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Abstract 

Corneal development is an intricate process that involves signaling and 

interactions between the periocular neural crest cells (pNC)s, presumptive 

corneal epithelium, lens, and the extracellular matrix. Cross-talk between these 

divisions are critical in regulating the migration, proliferation, and 

differentiation of the periocular neural crest to form the cornea. Major signaling 

pathways (retinoic acid, TGFβ, and Wnt) and cell-matrix interactions are 

essential for corneal formation, but the mechanisms of how they influence pNC 

behavior are not well understood. 

In this study, I use RNA-sequencing to establish the transformation in the 

transcriptomic profile from the pNC to the formation of the cornea. With this data, I 

establish the pNC identity and analyze how differential regulation of the major 

signaling pathways regulate pNC behavior and contribute to the corneal cell fate. 

In addition, I take note of the expression of key extracellular matrix, matrix-

remodeling, and cell-matrix receptor genes and link their differential regulation 

to essential corneal developmental events. Within this niche, I focused on 

studying the role of a particular strongly expressed matrix protein, 

nephronectin (Npnt).  

Npnt has been linked to many embryonic developmental roles including 

the kidney, bone, heart, tooth, and lungs. However, a role for it has yet to be 

described in the cornea. Using both the chick and mouse as my model 
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organisms, I found that both Npnt and its cellular receptor integrin α8β1 were 

strongly expressed in the migrating pNC. This led to the hypothesis that 

Npnt/Itgα8β1 has a role in regulating pNC behavior during corneal 

development. Using functional studies by knocking down or overexpressing 

Npnt in the chick, I show that loss or gain of Npnt correlates to a decrease or 

increase of corneal thickness and cell counts, respectively. This result was 

further confirmed by knocking down Itga8 and see corresponding decrease in 

corneal thickness, suggesting that Npnt/Itgα8β1 has a role in cell migration  

and/or proliferation. In clarifying respective assays. I found that cell 

proliferation was not increased by overexpressing Npnt and that Npnt-mediated 

signaling, which is a stronger inducer of periocular neural crest migration in 

vitro, is abrogated by inhibition of Itgα8β1.  

Altogether, in this thesis, I analyzed the transcriptomic profile in the 

developing cornea and characterize a previously unknown ECM-receptor 

interaction (Npnt/Itgα8β1), which may be a novel regulator of pNC migration 

and corneal development. Identifying a functional role for Npnt also validates 

the potential of the transcriptomic study as a valuable resource to identify novel 

genes essential for corneal development and potential targets for corneal 

therapies. 



iii 
 

Acknowledgements 

I would like to thank my advisor Peter Lwigale for his guidance throughout 

my doctoral study. He has been a mentor for both scientific thinking and writing and 

granted the opportunity to interact with the larger field of science at conferences. In 

addition, I would like to thank the many other lab personnel including other 

graduate students, post-doctoral scientists, and undergraduate researchers who 

have been present throughout the many years of research. They have been 

extremely helpful in mentoring me, discussing research ideas, and assisting with my 

research. The Rice administrative staff and BCB professors, especially those from 

my thesis committee have also been extremely helpful throughout my time here. In 

addition, I would like to thank the NIH for funding and Dr. Graeme Mardon from the 

Baylor College of Medicine for accepting me under a NRSA fellowship training grant 

over the past two years. 

Apart from those directly associated with my research, I am extremely 

grateful to my family who have supported me all this time as well as the friends that 

have kept in touch since college and high school and the friends I have made at Rice 

University.  



iv 
 

Contents 

Abstract ......................................................................................................................................... i 

Acknowledgements ................................................................................................................ iii 

Contents ...................................................................................................................................... iv 

List of Figures ......................................................................................................................... viii 

List of Tables ............................................................................................................................... x 

Abbreviations ............................................................................................................................xi 

Chapter 1 Literature Review ................................................................................................. 1 

1.1 Overview of the Cornea: Structure, Function, and Pathology .............................. 1 

1.1.1 Structure and Function of the Cornea ...................................................... 1 

1.1.2 Pathology of the Cornea ................................................................................. 4 

1.1.3 Treatment for Corneal Pathologies ........................................................... 6 

1.2 Ocular Development ............................................................................................................ 9 

1.2.1 Neural Crest and Patterning of the Early Eye ......................................10 

1.3.1 Cornea Development and Maturation ....................................................14 

1.4.1 Molecular Signaling in the Cornea ...........................................................19 

1.3 Overview of the Extracellular Matrix ..........................................................................28 

1.3.1 ECM and Associated Proteins ....................................................................29 

1.3.2 ECM of the Cornea ..........................................................................................34 

1.4 Overview of Nephronectin ...............................................................................................41 

1.4.1 Npnt Structure and Associated Proteins ...............................................41 

1.4.2 Role of Npnt in Development and Disease ............................................43 

Chapter 2 Materials and Methods .................................................................................... 49 

2.1 Animals ....................................................................................................................................49 

2.2  Reverse Transcription Polymerase Chain Reaction ..............................................49 

2.3 Histology .................................................................................................................................49 

2.3.1  Tissue Fixation and Preparation for Histology ...................................49 

2.3.2  Tissue Processing and Sectioning ............................................................50 

2.3.3  In situ Hybridization ......................................................................................50 

2.3.4  Immunofluorescence .....................................................................................51 

2.3.5  Hematoxylin and Eosin Staining ...............................................................52 

2.4  Generation of RCAS Viral Constructs ...........................................................................52 



v 
 

2.4.1  Preparation of RCAS virus ...........................................................................52 

2.4.2  Transfection and Viral Production by DF-1 cell line. ........................53 

2.5  Manipulation of the Chick Embryos .............................................................................54 

2.5.1  In Ovo Manipulation of the Chick ..............................................................54 

2.5.2  Microinjection of Viral Constructs ...........................................................54 

2.5.3  Detection of Proliferation by Bromodeoxyuridine ............................55 

2.5.4  Explant Dissection and Culture .................................................................55 

2.5.5  Preparation of Itgα8β1 Peptide Inhibitor .............................................56 

2.6  Manipulation of the Mouse Embryos ...........................................................................56 

2.6.1  Tissue Collection .............................................................................................56 

2.6.2  Genotyping and Analysis of Npnt-null Mutant Mice ..........................56 

2.7  Culture of Human Corneal Endothelial Cells ............................................................57 

2.8  RNA-sequencing ..................................................................................................................57 

2.8.1  Dissection of Periocular Mesenchyme and the Embryonic Cornea
   ................................................................................................................................57 

2.8.2  Workflow and Analysis.................................................................................58 

2.9  Microscopy, Imaging, and Statistical Analyses ........................................................58 

2.9.1  Detection of Histology ...................................................................................59 

2.9.2  Live Microscopy and IMARIS .....................................................................59 

2.9.3  Quantification of Corneal Measurements ..............................................59 

2.9.4 Statistics .............................................................................................................60 

Chapter 3  Transformation of the Transcriptomic Profile of Periocular Neural 
Crest During Formation of the Embryonic Cornea ..................................................... 62 

3.1  Introduction ..........................................................................................................................62 

3.2  Rationale .................................................................................................................................64 

3.3  Results .....................................................................................................................................64 

3.3.1 Characterization of the Transcriptomes of pNC and Embryonic 
Corneas   ................................................................................................................................64 

3.3.2 Regulation of Neural Crest Cell Markers During Corneal 
Development  ................................................................................................................................67 

3.3.3 Regulation of Major Signaling Pathways During Corneal 
Development  ................................................................................................................................71 

3.3.4 Regulation of Other Factors Involved in Cornea Development ....86 

3.3.5 Comparison of the Corneal Development in the Mouse and Chick
   ................................................................................................................................95 



vi 
 

3.4 Conclusions ......................................................................................................................... 101 

Chapter 4  Nephronectin: a Novel Regulator of Periocular Neural Crest 
Migration and Corneal Development ........................................................................... 103 

Part I:  Spatiotemporal Expression of Npnt and its Receptors during Chick and 
Mouse Corneal Development .......................................................................................... 103 

4-1.1 Introduction .......................................................................................................... 103 

4-1.1.1 Rationale ......................................................................................................... 106 

4-1.2 Characterizing the Spatiotemporal Expression of Npnt in the Chick 
and Mouse  .................................................................................................................................... 107 

4-1.2.1 Expression of Npnt mRNA and Protein in the Chick ...................... 107 

4-1.2.2 Expression of Npnt mRNA and Protein in the Mouse .................... 108 

4-1.3 Expression of Npnt Receptors During Corneal Development ...................... 111 

4-1.4 Expression of Alternative Npnt Receptors ................................................ 114 

4-1.5 Conclusions ............................................................................................................ 115 

Part II: Functional Analysis of Npnt/Itga8 Signaling during Chick Corneal 
Development ......................................................................................................................... 120 

4-2.1 Gene Knockdown by Short Hairpin RNA and Overexpression in the 
RCAS Vector  .................................................................................................................................... 120 

4-2.2 Knockdown of Npnt or Itga8 in Chick Cornea Development ............. 123 

4-2.2.1 Knockdown Vector Design and Validation ........................................ 123 

4-2.2.2 Knockdown of Npnt or Itga8 In Vivo Results in Decreased Corneal 
Thickness  ............................................................................................................................. 126 

4-2.2.3 Knockdown of Itga8 Restricts pNC Migration During Endothelial 
Formation  ............................................................................................................................. 129 

4-2.3 Overexpression of Npnt in Chick Cornea Development ....................... 129 

4-2.3.1  Redesigning the pSLAX and Reassembly of the RCAS Viral 
Construct  ............................................................................................................................. 130 

4-2.3.2  Overexpression of Npnt Increases Corneal Thickness .................. 133 

4-2.3.3 Overexpression of Npnt Does Not Increase Cell Proliferation ........ 133 

4-2.4 Npnt/Itgα8β1 Signaling Regulates pNC Migration In Vitro ................. 135 

4-2.5 Conclusion and Discussion ........................................................................................ 140 

Chapter 5 Future Directions ............................................................................................ 143 

5.1 Extended Interpretations from Overexpressing Npnt ........................................ 143 

5.1.1 Npnt Overexpression also Results in Other Defects in the Developing 
Chick   ............................................................................................................................. 143 



vii 
 

5.1.2 Effect of Npnt Overexpression on Corneal Morphology and ECM 
Organization During Chick Corneal Development ...................................................... 144 

5.1.3 Identifying the Active Domain Involved in Npnt Overexpression 
Induced Phenotypes ................................................................................................................ 151 

5.2 Role of Npnt in the Mouse ............................................................................................. 152 

5.2.1  Role of Npnt in Mouse Cornea Development ................................... 152 

5.2.2  Role of Npnt in Maturation of the Adult Cornea .............................. 153 

5.2.3 Role of Npnt in Other Ocular Structures in the Mouse .................. 154 

5.24 Preliminary Data of Npnt Knockout Mice .......................................... 156 

5.3 Potential roles in Maintenance of the Adult Cornea ........................................... 156 

5.3.1 Npnt is Expressed in Human Cornea Endothelial Cell Lines....... 157 

5.4 Conclusions ......................................................................................................................... 158 

Bibliography ......................................................................................................................... 160 

Appendix ................................................................................................................................ 206 

  



viii 
 

List of Figures 

Figure 1.1 Structure of the cornea ................................................................................................... 2 

Figure 1.2 Origin of the NCC and migration into the periocular region during eye 

development ...........................................................................................................................................11 

Figure 1.3 Periocular NCC migration and development of the chick and mouse 

Cornea .......................................................................................................................................................15 

Figure 1.4 Crosstalk between ECM, integrins, and growth factors ...................................34 

Figure 1.5 ECM-cell Interactions at the CEBM and Descemet’s membrane ...................37 

Figure 1.6 Functional domains of Npnt and role in kidney morphogenesis ..................42 

Figure 3.1 RNA sequencing analysis of the pNC and embryonic corneal cells .............66 

Figure 3.2 Expression of NCC genes during corneal development....................................69 

Figure 3.3 Expression of NCC genes during corneal development....................................72 

Figure 3.4 Differential regulation of the TGFβ signaling pathway ....................................76 

 Figure 3.5 Differential regulation of the Wnt signaling pathway......................................80 

Figure 3.6 Categorization of differentially expressed transcription factors into the 

RA, TGFβ, and Wnt signaling pathways .......................................................................................83 

Figure 3.7 Spatiotemporal expression of genes involved in corneal morphogenesis

 ......................................................................................................................................................................90 

Figure 3.8 Comparison of the expression of NCC genes during early chick and mouse 

corneal development ...........................................................................................................................97 

Figure 4-1.1 Spatiotemporal of Npnt during chick corneal development ................... 108 



ix 
 

Figure 4-1.2 Spatiotemporal expression of Npnt during mouse corneal development

 ................................................................................................................................................................... 110 

Figure 4-1.3 Expression of Itga8 during chick and mouse corneal development .... 112 

Figure 4-1.4 Expression of Egfr during chick and mouse corneal development ...... 113 

Figure 4-2.1 Schematic of RCAS construct preparation for RNAi ................................... 125 

Figure 4-2.2 Validation of construct knockdown and successful incorporation of 

virus in vivo .......................................................................................................................................... 126 

Figure 4-2.3 Validation of construct knockdown and successful incorporation of 

virus in vivo .......................................................................................................................................... 128 

Figure 4-2.4 Knockdown of Itga8 reduces pNC migration during formation of the 

endothelium ......................................................................................................................................... 130 

Figure 4-2.5 Design and reassembly of the RCAS virus for overexpression of Npnt via 

CMV and IRES ...................................................................................................................................... 132 

Figure 4-2.6 Overexpression of Npnt correlates with increased corneal thickness 134 

Figure 4-2.7 BrdU cell proliferation assay does not find any increase in proliferation 

in NpntOE embryos ............................................................................................................................. 135 

Figure 4-2.8 Npnt-mediated signaling is a strong inducer of pNC migration ............ 137 

Figure 5.1 Disproportionate cell distribution in NpntOE corneas .................................... 145 

Figure 5.2 Perturbation of corneal morphology in NpntOE embryos ............................. 147 

Figure 5.3 Perturbation of ECM expression in NpntOE corneas at E6 ............................ 149 

Figure 5.4 Perturbation of ECM expression in NpntOE corneas at E8 ............................ 151 

Figure 5.5 Expression of Npnt in the maturing and adult cornea ................................... 154 

Figure 5.6 Preliminary characterization of Npnt-null mice at E18.5 ............................. 157 



x 
 

 

List of Tables 

Table 3.1 Top differentially expressed transcription factors ..............................................85 

Table 3.2 Top differentially expressed ECM and junction associated genes .................88 

Table 3.3 Top Differentially Expressed Epithelial-Associated Genes ...............................89 

Table 3.4 Top Differentially Expressed Cell Cycle Genes ......................................................93 

Table 3.5 Top DEGs associated with angiogenesis and axon guidance ...........................94 

Table 4-2.1 Sequence and targeted location of the RNAi constructs ............................. 125 

Table 4-2.2 Cell migration statistics from live microscopy and IMARIS software 

analysis .................................................................................................................................................. 138 

 

  



xi 
 

Abbreviations 

AAV adeno-associated virus 

AC anterior chamber 

Ad adrenal gland 

ADAM a disintegrin and metalloproteinase  

ADAMTS a disintegrin and metalloproteinase with thrombospondin motifs  

Apc adenomatous polyposis coli 

ASD anterior segment dysgenesis 

atRA all-trans retinoic acid 

Bambi BMP and activin membrane bound inhibitor 

BDNF bone derived neurotrophic factor 

BMP bone morphogenic proteins 

BP bullous pemphigold 

BrdU Bromodeoxyuridine 

CAG 
CMV enhancer, β-Actin promoter and rabbit β-Globin splice acceptor 
site 

Cb ciliary body 

CEBM corneal epithelial basement membrane 

Ck1 casein kinase 1 

CMV Cytomegalovirus 

Crabp cellular retinoic acid binding proteins 

CRISPR clustered regularly interspaced short palidromic repeat 

Ctbp2 C-terminal binding protein 2 

DA dorsal aorta 

Dab2 Disabled-2 

DEG differentially expressed genes 

Dien Diencephalon 

Dkk Dickkopf 

DMEK Descemet's membrane endothelial keratoplasty 

DMEM Dulbecco's modified Eagle's medium 

Dvl Dishevelled 

E (#) embryonic day 

Ebf early B cell factor 



xii 
 

ec Ectoderm 

ECM extracellular matrix 

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

EMBD epithelial basement membrane dystrophy 

EMT epithelial-mesenchymal transition 

en endothelium 

ep  epithelium 

ey eyelid 

Ezh2 enhancer of zeste homolog 2 

FAK focal adhesion kinase 

FGF fibroblast growth factor 

FGFR fibroblast growth factor receptor 

FPKM fragments per kilobase of transcript per million  

GAG glycosaminoglycan 

GDF growth differentiation factor 

GFP green fluorescent protein 

Grcm38 Genome Reference Consortium Mouse Build 38 

Gsk3 glycogen synthase kinase 3 

H&E hematoxylin and eosin 

HH Hamilton-Hamburger 

HISAT Hierarchical Indexing for Spliced Alignment of Transcripts  

HSPG heparan sulfate proteoglycans 

IACUC Institutional Animal Care and Use Committee 

IL interleukin 

IRES internal ribosome entry site 

ISH in situ hybridization 

Ki kidney 

L lens 

LRP low density lipoprotein 

LSCD limbal stem cell deficiency 

LTR long terminal repeat 

lv lens vesicle 

MAM meprin-A5 protein-receptor protein-tyrosine phosphatase µ  

MAPK mitogen associated protein kinase 

MCM minichromosomal maintenance complex components  



xiii 
 

Mesen mesencephalon 

Meten metencephalon 

miRNA micro RNA 

MMP matrix metalloproteinase 

MMRC Mutant Mouse &Resource Centers 

NCC neural crest cell 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

Nkd2 Naked2 

Npnt nephronectin 

nt neural tube 

oc optic cup 

ov optic vesicle 

P (#) Postnatal day 

P/S penicillin/streptomycin 

PBS phosphate buffered saline 

Pclaf Pcna-associated factor 

PCP planar cell polarity 

PDGF platelet derived growth factor 

pNC periocular neural crest 

PXN paxillin 

RA retinoic acid 

RAR retinoic acid receptors 

RARE retinoic acid response element 

Rbps retinol binding proteins 

RCASBP 
Replication-Competent ASLV long terminal repeat with a Splice 
acceptor (RCAS), Bryan Polymerase 

RCE recurrent corneal erosion 

Re retina 

RGD Arg-Gly-Asp 

RISC RNA-induced silencing complex 

RNAi RNA interference 

ROCK Rho-associated, coiled-coil containing protein kinase 

RSEM RNA-Seq by Expectation Maximization 

RTK receptor tyrosin kinase 

RT-PCR reverse transcription polymerase chain reaction 

RXR retinoic x receptors 



xiv 
 

SARA Smad anchor for receptor activation 

SE surface ectoderm 

sFrp secreted Frizzled related protein 

shRNA small hairpin RNA 

siRNA small intefering RNA 

SSC saline-sodium citrate 

st stroma 

Stra6 stimulated by retinoic acid 6 

TGF transforming growth factor 

TIMP tissue inhibitor of metalloproteinase 

Tle2 transducing-like enhancer protein 2 

TLN talin 

TNF tumor necrosis factor 

Ur ureter 

Ut uterus 

VCL vinculin 

Wif1 Wnt inhibitory factor 1 

ZO zona occludens 



1 
 

 

Chapter 1 

Literature Review 

 

1.1 Overview of the Cornea: Structure, Function, and Pathology 

1.1.1 Structure and Function of the Cornea 

The cornea is an essential part of the vertebrate visual system. The cornea is 

the transparent tissue that lies at the window of the anterior eye. As the outermost 

layer of the eye, the cornea is responsible for two primary functions. One, it acts as a 

barrier to protect against foreign particles and microorganisms (Sridhar, 2018). 

Two, it accounts for approximately three-fourths of the total refraction power of the 

eye (Espana and Birk, 2020; Sridhar, 2018). In conjunction with lens, this refraction 

is required to focus the light in order to interpret a clear image. For these unique 

requirements, the corneal layers are specialized to maintain tough outer layer, 

transparency, and proper curvature (Espana and Birk, 2020; Sridhar, 2018). The 

cornea consists of three distinct cellular layers. From the anterior to the posterior 

they are known as the epithelium, stroma, and endothelium (Figure 1.1). These 

layers are separated by thin ECM sheets: the epithelial basement membrane and the 

endothelial basement membrane (also known as the Descemet’s membrane),  
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respectively. The epithelium is highly innervated and composed of four to seven 

layers of stratified epithelial cells. The anterior cells are densely packed separated 

by tight junctions and provide a scaffold for the precorneal tear film, where the 

majority of the refraction takes place. Together, they act as a barrier to particles and 

pathogens and help to maintain to fluid distribution of the cornea (Eghrari et al., 

2015; Koh et al., 2018). The posterior layer of the epithelium is composed of the 

basal epithelial cells which express hemidesmosomes to ensure the epithelium 

 

Figure 1.1 Structure of the cornea 

The cornea is located at the anterior surface of the eye. The cornea is composed 
three cellular layers and two basement membrane layers. From anterior to 
posterior they are known as the epithelium, epithelial basement 
membrane/Bowman’s layer, stroma, Descemet’s membrane, and endothelium. 
The Bowman’s layer is adjacent to the epithelial basement membrane on the 
stromal side. The tear film covers the top of the epithelium. (Rowsey and 
Karamichos, 2017) 
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attaches tightly to the cornea. To maintain its function, the epithelial layer is in a 

cycle of constant replenishment. With the approximate lifespan of seven to ten days, 

the anterior cells undergo desquamation and are replaced by the cells below them. 

These in turn are replenished by the limbal stem cells located at the basal epithelial 

layer of the limbus (Sridhar, 2018). 

Beneath the epithelium lies the epithelial basement membrane, composed of 

a diverse assembly of ECM proteins such as collagens, laminins, heparan sulfate 

proteoglycans (HSPGs), and nidogens. Not only does it act as a physical barrier, it 

helps to maintain corneal homeostasis and can affect cell growth or differentiation. 

Its functional role is magnified during corneal wound healing where it modulates 

the transmission of growth factors such as transforming growth factor (TGF) β1 or 

platelet derived growth factor (PDGF) to repair the surrounding extracellular matrix 

(ECM) and modify cell behavior (Eghrari et al., 2015; Massoudi et al., 2016; 

Torricelli et al., 2013). Directly under epithelial basement membrane is another 

ECM layer known as the Bowman’s layer, but the functional role is unknown 

(Espana and Birk, 2020). 

The stroma is the structural support and bulk of the cornea accounting for 

approximately 90% of its volume. This layer is composed largely of ECM proteins 

and a sparse number of keratocytes distributed throughout. In addition to 

supporting the proper curvature of the cornea, the stroma is characterized by its 

highly organized network of collagen fibrils that minimizes light scattering, thus 
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maintaining transparency (Maurice, 1957; Meek and Knupp, 2015; Müller et al., 

2001). 

Beneath the stroma is the Descemet’s membrane and endothelium. The 

endothelium is composed of a monolayer of cells and attaches to the stroma through 

the Descemet’s membrane (de Oliveira and Wilson, 2020). The cells are connected 

by tight junctions and contain multiple ion channels and aquaporins. Together these 

layers modulate solute and fluid transfer to provide nutrients and maintain proper 

hydration of the stroma so that it can retain its shape. This layer is especially 

delicate as the cells do not proliferate and its density slowly decreases with age (de 

Oliveira and Wilson, 2020). Together all the layers are required to maintain the 

transparency and curvature of the cornea. Injury or malfunction to any of the layers 

will result in corneal haze and loss of vision (Espana and Birk, 2020; de Oliveira and 

Wilson, 2020; Sridhar, 2018; Wilson et al., 2020). 

1.1.2 Pathology of the Cornea 

Due to its location at the anterior eye, the cornea is susceptible to defects, 

leading to loss of vision. Globally, corneal blindness is the 4th leading cause of 

blindness, estimated to account for 5% of blind individuals (Whitcher et al., 2001). 

The causes of corneal blindness are variable but the dominant factors include 

infectious disease, disorders, and trauma. Trachoma is the leading infectious cause 

of blindness.  It is estimated that 2.2 million individuals are visually impaired and 

over 21 million have active trachoma (Burton, 2007).  
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A number of corneal defects occur during its development. This is known as 

anterior segment dysgenesis (ASD) and is often the result of genetic mutations in 

genes that regulate cell migration and differentiation such as Foxc1 or Pitx2. A 

specific example of ASD, called Peters anomaly is associated with corneal thinning 

and improper separation of the cornea from the lens causing opacification 

(Bhandari et al., 2011). The cornea is also affected by major systemic diseases such 

as diabetes which can impact all corneal layers and disrupt homeostasis.  

As each layer of the cornea has key functions, disruptions to any layer can 

severely impair vision. The epithelium is susceptible to recurrent corneal erosion 

(RCE). This is characterized by abnormal epithelial adhesion, which leads to pain 

and blurry vision. This may be caused or magnified by dystrophies such as 

dysfunctional tear syndrome, which can cause increased friction between the 

eyelids and epithelium; Another is epithelial basement membrane dystrophy 

(EBMD), in which the basement membrane doesn’t properly adhere to the 

Bowman’s layer and becomes susceptible to erosion (Laibson, 2010; Pham et al., 

2010). The epithelium is also the outer barrier to protect the stroma from injury. 

While small scrapes may be suppressed by the epithelium’s proliferative capacity, 

repeated abrasions or larger injuries that penetrate the stroma will cause corneal 

scarring (Wilson et al., 2020). When the stroma is injured, keratocytes near the site 

of injury will differentiate into myofibroblasts that migrate and produce new ECM to 

fill the wound (Myrna et al., 2009). However, the replaced cells and ECM are no 

longer of the same composition altering corneal transparency and causing loss of 

vision. Similarly, dystrophies such as granular corneal dystrophy or keratoconus 
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alter corneal transparency by the accumulation of unnatural deposits, 

neovascularization, or weakening of the cornea’s structural strength (Espandar and 

Meyer, 2010; Lin et al., 2016). As a non-regenerative layer, the endothelium has the 

highest prevalence among corneal dystrophies (Musch et al., 2011). Fuchs’ 

endothelial dystrophy alone is estimated to affect 4% of people over the age of forty 

in the United States (Nanda and Alone, 2019). This disorder is characterized by the 

degeneration of the endothelium as the individual ages and the cornea can no longer 

adequately control fluid exchange. The cornea becomes swollen disrupting the ECM 

organization and causes deposits to form (Nanda and Alone, 2019).  

1.1.3 Treatment for Corneal Pathologies 

Early detection of corneal pathologies may be treated through the use of 

antibiotics, eye drops, or corrective contacts. However, particularly in the case of 

corneal dystrophies, these treatments often only mitigate and suppress the problem 

temporarily and do not eliminate the underlying cause. When the cases become 

more severe or if the cornea is scarred, the standard treatment is keratoplasty, also 

known as corneal transplantation. However, due to its nature, there is a severe 

deficiency in the number of transplants available (Gain et al., 2016). According to a 

global study in 2016, there are at least over 12.7 million individuals currently in 

need of transplants (Gain et al., 2016). As the eye is immune privileged, the rejection 

rate of transplants is low, between 5-10% (Hjortdal et al., 2013; Singh et al., 2019). 

However, the severity of the affliction and other risk factors such as 

neovascularization or being a second corneal transplant can raise the rejection rate 

to upwards of 30% (Bartels et al., 2003; Sharif and Sharif, 2019). Improvements to 
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corneal transplantation technique is still an active research field. In recent years, the 

use of full cornea penetrating keratoplasty is reduced in favor of layer specific 

keratoplasties which can target the anterior, stroma, or endothelium (Singh et al., 

2019). For example, the current standard treatment for Fuchs’ dystrophy is 

Descemet’s membrane endothelial keratoplasty (DMEK), which surgically 

exchanges only the Descemet’s membrane and endothelium. This minimizes the rate 

of graft rejection by reducing the amount of transplanted tissue. However, defects 

that include stromal scarring will often still require full penetrating keratoplasty. 

Because of the limitations to corneal transplantation, scientists in the 

modern era are actively researching alternative methods to restore vision. Notable 

fields include bioengineered artificial corneas and regenerative medicine. Prosthetic 

artificial corneas have existed since the 19th century but have only recently become 

a more reliable procedure. Standard prosthetic corneas, such as the Boston 

Keratoprosthesis (BKPro), is assembled by having donor tissue sandwiched 

between two plates before surgical transplantation (Saeed et al., 2017). Though not 

without post-operative complications, the use of prosthetics minimizes the risk of 

graft failure, making it suitable for patients with high risk for rejection (Akpek et al., 

2014; Saeed et al., 2017). In recent years, a new approach to artificial corneas, 

tissue-engineered corneas, has taken form. This method uses bioengineering to 

culture a primarily biological transplantable cornea, which would minimize immune 

rejection and bypass the concern of donor shortages (Shah et al., 2008). However, it 

is challenging to replicate the complex structure and function of the cornea. Various 

groups have utilized different methods of manipulating cell signaling, integration of 
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ECM scaffolds, and 3D printing to formulate an equivalent to all or part of the cornea 

(Ghezzi et al., 2015; Isaacson et al., 2018; Rico-Sánchez et al., 2019). While many 

engineered corneas have tested positively in animal testing or are in clinical trials, 

none have reached FDA approval and continue to require more research. 

Regenerative medicine, instead of replacing the cornea, focuses on ways to 

help the cornea to heal itself (Oie and Nishida, 2013). This includes the use of stem 

cell therapy and gene therapy (Ljubimov and Saghizadeh, 2015). A case where stem 

cell therapy has come into play is in patients with limbal stem cell deficiency (LSCD). 

This defect in limbal stem cells can be a result of injury or dystrophy. As the source 

of epithelial proliferation, their deficiency means the epithelium cannot renew. 

Eventually the conjunctiva epithelium replaces the cornea epithelium causing pain 

and blindness. The treatment is to take the limbal stem cells from the patient’s 

healthy eye, expand the cell population in culture, and transplant it to rejuvenate the 

limbal population of the deficient eye. While this method has been successful, it 

poses risk to the limbal stem cells from the healthy eye, and cannot be performed 

for patients with a deficiency in both eyes. Recent studies are attempting to use 

alternative cell populations such as the mucosal epithelial cells, which have shown 

potential in epithelial reconstruction in rabbit models (Hsu et al., 2015; Russo et al., 

2016; Sheth et al., 2015). Others are using embryonic stem cells or induced 

pluripotent stem cells and attempting to understand how to reprogram them into 

corneal cells (Hsu et al., 2015). Another focus of stem cell therapy is scar-free wound 

healing. Recent studies have shown that excretions of stromal mesenchymal stem 

cells may stimulate regeneration and have anti-fibrotic properties (Basu et al., 2014; 
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Shojaati et al., 2019; Tao et al., 2019). In addition, there are studies  researching 

ways to induce wound healing of the endothelium through effectors such as the 

Rho-associated, coiled-coil containing protein kinase (ROCK) inhibitor or use stem-

cells for replacement therapy (Bartakova et al., 2014; Koizumi et al., 2016). 

Gene therapy is a more recent field of study. The premise is to edit the 

patients genetic code locally through viral vectors such as the adeno-associated 

virus (AAV) or other approaches like clustered regularly interspaced short 

palindromic repeat (CRISPR)-Cas9. By altering the problematic gene, the cornea 

should be able to be restored. It is currently being studied in many aspects such as 

preventing corneal graft transplantation and treatment of disease and disorders (Di 

Iorio et al., 2019). A recent study used CRISPR to restore vision loss in an aniridia 

mouse model by modulating Pax6 expression (Mirjalili Mohanna et al., 2020), and 

another used AAV to reverse corneal clouding in a mucopolysaccharides I model 

(Miyadera et al., 2020). Despite the enormous potential of corneal gene therapy, it 

has not yet extended past the clinical setting. 

