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           “Le véritable voyage de découverte 
ne consiste pas à chercher de nouveaux paysages, 

                 mais à avoir de nouveaux yeux.” 
 

 
 

“The real voyage of discovery 
consists not in seeking new landscapes, 

but in having new eyes.” 
 
 

 
Marcel Proust 
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ABSTRACT 
Aniridia is a congenital autosomal dominant, bilateral, panocular condition, caused by 
haploinsufficiency of the Pax6 transcription factor. Aniridia-related keratopathy (ARK) 
significantly affects vision and quality of life in these patients. ARK is a chronic progressive 
keratopathy comprising limbal stem cell deficiency associated with impaired epithelial cell 
adhesion, corneal conjunctivalization, epithelial erosions and corneal vascular pannus that 
typically only appear after childhood. 

The aims were i) to evaluate the structural changes and ii) cell signaling pathways, 
including the Notch1, Sonic Hedgehog (SHH), mTOR and Wnt/beta-catenin cell signaling 
pathways in naïve and surgically treated corneas of aniridia cases with advanced ARK and 
comparing with normal human adult and fetal corneas and iii) to develop a corneal cell 
culture model of aniridia.  

Naïve ARK corneas removed at the time of the first transplantation and ARK corneal 
buttons removed after a failed keratolimbal allograft and failed centered and decentered 
transplantations were included. These were compared with normal human adult and fetal 
(10-11 and 20 weeks) corneas. Sections were studied with immunofluorescence using 
antibodies against extracellular matrix components in the stroma and in the epithelial 
basement membrane (collagen I and IV, collagen receptor a11 integrin and laminin a3 
chain), markers of fibrosis, wound healing and vascularization (fibronectin, tenascin-C, 
vimentin, a-SMA and caveolin-1), cell division (Ki-67) and macrophages (CD68); 
antibodies against Pax6 and keratin 13; and antibodies against elements of the Notch1 
(Notch1; Dlk1; Numb), Wnt/beta-catenin (Wnt5a; Wnt7a; beta-catenin), Sonic Hedgehog 
(Gli1; Hes1) and mTOR (mTOR1; rpS6) signaling pathways. An in vitro cell culture model 
of mutant PAX6 corneal cells, obtained with CRISPR was created to study the same 
signaling pathways with Western blot and RT-qPCR.  

All ARK corneas and transplanted corneal buttons presented similar histopathological 
changes with irregular epithelium and disruption or absence of epithelial basal membrane. 
There was a loss of the orderly pattern of collagen lamellae and absence of collagen I in all 
ARK corneas. Vascularization was revealed in the pannus of all ARK corneas and the 
changes observed in decentered and centered transplants were analogous. Furthermore, 
ARK corneas presented analogous signaling pathways changes in the subepithelial pannus 
and epithelium, with decreased detection of Notch1 signaling pathway and increased 
presence of the Notch1 inhibitors Numb and Dlk1. Increased detection of Wnt/beta-
catenin (enhanced presence of Wnt5a, Wnt7a and beta-catenin), SHH (detection of Gli1 
and Hes1) and mTOR (identification of mTOR and rpS6) signaling pathways were found 
in the subepithelial pannus and epithelium of all ARK corneas, when compared to normal 
controls. In the mutant PAX6 corneal cells, the signaling pathway changes encountered 
were similar to those found in the ARK patients. The cell signaling pathway dissimilarities 
encountered in ARK corneas were similar to the pattern found in human fetal corneas with 
the exception of Notch1. 

The analogous pathological features of all ARK cases and the similarity in pathway 
alterations found in all ARK corneas irrespective of being naïve or previously submitted to 
distinct surgical procedures involving transplantation of limbal stem cells or not, and 
mutant PAX6 corneal cells, advocates an important role for host specific factors in the 
pathophysiology of ARK. Moreover, the similar pattern found between fetal human 
corneas and ARK corneas indicates a less differentiated host milieu in ARK. The present 
results provide the basis for further studies investigating the possibility of modulating 
these pathways in order to delay or avoid ARK.  
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ENKEL SAMMANFATTNING PÅ SVENSKA 
Aniridi är en medfödd bilateral ögonsjukdom, som orsakas av mutationer i PAX6-genen 
och som kan påverka hornhinnan genom aniridi-relaterad keratopati (ARK). ARK är ett 
kroniskt tillstånd som normalt debuterar efter barndomen och innefattar brist på 
stamceller i hornhinnan, förlust av celler i hornhinnans yta och tillväxt av blodkärl. 
Tillståndet orsakar inte bara kraftigt nedsatt syn utan också kronisk smärta, vilket 
påverkar patienternas livskvalitet avsevärt. Behandlingen kan inkludera olika typer av 
hornhinnetransplantationer men dessa har en hög andel misslyckanden. Det finns inte 
heller någon behandling som har visat sig effektiv på lång sikt. 

I denna studie utvärderade vi förändringar i struktur och cellsignaleringsvägar i 
hornhinnor med allvarlig ARK, oavsett om de har transplanterats tidigare, med eller utan 
stamceller. Dessa resultat jämfördes med både normala vuxna hornhinnor och fetala 
hornhinnor. Projektet inkluderade också utveckling av en aniridi cellodlingsmodell av 
mutanta PAX6 keratocyter som skapades med CRISPR-genredigering. 

De viktigaste förändringar i struktur var ett oregelbundet epitel med störning eller 
frånvaro av basalmembran, förändringar i distributionen av kollagentyper, närvaro av 
markörer för inflammation, fibros och blodkärlstillväxt och ett nytt lager under epitelet, 
en subepitelial pannus, i alla studerade ARK-hornhinnor.  

Cellsignaleringsvägen Notch1 hade en minskad detektion medan Wnt/beta-catenin, SHH 
och mTOR-cellsignaleringsvägar hade en ökad detektion i alla ARK-hornhinnor, jämfört 
med normala vuxna hornhinnor. Skillnaderna mellan fetala hornhinnor och vuxna 
kontroller var desamma som hittades mellan ARK-hornhinnor och kontroller, med 
undantag av Notch1. Signalvägsförändringarna som hittades i cellerna från den nya 
mutanta cellodlingsmodellen liknade de som hittades i ARK-hornhinnor. 

Alla hornhinnor med ARK, oavsett om de transplanterats, med eller utan stamceller, hade 
liknande förändringar i struktur och cellsignaleringsvägar, vilket talar för att värd-
specifika faktorer spelar en viktig roll i mekanismerna bakom denna sjukdom. Likheten 
mellan fetala hornhinnor och ARK-hornhinnor pekar på en mindre differentierad miljö i 
ARK. Dessa fynd tillsammans med vår nya ARK-cellodlingsmodell ger ett grund för 
ytterligare studier i syfte att förstå och utveckla behandlingsstrategier för denna sjukdom 
i framtiden.  
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RESUMO EM PORTUGUÊS 
A aniridia é uma doença pan-ocular, congénita, autossómica dominante causada pela 
haploinsuficiência do fator de transcrição Pax6. A queratopatia associada a aniridia (ARK) afeta 
significativamente a visão e a qualidade de vida destes doentes. A ARK é uma queratopatia 
crónica progressiva caracterizada pela insuficiência do limbo corneano associada a alterações 
da adesão celular epitelial, conjuntivalização da córnea, erosões do epitélio e pannus vascular 
que normalmente apenas surgem após a infância. 

Os objetivos desta tese foram i) avaliar as alterações estruturais e ii) nas vias de sinalização 
celular, nomeadamente Notch1, Sonic Hedgehog (SHH), mTOR e Wnt/beta-catenina em 
córneas com ARK avançada (tanto naïfs como cirurgicamente tratadas e comparar com córneas 
humanas normais de adultos e fetais). Finalmente, tentou-se iii) desenvolver um modelo para 
aniridia em cultura de células da córnea. 

Foram incluídos botões de córneas com ARK naïfs (extraídos durante a primeira 
transplantação) e botões de córneas com ARK removidos após a falência de um transplante 
queratolimbar e de transplantes penetrantes, independente da centragem do botão. As córneas 
com ARK foram comparadas com córneas humanas normais de adultos e fetais (10-11 e 20 
semanas). As amostras foram estudadas com imunofluorescência com anticorpos contra 
componentes da matriz extracelular estromal e da membrana basal epitelial (colagénio I e IV, 
recetor de colagénio a11 integrina e laminina a3), marcadores de fibrose, cicatrização, 
vascularização (fibronectina, tenascina-C, vimentina, a-SMA e caveolina-1), divisão celular (Ki-
67) e macrófagos (CD68); anticorpos contra Pax6 e queratina 13; e anticorpos contra elementos 
da via de sinalização celular Notch1 (Notch1; Dlk1; Numb), Wnt/beta-catenina (Wnt5a; Wnt7a; 
beta-catenina), Sonic Hedgehog (Gli1; Hes1) e mTOR (mTOR1; rpS6). Um modelo in vitro de 
aniridia com cultura de células da córnea mutantes para PAX6 foi criado utilizando CRISPR 
para estudar as mesmas vias com Western blot e RT-qPCR. 

Todas as córneas com ARK (n=2) e botões transplantados (n=3) apresentavam alterações 
histopatológicas semelhantes com epitélio irregular e disrupção ou ausência da membrana basal 
do epitélio. Uma perda do padrão organizado das lamelas de colagénio e ausência de colagénio 
tipo I foi documentada em todas as córneas com ARK. Verificou-se a existência de 
vascularização no pannus de todas as córneas com ARK, sendo que as alterações observadas 
nos transplantes descentrados e centrados eram análogas. As córneas com ARK apresentavam 
alterações semelhantes nas vias de sinalização celular, no epitélio e no pannus subepitelial, com 
deteção diminuída da via de sinalização Notch1 e presença aumentada de inibidores de Notch1, 
Numb e Dlk1. Deteção aumentada das vias de sinalização Wnt/beta-catenina (presença 
aumentada de Wnt-5a, Wnt-7a e beta-catenina), SHH (deteção de Gli1 and Hes1) and mTOR 
(identificação de mTOR e rpS6) foram encontradas no pannus e epitélio de todas as córneas 
com ARK, quando comparadas com os controlos normais. As alterações nas vias de sinalização 
celular encontradas in vitro nas células da córnea com mutações no gene PAX6 eram 
semelhantes às encontradas nas córneas dos doentes com ARK. O padrão de diferenças nas vias 
de sinalização celular encontrados nas córneas com ARK foi idêntico ao documentado nas 
córneas fetais (n=4) com exceção do Notch1, cuja deteção era semelhante nas córneas fetais e 
de adultos. 

Os casos de ARK apresentavam entre si características patológicas semelhantes, bem como 
alterações identificas nas vias de sinalização entre todos casos de ARK. Esta homogeneidade 
verificou-se independentemente de serem naïfs ou previamente submetidas a diferentes 
procedimentos cirúrgicos, incluindo ou não transplantação de células estaminais do limbo, e 
células da córnea com mutações no gene PAX6. Este padrão sugere um papel importante para 
fatores específicos do doente com aniridia na patofisiologia da ARK, potencialmente a presença 
de um ambiente de menor diferenciação na ARK. Os resultados obtidos providenciam a base 
para estudos futuros que explorem a possibilidade de modulação destas vias de sinalização para 
atrasar o aparecimento ou evitar a ARK.  
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INTRODUCTION 
Vision is one of the most complex human senses and is responsible for a 
considerable proportion of our total neuronal activity. For an image to be 
correctly perceived several structures and mechanisms, starting with cornea 
transparency, have to function in a synergetic way.  

Aniridia  
Aniridia, originated from the Greek language meaning “without iris” (an-iridia), 
is a rare complex eye disorder that is often difficult to manage both medically and 
surgically.1 

Clinical features 
Aniridia is a congenital bilateral panocular disorder resulting from development 
disturbances which affect several structures in the eye: cornea, anterior chamber, 
iris, lens, retina and optic nerve.2 Iris hypoplasia, varying from minor iris 
anomalies to remnant iris root or total iris absence, is the most striking 
characteristic. However, an abnormal iris is not the main visual impairment 
factor as aniridia also comprises glaucoma, nystagmus, cataract, foveal 
hypoplasia, optic nerve hypoplasia and aniridia-related keratopathy (ARK).3 

The incidence of glaucoma in aniridia patients is 6-75%.4 These patients present 
iridogoniodysgenesis that prevents aqueous humor outflow through the 
Schlemm’s canal.1, 5 A higher vulnerability of the optic nerve due to structural 
anomalies in the lamina cribrosa connective tissue has also been proposed to 
contribute to glaucoma in these patients.6 Glaucoma treatment in aniridia 
patients is difficult with both medical and surgical approaches.7  

Cataract is present in 50-85% of the aniridia patients and ectopia lentis in 18-
35%.4 Cataract prevalence increases with age and a study of aniridia patients 
showed a prevalence of 71% in 25 years-old patients.8 

Photophobia, glare and decreased visual acuity are a consequence of iris 
hypoplasia and different techniques can be tried to overcome these symptoms, 
including implantation of artificial iris prosthesis, black iris diaphragm 
intraocular lenses, corneal tattooing and coloured contact lenses.1 Low visual 
acuity and nystagmus in aniridia can be attributed to foveal and optic nerve 
hypoplasia.7 The latter has a known incidence of 10% in aniridia patients.9 
Varying degrees of retinal dysfunction occur with aniridia with both cones and 
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rods being affected. It has also been suggested that aniridia is linked to an 
increased risk for retinal detachments and retinal tears.1 

Even though aniridia usually occurs isolated, when mutations include both PAX6 
gene and WT1 gene, patients also have other sets of abnormalities resulting in the 
WAGR syndrome that includes Wilms tumour, genitourinary anomalies and 
mental retardation.1 Gillespie syndrome is an autosomal recessive disorder which 
includes an association of aniridia, cerebellar ataxia, ptosis and mental 
retardation.10 Other human abnormalities that are even more rare have also been 
described in combination with aniridia.1  

