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Abstract

The cornea is a highly specialized transparent tissue located at the anterior most surface of the eye. 

It consists of three main layers, the outer stratified squamous epithelium, the inner endothelium, 

and the intermediate stroma. Formation of these layers during development involves a complex 

interaction between ectodermal-derived structures, such as the overlying head ectoderm, and the 

periocular mesenchyme (POM)1, the latter of which is comprised of neural crest cells (NCC) and 

mesoderm derived progenitor cells. Regulation of corneal epithelial development, including both 

epithelial cell fate and stratification, has been shown to depend on numerous bi-directional 

mesenchymal-epithelial signaling pathways. In this review we pay particular attention to the genes 

and signaling pathways that involve the POM.
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1. Overview of Corneal Development

The vertebrate cornea is a highly specialized transparent tissue that covers the anterior 

surface of the eye and is comprised of three main tissue layers, the outer stratified squamous 

epithelium, the intermediate stroma, and the inner endothelium. During development the 

surface ectoderm in the head region thickens and gives rise to bilateral lens placodes that 

invaginate to form lens pits (Beebe and Coats, 2000) (Figure 1). Once the lens pits separate 

from the overlying ectoderm, the remaining ectoderm will give rise to the presumptive 

corneal epithelium. Initially, the corneal epithelium is a two layered structure, which at the 

end of the embryonic period, or post-natally for some species such as mice, will later expand 

into a 6 to 8 cell layered stratified squamous non-keratinized epithelium (Lwigale, 2015; 

Zieske, 2004). The corneal stroma and endothelial layers are derived from a different source, 
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the periocular mesenchyme (POM), which is comprised of cranial neural crest cells (NCC) 

(Johnston et al., 1979). NCC originate from the neural tube during development and those 

that migrate into the ocular region form the POM. In some species, such as birds, humans 

and reptiles a number of waves of POM will populate the developing anterior segment 

(Cvekl and Tamm, 2004; Williams and Bohnsack, 2015). Following separation of the lens 

from the overlying ectoderm, the primitive corneal epithelium secretes an acellular primary 

stroma, consisting of loosely arranged collagen fibrils (Hay, 1980; Hendrix et al., 1982), 

which is then followed by two waves of POM migration. The first wave will form the 

endothelial cell layer, and the second wave invades the primary stroma to form the corneal 

keratocyte population (Hay, 1980). The formation of the corneal endothelium from the POM 

in the first wave occurs via a mesenchyme-to-epithelial transition (MET), resulting in a 

monolayer of cells between the lens epithelium and the overlying corneal epithelium. In the 

mouse, only a single influx of POM cells occurs at embryonic day 11.5 (E11.5) in the region 

between the newly separated lens and exterior surface ectoderm (Gage et al., 2008). As 

embryonic development proceeds, these cells multiply, flatten, and produce loose ECM, 

differentiating into the mature keratocytes that begin to synthesize and secrete mature 

extracellular matrix components consisting of collagens types I, V, VI (Fini, 1999; 

Linsenmayer et al., 1983), as well as keratan sulfate (Funderburgh et al., 2003). These cells 

contribute to both the corneal stromal and endothelial cells (Cintron et al., 1983), the latter 

of which are derived from the posterior layer of the POM via MET by E15.5 (Figure 1).

Final stratification of the corneal epithelium in the mouse occurs upon eyelid opening at 

twelve to fourteen days after birth, and this is in contrast to humans, for which stratification 

is complete at birth (Lwigale, 2015; Rodrigues et al., 1987; Zhang et al., 2015b). In mice, 

once the eyelids open, the epithelium rapidly proliferates to become 6–8 cell layers thick as 

observed in the mature, adult cornea (Zhang et al., 2015b). In contrast, the chick corneal 

epithelium gradually increases in cell layers, beginning with a 2-cell layered structure that 

proliferates to 6–8 cell layered epithelium by the time of hatching (Ikeda et al., 1975). The 

adult corneal epithelium is continuously renewed and maintained by the slow-dividing basal 

cells, which are themselves derived from a stem cell population in the limbal epithelium. 

These stem cells give rise to transient amplifying cells (TACs), which proliferate and 

differentiate, producing terminally differentiated cells (Yazdanpanah et al., 2017). These 

cells also migrate centripetally from the limbus to the central corneal region, moving 

apically from basal to suprabasal layers and then to the outer stratified layers. More recent 

evidence has shown that stem cells are not entirely confined to the limbal region, with some 

dispersed in the basal layer of the corneal epithelium (Majo et al., 2008).

