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Abstract 
TGFBI-associated corneal dystrophies are autosomal dominant diseases caused by 

missense mutations in the TGFBI gene, that lead to protein aggregation and accumulation 

in the corneal epithelium and stroma, often accompanied by painful erosions and impaired 

vision. Surgical interventions are the only treatments currently available to restore vision, 

however, due to the high degree of recurrence of corneal opacity alternative therapeutic 

approaches are needed. Since animal models have largely failed to recapitulate the 

human disease, in vitro models represent an alternative approach to study the mechanism 

of disease and investigate novel treatments. 

A genetic study of a patient cohort (n=120) at Moorfields Eye Hospital demonstrated over 

half of the TGFBI corneal dystrophy cases were caused by mutations at the p.R555 

hotspot. Fibroblasts from five individuals with heterozygous p.R555W and p.R555Q 

mutations with Granular Dystrophy 1 and Thiel-Behnke corneal dystrophies respectively, 

were reprogrammed to iPSC. In addition, wild type (WT) and CRISPR/Cas9-edited TGFBI 

knockout iPSC lines were generated alongside. Characterised cells revealed features of 

pluripotency, demonstrated by the endogenous expression of the stem cell markers 

NANOG, OCT4, SSEA-4, TRA-1-80 and TRA-1-60. Once the iPSC biobank was 

established, a differentiation protocol was optimised for the development of corneal 

epithelial-like cells (CEpC). These cell cultures were characterised for transcript and 

protein expression of corneal epithelial markers, such as E-Cadherin, P63, K14 and K3 

throughout the differentiation protocol, verifying the differentiation of CEpC cells for all 

mutant and control lines. 

An experimental strategy was designed to supress expression of the mutant allele with 

antisense oligonucleotides (ASOs) in the differentiated CEpC lines. ASOs complementary 

to the mutant TGFBI allele were designed to trigger RNAse H-mediated degradation of the 

transcript, and prevent translation of the mutant protein. The lead ASOs achieved a 

reduction of 50% of the total TGFBI transcript and TGFBI protein. Furthermore, next 

generation sequence analysis demonstrated a shift in WT:mutant transcript ratios in favour 

of WT, indicating allele-specificity. 

In summary, human in vitro models of TGFBI dystrophies differentiated to corneal 

epithelial-like cells were successfully developed from patient, control and gene edited 

iPSC, providing a platform to study corneal dystrophies and develop novel therapeutics. 

ASOs targeted to the p.R555 hotspot mutations were effective at targeting the mutant 

allele and reducing the levels of TGFBI, and therefore represent a promising targeted 

therapeutic approach for autosomal dominant corneal dystrophies.   
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Impact statement 
TGFBI corneal dystrophies enclose a group of autosomal dominant corneal dystrophies 

(CD) that manifest from the first and second decade of life and become long-life conditions 

for which there is no current cure. These dystrophies are associated with missense 

mutations in the TGFBI gene, and reports list at least 75 different variants that cause CDs. 

Patients carrying TGFBI variants experience the accumulation of ocular deposits, leading 

to loss of vision often accompanied with painful erosions.  

The genetic study of TGFBI worldwide, to which this thesis contributes by studying the 

Moorfields Eye Hospital CD patient cohort, has revealed a strong genotype-phenotype 

between the specific mutations and the different types of CDs. Importantly, this study 

highlights the value of genetic analysis as a complementary form that facilitates the correct 

diagnosis and classification of patients upon clinical examination, providing the medical 

sector with an invaluable tool. Notably, the impact of genetic screening in TGFBI-CD is not 

restricted to diagnosis but also applies to disease management, as not all dystrophies 

respond favourable to all forms of treatment; as well as opening new avenues for the 

development of alternative treatment strategies, including gene therapy. 

