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ABSTRACT 

 
The formation of the eye is a multistep process of complex morphogenetic 

events. It begins with the formation of the optic vesicle (OV) and its subsequent 

interaction with the overlying head surface ectoderm (SE). Reciprocal interaction 

between OV and SE evoke lens placode formation within the SE followed by 

coordinated invagination of both, the lens placode and OV. These events result in 

formation of lens, retina and retinal pigmented epithelium (RPE) with lens originating 

from the SE and retina/RPE originating from the OV. Early after the retinal domain is 

established, retinal progenitor cells start to differentiate in seven retinal cell types that 

are further stratified in the structure of the retina. The transcription factor Pax6 plays a 

pivotal role in eye formation in various animal species. In mammals, it is expressed 

from very early stages of eye development in OV and SE. As Pax6
-/- 

mice are 

anopthalamic, with eye development arrested at OV/SE stage, much attention has 

been paid to elucidate the Pax6 function in different eye structures. However, whether 

and/or how Pax6 regulates the early signaling events leading to eye formation as well 

as the mechanism by which Pax6 regulates the differentiation of all retinal cell types is 

still only poorly understood.  

Using the mouse as a model, we have found that Pax6 is required very early in 

eye development, to repress Wnt/β-catenin signaling pathway in the lens-forming 

surface ectoderm to allow the lens placode to be specified and OV and SE to 

invaginate and form the lens and the retina. This is mediated by the ability of Pax6 to 

directly activate the expression of inhibitors of Wnt/β-catenin signaling pathway in the 

presumptive lens ectoderm. To analyze Pax6 role specifically in OV compartment and 

its derivates, we generated a novel OV-specific Cre-expressing mouse line, mRx-Cre. 

Inactivation of Pax6 selectively in the OV abolished formation of lens and retina, 

indicating that at the OV/SE stage, Pax6 expression is required not only in SE but also 

in the OV to ensure the lens-inductive ability of the OV. This indicates that 

coordinated action of Pax6 in both, SE and OV is crucial for the initiation of eye 

formation. Our study also showed that once the OV invaginates to form the retinal 

domain and retinal progenitor cells are specified, Pax6 is required for retinal 

progenitor cell proliferation, controlling the balance of cell cycle re-entry and 

preventing premature cell cycle exit. Beside its role in proliferation, our results also 

showed that Pax6 plays the crucial role in the initiation of a general retinal 

differentiation process as no retinal cell types are differentiated in Pax6-deficient 

retinae. Finally, we have focused on Pax6-regulated genes in retinal cell type 

differentiation. We identified two transcription factors of the Onecut transcription 

factor family, Onecut1 and Onecut2, to operate downstream of Pax6 to ensure the 

development of one particular retinal cell type, horizontal cells.  

Alltogether, our data show that Pax6 regulates a various processes during eye 

development, starting from eye induction to proper differentiation of particular retinal 

cell types. 

 



 
 

ABSTRAKT 

Vývoj oka je komplexní proces zahrnující řadu dílčích morfologických změn. Na 

jeho počátku je vznik optického váčku a jeho následná interakce s hlavovým povrchovým 

ektodermem, která vede k přeměně části ektodermu na čočkovou ploténku. Čočková 

ploténka a optický váček následně koordinovaně invaginují za vzniku čočky, sítnice a 

sítnicového pigmentového epitelu. Zatímco povrchový ektoderm dává vznik čočce, 

optický váček dává vznik sítnici a pigmentovému epitelu. Sítnicové progenitorové buňky 

se krátce poté začnou postupně diferencovat do sedmi buněčných typů, které následně 

vytvářejí strukturu sítnice dospělého oka. U mnoha živočišných druhů hraje během vývoje 

oka klíčovou roli transkripční faktor Pax6. U savců je protein Pax6 produkován již 

v časných strukturách vyvíjejícího se oka, v optickém váčku a povrchovém ektodermu. U 

myší s mutací v genu Pax6 (Pax6-/-) dochází k zastavení vývoje oka ve stádiu kontaktu 

optického váčku a povrchového ektodermu a čočka ani sítnice se dále nevyvíjí. Z tohoto 

důvodu byla role transkripčního faktoru Pax6 velmi intenzivně studována. Nicméně 

způsob, jakým Pax6 reguluje signalizaci vedoucí ke spuštění vývoje oka, je jen málo 

prostudovaný. Stejně tak málo známý je i mechanismus, kterým Pax6 řídí diferenciaci 

jednotlivých sítnicových buněčných typů.  

Za použití myši jako experimentálního modelu jsme zjistili, že ve velmi časných 

stádiích vývoje oka, protein Pax6 zprostředkovává inhibici signalizační dráhy Wnt/β-

catenin v části hlavového povrchového ektodermu, ze které vzniká čočka. Tato inhibice je 

nezbytná pro vytvoření čočkové ploténky a následný vznik čočky a sítnice, a je dána 

schopností faktoru Pax6 aktivovat produkci několika známých inhibitorů Wnt/β-catenin 

signální dráhy v povrchovém ektodermu. Abychom mohli dále analyzovat úlohu faktoru 

Pax6 ve vývoji optického váčku, vytvořili jsme novou transgenní myší linii mRx-Cre, 

produkující rekombinázu Cre a umožňující inaktivaci genu specificky v optickém váčku. 

Za použití této linie jsme zjistili, že produkce proteinu Pax6 je nezbytná nejen 

v povrchovém ektodermu, ale také v optickém váčku, k zajištění správného vývoje čočky 

a sítnice. Když byla totiž produkce faktoru Pax6 v optickém váčku narušena, čočka ani 

sítnice se nevyvinula. Toto zjištění naznačuje, že pro správný vývoj oka je nezbytná 

koordinovaná aktivita faktoru Pax6 jak v  povrchovém ektodermu, tak v optickém váčku. 

Naše studie také ukázala, že jakmile se optický váček jednou invaginuje a dá vzniknout 

sítnici, Pax6 dále řídí schopnost sítnicových progenitorových buněk opakovně se dělit a 

zabraňuje předčasnému ukončení tohoto procesu. Kromě role v dělení, Pax6 hraje také 

klíčovou úlohu v diferenciaci všech sítnicových buněčných typů. Pokud je Pax6 

inaktivován, sítnicové progenitorové buňky zcela ztrácí schopnost diferencovat 

v jakékoliv známé sítnicové buněčné typy. V rámci studia role faktoru Pax6 

při diferenciaci jsme se dále zaměřili na hledání kandidátních genů regulovaných 

faktorem Pax6, které by mohly hrát úlohu při řízení tohoto procesu. Naše studie 

identifikovala dva transkripční faktory, Onecut1 a Onecut2, jejichž inaktivace ve 

vyvíjející se sítnici odhalila, že tyto faktory jsou zodpovědné za vznik jednoho 

konkrétního buněčného typu, horizontálních buněk.  

Závěrem lze říci, že naše studie ukázaly komplexní úlohu faktoru Pax6 v několika 

klíčových procesech vývoje oka zahrnujících proces vzniku čočky, dělení 

progenitorovývh buněk sítnice a jejich následnou diferenciaci. 
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1. PREFACE 

 

The survival of humans likewise other living organisms, is strictly dependent 

on their ability to interact with the environment. This includes signal perception and 

its precise processing using sensory organs and central nervous system. As humans, 

we have five senses available from which the vision is of the most importance. This 

fact makes the eye one of the most precious sensory organ of our body. The eye 

formation is a complex process initiated very early in prenatal development and its 

disturbance can lead to severe eye abnormalities and loss of vision. Multiple 

congenital eye disorders including anophthalamia, micropthalmia, aniridia, colaboma, 

and retinal dysplasia stem from disruption of embryonic eye development. These are 

caused mainly by the malfunction of factors involved in regulation of eye 

development. One such factor is the transcription factor Pax6. Whereas heterozygous 

mutation in the Pax6 causes aniridia and Peter`s anomaly in humans and “Small eye” 

phenotype in mice and rats, homozygous mutation causes anophthalamia. Uncovering 

the molecular processes during eye development, Pax6 is involved in, can help us to 

understand the origin of abnormalities connected to Pax6 malfunction.   

 This Ph.D. Thesis is focused on Pax6 role in mammalian eye development 

studied in mouse as a model. Thesis includes four publications, each dealing with 

different aspect of eye development: 

 

1) Lens morphogenesis is dependent on Pax6-mediated inhibition of the 

canonical Wnt/beta-catenin signaling in the lens surface ectoderm. 

Machon O, Kreslova J, Ruzickova J, Vacik T, Klimova L, Fujimura 

N, Lachova J, Kozmik Z. 

Genesis. 2010 Feb;48(2):86-95.  

 

2) Generation of mRx-Cre transgenic mouse line for efficient conditional 

gene deletion in early retinal progenitors. 

Klimova L, Lachova J, Machon O, Sedlacek R, Kozmik Z. 

PLoS One. 2013 May 7;8(5):e63029. 

 

3) Stage-dependent requirement of neuroretinal Pax6 for lens and retina 

development. 

Klimova L, Kozmik Z. 

Development. 2014 Mar;141(6):1292-302. 

 

4) Onecut1 and Onecut2 transcription factors operate downstream of Pax6 

to regulate horizontal cell development. 

Klimova L, Antosova B, Kuzelova A, Strnad H, Kozmik Z. 

Dev Biol. 2015 Jun 1;402(1):48-60. 

 

    

http://d360prx.biomed.cas.cz:2259/pubmed/?term=Machon%20O%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Kreslova%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Ruzickova%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Vacik%20T%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Klimova%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Fujimura%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Fujimura%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Lachova%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Kozmik%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=20027618
http://d360prx.biomed.cas.cz:2259/pubmed/20027618
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Klimova%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23667567
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Lachova%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23667567
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Machon%20O%5BAuthor%5D&cauthor=true&cauthor_uid=23667567
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Sedlacek%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23667567
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Kozmik%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=23667567
http://d360prx.biomed.cas.cz:2259/pubmed/23667567
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Klimova%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24523460
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Kozmik%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=24523460
http://d360prx.biomed.cas.cz:2259/pubmed/24523460
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Klimova%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25794677
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Antosova%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25794677
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Kuzelova%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25794677
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Strnad%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25794677
http://d360prx.biomed.cas.cz:2259/pubmed/?term=Kozmik%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=25794677
http://d360prx.biomed.cas.cz:2259/pubmed/25794677
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2. LIST OF ABBREVIATIONS 
 

aa   amino acid 

BMP   Bone Morphogenic Protein 

bHLH   basic Helix-Loop-Helix 

Cdk   Cyclin-dependent kinase 

CNS   Central Nervous System 

DNA   DeoxyriboNucleic Acid 

EFTF   Eye Field Transcription Factor 

E   Embryonic day 

FGF   Fibroblast Growth Factor 

G   Gap 

GCL   Ganglion Cell Layer 

HD   HomeoDomain 

Hipk   Homeodomain Interacting Protein Kinase 

HTH   Helix-Turn-Helix 

ICN   IntraCellular domain of Notch 

INL   Inner Nuclear Layer 

LP   Lens Placode 

MAPK  Mitogen-Activated Protein Kinase 

M   Mitosis 

OC   Optic Cup 

ONL   Outer Nuclear Layer 

OV   Optic Vesicle 

P   Postnatal day 

PD   Paired Domain 

pNR   presumptive NeuroRetina 

pOS   presumptive Optic Stalk 

pRPE   presumptive Retinal Pigmented Epithelium 

pRb   Retinoblastoma protein 

PST   Prolin-Serin-Threonin 

P6CON  Pax6 CONsensus binding site 

RA   Retinoic Acid 

Raldh   Retinaldehyd dehydrogenase 

RBP-J   Recombining Binding Protein suppressor of hairless 

RGC   Retinal Ganglion Cell 

RPC   Retinal Progenitor Cell 

RPE   Retinal Pigmented Epithelium 

S   Synthesis 

SE   Surface Ectoderm 

Shh   Sonic hedgehog 

TGF   Transforming Growth Factor 
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3. LITERATURE OVERVIEW 

 

3.1 Overview of mammalian eye development 

Proper eye development is strictly dependent on the coordinated formation of 

two main tissues of the eye: the retina and the lens. In vertebrates, eye development is 

initiated during early neurulation, when the eye field is specified within the patch of 

the head neural ectoderm to become the neural part of the eye. Soon after that, optic 

vesicles (OVs) evaginate from the wall of the rostral diencephalic wall toward the 

lens-competent head surface ectoderm (SE) (Figure 1a) (at embryonic day [E] 9). As 

the OV and SE come into the contact, series of reciprocal signals induce formation of 

the lens placode (LP) (at E9.5), a thickening of the SE that contacts the OV (Figure 

1a). Once LP is formed, both LP and OV invaginate to form the lens vesicle and two-

layered optic cup (OC) respectively (Figure 1b) (at E10). Outer layer of the OC gives 

rise to the retinal pigmented epithelium (RPE) while inner layer become specified to 

retina populated with mitotically active retinal progenitor cells (RPCs) (reviewed by 

Fuhrmann, 2010; Chow and Lang, 2001; Ogino et al., 2012) (Figure 1c). Margin 

between two layers of the OC differentiates into peripheral structures of the eye, the 

iris epithelium and ciliary body. The lens vesicle eventually separates from the SE and 

differentiates into the mature lens (Figure 1c) (at E11). Within the retina, RPCs 

differentiate in seven retinal cell types that together form the structure of the adult 

retina with three nuclear layers: i) retinal ganglion cells in the ganglion cell layer 

(GCL); ii) amacrine cells, bipolar cells, Müller glia cells and horizontal cells in the 

inner nuclear layer (INL); iii) rod and cone photoreceptors in the outer nuclear layer 

(ONL) (Young, 1985) (Figure 1c). 