Epidemiology  
Aniridia has the same incidence in both genders. Prevalence in European and 
north-American populations has been estimated to be 1:64000 to 1:96000, with 
an estimated prevalence of 1:70000 in Sweden and 1:76000 in Norway.4, 11 The 
age-specific prevalence in a Swedish cohort of cases < 20 years of age was 
1:4700012 and estimated point prevalence at birth in Denmark was 1:40000.13 

Genetics  
Rush was the first to describe congenital aniridia in 1926.14 It was initially linked 
to deletion of the short arm of chromosome 11, in 1978. Later it was more 
specifically linked to the 11p13 region and eventually to two transcription factors 
encoding the Wilms tumor gene and the Aniridia locus which encodes a domain 
that contains the PAX6 gene.15 The human PAX6 gene is approximately 22.4kb 
long and includes 14 exons and the transcript is 2.7kb long.16 The gene is regulated 
by two promoters which are controlled in a tissue-specific way.15 

PAX 6 is a pleiotropic transcription factor which is highly conserved in 
vertebrates and invertebrates and is essential for the development of different 
tissues such as the eye, central nervous system and endocrine glands.17 This gene 
can be considered a central molecular switch of the eye as it is responsible for the 
regulation of several crucial upstream and downstream transduction pathways. 
In humans, heterozygous mutations cause aniridia, hyposmia or anosmia.15  
Aniridia is caused by haploinsufficiency of the PAX6 transcription factor, which 
can result from heterozygous mutations in the PAX6 gene or its regulatory 
components or chromosomal defects.2  

Aniridia has autosomal dominant inheritance in 70% of the patients and is 
sporadic in 30%.1 PAX6 intragenic mutations are present in 2/3 of the patients 
and chromosomal rearrangements (including deletions, translocations and 
inversions) are present in the remaining 1/3 of the patients.15 
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Aniridia-related keratopathy  
Although the aniridia diagnosis is set early and impaired visual development is a 
challenge for these children, the quality of life of these patients is significantly 
worsened by the later development of aniridia-related keratopathy (ARK).18 ARK 
is a painful chronic progressive keratopathy, with clinical signs that start after the 
first decade of life. ARK is one of most sight-threatening consequences of 
aniridia.1  

A disturbed stem cell niche with altered corneal epithelial differentiation 
pathways, reduced epithelial cell adhesion, corneal conjunctivalization, epithelial 
erosions and corneal vascular pannus lead to loss of corneal epithelial phenotype 
and clinical symptoms including reduced visual acuity, chronic irritation, pain 
and photophobia.2, 19, 20 Cornea healing is disturbed due to atypical extracellular 
metabolism.21 It is assumed that ARK begins in the corneal periphery with 
progressive conjunctival tissue invasion over the limbal barrier into the cornea. 
An opaque fibrovascular pannus grows then over the corneal surface with 
inflammatory cells and blood vessels and the transition between conjunctiva and 
corneal epithelium advances into the peripheral cornea and eventually the whole 
corneal surface and stroma are affected.2, 19, 20 Fluorescein anterior segment 
angiography has been used to document incipient corneal vascularization in 
early-stage ARK.22   

There is a slow degradation of the corneal epithelial phenotype, breakdown of the 
limbal niche function23 and invasion of the clear cornea by individual conjunctival 
islands before encroachment of a conjunctival pannus,24 demonstrated by the 
presence of goblet cells in the corneal epithelium.25 Epithelial cell migration in 
aniridia is hindered considerably since the cells are in a chronic wound-healing 
state with compromised barrier function26 and there is a reduction in the 
available cell adhesion molecules which leads to the existence of spaces between 
corneal epithelial cells.25, 27 PAX6 is also fundamental in the regulation of the 
expression of cytokeratins 3 and 12, corneal epithelium intermediate filament 
proteins, that have a vital role in the attachment of the cells to the basal lamina 
and binding between cells.28, 29 All these defects lead to a fragile corneal surface 
susceptible to erosions.  

The corneal stroma in ARK has typically an increased thickness30 and the tear 
film is often unstable with reduced tear film breakup time.2 It is also known that 
cataract, glaucoma, as well as corneal surgery can accelerate ARK.31, 32 All these 
changes in ARK raise questions regarding the homeostasis of the cell signaling 
pathways regulating cell differentiation and migration.  
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Classification of ARK 
The classification of the keratopathy is important in order to determine which 
therapeutic approach should be chosen. The Mackman classification of ARK has 
more recently been substituted and the classification proposed by López-Garcia33 
is more commonly applied. It includes both signs and symptoms but also the 
severity of limbal cell deficiency and is summarized in the following table: 

Table 1. Classification of ARK 

Erosion/Ulcer Vascular Pannus Signs and Symptoms 
Grade 1 – Slight limbal insufficiency 

 ≤2 recurring erosions or 
ulcers within 6 months  

Not exceeding 1 mm from the 
limbic arch 

Small disorders in absorption 
of fluorescein; slight epiphora 
and photophobia 

Grade 2 – Moderate limbal insufficiency 
>3 recurring erosions or 
ulcers within 6 months 

Involves at least the periphery 
of the cornea ± subepithelial 
fibrosis 

Permanent instability of the 
lacrimal film; constant red 
eye, epiphora and 
photophobia 

Grade 3 – Severe limbal insufficiency 
Permanent signs of corneal 
erosion 

Central cornea involved Permanent instability of the 
lacrimal film; constant red 
eye, epiphora and 
photophobia; loss of vision 

Classification of ARK according to López-Garcia. Source: López-Garcia (2006);33 Lee et al. (2008)1 

Treatment approaches of ARK 
The dry eye symptoms of 1 ARK are treated with lubrication, preferably with 
preservative-free drops.2 Therapy should aim at reducing symptoms and dark 
glasses can be used to target photophobia. Corneal erosions are treated with 
occlusion and topical antibiotics.1 Grade 2 ARK patients may require autologous 
serum drops, which contain epitheliotropic growth factors and are antimicrobial 
and antiallergenic, leading to a reduction of the corneal epithelial erosion 
episodes.34 Amniotic membrane is also a valuable option for grade 2 ARK 
patients.35 In more difficult cases, surgical approaches may be necessary. 

Penetrating and lamellar keratoplasty 
In moderate to advanced ARK, treatment usually includes a surgical approach to 
overcome corneal opacification and vascular pannus. However, outcomes of 
penetrating keratoplasty are rather poor as there is usually a recurrence of the 
ARK corneal changes and subsequently graft failure.36 Several studies showed 
that penetrating keratoplasty is ineffective in the long-term with a reported risk 
of rejection of up to 64% and high graft failure rates, because stem cell deficiency 
is not treated. Therefore, penetrating keratoplasty as a single procedure should 
not be performed if not combined with a concomitant or a previous treatment of 
the limbal stem cell deficiency.37, 38 
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Lamellar keratoplasty can be useful in treating stromal opacities but alone cannot 
treat the limbal stem cell deficiency and results in recurrent graft failure similar 
to what happens with penetrating keratoplasty in ARK patients.36 The 
management of patients with advanced ARK can include a combination of a 
anterior lamellar keratoplasty and a limbal allograft transplantation instead of 
penetrating keratoplasty.1, 2 

Limbal allograft transplantation 
Limbo-keratoplasty has been shown to be a better treatment option in ARK than 
penetrating keratoplasty.1, 39 Keratolimbal allograft transplantation (KLAL), an 
additional surgical alternative available for the management of ARK, includes the 
transplantation of two to three crescents of corneoscleral rim to the host eye in 
order to completely surround the limbus of the patient.40 It typically requires 
broad immunosuppression in order to be successful.41 A mix of donor and 
recipient corneal epithelial cells has been described in treated patients years after 
the procedure, suggesting the existence of a chimera produced by a recipient 
limbal niche originated by donor stem cells.42 

A success rate of 75%-80% with KLAL in the management of ARK has been 
reported with a lower success rate associated with patients with a previous failed 
penetrating keratoplasty or KLAL.39 In these patients, a Boston keratoprosthesis 
may be a better option than repeated KLAL procedures.39, 41 Immunosuppression 
is one of the most important factors in determining long term ocular surface 
stability after KLAL in these patients and different systemic and topical regimes 
have been tried.39 

Chronic stromal inflammation is associated with limbal stem cell deficiency and 
can interfere with the capacity of limbal stem cell grafts to generate healthy 
corneal epithelium and is, therefore, a threat to the success of transplanted limbal 
epithelial stem cells in different pathologies.43 

Keratoprosthesis 
The Boston keratoprosthesis type I was initially created as a final approach to 
obtain visual acuity improvement in patients with corneal blindness that could 
not be treated with conventional penetrating keratoplasty and does not require 
systemic immunosuppression.44 It is usually reserved for patients with failed 
keratoplasty but even primary placement has been associated with good 
outcomes and might be a reasonable option in ARK patients.45 The Boston 
keratoprosthesis is presented as an alternative for visual rehabilitation in ARK 
patients. It consists of a front and a back plate made of polymethylmethacrylate, 
connected by an optical stem with a corneal graft sandwiched between them and 
a titanium c-ring used to secure it.44   

A recent study about the intermediate and long-term outcomes of the Boston 
keratoprosthesis in 46 ARK eyes showed a retention rate of 87%. Six months after 
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the procedure 74% of patients had a gain of 2 or more lines of vision which was 
reduced at the end of follow-up (minimum 2 years) to 43.5%. This study 
confirmed that Boston keratoprosthesis implantation in ARK patients leads to an 
initial visual improvement that tends to be progressively lost, mainly due to 
retroprosthetic membrane formation and glaucoma onset and progression.44.  

Cell therapy approaches of ARK 
Stem cell therapy has been proposed as a treatment for ARK. Cultured allogenic 
limbal epithelial stem cell transplantation has been tried in ARK patients46 with 
different success rates and including the use of systemic immunosuppression.47  

Another concept that has been clinically tried is the use of cultivated oral mucosa 
epithelium transplantation (COMET). COMET has a similar phenotype to corneal 
epithelium and thereby rises the possibility of autologous treatment in the 
reconstruction of the ocular surface, even in patients with bilateral ocular 
involvement.48 COMET was successfully used in aniridia patients even though the 
visual acuity improvements were lower than those obtained for ocular burn, 
ocular cicatricial pemphigoid and Stevens-Johnson syndrome cases.49 It proved 
to be a useful procedure for patients with ARK as it provided benefits with 
minimal risks with 76.4% of the eyes presenting regular transparent epithelium 
12 to 18 months after the procedure.49  

Other different cell types that might be useful in restoring ocular surface in ARK 
include olfactory cells,50 hair follicle epithelial stem cells51 and induced 
pluripotent stem cells.52 Corneal epithelial cells have been generated from adult 
dermal fibroblasts.53 It might be possible, in the future, to correct the PAX6 gene 
mutation in induced pluripotent stem cells before transplanting them back to the 
patient.  

Eye embryology 
Understanding embryology of the eye is fundamental for the appreciation of the 
properties of the different eye structures and of the different malformations of 
the eye. The PAX6 gene is central for the development of different eye structures 
such as the lens, cornea and conjunctiva, and it has been proposed to be the 
master control gene of the eye.15  

The cornea results from two waves of migration and proliferation of neural crest 
cells. It begins to be formed around day 33, when the lens vesicle separates from 
the surface ectoderm and the primitive corneal epithelium is created.54 The two-
layered corneal epithelium rests on a basal lamina and is separated from the two-
layered future endothelium by a narrow cellular space (Figure 1).55 At seven weeks 
neural crest-derived mesenchymal cells migrate and originate the corneal stroma 
and endothelium (Figure 1). Half a week later, the mesenchymal keratoblasts, 
which will later differentiate into keratocytes, are arranged in 4 or 5 incomplete 
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layers and few collagen fibrils are present. Around the eighth week, the bi-layered 
endothelium forms a basement membrane which constitutes the origin of the 
anterior laminated part of the Descemet’s membrane while the corneal 
epithelium develops more into a stratified squamous epithelium.56  

 
 
 

 
Figure 1 Schematic illustration of the developing central cornea at 39 days, 7 weeks, 3 months and 
7 months. EP- epithelium, BL – basal lamina, BO – Bowman’s layer, ST – stroma, DM – Descemet’s 
membrane, ED – endothelium. Illustration by Mathias Seneca, adapted with permission from: 
Tasman W, Jaeger E. Duane's Foundations of Clinical Ophthalmology, Volume 1. Philadelphia, Pa.: 
Lippincott Williams & Wilkins; 1992.  
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All the corneal layers with the exception of Bowman’s layer are present at 
approximately 3 months of gestation (Figure 1).55 The corneal epithelium has 
then 2 to 3 layers and the stroma approximately 25-30 layers of keratoblasts. An 
uneven Descemet’s membrane is present between the posterior stroma and the 
endothelium.57 The Bowman layer is originated one month later, presumably 
from fibroblasts and secretions of epithelial cells.55 The corneal stroma grows 
rapidly and gives thereby rise to the increased curvature of the cornea when 
compared with the rest of the globe.58 The keratoblasts are distributed in a 
disorganized pattern in the anterior third of the corneal stroma and the 
Descemet’s membrane is already well developed.57 At this point, the endothelium 
is a single row of flattened cells with a basal lamina and these cells are connected 
with tight junctions, a feature coinciding with the beginning of aqueous 
formation.55 At 7 months, an adult corneal structure is present but a few more 
superficial keratoblasts are still randomly oriented whereas the collagenous 
lamellae in the rest of the stroma are already oriented in a parallel way (Figure 
1).57 

After birth, the posterior part of the Descemet’s membrane develops with the 
deposition of basement membrane and thickens with age.59 The other corneal 
structures grow mainly only during the first two years of life. On the other hand, 
the total number of endothelial cells decreases continuously postnatally and 
throughout life.55  

Corneal structure 
The cornea is an avascular transparent tissue that provides the major structural 
and infection barrier of the eye and is responsible, together with the overlying 
tear film, for the anterior refractive surface of the eye.60 The cornea has an average 
horizontal diameter of 11-12 mm and a vertical diameter of 10-11 mm. It is 
approximately 0.5 mm thick in the center and gradually increases thickness 
towards the periphery. The shape of the cornea creates an aspheric optical system 
as it is prolated, flatter in the periphery and steeper centrally. The layers and 
interfaces of the cornea include, starting at the surface, the epithelium, Bowman’s 
membrane, the stroma, Descemet´s membrane and the endothelium (Figure 2).61 
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Figure 2 Cross section of a normal human cornea, illustrating the different corneal layers. Adapted 
from Paper I. 