While the novel therapies for corneal defects are promising, more research is 

required for Food and Drug Administration (FDA) approval and overturning current 

treatment options. One aspect in common for these therapies is the need to 

understand the signaling and mechanisms required to make a proper cornea and 

the only fully successful reference is the development of the embryonic cornea. 

1.2 Ocular Development 
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Corneal development requires intricate ECM organization and signaling 

involved in the migration and differentiation of cells to form the epithelium, stroma, 

and endothelium. The central cell types involved in the formation of the cornea are 

the multipotent neural crest cells (NCC)s. During corneal development, NCCs 

migrate into the presumptive corneal region to form the stroma and endothelium 

while the surface ectoderm differentiates into the cornea epithelium. This 

developmental process is described in further detail later. I will first discuss the 

critical embryonic events and components that lead up to corneal formation.  

1.2.1 Neural Crest and Patterning of the Early Eye 

1.2.1.1 Surface Ectoderm and the Neural Crest 

The surface ectoderm and neural crest are both derivatives of the outer germ 

layer, the ectoderm. During a process called neurulation, the ectoderm differentiates 

into the surface ectoderm and neuroectoderm (Gilbert, 2000) (Fig. 1.2). This is a 

process by which a portion of the ectoderm known as the neural plate bends 

dorsally forming neural folds, which then converges and separates from the 

ectoderm to form the surface ectoderm and neuroectoderm. The surface ectoderm, 

also known as the external ectoderm, primarily forms the epidermis, and structures 

from the outer surface including the cornea epithelium and lens.  The 

neuroectoderm consists of the neural tube and the neural crest progenitors 

specified at the dorsal region of the neural tube (Simoes-Costa and Bronner, 2015). 

The neural tube is responsible for the formation of the central nervous system 

including the brain and optic vesicle.  
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Figure 1.2 Origin of the NCC and migration into the periocular region during eye 
development 

(A) The neural plate folds and separates from the neural ectoderm. The neural 
folds converge at the dorsal tip of the neural tube and the NCC (green) specify, 
delaminate, and migrate throughout the embryo (~stage 8) (Simoes-Costa and 
Bronner, 2015).  (B) The cranial NCC migrate from the diencephalon, 
mesencephalon, and metencephalon and accumulate in the periocular region by 
E3 prior to corneal formation. ov: optic vesicle; nt: neural tube; Dien: 
diencephalon; Mesen: mesencephalon; Meten: metencephalon; NCC: neural crest 
cell; oc: optic cup; lv: lens vesicle; ep: epithelium. Adapted from (Jasrapuria-
Agrawal and Lwigale, 2014; Simoes-Costa and Bronner, 2015). 

1.2.1.2 Cranial Neural Crest and the Periocular Mesenchyme 

NCCs are a multipotent population of stem cells that contribute to a large 

number of tissues. The origin of NCCs is well studied in model organisms such as the 

chick, xenopus, zebrafish, and mice (Borodinsky, 2017; Inoue et al., 1997; Schmidt et 

al., 2013; Simoes-Costa and Bronner, 2015). The transcriptional regulation 

coordinating their specification and migration has been mapped in what is known as 

the NCC gene regulatory network (Simoes-Costa and Bronner, 2015; Simoes-Costa 
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et al., 2014). NCC development begins prior to neural tube closure. Wnt and bone 

morphogenic protein (BMP) morphogens are some of the crucial signals that drive 

neurulation and differential regional signaling plays a role in defining the neural 

plate (Pownall and Isaacs, 2010; Schille and Schambony, 2017; Steventon et al., 

2009). Additional signals including Notch and fibroblast growth factor (FGF) 

additionally help to specify the edges, known as the neural plate border (Schille and 

Schambony, 2017). As the neural folds converge, these signals lead to NCC 

specification by expression of FoxD3, Sox10, and Ets1 (Simoes-Costa and Bronner, 

2015). During neural tube closure, the NCCs begin expressing epithelial-

mesenchymal transition (EMT) genes such as Snail1/2 and Twist1 to delaminate and 

mature into the migratory NCC population. They proceed to migrate vast distances 

to many regions throughout the embryo and interact with the environment to 

differentiate into various tissues (Simoes-Costa and Bronner, 2015). NCCs from 

different lineages along the anterior-posterior axis give rise to different cell fates, 

but my focus will be on the cranial NCCs that migrate into the periocular region and 

contribute to ocular development. Cranial NCCs originate from the diencephalon, 

mesencephalon, and hindbrain. The posterior mesencephalic and hindbrain neural 

crest contribute to the pharyngeal arches 1-4, while the anterior mesencephalic and 

diencephalic neural crest contribute to the frontonasal process (Santagati and Rijli, 

2003). They are responsible for forming the craniofacial skeleton, cartilage, nerves, 

and connective tissue, crucial for the mandibular process and formation of the otic 

vesicle (Gilbert, 2000; Minoux and Rijli, 2010; Santagati and Rijli, 2003). In addition, 

as the optic vesicle develops, the cranial neural crest will occupy the adjacent 
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regions and form the periocular mesenchyme. These cells are known as the 

periocular neural crest (pNC) and will be critical in the formation of key structures 

including the choroid, sclera, iris, ciliary body, and the cornea (Williams and 

Bohnsack, 2015). 

1.2.1.3 Early Ocular Development 

Ocular development begins with the formation of the optic vesicle from 

protrusions from the diencephalon, or forebrain (Adler and Canto-Soler, 2007; Cvekl 

and Tamm, 2004). The optic vesicle then invaginates away from the surface 

ectoderm to form a double layered optic cup which will eventually become the 

neural retina and retinal pigment epithelium. Concurrently, the surface ectoderm 

also invaginates to form the lens vesicle and subsequently pinches off to mature into 

the lens. Optic vesicle patterning and lens formation require complex cross signaling 

between the optic cup, periocular mesenchyme, and the surface ectoderm. Shh is 

involved in splitting the eye field and promotes the formation of the optic stalk and 

ventralization of the optic vesicle (Cvekl and Tamm, 2004; Wilson and Houart, 

2004). Canonical Wnt signaling has also been shown to be regulate retinal 

specification, dorsal-ventral patterning, and has been associated with anophthalmia 

(Hägglund et al., 2013). Multiple other signaling molecules including retinoic acid 

(RA), FGFs, and BMP have been implicated in the development of the optic cup 

(Chiang et al., 1996). The development of the optic vesicle is also a pre-requisite for 

lens formation. Signaling from the periocular mesenchyme actively repress lens fate 

but BMP and FGF signaling from the ectoderm and optic cup can promote lens 

formation (Grocott et al., 2012). Though still unclear, Pax6, Six3, and Sox2 have been 
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identified as some of the critical transcription factors for lens formation (Cvekl and 

Ashery-Padan, 2014). 

1.3.1 Cornea Development and Maturation 

1.3.1.1 Corneal Development 

Cornea development has been studied in many model organisms, most 

notably the chick and mouse. The development of chick cornea is well studied and 

highly regarded as it shares many similar qualities to the human cornea (Cvekl and 

Tamm, 2004; Feneck et al., 2020; Sevel and Isaacs, 1988). In addition, as chick 

embryos are oviparous, their development is easily observed and accessible 

(Gilbert, 2000). While there are some differences in mouse vs human corneal 

development, the rodent model is also prevalent and particularly valuable for 

studying genetics and corneal maturation (Cvekl and Wang, 2009; Zieske, 2004). 

Another common model that has been used to study corneal development and 

genetics, is the zebrafish. However, due to its aquatic lifestyle, there are notable 

differences in its development and in the mature cornea (Zhao et al., 2006). As is it 

well documented and similar to that of humans, early corneal development will be 

explained primarily from the chick model organism (Cvekl and Tamm, 2004; Feneck 

et al., 2020; Sevel and Isaacs, 1988). In the chick, cornea development begins at 

embryonic day (E) 3 after the separation of the lens placode from the surface 

ectoderm (Fig. 1.3A-F). As development proceeds, both the lens and surface 

ectoderm excrete ECM proteins to form the primary stroma, an acellular layer, in the 

presumptive corneal region. At E4.5, the pNC migrate into the presumptive corneal  
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Figure 1.3 Periocular NCC migration and development of the chick and mouse 
Cornea 

(A-F) Chick cornea development. The chick NCC accumulate at the periocular 
region by E3 (A-B). At E4.5, the first wave of NCCs migrate to forms the 
endothelium by E5 (C-D). At E6, the second wave of NCCs migrate to form the 
corneal stroma and all 3 layers are distinct by E7 (E-F). (G-I) Mouse corneal 
development. Mouse NCCs accumulate at the periocular region at E10.5 (G), 
migrate into the presumptive corneal region within one wave (H), and form all 
three corneal layers by E14.5-E16.5 (I). White Arrow: NCC migration toward the 
rostral direction; Blue: DAPI; Red: NCC; L: lens; Cb: ciliary body; Ep: epithelium; 
St: stroma; En: endothelium; SE: surface ectoderm; AC: anterior chamber; Re: 
retina. Adapted from (Cvekl and Ashery-Padan, 2014; Cvekl and Tamm, 2004; 
Lwigale et al., 2005). 

region and form a monolayer, the nascent corneal endothelium, by E5. This is 

followed by a second wave of pNC migration at E6 that occurs between the 

endothelium and the surface ectoderm to form the presumptive stroma. By E7, all 

the corneal layers are present. This presumptive stroma is highly proliferative and 

continues to expand while differentiating into keratocytes to form the stroma. The 

keratocytes produce large quantities of ECM proteins establishing a collagen 

ultrastructure. As the endothelium and stroma form, the surface ectoderm 

differentiates into a multilayered epithelium. The cornea continues to expand in 

circumference as all layers and the ultrastructure mature (Nuttall, 1976; Renard et 
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al., 1978; Sevel and Isaacs, 1988). In the mouse model, the overall process is similar 

but NCC migration occurs all in a single wave (Cvekl and Tamm, 2004; Feneck et al., 

2019) (Figure 1.3G-I). The lens placode separates from the surface ectoderm at 

E10.5, and although there are ECM proteins present, no primary stroma is formed. 

Periocular NCCs migrate and populate the presumptive cornea region in one wave 

from E11.5 to E13.5. At E14.5, a distinction of the endothelium from the stroma can 

be observed as the collagen ultrastructure begins to form (Haustein, 1983).  

1.3.1.2 Cornea Maturation 

After all layers have formed, the cornea continues to mature. Around the time 

of eyelid opening, there is a significant change in the morphological characteristics 

and gene expression. This is commonly studied in rodents as they open their eyelids 

postnatally, (Findlater et al., 1993). In this period, the cornea epithelium undergoes 

a period of rapid proliferation followed by stratification. The epithelium is 1-2 cell 

layers thick at birth, 2-3 layers prior to eyelid opening, and expands to a 5-6 cell 

layer mature epithelium at 4 weeks (Song et al., 2003; Zieske, 2004). The epithelial 

cells also differentiate and specify into the basal cells, wing cells, and superficial 

cells. Wnt signaling may play a major role in regulating epithelial proliferation and 

stratification. The study in Zhang et al., 2005 showed that stromal β-catenin 

decreased inversely to stratification and that its ablation resulted in precocious 

stratification and increased proliferation (Zhang et al., 2015). 

The stroma also experiences significant changes during this period. In one 

study, they showed that the thickness of the cornea increased in thickness by 60% 
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in comparison to 4 days before eyelid opening; this is followed by a slight thinning 

before resuming a slow thickening to the reach size of the adult cornea by 4 weeks 

in (Song et al., 2003). While the stroma thickens, the ECM composition is rapidly 

modified, keratocyte proliferation ceases into quiescence, and cellular density 

decreases. These changes increase corneal transparency by decreasing light 

scattering up until 4 weeks postnatal. Microarray and SAGE analysis have implicated 

numerous ECM-related genes to be involved in this process (Norman et al., 2004; 

Swamynathan, 2013). One study showed that Lumican deficient mice were unable 

to induce initial swelling of the cornea during eyelid opening and that its loss greatly 

impacts collagen structure and light scattering of the cornea (Chakravarti et al., 

2000; Song et al., 2003).  

Unlike the epithelium and stroma, the endothelium does not have any 

obvious morphological changes. However, cessation of proliferation and mature 

localization of tight junction proteins such as zona occluden (ZO)-1 and connexin 43 

correlate with eyelid opening (Zieske, 2004). It should be noted that although 

keratocytes and endothelial cells are not proliferating, they are also in different 

states. Keratocytes are at the G0 phase of the cell cycle and can reenter proliferation 

if trauma occurs or the homeostasis is disturbed. Endothelial cells, however, are 

arrested at G1 phase and will remain non-proliferative (Joyce, 2003; West-Mays and 

Dwivedi, 2006; Zieske, 2004).  

1.3.1.3 Neurovascular Development 
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Corneal nerves make up the densest innervated system throughout the body 

and are critical for responding to environmental stimuli and maintaining 

homeostasis and transparency. These nerves originate from the ophthalmic branch 

of the trigeminal ganglia (Barral and Croibier, 2009). In the chick, the trigeminal 

nerves appear in the ventrotemporal region of the corneal periphery around E4 and 

proceed to project along the periphery to form a pericorneal nerve ring by E8. At E9, 

corneal innervation commences and extensions from the nerve ring spread and 

bifurcate inward at a perpendicular angle encompassing the cornea by E15 (Lwigale 

and Bronner-Fraser, 2007; Riley et al., 2001). In the mouse, there is no pericorneal 

nerve ring. Instead nerves bundles appear at the periphery at E12.5 and extend 

from four quadrants (dorsotemporal, dorsonasal, ventrotemporal, ventronasal) 

(McKenna and Lwigale, 2011). These nerves bifurcate as they extend throughout the 

stroma, begin epithelial innervation at E16.5, and form the iconic nerve spiral at the 

adult stage (McKenna and Lwigale, 2011).  

The vascular system is important for the distribution of nutrients throughout 

the embryo including the eye. However, the cornea must maintain a specialized 

characteristic of avascularity in order to retain transparency. In the chick the 

vasculature surrounds the cornea periphery (Kwiatkowski et al., 2013). In mice, the 

hyaloid artery forms a hyaloid vasculature which develops the tunica vasculosa 

lentis, a transient capillary network that disappears after birth (Labelle, 2017). In 

either case, the vasculature is prohibited from entering the cornea (Azar, 2006; 

McKenna et al., 2014). 
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While the mechanisms that direct innervation and avascularity are still 

unclear, several signaling molecules that can exert influence have been discovered. 

During innervation multiple neurotrophic factors including bone derived 

neurotrophic factor (BDNF) and neurotrophin-3 are required for proper sensory 

innervation (Bennett et al., 1999; Wilkinson et al., 1996). However, as indicated by 

the pericorneal nerve ring in avian, several other factors must be tightly regulating 

entry into the cornea. Multiple studies in both mouse and chick have identified that 

the lens expression of Sema3A and trigeminal expression of Npn-1 are critical for 

regulating the rate of innervation; inhibition of either gene results in precocious and 

abnormal innervation (Bouheraoua et al., 2019; Kubilus and Linsenmayer, 2010; 

Lwigale and Bronner-Fraser, 2007; McKenna et al., 2012). Interestingly, the 

Sema3A/Npn-1 interaction is also necessary to maintain corneal avascularity and 

can repress angiogenic factors such as vascular endothelial growth factor (VEGF) 

(Acevedo et al., 2008; McKenna et al., 2014). More recently another study found 

CXCL14 to be required for proper innervation and corneal avascularity during 

development (Ojeda et al., 2017), suggesting there is overlapping gene regulation 

for neurovascular patterning. 

1.4.1 Molecular Signaling in the Cornea 

Corneal development requires precise regulation of cellular migration and 

differentiation to form the corneal layers. While the morphological stages of cornea 

development are well studied, the molecular signals involved are not well 

understood. Some of the major signaling pathways that have been implicated in 

corneal development include RA, TGFβ, and Wnt (Cvekl and Wang, 2009; Ittner et 
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al., 2005; Seo et al., 2017). In this section, I will describe the critical genes involved 

in each of their pathways and relate their role in corneal development. 

1.4.1.1 Retinoic Acid 

RA is a derivative of retinol, also known as vitamin A, and is essential for 

physiological processes during development and in the adult (Kedishvili, 2013). 

During development it regulates cell fate and behavior and is critical for patterning 

and morphogenesis of many organs (Rhinn and Dollé, 2012). In the adult, RA is 

important for fertility, immune response, vision, and tissue homeostasis (Herschel 

Conaway et al., 2013; Shannon et al., 2017). Transitioning from retinol to active gene 

regulation requires many proteins and levels of regulation. Systemic retinol can be 

ingested from food-derived carotenoids or in the case of a fetus, by maternal-fetal 

transfer (Spiegler et al., 2012). While in circulation, retinols are bound by retinol 

binding proteins (Rbps), which protect the molecules from modification and 

facilitate cellular entry by interactions with stimulated by retinoic acid 6 (Stra6) 

(Kelly and von Lintig, 2015). With the help of dehydrogenases, retinol is then 

oxidized twice: first to retinaldehyde, and then irreversibly to atRA (all-trans RA), 

the active form of vitamin A (Kedishvili, 2013; Shannon et al., 2017). RA can then 

translocate to the nucleus with the help of cellular retinoic acid binding proteins 

(Crabp). RA functions by binding to two distinct classes of specific receptors: 

retinoic acid receptors (RARs) and retinoic X receptors (RXRs), each with three 

subtypes (α, β, γ) (Connolly et al., 2013). When bound, the receptors will form RAR-

RXR heterodimers and activate downstream stream genes by binding to their 

retinoic acid response elements (RAREs) (Connolly et al., 2013; Shannon et al., 
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2017). It should be noted that a portion of dietary β-carotene is not converted into 

retinol during digestion, but it can still be processed by cells expressing β-carotene 

15, 15’-monooxygenase type 1 (Bcmo1) for conversion into retinaldehyde 

(Kedishvili, 2013). One of the methods to regulate intracellular levels of RA is 

though the Cyp26 pathway, which can hydroxylate RA to disable its activity 

(Kedishvili, 2013). A depiction of this pathway can be found in Chapter 3 (Fig. 3.3A).  

The RA pathway is essential for ocular development and maintenance of the 

adult cornea. Vitamin A deficiency is one of the leading causes of blindness 

(Whitcher et al., 2001). In rats, vitamin A deficiency causes several ocular defects 

including coloboma, microphthalmia, and anophthalmia (Warkany and 

Schraffenberger, 1946). RA signaling is important for maintenance and regeneration 

of the cornea by regulating both cell behavior and ECM composition (Gouveia and 

Connon, 2013; Kumar and Duester, 2010). Vitamin A processing and facilitating 

factors are also essential particularly during embryonic development. Perturbation 

of Rdh10, Stra6, Raldh1/Raldh3, or Rar genes have all been shown to cause 

abnormal eye formation (Grondona et al., 1996; Isken et al., 2008; Lohnes et al., 

1994; Matt et al., 2005; Sandell et al., 2007; Thompson et al., 2019). In the mouse 

starting from E10.5, Raldh1 and Raldh3 are the only sources of RA in the developing 

eye. RA is produced by the surrounding tissues (optic cup, lens, and ectoderm) and 

interacts with the RAR/RXR expressing periocular mesenchyme (Matt et al., 2005). 

This can activate downstream genes such as Eya2, which is involved in apoptosis 

and periocular remodeling, as well as Pitx2 and Foxc1, essential transcription factors 
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involved in corneal morphogenesis (Evans and Gage, 2005; Gage et al., 2014; Matt et 

al., 2005). Mutations in either of these genes can result in ASD (Sowden, 2007). 

1.4.1.2 Transforming Growth Factor-β 

The TGFβ family is a group of over 30 secreted growth and differentiation 

factors including TGFβs, activins, inhibins, growth differentiation factors (GDFs), 

and BMPs (Hata and Chen, 2016; Kitisin et al., 2007). The TGFβ family is 

multifunctional and is relevant in a diverse number of processes including 

embryogenesis (i.e. primitive streak, cardiac, kidney, bone), immunity (i.e. 

inflammation), disease (i.e. cancer,  fibrosis), and tissue homeostasis (i.e. wound 

healing, ECM remodeling) (Chaudhury and Howe, 2009; Derynck and Budi, 2019; 

Kitisin et al., 2007; Liu et al., 2018; Massagué, 2012; Xu et al., 2018b). Each family 

group can signal by binding to specific type I and II cell surface receptors and 

activate gene regulation through intracellular SMAD signaling transduction (Hata 

and Chen, 2016; Kitisin et al., 2007), but I will primarily be discussing from the 

perspective of only the TGFβs. 

There are three distinct TGFβ isoforms (TGFβ1, TGFβ2, TGFβ3). This branch 

specifically has been shown to be involved in critical processes including cell 

growth, cell differentiation, EMT, immune suppression, angiogenesis, and apoptosis 

(Bakin et al., 2000; Chaudhury and Howe, 2009; Liu et al., 2018; Pepper, 1997). The 

major receptor for TGFβ signaling is the constitutively active TGFβs type II receptor 

(TGFβR2). When bound, TGFβR2 will recruit TGFβR1 and form a complex at the cell 

surface inducing phosphorylation and a conformational change. In the canonical 
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pathway, TGFβR1 will phosphorylate R-Smads (Smad2/3), which subsequently 

binds and phosphorylates Co-Smads (Smad4) (Chaudhury and Howe, 2009). This 

complex then translocates to the nucleus possibly interacting with co-factors and 

regulates TGFβ downstream genes (Chaudhury and Howe, 2009). Recruitment and 

phosphorylation of R-Smads at the TGFβR2/ TGFβR1 complex requires several 

other proteins including Smad anchor for receptor activation (SARA) and Disabled-2 

(Dab2) (Chaudhury and Howe, 2009; Hocevar et al., 2001; Tsukazaki et al., 1998). 

BMP ligands can also induce signaling through a similar pathway except that they 

interact with BMP receptors and phosphorylate the R-Smads (Smad1/5/8) 

(Chaudhury and Howe, 2009). TGFβ can also activate alternative signaling 

pathways. TGFβ has been shown to activate the mitogen associated protein kinases 

(MAPKs) Erk, Jnk, and p38 MAPK through TRAF6 and Ras interaction (Engel et al., 

1999; Hocevar et al., 1999; Kretzschmar et al., 1999; Yamashita et al., 2008). MAPK 

signaling may directly impact downstream genes but several studies have also 

shown that non-canonical activation of Erk or Jnk can also phosphorylate the Smads 

(Engel et al., 1999; Kretzschmar et al., 1999). Other non-canonical pathways include 

of RhoA/ROCK signaling, Pp2A/p70-S6 kinase  signaling, and PI3K/Akt/mTOR 

(phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin) 

signaling which may regulate cell cycle and ECM synthesis (Bhowmick et al., 2003; 

Li et al., 2017a; Petritsch et al., 2000; Vadlakonda et al., 2013; Zhang, 2009; Zhu et 

al., 2013).  

TGFβ signaling is also modulated at multiple levels. Serine protease Htra1 

can directly target TGFβ receptors and degrade them (Graham et al., 2013). BMP 
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and activin membrane bound inhibitor (Bambi) is a type I pseudo-receptor and 

prevents recruitment of TGFβR1 while inhibitory Smads (Smad6/7) can compete 

with and block phosphorylation of R-Smads. Alternatively, inhibitory Smads can 

recruit ubiquitin ligases (Smurf1/2) to degrade TGFβR1 (Onichtchouk et al., 1999; 

Yan et al., 2009). There is an additional level of modulation in the nucleus. Cofactors 

C-ski/SnoN can bind and promote degradation of the Smad complex (Chaudhury 

and Howe, 2009). A depiction of pathway can be found in Chapter 3 (Fig. 3.4A). 

TGFβ signaling also has multiple important roles in the cornea. In the adult 

cornea, TGFβ is a major factor in corneal integrity and wound healing (Tandon et al., 

2012). Though all TGFβ isoforms are involved in wound healing, TGFβ1 is 

considered the predominant isoform involved in promoting cell migration, 

inhibiting proliferation, and ECM production and remodeling (Tandon et al., 2012). 

The roles for the others are controversial and not well understood, but TGFβ has 

been shown to simulate cell migration and fibrosis similar to TGFβ1, while TGFβ3 

may have an antagonistic effect on TGFβ1 in regulating the wound healing process 

(Chu et al., 2011; Pakyari et al., 2013; Tandon et al., 2012). In cornea development, 

TGFβ2 is needed for Pitx2 expression throughout the stroma and is critical for 

stromal and endothelial formation (Ittner et al., 2005; Saika et al., 2001). TGFβ2 

knockout mice have a thin corneal stroma and complete absence of the endothelium 

(Saika et al., 2001). Overexpression of TGFβ1 in the lens in mice resulted in an 

extremely thickened cornea with disrupted cell and ECM organization (Flügel-Koch 

et al., 2002). 
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1.4.1.3 Wnt Signaling 

Wnt signaling is an essential signaling pathway that is conserved in all 

animals. Critically, it can direct a multitude of tasks including cell proliferation, 

polarity, and differentiation, which are vital during embryogenesis and tissue 

homeostasis (MacDonald et al., 2009). Mutations of Wnt pathway genes are 

associated with birth defects (i.e. hypoplasia), cancer, and other diseases (i.e. type II 

diabetes) (Adaimy et al., 2007; Clevers and Nusse, 2012; Kanazawa et al., 2004). The 

mammalian genome contains 19 Wnt ligands, all of which are cysteine rich proteins 

of ~40 kDa and contain an N-terminal signal peptide for secretion (Clevers and 

Nusse, 2012; MacDonald et al., 2009). Wnt ligands are produced and secreted by a 

subset of cells which forms a concentration gradient. Signaling can be “short range” 

acting within the tissue it is produced or be “long range” exerting effects as a 

morphogen (Clevers and Nusse, 2012; Solis et al., 2013). A prime example of “long 

range” signaling is the involvement of Wnt gradients in drosophila segmentation, 

dorsal-ventral patterning, and wing formation (Swarup and Verheyen, 2012). The 

dynamics of Wnt transport and formation of extracellular gradients are still not well 

understood (Solis et al., 2013), but one aspect involved in gradient control is the 

regulation of Wnt secretion. On production, Wnt ligands become acylated at the 

endoplasmic reticulum by the acyltransferase Porcupine (Clevers and Nusse, 2012; 

MacDonald et al., 2009; Solis et al., 2013). This allows transport to the Golgi 

apparatus and it is then escorted by Wntless to the plasma membrane for secretion. 

A retromer complex is also needed to retrieve and recycle Wntless back to the Golgi 

apparatus (MacDonald et al., 2009). In accordance to their function, loss of 
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Porcupine results in Wnt accumulation at the endoplasmic reticulum, loss of 

Wntless results in accumulation of the Golgi, and loss of the retromer complex 

results in degradation and depletion of Wntless; loss of any of these components 

phenocopy Wnt mutants indicating their necessity for Wnt function (MacDonald et 

al., 2009; Port et al., 2008; Takada et al., 2006; Zhang et al., 2011). 

The core proteins involved in Wnt signaling are well studied. In canonical 

Wnt signaling, Wnt ligands bind to Frizzled receptors and the low-density 

lipoprotein related protein (LRP) co-receptor to form a complex (MacDonald et al., 

2009). This recruits scaffolding protein Dishevelled (Dvl) which phosphorylates the 

LRP5/6 to recruit the Axin complex. This induces the accumulation of β-catenin in 

the cytosol so that it travels to the nucleus and interacts with Tcf/Lef transcription 

factors to activate Wnt downstream genes. When Wnt ligands are not present, 

cytosolic β-catenin are bound and targeted for degradation by the Axin complex 

which includes adenomatous polyposis coli (Apc), casein kinase 1 (Ck1), and 

glycogen synthase kinase (Gsk3). Ck1 and Gsk3 phosphorylate β-catenin allowing 

recognition by the ubiquitin ligase, β-Trcp (MacDonald et al., 2009). A depiction of 

this pathway can be found in Chapter 3 (Fig. 3.5A). 

There are multiple levels of control in the Wnt signaling pathway at the 

extracellular level, cytoplasm, and nucleus. In the extracellular space, Wnt inhibitory 

factor 1 (Wif1) and secreted Frizzled related proteins (sFrps) can bind to Wnt 

ligands and Frizzled receptors and inhibit activity (Bovolenta et al., 2008; 

Malinauskas et al., 2011). There are several proteins that also target the co-receptor. 
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The Dickkopf (Dkk) family and the Wise/SOST family are two potent inhibitor 

families that disrupts the formation of the Wnt-Fzd-LRP complex (Semënov et al., 

2005, 2001). Pigment epithelium derived factor (Pedf) can directly bind the LRP co-

receptor and block Wnt interaction (Protiva et al., 2015). Bambi also interacts with 

Fzd receptor and LRP5/6 but unlike the others, Bambi stabilizes the interaction 

between Fzd and Dvl positively modulating Wnt signaling (Lin et al., 2008). In the 

cytoplasm, the Axin/β-catenin complex is another area where Wnt signaling is 

heavily regulated. Naked2 (Nkd2) inhibits Wnt signaling by interacting with Dvl and 

targeting it for degradation (Hu et al., 2010). Strap, SoxC family, and FRAT family 

proteins amplify Wnt signaling by binding to Gsk3 and prevent its phosphorylation 

and subsequent degradation of β-catenin (Beurel et al., 2015; Bhattaram et al., 2014; 

Kashikar et al., 2011; Yuan et al., 2016). Apc and C-terminal binding protein 2 

(Ctbp2) cooperate to reduce availability of free β-catenin (Hamada and Bienz, 2004; 

Kim et al., 2017), while Pcna-associated factor (Pclaf) and enhancer of zeste 

homolog 2 (Ezh2) also cooperate and bind the Axin/β-catenin complex  but instead 

enhances transcription of Wnt target genes (Jung et al., 2013). In the nucleus, 

transducin-like enhancer protein 2 (Tle2) interacts with Tcf/Lef transcription 

factors and represses them (Daniels and Weis, 2005).  

Wnt signaling is important for and also heavily modulated during cornea 

development. Wnt ligands are expressed throughout the cornea epithelium. During 

early development, Dkk2 is expressed in the stroma (Gage et al., 2008), and may be 

important for suppressing Wnt signaling. Excessive β-catenin activity increases cell 

proliferation, disrupts stromal cell differentiation, and alters ECM organization, 
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greatly impairing both the epithelium and stroma (Mizoguchi et al., 2015). In 

postnatal mice, Wnt signaling is important for epithelial maturation. Dkk2 knockout 

mice have abnormally thick and unstratified cornea epithelium (Mukhopadhyay et 

al., 2006), suggesting a need to suppress Wnt signaling. In addition, loss of stromal 

β-catenin has been shown to induce precocious stratification (Zhang et al., 2015), 

indicating that intricate regulation is critical for corneal stratification and 

maturation. 

1.3 Overview of the Extracellular Matrix 

The ECM is a dynamic three-dimensional non-cellular assembly composed of 

an complex assortment of macromolecules (Bonnans et al., 2014). In animals, 

research from metagenomic studies have identified around 300 ECM proteins, 

termed the “core matrisome”, which includes around 43 collagens, 36 

proteoglycans, and 200 glycoproteins (Hynes and Naba, 2012; Naba et al., 2012). 