Corneal development, and in particular, regulation of corneal epithelial cell fate and 

stratification, is hypothesized to be contingent upon bi-directional mesenchymal-epithelial 

signaling involving the developing POM. In this review we will pay particular attention to 

the genes and signaling pathways involving the POM and how this impacts corneal epithelial 

development.
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2. Contribution of the POM to the Developing Cornea

The POM contributes to many structures of the developing eye, including the corneal stroma 

(Creuzet et al., 2005) and endothelium, as previously outlined. Early research had suggested 

that the POM arose solely from mesoderm, however fate mapping studies, mainly in birds 

revealed that NCCs also contribute to the POM. In particular, it has been shown that the 

NCC aspect of the POM gives rise to the corneal endothelium and stroma, most of the 

sclera, the trabecular meshwork and the ciliary muscles (Cvekl and Tamm, 2004; Williams 

and Bohnsack, 2015). Some developmental differences between birds and mammals do 

however exist. These differences were revealed through detailed studies carried out using 

binary transgenic systems in mice to permanently label progeny of NCC and mesoderm cells 

that make up the POM in the eye. Specifically, a Wnt-1cre/R26R labelling system was 

employed to trace the fates of the NCC in the anterior eye and this was compared with an 

αGSU-Cre/R26R labelling system that specifically marks mesoderm (Gage, 2005). In this 

way the NCC and mesoderm portions of the POM contributing to the developing anterior 

eye were delineated. These experiments revealed that unlike birds, in which the developing 

stromal cells and endothelial cells are solely derived from NCC, in mice the corneal stromal 

and endothelial cells appeared to be derived from a mixture of NCC and mesoderm. The 

authors propose that the difference observed in mammals, with two lineages contributing to 

the cornea may provide an evolutionary advantage, since the appearance of mesoderm-

derived cells in the developing cornea allowed for the formation of dendritic cells and 

macrophages that have immune surveillance properties.

Numerous transcription factors that are known to be important for development of the 

cornea are expressed in the POM and some in both the NCC and mesoderm lineages. For 

example, Pitx2 and Foxc1are expressed in both the NCC and mesoderm POM populations 

(Gage et al., 2005). Interestingly, mutations in each of these regulators results in similar 

human disorders, such as Axenfeld-Rieger syndrome that include defects in the cornea 

(Tumer and Bach-Holm, 2009). Pitx2-deficient mice also exhibit corneal defects such as 

abnormal corneal stromal and endothelial differentiation (Evans and Gage, 2005). However, 

the expression of transcription factors in each of the POM lineages may be regulated 

differently. For example, it was shown that activation of Pitx2 expression in the NCC-

derived POM occurs upon their migration into the developing anterior segment as the cells 

come in proximity to the overlying lens epithelium, the latter of which is presumed to be the 

signaling center for corneal stromal and endothelial specification (Gage et al., 2005). In 

contrast the activation in Pitx2 expression in the mesoderm-derived POM population 

appeared before the cells interacted with the developing ocular ectoderm and was thus 

independent from the patterning induced in the NCC-derived POM. This differential 

regulation of transcriptional regulators in the POM lineages may be important to consider to 

further understand the role of the POM in corneal development and disease. Further 

utilization of the Wnt-1cre and αGsu-Cre transgenes to generate neural-crest and mesoderm 

specific knockouts will facilitate this.
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3. Bi-directional Signalling in Corneal Epithelial Development

a. Wnt/β-catenin

i. Cell Fate Determination—The POM contributing to the developing corneal stroma 

and limbal cell stromal niche has been shown to play important roles in specifying both the 

phenotype and stratification of the corneal epithelium. A number of signaling pathways have 

been identified as having critical roles in the bi-directional POM-epithelial signaling during 

corneal development, including the TGF-β and retinoic acid (RA) pathways, and most 

significantly, if not essentially, the canonical Wnt/β-catenin pathway (Ma and Lwigale, 

2019). Canonical Wnt/β-catenin signaling is initiated by the binding of Wnt ligands to a 

heterodimeric cell surface receptor; these receptors consist of a Frizzled (FZD) subunit and a 

