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Abstract

Corneal Epithelial Stem Cells (CESCs) and their proliferative progeny, the Transit Amplifying 

Cells (TACs), are responsible for maintaining the integrity and transparency of the cornea. These 

stem cells (SCs) are widely used in corneal transplants and ocular surface reconstruction. 

Molecular markers are essential to identify, isolate and enrich for these cells, yet no definitive 

CESC marker has been established. An extensive literature survey shows variability in the 

expression of putative CESC markers among vertebrates; being attributed to species-specific 

variations, or other differences in developmental stages of these animals, approaches used in these 

studies and marker specificity. Here, we expanded the search for CESC markers using the 

amphibian model Xenopus laevis. In previous studies we found that long-term label retaining cells 

(suggestive of CESCs and TACs) are present throughout the larval basal corneal epithelium. In 

adult frogs, these cells become concentrated in the peripheral cornea (limbal region). Here, we 

used immunofluorescence to characterize the expression of nine proteins in the corneas of both 

Xenopus larvae and adults (post-metamorphic). We found that localization of some markers 

change between larval and adult stages. Markers such as p63, Keratin 19, and β1-integrin are 

restricted to basal corneal epithelial cells of the larvae. After metamorphosis their expression is 

found in basal and intermediate layer cells of the adult frog corneal epithelium. Another protein, 

Pax6 was expressed in the larval corneas, but surprisingly it was not detected in the adult corneal 

epithelium. For the first time we report that Tcf7l2 can be used as a marker to differentiate cornea 

vs. skin in frogs. Tcf7l2 is present only in the frog skin, which differs from reports indicating that 

the protein is expressed in the human cornea. Furthermore, we identified the transition between the 

inner, and the outer surface of the adult frog eyelid as a key boundary in terms of marker 

expression. Although these markers are useful to identify different regions and cellular layers of 

the frog corneal epithelium, none is unique to CESCs or TACs. Our results confirm that there is no 

single conserved CESC marker in vertebrates. This molecular characterization of the Xenopus 
cornea facilitates its use as a vertebrate model to understand the functions of key proteins in 

corneal homeostasis and wound repair.
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1. Introduction

Homeostasis and repair of adult tissues, such as skin, intestinal epithelium, skeletal muscle, 

and bone marrow, is driven by populations of resident stem cells (SCs) (Costamagna et al., 

2015; Krieger and Simons, 2015; Li and Clevers, 2010; Mimeault and Batra, 2008). Among 

such tissues the vertebrate cornea has been an instrumental system to study stem cell 

biology. The corneal epithelium, under both normal conditions and following injury is 

replenished by Corneal Epithelial Stem Cells (CESCs), which help maintain clear vision 

(Cotsarelis et al., 1989; Davanger and Evensen, 1971; Thoft and Friend, 1983). Despite the 

long known presence of CESCs and their more highly proliferative progeny, the Transit 

Amplifying Cells (TACs) (Lehrer et al., 1998), their anatomical location in various 

vertebrate species has not been conclusively determined, and remains somewhat 

controversial for certain species (Cotsarelis et al., 1989; Majo et al., 2008; Schermer et al., 

1986). In humans these corneal stem cells have been shown to reside in the basal epithelium 

of the limbus, a unique structure located at the peripheral edge of the cornea (Davanger and 

Evensen, 1971; Di Girolamo, 2011). On the other hand, some investigators have proposed 

that CESCs are distributed throughout the basal corneal epithelial layer in other vertebrates, 

such as mice and pigs (Majo et al., 2008; Mort et al., 2012).

Partial or complete damage, or deficiency of these stem cells leads to deleterious effects on 

the surface integrity of the cornea and impairs vision as well as its wound healing abilities 

(Chen and Tseng, 1991; Dua et al., 2003). For long term restoration of visual function, 

clinicians have successfully replaced the stem cell populations either through autologous or 

allogenic grafting of limbal tissue (Kenyon and Tseng, 1989), or transplantation of cultured, 

expanded cells (Rama et al., 2010). One of the key difficulties concerning the applicability 

of corneal stem cells is their isolation as a pure cell population. Establishment of specific 

biomarkers to identify, isolate, and characterize corneal stem cells is therefore crucial for 

both understanding their basic biology and for clinical applications involving these SCs.

Over the past few decades a number of proteins have been proposed as markers of corneal 

stem cells (Castro-Muñozledo, 2015; Chen et al., 2004; Gonzalez et al., 2017; Mort et al., 

2012). As a unique and universal marker of CESCs remains to be identified, current putative 

markers are mostly candidate molecules that have proven useful as markers of adult SCs in a 

wider array of tissues. For example, p63, ABCG2, and BMI1 are used as markers of adult 

SCs in skin, blood and intestinal tissues (Pellegrini et al., 2001; Yan et al., 2012; Zhou et al., 

2001). With a range of CESC markers already proposed, the biggest challenge lies in finding 

a definitive biological marker that is useful for identifying and purifying CESCs. 

Traditionally, studies have examined the presence of markers in corneas of various 

vertebrates like mice (Li et al., 2017; Majo et al., 2008), rats (Umemoto et al., 2005), rabbits 

(Hsueh et al., 2004), dogs (Morita et al., 2015), pigs (Notara et al., 2011), horses (Moriyama 

et al., 2014), as well as fetal and adult humans (Chen et al., 2004; Davies et al., 2009; 
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Lyngholm et al., 2008; Seeker and Daniels, 2008). However, molecular characterization of 

markers during vertebrate corneal morphogenesis and maturation is hampered by the 

availability of fetal vs. adult corneas. So far, only a few studies have examined the 

localization of these markers during different stages of corneal development (Chung et al., 

1992; Davies et al., 2009; Dhouailly et al., 2014; Lyngholm et al., 2008). Furthermore, a 

comprehensive literature survey reveals a great deal of variation in the expression profile of 

these proteins among vertebrates, particularly with respect to their localization in different 

layers or regions of the corneal epithelium (see Table 1 and Supplementary Table S1). This 

exercise reveals that no single biomarker has been shown to characterize individual corneal 

epithelial cells (e.g., CESCs or TACs). The observed variations can be attributed to 

differences that are either species-specific, age-related, or due to the methodologies used in 

these studies.

An excellent vertebrate model, which is widely used for molecular, cellular and 

developmental biology studies, is the South African clawed frog, Xenopus laevis (Lee-Liu et 

al., 2017; Slack et al., 2008; Tandon et al., 2017). The Xenopus tadpole also serves as a well-

established model for studying vertebrate eye tissue regeneration, including the lens 

(Barbosa-Sabanero et al., 2012; Henry et al., 2008; Tseng, 2017). For example, these 

anurans can regenerate lenses during larval stages of development (Freeman, 1963). 

However, the competency and extent of lens regeneration decreases as the larva grows older 

and metamorphosis proceeds (Filoni et al., 1997; Henry and Tsonis, 2010). Currently, 

Xenopus is being developed as a valuable model for studying corneal stem cells and eye 

tissue repair (Hamilton and Henry, 2016; Hu et al., 2013; Kha et al., 2018; Perry et al., 

2013). Both the larvae and adult (post-metamorphic) frogs have great potential as a classical 

laboratory model for multiple reasons. First, Xenopus embryos have autonomous, external 

development that facilitates accessibility and ease of manipulation. Second, they display 

rapid growth that generates tadpoles in a few weeks, and froglets in approximately two 

months. Third, they are easy to maintain with relatively low costs. Finally, the anatomy and 

development of the Xenopus cornea is highly similar to that of the human cornea (Hu et al., 

2013).

In Xenopus larvae (stages 46–54) (Nieuwkoop and Faber, 1956) the corneal epithelium 

consists of two cell layers – an outer apical layer and an inner basal layer (Fig. 1A–B). This 

stratified squamous corneal epithelium is transparent (devoid of melanophores) and 

continuous with the more opaque skin of the head (Perry et al., 2013). The boundary 

between cornea and surrounding skin is clearly demarcated by the presence of pigment cells 

in the skin epithelium. During the early larval period of development, the corneal epithelium 

and deeper endothelium mostly remain free of one another, apart from a small central point 

of connection (the “stroma-attracting center”) (Hu et al., 2013). During these early stages the 

stroma is not well-developed and contains relatively few keratocytes. As the frog approaches 

metamorphosis the cornea matures to consist of three principal cellular layers – a stratified 

epithelium composed of about 13 cell layers at the center (the peripheral region has 

approximately 10 cell layers), a thick collagenous stroma interspersed with keratocytes, and 

a deeper single cell layer, the endothelium (Hu et al., 2013) (Fig. 1D–E). The adult corneal 

epithelium contains flat squamous epithelial cells in the apical layers, and cuboidal cells in 

the more basal layers. Towards the completion of metamorphosis in adult frogs (stage 66) 

Sonam et al. Page 3

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Nieuwkoop and Faber, 1956) the ventral eyelid has formed. A dorsal eyelid is also present, 

though more reduced in size. Later development and metamorphosis marks an important 

step in corneal maturation, as the corneal epithelium rapidly thickens during this time (Hu et 

al., 2013). In addition, studies by Hu et al. (2013), and Hamilton and Henry (2016) propose 

the existence of a limbal region, a wavy structure in the peripheral cornea of these post-

metamorphic frogs, similar to the “Palisades of Vogt” observed in human corneas (Goldberg 

and Bron, 1982).

We have previously reported that “oligopotent stem cells” are distributed throughout the 

basal corneal epithelial layer of frog larvae (Perry et al., 2013). On the other hand, long-term 

BrdU or EdU label retaining cells (LRCs) are concentrated in the basal epithelium of the 

peripheral cornea (the limbal region) in adult frogs, suggesting that more quiescent stem 

cells come to reside in the limbal region as the cornea undergoes maturation (Hamilton and 

Henry, 2016). In the present study we used immunofluorescence staining to examine the 

expression of various molecular markers (including putative corneal stem cell markers, and 

pluripotency factors) in X. laevis corneas, during larval and post-metamorphic stages of 

development. Additionally, we consider the usefulness of these markers in the context of 

previously published studies for a variety of vertebrate systems.

This study represents the first detailed characterization of cell layers and changes in protein 

expression within the frog cornea. Here, we show that some of the molecular markers 

exhibit differential expression in the basal corneal epithelium of larval Xenopus. However, 

as metamorphosis proceeds in these amphibians, the localization of some markers in the 

mature corneal epithelium changes relative to the larval cornea. Furthermore, in adult frogs 

the inner and the outer surface of the eyelid have distinct patterns of marker expression. Our 

immunolabeling studies also demonstrate that Tcf7l2 is a biomarker that distinguishes 

cornea vs. skin in frogs, being only present in the skin of these animals. Collectively, our 

results show that the expression patterns for some of the proteins examined in the frog 

cornea are consistent with their localization in other vertebrates. However, the distribution 

pattern for other markers is in striking contrast. Furthermore, none of the tested markers is 

neither unique to larval or adult stages of corneal development, nor specifically distinguishes 

cells of the limbal region from the central cornea in tadpoles or adult frogs. Like other 

vertebrates, no single marker is specific to characterize the corneal SCs or TACs in the frog. 

Perhaps, a combination of molecular markers might be more useful to identify and study the 

behavior of these cells, and this needs further investigation.

The molecular characterization of different cell types in the Xenopus cornea sets the stage 

for further investigations to study the functional roles of these markers in corneal 

homeostasis and wound healing. One can also determine whether these proteins play a 

crucial role in lens regeneration, a phenomenon unique to larval stages of this vertebrate, in 

which new lenses arise from the basal corneal epithelial cells (e.g. stem cells and/or TACs) 

(Freeman, 1963; Perry et al., 2013).
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2. Materials and methods

2.1. Animals

Adult Xenopus laevis were procured from Nasco (Fort Atkinson, WI). Fertilized eggs were 

prepared, and larvae were raised to specific stages according to previously published 

protocols (Hamilton and Henry, 2016; Henry and Grainger, 1987; Henry and Mittleman, 

1995). The developmental staging for animals was based on Nieuwkoop and Faber (1956). 