Currently, there is limited knowledge surrounding TGFBI function, both in CD and non-CD 

contexts, which likely stems from the lack of TGFBI mutant animal models that represent 

the human disease phenotype. Therefore, an important milestone of this thesis was to use 

the knowledge obtained from genetic studies to develop in vitro models representing the 

most common TGFBI CD in order to facilitate the study of these dystrophies and enabling 

experimentation in a dish. Even though the work presented in this thesis was designed 

specifically for mutations affecting one particular residue of the protein (p.R555W and 

p.R555Q), the techniques developed are transferrable and can be used throughout the 

research field to develop models for other TGFBI mutations. The impact of this model is 

also not restricted to CD, but can also facilitate the general study of TGFBI biology, and 

expand to other areas of academic research where TGFBI is majorly relevant, such as 

cancer biology. The system developed could be used by field researchers to identify 

pathways involved in the regulation and expression of TGFBIp, as well as relationship with 

other proteins which are translatable to other tissues. 

Lastly, the other major area where the work developed in this thesis could have a key 

impact is in the development of new therapeutics for TGFBI CD. Surgical procedures, the 

only current form of treatment for TGFBI CD, are only temporary and symptomatic therapy 

approaches, since they do no tackle the underlying genetic cause of these dystrophies, 

leading to patients undergoing repeated surgical interventions, frequently as often as 2 

years after the previous surgery. 
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Developing antisense oligonucleotides (ASO) against the mutant copy of the TGFBI gene 

is a promising alternative therapeutic option, which could have a major impact on CD 

patients’ quality of life by eliminating or dramatically reducing the need for repeated 

surgery. In addition, it would offer a preventive treatment option for pre-symptomatic family 

members or affected individuals with a positive screening result, alleviating the effect that 

this news could have on their mental health. Lastly, this work will help create a link with 

the pharmaceutical industry, which would provide access to the final stages of therapy 

development, and which could also directly benefit from the inclusion of ASO technology 

in their drug development programs.  

  



	8	

Contents 

Declaration…. ................................................................................................................... 2 

Acknowledgements ......................................................................................................... 3 

Abstract…….. ................................................................................................................... 5 

Impact statement ............................................................................................................. 6 

Contents……. ................................................................................................................... 8 

List of figures ................................................................................................................. 13 

List of tables.. ................................................................................................................. 16 

List of abbreviations ...................................................................................................... 17 

Chapter 1: Introduction ............................................................................................ 23 

1.1 The Human Cornea ........................................................................................ 23 

1.1.1 Central corneal layers .................................................................................. 23 

1.1.2 Peripheral cornea (Limbus) .......................................................................... 25 

1.1.3 Corneal nerves ............................................................................................. 26 

1.2 Ocular and corneal organogenesis .............................................................. 27 

1.3 The extracellular matrix ................................................................................. 29 

1.4 Protein folding and aggregation ................................................................... 31 

1.4.1 Implication of genetic mutations in aggregation ........................................... 34 

1.4.2 Folding and quality control mechanisms ...................................................... 34 

1.5 Cornea in health and disease ....................................................................... 35 

1.5.1 Epithelium regeneration and the origin of corneal epithelial stem cells ....... 35 

1.5.2 Epithelial-to-mesenchymal transition ............................................................ 37 

1.5.3 Corneal dystrophies ..................................................................................... 39 

1.6 TGFBI corneal dystrophies ........................................................................... 40 

1.6.1 Identification of mutations in TGFBI as the genetic cause of corneal 

dystrophies ............................................................................................................... 41 

1.6.2 Classification of TGFBI corneal dystrophies ................................................ 42 

1.7 TGFBI animal models .................................................................................... 49 

1.8 Transforming growth factor beta-induced (TGFBI) .................................... 50 

1.8.1 TGFBI structure and composition ................................................................. 50 

1.8.2 TGFBIp function ........................................................................................... 52 



	 9	

1.8.3 TGFBI regulation ......................................................................................... 54 

1.9 Thesis aims .................................................................................................... 60 

Chapter 2: Materials and Methods .......................................................................... 61 

2.1 General laboratory methods ........................................................................ 61 

2.1.1 Genomic DNA (gDNA) extraction ................................................................ 61 

2.1.2 RNA extraction and cDNA synthesis. .......................................................... 61 

2.1.3 Polymerase Chain Reaction (PCR) and Reverse Transcription PCR (RT-

PCR)… .................................................................................................................... 62 

