreous (yellow arrowheads) in heterozygotes and homozygotes of Ovol2 3077>C
mutants. n: indicates the number of mice analyzed. (G-R) Coronal sections from E18.5 of wild type, Ovol2
307T>C heterozygotes and homozygotes, were subjected to immunostaining with antibodies indicated. In
contrast to CMZ-specific expression of Msx1, Cdo, FoxP2, and Aqplin wildtype, decreased expression was
observed in Ovol2 307T>C heterozygotes and homozygotes. The dotted line represents the CMZ region. Other
abbreviations used: pCo, Presumptive cornea. Scale bar: (A-C) - 200um, (A’-F) - 100pm, (G-R) - Spm
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Figure 4: Ocular phenotypes associated with Ovol2 307 320del heterozygotes. (A) Schematic
representation of 14bp deletion (-307_-320del), including Ovol2 binding site in the highly conserved 145bp
long promoter region of mouse Ovol2 gene (Ovol2 307 320del). The green and black box indicates Ovol2
binding site and pathogenic variant c.-307T>C in Family BR3 respectively. Red letters and hyphens depict
base pair substitution and deletion respectively. (B) Quantitative qRT-PCR levels of Ovol2 mRNA in the
corneal endothelium of wild type and Ovol2 307 320del heterozygous mutants. A 40-fold increase in the
expression levels of (MRNA) Ovol2 is observed in Ovol2 307 _320del heterozygotes compared to the wild type.
The error bar indicates standard error. The p values are calculated using the student’s t-test, ***p < 0.001. ns
represents the number of samples used and each sample consists of corneal endothelium from 6 eyes of 3 weeks
old mice. (C) The binding sequence of human transcription factor Ovol2 derived from JASPER. (D-G”’)
Representative images of whole eye and Hematoxylin and Eosin staining in coronal sections of 3 weeks old
wildtype and Ovol2 307 320del heterozygous mutants. (E, E’, E>*) In contrast to 80% of the Ovol2 307 320del
heterozygous mutants which show no histologic abnormalities, (F-G*”) 20% of the mutants exhibit ocular
phenotypes including (F) opaque cornea, (G) iridocorneal adhesion, (F”) Persistent hyperplastic primary
vitreous (Arrowhead), (F*’) absence of corneal endothelium. (H-O) Frontal sections from E18.5 of wildtype
and Ovol2 307 _320del heterozygotes were subjected to H&E staining and antibodies indicated. Decreased
expression of CMZ markers was observed in Ovol2 307 320del heterozygous mutants in comparison to
controls. n: indicates the number of mice. The dotted lines represent the CMZ region. n indicates the number
of mice analyzed. Scale bar: (D-G)-50 um, (D’-G’) - 100 pm, (D*’-G”’) -50 um, (H-O -5 um
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Supplementary Figure 1: No phenotypic consequences are observed in mutants carrying distinct
deletions at the distal promoter region of Ovol2 gene (A) Schematic depiction of four different deletions
generated in mice using CRISPR-Cas9 technology in the distal part of highly conserved 145bp long Ovol2
promoter region. The black box indicates the position of pathogenic variants known in humans. Red hyphens
represent the deletion of base pairs (-342del, -335 -343del, -359 -367del,-373 -376del). Arrow indicates the
transcription start site. (B-P) Representative images of isolated eyeballs and H& E staining on paraffin-
embedded sections from wildtype and Ovol2 342del, Ovol2 335 343del, Ovol2 359 367del, and Ovol2
373 376del heterozygotes. No morphological or histological abnormalities were observed in these mutants.
(Q) Quantification of Ovol2 mRNA levels in corneal endothelium by qRT-PCR indicates decreased Ovol2
mRNA expression in mutants compared to that of control. Ovo/2 mRNA levels are normalized to SDHA
expression. The error bar indicates standard error. The p-value is calculated using the student’s t—test and NS
represents the data which is not statistically significant. Abbreviations used: Co, Cornea; Ir, Iris; Cb, Ciliary
body; Le, lens; Re, Retina; Epi, Corneal epithelium; Str, Corneal Stroma; En, Corneal endothelium. Scale bar:
(B-F), (L- P) -50 um, (G-K) - 100pum
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Supplementary Figure 2: Other phenotypic consequences in Ovol2 307 T>C heterozygotes. (A)
Frequency of eye phenotype in Ovol2 307T>C heterozygotes at postnatal stages. (B-F’’) Representative
images of eyeballs and H&E staining from 3 weeks old wildtype and Ovol2 307T>C heterozygous mutants.
(C-C”’) represents a mutant with iris hypoplasia and no significant changes were found in the architecture of
the cornea. (D-D’’) represents mutants with an opaque cornea, iridocorneal attachment, persistent hyperplastic
primary vitreous (PHPV), absence of anterior chamber angle, and corneal endothelium. (E-E’’) depicts a
mutant eye with iris hypoplasia, attachment of the lens to the corneal endothelium and PHPV. (F-F”’) illustrates
a mutant eye with PHPV, narrow anterior chamber angle. (G-H) Representative SD-OCT anterior segment
image showing increased anterior chamber thickness. (I) Measurement of anterior chamber width shows a
significant increase in Ovol2 307T>C heterozygous mutants in comparison to age-matched control. The error
bar indicates standard error. The p values are calculated using the student’s t-test. ***p < 0.0001. Arrowheads

indicate PHPV. Scale bar: (B-F), (B’’-F*’) - 50 um, (B’- F’) - 100 um, (G-H) -500pum
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Supplementary Figure 3: No mesenchymal to epithelial transition is observed in the corneal endothelium
of Ovol2 307T>C heterozygote mice. (A-F’) Immunostaining of Krt12 and E-cadherin in frontal sections of
wildtype and Ovol2 307T>C het mutants. (A, A’) As in the control, corneal epithelial-specific expression of
Krt12 is maintained in (B, B’) Ovol2 307T >C het mutants (Corresponds to (D, E) in Fig. S2), while Krt12
expression is lost in (C, C”) (corresponds to Fig.2C). Nevertheless, Krt12 has not been detected in the corneal
endothelium of Ovol2 307T>C het mutants. (D-F’) E-cadherin is expressed in the corneal epithelium of wild
type and its expression pattern remains similar in Ovol2 3077>C het mutants. In addition, no ectopic E-
cadherin expression was observed in the corneal endothelium of the mutants. (G-I’) Whole-mount
immunostaining of Zebl in the corneal endothelium at 4 weeks. The expression pattern of Zeb1 remains the

same in Ovol2 307T>C het mutants in comparison to the wild type. Scale bar: (A-F’) (G-I’) - 50um.
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Ovel2 307T>C Het x WT (n=74)

Genotype WT Ovol2 307T>C Het
Born number (%) 6l 39
Expected number (%) 50 50
Ovol2 307T>C Het x Ovel2 307T>C Het(n=37)
Genotype wT Ovol2 307T>C Het
Born number (%) 24 44
Expected number (%) 25 50
Genotype Ovol2 307T>C Hom Preweaning loss
Born number (%) 6 26
Expected number (%) 25 0
B
Ovol2 307T>C Het x WT (n=64)
Genotype WT Ovol2 307T>C Het
Number of embryo's (%) 50 50
Expected number (%) 50 50
Ovol2 307T>C Hom x Ovol2 307T>C Het (n=18)
Genotype vol2 307T>C Het Ovol2 3607T>C Hom
Number of embryo's (%) 50 50
Expected number (%) 50 50

Supplementary Figure 4: Abnormal Mendelian ratio in Ovol2 307T>C mutants (A) Summary of viable
offspring derived postnatally from indicated crossings. According to Mendel’s law of segregation, a reduced
yield of heterozygotes and homozygotes was observed. (B) Summary on offspring derived embryonically
from indicated breedings. The proper genotypic ratio of wild type, heterozygotes and homozygotes in

accordance with Mendel’s law of segregation. n indicates the number of mice analyzed.

1 ovor2

r

Upstream regulatory region _145bp

Homo sapiens (Human) TGCCTAAGGAAGGGC TG BAACAGGES GEAACCGGTCGGAS ! GAG -- CTTETTGACARCETTA[T|6TTH GeAGGOCRCATECTCAGTECC ARG TTTCCTGGTGECTTTTCTATTGEACCTTATS -- ARACTTTT
Mus musculus (Mouse) - . B IR R - o e immeas Lt - R g e Ceimmes
Mus musculus (Mouse)_Ovel2 307T>C e T e e e - c.
Mus musculus (Mouse)_Ovol2 307_3711del - T T - Gronarnanianans
Family BR3
c.-307 T>C
wr |I OvoiZ 307_311del
[+] D
15
12 n=43 @
5 3
o 2
259 g ]
§s H
<
32 ¢
ES
foug
°
3 3
0 | { |
wT QOvoi2 307_311del

| Cornea || Whole eye section

Supplementary Figure 5: No phenotypic consequences are observed in Ovol2 307 311del heterozygote
mice. (A) Schematic representation of Sbp deletion ¢.-307 -311del, including parts of Ovol2 binding site in
the highly conserved 145 bp long promoter region of mouse Ovol2 gene (Ovol2 307 311del). The yellow
highlights indicates Ovol2 binding site and the black box illustrates the pathogenic variant found in Family
BR3. The blue box demonstrates the restored Ovol2 binding site, despite the deletion and red hyphens
highlights Sbp deletion. (B) Frequency of mouse with eye phenotype postnatally. (C) Eyeballs and H &E
staining of paraffin-embedded sections from wildtype and Ovol2 307 311del het mutants. As in control, no
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phenotypic consequences were observed in Ovol2 307 311del het mutants. n - represents the number of mice
analyzed. Scale bar: (C-H)-50 pm

Supplementary Figure 6: Abnormal Mendelian ration was observed in Ovol2 307_32(0del mutants. (A)
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Het
Number of embryo's (%) 75 25
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Frequency of ocular phenotype in Ovol2 307 320del mutants during postnatal stages. (B) Summary on viable

mouse-derived postnatally from indicated crossings. (C) Summary of embryos derived from the indicated

Antibody Source

R & D systems, Cat#AF2429
R & D systems, Cat#AF5045
Millipore, Cat#178611
Abcam, Cat#ab16046
Novus Biologicals, Cat #NBP18845
Thermo fisher scientific, Cat#13-1900
Santa Cruz Biotec Inc, Cat# sc-17101
Thermofisher scientific, Cat#A-21207
Thermofisher scientific, Cat# A11058
Thermofisher scientific, Cat# A21209

Goat polyclonal anti-Cdo {1:600)
Goat polyclonal anti-Msx1(1:300)
Rabbit polyclonal anti-Aqp1(1:500)
Rabbit polyclonal anti-FoxP2 (1:1000)
Rabbit polyclonal anti-Zeb1 (1:1000)
Rat monoclonal anti-Ecadherin{1:300)
Goat polyclonal anti-K12(1:300)
Donkey anti-rabbit secondary antibody , Alexa Fluor 594{1:500)
Donkey anti-Goat secondary antibody, Alexa Fluor 594 (1:500)
Donkey anti-rat secondary antibody, Alexa Fluor 594 (1:500)

breedings. n: denotes the number of mice analyzed.