The animals were anesthetized prior to all surgical and fixation procedures using a 1:2000 

dilution of MS222 (ethyl 3-aminobenzoate methanesulfonate, Sigma, St. Louis, MO). Both 

animal care and experiments performed in this study were approved and monitored by the 

University of Illinois Institutional Animal Care and Use Committee and the Division of 

Animal Resources.

2.2. Antibody selection

There are relatively few antibodies that have been validated in Xenopus. Some of the listed 

antibodies (Vimentin, E-cadherin, β1-integrin, see Supp. Table S2) have been previously 

used in frogs (Chen et al., 1997; Edwards-Faret et al., 2018; Huang and Niehrs, 2014; 

Quigley et al., 2011). In addition, we obtained non-Xenopus validated commercial 

antibodies where the target epitope was conserved in Xenopus (with percent identity of 65% 

and greater; listed in Supp. Table S2). The specificity of each of these commercial antibodies 

in Xenopus was assessed by Western blotting. Only those antibodies which had a clear target 

band of the expected size on immunoblots were used for the immunofluorescence (IF) 

studies.

2.3. Western blot analysis

Corneas and skin tissue from 60 to 75 larvae (stages 50–52) were excised using fine 

iridectomy scissors, pooled together and flash-frozen in a dry ice/ethanol bath at −80 °C, as 

previously described (Henry et al., 2002). Protein was extracted from the samples by 

homogenizing in RIPA lysis buffer (25 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 

0.005% sodium deoxycholate, 1% NP-40 and 1× protease inhibitor (GB Biosciences, 

Houston, TX)) using a disposable pestle. The protein concentration of each lysate was 

measured using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA) 

and assayed using a Nanodrop spectrophotometer (ND-1000, NanoDrop Technologies, 

Wilmington, DE). Next, the tissue homogenate was centrifuged for 15 min at 13,000 rpm at 

4 °C, the supernatant was solubilized in Laemmli buffer, and boiled for 10 min. 20 μg 

protein sample was run in the well of 10% (or 12%) pre-cast sodium dodecyl sulfate-

polylacrylamide gels (SDS-PAGE). Proteins separated by gel electrophoresis were 

electrophoretically transferred onto 0.45 μm PVDF membranes (Immobilon-P, Millipore 

Sigma, Burlington, MA) at 30 V overnight at 4 °C. Immunoblots were incubated in blocking 

buffer made of 5% nonfat milk in 1× TBST (Tris buffered saline; 10 mM Tris-HCl, pH 7.5, 

100 mM NaCl with 0.1% Tween-20) for 1 h at room temperature. Following this, the blots 

were incubated with the primary antibody (listed in Supp. Table S2) diluted in blocking 

buffer overnight at 4 °C. On the next day, blots were washed with 1× TBST three times for 

10 min each. After incubation with peroxidase-conjugated goat anti-rabbit or goat anti-

mouse IgG secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) 
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diluted in the blocking solution for 1 h, the membranes were washed twice with 1× TBST 

for 10 min each. Protein bands were detected using HyGLO chemiluminescent substrate 

(Denville Scientific, Holliston, MA) and developed on X-ray films.

2.4. Immunofluorescent staining

2.4.1. Larval corneas—Following a modified version of the previously published 

protocol (Perry et al., 2013), the histological analyses of whole corneas were carried out by 

fixing the larval specimens in Dent’s fixative (80% methanol, 20% dimethyl sulfoxide, 

DMSO) (Dent et al., 1989). For immunostaining, the eyes were excised from each larvae 

taking care to keep the cornea attached to these eyes. Eyes were washed six times for 10 min 

each in 1× PBST (Phosphate buffered saline; 1.86 mM NaH2PO4, 8.41 mM Na2HPO4, 175 

mM NaCl, pH7.4, containing 0.5% Tween-20), and blocked in 10% normal goat serum/1× 

PBST for 2h at room temperature. Next, the eyes were incubated with primary antibodies 

diluted in the blocking solution (for concentration used see Supp. Table S2) overnight at 

4 °C. Six more washes with 1× PBST were done prior to incubating the eyes with secondary 

antibodies. Goat anti-mouse Alexa-Fluor 488 or 546, and goat anti-rabbit Alexa-Fluor 488 

or 546 (Invitrogen, Rockford, IL) were used as secondary antibodies at a concentration of 

1:300 diluted in blocking solution for 2 h. Following this, the eyes were washed twice with 

1× PBST and incubated with 1 μg/ml solution of Hoechst 33342 (Molecular Probes, Eugene, 

OR) in 1× PBS for nuclear counter staining. Final washing of the eyes was done in 1× 

PBST. The labeled corneas were removed from the whole eyes, and small, peripheral, radial 

incisions were made to allow the corneas to flatten on the slide during mounting. The 

flattened corneas (pelts) were placed on RainX (ITW Global Brands, Houston, TX) treated 

slides, and mounted in SlowFade antifade reagent (Life Technologies, Eugene, OR) under 

coverslips (see Fig. 1C).

2.4.2. Adult corneas—Unlike the simpler organization of the larval stage cornea, the 

adult Xenopus cornea has many more cellular layers. Therefore, to better facilitate 

investigations of the expression patterns of markers in each cell layer, we performed 

immunofluorescent studies in cross-sections of the corneal tissue (Fig. 1F). To isolate fresh 

corneas, the froglets were euthanized by immersing in 250mg/L (wt/v) of benzocaine 

hydrochloride (Henry et al., 2018). The freshly harvested corneas were quickly embedded in 

Optimal Cutting Temperature media (Tissue-Tek, Sakura, Finetek, Japan) in a suitable tissue 

mold on dry ice and frozen. Transverse serial sections of 8 μm thickness were cut using a 

cryostat (Leica CM3050S, Leica Microsystems, Wetzlar, Germany), and collected on treated 

glass slides (Colorfrost Plus, ThermoFisher Scientific, Waltham, MA). Slides were stored at 

−80 °C and warmed to room temperature prior to use for immunostaining. For the purpose 

of immunostaining, a modified version of a previously reported method from zebrafish eyes 

was followed (Uribe and Gross, 2007). Slides were hydrated in 1× PBST (PBS containing 

0.1% Tween-20) for 10 min, fixed with 4% paraformaldehyde (PFA) diluted in 1× PBS for 

15 min, and washed three times with 1× PBST. Next, the slides were incubated in blocking 

solution (10% normal goat serum/1× PBST) for 1 h in a humidified chamber at room 

temperature to block the non-specific protein interactions. Following this, the slides were 

incubated with primary antibodies made in blocking solution (for concentration used see 

Supp. Table S2) overnight at 4 °C. Three more washes with 1× PBST were performed prior 
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to secondary antibody incubation. All secondaries were used at a concentration of 1:500 

diluted in blocking solution for 2h. Following this, slides were washed again with 1× PBST 

and nuclei were labeled with a 1 μg/ml solution of Hoechst 33342 in 1× PBS for 30 min. 

The sections were mounted in SlowFade antifade reagent (Life Technologies, Eugene, OR) 

under cover slips, and observed under fluorescence illumination.

As controls for each immunofluorescence labeling experiment, we omitted the primary 

antibody and incubated the larvae whole cornea and adult corneal cryosections with the 

secondary antibodies alone (diluted in blocking solution). For all of these secondary 

antibody controls no immunostaining was detected (data not shown).

2.5. Microscopy

Confocal imaging of labeled larval corneas was done using an inverted LSM 700 

microscope (Carl Zeiss, Munich, Germany). The Z-stacks were processed with Zen software 

(Carl Zeiss, Munich, Germany). Immunofluorescence staining of cryosectioned-labeled 

corneas of adult frogs was captured using an Imager M2 microscope (Carl Zeiss, Munich, 

Germany). The images were compiled using Adobe Photoshop (Version CC, 2015.5).

3. Results

Using X. laevis corneas, we aimed to examine the expression pattern of 17 molecular 

markers that have been proposed to label either CESCs and/or TACs (Castro-Munozledo, 

2013), or are involved in the maintenance of these cells (Higa et al., 2009; Kitazawa et al., 

2016; Menzel-Severing et al., 2018; Nakatsu et al., 2011). In each case, commercial 

antibodies (Supp. Table S2) were obtained for the protein, and the antibody specificity was 

investigated by immunoblotting. Investigation of some other proposed markers (e.g. Keratin 

14, Keratin 15, Hes1) was not possible due to the unavailability of antibodies with predicted 

immunoreactivity in Xenopus. Similarly, for some antibodies (e.g., Bmi1, N-Cadherin, C/

EBPδ, Fzd7, KLF4, SOX2, ABCG2, ABCB5) specificity was a concern, as we did not 

detect a specific band of the expected size on immunoblots (Supp. Table S2). Hence, these 

markers were not considered further in this investigation. The following study demonstrates 

the localization of nine molecular markers, in the epithelial cells of larval and adult frog 

corneas and skin (adjoining the cornea).

3.1. Expression of transcription factor markers in corneal epithelia of larval and adult 
frogs

Various transcription factors (TFs) are key players in development, and are involved in SC 

functions such as establishing pluripotency, as well as in committing cells towards new 

lineages (Tam and Lim, 2008). Many of these TFs are known to play important roles in 

ocular surface maintenance and restoration. For instance, SOX9 is known to regulate the 

proliferation and differentiation of human CESCs (Menzel-Severing et al., 2018), KLF4 

helps to maintain corneal epithelial integrity (Delp et al., 2015; Tiwari et al., 2017), and p63 

expression is crucial for successful treatment of limbal stem cell deficiency (LSCD) (Rama 

et al., 2010).

Sonam et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.1.1. p63—Given the essential role in epithelial proliferation and development, we first 

assessed the expression of p63. The nuclear transcription factor p63, a homologue of p53 

and ancestral member of this family, is one of the most promising epidermal SC markers 

(Pellegrini et al., 2001). p63 is expressed in basal cells of different stratified epithelia, and 

also regulates proliferative potential in human keratinocytes (Parsa et al., 1999; Pellegrini et 

al., 1998). Loss of function of p63 in knockout mice leads to failure of epithelial 

stratification, and impaired development of the limb, tail, face and external genitalia (Yang et 

al., 1999). In most vertebrates including humans, p63 is predominantly expressed by the 

basal epithelial cells in the cornea (Chen et al., 2004; Moriyama et al., 2014; Pellegrini et al., 

2001) (Supp. Table S1). Here, we extended these observations in an amphibian cornea. We 

used monoclonal anti-p63 (clone 4A4; see Supp. Table S2), and this antibody clone binds all 

p63 isoforms. The antibody has been used extensively in other studies, including in reports 

on Xenopus ocular tissue (Hu et al., 2013; Moriyama et al., 2014; Perry et al., 2013; Yang et 

al., 1999). Immunoblotting detected a specific band of ~ 75 kDa (Supp. Fig. S1A), which is 

in agreement with the previously reported molecular weight of p63 in Xenopus skin lysate 

(Tomimori et al., 2004). No p63 label was observed in the apical cells of the central and 

peripheral cornea in larvae (Fig. 2A and C, respectively). However, nuclear localization of 

p63 was detected in all basal cells throughout the central and peripheral corneal epithelium 

(Fig. 2B and D, respectively); consistent with our previous report (Perry et al., 2013). Basal 

staining of p63 was also seen in the surrounding pigmented skin epithelium, which is 

continuous with the transparent cornea (data not shown). In frozen sections of adult Xenopus 
corneas, p63 nuclear staining was found in the epithelial cells in the basal and intermediate 

layers of central and limbal regions (Fig. 2E and F, respectively), inner and outer surface of 

the eyelid (Fig. 2G), and the adjoining skin epithelium (Fig. 2H). Maximal expression was 

detected in basal cells of these regions when compared to the intermediate layer cells; 

however, no staining was found in apical cells. Distribution of p63-positive cells in the 

periphery of the Xenopus cornea (the limbal region) is akin to an earlier report showing p63 

immunostaining in these mature frogs (Hu et al., 2013). However, Hu and his group (2013) 

describe that p63 immunostaining is undetected in the central cornea of mature frogs, which 

is contrary to our observations here.