Since this particular work is focused mainly on the early stages of eye 

development concerning the process of lens induction, RPC proliferation and 

differentiation, the following sections are focused mainly on these aspects of eye 

development. 
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Figure 1. Schematic representation of mammalian eye development. (a) The optic vesicle forms as 

lateral evagination of the rostral diencephalic wall, contacts the head surface ectoderm and lens placode 

is formed. (b) Lens placode and optic vesicle invaginate to form the lens vesicle and bilayered optic 

cup. (c) Lens vesicle separates from the surface ectoderm and differentiates into the lens. Inner layer of 

the optic cup becomes the retina with tree retinal layers (ganglion cell layer occupied by ganglion cells, 

inner nuclear layer occupied by interneurons and outer nuclear layer occupied by photoreceptor cells); 

outer layer of the optic cup gives rise to the retinal pigmented epithelium. RPE, retinal pigmented 

epithelium. (Ali and Sowden, 2011).  

 

 

3.2 Early development of the optic vesicle 

As mentioned above, OV gives rise to the retina and RPE. The correct 

differentiation and alignment of individual eye tissues is dependent on complex 

interactions between three ectodermal derivates: the neuroectoderm represented by the 

OV, the neural crest represented by the extraocular mesenchyme and the head SE. 

Tissue-tissue interactions are mediated by coordinated action of extracellular factors 

and intrinsic factors. Several families of secreted signaling molecules, including Shh 

(Sonic hedgehog), Wnt, TGF-β (Transforming growth factor β) superfamily and FGFs 

(Fibroblast growth factor) are implicated in the control of inductive processes during 

eye formation as well as eye-field transcription factors (EFTFs), including Six3, Lhx2, 

Rx, Six6, Otx2 and Pax6 (reviewed by Fuhrmann, 2010; Chow and Lang, 2001; 

Ogino et al., 2012).   

 

3.2.1 Evagination of the optic vesicle 

OV neuroectoderm specification is initiated already before the OV evagination 

by the coordinated expression of EFTFs Six3, Lhx2, Rx, Six6, Otx2 and Pax6 within 

the region of the anterior neural plate (Li et al., 1997; Zuber et al., 2003). The first 
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morphological sign of eye formation is the evagination of the OVs. Although the 

molecular mechanism of the OV evagination is not completely understood, several 

studies performed in different vertebrate models suggest that retinal homeodomain 

transcription factor Rx (Rax) is involved in this process (Loosli et al., 2003; Mathers 

et al., 1997; Medina-Martinez et al., 2009; Rembold et al., 2006; Stigloher et al., 

2006). Rx gene is one of the earliest genes expressed in the retinal lineage. In mouse, 

its expression is activated between embryonic day E7.5 and E8.0 in the anterior neural 

plate and later is strongly expressed in the OVs (Mathers et al., 1997). Rx is essential 

for the expression of other key regulators of early eye formation, such as Lhx2, Pax6, 

or Six3 that control the specification of retinal progenitor cells in the OV (Liu et al., 

2010; Yun et al., 2009; Zhang et al., 2000; Zuber et al., 2003). In fish Rx3-null 

mutants, OV evagination is disrupted (Loosli et al., 2003) and Rx-deficient cells are 

excluded from OV domains in embryonic mouse chimeras consisting of wild-type and 

Rx-mutant cells (Medina-Martinez et al., 2009). In addition, studies performed in fish 

suggest that Rx regulates the cell movements that mediate OV evagination (Loosli et 

al., 2003; Rembold et al., 2006; Stigloher et al., 2006; Winkler et al., 2000). It has 

been shown that Rx is responsible for down-regulation of adhesive molecule Nlcam, 

that enables the cell movements during evagination (Brown et al., 2010). 

 

3.2.2 Specification of the prospective retinal and RPE domains 

During evagination, OV expands through the mesenchyme toward the SE 

(Figure 2A). At this stage, domains that will give rise to retina and RPE become 

specified within the OV. Dorsal region of the OV differentiates to the RPE and the 

distal/ventral to the retina (Hirashima et al., 2008; Kagiyama et al., 2005) (Figure 2). 

However, OV neuroepithelium stays bipotential with presumptive retina competent to 

generate RPE and RPE competent to generate retina (Araki and Okada, 1977; 

Horsford et al., 2005; Reh and Pittack, 1995; Rowan et al., 2004; Westenskow et al., 

2010). The earliest known patterning genes of the OV are the LIM homeobox 

transcription factor Lhx2, homeobox transcription factor Chx10 and basic helix-loop-

helix (bHLH) transcription factor Mitf (Burmeister et al., 1996; Green et al., 2003; 

Hodgkinson et al., 1993; Nguyen and Arnheiter, 2000; Yun et al., 2009; Zuber et al., 

2003). Mitf specifies RPE domain, Chx10 the prospective retinal domain and Lhx2 is 

required for both, prospective retina and RPE specification. Mitf is first expressed in 

entire OV, but later, Mitf expression is down-regulated in the distal domain where 
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Chx10 expression is activated (Nguyen and Arnheiter, 2000) (Figure 2). Lhx2 

operates upstream of Chx10 and Mitf as their expression is not initiated and eye 

development is arrested at OV/SE stage in Lhx2
-/-

 mouse embryos (Yun et al., 2009; 

Zuber et al., 2003; Porter et al., 1997; Tetreault et al., 2009). Transcription factors of 

Pax family, Pax6 and Pax2 were shown to transcriptionally control the expression of 

Mitf and specification of RPE domain as Mitf is not expressed in the OV of Pax6
-/-

/Pax2
-/-

 compound mutant mice (Baumer et al., 2003). Beside intrinsic factors 

expressed by the OV, extraocular mesenchyme that surrounds evaginating OV is 

required for the maintenance and elevation of Mitf expression (Figure 2). Its removal 

interferes with Mitf expression and specification of RPE domain in chick and mouse 

OV (Fuhrmann, 2010; Fuhrmann et al., 2000; Kagiyama et al., 2005). It has been 

demonstrated that TGFβ family members (BMPs, activin) and Wnt ligands secreted 

by the mesenchyme are involved in this process (Fuhrmann et al., 2000; Fujimura et 

al., 2009; Grocott et al., 2011; Kagiyama et al., 2005).  

Retina specification within the Mitf-expressing OV is mediated by FGF 

signaling (Cai et al., 2010; Gotoh et al., 2004; Hyer et al., 1998) (Figure 2 B). The 

FGF receptor activation leads to the expression of Chx10 in the distal OV (Gotoh et 

al., 2004; Cai et al., 2010). Chx10, in turn, is supposed to suppress Mitf expression to 

promote retinal development (Figure 2B) as its loss leads to persistent Mitf expression 

and retina to RPE transdifferentiation (Cai et al., 2010; Horsford et al., 2005; Rowan 

et al., 2004; Zhao et al., 2001). FGF ligands and receptors are abundantly expressed 

during eye development and their redundancy complicates the identification of the 

source of FGFs. However, as FGF1 and FGF2 are strongly expressed by the 

presumptive lens ectoderm (de Iongh and McAvoy, 1993; Pittack et al., 1997), it has 

been proposed that FGF signals from the SE are responsible for activation of FGF 

signaling in the distal OV and retinal specification (Figure 2B). Consistently, the 

removal of SE interferes with the retinal marker expression that can be restored by the 

source of FGF (Hyer et al., 1998; Pittack et al., 1997). 

Beside FGF signaling, BMP signaling seems to be also involved in retina 

specification and/or maintenance of retinal domain (Figure 2B). BMP ligands and 

receptors are widely expressed in developing eye (Dudley and Robertson, 1997; 

Furuta and Hogan, 1998). While Bmp4 is expressed in distal surface of OV and later 

in dorsal retina, Bmp7 is expressed in the SE and periocular mesenchyme. Bmp4
-/-

 and 

Bmp7
-/- 

mouse embryos are anopthalamic and display the arrest in eye development at 



13 

 

OV/SE stage (Furuta and Hogan, 1998; Wawersik et al., 1999). Both, Bmp4
-/-

 and 

Bmp7
-/- 

OV display down-regulation of retina-specific genes and ectopic expression of 

pigmented genes such as Mitf (Huang et al., 2015; Morcillo et al., 2006) indicating 

that BMP signals (derived from SE and/or retina itself) are involved in retina 

specification. In accordance, inactivation of two BMP receptors (Bmpr1a and 

Bmpr1b) specifically in the presumptive retina results in down-regulation of Chx10 

and abolished retinal differentiation (Murali et al., 2005). Moreover, recent studies 

performed in chick showed that BMP signals form SE (and developing lens) are 

crucial for specification of neural retina cells (Pandit et al., 2015). 

 

 

 

Figure 2. OV evagination and specification of the prospective retinal and RPE domains. (A) Early 

OV surrounded be extraocular mesenchyme producing activin-like molecules that induce Mitf 

expression in the entire OV. Proper response of the eye field to inducing signals is achieved by 

transcription factors Pax6, Lhx2, Six3, Otx2 and Rx (B) Later, OV contact SE. FGF and BMP signals 

from SE promote retinal specification within Mitf-expressing OV. FGFs from SE activate MAPK FGF 

signaling (pERK) in distal part of the OV leading to activation of Chx10 and Sox2 expression. Chx10 

in turn is involved in Mitf downregulation in distal OV allowing the specification of the retina. 

Modified from Fuhrmann et al., 2010. 
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3.3 Lens induction and optic vesicle-to-optic cup transition 

Early lens ablation experiments showed that preplacodal lens specification is 

crucial for the invagination of the OV and formation of the OC indicating that OC 

formation depends on proper lens formation (Hyer et al., 2003). As OV contacts the 

SE, reciprocal inductive signals elicit formation of LP within the SE and subsequent 

coordinated invagination of both, LP and OV to form the OC (Figure 3).  

The first morphological sign of the lens development is the thickening of the 

SE and formation of the LP (at E9.0-E9.5) (Figure 3). The lens induction is a 

multistep process that requires several lens-inductive and lens-restrictive signals from 

the surrounding tissues such as evaginating OV and migrating neural crest cells 

(reviewed by Fuhrmann, 2010; Gunhaga, 2011). The genetic studies have identified 

multiple transcription factors and signaling pathways interacting in complex network 

orchestrating OV/SE-to-lens/OC transition (reviewed by Fuhrmann, 2010; Chow and 

Lang, 2001; Ogino et al., 2012). Among intrinsic factors, transcription factors Six3, 

Pax6 and Sox2 are strongly expressed in SE at the onset of the LP formation (Ashery-

Padan et al., 2000; Grindley et al., 1995; Kamachi et al., 1998; Smith et al., 2009) 

(Figure 3). While Sox2 seems to be dispensable (Smith et al., 2009), both, Six3 and 

Pax6 are cell autonomously required for LP formation (Ashery-Padan et al., 2000; Liu 

et al., 2006). Most importantly, the timing and the proper level of Pax6 expression is 

crucial (Davis-Silberman et al., 2005; Davis et al., 2009; Duncan et al., 2004; Schedl 

et al., 1996). As Six3 was found to regulate Pax6 and Sox2 expression and Pax6 to 

regulate Six3 and Sox2 expression in the SE, it is supposed that Six3, Pax6 and Sox2 

act in complex regulatory network to regulate each other to ensure proper lens 

development (Lang, 2004; Liu et al., 2006). 