Table S1: Primary and secondary antibodies used
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6.4 Chromatin remodelling enzyme Snf2h is essential for retinal cell
proliferation and photoreceptor maintenance

Chromatin remodeling complexes are crucial regulatory factors involved in various
nuclear processes, including transcription, DNA replication, and DNA repair. These
complexes play a vital role in modulating the structure and accessibility of chromatin, which
is the combination of DNA and proteins in the nucleus (Magana-Acosta and Valadez-
Graham, 2020). There are several classes of chromatin remodeling complexes, each
characterized by specific subunit composition and enzymatic activities. The ISWI (Imitation
Switch) family of ATP-dependent chromatin remodelling factors, including yeast Isw1/Isw?2
and their vertebrate counterparts sucrose nonfermenting protein 2 homolog (SNF2H) and
sucrose nonfermenting 2-like protein (SNF2L), are highly conserved and play diverse roles
in chromatin organization (Magana-Acosta and Valadez-Graham, 2020). Yet, the function
of these complexes in a tissue-specific manner is less understood.

The mature vertebrate retina has a laminar organisation formed by six major classes
of neurons and one class of glia. These cells are derived from multipotent retinal progenitor
cells in a sequential yet overlapping order (Cepko, 2014; Livesey and Cepko, 2001). A
proper balance of proliferation and differentiation of multipotent progenitor cells is essential
for the development and maintenance of the retina (Dyer and Cepko, 2001; Hardwick et al.,
2015). Studies have shown that, in addition to environmental cues, these processes are
regulated by intrinsic factors such as transcription factors, chromatin modifiers and
remodelers (Fujimura et al., 2018; Merbs et al., 2012; Popova et al., 2014; Popova et al.,
2013; Zhang et al., 2015). Nonetheless, the role of Snf2h during the development of the
retina is not studied. Our results show that Snf2h expression is observed in RPC and
postnatal retinal cells. Here, we conditionally depleted the Snf2h in retinal progenitor cells
using mRx-Cre transgenic mice. We show that, in the absence of the Snf2h, the overall
thickness of the retina was significantly reduced and the complete absence of the outer
nuclear layer consisting of photoreceptors. Interestingly, the depletion of the Snf2h did not
affect the ability of RPC to specify different cell types. But Snf2h depleted retina exhibited
defective cell-cycle defects and increased apoptosis, which ultimately lead to abnormal
retinal lamination and the destruction of the photoreceptor layer.

My contribution to this work: I have performed the analysis of qRT-PCR data presented

in Figure 8 of the published paper Kuzelova A et al 2023, (presented on pages 85-113 of this
thesis)
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Abstract: Chromatin remodeling complexes are required for many distinct nuclear processes such as
transcription, DNA replication, and DNA repair. However, the contribution of these complexes to the
development of complex tissues within an organism is poorly characterized. Imitation switch (ISWT)
proteins are among the most evolutionarily conserved ATP-dependent chromatin remodeling factors
and are represented by yeast Iswl/Isw2, and their vertebrate counterparts Snf?h (Smarca5) and Snf21
(Smarcal). In this study, we focused on the role of the 5nf2h gene during the development of the
mammalian retina. We show that 5nf2h is expressed in both retinal progenitors and post-mitotic
retinal cells. Using Snf2h conditional knockout mice (Sif2h cKO), we found that when Snf2h is
deleted, the laminar structure of the adult retina is not retained, the overall thickness of the retina
is significantly reduced compared with controls, and the outer nuclear layer (ONL) is completely
missing. The depletion of Snf2h did not influence the ability of retinal progenitors to generate
all the differentiated retinal cell types. Instead, the Snf2h function is critical for the proliferation
of retinal progenitor cells. Cells lacking Snf2h have a defective S-phase, leading to the entire cell
division process impairments. Although all retinal cell types appear to be specified in the absence of
the Snf2h function, cell-cycle defects and concomitantly increased apoptosis in Snf2h cKO result in
abnormal retina lamination, complete destruction of the photoreceptor layer, and consequently, a
physiologically non-functional retina.

Keywords: Snf2h; Smarca5; retina; photoreceptors; cell cycle; apoptosis

1. Introduction

In eukaryotes, the chromosomal DNA is compacted in a highly organized nucleo-
protein structure called chromatin that presents a barrier to most cellular processes [1].
The nucleosome is the basic structural unit of chromatin and is composed of four histone
cores (H2A, H2B, H3, and H4) around which 147 bp of DNA are wrapped [1]. Various
ATP-dependent chromatin remodeling complexes can reposition nucleosomes through the
energy released via ATP hydrolysis [2,3]. Among the chromatin remodeling ATPases, the
imitation switch (ISWI) family is highly conserved during evolution [4-7]. Mammals have
two ISWI homologs—5nf2h (sucrose nonfermenting 2 homolog; also known as Smarca 5)
and 5nf2l (sucrose nonfermenting 2-like; also known as Smarca 1). Both proteins are present
in complexes with a diverse array of noncatalytic subunits and are therefore able to pro-
mote many biological functions, including DNA replication, DNA repair, transcriptional
repression or activation, and maintenance of chromosome structure [5-14].

Cells 2023, 12, 1035. https:/ /doiorg /103390 / cells1 2071035
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5nf2h is known to function as the catalytic ATPase in at least five distinct complexes in
mammalian cells, including WICH, CHRAC, ACF, RSF, and NoRC (reviewed in [3,15]). The
presence of Snf2h within these complexes and the interactions of these complexes with other
partners result in the targeting of Snf2h for particular biological functions in chromatin. For
example, 5nf2h is recruited to double-strand breaks by sirtuin protein SIRTé to promote
DNA break repair [10]. The lack of SIRT6 and 5nfZh impairs chromatin remodeling,
increasing sensitivity to genotoxic damage and recruitment of downstream factors such as
53BP1 [10]. Snf2h also plays a major role in organizing arrays of nucleosomes adjacent to
the binding sites for the architectural chromatin factor CTCF and acts to promote CTCF
binding on DNA [5]. Several studies have focused on the in vivo function of Snf2h ATPases
and [SWI-containing complexes [6,7,16-23]. However, the simultaneous presence of Snf2h
in distinct multicomponent complexes dedicated to unrelated nuclear functions makes it
harder to interpret the molecular mechanisms underlying the observed pathological states
in the context of a tissue or organism [17,22,24].

There are seven major cell types in the mammalian retina that are generated from a
common pool of multipotent retinal progenitor cells (RPCs) [25-27]. Each cell type is born
in a defined order [26,28-30] and plays a specific role in visual perception [31,32]. Ganglion
cells (GCs) arise first, around embryonic day 11 (E11) in mice, and are the only retinal
type whose axons project to the brain [31,33,34]. Simultaneously, the propagation of other
early-born retinal neurons occurs. Horizontal cells (HCs), amacrine cells (ACs), and cone
photoreceptors are produced with the highest peak at E14 [35-38]. Thereafter, later-born
cells begin to form, namely, bipolar cells (BCs), Miiller glia cells (MCs), and rod photore-
ceptors, whose generation increases shortly after birth [26,36,35,39]. The process of retinal
differentiation in mice is finished at postnatal day 14 (P14) when the eyes open [40]. Mature
retinal neurons and glia are arranged in three main layers—ganglion cell layer (GCL), inner
nuclear layer (INL), and outer nuclear layer (ONL) [27]. With respect to the entire eye,
the GCL is located closest to the lens and is particularly occupied by GCs [36]. The in-
terneurons (HCs, ACs, and BCs), primarily associated with the transmission of information
throughout the retina, are placed together with MCs, ensuring retinal homeostasis, in the
INL [27,36,41]. The ONL, the outermost retinal region, is formed by photoreceptors [36].
Cones and rods are specialized sensory neurons that absorb photons of light and activate
the process of photo-transduction [42]. Postnatally, murine photoreceptors express different
types of opsin proteins—rhodopsin gene expression is characteristic of rod photoreceptors,
while S-opsin (short-wavelength opsins) and M-opsin (medium-wavelength opsins) ex-
pression characterize cone photoreceptors. Photoreceptors are highly metabolically active
and require a stable cellular environment; otherwise, the cell morphology or physiology
is disrupted [43,44]. A number of studies investigated the role of transcription factors
in photoreceptor development [45-56]. In contrast, the regulatory molecules affecting
photoreceptor cell maintenance during embryonic and postnatal stages remain largely
unknown. It is well established that in order to generate retinal diversity, while maintaining
appropriate cell numbers, a proper balance between cell proliferation and differentiation
of progenitor cells is required [57,58]. These events are regulated by various extrinsic and
intrinsic cues, from which the transcription factors seem to be the most relevant (reviewed
in [558,59]). Recent epigenetic studies show that the chromatin-modifying or remodeling
mechanisms are also important for retina development and maintenance; however, it is
unknown how SnfZh, a key component in chromatin remodeling complexes, is involved in
the process [60-65]. Here, we studied the role of the SnfZh during mouse retinal develop-
ment and differentiation. Since Snf2h-deficient mice die at the peri-implantation stage due
to the growth arrest of trophectoderm and inner cell mass [22], we performed conditional
gene targeting using the floxed allele of Snf2h [17] and mRx-Cre active in RPCs from E9.0
onwards [66].
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2. Materials and Methods
2.1. Mouse Lines

For the retina-specific inactivation of 5nf2h, mRx-Cre [66] and Snf2h/f [17] mice
were used.