3.1.2. Pax6—The second transcription factor investigated in the frog cornea was Paired 

box 6 (Pax6). The Pax6 gene is highly conserved across vertebrates, and is critical for 

vertebrate eye development including the corneal epithelium (Davis and Piatigorsky, 2011; 

Shaham et al., 2012) (Supp. Table S1). In the anuran Xenopus, Pax6 represents a central 

transcriptional regulator of eye development and is involved in the remarkable phenomenon 

of lens regeneration (Gargioli et al., 2008; Henry and Tsonis, 2010). However, Pax6 

localization in the frog corneal epithelium has not been extensively examined. We used a 

polyclonal Pax6 antibody that detected bands of ~47- and 54-kDa in the larval corneal lysate 

(Supp. Fig. S2B); consistent with bands of similar size that were observed using whole 

Xenopus embryos (Rungger-Brandle et al., 2010). However, no bands corresponding to the 

molecular weight of Pax6 were present in skin lysate. In the larval cornea, we did not detect 

Pax6 immunoreactivity in apical epithelial cells of central and peripheral cornea (Fig. 3A 

and C, respectively). On the other hand, we observed nuclear as well as cytoplasmic 

expression of Pax6 in basal epithelial cells of both the central and peripheral corneal regions 
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(Fig. 3B and D, respectively). Fluorescence intensity of Pax6-positive cells in the basal 

epithelium of the central cornea (Fig. 3B) was slightly higher and these cells had a tight 

packing arrangement, compared to the fewer Pax6-positive basal cells in the peripheral 

cornea (Fig. 3D). Basal cells in the skin were negative for Pax6 (data not shown). In contrast 

to the larval cornea, no Pax6 staining was detected in the entire thickness of the adult frog 

cornea; both the central (Fig. 3E), and limbal region (Fig. 3F). The inner surface of the 

ventral eyelid (shown as “ive” in Fig. 3G) was also negative for Pax6. Surprisingly, cells in 

the apical layer of the outer ventral eyelid and surrounding skin show positive 

immunoreactivity for Pax6 (“ove” in Fig. 3G and H, respectively).

3.1.3. Tcf7l2 (Tcf4)—We also examined the localization of another protein, 

Transcription factor 7 like 2 (Tcf7l2). A member of the high mobility group (HMG) 

transcription factors, Tcf7l2 plays an essential role in canonical Wnt signaling (Clevers and 

Nusse, 2012). Also referred to as “Tcf4”, it is among the four sub-families of vertebrate Tcf 

genes (Tcf7/Tcf1, Tcf7l1/Tcf3, Tcf7l2/Tcf4, and Lef) (Arce et al., 2006; Hoppler and 

Kavanagh, 2007). Tcf7l2 is involved in the long-term maintenance of various adult SCs, 

including those in the skin and cornea (Lu et al., 2012; Nguyen et al., 2009; van Es et al., 

2012). The Western blot analysis with the Tcf7l2 antibody labeled a single band (~68kDa) in 

the tadpole skin lysate, while no band was detected in corneal lysate (Supp. Fig. S1C). In 

tadpoles, Tcf7l2 was expressed in the cytoplasmic compartment of apical epithelial cells of 

the skin surrounding the cornea (Fig. 4A–C). We noted that both the apical and basal cells in 

the central and peripheral region of the cornea were negative for this marker (Fig. 4D–G). 

Similarly, Tcf7l2 staining was undetected in the central cornea and limbal region of the adult 

frog (Fig. 4H and I, respectively). While the inner surface of eyelid did not express Tcf7l2 

(shown as “ive” in Fig. 4J), the basal and intermediate cells in the outer surface of the eyelid 

(shown as “ove” in Fig. 4J), as well as the adjoining skin epithelium (Fig. 4K), were positive 

for this antibody. Interestingly, while in the larval cornea Tcf7l2 localizes to apical cells of 

skin epithelium (Fig. 4B), it is primarily restricted to basal and intermediate layer epithelial 

cells in the adult frog skin (Fig. 4K).

3.2. Expression of cytoskeletal proteins in corneal epithelia of larval and adult frogs

Cytoskeletal proteins are involved in regulating various cellular processes in epithelial 

tissues, such as mechanical support, motility, epithelial permeability, intracellular transport, 

and adhesion (Bragulla and Homberger, 2009; Fuchs and Yang, 1999). Numerous 

cytoskeletal elements, including the intermediate filament proteins, are expressed within the 

cornea and play important roles in maintaining intracellular epithelial architecture (Pitz and 

Moll, 2002). Alterations in the expression patterns of cytoskeletal proteins have been 

reported during various corneal pathological disorders (Elder et al., 1997; Ikeda et al., 2003).

3.2.1. Keratin 19—In the current study, we examined the expression of Keratin 19 

(Krt19; also referred to as Cytokeratin 19, CK19). It belongs to the class ‘keratin’, which are 

epithelial-specific intermediate filaments expressed during development and differentiation 

of tissues, including the cornea (Bragulla and Homberger, 2009; Merjava et al., 2011). Krt19 

is a known biochemical marker of cutaneous SCs in humans (Michel et al., 1996; Stasiak et 

al., 1989). It has also been suggested as a biomarker of SCs present in limbal basal 
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epithelium in humans, and other vertebrates (Eghtedari et al., 2016; Yoshida et al., 2006) 

(Supp. Table S2). To characterize Krt19 in the frog cornea, a polyclonal Krt19 antibody was 

used. We detected a single band of ~ 50 kDa in corneal lysate, which corresponds to the 

protein’s predicted molecular weight in Xenopus (Supp. Fig. S1D). In tadpoles, Krt19 

expression was cytoplasmic and lower in the apical cells of the central and peripheral cornea 

(Fig. 5A and C, respectively), compared to the basal cells of these regions (Fig. 5B and D, 

respectively). There was no significant difference in Krt19 labeling in basal epithelial cells 

of skin compared to that in the cornea (data not shown). Likewise, adult expression of Krt19 

was observed in all cell layers of the central cornea (Fig. 5E), limbal region (Fig. 5F), and 

the inner surface of the ventral eyelid (shown as “ive” in Fig. 5G). However, expression was 

restricted only to basal cells lining the outer surface of the ventral eyelid (shown as “ove” in 

Fig. 5G), and surrounding skin epithelium (Fig. 5H).

3.2.2. Vimentin—Next, we tested the localization of another cytoskeletal protein, 

vimentin, in the Xenopus corneal epithelium. Expression of vimentin, a widely occurring 

intermediate filament protein, is considered typical for mesenchymal-derived cells 

(Lazarides, 1980). It functions as a key player in cellular processes such as cell adhesion, 

migration, cytoskeletal arrangements, and regulation of cell morphology (Ivaska et al., 2007; 

Mendez et al., 2010). Vimentin is the major structural protein in corneal keratocytes (Jester 

et al., 1994), and is known to be expressed in some basal cells of corneal epithelia (Kasper, 

1992; Lauweryns et al., 1993b) (Supp. Table S1). A Xenopus specific antibody was used to 

examine corneal localization of this filamentous protein. The antibody used has been 

reported in other studies involving frog spinal cord and skin (Edwards-Faret et al., 2018; 

Mescher et al., 2007). The specificity of this antibody was further validated by Western 

blotting and a single band of ~55kDa was observed (Supp. Fig. S1E). In larval cornea, 

neither the apical nor basal epithelial cells stain for vimentin (Fig. 6A, B, D, E). However, 

vimentin-positive cells were distributed below the basal epithelial layer in both the central 

and peripheral cornea, which are likely the keratocytes (Fig. 6C and F). Consistent with 

other reports (Jester et al., 1994), vimentin shows a filamentous cytoplasmic distribution 

around the nucleus, and also extends out along the cell processes of these keratocytes. 

Likewise, in adult Xenopus the corneal epithelial cells of central (Fig. 6G) and limbal zones 

(Fig. 6H) did not show presence of vimentin. However, the antibody labeled keratocytes 

located within the stromal layer of these regions. In addition, vimentin-positive cells with 

dendritic processes were seen in the dermis layer beneath the eyelid (Fig. 6I). In the skin of 

adults, we detected vimentin in the basal cells of the epidermis, as well as in the dermis (Fig. 

6J). The presence of vimentin-positive cells with dendritic morphology in frog skin is 

consistent with a previous report (Mescher et al., 2007).

3.3. Expression of adhesion proteins in corneal epithelia of larval and adult frogs

Adhesion molecules are cell surface receptors, which play important roles in cell regulatory 

processes. Different classes of adhesion molecules promote cell-cell and cell-extracellular 

matrix interactions within the cornea, and thereby regulate homeostasis and immunobiology 

of the cornea (Vorkauf et al., 1995). Studies in humans and animal models of disease have 

reported that decreased expression of adhesion molecules in corneas is associated with 

various ocular degenerative disorders (Zhu and Dana, 1999).
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3.3.1. β1-integrin—A key cell adhesion molecule investigated in our study was β1-

integrin. Integrins are cell surface molecules that function as heterodimers and mediate (a) 

attachment of basal keratinocytes to extracellular matrix proteins in the basement membrane, 

(b) mediate intercellular adhesion, and (c) facilitate signaling from the extracellular 

environment (Li et al., 1998). Some members of the integrin family, including β1-integrin 

have been implicated as potential SC markers of epidermal keratinocytes (Jones and Watt, 

1993). In vertebrate corneas including those of humans, mice and rats, β1-integrin is 

abundantly expressed by limbal basal cells (Chen et al., 2004; Pajoohesh-Ganji et al., 2006; 

Stepp et al., 1993) (Supp. Table S1). However, there are no reports of integrin expression in 

the amphibian cornea. The monoclonal antibody used was Xenopus specific (Supp. Table 

S2), and has been widely reported in β1-integrin examinations in frog tissues such as the 

retina (Li and Sakaguchi, 2002; Womble et al., 2018). Western blot analysis of corneal lysate 

detected a single band of ~115kDa (Supp. Fig. S1F), which corresponds to β1-integrin 

molecular weight reported in Xenopus epithelial cell extracts (Chen et al., 1997). In larval 

stages, no staining was detected in the apical cells of the entire corneal epithelium (Fig. 7A 

and C). In the basal corneal epithelium, β1-integrin immunolocalization was primarily 

membranous, although weak cytoplasmic expression was also seen (both central and 

peripheral corneal regions; Fig. 7B and D, respectively), β1-integrin staining pattern and 

intensity in the basal epithelial cells of the skin resembled that of the basal corneal cells 

(data not shown). Similarly, the epithelial cells in the central cornea, limbus, eyelid, and skin 

of adult frogs showed a membranous localization of β1-integrin (Fig. 7E–H). A gradient of 

β1-integrin expression was seen in all these regions; basal cells show a higher staining 

intensity compared to the cells in the intermediate and superficial layers. In addition, the 

stromal cells in the cornea also moderately express the protein, β1-integrin is known to be 

expressed by the keratocytes in the stromal layer, and is required for maintaining the 

structural integrity of developing mouse corneas (Parapuram et al., 2011). Based on our 

findings, the β1-integrin positive cells beneath the corneal epithelium (Fig. 7E–F) are most 

likely keratocytes.