Concomitantly with the LP placode formation, OV becomes patterned into 

three domains (Figure 3): i) the prospective neuroretinal domain (central/distal OV) 

where Chx10 and Pax6 are expressed; ii) the prospective RPE domain (dorsal OV) 

where Mitf is expressed; iii) prospective optic stalk domain (ventral OV) where Pax2 

is expressed. LP together with OV invaginate to form the lens and OC, respectively. 

Among the signaling pathways, BMP and FGF were found to be essential for 

lens induction and coordinated OV-to-OC transition (Figure 3) as severe eye defects 

are associated with their inactivation (Faber et al., 2001; Furuta and Hogan, 1998; 

Garcia et al., 2011; Gotoh et al., 2004; Pan et al., 2006; Rajagopal et al., 2009; Sjodal 
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et al., 2007; Wawersik et al., 1999). As mentioned above, Bmp4
-/-

 and Bmp7
-/-

 mice 

exhibit arrest in eye development with no lenses being formed (Wawersik et al., 1999; 

Furuta and Hogan, 1998). This observation led to the assumption that beside the role 

in retinal specification, BMP signaling plays an essential role in the lens induction as 

well. Since Bmp4 is expressed in the distal surface of the OV that contacts the SE, it is 

the prime candidate to fulfill this role (Furuta and Hogan, 1998). Bmp4 expression in 

the OV was found to be positively regulated by transcription factor Lhx2 (Yun et al., 

2009). In Lhx2-deficient OV, Bmp4 and Bmp7 are not expressed, effector molecules 

in SE are not activated and LP is not formed (Hagglund et al., 2011; Yun et al., 2009). 

Furthermore, OV-specific Bmp4 inactivation leads to arrested lens development as 

well (Huang et al., 2015), indicating that Bmp4 coming from the OV is essential for 

lens induction. Accordingly, inactivation of BMP receptors Bmpr1a and Acvr1 also 

abolished lens formation (Rajagopal et al., 2009). The mechanism by which BMP 

molecules regulate lens induction may include the activation (or elevation) of LP-

specific gene expression as Sox2 and Pax6 expression is down-regulated when BMP 

signaling is disrupted (Furuta and Hogan, 1998; Wawersik et al., 1999).  

The role of FGF signaling in the lens-inductive ability of the OV is less 

understood. Although mice with defective (Garcia et al., 2011; Gotoh et al., 2004; Pan 

et al., 2006) or suppressed (Faber et al., 2001) FGF signaling display severe lens 

defects, the specific ligand and its source have not been identified, probably due to a 

high degree of redundancy. It has been suggested that retina-derived N-cadherin could 

act as an alternative ligand for FGF receptor signaling in the lens (Smith et al., 2010). 

Similarly to BMP signaling, the mechanism of how FGF promotes the lens induction 

includes the stimulation of LP-specific gene expression, most importantly Pax6 

expression that is essential for proper lens development (Faber et al., 2001; Gotoh et 

al., 2004). In addition, the expression of Bmp4 seems to depend on FGF signaling 

(Gotoh et al., 2004), indicating that interaction between BMP and FGF signaling is 

involved in lens induction. 

The Wnt/β-catenin pathway, although not found to be directly involved in the 

lens-inductive ability of the OV, plays an important lens-restrictive role during eye 

development. In developing mouse eye, signaling is active in dorsal OV and later is 

restricted to extraocular mesenchyme, optic stalk and dorsal RPE with no activity in 

lens-forming SE or retina (Kreslova et al., 2007; Liu et al., 2006; Maretto et al., 2003). 

Wnt/β-catenin pathway activation results in the stabilization of the cytoplasmic β-
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catenin and its subsequent accumulation in the nucleus. Nuclear β-catenin than 

associates with the TCF/Lef family of transcription factors to activate downstream 

target genes. Although the elimination of β-catenin in head SE results in formation of 

ectopic lentoid bodies in the periocular ectoderm, stabilization of β-catenin in lens-

forming SE abrogates lens induction (Kreslova et al., 2007; Smith et al., 2005). In 

addition, Wnt pathway coreceptor Lrp6 becomes downregulated in the SE at the onset 

of eye development (Smith et al., 2005). These observations indicate that suppression 

of Wnt/β-catenin signaling in the SE is the prerequisite for the lens formation 

(Kreslova et al., 2007; Smith et al., 2005). However, how eye field transcription 

factors control the activity of Wnt/β-catenin pathway is poorly understood.  

It is worth mentioning that the retinoic acid (RA) signaling plays also an 

important role in lens induction and OC morphogenesis (Duester, 2009). At early OV 

stage, strong RA signaling activity can be detected in the eye field (Mic et al., 2002) 

and its disruption leads to arrested eye development with no lens or retina formed 

(Bavik et al., 1996; Mic et al., 2004). It has been shown that RA signaling in the eye 

field is mediated by the specific expression of retinaldehyd dehydrogenases Raldh1, 

Raldh2, and Raldh3 (Duester, 2009), however, the exact mechanism of how RA 

signaling may contribute to OC morphogenesis has not been established.  

It should be also noted that although there is an evidence that developing lens 

and its secreted signals are involved in retinal specification, recent studies reported the 

formation of fully differentiated retina in the absence of the lens or extraocular 

mesenchyme (Eiraku and Sasai, 2012; Eiraku et al., 2011; Nakano et al., 2012; Sasai, 

2012). When cultured under specific conditions, mouse and human embryonic stem 

cells are able to form three dimensional OVs that further invaginate to form the OC 

with fully differentiated neurons. This indicates that patterning, morphogenesis and 

differentiation of the OV are at least partly ensured by the intrinsic mechanisms and 

do not require external cues. Nevertheless, more detailed analysis of factors present in 

three dimensional OV culture might help to resolve this issue. 
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Figure 3. Lens induction and OV-to-OC transition. Reciprocal interaction between the OV and SE, 

elicits the formation of the LP within the SE. Subsequently, LP and OV invaginate to form the lens and 

OC. Lhx2 expressed by the OV induces the expression of BMP ligands that induce BMP activation in 

overlying SE. BMP together with FGF signaling elevates the expression of SE-specific transcription 

factors Six3, Pax6 and Sox2 and the LP is formed. At the same time, the OV diversifies into three 

domains: prospective neuroretinal domain expressing Chx10 and Pax6; prospective RPE domain 

expressing Mitf and Pax6 and prospective optic stalk domain expressing Pax2 and OV invaginates to 

form the OC. OV, optic vesicle; SE, surface ectoderm; PL, lens placode; OC, optic cup; pNR, 

prospective neuroretinal domain; pRPE, prospective RPE domain; pOS, prospective optic stalk domain. 

Modified from Yun et al., 2009. 

 

 

3.4 Retinal progenitor cells  

3.4.1 Retinal progenitor cell maintenance  

As mentioned above, retinal domain is specified within the distal part of the 

OV closely contacting the SE. As OV invaginates, the cells located in the inner layer 

of the OC become specified in retinal progenitor cells (RPCs). RPCs are highly 

proliferative multipotent cells competent to give rise to all retinal neuron and glia cell 

types (Holt et al., 1988; Turner and Cepko, 1987; Turner et al., 1990). A defining 

feature of RPCs is co-expression of the transcription factors Rx, Pax6, Lhx2, Six3, 

Chx10, Sox2 and Hes1. These factors are expressed prior to the activation of 

neurogenic program and contribute to proliferative and retinogenic potential of RPCs 

(Burmeister et al., 1996; Grindley et al., 1995; Li et al., 2002; Liu et al., 2010; 

Marquardt et al., 2001; Mathers et al., 1997; Oliver et al., 1995; Porter et al., 1997; 

Tomita et al., 1996; Walther and Gruss, 1991). At the time of differentiation, the 

subpopulation of RPCs exits the cell cycle and transits from a proliferative state 
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towards a lineage-restricted neurogenic state. This is a gradual process with individual 

cell types generated through the course of retinogenesis in defined birth order (Young, 

1985). Since retinogenesis is finished after birth in mouse, new progenitor cells are 

continuously generated in the neuroblastic (proliferative) layer in order to ensure 

stepwise differentiation of all retinal cell types (Mumm et al., 2005; Reese et al., 

2011). Early in development, RPCs tend to divide symmetrically to increase the pool 

of progenitors in newly formed OC. When differentiation is initiated, cells begin to 

divide asymmetrically producing one cell that differentiates and a second that 

continue to divide as a progenitor cell. During later steps of retinogenesis, progenitor 

cells tend to undergo cell cycle exit that eventually leads to the depletion of the entire 

RPC pool (Dyer and Cepko, 2001a). The expansion of RPCs and precise timing of cell 

cycle exit thus must be coordinated to ensure temporal production of each of the seven 

classes of retinal cell types (reviewed by Agathocleous and Harris, 2009).  

Growth-promoting and growth-inhibiting signals determine whether a 

progenitor cell will re-enter the cell cycle or exit the cell cycle in order to differentiate. 

In vertebrate retina, cyclin D1, pRb protein, KIP proteins p57
Kip2

 and p27
Kip1

 and 

INK4 protein Ink4d have been implicated in direct regulation of RPC proliferative 

potential (Das et al., 2009; Dyer and Cepko, 2000, 2001a; Geng et al., 2001; Levine et 

al., 2000; Levine and Green, 2004). Cyclin D1 is predominant D-type cyclin 

expressed in RPCs promoting cell cycle progression by activation of cyclin-dependent 

kinase Cdk4 (Das et al., 2009). However, several studies where compound cyclin D-

deficient mice (cyclin D1/cyclin D3) were used indicate that some cyclin D-

independent mechanism operates in RPCs to promote basal cell cycle progression as 

cyclin D-deficient RPCs still proliferate, although less efficiently than normal RPCs 

(reviewed by Levine and Green, 2004). Other proteins mentioned above have a 

growth inhibitory role during the RPC proliferative period. Cyclin-dependent kinase 

inhibitor proteins p57
Kip2

, p27
Kip1

 and Ink4d are expressed by the subsets of RPCs as 

they exit the cell cycle and p57
Kip2 

and p27
Kip1 

alone are sufficient to promote cell 

cycle exit when expressed in RPCs (Cunningham et al., 2002; Dyer and Cepko, 2000, 

2001a, b). In addition, several pro-neurogenic bHLH transcription factors, including 

Mash1, NeudoD or Ngn1 were found to promote both, the cell cycle exit and neuronal 

fate determination, implying that the processes of cell type specification and cell cycle 

exit are tightly coupled (Farah et al., 2000; Ochocinska and Hitchcock, 2009). 
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However, how these complex events are orchestrated during retinogenesis remains 

largely elusive. 

 

3.4.2 Differentiation of retinal progenitor cells  

Adult retina is composed of seven cell types that form sophisticated functional 

network. Light-sensitive photoreceptors transmit information through the bipolar cells 

to retinal ganglion cells (RGCs). RGCs than transmit visual information from retina to 

the visual centers of the brain. In addition, horizontal cells and amacrine interneurons 

specifically modify synaptic signal before it reaches RGCs. Defect in differentiation 

of any cell type can lead to severe retinal abnormalities and loss of vision.  

RPCs start their differentiation soon after OC is formed. Retinal ganglion cells, 

horizontal cells and cone photoreceptors differentiate first, followed by amacrine cells, 

rod photoreceptors, bipolar cells and finally Müller glial cells (Young, 1985) (Figure 

4A). Individual cell types are generated gradually in overlapping pattern with at least 

two retinal cell types generated at the same time. Neurogenesis is initiated at E11, in 

the center of OC and gradually progresses towards the retinal periphery (Hu and 

Easter, 1999) (Figure 4A). 