2.2. Tissue Collection and Histology

Mouse embryos were harvested from timed pregnant females. The morning of the
vaginal plug was determined as embryonic day 0.5 (E0.5). The embryos and eyes of
postnatal mice were fixed in 4% formaldehyde in PBS (w/v) overnight at 4 °C. The next day
samples were washed with cold PBS and incubated in 70% ethanol. Subsequently, samples
were dehydrated, embedded in paraffin blocks, and sectioned. Horizontal sections of 5 um
were prepared, stored at 4 °C, and used for up to one month.

2.3. Immunohistochemistry

Paraffin sections were deparaffinized and rehydrated. The epitope retrieval was per-
formed for 20 min in a citrate buffer (10 mM, pH 6.0) at 98 °C in a pressure cooker. For
immunofluorescent analysis, the sections were washed three times in PBT, blocked with
10% BSA in PBT (w/v) for one hour, and incubated overnight with primary antibody at
4 °C (diluted in 1% BSA /PBT). The sections were washed three times in PBT, incubated
for 45 min at room temperature with a secondary antibody, washed three times with PBT,
and covered with DAPI/PBS (1 ug/mL) for 10 min. After washing in PBT, the sections
were mounted into Mowiol (488; Sigma, Munich, Germany). For the immunohistological
analysis, the dewaxed sections were washed three times in PBT, treated with 1.5% H20»
in 10% methanol in PBS for 25 min, washed again with PBT, blocked with 10% BSA /PBT
for one hour, and incubated with primary antibody overnight at 4 °C. The applied pri-
mary antibody was detected with a biotinylated secondary antibody (Vector Laboratories,
Burlingame, CA, USA) and visualized with Vectastain ABC Elite kit and ImmPACT DAB
substrate (all Vector Laboratories). The primary antibodies used for immunohistochemistry
are listed in Table 51. The standard histological staining of paraffin sections using hema-
toxylin and eosin (H&E) was also performed. At least three different embryos from at least
two different litters were analyzed with each staining.

2.4. EdU Incorporation

Timed pregnant females were injected intraperitoneally with 13 ug per g body weight
of 5-ethynyl-2"-deoxyuridine (Edu; Thermo Fisher Scientific, Waltham, MA, USA) and
sacrificed after 1 h or 24 h. Whole embryos were processed identically as described above.
The acquired paraffin sections were deparaffinized, rehydrated, and washed three times in
PBT. The sections were incubated in proteinase K/TE buffer (20 ug/mL) at 37 °C for 10 min
and washed with PBT. The sections were treated with 0.3% H>(» in methanol for 20 min at
room temperature and washed three times in PBT and incubated with Click-T Edu Imaging
kit (AlexaFluor azide, Click-iT Edu reaction buffer; CuSQ,, Click-iT Edu buffer additive)
for 1 h. After rinsing, the sections were incubated with DAPI/PBS (1 ug/mL) for 10 min,
washed in PBT, and mounted into Mowiol (4-88; Sigma-Aldrich, Munich, Germany).

2.5. Quantification of Marker-Positive Cells

The quantification analysis of different retinal cell types, including apoptotic cells and
cell-cycle analysis, was performed via the manual counting of marker-positive cells per
central retinal section. In case an eye was removed from the individual (postnatal stages),
the eye was precisely oriented into the paraffin block, and the central region was verified
using a magnifier. Only those sections that were cut through the optic nerve were taken
into account. The number of marker-positive cells per whole retinal section (GCs and HCs)
or per defined retinal area in the central retinal part (ACs, BCs, MCs, rods, cones, apoptotic
cells, and proliferating cells) was counted and normalized to wild-type controls. For a
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single eye, a minimum of six sections was used; for each genotype, a minimum of four
individual retinae was analyzed. Statistical significance was assessed using Student’s t-test.

2.6. Quantitative RT-PCR (qRT-PCR)

Differentially expressed genes related to the p53 pathway in wild-type and Snf2h
deficient retinal cells were established in Pl} eyes. Postnatal retinae were dissected from the
eye, separately from retinal pigment epithelium (RPE) and lens. Total RN A was isolated
with a Trizol Reagent (Life Technologies, Carlsbad, CA, USA). Random-primed cDNA
was generated from 500 ng total RNA using a SuperScript VILO ¢DNA Synthesis Kit
(Life Technologies). Six different individuals originating from three litters were used for
tissue dissection and subsequent analysis, for both wild-type and Snf2h-deficient cells.
qRT-PCR reactions were run in a LightCycler 480 Instrument (Roche, Basel, Switzerland)
using a 5 uL reaction mixture of DNA SYBR Green I Master (Roche) according to the
standard manufacturer’s protocol. Analysis was performed on the replicates of six different
individual samples per genotype, run in triplicate. Crossing point (Cp) values were
caleulated with LightCycler 480 Software (Roche) using the second-derivate maximum
algorithm. The average Cp values of all the biological and technical replicates were
normalized using the Cp values of housekeeping genes Gapdh, LIbb, and Actb. The statistical
significance of the change in mRNA expression was calculated using a two-tailed Student’s-
test in Microsoft Excel. Finally, the change in mRNA expression was presented as the ratio
of mRx-Cre; Snf2h/# to wild-type retinae on a log2 scale. Primer sequences are listed in
Table 52.

2.7. RNA-Seq

Raw data were obtained from Gene Expression Omnibus (GEO) under accession
number GSE87064 and used for re-analysis [67]. RN A-seq reads were preprocessed with
FASTX tool kit v0.0.11 to remove short and low-quality reads. The reads were aligned to
the mm10 genome using HISAT2 V2.1.0 [68].

3. Results
3.1. Conditional Deletion of Snf2h Disrupts Retinal Morphology

To determine Snf2lr expression during mouse retinal development, we performed
immunohistochemistry staining stages E9.5 to P18. SnfZh was detected in all RPCs of the
optic cup at E9.5 and subsequently in all RPCs and differentiated retinal cells during the
later embryonic stages (Figure 1A-D). After birth, strong S1f2h expression was detectable
throughout the entire retina, independently of the cell type (Figure 11-L). Snf2h functions in
multiple protein complexes [69]. We, therefore, examined gene expression changes in Snf2h
and its interacting partners during retinal development with publicly available RN A-seq
data [67]. The CORUM database was used to identify the components of the complexes [70].
Snf2h was remarkably upregulated during PO and P3 (Figure 51). Interestingly, the ex-
pression of genes encoding ACF, CHRAC, WICH, B-WICH, cohesin, All-1, and Dnmt3b
including complex members was also increased (Figures 51-53).

In order to investigate the function of the Snf2h gene during retinal development,
we conditionally inactivated Snf2lt in RPCs and their progeny by crossing mRx-Cre mice
with Snf2hf/f mice. The mRx-Cre retinal driver is active in RPCs from E9.0 onwards [66],
which corresponds with the onset of retinal neurogenesis. We analyzed the extent of
5Snf2h depletion in the retina of mRx-Cre Snf2hf/f mice (referred to as Snf2h cKO) via
immunochistochemistry. The first conspicuous reduction in 5nfZh immunoreactivity was
observed at E12.5 (Figure 1F), i.e., at a time when the early-born retinal cell types are
already being generated [36]. It is therefore likely that many GCs, HCs, ACs, and cones are
established in the presence of functional SnfZh protein in the Snf2h cKO embryo. During
the following embryonic stages examined, the number of retinal cells expressing Snf2h
rapidly decreased, and from E15.5 onwards, almost all the remaining cells lacked the SnfZh
protein (Figure 1G,H M-P). Therefore, some early-born and almost all late-born retinal cells
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developed in the absence of the SnfZh function. To investigate the phenotypic consequences
of 5nf2h deficiency, we first analyzed the retinal morphology with hematoxylin—eosin
(H&E) staining. We did not find any obvious difference between wild-type and Snf2h ¢cKO
mice in the early embryonic stages (E9.5-E15.5). The retinal thickness of Snf2h ¢cKO was
comparable to wild-type control at E16.5 (Figure 2A,D), and no significant difference was
observed until E18.5 (Figure 2G). After birth, the thickness of the 5nf2h-deficient retina
gradually decreased, and at P18, the retina was reduced by 60% compared with the wild-
type control (Figure 2G). In contrast, Snf2h heterozygote mice (genotype mRx-Cre;Snf2h/+)
had normal retinal thickness and morphology even at postnatal week 50 (PW 50, Figure 54),
indicating that a single functional allele of Suf2h is sufficient for normal retina development.
The reduction in retinal thickness in Snf2h ¢KO was accompanied by the selective loss of
the outer retinal segment, including ONL and the outer plexiform layer (OPL) (Figure 2F).
It is of note that retinal lamination was preserved until P16, although the ONL was poorly
distinguishable (Figure 2E). The GCL and INL, along with the inner plexiform layer (IPL),
were retained but were thinner than the wild-type control (Figure 2C,F).