2.1.4 PCR product Purification ............................................................................. 62 

2.2 Sanger sequencing ....................................................................................... 63 

2.3 Immunocytochemistry .................................................................................. 63 

2.4 Imaging and analysis .................................................................................... 64 

2.5 Protein extraction and quantification .......................................................... 65 

2.6 Western blotting ............................................................................................ 65 

2.7 Quantitative analysis of gene expression by qPCR ................................... 66 

2.7.1 qPCR reactions ........................................................................................... 66 

2.7.2 Primer design .............................................................................................. 67 

2.7.3 Absolute quantification and determination of amplification efficiency for 

primer selection ....................................................................................................... 67 

2.7.4 Validation of target and control gene amplification efficiencies for the 

comparative Ct method (DDCt) ................................................................................ 68 

2.7.5 qPCR analysis: relative quantification using the DDCt method ................... 68 

2.8 Screening TGFBI for mutations in patient DNA samples .......................... 68 

2.9 Cell culture ..................................................................................................... 69 

2.9.1 Patient samples ........................................................................................... 69 

2.9.2 Primary fibroblast cell lines .......................................................................... 70 

2.9.3 Generation of patient-derived induced-pluripotent cell (iPSC) lines ............ 70 

2.9.4 Differentiation of corneal epithelial-like cells from patient-derived iPSC ..... 71 

2.9.5 Differentiation of corneal epithelial-like cells from limbal biopsies ............... 72 

2.9.6 Confirmation of fibroblast and iPSC line genotypes .................................... 72 

2.10 CRISPR-Cas9 editing for generation of TGFBI knock-out (KO) lines ....... 72 

2.10.1 sgRNA design ............................................................................................. 72 

2.10.2 Cloning into the S.pyogenes Cas9 vector ................................................... 73 



	10	

2.10.3 T7 endonuclease I assay ............................................................................. 74 

2.10.4 CRISPR-Cas9 edited TGFBI-KO iPSC lines generation .............................. 74 

2.11 Antisense oligonucleotides (ASO) ............................................................... 75 

2.11.1 ASO design .................................................................................................. 75 

2.11.2 Prediction of RNA secondary structures ...................................................... 75 

2.11.3 Target and ASO sequence selection ........................................................... 76 

2.11.4 ASO design – chemical modifications .......................................................... 77 

2.12 In vitro ASO treatment ................................................................................... 78 

2.13 Next Generation Sequencing (NGS) ............................................................. 79 

2.14 Quantification of WT and mutant bases ...................................................... 80 

Chapter 3: Genetic classification of TGFBI-associated dystrophies and 
generation of patient derived and genetically engineered iPSC. .............................. 81 

3.1 Introduction .................................................................................................... 81 

3.1.1 Genetic diagnosis and prevalence of TGFBI-associated CDs ..................... 81 

3.1.2 Induced pluripotent stem cells (iPSC) .......................................................... 83 

3.1.3 iPSC for disease modelling .......................................................................... 84 

3.1.4 CRISPR/Cas9 technology for genome editing ............................................. 86 

3.1.5 Chapter aims ................................................................................................ 89 

3.2 Results ............................................................................................................ 90 

3.2.1 TGFBI mutations causing corneal dystrophies in the Moorfields Eye Hospital 

cohort 90 

3.2.2 Patient selection for the establishment of in vitro models ............................ 93 

3.2.3 Establishment of primary fibroblast cell lines ............................................... 95 

3.2.4 iPSC lines ..................................................................................................... 98 

3.2.5 Genome editing to create isogenic TGFBI knockout cell lines ................... 101 

3.2.6 TGFBI/TGFBIp expression in fibroblasts and iPSC ................................... 104 

3.3 Discussion .................................................................................................... 106 

Chapter 4: Corneal epithelial cell in vitro model for TGFBI dystrophies ........... 114 