3.3.2. E-cadherin—We also examined the corneas for expression of E-cadherin. A key 

member of the Ca2+-dependent transmembrane receptors, E-cadherin plays an important 

role in mediating cell-cell adhesion (Gumbiner, 2000). This homophilic glycoprotein is 

crucial for maintenance of cell proliferation, survival and differentiation in various adult 

epithelial tissues, including the corneal epithelium in humans (Scott et al., 1997; Zelenka 

and Arpitha, 2008). Here, we used a Xenopus specific E-cadherin antibody to examine its 

expression in the frog cornea (Supp. Table S2); the antibody has been tested as highly 

specific in Xenopus embryonic tissue (Huang et al., 2016). Moreover, in Western blots using 

larval corneal lysate, we detected a band of ~140 kDa (Supp. Fig. S1G), which is in 

agreement to previous reports (Burns et al., 2013). In the larval stages, the antibody 

primarily labeled the membrane of apical corneal cells (both central and peripheral cornea 

regions; Fig. 8A and C, respectively). However, in the basal layer the immunostaining was 

membranous as well as faintly cytoplasmic (Fig. 8B and D). Similar E-cadherin expression 

was found in skin epithelial cells surrounding the cornea (data not shown). In the adult 

animals we noticed a uniform membranous expression of E-cadherin in the cells of the 

central cornea, limbal region, eyelid and the adjoining skin (Fig. 8E–H).
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3.3.3. β-catenin—In addition, we examined the expression pattern for β-catenin in the 

corneal epithelium of frogs, β-catenin, a key player in the canonical Wnt/β-catenin pathway, 

is an essential regulator of adult stem cells, tissue homeostasis and regeneration (Nusse, 

2005; Ring et al., 2014). It is a central component of the cell adherens junction complex that 

controls cell-cell adhesion and influences cell migration (Nelson and Nusse, 2004). Along 

with multiple components of the Wnt signaling pathway, β-catenin is involved in ocular 

surface development, including that of the corneal epithelium (Nakatsu et al., 2011). To 

characterize the expression of β-catenin in Xenopus corneas, a monoclonal antibody was 

used (Supp. Table S2). The antibody used has been previously reported in studies on X. 
laevis embryos (Chiu et al., 2014; Zhu et al., 2015). The specificity was further confirmed by 

Western blot analysis, and a band size corresponding to the predicted molecular eight was 

observed (~ 100 kDa; Supp. Fig. S1H). Membrane bound β-catenin was evenly expressed in 

the apical layer of the tadpole corneal epithelium (central and peripheral regions; Fig. 9A 

and C), with no staining detected in the basal cells (Fig. 9B and D). No nuclear localization 

of the protein was observed in these larval corneal epithelial cells. Unlike the differential 

localization found in tadpoles, we noted uniform expression of β-catenin in the adult frog 

cornea. The protein was detected in the membrane of all epithelial cells of the central 

cornea, limbal region, eyelid, and surrounding skin (Fig. 9E–H).

3.4. Expression of growth factor receptors in corneal epithelia of larval and adult frogs

Growth factor (GF) receptors play an important role in corneal epithelial maintenance and 

wound healing. The SCs in the corneal epithelium have been proposed to express these 

receptors, which facilitate the maintenance of their proliferative potential (Nakamura et al., 

2001; Zieske and Wasson, 1993) (Supp. Table S1).

3.4.1. p75—In the current study, we examined expression of the low-affinity nerve 

growth factor receptor (p75). Nerve Growth Factor (NGF), and its transmembranous 

receptors (p75 and tyrosine kinase receptor A (TrkA)) are neurotrophic factors which 

primarily regulate development, survival, and maintenance of cells of neuronal origin 

(Barbacid, 1995). In addition, p75 regulates properties of the ocular surface cells (Barbacid, 

1995; You et al., 2000). p75, a 75- to 80-kDa glycoprotein belongs to the superfamily of 

cytokine receptors, and is a low affinity receptor for all members of the neurotrophin family, 

including NGF (Bothwell, 1991). p75 has been classified as a SC marker in a wide variety of 

human tissues, including those of epidermis, hair follicles, and cornea (Akiyama et al., 1996; 

Di Girolamo et al., 2008; Tomellini et al., 2014). For immunolocalization, a monoclonal p75 

antibody was used (Supp. Table S2). The specificity was tested by Western blot analysis 

using the tadpole skin lysate. A specific band of ~75kDa was detected (Supp. Fig. S1I), 

which corresponds to other reports involving Xenopus tissue (Kanning et al., 2003; Yang et 

al., 2009). In corneal whole-mounts, we detected higher number of p75 brightly labeled cells 

in apical layer of skin (Fig. 10A–B). However, the basal skin cells expressed low levels of 

p75 (Fig. 10C). We did not detect p75 in apical epithelial cells of central cornea (Fig. 10D), 

while basal cells had moderate p75 expression (Fig. 10E). In the peripheral cornea, a few 

cells that labeled strongly with p75 (cytoplasmic expression) were found in the apical layer 

(Fig. 10F). Expression of p75 in peripheral basal cells (Fig. 10G) was similar to that 

observed in central basal corneal cells, and was continuous in the skin as well (data not 
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shown). In the adult corneal cross-sections, p75 was widely expressed in the epithelial cells 

of central region (Fig. 10H), limbal region (Fig. 10I), eyelid (Fig. 10J), and skin (Fig. 10K). 

Interestingly, apical cells in these regions had slightly higher expression than cells in basal 

and intermediate layers.

3.5. Expression of Pax6 and Tcf7l2 in corneal epithelia of larval and adult frogs

To better characterize the boundary of cornea and skin in the anurans, we performed 

immunolocalization of Pax6 and Tcf7l2. Co-staining larval corneas with these antibodies 

showed that Pax6 is expressed only in the basal corneal epithelial cells and gradually 

decreases from cornea into the skin; simultaneously, Tcf7l2 is expressed by apical epithelial 

cells of skin outside the corneal region (Fig. 11A–C). In the adult corneal sections we did 

not detect Pax6 and Tcf7l2 label in either the central or limbus region (Fig. 11D–E). Both 

Pax6 and Tcf7l2 labeling were observed in the outer surface of the ventral eyelid and 

continued in the skin epithelium (Fig. 11F–G).

4. Discussion

Our study revealed that the Xenopus corneal epithelium expresses a range of molecular 

markers belonging to different functional groups. Many of these proteins have been 

proposed to identify CESCs and TACs, and/or involved in the maintenance of these cells. 

We have shown a detailed expression of these proteins in the cellular layers of central and 

peripheral/limbal regions of the frog cornea (summarized in Fig. 12). We identified 

significant similarities, as well as key differences in the localization of each of these proteins 

between the frog and earlier studies in the corneas of other vertebrate species (Supp. Table 

S1). In addition, we examined the localization of these markers in the skin epithelium of 

these amphibians. The majority of these factors (except Tcf7l2 and Pax6) have a uniform 

expression pattern in epithelial cells of the cornea as well as the skin.

4.1. p63 is not a unique corneal stem cell marker in frogs

The transcription factor p63 plays a significant role in corneal development, and maintains 

the proliferative potential of corneal stem cells (Di Iorio et al., 2005; Shalom-Feuerstein et 

al., 2011). It is essential for maintenance of corneal transparency, and p63 mutations lead to 

multiple eye abnormalities including LSCD (Di Iorio et al., 2012). In the initial studies of 

p63 in the human ocular surface (Chen et al., 2004; Pellegrini et al., 2001), it was 

immunodetected only in the nuclei of limbal basal epithelial cells, but not in basal epithelial 

cells covering the central cornea. These p63-positive cells were interspersed with p63-

negative cells in the limbus. More specifically, the α isoform of ΔNp63 (N-terminal 

truncated p63) expressed in the limbus, is known to be essential for supporting the 

proliferative potential of corneal SCs (Di Iorio et al., 2005). These observations led 

investigators to propose that p63 is a marker of human corneal stem cells. Interestingly, in 

fetal human corneas, equivalent levels of p63 expression were found in clusters of basal cells 

in both the limbal and central corneal epithelia (Davies et al., 2009). Analogous to the 

developing fetal cornea, another study using frozen and formalin-fixed adult human corneas 

revealed that p63 was found not only in limbal basal cells but also in basal cells of the 

central cornea (Dua et al., 2003).

Sonam et al. Page 13

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The pattern of p63 immunostaining observed by Dua et al. (2003) in human corneas was 

similar to that reported in mice. In adult mice, p63 isoforms were detected throughout the 

basal layer of the corneal epithelium (Collinson et al., 2002; Moore et al., 2002). These 

reports provided support for the arguments made later by Majo et al. (2008), that SCs may 

not be restricted to the limbus, but are rather distributed throughout the corneal epithelial 

basal layer. A recent study by Li et al. (2017) confirms that cells expressing ΔNp63 are 

localized throughout the basal layer of the adult murine corneal epithelium. Contrary to this, 

p63 expression in the corneas of the adult rat were found to be largely restricted to basal 

cells in the limbal region (Moore et al., 2002; Umemoto et al., 2005). However, another 

study in the rat corneas revealed age-related changes in the distribution of p63-positive cells 

(Hsueh et al., 2004). Initially, the p63-positive cells are present in the central cornea and 

limbal region of young rats, whereas these cells become confined to basal and suprabasal 

layers of the limbus in adult rats. The same study also highlighted the dependence of p63 

staining on experimental procedures; a higher percentage of p63 labeled cells was noted in 

basal and suprabasal layers of the limbus when a more sensitive antigen retrieval method 

was used.

Likewise, one finds significant variations in corneal p63 expression among other vertebrates. 

Immunohistochemical examination in rabbit corneas has shown that p63-positive cells are 

restricted to the nuclei of the basal and suprabasal cells of the limbal epithelium, whereas no 

signal was detected in the central cornea (Hsueh et al., 2004; Wang et al., 2003). p63 labeled 

cells in the cornea of this mammal are largely distributed in a manner similar to that seen in 

the human limbus (Pellegrini et al., 2001). Studies on pig eyes provided evidence for 

anatomical similarities between the porcine and human limbus (Notara et al., 2011; Patruno 

et al., 2017). Although these reports reveal the presence of p63 in the basal cells of crypts in 

the porcine limbal region, they do not include data on whether p63 is expressed in the central 

cornea. On the other hand, in the ocular surface of domestic animals including horses 

(Linardi et al., 2015; Moriyama et al., 2014) and beagles (Morita et al., 2015), the 

localization of p63 was widely detected in basal and suprabasal cells of both the central 

cornea and limbus, with no staining found in apical layers. The strongest expression of p63 

was observed in the basal layer of the limbus in both of these species.

Our IF results (Fig. 2) confirm age-related differences in the distribution of p63-positive 

cells in Xenopus corneas; being restricted to the basal layer in larvae, and present in both 

basal and intermediate layer cells in post-metamorphic frogs. Localization of p63 labeled 

basal cells in the larval cornea predominantly mirrors the p63 expression pattern in mice 

(Moore et al., 2002). However, p63 expression in the cornea epithelium of adult frogs is 

highly similar to some reports in the corneas of humans (Dua et al., 2003), horses, and dogs, 

but contradicts observations reported for adult rats, and rabbits (see Supp. Table S1). Our 

findings corroborate the notion that basal p63-positive cells do not uniquely represent, but at 

best include the SCs of the corneal epithelium. The presence of p63 labeled cells is rather 

indicative of the proliferating cells in the corneal epithelium, which would include both 

CESCs and TACs. Although p63 is one of the widely cited CESC markers (Mort et al., 

2012), none of the studies so far has conclusively demonstrated it as a unique marker for 

corneal SCs. Taking account of our own results, and interspecies differences in p63 
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expression patterns, it is evident that p63 is not evolutionarily conserved enough to be 

regarded as an exclusive CESC marker.