However, this does not account for the numerous amount of ECM-associated 

proteins such as mucins and integrins or ECM-remodeling proteins such as matrix 

metalloproteinases (MMPs) (Hynes and Naba, 2012). Although the composition and 

role of the ECM varies with the tissue, its core functions include structural support, 

cell adhesion, cell-cell communication, and mediation of molecular signaling 

(Hartman et al., 2017; Sternlicht and Werb, 2001). During embryogenesis, the ECM 

is essential for regulating cell behavior and cell fate (Hynes and Naba, 2012). In 

addition proteoglycans can sequester growth factors and establish morphogenic 

gradients required for developmental patterning (Hynes, 2009). The ECM 

composition is very dynamic and its constant remodeling is critical to establish and 
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maintain tissue homeostasis (Cox and Erler, 2011; Hynes and Naba, 2012). While 

ECM proteins are often found as an interstitial matrix woven between extracellular 

space, they can also aggregate into sheet-like deposits known as basement 

membranes. Basement membranes are found in conjunction with epithelial or 

endothelial cell layers for which it acts as an anchor, barrier, and a regulator of 

molecular signaling (Schittny and Yurchenco, 1989; Yurchenco, 2011). 

1.3.1 ECM and Associated Proteins 

1.3.1.1 Collagens 

Collagens are one of the most abundant proteins in mammals and account for 

approximately 30% of the total protein mass in the body (Ricard-Blum, 2011). 

Collagens often contribute to the structural integrity and the mechanical properties 

of tissues, but can also interact with cells to regulate cell behavior (Ricard-Blum, 

2011). The defining characteristic and basic subunit of collagens is the triple helix 

which arises from the abundance of glycine, proline, and hydroxyproline repeats 

(Lodish et al., 2000). In extracellular space, collagens polymerize  through covalent 

cross-linking to form supramolecular assemblies such as collagen fibers and 

networks (Lodish et al., 2000). Fibrillar collagens are the most abundant type and 

include Collagens I, II, III, V, and IX; most fibrils will be composed of multiple 

collagen types unique to the tissue function. They are often depicted as thick rod-

like fibers and influence the mechanical properties of the tissue such as the tensile 

strength and elasticity in skin or tendons (Ricard-Blum, 2011). Network collagens 
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include collagens IV, VIII, and X and are often associated with basement membranes 

(Ricard-Blum, 2011; Yamakoshi, 2014). 

1.3.1.2 Proteoglycans 

Proteoglycans are a subclass of glycoproteins with one or more attached 

glycosaminoglycan (GAG) chains and are often found interspersed throughout the 

ECM (Ricard-Blum, 2011). Proteoglycans perform a variety of functions. Aggrecan 

binds to the collagens and can provide increased elasticity, critical for cartilage and 

joints (Kiani et al., 2002). Chondroitin sulfate proteoglycans have been linked to 

neural development by regulating axon growth (Grumet et al., 1996). HSPGs are 

especially notable for their diverse functions which include: basement membrane 

organization, barrier integrity, cell adhesion, cell-cell communication, and secretory 

vesicle packaging (Sarrazin et al., 2011). Notably, proteoglycans can also sequester 

and preserve cytokines, growth factors, and morphogens. This characteristic is 

extremely important for establishing signaling gradients which can regulate cell 

behavior and patterning during embryogenesis (Ruoslahti and Yamaguchi, 1991; 

Sarrazin et al., 2011). 

1.3.1.3 Glycoproteins 

Glycoproteins are the most diverse set of ECM proteins involved in numerous 

aspects but the functions of many are still unclear. The most well-studied 

glycoproteins include laminin, fibronectin, and thrombospondin. Laminin, one of the 

major components of the basement membrane, are often found in association with 

the collagen IV network, and interact with anchoring cells to regulate cell 
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characteristics and behavior (Colognato and Yurchenco, 2000). Fibronectin and 

thrombospondin are both present in the interstitial matrix. Fibronectin is the most 

well-known for its roles in cell adhesion, migration, and differentiation. Loss of 

fibronectin is lethal during embryogenesis and fibronectin is also heavily 

upregulated after injury during wound healing (George et al., 1993; Grinnell, 1984; 

Pankov and Yamada, 2002). Thrombospondin is an ECM protein that can activate 

TGFβ signaling and also inhibit angiogenesis by interacting with endothelial cells 

lead to apoptosis (Bornstein, 2009; Crawford et al., 1998). 

1.3.1.4 ECM Remodeling 

There are numerous proteins that do not have matrisome characteristics but 

are heavily involved the health, function, and homeostasis of the ECM. Many ECM 

proteins including collagens and fibronectin need to be stabilized through covalent 

cross-links to achieve a fibrillar functional state (Hynes and Naba, 2012). Enzymes 

such as lysyl oxidases, hydroxylases, and transglutaminases are required to catalyze 

these linkages and missing any specific enzyme can result in severe disorganization 

of the ECM (Lorand and Graham, 2003; Risteli et al., 2009; Robins, 2007; 

Schwarzbauer and DeSimone, 2011). Matrix remodeling is another functional 

requirement of the ECM. Organ and tissue statuses are in a constant flux with 

incessant apoptosis and replenishment of cells and the transfer of nutrients. The 

ECM matrix also needs to undergo dynamic remodeling to facilitate these 

movements. Notable proteolytic families known for ECM remodeling include MMP, a 

disintegrin and metalloproteinase (ADAM), and a disintegrin and metalloproteinase 

with thrombospondin motifs (ADAMTS) (Malemud, 2006). ECM remodeling is 
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further regulated by inhibitors such as tissue inhibitor of metalloproteinases 

(TIMP)s (Stamenkovic, 2003), thus there is a delicate balance between expression 

ECM proteins, remodeling enzymes, and inhibitors. This is especially magnified 

during embryogenesis or wound healing where mismanagement results in 

embryonic lethality or fibrosis (Cox and Erler, 2011). MMP-2 and MMP-14 have 

been implicated in nephrogenesis (Kanwar et al., 1999). Mmp14-null mice have 

severe skeletal defects including dwarfism, osteopenia, and arthritis as a result of its 

inability to degrade collagen (Holmbeck et al., 1999). There is also evidence that 

matrix remodeling enzymes are important in facilitating cell migration by degrading 

the ECM in its migration path and also shedding cell adhesion molecules to increase 

cell motility (Gifford and Itoh, 2019; Webb et al., 2017). This is a factor in epithelial 

wound healing to dislodge anchorage to basement membranes to allow wound 

closure (Caley et al., 2015). Matrix remodeling is also important for regulation of cell 

signaling. MMPs can cleave to release cytokines and growth factors sequestered by 

cells or the ECM and can degrade non-matrix biomolecules such as substance P to 

inactivate it, or in some cases alter its activity through conformational change 

(Sternlicht and Werb, 2001).  

1.3.1.5 ECM Receptors 

ECM receptors are another type of essential ECM-associated protein. ECM receptors 

are required for the ECM to modulate the activity of cells or other molecules (Hynes 

and Naba, 2012). The main cellular receptor for cell-ECM interaction are the 

integrins. Integrins are heterodimeric receptors formed from 18 α and 8 β subunits 

that can pair up for 24 unique combinations (Campbell and Humphries, 2011). 
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Integrins can recognize common motifs found on ECM proteins. The most notable is 

the tripeptide Arg-Gly-Asp (RGD) motif which are displayed by several ECM 

proteins including fibronectin, laminin, and vitronectin and can be recognized by a 

subset of integrins including αV integrins and β1 (α5, α8). Variance in the nearby 

amino acids may confer disparate affinities to specific integrin receptors (Sato et al., 

2009). Another domain is the GFOGER motif displayed by collagens and laminins 

(Campbell and Humphries, 2011). Interaction via the integrin motifs can modify 

adhesins and cytoskeletal properties mediating cell attachment and affecting 

migration, proliferation, apoptosis, or differentiation (Fong et al., 2010; Kim et al., 

2011) (Fig 1.4). Alternatively, the integrins can couple with growth factor receptors 

(i.e. epidermal growth factor receptor (EGFR) or fibroblast growth factor receptor 

(FGFR)) to activate their downstream pathways. ECM proteins may also directly 

bind to growth factor receptors to induce ligand-independent phosphorylation (Kim 

et al., 2011). As mentioned previously, proteoglycans also have receptors to 

sequester growth factors FGF, VEGF, glial derived neurotrophic factor (GDNF) and 

signaling molecules (TGFβ, cytokines) (Sarrazin et al., 2011). There are numerous 

other unique ECM-cell receptor interactions such as the interaction between 

hyaluronan and CD44 (Misra et al., 2015).  
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1.3.2 ECM of the Cornea 

1.3.2.1 ECM in the stroma 

The ECM is essential for the development, function, and maintenance of the 

cornea. During corneal development, many ECM proteins are produced by the NCCs 

and the epithelium (Bard et al., 1988; Fitch et al., 1994). The ECM mediate cross talk 

and selectively guide migration and differentiation in a controlled manner (Perris, 

1997; Perris and Perissinotto, 2000). Additionally, the organization of the ECM is 

important for maintaining the transparency and refractive ability of the cornea; if 

disrupted it will cause corneal opacity and loss of vision (Bard et al., 1988; Chen et 

al., 2015; Maurice, 1957). The majority of the ECM is found within the stroma as 

well as the two basement membranes layers: the corneal epithelial basement 

membrane (CEBM) and Descemet’s membrane. In the chick, by  E4.5, the presence 

of a primary stroma is required for the first wave of NCC migration to form the 

cornea endothelium (Gage et al., 2005). The primary stroma is largely synthesized 

Figure 1.4 Crosstalk between 
ECM, integrins, and growth 
factors 

Interactions between ECM and 
integrins regulate cytoskeletal 
changes and cell behaviors. 
ECM can also trigger the Ras-
MAPK pathway for downstream 
activating receptor tyrosine 
kinases (RTK)s such as EGFR 
either directly or through 
integrins interactions. Adapted 
from (Desgrosellier and 
Cheresh, 2010). 
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by extracellular secretions from the surface ectoderm and some of its core 

constituents include Collagen II and Collagen IX  (Fitch et al., 1994; Williams and 

Bohnsack, 2015). Fibronectin has also been detected in the primary stroma 

concentrated along the posterior region and may affect cell migration (Kurkinen et 

al., 1979). While the integrin receptors in the developing cornea are not well 

characterized, studies on NCCs have implicated integrin subunits α5, α4, αV, α8, β1, 

β3 to be involved in NCC migration (Alfandari et al., 2003; Kil et al., 1998; Strachan 

and Condic, 2008; Testaz et al., 1999). After the NCCs invade during the second 

wave of migration and differentiate into presumptive keratocytes, components from 

the primary stroma degrade or are altered as the presumptive keratocytes lay down 

the ECM of the secondary stroma (Chen et al., 2015). While Collagen II remains 

present throughout cornea development, Collagen IX is transient and fades by E9 

(Fitch et al., 1994). Fibronectin also fades as the cornea matures and is later found 

only in the Descemet’s membrane (Kurkinen et al., 1979). The secondary stroma is 

primarily composed a co-assembly of Collagen I and Collagen V to form the fibers 

that structurally support the cornea as it develops (Chen et al., 2015). Multiple 

proteoglycans are also essential including decorin, biglycan, lumican, keratocan, and 

fibromodulin, which can interact with the collagens to regulate fibrillogenesis, 

spacing, and the mechanical properties of the collagen ultrastructure. Loss of these 

proteoglycans can result in abnormally sized collagen fibers, disrupted organization, 

corneal opacity, or a thinner stroma (Chakravarti et al., 2000; Funderburgh et al., 

1986; Liu et al., 2003a; Zhang et al., 2009). Unlike the chick, the mouse does not 

utilize a primary stroma. While the mouse also express Collagens I, II, and V, they 
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are localized at the surface ectoderm during NCC migration at E12, the anterior 

stroma at E14, and the entire stroma by E16 (Feneck et al., 2019). The study 

suggests that the lack of a collagen presence early on indicates NCC migration are 

mediated by means alternative to those of a primary stroma (Feneck et al., 2019). 

However, collagen fibrillogenesis begins with the migration of the NCCs, similar to 

the onset of secondary stroma formation in the chick (Chen et al., 2015; Feneck et 

al., 2019; Haustein, 1983). In both the mouse and chick, Collagens XII and XIV have 

also been implicated in collagen fibrillogenesis and stromal organization 

(Hemmavanh et al., 2013; Young et al., 2002). Null mutations for Collagen XII and 

XIV in the mouse resulted in irregular fibril spacing and size and also induced 

abnormal endothelial maturation (Hemmavanh et al., 2013). 

1.3.2.2 ECM of the basement membrane 

The ECM composition of the basement membranes is distinct from that of the 

stroma. The composition of the CEBM includes collagens (IV, VII), laminin-332, 

perlecan, nidogen, and fibronectin (McKay et al., 2020; Torricelli et al., 2013; Wilson 

et al., 2020) (Fig. 1.5). Although not fully understood, laminins are considered to be 

the initial building block of the basement membrane by attachment to the cell 

surface via integrin interactions at the hemidesmosomes (McKay et al., 2020; Saikia 

et al., 2018; Wilson et al., 2020). The laminin layer is known as the lamina lucida. Its 

association with the other components positioned in the lamina densa is then 

stabilized by nidogen, which has binding sites for both laminin and collagen IV 

(Wilson et al., 2020; Yurchenco, 2011). Collagen VII lies at the posterior end as an 

anchoring fibril which stabilizes the junction between the basement membrane and  
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Figure 1.5 ECM-cell Interactions at the CEBM and Descemet’s membrane 

Hemidesmosomes and focal adhesions mediate cell adhesion interactions 
between the cell and the ECM of the basement membrane layer. (A) At the 
CEBM, hemidesmosomes interactions to laminin-332 are mediated by integrin 
α6β4, plectin, and bullous pemphigoid (BP) antigens 180/230. Focal adhesions 
are mediated by integrins and the integrin binding proteins (TLN, PXN, FAK, 
VCL). (B) A similar focal adhesion setup is found at the Descemet’s membrane. 
TLN: talin; PXN: paxillin; FAK: focal adhesion kinase; VCL: vinculin. (McKay et 
al., 2020). 

 

stroma; its absence is associated with weakened epithelial attachment and 

recurrent epithelial erosion (Massoudi et al., 2016). Collagen IV  can directly interact 

with β1 integrins (α1, α2) to promote adhesion, migration, or proliferation of the 

epithelial cells (Boudko et al., 2018). As a HSPG, perlecan can sequester and control 

the availability of growth factors; loss of perlecan has been shown to lead to 

degeneration of the cornea epithelium (Coulson-Thomas et al., 2015). In avians and 

primates, an additional ECM layer known as the Bowman’s layer lies beneath the 
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CEBM. This is composed of ECM secreted from the stromal keratocytes such as 

collagens (I, V) but its function is still unknown (Massoudi et al., 2016). The 

Descemet’s membrane is composed similarly to that of the CEBM but with several 

different ECM subtypes: Collagens (IV, VIII), laminins (332, 411, 511, 521), nidogens, 

and various proteoglycans (Massoudi et al., 2016; Okumura et al., 2015). Collagen 

VIII is a rare collagen and is essential for Descemet’s membrane function. Loss of 

Collagen VIII results in abnormal protrusions, a thin corneal stroma and Descemet’s 

membrane, and a decrease in endothelial cells (Hopfer et al., 2005).  

1.3.2.3 Molecular basis of corneal transparency  

The ECM of the cornea is directly correspondent to one of its main functions, corneal 

transparency. The ECM of the stroma is the largest factor in corneal transparency. 

There are multiple theories as to how the physical arrangement of collagen fibers 

confers transparency. A popular one was posed by Maurice in  1957 which 

suggested that the collagens arrange in a lattice formation such that destructive 

interference occurs and the secondary waves from light scatter cancel out except for 

those in the forward direction (Maurice, 1957). More recent studies have shown 

that the collagens are not arranged in such rigidity and favors  that subtle 

displacement from ideal positions can still yield a high degree transparency (Farrell 

et al., 1973; Feuk, 1970). While it may not be fully understood, is it clear that 

homogenous collagen size and spacing are critical to stromal transparency. One 

model for regulation of collagen size is through the ratio of Collagen I to Collagen V. 

Several studies have shown that Collagen V can limit the amount of fibrils added and 

limiting its size (Birk et al., 1990; Hassell and Birk, 2010). Collagen spacing has been 
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proposed to be regulated by proteoglycans which contain negatively charged GAG 

chains (Meek and Knupp, 2015; Prydz, 2015). Recent studies suggest that 

proteoglycans reside between collagen fibrils and utilize electrostatic forces in 

conjunction with water and ions to keep collagen fibers at the optimal position 

(Cheng and Pinsky, 2013; Lewis et al., 2010; Meek and Knupp, 2015). While the 

stroma ECM is largest factor in transparency, all the corneal layers have important 

contributing roles.  At the cornea surface, the epithelium in conjunction with the 

tear film has to be completely smooth. Disruptions of the CEBM can cause the 

epithelial surface to be uneven which can reduce vision (Meek and Knupp, 2015). 

The cornea endothelium and Descemet’s membrane are also critical in controlling 

stroma hydration and thus fibrillar spacing (Feizi, 2018).  

Corneas may lose transparency in the event of injury or disease. In the event 

of injury, proper wound healing is necessary to preserve corneal transparency and 

homeostasis. In epithelial wound healing, a combination of growth factors and 

cytokines including epidermal growth factors (EGFs), FGFs, PDGFs, TGFs, tumor 

necrosis factor (TNF) α, interleukins ((IL)-1, 6, 10) are induced to modulate 

migration, proliferation, differentiation, and ECM remodeling to repair the wound 

site (Ljubimov and Saghizadeh, 2015; Lu et al., 2001; Yu et al., 2010). An initial step 

of wound healing is the activation of interleukins to induce a pro-inflammatory 

response and MMPs which can reduce cell-cell and cell-matrix adhesions. This is 

followed by growth factor signaling to increase proliferation and upregulation of 

fibronectin, laminins, and tenascin which interact with integrins and EGFR to 

activate cell migration. The corneal basement membrane also degrades and is 
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resynthesized (Ljubimov and Saghizadeh, 2015). Injuries to the stroma are more 

severe and can result in fibrosis (Wilson et al., 2020). When the CEBM is penetrated, 

epithelial derived growth factors such as TGFβ and PDGF which are normally 

secluded to the epithelium are released into the stroma. These growth factors 

induce the keratocytes to differentiate into myofibroblasts. The myofibroblasts 

synthesize large amounts of ECM to refill the wound, however, the newly 

synthesized collagen I is disorganized and not aligned with the original fibers. In 

addition collagen III and other matrix proteins are secreted that upset the 

homogeneity of the ECM organization causing corneal opacity (Wilson et al., 2020). 

Although less prevalent, damage to the endothelial basement membrane results in a 

similar outcome. 

Many corneal diseases are related to ECM proteins. Currently, over 70 

different mutations in ECM protein TGFBi have been described which cause corneal 

dystrophies including EBMD, granular corneal dystrophy, and lattice corneal 

dystrophy (Boutboul et al., 2006; Chao-Shern et al., 2019). These dystrophies 

disrupt the epithelial basement membrane or contain deposits in the stroma that 

interfere with stromal transparency (Chao-Shern et al., 2019). In congential 

hereditary stromal dystrophy, a mutation in the proteoglycan decorin results in its 

abnormal interaction with collagen and disrupting the fibrillar spacing (Aldave and 

Sonmez, 2007). Common corneal pathologies are also attributed to ECM-related 

mutations. Mutations in Lox, Col5a1, and Timp3 have been implicated for 

keratoconus and mutations in collagen VIII for Fuchs’ endothelial dystrophy (Jun et 

al., 2012; Xu et al., 2020). 
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1.4 Overview of Nephronectin 

While the ECM is known to be important for regulating cell migration and 

differentiation, the molecular interactions and signaling are not well understood. 

Nephronectin (Npnt) is an ECM glycoprotein originally discovered as a ligand for 

integrin (Itg) α8β1 and a basement membrane protein essential for kidney 

development (Brandenberger et al., 2001; Miner, 2001). Since then it has been 

implicated in multiple other roles during embryogenesis but it had yet to be 

described in the cornea. Our lab is the first to characterize Npnt and describe its role 

during corneal development. This will be discussed in Chapter 4. 

1.4.1 Npnt Structure and Associated Proteins 

NPNT is a gene positioned on human chromosome 4 with an amino acid 

length of 565 and mass of 62 kDa. NPNT consists of an N-terminal signal peptide and 

three functional domains: five EGF-like repeats, an RGD motif, and a meprin-A5 

protein-receptor protein-tyrosine phosphatase µ (MAM) domain (Brandenberger et 

al., 2001) (Fig. 1.6). The EGF-like repeats have been implicated in the activation of 

EGFR and downstream MAPK pathways enhancing cell proliferation and 

differentiation (Arai et al., 2017; Kahai et al., 2010). In addition this domain is 

implicated in interactions with chondroitin sulfate E proteoglycans (Sato et al., 

2013). The MAM domain is important for interactions with other ECM proteins such 

as the HSPGs and possibly dimerization (Sato et al., 2013). The RGD motif is the best 

understood, as it is a common integrin binding domain. Functionally, the RGD 

domain has only been shown to interact with Itgα8β1 during development (Miner, 
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2001). Though RGD domains are not unique to Npnt and can commonly bind 

multiple integrin receptors as  previously mentioned, studies have discovered that 

an nearby downstream auxiliary motif LFEIFEIER has high specificity to Itgα8β1 

(Sánchez-Cortés and Mrksich, 2011; Sato et al., 2009). An in vitro cell adhesion assay 

has implicated integrins αV (β1, β5, β6) and α4β7 as potential alternative receptors 

with diminished specificity (Brandenberger et al., 2001), but no significance to these 

interactions has been investigated thus far. A paralog protein associated with Npnt 

that also interacts with Itgα8β1 is EGFL6.  EGFL6 is structurally similar to Npnt in 

size and domains and in the one study has been shown to be upregulated to 

Figure 1.6 Functional domains of Npnt and role in kidney morphogenesis 

(A) Npnt is composed of 3 domains: EGF-like repeats, RGD domain, and the MAM 
domain. (B) The RGD domain binds Itgα8β1 and this interaction is essential 
during the uretic budding process of kidney development. (C) Loss of Npnt results 
in kidney agenesis. (D) The mesenchymal cells are predicted to interact with Npnt 
through their cellular receptor Itgα8β1 to activate downstream signaling, for 
which in the case of the kidney is transcription of Gdnf. WD: wolffian duct’ UB: 
uretic bud; MM: metanephric mesenchyme; Ad: adrenal gland; Ki: kidney; Ur: 
ureter; Ut: uterus; DA: dorsal aorta; * represents agenesis. Adapted from (Linton 
et al., 2007; Miner, 2001) 
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compensate for Npnt deficiency mutants in the hair follicle basement membranes 

(Fujiwara et al., 2011). However, EGFL6 is not well studied and its functional roles 

are unknown. Npnt has also been associated with Frem1, also known as Qbrick. 

Frem1 is an ECM protein that localizes to the basement membrane often in complex 

with other ECM from the Fras/Frem family (Fras1, Fras2, Grip1, Frem1, Frem2) 

(Chiotaki et al., 2007; Petrou et al., 2008). Disruption to this complex is associated 

with Fraser syndrome, which manifests as cryptophthlamos, syndactyly, and 

various organ dysfunctions including that of the kidney (Tuuli and Odibo, 2017). 

Fras/Frem proteins are also expressed in the basement membranes during kidney 

development and the loss of Frem1 in mice results in a decrease in GDNF expression 

and kidney agenesis similar to Itgα8β1 and Npnt deficient mutants (Kiyozumi et al., 

2012; Linton et al., 2007; Müller et al., 1997). This study also showed that Frem1 can 

interact with Npnt via the MAM domain and that its presence at the basement 

membrane is necessary for Npnt and subsequently Itgα8β1 localization (Kiyozumi 

et al., 2012). Another study found close localization of Fras1, Itgα8β1, and Npnt in 

the developing zebrafish facial mesenchyme (Talbot et al., 2016). Together these 

studies implicate that Fras/Frem proteins, Npnt, and Itgα8β1 may have a 

cooperative relationship during development.  

1.4.2 Role of Npnt in Development and Disease 

1.4.2.1 Kidney 

The earliest and best studied role for Npnt is its function in the kidney. Npnt 

was first discovered in kidney development in mice; at E10.5 to E11.5, Npnt 
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alongside its receptor Itgα8β1 is expressed in the basement membranes of the 

wolffian duct and uretic bud as it extends into the metanephric mesenchyme 

(Brandenberger et al., 2001; Miner, 2001) (Fig. 1.6B). As the uretic bud invades the 

metanephric mesenchyme, the mesenchymal cells adjacent to the bud express 

Itgα8β1 (Miner, 2001). The interaction of Npnt and Itgα8β1 was found to induce 

GDNF signaling and if either is lost, GDNF expression prior to uretic bud invasion is 

deficient resulting in budding malfunction leading to kidney agenesis (Linton et al., 

2007; Müller et al., 1997). As previously described, Frem1, may also be a key 

regulator in this process (Kiyozumi et al., 2012). Furthermore, Npnt has been 

identified to act as an effector downstream of Pax2/Pax8 and Gata3 signaling and 

can directly bind to Lim1 (Boualia et al., 2013). Pax2/Pax8 and Gata3 are part of the 

core kidney development gene regulatory network and alongside Lim1 are 

responsible for nephric duct and bud formation (Kobayashi et al., 2005). A more 

recent study shows that knockout of protein tyrosine kinase 7 in mice induces 

abnormal Npnt, laminin, and collagen expression and assembly at the wolffian duct 

basement membranes, disrupting its morphogenesis (Xu et al., 2018a). These 

studies indicate that Npnt is essential for kidney development. 

Apart from kidney development, Npnt is also highly upregulated in multiple 

kidney related diseases and injuries including acute tubular necrosis, aldosterone 

producing adenomas, glomerular disease, and diabetic nephropathy (Cheng et al., 

2008; Nakatani et al., 2012a, 2012b; Teo et al., 2017). Npnt is highly expression 

during the recovery phase of acute tubular necrosis and during mesangial matrix 

expansion of diabetic nephropathy (Cheng et al., 2008; Nakatani et al., 2012a). Npnt 
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has also been implicated in glomerular disease models. A characteristic of 

glomerulus disease models often includes upregulation of microRNA in podocytes 

(Müller-Deile et al., 2017). One study found that upregulation of one of the 

microRNA, miR-378a-3p, strongly suppresses Npnt expression and disrupts the 

glomerular basement membrane (Müller-Deile et al., 2017). Another study found 

that conditional deletion of Npnt from podocytes caused mislocalization of Itgα8β1 

from capillary loops and induced sclerosis (Zimmerman et al., 2018). This suggests 

that regulation of Npnt is critical to the integrity and functional role of the 

glomerular basement membrane (Inagi et al., 2017; Müller-Deile et al., 2017; 

Zimmerman et al., 2018). Npnt has also been suggested to correlate with healing in 

the kidney. As mentioned previously, Npnt was upregulated during the recovery 

phase of acute tubular necrosis, but a study with patients with nephrotic syndrome 

found correlation between increased Npnt levels in serum and the regeneration of 

the glomerular barrier (Watany and El-Horany, 2018). The importance of Npnt in 

multiple nephrotic diseases suggests it may be a candidate target for therapy. 

1.4.2.2 Bone 

Npnt is an important factor in bone formation. Separate from its role in the 

kidney, Npnt was previously also known as preosteoblast EGF-like repeat protein 

With MAM domain (POEM). Using the osteoblast cell line MC3T3-E1, multiple 

studies have identified that the EGF-like domain of Npnt is a strong inducer of 

osteoblast differentiation (Fang et al., 2010; Kahai et al., 2010; Miyazono et al., 

2007). It was found that TGFβ, which induces osteoblast proliferation at the cost of 

differentiation, can suppress Npnt expression through its receptor TGFβR1 and 
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downstream Erk/Jnk pathways (Miyazono et al., 2007). Suppression of Npnt also 

leads to cells transforming from a cuboidal to fibroblastic morphology (Fang et al., 

2010). Similar to Npnt in the kidney, miR-378 was able to inhibit Npnt expression 

and regulate osteoblast differentiation (Kahai et al., 2009). More recently Npnt in 

osteoblast has been linked to many types of signaling regulation. Biomolecules such 

as TNFα, FGF-2, oncostatin M, IL-1β, and inorganic phosphate have been implicated 

in suppressing Npnt expression in osteoblasts through nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB), MAPK, and PI3K signaling pathways 

(Iezumi et al., 2017; Kato et al., 2018, 2019; Kurosawa et al., 2015; Tsukasaki et al., 

2011). In contrast, canonical Wnt signaling and vitamin D3 has been shown to 

induce Npnt mediated osteoblast differentiation (Hiranuma et al., 2016; Ikehata et 

al., 2017). In addition osteoporosis patients and mouse osteoporosis disease models 

both have significantly reduced Npnt levels in the bone (Kuek et al., 2016), 

indicating that Npnt may have a role in both development and maintenance of bone 

tissues. 

1.4.2.3 Relevance in Other Tissues 

In addition to kidney and bones, Npnt has implicated in a number of other 

developmental roles including that of the tooth, heart, blood vessels, muscles, and 

limbs. In cell culture, Npnt induces the odontoblast precursor cell line MDPC-23 to 

differentiate and acquire odontoblast-like characteristics (Tang and Saito, 2017a). A 

study by the same group also showed that Npnt can mediate human dental pulp 

stem cell adhesion and spreading through the RGD motif increasing proliferation 

and differentiation (Tang and Saito, 2017b). Npnt has also been found to regulate 
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Sox2 expression and affect the proliferation and differentiation of dental epithelial 

stem cells through EGFR and MAPK signaling (Arai et al., 2017). These studies 

suggest that Npnt may be involved in multiple levels of tooth development. In heart 

development, Npnt is upstream of Bmp4-Has2 signaling and is required for the 

formation of the heart valves and atrioventricular canal differentiation (Patra et al., 

2011). More recently Npnt has been implicated in postnatal heart growth and a role 

in cardiomyocyte cytokinesis (Wu et al., 2020). Npnt is also expressed in vascular 

endothelial cells and its loss inhibits tubule formation and angiogenesis (Kuek et al., 

2016). Npnt has also been identified in Erk regulated muscle cell fusion (Sunadome 

et al., 2011), and in Xenopus is involved in Tbx5 initiated forelimb bud formation 

(Abu-Daya et al., 2011).  

In the adult, Npnt/Itgα8β1 localize to the dermis basement membrane and 

has a role in stabilizing the arrector pili muscle at the hair follicles (Fujiwara et al., 

2011). Npnt is also detected in the limbal stem cell basement membranes, 

implicating a role in ocular surface reconstruction (Polisetti et al., 2016). Npnt has 

also been implicated in breast cancer but its role appears controversial.  Several 

studies support that Npnt expression correlates  with metastases promoting cancer 

cell growth and cell viability (Steigedal et al., 2018; Wang et al., 2018a), while others 

found downregulation and reduced levels of Npnt and suggested that Npnt 

decreases tumor invasiveness (Dilmac et al., 2018; Kuphal et al., 2008). Multiple 

studies have also found Npnt expression has in correlation with diseases including 

thyroid carcinoma, hepatitis, lung fibrosis, and several inflammatory and 

autoimmune diseases (Ban et al., 2012; Inagaki et al., 2013; Kon et al., 2020; Lee et 
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al., 2019). In addition to the aforementioned tissues, an in-silico analysis found Npnt 

in a number of other embryonic (ear, eye, lungs) and adult (brain, uterus, placenta) 

tissues (Huang and Lee, 2005). Overall, these studies illustrate the potential 

significance for Npnt in an astounding number of developmental roles, maintenance 

of adult tissues, and a target for disease therapy.   