4.1 Introduction .................................................................................................. 114 

4.1.1 TGFBIp expression in the cornea ............................................................... 114 

4.1.2 Corneal limbal stem cells ........................................................................... 114 

4.1.3 Limbal and corneal epithelial proteins ........................................................ 115 

4.1.4 Signalling involved in corneal epithelial differentiation ............................... 118 



	 11	

4.1.5 Methods for the generation of CEpC in vitro ............................................. 119 

4.1.6 Chapter aims ............................................................................................. 123 

4.2 Results ......................................................................................................... 124 

4.2.1 Cultivation and differentiation of limbal biopsies ....................................... 124 

4.2.2 Optimisation of protocols for differentiation of iPSC into corneal epithelial-like 

cells…. .................................................................................................................. 124 

4.2.3 Characterisation of iPSC-derived corneal epithelial-like cells ................... 128 

4.2.4 Characterisation of CEpC marker protein expression in differentiated 

cultures .................................................................................................................. 138 

4.3 Discussion ................................................................................................... 142 

Chapter 5: Antisense oligonucleotide therapy for TGFBI corneal dystrophies 151 

5.1 Introduction ................................................................................................. 151 

5.1.1 TGFBI CD pathophysiology ....................................................................... 151 

5.1.2 Proposed disease mechanisms ................................................................ 152 

5.1.3 Current therapies for TGFBI dystrophies .................................................. 154 

5.1.4 Alternative therapies currently in development. ........................................ 155 

5.1.5 Antisense oligonucleotides ........................................................................ 157 

5.1.6 Chapter aims. ............................................................................................ 165 

5.2 Results ......................................................................................................... 166 

5.2.1 TGFBI expression in control and mutant lines .......................................... 166 

5.2.2 In silico analysis of RNA secondary structure for the design and validation of 

ASOs targeting the R555 hotspot ......................................................................... 169 

5.2.3 Primary ASO screening for TGFBI antisense therapy: DNA ASOs ........... 175 

5.2.4 Secondary ASO screening for TGFBI antisense therapy: RNA 2-O-Me 

Gapmer ASOs ....................................................................................................... 177 

5.3 Discussion ................................................................................................... 189 

5.3.1 Understanding TGFBIp expression and proteolytic processing in mutant and 

control CEpC lines ................................................................................................ 189 

5.3.2 Antisense oligonucleotides as a targeted therapy for corneal dystrophies 

associated with dominant TGFBI mutations. ......................................................... 192 

5.3.3 Allele-bias expression was detected in TGFBI CD CEpC patient lines ..... 197 

Chapter 6: General discussion ............................................................................. 200 

6.1 TGFBI in health and disease ...................................................................... 201 

6.2 Challenges and considerations of model systems for TGFBI study ...... 202 



	12	

6.3 Implication of TGFBIp quality control in the future of TGFBI-CD molecular 
mechanism investigation ........................................................................................ 204 

6.4 Gene-directed therapeutics for TGFBI CD: challenges and prospects .. 205 

6.4.1 Other strategies and areas for future development of potential therapeutics 

for TGFBI CD ......................................................................................................... 209 

6.5 Limitations of the study and potential areas for future work .................. 211 

6.6 Concluding remarks .................................................................................... 213 

Chapter 7: References ............................................................................................ 214 

Chapter 8: Appendices ........................................................................................... 277 

8.1 Appendix A ................................................................................................... 277 

8.2 Appendix B ................................................................................................... 281 

8.3 Appendix C ................................................................................................... 283 

8.3.1 pSpCas9(BB)-2A-GFP (PX458) plasmid map ............................................ 283 

8.3.2 CRISPR Off-target analysis results ............................................................ 284 

8.4 Appendix D ................................................................................................... 286 

 

 
  



	 13	

List of figures 
Figure 1.1. Anatomy of the eye. ...................................................................................... 23 

Figure 1.2. The limbal niche. ........................................................................................... 26 

Figure 1.3. Schematic representation of the early stages of ocular development in 

vertebrates. ..................................................................................................................... 28 

Figure 1.4. Schematic representation of some of the major interstitial ECM components..