Although RPCs retain their multipotency throughout retinal development 

(Turner and Cepko, 1987), they undergo a series of changes in intrinsic properties that 

control their competence to generate different retinal cell types. It is largely accepted 

that as the retinogenesis proceeds, RPCs are exposed to the changing environment of 

extrinsic cues that in cooperation with intrinsic factors regulate progenitor 

proliferation and direct the bias towards particular retinal cell fates (Cepko, 1999). 

The intrinsic factors are represented mainly by the bHLH class transcription factors 

(Brown et al., 1998; Cepko, 1999; Hatakeyama and Kageyama, 2004; Inoue et al., 

2002; Lillien, 1995; Morrow et al., 1999; Perron and Harris, 2000; Tomita et al., 

1996). The bHLH factors comprise transcriptional activators as well as repressors that 

operate in an antagonistic manner during retinal development. Repressors represented 

most prominently by Hes family proteins Hes1 and Hes5, a homologs of Drosophila 

hairy and Enhancer of split genes, are key regulators of RPC proliferation and 

maintenance, keeping progenitor cells in an undifferentiated state. The mechanism of 

their action includes inhibition of neurogenesis by suppression of bHLH activators 

(Davis and Turner, 2001; Tomita et al., 1996). In Hes1-deficient retinae, cell 

proliferation is impaired and premature differentiation can be observed (Tomita et al., 
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1996). Accordingly, Hes1 misexpression inhibits neuronal differentiation in the retina 

(Tomita et al., 1996). Hes1 and Hes5 are well known downstream effectors of Notch 

signaling (Ohtsuka et al., 1999), maintaining cells in an undifferentiated state (Gaiano 

et al., 2000). Upon stimulation by Notch ligand, the intracellular domain of Notch 

(ICN) is cleaved off, translocates into the nucleus where it forms the complex with 

RBP-J and Hes1/Hes5 repressors are expressed (Artavanis-Tsakonas et al., 1999; 

Honjo, 1996). Hes proteins than recruit corepressor Groucho to the promoters of 

differentiation-promoting genes and inhibit their expression (Davis and Turner, 2001) 

(Figure 5A). On the other hand, when neurogenesis is about to start, bHLH activators 

such as Math5, NeuroD, Math3 or Mash1 override the Hes repressors and promote 

neuronal differentiation (reviewed by Hatakeyama and Kageyama, 2004; Ohsawa and 

Kageyama, 2008) (Figure 5B). Although bHLH transcription activators have been 

shown to cause strong cell autonomous bias toward particular retinal cell fates, their 

activity is dependent on co-expression with other factors, most prominently 

homeodomain class transcription factors, including Pax6, Six3, Prox1, Chx10 or Rx 

(reviewed by Ohsawa and Kageyama, 2008). These factors, expressed in early OV, 

are required for RPC proliferation and later on for differentiation of individual retinal 

cell types (Agathocleous and Harris, 2009; Burmeister et al., 1996; Furukawa et al., 

2000; Marquardt et al., 2001). The homeodomain and bHLH transcription factors 

affect each other expression, creating a complicated transcriptional network that 

regulates retinal development. Transcription factors involved in cell fate determination 

are being identified, but how RPCs change their competence over time is not known. 

The following part summarizes some of the best characterized transcription factors 

involved in the differentiation of particular retinal cell types (Figure 6). It should be 

noted that almost all retinal cell types comprise of several subtypes. However, these 

will not be discussed here.  

Retinal ganglion cells (RGCs): RGCs are the first retinal cell type to 

differentiate from RPCs. Later on, in adult retinae, they are localized in the GCL 

(Figure 4B) (Cepko et al., 1996; Young, 1985). RGC differentiation is governed by a 

well defined gene regulatory network of three transcription factors; Math5, Brn3b and 

Isl1 (Mu et al., 2008; Pan et al., 2008; Wu et al., 2015) (Figure 6). Math5 is essential 

to keep RPCs competent to generate RGCs as its targeted disruption leads to dramatic 

reduction of RGCs (Brown et al., 2001; Wang et al., 2001). However, Math5 alone is 

not sufficient to determine RGC fate. The POU domain transcription factor Brn3b and 



21 

 

LIM-homeodomain transcription factor Isl1, both operating downstream of Math5, are 

expressed by differentiating RGCs and activate genes essential for RGC 

differentiation (Liu et al., 2001; Mu et al., 2008; Pan et al., 2008; Yang et al., 2003). A 

recent study has shown that Brn3b and Isl1 are sufficient for RGC differentiation in 

the absence Math5 (Wu et al., 2015). 

 Amacrine cells: Amacrine cells are generated in the first wave of 

retinogenesis overlapping with retinal ganglion cells, horizontal cells and cone 

photoreceptors (Figure 4A). In adult retina, they are localized in the INL and GCL 

(Figure 4B). The bHLH transcription factors Math3 and NeuroD have been implicated 

in differentiation of amacrine cells (Figure 6) (Inoue et al., 2002). The expression 

pattern of Math3 and NeuroD overlaps with amacrine cell genesis and loss of 

amacrine cells was observed in Math3/NeuroD compound mutants (Inoue et al., 

2002). Majority of cells that would normally become amacrine cells adopt the 

ganglion cell fate instead. This process is accompanied by upregulation of Math5, 

indicating antagonistic regulation between Math3/NeuroD and Math5 (Inoue et al., 

2002). Although Math3/NeuroD are essential, they are not sufficient for amacrine cell 

differentiation (Hatakeyama et al., 2001; Inoue et al., 2002). The homeodomain 

transcription factors Pax6 and Six3 are expressed by differentiating amacrine cells as 

well. The combined expression of Math3/NeuroD with either Pax6 or Six3 is 

sufficient for amacrine cell genesis (Inoue et al., 2002). In addition, winged 

helix/forkhead transcription factor Foxn4 and homeodomain transcription factor Ptf1a, 

operating downstream of Foxn4, were also found to be required for proper amacrine 

cell differentiation (Figure 6). Experiments in mouse revealed, that while loss of 

Foxn4 results in a reduced number of amacrine cells, Foxn4 misexpression leads to 

effective generation of amacrine cells (Fujitani et al., 2006; Li et al., 2004).   

Horizontal cells: Horizontal cells represent a population of retinal 

interneurons, localized in the INL (Figure 4B). Their differentiation is tightly 

connected with differentiation of amacrine cells as these cell types share a common 

Foxn4 and Ptf1a-expressing progenitor. Accordingly, the loss of Foxn4 or Ptf1a leads 

to complete loss of horizontal cells (Li et al., 2004; Fujitani et al., 2006). Although 

Foxn4 and Ptf1a are required for differentiation of both, amacrine and horizontal cells, 

homeodomain transcription factor Prox1 determine specifically the horizontal cell fate 

over the amacrine cell fate (Dyer et al., 2003) (Figure 6).  
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Bipolar cells: Bipolar cells are localized in the INL of adult retina (Figure 4B) 

and their differentiation is regulated by bHLH transcription factors Mash1 and Math3 

and the homeobox transcription factor Chx10 (Hatakeyama et al., 2001) (Figure 6). In 

Mash1/Math3 mutants, bipolar cells are completely lost (Tomita et al., 2000) as well 

as in Chx10-deficient retinae (Burmeister et al., 1996). However, misexpression of 

Chx10, neither Mash1 nor Math3 alone is sufficient for bipolar cell differentiation and 

only introduction of all three transcription factors at the same time can promote 

bipolar cell genesis (Hatakeyama et al., 2001). 

Photoreceptor cells: Photoreceptor cells are localized in the ONL of the adult 

retina (Figure 4B) and are represented by two classes of cells; rods and cones. The 

cone-rod homeobox protein Crx is the earliest expressed photoreceptor determinant 

(Furukawa et al., 1997; Chen et al., 1997). Crx protein is known to enhance the 

expression of photoreceptor-specific genes (Hennig et al., 2008; Chen et al., 1997; 

Mitton et al., 2000; Peng and Chen, 2005); however, Crx alone does not determine the 

specific photoreceptor cell fate and is supposed to activate transcription in cooperation 

with other transcription factors (Akagi et al., 2005; Furukawa et al., 1999; Hennig et 

al., 2008). Besides Crx, Otx2 is a key regulator of the photoreceptor lineage (Nishida 

et al., 2003) as photoreceptor cells are selectively lost in Otx2-deficient retinae 

(Nishida et al., 2003). From bHLH factors, NeuroD missexpression was found to 

induce rod genesis (Inoue et al., 2002). In addition, homeodomain transcription factor 

Rx was identified to operate upstream of Otx2 and regulate photoreceptor 

development (Muranishi et al., 2011). 

Müller glial cells: Müller glial cells are one of the last retinal cell types to 

differentiate. Since they are involved in the maintenance of retinal homeostasis and 

integrity, their bodies are spread through all retinal layers. Transcription factors Hes1, 

Hes5 and Hers2 were implicated in Müller glia development (Figure 6) as the 

reduction of their numbers can be observed in Hes-deficient retinae (Furukawa et al., 

2000; Hojo et al., 2000). In addition, homeobox gene Rx is implicated in Müller glia 

development as well (Furukawa et al., 2000). Since misexpression of Rx, Hes1 or 

Hes5 leads to generation of Müller glia cells (Furukawa et al., 2000; Hojo et al., 2000; 

Mathers et al., 1997), and Rx, Hes1 and Hes5 proteins were shown to affect 

proliferation and maintenance of the RPC, it is largely accepted that RPCs that do not 

lose the expression of Hes1 and Hes5 eventually adopt the Müller glial cell fate. This 
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emphasizes the need of constantly present pool of undifferentiated progenitors 

throughout the retinogenesis (Deneen et al., 2006; Hojo et al., 2000). 
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Figure 4. Schematic representation of retinal development and structure of the adult retina. (A) 

Retinal differentiation is initiated after embryonic day E10.5 and finished after birth, by postnatal day 

P11. Retinal cells are generated in a defined order with retinal ganglion cells generated first and Müller 

glial cells last. (B) Structural organization of the adult retina. GCL, ganglion cell layer; INL, inner 

nuclear layer; ONL, outer nuclear layer. E, embryonic day; P, postnatal day. Reproduced from Ohsawa 

and Kageyama, 2008. 
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Figure 5. Notch signaling in neuronal differentiation. (A) After Notch receptor stimulation,  

intracellular domain of Notch receptor (ICN) is cleaved off and translocates into the nucleus. In the 

nucleus, ICN interacts with the DNA-binding protein RBP-J and stimulates the expression of Hes 

proteins (Hes1 and Hes5). Hes1 and Hes5 than recruit  Groucho corepressor to the promoters of bHLH 

transcriptional activators, that are involved in neuronal differentiation. As a result, neuronal 

differentiation is inhibited. (B) In the absence of Notch receptor stimulation, Hes proteins are not 

expressed and bHLH activators, such as Mash1 or Math3, can be expressed. As a result, the expression 

of neuronal specific genes and differentiation is initiated. Reproduced from Hatakeyama and 

Kageyama, 2004. 

 

 

 

Figure 6. Transcription factors involved in the differentiation of particular retinal cell types.  

Mostly, cooperation of bHLH and homeodomain transcription factors is required for cell type 

specification in the retina. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. 