Given the profound implications in regulation of cell behavior and tissue 

morphogenesis, Npnt is also a candidate ECM component for in vitro tissue 

engineering. Patra et al., demonstrated that Npnt has excellent qualities for 

cardiomyocyte adhesion and function and may be a candidate to enable in vitro 

vascularization (Patra et al., 2012, 2015). Another group used Npnt as part of the 

components for a 3D ECM scaffold capable of supporting lung fibroblasts and 

mimicking in vivo morphology (Garlíková et al., 2018). 
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Chapter 2 

Materials and Methods 

 

2.1 Animals 

All animal procedures were performed in accordance with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research and were 

approved by the Institutional Animal Care and Use Committee (IACUC) at Rice 

University. Fertilized Single Comb White Leghorn chicken eggs were obtained from 

a commercial supplier (Texas A&M University Department of Poultry Science). Wild-

type C57BL/6 were obtained from Jackson Laboratory and B6;129P2-

Npnttm1.1Lfr/Mmmh mice obtained from Mutant Mouse Resource & Resource 

Centers (MMRRC). 

2.2  Reverse Transcription Polymerase Chain Reaction 

Oligo primers for reverse transcription polymerase chain reaction (RT-PCR) 

are ordered from Sigma Aldrich. PCRs are run using Go-Taq G2 colorless master mix 

(2x) and 250-500 µM primer concentration at 30-35 cycles. 

2.3 Histology 

2.3.1  Tissue Fixation and Preparation for Histology 

For histological analysis, tissues were collected in Ringer’s solution and then 

fixed in either Carnoy’s solution, 4% (wt/vol) paraformaldehyde (PFA), or 100% 
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methanol overnight at 4°C. Alternatively samples were flash frozen in MAA solution 

(97% methanol 3% acetic acid) for 7 days. 

2.3.2  Tissue Processing and Sectioning 

Following dissection, the tissues are fixed in the appropriate solutions. For 

analyzing tissues in cross-sections, they are processed in either cryo-sectioning or 

paraffin-sectioning. For cryo-sectioning, the tissues are stabilized in phosphate 

buffered saline (PBS) and gradually immersed in a 15% (wt/vol) sucrose/7.5% 

(wt/vol) gelatin in PBS solution. They are then transferred to cryomolds and frozen 

using liquid nitrogen. The cryo-blocks are then brought to the cryostat and are 

cross-sectioned at 12 μm and portioned onto positively charged slides. Cryoslides 

are stored at -20°C. For paraffin-sectioning, tissues are dehydrated using increments 

of ethanol concentration and then immersed in Histosol followed by melted paraffin 

at 65°C. Paraffin blocks are solidified at room temperature, sectioned using a 

microtome at 10 µm, and portioned onto slides, and stored at room temperature. 

2.3.3  In-situ Hybridization 

2.3.3.1 Generation of RNA probes 

The first step is to use bioinformatics to identify a region of the gene that is 

highly specific and well conserved. Then, this region of interest is amplified by PCR 

and transformed into the Invitrogen TOPO vector by TA cloning. After purifying the 

TOPO plasmid, the anti-sense RNA with digitonin labeled uracil is generated by 

transcription using either a T7 or SP6 promoter. Next, the transcribed RNA is 

purified using a NucAway Column (Ambion) and diluted into a solution optimized 
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for nucleic acid hybridization – “Thin Solution” (50% (vol/vol) Formamide, 1.3x SSC, 

5 mM EDTA pH 0.8, 50 μg/ml Yeast t-RNA, 0.2% (vol/vol) Tween-20, 0.5% (wt/vol) 

CHAPS, 100 µg/ml Heparin).  

2.3.3.2 Detection of RNA Expression 

Tissues prepped for in-situ hybridization (ISH) were fixed in modified 

Carnoy’s solution (60% (vol/vol) EtOH, 30% (vol/vol) formaldehyde, 10% (vol/vol) 

acetic acid) overnight at 4°C. Sectioned tissues were deparaffinized and rehydrated 

by serial incubations from histosal, ethanol dilution series, to water. There is an 

additional treatment of 20 µg/ml proteinase K (5-20 minutes depending on age) if 

the chicken embryo is older than E12 and the mouse if older than E16.5. The tissues 

are equilibrated in 2x saline-sodium citrate (SSC), then hybridization buffer, and 

immersed in the RNA probe for 16-48 hours at a calculated optimized temperature. 

Excess probe is rinsed using wash buffer (50% (vol/vol) formamide, 1x SSC, 0.1% 

(wt/vol) Tween-20) and maleic acid buffer with Tween (MABT), and RNA 

hybridization was detected using anti-digoxigenin antibodies that generate purple 

precipitate in reaction with nitro-blue tetrazolium chloride (NBT) and 5-bromo-4-

chloro-3’-indolyphosphate p-toluidine salt (BCIP). 

2.3.4  Immunofluorescence 

Tissues for immunofluorescence are fixed in 100% methanol or MAA 

solution. Cryo-sections are processed by melting the gelatin in PBS at 42°C for 20 

minutes while paraffin sections are deparaffinized are rehydrated as described 

previously. The rest of the steps follow standard immunofluorescence protocols. 
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Briefly, the tissues are made porous using 0.1% (vol/vol) Triton X-100 in PBS. This 

is followed by use of a primary and fluorescent secondary antibody combination to 

detect the proteins of interest. Slides are mounted with Flouromount and imaged 

using an epifluorescence microscope.  For whole mount immunofluorescence, the 

anterior eyes are fixed in 100% methanol, MAA, or 4% (wt/vol) PFA overnight at 

4°C before following standard protocol. 

2.3.5  Hematoxylin and Eosin Staining  

Hematoxylin and Eosin (H&E) staining was used for morphological analysis 

of the tissues. Sequentially, the tissues were immersed in hematoxylin, 1% acid 

alcohol (1% (vol/vol) HCl in 70% (vol/vol) ethanol), and eosin for appropriate 

durations and proper differentiation of morphological structures. Tissues were then 

dehydrated and mounted using a xylene-based mounting medium. 

2.4  Generation of RCAS Viral Constructs 

2.4.1  Preparation of RCAS virus 

Preparation of the RCASBP (Replication-Competent ASLV long terminal 

repeat with a Splice acceptor (RCAS), Bryan Polymerase; henceforth known as 

RCAS) (Hughes et al., 1987) viral constructs followed similar protocols as previously 

published (Ojeda et al., 2017). Using small hairpin (sh)RNA design tools, knockdown 

viruses for Npnt and Itga8 were generated. The shuttle vector containing a green 

fluorescent protein (GFP) reporter and chick U6 promoter (pSLAX-GFP-cU6-shRNA) 

was generated and cloned into the ClaI site of RCAS viral vector. The final mapping 

contains a GFP reporter linked to the viral long terminal repeats (LTR) for 
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expression followed by a cU6 promoter to express the shRNA specific to either Npnt 

or Itga8. The Npnt overexpression virus required a redesigning of RCAS to account 

for the large viral load while being capable of constitutively expressing the full gene 

of Npnt.  In brief, the construct is poised such that the RCAS LTR expresses both 

Npnt and the GFP reporter separated by an internal ribosome entry site (IRES) for 

dual translation. More detailed information will be discussed in Chapter 4-2. 

2.4.2  Transfection and Viral Production by DF-1 cell line. 

2.4.2.1 Maintenance of DF-1 cell line 

The DF-1 chick fibroblast cell line (ATCC CRL-12203) is well recognized for 

its highly proliferative properties and capability of recombinant protein expression 

and virus production (Kong et al., 2011). For virus propagation, the DF-1 cells were 

revived at passage #4 and cultured in complete media (10% fetal bovine serum 

(FBS), 1% Penicillin/Streptomycin (P/S) in Dulbecco’s modified Eagle’s medium 

(DMEM)). 

2.4.2.2 Transfection, propagation, and concentration of RCAS virus 

RCAS constructs were transfected into DF-1 cells using Lipofectamine LTX 

with Plus Reagent according to the manufacturer’s protocols (Life Technologies). 

Briefly, Lipofectamine LTX and Plus reagent are diluted in Opti-MEM medium and 

added to previously seeded cells at 50-80% confluency. Cells are incubated for 1-2 

days at 37°C. After propagation until 80-90% confluency, the cells are continuously 

passaged to 25 cm2 flask (1-2 passages) until the cells are 90-100% GFP positive. 

During this time, samples are taken for assessing knockdown or overexpression 
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efficiency by RT-PCR or qPCR. The DF-1 cells are then passaged to 75 cm2 flasks 

until near confluency. The media containing secreted virus are collected and 

concentrated by ultracentrifugation (Beckham 21,000 rpm, 1.5 hours, 4°C). The viral 

pellet is then resuspended in 300-500 µl DMEM, aliquoted, and stored at -80°C. 

2.5  Manipulation of the Chick Embryos 

2.5.1  In Ovo Manipulation of the Chick 

Chicken eggs were incubated in a humidified chamber at 38°C with gentle 

turning every 4 hours. Chicken eggs are incubated horizontally until they reach 

Hamilton-Hamburger (HH) stage 8, at which point the eggs are prepped for 

windowing and injection (Spurlin and Lwigale, 2013). Briefly, a small incision is 

made at the upper forefront of the egg from which 3 ml of albumin is extracted, and 

then roughly a quarter-sized hole is opened at the top permitting embryonic 

manipulation. Post manipulation, 3-5 drops of Ringer’s with penicillin/streptomycin 

are added to the site to maintain sterility. Embryos are sealed with adhesive tape 

and placed into a non-turning humidified chamber at 38°C until it has reached the 

stage desired. 

2.5.2  Microinjection of Viral Constructs 

RCAS virus expressing a GFP reporter and either shRNA or full-length Npnt 

had been prepared as previously described. The RCAS virus is then loaded into a 

thin glass needle and injected into the neural tube and surrounding mesenchyme 

and/or ectoderm by a pressure pump at stage 8 of chick embryogenesis. This is 

during the formation of the neural tube and can target the neural crest and 



55 
 

ectodermal derivatives. The egg is sealed and returned to a humidified chamber as 

previously described. After growth to the appropriate stage between E3-E15, 

chicken eyes are enucleated and screened for GFP expression under an 

epifluorescence microscope. Embryos with high levels of GFP expression in the lens 

and cornea are chosen for analysis in sections or whole-mount following the 

protocols of tissue fixation and histology. 

2.5.3  Detection of Proliferation by Bromodeoxyuridine 

Prior to tissue fixation and processing, bromodeoxyuridine (BrdU) may be 

used to assay for cell proliferation. After separation from the egg, minute levels of 

BrdU at 10 µM is gently injected into the anterior chamber and the entire eye is 

submerged in BrdU solution and incubated at 37°C with 5% CO2 for 2 hours with 

occasional shaking. Eyes are quickly rinsed in PBS and fixed appropriately. 

Proliferating cells can be detected by immunofluorescence with antibodies to BrdU. 

2.5.4  Explant Dissection and Culture  

Chicken eggs are incubated until E3 and the anterior eyes are dissected out. 

The anterior eyes are then incubated at 37C in dispase solution. This digests the 

connective ECM to allow for separation of ectoderm in order to extract the 

periocular mesenchyme. Afterward, the anterior eyes are moved into Ringer’s + 1% 

(vol/vol) Penicillin/Streptomycin + 0.1% (wt/vol) BSA to neutralize dispase 

activity. The mesenchyme is then divided into equally sized portions for culture. 

Prior to dissection, coated culture wells are prepared using Labtek-II 8-well dishes. 

In sequence: the wells are incubated with 100 µl of (100 µg/ml) poly-L lysine at 
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room temperature for 20 minutes, washed twice with sterile water, incubated in 

100 µl of either Fibronectin or Npnt at 10 µg/ml at 37°C for 2 hours, and washed 

twice with sterile DMEM. After preparation, I proceed immediately to placing the 

explant at the center in 300 µl of culture media (DMEM + 10% (vol/vol) FBS + 1% 

(vol/vol) P/S). Appropriate inhibitors to Itgα5β1 (BIIG2 antibody at 5 or 10 µM) or 

Itgα8β1 (23-AA peptide, 10 µM) and NucBlue Hoechst-33342 live stain are applied 

at this time. After explants have attached (~2 hours), explants are incubated for 20 

hours in a 37°C humidified chamber with 5% (vol/vol) CO2 in air. Then, the explants 

are fixed with 4% (wt/vol) PFA for 20 minutes, stained for DAPI, Phalloidin, Npnt, 

and fibronectin using and imaged for immunofluorescence. 

2.5.5  Preparation of Itgα8β1 Peptide Inhibitor 

This peptide following the 23-mer sequence PRGDVFIPRQPTNDLFEIFEIER as 

published in Sato 2009 was generated by Genescript. The working concentration for 

the peptide was 10 µM. 

2.6  Manipulation of the Mouse Embryos 

2.6.1  Tissue collection 

Mouse embryonic heads were collected between E10.5 and Postanal day 

(P)0, with the presence of a vaginal plug defined as E0.5. Adult mouse eyes were 

enucleated from mice at P10, and adults (6-8 weeks). Samples are fixed in modified 

Carnoy’s fixative or MAA solution for histological analysis. 

2.6.2  Genotyping and Analysis of Npnt-null Mutant Mice 
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Mice heterozygous for the Npnt mutant allele between 6 weeks to 6 months 

of age are used as the breeders to generate the F1 generation mice and are 

genotyped by RT-PCR differentiated with the following primer pairs: WT allele: 

AGTCCATCCTGATCACTGGCT, GCAACCTTCAGCGTCCC; Mutant allele: 

ACGCGTACTTCCACTTCCACC, CAGTCCATCCTGATCACTACTGGCTGTA. Mouse eyes 

were collected at E12.5, E14.5, E16.5, and E18.5, genotyped, and analyzed by 

histology. 

2.7  Culture of Human Corneal Endothelial Cells 

Immortalized human corneal endothelial cells were obtained from the 

Koizumi lab (Okumura et al., 2013). Cells were fixed in 4% PFA for 10 minutes and 

analyzed by immunofluorescence with DAPI, Phalloidin, and a human Npnt 

antibody. 

2.8  RNA-sequencing 

2.8.1  Dissection of Periocular Mesenchyme and the Embryonic Cornea 

To obtain periocular neural crest (pNC), anterior eyes were dissected from 

E10.5 embryos, incubated in dispase (1.5 mg/ml) for 5 minutes, and then rinsed in 

Ringer’s + P/S + 0.1% BSA. The ectoderm and lens were extricated and the pNC 

from 26 eyes were pooled together per sample. E14.5 and E16.5 corneas were 

dissected out removing the limbal regions and pooled from 18 and 12 samples, 

respectively. Biological triplicates of each time point were immediately submerged 

in Trizol, flash frozen in liquid nitrogen, and shipped in dry ice to BGI.US® for 

library preparation and sequencing. 
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2.8.2  Workflow and Analysis 

RNA from a total of 9 samples were sequenced using Illumina HiSeq 4000 

instrument at BGI Genomic Services, United States and quantified using Agilent 

2100 bioanalyzer and Step One Plus real-time PCR system. Each sample was 

assessed for quality by filtering out reads with adaptors, reads with a high quantity 

of unknown bases (>10%), or reads with low sequencing quality score (Q<5) 

(Illumina, 2011). After filtering, the reads were mapped to the reference genes by 

Bowtie 2 (Langmead et al., 2009) and to the Genome Reference Consortium Mouse 

Build 38 (Grcm38) by Hierarchical Indexing for Spliced Alignment of Transcripts 

(HISAT) (Kim et al., 2015). The average mapping with the reference gene was 77.1% 

and the genome mapping ratio was 91.47%. Reads were then quantified using RNA-

Seq by Expectation Maximization (RSEM) (Li and Dewey, 2011) and normalized to 

fragments per kilobase of transcript per million (FPKM) to determine the gene 

expression levels. Aligned genes with no reads at a particular stage were assigned a 

FPKM value of 0.01 for differential analysis. Screening of differentially expressed 

genes (DEGs) was conducted using the NOISeq algorithm (Tarazona et al., 2011) 

with the criteria of fold change ≥ 1 and divergent probability ≥ 0.8. Based on log 

base 2 values, a threshold was set a 2.32 (FPKM = 5). Genes with values below this 

threshold were not considered expressed. To reduce the uncertainty of low values, 

negative values were normalized to a base of 0 (FPKM = 1). Heatmaps were 

generated using log base 2 values with relative row scaling. 

2.9  Microscopy, Imaging, and Statistical Analyses 
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2.9.1  Detection of Histology 

Histological imaging is performed using a Zeiss microscope and imaged by 

brightfield (ISH and H&E) or epifluorescence (immunofluorescence) using 

Axioimager software. High magnifications (20x-40x) of immunofluorescence may be 

imaged with an apotome. 

2.9.2  Live Microscopy and IMARIS 

Live microscopy was used to track explant migration. During incubation, 

explants were exposed to live-imaging using a laser-scanning confocal microscope 

at intervals of 3 minutes and 27 seconds, for up to 20 hours. IMARIS software was 

used to detect individual cells and track their migration over time. Notable statistics 

analyzed included: number of detectable tracks, migration speed, displacement, and 

track length.  

2.9.3  Quantification of Corneal Measurements 

2.9.3.1 Corneal thickness 

In knockdown embryos, corneal thickness is measured at 3 separate 

locations along the cornea and averaged. Measurements are taken perpendicular to 

the radial curvature of the cornea. In overexpression embryos, because thickness is 

not always uniform, the thickness is measured across the center of the thickened 

region. 

2.9.3.2 Cornea cell counts and density 

Using DAPI labeled imaging, cells are counted by taking a width of 200 µm 

centered at the thickened region (or at the corneal center if there is no regional 
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differences) and counting the cell along the entire height of that given region. Cell 

counting was performed by a combination of manual counting and the assistance of 

ImageJ threshold particle analysis. Cells from the epithelium and endothelium are 

discounted from the final tally. Density is taken by dividing the cell counts over the 

area, which is measured by the thickness multiplied by width. Cell counts/density of 

the anterior vs posterior is more complex. The counted area is equal for all corneas 

and the value is set as the 20% of the average thickness of control corneas. This area 

is then placed at the anterior and posterior of the control and thickened corneas for 

cell counts and density measurements. 

2.9.3.3 Cell proliferation 

Similar to cell counts, cell proliferation is analyzed using an area measured 

by a region spanning 200 µm in width centered at the thickened regions in 

combination with the height of the cornea. Within this area, the total cell count is 

tallied using DAPI staining and the proliferating cells are tallied by the cells positive 

for BrdU staining. Cell proliferation is calculated as a percentage of total cells that 

are BrdU positive. 

2.9.3.4 Explant measurements 

After 24 hours of migration, cells were fixed and immunostained. Cell counts 

are tallied using DAPI staining and displacement is measured by the average of four 

opposing directions from the explant center. Additional measurement such as speed 

and length of migration were measured by the IMARIS software. 

2.9.4 Statistics 
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All quantifications are analyzed using the two-tailed unpaired Student’s t-

test. Cell counts for the explants were compared using one-way ANOVA. The 

threshold for significance is set at P<0.5 as the minimum. 



62 
 

Chapter 3 
 

Transformation of the Transcriptomic 
Profile of Periocular Neural Crest 

During Formation of the Embryonic 
Cornea 

 

 

A substantial portion of this text is derived from the publication: Ma, J., and Lwigale, 
P. (2019). Investig. Ophthalmol. Vis. Sci. 60, 661–676. 

**Supplementary tables are found within the cited publication. 

 

3.1  Introduction 

Corneal development is a complex morphogenetic process that involves 

coordinated development of the three distinct cellular layers, namely the 

epithelium, stroma, and endothelium, into a transparent tissue essential for vision. 

The formation of these layers is interdependent and are also governed by inductive 

signals from the surrounding ocular tissues to ensure proper cell migration, 

proliferation, and differentiation (Collomb et al., 2013; Sevel and Isaacs, 1988). The 

epithelium is derived from the ocular surface ectoderm, whereas the stromal 

keratocytes and endothelium are generated from the periocular mesenchyme that 

largely consists of a multipotent embryonic cell population, the NCC (Hay and Revel, 

1969; Lwigale et al., 2005; Pei and Rhodin, 1970). Four major events occur during 

corneal development: (1) migration of pNC into the presumptive corneal region, (2) 
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differentiation of pNC into keratocytes and endothelium, (3) synthesis of the 

stromal ECM ultrastructure along with formation of tight junctions and active pump 

function in the endothelium, and (4) maturation of the surface ectoderm into 

stratified corneal epithelium (Haustein, 1983; Hay and Revel, 1969; Pei and Rhodin, 

1970; Zieske, 2004). Misregulation of the molecular cues that promote these events 

results in various forms of ASD(Evans and Gage, 2005; Li et al., 2016; Sun et al., 

2011). 

Major signaling pathways including RA, TGFβ, and Wnt play critical roles 

during corneal development. RA is secreted by the optic cup and epithelium into the 

periocular mesenchyme, where it induces Foxc1 and Pitx2, essential factors of 

corneal morphogenesis (Evans and Gage, 2005; Seo et al., 2017). This leads to the 

activation of downstream effectors such as Tfap2b and Vegf that are required for 

regulating cell fate and establishing angiogenic privilege (Chen et al., 2016; Seo et al., 

2012). Mutations in the RA pathway lead to congenital ASD such as Axenfeld-Rieger 

syndrome or Peters anomaly, which are ocular defects characterized by corneal 

opacity, cataracts, and glaucoma (Carmona et al., 2017; Tümer and Bach-Holm, 

2009). TGFβ is expressed by the lens epithelium (Banh et al., 2006), and it is 

required for pNC migration and differentiation into corneal endothelium (Banh et 

al., 2006; Flügel-Koch et al., 2002; Saika et al., 2001). Although it is hypothesized 

that the maturation of the corneal layers is interdependent, the effect of RA and 

TGFβ on epithelial maturation is not well studied. The Wnt and Notch signaling 

pathways are localized in the corneal epithelium where they regulate cell 

proliferation and stratification (Djalilian et al., 2008; Zhang et al., 2015).  
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3.2  Rationale 

Cross-talk between the major signaling pathways regulates the expression of 

transcription factors, which play critical roles in imparting cellular identity, 

function, and organizing the ECM ultrastructure (D’Alessio et al., 2015), but the 

mechanisms involved are not well understood. In this project, I use high-throughput 

RNA sequencing (RNA-seq) to establish a transcriptome profile and analyze the 

changes in gene expression during mouse corneal development. I analyzed the 

downstream targets of RA, TGFβ, and Wnt signaling pathways and examined their 

combined effect on genes involved in modulating key processes including ECM 

homeostasis, cell junctions, cell cycle, and neurovascular patterning. Previously, the 

Lwigale lab had performed a collaborative corresponding study in the chick (Bi and 

Lwigale, 2019), and I will also discuss the similarities and differences in gene 

regulation between mouse and chick development. These transcriptomic data 

provide the first progressive expression signature that profiles the genetic 

landscape of the developing cornea and these findings increase our understanding 

of the fundamental molecular mechanisms that direct corneal development. In 

addition, this project identifies several novel genes that may play critical roles 

during corneal development, which may serve as potential targets for stem cell 

studies, bioengineering, and advancement of new corneal therapies. 

3.3  Results 

3.3.1 Characterization of the Transcriptomes of pNC and Embryonic 

Corneas 
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To investigate the transcriptomic profile during mouse corneal development, 

I performed high-throughput RNA-seq on pNC isolated at E10.5 and embryonic 

corneas isolated at E14.5 and E16.5 (Fig. 3.1A). These time points were selected to 

capture pNC migration into the corneal region (E10.5), differentiation of corneal 

epithelium and pNC-derived mesenchyme (E14.5), and post-formation of the three 

cellular layers of the cornea (E16.5). The corresponding study in the chick analyzed 

the transcriptome at E3, E5, and E7, capturing the endpoint of both waves of NCC 

migration (Bi and Lwigale, 2019). 

RNA-Seq analysis generated an average of 23,029,819 raw reads. Alignment of reads 

identified transcripts for 19,391 unique genes, of which reads for 17,038 were 

detected at all 3 developmental stages (Fig. 3.1B). Categorizing the transcripts using 

the NOISeq method revealed 3815 unique DEGs. A total of 1479 genes were 

differentially expressed between E10.5 and E14.5, of which 536 were 

downregulated and 943 were upregulated (Fig. 3.1C). Analysis between E10.5 and 

E16.5 yielded 3617 DEGs, of which 1922 were downregulated and 1696 were 

upregulated. We also compared E14.5 and E16.5, which showed that 783 genes 

were differentially expressed, of which 402 were downregulated and 381 were 

upregulated. Overall, there was a high number of DEGs between E10.5 and E16.5, 

which substantially decreased between E10.5 and E14.5, and between E14.5 and 

E16.5 (Fig. 3.1C). This data is supported by hierarchical clustering that indicates 

higher similarity in the transcriptome between E14.5 and E16.5 compared to E10.5 

and E14.5 or E10.5 and E16.5 (Appendix Fig. 1). Further analyses show that 506 

genes were enriched only at E10.5, 71 at E14.5, and 355 at E16.5. 
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Figure 3.1 RNA sequencing analysis of the pNC and embryonic corneal cells 

(A) H&E staining of mouse embryonic eyes, with highlighted regions within the 
dotted lines showing the tissue dissected for RNA preparation at E10.5, E14.5, and 
E16.5. (B) Venn diagram depicts total number of genes categorized between the 
three stages. (C) Bar plot showing number of differentially regulated genes 
detected between E10.5 and E14.5, E10.5 and E16.5, and E14.5 and E16.5. (D) 
Pathway enrichment analysis of DEGs at E10.5 vs E14.5. Circle size correlates with 
number of genes and the Rich factor is a representation of the degree of 
enrichment based on the ratio of DEG/non-DEG within the pathway. Scale bars: 
50 µm (E10.5 and E14.5) or 100 µm (E16.5). ec: ectoderm; L: lens; oc: optic cup; 
ep: epithelium; st: stroma; en: endothelium; ey: eyelid. (Ma and Lwigale, 2019). 
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To associate the DEGs to functional roles, I analyzed their distribution by using 

pathway enrichment analysis based on the KEGG database (Fig. 3.1D). Several key 

pathways and processes were significantly enriched, including focal adhesions, 

ECM-receptor interactions, proteoglycans, and cell adhesion molecules (Fig. 3.1D), 

which are similarly replicated in the chick dataset (Bi and Lwigale, 2019).These 

pathways and cell processes are important in mediating pNC migration, cell 

proliferation, matrix assembly, and modulating barrier functions.  

3.3.2 Regulation of Neural Crest Cell Markers During Corneal 

Development 

NCC contribution to the corneal endothelium and stromal keratocytes 

comprises the largest proportion of the cornea (Pei and Rhodin, 1970). NCCs are 

derived from the neural  tube and the GRN that confers the NCC identity and 

migratory behavior are well-studied (Simoes-Costa and Bronner, 2015). In the 

periocular region, the NCCs will inevitably gain new characteristics due to the novel 

environment (Bi and Lwigale, 2019; McLennan et al., 2015). The pNCs are known to 

retain some genes from the NCC GRN such as the NCC specifier Pax3. Pax3 

expressing NCCs in the periocular region are known to contribute to multiple 

craniofacial structures including bone, and muscle (Akula et al., 2019; Milet et al., 

2013; Wu et al., 2008). However, the degree by the NCC retain their characteristics 

in the pNC and during corneal formation is unknown. 

To determine whether genes that are important for establishing NCC identity 

continue to play a role during corneal development, I analyzed the expression of 46 
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candidate genes involved in NCC specification, delamination, and early migration 

(Simoes-Costa and Bronner, 2015; Simoes-Costa et al., 2014). Based on the 

threshold value of FPKM of 5, I found that out of the 46 genes, 33 (72%) are 

expressed in the pNC, 23 (50%) in the E14.5 corneas, and 18 (39%) in the E16.5 

corneas (Fig. 3.2A). Classification of the 46 NCC genes based on differential 

regulation (Fig. 3.2B), revealed that 18 (39%) genes including Alx1, Alx4, Pax3, Zic1, 

Zic2, Sox9, and Sox10, are enriched in the pNC. Eleven (24%) genes, including Zeb1, 

Zeb2, Snai2, Lmo4, and Twist1, maintained nondifferential expression. The four (9%) 

genes Tfap2A, Tfap2B, Erg, and Cdh6 are upregulated in the cornea, whereas the 

remaining 13 (28%) genes, including Axud1, Foxd3, Fbx2, and Rxrg, are not 

expressed (Supplementary Table S2**). To validate this data, I analyzed the 

spatiotemporal expression of Alx1, Alx4, Snai2, and Tfap2B by ISH. Alx1 is expressed 

in the pNC at E10.5, but it is not detected in the corneas at E14.5 and E16.5 (Fig. 

3.2C). Alx4 is expressed in the pNC at E10.5 and E14.5, but is absent in the cornea at 

E16.5 (Fig. 3.2D). Snai2 is broadly expressed at all time points and shows strong 

localization to the cornea epithelium and endothelium at E16.5 (Fig. 3.2E). Tfap2b is 

initially expressed in a few pNC cells and ocular ectoderm at E10.5, but it is strongly 

expressed in the corneal stroma and endothelium at E14.5 and E16.5 (Fig. 3.2F). 

Due to their dynamic and multipotential characteristics, NCCs are primed to 

respond to new signals from surrounding environments during their migration from 

the neural tube and aggregation into the periocular region (Bronner, 2012). A 

majority of the candidate NCC genes are expressed in the periocular  
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Figure 3.2 Expression of NCC genes during corneal development 

(A) Schematic describes the number of expressed genes at each developmental stage 
based on threshold value. (B) Heatmap shows relative expression of the transcripts 
in the pNC, E14.5 cornea, and E16.5 cornea. Relative color ranges from white to red 
based on low (L) or high (H) expression. In addition to the criteria described in the 
methods, values below threshold were normalized to a log base 2 value of 0. 
Downregulated genes are highlighted in green, not significantly DEGs in blue, 
upregulated genes in red, and genes below threshold are not shown (Supplementary 
table S2**). (C-F) Validation of the expression patterns of Alx1, Alx4, Snai2, and 
Tfap2b. Black arrows represent regions of enriched expression. Scale bar: 50 µm. co: 
cornea. *C-myc expression at E16.5 is excluded. (Ma and Lwigale, 2019). 
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mesenchyme at E10.5, which could be important for maintenance of mobility and 

multipotency, which is required for subsequent differentiation into various ocular 

tissues including the cornea, iris, orbitals bones, and cartilage (Creuzet et al., 2005; 

Le Douarin et al., 2004). About half of the genes are lost upon entry into the cornea 

at E14.5, which may signify a shift from mobility and multipotency to corneal 

specific differentiation. Consistent with this observation I observed downregulation 

of Alx1, Alx4 and Snai1, which are involved in migration and Sox9 and Sox10, which 

are involved in differentiation of other craniofacial features (chondrogenesis and 

neural differentiation, respectively) (del Barrio and Nieto, 2002; Dee et al., 2013; 

Hino et al., 2014; Pini et al., 2020; Pozniak et al., 2010). Alx1 and Alx4 are genes 

enriched in migrating NCCs (Dee et al., 2013; Pini et al., 2020; Simoes-Costa and 

Bronner, 2015), but their expression patterns are vastly disparate. Alx1 is expressed 

at the distal end of the invading pNC. These results corroborate with previous 

studies that have linked Alx1 to NCC migration and a role in establishing the pNC 

(Pini et al., 2020; Sedykh et al., 2017). However, Alx1 is not expressed in the pNC 

invading the presumptive corneal region and may not play a direct role in corneal 

formation. Nonetheless proper accumulation of NCC at the periocular region is 

essential for corneal development and Alx1 morphants in zebrafish have 

disorganized corneas (Dee et al., 2013). Alx4 is more obscure in comparison to Alx1, 

but it has also been linked to NCC-derived craniofacial disorders (Kayserili et al., 

2009; Lumb et al., 2017). Its transient expression in the E14.5 stroma implicates 

possible roles in organizing the early cornea.  
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Though many migratory/multipotency genes are downregulated, a fair 

number of NCC genes are constitutively expressed during corneal development. 