 ........................................................................................................................................ 29 

Figure 1.5. Folding states and their implication in protein aggregation. .......................... 33 

Figure 1.6. Br 2.1 Cassette. ............................................................................................ 36 

Figure 1.7. Schematic representation of cellular molecular processes taking place during 

Epithelial-to-mesenchymal transition (EMT).. ................................................................. 38 

Figure 1.8. Histological presentation of RBCD corneas.. ................................................ 43 

Figure 1.9. Clinical and histological presentation of TBCD. ............................................ 44 

Figure 1.10. Clinical and histological presentation of LCD type 1.. ................................. 46 

Figure 1.11. Clinical and histological presentation of GCD1. .......................................... 47 

Figure 1.12. Clinical and histological presentation of GCD2. .......................................... 48 

Figure 1.13. TGFBI gene and protein structure. ............................................................. 51 

Figure 1.14. Schematic representation of TGFb signalling.. ........................................... 56 

Figure 2.1. Molecular cloning of the gRNA sequences into the pSpCas9(BB)-2A-GFP 

vector.. ............................................................................................................................ 73 

Figure 3.1. Reprogramming and differentiation of iPSC cells. ........................................ 85 

Figure 3.2. CRISPR/Cas9 technology for genome editing. ............................................. 88 

Figure 3.3. Examples of genetic diagnosis of individuals with TGFBI CD.. .................... 90 

Figure 3.4 Prevalence of TGFBI-associated dystrophies in the patient cohort at MEH. . 91 

Figure 3.5. Clinical images of TGFBI CD patients recruited to this study. ...................... 94 

Figure 3.6. Primary patient fibroblast lines with heterozygous TGFBI mutations. .......... 96 

Figure 3.7. iPSC characterisation. ................................................................................ 100 

Figure 3.8. Design of sgRNA targeting exon 4 of TGFBI. ............................................. 101 

Figure 3.9. T7 endonuclease assay demonstrating sgRNA efficiency.. ........................ 102 

Figure 3.10. Generation of CRISPR/Cas9 edited iPSC lines. ....................................... 103 

Figure 3.11. TGFBI/TGFBIp expression in fibroblasts and iPSC lines. ........................ 105 

Figure 4.1. Schematic representation of cell types during corneal epithelium differentiation 

from the limbus and basal central cornea. .................................................................... 115 

Figure 4.2. Cell signalling involved in corneal epithelial cell differentiation. .................. 119 

Figure 4.3. CEpC-like cultures derived from published in vitro protocols for iPSC-derived 

differentiation. ............................................................................................................... 121 



	14	

Figure 4.4. Culture and differentiation of a limbal biopsy generates CEpC in two weeks..

 ....................................................................................................................................... 124 

Figure 4.5. Schematic summary representing the three CEpC differentiation protocols 

tested. ............................................................................................................................ 125 

Figure 4.6. Cultures undergoing epithelial differentiation using Protocol 2 (Hongisto et al. 

2017) showed poor CEpC differentiation efficiency. ...................................................... 126 

Figure 4.7. Optimised protocol for the differentiation of iPSC into CEpC. ..................... 128 

Figure 4.8. CEpC differentiation and morphology.. ........................................................ 129 

Figure 4.9. Gene expression in iPSC and CEpC cultures. ............................................ 131 

Figure 4.10. Expression of corneal epithelial cell markers in differentiated patient, control 

and KO lines. ................................................................................................................. 133 

Figure 4.11. TGFBI expression in CEpC differentiation. ................................................ 134 

Figure 4.12. Effect of RA on cell differentiation. ............................................................. 136 

Figure 4.13. Heterogeneity in CEpC differentiation cultures, at day 16 of differentiation.

 ....................................................................................................................................... 137 

Figure 4.14. Characterisation of CEpC differentiated cultures: P63 and E-cad protein 

expression at day 21. ..................................................................................................... 138 

Figure 4.15. Differences in cell morphology observed at day 21. .................................. 139 

Figure 4.16. Characterisation of CEpC differentiated cultures: K14 and E-cad protein 

expression at day 21.. .................................................................................................... 140 

Figure 4.17. Characterisation of CEpC differentiated cultures: K3 and p63 protein 

expression at day 21.. .................................................................................................... 141 

Figure 5.1 Histology of corneal granular deposits. ......................................................... 152 

Figure 5.2. Schematic representation of strategies for altering gene expression with 

antisense oligonucleotides. ............................................................................................ 158 

Figure 5.3. Chemical modifications for the design of ASOs. .......................................... 161 

Figure 5.4. ASO-based strategy for the development of novel TGFBI CD therapeutics.