Saf2h ok

[ E128 11 E158 1l 2T

Snf3 cKO

Figure 1. 51f2h expression during retina development. Immunchistochemistry staining of wild-type
and mRx-Cre; Snf2h@/f (5nf2h cKO) mice was carried out with anti-Snf2h specific antibodies in
different embryonic and postnatal stages. 5nf2h started to be expressed in early embryonic stages and
was maintained in wild-type individuals throughout embryonic development, and in adulthood in
both retinal progenitors and differentiated retinal cells (A-D,I-L). A decrease in Snf2h levels was first
observed in E12.5 conditionally mutant retinae (A,B,EF). During the following embryonic stages,
a rapid reduction in Snf2h-positive cells in Snf2h cKO eye sections occurred (G, H), and only a few
Snf2h-positive cells were found in 5nf2h cKO at the postnatal stage (M-P). LE-lens. Scale bars: 50 um.
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Figure 2. Morphology of SnfZh-deficient retina. Hematoxylin and eosin staining of embryonic
and posinatal retinal sections of wild-type and 5nf2h cKO was performed to display the retinal
morphology. At the ime of fully differentiated retinal cell types (P18), Snf2h cKO had dramatically
reduced retinal thickness compared with controls (C,F). The outer retinal segment of 5nf2h cKO mice
was completely missing at P18 (F). Snf2li-deficient mice maintained the appropriate retinal structure
until P16, although the outer nuclear layer (ONL) was almost indistinguishable {B,E). Differences
in the thickness of the retina were not significant until birth (A,D,G). The time course of the retinal
thinning is shown in the graph (G). The arrows show the range from where the retinal thickness
was measured (C,F). GCL—ganglion cell layer, INL—inner nuclear layer, ONL—outer nuclear layer,
IPL—inner plexiform layer, OPL—outer plexiform layer, and LE—lens. Error bars indicate standard
derivation; p-values were calculated using Student’s t-test (in = 3). ** p < 0.001, n.s. = not significant.
Scale bars: 50 um.

3.2. 5nf2h Is Required for Photoreceptor Maintenance and Visual Perception of Mice

Considering that the outermost layer of the retina, which is missing in adult Snf2h-
deficient mice, is formed by photoreceptors, we analyzed differentiation of cones and
rods in 51f2h ¢KO mice during embryonic and postnatal stages. To follow photoreceptor
specification and maturation, a set of antibodies directed against Otx2, Crx, and Rxry was
used for photoreceptor mapping during embryonic stages. No significant differences in the
immunoreactivity for these photoreceptor markers were observed in 5nf2h cKO at E18.5
compared with controls (Figure 3A-F). At P0, we observed an approximately 25% reduction
in photoreceptors in Snf2h cKO (Figure 3G-N).
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Figure 3. Photoreceptor specification in Snf2 cKO. To screen the photoreceptor development, a
variety of different photoreceptor-specific markers were used; among them, Otx2, Crx, and Rxry
were chosen for the embryonic immunofluorescent analysis. The immunostained retinal sections
showed no significant differences between Snf2h cKO mice and controls at E18.5 (A-F). However,
there was a rapid decrease in Rxry- and Obx2-positive cells in Snf2h-deficient mice immediately after
birth (G-N). Error bars indicate standard derivation; p-values were calculated using Student’s i-test
(n=23). *p <005 ** p < 0.001, n.s. = not significant. Scale bars: 50 pm.

At postnatal stages, we used different opsin markers specific for cones or rods to
follow photoreceptor maturation based on their onset, the level of expression, and sub-
cellular localization. Rhodopsins are expressed throughout the entire length of the outer
retinal segment, whereas M-opsins are preferentially located dorsally, and S-opsins are
located ventrally [55,71]. Since the mouse retina is rod-dominated, the prevailing opsin
is thodopsin, which was first detectable in control mice at P5 (Figure 4A). In Snf2h ¢cKO
mice, the process of rod photoreceptor maturation appeared to occur normally, although
the signal strength of immunostaining was weaker than wild-type controls (Figure 4D). An
approximately normal level of rhodopsin expression was detected in Snf2h-deficient retina
even at P10 (Figure 4E). Shortly thereafter, the expression of thodopsin was extinguished,
and only sparse thodopsin-positive cell residues were present at P18 (Figure 4F). A similar
result was obtained via immunostaining for cone photoreceptors. We used two mouse cone-
opsin-specific markers, S-opsin (short wavelength) and M-opsin (medium wavelength).
At P5, the expression of S-opsin was weaker in 5nf2ii ¢cKO mice compared with controls
(Figure 4G,]). At P10, the Snf2h deficient retina still retained some S-opsin-positive cells,
but compared with wild-type, their numbers were reduced (Figure 4H,K). Finally, at 18,
the 51f2h-deficient cones lacked their characteristic shape and S-opsin positive residues
were accumulated just below the INL (Figure 41L). The M-opsin staining at P18 showed a
pattern overall similar to that of S-opsin (Figure 4R). Since the main decline in photoreceptor
development occurred between P10 and P18, we hypothesized that the key event leading to
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photoreceptor damage is the opening of the eye at P14. The animals were analyzed at P13,
when the eyes are still closed, and at P14, after eye opening. A noticeable difference in the
thickness of 5nf2h ¢cKO retinas between the P13 and P14 stages was observed (Figure 55).
Immunodetection for rhodopsin, M- and S-opsin confirmed the significant deterioration of
the morphology of the outer photoreceptor segment between stages P13 (Figure S6) and
P14 (Figure 57) in Snf2h cKO mice. The outer photoreceptor segments were extremely
shortened, lost their orientation, and spread within the outermost retinal layer. Qur data,
therefore, suggest that an excess of light at the eye-opening stage is not a leading factor of
photoreceptor damage in Snf2h ¢cKO. Instead, the loss of photoreceptors is regulated by
intrinsic cues and is gradual.
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Figure 4. Photoreceptor maintenance in Snf2h cKO during postnatal stages. Specific opsin markers
were used to determine the photoreceptor state in Snf2h ¢cKO after birth. Rhodopsin detects the
rod photoreceptors S-opsin (the short-wavelength cone photoreceptors) and M-opsin (the medium-
wavelength cones). Except for M-opsin, which was not expressed until P8, opsin expression was
mapped from P5 to P18 (A-R). At P10, all opsins were expressed in Snf2fi-deficient retinae, although
the ONL layer was significantly reduced in thickness compared with controls (B,EH,K,N,Q). At
P18, no rhodopsin-positive photoreceptors were present in Snf2h cKO, and only scattered rhodopsin-
positive residues were identified in the entire retinal section (F, indicated by an arrow). At P18, the
differences between Snf2h cKO and controls in S-opsin (LL) and M-opsin (O,R) expression were
conspicuous, but not as pronounced as the loss of rhodopsin expression. Nevertheless, the shape of
cone photoreceptors appeared abnormal. Scale bars: 50 pm.

3.3. All Other Retinal Cell Types Are Specified in the Absence of Snf2h Function

To investigate whether the SnfZh function is not restricted to photoreceptors but is also
required for the generation and /or maintenance of other retinal cell types, we performed
immunohistochemistry labeling for specific retinal markers of each cell type. We found that
GCs (Brn3a-positive cells, Figure 5A F), HCs (Oc2-positive cells, Figure 5B,G), ACs (Paxé-
positive cells, Figure 5C,H), BCs (Chx10-positive cells, Figure 5D,I), and MCs (Lhx2-positive
cells, Figure 5E,]) were present in Snf2Zh-deficient retina. Combined, our data indicate that
Snf2h is not necessary for the specification of these cell types in the mature mouse retina.

3.4. Loss of Snf2h Causes Cell-Cycle Defects and Increased Apoptosis

Next, we sought to determine whether the decreased retinal cell numbers were due
to poor RPC expansion or the initiation of intense apoptosis, or both. To analyze retinal
cell proliferation, we examined EdU incorporation during embryonic retina development
following a 24 h chase period. The EAU incorporation at PO revealed a dramatic reduction
in the number of EdU-positive cells in 51f2h cKO—almost no EAU* cells were detectable
in contrast to controls, where the proliferation was still high and concentrated in the INL
(Figure 6D,H,I). Such an extreme loss of proliferating cells explains the sharp reduction
in retinal thickness after birth. A major proliferation defect was already observed during
embryonic development. The EdU labeling of wild-type and Snf2h cKO retinae signifi-
cantly differed at E16.5, and the difference increased with each consecutive embryonic
day (Figure 6A-H,I). The reduction in EdU-positive cells in the Snf2h-deficient retina was
already detectable at E15.5 following a brief 1 h pulse (Figure 6]-L). Very similar data
were obtained using cyclin D1 immunofluorescent labeling (Figure 58), which not only
reflected the S-phase but also the G1/5 transition. Combined, these results indicate that
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5nf2h is necessary for the proper initiation and progress of DNA replication in retinal cells,
which is consistent with previous in vitro studies [72-75]. Next, we used an anti-CENP-A
(centromere protein A) antibody recognizing the H3 histone variant that is incorporated
into centromeric nucleosomes and is essential for centromere localization and chromosomal
segregation. The overall signal was substantially decreased in S1f2h cKO mice, in contrast
with wild-type animals at E17.5 (Figure 6M,N).

Ganglion celis

Harizontal cels | | Amacring calls | | Bipolar celis | | Mlller glia cells

Figure 5. All cell types in GCL and INL are present in the Snf2h-deficient retina. GCs in the GCL
were detected using anti-Brn3a antibodies in the P18 retina (A,F). The interneurons in INL of P18
(B,D,E,G,L]) or P22 (C,H) were identified by the following molecular markers: Oc2 (HCs), Pax6
(ACs), Chx10 (BCs), and Lhx2 (MCs). Scale bars: 50 um.