Snai2 and Twist1 are also pro-migratory genes but maintain their expression in the 

cornea (Casas et al., 2011; Fenouille et al., 2012; Simoes-Costa and Bronner, 2015). 

My results corroborate the potential roles in the cornea, but enrichment of Snai2 at 

the E16.5 epithelium and endothelium suggests an extended role for this gene. 

Recent studies indicate that Snai2 may also have a secondary role in regulating cell 

differentiation (Li et al., 2019; Zhou et al., 2019). Twist1 is involved in craniofacial 

development and is an inhibitor of Sox9 and Sox10 (Fakhouri et al., 2017; Gu et al., 

2012; Vincentz et al., 2013), suggesting a potential role in inhibiting these genes in 

the cornea (Chen et al., 2014b). In addition, Twist1 has been linked to maintenance 

of Wnt signaling and mouse mutants have disrupted ocular structure and lack a 

cornea, indicating it is particularly important both in establishing the pNC and 

corneal formation but its precise role is unclear (Goodnough et al., 2016).  

Expression of Tfap2B matched expectations as it is a known downstream effector of 

Pitx2 involved in endothelial differentiation (Chen et al., 2016; Hara et al., 2019).   

3.3.3 Regulation of Major Signaling Pathways During Corneal 

Development 

3.3.3.1 Retinoic Acid Signaling During Corneal Development 

I investigated changes to the RA signaling components and found that genes 

important for metabolism and signaling are differentially regulated (Fig. 3.3A, 

Supplementary Table S3**)  
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Figure 3.3 Expression of NCC genes during corneal development 

(A) Schematic depicts whether components of the RA pathway are upregulated 
(red), downregulated (green), or not significantly regulated (black). Genes that 
were upregulated and then downregulated or vice versa are represented by blue 
and orange, respectively. (B) Heatmap summarizes the relative expression of the 
DEGs. (C-E) Validation of the expression patterns of Nr2f2, Egr1, and Cyp26a1. 
Black arrows represent regions of enriched expression. Scale bar: 50 µm. 
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(Connolly et al., 2013; Kedishvili, 2013; Rhinn and Dollé, 2012). Pro-metabolic genes 

such as Stra6, Raldh1, and Raldh2 (Shannon et al., 2017), are not significantly 

changed between E10.5, and E14.5, but they are downregulated at E16.5. Dhrs3, a 

metabolic inhibitor that converts retinal back into retinol (Shannon et al., 2017), is 

upregulated at E14.5 Raldh3 is constitutively expressed at high levels, but its 

expression is localized to the cornea epithelium (Matt et al., 2005). The RA-

degrading enzyme Cyp26a1 (White et al., 2007) is upregulated at E14.5. Crabp2, 

which translocates RA from the cytoplasm into the nucleus (Kedishvili, 2013) is 

downregulated, whereas Crabp1 and Fabp5 are downregulated at E14.5 but 

upregulated at E16.5. A majority of the nuclear receptors including Rara, Rarg, Rxra, 

Rxrb, Nr1h2, and Ppard, are constitutively expressed, but Rarb, Nr2f1, and Nr2f2 are 

downregulated (Fig. 3.3B, Supplementary Table S3**). Corresponding with these 

changes, several RA-responsive transcription factors (Sall2, Arnt2, Hes6, and Pitx2) 

(Bohnsack et al., 2012; Hao et al., 2013; Hermosilla et al., 2017; Kim et al., 2014) are 

downregulated at E16.5 (Fig 3.3B). RA-induced genes (Egr1 and Btdbd11) (Edwards 

et al., 1991; Merrill et al., 2004) are also substantially decreased at E16.5 (Fig. 3.3B, 

Supplementary Table S3**). To identify the corneal regions in which RA signaling is 

regulated, I examined the expression profiles of a nuclear receptor, Nr2f2, and a 

downstream gene Egr1, and a RA inhibitor, Cyp26a1 (Fig. 3.3C-E). The data show 

that Nr2f2 is strongly expressed in the pNC at E10.5 and maintained at low levels in 

the stroma, but it is localized in the corneal epithelium at E14.5 and E16.5 (Fig. 

3.3C). This implicates that aside from its role in regulating NCC behavior, RA may 

also be involved in the development of the cornea epithelium. Egr1 is not detectable 
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in the pNC and cornea at E16.5, but it is transiently expressed in the presumptive 

corneal endothelium at E14.5 (Fig. 3.3D), which suggests a role in endothelial 

differentiation. Egr1 is a multifaceted developmental factor and its expression is 

associated with differentiation of many cell types including neuronal and adipocytes 

(Adams et al., 2017; Boyle et al., 2009). Cyp26a1 is broadly expressed at all time 

points with strong localization in the corneal epithelium, at E14.5 and E16.5 (Fig. 

3.3E), which alludes to a potential role for RA in the epithelium that may need to be 

strictly regulated. 

RA signaling in the periocular mesenchyme and presumptive cornea are 

either autocrine or derived from the ectoderm, optic cup, or lens (Cvekl and Wang, 

2009; Duester, 2008). The data indicate that both pNC and embryonic corneas have 

the potential for retinol uptake and RA metabolism, but these processes are strictly 

regulated. Raldh3, which is expressed in the corneal epithelium (Matt et al., 2005), 

may be the major source of RA synthesis at E16.5. All cellular RA binding proteins 

were significantly downregulated at E14.5. This coupled with reduced expression of 

nuclear receptors and elevated expression of Cyp26a1, suggests a decrease in RA-

mediated signaling. Differential expression of modulators of RA signaling is crucial 

for proper development of various tissues and organs (White et al., 2007). Cyp26a1 

mutant mice exhibit patterning defects in limbs and the central nervous system due 

to an elevation of RA signaling (Sakai et al., 2001). Strong expression of Cyp26a1 in 

the corneal epithelium suggests that its involvement in moderating the RA signaling 

to levels that permit cell differentiation. Upregulation of RA metabolizing enzymes 

Adh1 and Adh7, along with Crabp1 and Fabp5, may represent increased signaling 
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through alternative pathways. Crabp1-RA interaction activates Erk1/2, which 

triggers a signaling cascade that regulates cell cycle and promotes differentiation 

(Persaud et al., 2013; Wei, 2013). In human fibroblasts RA induced differentiation 

was coupled with a transient induction of Egr1 (Larsen et al., 1994). 

3.3.3.2 TGFβ Signaling During Corneal Development 

To examine the mechanisms by which TGFβ signaling regulates corneal 

development, I investigated the transcription profile of its ligands and downstream 

genes (Fig. 3.4A, B, Supplementary Table S4**) (Chaudhury and Howe, 2009; 

Massagué, 2012). The data show that TGFβ2 is strongly expressed at E10.5 and 

E14.5 but downregulated at E16.5 and TGFβ3 is upregulated at E14.5 and E16.5. 

Interestingly, TGFβR2 is upregulated at E14.5 and E16.5, but its associated receptor 

TGFβR1 (Chaudhury and Howe, 2009) is downregulated. In addition, multiple 

inhibitors (Bambi, Strap, Smad7, Tgif, and Evi1) and an activator (Msg1) of TGFβ 

signaling through Smad2/3 regulation are downregulated. Overall, a large number 

of DEGs favors enrichment of the TGFβ pathway. Accordingly, genes repressed by 

the TGFβ pathways (Cdk2, Cdk4, C-myc, Id2, and Id3) are downregulated, and TGFβ-

induced genes (Rbl2, Aebp1, and Creb3l1) are upregulated. The observed differential 

regulation aligns with TGFβ function in cell cycle regulation, differentiation, and 

ECM synthesis (Chen et al., 2014a; Ewen et al., 1993; Frederick et al., 2004; 

Kowanetz et al., 2004; Shi et al., 2014; Tumelty et al., 2014). I also observed that 

several TGFβ-induced EMT genes including Hey1 and Prrx2 (Juang et al., 2016; 

Zavadil et al., 2004) were downregulated, possibly due to regulation through other 

pathways. 
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Figure 3.4 Differential regulation of the TGFβ signaling pathway 

 (A) Schematic depicts whether components of the TGFβ pathway are upregulated 
(red), downregulated (green), or not significantly differentially expressed (black). 
(B) Heatmap summarizes the relative expression of the DEGs. (C–E) Validation of 
the expression patterns of Hmga2, C-ski, and Creb3l1. Black arrows represent 
regions of enriched expression. Scale bar: 50 μm. 
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To analyze how TGFβ regulates corneal development, I examined the expression of 

downstream targets Hmga2, nuclear repressor c-ski, and mediator of collagen 

synthesis Creb3l1 (Chen et al., 2014a; Suzuki et al., 2004; Thuault et al., 2006) (Figs. 

3.4C-E). The observed expression patterns are consistent with our dataset and show 

that Hmga2 is initially ubiquitously expressed at E10.5 and E14.5, but localizes to 

the corneal epithelium at E16.5 (Fig. 3.4C). As it is a gene involved in EMT, Hmga2 

may regulate cell behaviors for proper formation of the cornea layers (Kou et al., 

2018; Thuault et al., 2006). C-Ski is constitutively expressed in the pNC and cornea 

but is enriched in the E16.5 epithelium (Fig. 3.4D), implicating TGFβ suppression in 

epithelial maturation. Creb3l1 is not expressed at E10.5, but is strongly expressed in 

the corneal stroma and endothelium at E14.5 and E16.5 (Fig. 3.4E), corresponding 

with onset of collagen synthesis (Chen et al., 2014a). In addition to the changes 

observed in the canonical TGFβ signaling, I discovered differential regulation of 

other members of the TGFβ superfamily. Bmp4, Bmp5, Acvr2b, and Gdf11 are all 

downregulated, whereas Bmp1, Bmp3, Avcr2a, and Gdf10 are upregulated (Fig. 

3.4B). 

TGFβ signaling has been implicated in driving cell migration, cell 

differentiation, and formation of the collagen ultrastructure during corneal 

development (Flügel-Koch et al., 2002; Ittner et al., 2005). The data show elevated 

TGFβ2 transcripts concomitant with the formation of the corneal endothelium (Pei 

and Rhodin, 1970), followed by its rapid downregulation. Combined with the 

previous observation that the corneal endothelium is absent in TGFβ2 knockout 

mice (Saika et al., 2001), the data suggest that high levels of TGFβ2 are required for 
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its formation. Upregulation of TGFβR2 is in line with its function as the primary 

facilitator of TGFβ signaling during corneal development. TGFβR2 mutants 

recapitulate TGFβ2 knockout mice phenotypes (Ittner et al., 2005). In addition, they 

are unable to phosphorylate Smad2, misexpress Foxc1 and Pitx2, and display 

abnormal keratocyte differentiation and collagen synthesis (Ittner et al., 2005). 

Canonically, TGFβ interacts with TGFβR2 to recruit and phosphorylate TGFβR1, 

which activates Smad2/3 signaling (Chaudhury and Howe, 2009; Neuzillet et al., 

2014). Although the downregulation of the interacting partner TGFβR1 was 

unexpected, TGFβR2 can also form a complex with TGFβR3, which has higher 

specificity for TGFβ2 (López-Casillas et al., 1993; Sarraj et al., 2013). Combined with 

the downregulation of Smad2/3 inhibitors, this indicates an overall increased 

activity of TGFβ signaling. Interestingly, beginning at E14.5 I also observed 

upregulation of TGFβ3, which stimulates matrix assembly in vitro (Karamichos et al., 

2011, 2013) for which the primary receptor is the upregulated TGFβR2. This 

elevation remains unchanged even as TGFβ2 and TGFβR1 are downregulated at 

E16.5. This period correlates with ECM assembly and may indicate a prevalence of 

TGFβ3 signaling in mouse cornea development. 

Along with the induction of lumican and keratocan (Saika et al., 2001), TGFβ 

signaling may mark the transition from highly proliferation pNC toward induced 

differentiation. Our data also show upregulation of Aebp1 and Creb3l1, which are 

important for collagen synthesis (Chen et al., 2014a; Tumelty et al., 2014). These 

genes may cooperate with other stimulators of collagen synthesis and maturation 

such as Bmp3 and Bmp1 (Hartigan et al., 2003; Zhou et al., 2015).  
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3.3.3.3 Wnt Signaling During Corneal Development 

Next, I investigated the mechanisms by which the Wnt pathway is modulated 

during corneal development (Fig. 3.5A) (Clevers and Nusse, 2012; MacDonald et al., 

2009). The data reveals that several Wnt genes (Wnt2, Wnt2b, Wnt3, Wnt3a, Wnt4, 

Wnt5a, Wnt6, Wnt7b, Wnt9b, Wnt10a, Wnt10b, Wnt11, and Wnt16) are upregulated 

(Fig. 3.5B). However, Frizzled receptors are either upregulated (Fzd6 and Fzd10) or 

downregulated at E14.5 (Fzd3 and Fzd4) and E16.5 (Fzd1 and Fzd2) (Fig. 3.5B, 

Supplementary Table S5**). This is consistent with reports (Liu et al., 2003b) and 

further identifies the novels expression of Wnt ligands and receptors. I found that 

many inducers of canonical activity including Prrx2, HMG family, Bambi, Strap, 

Sox11, Frat2, Pclaf, and Ezh2 are downregulated, whereas the repressors Wif1, Dkk1, 

Dkk2, Dkk3, Notum, Ndrg1, Nfat5, and Sox6 are upregulated (Figs. 3.5A, B). 

Spatiotemporal analysis confirmed the expression of candidate Wnt modulators 

(Fig. C-E). The Wnt activator Mta1 (Yan et al., 2012), is localized in the periocular 

mesenchyme and all cellular layers of the cornea (Fig. 3.5C), whereas the Wnt 

activator Sox11 (Bhattaram et al., 2014) is initially strongly expressed in the pNC at 

E10.5, but it is not detectable at E14.5 and E16.5 (Fig. 3.5D). The upregulated Wnt 

inhibitor Ndrg1 (Cai et al., 2017; Liu et al., 2012) is not detectable in the pNC at 

E10.5, but it is later localized to the corneal epithelium at E16.5 (Fig. 3.5E). The 

expression of these genes indicates that the expression of Wnt regulatory genes are 

diverse. I also analyzed how Wnt downstream genes are modulated. The data  
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Figure 3.5 Differential regulation of the Wnt signaling pathway 

(A) Schematic depicts whether components of the Wnt pathway are upregulated 
(red), downregulated (green), or not significantly differentially expressed (black). 
(B) Heatmap summarizes the relative expression of the DEGs. (C–E) Validation of 
the expression patterns of Mta1, Sox11, and Ndrg1. Black arrows represent 
regions of enriched expression. Scale bar: 50 μm. AA, ambiguously associated. 
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revealed that several downstream targets, particularly those related to proliferation 

(C-myc, N-myc, Ccnd1, and Birc5) were downregulated (Figs. 3.5A, B). However, I 

also identified upregulation of a few genes that are activated by the canonical 

pathways (Wisp1 and Irx3). The data also indicate that genes involved in the 

Wnt/planar cell polarity (PCP) and Wnt/Ca2+ pathways were upregulated (Gpc4, 

Pk3, Plcb4, Camk2, and Prkcb). 

The Wnt/β-catenin pathway is required for the proper development of the 

cornea  (Gage et al., 2008; Mukhopadhyay et al., 2006; Zhang et al., 2015). During 

mouse corneal development, Wnt ligands are expressed throughout the 

presumptive epithelium (Liu et al., 2003b). Increased expression of Wntless and 

Porc indicates that Wnt signaling may also exert paracrine effect to the stroma. This 

is supported by reports of expression of Frizzled receptors and activation of Wnt 

signaling in the stromal mesenchyme and corneal endothelium (Liu et al., 2003b; 

Wang et al., 2018b). Although Wnt ligands were uniformly upregulated, there was a 

clear distinction in the differential expression of Frizzled genes. Fzd4 and Fzd10 are 

associated with the Wnt/β-catenin pathway, whereas Fzd3 and Fzd6 are involved in 

the Wnt/PCP pathway (Abidin et al., 2015; Chesnutt et al., 2004; Corda and Sala, 

2017; Galli et al., 2014). Fzd4 is required for retinal angiogenesis and implicated in 

corneal neovascularization (Lu et al., 2018; Paes et al., 2011). Fzd3 is involved in 

NCC induction and migration (Chang et al., 2014; Deardorff et al., 2001; Yanfeng et 

al., 2006). Reduced expression of Fzd4 and Fzd3 along with upregulation of Fzd10 

and Fzd6 may be required for corneal cell differentiation and avascularity (Abidin et 

al., 2015; Chesnutt et al., 2004; Corda and Sala, 2017; Findlay et al., 2016; Galli et al., 
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2014; Kawakami et al., 2000; Panzica et al., 2017). Despite upregulation of Wnt 

ligands and receptors, the data suggest that Wnt/β-catenin signaling is inhibited at 

multiple levels. This complements previous observations that active Wnt/β-catenin 

is absent in the corneal epithelium at E14.5 and E16.5, and it is progressively 

reduced in the stroma until P3 (Wang et al., 2018b). This downregulation is critical 

for the proper eye development including that of the cornea (Kumar and Duester, 

2010; Zhang et al., 2015). In contrast, the data suggest that non-canonical Wnt 

pathways are upregulated. The Wnt/PCP and Wnt/Ca2+ pathways have been studied 

during the formation of the eye field and retinogenesis but their roles in the cornea 

are not clear (Fuhrmann, 2008). The data indicate an increase in the components of 

the Wnt/PCP pathway including Wnt4, Wnt5a, and Fzd6 (Corda and Sala, 2017; 

Heinonen et al., 2011; Martineau et al., 2017). In adults, the Wnt/PCP pathways is 

important for corneal homeostasis and also guides directional migration of 

epithelial cells during wound healing (Findlay et al., 2016). Wnt/PCP signaling is 

also involved in cell differentiation, collagen orientation, cell alignment, and axon 

guidance (Fenstermaker et al., 2010; Goodyear et al., 2017; Li et al., 2017b), all of 

which are required for proper corneal development. 

3.3.3.4 Crosstalk Between Signaling Pathways Is Critical for Corneal Development 

Within the RA, TGFβ, and Wnt signaling pathways, there are many genes such 

as Pax6 or Foxc2 that overlap indicating a potential for crosstalk. To examine how 

crosstalk between the signaling pathways regulates corneal development, I analyzed 

the differential expression of their downstream transcription factors. Out of 1755 

transcription factors, I found a total of 1118 genes expressed above the threshold. Of 
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these genes, 143 were upregulated, 328 were downregulated, and 757 were not 

differentially expressed (Fig. 3.6A). Next, I annotated their associated with the 

signaling pathways based on published data. For those upregulated genes, 62 are 

associated with RA signaling, 65 with TGFβ signaling, 74 with Wnt signaling, and the 

data are insufficient for 40. From those downregulated genes, 69 are associated with 

RA signaling, 92 with TGFβ signaling, 106 with Wnt signaling, and the data are 

insufficient for 82. The top 20 upregulated and downregulated transcription factors 

are summarized in (Table 3.1) and are in a full list in Supplemental Table S6**.  

The data suggest multiple novel connections between the RA, TGFβ, and Wnt 

signaling pathways. It is well established that the RA induction of Pitx2 suppresses 

Wnt signaling through upregulation of Dkk2 (Gage et al., 2008, 2014), and this is 

corroborated in my data. In addition, misregulation of either Wnt or TGFβ greatly 

impacts Pitx2 levels, suggesting that the different pathways interact for proper 

signaling control (Gage et al., 2008; Ittner et al., 2005). Potential crosstalk is 

observed in the upregulation of genes associated with RA signaling (Sox6 and Hic1), 

which suppress Wnt signaling (Burrows et al., 2018; Hamada-Kanazawa et al., 2016; 

Kormish et al., 2010; Leow et al., 2016; Valenta et al., 2006). The Wnt activating 

genes (Prrx2 and Hmga2) are upregulated by TGFβ (Juang et al., 2016; Thuault et al., 

2006), and I observed that Hmga2 localizes to the corneal epithelium where Wnt 

expression is dominant (Liu et al., 2003b). Strap activates Wnt but represses TGFβ 

(Datta and Moses, 2000; Yuan et al., 2016), and its downregulation may play an 
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Figure 3.6 Categorization of differentially expressed transcription factors into the 
RA, TGFβ, and Wnt signaling pathways 

(A) Allocation of transcription factors from a total pool of 1755 (compiled from 
Riken's mouse database and self-annotated). (B, C) Venn diagrams showing 
overlap between differentially expressed transcription factors. Values outside the 
circles represent the genes that are not well characterized or not studied within 
the relevant pathways. 

important role in balancing these pathways. Our data indicate that the reduction in 

proliferation occurs as early as E14.5 and progresses during corneal development. It 

is likely the RA and TGFβ pathways modulate the cell proliferation promoted by 

Wnt signaling, which may occur through regulation of Lin28, C-myc, Id2, and Id3 

(Gage et al., 2008; Kowanetz et al., 2004; Kumar and Duester, 2010; Park et al., 

2014; Pietenpol et al., 1990; Xu et al., 2009). Proper regulation of Wnt signaling is 

crucial, as gain of function in epithelial β-catenin and DKK mutants show increased 

proliferation, impaired differentiation and reduced ECM in the epithelium and 

stroma (Gage et al., 2008; Mizoguchi et al., 2015; Mukhopadhyay et al., 2006; Zhang 

et al., 2010). This arrangement may change in the postnatal cornea as the epithelium 

undergoes stratification, for which studies suggest it is catalyzed by the loss of 
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Table 3.1 Top differentially expressed transcription factors 

Checkmarks indicate potential association with signaling pathways based on 
published data. 
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stromal β-catenin and the induction of Bmp4 (Zhang et al., 2019, 2015; Zieske, 

2004). Verification of these associations during corneal development will require 

additional studies. 

3.3.4 Regulation of Other Factors Involved in Cornea Development 

3.3.4.1 ECM, ECM-associated Proteins, and Junction/Epithelial Proteins 

The net regulatory effect of the transcription factors determines corneal 

morphogenesis. Some of the critical effects include regulation of genes for the ECM, 

matrix remodeling proteins, ECM receptors, cell junction, and epithelial 

development (Haustein, 1983; Pei and Rhodin, 1970). The top DEGs are reported in 

Table 3.2 and Supplementary Table S7**. The data shows that the majority of the 

ECM and matrix remodeling proteins including collagens, laminins, and 

thrombospondins, are upregulated and expressed at high levels (Table 3.2, 

Supplementary Table S7-9**), indicating that a large number of components 

contribute to establishing the ultrastructure. I also observed downregulated genes 

such as Vtn, Emilin2, and Nid2, that may play critical roles during early corneal 

development. In addition, several ECM receptors are upregulated (Itga11, Itga3, 

ItgaV, Itgb4, Dag1, Ddr1, and Cd44) or downregulated (Itga4, Itga8, and Itga9) 

(Table 3.2). Although not differentially expressed, transcripts for Itga5, Itga6, Itgb1, 

and Itgb5 are detected at high levels (Supplementary Table S10**), and they may 

form heterodimers with differentially expressed integrins (Hynes, 2002). 

Expression of junction genes such as Gja1, Tjp1, and Ocln, are similarly enriched 

(Table 2, Supplementary Table S11**). This is accompanied by the expression of 

genes involved in differentiation of the corneal epithelium, including Pax6, Klf4, and 
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Klf5 (Kenchegowda et al., 2012; Ouyang et al., 2014; Swamynathan et al., 2007; Tsui 

et al., 2016), as well as epithelial structural genes such as Krt5, Krt12, Krt14, and 

Krt15 (Bragulla and Homberger, 2009) (Table 3.3, Supplementary Table S12**). I 

validated the spatiotemporal expression of several genes identified from these data. 

Fbln2, which encodes an ECM glycoprotein (Olijnyk et al., 2014), is expressed at low 

levels in the pNC at E10.5, strongly expressed in the corneal mesenchyme at E14.5, 

and sparsely expressed in the stroma and endothelium at E16.5 (Fig. 3.7A). 

Serpinh1, which is involved in collagen biosynthesis (Ito and Nagata, 2017), is 

expressed in the pNC at E10.5, maintained in the corneal mesenchyme at E14.5, and 

in the stroma and endothelium at E16.5 (Fig. 3.7B). Cell junction protein Emp1 

(Bangsow et al., 2008), shows broad expression at all time points but is enriched in 

the epithelium at E16.5 (Fig. 3.7C). The expression of ECM proteins is abundant and 

critical for the coordinated fibrillogenesis of the cornea. The absence of either 

collagens or regulatory proteoglycans causes dysfunctional fibrillogenesis and 

corneal opacity (Kao and Liu, 2002; Sun et al., 2011). The results confirm a high 

expression of transcripts and upregulation of well-known corneal ECM proteins, 

including decorin, lumican, keratocan, and collagen I. Interestingly several of the 

downregulated genes (Vtn, Vcan, Has2, and Tgfbi) are involved in NCC induction and 

migration (Casini et al., 2012; Delannet et al., 1994; Dutt et al., 2006; Kim and 

Ingham, 2009; Wang et al., 2013). Several matricellular genes are upregulated at 

E14.5 and downregulated at E16.5 (Fbln2, Spp1, and Ecm1), suggesting that they are 

required for cell migration, differentiation, or the initial  
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Table 3.2 Top differentially expressed ECM and junction associated genes  

 

*these genes are upregulated, then downregulated. 
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Table 3.3 Top Differentially Expressed Epithelial-Associated Genes 

 

*Surface ectoderm is 
not included in E10.5 
samples 
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Figure 3.7 Spatiotemporal expression of genes involved in corneal morphogenesis 

(A) Fbln2 is expressed at low levels at E10.5 and E16.5 and is enriched throughout 
the stroma at E16.5. (B) Serpinh1 is expressed in the pNC, stroma, and epithelium. 
At E10.5 it is enriched in the temporal mesenchyme, at E14.5 enriched in the 
anterior stroma, and E16.5 enriched in the endothelium. (C) Emp1 is expressed in 
all stages and layers, and enriched in the epithelium at E16.5. (D) Pedf is 
expressed in all stages and layers and enriched in the posterior cornea at E16.5. 
Black arrows represent regions of enriched expression. Scale bar: 50 μm. 

organization of the corneal ECM. Upregulation of matrix remodeling genes from the 

cathepsin, MMP, and ADAM families may be required for cellular positioning and 

collagen alignment, which are crucial for establishing a lattice structure and 

transparency (Meek and Knupp, 2015; Zhou and Petroll, 2014; Zhou et al., 2017). 
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Genes that regulate cell junctions follow a similar trajectory and may be important 

for intercellular communications and establishing the epithelial and endothelial 

barrier (Mantelli et al., 2013). This coincides with genes that regulate epithelial 

differentiation and elevation of epithelial markers, suggesting that the maturation 

and function of the epithelium develop simultaneously (Gu and Coulombe, 2007; 

Swamynathan, 2013). Interestingly, the data also indicate that epithelial genes such 

as Emp1, Gsto1, Gsta4, and Glut1, are also expressed in the pNC and stroma. This 

could indicate the epithelial origin of the pNC or a functional role in the 

mesenchyme and stroma. Some known epithelial genes such as Slurp1 and Psca are 

not yet expressed at E14.5 and E16.5, indicating that they are required at later 

stages of corneal development and are involved in maintenance of the epithelial 

layer (Norman et al., 2004; Swamynathan et al., 2012, 2015). 

Cross talk between the ECM and resident cells is mediated through cellular 

receptors, mostly composed of integrins. Itgα3β1 and Itgα11β1 are required for 

collagen deposition and matrix assembly (Byström et al., 2009; Doane et al., 1998). 

ItgαVβ1 and ItgαVβ5 may affect neural guidance (Myers et al., 2011) or interact 

with latent TGFβ, which may affect ECM assembly (Munger et al., 1998; Stepp, 

2006). Itgα4β1, Itgα8β1, and Itgα9β1 are receptors for fibronectin and they mediate 

cell adhesion and migration (Bazigou et al., 2009; Bieritz et al., 2003; Mould et al., 

1994; San Martin et al., 2017). Their downregulation implies reduced mobility 

possibly correlated with differentiation. Upregulation of Ddr1, which is regulated by 

collagens, may provide a feedback mechanism to retain high activity of matrix 

remodeling genes (Castro-Sanchez et al., 2011; Vogel et al., 1997). The data show 
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that both Agrin and its receptor Dag1 are upregulated in the cornea (Bassat et al., 

2017). Misregulation of either causes corneal abnormalities. Mice overexpressing 

Agrin resulted in anophthalmia, corneal-lenticular adhesions, and iridocorneal 

adhesions (Fuerst et al., 2007). Zebrafish and mice deficient for Dag1 have ocular 

abnormalities including anophthalmia, microphthalmia, and iridocorneal adhesion 

(Gupta et al., 2011; Satz et al., 2009). Given the similar defects, this pair of genes 

may interact during corneal development (Bassat et al., 2017; Fuerst et al., 2007; 

Gupta et al., 2011; Satz et al., 2009).  

3.3.4.2 Cell Cycle and Angiogenesis/Neurogenesis 

Other important factors downstream of the transcription regulatory network 

are cell cycle associated genes and angiogenesis/neurogenesis associated genes. A 

high number of cell cycle genes (Ccnd1, Lin28a, Cdc6, Mcm5, c-Myc) are 

downregulated and cell cycle inhibitors (P21, Miz1, P57) upregulated (Table 3.4, 

Supplementary Table S13**) (Borlado and Méndez, 2008; Koyano et al., 2019; Lei, 

2005; Luo et al., 2016; Melnik et al., 2019; Stacey, 2003; Vlachos et al., 2007; Xu et 

al., 2009), suggesting an overall reduction in cell proliferation between E10.5 and 

E16.5. High proliferation in the periods of pNC migration is extremely important for 

the growth of the cornea but misregulation can disrupt corneal morphogenesis 

(Mizoguchi et al., 2015), and needs to be strictly controlled, likely through the 

crosstalk between the major signaling pathways. 

I also observed that genes involved in angiogenesis and axon guidance were 

upregulated (Sema3C, Sema3F, Pedf) and downregulated (Gata3, Cxcl12, Vegfc)  
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Table 3.4 Top Differentially Expressed Cell Cycle Genes 

 

 

(Table 3.5, Supplementary Table S14**) (Acevedo et al., 2008; Dawson et al., 1999; 

Liekens et al., 2011; Song et al., 2009). I validated the expression of the anti-

angiogenic protein Pedf (Ren et al., 2005) and found that it was broadly expressed at 

all time points but showed strong localization to the posterior stroma and 

endothelium at E16.5 (Fig. 3.7D). Angiogenesis and neurogenesis are two closely 

related processes that require intricate orchestration of signals to generate a highly 

innervated yet avascular cornea. Previous studies from the Lwigale lab analyzed 

these two processes separately during early corneal development (McKenna et al., 

2012, 2014). The data here reveal that multiple factors common to neurovascular  
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Table 3.5 Top DEGs associated with angiogenesis and axon guidance 
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patterning are highly expressed or upregulated concomitantly with antiangiogenic 

factors such as the class 3 semaphorins (Sema3A, Sema3C, and Sema3F) (Buehler et 

al., 2013; Maione et al., 2009; McKenna et al., 2012, 2014; Yang et al., 2015). I also 

observed upregulation of an extremely potent anti-angiogenic factor, Pedf, and its 

receptor Plxdc2 (Cheng et al., 2014). Pedf restricts angiogenesis and can protect 

against neovascularization in disease and wound healing in the retina and cornea 

(Bouck, 2002; Dawson et al., 1999; Gao et al., 2017; Ren et al., 2005), and it is likely 

to play a similar role during corneal development. 