 ....................................................................................................................................... 165 

Figure 5.5. TGFBI transcript expression in WT and mutant CEpC lines.. ...................... 166 

Figure 5.6. TGFBIp expression in mutant and control differentiated CEpC at day 30. .. 167 

Figure 5.7. Effect of BME on TGFBIp products. ............................................................ 169 

Figure 5.8. Example of a secondary structure prediction of the TGFBI pre-mRNA sequence 

containing the R555Q mutation.. ................................................................................... 170 

Figure 5.9. Analysis of ss-counts for TGFBI WT and mutant sequences. ..................... 171 

Figure 5.10. Predicted secondary structures for binding of Q1 and Q2 ASOs to mutant 

R555Q TGFBI mRNA. ................................................................................................... 173 



	 15	

Figure 5.11. Predicted secondary structures for binding of W1 and W2 ASOs to mutant 

p.R555W TGFBI mRNA. ............................................................................................... 174 

Figure 5.12. DNA ASO treatment of patient-derived mutant fibroblasts and CEpC cell lines.

 ...................................................................................................................................... 176 

Figure 5.13. ASO-induced reduction of TGFBI transcript in CEpCs. ............................ 180 

Figure 5.14. Reduction of TGFBIp in CEpC cell lysates 72 h after ASO treatment. ..... 182 

Figure 5.15. Effect of ASO treatment on secreted TGFBIp expression. ....................... 183 

Figure 5.16. TGFBI allelic expression ratio in patient-derived treated samples. ........... 185 

Figure 5.17. Quantification of mutant and WT allele expression by next generation 

sequencing after ASO treatment. .................................................................................. 186 

Figure 5.18. WT and mutant TGFBI transcript expression following ASO treatment. ... 188 

Figure 6.1. Overview of the experimental design of the work presented in this thesis. 201 

Figure 6.2. Alternative targets for the development of TGFBI CD therapy. .................. 210 

Figure 6.3. Expansion strategy for the future study of the CEpC model. ...................... 212 

Figure 8.1.pSpCas9(BB)-2A-GFP plasmid map. .......................................................... 283 

Figure 8.2. Sequencing results for the top 8 potential off-target locations. ................... 284 

 

  



	16	

List of tables 
Table 1.1. Embryonic origin of the different ocular tissues. ............................................. 27	
Table 1.2. Types of collagen molecules. .......................................................................... 30	
Table 2.1. List of primers used for PCR and RT-PCR reactions in the study. ................. 63	
Table 2.2. Primary antibodies used in immunofluorescence experiments. ...................... 64	
Table 2.3. Secondary antibodies used in immunofluorescence experiments. ................. 64	
Table 2.4. List of antibodies used for Western Blot experiments ..................................... 66	
Table 2.5. Primer used for qPCR experiments described in the study. ........................... 68	
Table 2.6. List of primers used for amplification and screening of all TGFBI exons ........ 69	
Table 2.7. Patients with different TGFBI-associated dystrophies from who skin biopsies 

were obtained and used to generate fibroblast and iPSC lines. ...................................... 70	
Table 2.8. Guide RNA (gRNA) and oligonucleotides sequences that were used for 

CRISPR-editing experiments.. ......................................................................................... 73	
Table 2.9. Example of a ct file from the analysis of TGFBI mRNA sequence. ................. 76	
Table 2.10. Sequences used for the ASO design.. .......................................................... 77	
Table 2.11. DNA and RNA gapmer ASOs used for in vitro assays. ................................ 78	
Table 2.12. Primers used for amplicon generation and Illumina library preparation. ....... 79	
Table 3.1. Prevalence of epithelial-stromal TGFBI dystrophies ....................................... 83	
Table 3.2. Genetic diagnosis of MEH patients that participated in the TGFBI screening 