4.2. Pax6 label is restricted to basal epithelial cells of the larval cornea, and is lost upon 
maturation

Pax6 is known to play prominent roles during the development and homeostasis of corneal 

epithelium (Ouyang et al., 2014). It regulates the expression of the corneal keratin 12 

(KRT12) gene (Liu et al., 1999), controls the expression of corneal adhesion-related 

molecules (Davis et al., 2003), as well as regulates corneal epithelial cell migration and 

proliferation (Collinson et al., 2004). Furthermore, Pax6 is crucial for the maintenance and 

proliferation of corneal SCs, as well as their commitment to the corneal epithelial lineage (Li 

et al., 2015). Mutations in the human PAX6 gene lead to ocular conditions like aniridia and 

Peter’s anomaly, which are characterized by corneal opacification (Glaser et al., 1994; 

Hanson et al., 1994). Similar corneal abnormalities are also seen in mutant Pax6 mouse 

models (Ramaesh et al., 2003).

Immunohistochemical studies in fetal and adult human corneas have shown that Pax6 is 

expressed in the nucleus of all cells distributed throughout the central and limbal epithelium 

(Kitazawa et al., 2016; Lyngholm et al., 2008; Nishina et al., 1999; Ouyang et al., 2014) (see 

Supp. Table S1). Similarly, Pax6 is expressed in nuclei of epithelial cells found in the central 

cornea, and limbal regions of adult mouse and cynomolgus monkey eyes, and is likely 

required for maintenance and proliferation of corneal stem cells (Davis and Piatigorsky, 

2011; Koroma et al., 1997). Early immunohistochemical studies on chick embryos also 

support the presence of Pax6-positive nuclei in the corneal epithelium; however, the study 

did not examine later stages of chicken corneal development (Koroma et al., 1997). In 

contrast, Pax6 is expressed only in the basal cells of the limbal epithelium of adult rat 

corneas (Zhao et al., 2002). However, that study does not provide evidence about whether 

Pax6 staining is in the central corneal epithelium in rats.

Akin to other vertebrates, the expression and function of Pax6 in X. laevis ocular growth has 

been studied extensively, particularly in the context of retina and lens development 

(Rungger-Brandle et al., 2010; Yoshii et al., 2007). However, little is known regarding Pax6 

expression in this genus during corneal development. In Xenopus larvae, the corneal 

epithelium is known to be the source of regenerating lenses following lentectomy. In 

addition, pax6 gene expression, found only in the cornea but not observed in the epidermis, 

was shown to be a crucial factor for this lens-regeneration ability (Gargioli et al., 2008; 

Henry et al., 2002). Our results (Fig. 3) in the larval stages showing restricted Pax6 

expression in the basal corneal epithelium supports these findings. Predominantly, Pax6 is 

present in the nuclear compartment of basal corneal epithelial cells. However, our IF results 

show that in addition to nuclear localization, Pax6 is found in the cytoplasm of these basal 

cells. Similar cytoplasmic Pax6 localization has been observed by some investigators in the 

adult mouse cornea, being present only in the basal cells of the limbal epithelium (Pearton et 

al., 2005). Furthermore, our observations showing Pax6 expression being restricted to the 

apical epithelial cells of the adult frog skin are in striking contrast to reports of Pax6 being 

predominantly absent in the skin of other species (Li et al., 2008; Pearton et al., 2005). This 
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is the first report of Pax6 expression in post-metamorphic frogs, and the reasons for this 

aberrant expression are still unknown. However, we speculate that the absence of Pax6 

expression in the corneal epithelium of mature frogs might be an underlying cause of its 

greatly diminished lens regenerative competency (Filoni et al., 1997; Hamilton and Henry, 

2016).

4.3. Tcf7l2 (Tcf4) expression distinguishes cornea vs. skin in larval and adult frogs

Tcf7l2 is required for maintaining the properties of ocular stem cells, including those in the 

cornea and conjunctiva (Lu et al., 2011; Quan et al., 2016). An in vitro study by Lu et al. 

(2012) has shown that Tcf4 maintains human CESCs in a less differentiated state, and 

mediates corneal wound healing. Using IF staining on corneal frozen sections, that study 

also demonstrated that Tcf4 is largely localized to the cytoplasm and nuclei of limbal basal 

cells. It was not expressed in the apical layer of the limbal epithelium, or in any layer of the 

central corneal epithelium. Furthermore, other studies using cultured corneal epithelial stem 

cells provide evidence for expression of Tcf4, suggesting its use as a positive marker for 

selection of these cells (Mikhailova et al., 2016). However, little is known about the 

expression of this protein in corneal epithelial cells of other vertebrate species.

Prior studies in Xenopus have examined the transcript level expression of tcf7l2 in different 

tissues (Bandin et al., 2015; Michiue et al., 2017). In fact, in a study examining Xenopus 
cornea to lens transdifferentiation, the tcf7l2 gene was found to be upregulated during lens 

regeneration (Day and Beck, 2011). However, in our study we did not detect expression of 

the Tcf7l2 in the cornea epithelium of either tadpoles or adult frogs (Fig. 4). Rather, it was 

localized in the epithelial cells of skin surrounding the cornea, in both the larvae and adult 

frogs. The presence of Tcf7l2 in basal epithelial cells of the skin and outer surface of the 

eyelid in post-metamorphic frogs is somewhat consistent with a previous observation in 

mice, where Tcf7l2 antibody is known to label hair follicle stem cells in the basal layer of 

skin (Nguyen et al., 2009). Our finding illustrates that although Tcf7l2 is not suitable as a 

biomarker of corneal epithelial cells in frogs, it can be used as a molecular marker to 

demarcate cornea vs. skin in these amphibians.

4.4. Expression of Keratin 19 in Xenopus corneal epithelium changes during maturation

The intermediate filament protein Krt19 constitutes a minor cytoskeletal component of the 

human corneal epithelium (Pitz and Moll, 2002), and plays an important role in regulating 

epithelial cell shape and migration. Kasper et al. (1988) reported for the first time a 

“mosaiclike” staining pattern of Krt19 in the peripheral region of adult human corneal 

epithelium, whereas the central cornea was completely negative for this marker. Notably, the 

superficial cells in the limbal epithelium were also uniformly positive for Krt19. That study 

also reported homogeneous distribution of Krt19 in the fetal corneal epithelium. Different 

patterns of Krt19 expression have been reported in subsequent studies (Supp. Table S1). 

Some investigators report that Krt19 is located in all layers of the limbal epithelium (staining 

intensity decreases from basal to superficial layers), and undetectable in the central corneal 

epithelium (Elder et al., 1997; Lauweryns et al., 1993a; Merjava et al., 2011). On the other 

hand, a few studies reveal no difference in staining intensity between limbal and central 

corneal epithelium (Chen et al., 2004; Yoshida et al., 2006). Despite these variations, the 
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studies share similar observations regarding cytoplasmic localization of Krt19 in limbal 

basal epithelial cells.

Like humans, disparities exist regarding Keratin 19 staining patterns in the mouse cornea. 

Based on one study, Krt19 was not expressed in the central cornea but was found in basal 

limbal epithelial cells in adult mice (Yoshida et al., 2006). On the other hand, Krt19 

expression was found to be uniform throughout the embryonic mouse corneal epithelium, 

and Krt19 was used by investigators to assess corneal maturation (Kalha et al., 2017). 

Another study (Pajoohesh-Ganji et al., 2016) focusing on Krt19 expression during postnatal 

developmental stages in the mouse revealed that at 7 days after birth Krt19 is found in basal 

and suprabasal cells throughout the central and limbal epithelium; however, the protein 

localizes to fewer central corneal cells and primarily becomes restricted towards the limbal 

region as the animals grow older. Unlike mice, the fetal rat cornea exhibits uniform Krt19 

reactivity, whereas the corneal epithelium in adult rats was negative for the protein (Kasper, 

1991). In the guinea pig, Krt19 immunoreactivity was noted in basal epithelial cells of the 

central cornea, and this gradually decreased towards the basal cells of the limbal zone 

(Kasper, 1992).

In Xenopus we detected age-related variability in Krt19 localization (Fig. 5). While 

expression was largely seen in basal epithelial cells of the tadpole cornea, it was observed in 

all the layers of the corneal epithelium following metamorphosis. Immunolabeling of frog 

corneas matches the cytoplasmic distribution of Krt19 in corneal epithelial cells reported in 

other vertebrates (Supp. Table S1). Interestingly, the inner and the outer surface of the adult 

Xenopus eyelid stained differently for Krt19. While the inner side of the eyelid had 

expression closely resembling the cornea, the outer surface was similar to that found in the 

skin. Characterization of Krt19 in these anurans suggests that it can be used as a marker to 

distinguish cornea vs. skin epithelia.

4.5. Vimentin specifically labels keratocytes beneath the corneal epithelium

The structural intermediate filament protein, vimentin, is essential for integrity of the cornea, 

and plays a central role in corneal wound healing (Ishizaki et al., 1993; Ritchey et al., 2011). 

Earlier studies on the adult human cornea demonstrated that vimentin is expressed only in 

the keratocytes – cells of mesenchymal origin found within the corneal stroma (Fini, 1999; 

Hayashi et al., 1986). Intriguingly, other reports in human, as well as the guinea pig (Kasper, 

1992; Lauweryns et al., 1993a, 1993b; Schlotzer-Schrehardt et al., 2007; Schlotzer-

Schrehardt and Kruse, 2005) showed that some clusters of limbal basal epithelial cells 

express this filamentous protein, in addition to its expression found in the stroma (see Supp. 

Table S1). In those reports, the vimentin expressing epithelial cells were found to co-express 

Keratin 19. The atypical expression of vimentin within the corneal epithelium has been 

proposed as an indicator of the proliferative activity of these epithelial cells (Kasper, 1991).

Immunohistochemical observations about the absence of vimentin in corneal epithelial cells 

have been reported from studies in other vertebrates, including chick (Ritchey et al., 2011), 

mouse (Das et al., 2014), cat (Jester et al., 1994), and the rabbit (SundarRaj et al., 1992). 

Interestingly, the study by SundarRaj et al. (1992) in rabbits demonstrated that corneal 

epithelial cells transiently express vimentin during wound healing. A more recent study 
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using cultured corneal epithelial cells from the rabbit also suggests that vimentin expression 

might be a hallmark of early differentiating corneal epithelial cells (Castro-Munozledo et al., 

2017).

Our immunolocalization studies on Xenopus corneas (Fig. 6) support the presence of 

vimentin expressing cells underneath the corneal epithelium in both tadpoles and adult frogs. 

However, we did not detect any vimentin staining within the frog corneal epithelium itself. 

In an earlier study, we described the presence of a fibrillar layer located below the basal 

epithelium of the cornea in frog larvae (Perry et al., 2013). This is the same layer we find 

was positive for vimentin expressing cells, and these likely represent corneal keratocytes of 

the tadpole eye. Likewise, the presence of keratocytes in the Xenopus adult corneal stroma 

has been described by Hu et al. (2013), as we have verified here. In addition, the existence of 

vimentin stained cells within the basal cells of the epidermis and dermis of the skin is in 

agreement with other reports (Mescher et al., 2007), and identifies cells of mesenchymal 

origin.

4.6. Differential expression of β1-integrin is detected in larval and adult frog cornea

β1-Integrin plays an essential role in mediating adhesion of corneal epithelial cells to the 

extracellular matrix, and facilitates corneal wound healing (Carter, 2009; Stepp, 2006). It is 

abundantly expressed in the central corneal and limbal epithelium of humans; the expression 

being more intense in the basal cells, with a progressive loss seen in more apical layers 

(Chen et al., 2004; Schlotzer-Schrehardt and Kruse, 2005). Despite some similar 

observations, there are differences in expression patterns reported by certain investigators 

(Supp. Table S1). For example, Chen et al. (2004) showed that in human corneas the staining 

intensity of all central corneal epithelial cells was similar, but the limbal basal cells had a 

stronger expression of β1-integrin compared to suprabasal cells. However, 

immunohistochemical studies by Schlotzer-Schrehardt and Kruse (2005) revealed no 

pronounced differences in membrane staining between basal cells of central and limbal 

regions.