3.3.5 Comparison of the Corneal Development in the Mouse and Chick 

Another study in our lab analyzed differential gene expression in the NCC 

populations at E3, E5, and E7 (Bi and Lwigale, 2019) and my study analyzed the pNC 

and mouse cornea at E12.5, E14.5, and E16.5. These time periods both span the 

period where the NCC form the stroma and endothelium of the cornea, but are not 

fully analogous because of the inclusion of the cornea epithelium in E14.5 and E16.5 

mice. In addition, there are significant differences in chick and mouse corneal 

development within these time periods, most notably in cell migration and the 

presence of a primary stroma. In the chick, the cornea forms over two waves of 

migration, but first an acellular primary stroma forms between the lens and surface 

ectoderm. The first wave migrates at E4-E4.5 and forms the presumptive cornea 

endothelium at E5 and the second wave migrates at E6 between the endothelium 

and ectoderm to form the stroma by E7 (Figs. 1.3A-F). In the mouse, there is no 

primary stroma and the migration occurs between E10.5-E13.5 all within a single 

wave, the posterior mesenchyme subsequently aggregates into the nascent 
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endothelium and forms junctions at E14.5, and all 3 corneal layers are distinct by 

E16.5 (Figs. 1.3G-I) (Cvekl and Tamm, 2004). In this comparison, I will be focusing 

on the transcriptomic differences relevant to cell migration, cell proliferation, the 

ECM, and the major signaling pathways. Additionally, I will include perspectives of 

how these differences may be representative of the discrepancies between chick 

and mouse corneal formation. 

In both the mouse and chick, there was a high retainment of NCC identity in 

the pNC (Fig. 3.8) (Bi and Lwigale, 2019; Ma and Lwigale, 2019). In addition, a large 

number of genes are differentially regulated in the same manner: downregulated 

(Pax3/7, Msx1, Ebf1/3, Id2, Sox9/10, Zic1, Snai1, N-myc), maintained (Snai2, Twist1, 

Mnt, Itgb1, Zeb1, Phd12), and upregulated (Erg, Tfap2b) (Bi and Lwigale, 2019; Ma 

and Lwigale, 2019). This indicates that many of the NCC-associated genes may play 

similar roles in both the mouse and chick. All of these genes are part of the core NCC 

GRN (Simoes-Costa and Bronner, 2015). Aside from initial induction of NCC 

formation, Pax3/7, Msx1/2, and Zic1 are also involved in inducing NCC migration 

and survival (Ishii et al., 2005; Milet et al., 2013; Nelms and Labosky, 2010). These 

genes might not be involved in corneal formation but instead may be important for 

other craniofacial developmental roles. Persistent expression of Pax3/7 has been 

implicated in blocking differentiation signals from the environment during 

osteogenesis (Wu et al., 2008). Msx1/2 is involved in osteogenic differentiation for 

frontal bone development (Han et al., 2007). Zic1 and early B cell factor (Ebf) genes 

are involved in neuronal differentiation (Garcia-Dominguez et al., 2003; Inoue et al., 
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2007). Downregulation of these genes may be vital for the selection of proper 

corneal cell fates. 

 

Figure 3.8 Comparison of the expression of NCC genes during early chick and 
mouse corneal development 

From the two data sets, there were a total of 43 shared NCC genes between the 
chick and mouse. 24 of the 43 genes were similarly regulated in the chick and 
mouse. If counting both downregulated and not expressed as representing genes 
not being expressed in the cornea (represented by the * symbol), then 32 genes 
are similarly being regulated. (Bi and Lwigale, 2019; Ma and Lwigale, 2019). 

Regulation of several genes (Tfap2a, c-Myc, Cdh6, Cdh7, Cdh11, Alx1, Alx4) 

were different in the mouse and chick (Bi and Lwigale, 2019; Ma and Lwigale, 2019). 

Tfap2a is upregulated in mouse but downregulated in chick. Targeted deletion of 

Tfap2a in the mouse in the lens placode disrupted the cornea epithelium, Bowman’s 
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layer, and stroma (Dwivedi et al., 2005), implicating a unexplored role in mouse 

corneal development, but not for the chick.  

Another gene, c-Myc, is downregulated in mouse but upregulated in chick. c-

Myc is often associated with cell proliferation (Cavalheiro et al., 2014), and is one of 

the cell cycle genes that are downregulated during mouse corneal development. The 

difference in c-Myc regulation may be indicative of one of the differences between 

the mouse and chick. Unlike the mouse, for which most cell cycle genes are greatly 

downregulated, the chick genes including cyclins, cyclin-dependent kinases, 

minichromosomal maintenance complex components (MCMs), and E2F 

transcription factors have similar expression levels at E3 and E7 (Bi and Lwigale, 

2019), indicating that the cell cycle is highly active at these times. This corroborates 

with my experimental data from Chapter 4 and corresponds to progressive 

thickening of the chick cornea (Renard et al., 1978), whereas in the mouse, the 

thickness of the cornea stays relatively unchanged after E14.5 (Feneck et al., 2019; 

Haustein, 1983). 

Many of the genes involved in migration and EMT such as Snai1, Snai2, 

Twist1 are regulated similarly in the mouse and chick. However, several others 

including Cdh6, Cdh7, Cdh11, Alx1, and Alx4 are different (Clay and Halloran, 2014; 

Dee et al., 2013; Manohar et al., 2020; McLennan et al., 2015). In the mouse, Cdh6 is 

upregulated, Alx1 and Alx4 are downregulated at E14.5, Cdh7 is not expressed, and 

Cdh11 is not differentially regulated. In the chick, all of the genes are expressed at 

E3. Cdh6, Cdh7, Alx1, and Alx4 are initially downregulated at E5, but then with the 
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exception of Cdh7, all of them are upregulated at E7. Cdh11 is strongly expressed 

and upregulated at E5 and E7 (Bi and Lwigale, 2019). In the mouse, along with Alx4 

(determined previously from ISH data), the data suggests that Cdh6 may be involved 

in migration and extended roles. The chick data indicates that all these genes are 

enriched in the pNC but with the exception of Cdh11, they may not be involved in the 

first wave of NCC migration. However, the resurgence of Alx1, Alx4, and Cdh6 

suggests that they, along with Cdh11, might participate in the second wave of NCC 

migration to form the stroma. This conjecture would need experimental verification 

but the mouse and chick data sets have potential in finding candidate genes for this 

area of study. 

The presence of a primary stroma is one of the major differences between 

mouse and chick early corneal development. In the mouse, nearly all collagens are 

upregulated except Collagens I, II, and III. While the downregulation of Collagen I 

seems unintuitive, the transcripts levels remain high for Col1a2 even at E14.5 at the 

initiation of fibrillogenesis (Haustein, 1983).  Collagen expression in the chick is 

vastly disparate in comparison to the mouse. Similar to the mouse, many collagens 

including Col1a1 and Col5a1 are strongly upregulated from E5 to E7 (Bi and Lwigale, 

2019), agreeing with the literature as the primary components of the secondary 

stroma (Chen et al., 2015; Haustein, 1983; Renard et al., 1978). However, many 

collagens including Col2a1, Col4a4, Col7a1, Col8a1, Col9a1, Col15a1, and Col19a1 are 

downregulated from E5 to E7 (Bi and Lwigale, 2019), indicating that these collagens 

may be specific to the primary stroma. Col2a1 and Col9a1 are well known as core 

components of the primary stroma (Fitch et al., 1994) and the others may be 
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potential candidates. While the primary stroma is largely regarded as produced by 

the cornea epithelium (Fitch et al., 1994; Williams and Bohnsack, 2015), this data 

indicates that the migrating NCCs also contribute to its formation. In both data sets, 

collagens are strong expressed in the pNC and as the mouse does not need a primary 

stroma to initiate migration, it may implicate that rather than simply an avenue for 

migration, the primary stroma may be important for attracting a subset of the pNC 

to facilitate the two separate waves of migration. 

Differential gene regulation within the major signaling pathways in the chick 

and mouse share some resemblances, but there are also some notable differences. In 

the RA pathway, the downregulation of Stra6 and Nr2f1/2 and the upregulation of 

Dhrs3, Class I ADH, and Cyp26a1 corroborate in the chick and mouse (Bi and 

Lwigale, 2019). Cyp26a1 was decreased at E7 in the chick whereas it was 

maintained at E16.5 in the mouse but this difference may be due to the inclusion of 

the mouse cornea epithelium where it is enriched (Fig. 3.3E) (Bi and Lwigale, 2019). 

One major difference in the RA pathway is the upregulation of Raldh2 in the chick 

and was found to be strongly expressed in the endothelium at E5 and E7 (Bi and 

Lwigale, 2019). In the mouse, RA is primarily known to be produced only by the 

optic cup, lens, and epithelium (Matt et al., 2005) and my data suggests a decrease in 

retinal dehydrogenase expression within the corneal cells at E14.5 and E16.5. The 

strong expression of Raldh2 in the chick endothelium may suggest a novel role 

unique to chick cornea development. In the TGFβ pathway, the prime signal TGFβ2 

is upregulated, indicating enrichment of TGFβ signaling as in the mouse (Bi and 

Lwigale, 2019). This corroborates with a recent publication from my lab which 
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identifies strong expression of TGFβ2 at the cornea endothelium at E5 and in the 

stroma at E7; it may be involved in determining the cornea endothelial cell fate 

among other roles (Babushkina and Lwigale, 2020). TGFβ2 expression remains 

strong in the chick and is different in the mouse where TGFβ3 is dominant at E16.5. 

The differential regulation of the canonical and non-canonical Wnt pathway of the 

chick bears resemblance to that of the mouse, but as the chick data does not include 

the corneal epithelium where many of the Wnts are expressed (Liu et al., 2003b), 

this may not be an accurate comparison and I will refrain from discussing potential 

similarities or differences. 

3.4 Conclusions 

In this project I utilized RNA-seq to characterize the expression of the mouse 

transcriptome and capture the changes to the genetic profile from E10.5 to E16.5. I 

provide the first detailed analysis of the transcriptomic profiles of early corneal 

development. In this report, I accomplished several specific objectives. I analyzed 

the expression of NCC markers in the pNC and the cornea and their potential roles in 

maintenance of pluripotency, cell migration, and cell fate during corneal 

development. In addition, I describe the genetic landscape of corneal morphogenesis 

and provide novel insights of how cross talk between the RA, TGFβ, and Wnt 

signaling pathways regulates transcription factors involved in cell migration, 

proliferation, and differentiation. I relate the signaling from these majors signaling 

pathways to deviations in gene expression from multiple perspectives: ECM 

composition, cell cycle, and neurovascular development. Furthermore, I compare 

my data to the corresponding chick data from a collaborator to infer potential 
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differences regarding the differing migration patterns, presence of the primary 

stroma, and regulation of the major signaling pathways. This data will serve as a 

valuable as a valuable resource for identifying novel genes essential for corneal 

development and potential targets for corneal bioengineering or therapies. 
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Chapter 4 
 

Nephronectin: a Novel Regulator of Periocular 
Neural Crest Migration and Corneal Development 

 

Part I:  Spatiotemporal Expression of Npnt and its 
Receptors during Chick and Mouse Corneal 

Development 
 

 

4-1.1 Introduction 

The cornea hosts a unique organization of multiple ECM proteins including 

laminins, collagens, nidogens, and proteoglycans, that are critical to its development 

and transparency (Bard et al., 1988). The ECM composition is important for 

maintaining structural integrity of developing tissues (Ross and Grant, 1968) and it 

is essential for regulating cellular interactions, migration, proliferation, and 

differentiation through interaction with integrin receptors (Kim et al., 2011; 

Yurchenco, 2011). During corneal development, the invading pNC will express 

integrins to traverse the path laid by the secreted ECM (Bard et al., 1988; Perris, 

1997; Perris and Perissinotto, 2000). Additionally, the organization of the ECM 

components are important, and if disrupted, it will cause corneal opacity and loss of 

vision (Bard et al., 1988; Chen et al., 2015; Maurice, 1957). The interstitial ECM 
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including collagens and proteoglycans are involved in the structural stability and 

transparency of the cornea (Maurice, 1957; Meek and Knupp, 2015), while 

basement membrane ECM such as laminins, collagens, perlecan, and nidogens are 

important to the integrity and anchorage of the epithelium and endothelium (Kim et 

al., 2011; McKay et al., 2020; de Oliveira and Wilson, 2020). Despite the well 

accepted importance of ECM proteins in corneal development, the mechanisms by 

which they dictate the migration or differentiation of the corneal forming NCCs are 

not well defined. While specific knockout mutants in lumican or basement 

membrane collagens have been found to result in an aberrant corneal stroma, 

epithelial erosion, or delayed maturation of the endothelial layer (Chakravarti et al., 

2000; Hemmavanh et al., 2013; Massoudi et al., 2016), there is little information 

bridging the gap between the ocular ECM and signal induction. 

Npnt is an ECM glycoprotein originally discovered as a ligand for Itgα8β1 in 

the developing kidney (Brandenberger et al., 2001; Miner, 2001; Morimura et al., 

2001). This interaction was found to induce Gdnf in the metanephric mesenchyme, 

and demonstrated when lost, will lead to kidney agenesis (Linton et al., 2007). Npnt 

is composed of the 3 domains: EGF-like repeats, RGD motif, and MAM domain. These 

different domains have been implicated in diverse developmental roles including 

dental stem cell proliferation, osteoblast differentiation, limb formation, and muscle 

cell fusion (Abu-Daya et al., 2011; Arai et al., 2017; Kahai et al., 2010; Sunadome et 

al., 2011). In these roles, the EGF-like repeats were found to enhance cell 

proliferation and differentiation through the EGF receptor and MAPK pathways 

(Arai et al., 2017; Kahai et al., 2010). The MAM domain was important for 
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interaction with other ECM proteins such as the HSPG (Sato et al., 2013). The RGD 

motif is the best understood as it is a common integrin binding domain. However, 

amino acid analysis revealed that there is an additional auxiliary sequence 

LFEIFEIER that raises high specificity towards integrin α8β1 (Sato et al., 2009). 

Though specificity assays in vitro did suggest other potential integrin receptors 

(αVβ3, αVβ5, αVβ6, α4β7), no functional significance for these interactions have 

been found (Brandenberger et al., 2001). 

While Npnt has many potential functions and interacting partners, for my 

study, it is important to consider it from the perspective of corneal development. 

While integrins are known to be important for lens morphology as well as retinal 

vascularization, their role in the cornea, aside from wound healing is still obscure 

(Parapuram and Hodge, 2014). Despite findings that multiple integrins are widely 

expressed in the adult cornea (Stepp, 2006), the understanding of their functions 

during corneal development are superficial or nonexistent. Some studies have 

implied involvement of β1 integrins in stromal maturation (Parapuram et al., 2011), 

αV and α5 in neovascularization (Parapuram and Hodge, 2014), β4 cleavage with 

corneal erosion (Pal-Ghosh et al., 2011), and α3β1 with collagen organization 

(Doane et al., 1998), but many of the integrins are weakly characterized. In addition, 

the literature has yet to report integrin α8β1 in the cornea except in the case of 

bullous keratopathy, a corneal endothelial disease (Ljubimov et al., 2001). Other 

candidate receptors such as EGFR or Frem1 have been detected in the posterior 

stroma or CEBM, respectively, but their functions are unknown (Hassemer et al., 

2013).  
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4-1.1.1 Rationale 

From the RNA-seq data, a lab collaborator and I found that Npnt is 

significantly upregulated in the chick (~6 folds (Bi and Lwigale, 2019)) and is 

strongly expressed during mouse corneal development. As Npnt had recently been 

identified as a factor in many embryonic developmental roles (kidney, bone, tooth, 

brain, lung, heart) (Arai et al., 2017; Fang et al., 2010; Huang and Lee, 2005; Miner, 

2001), it was a strong candidate for having a potential role during corneal 

development. While Npnt had previously been found in the limbal stem cell niche of 

the adult human eye (Polisetti et al., 2016), Npnt had yet to be reported in corneal 

development. To characterize the role of Npnt during cornea, we first analyzed the 

spatiotemporal expression of Npnt mRNA and protein in the chick and mouse. As 

Npnt is a secreted protein (Teo et al., 2017), it is important to analyze both the 

mRNA and protein to identify the subset of cells that express Npnt and determine 

how it is localized and organized during cornea development. Previous studies on 

Npnt have implicated potential receptors and associated proteins for Npnt (Arai et 

al., 2017; Brandenberger et al., 2001; Kiyozumi et al., 2012; Linton et al., 2007; Sato 

et al., 2013). Using inferences from those studies in combination with the RNA-seq 

data, we postulated several potential receptors for Npnt and analyzed their 

expression during corneal development. Characterizing the expression of Npnt and 

its potential receptors during corneal development lead me to hypothesize its 

functions during this process. 
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4-1.2 Characterizing the Spatiotemporal Expression of Npnt in the 

Chick and Mouse 

ISH and immunofluorescence were used to identify the expression and 

localization of Npnt at key time points of cornea development in the chick and 

mouse.  

4-1.2.1 Expression of Npnt mRNA and Protein in the Chick  

Initially, from E3 to E5, Npnt is transiently expressed in the lens and retinal 

pigment epithelium (RPE) (Fig. 4-1.1A, B). Npnt is not expressed by the NCCs that 

form the endothelium (Fig. 4-1.1B), but it is subsequently expressed at E6 by the 

NCCs that form the stroma (Fig. 4-1.1C). Expression of Npnt in the stroma peaks at 

E9 (Fig. 4-1.1D) and gradually decreases until it is nearly undetectable by E15 

(Appendix Fig. 2). Expression in the RPE decreases around E6 and in the lens 

around E9 (Fig. 4-1.1C, D). The protein is initially localized to the periocular region 

and can also be found in the primary stroma as well as the epithelium (Fig. 4-1.1A’, 

A’’). Localization of Npnt at the epithelium persists throughout development. During 

the first wave of NCC migration, Npnt encapsulates the entirety of the primary 

stroma and is also localized to the Bowman’s membrane (Fig. 4-1.1B’’, arrowhead). 

During the second wave of NCC migration, localization at the primary stroma and 

Bowman’s membrane persists and additional Npnt is localized adjacent to the 

migrating NCCs (Fig. 4.1-1C’’, arrowhead). By E9, there is only a weak presence of 

Npnt throughout the stroma and the bulk of the proteins are condensed at the 

Bowman’s layer (Fig. 4-1.1D’’, arrowheads). 
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Figure 4-1.1 Spatiotemporal expression of Npnt during chick corneal development 

(A-B) Npnt is initially expressed in the lens and RPE at E3 and E5. (A’-B’) It 
localizes to the pNC and the primary stroma during the first wave of migration 
and formation of the nascent endothelium. (C) At E6 expression at the lens and 
RPE begin to decrease and Npnt is expressed by the migrating pNC that form the 
stroma. (C’) It localizes adjacent to the migrating NCC and also accumulates at the 
Bowman’s layer and epithelium. (D) Expression in the stroma in maintained at E9 
and (D’) Npnt protein is maintained at the Bowman’s layer and stroma. Npnt 
mRNA and protein expression swiftly decreases following E9 (Appendix Fig. 2). 
Arrowheads signify regions of expression. rpe: retinal pigment epithelium; p. 
stroma: primary stroma; Bl: Bowman’s layer. 

4-1.2.2 Expression of Npnt mRNA and Protein in the Mouse 

At E12.5, Npnt expressed by the RPE, retina, lens, and the pNC (Fig. 4-1.2A). 

Expression in the lens epithelium and retina persists throughout development. After 

the initial migration of pNC into the presumptive corneal region, Npnt continues to 

be expressed in the pNC but only up to the border of the corneal-iridial angle and is 

secluded from the cornea (Fig. 4-1.2A). Only as the nascent endothelium is 

differentiable from the corneal mesenchyme, is Npnt expressed in this layer (Fig. 4-

1.2B). At the same time, expression in the periocular region gradually restricts to 

the posterior region bordering the retina (Fig. 4-1.2B, C). By E16, the periocular 
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Npnt is linked to the expression observed in the endothelium like a stream. At this 

time point, Npnt is also transiently expressed in the epithelium (Fig. 4-1.2C). By P0, 

Npnt is strongly expressed by the corneal endothelium and weakly expressed at the 

stroma and epithelium (Fig. 4-1.2D). Expression of Npnt protein initially localizes 

primarily to the periocular region at E12.5 (Fig. 4-1.2A’). Despite that the mRNA is 

enriched to the posterior regions after the endothelium forms (Fig. 4-1.2B, C), Npnt 

is localized throughout both the conjunctival and corneal stroma (Fig. 4-1.2B’, C’). 

Npnt is also detected in the epithelial basement membrane (Fig. 4-1.2C’’, 

arrowhead). 

Expression of Npnt mRNA and protein are highly disparate in the chick and 

mouse. In the chick, since the NCCs cells do not express Npnt, it is likely that Npnt in 

the periocular region and nascent primary stroma are derived from the RPE and 

lens, respectively. These two sources appear sufficient to form a scaffold for the first 

wave of migration and Npnt expression in the NCC may be specifically important for 

the second wave of migration. In the mouse, Npnt is expressed in the RPE but also or 

the found in the pNC. Its expression is favored in regions adjacent to the RPE, which 

may implicate a potential connection to RA signaling (Cvekl and Wang, 2009; Matt et 

al., 2005). Despite mRNA expression in the mouse lens epithelium, Npnt localization 

in the presumptive corneal region is scarce, which suggests that Npnt is not acting in 

the capacity of a primary stroma. Only after Npnt initiated expression in the nascent 

endothelium is Npnt localized throughout the 
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Figure 4-1.2 Spatiotemporal expression of Npnt during mouse corneal 
development 

(A, A’) At E12.5, Npnt is expressed and localized along the periocular region and is 
not expressed in the forming cornea. (B-C) At E14.5, expression at the periocular 
region persists. Npnt is expressed by the nascent endothelium as those cells 
become differentiable. This expression is maintained at E16 and novel expression 
can be found at the epithelium. (B’-C’) At these times, Npnt localizes throughout 
the entire conjunctival and cornea stroma and CEBM. (D-D’) At P0, Npnt 
expression at the corneal endothelium and its localization throughout the stroma 
is maintained. Weak mRNA expression is also detected in the stroma and 
epithelium. Arrowheads signify regions of expression. p. en: presumptive 
endothelium; ey: eyelid; cebm: corneal epithelial basement membrane. 

stroma. This may implicate a role in specifying endothelial cell fate. However, one 

trait that is similar is that Npnt localizes to the regions where pNC migration occurs. 

Though Npnt may have different roles in chick and mouse corneal development, one 

function that may be conserved is a potential role in pNC migration. There are also 

similarities in the induction of Npnt between the chick and mouse. In both species, 

Npnt is initially expressed in the lens and RPE. Npnt is also expressed in the pNC just 

as they begin to migrate to form the stroma. One interesting observation is that in 

either species, Npnt is localized in regions anterior to where the mRNA is expressed. 

This affirms that Npnt is being secreted and may indicate the localization of its 
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available interacting partners, such as proteoglycans or cellular receptors in the 

stroma and perlecan at the Bowman’s layer. 

4-1.3 Expression of Npnt Receptors During Corneal Development 

The spatiotemporal expression of Npnt implicates multiple roles in corneal 

development, but the precise functions and mechanisms are unclear. To better 

understand its role, I also analyzed its potential receptors in the cornea. Npnt is 

most well-known for its role as a ligand for the receptor Itgα8β1 during kidney 

development (Miner, 2001). Npnt and Itgα8β1 are expressed in the basement 

membrane of the wolffian ducts as the uretic bud extend towards the metanephric 

mesenchyme (Miner, 2001). Expression of both ligand and receptor are required for 

proper interaction between the uretic bud and metanephric mesenchyme to induce 

an essential factor Gdnf, and when lost results in kidney agenesis (Linton et al., 

2007; Miner, 2001). Studies on the molecular interactions between Npnt and 

Itgα8β1 demonstrated that Itgα8β1 binds to the RGD domain. In addition, there is a 

downstream auxiliary motif LFEIFEIER that increases specificity to Itgα8β1 over 

other integrins (Sato et al., 2009). Aside from kidney development, Npnt/Itgα8β1 

signaling has also been found at the epidermal basement membrane involved in 

anchoring arrector pili muscles and also has a role in human dental pulp stem cell 

adhesion (Fujiwara et al., 2011; Tang and Saito, 2017b). Another receptor, EGFR, 

interacts with Npnt through the EGF-like repeat domain. This interaction facilitates 

MAPK signaling and is associated with differentiation of osteoblasts in bone 

formation and proliferation and differentiation in dental epithelial stem cells in 

tooth development (Arai et al., 2017; Kahai et al., 2010).  



112 
 

Figure 4-1.3 Expression of Itga8 during chick and mouse corneal development 

In the chick, (A) ITGA8 is initially expressed prior to the formation of the 
endothelium by the leading edge of the pNC. (B) ITGA8 continues to be expressed 
at the endothelium as it forms at E5 but dissipates by E7. (C-D) At E6, as the 
second wave of pNC migrate to form the stroma, they begin to express ITGA8 and 
this stromal expression is maintained at E7 and begins to dissipate by E9 
(Appendix Fig. 3). In the mouse, (E-F) from E12.5-E14.5, Itga8 is expressed only at 
the pNC up to the iridial-corneal angle but not the cornea. This expression 
decreases as the cornea matures as dissipates by E18.5 (Appendix Fig. 3). 
Arrowheads signify regions of expression. ICA: iridial-corneal angle; co: cornea. 

I used ISH to identify the expression of Itga8 and Egfr during chick and 

mouse corneal development. In the chick ITGA8 is expressed at the leading edge of 

the pNC during the first wave of migration (Fig. 4-1.3A). This expression from this 

subset of NCC continues as the endothelium forms but dissipates by E7 (Fig. 4-1.3B’-

D’). In a different subset of cells, ITGA8 is expressed by the pNC prior to and during 

the second wave of migration to form the stroma (Fig. 4-1.3B, C). Expression in the 

stroma gradually decreases and is only weakly present by E9 (Appendix Fig. 2). In 

the mouse, Itga8 is expressed specifically only in the pNC  
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Figure 4-1.4 Expression of Egfr during chick and mouse corneal development 

In the chick, (A-B) EGFR is only expressed at the cornea epithelium. It is also found 
strongly expressed in the lens at E5 but weakly expressed at E7. In the mouse, (C) 
Egfr is initially expressed in the pNC and optic cup. (D-E) At E12.5-E14.5, as the 
cornea forms, Egfr is expressed throughout the conjunctival and corneal stroma as 
well as the epithelium. (E) At E14.5 Egfr expression is partially restricted to a 
subset of cells at the posterior of the cornea and posterior regions along the RPE. 
(F) By E16.5, expression in the stroma dissipates and Egfr is only expressed by the 
epithelium. Arrowheads signify regions of expression. ec: ectoderm; oc: optic cup. 

up until the iridial-corneal angle but is not expressed in the cornea (Fig 4-1.3E, F). In 

the chick, EGFR is expressed in the corneal epithelium at E5 and E7 (Fig. 4-1.4A, B). 

In the mouse, Egfr is initially expressed by the pNC enriched in the regions adjacent 

to the RPE (Fig. 4-1.4C). During NCC migration, Egfr is expressed by the ectoderm 

and both the pNC and presumptive cornea at E12.5 (Fig. 4-1.4D). As the 

endothelium forms, Egfr expression becomes partially sequestered to the posterior 

regions of the cornea and to the regions adjacent to the RPE (Fig. 4-1.4E, 

arrowheads). By E16.5, Egfr is only expressed by the corneal epithelium and the 

mesenchyme adjacent to the iris (Fig. 4-1.4F).  



114 
 

In the chick, during the period where Itga8 is expressed at the leading edge 

of migration (either first or second wave), Npnt is localized in the primary stroma. It 

is probable that Npnt may interact with Itgα8β1 at this juncture to facilitate 

migration. However, Npnt continues to be expressed in the Bowman’s layer at E9 

when Itga8 expression has waned, indicating that Npnt may have alternate 

receptors. One potential receptor is EGFR, which is expressed in the epithelium and 

potentially can respond to signals from Npnt at the Bowman’s layer. The 

discrepancy of Itga8 expression in the chick and mouse may be due to a difference 

of mechanism, as the mouse does not form a primary stroma (Cvekl and Tamm, 

2004; Feneck et al., 2019; Haustein, 1983). Prior to E14.5, expression of both Npnt 

and Itga8 co-localize in the periocular region and is restricted from the cornea 

suggesting that this interaction is important for facilitating pNC migration. However, 

Npnt expression outlasts Itga8 indicating the presence of alternative receptors 

within the corneal stroma. Egfr is strong candidate that was expressed during pNC 

migration and its expression is also maintained in the stroma at E14.5. Interestingly, 

similar to Npnt, Egfr is enriched in the posterior regions at the endothelium and 

near the RPE, indicating that the cells may not be a homogenous population. At 

E16.5, Egfr at the epithelium is similar to expression in the chick and may perform a 

similar role with Npnt at the basement membrane, but it is uncertain what other 

receptors for Npnt exist in the stroma and endothelium. 

4-1.4 Expression of Alternative Npnt Receptors 

From the literature, aside from its well-known receptor Itgα8β1 and 

interactions with EGFR, Npnt may be capable of interacting with other integrins 
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(αVβ3, αVβ5, αVβ6, α4β7). I used data from the RNA-seq in Chapter 3, performed 

RT-PCR to screen for the presence of potential receptors in the cornea, and used ISH 

to analyze the expression patterns of positive hits. I also tested for Erbb2 and Erbb3, 

receptors from the same family as EGFR (also known as Erbb1).  

Itga4, ItgaV, Itgb3, and Itgb5 were detected during early development in the 

mouse (Appendix Fig. 4A). Itga4, ItgaV and Itgb5 were detected in the chick. 

Because Itgb7 was not detected we did not perform further analysis on potential 

interaction with Itgα4β7. In the mouse, ItgaV is transiently expressed ubiquitously 

in early corneal development at E15.5 but is only expressed at the epithelium in the 

adult (Appendix Fig. 4B1-B2). In the chick ItgaV is only weakly expressed in the 

stroma (Appendix Fig. 4C). Alternative members of the Erbb family can also interact 

with EGF-like domains (Burgess et al., 2003). Erbb2, and Erbb3 are strongly 

expressed in the cornea epithelium at E16.5, but not at E12.5 or E14.5 (Appendix 

Fig. 4D-E, not shown). Erbb2 was found only weakly present in the chick at E7 

(Appendix Fig. 4F). Both the chick and mouse show potential interaction with 

ItgαVβ5 and Erbb proteins, but the expression patterns are not similar. Potential 

receptors expressed at the epithelium may interact with Npnt at the basement 

membranes. 

4-1.5 Conclusions 

From my analysis of the spatiotemporal expression of Npnt and its receptors, 

the pairing between Npnt and Itgα8β1 is the interaction with the highest functional 

prospects. Aside from its role in the kidney, Itgα8β1 is also important for neuronal 
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development and is capable of interacting with fibronectin and vitronectin to 

strongly promote adhesion, cell spreading, and neurite outgrowth, (Einheber et al., 

1996; Müller et al., 1995). Its role in migration is controversial and has been shown 

to either inhibit migration in mesangial cells (Bieritz et al., 2003), or promote 

migration in the mammary tumors (Scherberich et al., 2005). Similarly, Npnt is also 

known for its role in cell adhesion (Morimura et al., 2001), and may either inhibit 

migration in malignant melanoma cells (Kuphal et al., 2008), or promote migration 

in endothelial cells (Kuek et al., 2016; Magnussen et al., 2020). Colocalization of 

Npnt and Itgα8β1 at the primary stroma and periocular mesenchyme may have a 

role in cell adhesion and regulation of pNC migration during corneal development. 