LRP5/6 subunit (Logan and Nusse, 2004). This binding initiates an intracellular pathway 

that stabilizes β-catenin and induces its translocation to the nucleus where it regulates 

expression of various target genes. One key regulatory relationship that has been identified 

to play an essential role in determining corneal epithelial cell fate is between the canonical 

Wnt/β-catenin signaling pathway and Dickkopf-2 (Dkk2). Dkk2 is an antagonist of 

canonical Wnt signaling and is expressed downstream of transcription factor Pitx2 (Gage et 

al., 2008; He et al., 2004; Mao and Niehrs, 2003). Dkk2 is observed in the migrating POM 

of mice at E11.5 (Monaghan et al., 1999; Mukhopadhyay et al., 2006), and expression is 

maintained throughout gestation and post-natally (Ang et al., 2004). At E14.5, when all 

three corneal layers are distinct, RNA in-situ hybridization revealed that Dkk2 is expressed 

throughout the mesenchyme with high expression in both central and peripheral regions 

(Gage et al., 2014). In mouse models for which Pitx2 or Dkk2 were conditionally knocked-

down in the POM, the corneal epithelium adopts a conjunctival fate by E16.5 (Gage et al., 

2014; Gage et al., 2008). For example, it was observed that the corneal epithelial specific 

marker K12 was absent in all regions of the epithelium, while the conjunctival marker K4 

was present throughout the central cornea (Gage et al., 2014; Gage et al., 2008). 

Additionally, conjunctival features such as mucus secreting goblet cells and ectopic stromal 

blood vessels were observed in the corneal region (Gage et al., 2014; Gage et al., 2008). 

Interestingly, at P10, transcription factor Pax6, which has been studied at length in 

conjunction with canonical Wnt signaling, and also plays a role in controlling epithelial cell 

fate, was found to be absent in the developing corneal epithelium of the Dkk2 KO model, 

unlike wild-type (WT) mice in which expression was maintained in basal epithelial cells 

(Mukhopadhyay et al., 2006). This suggests that activation of Wnt signaling in the absence 

of Dkk2, leads to Pax6 suppression, and subsequent loss of corneal specific gene expression 

(Mukhopadhyay et al., 2006). Other studies have determined that Pax6 directly binds to the 

promoter of K12, highlighting its necessity in specifying a corneal epithelial phenotype 

(Kitazawa et al., 2017; Shiraishi et al., 1998). It has also been established that in cases of 

severe ocular disease, deletion of Pax6 results in loss of K12, and also in increased K10, the 

latter of which is a marker for epidermal/conjunctival tissue (Li et al., 2008).

Given the antagonistic role of Dkk2, it is suspected that its knock-out allows for activation of 

Wnt signaling in the central cornea surface ectoderm and POM. Indeed, based on RNA in-

situ hybridization, Axin2, a downstream target of Wnt signaling was found to be upregulated 

in the POM and epithelium by E15.5 in the Dkk2 KO model (Gage et al., 2008). Similarly, 

Walker et al. Page 4

Exp Eye Res. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the Pitx2 KO model, as early as E13.5, Axin2 expression was observed throughout the 

surface ectoderm, in contrast to the WT where it remained confined to the conjunctiva (Gage 

et al., 2014; Gage et al., 2008). Together, these findings suggest that repression of the Wnt 

signaling through activation of Dkk2 in the POM is essential for proper specification of the 

corneal epithelial cell fate/phenotype (Figure 2).

ii. Cell Stratification—In addition to its role in determining cell phenotype, the 

canonical Wnt signaling pathway is also implicated in corneal epithelial stratification. In 

mice, normal epithelial stratification is very limited until eyelid opening at P12–14, being 

only 1–2 cell layers thick at P0, and 2–3 layers by P10 (Zhang et al., 2015b). Using a knock-

in Axin2lacZ model as a reporter for Wnt signaling by X-gal staining, Zhang et al., found 

that concurrent with epithelial stratification, Wnt/β-catenin signaling in the POM derived 

stroma gradually decreased from P1–21 (Zhang et al., 2015b). For example, at P1, while 

there was positive X-gal staining for β-catenin in all three layers of the cornea, only 

expression in the epithelium remained consistent from P1–21, whereas in the POM-derived 

stroma, β-catenin was greatly reduced by P7, and absent by P21 (Zhang et al., 2015b). 