This result suggests that in S1f2h cKO retinal cells, the chromosomes are not able to
attach to the spindle apparatus and are therefore not separated. Next, we investigated
whether the dramatic decrease in retinal cell numbers was also partly due to increased
apoptosis. It was indeed likely that the DNA damage in Snf2h ¢KO led to chromosomal
instability and an increased rate of programmed cell death. We first analyzed the apop-
tosis using an anti-cleaved caspase-3 (cCas3) antibody at E16.5, and in correlation with
pronounced proliferation defects, the number of apoptotic cells also increased (Figure 7A ).
A dramatic increase in cCas3-positive cells was observed in 5nf2li ¢cKO compared with
controls at PO (Figure 7D,H,I). It should be noted that both poor replication and an increase
in apoptosis were not unique to any specific retinal layer but observed in almost the en-
tire retina. The p53 pathway is often activated upon DNA damage, leading to increased
apoptosis. To determine whether the p53 pathway was activated in Snf2li-deficient retinae,
we analyzed the expression of the pathway-related genes using qRT-PCR (Figure 8). We
focused on genes directly controlled by p53, namely Cdknla (p21), Cdkn2a (Arf), Atm, Atr,
Mdm2, Ptfla (p48), Casp3, Casp9, Cena2 (cyclin A), Cenbl (cyclin B), Cenel (cyclin E), and
Cengl (cyclin G). These genes encode the proteins involved in various functions: Some are
necessary for entering the next cell-cycle phase, some act as checkpoints, and others change
their expression levels upon the programmed cell death or directly inhibit p53 function.
The gRT-PCR confirmed the increased expression of the Trp53 gene (p53) in Snf2h cKO
retinae. In addition, the levels of cyclin inhibitor p21 were elevated. This result suggests
that the Snuf2h-depleted retinal cells are arrested in the G1-phase of the cell cycle. The altered
levels of cyclin E and cyclin B furthermore indicated possible irregularities during S-phase
progression, whereas the reduced levels of both Atm and Atr mRNAs in Suf2l cKO retinae
showed impairment in cell-cycle checkpoints. Severe downregulation of cyclin G mRNA
levels in Snf2h-deficient retinae indicated impaired p53 negative feedback loop, a condition
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that may result in the constitutive activation of the p53 pathway. Finally, we compared the
expression levels of caspase-3 and caspase-9 genes in wild-type and 5nf2h ¢cKO. Although
both genes are expressed during apoptosis, only caspase-3 mRNA levels were upregulated
in the mutant retinae.

Taken together, our analyses demonstrate cell-cycle defects, the activation of the p53
pathway mRNA targets, and increased apoptosis in Snf2h cKO retinae.

E15.5 {1 how pulse|

] L

Proporion of EQUY osis relative o DAPY calls (%)

Figure 6. Cell-cycle analysis of Snf2ii-deficient retinal cells. The retinal proliferation was analyzed via
EdU incorporation. Pregnant females were intraperitonally injected with EAU 24 h prior to sacrifice
atindicated stages. The number of EQU* cells in wild-type and Snf2l ¢cKO mice was comparable until
E14.5. The differences first appeared at E16.5—the number of EAU" cells was decreased by ~25%
in 5nf2h-deficient mice compared with controls. Subsequently, at E18.5 and after birth, almost no
EdU" cells were detectable in 5nf2h cKO, in contrast with the massive proliferation rate in wild-type
retinae (A-I). Pregnant females were injected with EdU one hour prior to sacrifice. The proportion of
EdU* cells/DAPI* cells was reduced in Snf2h-deficient retina at E15.5 (], J'.K, K’ L). Expression of
CENP-A (centromere protein A) at E17.5. CENP-A is essential for centromere localization and proper
chromosomal segregation. The CENP-A antibody staining was widespread in wild-type retinae at
E17.5 (M), whereas in Snf2hi-depleted retinae, only a few CENP-A-positive cells were found (N),
indicating impaired chromosomal segregation in Snf2h cKO retinal cells. Error bars indicate standard
derivation; p-values were calculated using Student’s t-test (n = 4). *** p < 0.001, n.s. = not significant.
Scale bars: 50 pm.
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Figure 7. Loss of Snf?h in developing retina is accompanied by massive apoptosis. The number of
apoptotic cells in embryonic and posinatal retinae was detected using the anti-cleaved caspase-3
(cCas3) antibody. The differences between 5nf2l ¢KO and controls first appeared at E14.5 (I) and
gradually increased during later embryonic stages (A-C,E-G,I). The peak of apoptosis in Snf2h-
deficient mice was at PO (D,H,I). The number of cCas3-positive cells in Snf2h-deficient retinae
decreased during the posinatal stages; nevertheless, it remained significantly higher at P5 compared
with wild-type controls (I). Error bars indicate standard derivation; p-values were calculated using
Student’s t-test (n = 4). ** p < 0.001, n.s. = not significant. White arrows indicate cCas3-positive cells.
Scale bars: 50 m.
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Figure 8. Quantification of mRNA expression of p53 downstream acting factors at PD assessed with
qRT-PCR. Whole retinae from P0 wild-type and Snf2h cKO eyes were dissected, subjected to RNA
isolation, and processed using qRT-PCR. A total of 3 retinas were tested. Error bars indicate standard
derivation; p-values were calculated using Student’s t-test (n = 3). * p < 0.05, ** p < 0.01.

4. Discussion

The Snf2h protein acts as a chromatin remodeler. Here, through conditional gene
targeting and detailed phenotypic analysis, we elucidated the function of the 5nuf2h gene
during the development, differentiation, and maturation of the mouse retina. Considering
that Snf2h serves as a catalytic subunit (ATPase) and is incorporated into several distinct
ISWT chromatin remodeling complexes (ACF, WICH, CHRAC, RSF, and NoRC), the loss
of Snf2h likely results in broad impairment of the chromatin dynamics and organization.
SnfZh acts as the main executive component of these complexes, whereas the other subunits
enhance and direct diverse processes such as DNA replication, DNA repair, recombination,
and transcription [15,76,77]. Defects observed here in Snf2Zh cKO might be due to the
Snf2h function in any of these processes alone or due to a combination of defects in
several of them. Our data indicated that the Snf2h-deficient retina exhibited impaired
progenitor cell expansion. Based on EdU incorporation and the immunofluorescent staining
of proliferation markers, we identified a dominant defect in the S-phase of the cell cycle
(the process of DNA replication). When 5Snf2li ¢cKO mice were compared with controls, the
first remarkable decline in S-phase progression manifested itself at E16.5, i.e., soon after
the common peak of production of early-born retinal cells [35-38]. During later embryonic
development, the replication activity gradually decreased in 5nf2h ¢cKO and was minimal
at birth. In contrast, in wild-type retinae, proliferation continued approximately up to
P8 [30,78,79]. Such a rapid loss of DNA replication was previously observed in the Snf2h-
depleted Purkinje cells of the mouse cerebellum [17]. Our gRT-PCR results provided further
support for aberrant S-phase progression and specifically pointed to the G1/5 transition.
The increased levels of p21 and cyclin E mRNAs in Snf2h-depleted retinal cells indicated cell-
cycle arrest in G1. It is therefore likely that the extremely rapid decline in DNA replication
in embryonic retinal cells is due to the combination of both factors. The importance of
Snfzh for DNA replication during the cell cycle was previously shown by several in vitro
studies [72-75]. These studies were focused on the specific aspects of the S-phase, and all
established the key role of SnfZh-containing complexes during heterochromatin replication.
In addition, the Snf2h function is required in the early S-phase [75], in which the actively
transcribed genes within euchromatin are replicated [80]. We propose that the process of
cell division is impaired in the Snf2l cKO retinae. Heterochromatin, whose replication
is primarily disrupted, is incorporated into the pericentromeric region. This region is
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characterized as a condensed, transcriptionally repressed chromatin part, necessary for
genome stability, chromosome pairing, and segregation [81-53]. Perpelescu et al. [54]
established a key role for the RSF complex, compaosed of Rsfl (remodeling and spacing
factor 1) and Snf2h, in maintaining a proper centromere structure via the stabilization
of the centromere protein A histone variant (CENPA). Our CENP-A analysis indicates
that the Snf2h-depleted mitotic chromosomes do not contain functional centromeres. It is
interesting that Alvarez-Saavedra et al. [17] listed HJURP (Holliday junction recognition
protein) as a gene downregulated in the Snf2ii-deficient cerebellum. HJURP was recently
identified as a protein involved in the localization of CENP-A into the centromere and
thereby is critical for centromere formation and maintenance [585-858]. If the division of
the cell nucleus is indeed not properly carried out, then the Snf2h-deficient retinal cells
likely carry an abnormal number of chromosomes. Hereby, we can conclude that the Snf2l
gene is required for the proliferation of RPCs. In the absence of the SnfZh function, several
cell-cycle processes occur incorrectly.

The loss of 5Snf2h in the retina leads to massive apoptosis demonstrated by an increased
number of cleaved caspase-3-positive cells from E16.5 onwards, with the highest peak at P0.
Caspase-3 activates the extrinsic apoptotic pathway, whereas caspase-9, whose levels were
not significantly changed in the Snf2h cKO retinae, activates the intrinsic apoptotic pathway.
We speculate that the loss of Snf2h and the activation of the p53 pathway influences only
the extrinsic apoptotic pathway whose effector caspase is caspase-3.

Given that all retinal cell types are developed from a common pool of retinal progenitor
cells, the population of which depletes with proceeding retinogenesis, it is not surprising
that the proliferation defects in Snf2h cKO cause retina abnormalities in young adult mice.
More remarkable is, however, that the degeneration predominantly affects photoreceptor
cells. The reason for this is currently unclear. Cones and rods occupy the outermost layer of
the retina, and their basic function and morphology are similar despite their different birth
order during retinogenesis. Cones are generated along with the early-born retinal neurons,
whereas rods are classified as later-born cells [36].