While the expression data for ItgaαVβ5 and EGFR suggest that they 

potentially interact with Npnt, their expression patterns are highly disparate in the 

chick and mouse, which suggests that any functional significance may not be 

conserved between species. Currently no studies have linked a functional role for 

ItgaαVβ5 or EGFR in corneal development. ItgaαVβ5 is not well-studied in 

embryonic development, but it has been studied in several other roles. ItgaαVβ5 has 

a role in angiogenesis downstream of the VEGF-induced PKC pathway, and its 

inhibition reduced the formation of new blood vessels significantly (Friedlander et 

al., 1995). Its most well-known as a receptor to vitronectin and can mediate 

attachment and differentiation (Abe et al., 2018; Wayner et al., 1991). However, 

both the chick and mouse RNA-seq data sets showed a significant downregulation of 

vitronectin from the pNC to the cornea, which suggests that vitronectin is not a vital 

ECM to corneal development (Bi and Lwigale, 2019)(Supplementary Table S7**). 
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ItgaαVβ5 is detected in the adult cornea epithelium and endothelium and has 

potential implications in for a role in epithelial barriers and in wound healing (Bi et 

al., 2020; Koivisto et al., 2014; Rayner et al., 1998). Similarly, EGFR is essential for 

epithelial integrity, barrier function, and is activated during corneal epithelial 

wound healing (Cela and Llimargas, 2006; McClintock and Ceresa, 2010; Shu et al., 

2019; Tang et al., 2016; Zieske et al., 2000). This implicates a potential role in 

epithelial maturation for the epithelial expression of ItgaV/EGFR and basement 

membrane localization of Npnt in the chick and mouse. EGFR is essential for the 

development of many organs during embryonic development. EGFR mutant mice 

die shortly after birth due to epithelial immaturity and show defects in craniofacial 

neural crest derived structures (cleft palate, misshapen snouts, micrognathia), 

epithelial defects (skin, lung, gastrointestinal tract, eye), and organogenesis (brain, 

liver, kidney) (Fantauzzo and Soriano, 2015; Miettinen et al., 1995, 1999; Sibilia and 

Wagner, 1995; Threadgill et al., 1995). These studies implicate the potential for 

EGFR to influence NCC-derived structures. Though EGFR mutant mice experience 

ocular abnormalities, these studies link it to epithelial deficiency stemming from the 

eyelid fusion rather than a corneal specific malformation (Fantauzzo and Soriano, 

2015; Miettinen et al., 1999). Interestingly, Npnt is co-localized with EGFR during 

eyelid fusion and may have functional interaction, but this will be discussed in more 

detail in Chapter 5. Though it is still unclear whether or not EGFR is important to 

corneal development, phosphorylated-EGFR (the active form) has been detected at 

E15.5 along the posterior periphery of the cornea adjacent to the RPE similar to my 

ISH data (Hassemer et al., 2013). Similar to EGFR, mice mutants of Erbb2 and Erbb3 
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have defects in the NCC derivatives , but they have not been studied in the cornea 

(Britsch et al., 1998; Erickson et al., 1997; Fantauzzo and Soriano, 2015; Lee et al., 

1995; Riethmacher et al., 1997).  

Another potential interacting partner is the ECM-associated protein Frem1. 

Frem1 is not a cellular receptor but is an ECM basement membrane protein 

associated with Fraser syndrome, and often aggregates with proteins from the Frem 

and Fras family. It has been suggested to associate with Npnt and Itgα8β1 in the 

epidermis and its loss similarly causes kidney agenesis (Kiyozumi et al., 2006, 

2012). Frem1 mutations are also associated with Manitoba oculotrichoanal 

syndrome, of which its symptoms includes ocular defects such as an absent 

epithelium (Slavotinek et al., 2011). A previous study characterized the 

spatiotemporal expression of the Fraser syndrome proteins in the ocular region and 

found that Frem1 and Fras1 are expressed in the mouse conjunctival and epithelial 

basement membranes from E10.5 to E16.5 and is additionally found in a layer 

adjacent to the RPE at E12.5 and E14.5. (Chiotaki et al., 2007). As Npnt is also 

enriched in these regions, it may associate with Frem1 in the basement membranes. 

Regarding potential functions for Npnt, I have proposed a role in migration 

through Itgα8β1 and a role in epithelial integrity/maturation through the Erbb 

family (applicable to both chick and mouse), but I have yet to account a role for the 

expression of Npnt throughout the mouse corneal and conjunctival stroma. In the 

literature, Npnt has been implicated to be downstream of several signaling 

pathways including TGFβ, Bmp, FGF, or Wnt and as a result it induces signaling 
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mediated by Itgα8β1 or regulates cell behavior such as proliferation/differentiation 

through MAPK and PI3K/Akt signaling (Fang et al., 2010; Ikehata et al., 2017; Kato 

et al., 2018; Kurosawa et al., 2016). While the upstream factors are involved in the 

developing cornea, little is known about MAPK and PI3K signaling. One study using 

zebrafish showed that Foxc1 directly regulates a FGF19-FGFR4 to activate ERK 

signaling in the corneal and periocular mesenchyme (Tamimi et al., 2006). 

Inhibition of this pathway leads to ASD similar to Foxc1 deficiency (Sowden, 2007; 

Tamimi et al., 2006). Though this indicates the importance of MAPK signaling during 

cornea development, it is difficult to pinpoint a mechanistic function. If we surmise 

that Npnt can activate MAPK or PI3K signaling in the cornea, the potential functions 

would range from a combination of proliferation, survival, differentiation, apoptosis, 

cytoskeletal arrangement, angiogenesis, among others. Some of these already have 

specific examples in other tissues in the case of proliferation, differentiation, and 

angiogenesis (Arai et al., 2017; Kahai et al., 2010; Kuek et al., 2016). Alternatively, 

Npnt may interact with proteoglycans to help organize the collagen matrix 

ultrastructure (Chen et al., 2015; Sato et al., 2013). 

In conclusion, the expression patterns of Npnt and its potential receptors 

implicates numerous potential functions that can be explored. However, in the 

capacity of my thesis, I will be focusing on the interaction between Npnt and 

Itgα8β1, as they are strongly co-localized specifically at the migrating NCC and this 

is conserved between the chick and mouse. Thus, I hypothesize that Npnt interacts 

with Itgα8β1 to regulate pNC migration into the cornea.  
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Part II: Functional Analysis of Npnt/Itga8 

Signaling during Chick Corneal Development 
 

 

In Chapter 4-1, I showed that Npnt and Itga8 co-localize in the chick and 

mouse and hypothesized that this interaction may be important for regulating pNC 

migration. For the subsequent experiments in this chapter, I will only be focusing on 

the chick cornea. The chick embryo is easily accessible in ovo and my lab can 

effectively target the NCCs for genetic perturbation studies using viral vectors. 

4-2.1 Gene Knockdown by Short Hairpin RNA and Overexpression 

in the RCAS Vector 

Short Hairpin RNA, commonly known as shRNA is a type of artificial RNA 

molecule designed to silence expression of a target gene by RNA interference 

(RNAi). RNAi is a natural biological process in organisms and is designed to inhibit 

or silence gene expression by targeting the mRNA. RNAi is mediated through micro 

RNA (miRNA) or small interfering RNA (siRNA), which can recognize specific target 

sequences and direct enzymes to degrade them (Lambeth et al., 2010; Moore et al., 

2010). shRNA is a form derived from siRNA with an additional region of internal 

hybridization to create a hairpin structure which can make use of a viral vector to 

integrate into the host genomic DNA for longer and stable knockdown of the gene of 

interest. shRNA integrated into the host often will utilize an additional promoter to 
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recruit polymerase III, which specializes in expressing miRNA and siRNA. shRNA 

produced this way is processed in the cell by Dicer to form the equivalent of a 

double stranded siRNA. The siRNA is cleaved into single strands and the anti-sense 

strand is loaded on the RNA-induced silencing complex (RISC) while the sense 

strand is degraded. Using the anti-sense strand as a guide, the RISC complex can 

base pair to the target mRNA and cleave it, thus preventing translation of the gene 

(Lambeth et al., 2010; Moore et al., 2010). 

shRNA are often delivered using a viral vector. For the chick, RCAS is a well-

known retroviral vector (Hughes, 2004; Vogt, 1997). The RCAS vectors are derived 

from the SR-A strain of Rous sarcoma virus and has been engineered so that the src 

gene can be replaced by the gene of interest and would be expressed by the internal 

promoter within the 5’ LTR. Alternatively, a promoter can be inserted for additional 

levels of gene regulation. Often shRNAs are expressed using the U6 gene promoter, 

which can recruit RNA polymerase III for the synthesis of small RNAs (rRNA, tRNA, 

snRNA, siRNA and miRNA) (Harpavat and Cepko, 2006; Hughes, 2004; Lambeth et 

al., 2010). In the case of dual gene expression, of which is common to also include a 

reporter gene, a separate promoter for the shRNA would be needed. There are many 

forms of RCAS vectors and the one our lab specifically uses is RCASBP, which has a 

carrying capacity of 2.5kb and is capable of integrating with the host and replicate to 

infect more cells for a wider delivery of the shRNA. During embryogenesis, the virus 

can be microinjected into specific areas of the embryo targeting certain areas for cell 

specific or localized knockdown (Ojeda et al., 2017). Multiple labs have used 
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RCASBP successfully and its use in the chick is well documented (Das et al., 2006; 

Gordon et al., 2009; Harpavat and Cepko, 2006).  

The RCAS delivery system can also be used to overexpress genes. The gene 

can be expressed by the 5’ LTR internal promoter. For more precise regulation, the 

CMV (cytomegalovirus) promoter and CAG (CMV enhancer, β-Actin promoter and 

rabbit β-Globin splice acceptor site) promoter can be used to confer efficient mRNA 

expression in eukaryotic cells, including the chick (Alexopoulou et al., 2008; Seo et 

al., 2010; Yang et al., 2014). Another alternative is to use an IRES or 2A self-cleaving 

peptides. These are motifs that can be inserted between genes and allow for 

expression of both without a promoter between them. IRES is an RNA element that 

originates from RNA viruses that allows for cap-independent translation (Chan et 

al., 2011; Liu et al., 2017; Shaimardanova et al., 2019). IRES is inserted between two 

genes and they will be transcribed together into one long transcript. Unlike the 

standard mRNA with a single start site at the 5’ end, there is an additional ribosome 

initiation site at the IRES to translate the second gene as well. One caveat is that 

expression of the IRES downstream gene (second gene) is variable and is often 

reduced in comparison to cap-dependent expression of the first gene (Mizuguchi et 

al., 2000). 2A peptides function differently from IRES, the stop codon is removed 

from the end of the first gene and the entire transcript is translated creating a fused 

protein. Then as per its name, the peptide can be cleaved without external help to 

generate the two function proteins. However, 2A peptides are also prone to 

incomplete cleavages, which may result in a variable percentage of products ending 
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up as fusion proteins which may be unpredictable (Chan et al., 2011; Liu et al., 2017; 

Shaimardanova et al., 2019). 

4-2.2 Knockdown of Npnt or Itga8 in Chick Cornea Development 

Based on the presence of Npnt in the primary and secondary stroma and 

expression of Itga8 in the pNC, we hypothesized that Npnt/Itgα8β1 signaling 

regulates pNC migration. To verify our hypothesis, we decided to knockdown either 

Npnt or Itga8 in the chick to analyze the resulting phenotype. We predicted that 

decreased signaling from either Npnt or Itgα8β1 would result in a similar 

phenotype, reduced migration of the pNC and a thinner cornea. Our specific 

construct uses the RCAS vector and has a GFP reporter expressed by the 5’ LTR 

followed by a chick U6 promoter to express the shRNA. Our lab has also adopted the 

use of the highly proliferative DF-1 chick fibroblast cell line used to confirm gene 

expression and propagate the virus. 

4-2.2.1 Knockdown Vector Design and Validation 

Using online tools such as BLOCK-iT™ RNAi Designer, we designed 21bp 

RNAi to target specifically Npnt and Itga8, taking care to minimize overlapping 

sequences with other chick mRNA and designed in regions common to all gene 

isoforms. We designed the shRNA to be around 50-60bp with the composition of the 

target sequence and the reverse complement separated by the loop linker 

(TTCAAGAGA) and with a termination sequence at the end (Fig. 4-2.1A). Using 

restriction enzymes, the shRNA is inserted into the shuttle vector pSLAX (Fig. 4-

2.1B). This construct contains a GFP reporter followed by a chick U6 promoter. This 
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DNA is then cloned into the RCASBP vector via homologous recombination using the 

CloneEZ kit, such that GFP is expressed by the viral internal LTR promoter and the 

shRNA is expressed by the U6 promoter (Fig. 4-2.1C). Because it is difficult to 

determine if the selected miRNA region will effectively knockdown the gene, we 

made four different constructs for knocking down Npnt and three for Itga8 (Table 4-

2.1). The viruses are transfected into DF-1 cells using lipofectamine for verification 

of expression, validation of knockdown, and propagation of the virus (Fig. 4-2.2). 

First, we verified that all the constructs had high infectivity (>90% GFP-positive 

within 3 days) (Fig. 4-2.2A). Next, we collected cDNA from infected DF-1 cells, 

analyzed the knockdown using reverse transcription PCR, and showed that infected 

cells had reduced mRNA expression compared to the DF-1 cell control (Fig. 4-2.2B). 

Of the choices we selected NpntKdU and Itga8Kd14 to proceed with in vivo work.  
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Figure 4-2.1 Schematic of RCAS construct preparation for RNAi 

(A) shRNA sequences are ordered as a 50-60 bp oligonucleotide from Sigma 
Aldrich arranged in the RNAi linked to its reverse complement by a hairpin loop 
with a termination site and flanking restriction sites. (B) The shRNA sequence is 
cloned into the shuttle vector pSLAX, which contains a GFP reporter and cU6 
promoter preceding the shRNA. (C) The regions from the GFP to shRNA are cloned 
into the viral vector RCASBP such that GFP is expressed by the viral LTR internal 
promoter while the shRNA is induced by the cU6 promoter. (D-E) Upon 
production in an infected cell, the shRNA will be cleaved into dsRNA, loaded onto 
RISC, and cooperatively target complementary mRNA transcripts for degradation. 
Re: restriction enzyme; Reverse Comp: reverse complement; GFP: green 
fluorescent protein; cU6: chick U6 promoter; LTR: long-terminal repeat. 

 

Table 4-2.1 Sequence and targeted location of the RNAi constructs 
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Figure 4-2.2 Validation of construct knockdown and successful incorporation of 
virus in vivo 

(A) After lipofectamine transfection into DF-1 cells, all constructs are verified to 
have high GFP expression. (B) RNA is extracted from DF-1 cells at 80-90% 
confluency and tested for mRNA levels by RT-PCR with GAPDH as a housekeeping 
gene. (C) RCAS viruses are injected into the stage 8 neural tube (Hamburger and 
Hamilton, 1951) to target NCCs (orange arrow). The NpntKdU virus was 
additionally injected into the ectoderm to target the lens and retina (red arrow). 
(D) Post-injected and incubation, embryos are screen for GFP expression at the 
cornea and this can be additionally verified post-fixation by immunofluorescence. 
S8: stage 8. 

4-2.2.2 Knockdown of Npnt or Itga8 In Vivo Results in Decreased 

Corneal Thickness 

Knockdown viruses were transfected into chick embryos as described in the 

methods (Chapter 2). For Itga8 knockdown, virus was injected into the developing 

neural tube at stage 8 to target the NCCs (Fig. 4-2.2C, orange). For Npnt, virus was 

injected into the stage 8 developing ectoderm and neural tube (Fig. 4-2.2C, 
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red/orange). This additionally can target the ectoderm derivatives such as lens and 

retina (Hägglund et al., 2013; Sowden and Streit, 2016), the dominant source of 

Npnt at E3-E4. Embryos were screened for GFP expression to validate good shRNA 

infection (Fig. 4-2.2D) and were selected at E5 and/or E7 to examine potential 

defects. At E5, ISH of Npnt knockdown embryos showed decreased Npnt mRNA in 

the lens and RPE, which suggests some degree of Npnt knockdown, but no 

morphological phenotype was observed (Appendix Fig. 5). At E7, we show that Npnt 

mRNA is decreased in the stroma (Fig. 4-2.3A, A’) and this correlated with a 

significant reduction in corneal thickness (Fig. 4-2.3B, B’, E). To assess whether this 

phenotype is mediated by Npnt/Itgα8 interaction, we performed a corresponding 

analysis on Itga8 knockdown embryos and found that similarly, Itga8 was reduced 

in the stroma and the corneas were abnormally thin (Fig. 4-2.3C-D’, F). Based on the 

observed phenotypes, it is likely that Npnt and Itgα8 have similar functions and may 

regulate NCC migration and/or proliferation. It should be noted that our previous 

findings (localization of Npnt at the primary stroma at Itga8 expression at the 

leading edge) would suggest that Npnt/Itgα8 interaction is also important for the 

first wave of pNC migration, but the lack of a morphological phenotype at E5 

suggests otherwise. It is unknown if having no phenotype represents that Npnt is 

not essential, there are compensatory mechanisms, or the knockdown is insufficient 

to reveal a phenotype. While we observed a reduction of Npnt in the at the lens and 

retina, the mRNA is still clearly present (Appendix Fig. 5). A caveat of the RCAS 
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Figure 4-2.3 Validation of construct knockdown and successful incorporation of 
virus in vivo 

All images are taken at E7 of the chick cornea. (A, A’) Npnt expression in the 
stroma is reduced in NpntKD embryos. (B, B’, E) This corresponds to a decrease in 
corneal thickness (n = 4). Additionally, we observed some frequency of disruption 
in the epithelium and endothelium. (C, C’) Similarly, Itga8 expression in the 
stroma is reduced in Itga8KD embryos. (D, D’, F) This corresponds to a similar 
decrease in corneal thickness (n > 6). Black dotted arrows denote corneal 
thickness. 

delivery system is that it takes time for viral replication and the knockdown may be 

weaker at younger developmental stages. Nevertheless, these data indicate that 

both Npnt and Itgα8 have an important role during the entry of NCC into the 

presumptive corneal region. However, it is still unknown whether or not Npnt and 

Itgα8 are acting within the same pathway. 
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4-2.2.3 Knockdown of Itga8 Restricts pNC Migration During 

Endothelial Formation 

The previous results were unable to inform whether or not the first wave of 

migration was impacted by the knockdown. To circumvent the issue with 

insufficient knockdown and verify if migration is affected by Npnt/Itgα8 signaling, 

we decided to analyze the migration on a cellular basis using whole mount 

immunofluorescence on Itga8Kd embryos. For this method, we take advantage of our 

GFP reporter, which can distinguish cells that express the cellular receptor, Itga8. 

We find that at E5, the endothelium forms, but the GFP expressing cells are 

restricted from the presumptive corneal region (Fig. 4-2.4B). In contrast, the GFP-

control has equal distribution of GFP expression throughout (Fig. 4-2.4A). This 

indicates that Itgα8 is important for pNC migration during the formation of the 

presumptive endothelium. 

4-2.3 Overexpression of Npnt in Chick Cornea Development 

From the knockdown results, I hypothesized that Npnt and Itgα8 signaling 

regulates pNC migration and is needed for proper development of the cornea. To 

further explore the extents of their functions, I decided to overexpress Npnt in the 

chick cornea. 
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Figure 4-2.4 Knockdown of Itga8 reduces pNC migration during formation of the 
endothelium 

(A) The pNC of the GFP control can enter the cornea freely during the first wave of 
migration. (B) The pNC in Itga8KD embryos are partially restricted from the 
corneal space during the first wave of NCC migration. Dotted yellow circle outlines 
the cornea. 

4-2.3.1  Redesigning the pSLAX and Reassembly of the RCAS Viral 

Construct 

The current RCAS schema is not suitable for the overexpression of Npnt. 

Since overexpression requires the insertion of the full length Npnt gene (~1700 bp), 

the viral load is past the capacity of RCAS (~2.5 kb) (Hughes, 2004). In addition, the 

chick U6 promoter recruits RNA polymerase III, designed for the expression of small 

RNAs and is not suitable to express mRNA (Das et al., 2006). I postulated four 

potential methods in order of priority that may resolve the issues: 1) Replace the 

chick U6 promoter with a CMV promoter. 2) Use an IRES in place of a promoter. 3) 

Use a 2A self-cleaving peptide in place of IRES. 4) Insert only Npnt into RCAS 

without a promoter or a GFP reporter.  
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The CMV promoter method was first in priority as it is a simple promoter 

replacement and requires minimal time and effort to create and test. However, it 

does not actually reduce the insert size and actually makes it bigger (~3.5 kb). IRES 

is the second because it can effectively reduce the size to below 3kb (still considered 

overcapacity), but requires extensively redesigning and cloning to complete. The 

design for the 2A self-cleaving is effectively near-identical to IRES and requires little 

adjustment. In addition, 2A peptides are small (~60 bp) and can reduce the insert 

size to under 2.5 kb. However, the potential for fusion proteins is a large caveat to 

an overexpression study. The fourth method is a last-ditch scenario to ensure that 

overcapacity does not occur, but at the same time without a reporter I will not be 

able to validate its infectivity in the DF-1 cells, cannot screen for corneal expression 

after microinjection, and will have to solely depend on Npnt ISH or 

immunofluorescence to judge if the overexpression was successful. However, while 

this method may require an increased workload to complete, it is also the method 

that should yield the strongest expression and potential phenotype. 

For the first method, I replaced the U6 promoter with CMV. This method does 

not decrease the insert size (~3.5 kb), but because RCAS may only have reduced 

activity at overcapacity instead of complete shutdown (Hughes, 2004), there is a 

possibility for this to be able to function. However, during validation of Npnt 

expression, while the virus could infect DF-1 cells, its ability to proliferate and infect 

other cells was vastly hindered (Fig. 4-2.5A), thus deemed unsuitable for 

overexpression in the chick. For the second method, the use of IRES would require 

the shuttle vector to be redesigned. At the same time, I can reoptimize the construct 
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and minimize all unnecessary spacing to reduce the viral load. First, I completely 

removed the previous insertion site (GFP-cU6/CMV-shRNA) and created a new 

multiple cloning site (ClaI-XbaI-NotI-PmeI-SpeI-HindIII-ClaI) (Fig. 4-2.5D). Using 

these restriction sites, I inserted the genes/motifs in the following order: Npnt-

IRES-eGFP, and shuttled into the RCAS site using Gibson assembly (Fig. 4-2.5E). By 

placing Npnt as the first gene, this can minimize the caveats of reduced expression 

of the second gene. Despite the overcapacity (~3 kb), the virus retained its high  

 

Figure 4-2.5 Design and reassembly of the RCAS virus for overexpression of Npnt 
via CMV and IRES 

(A) The NpntOE construct was first made by replacing the cU6 promoter with CMV, 
but transfected DF-1 cells were unable to properly proliferate and spread 
infection of the virus. (B) Redesigning the construct to express Npnt by the LTR 
internal promoter and GFP by IRES showed that the virus maintained strong 
infectivity and proliferation. (C) In addition, Npnt was greatly induced in 
comparison to the DF-1 control. (D-E) This is the schematic map of redesigning 
the pSLAX and RCAS constructs. 
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infectivity and expression of Npnt mRNA (Fig. 4-2.5C), indicating that it was suitable 

for overexpression in the chick. Thus, I selected this construct for microinjection 

and did not proceed with attempting the remaining methods. 

4-2.3.2  Overexpression of Npnt increases corneal thickness 

The NpntOE viral construct was injected into the chick stage 8 targeting the 

neural tube similar to the knockdown injections. I found that corneas of NpntOE 

embryos were significantly thicker compared to the control at E9 and E15, but not 

at E7 (Fig. 4-2.6A-C’, D). Concurrently, there was a large increase in Npnt expression 

throughout the entirety of the cornea, and increased localization in the stroma, 

epithelium, and the epithelial basement membrane (Fig. 4-2.6A-C’). The increased 

thickness also correlates with increased cell counts (Fig. 4-2.6E). This is in 

agreement with the results from the knockdown embryos and supports that Npnt 

has a role in cell migration and/or cell proliferation.  

4-2.3.3 Overexpression of Npnt Does Not Increase Cell Proliferation 

To test if cell proliferation was affected by increased Npnt levels, I used BrdU, 

a synthetic molecule that incorporate into newly synthesized DNA of replicating 

cells, to assay for changes to cell cycle in the developing corneas. To account for the 

mutants having more overall cells, I used the ratio of proliferating 
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 Figure 4-2.6 Overexpression of Npnt correlates with increased corneal thickness 

(A, A’) Overexpression of Npnt via the NpntOE viral vector results in greatly 
increased Npnt mRNA within the cornea at E9. (B, B’) This coincides with 
increased protein expression at the epithelium, basement membrane, and 
throughout the stroma. (C-D) Increased expression of Npnt correlates with 
significantly increased corneal thickness at E9 and E15, but not at E7. (E) The cell 
counts in thickened corneas are also significantly increased at a similar but not 
proportional level at E9 and E15, but not at E7. Black dotted arrows denote 
corneal thickness. 

to non-proliferating cells as the standard of measurement. The data revealed a sharp 

decline of high cell proliferation at E7 to almost no cell proliferation at E15 (Fig. 4-

2.7). In addition, not only did NpntOE not increase cell proliferation at E7, E9, and 

E15, there was a significant decrease at E9 (Fig. 4-2.7B, B’, D). This experiment 

shows that overexpression of Npnt does not induce proliferation, suggesting that the  
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Figure 4-2.7 BrdU cell proliferation assay does not find any increase in 
proliferation in NpntOE embryos 

Using BrdU, cell proliferation in NpntOE embryos were compared to control 
embryos. (A-C’) The data show that cell proliferation drastically decreases from 
E7 to E15, but overexpression of Npnt did not coincide with any increase in 
proliferation. (D) Instead at E9, proliferation was significantly downregulated. 

increased cell counts are derived from increased cell migration. As proliferation was 

not affected at E7, the decrease in proliferation observed at E9 may not be a direct 

effect from Npnt signaling, and may stem from disrupted homeostasis caused by an 

abnormal number of stromal cells.  

An observation of note is that knockdown and overexpression embryos 

manifested phenotypes at different stages of growth. Though NpntKD embryos 

showed corneal thinning at E7, NpntOE embryos at E7 do not have increased 

thickness, cell count, or proliferation. This may be because Npnt is already strongly 

expressed at this time and interactions with Itgα8β1 are saturated. By E9, stromal 

localization of Npnt is greatly reduced in normal corneas and corneal swelling may 

be a result of ectopic stromal localization of Npnt inducing sustained cell migration. 

4-2.4 Npnt/Itgα8β1 Signaling Regulates pNC Migration In Vitro 
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To clarify if Npnt and Itgα8β1 signaling are acting within the same pathway 

and evaluate its effect on pNC migration, I performed an experiment to directly 

analyze this interaction in vitro, as described in the methods (Chapter 2.5.4). Briefly, 

I extracted pNC explants from E3 chick embryos and cultured them on slides pre-

coated with Npnt. Fibronectin, a well-known mediator of NCC migration (Perris and 

Perissinotto, 2000) was used as a control. I then added inhibitors to Itgα5β1 

(fibronectin receptor) or Itgα8β1 (Npnt receptor) and analyzed their effect on pNC 

migration. Separately, I also used live confocal microscopy imaging along with 

IMARIS cell tracking software to analyze cell migration and overall explant spread 

mechanics. Explants cultured on Npnt have more robust and efficient migration 

when compared to fibronectin (Fig. 4-2.8A1-B3). In addition, I observed that 

explants cultured on Npnt attach to the slide quickly in comparison to explants on 

fibronectin (Fig. 4-2.8A1, B1), which can be easily dislodged within the first 2 hours 

by gentle tapping of the slides. This indicates that Npnt enhances explant adhesion. 

For explants cultured with the Itgα5β1 inhibitor, cell migration was inhibited on Fn 

in a dose-dependent manner (Fig. 4-2.8E, Appendix Fig. 6A-B’). Though migration 

also decreased on Npnt, it was not concentration dependent (Fig. 4-2.8F). For 

explants cultured with the Itgα8β1 inhibitor, migration of fibronectin was not 

affected, but cell migration on Npnt was greatly reduced (Fig. 4-2.8C1-C3, Appendix 

Fig. 6D). Live microscopy imaging confirmed robust migration on Npnt in 

comparison to Fn and uncovered that on fibronectin and Npnt with Itgα8β1 

inhibitor (Npnt-I), the entire explants migrated as cells disseminated. Live 

microscopy also allowed measurement of individual cell movements between  
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Figure 4-2.8 Npnt-mediated signaling is a strong inducer of pNC migration 

(A1-A3) Explants cultured on Npnt ECM substrate (10 µg/ml) attach strongly to 
the surface and the cells disseminate and migrate rapidly. (B1-B3) In contrast, 
cells cultured on fibronectin substrate (10 µg/ml) take longer to attach and the 
entire explant is mobile. In addition, fewer cells are induced to separate from the 
explant and migrate. (C1-C3) On Npnt with Itgα8β1 inhibitor (10 µM), though 
there was initially attachment, it was not as strong as on Npnt substrate. Similar 
to on fibronectin, the explant was mobile and the number of disseminating cells 
were limited. (D) Statistical analysis using one-way ANOVA show that the number 
of migrating cells on fibronectin and Npnt-I are significantly less than those on 
Npnt. (E-F) Explant culture using the Itgα5β1 inhibitor (BIIG2) showed a dose 
dependent reduction of cellular displacement on fibronectin, and non-dose 
dependent reduction on Npnt. B5/B10: BIIG2 antibody at 5 and 10 µM, 
respectively. 

fibronectin, Npnt, and Npnt-I and kept track of statistics including migration speed, 

migration distance, and displacement (Table 4-2.2). The data show that cell 

migration speed, average migration distance, and average displacement of cells do 

not change between the conditions, but maximum cell displacement from the 

explant origin is farther on Npnt compared to either one. These data indicate that 
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Npnt is a favored substrate for pNC migration and that Npnt mediated migration 

requires the presence of Itgα8β1 signaling, supporting the hypothesis that Npnt and 

Itgα8β1 cooperate to regulate pNC migration. One interesting observation is the off-

center position of the explant on fibronectin and Npnt-I (Fig. 4-2.8B1-C3). Live 

imaging showed that while cells detach from the explant and migrate individually, 

the entire explant also migrates erratically with no specific direction. Occasionally,  

Table 4-2.2 Cell migration statistics from live microscopy and IMARIS software 
analysis  

 

cells that have dispersed would merge and collect back into the explant. In contrast, 

explants on Npnt do not move and cells efficiently disperse outward from the 

explant center. Migration of explants as a whole was unexpected and may exemplify 

the ability of collective migration, a characteristic of NCCs (Szabó and Mayor, 2016). 

I speculate that explants on fibronectin may have low cell dissociation and whole 

explant migration occurs because the residual ECM within the explant is competing 

with its interaction to the coated fibronectin. Npnt is known for its strong adhesive 
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properties and can overcome the residual ECM, but this is lost when Itgα8β1 is 

inhibited and the resulting migration pattern resembles that on fibronectin. In a 

way, the explant compared to the ECM coating is analogous to the pNC compared to 

the primary stroma, and migration is a function of intra-pNC interactions versus its 

interactions with the primary stroma. Itga8 expression may be a factor that 

enhances interactions with the stromal ECM to facilitate migration. 

It was unexpected that inhibition of Itgα5β1 also reduced migration 

extensively on Npnt, and no literature has indicated Npnt can interact with Itgα5β1. 

Interestingly, instead of a decrease in explant attachment as in the case of Itgα8β1 

inhibition, radial displacement was reduced. Another key observation is that is that 

the reduced migration from inhibition of Itgα5β1 was not dose dependent, which 

suggests that it is likely not reducing migration through interaction with Npnt. 