Direct evidence for the role of Wnt signalling in corneal epithelial stratification stems from 

genetic mouse models in which β-catenin has been specifically targeted. For example, β-

catenin loss-of-function (in POM) studies resulted in a thicker corneal epithelium, while 

gain-of-function led to impaired corneal epithelial stratification (Zhang et al., 2019; Zhang et 

al., 2015b). In particular, a triple transgenic mouse line in which the β-catenin (Ctnnb1) gene 

was conditionally knocked out in the POM-derived stroma upon dox administration led to 

hyperstratification of the corneal epithelium, with mice exhibiting an epithelium consisting 

of 4–5 layers at P10, relative to 2–3 layers in control mice (Zhang et al., 2015b). Further 

research using a gain-of-function model with conditional overexpression of a stabilized β-

catenin in stromal keratocytes reported the opposite effect, with stratification limited to only 

1–2 epithelial cell layers by P21, unlike wild-type mice with a fully stratified epithelium 

(Zhang et al., 2019).

Bone morphogenic protein-4 (Bmp4) has previously been studied as a downstream target of 

the Wnt/β-catenin pathway during development. In mice, the corneal stroma is the main 

source of Bmp4, with expression increasing from P10 to P21 – the time of corneal epithelial 

stratification (Zhang et al., 2015b). In the β-catenin KO model, Bmp4 was shown to be 

significantly upregulated in the mutant stroma and epithelium at P10 relative to WT 

littermates (Zhang et al., 2015b). Mice treated with recombinant Bmp4 every other day from 

P0 to P8, exhibited early stratification (at P10), with 3–4 epithelial cell layers, relative to 1–2 

layers in the PBS treated mice (Zhang et al., 2015b). This highlights the capacity of Bmp4 to 

induce stratification, and the essential inhibitory role of Wnt signaling prior to normal 

stratification beginning at P12. Further evidence by Zhang et al., has shown that Bmp4 

expression initiates ERK1/2 and Smad1/5 phosphorylation in the basal corneal epithelial 

cells, resulting in p63 expression (Zhang et al., 2015b). These conclusions are based on 

immunofluorescence data showing phosphorylation of ERK1/2 and Smad1/5 in response to 

Bmp4 treatment. Additionally, in β-catenin KO mice, transcription factor p63 is observed to 

be significantly upregulated in the basal epithelium of the mutant as early as E16.5, and this 

co-localizes with increased expression of both phosphorylated Smad1/5 and ERK1/2 (Zhang 
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et al., 2015b). Importantly, expression of both Bmp4 and p63 is observed to be 

downregulated in the mutant overexpressing β-catenin, corresponding with decreased 

stratification (Zhang et al., 2019). Overall these findings suggest that, prior to eyelid 

opening, active Wnt/β-catenin signaling is needed in the stroma in order to suppress Bmp4 

expression, and thus to prevent epithelial stratification. However, Wnt/β-catenin signaling 

must be gradually reduced as development approaches P12, so that upon eyelid opening, 

Bmp4 is upregulated and thereby promotes stratification of the epithelium via ERK1/2 and 

Smad 1/5 phosphorylation (Figure 3).

iii. Limbal Stem Cells—While ligands and receptors for Wnt/β-catenin signaling are 

expressed throughout the whole corneal epithelium/surface ectoderm, the activity of this 

pathway appears to be more active the peripheral, limbal regions as compared to the central 

region (Gage et al., 2008; Liu et al., 2003). The limbal region of the cornea is also of specific 

interest to development due to the presence of limbal epithelial stem cells in the basal layer 

and the unique limbal stroma that supports this cell population (Yazdanpanah et al., 2017). 

Epithelial stem cells, with slow cycling properties and high proliferative capacities, can be 

found throughout the basal corneal epithelium when stratification begins at approximately 2 

weeks of age in mice. A study from Sartaj et al., used an inducible transgenic “pulse-chase” 

murine model (K5Tta x TRE-H2BGFP) to monitor retention of GFP labeling as a means of 

identifying the location of stem cells based on their slow cycling properties (Sartaj et al., 

2018). They observed that the GFP-positive cell population continually decreased and 

became more restricted to the basal limbal region, with the 53-day chase period, in the tenth 

week of age, being the first point at which these cells were almost exclusively limbal (Sartaj 

et al., 2018). This study also explored the differential genetic profiles of GFP-positive, 

potential stem cells, and GFP-negative cells (Sartaj et al., 2018) and found that by nine 

weeks of age, 18.58% of genes were differentially expressed between the two populations. 