study. ............................................................................................................................... 92	
Table 3.3. Skin biopsy donors with TGFBI dystrophies ................................................... 93	
Table 3.4. TGFBI exon screening of all patient lines. ...................................................... 97	
Table 3.5. Analysis of the SNPs in TGFBI found in patient lines. .................................... 98	
Table 3.6. Patient-derived iPSC lines .............................................................................. 99	
Table 3.7. Predicted off-target genomic locations for sgRNA 2.3. ................................. 104	
Table 5.1. Protein composition of pathogenic deposits found in TGFBI CD patients. ... 152	
Table 5.2. Recurrence of TGFBI CD after corneal surgery. ........................................... 155	
Table 5.3. ASO and siRNA drugs approved for clinical use. ......................................... 162	
Table 5.4. DNA ASOs used for primary screening. ....................................................... 175	
Table 5.5. RNA 2-'O-methyl gapmer ASOs used for the secondary screening.. ........... 178	
Table 5.6. Reduction in total levels of TGFBI transcript in patient-derived CEpCs. ....... 181	
Table 8.1. Mutations in TGFBI associated to corneal dystrophies reported in the literature.

 ....................................................................................................................................... 281	
Table 8.2. Primer sequences used to screen for off-target effects post CRISPR/Cas9 

editing. ........................................................................................................................... 285	



	 17	

List of abbreviations 
2’-O-me – 2’-O-methyl 

6-FAM – carboxifluorescein 

AAV – adeno-associated viruses 

AB – amyloid beta 

ABCB5 - ATP Binding Cassette Subfamily B Member 5 

ABCG2 - ATP Binding Cassette Subfamily G Member 2 

adRP – autosomal dominant retinitis pigmentosa 

AF – allele frequency 

ALK – anaplastic lymphoma kinase 

ALS – amyotrophic lateral sclerosis 

Apo – alipoprotein 

ASO – antisense oligonucleotide 

ATP – adenosine triphosphate 

BCA – Pierce bicinchoninic acid 

BiP – binding immunoglobulin protein 

BLAST – basic local alignment search tool 

BME – b-mercaptoethanol 

BMP – bone morphogenic protein 

BMP4 – bone morphogenetic protein 4 

BMPR – BMP receptor 

BSA – bovine serum albumin 

CaBP1 – calcium binding protein 1 

Cas9 – CRISPR-associated protein 9 

CD – corneal dystrophy 

cDNA – complementary DNA 

CEpC – corneal epithelial-like cells 

CHO – Chinese hamster ovary 

CLEM – corneal limbal epithelial media 

CNV – copy number variants 

CRISPR – clustered, regularly interspaced short palindromic repeats 

CROPT – cysteine-rich domain of periostin and TGFBIp 

crRNA – CRISPR RNA 

CTRL – control 

DALK – deep anterior lamellar keratoplasty 

DBS – double-strand breaks 



	18	

DMEM – Dulbecco's Modified Eagle Medium 

DNA – deoxyribonucleic acid 

DPBS – Dulbecco’s Phosphate-Buffered Saline 

E8F – essential 8 Flex media 

EB – embryoid body 

EBMD – epithelial basement membrane dystrophy 

E-CAD – E-cadherin 

ECM – extracellular matrix 

EDTA – ethylenediamine tetraacetic acid 

EGF – epidermal growth factor 

eGFP – enhanced green fluorescent protein 

ELISA – enzyme-linked immunosorbent assay 

EMT – epithelial-mesenchymal transition 

EndMT – Endothelial-to-mesenchymal transition 

ER – endoplasmic reticulum 

ERK – extracellular-signal-regulated kinase 

ESC – embryonic stem cells 

FACIT – fibril-associated collagens with interrupted triple helices 

FACS – fluorescence-activated cell sorting 

FBS – fetal bovine serum 

FDA – food and drug administration 

FECD – Fuchs endothelial corneal dystrophy 

FGF/bFGF – basic fibroblast growth factor 

FZD – Frizzled 

GCD1 – granular corneal dystrophy type 1 

GCD2 – granular corneal dystrophy type 2 

GDF – growth factors 

gDNA – genomic DNA 

GFP – green fluorescence protein 

GRHL2 – grainyhead like transcription factor 2 

GRP – glucose regulated protein 

HB-EGF – heparin-binding EGF-like growth factor 

HD – Huntington’s disease 

HDFn – human dermal fibroblasts of neonatal origin 

HDR – homology directed repair 

HEK93 – human embryonic kidney 93 

HRP – horseradish peroxidase 
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HSP – heat shock protein 