Modified from Ohsawa and Kageyama, 2008. 
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3.5 Transcription factor Pax6 in eye development  

3.5.1 Pax6 protein  

Pax6 is the member of the PAX gene family, which encodes highly conserved 

transcription factors (reviewed by Kozmik, 2005). Pax6 gene spans 28 kb and 

contains 16 exons that can produce several gene products (Glaser et al., 1992; 

Kammandel et al., 1999; Kim and Lauderdale, 2006) (Figure 7A). Although an 

alternative promoter usage and alternative splicing can produce several proteins with 

different functions, the most abundant and most intensively studied Pax6 variant is 

“canonical Pax6” (functional homolog of the Drosophila genes Eyeless and Twin of 

Eyeless) (Czerny et al., 1999; Quiring et al., 1994). In mammals, it is 422 amino acid 

(aa) protein with two highly conserved DNA binding domains: the bipartite paired 

domain (PD) and the paired-like homeodomain (HD) (Treisman et al., 1991; Wilson et 

al., 1995) (Figure 7B). The 128 aa PD, which is shared by all PAX genes, is encoded 

by exons 4-7 and consists of two subdomains, PAI and RED (Czerny et al., 1993; Xu 

et al., 1995). Both are represented by three α helices with two forming helix-turn-helix 

(HTH) DNA binding motif (Czerny et al., 1993; Epstein et al., 1994; Xu et al., 1999a; 

Xu et al., 1995). PD recognizes a bipartite binding site of about 17 nucleotides termed 

P6CON and binds to DNA as monomer (Czerny et al., 1993; Epstein et al., 1994) 

(Figure 7C). The specificity of PD is dependent on 3 aa (isoleucin-59, glutamine-61 

and asparagine-64) located within the PAI subdomain (Czerny and Busslinger, 1995). 

The 61 aa paired-type HD, which is found in a majority of the homeodomain proteins, 

is encoded by exons 8-10 and binds as homo- or heterodimers to a palindromatic 

ATTA sequence (Czerny and Busslinger, 1995; Wilson et al., 1993; Wilson et al., 

1995). Likewise PD, HD is represented by three α-helices with HTH motif (Xu et al., 

1999a; Xu et al., 1995).  

 C-terminal region of the Pax6 is prolin-serin-threonin rich (PST) and is 

involved in transcription transactivation properties of Pax6 (Czerny and Busslinger, 

1995; Glaser et al., 1994; Mikkola et al., 1999; Tang et al., 1998). PST carries several 

phosphorylation sites and it has been shown to be prone to phosphorylation by the 

MAPKs P38 and Erk2 and homeodomain-interacting protein kinase 2 (Hipk2) (Kim et 

al., 2006; Mikkola et al., 1999) (Figure 7B). Phosphorylation of specific residues was 

found to be required for Pax6-mediated transcription transactivation which is achieved 

by the recruitment of different co-activators to the enhancer via protein-protein 
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interaction (Kim et al., 2006; Mikkola et al., 1999; Tang et al., 1998). Apart from 

PST, the PD and HD domains have been also found to be involved in protein-protein 

interactions (Cvekl et al., 1999; Mikkola et al., 2001). Pax6 is known to act as 

transcription activator, however, situations where Pax6 was found to inhibit the 

expression of certain genes have been also reported. Pax6 inhibits expression of some 

crystallin genes in the lens and Crx expression in the retina (Duncan et al., 1998; 

Kralova et al., 2002; Oron-Karni et al., 2008). Although the exact mechanism is not 

known, it was suggested that inhibition is mediated via competition for promotor 

occupancy (Duncan et al., 1998).  

Pax6 is characterized by highly complex spatiotemporal expression pattern. It 

is expressed in central nervous system (CNS), eye, olfactory system and pancreas, 

where it plays the pivotal role (reviewed by Hanson and Van Heyningen, 1995; Osumi 

et al., 2008; Simpson and Price, 2002). Expression of Pax6 in different times and 

tissues is achieved by the combined activity of several cis-regulatory elements. These 

are located upstream of the Pax6 gene and in its introns (Kammandel et al., 1999; 

Kleinjan et al., 2004; Plaza et al., 1995; Williams et al., 1998; Xu et al., 1999b) 

(Figure 7A). In addition, more distant cis-regulatory elements downstream of Pax6 

gene that contain several tissue-specific enhancers, were also identified (Griffin et al., 

2002; Kleinjan et al., 2006) (Figure 7A). Some regulatory elements were found to be 

active in eye (Figure 7Ab, c, e, f, g, j, k, l, m, n), while others are active in CNS 

(Figure 7Ad, h, i, m, n, o), pancreas (Figure 7Aa, c) or in the olfactory region (Figure 

7Aj, k, l). The combination of several DNA regulatory sequences enables intricate 

regulation and provides redundancy and robustness of the Pax6 expression. Moreover, 

identification of tissue-specific enhancers provided us with the opportunity to perform 

tissue-specific gene inactivation using the Cre/LoxP system (Gu et al., 1994) which is 

nowadays widely used for gene function studies in eye development. It is based on the 

tissue-specific expression of the Cre recombinase that recognizes target sites (loxP 

sites) in targeted gene. Cre-mediated recombination than leads to gene inactivation 

specifically in the tissue, where Cre recombinase is expressed, leaving other tissues 

unaffected. For example, enhancer located in intron 4 of the Pax6 gene (Figure 7Af) 

was used to generate the α-Cre line, in which the expression of Cre recombinase and 

gene inactivation occurs specifically in developing retina (Marquardt et al., 2001). On 

the other hand, DNA segment located upstream of the Pax6 promotor  (Figure 7Ab) 
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was used to generate Le-Cre line, in which Cre expression is localized in an early 

developing lens (Ashery-Padan et al., 2000).  

 

 

Figure 7. Structure of Pax6 gene and Pax6 protein. (A) Structure of mouse Pax6 gene. Exons are 

indicated by colored boxes with numbers; transcription start sites are indicated with arrows; regulatory 

sequences are indicated by gray boxes stained with letters (a-o). (B) Schematic structure of the 

transcription factor Pax6. Two DNA binding domains; the bipartite paired domain (PD) and the paired-

type homeodomain (HD) are indicated with red and violet color, respectively. C-terminal prolin-serin-

threonin (PST) domain is indicated with blue color. Phosphorylation sites within PST domain involved 

in transactivation properties of Pax6 are indicated with arrowheads. The numbers represent amino acid 

positions within the canonical Pax6 protein. (C) DNA specificity of the PD. The bipartite PD 

recognizes a bipartite consensus (P6CON) with PAI and RED recognition sequences. Adapted from 

Shaham et al., 2012.   

 

 

3.5.2 Pax6 role in eye development  

Pax6 plays key role in eye morphogenesis in both, insects and mammals since 

a mutation in the Pax6 gene disrupts eye development both in flies (Quiring et al., 

1994) and mice (Hill et al., 1991). In humans are mutations of PAX6 cause of aniridia 

(lack of iris). Aniridia involves several abnormalities such as iris hypoplasia, ciliary 

body hypoplasia, cataract, dislocation of the lens, corneal opacity, or glaucoma (Lee et 

al., 2008). In the last decades, several mutations in PAX6 locus connected with 
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aniridia were identified (The Human PAX6 mutation Database; 

http://lsdb.hgu.mrc.ac.uk).  

The function of Pax6 in eye development is highly conserved across the 

species (reviewed in Kozmik, 2005). Ectopic expression of human Pax6 in 

Drosophila and Xenopus leads to the formation of ectopic eye structures (Halder et al., 

1995; Chow et al., 1999; Zuber et al., 2003), indicating that Pax6 control highly 

conserved genetic pathway that initiates eye development. Based on those 

observations, Pax6 was established as “master control gene” of eye development that 

is located at the top of a gene cascade triggering eye formation (Gehring and Ikeo, 

1999). Although Pax6 alone can induce formation of ectopic eyes in flies or 

amphibians, the situation in mammals, however, seems to be more complex as other 

transcription factors and reciprocal interactions of several tissues are required for eye 

formation.  

In mice, Pax6 is one of the first EFTF expressed in the eye field. It is 

expressed in both, SE and OV; later in developing lens, RPE and all mitotically active 

RPCs of the OC (Walther and Gruss, 1991). As retina differentiates, Pax6 expression 

is restricted to retinal ganglion cells, amacrine cells, horizontal cells and Müller glial 

cells (de Melo et al., 2003; Roesch et al., 2008). In mice, naturally occurring 

homozygous lethal mutation named “Small Eye” (Sey) was found to be caused by 

mutation in the Pax6 gene (Hogan et al., 1986). Pax6
Sey/Sey 

(Pax6
-/-

) homozygous 

embryos are anopthalamic, with eye development arrested at the OV/SE stage (Hill et 

al., 1991; Hogan et al., 1986). OV evagination occurs, expression of several EFTFs is 

maintained and retinal and RPE domains are initially established within the OV of 

Pax6-deficient embryos (Grindley et al., 1995; Marquardt et al., 2001). However, the 

OV does not further invaginate to form the OC and SE fails to differentiate into the 

lens (Hogan et al., 1986). In heterozygous mice (Pax6
Sey/+

), lens and retina develop, 

although the lens is usually smaller and aberrantly connected to the cornea (Hogan et 

al., 1986).  

Since Pax6 inactivation leads to arrest of early eye development (abrogating 

lens and retina formation), autonomous Pax6 roles in individual ocular tissues were 

left unresolved. However, the tissue-specific inactivation with the use of the Cre/LoxP 

system enabled to uncover the Pax6 functions in much higher details (reviewed by 

Shaham et al., 2012). Conditional ablation of Pax6 specifically in the lens-forming SE 

using Le-Cre mice revealed that Pax6 is required for the lens placode/lens formation 
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(Ashery-Padan et al., 2000). Pax6 role in developing retina was analyzed using α-Cre 

mice, which is active in distal parts of the retina at the time, when RPCs starts their 

differentiation program (Marquardt et al., 2001). When Pax6 was inactivated, only 

one retinal cell type (amacrine cells) instead of all seven was generated. Pax6 was 

found to control the expression of several bHLH transcription factors, including 

Math5, Math3 or Ngn2. Those observations indicated that Pax6 plays the central role 

in retinal differentiation (Marquardt et al., 2001).  

It should be noted here, that Pax6 was also found to play a role in later stages 

of eye development in derivatives of Pax6-expressing SE - lens and cornea as well as 

in iris and ciliary body, originating from OC (reviewed by Shaham et al., 2012). 

However, these will not be discussed here. 
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4. AIMS OF THE STUDY 

 

Although much has been already revealed about the role of Pax6 transcription 

factor in eye development, there are still many questions to be answered. For example, 

whether and how Pax6 regulates the process of lens induction. Pax6 is expressed in 

both, OV and SE of the developing eye. Since the eye development is arrested at early 

OV/SE stage in Pax6-deficient embryos, it was not clear whether the cause of the 

defect is OV or SE. There is a strong evidence that Pax6 expression in lens-forming 

SE is essential for lens formation. However, the exact mechanism of how Pax6 

regulates this process is not completely understood. The role of Pax6 in the OV has 

not been also addressed as the tool for gene manipulation in OV was not available. 

Therefore, it is still unknown whether Pax6 expression in OV is required for lens 

induction and retinal specification. In addition, Pax6 was found to activate several 

bHLH transcription factors involved in differentiation of retinal cell types during the 

later steps of retinal development. However, the complete Pax6-controlled gene 

regulatory network leading to differentiation of particular retinal cell types is far from 

being completely undersood. 

 

The specific aims of this study were: 

 

 To examine role of Pax6 in signaling events that regulate early steps of lens 

formation. Namely, to analyze a potential link between Pax6 and Wnt/β-

catenin signaling pathway in the lens-forming surface ectoderm. 

 

 To generate a Cre recombinase-expressing mouse line that enables 

inactivation of Pax6 in the developing optic vesicle and newly formed 

optic cup. 

 

 To elucidate role of Pax6 in the optic vesicle and early optic cup. 

 

 To identify new Pax6-regulated genes in retinal development and analyze 

their potential function in differentiation of the individual retinal cell types. 
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5. LIST OF METHODS 

 

Nucleic acid manipulation 

RNA isolation  

DNA isolation  

DNA purification for mouse pronuclear injection  

polymerase chain reaction (PCR), quantitative PCR (qPCR) 

PCR-based mouse genotyping  

BAC recombineering 

  

Tissue collection  

Dissection and colection of embryonal and postnatal mouse tissues  

Sample preparation for FACS sorting 

 

Histology 

Immunohistochemistry 

β-galactosidase assay  

RNA in situ hybridization on tissue sections 

hematoxylin and eosin staining  

fluorescence confocal microscopy 

 

Chromatin immunoprecipitation assay 

 

BrdU/EdU incorporation assay and measurement of cell cycle length 
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6. RESULTS 

 

6.1 Lens morphogenesis is dependent on Pax6-mediated inhibition of 

the canonical Wnt/β-catenin signaling in the lens surface ectoderm. 