Among these genes are members of the Wnt signaling pathway. For example, Frizzled-7 

(Fzd7), a crucial G-coupled receptor in Wnt/β-catenin signaling, is absent from the central 

cornea, but co-stains with GFP in the basal cells of the limbus (Sartaj et al., 2018). The 

upregulation of this receptor in limbal stem cells indicates a capacity for increased Wnt 

signaling relative to the central cornea. Ligands of a mesenchymal or epithelial origin may 

therefore bind to Fzd7 and initiate the Wnt pathway in limbal stem cells, which in turn may 

regulate stem cell activity, or perhaps lead to further signaling in the underlying 

mesenchyme. Additionally supporting this notion, RNA-seq analysis of GFP-positive cells 

showed an upregulation of the Ctnnb1 and Axin2 genes relative to GFP-negative epithelial 

cells (Sartaj et al., 2018). Both β-catenin and Axin-2 are upregulated by Wnt signaling, and 

their presence in limbal stem cells suggests a role in maintaining this cell population.

Another gene found to be preferentially expressed in the limbal region is Sry box 9 (Sox9) 

(Sartaj et al., 2018). The Sartaj et al. study found that Sox9 co-localized with GFP-

expressing basal epithelial cells in the mouse limbus, though expression was also seen in 

basal cells towards the central cornea (Sartaj et al., 2018). Preferential limbal Sox9 

expression has also been observed in limbal epithelial cells isolated from human corneas 

(Menzel-Severing et al., 2018). In basal limbal epithelial cells, Sox9 is largely confined to a 

cytoplasmic localization, while in the suprabasal limbal cells and corneal epithelial cells, 
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Sox9 has a predominantly nuclear localization (Menzel-Severing et al., 2018). Deletion of 

Sox9 in cultured human limbal epithelial cells resulted in increased expression of K12 and 

K3, markers of differentiated corneal epithelium, and decreased K15 and K14, markers of 

progenitor cells (Menzel-Severing et al., 2018). It has also been observed that these cells 

exhibited reduced proliferation, based on BrdU tagging, and also showed increased 

expression of β-catenin, indicating upregulation of Wnt signaling (Menzel-Severing et al., 

2018). The authors proposed that Sox9 and Wnt/β-catenin signaling cooperate in a mutually 

repressive manner to control proliferation and differentiation of limbal epithelial cells 

(Menzel-Severing et al., 2018). For example, during limbal stem cell quiescence Sox9 

remains in the cytoplasm whereas translocation of Sox9 to the nucleus stimulates limbal 

stem cells to give rise to proliferating TACs. This balance between Sox9 and Wnt signaling 

may be controlled by ligands expressed in the mesenchyme, such as the previously identified 

antagonist Dkk2.

b. FGF, RA, and TGF-β

Although the canonical Wnt/β-catenin signaling pathway plays a central role in the context 

of corneal epithelial differentiation and proliferation, the interactions between the 

developing POM and epithelium are complex and involve pathways beyond Wnt signaling. 

Particularly between birth and eyelid opening, when stratification commences, key proteins 

including Pax6 and Bmp4 are closely, but not exclusively, regulated by Wnt signaling. For 

example, fibroblast growth factor receptor (FGFR) signaling plays a role in corneal 

development (Zhang et al., 2015a). Knock-down of FGFR2 in mice, has been shown to 

result in absence of Pax6, and the corneal marker K12, as well as reduced epithelial 

stratification (Zhang et al., 2015a). In the stroma, FGFR2 KO mesenchymal cells are also 

unable to differentiate into mature keratocytes, shown by an absence of keratocan (Zhang et 

al., 2015a). This finding indicates a role for FGF signaling in epithelial-mesenchymal 

interactions. FGFR2 is expressed in basal cells of the corneal epithelium and ligands for 

FGFR2 are expressed by the POM, including FGF7 and FGF10 (Chikama et al., 2008; 

Igarashi et al., 1998). Thus, based on the effects of FGFR2 KO, the binding of these 

mesenchymal ligands to their epithelial receptor may be necessary for both differentiation 

and proliferation of the epithelium.