Likewise, studies on mouse corneas showed that variabilities exist for β1-integrin 

localization in central and limbal regions. A recent study revealed β1-integrin expression by 

some cells in the basal layer of the mouse corneal epithelium (both limbal and central 

regions), with no staining detected in the apical cells (Li et al., 2017). However, in species of 

rats, β1-integrin was prominently observed in the membrane of all basal epithelial cells in 

the cornea (Stepp et al., 1993). Immunostaining studies in pig corneas have revealed that β1-

integrin is uniformly expressed in the basal cells of the limbus, including both crypt and 

noncrypt limbal regions (Notara et al., 2011).

As shown in Fig. 7, we detected differential expression of β1-integrin in the corneal 

epithelium of tadpoles and mature frogs. The restricted localization of β1-integrin within the 

basal epithelial cells suggests its possible use as a differential marker to characterize larval 

corneal layers. In the mature Xenopus cornea, β1-integrin expression largely resembles that 

of humans and mice (see Supp. Table S1), with intense staining observed in basal cells of 

both the central cornea, and the limbal region. The observed higher expression of this 

adhesion molecule in basal cells advocates that it might play a key role in retaining SCs and 
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their proliferative progeny in their microenvironment, as suggested in an earlier report in 

mouse corneas (Pajoohesh-Ganji et al., 2004).

4.7. E-cadherin is expressed in all cell layers of larval and adult frog corneal epithelia

The cell adhesion protein E-cadherin plays a pivotal role in maintaining corneal thickness, 

and regulating corneal epithelial homeostasis (Davis et al., 2003; Zhang and Tseng, 2007). 

Expression studies for E-cadherin in human corneas has yielded variable patterns for its 

localization. In one of the earliest studies examining E-cadherin in humans, the corneal 

epithelium did not stain for the protein (Scott et al., 1997). In contrast, a study by Chen et al. 

(2004) on frozen human corneas revealed that E-cadherin membrane staining was found in 

all layers of the central corneal epithelium, while only the superficial and supra-basal layers 

of the limbus stained for the antibody. That later study suggested that E-cadherin is 

expressed by differentiated corneal epithelial cells, occupying the superficial layers. Later 

on, other studies using frozen human corneas detected weak E-cadherin expression in the 

basal layer of the limbal epithelium, along with strong expression in superficial limbal 

epithelial cells, as well as in all layers of the central cornea (Hayashi et al., 2007; Schlotzer-

Schrehardt and Kruse, 2005). Taking into account the very low expression of E-cadherin in 

the limbal basal cells, some investigators regard E-cadherin as one of the negative markers 

of limbal stem cells (Figueira et al., 2007; Mort et al., 2012). Unlike humans, studies in rat 

and rabbit corneas (Suzuki et al., 2000) have shown that E-cadherin is immunolocalized to 

all cell layers of the corneal epithelium. In mice, in situ hybridization and IF studies have 

shown that E-cadherin is expressed in all cell layers of embryonic, as well as mature corneal 

epithelia (Davis et al., 2003; Xu et al., 2002). Our immunostaining results showing 

membranous localization of E-cadherin in corneal epithelial cells of larvae and adult frogs 

(Fig. 8), more closely resemble the E-cadherin expression pattern found in rats and rabbits 

(see Supp. Table S1). The uniform distribution of E-cadherin in the aquatic frog cornea may 

relate to its more generalized barrier function in the epithelial tissue, as indicated in studies 

using other vertebrates (Bardag-Gorce et al., 2016).

4.8. β-catenin is associated with cell membranes in larval and adult corneal epithelia

Wnt/β-catenin signaling coordinates several vital processes during eye tissue development. 

Recent studies have suggested a prominent role of β-catenin in the proliferation of human 

corneal stem cells, and in maintaining the corneal epithelium in a less differentiated state 

(Lu et al., 2011, 2012; Nakatsu et al., 2011). In addition, active Wnt/β-catenin signaling is 

involved in the corneal wound healing process (Kawakita et al., 2005; Lyu and Joo, 2005, 

2006). In an immunohistochemical study on human corneoscleral tissues (Nakatsu et al., 

2011), β-catenin was seen to localize at the membrane of epithelial cells in both central 

corneal and limbal regions. Additionally, a small subset of basal epithelial cells in the limbus 

had nuclear as well as cytoplasmic localization of the protein. This nuclear localization has 

been suggested as an indicator of active Wnt/β-catenin signaling in the limbal region, and 

may help to regulate proliferation of SCs in limbal epithelium. Furthermore, that study 

proposed that the absence of β-catenin nuclear localization in the central corneal epithelial 

cells signifies relatively inactive signaling during corneal homeostasis. Observations about 

nuclear localization of β-catenin by Nakatsu et al. (2011) differ from a previous report where 

uniform β-catenin labeling of the membranes was observed throughout the corneal 
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epithelium in humans (Schlotzer-Schrehardt and Kruse, 2005). Likewise, uniform 

expression of β-catenin in cell membrane of all corneal layers throughout different stages of 

postnatal corneal stratification has been reported in mice (Zhang et al., 2015). Studies in 

both rat and rabbit corneas detected stronger immunoreactivity of β-catenin in the basal 

layer of the limbus relative to expression in the basal epithelium of the central cornea (Hsueh 

et al., 2004) (also see Supp. Table S1).

Much like other vertebrates, the activity of Wnt/β-catenin during Xenopus eye development 

has been closely examined (Fujimura, 2016). In fact, a previous study from our lab 

illustrated that Wnt/β-catenin signaling is active in the corneal epithelium of larval Xenopus, 

and is suppressed during early stages of lens regeneration (Hamilton et al., 2016). However, 

that report lacked immunostaining studies for determining the expression pattern of β-

catenin in normal and regenerating corneas. Our current study demonstrated membrane 

localization of β-catenin in corneas of both tadpoles and mature frogs (Fig. 9). Similar 

observations have been reported in other vertebrates, where no nuclear signal was detected 

in resting corneas (Supp. Table S1). Interestingly, the expression of this adherens junction 

molecule within the corneal layers changes during maturation. Taken together, these 

observations suggest an important role of β-catenin in cell adhesion. It also suggests that the 

Wnt/β-catenin signaling may be relatively inactive during the homeostatic state in the 

Xenopus cornea.

4.9. Distribution and expression pattern of p75-positive cells changes during corneal 
maturation

The transmembrane protein p75, along with its ligand NGF serve as important molecules in 

corneal epithelial maintenance and pathology. They modulate processes of cell proliferation, 

differentiation, apoptosis, and wound repair (Lambiase et al., 2000; Woo et al., 2005). In an 

earlier report, p75 immunoreactivity was detected only in the superficial cells of the limbal 

region, but was present throughout the central corneal epithelium (Touhami et al., 2002). 

However, Di Girolamo et al. (2008) using whole adult corneal specimens reported intense 

and specific p75 expression in the basal limbal epithelium, while the central corneal region 

did not exhibit any p75-positive epithelial cells. That study also reported on the absence of 

p75 staining in human fetal corneas (both central and limbal regions). The group’s findings 

support the notion that p75 may be a phenotypic marker to identify limbal stem cells and 

TACs (Di Girolamo et al., 2008). Contrary to this, a contemporary study found that p75 was 

expressed in basal and suprabasal epithelial cells in both limbal and central corneal regions, 

with no reactivity in superficial layer cells (Qi et al., 2008) (see Supp. Table S1). In 

comparison to studies on p75 in the human corneal epithelium, there are lack of reports 

about p75 expression in other vertebrates.

In Xenopus ocular tissue, the role of p75 has been described in the retina, where it promotes 

the survival of developing retinal neurons (Hutson and Bothwell, 2001). However, the 

expression and role of p75 in the frog cornea remained unexamined. Our observations (Fig. 

10) support a differential expression of p75 in the epithelial layers of tadpole cornea. In line 

with findings in the human cornea (Touhami et al., 2002), the higher expression of p75 in the 

apical cells of peripheral cornea and skin of larval frogs suggests that apoptosis may 
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dominate in these superficial cells. In addition, the distribution of p75-positive cells in frog 

cornea changes during maturation. As these p75 labeled cells are also found in skin, the 

protein cannot be uniquely categorized as a cornea-specific marker.

4.10. Differential immunolocalization of Pax6 and Tcf7l2 molecularly demarcates cornea 
vs. skin in frogs

Based on our co-immunostaining studies (Fig. 11), we infer that a combination of 

biomarkers would be better suited to identify specific corneal epithelial layers, as well as the 

CESCs and TACs. Although our current study does not reveal any such possible 

combination of cornea-specific proteins for CESCs or TACs, we show that Pax6 and Tcf7l2 

distinguish the cornea and skin of these anurans.

5. Conclusion

The relative lack of good stem cell-specific markers has been an impediment in 

understanding corneal homeostasis, and progress in developing corneal regenerative 

treatments. Using an amphibian corneal model, the current study sheds new insights into 

several key proteins involved in the formation and maturation of the corneal epithelium. 

Though we have not identified a specific marker of Xenopus (larvae or adult) corneal stem 

cells in the present study, specific differences in protein localization helps to characterize 

different layers and regions of the corneal epithelium in this anuran (Fig. 12). We also found 

that unlike the outer surface, the inner surface of the eyelid is molecularly similar to the 

adult cornea. Significantly, our comparative analysis of expression patterns of TFs and other 

marker proteins through both an extensive literature search, and by examination of 

developing and mature corneas in Xenopus indicates that the deployment of these proteins is 

not evolutionarily conserved in corneas of vertebrates. Based on these observations, a 

combination of molecular markers may be more useful in defining corneal cell types, 

including the CESCs and TACs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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X.laevis Xenopus laevis

SCs Stem Cells

LRCs Label Retaining Cells

CESCs Corneal Epithelial Stem Cells
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TACs Transit Amplifying Cells

LSCD Limbal Stem Cell Deficiency

IF Immunofluorescence
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Fig. 1. 
Larvae (stage 50–52) and adult (stage 66) Xenopus eyes. (A) Tadpole eye showing regions 

of the cornea. Region enclosed by white dotted line represents the central cornea (cc), green 

dotted line represents the region enclosing the peripheral cornea (pc), and the pigmented 

skin epithelium (sk) lies outside this line. (B) Schematic drawing of the larval Xenopus eye. 

The corneal epithelium is shaded light yellow, while the skin is shaded light grey. (C) 

Hoechst labeling in a larval corneal whole-mount. (D) Adult Xenopus eye. White dotted line 

encloses the central cornea (cc), green dotted line encloses the limbal region (lm), and 

yellow arrowhead points to the ventral eyelid (ve). The pigmented skin (sk) surrounds the 

eye. (E) Schematic drawing of the adult frog eye. The corneal epithelium is shaded light 

yellow, while the eyelid and skin is shaded light grey. (F) Hoechst labeling in a cross-section 

of adult Xenopus cornea, (a) apical surface of corneal epithelium, (b) basal surface of 

corneal epithelium, (ce) corneal epithelium, (de) dorsal eyelid, (en) corneal endothelium, (i) 

inner portion of eyelid, (In) lens, (o) outer surface of eyelid, (on) optic nerve, (rt) retina, (st) 

corneal stalk, (sr) stroma, (vc) vitreous chamber. Scale bar in F equals 470 μm for A, 520 μm 

for C, 800 μm for D, and 400 μm for F. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. 
Confocal and fluorescence light microscopic images showing p63 antibody staining in X. 
laevis epithelial tissues. (A–D) Larval cornea whole-mounts showing p63 expression (green) 

is restricted to all basal cells (nuclei) of the central and peripheral cornea, as labeled. (A′-D

′) Merged images for A-D with Hoechst labeled nuclei (magenta). (A-A′) Apical cells of 

central cornea exhibit no p63 expression. (B-B′) Localized p63 labeling is seen in all nuclei 

of the basal epithelium. (C-C′) p63 is not expressed in apical cells of peripheral corneal 

epithelium. (D-D′) All nuclei of basal cells in the peripheral cornea have uniform expression 
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for p63. (E–H) Localization of p63 (green) in cryosections of adult cornea, eyelid and skin. 