 

 During the process of lens induction, several lens-inductive and lens-restrictive 

signals cooperatively determine the proper position of the single lens within the eye. 

Although the OV is supposed to provide lens-inductive signals to the adjacent SE, 

Wnt/β-catenin signaling prevents lens formation in other parts of the head SE 

(Kreslova et al., 2007; Smith et al., 2005; Swindell et al., 2008). Accordingly, the 

Wnt/β-catenin signaling activity can be found in the broad region of the head SE 

excluding lens-forming SE (Kreslova et al., 2007; Swindel et al., 2008; Smith et al., 

2005). Although it is well established that Wnt/β-catenin inactivation is the 

prerequisite for lens formation, the source of its inhibition and the role of EFTFs in its 

regulation is poorly understood.  

In this study, we confirmed, that inhibition of Wnt/β-catenin signaling is 

essential for the lens formation and further provided the evidence that this inhibition is 

mediated by the transcription factor Pax6. It can be documented by the aberrant 

Wnt/β-catenin signaling activity accompanied by the loss of expression of Wnt/β-

catenin inhibitors Sfrp1, Sfrp2 and Dkk1 in the presumptive lens ectoderm of Pax6
-/-

 

optic rudiment. In addition, chromatin immunoprecipitation and gene reporter assays 

revealed that expression of Sfrp1, Sfrp2 and Dkk1 is directly controlled by Pax6. This 

indicates that Pax6 plays the central role in the control of Wnt/β-catenin activity in the 

lens-forming SE.    

 

 

 

 

 

 

My contribution to this work: I have performed chromatin immunoprecipitation 

experiment which results are depicted in Figure 5 of published paper Machon et al., 

2010 (presented on pages 33 – 42 of this Thesis). 
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6.2 Generation of mRx-Cre transgenic mouse line for efficient 

conditional gene deletion in early retinal progenitors. 

 

Early eye morphogenesis is driven by coordinated formation of the OC and the 

lens. In the last decades, studies where classical mouse knockouts were used brought 

valuable information about the impact of different transcription factors on overall eye 

development. However, inactivation of these factors often leads to embryonic lethality 

leaving the role of the gene in desired periods of development unresolved. Moreover, 

OV and SE reciprocal interaction is required for OC formation and some 

developmentaly essential genes are expressed in both, OV and SE. This fact 

complicates the interpretation of the phenotypic data obtained using classical 

knockout strategy. This is particularly the case of Pax6 (Hogan et al., 1986; Hill et al., 

1991; Grindley et al., 1995; Walther and Gruss, 1991). To better understand the 

molecular mechanisms that regulate OV and SE autonomous development, the role of 

particular factors needs to be evaluated separately in OV and SE. In such situations, 

Cre/LoxP system is employed.  

 In this study, we used the regulatory sequences of mouse Rx gene to generate 

mRx-Cre line to direct the Cre expression to early OV and its derivates. Our analysis 

showed that mRx-Cre-mediated deletion can be observed in developing eye already 

from E8.5 onwards and later in all RPCs of the newly formed OC. Specificity, early 

onset and strength of the Cre-recombinase expression indicates that mRx-Cre line is an 

optimal tool for gene inactivation exclusively in the developing OV/retina. 

 

 

 

 

 

 

 

 

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

and wrote the manuscript of published paper Klimova et al., 2013 (presented on pages 

44 – 49 of this Thesis). 



44 

 

 



45 

 

 



46 

 

 



47 

 

 



48 

 

 



49 

 

 

 

 

 

 

 

 

 



50 

 

6.3 Stage-dependent requirement of neuroretinal Pax6 for lens and 

retina development. 

  

 It has been reported that Pax6 plays an important role in retina cell type 

differentiation (Marquardt et al., 2001; Oron-Karni et al., 2008). Conditional Pax6 

inactivation in differentiating retinal cells leads to disruption of differentiation process 

and exclusive generation of only one out of the seven retinal cell types, the amacrine 

interneurons. This led to the assumption, that Pax6 plays the role in RPC 

multipotency. However, the role of Pax6 in earlier retinal structures such as OV or 

RPCs in a newly formed OC has not been addressed as the tool for efficient gene 

inactivation in this tissue was not available. 

 In this study, we used the mRx-Cre line to inactivate Pax6 specifically in the 

OV and just established RPCs of the OC. Interestingly, we have found that OV-

expressed Pax6 is essential for development of both eye tissues: the lens and the 

retina. When Pax6 is inactivated during OV/SE stage, eye development is arrested, no 

lens is formed and OV does not invaginate to form the OC. This represents a striking 

fact since it has been believed, that OV-expressed Pax6 has no impact on the process 

of lens induction. On the other hand, when Pax6 was inactivated in a developing 

retina, after the OV-to-OC transition, lens and retina did form, but the RPC 

proliferation was severely disrupted. Proliferation analysis showed that Pax6-deficient 

RPCs up-regulate the expression of cell cycle inhibitor p57
Kip2

 and prematurely leave 

the cell cycle that leads to the complete depletion of RPC pool in early development 

and almost complete loss of retinal cells by birth. In addition, our data clearly showed 

that Pax6 is required for the differentiation of all retinal cell types. Taken together we 

have shown that Pax6 is implicated in various processes of eye development, 

including lens induction and the differentiation of particular retinal cell types. 

 

 

 

 

My contribution to this work: I have generated all the experimental data and wrote 

the manuscript of published paper Klimova and Kozmik 2014 (presented on pages 51 

– 67 of this Thesis). 
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6.4 Onecut1 and Onecut2 transcription factors operate downstream 

of Pax6 to regulate horizontal cell development. 

 

 Mouse retina is composed of seven retinal cell types: retinal ganglion cells, 

amacrine cells, bipolar cells, horizontal cells, rod and cone photoreceptor cells and 

Müller glial cells. Several studies clearly showed that Pax6 plays a crucial role in RPC 

differentiation (Klimova and Kozmik, 2014; Marquardt et al., 2001). However, less is 

known about the identity of Pax6-regulated genes that participate in this process.  

 In this study we focused on searching for Pax6-regulated genes during the 

course of retinogenesis. We used Pax6-deficient and Pax6-wild-type embryonal 

retinal cells and analyzed them for differentially expressed genes that might play the 

role in neuronal development. Among the identified genes we found two transcription 

factors of Onecut transcription factor family Onecut1 and Onecut2 which role in 

retinal development was largely unknown. Inactivation of Onecut1 and Onecut2 in 

developing mouse retina revealed their essential role in generation of one particular 

retinal cell type, horizontal cell interneurons. In addition, more detailed analysis 

showed that Onecut factors are involved in generation of other retinal cell types 

including cone photoreceptors, amacrine cells, bipolar cells and Müller glia cells as 

their numbers were reduced in Onecut-deficient retinae. Taken together this data 

indicates that Onecut transcription factors, operating downstream of Pax6, regulate 

generation of several retinal cell types. 

 

 

 

 

 

 

 

 

 

My contribution to this work: I have generated the experimental data depicted in 

Figures 1, 2, 4, and 5 and I wrote the manuscript of published paper Klimova et al., 

2015 (presented on pages 69 – 86 of this Thesis). 
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Supplementary Table 1.  

Sequences of oligonucleotides used for qRT-PCR, EMSA and Luciferase reporter assay. 

Primers for qRT-PCR 

Gene Forward primer Reverse primer  

Pax6 ACAGCGGAGTGAATCAGC GCAGAATTCGGGAAATGTCG 

Oc1 CCCTGGAGCAAACTCAAGTC TTGGACGGACGCTTATTTTC 

Oc2 AGAGGGTTCTATGCCGGTCT GGGATTTCTTCTGCGAGTTG 

Oc3 CCCTGGAGCAAGCTCAAAT ACACGAGGCGTTGCTTCTT 

Math5 CAGGACAAGAAGCTGTCCAA GGGTCTACCTGGAGCCTAGC 

Brn3b CGGAGAGCTTGTCTTCCAAC ATGGTGGTGGTGGCTCTTAC 

Isl1 ACGTGCTTTGTTAGGGATGG TCACGAAGTCGTTCTTGCTG 

Foxn4 AAGTGCTTCGAGAAGGTGGA GGCTTTAGGCTCTCCTCGTT 

Tbr2 GGCAAAGCGGACAATAACAT AGCCTCGGTTGGTATTTGTG 

Ptf1a AACCAGGCCCAGAAGGTTAT CCACACTTTAGCTGTACGGATG 

Lim1 AAGGAGCGAAGGATGAAACA CTTGCGGGAAGAAGTCGTAG 

Actin GTCCACACCCGCCACCAGTT TTCTCCATGTCGTCCCAGTTG 

Oligonucleotides for EMSA (top strand shown) 

1433A, -8kb actggggcccagttcacgcgtcggtctccttcgcccacttc 

1479A, -4kb ggtttaaacccattttcatgcgtaaaacaatttttaggaag 

1480A, -4kb aaaagacaaaagaaatggtgcgaaaaggctgggtttaaacc 

1481A, -2.5kb tagcaccatgaacgatgatgtgtgaactaatacccgatgat 

Pax6 wild-type 
binding site 

aagaggtgcgcaatcaagcgtgaagtcatga 

Pax6 mutant 
binding site 

aagaggtgcgccagccacacggaagtcatga 

Pax6 α-enhancer aagaggttccggatcatgcatggagtcatga 

Luciferase reporter assay 

1488A, -4kb 
gataaaagacaaaagaaatggtgcgaaaaggctgggtttaaacccattttcatgcgtaaaacaatttttaggaa

g 

1489A, -2.5kb tggtagcaccatgaacgatgatgtgtgaactaatacccgatgatgtgtgaactaattctttctttc 
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Supplementary Fig. S1.  

Expression of RGC markers in Oc-deficient retinae. (A) Retinal sections of E14.5 wild-type 

(wt), Oc1−/−,Oc2−/− and Oc1−/−/Oc2−/− eyes stained with antibodies against RGC markers Brn3a, 

Brn3b, Isl1 and Tbr2. (B) qRT-PCR analysis showing the relative mRNA expression 

of Oc1, Oc2 and Oc3 and ganglion cell-expressed genes Pax6, Math5, Brn3b, Isl1 and Tbr2 in wild-

type (wt), Oc1−/−, Oc2−/− and Oc1−/−/Oc2−/−E14.5 retinae. (C) Retinal sections of P18 wild-type 

(wt), Oc1−/−, Oc2−/− and Oc1−/−/Oc2−/− eyes stained with antibodies against Brn3a, Brn3b, Isl1, 

Tbr2 and Pax6. (D) Quantification RGCs in P18 wild-type (wt), Oc1−/−, Oc2−/− and 

Oc1−/−/Oc2−/− retinae assessed as the number of Pax6
+
 (black bars), Brn3b

+
 (gray bars) and 

Tbr2
+
 (white bars) cells localized in the ganglion cell layer. Error bars indicate standard deviation,p-

Values are calculated by Student׳s t-test. Retinal area at E14.5 is indicated by the dashed line. le, lens; 

re; retina; RPE, retinal pigmented epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, 

ganglion cell layer. Scale bar 100 µm. 
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Supplementary Fig. S2.  

Expression of photoreceptor cell, amacrine cell, bipolar cell and Müller glia cell markers in Oc-

deficient retinae. (A) Retinal sections of E14.5 wild-type 

(wt), Oc1−/−, Oc2−/− and Oc1−/−/Oc2−/− eyes immunostained for early cone photoreceptor marker 

Rxrγ. (B) Retinal sections of P18 wild-type (wt), Oc1−/−, Oc2−/− and Oc1−/−/Oc2−/− eyes stained 

with antibodies against Calretinin, Pax6, Isl1, Chx10, Lhx2 and Rxrγ. (C) Quantification of Calretinin
+
, 

Pax6
+
 and Isl1

+
 amacrine cells (AC); Chx10

+
 bipolar cells (BC); Lhx2

+
 Müller glia cells (MG) and 

Rxrγ
+
 cone photoreceptors (CP) in P18 wild-type (wt) (black bars), Oc1−/−(blue 

bars), Oc2−/− (yellow bars) and Oc1−/−/Oc2−/− (red bars) retinae. Error bars indicate standard 

deviation, p-Values are calculated by Student׳s t-test. Retinal area at E14.5 is indicated by the dashed 

line. GCL, ganglion cell layer; NBL, neuroblastic layer. 
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Supplementary Fig. S3.  