Another major regulator in corneal development is retinoic acid (RA). Transcriptome 

profiling of the mouse POM during corneal development found that RA signaling in the 

POM and embryonic cornea is either autocrine or derived from surrounding structures (Ma 

and Lwigale, 2019). In the latter case, RA is synthesized by Raldh1 and Raldh3 in epithelial 

tissues such as the neuroretina, lens and prospective corneal epithelium, exerting its effects 

on the POM by binding to the RA receptors (RAR) present in these cells (Molotkov et al., 

2006). In the POM, nuclear RA receptors, RARα/β/γ are all expressed between E10.5–14.5; 

however, following this point, only RARα/γ are expressed in the epithelium and stroma 

(Cvekl and Wang, 2009). Defects in the RA signaling pathway lead to various ocular 

pathologies that impact the developing cornea. For instance, knock-down of RARα/β 
receptors in the POM using a Wnt1-cre driver causes a thickened POM layer between the 

lens and SE, followed by abnormal stromal organization (Matt et al., 2005). Interestingly, 

RA has been shown to activate transcription factors Pitx2 and Foxc1 in the POM, resulting 
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in an upregulation of Dkk2 and Pax6 (Ma and Lwigale, 2019). Thus, this pathway may 

indirectly interact with Wnt/β catenin.

TGF-β signaling is often associated with wound healing, but it also plays roles in 

development, cell migration and differentiation, among other functions. The TGF-β receptor 

2 (TGF-βR2) has been identified as a crucial part of TGF-β signaling in the cornea, with 

TGF-β ligands binding to TGF-βR2 which in turn phosphorylates TGF-βR1, leading to 

activation of Smad2/3 signaling (Webber et al., 2016). Transcriptome profiling of mouse 

POM indicates that TGF-βR2 is highly upregulated at E14.5 and E16.5, suggesting it may 

regulate POM migration (Ma and Lwigale, 2019). TGF-βR2 mutants are unable to 

phosphorylate Smad2, expression of Foxc1 and Pitx2 is absent, and these mutants present 

with irregular stromal collagen synthesis and keratocyte differentiation (Ittner et al., 2005). 

Interestingly, potential cross-talk between TGF-β signaling and canonical Wnt signaling is 

suspected, given that TGF-β expression leads to an upregulation of Wnt activating genes, 

such as Hmga2, which localizes to the corneal epithelium (Ma and Lwigale, 2019).

c. AP-2β

Tfap2b, the gene that encodes Activating Protein-2 beta (AP-2β), is expressed in the POM 

and has also been shown to have an important role in corneal epithelial stratification and cell 

fate (Chen et al., 2016; Martino et al., 2016). In mice during early eye development (E10.5), 

Tfap2b is expressed in a few POM cells as well as the overlying ocular ectoderm, however, 

from E14.5 onward, it becomes highly expressed in the POM and continues to be expressed 

in the post-natal corneal stroma and endothelium (Chen et al., 2016; Martino et al., 2016). 

Germline deletion of Tfap2b results in perinatal death (Moser et al., 1997). Thus, the Wnt1-

Cre driver was utilized to create a neural crest specific AP-2β KO model (AP-2β NCC KO) 

that allowed for investigation of the role of AP-2β in the POM during post-natal stages 

(Martino et al., 2016). The AP-2β NCC KO mice exhibited a unique phenotype, including 

an absent corneal endothelium, a hyper-cellular and vascularized corneal stroma, and 

interestingly, very limited corneal epithelial stratification (Martino et al., 2016). Further 

investigation of this model has shown that epithelial conjunctivalization has occurred, based 

on the appearance of the conjunctival marker, K15 across the entire corneal epithelial 

surface rather than solely the limbal region as is seen in WT mice (West-Mays, preliminary 

observations). These data suggest that loss of AP-2β in the developing POM-derived corneal 

stroma disrupts the bi-directional signalling required for normal corneal epithelial 

development. Interestingly, AP-2β has also been shown to be absent in the corneal stroma of 

Pitx2-KO mice suggesting that it is downstream of Pitx2 and may also be part of the 

canonical Wnt/β-catenin signaling pathway (Chen et al., 2016).