The Cre driver used here, the mRx-Cre BAC transgenic line, is an early retina-specific
deleter active from E9.0 [66]. In our previous study using this Cre line, we were able to
efficiently deplete Pax6 already by E10.5 [89] and Meisl/Meis2 by E14.5 [90]. However,
due to the Snf2h protein stability, the conspicuous depletion of the SnfZh protein was
observed by E12.5, and little to no Snf2zh immunoreactivity was present only by E15.5,
which is still much earlier than the P} stage by which we observed the elimination of the
extremely stable polycomb proteins [65]. Considering that the Snf2h depletion in Snf2h
cKO started at E12.5, many cones were still generated in the presence of Snf2h. This was,
however, not the case for late-born rods. Originally, we hypothesized that the birth order of
each retinal cell type would play a role in the resulting phenotype of Snf2h ¢cKO mice. We
assumed that the late-born cell types that develop in the absence of the Snf2h function (BCs,
MGs, and rod photoreceptors) would be much more affected than the early-born neurons.
Qwur results indicated, however, that the birth order did not generally correlate with the
magnitude of the loss of a particular retinal cell type. GCs, ACs, MGs, and BCs were present
in adult mice, whereas the photoreceptors had a tendency to disappear completely. Based
on marker analysis during embryonic stages (Otx, Crx, Blimp, and Rxry immunoreactivity),
we concluded that the photoreceptors in Snf2h ¢KO were correctly specified and were
generated in numbers comparable to wild-type controls. The small loss in photoreceptor
numbers occurring before birth was associated with insufficient proliferation and increased
apoptosis. Overall, the process of photoreceptor degeneration appeared to be gradual and
not directly triggered by external stimuli such as light. Moreover, on closer observation, we
found that the photoreceptor collapse could also be caused by damage in synaptogenesis.
In the case in which the photoreceptor cells lose contact with either interneurons or retinal
pigment epithelium, a subsequent degenerative process is initiated [91-94]. In the case of
Snf2h cKO, retinal degeneration occurs early and is fairly rapid. When retinal degeneration
occurs, MCs can activate a gliosis process, which leads to the formation of a glial scar
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containing a range of auxiliary materials [95,96]. This in turn acts as a protection against
further neuronal deprivation [97,98]. Such a protective mechanism in the Snf2h-deficient
retina could perhaps contribute to the maintenance of GCL and INL, including the relevant
cell types, even in aging mice (at PW 50).

5. Conclusions

Our analysis of Snf2h-deficient mice revealed that Snf2h controls the expansion of
the pool of RPCs by safeguarding the cell-cycle progress. In addition, Snf2h appears to be
critically required for photoreceptor maintenance in the postnatal mouse retina. Since at the
molecular level, Snf2h is a catalytic subunit of several distinct multicomponent complexes
dedicated to unrelated nuclear processes, it is unlikely that all the defects observed in
Snf2h KO are due to a single Snf2h complex. Further studies aimed at the functional
characterization of other components of SnfZh-containing complexes are needed in order
to dissect their specific roles in retina growth, maturation, and maintenance.
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Supplementary Figure S1. Expression of Snf2h and its interacting partners during retinal
development.

Heatmap showing expression of components of ACF,WICH,NoRC, RSF, CHRAC, B-WICH, Cohesin,
Dnmt3b, Dnmt3b-including, and HDAC2 complexes in retina at E14.5, E17.5, PO, P3, P7, P10, P14,
and P21 (GSE870864 (Aldiri et al., 2017)). The left graph indicates FPKM.
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Supplementary Figure S2. Expression of components of ALL-1 supercomplex and PRC1
complex during retinal development.

Heatmap showing expression of components of ALL-1 supercomplex and PRC1 complex in retina at
E14.5, E17.5, PO, P3, P7, P10, P14, and P21 (GSE87064 (Aldiri et al., 2017)). The left graphindicates
FPKM.
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Supplementary Figure S 3. Expression of centromere complex components during retinal
development.

Heatmap showing expression of components of centromere complex in retina at E14.5, E17.5, PO,
P3, P7, P10, P14, and P21 (GSE87064 (Aldiri et al., 2017)). The left graph indicates FPKM.
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Supplementary Figure S4. Morphology of heterozygous mice at postnatal week 50 (PW50).

Hematoxylin and eosin staining of wild-type (A) and mRx-Cre/ Snf2h™ (B) mice did not manifest obvi-
ous differences between the two genotypes. One active allele of the SnfZzh gene is thus sufficient for
the maintenance of an apparently normal gross retinal morphology.
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Supplementary Figure S5. Retinal morphology of Snf2h cKO at P13 and P14.

Hematoxylin-eosin staining of postnatal retinal sections at postnatal day 13 (P13) and day 14 (P14) of
wild-type and Snf2h cKO. The retinal section of Snf2h cKO at P14 (D) was clearly thinner compared
with the same genotype at P13 (C).
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Supplementary Figure S6. Photoreceptor characterization at P13 (before eye opening).

Rod photoreceptors in the wild-type retina (A, B). The rod photoreceptors in Snf2h cKO were present
(C, D). Although the number of rods was reduced, their cell shape and positioning was comparable
with the wild-type controls. The same result was obtained with cone photoreceptor staining (E-H, I-L).
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Supplementary Figure S7. Photoreceptor characterization at P14 (after eye opening).

The rod photoreceptors in Snf2h cKO were preserved, but their length was reduced by about a half
compared with control, which was associated with reduced thickness of the ONL in Snf2h cKO (A-D).
The cone photoreceptors exhibited an abnormal shape, the outer segments were reduced, and the
photoreceptor protrusions detected in wild-type animals inside the OPL were missing in Snf2h ¢KO (E-
H, I-L).
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Supplementary Figre S8. Expression of cyclin D1 in Snf2h cKO during embryonic and postnatal
stages.

Immunostaining for cyclin D1, required for G1/S transition during the cell cycle, in wild-type and Snfzh
cKO. Differences in cyclin D1 immunoreactivity appeared already during embryonic development (A-
D). A dramatic decrease in cyclin D1-positive cells and cyclin D1 expression level in Snf2h cKO
compared with wild-type controls was observed at birth (E, F) and at P5 (G, H).
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Supplementary Table S1. List of primary antibodies used for immunohistochemistry

Antigen Host |Dilution Retinal cell types stage
Snf2h (Abcam) Rabbit |1:500 Adult
Rhodopsin (Chemicon) Mouse |[1:200 |Cone photoreceptor cells Adult
S-opsin (Santa Cruz) Goat 1:500 |Cone photoreceptor cells Adult
M-opsin (Santa Cruz) Rabbit [1:500 |Cone photoreceptor cells Adult
Lhx2 (Santa Cruz) Goat 1:1000 |Miiller glial cells Adult
Chx10 (ThermoFisher Scientific) Sheep |(1:500 |Bipolar cells Adult
Oc2 (R&D Systems) Sheep |(1:500 |Horizontal cells Adult
Pax6 (Covance) Rabbit [1:500 |Amacrine cells Adult
Brn3a (Dr. E. Turner) Rabbit [1:4000 |Retinal ganglion cells Adult
Tbr2 (Abcam) Rabbit [1:500 |Retinal ganglion cells Adult
Otx2 (Dr. Vaccarino) Rabbit |1:500 |Photoreceptor cells Embryo
Crx (Santa Cruz) Rabbit (1:100 |Photoreceptor cells Embryo
Blimp1 (Santa Cruz) Rat 1:300 |Photoreceptor cells Embryo
Rxry (Santa Cruz) Rabbit [1:3000 |Photoreceptor cells Embryo
cCas3 (Cell Signaling) Rabbit |1:500 Embryo
Cyclin D1 (Santa Cruz) Mouse (1:300 Embryo
pH3 (Santa Cruz) Rabbit |1:800 Embryo
CENP-A (Cell Signaling) Rabbit |1:500 Embryo
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Supplementary Table S2. List of primers used for qRT-PCR

Name Sequence (5'>3')

Atm-F CCAGGGGAAGATGATGAAGA
Atm-R TCGGCAGCTAAAGGACTCAT
Atr-F GCTGTAGCGTCCTTTCGTTC
Atr-R GGCTCATGCATAGCAGCATA
Casp3-F GAGATGGCTTGCCAGAAGAT
Casp3-R CCGTCCTTTGAATTTCTCCA
Casp9-F GATGCTGTCCCCTATCAGGA
Casp9-R CAGAATGCCATCCAAGGTCT
Cdkn2a-F GCTCTGGCTTTCGTGAACAT
Cdkn2a-R CGAATCTGCACCGTAGTTGA
CyclinA-F CTGTCTCTTTACCCGGAGCA
CyclinA-R AACGTTCACTGGCTTGTCTTC
CyclinB-F GAGAAGGTGCCTGTGTGTGA
CyclinB-R GGCTTGGAGAGGGATTATCA
CyclinE-F CGTTACATGGCATCACAACA
CyclinE-R GGTGCAACTTTGGAGGGTAG
CyclinG-F GGCTTTGACACGGAGACATT
CyclinG-R AGTCGCTTTCACAGCCAAAT
Mdm2-F TGTGTGAGCTGAGGGAGATG
Mdm2-R ATCCTGATCCAGGCAATCAC
p21-F GTACTTCCTCTGCCCTGCTG
p21-R TCTGCGCTTGGAGTGATAGA
p48-F AACCAGGCCCAGAAGGTTAT
p48-R CCTCTGGGGTCCACACTTTA
p53-F CTAGCATTCAGGCCCTCATC
p53-R ACTCCTCCATGGCAGTCATC
Gadd45b-F CACCCTGATCCAGTCGTTCT
Gadd45b-R TTGGCTTTTCCAGGAATCTG
Sfn-F TGGCCCTGAACTTTTCAGTC
Sfn-R GATGAGGGTGCTGTCCTTGT
UBB-F ATGTGAAGGCCAAGATCCAG
UBB-R TAATAGCCACCCCTCAGACG
Actb-F GTCCACACCCGCCACCAGTTC
Actb-R TTCTCCATGTCGTCCCAGTTG
Ubb-F ATGTGAAGGCCAAGATCCAG
Ubb-R TAATAGCCACCCCTCAGACG
Sdha-F AAGGCAAATGCTGGAGAAGA
Sdha-R TGGTTCTGCATCGACTTCTG
Gapdh-F AACTTTGGCATTGTGGAAGG
Gapdh-R ATCCACAGTCTTCTGGGTGG
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7. Discussion

The cornea, a transparent tissue at the front of the eye, plays a crucial role in visual
function by refracting light onto the retina. Its integrity and clarity are essential for
maintaining optimal vision. The development of the cornea is a complex process involving
precise spatiotemporal regulation of gene expression and intricate cellular interactions.
Transcription factors, as key regulators of gene expression, are known to orchestrate the
intricate molecular events underlying tissue development. Advancements in the field of
transgenic and knockout technologies have provided valuable insights into the role of
various transcription factors in corneal morphogenesis and disease progression (Collinson
et al., 2004; Dwivedi et al., 2005; Kenchegowda et al., 2011; Loughner et al., 2017;
Swamynathan et al., 2007). Interestingly, the human corneal disorders coupled with
mutations in genes encoding these transcription factors are in tune with their conserved
function in eye development across different species (Hanson et al., 1993; Hill et al., 1991;
Jordan et al., 1992; Liskova et al., 2016; Yu et al., 2022). Hence understanding the precise
role of these transcription factors in corneal development and homeostasis using a proper
model system is advantageous.