Prox1 expression in E14.5 Onecut-deficient retinae. Retinal sections of E14.5 wild-type 

(wt), Oc1−/− andOc1−/−/Oc2−/− eyes immunostained with Prox1-specific antibody.le, lens; re, 

retina. 
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Supplementary Fig. S4.  

The expression of Foxn4 is independent of Pax6 expression in the developing retina. Quantification of 

mRNA expression of Pax6 and Foxn4 assessed by qRT-PCR. E12.5 embryonic eyes of Pax6wt/wt/α-

CrePax6 wild-type (EGFP
+
/Pax6

+/+
) and Pax6flox/flox/α-Cre Pax6 retinal mutants (EGFP

+
/Pax6

−/−
) 

were dissected, transformed to single-cell suspension and subjected to FACS to obtain Pax6
+/+

 and 

Pax6
−/−

retinal cells. mRNA from Pax6
+/+

 and Pax6
−/−

 retinal cells was isolated and processed by qRT-

PCR using primers specific for Pax6 and Foxn4. Error bars indicate standard deviation, p-Values are 

calculated by Student׳s t-test. 
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7. DISCUSSION 

 

Studies presented in chapter 6 of this Thesis were focused on the role of Pax6 

transcription factor in different aspects of eye development. The results of this 

investigation extend the current knowledge about the involvement of Pax6 in three 

crucial processes: i) lens induction, ii) proliferation of retinal progenitor cells and iii) 

retinal differentiation.  

 

The role of Pax6 in lens induction  

The process of eye morphogenesis has fascinated developmental biologists 

from the beginning of the last century. The correct alignment of individual eye tissues 

is dependent on complex interactions between the head SE, OV and extraocular 

mesenchyme. From these, the interaction between OV and SE has been subjected to 

extensive studies questioning whether the formation of the lens is dependent on the 

by-standing retina. Ablation experiments in amphibians and later genetic studies in 

mice brought the evidence that retina-specific expression is required for the lens 

formation (Brownell et al., 2000; Mathers et al., 1997; Porter et al., 1997; Spemann, 

1901; Yun et al., 2009). However, the molecular mechanism underlying this process is 

still far from being completely understood.  

In mammals, the transcription factor Pax6 has been one of the prime 

candidates to be involved in the process of lens induction.  Pax6
-/-

 embryos are 

anopthalamic with arrest in eye development at the OV/SE stage and neither lens nor 

OC are formed (Hill et al., 1991; Hogan et al., 1986). There is a clear evidence, that 

the SE-expressed Pax6 is required for lens development (Collinson et al., 2000; 

Fujiwara et al., 1994; Grindley et al., 1995; Quinn et al., 1996). It is supposed that 

Pax6 ensures the competence of SE to respond to the signals from the OV and 

controls the expression of some key lens-specific transcription factors, including Six3, 

Prox1 and FoxE3 (Ashery-Padan et al., 2000; Yamada et al., 2003; Blixt et al., 2007; 

Brownell et al., 2000; Yoshimoto et al., 2005). Since Pax6 expression in SE is crucial 

for lens development, it has been suggested that loss of Pax6 in SE is responsible for 

the severity of the phenotype observed in Pax6
-/-

 embryos (Collinson et al., 2000; 

Fujiwara et al., 1994; Grindley et al., 1995; Quinn et al., 1996). However, while 

conditional inactivation of Pax6 specifically in SE prevents lens formation, it does not 
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prevent the formation of the OC and retina with fully differentiated neurons (Ashery-

Padan et al., 2000). This implicates that Pax6 expressed in the OV should be involved 

in process of OC/retina formation as well. To assess the role of Pax6 in the OV, 

Fujiwara and colleagues (Fujiwara et al., 1994) used tissue transplantation 

experiments in rats. They combined Pax6-deficient OV with Pax6-wild type SE at 

selected developmental stage and analyzed the result of their interaction. In their 

experiments, the lens and retina were formed leading to the assumption that OV-

expressed Pax6 is not involved in lens induction as well as in early stages of OC/retina 

formation (Fujiwara et al., 1994). Although this conclusion has not been further tested 

genetically, it has been accepted for twenty years (reviewed by Ashery-Padan and 

Gruss, 2001; Lang, 2004; Mathers and Jamrich, 2000; Ogino and Yasuda, 2000). In 

mice, genetic studies depend on tools used for manipulation of a gene function. 

Although, several studies reported generation of OV/retina-specific Cre-expressing 

mouse lines (Furuta et al., 2000; Marquardt et al., 2001; Rowan and Cepko, 2004; 

Sato et al., 2007; Swindel et al., 2006; Kreslova et al., 2007), majority of them have 

certain limitations that hindered their use for OV-specific gene inactivation. In our 

study, we generated mRx-Cre transgenic mouse line to inactivate selected gene 

specifically in the OV. This tool enabled us to dissect the function of Pax6 specifically 

in OV. We brought the evidence that OV-expressed Pax6 is required for lens 

induction as well as for early OC/retina formation (Klimova and Kozmik, 2014; 

Klimova et al., 2013). In Pax6-OV mutants, the eye development was arrested at the 

OV/SE stage similarly to the Pax6
-/-

 (Sey) phenotype. This indicates that in Pax6
-/-

 

embryos, the defect in eye formation is attributed to the Pax6 function in both, OV 

and SE (Klimova and Kozmik, 2014). Our observation strongly supports previous 

experiments performed in chick, in which electroporation of anti-Pax6 morpholinos 

specifically to OV resulted in defected lens and retina formation (Canto-Soler and 

Adler, 2006). 

How does OV-expressed Pax6 regulate the lens formation? There is strong 

evidence that signaling from the OV is essential for the activation of lens-specific 

gene expression in SE and subsequent lens formation (Faber et al., 2001; Furuta and 

Hogan, 1998; Kamachi et al., 1998; Wawersik et al., 1999; Yun et al., 2009). It has 

been reported, that the genetic inactivation of BMP ligands Bmp4 and Bmp7 results in 

the abrogation of lens development (Furuta and Hogan, 1998; Wawersik et al., 1999). 

Expression of the Bmp7 and Bmp4 in the OV is regulated by transcriptional factor 
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Lhx2 (Yun et al., 2009).  Lhx2 deletion disrupts the signaling from OV to SE and the 

lens is not formed (Hagglund et al., 2011; Yun et al., 2009). BMP activity, on the 

other hand, is apparently independent of Pax6, as the expression of Bmp4, Bmp7 and 

activation of downstream effectors in the SE is not affected upon OV-specific Pax6 

inactivation (Klimova and Kozmik, 2014). In accordance, independent function of 

Pax6 and Bmp4 was previously documented (Furuta and Hogan, 1998). FGF signaling 

is also involved in lens induction and its abrogation results in severe lens defects 

(Faber et al., 2001; Gotoh et al., 2004; Pan et al., 2006). However, our study showed 

that Pax6 is not required for FGF activation in the LP and that FGF pathway is not 

involved in Pax6-mediated OV lens-inductive ability (Klimova and Kozmik 2014). 

The Wnt/β-catenin signaling pathway plays an important lens-restrictive role 

during the eye development. Ectopic activation of Wnt/β-catenin signaling in lens-

forming SE abrogates lens formation, indicating that Wnt activity needs to be tightly 

restricted to allow proper lens development (Machon et al., 2010; Smith et al., 2005). 

Lens and retina does not form when Wnt/β-catenin pathway is aberrantly activated in 

the SE during the onset of eye development (Machon et al., 2010; Smith et al., 2005). 

This eye phenotype is strikingly similar to that observed in Pax6
-/-

 embryos (Hill et 

al., 1991; Hogan et al., 1986). Interestingly, our study showed that the Wnt/β-catenin 

pathway is aberrantly activated in the eye primordium of Pax6
-/-

 embryos (Machon et 

al., 2010). Several Wnt molecules and their receptors are expressed in developing eye 

(Ang et al., 2004). Some of them are involved in the inhibition of Wnt/β-catenin 

signaling such as Sfrp1, Sfrp2, Dkk1, Dkk2 and Dkk3 (Ang et al., 2004; Diep et al., 

2004; Duparc et al., 2006; Gage et al., 2008). Since Pax6 was found to directly control 

the expression of Wnt antagonists Sfrp1, Sfrp2 and Dkk1, the model in which Pax6 

controls the Wnt/β-catenin activity in SE was proposed (Machon et al., 2010). 

However, it is not clear whether the source of Wnt/β-catenin inhibition is the SE or 

OV since Pax6 is expressed in both tissues. It is likely that soluble Wnt inhibitors that 

are expressed in the OV/retina suppress Wnt activity in the surrounding tissues 

including the SE. OV-expressed Pax6 controls the expression of Sfrp1 and Sfrp2 in 

both, SE/lens placode and OV/retina (Klimova and Kozmik, 2014). Nevertheless, the 

loss of Sfrp1 and Sfrp2 is not accompanied by the release of Wnt/β-catenin repression 

and aberrant activation in the SE (Klimova and Kozmik 2014). In addition, recent 

study showed that Sfrp1 and Sfrp2 are not involved in Wnt/β-catenin pathway 

silencing during the process of lens induction (Sugiyama et al., 2013). Together, this 
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indicates that Sfrp1 and Sfrp2 are not involved in Pax6-mediated Wnt/β-catenin 

inhibition and that SE-expressed Pax6 plays an additional cell-autonomous role in 

controlling Wnt/β-catenin activity in lens-forming SE.  

Although Pax6 inactivation in OV disrupts lens formation, the effect of Pax6 is 

apparently not mediated by BMP, FGF or Wnt/β-catenin signaling pathways. This 

indicates that additional yet not well defined signals might be involved in the process 

of lens induction. RA signaling is supposed to play an important role in eye induction 

as well (Duester, 2009). Since we did not analyze the RA signaling in Pax6-OV 

mutants, we cannot formally exclude the possibility that RA signaling is involved in 

Pax6-mediated lens induction. Further identification of molecules acting downstream 

of Pax6 in the OV might help us to understand the molecular mechanism of how Pax6 

regulates this complex process.  