Epithelium – this layer is localized at the external surface and has an average 
thickness of 50 µm, which is approximately 10% of the total corneal thickness. 
There are five or six layers of stratified squamous epithelium including basal, 
wing and superficial cells. Basal cells have mitogenic activity and differentiate 
progressively into wing and then superficial cells. The latter eventually 
desquamate following apoptosis and friction from blinking.62 Corneal and 
conjunctival epithelia cover the ocular surface and the transition between them 
is located at the limbus, where corneal epithelium stem cells are located.61  

Bowman’s membrane – is localized beneath the epithelial basal membrane and 
is an acellular condensation of the anterior stroma.60 

Stroma – The biochemical and anatomical characteristics of the cornea such as 
strength, shape stability and transparency are attributable to a great extent to 
this layer, which constitutes approximately 90% of the corneal thickness. The 
stroma is an avascular tissue with relatively low keratocyte density composed 
of uniformly arranged collagen fibers and extracellular matrix proteins 
secreted by the corneal epithelial, stromal and endothelial cells.61 Collagen 
is arranged in a network with a homogeneous distribution of small diameter 
(25-30nm) collagen fibrils in lamellae (orthogonal layers), which refract 
light.63 Collagen I is the main type of molecule responsible for this structure. 
Collagen V can also be found buried within type I fibrils and is much less 
abundant. Orientation of the lamellae is important for maintenance of corneal 
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shape and curvature under swelling stress conditions.64 The lattice-organized 
collagen structure is responsible for minimal light scattering. Therefore, 
corneal transparency is highly dependable on the diameter of stromal collagen 
fibrils and their precise organization in the tissue.64 

Dua’s layer – this layer, described in 2013, corresponds to a strong acellular 
layer between the stroma and the Descemet’s membrane that lies along the 
last row of keratocytes.65 

Descemet´s Membrane – the endothelial basal membrane, continues to grow 
after birth with deposition of amorphous material on the posterior side of the 
stromal layer that is formed before birth. It is mainly composed of collagens 
IV, VIII, laminin and fibronectin.61 

Endothelium – hexagonal cells in a single-layer, 5 to 10 µm thick, form the 
endothelial layer. Corneal thickness and transparency are highly related to the 
endothelial active fluid pump (Na+/K+ ATPase pump) and barrier functions.60  

Collagens, collagen receptor α11 integrin and laminin a3   
Collagen I is the major type of collagen in human corneal stroma and is crucial 
for normal stromal structure and function. Collagen III is	found	in	scarce	amounts	
in	 the	 corneal	 stroma	 in	 a	 physiological	 state,	 but	 its	 expression	 increases	 in	
different	corneal	pathological	processes	such	as	wound	healing	and	inflammation.66  	
Collagen IV is especially important in basement membranes and is present in the 
Descemet’s membrane and in the corneal epithelium basement membrane,64 
whereas collagen V is found profusely in the Bowman’s membrane and also in the 
stroma where it contributes to the organization and determination of the 
diameter of collagen I fibrils.66 

Cell-collagen interactions are critical for the reorganization of the collagen matrix 
during development and also in wound healing processes. Collagen receptor α11 
integrin intervenes in cell adhesion to collagen I, IV and V and contributes to the 
organization of the corneal collagen matrix.67 Additionally, α11 integrin chain 
appears to play a role in collagen deposition in other diseases associated with 
corneal scarring, such as keratoconus and also in normal human corneal 
development.67  

Laminin a3 chain is one of the most important non-collagenous components of 
basement membranes and was described in the basement membranes of the 
corneal epithelium in adults and during fetal development.68, 69 
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Keratocytes 
Keratocytes are neural crest derived corneal mesenchymal stromal cells, 
responsible for the production and homeostatic regulation of the extracellular 
matrix of the stroma. These cells are quiescent and sparsely distributed.70 They 
are the most common cellular component of the corneal stroma with a turnover 
of 2 to 3 years. These cells are spindle-shaped and distributed through the 
lamellae and have long processes which are connected to neighbor cells with gap-
junctions forming an intercellular network.71 Corneal transparency is also 
determined by keratocytes. The secretion and regulation of normal extracellular 
matrix elements such as collagen (I, V and VI), keratin sulfate proteoglycans and 
crystallins is essential for corneal transparency to be maintained.72  

Cornea wound healing 
Corneal wound healing is a complex process aimed at restoration of anatomical 
integrity and transparency. This process includes several cytokines and 
chemokines, which originate from epithelial, stromal, bone marrow derived, 
lacrimal and nerve cells and involves cell death, migration, proliferation, 
differentiation, and extracellular matrix remodeling.73 The healing processes of 
corneal epithelial, stromal and endothelial layers have both similarities and cell-
specific differences. Corneal epithelial healing depends on the basement 
membrane and limbal stem cells and consists of two phases: a first latent phase 
and a closure phase.74 The initial phase includes cellular reorganization to initiate 
migration of epithelial cells at the wound margins. The closure phase includes cell 
migration followed by cell proliferation, differentiation and restoration of the 
original multicellular epithelial layers.74 

The stromal healing response can be divided in three different phases. In the first 
stage, the keratocytes in the injury region undergo apoptosis after signaling from 
multiple cytokines, such as IL-1, that are originated in the epithelium, the 
discontinuity in the epithelium basal membrane being extremely important. 
TGF-beta, produced by corneal epithelial cells, is of particular importance in 
transforming keratocytes into active myofibroblasts and the presence of the latter 
is essential for corneal wound healing processes.75, 76 Myofibroblasts and 
keratocytes have several characteristics in common, such as prominent 
intracellular actin filaments.76 Modulation of the environment surrounding 
keratocytes can induce modulation of the keratocyte phenotype and lead to 
changes in gene expression, extracellular matrix production, contractility and 
other mechanisms associated with wound healing response.77 Alpha smooth 
muscle actin (a-SMA) is frequently used as a marker for myofibroblast formation. 
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It is a protein involved in cell motility, structure and integrity.78 Regeneration 
upon injury can either restore transparency or lead to fibrotic scar formation.74 

In the second phase, the remaining keratocytes in the surrounding zones begin to 
proliferate, repopulating the region and producing extracellular matrix.  In the 
final step, also known as remodeling phase, the restoration of function is secured. 
If all the steps occur normally, corneal transparency can be restored.74 

Wound healing and fibrosis can be identified by using matrix markers which are 
upregulated temporally in injured mesenchymal tissue. Fibronectin can be used 
as a marker for wound healing and fibrosis. Tenascin-C modulates inflammation, 
neovascularization and fibrosis and has an important role in corneal wound 
healing processes. It regulates growth factor signaling in mesenchymal cells and 
macrophages in the corneal stroma.79 Macrophages and myofibroblasts are 
fundamental for the first steps in healing or excess fibrosis in the context of 
stromal corneal injuries and these processes are downregulated in a tenascin-C 
null mouse model.80 Vimentin, an intermediate filament protein, is 
overexpressed in corneal stroma after injury. It is present in low levels in normal 
non-activated keratocytes and is an essential component in providing structural 
force in wound contracture.81 Caveolin-1 is an integral membrane protein 
involved in cell growth, integrin-associated focal adhesion and cell mobility.82 It 
takes part in growth-factor induced cellular signal transduction and it regulates 
corneal epithelial wound-healing processes. It also exists in caveolae membranes 
of blood vessels. It can be used as a marker for the corneal epithelial basal layer, 
blood vessels and wound healing.83  

The presence of cell proliferation and macrophages is also an important sign of 
wound healing. CD68 is a lysosomal associated membrane protein, present in 
endosomes, lysosomes, various cell surfaces and is a specific macrophage 
marker.84 Ki-67 is a nuclear and nucleolar protein, expressed during active phases 
of the cell cycle, which can be used as a cell proliferation marker. It is identified 
during all the active phases of the cell cycle, but is absent in resting cells.85 

Cell signaling pathways  
Control of cell proliferation and homeostasis in mammals is mediated by a few 
highly conserved cell signaling pathways, including Notch1, Sonic Hedgehog 
(SHH), mTOR and Wnt/beta-catenin pathways that are also fundamental for 
embryologic eye development.86-89 Cell signaling pathways associated with 
regulation of proliferation in the presence of inflammation, maintenance of tissue 
differentiation and polarity might be specially significant in ARK as it is related 
to anomalies in the development and maintenance of different eye tissues. 
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Notch1 cell signaling pathway 
Notch is a highly conserved coordination network that regulates cell-fate in the 
nervous, gastrointestinal and hematopoietic systems, from insects to humans. 
Mutations in the Notch genes (NOTCH1-NOTCH4) lead to severe abnormalities 
in organ development and adult homeostasis.90  

Notch1 cell signaling pathway is responsible for the determination of limbal stem 
cell fate and loss of PAX6 turns limbal stem cells into epidermal stem cells.91 
Notch1 is fundamental for the control of corneal epithelial cell repair and 
proliferation and vertical migration of basal corneal epithelial cells.92 In mice, 
progenitor corneal cells without Notch1 give rise to a keratinized, hyperplastic 
skin-like epithelium in response to damage. A switch of cell fate in NOTCH1-/- 
epithelium leads to neovascularization and a novel extra layer of stroma between 
the well-organized stroma and the epithelium.93, 94 Notch1 signaling is activated 
in the basal and suprabasal corneal epithelial cells and the activity is inversely 
proportional to the degree of proliferation, emphasizing its role in controlling 
proliferation and promoting differentiation in the cornea.95 Notch1 is suppressed 
in hyperproliferative conditions in which growth and proliferation are more 
relevant than differentiation and its expression is lacking in actively dividing 
corneal epithelial cells in culture.96 

Dlk1 is essential in maintaining cells in the progenitor state and inhibits Notch1 
signaling. It is a transmembrane protein essential for development.97  Numb 
functions also as a Notch1 pathway inhibitor and is an endocytic adaptor 
protein.98 

Wnt/beta-catenin cell signaling pathway 
The Wnt/beta-catenin cell signaling pathway interacts intimately with the Notch1 
cell signaling pathway both during tissue development and regeneration.88, 99 It 
is involved in increasing proliferation and contributes to the colony-forming 
capacity of primary stem cells in the human corneal limbal region.100 Both Wnt5a 
and Wnt7a are ligands included in this pathway. Wnt5a in the Wnt cell signaling 
pathway can signal in a canonical and non-canonical way. Its role in Wnt 
canonical signaling hasn’t been clearly established as it can function both as an 
inhibitor or as an agonist depending on different receptor availability.101 Wnt7a 
is coupled to PAX6 signaling in the regulation of corneal epithelial differentiation. 
Limbal stem cells form skin-like epithelium if Wnt7a or PAX6 are inhibited102 and 
removal of beta-catenin in corneal stromal cells causes precocious stratification 
of the corneal epithelium, in a mouse model.91 The Wnt/beta-catenin cell 
signaling pathway has therefore been correlated with the control of epithelial 
stratification.91 Beta-catenin was reduced in small eye mice that have lower levels 
of Pax6 protein.25 Epithelial cell loss has been shown to happen at a higher rate in 
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PAX6 heterozygotic mice and if losses overcome cell production capacity, failure 
of corneal homeostasis occurs.103  

Sonic hedgehog cell signaling pathway 
The SHH cell signaling pathway is involved in the regulation of cell proliferation, 
differentiation and tissue polarity.89 It has an important role in embryonic 
development and is strictly regulated in adult tissues. Human cancers have been 
linked to aberrant SHH signaling.104 Transient upregulation of SHH expression 
has been described with debridement of corneal epithelium.89 When SHH is 
activated, the glioma-associated oncogene homolog (Gli1) transcription factor is 
triggered and it regulates cell survival and growth.105 This cell signaling pathway 
directly influences Hes1 in the cell nucleus, together with the Notch1 cell signaling 
pathway106 and is fundamental for mammalian eye development107 and 
homeostatic role of epithelial stem and progenitor corneal cells.108 

mTOR cell signaling pathway 
The serine/threonine kinase mammalian target of rapamycin (mTOR) cell 
signaling pathway is responsible for the regulation of cell proliferation, growth, 
motility, transcription, protein synthesis, autophagy and survival.87 

Phosphorylation and activation of the ribosomal protein S6 (rpS6) occurs when 
this pathway is activated.109 Tuberous sclerosis complex (TSC) is an inhibitor of 
the mTOR cell signaling pathway and TSC knockout mice show a phenotype 
similar to aniridia and anterior dysgenesis.87 In mice, loss of mTOR signaling 
leads to an anti-apoptotic corneal environment where dying and injured cells 
provide additional tissue destruction.110 Upstream mTOR signaling can regulate 
PAX6 because disturbed mTORC1 (a complex that includes mTOR)  signaling 
contributed to a diminished number of cells that express PAX6, Bone 
morphogenetic protein 4 and Msh homeobox 1.87 

In this project some of the most important cell signaling pathways were evaluated 
in both naïve and retransplanted human corneal samples of ARK patients. There 
is a deregulation of the homeostasis of the cell cycle, tissue differentiation and 
response to inflammation homeostasis in ARK. An overview of the possible 
integration and interaction of the different cell signaling pathways studied here 
is schematically presented bellow (Figure 3): 
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Figure 3 Schematic representation of the possible integration of the different cell signaling pathways 
evaluated. 