Results presented in section 6 of this thesis are mainly focused on the

(1) Generation and characterization of a transgenic Cre driver line for postnatal corneal
studies

(i1) Role of transcription factor Pax6 in corneal development

(ii1) Distinct set of ocular phenotypes are associated with Ovo/2 promoter mutations in the
mouse model

7.1 Generation and characterization of a transgenic Cre driver line for
postnatal corneal studies

Conventional gene knockout mouse has been an excellent tool to understand gene
function in vivo (Hill et al., 1991; Hogan et al., 1986). However, developmental arrest or
embryonic lethality restricts us from studying gene function postnatally. This limitation was
circumvented by the generation of cKO models by the Cre-loxP system (Gu et al., 1994; Gu
etal., 1993). Several Cre driver lines are used for the conditional deletion of genes of interest
in the ocular surface. But, Cre recombinase activity begins during embryonic development
in these lines (Joo et al., 2010; Kokado et al., 2018; Lu et al., 2012; Swamynathan et al.,
2007; Tanifuji-Terai et al., 2006; Weng et al., 2008). As aresult, it is challenging to elucidate
the postnatal function of genes such as Pax6, which is expressed throughout the CE
development and maintained in adult CE.

In order to establish a Cre driver line, in which Cre-mediated recombination starts
coincident with postnatal CE stratification, we choose 4/dh3 as a candidate gene. Aldh3
starts its endogenous activity in CE at PN9 and increases strongly by PN13 (Abedinia et al.,
1990; Davis et al., 2008). In our study, we used a BAC construct containing the regulatory
sequence of the Aldh3 gene to generate an Aldh3-Cre transgenic line. We visualised the
specificity of Cre-mediated recombination in Aldh3-Cre, by breeding them with Rosa26R (Soriano,
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1999). Our data showed that Cre recombinase activity is observed in corneal stroma from
E15.5, but not in presumptive CE or postnatal CE, till PN9 and it increased from PN12 to
PN28. Additionally, no Cre activity was observed in limbal epithelial cells, whereas X-gal
staining was also found in conjunctival epithelial cells from PN9. This change in Cre activity
compared to its known endogenous expression could plausibly be due to the absence of some
of the regulatory elements associated with the Aldh3 gene in our BAC construct.
Furthermore, we showed the efficiency of the A/dh3-Cre transgenic line by breeding
them with Ctnnb1* @ /* (Harada et al., 1999) and Ctnnb]"0* (¢2-6)lox (x2-6) (Braylt et al.,
2001) resulted in gain and loss of function of B-catenin respectively in the ocular surface.
The phenotypes observed in these gain and loss of function mutants are in agreement with
previous findings, suggesting as our A/dh3-Cre efficiently inactivates the gene of interest in
the regions of Cre activity. B-catenin is expressed in CE as well as in corneal stroma.
Conditional deletion of B-catenin in corneal stromal keratocytes results in precocious
stratification of CE (Zhang et al., 2015) as observed in Ctnnb]"0x (x2-6/ox (2-6) Thig makes it
difficult to distinguish whether the phenotypes observed on CE are due to its loss of function
in CE or the stroma. Regardless of this, A/dh3-Cre is an excellent tool for the inactivation of
genes which are specifically expressed in CE or conjunctival epithelium in postnatal stages.

7.2 The role of Pax6 in corneal development

Pax6 is regarded as the master regulator gene in eye development, due to its highly
conserved role in morphogenesis and maintenance of eyes (Gehring, 2004). In mice, Pax6
is detected in SE and OV from a very early stage and during mid-gestation in developing
NR, RPE and all SE-derived parts lens, cornea, limbus and conjunctiva. Unlike in other
tissues, where Pax6 expression is reduced in the adult, it remained strong in the epithelia of
the adult cornea, limbus and conjunctiva (Koroma et al., 1997; Walther and Gruss, 1991),
suggesting its possible role in postnatal corneal development. Homozygous (Pax6”") mutants
are embryonically lethal (Hogan et al., 1986) and heterozygous (Pax6™) mutants exhibit a
myriad of corneal phenotypes such as the thin cornea, hypocellular stroma, corneal
neovascularisation, epithelial erosions, presence of globet cells, and corneal opacity
(Collinson et al., 2001; Davis et al., 2003; Hill et al., 1991; Ramaesh et al., 2003; Ramaesh
et al., 2005; van Raamsdonk and Tilghman, 2000). Despite numerous studies describing
corneal defects in Pax6"" mutants, it was unclear if these traits resulted from defective
postnatal development or its function during embryonic development. In our study, we used
two specific Cre drivers for the inactivation of Pax6 in postnatal CE and OSE.

Postnatal depletion of Pax6 in CE using Aldh3-Cre reveals abnormal thin CE with
cell-cell adhesion defects. Increased proliferation was found in the CE of ¢cKO mutants,
suggesting that Pax6 directly or indirectly regulates components involved in the epithelial
cell cycle (Davis et al., 2003; Ramaesh et al., 2005). An alternative possibility is reparation
for the cell loss due to cell-cell adhesion defects (Zieske, 2000).

Adherens junctions are multi-protein complexes essential during development and
tissue morphogenesis (Gumbiner, 2005; Nishimura and Takeichi, 2009). E-cadherin is a
transmembrane protein, a core component of adherens junctions (Takeichi, 1988a, b; Xu et
al., 2002). The cytoplasmic tail of cadherin interacts with catenin proteins which further
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links cadherins to the actin cytoskeleton (Hartsock and Nelson, 2008; Perez-Moreno and
Fuchs, 2006; Pokutta and Weis, 2007). The CE has E-cadherin expression in all layers and
is known to be vital for the maintenance of its structural integrity (Mohan et al., 1995; Xu et
al., 2002). Our study found that abundant and proper membrane localisation of E-cadherin
in CE is lost in CE cKO mutants. A similar diffused pattern of expression is observed for F-
actin and B- catenin. This suggests that adherens junctions are aberrant in CE upon Pax6
loss, accounting for the reduced number of cell layers.

Tight junction protein Zo-1, which is expressed in the superficial CE is
downregulated in CE cKO mutants. This observation is consistent with higher fluorescein
uptake in corneas of Pax6 *~ mutants (Davis et al., 2003), which indicates inadequate tight
junctions upon Pax6 loss. Several studies suggested interdependency in the formation of
tight and adherens junction and the absence of adherens junction components lead to the
failure in tight junction formation. So we speculate that the decrease in adherens junction
components in CE cKO mutants could have an impact on the assembly of other cell junctions
(Campbell et al., 2017; Capaldo and Macara, 2007; Ooshio et al., 2010; Sugrue and Zieske,
1997).

Krt12, a major IF with corneal specific expression (Chaloin-Dufau et al., 1993;
Chaloin-Dufau et al., 1990), has been controlled by Pax6 together with reprogramming
factors Kl1f4 and Oct4 (Liu et al., 1999; Sasamoto et al., 2016). Consistent with this, our data
indicated the loss of Krt12 in CE cKO mutants. Corneal fragility is a characteristic of
mutations in the human KRT'/2 gene and in mice homozygous models (Nishida et al., 1997).
Considering all together, loss of Krt12 might further worsen cell-cell adhesion in the CE
cKO mutants. Additionally, the loss of Krt12 also implies an impaired differentiation
program and this observation was further supported by the expansion of basal cell-specific
expression of Krt14 to suprabasal cells in Pax6-depleted CE.

Conjunctivalisation and the presence of goblet cells were found in Pax6 - mutants
and these features are considered as the hallmarks of LSCD (Nishida et al., 1995;
Puangsricharern and Tseng, 1995). We did not observe any expansion of Krt4 to CE in CE
cKO mutants, implicating that depletion of Pax6 in the limbus is a prerequisite for the
conjunctival outgrowth to the cornea. Whereas, at PN28, globet cells were found in the CE
of CE cKO mutants. This could be explained by the globet cells arising from a complex
niche located at the corneal-limbal border rather than being of conjunctival origin
(Pajoohesh-Ganyji et al., 2012).

The corneal development and homeostasis are maintained by a group of transcription
factors such as Pax6, Ap2-a, Kif4, and EHF (Davis et al., 2003; Delp et al., 2015; Dwivedi
et al., 2005; Swamynathan et al., 2007; Tiwari et al., 2017). But the hierarchical network of
these regulators in CE is poorly understood. Further studies need to be done to identify
downstream targets of Pax6 in CE. However, we are unable to continue our investigations
due to the repopulation of Pax6™¢ cells by PN28 in the CE ¢cKO mutant. Repopulation of
Pax6"¢ cells can be attributed to the regulation of Aldh3 promoter activity by Pax6 in co-
operation with Octl and p300 (Davis et al., 2008).