The apical surface is located towards the top of each image, and the basal surface towards 

the bottom. (E′-H′) Merged images for E-H with Hoechst labeled nuclei (magenta). (E-E′) 

p63 labeling is detected in nuclei of basal and intermediate cells of the central cornea, but 

not in the nuclei of apical cells. The nuclei in the basal epithelium have relatively higher 

levels of p63 staining than those in the intermediate layer. (F-F′) In the limbal region, p63 

label is primarily detected in nuclei of basal epithelial cells along with moderate expression 

in intermediate layer cells. (G-G′) Ventral eyelid showing p63 staining is localized to the 

nuclei of cells present mainly in the outer surface of the eyelid, with the cells in basal layer 

showing higher staining intensity. Some weak expression maybe seen in scattered basal cells 

within the inner surface of the eyelid. (H-H′) p63 expression is also detected in the 

surrounding skin epithelium, with nuclei in the basal layer showing higher expression 

compared to those of the intermediate layer cells. No staining is detected in cells of the 

outermost, apical layer of the skin, ive, inner ventral eyelid; ove, outer ventral eyelid. Scale 

bar in H′ equals 25 μm for A-D, A′-D′, and 50 μm for E-H, E′-H′. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 3. 
Confocal and fluorescence light microscopic images showing immunofluorescent staining 

for Paired box protein 6 (Pax6) in larval and adult frog epithelia. (A–D) Pax6 (green) 

localizes to the basal epithelial cells of central and peripheral cornea in the tadpoles, as 

labeled. (A′-D′) Merged images for A-D with Hoechst labeled nuclei (magenta). (A-A′) 

Pax6 expression is undetectable in apical cells of the central cornea. (B-B′) Both the nucleus 

and cytoplasm of basal cells in the central corneal epithelium show uniform Pax6 staining. 

However, expression is excluded from the peri-nuclear region in these cells. Pax6-positive 

cells have a tight packing arrangement. (C-C′) Pax6 is not expressed in the apical cells of 
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peripheral corneal epithelium. (D-D′) Basal cells in the peripheral cornea also express Pax6. 

Fewer Pax6-positive cells were detected in the peripheral region. (E–H) Cross-sections of 

adult frog cornea, eyelid and skin stained with Pax6 (green) antibody, as labeled. The apical 

surface is located towards the top of each image and the basal surface towards the bottom. (E

′-H′) Merged images for E-H with Hoechst labeled nuclei (magenta). (E-E′) Pax6 staining 

is not observed in the central cornea. (F-F′) Pax6 expression is also undetected in the limbal 

region. (G-G′) Pax6 staining is noted only in apical cells of the outer surface of the ventral 

eyelid, where expression is primarily localized to the cytoplasm of these cells. (H-H′) A 

similar pattern of Pax6 expression is seen in apical cells in the skin epithelium, outside the 

cornea, ive, inner ventral eyelid; ove, outer ventral eyelid. Scale bar in H′ equals 25 μm for 

A-D, A′-D′, and 50 μm for E-H, E′-H’. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. 
Antibody localization for Transcription factor 7 like 2 (Tcf7l2). Representative images from 

confocal and fluorescence light microscopy for larval and post-metamorphic frog corneas, as 

labeled. (A) Whole mount of larval Xenopus cornea showing presence of Tcf7l2 (green) 

labeled cells in the skin epithelium, surrounding the cornea. Tcf7l2-positive cells are rarely 

seen in the peripheral cornea. Regions labeled are those shown in B-G and B′-G’. (B–G) 

Higher magnification confocal images showing the distribution of Tcf7l2 (green) labeled 

cells in skin and cornea of larval animals, as labeled. (B′-G′) Merged images for B-G with 
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Hoechst labeled nuclei (magenta). (B-B′) Apical cells of the skin epithelium exhibit Tcf7l2 

antibody labeling. Tcf7l2 has cytoplasmic expression in a majority of these apical epithelial 

cells. (C-C′) Skin basal cells do not express Tcf7l2. (D-D′) No expression is observed in the 

apical cells of the central cornea. (E-E′) Basal cells in the central corneal epithelium also do 

not show presence of Tcf7l2. (F-F′) The apical epithelium of the peripheral cornea is 

predominantly devoid of Tcf7l2-positive cells. Tcf7l2 expressing cells (shown by white 

arrowhead) are rarely detected in the apical layer of the peripheral cornea. (G-G′) Basal 

epithelial cells of the peripheral cornea are devoid of antibody labeling. (H–K) 

Immunofluorescent staining for Tcf7l2 (green) on frozen sections of adult frog epithelia, as 

labeled. The apical surface is located towards the top of each image, and the basal surface 

towards the bottom. (H′-K′) Merged images for H-K with Hoechst labeled nuclei 

(magenta). (H-H′) Tcf7l2 staining is not present in the epithelial cell layers of the central 

cornea. (1–10 No Tcf7l2 expression is detected in cells of the limbal epithelium. (J-J′) Cells 

in the basal and intermediate layers of the outer surface of the ventral eyelid show Tcf7l2 

staining, with no expression noted in apical cells. The inner surface epithelium of the eyelid 

is negative for this protein. (K-K′) Tcf7l2 expression is observed in the basal and 

intermediate cells of the surrounding skin epithelium. Superficial cells of skin epithelium do 

not label with this antibody, cc, central cornea; ive, inner ventral eyelid; ove, outer ventral 

eyelid; pc, peripheral cornea; sk, skin. Scale bar in K′ equals 200 μm for A, 25 μm for B-G, 

B′-G′, and 50 μm for H-K, H′-K’. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. 
Confocal and fluorescence light microscopic images showing cellular localization of Keratin 

19 (Krt19) in larval and post-metamorphic frog epithelia. (A–D) Antibody labeling in whole 

corneas showing the distribution and appearance of Krt19 (green) labeled cells in larval 

stages, as labeled. (A′-D′) Merged images for A-D with Hoechst labeled nuclei (magenta). 

(A-A′) Apical cells of the central corneal epithelium exhibit very faint Krt19 labeling. (B-B

′) Krt19 is primarily localized in the cytoplasm of cells in the basal epithelium of the central 

cornea. Krt19 labeling looks uniform throughout the basal layer. (C-C′) Apical epithelium 
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of the peripheral cornea with very weak staining for Krt19. (D-D′) Localized Krt19 labeling 

in the cytoplasm of all cells in the basal epithelium of the peripheral cornea. (E–H) Krt19 

(green) immunostaining in mature Xenopus cornea, eyelid and skin, as labeled. The apical 

surface is located towards the top of each image and the basal surface towards the bottom. (E

′-H′) Merged images for E-H with Hoechst labeled nuclei (magenta). (E-E′) Krt19 is 

detected in all the epithelial layers of the central cornea. Krt19 predominantly localizes to 

the apical epithelial cells, where it forms a layer on the surface of the corneal epithelium 

(indicated by white arrowheads in E and E′). (F-F′) Krt19 localization is observed in all 

epithelial layers of the limbal area. (G-G′) Ventral eyelid showing Krt19 labeling. Inner 

surface of the eyelid has Krt19-positive cells in all the layers. The staining is restricted to 

cells in the basal layer of the outer surface of the eyelid. (H-H′) Skin epithelium showing 

Krt19 staining. The labeled cells are largely localized to the basal layer, with few positive 

cells found in the intermediate layers. The outermost layer of skin does not express Krt19. 

ive, inner ventral eyelid; ove, outer ventral eyelid. Scale bar in H′ equals 25 μm for A-D, A

′-D′, and 50 μm for E-H, E′-H′). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. 
Immunolocalization of vimentin in larval and adult frog epithelia and deeper tissues. (A–F) 

Confocal images showing presence of vimentin (green) expressing cells, which are the 

keratocytes found below the basal layer of the larval corneal epithelium. (A′-F′) Merged 

images for A-F with Hoechst labeled nuclei (magenta). (A-A′) No vimentin-positive cells 

were observed in the apical layer of the central cornea. (B-B′) Basal cells in the central 

cornea also do not express vimentin. (C-C′) In the central cornea region, vimentin 

expression is found in keratocytes, which have a dendritic morphology. (D-D′) Apical cells 

Sonam et al. Page 41

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the peripheral cornea do not show stain with vimentin antibody. (E-E′) No vimentin 

localization is detected in basal epithelial cells of the peripheral cornea of larvae. (F-F′) 

Keratocytes of the peripheral cornea also express vimentin. (G–J) Fluorescence light 

microscopic images showing vimentin (green) labeling in cross-sections of adult Xenopus 
epithelia, as labeled. The apical surface is located towards the top of each image, and the 

basal surface towards the bottom. (G′-J′) Merged images for G-J with Hoechst labeled 

nuclei (magenta). (G-G′) Vimentin expression is detected in the keratocytes that are present 

in the stromal layer. No staining is noted in central corneal epithelium. (H-H′) Vimentin-

positive cells are also present in the stroma underlying the limbal epithelium. (I-I′) The 

eyelid has vimentin labeled cells in the dermis beneath the epithelial layer. (J-J′) Skin 

epithelium has moderate expression of vimentin, only in the basal cells. The antibody also 

labels a much higher number of cells in the dermal layer of the skin, ive, inner ventral 

eyelid; ove, outer ventral eyelid. Scale bar in J′ equals 25 μm for A-F, A′-F′, and 50 μm for 

G-J, G′-J’. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the Web version of this article.)
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Fig. 7. 
Immunolabeling of larval and adult Xenopus epithelia with β1-integrin (β1-itg). (A–D) 

Confocal images showing that expression of β1-itg (green) is restricted to basal epithelial 

cells of the tadpole cornea. (A′-D′) Merged images for A-D with Hoechst labeled nuclei 

(magenta). (A-A′) Apical epithelial cells of the central cornea with no β1-itg label detected. 

(B-B′) β1-itg staining is predominantly membranous in the basal epithelial cells of the 

central cornea. Weak cytoplasmic expression is also observed in these cells. (C-C′) β1-itg 

staining is undetectable in the apical cells of the peripheral cornea. (D-D′) β1-itg stained 
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basal epithelial cells in the peripheral cornea. (E–H) Fluorescence light microscopic images 

displaying β1-itg (green) antibody labeling on cryosections of adult Xenopus tissues, as 

labeled. The apical surface is located towards the top of each image, and the basal surface 

towards the bottom. (H′-K′) Merged images for H-K with Hoechst labeled nuclei 

(magenta). (E-E′) β1-itg is expressed throughout the entire thickness of the central corneal 

epithelium. A gradient in expression is observed, with the basal epithelial cells showing the 

highest expression. (F-F′) Limbal epithelial cells express β1-itg, with the maximum 

expression present in the basal layer. Moderate expression of β1-itg is seen in stromal cells 

underneath the corneal epithelium. (G-G′) Ventral eyelid showing β1-itg immuno reactivity. 