The first corneal structural changes in aniridia generally become clinically 
significant after the first decade of life, providing a prolonged timeframe for 
possible preventive therapies that might emerge from the comprehension of the 
altered cell signaling pathways in ARK. A major aim of my thesis was to improve 
our knowledge of the changes in these pathways in ARK.  
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AIMS 
The main purpose of this project was to further explore the structural and cell 
signaling pathway changes in the cornea of ARK patients, as well as the changes 
that the healthy transplanted corneas from donors undergo in aniridia patients, 
in order to better understand the pathophysiology of ARK.  

 

In particular, the aims were: 

1. to study the structural changes in naïve and surgically treated corneas, 
including different surgical approaches, of aniridia patients with advanced ARK. 

2. to evaluate the Notch1, Wnt/beta-catenin, SHH and mTOR cell signaling 
pathways in naïve and surgically treated corneas of aniridia cases with advanced 
ARK. 

3. to study the patterns of distribution of those cell signaling pathways in human 
fetal corneas and to compare them with those of ARK and of normal adult 
corneas. 

4. to develop an in vitro PAX6 mutant keratocyte model in order to enable further 
evaluation of the different cell signaling pathways possibly related with the 
pathophysiology of ARK.   
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MATERIAL AND METHODS 
A more detailed description of the experimental procedures and standard 
techniques used is given in the Material and Methods section of papers I-IV. 

Ethical considerations 

All samples included in this project were obtained with approval of Umeå and 
Gothenburg Ethical Committees after informed consent from the patients and the 
donors. The tenets of the declaration of Helsinki were respected and all human 
material used was obtained without further transmission of the identity of the 
patient or the donor. 

ARK corneas 

The project included five corneal buttons from patients with advanced ARK: 

- two naïve corneal buttons with advanced ARK obtained at the time the patients 
underwent their first penetrating keratoplasty (cases A and B). 

- a corneal button from a patient with advanced ARK that had been previously 
submitted to a KLAL (case C). 

- a corneal button from an advanced ARK patient who had undergone a centered 
corneal transplantation (case D). 

- a corneal button from a patient with advanced ARK that had been previously 
submitted to a decentered corneal transplantation (case E). 

The diagnosis of aniridia was grounded on the presence of classic clinical 
characteristics1, 18 and established by different ophthalmologists in different 
clinics. Genetic analysis was performed in cases D and E and a heterozygous 
mutation in the PAX6 gene was identified. 

 
Figure 4 Preoperative photographs of corneas of three ARK patients. Notice the cloudy, opaque 
corneas and the ingrowth of blood vessels from the conjunctiva into the corneas. Adapted from 
Paper I. 
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Case A 
A 29-year-old woman (Figure 4 A) presenting a cloudy cornea with irregular 
epithelium, recurrent erosions and vision under 20/200 underwent debridement 
of the corneal epithelium numerous times unsuccessfully. The patient could not 
undergo a keratolimbal stem cell transplantation as she refused systemic 
immunosuppression and a centered penetrating keratoplasty was performed in 
an attempt to tackle the recurrent erosions. 

Case B 
65-year-old man (Figure 4 B), unsuccessfully submitted to phototherapeutic 
keratectomy in an attempt to treat recurrent corneal erosions and aphakic after 
cataract surgery, who presented severe chronic ocular surface problems and had 
an opaque cornea. After the penetrating keratoplasty, a Boston keratoprosthesis 
was implanted, as immunosuppression could not be provided because of his 
general health status.  

Case C 
38-year-old woman (Figure 4 C) who was submitted to a KLAL transplantation, 
two years previously, according to the technique described by Holland et al.111 
After the KLAL transplantation, the cornea did not clear, cataract developed and 
visual acuity continued to be extremely low which led to a new surgical procedure. 
The patient underwent then a centered penetration keratoplasty and cataract 
extraction. 

Case D 
35-year-old woman who was first submitted to a centered corneal transplantation 
and then a centered retransplantation because of recurrence of severe ocular 
surface disease and persistent corneal erosions in the context of advanced ARK.  

Case E 
37-year-old woman who underwent a second decentered retransplantation after 
a first decentered transplantation which presented recurrent corneal erosions 
and cloudiness. 

Fetal corneas 
Eyes from human fetuses were obtained after ethical approval in the context of 
legal interruptions of pregnancy, two at 10-11 wg and two at 20 wg. The estimation 
of gestational ages was performed before the abortion, considering the first day 
of the last menstrual period and was confirmed with ultrasound examination. 

The corneas from the fetal eyes were mounted in cardboard in embedding 
medium (OCT cryomount, HistoLab Products AB, Gothenburg, Sweden) and 
then rapidly frozen in propane cooled with liquid nitrogen. Storage was 
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performed at -80°C. A Leica CM3050 cryostat (Leica Microsystems, Wetzlar, 
Germany) was used to obtain 5 µm thick serial sections, which were cut at -23°C 
and then collected in Superfrost® Plus slides (Thermo Fisher Scientific, 
Rockford, IL, USA). 

Control corneas 
Two adult healthy donor control corneas were included: the cornea from a 74-
year-old male was attained immediately after evisceration because of an ocular 
tumor. The donor had previously undergone cataract surgery. The other cornea 
was obtained from an 82-year-old male, who had chosen, when alive, to donate 
his corneas for research post-mortem. This donor had not undergone any ocular 
surgery. The time framework of the European guidelines for tissue use for human 
transplantation was respected while collecting the cornea postmortem and 
therefore the viability of the tissue samples was ensured.  

A closer age-matching between the patients and the control corneas was not 
possible. However, corneas typically maintain their structure and transparency 
irrespective of age and this factor does not disturb the viability of corneal buttons 
for transplantation.112, 113  

After removal, both the normal corneas and the corneal buttons from ARK 
patients obtained at the time of surgery were fixed in formalin and embedded into 
paraffin. Serial sections 4 µm thick were collected on Superfrost® Plus slides 
(Thermo Fisher Scientific, dried at 60°C in a vertical position overnight and 
subsequently stored at +4°C until used. 

Corneas for the isolation of primary keratocytes 
Healthy human corneas were obtained post-mortem from individuals who had 
chosen to donate them for transplantation and research, following Swedish 
legislation and with ethical approval. The corneas were processed and stored in 
the cornea biobank at the University Hospital of Umeå, Sweden. Anterior central 
cornea lamellae leftovers from corneal endothelial keratoplasties were collected 
and used for this purpose. 
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Immunofluorescence 
Serial sections from the corneal buttons were treated using well-established 
protocols,114 including de-waxing and rehydrating with Tissue-Clear® (1466; 
Sakura Finetek Europe, Alphen aan den Rijn, Netherland). Antigen retrieval was 
performed with a water bath at 95°C during 30 minutes in pre-warmed citrate 
buffer (10mM Citric acid, 0,05% Tween 20, pH 6,0) or Tris-EDTA buffer (10mM 
Tris Base, 1mM EDTA, 0,05% Tween 20, pH 9.0). The sections were then cooled 
down at room temperature for 20 minutes and rinsed for 5 minutes in running 
water and subsequently immersed in 0,01M phosphate buffered saline (PBS) 
containing 0.01% NaN3. 

Unspecific binding was blocked by incubating the slides for 15 minutes with 5% 
normal goat or donkey serum at room temperature before incubation with the 
primary and secondary antibodies. Monoclonal (mAbs) and polyclonal (pAbs) 
primary antibodies used are listed in Table 2. The slides were incubated with the 
primary antibodies at +4°C overnight and then with the secondary antibodies 
(listed in Table 3) for 30 minutes at 37°C. After the second incubation, the slides 
were washed 3 times for 5 minutes with PBS. The slides were then assembled 
using Vectashield® mounting media or Vectashield® mounting media with 4’,6-
diamidino-2-phenylindole (DAPI; H-1000 and H-1200; Vector laboratories, Inc, 
Burlingame, USA). 

Previous work performed by our laboratory on human corneas using some of the 
antibodies listed in Table 2 was done on freshly frozen specimens.67-69 To 
adequately evaluate staining patterns acquired in formalin fixed specimens, an 
additional cornea was divided in two halves. One half was freshly frozen, and the 
other half was fixed in formalin and processed for paraffin, as described above. 
The staining obtained using the immunohistochemistry protocol in both parts of 
the same cornea was compared and found to have similar patterns of 
immunoreactivity for each antibody used. Additional antibodies against collagen 
III and V did not work, in our hands, in the paraffin sections. 
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Table 2. Primary antibodies used for immunohistochemistry 

Table 2 Primary antibodies used for immunohistochemistry (Papers I, II and III). 

Table 3. Secondary antibodies used for immunohistochemistry 

Table 3 Secondary antibodies used for immunohistochemistry (Papers I, II and III). 

 

Antigen Antibody Conc. Source 

Collagen I GTX26308 1:5000 GeneTex, Inc., Irvine, USA 

Collagen IV M0785 1:500 DakoCytomation, Glostrup, Denmark 

α11 integrin α11 integrin 1:8000 Velling et al., 1999 

α-SMA M0851 1:500 DakoCytomation, Glostrup, Denmark 

Laminin α3 BM-2 1:1000 Rousselle et al., 1991 

Fibronectin A0245 1:1000 DakoCytomation, Glostrup, Denmark 

Tenascin-C 4A10 1:10 Gullberg et al., 1997 

Vimentin M0725 1:1000 DakoCytomation, Glostrup, Denmark 

Ki-67 NCL-Ki-67p 1:10000 Novocastra, Leica Biosystems, Newcastle, UK 

Caveolin-1 Ab2910 1:7500 Abcam, Cambridge, UK 

CD68 M0814 1:1000 DakoCytomation, Glostrup, Denmark 

Pax6 AB528427 1:25 Developmental Studies Hybridoma Bank, 
University of Iowa, Iowa City, IA, USA 

Keratin 13 MA1-35542 1:250 Thermo Fisher Scientific, Rockford, IL, USA  

Dlk1 Ab21682 1:1000 Abcam, Cambridge, UK 

Notch1 Ab52627 1:300 Abcam, Cambridge, UK 

Wnt5a Ab32572 1:100 Abcam, Cambridge, UK 

Wnt7a Bs-6645R 1:100 Bioss Inc, Woburn, MA, USA 

Beta-catenin Ab32572 1:100 Abcam, Cambridge, UK 

Numb Ab14140 1:250 Abcam, Cambridge, UK 

Gli1 Ab92611 1:800 Abcam, Cambridge, UK 

mTOR (7C10) 2983 1:500 Cell Signaling, Danvers, MA, USA 

Hes1 GTX108356 1:500 Genetex, Irvine, CA, USA 

rpS6 GTX60800 1:800 Genetex, Irvine, CA, USA 

Antigen Antibody Conc. Source 

Donkey anti-mouse DyLight 488 715-485-150 1:100 Jackson ImmunoResearch Europe 
Ltd, Suffolk, UK 

Goat anti-mouse Alexa 488   A21121 1:300 Molecular Probes, Life 
Technologies, Darmstadt, Germany 

Donkey anti-rabbit FITC 715-095-152 1:50 Jackson ImmunoResearch Europe 
Ltd, Suffolk, UK 

Goat anti-rabbit  Alexa 488 A11034 1:300 Molecular Probes, Life 
Technologies, Darmstadt, Germany 
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Isolation of primary keratocytes 
Primary keratocytes were isolated and cultured as previously described.115 The 
corneas were initially cut in small pieces with a scalpel and then digested 
overnight at 37˚C with a 2mg/ml collagenase (C0130; Sigma-Aldrich, St. Louis, 
MO, USA) diluted in DMEM/F-12 + GlutaMAX™ medium (31330-095; Thermo 
Fisher Scientific) containing 2% fetal bovine serum (10082-147 FBS; Thermo 
Fisher Scientific) and 1% penicillin-streptomycin (15140-122; Thermo Fisher 
Scientific) (DMEM/F-12 2% FBS). Subsequently, centrifugation at room 
temperature at 1500 rpm for 5 minutes was performed. The pellet was then 
transferred, in order to uphold the correct quiescent phenotype of keratocytes, 
into DMEM/F-12 2% FBS. The keratocytes were cultured at 37˚C with 5% CO2 
until they reached confluency and every second day new medium was provided. 
Cells were detached using 0.05% Trypsin-EDTA (15400-054; Thermo Fisher 
Scientific) and split in a 1:2 ratio. The cells used in the study were obtained at 
passage 3. 