Together, our data show that Pax6 is important for CE adhesion and corneal-specific
differentiation.
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Next, in an attempt to unravel the role of Pax6 in presumptive CE embryonically, we
used K/4—Cre (Andl et al., 2004). Even though, Cre activity starts at E14.5 (Andl et al.,
2004), Pax6 was not deleted in OSE until PN2. Our data show that depletion of Pax6 in OSE
during early postnatal stages (PN2-PN9), results in conjunctivalisation of CE, suggesting the
importance of limbal Pax6 in preventing the expansion of conjunctival cells to CE. However,
further analysis upon eye opening revealed keratinised cornea. We speculate that these are
the outcomes of irritations and infections caused by ectopic eyelashes observed in OSE cKO
mutants.

Wnt/B-catenin signalling plays an important role in the fate determination of OSE
(Kreslova et al., 2007; Miller et al., 2006; Mizoguchi et al., 2015; Smith et al., 2005; Zhang
et al., 2010). Active Wnt signalling is observed in the mesenchyme of the cornea, limbus
and conjunctiva and conjunctival epithelium (Gage et al., 2008; Liu et al., 2003; Zhang et
al., 2015). The barrier function of the limbal epithelium may require this regional specificity,
and this could be possibly maintained by the active repression of this signalling pathway at
different levels. This idea is favoured by the widespread expression of Wnt inhibitors Dkks
and Sfrpl in the cornea during embryonic and postnatal development (Ang et al., 2004; Liu
et al., 2003; Mukhopadhyay et al., 2006). In addition to this, Pax6 is known to regulate the
Whnt inhibitors like Dkk1, Sfrpl, and Sfpr2 in the central nervous system and lens (Duparc
et al., 2006; Kim et al., 2001; Machon et al., 2010). Together, this suggests the possibility of
deregulation of Wnt/ B-catenin in OSE upon Pax6 loss. Further experiments can help to
reveal the possible connection between Wnt/ B-catenin and Pax6 in OSE. Nevertheless,
mosaic deletion of Pax6 in PN2-PN6 in OSE and keratinisation of CE upon eyelid opening
restrict us from conducting further research.

7.3 Distinct set of ocular phenotypes are associated with Ovol2 promoter
mutations in the mouse model

OVOL2 is a transcription factor involved in promoting MET by directly repressing
mesenchymal genes such as TWIST, ZEBI and ZEB2 (Aue et al., 2015; Kitazawa et al.,
2016; Watanabe et al., 2019). OVOL2 maintains the epithelial nature of the CE by repressing
mesenchymal genes (Kitazawa et al., 2016). In contrast to that, OVOL?2 is absent in neural
crest-derived CEn (Davidson et al., 2016). It has been demonstrated that mutations in the
highly conserved promoter region of the OVOL2 gene are the underlying cause of corneal
dystrophy PPCDI1 (Davidson et al., 2016). Further studies have shown that these mutations
are resulting in the ectopic expression of (mMRNA) OVOL?2 in CEn and the downregulation
of the mesenchymal gene ZEBI (Chung et al., 2019). To further elucidate the molecular
mechanisms associated with PPCD1, we generated an allelic series of promoter mutations
including the human disease-associated variant c.-307T>C. Given the high level of promoter
conservation within the mammals, we speculated that any mutations affecting this region
could result in overexpression of Ovol2 in mice. However, to our surprise, out of seven
mutations made, only two of them resulted in increased expression of (mMRNA) Ovo/2 and
some phenotypic traits. Considering the fact that PPCDI1 is an autosomal dominant disorder,
it is extremely likely that, CRISPR-Cas9 gene editing in the FO generation selected against
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the severe phenotypic modifications. This was further supported by the inability to generate
a stable line for c.-370T>C linked to PPCD1 in the Czech family, despite numerous efforts.

Even though increased Ovol2 mRNA levels are observed in CEn of mice harbouring
c.-307T>C and c.-307 -320del mutations, these mutants didn’t exhibit phenotypes
associated with corneal endothelial dystrophy. We postulated that this could be due to the
species-specific difference during the development of CEn.

Further analysis revealed that a minority of mice carrying c¢.-307T>C and c.-
307 320del mutations exhibited a similar set of phenotypic traits such as iris hypoplasia,
PHPV and dysplastic retina. It is interesting to note that an Ovoll / Ovol2 binding site
CCGTTA, is located next to c. -307T>C and in c.-307_-320del mutants, this binding site is
deleted. A reasonable interpretation for this is that substitution of -307 T to C is altering the
ability of Ovoll/ Ovol2 to bind to their consensus site and thus preventing Ovol2
autoregulation or repression by Ovoll (Lee et al., 2014; Teng et al., 2007; Wells et al., 2009).
Moreover, the lack of any phenotypic traits in c¢.-307 -311del mice mutants which
accidentally restored the Ovol1/Ovol2 binding site lends credence to this notion.

The exact reason for the reduced penetrance of these phenotypic traits is uncertain.
The reduced yield of heterozygotes and homozygotes was observed in these mutants, but
that does not completely account for the reduced penetrance.

Ovol2 is expressed in inner cell mass and later in the derivatives of the epiblast, and
as a result, embryonic lethality is observed in Ovol2”" mice (Mackay et al., 2006).
Furthermore, Ovol2 is also important for the skin, kidney, cornea, mammary epithelia, testis
and ovary (Kitazawa et al., 2016; Li et al., 2002; Mackay et al., 2006; Unezaki et al., 2007;
Watanabe et al., 2014). It has also been demonstrated that Ovol2 is required for the proper
migration and survival of neural crest cells (Mackay et al., 2006). Considering the
importance of Ovol2 during embryogenesis and postnatal development, we believe that the
low yield of homozygotes or heterozygotes with phenotypic consequences was due to
prenatal lethality.

Though it is uncertain whether Ovol2 governs migration and survival of neural crest
cells directly or indirectly (Mackay et al., 2006), the ocular abnormalities noticed in
¢.307T>C mutants and c.-307_320del mutants are likely connected to abnormal migration
of neural crest cells (Lin et al., 2020). Various structures in the eye including corneal stromal
keratocytes, CEn, trabecular meshwork, primary vitreous and iris stoma are derived from
neural crest cells (Bahn et al., 1984; Beauchamp and Knepper, 1984; Tripathi and Tripathi,
1989). Anterior segment dysgenesis, including aniridia, iris hypoplasia, Peters anomaly,
congenital hereditary endothelial dystrophy, Axenfeld anomaly, and congenital iris
ectropion, is caused by aberrant neural crest cell migration and differentiation during
embryonic development (Churchill and Booth, 1996; Jat and Tripathy, 2023; Sridhar and
Tripathy, 2023). Thus phenotypic consequences such as iridocorneal adhesion, lack of CEn
and iris hypoplasia associated with ¢.-307T>C and c.-307_-320del mutations are indicative
of aberrant neural crest cell migration or survival.

It has been demonstrated that PHPV can also arise due to abnormal migration or
proliferation of neural crest cells during embryonic development (Hunt et al., 2005; Lin et
al., 2020; Shastry, 2009). Consistent with this, we observed increased retrolental mass in c.-
307T>C and c.-307_320del mutants from E14.5 and retained throughout the postnatal
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stages. Collectively, these findings imply that the phenotypes observed in this study are
linked to increased migration or proliferation of neural crest cells, which may be either a
direct or indirect consequence of the changes in the Ovol2 expression set by the promoter
mutations. However, we cannot exclude the possibility that increased migration of neural
crest cells due to the delayed closure of optic fissure, since we observed coloboma in some
of these mutants.

In summary, human PPCDI1-associated c¢.-307T>C mutation in mice resulted in
increased expression of (MRNA) Ovol2 analogous to human patients. Even so, no corneal
endothelial dystrophy was manifested in these mutants, suggesting that the development of
CEn differs from humans to mice. The phenotypic consequences observed in a small
percentage of c¢.-307T>C mice mutants suggest the possible role of Ovol2 in eye
development. Additional research may clarify the precise function of the Ovol2 in the
development of the eye and discover the downstream targets or pathways.
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8. CONCLUSIONS

This PhD thesis can be summarized as follows:

1.

We generated Aldh3-Cre transgenic mouse driver line which is beneficial for
conditional gene inactivation in the postnatal cornea.

Pax6 is important for postnatal corneal development. Conditional depletion of Pax6
in early postnatal (PN1-PN9) OSE resulted in conjunctivalisation of limbal and CE,
suggesting the role of limbal Pax6 in preventing the growth of conjunctiva to CE.
Moreover, more restricted conditional depletion of Pax6 in postnatal CE coincident
with eyelid opening (PN12 onwards) resulted in a thin cornea with differentiation
and intercellular adhesion defects.

The genetic causation of human PPCDI1 is the mutations affecting the highly
conserved promoter region of the OVOL?2 gene resulting in increased OVOL2 mRNA
expression in CEn cells. We attempted to establish a mouse model, using the
CRISPR-Cas9 approach by generating an allelic series with alterations in the Ovol2
promoter region including pathogenic variant c¢.-307T>C as in human PPCDI
patients. Interestingly, despite the high degree of conservation among mammals, not
all mutations in mice led to ocular abnormalities. Whereas mutation ¢.307T>C and
¢.-307_-320del (deletion of Ovol1/Ovol2 binding site next to ¢.307T>C) resulted in
increased Ovol2 mRNA levels analogous to human patients. Surprisingly, mouse
endothelium is robust to these alterations, preventing the development of endothelial
dystrophy. Notably, a small percentage of ¢.-307T>C and c.-307_-320del mutants
showed iridocorneal adhesion, PHPV and dysplastic retina, suggesting the role of
Ovol2 during embryonic eye development.

Snf2h is a chromatin remodeling factor expressed in RPC and post-mitotic retinal
cells. Conditional depletion of Snf2h in RPC resulted in a thin retina with a lack of
photoreceptors. Our further studies confirmed that Snf2h is not necessary for the
specification of other retinal cell types. Contrarily, it is crucial for the proliferation
of RPC. Loss of Snf2h in RPC caused discrepancies in the cell cycle and increased
apoptosis, which eventually led to the death of photoreceptors and disrupted retinal
lamination.
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