Conclusions

Corneal development involves a complex interaction between multiple tissue sources 

including the head ectoderm and the NCC-derived POM. As we have outlined in this review, 

the POM is key in providing signals to determine both the cell fate and stratification of the 

corneal epithelium. Numerous signalling pathways are involved in this process such as Wnt, 

RA and TGFβ, as are the transcription factors Pitx2, Foxc1, Pax6 and AP-2β. When these 
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pathways are perturbed, aberrant corneal phenotypes are produced such as replacement of 

the corneal phenotype with a conjunctival appearance and lack of corneal epithelial 

stratification. The fact that mutations in these different pathways causes similar corneal 

defects suggests that there is a complex interaction between them. Recent transcriptome 

analyses of the developing cornea have provided further insight into this crosstalk (Ma and 

Lwigale, 2019), and such analyses will be useful for identifying novel genes and molecular 

mechanisms involved in both congenital corneal disease and adult corneal disorders.
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Highlights

• Corneal development depends on bi-directional signalling between the 

overlying head ectoderm and the periocular mesenchyme (POM)

• The POM is comprised of neural crest cells (NCC) and mesoderm derived 

progenitor cells

• Regulation of corneal epithelial cell fate and stratification has been shown to 

depend on numerous bi-directional mesenchymal-epithelial signaling 

pathways

• Key signalling pathways involved in corneal development include Wnt/β-

catenin, Retinoic Acid, TGFβ, and FGF

• Key transcription factors involved in the signalling pathways controlling 

corneal development include Pitx2, Foxc1, Pax6 and AP-2β
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Figure 1. 
Murine embryonic corneal development and POM migration. (A) The lens pit and optic cup 

(OC) are formed when the lens placode and optic vesicle invaginate at E10.5. (B) POM 

cells, derived from the cranial NCCs and mesoderm, migrate at E11.5 into the space 

between the newly formed surface ectoderm (SE) and lens vesicle (LV). (C) Between 

E13.5–14.5, while lens fibres close off the lumen of the lens vesicle, the migrated POM cells 

flatten and condense. (D) By E14.5–15.5, the three layers of the cornea are discernible, with 

the posterior POM having given rise to the flattened endothelial layer (CN), and outer 

surface ectoderm developing into the corneal epithelium (CE). The intermediate POM 

constitutes the corneal stroma (CS) and gives rise to ECM producing keratocytes. Post-

E15.5, an additional migration of POM cells along the anterior edge of the optic cup forms 

the iris stroma and ciliary body stroma. (POM: periocular mesenchyme, OC: optic cup, LV: 
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lens vesicle, SE: surface ectoderm, L: lens, CE: corneal epithelium, CS: corneal stroma, CN: 

corneal endothelium).
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Figure 2. 
The role of the canonical Wnt/β Catenin pathway in bi-directional signaling determining 

corneal epithelial cell fate. (A) In the WT mouse, transcription factor Pitx2 is necessary for 

the expression of Dkk2, which is confined to the mesenchyme at E11.5, but present in both 

the epithelium and POM at E14.5, and continues to be expressed in these tissues post natally. 

Dkk2 from these sources antagonizes Wnt/β catenin signaling in the epithelium and POM. 

Pax6 expression is observed in the epithelium and leads to the expression of corneal specific 

markers, including K3 and K12. (B) When Dkk2, or the upstream Pitx2, are genetically 

knocked-down, Wnt/β catenin signaling persists without Dkk2 antagonism. Upregulation of 

markers of Wnt signaling such as Axin2 are observed in the POM and epithelium, and Pax6 

is suppressed in the epithelium. Due to an absence of Pax6, a conjunctival phenotype is 

observed as early as E16.5.
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Figure 3. 
The role of Wnt/β-catenin bi-directional signaling in corneal epithelial stratification. (A) 

When β-catenin is genetically knocked-down in stromal keratocytes, repression of Bmp4 in 

the stroma by this pathway is removed. Bmp4 promotes phosphorylation of Smad1/5 and 

Erk1/2 in the basal corneal epithelial cells, which in turn leads to increased expression of 

p63, a stem cell marker involved with cell proliferation/stratification. Increased stratification 

is observed in this model, with 4–5 cell layers by P10. (B) In contrast, in gain-of-function 

genetic models in which β-catenin is overexpressed by stromal keratocytes, reduced 

stratification is observed, with only 1–2 cell layers at P21. Bmp4 expression is repressed in 

the stroma by Wnt signaling, and no longer functions as a paracrine growth factor. The 

resulting effect is a downregulation of p63 in the epithelium. (C) Epithelial stratification is 

prevented during early development through Wnt/β -catenin signaling repression of Bmp4. 

As eyelid opening approaches at P12-P14, Wnt signaling becomes increasingly reduced, 

allowing for Bmp4 expression in the stroma, resulting in initiation of stratification. Adapted 

from: (Zhang et al., 2015b).
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