Generation of keratocytes stably expressing Cas9 nuclease 
Keratocytes stably expressing Cas9 nuclease were created using Invitrogen 
LentiArray Cas9 Lentivirus (A32064; Thermo Fisher Scientific). Six well cell 
culture plates were used to seed 0.2 x 106 keratocytes in DMEM/F-12 2% FBS and 
incubated overnight at 37˚C with 5% CO2. The medium was then replaced with 
new DMEM/F-12 2% FBS including 8µg/ml of polybrene (H9268 
hexadimethrine bromide; Sigma-Aldrich). Control wells were left without 
treatment. Invitrogen LentiArray Cas9 Lentivirus (stock virus titer 1 x 107 TU/ml) 
of multiplicity of infection 5 was added dropwise to the cells. The plates were 
swirled and subsequently centrifugated at 800 rpm for 30 minutes at room 
temperature. The cells were then incubated at 37˚C with 5% CO for 2 days and 
then the medium was replaced again with new DMEM/F-12 2% FBS. Afterwards, 
the cells were additionally incubated at 37˚C with 5% CO2 for 2 days. Blasticidin 
(A1113903; Thermo Fisher Scientific) at a concentration of 17.5 µg/ml was used 
to select the cells positively transduced with the virus and control cells were also 
treated with blasticidin. The medium containing blasticidin was replaced every 3 
days until all cells in the control wells were dead. The blasticidin-resistant cells, 
which were the positively transduced cells, were then harvested and serially 
diluted to a concentration of 5 cells/ml in DMEM/F-12 2% FBS with blasticidin. 
A 96-well plate was then used and 100µl of diluted cells was dispensed into each 
well. The cells were incubated again at 37˚C with 5% CO2 with fresh medium with 
blasticidin renewed every 3 days, for 10 days. After the incubation, colonies 
derived from a single cell were moved into separate wells of a 24-well plate in 
medium containing blasticidin. Clonal population was transferred to a larger 
plate every 2-5 days and later on to T-25 and T-75 flasks. When the Cas9 
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keratocytes reached confluency, they were cryopreserved and evaluated for 
expression of Cas9 protein and keratocyte markers. 

Generation of PAX6 gene mutant keratocytes  
A pre-designed, and pre-packaged gRNA lentivirus, Invitrogen LentiArray 
CRISPR PAX6 gRNA Lentivirus (CRISPR620221_LV; Thermo Fisher Scientific), 
was used to create PAX6 gene mutant keratocytes that stably expressed Cas9 
nuclease. The CCGAGACAGATTACTGTCCG DNA sequence of the PAX6 gene, 
located on Chr.11: 31801590 – 31801612 on GRCh38 was target the virus. Six-
well plates were seeded with 0.2 x 106 keratocytes in DMEM/F-12 2% FBS and 
incubated overnight at 37˚C with 5% CO2 and afterwards the medium was 
replaced with new DMEM/F-12 2% FBS with 8µg/ml of polybrene. Control wells 
were left without treatment. Invitrogen LentiArray CRISPR PAX6 gRNA 
Lentivirus (stock virus titer 1 x 106 TU/ml) of multiplicity of infection 5 was 
supplemented dropwise to the cells. The plates were swirled and subsequently 
centrifugated at 800 rpm for 30 minutes at room temperature and then incubated 
at 37˚C with 5% CO2 for 2 days. Afterwards, the medium was replaced with new 
DMEM/F-12 2% FBS and the cells were incubated for another 2 days at 37˚C with 
5% CO2. Puromycin (A1113803; Thermo Fisher Scientific) at a 5µg/ml 
concentration was used to select the cells positively transduced with the virus. 
Control wells were also treated with puromycin. The medium containing 
puromycin was replaced every 3 days until all cells in the control wells were dead. 
The puromycin-resistant cells were then collected and analyzed. 

RT-qPCR 
The PAX6 mutant keratocytes were positively selected and then lysed. The mRNA 
was extracted using an RNA extraction kit (74106; Qiagen, Venlo, Netherlands), 
following the protocol recommended by the manufacturer. A high-capacity cDNA 
reverse transcription kit (4368813; Thermo Fisher Scientific) was used to reverse 
transcribe 1000ng of RNA into cDNA. Gene expression was determined using 
probes for collagen I (COL1A1), collagen III (COL3A1), collagen IV (COL4A1), 
collagen V (COL5A1), lumican (LUM), fibronectin (FN), α-smooth muscle actin 
(ACTA2), keratocan (KER), CD34, aldehyde dehydrogenase 1 family, member A1 
(ALDH1A1), aldehyde dehydrogenase 3 family, member A1 (ALDH3A1), 
NOTCH1, hairy and enhancer of split-1 (HES1), SHH, mTOR, ribosomal protein 
S6 (RPS6), WNT5A, and beta-catenin (CTNNB1) (Thermo Fisher Scientific). The 
ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific) was used to run the 
samples in duplicates. Endogenous controls were performed with 18S and beta-
actin (4333760F and 4352935E, respectively; Thermo Fisher Scientific) and 
analysis was done with the ViiA™ 7 Software (Thermo Fisher Scientific).  
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Western blot 
The PAX6 mutant keratocytes were positively selected and then frozen/thawed 3 
times and lysed with radioimmunoprecipitation (RIPA) lysis buffer (89901; 
Thermo Fisher Scientific) complemented with a protease and phosphatase 
inhibitor cocktail (78446; Thermo Fisher Scientific). The total protein 
concentration was evaluated with a Bradford assay (5000006; Bio-Rad, 
Hercules, CA, USA). Samples were separated with SDS-polyacrylamide gels (Bio-
Rad) and then transferred to PVDF membranes (GEHERPN303F; GE 
Healthcare, Little Chalfont, UK) and blocked with 5% (w/v) bovine serum 
albumin (A9647 BSA; Sigma-Aldrich) or 5% (w/v) non-fat dry milk in TRIS-
buffered saline (TBS) containing 0.1% Tween-20 (28829.183 TBS-T; VWR, 
Radnor, PA, USA) during one hour at room temperature and then incubated 
overnight at 4˚C with primary antibodies against: CRISPR-Cas9 (Ab191468; 
Abcam, Cambridge, UK), Notch1 (Ab52627; Abcam), Wnt5a (Ab72583; Abcam), 
Numb (2756; Cell Signaling, Danvers, MA, USA), Hes1 (GTX108356; Genetex, 
Irvine, CA, USA), RPS6 (GTX60800; Genetex) and beta-actin (4967; Cell 
Signaling). The membranes were subsequently washed in TBS-T and further 
incubated with anti-rabbit IgG HRP-linked secondary antibody (7074; Cell 
Signaling) during one hour at room temperature. An Odyssey® Fc imaging 
system (LI-COR, Lincoln, NE, USA) was used to obtain the images.  

 
Table 4. Antibodies used for Western blot 

Table 4 Antibodies used for Western blot (Paper IV).  

Antigen Antibody Conc. Source 

CRISPR-Cas9 Ab191468 1:1000 Abcam, Cambridge, UK 

Notch1 Ab52627 1:1000 Abcam, Cambridge, UK 

Wnt5a Ab72583 1:300 Abcam, Cambridge, UK 

Numb 2756 1:1000 Cell Signaling, Danvers, MA, USA 

Hes1 GTX108356 1:500 Genetex, Irvine, CA, USA 

RPS6 GTX60800 1:500 Genetex, Irvine, CA, USA 

Beta-actin 4967 1:1500 Cell Signaling, Danvers, MA, USA 

Anti-rabbit IgG HRP-linked 7074 1:1500 Cell Signaling, Danvers, MA, USA 
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Data analysis 

Evaluation of the slides and acquisition of images was performed using a Leica 
DM 6000 B microscope (Leica Microsystems, Wetzlar, Germany) which has a 
motorized stage and a digital high-speed fluorescence charge-coupled device 
camera (Leica DFC360 FX; Leica Microsystems, Wetzlar, Germany). The images 
were then processed with Adobe Photoshop CS6 software (Adobe Systems, Inc., 
San Jose, CA, USA).  

The validity of comparisons between different samples targeted with the same 
antibody was secured as immunostaining was done under identical conditions, 
the same fluorescence microscopy settings were used, and all images were 
processed identically to reflect the observations under the microscope. 
Comparisons between staining intensity cannot be perform between samples 
treated with different antibodies. The differences in labeling intensity can reflect 
differences in epitope availability or antibody affinity, instead of differences in 
protein amount. Different examinators evaluated the samples in a blinded way 
and reached the same results. 

The experiments in paper IV were completed in triplicates. Statistical analysis 
was done with one-way ANOVA with Tukey post hoc test or unpaired t-test. A p-
value of <0.05 was considered statistically significant. Data was presented as 
mean ± SD.  
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RESULTS 
The ARK corneas, fetal corneas and PAX6 mutant keratocytes differed from 
human adult controls, as summarized in Table 5: 

Table 5. Differences in the structural and cell signaling pathway markers in 
comparison to adult corneas 

Table 5 Differences in structural and cell signaling pathway markers between ARK corneas, fetal 
corneas and PAX6 mutant keratocytes when compared with human adult control corneas. The 
subepithelial pannus in ARK corneas was compared with the stroma of human adult control 
corneas. Data for ARK and fetal corneas was obtained with immunohistochemistry; G – gene 
expression evaluated by RT-qPCR; P – protein levels evaluated by Western blot; n/a not available. 

 
ARK corneas 

Fetal corneas PAX6 mutant 
keratocytes Epithelium Subepithelial 

pannus 
Collagen I ↓ ↓ n/a G↓ 

Collagen III n/a n/a n/a G↓ 

Collagen IV ↑ ↑ n/a G↑ 

Collagen V n/a n/a n/a G↓ 

α11 integrin ↑ ↑ n/a n/a 

α-SMA ↑ ↑ n/a G↓ 

Laminin α3 = ↑ n/a n/a 

Fibronectin ↑ ↑ n/a G↓ 

Tenascin-C ↑ ↑ n/a n/a 

Vimentin ↑ ↑ n/a n/a 

Ki-67 ↑ ↑ n/a n/a 

Caveolin-1 ↑ ↑ n/a n/a 

CD68 ↑ ↑ n/a n/a 

Pax6 ↓ ↓ n/a n/a 

Keratin 13 ↑ = n/a n/a 

Notch1 ↓ ↓ = G= P↓ 

Dlk1 ↑ ↑ ↑ n/a 

Numb ↑ ↑ ↑ G↓ P↓ 

SHH n/a n/a n/a G↑ 

Gli1 ↑ ↑ ↑ n/a 

Hes1 ↑ ↑ ↑ G↓ P↑ 

mTOR ↑ ↑ ↑ G↑ 

rpS6 ↑ ↑ ↑ G↓ P↑ 

Wnt5a ↑ ↑ ↑ G↓ P= 

Wnt7a ↑ ↑ ↑ n/a 

Beta-catenin ↑ ↑ ↑ G= P↓ 
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ARK: Structural changes in naïve and transplanted corneal buttons 
(Paper 1) 
The hematoxylin-eosin sections presented similar pathological features in all 
ARK corneas (Figure 2, Paper 1). The epithelium was characterized by irregularity 
with significant variation in cell form and size. The thickness of the epithelium 
varied largely between consecutive sections. In contrast, in control corneas, the 
epithelium had regular morphology and thickness. The Bowman’s layer was not 
identifiable in long segments of the ARK corneas where the epithelial basement 
membrane was fragmented and appeared to be absent. The anterior stroma 
comprised a thick subepithelial pannus. The pannus was less than half of the 
central corneal thickness in case A and approximately half in case B, the two naïve 
ARK corneas. In case C (KLAL ARK) and in case D (centered transplanted ARK), 
the pannus accounted for approximately half of the corneal thickness and less 
than half in case E, the decentered transplanted ARK cornea. In the periphery of 
naïve ARK, KLAL ARK and transplanted ARK corneal buttons, a subepithelial 
pannus was also present. The Descemet’s membrane and endothelium appeared 
to have a normal morphology in all ARK corneas. 

Collagen I is the principal component of the normal corneal stroma. The stroma 
in the control corneas was strongly labeled with the mAb against collagen I 
(Figure 3 A, Paper I) whereas in the naïve, KLAL and transplanted ARK corneas, 
the subepithelial pannus occupying the anterior stroma lacked collagen I or was 
only discretely labeled (Figure 3 B-E, Paper 1). The subepithelial pannus had 
abundant cells identified by DAPI-staining of their nuclei, in contrast with the 
remaining stroma which had an almost normal morphology and was labeled with 
the antibody against collagen I (Figure 3 B-E, Paper 1).      

The mAb against collagen IV immunolabeled the subepithelial pannus in all ARK 
corneas, more weakly in naïve ARK corneas (Figure 3 G, Paper 1) and the KLAL 
ARK cornea (Figure 3 H, Paper 1) and strongly in the centered transplanted ARK 
cornea (Figure 3 I, Paper 1) and decentered transplanted ARK cornea (Figure 3 J, 
Paper 1). Blood vessels labeled by this antibody were found in all ARK corneas 
but were absent in control corneas (Figure 3 F-J, Paper 1).  

The a11 integrin chain, a receptor for collagen I, labelled the contours of epithelial 
cells in both normal (Figure 3 K, Paper 1) and ARK corneas (Figure 3 L-O, Paper 
1), and in addition it labelled patches in the subepithelial pannus of the ARK 
corneas (Figure 3 L-O, Paper 1). In the ARK corneas, laminin a3 chain, usually 
present in the basement membrane of the corneal epithelium (Figure 3 P, Paper 
1), was identified in the fragmented epithelial basement membrane and in 
disperse streaks in the pannus (Figure 3 Q-T, Paper 1) 

Immunolabeling for fibronectin was weak and in sparse fine streaks in the stroma 
of normal corneas (Figure 4 A, Paper 1). In all ARK corneas, the labeling for this 
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marker of wound healing was strong and widely present in the subepithelial 
pannus (Figure 4 B-E, Paper 1). The lamellae identified with these pAbs were 
exclusively located in the subepithelial pannus and had a very irregular 
morphology.  

Tenascin-C, a crucial element in wound healing, was present in streaks in the 
subepithelial pannus of all ARK corneas, (Figure 4 G-J, Paper 1) and absent in the 
normal corneas (Figure 4 F, Paper 1). The mAB against vimentin identified the 
keratocytes sparsely found in the stroma of normal corneas (Figure 4 K, Paper 1) 
whereas in all ARK corneas it was abundantly present in cells found in the pannus 
(Figure 4 L-O, Paper 1). 