 

The role of Pax6 in the proliferation of retinal progenitor cells  

 The development of any neuronal tissue is initiated with an extensive 

propagation of progenitor cell pool. At the onset of neurogenesis, a subset of 

progenitors exits the cell cycle and differentiates into neurons while the rest keeps 

proliferating to ensure differentiation of late-born neuronal cell types. Pax6 has been 

found to be involved in the proliferation of neuronal progenitors in various neuronal 

tissues (Estivill-Torrus et al., 2002; Gotz et al., 1998; Marquardt et al., 2001; Philips et 

al., 2005; Warren et al., 1999; Warren and Price, 1997). However, its role in these 

tissues and different developmental stages does not appear to be uniform but rather 

context dependent. For instance, Pax6 has been shown to negatively regulate 

proliferation of early cortical progenitors (Estivill-Torrus et al., 2002; Gotz et al., 

1998; Warren et al., 1999), but it seems that it does have the opposite effect on 

proliferation of the progenitor population in developing diencephalon and eye 

primordium (Philips et al., 2005; Warren and Price, 1997).  This should be also true 

for mammalian retina, as conditional inactivation of Pax6 in RPCs of the OC results 

in hypocellularity accompanied by a decreased proportion of cells in S-phase (Farhy et 

al., 2013; Klimova and Kozmik, 2014; Marquardt et al., 2001; Oron-Karni et al., 

2008). In accordance, our study showed a dramatic reduction of RPCs upon Pax6 

inactivation (Klimova and Kozmik, 2014). Analysis of apoptosis revealed that Pax6 

does not regulate death or survival of RPCs, supporting its presumable role in the 

control of progenitor proliferation. How does Pax6 regulate RPC proliferation? Our 
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work and that of others have demonstrated that the expression of several components 

of cell cycle machinery is affected in Pax6-deficient retinae (Farhy et al., 2013; 

Klimova and Kozmik, 2014). It is thus possible that Pax6 affects progenitor 

proliferation through the control of the general components of the cell cycle 

machinery as has been proposed in other studies (Estivill-Torrus et al., 2002; Farah et 

al., 2000; Holm et al., 2007; Ochocinska and Hitchcock, 2009). Our study showed that 

following Pax6 loss, the expression of cyclin D1 is down-regulated while the 

expression of cyclin kinase inhibitor p57
Kip2

 is up-regulated (Klimova and Kozmik, 

2014). Since p57
Kip2

 was found to be both necessary and sufficient to induce the cell 

cycle exit when expressed in RPCs (Dyer and Cepko, 2000), the pro-proliferative 

effect of Pax6 in retina might be mediated by the inhibition of premature cell cycle 

exit. Whether is p57
Kip2

 a direct transcriptional target of Pax6 remains to be 

elucidated. Mechanism of p57
Kip2

–mediated cell cycle exit may include blocking of 

phosphorylation of retinoblastoma protein (Sherr and Roberts, 1995). Alternatively, it 

has been suggested that p57
Kip2

 effect might be mediated through the binding of 

p57
Kip2

 to cyclin D1 and inactivation of its associated kinase, as their direct interaction 

was demonstrated in mitotic retinal progenitors (Dyer and Cepko, 2000). However, we 

do not favor the latter possibility because in our mutants, cyclin D1 protein levels 

were dramatically down-regulated in areas corresponding to those with elevated 

p57
Kip2

 expression. It is thus more likely that cyclin D1 became down-regulated as a 

result of p57
Kip2

-mediated cell cycle exit. Nevertheless, we cannot exclude the 

possibility that Pax6 promotes the RPCs proliferation via regulation of both, p57
Kip2

 

and cyclinD1. 

In addition, we have also found that Pax6 positively regulates the progression 

through the cell cycle by controlling its length. Our study showed that the total length 

of the cell cycle is significantly increased in Pax6-deficient retinae (Klimova and 

Kozmik, 2014). Interestingly, we did not see any difference in the length of the S 

phase between the controls and Pax6 conditional mutants, but the cumulative time 

spent in the G1, G2 and M phase was significantly prolonged after Pax6 ablation 

indicating Pax6 role in those phases of the cell cycle. However, the molecular 

mechanism of how Pax6 executes this function remains still unknown.  

It is worth mentioning that all Pax6-deficient RPCs up-regulate the expression 

of photoreceptor-specific transcription factor Crx. An interesting question remains, 

whether aberrant Crx activation itself cannot be involved in the cell cycle exit 
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induction. However, during normal photoreceptor genesis, transcription factor Otx2 is 

expressed immediately prior to the cell cycle exit and has been suggested to be 

involved in its induction; in contrast, Crx expression is initiated in post-mitotic cells 

only, making its natural role in the cycle exit unlikely (Garelli et al., 2006; Muranishi 

et al., 2011; Nishida et al., 2003). Furthermore, early photoreceptor precursors do not 

make use of p57
Kip2

 to exit the cell cycle as the wave of photoreceptor differentiation 

(from E11) precedes the wave of p57
Kip2

 expression (from E14.5) in the developing 

retina (Dyer and Cepko, 2001b; Furukawa et al., 1997; Chen et al., 1997; Nishida et 

al., 2003).  

 

The role of Pax6 in regulation of retinal differentiation 

The population of RPCs is established once the OV starts to invaginate to form 

the OC. Soon after that RPCs start to differentiate in seven retinal cell types. In Pax6
-/-

 

embryos, the eye development is arrested at the OV stage and OC with population of 

RPCs is not formed (Hill et al., 1991; Hogan et al., 1986). This situation substantially 

complicates the studies of Pax6 role in acquisition of specific retinal cell fates. 

Analysis of the arrested OV rudiment of the Pax6
-/-

 embryos revealed that Pax6 

prevents premature differentiation, as neurogenesis is initiated prematurely in Pax6
-/-

 

embryos (Philips et al., 2005). Other studies have indicated that some retinal 

progenitor characteristics are maintained in Pax6
-/-

 arrested OV (Baumer et al., 2003; 

Bernier et al., 2001). Nevertheless, since the Pax6
-/- 

OV becomes defective even 

before it contacts the SE, this system is clearly far from being the optimal tool for 

studying the role of Pax6 in retinal neurogenesis (Grindley et al., 1995). 

In more recent studies, the conditional gene inactivation was used to uncover 

the role of Pax6 in retinal differentiation. Our work and that of others have shown that 

Pax6 is essential for RPC multipotency and acquisition of individual retinal cell fates 

(Klimova et al., 2015; Klimova and Kozmik, 2014; Marquardt et al., 2001; Oron-

Karni et al., 2008). In Pax6-deficient OC, general differentiation program is abolished 

and no specific retinal cell type is generated (Klimova and Kozmik, 2014). 

Interestingly, all other retinal progenitor characteristics, assessed by the expression of 

Rx, Lhx2, Six3, Chx10, Sox2 and Hes1, are maintained in Pax6-deficient retina 

pointing solely to a Pax6 role in RPC differentiation (Klimova and Kozmik, 2014; 

Marquardt et al., 2001). How could a single transcription factor regulate 

differentiation of multiple retinal lineages? Genetic studies of the last decades strongly 
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indicated that generation of individual retinal cell types is governed by gene 

regulatory networks of transcription factors and their target genes. Out of these, a 

various combinations of the bHLH and homeodomain class transcription factors were 

found to play a pivotal role (reviewed by Ohsawa and Kageyama, 2008). Although 

Pax6 does not seem to regulate the expression of other homeodomain transcription 

factors such as Six3, Chx10 or Rx in the retina, it was found to operate upstream of 

several bHLH activators, including Math5, Mash1, Math3, Ngn2 and NeuroD 

(Hatakeyama and Kageyama, 2004; Klimova and Kozmik, 2014; Marquardt et al., 

2001; Oron-Karni et al., 2008; Riesenberg et al., 2009). Math5 is a key regulator of 

RGC development as its absence results in almost complete loss of RGCs (Brown et 

al., 2001; Wang et al., 2001). Since Math5 operates upstream of other regulators of 

RGC genesis, including Brn3b and Isl1 (Liu et al., 2001; Yang et al., 2003), its 

dependence on Pax6 thus might contribute to the loss of RGCs in Pax6-deficient 

retina. Accordingly, in NeuroD and Math3 compound mutants, amacrine cells are 

selectively lost (Inoue et al., 2002) and in Mash1 and Math3 compound mutants, 

bipolar cells are lost (Tomita et al., 2000). The absence of above mentioned bHLH 

transcription factors in the Pax6-deficient retina is the most probable cause of the 

observed loss of RGCs, amacrine and bipolar cells. 

However, it appears that during differentiation of the photoreceptors Pax6 

plays a dual role. On one hand, Pax6 negatively regulates the expression of 

photoreceptor-specific transcription factor Crx to prevent the premature photoreceptor 

differentiation (Klimova and Kozmik, 2014; Oron-Karni et al., 2008). On the other 

hand, although efficiently expressed by all progenitors, Crx does not promote 

photoreceptor differentiation in the absence of Pax6 (Klimova and Kozmik, 2014; 

Oron-Karni et al., 2008). This indicates that Pax6 is required for the expression of 

another factor(s) involved in photoreceptor genesis. Good candidate would be the 

Otx2, a key regulator of photoreceptor lineage acting upstream of Crx (Akagi et al., 

2004; Nishida et al., 2003), that has been shown to cooperate on trans-activation of 

photoreceptor-specific genes (Peng and Chen, 2005). Recent study have identified the 

retinal enhancer of Otx2 and carefully analyzed the mechanism of how Otx2 is 

regulated. However, Pax6 was not found as a potent trans-activator of Otx2 retinal 

enhancer (Muranishi et al., 2011). It appears that the enhancer is negatively regulated 

by Hes1 (Muranishi et al., 2011), the effector of Notch signaling expressed by 

undifferentiated RPCs (Tomita et al., 1996). Since Hes1 expression is maintained 
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upon Pax6 inactivation (Klimova and Kozmik, 2014; Marquardt et al., 2001) the 

persistent activity of Notch pathway in general may prevent activation of 

differentiation program and Otx2 expression in Pax6-deficient retina. However, the 

molecular mechanism of how the activity of Notch signaling is attenuated remains to 

be elucidated.  

Although the loss of bHLH activators undoubtedly contributed to the 

differentiation defect in Pax6-deficient retinae, it does not fully explain why all retinal 

cell types are lost upon Pax6 inactivation. This indicates that other Pax6-regulated 

factors may operate in the retina to ensure proper differentiation of all retinal cell 

types. For example, Pax6 has been found to be expressed in developing and mature 

HCs (de Melo et al., 2003; Roesch et al., 2008), its potential role in the horizontal cell 

genesis, however, has not been addressed. We have searched for novel Pax6-regulated 

transcription factors that might play the role in retinal development and identified two 

transcription factors of Onecut family, Onecut1 and Onecut2 (Klimova et al., 2015). 

These are expressed in mostly overlapping pattern; in RPCs and in developing 

horizontal cells, RGCs, and cone photoreceptors (Emerson et al., 2013; Wu et al., 

2012). Our work and that of others have shown that in Onecut1- and Onecut2-

deficient retinae, the number of horizontal cells is reduced while horizontal cells are 

completely missing in Onecut1/Onecut2-deficient retina (Goetz et al., 2014; Klimova 

et al., 2015; Sapkota et al., 2014; Wu et al., 2013). This suggests that Onecut factors 

play an important role in horizontal cell genesis. Interestingly, horizontal cells seem to 

initiate their differentiation properly as the expression of main regulators of horizontal 

cell differentiation, including Foxn4, Ptf1a, Prox1 and Lim1 is initiated in Onecut-

deficient retinae (Klimova et al., 2015). Pax6-regulated Onecut pathway thus ensures 

rather the maintenance of horizontal cell fate than the initial fate determination. 

Interestingly, although the loss of horizontal cells in Onecut-deficient retinae was 

obvious, more detailed analysis revealed that the numbers of cone photoreceptors, 

amacrine cells, bipolar cells, and Müller glial cells are reduced indicating the role of 

Onecut factors in generation of these cell types (Klimova et al., 2015; Sapkota et al., 

2014). Together, Onecut factors seem to represent potent regulators of retina 

differentiation and their dependence on Pax6 may contribute to the loss of several 

retinal cell types in Pax6-deficient retina. 
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8. CONCLUSIONS 

 

We have used a Cre/LoxP system to analyze the role of Pax6 transcription 

factor in various processes of eye development. Our studies showed that Pax6 plays a 

pivotal role in several aspects of eye development, including lens induction, 

proliferation of RPCs and differentiation of individual retinal cell types. Results 

summarized in this Ph.D. Thesis have significant implications for understanding 

mammalian eye development and extend our knowledge about the role of Pax6 in this 

complex process.  

 

Our results can be summed up as follows: 

 

 We have provided the evidence that Pax6 is involved in the negative regulation 

of Wnt/β-catenin signaling pathway in the lens-forming surface ectoderm. 

Gene reporter assays and chromatin immunoprecipitation assays revealed that 

Pax6 directly controls the expression of Sfrp1, Sfrp2 and Dkk1 to promote lens 

formation. 

 

 We generated mRx-Cre transgenic mouse line that with the use of Cre/LoxP 

system enables gene inactivation specifically in the optic vesicle and it 

derivates. 

 

 Using mRx-Cre mouse line to inactivate Pax6 in optic vesicle and newly 

formed retinal progenitor cells of the optic cup, we have revealed that in 

prospective retina, Pax6 is required for three crucial processes: i) lens 

induction, ii) propagation of early retinal progenitor cells and iii) initiation of 

the retinal differentiation program. 

 

 We identified Onecut1 and Onecut2 transcription factors as potential targets of 

Pax6 in retinal development. We have shown that Onecut factors operate 

downstream of Pax6. The analysis of Onecut1/Onecut2-deficient retinae 

revealed that Onecut factors are essential for horizontal cell maintenance. 
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