Instead what may be occurring is that Npnt needs some level of fibronectin presence 

for efficient migration or that Npnt/Itgα8β1 signaling may trigger increased 

fibronectin-mediated signaling. The nature of using explants is that it carries its own 

ECM and continues to express them throughout the observation period. Explants 

plated solely on poly-lysine have no external fibronectin/Npnt influence but have 

limited cell attachment. Twenty-four hours in, I found that these cells have 

detectable but limited levels of both fibronectin and Npnt proteins in the cytoplasm 

and surrounding vicinity (Appendix Fig. 7A). In contrast, on Npnt explants, the 

presence of fibronectin is much stronger in comparison (Appendix Fig. 7B’), which 

supports potential upregulation of fibronectin-mediated signaling in these explants. 

This level of fibronectin expression is likely comparatively weaker compared 



140 
 

explants on fibronectin-coating a can be fully suppressed by either 5 µM or 10 µM of 

Itgα5β1 inhibitor. Loss of all fibronectin-mediated signaling may abrogate 

Npnt/Itgα8β1 induced migration. Literature on Npnt and Itgα8β1 suggest they have 

strong association with cell adhesion but the reports on its role in migration is 

conflicting (Bieritz et al., 2003; Kuek et al., 2016; Kuphal et al., 2008; Morimura et 

al., 2001; Müller et al., 1995; Scherberich et al., 2005). IMARIS statistics reveal that 

neither speed nor duration of migration are different among the fibronectin, Npnt, 

or Npnt-I, indicating that once separated from the explant, the migratory qualities 

are equivalent. Displacement on Npnt is larger likely because of increased cell 

density and crowdedness. This suggest that Npnt/Itgα8β1 interaction has no direct 

effect on the speed of migration. 

4-2.5 Conclusion and Discussion 

The knockdown and overexpression experiments reveal that either loss or 

gain of Npnt function corresponds to a thinner or thicker cornea, respectively. In 

addition, it is shown that increased thickness from Npnt overexpression is 

correlated with increased cell counts and this is not due to increased proliferation. 

As the cells need to originate from somewhere, from the data combined, indicates 

Npnt and Itgα8 are involved in pNC migration. This is further supported by whole 

mount analysis and an in vitro migration assay conveying that Npnt/Itgα8β1 

signaling induces cell adhesion and regulates pNC migration. 

Although the whole mount analysis verified that Itgα8 has a role in pNC 

migration to form the presumptive endothelium, it is still uncertain why a 
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morphological defect is observed at E5. One possibility may be the presence of a 

compensatory molecule such as EGF-Like protein 6 (EGFL6), which is also 

upregulated during corneal development (Bi and Lwigale, 2019). EGFL6 is a paralog 

of Npnt with 41% amino acid identity, similar functional domains, and is also a 

ligand for Itgα8β1 albeit with a weaker affinity (Fujiwara et al., 2011; Kiyozumi et 

al., 2012; Linton et al., 2007). While little is known about EGFL6, multiple studies 

have suggested it could compensate for a deficiency in Npnt. While Npnt is critical 

for kidney development, 31% of Npnt null mutants survive with both kidneys and 

live both healthily and fertile (Linton et al., 2007). This suggests that there are 

proteins that may compensate for the loss of Npnt, and EGFL6 is a prime candidate. 

In the hair follicle niche, Npnt/Itgα8β1 regulates bulge attachment at the arrector 

pili muscle (Fujiwara et al., 2011). In Npnt deficient skin, EGFL6 is upregulated and 

can compensate for the loss of Npnt induced anchorage (Fujiwara et al., 2011). It is 

not known whether or not EGFL6 signaling has any affect in the cornea, but its 

presence should be considered when analyzing the effects of perturbed Npnt 

expression. 

Analysis of explant migration in vitro indicates that Npnt and Itgα8β1 

function as a ligand-receptor pair involved in cell adhesion and migration. However, 

it also implicated that Npnt/Itgα8β1 signaling alone was not sufficient for the 

efficient pNC migration observed on Npnt-coated slides; cooperative factors such as 

Itgα5β1 signaling may be required. It is accepted that ECM composition has great 

influence on mechanotransduction properties during cell migration (Yamada et al., 

2019), but the specifics are still not well understood. One study found that human 
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fibroblasts cultured on vitronectin displayed aggregation of both the vitronectin 

receptor (ItgαVβ3) and fibronectin receptor (Itgα5β1) at the focal contacts 

implicating a potential role for the fibronectin receptor despite lacking direct ligand 

interaction (Singer et al., 1988). Another study shows that in rat fibroblasts, both 

Itgα5β1 and ItgαVβ3 are needed for directionality in migration, indicating a 

cooperative effect between both receptors (Missirlis et al., 2016). NIH-3T3 

fibroblasts also display different durotaxis behaviors on fibronectin, laminin, or 

both (Hartman et al., 2017). The corneal stroma contains a host of ECM proteins 

with a unique composition that may favor pNC migration. Although characterizing 

how all the cell-ECM interactions are involved in pNC migration remains yet to be 

realized, our study demonstrates that Npnt/Itgα8β1 signaling has a vital role. 
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Chapter 5 

Future Directions 

The pNC are a vital component involved in corneal morphogenesis. The 

events leading to pNC migration and differentiation into the cornea are complex but 

essential for corneal development. In this dissertation, I analyzed the signaling and 

events that dictate how the pNC becomes the cornea. By examining the 

transformation of the transcriptional profile from the pNC to the cornea, I reviewed 

and discussed changes to major signaling developmental signaling pathways (RA, 

TGFβ, Wnt) and their impact on the ECM dynamics and cell behavior in the chick 

and mouse. From this data, I extracted and discovered a role for a novel ECM 

protein, Npnt, in the cornea. I revealed that Npnt and its receptor, Itgα8β1, are 

essential regulators of pNC migration and cornea development. However, further 

studies are still needed to discover the mechanisms and downstream signals 

triggered by Npnt interaction. In this chapter, I will discuss several ongoing projects 

that attempt to further understand the role of Npnt in ocular development.  

5.1 Extended Interpretations from Overexpressing Npnt 

5.1.1 Npnt Overexpression Also Results in Other Defects in the 

Developing Chick 

Aside from corneal defects, NpntOE also displayed many other non-corneal 

defects with high frequency and other alternative corneal defects with lesser 
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frequency. For non-corneal defects, I observe disruptions in the development of the 

beak, feathers, and skin at E9 or E15. The beak is often misaligned such that the 

upper beak is placed at a different angle than the lower beak. In addition, the lower 

beak may be abnormally short and sometimes completely missing (Appendix Fig. 8). 

The number of feathers on the chick embryo may be reduced or completely absent 

(Appendix Fig. 8). And the skin can fail to develop to the point where the chicken is 

transparent and organs are visible (Appendix Fig. 8). Some chick embryos also show 

signs of hemorrhage indicating that overexpression of Npnt can be embryonically 

lethal. Interestingly, the tooth, hair, and skin are all regions where Npnt had already 

been functionally implicated (Arai et al., 2017; Fujiwara et al., 2011; Kiyozumi et al., 

2012; Patra et al., 2011; Tang and Saito, 2017a). I did not examine the kidneys so it 

is uncertain if kidney defects were also present. For alternate corneal defects, in 

addition to the regularly observed increased corneal thickness, I also find occasional 

defects in the lens, retina, iris, epithelium, endothelium, and basement membranes. I 

have detected both Npnt and Itga8 mRNA at the iridial-corneal angle during late 

corneal development, but it is uncertain if their co-localization is important 

(Appendix Fig. 2).  More details on corneal defects will be discussed in the following 

section. 

5.1.2 Effect of Npnt Overexpression on Corneal Morphology and ECM 

Organization during Chick Corneal Development 

The most evident phenotype in NpntOE corneas was increased corneal 

thickness. One of the observations in thickened corneas is that the cellular 
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distribution throughout the cornea is uneven between the anterior and posterior 

cornea. To quantify the cellular imbalance, I compared the number of cells at the 

anterior versus the posterior at E7, E9, and E15 (Fig. 5.1A). The measurements show 

that the anterior cells of NpntOE cornea are unchanged in comparison to the control, 

but there are a significantly reduced number of cells at the posterior at E9 and E15 

(Fig. 5.1A). E7 NpntOE corneas look normal in this regard, indicating that this change 

in cell distribution is associated with the increased thickness and cell counts. 

Furthermore, this suggests that there are other non-cellular components that factor 

into the increased thickness, most likely ECM proteins. In support, NpntOE corneas at 

E15 are opaque (Fig. 5.1B, B’), indicating that ECM organization is disrupted. 

Understanding the mechanics behind this may reveal alternative roles for Npnt in  

 

Figure 5.1 Disproportionate cell distribution in NpntOE corneas 

(A) Cell counts at the anterior or posterior cornea are defined as described in the 
methods. Between the NpntOE and control embryos, there were no significant 
changes in the cell count at the anterior of the cornea, but there was a significant 
decrease in NpntOE corneas at the posterior at E9 and E15, but not at E7. (B, B’) 
This correlated with opacity in thickened corneas, indicating that the ECM 
organization is disrupted. 
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the cornea. In order to identify how the ECM composition is altered, I performed 

immunofluorescence at E6 and E8 on the ECM proteins: perlecan, KSPG, decorin, 

laminin, collagen II, pro-collagen I, fibronectin, and Npnt. Corneas with perturbed 

Npnt expression display ectopic Npnt in the stroma and altered or mislocalization of 

several ECM proteins of interest (Appendix Fig. 8). These changes correlate with 

several morphological defects. At E6, I observed malformation in the endothelium, 

lens, and retina (Fig. 5.2A-B2). In addition, the malformed corneas also show 

accelerated pNC entry into the cornea. At E8, I observed regions of abnormally thick 

epithelium (~5 cell layers), thicker epithelial basement membrane, abnormal cell 

clustering in the stroma, and disruption of the endothelium (disorganized, thicker, 

multi-layered) (Fig. 5.2C-D3). At E6, I did not observe changes to decorin, laminin, 

and collagen II, but found perturbed expression of fibronectin, perlecan, pro-

collagen I, and KSPG (Fig. 5.3, Appendix Fig. 9). Fibronectin was expressed 

ectopically in the at the epithelial basement membrane (Fig. 5.3A1, A2). For pro-

collagen I, control embryos show expression in the epithelium and weak expression 

at the edge of migrating pNC. In the NpntOE embryos, along with accelerated 

migration, there was enhanced pro-collagen I expression along the migrating cells 

and the pNC, and a loss of pro-collagen I from the epithelium (Fig. 5.3B1-B2’). In 

addition, KSPG was expressed precociously in the pNC and Npnt expression in the 

epithelium and periocular region was intensified (Fig. 5.3C1, C2, Appendix Fig. 9). At 

E8, the expression of ECM proteins decorin and fibronectin were not greatly 

disrupted. Pro-collagen I had reduced stromal expression in one embryo and 
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Figure 5.2 Perturbation of corneal morphology in NpntOE embryos 

(A) E6 is the period when the pNC are migrating to form the corneal stroma. (B1-
B2) The NpntOE embryos display a variety of deformities such as accelerated but 
disorganized pNC migration (arrowheads), which may indicate non-cellular 
components disrupting the morphology. In addition, there were fragmented 
endotheliums and disorganized retina, periocular mesenchyme and lens 
(arrowheads). (C) By E8, all 3 cornea layers are formed. (D1-D2) Aside from 
increased corneal thickness, NpntOE corneas display a disorganized stroma and 
endothelium (D1) or a thickened epithelium and double-layered endothelium 
(D2). 

enhanced stromal expression at a site for deformity in another (Fig. 5.4A1-A3). In 

one embryo, expression of collagen II and perlecan at the endothelial basement 

membrane was lost (Fig. 5.4B1, B2, E1, E2), expression of KSPG was enhanced (Fig. 

5.4C1, C2), and there were ectopic punctae of laminin in the posterior stroma (Fig. 

5.4D1, D2). I also observed ectopic expression of perlecan in stromal deformities, 

and a double endothelial basement membrane layer (Fig. 5.4E3). Expression of Npnt 

was enhanced at all layers of the cornea, including the basement membranes (Fig. 

5.4F1, F2).  
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Figure 5.3 Perturbation of ECM expression in NpntOE corneas at E6 

(A1) In controls, fibronectin is expressed throughout the primary stroma and is 
enriched at the posterior region along the endothelium. (A2) NpntOE corneas show 
ectopic expression of fibronectin at the epithelial basement membrane 
(arrowheads). (B1) In controls, pro-collagen I is expressed in the epithelium and 
weakly expressed in the migrating pNC. (B2) In NpntOE corneas, expression at the 
epithelium is lost and there is enhanced expression in the migrating pNC 
(arrowheads). (C1) KSPG is expressed in the posterior region adjacent to the 
endothelium and Npnt is expressed in the epithelium and its basement 
membrane. (C2) Both KSPG and Npnt expression are enhanced and ectopic 
protein is detected in the migrating pNC (KSPG, Npnt, arrowheads) and the more 
distal pNC (Npnt, arrowheads). 

The data shows that many ECM proteins throughout the cornea are disrupted 

by ectopic Npnt expression. Of the ECM proteins selected, I did not observe any that 

particularly localized to the posterior region so it is uncertain if ECM protein 

distribution is a cause of decreased cell density at posterior thickened corneas. 

However, the data does indicate that Npnt may be involved in other roles during 

corneal development. The importance of the selected ECM proteins is known and 

their expression patterns in control embryos complement what is known in 

literature. Though no phenotype in the cornea was observed at E7, precocious 

expression of pro-collagen I and KSPG in the migrating pNC indicates that ectopic 

Npnt may accelerate expression of stromal ECM proteins. Increased Npnt at the 

epithelium and its basement membrane correlates with increased thickness of the 

EBM suggesting that Npnt is also involved in basement membrane formation. It is 

uncertain whether the increased size of the basement membrane is related to the 

increased thickness of the epithelium. Disruptions to the endothelium may be a 

result of mismanaged first wave of pNC migration, but these embryonic stages were 
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Figure 5.4 Perturbation of ECM expression in NpntOE corneas at E8 

(A1) At E8, pro-Ccllagen I is expressed throughout the stroma and epithelium. 
(A2) Expression in the stroma is either lost or gained in NpntOE corneas. (B1, C1, 
D1, E1) In controls, collagen II, KSPG, laminin, and perlecan are similarly 
expressed throughout the stroma and both basement membrane layers. (B2) In 
NpntOE corneas, the stromal expression of collagen II is disrupted and endothelial 
basement membrane layer is lost. (C2) For KSPG, there is enhanced expression in 
the disorganized endothelium. (D2) For laminin, there are ectopic punctae in the 
posterior stroma. (E2, E3) For perlecan, the stromal organization is disrupted and 
the endothelial expression is either lost or gained depending on how endothelium 
formation was disrupted. (F1, F2) Npnt expression at all the corneal layers were 
enhanced. White arrowheads denote regions of abnormal ECM expression. 

not examined. More replicates will be needed to make conclusions for this 

preliminary study, but it is probable that Npnt also has a role in ECM organization in 

the cornea. 

5.1.3 Identifying the Active Domain Involved in Npnt Overexpression 

Induced Phenotypes 

My previous experiments suggest that the effect of Npnt perturbation in the 

cornea is mediated by Itgα8β1. Although I show that Npnt/Itgα8β1 signaling 

regulates migration, it is uncertain whether that is the only contributing cause to 

changes in corneal thickness. In addition, I have postulated that there may 

potentially be other non-cellular factors contributing to increased corneal thickness. 

The non-cellular factors potentially also have an effect on cell migration. In 

literature, Npnt is involved in multiple developmental roles mediated by the EGF-

like repeat domain and not through Itgα8β1 signaling. Thus, it is important to verify 

whether Npnt/ Itgα8β1 signaling is sufficient to induce increased corneal thickness 

and whether the EGF-like repeat domain also has a role. To do this I made two new 
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viral constructs: NpntRAE (mutation of RGD domain to RAE) and NpntΔRGDΔMAM 

(truncation of RGD domain and MAM domain). Because the truncation would 

remove the region where the Npnt antibody binds, I have attached a his-tag for 

detection. The RAE mutation should mimic a function Npnt but without Itgα8β1 

interaction. Injection of this construct would unveil whether or not Npnt/Itgα8β1 is 

the sole cause of the induced corneal thickness. If the resulting embryos do not have 

a phenotype. This would support that Npnt/Itgα8β1 interaction is the primary 

signal that regulates thickness and cellular migration. If a full or partial phenotype is 

still observed, it would indicate that Npnt may have other interactions that are 

affecting cell migration and corneal thickness. The second construct, NpntΔRGDΔMAM, 

has enriched expression of the other functional EGF-like repeat domain, but is 

lacking the MAM domain which may be important for localization of Npnt (Kiyozumi 

et al., 2012). Expressing this construct in vivo would display a similar phenotype as 

the first construct if the MAM domain is not required, or may show a 

different/absent phenotype if the MAM domain is important to its function. In this 

manner, I can analyze the functionality of all three domains and their roles during 

corneal development. Currently the constructs have already been made and just 

need to be transfected, propagated, and injected into the chick. 

5.2 Role of Npnt in the Mouse 

5.2.1  Role of Npnt in Mouse Cornea Development 

The previous functional studies were all performed in the chick and it is 

unknown if the functions are the same in the mouse. Based on the expression 
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patterns of Npnt and Itgα8 in the mouse (Chapter 4-1), it is likely that Npnt/Itgα8β1 

signaling may also have a role in pNC migration. However, Itgα8β1 is transient and 

only expressed in the periocular region leading up to the cornea, which suggests 

that Npnt may have additional roles in the mouse. Linton et al. 2007 had previously 

used Npnt knockout mice to show that loss of Npnt results in kidney agenesis 

(Linton et al., 2007). However, the effect of Npnt knockout was not studied in the 

cornea, and it is unclear if the loss of Npnt affects mouse corneal development, 

structure, or stability. To investigate the function of Npnt in the mouse, I will be 

using the same knockout mice from that publication and use histological techniques 

and immunofluorescence to examine if there are ocular defects during development. 

I expect that Npnt will have a role in pNC migration through interaction with 

Itgα8β1 at the periocular region. In addition, as Npnt is expressed throughout the 

conjunctival and corneal stroma and basement membranes, I suspect that Npnt may 

also have a role in the organization of the ECM proteins, and its loss may disrupt the 

corneal structure. 

5.2.2  Role of Npnt in Maturation of the Adult Cornea 

Unlike Npnt expression in the chick, which is transient, I also detected Npnt 

in the maturing and adult cornea. Using immunofluorescence, I found that Npnt, 

which was localized throughout the stroma during development, is gradually 

reduced in the stroma and accumulates at the Descemet’s membrane from P0 to the 

Adult (Fig. 5.5). As Npnt expressed by the endothelium (Fig. 5.5C’), this may 

represent a change or maturation of the Descemet’s membrane to bind the secreted 
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Npnt and restrict it from the stroma. A reduction in stromal Npnt is evident by P10, 

which curiously is a  

 

Figure 5.5 Expression of Npnt in the maturing and adult cornea 

(A) At P0, Npnt is expressed throughout all layers of the cornea. (B) By P10, 
expression in the stroma decreases while it is clearly accumulating at the 
Descemet’s membrane. (C) In the adult mice (>4 weeks), Npnt is primarily found 
only at the Descemet’s membrane. (C’) Npnt mRNA continues to be expressed by 
solely the endothelium in the adult. 

time period of great change during mouse corneal development. Around this period, 

the corneal epithelium begins to thicken and stratify and the corneal stroma 

experiences great changes: increased thickness, ECM modifications, and decreased 

cell density and proliferation (Song et al., 2003; Zieske, 2004). It is unknown if Npnt 

is involved in these changes, but its shift in expression correlates. In addition, the 

strong localization at the adult Descemet’s membrane suggests that Npnt has role in 

the stability and maintenance of the endothelium.  I plan to analyze these aspects of 

corneal maturation in the Npnt knockout mice to assess if Npnt has a role in the 

maturation of the adult cornea. 

5.2.3 Role of Npnt in Other Ocular Structures in the Mouse 
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In addition to the cornea, Npnt is detected in multiple other structures 

around the developing eye including the ocular muscles and eyelids (Appendix Fig. 

3), which may be important for vision. Previous studies have found Npnt to be 

involved in the muscle cell characteristics and functions (Fujiwara et al., 2011; 

Sunadome et al., 2011), indicating a potential role in its development. The 

expression of Npnt at the eyelids is interesting. Npnt is localized at the leading edge 

of the eyelid and is particularly enriched in the palpebral and bulbar conjunctival 

basement membrane with peak intensity at their intersection, the ocular adnexa 

(Appendix Fig. 3A, A’). In addition, at E16.5, the period of eyelid fusion, Npnt is 

enriched at the junction between the eyelids (Appendix Fig. 3B, B’). Fras/Frem 

proteins are also expressed along the conjunctival and eyelid basement membranes 

(Chiotaki et al., 2007), and phosphorylated EGFR is detected at the eyelid tips. In 

addition Frem1 mutations and perturbation of EGFR signaling is associated with the 

eye open at birth phenotype (Hassemer et al., 2013; Slavotinek et al., 2011). Both 

Frem1 and EGFR have been linked to Npnt functions (Arai et al., 2017; Kahai et al., 

2010; Kiyozumi et al., 2012). Little is understood about the eyelid-conjunctival angle 

(ocular adnexa), but the muscles adjacent this region, where both Npnt and Itgα8 is 

expressed identically (Appendix Fig. 3C, D) are disrupted in EGFR mutants (Meng et 

al., 2014). Disruption of muscles leads to failure of eyelid closure and the eye open 

at birth phenotype (Meng et al., 2014). Additionally, eyelid closure and conjunctival 

differentiation require proper Bmp4 signaling and canonical Wnt signaling (Huang 

et al., 2009), both of which are involved in regulating Npnt expression (Fujiwara et 
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al., 2011; Ikehata et al., 2017; Patra et al., 2011). Together, these studies implicate 

that Npnt may be involved in eyelid and conjunctival development. 

5.2.4 Preliminary Data of Npnt Knockout Mice 

To assess if Npnt has a role in mouse corneal development, I have recently 

acquired some preliminary data on E18.5 knockout mice. Expression at the stroma 

and epithelial basement membrane is absent in the knockout mice (Fig. 5.6A1, A2). 

In addition, in particular embryos, H&E staining shows disorganization of the 

morphology in the corneal layers compared to control (Fig. 5.6B1-C3). In addition, 

the eyelids of 2 out of 3 corneas appear abnormally thin (Fig. 5.6C2, C3). I have also 

preliminarily examined adult mice but did not find corneal defects. Currently I have 

collected embryos at E14.5 and E16.5 and will be characterizing their morphology 

next. It is too early to tell for certain if the adult mice do not exhibit defects. As Npnt 

is strongly expressed as the Descemet’s membrane, I plan to use whole mount 

histology to examine the corneal endothelial layer and its junctions such as ZO-1 in 

more detail. Given that I am seeing clues of some disturbance at E18.5, I may find 

more observable phenotypes in earlier staged Npnt-null mice. 

5.3 Potential Roles in Maintenance of the Adult Cornea  

Other preliminary data has also detected localization of Npnt at the adult 

mouse corneal limbus (Appendix Fig. 10A) and found that Npnt was upregulated in 

wounded chick corneas (Appendix Fig. 10C). NPNT has been identified in the adult 

human limbal basement membrane (Polisetti et al., 2016) and while no direct 

connection to wound healing has been made, NPNT has been detected during the 
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recovery and regeneration of nephropathic disease (Cheng et al., 2008; Watany and 

El-Horany, 2018). These findings may implicate NPNT in further roles in the 

maintenance of corneal homeostasis. 

 

Figure 5.6 Preliminary characterization of Npnt-null mice at E18.5 

(A1-A2) Npnt which is usually expressed throughout the epithelium, CEBM, and 
stroma are all undetectable in the Npnt-null mutant. (B1, B2) No differences were 
observed between wildtype and heterozygous mice. (C1-C3) In comparison the 
Npnt-null mice showed various disorganization at the endothelium (C1), lens (C2), 
and throughout the corneal layers (C3). In addition, the eyelids in 2 out of 3 
corneas appear abnormally thin (C2, C3). 

5.3.1 NPNT is Expressed in Human Cornea Endothelial Cell Lines. 
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I have discussed potential roles for Npnt in the chick and mouse, but one of 

eventual goals for this research is for it to be applicable to the human cornea. My 

current data implicates that Npnt may be useful for corneal bioengineering 

approaches. But while NPNT is found in the basement membranes of the limbal 

epithelial progenitor cell clusters (Polisetti et al., 2016), it is still unconfirmed 

whether NPNT is expressed in the developing and adult human cornea. In humans, 

early corneal development begins at 5 weeks fetal development and all three layers 

are identifiable by 8 weeks in (Feneck et al., 2020; Wulle and Richter, 1978). Similar 

to the chick, there is the presence of the primary stroma and migration of the pNC 

occurs in two waves, first to form endothelium and then the stroma (Cvekl and 

Tamm, 2004; Feneck et al., 2020; Sevel and Isaacs, 1988; Wulle and Richter, 1978). 

During maturation the human cornea also has similar qualities to the mouse at 

eyelid opening, such as the thickening of the epithelium (Sevel and Isaacs, 1988; 

Zieske, 2004). My data on the spatiotemporal expression of Npnt suggest that it 

could impact either of these periods of corneal development. To see if NPNT may 

potentially be expressed in human corneal cells, I performed immunostaining on a 

human corneal endothelial cell line (Okumura et al., 2013), and found that these 

cells expressed NPNT (Appendix Fig. 10B). This does not tell us much about the 

developing cornea, but may indicate that it may be expressed in the adult 

endothelium and perform a similar to that of the adult mouse.  

5.4 Conclusions 

There is still much to learn about the signals that direct corneal development. 

The RNA-sequencing data identifies the presence of many signaling pathways and 
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provides a strong foundation for dissecting the mechanisms involved in cell 

migration, differentiation, and other major corneal events. In derivative, I have 

uncovered a role for Npnt/Itgα8β1 signaling as a regulator of pNC migration during 

ocular development but the full functional significance of Npnt in the eye is still 

unclear. The preliminary studies in this chapter indicate that Npnt may be involved 

in multiple other developmental roles such as regulation of ECM protein expression, 

participation in stromal events, and a role in eyelid formation. In addition, its 

localization suggests that it may be involved in the maturation and maintenance of 

the adult cornea. Overall, the work discussed in this dissertation serves as a foothold 

to further comprehend the mysteries of the cornea and the development of novel 

clinical discoveries. 
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Appendix 

 

Figure 1. Identification of DEGs and hierarchical analysis 

(A) DEGs in red, are calculated based on a probability ≥ 0.8 and |(log2 fold 
change)| ≥ 1. (B) Hierarchical clustering analysis identifies similar gene 
expression patterns between the three developmental stages. Color code is based 
on z-score indicating upregulated (red) or downregulated (blue). 
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Figure 2. Expression of Npnt and Itga8 in the chick during late corneal 
development 

(A-A’3) At E15, in situ hybridization detects that Npnt is weakly expressed in the 
cornea but is enriched at the iris and region adjacent to the ICA. (B-B’2) At E15, 
Itga8 is similarly weakly expressed in the cornea and enriched at the iris and 
region adjacent to the ICA. (C) This expression was present ever since E9 in the 
chick. 
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Figure 3. Expression of Npnt and Itga8 in the ocular muscles, conjunctiva, and 
eyelids. 

(A, A’) At E16.5, though Npnt is expressed throughout the cornea, it is particularly 

enriched in the conjunctival region at the basement membrane (red arrows). (B, 

B’) This expression from the conjunctival basement membrane loops around the 

eyelid and Npnt expression is found in both the eyelid epithelium and basement 

membrane (B, red arrows). Npnt expression is particularly enriched during the 

period of eyelid fusion at the junction between both eyelids (B’, red arrow). (C, D) 

At E18.5, both Npnt and Itga8 are strongly expressed identically in the ocular 

muscles (black arrows). There is still Npnt expression in the corneal endothelium 

at this time, but Itga8 expression is no longer expressed in the cornea. 
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1 

Figure 4. Expression of alternate Npnt receptors 

We used a combination of the RNA-seq data from Chapter 3, RT-PCR, and ISH to 
screen and analyze for alternative receptors of Npnt during corneal development. 
(A) This lists the receptors that we screened and whether or not it was detected in 
during corneal development in both the chick and mouse. Labels marked with * 
denotes that this observation came solely from the RNA-seq data sets, whereas all 
others were determined by RT-PCR. (B) ISH of ItgaV in the mouse shows that it is 
strongly expressed ubiquitously during early development but secludes to the 
epithelium in the adult. (C) In the chick, ItgaV is only weakly expressed 
throughout the cornea. (D) Erbb2 in the mouse is not expressed until E16.5 at the 
cornea epithelium and weakly at the endothelium. (E) Erbb3 in the mouse is 
similarly not expressed until E16.5 at the epithelium and weakly in the stroma. (F) 
In the chick, Erbb2 is very weakly expressed in the cornea. 
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Figure 5. ISH of NpntKD corneas at E5 

(A) The control cornea shows expression at the RPE and lens (blue arrows). (A’) 
The knockdown cornea shows a reduction of expression at the RPE and lens, but 
no morphological phenotype was observed. 
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Figure 6. Analysis of Itga5b1 inhibitor and Itga8b1 inhibitor control on explant 
migration 

(A-B) These are control explants cultured on Npnt and Fn. (A’-B’) When perturbed 
with BIIG2, a blocking antibody to Itgα5β1, the radial displacement of cells was 
greatly reduced on both Npnt and Fn. (C) To ensure that the 23-AA Itgα8β1 
peptide inhibitor peptide was exerting influence through other means, I used a 
scrambled peptide control and found that it did not exert undue influence on 
explant migration. (D) I also found that the Itgα8β1 inhibitor did not inhibit cell 
migration on Fn. 
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Figure 7. Analysis of Npnt and Fn localization in explants 

(A) Explants cultured on poly-lysine yield some degree of attached cells. Analysis 
by immunofluorescence shows that the cells are producing both Npnt and Fn 
some of which is detected in the cytosol while others are in the extracellular 
space. (B, B’) By comparison, Fn expression on explants cultured on Npnt is much 
stronger than the cells on poly-lysine. 
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Figure 8. Alternate non-corneal defects in NpntOE embryos 

(A) Comparison of E12 control and NpntOE chicks. Defects include deformation and 
misalignment of the beak, hair loss, dysplasia of the skin (arrows). (B) In these E9 
chicks, the NpntOE embryo has unnatural blood hemorrhage. These defects occur 
variably and not necessarily in line with corneal defects. 
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Figure 9. Summary of changes to ECM organization and corneal morphology in 
NpntOE embryos 
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(A) Immunofluorescence staining of ECM proteins at E6 and E8 in control versus 
NpntOE embryos. (B) Table summarizing each ECM and changes to expression 
levels at particular regions. Changes in control from E6 to E8 are highlighted in 
green; changes from control to mutant are highlighted in red. Col1: pro-collagen I; 
col2: collagen II; Perl: perlecan; Lam: laminin; Dec: decorin; E, eB, S, enB, En stand 
for: epithelium, epithelial basement membrane, stroma, endothelial basement 
membrane, and endothelium, respectively. In addition to ECM changes, 
morphological phenotypes include disrupted periocular region, retina, lens, and 
endothelium at E6; disrupted/enlarged endothelium (with double layers), 
enlarged epithelium, increased corneal thickness, and increased epithelial 
basement membrane thickness at E8. 
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Figure 10. Expression of Npnt in the limbus, endothelial cells, and during wound 
healing 

(A) Immunofluorescence shows that in the adult mouse, Npnt is localized in the 
corneal limbus. (B) Npnt was detected in the cytosol of a human corneal 
endothelial cell line. (C) During epithelial wound healing followed by corneal 
debridement, Npnt expression was enhanced in the wounded corneas at 12 hours 
post wounding and maintained expression for up to 24 hours. 
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