The mAb against a-SMA, a myofibroblast marker, scarcely immunolabeled cells 
in the subepithelial pannus in the KLAL ARK and in the centered transplanted 
ARK corneas (Figure 4 R-S, Paper 1). It strongly labelled cells in the subepithelial 
pannus in the naïve and the decentered transplanted ARK corneas (Figure 4 Q 
and T, Paper 1). In the subepithelial pannus of all ARK corneas, the blood vessels 
were immunolabeled with this mAb (Figure 4 Q-T, Paper 1), whereas no labeling 
was found in the stroma of the normal corneas (Figure 4 P, Paper 1).  

Immunostaining for Ki-67, a marker of cell division, was absent in the center of 
control corneas (Figure 5 A, Paper 1) but it was present in all ARK corneas, 
sporadically in the anterior and deeper parts of the stroma and in numerous cells 
in the basal epithelial layer (Figure 5 B-E, Paper 1). 

In normal corneas, immunostaining against the macrophage marker CD68 was 
not present. In ARK corneas staining with the antibody against CD68 was 
sporadically present in the epithelium and more abundantly in the subepithelial 
pannus, in a similar pattern in all ARK corneas (Figure 5 G-J, Paper 1). The basal 
epithelial layer in normal corneas was labeled with pAbs against caveolin-1, a 
marker for wound-healing processes and neovascularization (Figure 5 K, Paper 
1). The basal epithelial layer, the blood vessels and streaks in the subepithelial 
pannus were also labelled with the pAbs against caveolin-1 in ARK corneas 
(Figure 5 L-O, Paper 1). 

ARK:  Altered cell signaling pathways (Paper 2) 
Because a genetic analysis was only available in two patients (Cases D and E), we 
investigated, therefore, the immunoreactivity of the corneas with a mAb against 
Pax6. All the nuclei in the different corneal epithelial layers were strongly 
immunolabeled with the mAb against Pax6 in the normal corneas (Figure 2 A, 
Paper 2), but in ARK corneas, labeling was weaker and not present in all nuclei 
(Figure 2 B-E, Paper 2). In the naïve (Case A and B), centered (Case D) and 
decentered (Case E) transplanted ARK corneas, the labeling with the mAb against 
Pax6 was weaker (Figure 2 B, D and E, Paper 2). In the KLAL ARK cornea (Case 
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C) there were clusters of stronger Pax6 nuclei (Figure 2 C, Paper 2). These 
staining patterns support the clinical established diagnosis of aniridia in all 
patients.  

Immunolabeling against keratin 13 was absent in control corneas but was found 
in the epithelium of all ARK corneas, indicating conjunctivalization of the ARK 
corneas (Figure 2 F-J, Paper 2). In the epithelium of the KLAL cornea (Case C), 
islands of labeled cells were present in regions with less labeling, suggesting 
heterogeneity among the corneal epithelial cells (Figure 2 H, Paper 2).  

Labeling for Notch1 was visible around basal epithelial cells, where the transient 
amplifying cells (TAC) usually reside, and in few streaks in the stroma in control 
corneas (Figure 3 A, Paper 2). Labeling with this mAb was absent in the 
epithelium of the ARK corneas (Figure 3 B-E, Paper 2). Immunostaining with 
pAbs against Dlk1 was strongly present in the epithelium, pannus and blood 
vessels in the anterior subepithelial pannus in all ARK corneas (Figure 3 G-J, 
Paper 2), whereas it was only discretely present in the epithelium of normal 
corneas (Figure 3 F, Paper 2). In ARK corneas, immunolabeling against Numb 
was present in the epithelium, pannus and blood vessels (Figure 3 L-O, Paper 2) 
in a similar pattern to Dlk1. A weaker labeling in the basal epithelial layer was 
identified in the centered transplanted ARK cornea (Case D, Figure 3 N, Paper 2). 
In normal corneas, labeling with these pAbs was absent in the stroma but present 
in the epithelial cell membranes (Figure 3 K, Paper 2).  

ARK corneas were immunostained with pAbs against Hes1 in the epithelium, in 
streaks in the pannus with regional variation, and in the blood vessels (Figure 3 
Q-T, Paper 2), whereas labeling was absent in normal corneas (Figure 3 P, Paper 
2). Immunolabeling with pAbs against Gli1 was absent in normal corneas (Figure 
4 A, Paper 2). In all ARK corneas, the epithelium and the subepithelial pannus 
were strongly labeled with these pAbs (Figure 4 B-E, Paper 2).  

Immunolabeling with the mAb against mTOR was present in the epithelium, the 
subepithelial pannus and blood vessels of all ARK corneas (Figure 4 G-J, Paper 
2). In the normal corneas, labeling with this mAb was absent (Figure 4 F, Paper 
2).  Binding with the mAb against the phosphorylated rpS6 was absent from the 
stroma and only present in the surface of the epithelium, suggesting sticky 
adherence to the surface (Figure 4 K, Paper 2). In the ARK corneas, this mAb 
labeled the epithelium, abundant streaks in the anterior subepithelial pannus as 
well as blood vessels in the pannus (Figure 4 L-O, Paper 2). 

In the ARK corneas, the epithelium and the subepithelial pannus were labeled 
with pAbs against Wnt5a (Figure 5 B-E, Paper 2) whereas in the normal corneas 
only the epithelium was labeled (Figure 5 A, Paper 2). The pAbs against Wnt7a 
labeled the epithelium and sparse streaks in the stroma of the control corneas 
(Figure 5 F, Paper 2). In all ARK corneas, these pAbs labeled the epithelium, the 
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pannus with regional variation (Figure 5 G-J, Paper 2) and the posterior stroma 
(not shown). In the subepithelial pannus, the blood vessels were immunolabeled 
with both the pAbs against Wnt5a and Wnt7a in all ARK corneas (Figure 5 B-E 
and G-J, Paper 2). Immunolabeling with an mAb against beta-catenin strongly 
marked the contours of the epithelial cells, blood vessels and streaks in the 
pannus of all ARK corneas (Figure 5 L-O, Paper 2). In the control corneas, the 
stroma was not immunolabeled with the mAb against beta-catenin but, in 
contrast, the contours of the epithelial cells were labeled (Figure 5 K, Paper 2). 

ARK: significant cell signaling pathways in human fetal corneas  
(Paper 3) 
Immunolabeling with the antibody against Notch1 presented similar patterns in 
adult normal corneas and 10-11 wg and 20 wg fetal corneas, with stromal streaks 
and stronger labeling around basal layers of the epithelium (Figure 1 A-C, Paper 
3). In all fetal corneas, labeling against Dlk1 was present in the epithelial cells and 
their contours and in streaks in the stroma, more abundant in the anterior regions 
(Figure 1 D-E, asterisk, Paper 3). In adult corneas, labeling for Dlk1 was absent in 
the stroma but was present in epithelial cells (Figure 1 F, Paper 3). 
Immunolabeling against Numb was present in stromal streaks and in the 
epithelial cells, delineating their contours in all fetal corneas (Figure 1 G-H, Paper 
3). These pAbs labeled the stroma in more abundant streaks in the 20 wg (Figure 
1 H, Paper 3) than in the 10-11 wg fetal corneas (Figure 1G, Paper 3). In the adult 
corneas, labeling with this pAbs was present in very sporadic streaks in the 
stroma and in epithelial cells (Figure 1 I, Paper 3). 

In all fetal corneas, there was immunolabeling of the epithelial cells with pAbs 
against Wnt5a. In the stroma, the labeling was more abundant at 10-11 wg (Figure 
2 A-B, Paper 3). These stromal streaks were more abundant in the anterior 
stroma in the 20 wg fetal corneas (Figure 2 B, Paper 3). In adult corneas, 
immunolabeling was absent from the stroma but the epithelium was labeled with 
these pAbs (Figure 2 C, Paper 3). Immunostaining with pAbs against Wnt7a was 
present in the epithelial cells of all fetal corneas in a similar pattern (Figure 2 D-
E) and in the stroma, similar to Wnt5a, the labeling was slightly more abundant 
at 10-11 wg (Figure 2 D, Paper 3). In adult corneas, the epithelium was labeled 
with these antibodies but in the stroma only extremely sparse streaks were 
identified (Figure 2 F, Paper 3). In all fetal corneas, there was a strong labeling of 
the contours of epithelial cells and a discrete labeling in streaks in the stroma, 
with the mAb against beta-catenin (Figure 2 G-H, Paper 3). In contrast, labeling 
with this mAb was absent in the stroma of adult corneas and only the epithelial 
cells were labeled, in a pattern that was stronger in the basal regions, where TAC 
are usually found (Figure 2 I, Paper 3). 
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The epithelium in the fetal corneas was strongly immunolabeled with the pAbs 
against Hes1 (Figure 3 A-B, Paper 3) and the labeling in streaks in the stroma was 
stronger in the 10-11 wg (Figure 3 A, Paper 3) than in the 20 wg fetal corneas and 
it was more intense in the anterior stroma (Figure 3 B, Paper 3). Immunolabeling 
with these pAbs was totally absent in adult corneas (Figure 3 C, Paper 3). In all 
fetal corneas, the pAbs against Gli1 immunolabeled the epithelial cells (Figure 3 
D-E, Paper 3) and this labeling was stronger in the basal areas of the epithelium 
in the 20 wg fetal corneas (Figure 3 E, Paper 3). The immunostaining for these 
pAbs presented streaks in the stroma of all fetal corneas and was more intense at 
20 wg (Figure 3 D-E, Paper 3) but completely absent in adult corneas (Figure 3 
F, Paper 3).  

Labeling with the mAb against mTOR was present in the epithelial cells in all fetal 
corneas (Figure 3 G-H, Paper 3), but was more abundant at 20 wg (Figure 3 H, 
Paper 3). This mAb immunolabeled the stroma of all fetal corneas in streaks 
(Figure 3 G-H, Paper 3) but was stronger at 10-11 wg (Figure 3 G, Paper 3). 
Labeling against mTOR was absent in adult corneas (Figure 3 I, Paper 3). 
Phosphorylated rpS6 labeling was found in the epithelial cells and in abundant 
stromal streaks in all fetal corneas (Figure 3 J-K, Paper 3). There was a scarce 
labeling of the surface of the epithelium in the adult corneas, suggesting a non-
specific sticky adherence to the epithelial surface, and no labeling in the corneal 
stroma (Figure 3 L, Paper 3). 

Cell signaling pathways in human mutant PAX6 corneal cells: an in 
vitro model for aniridia-related keratopathy (Paper 4) 
To establish an ARK in vitro model, the first step was the creation of keratocytes 
that would stably express the Cas9 nuclease. Therefore, the keratocytes were first 
transduced with lentiviral particles carrying the CAS9 gene, and then positive 
cells were chosen with blasticidin and clonally expanded. Five clones where 
selected, expanded and analyzed for Cas9 expression. All the clones that had been 
selected expressed the Cas9 nuclease (Figure 1 A, Paper 4). Furthermore, we 
evaluated the gene expression of several typical keratocyte markers in the Cas9 
keratocytes (Figure 1 B, Paper 4). The expression of keratocan, lumican and 
ALDH3 was downregulated in the Cas9 keratocytes. The CAS9 lentiviral 
transduction did not affect the expression of CD34 and ALDH1. Also, the gene 
expression of α-SMA, a marker for contractile myofibroblasts was upregulated in 
the mutant keratocytes (Figure 1 B, Paper 4). 

Keratocytes have as their main role the production of components of the 
extracellular matrix, such as collagens. The gene expression for the two main 
types of collagen found in the cornea, collagen I and collagen V was 
downregulated in the PAX6 mutant keratocytes (Figure 2 A, Paper 4). Collagen 
III is usually expressed in the cornea during wound healing and its expression 
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was downregulated in the PAX6 mutant keratocytes (Figure 2 B, Paper 4). On the 
contrary, collagen IV, usually present in the epithelial basement layer, was 
overexpressed in the PAX6 mutant cells (Figure 2 B, Paper 4). Furthermore, the 
PAX6 mutant keratocytes presented a downregulation of two genes which are 
markers for fibrosis, α-SMA and fibronectin (Figure 2 C, Paper 4). 

NOTCH1 gene expression was not affected by PAX6 mutation in keratocytes. 
Nevertheless, the PAX6 mutation led to decreased production of the Notch1 
protein, as analyzed by Western blot (Figure 3 A, Paper 4). The expression of 
NUMB, a Notch 1 inhibitor, was reduced in the PAX6 mutants and both its 
unphosphorylated and phosphorylated forms were downregulated (Figure 3 B, 
Paper 4). The expression of the HES1 gene, a downstream effector of Notch1, was 
downregulated in the mutant cells. However, the Hes1 protein production was 
upregulated in these cells (Figure 3 C, Paper 4). Furthermore, gene expression of 
SHH was increased in the PAX6 mutant cells (Figure 3 D, Paper 4). 

Increased expression of the mTOR gene resulted from the PAX6 mutation (Figure 
4 A, Paper 4), whereas these mutant cells had a downregulated expression of 
RPS6, a downstream effector of mTOR. Nonetheless, rpS6 protein levels were 
increased in these cells (Figure 4 B, Paper 4).   

The expression of WNT5A gene was decreased in PAX6 mutant keratocytes. 
Nevertheless, the levels of Wnt5a protein were unchanged. In PAX6 mutant 
keratocytes, gene expression of beta-catenin, a downstream target in Wnt cell 
signaling pathway, was unchanged but its protein levels were reduced.  
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DISCUSSION 
This thesis explored for the first time the structural changes and important cell 
signaling pathway (Notch1, Wnt/beta-catenin, SHH and mTOR) alterations in 
naïve corneal buttons from ARK patients and in cases of recurrence after 
transplantation, including a failed KLAL transplant with advanced ARK and 
failed centered and decentered transplanted corneal buttons with advanced ARK. 
A comparison of the ARK corneas with normal controls and fetal corneas at 10-11 
wg and 20 wg was performed and a novel ARK in vitro model of aniridia with 
PAX6 mutant keratocytes was developed, in order to enable future further 
evaluation of the different cell signaling pathways possibly related with the 
pathophysiology of ARK. 