Basal cells in the outer surface of the ventral eyelid have higher expression of β1-itg. (H-H′) 

Epithelial cells in the skin display β1-itg labeling, with basal cells having the highest 

expression, ive, inner ventral eyelid; ove, outer ventral eyelid. Scale bar in H′ equals 25 μm 

for A-D, A′-D′ and 50 μm for E-H, E′-H’. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the Web version of this article.)

Sonam et al. Page 44

Exp Eye Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Larval and adult Xenopus epithelia stained with E-cadherin (E-cad) antibody. (A–D) 

Confocal images showing uniform distribution of E-cad (green) in the membranes of 

epithelial cells in a larval Xenopus cornea. (A′-D′) Merged images for A-D with Hoechst 

labeled nuclei (magenta). (A-A′) E-cad localizes to the membranes in apical cells of the 

central corneal epithelium. (B-B′) Basal cells of the central corneal epithelium show E-cad 

expression predominantly associated with the membranes. Weak E-cad expression is also 

detected in the cytoplasm of the basal cells. (C-C′) Membrane bound E-Cad in apical cells 

of the peripheral corneal epithelium. (D-D′) E-cad labeling is associated with the 
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membranes of basal epithelial cells of the peripheral cornea. (E-H) Fluorescence light 

microscopic images showing E-cad (green) staining on frozen sections of adult Xenopus 
epithelia, as labeled. The apical surface is located towards the top of each image, and the 

basal surface towards the bottom. (H′-K′) Merged images for H-K with Hoechst labeled 

nuclei (magenta). (E-E′) Epithelial cells throughout the entire thickness of the central cornea 

have uniform expression of E-cad in the membrane. (F-F′) E-cad localizes to the membrane 

of all epithelial cells in the limbal region. (G-G′) E-cad uniformly labels the membranes of 

epithelial cells in the inner and outer surface of the ventral eyelid. (H-H′) Cross-section of 

skin epithelium with E-cad membrane associated staining in the basal, intermediate and 

superficial layers, ive, inner ventral eyelid; ove, outer ventral eyelid. Scale bar in H′ equals 

25 μm for A-D, A′-D′, and 50 μm for E-H, E′-H’. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. 
Immunofluorescent localization of β-catenin (β-cat) in larval and adult Xenopus epithelia. 

(A–D) Confocal images showing restricted localization of β-cat (green) in apical epithelial 

cells of the larval cornea. (A′-D′) Merged images for A-D with Hoechst labeled nuclei 

(magenta). (A-A′) β-catenin is associated with the membranes of epithelial cells found in 

the apical layer of the central cornea. (B-B′) No label is detected in the basal epithelial cells 

of the central cornea. (C-C′) Apical epithelial cells in the peripheral cornea have membrane-

bound expression of β-catenin. (D-D′) Basal epithelial cells show no immunoreactivity with 
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the β-catenin antibody. (E–H) Fluorescence light microscopic images display β-catenin 

(green) localization in cross-sections of adult frog epithelial tissues, as labeled. The apical 

surface is located towards the top of each image, and the basal surface towards the bottom. 

(H′-K′) Merged images for H-K with Hoechst labeled nuclei (magenta). (E-E′) β-catenin is 

widely expressed throughout the full thickness of the central cornea. Staining is also found 

in the corneal endothelium (en) and is denoted by white arrowheads in E and E′. (F-F′) 

Epithelial cells in the limbal region also show positive reactivity to the β-catenin antibody. 

(G-G′) Epithelial cells lining the inner and outer portion of ventral eyelid uniformly express 

β-catenin. (G-G′) Skin epithelial cells in all layers have membranous β-catenin expression, 

similar to that found in the cornea, en, corneal endothelium; ive, inner ventral eyelid; ove, 

outer ventral eyelid. Scale bar in H′ equals 25 μm for A-D, A′-D′, and 50 μm for E-H, E′-

H’. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the Web version of this article.)
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Fig. 10. 
Cellular localization of the transmembrane receptor, p75 in frog epithelial tissues. Confocal 

and fluorescence light microscopic images show p75 (green) labeling in larval and mature 

frog corneas. (A) Representative region of a larval whole-mount cornea showing a few 

scattered p75 more brightly labeled cells in the peripheral cornea (pc), and a higher number 

of p75 brightly labeled cells distributed in the skin (sk) outside of the cornea. No p75 

brightly labeled cells were observed in the central cornea (cc). Higher magnification 

confocal images of these regions are shown in B-G. (B–G) Distribution of p75 (green) 
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labeled cells in the skin and the cornea of larval animals. (B′-G′) Merged images for B-G 

with Hoechst labeled nuclei (magenta). (B-B′) The apical epithelium of the skin has 

cytoplasmic localization of p75 in a higher number of cells (marked by white arrowheads). 

(C-C′) Moderate expression of p75 is detected in the perinuclear region of basal skin 

epithelial cells. (D-D′) p75 expression is undetectable in the apical epithelium of the central 

cornea. (E-E′) Basal cells of the central cornea have peri-nuclear expression of p75. (F-F′) 

High p75 expression is noted in a few apical epithelial cells of the peripheral cornea (marked 

by white arrowheads). (G-G′) Basal cells in the peripheral cornea have faint expression of 

p75 in the peri-nuclear region. (H–K) Immunofluorescent staining for p75 (green) on frozen 

sections of the adult frog epithelial tissues, as labeled. The apical surface is located towards 

the top of each image, and the basal surface towards the bottom. (H′-K′) Merged images for 

H-K with Hoechst labeled nuclei (magenta). (H-H′) p75 is expressed throughout the full 

thickness of the central corneal epithelium. The localization is membranous, as well as 

cytoplasmic. (I-I′) Epithelial cells present in all the layers of the limbal region have p75 

staining. (J-J′) Ventral eyelid showing p75 localization. The epithelia of both inner and outer 

surfaces of the ventral eyelid have p75 expression. A few cells more brightly labeled with 

p75 are also detected (marked by white arrowheads). (K-K′) The skin epithelium has p75 

expression in all the cellular layers, cc, central cornea; ive, inner ventral eyelid; ove, outer 

ventral eyelid; pc, peripheral cornea; sk, skin. Scale bar in K′ equals 60 μm in A, 25 μm for 

B-G, B′-G′, and 50 μm for H-K, H′-K’. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. 
Larval and adult frog epithelia immunostained with Pax6 and Tcf7l2 antibodies. (A–C) 

Lower magnification confocal images of larval whole-mount cornea showing Pax6 (red), 

and Tcf7l2 (green) co-staining. The white dotted line represents the boundary demarcating 

the cornea and skin. (A) A gradient of Pax6 expression is higher in the central cornea (cc), 

and is lost progressively towards the peripheral cornea (pc), and skin (sk). (B) Tcf7l2-

positive cells are abundant in the skin region. (C) Merged image showing Pax6 and Tcf7l2 

expression. (D-G, D′-G′ and D”-G″) Cross-sections of adult frog cornea, eyelid and skin 
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immunolabeled with Pax6 (red) and Tcf7l2 (green). The apical surface is located towards the 

top of each image, and the basal surface towards the bottom. D″, E″, F″ and G″ are 

merged images for D, D’; E, E’; F, F′ and G, G′, respectively, with Hoechst labeled nuclei 

(blue). (D, D′ and D″) No Pax6 or Tcf7l2 expression is detected in the central cornea. (E, E

′, and E″) The limbal region has undetectable Pax6 or Tcf7l2. (F, F′ and F″) Ventral eyelid 

region showing Pax6 and Tcf7l2 expression. The inner surface of the eyelid does not stain 

for either antibody. Outer surface of the eyelid has Pax6 in the apical cells, and Tcf7l2 

mainly in the basal layer of cells. (G, G′ and G″) Skin of the adult frog has Pax6 in apical 

cells of the epithelium, and Tcf7l2 in the basal and intermediate layers of cells, cc, central 

cornea; ive, inner ventral eyelid; ove, outer ventral eyelid; pc, peripheral cornea; sk, skin. 

Scale bar in G″ equals 60 μm for A-C, 50 μm for D-G, D′-G′, D”-G″. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the Web version of 

this article.)
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Fig. 12. 
Summary of protein localization detected in the epithelial tissues of larval and adult 

Xetiopus, as indicated. Relative expression levels are represented as undetectable, weak, 

moderate and high, as shown in the key. ‘#’ denotes few positive cells; ‘a’ denotes 

expression only in the apical layer; ‘b’ denotes expression only in the basal layer; ‘g’ 

denotes gradient in expression.
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Table 1

List of putative molecular markers for CESCs and TACs as studied in different vertebrates.

Molecular markers Vertebrates examined Selected references

ABCB5 Human, Mice 1, 2

ABCG2 Human, Mice, Rat, Dog 3, 4, 5, 6, 7

α-enolase Human, Rat, Rabbit 8, 9, 10

BMI1 Human, Mice 11, 12

β-catenin Human, Mice, Rat, Rabbit 13, 14, 15

C/EBPδ Human 11

E-cadherin Human, Mice, Rat, Pig, Rabbit 8, 15, 16, 17

EGFR Human, Rat 14, 18

Fzd7 Human 19

Hes1 Human, Mice 20, 21, 22

α9-integrin Human, Mice 8, 23

β1-integrin Human, Mice, Rat, Pig 8, 23, 24, 25

Keratin 19 Human, Mice, Rat, Guinea pig 8, 12, 26, 27

Keratin 15 Human, Mice 28, 29

Keratin 14 Human, Mice, Rat, Rabbit, Horse 13, 28, 29, 30

KLF4 Mice 15

N-cadherin Human 31

NGFR p75 Human 32

NGFR TrkA Human, Mice, Dog 2, 33, 34

Notch 1 Human, Mice, Rat 21, 35, 36

p63 Human, Mice, Rat, Rabbit, Dog, Horse 3, 13, 30, 37, 38, 39

PAX6 Human, Mice, Rat, Rabbit, Chick, Monkey 2, 36, 40

SOX9 Human 41

TCF4 (TCF7L2) Human 42

Vimentin Human, Mice, Guinea pig, Cat, Rabbit, Chick 27, 43, 44, 45, 46

A survey on the localization of these markers in the corneal epithelium of various animals is included in Supplemental Table S1. Proteins marked in 
‘bold’ letters were examined in the current study.

(1) Ksander et al., 2014; (2) Li et al. (2017); (3) Morita et al. (2015); (4) Watanabe et al. (2004); (5) Umemoto et al. (2005); (6) Budak et al. (2005); 
(7) Priya et al. (2013); (8) Chen et al. (2004); (9) Chung et al. (1995); (10) Zieske et al. (1992); (11) Barbaro et al. (2007); (12) Kalha et al. (2018); 
(13) Hsueh et al. (2004); (14) Schlotzer-Schrehardt et al. (2005); (15) Tiwari et al. (2017); (16) Suzuki et al. (2000); (17) Guindolet et al. (2017); 
(18) Zieske et al. (1993); (19) Mei et al. (2014); (20) Nakamura et al. (2008); (21) Djalilian et al. (2008); (22) Ueno et al. (2012); (23) Pajoohesh-
Ganji et al. (2006); (24) Notara et al. (2011); (25) Stepp et al. (1993); (26) Kasper (1991); (27) Kasper (1992); (28) Yoshida et al. (2006); (29) 
Figueira et al. (2007); (30) Linardi et al. (2015); (31) Hayashi et al. (2007); (32) Di Girolamo et al. (2008); (33) Woo et al. (2005); (34) Touhami et 
al. (2002); (35) Thomas et al. (2007); (36) Zhao et al. (2002); (37) Pellegrini et al. (2001); (38) Moore et al. (2002); (39) Wang et al. (2003); (40) 
Koroma et al. (1997); (41) Menzel-Severing et al. (2018); (42) Lu et al. (2012); (43) Ritchey et al. (2011); (44) SundarRaj et al. (1992); (45) Jester 
et al. (1994); (46) Sidney et al. (2015).
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