The classic centered penetrating keratoplasty is associated with a high failure rate 
(approximately 64-100%) in treating ARK.20 The decentered keratolimbal 
transplantation is described as the best first-line surgical treatment in the context 
of ARK.1, 116 A modified limbal allograft transplantation, KLAL,111 is also an 
effective option for pathologies that primarily involve limbal stem cells, such as 
ARK.39, 117 Nonetheless, both the KLAL and the decentered keratolimbal 
transplantation have limited success in the treatment of ARK and the Boston 
keratoprosthesis can be used as a last surgical option in the treatment of aniridia. 
The samples studied included centered and decentered corneal transplantations 
and KLAL and provided, therefore, an opportunity to explore the 
pathophysiology coupled with ARK and its recurrence. Furthermore, the 
comparison with fetal corneas allowed exploring the hypothesis of a less 
differentiated host milieu in ARK. 

Genetic analysis was not available in all patients, but the clinical diagnoses were 
confirmed by different ophthalmologists and immunolabeling with the antibody 
against Pax6 (Paper 2) revealed a pattern that supported the aniridia diagnosis. 
Moreover, immunoreactivity for Pax6 in the epithelium of all ARK cases was low, 
suggesting that those cells were host-derived, even in the cases where limbal stem 
cells had been included during transplantation (cases C and E). Abnormal 
epidermal differentiation has been associated with down-regulation of PAX6 in 
other severe ocular surface diseases such as pterygium, chemical burn and 
Stevens-Johnson syndrome.118 The labeling with antibodies against keratin 13 
(Paper 2), a marker for conjunctival epithelial cells, in all ARK corneas, matched 
the clinical features of the patients and confirmed the occurrence of 
conjunctivalization of the corneal epithelium. 

The studies included in the thesis have limitations that derive from the restricted 
number of ARK cases and reduced number of human fetal samples. However, the 
opportunity to collect such samples is very scarce and the fact that the studies 
were performed on human samples is a major strength of this thesis. In Papers I-
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III, no RNA-based evaluations were performed to explore how the structural 
markers or cell signaling pathways elements are affected at the gene level. This 
was not done as all except the fetal the samples were formalin-fixed and paraffin-
embedded, which implies variably fragmented and chemically modified RNA and 
presents a challenge for accurate measurement of gene expression.119 However, 
the majority of these markers were evaluated in an in vitro PAX6 mutant 
keratocyte ARK model in the last study (Paper 4). Additionally, 
immunohistochemistry allows us to compare staining pattern and staining 
intensity, to some extent, between different samples if treated in similar ways 
with identical protocols for the same antibodies. The comparison between freshly 
frozen and formalin-paraffin treated sections was done with precaution, as 
described in paper I. The differences in staining levels with a given antibody are 
a consequence of variations in epitope availability which most likely result from 
differences in protein abundance in the sections. Nonetheless, it cannot be 
excluded that epitope availability may vary be due to other causes.  

Structural changes in ARK 
The disturbance or almost total absence of the epithelial basement membrane 
and Bowman’s layer in ARK described in previous studies19, 21, 120-122 was 
confirmed by our results. The deficient corneal wound healing is aggravated by 
the absence of epithelial basement membrane.75 The latter is important in 
controlling the levels of epithelial cell proliferation, cell motility and 
differentiation modulators produced in the corneal stroma, such as the 
keratinocyte growth factor.74, 123 The stromal fibrotic response is also regulated by 
this structure as it influences the levels of TGF-ß, PDGF and other growth factors 
derived from the epithelium and extracellular matrix components that can 
influence stromal cells.124 These changes need to be further explored in order to 
determine their role in the pathophysiology of ARK.  

Collagen I was not present in the anterior stroma of the ARK corneas but 
fibronectin, tenascin-C, vimentin and a-SMA, important fibrotic components, 
were profusely present. A similar pattern of absence of collagen I lamellae was 
previously showed in a mice PAX6+/- model,21 and may explain the reduced 
corneal transparency in aniridia patients. Furthermore, in our in vitro PAX6 
mutant keratocyte model we encountered similar changes with decreased 
expression of collagen I and V, which are two major types of collagen present in 
the cornea;66 and decreased expression of collagen III, present in the cornea 
during pathological and wound healing processes.75 The expression of collagen 
IV, a network-forming collagen crucial in basement membranes,64 was increased, 
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also in agreement with the immunohistochemical results regarding the 
epithelium and subepithelial pannus of the corneas from ARK patients.  

In the normal corneas, immunolabeling with the antibody against collagen IV was 
absent, which may be a consequence of the fact that the antibody may only 
identify α1 and α2 chains, that have been proved to be present only in the limbus 
in adult human corneas and are absent in the central regions of the cornea.125 The 
α3 and α5 chains of collagen IV are specifically expressed in the central part of 
the cornea and were probably not identified by the collagen IV antibody 
used.125,126 The α11 integrin chain is important for the remodeling of the 
extracellular matrix in the cornea and interacts with collagen I and IV.127 The 
augmented presence of this integrin chain in the pannus of the ARK corneas was 
similar to that previously described in the stroma of keratoconus corneas with 
scarring.67  

Ongoing wound healing is also suggested by the presence of vimentin and a-SMA 
in the subepithelial pannus, as these identify myofibroblasts and altered 
extracellular matrix deposition.81 Moreover, immunolabeling for a-SMA suggests 
the presence of pericyte-covered vessels.80 Gene expression of α-SMA and 
fibronectin was reduced in the in vitro PAX6 mutant keratocyte model, which 
lacked blood vessels. Nevertheless, further evaluation of α-SMA protein 
expression and secreted/extracellular levels of fibronectin in our in vitro model 
is needed in the future and it is also possible that the increased detection of α-
SMA and fibronectin in ARK corneas could result from chronic inflammation in 
the context of stimuli that are not present in the in vitro model. Both tenascin-C 
and fibronectin have been previously described in scarred corneas in a similar 
pattern to that found here in the fibrotic pannus.79, 82, 83 

In the ARK corneas, ongoing cell proliferation is implied by the abundant 
immunolabeling with antibodies against Ki-67.85 Macrophage activity was also 
suggested by abundant labeling with CD68, a pan-macrophage marker, in the 
ARK corneas. Macrophages can differentiate in different subsets, pro (M1) or anti 
(M2) angiogenic.128 We speculate that these were mainly M1 macrophages, as 
they were localized in the subepithelial pannus, in the proximity of new vessels. 
Labeling with antibodies against Ki-67 and CD68 revealed patterns that were 
dissimilar, which can result from the fact that macrophage-mediated 
inflammatory activity occurs mainly in the subepithelial pannus, whereas 
ongoing cell division happens mostly in the basal epithelial layer. We recognized 
neovascularization in the pannus in all the ARK cases by the labeling of caveolin-
1 and collagen IV and it is known that superficial stromal neovascularization is, 
in reality, one of the crucial primary steps in ARK.21 

The histopathological structural changes encountered, including the abnormal 
epithelium, disturbance and/or absence of the epithelial basement membrane, 
absence of collagen I, fibrotic scarring of the stroma and neovascularization, were 
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similar in healthy donor corneas after being transplanted to ARK patients, as in 
naïve ARK corneas. The corneas in the naïve ARK cases were only naïve as they 
were not previously submitted to transplantation, but it is impossible to exclude 
the structural changes expected from therapeutic ablation or other causes of 
erosion, healing and fibrosis from those due to ARK.  Limbal stem cell deficiency 
has been considered to be crucial for the pathogenesis of ARK and the presence 
of a healthy epithelium and epithelial basal membrane seems to be fundamental.  

Stromal structural changes that result from stimulation of keratocytes by 
epithelial factors have been suggested as an essential step in the pathophysiology 
of ARK. Limbal allografts may provide a source for limbal stem cells and enable 
an eventual reconstruction of the epithelial barrier and have therefore been 
considered a valid surgical treatment option in these patients. Nonetheless, the 
KLAL ARK corneal button had similar changes to those present in the naïve ARK 
corneas, advocating the presence of an inhospitable corneal microenvironment 
for the transplanted limbal stem cells or a failure of the limbal allografting in 
providing a lasting source for limbal stem cells, or both. In centered corneal 
transplantation, the replacement of donor epithelial cells with recipient 
epithelium usually occurs within 3 months. Donor stromal cells survive, after 
transplantation, in a much higher proportion than epithelial cells, but they are 
still replaced by recipient’s stromal cells to a certain degree.129 The degree of 
donor stromal cell exchange with recipient keratocytes after transplantation in 
ARK is variable and might contribute to the local altered corneal 
microenvironment, which can be a determining factor for the progression of ARK 
and contribute to determine the success or failure of the surgical 
treatments.1,116,129 

On a long-term perspective, the question of whether the transplanted limbal stem 
cells survive in ARK patients is also raised by the similarity of the structural 
changes encountered in the centered and decentered keratolimbal transplanted 
corneal samples and the KLAL ARK cornea. An absence of functioning limbal 
stem cells in the KLAL and decentered corneal buttons with advanced ARK might 
be the reason behind the similar changes encountered between these corneal 
buttons and the centered transplant. The survival of functioning limbal stem cells 
may be influenced by both the stem cell niche milieu and the host’s immune 
response and it has been proposed that outcomes for this approach might be 
improved if HLA-matched donor tissues are used.130 The importance of systemic 
immunosuppressive treatment in limbal stem cell transplantation is also 
supported by these findings. 

In brief, there is proof of the presence of an abnormal epithelium and basement 
membrane and parallel patterns of disturbance of the corneal stromal structure, 
with the presence in the anterior stroma of pannus lacking collagen I with fibrotic 
markers and blood vessels, in all naïve ARK, KLAL ARK and transplanted ARK 
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corneas and these structural changes where mimicked in the structural markers 
evaluated in our in vitro PAX6 mutant keratocyte model.  

Altered cell signaling pathways 
The cells in the corneal epithelium appeared to be originated from the host in all 
corneas, as they presented low levels of immunoreactivity to Pax6 and, in the 
KLAL and decentered transplanted ARK corneas, inflammation and immune 
reaction can be the reason behind the loss of donor stem cells. Moreover, 
conjunctivalization was also found as epithelial cells of all ARK cases were labeled 
by the antibody against keratin 13. The cell signaling pathway changes 
documented in this study are similar to the mRNA expression which has been 
associated with conjunctival epithelium, regarding  Notch1, Numb, beta-catenin, 
Wnt5a and Wnt7a, Hes1, Gli1, mTOR, rpS6.131 Nevertheless, while islands of 
conjunctivalization among what we consider to be corneal epithelial cells were 
present in the KLAL cornea, the distribution of immunoreactivity of all the cell 
signaling pathways elements did not present heterogeneity, which suggested that 
conjunctivalization might not be the only explanation to the described changes. 
The presence of an altered stroma that might contribute to the ARK 
pathophysiology and impact the corneal epithelium through a disrupted 
epithelial basal membrane cannot be excluded.  

Notch1 cell signaling pathway 
Notch1 cell signaling pathway is important for corneal epithelial repair91, 92 and 
has a distinct role during development and later in self-renewing tissues, such as 
the corneal epithelium, serving, for example, as a gate-keeper for progenitor cells, 
cell lineage differentiation and barrier function regulation.132 Notch 1 has been 
previously identified as a contributing factor for the differentiation of corneal 
epithelium.94, 95 A skin-like epithelium, hyperplastic and keratinized, an 
abnormal stroma with neovascularization and an extra layer of stroma, were 
found in the  healing corneas of mice lacking Notch1.93, 133 The corneas of the 
aniridia cases included in the present study were cloudy, almost opaque, with a 
“skin-like” appearance (Figure 1 A-C, Paper 2), which might be a consequence of 
lower levels of Notch1 in ARK. The subepithelial pannus and fibrosis are also 
present in cases with total limbal stem cell deficiency.120   

Numb and Dlk1, which are Notch1 inhibitors, were found in the epithelium and 
subepithelial pannus in the anterior stroma and in blood vessels centrally in the 
ARK corneas, while they were almost not detected in the control corneas.97, 98 Dlk1 
plays a role maintaining the progenitor cell populations by keeping cells in an 
immature status.97 Our present findings of Dlk1 being restricted to the limbal 
corneal stroma in normal adults fit this concept. Numb was also found in 
abundant streaks in all the ARK corneas in the epithelium and subepithelial 
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pannus. Numb contributes to the maintenance of an undifferentiated status in 
proliferating epithelial progenitors in the epidermis,134 and the present results of 
irregularities found in the ARK epithelium, with varying thickness and cell size 
suggest a similar role for Numb in the corneal epithelium. 

Moreover, in the in vitro PAX6 mutant keratocyte model, Notch1 protein 
expression was decreased, following the same pattern as in the corneas of the 
ARK patients. However, NOTCH1 gene expression was not altered by the PAX6 
mutation in the keratocytes. Numb was found in decreased levels in both 
phosphorylated and unphosphorylated states, in contrast to what was described 
for the ARK corneas. A possible explanation is that, in the in vitro model, the 
control of Notch1 signaling by Numb is abrogated by ubiquitination and 
proteasomal degradation of Numb.135 

Notch1 was identified in a likewise pattern in fetal and adult corneas, suggesting 
that this cell signaling pathway is activated in fetal corneas at both 10-11 wg and 
20 wg. Nonetheless, Dlk1 and Numb were also identified in the stroma of the fetal 
corneas, whereas in the adult corneas they were only present in the epithelial 
cells. Dlk1 was absent and Numb was only identified in extremely sporadic 
streaks, in the stroma of adult corneas. We have now described an increased 
detection of this pathway during development in fetal corneas which is important 
considering its importance for the development and  regulation of self-renewing 
tissues, such as the corneal epithelium.132 Dlk1 is crucial in fetal development136 
and was abundantly detected in the epithelial cells and stroma of 10-11 wg and 20 
wg fetal corneas, in a pattern that mimics that formerly described in ARK corneas. 
Numb had a distribution pattern similar to Dlk1 in the fetal corneas. The possible 
roles of both Numb and Dlk1 in the corneal stroma still need to be further 
explored.  

Wnt/beta-catenin cell signaling pathway 
The Wnt/beta-catenin cell signaling pathway is crucial for the regulation of 
proliferation, differentiation, apoptosis and determination of cell fate during 
development,89 as well as maintenance of stem cells and homeostasis in adult 
tissues100 and appeared to be upregulated in the pannus and epithelium of 
corneas with advanced ARK. The balance between Notch1 and Wnt/beta-catenin 
cell signaling pathways, which is crucial for tissue development and homeostasis, 
appeared to be altered in all ARK corneas.  

The subepithelial pannus was strongly labeled with antibodies against Wnt5a and 
beta-catenin, whereas the labeling was scarce in the posterior, healthier stroma. 
The immunostaining pattern described parallels previous reports of Wnt5a being 
expressed in human inflammatory diseases.101 However, Wnt5a has not been 
formerly linked to inflammation in the cornea. It is unknown whether it is the 
canonical cell signaling pathway101 but similar immunostaining patterns for both 
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Wnt5a and beta-catenin were found in this study, which can be interpreted to 
favor the canonical pathway in ARK corneas. Tissue fibrosis, which is present in 
ARK, can be driven by a synergy of the TGF-beta and the Wnt/beta-catenin cell 
signaling pathways.88 

Nevertheless, in the PAX6 mutant keratocytes, the level of gene expression of 
Wnt5a was not increased, with no difference in protein levels between normal 
and mutant keratocytes. Furthermore, gene expression and protein levels of beta-
catenin were similar in PAX6 mutant and normal keratocytes. This differences 
might result, for example, from the presence of different stimuli in the context of 
chronic inflammation in ARK corneas, which are absent in the in vitro model, or 
derive from the influence of the corneal epithelium in the stroma in the absence 
of a structurally sound basement membrane between the two layers in the ARK 
corneas. 

Wnt7a impacts corneal epithelial differentiation through PAX6 and 
transformation of limbal stem cells into keratinized epithelium has been 
described after downregulation of Wnt7a or PAX6.102 Nonetheless, Wnt7a was 
found in all ARK corneas, both in the epithelium, as in the control corneas, and 
in the subepithelial pannus. Consequently, the underlying cause for 
keratinization in ARK corneas does not seen to be a deficiency of Wnt7a, which 
leaves the reduced levels of PAX6 as a more probable cause. 

In the fetal corneas, Wnt5a, Wnt7a and beta-catenin were abundantly present in 
the epithelial cells and stroma at 10-11 wg and 20 wg, whereas in adult corneas 
their presence was practically limited to the epithelium. This indicates a possible 
upregulation of this cell signaling pathway in fetal corneas, mimicking what has 
been encountered in other ocular tissues during development.137, 138 Beta-catenin 
was also abundantly present at 10-11 wg and 20 wg in the epithelium of human 
fetal corneas. The importance of the Wnt/beta-catenin cell signaling pathways in 
corneal development in mice was previously studied and it was demonstrated that 
conditional ablation of beta-catenin led to precocious stratification of the corneal 
epithelium and it was therefore concluded that this cell signaling pathway has a 
vital role in epithelial stratification in corneal morphogenesis.91, 139, 140 Moreover, 
Wnt/beta-catenin cell signaling is not present in adult corneal limbus in mice but 
it is active in wing and squamous corneal epithelium and in developing corneal 
stroma and endothelium, contrary to what occurs in the adult endothelium and 
stroma.88  

Wnt/beta-catenin cell signaling pathway was identified in the epithelium and 
stroma of human fetal corneas in a pattern similar to the activation of this 
pathway previously described in mice. The development and maintenance of the 
corneal epithelial cells appears to be regulated in a complex and multifaceted way 
by this cell signaling pathway which seems to be specifically important in the 
context of ARK.88 
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SHH cell signaling pathway 
SHH is involved in corneal epithelial wound healing.108 In migrating corneal 
epithelial cells, SHH is upregulated89 and an augmented detection of the SHH 
pathway, as revealed by Gli1 and Hes1, was found in all ARK corneas. This cell 
signaling pathway plays a significant role in regulating cell differentiation, 
proliferation and tissue polarity89 and has Gli1 as an important downstream 
effector,105 which was detected in ARK but not in the control corneas. Increased 
DNA synthesis, proliferation capacity and maintenance of progenitor cells by 
preventing differentiation during development are coupled with Hes1,107 which is 
also a classical downstream target of Notch1 signaling.141 The cell proliferation 
changes encountered in the epithelium and subepithelial pannus of ARK corneas 
are in accordance with the detection of Hes1 in ARK corneas and its absence in 
controls.  

Furthermore, the level of gene expression of SHH in the PAX6 mutant 
keratocytes was increased in the in vitro PAX6 mutant keratocytes as were the 
levels of Hes1 protein. Nonetheless, gene expression of HES1 in the in vitro PAX6 
mutant keratocytes was lower than that found in normal keratocytes, raising the 
hypothesis of posttranscriptional and/or posttranslational modifications, or 
perhaps an accumulation of Hes1 protein in the cells.  

During development, SHH, a secreted protein, functions as a morphogen and 
directly regulates the cell cycle, stimulating proliferation by upregulating the 
cyclin D1.142 There was an augmented detection of Gli1 and Hes1,  in 10-11 wg and 
20 wg corneas, which advocates for a role for this pathway during fetal corneal 
development. Hes1 is important to prevent differentiation and maintain 
progenitor cells and proliferation during development.107 Its plentiful detection 
in the epithelial cells and stroma in fetal corneas and absence in control adults, 
suggests a role in cell proliferation during development and has a similar pattern 
to that encountered in ARK corneas. Human mutations in SHH lead to 
holoprosencephaly with anophthalmia and cyclopia143, 144 and it has been shown 
that a loss of SHH signaling in the lens disrupts the migration of neural crest cells 
into the cornea in mice.145 Thus, corneal development is directly and indirectly 
affected by SHH signaling. The findings in this study further highlighted the 
significance of the SHH cell signaling pathway during corneal development and 
the important parallel with the patterns described for ARK corneas.  

Upregulation of the SHH cell signaling pathway in ARK is suggested by our 
results and raises the question whether drugs that inhibit downstream effectors 
in the SHH pathway, such as Sonidegib and Vismodegib, could be relevant in 
managing ARK.104  
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mTOR cell signaling pathway 
The mTOR cell signaling pathway is a central regulator of cell proliferation, 
growth, motility, transcription, protein synthesis, autophagy and survival.87 
Apoptosis and cell proliferation in pterygia is regulated by this cell signaling 
pathway.146 The mTOR cell signaling pathway was apparently upregulated in the 
corneal epithelium and pannus in advanced ARK. Upregulation of this cell 
signaling pathway in mice led to a phenotype similar to that of aniridia,87 and in 
our study both mTOR and its downstream effector rpS6 were absent in the adult 
controls but were identified in all ARK corneas and in the fetal corneal epithelial 
cells and stroma. This suggests that the mTOR cell signaling pathway is 
upregulated in fetal corneas at 10-11 wg and 20 wg, in which cell proliferation is 
most probably central. Additionally, in the in vitro PAX6 mutant keratocyte 
model, there was an augmented expression of mTOR gene but lower expression 
of the rpS6 gene. Nevertheless, the levels of rpS6 protein were greatly increased 
in the PAX 6 mutant keratocytes, which, once again, can be explained by 
posttranscriptional or posttranslational modifications, or accumulation of the 
rpS6 protein in the cells. Therefore, the results found in the in vitro PAX6 mutant 
keratocyte model follow the results obtained in the corneas of ARK patients.  

The inhibition of this cell signaling pathway has been tried as a therapeutic 
approach to treat transplant rejection147 and corneal neovascularization.148 
Rapamycin, an inhibitor of the mTOR cell signaling pathway, has been previously 
tested in human corneal epithelial cells in vitro, and it was shown that it can 
prevent the loss of corneal epithelial stem cells to replicative senescence and 
apoptosis.149 The role and effects of this cell signaling pathway should be further 
investigated.  

PAX6 and ARK 
PAX6 can be described as a central molecular switch as it regulates upstream and 
downstream transduction pathways in ocular cells and is vital for safeguarding 
human corneal epithelium identity by regulating cell differentiation.15, 150, 151 The 
regulatory processes may not take place in all ocular cell types or at the same time. 
Maintenance and regulation of human corneal epithelium cell identity is secured 
by PAX6 as it influences cell differentiation.151 PAX6 can reduce Wnt signaling 
through Sfrp1/2 and stimulate the Notch cell signaling pathway through 
Notch2.15, 152, 153 While it has been shown that PAX6 steers corneal wound 
healing,154 the specific genes regulated by PAX6 in corneal tissues have not been 
described, with the exemptions of Aldh3a1155 and VEGF receptor-1.156 The 
reduced Pax6 levels are likely related to the augmented detection of Wnt, SHH 
and mTOR and decreased detection of the Notch1 cell signaling pathways in 
corneal tissues of ARK patients. Furthermore, the new in vitro PAX6 mutant 
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keratocyte model showed that the altered cell signaling pathways found in ARK 
patients were mostly reproduced in this in vitro model.  

The changes in the cell signaling pathways present in the corneas of patients with 
ARK and the pattern of immunoreactivity found in the human fetal corneas at 10-
11 and 20 wg were similar, with the exception of Notch1. This might suggest that 
in corneas with reduced Pax6 protein levels, such as in ARK, the cellular 
microenvironment is similar to a less differentiated milieu, mimicking that 
occurring during normal fetal development in corneas with normal Pax6 protein 
levels. The altered corneal cell differentiation originated by the disturbance of cell 
signaling pathways in advanced ARK, with reduced Pax6 protein levels and its 
resemblance to what is observed during normal corneal fetal development, 
supports the importance of host-specific factors and the corneal 
microenvironment in the context of limbal stem cell deficiency in ARK.  

TAC are originated by amplification of epithelial limbal stem cells and during 
normal corneal epithelial homeostasis and wound healing they migrate 
centripetally  in response to growth factors.157 In our study, we found a labeling 
pattern for the cell signaling pathways in the basal layers of the corneal 
epithelium in the fetal corneas, with identification of regions usually occupied by 
TAC in adults.74 The similarity between the cell signaling pathways patterns 
between TAC in normal adults, epithelium in ARK corneas and in high 
proliferative fetal epithelial cells raises the need to further explore the importance 
of these processes and TAC in the chronic wound-healing keratopathy in ARK. 

The present results regarding structural changes suggest the possibility of an 
abnormal microenvironment which is apparently similar in naïve ARK, KLAL 
ARK and transplanted centered and decentered donor corneas, regardless of 
limbal stem cell transplantation. This, together with what was found about the 
cell signaling pathway changes, indicates that the host conditions most likely play 
a crucial role in the long run and that the altered corneal microenvironment in 
aniridia patients needs to be further investigated.  Further knowledge on the role 
of host specific factors, including the milieu surrounding the limbal stem cells, 
the corneal epithelium and stroma, as well as the role of limbal stem cell 
deficiency, in the pathophysiology of ARK is needed. The role of the corneal 
stroma in ARK also needs to the more extensively explored as, in our studies, both 
the structural markers and cell signaling changes encountered in the corneas 
from the ARK patients were paralleled in our in vitro PAX6 mutant keratocyte 
model. 

Further studies are required to elucidate the role of PAX6 and the interplay 
between cell signaling pathways in ARK. The novel in vitro ARK model, which we 
have developed, is a step in this direction, in order to gain further insight into the 
processes and molecular mechanisms behind ARK, and possibly explore new 
therapeutic approaches.  
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CONCLUSIONS 
In conclusion: 

1. Similar histopathological changes are encountered in both naïve, KLAL ARK 
and centered and decentered transplanted ARK corneas with a thin and irregular 
epithelium, disruption or absence of the epithelial basement membrane and the 
Bowman’s layer, loss of the orderly pattern of collagen lamellae and presence of 
a subepithelial pannus without collagen I but with collagen IV. 

2. Similar cell signaling pathway changes were present in the epithelium and the 
subepithelial pannus of all corneas with advanced ARK, regardless of being naïve 
or transplanted, with a decreased detection of the Notch1 cell signaling pathway 
and an augmented detection of the Wnt/beta-catenin (Wnt5a, Wnt7a and beta-
catenin), SHH (Gli1 and Hes1) and mTOR (mTOR and rpS6) cell signaling 
pathways. 

3. The differences found between human fetal and adult corneas in the cell 
signaling pathways were similar to those found in ARK corneas, with the 
exception of Notch1. 

4. Similar cell signaling pathway alterations were found in the corneas of ARK 
patients and in the novel in vitro PAX6 mutant keratocyte model. This may be 
useful in future studies. 

 
The similarity in structural changes and cell signaling pathway alterations found 
in all ARK corneas, irrespective of limbal stem cell transplantation, further 
supports the discussion on the role of host specific factors and limbal stem cell 
deficiency in ARK combined with the hypothesis of a less differentiated host 
milieu in ARK suggested by the similar immunolabeling pattern between human 
fetal corneas and ARK corneas. Moreover, the new in vitro PAX6 mutant 
keratocyte model might be an adequate tool for future research towards the 
development of new therapeutic tools for ARK.  
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