HTRA1 – high temperature requirement A serine peptidase 1 

IC3D – International Committee for Classification of Corneal dystrophies 

ICC – immunocytochemistry  

iCEpC – iPSC-derived CEpC 

IL – interlukin 

IM – induction media 

InDels – insertions and deletions 

iPSC – induced pluripotent stem cells 

ISS-N1 – intronic splicing silencer N1 

ITGB4 – integrin subunit β 4 

JNK – c-Jun N-terminal kinase 

K14/KRT14 – keratin 14 

K3/KRT3 – keratin 3 

Kb – kilobase 

KFL4 – Krüppel-like factor 4 

KO – knockout 

KSFM – keratinocyte serum-free médium 

LB – lysogeny broth 

LCA10 – Leber congenital amaurosis type 10 

LCD – Lattice corneal dystrophy 

LCD1 – lattice corneal dystrophy type 1 

LESC– limbal epithelial stem cells 

LIF – leukemia inhibitory factor 

LNA – locked nucleic acid 

LOVD3 – Leiden open variation database 

LRP5/6 – low-density lipoprotein-related receptors 5 and 6 

LSCD – limbal stem cell deficiency 

LTBP-1 – latent TGF-β binding protein 1 

MAPK – mitogen-activated protein kinases 

MCD – Macular corneal dystrophy 

MEH – Moorfields Eye Hospital 

MEK – MAPK/ERK kinases 

MET – mesenchymal-to-epithelial transition 

MGUS – monoclonal gammopathy of undetermined significance 

miR – micro RNA 

MOE – 2’-O-methoxyethyl 
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MPP – matrix metalloproteases 

mRNA – messenger RNA 

mTOR – mammalian target of rapamycin 

N-CAD – N-Cadherin 

NEAA – non-essential aminoacids 

NHEJ – non-homologous end joining 

NR2E3 – nuclear receptor subfamily 2 group E member 3 

NT – non-treated  

OCT3/4 - octamer-binding protein 3/4  

OVOL2 – ovo like zinc finger 2 

PAM – protospacer adjacent motif 

PAX6 – paired box 6 

PBS – phosphate buffered saline 

PBS-T – phosphate buffered saline with TWEEN-20 

PCR – polymerase chain reaction 

PD – Parkinson’s disease 

PEI – polyethilamine 

Pen-Strep – penicillin-streptomycin 

PG – proteoglycans 

PI3K – phosphoionositide kinase 

PK – penetrating keratoplasty 

PRK – photorefractive keratectomy 

PS – phosphorothioate 

PTK – phototherapeutic keratectomy 

PTM – post-translational modifications 

qPCR – quantitative PCR 

RA – retinoic acid 

RBCD – Reiss-Bückler Corneal Dystrophy 

RFP – red fluorescence protein 

RIPA – radioimmunoprecipitation assay 

RNA – ribonucleic acid 

RPE – retinal pigmented epithelium 

RT – room temperature 

RT-PCR – reverse transcription PCR 

SB – sodium byturate 

SCA7 – spinocerebellar ataxia type 7 

SCD – Schnyder corneal dystrophy 
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SCM – stem cell media 

SDIA – stromal cell-derived inducing activity 

SDS-PAGE – sodium dodecyl sulphate–polyacrylamide gel electrophoresis 

SEAM – self-formed ectodermal autonomous multizone 

SEM – standard error of the mean 

SFM – serum free media 

sgRNA – single-strand guide RNA à check typo 

sHSP – small heat shock protein 

siRNA – small interfering 

SN – Salzmann-like nodule 

SNP – single nucleotide polymorphism 

SOC media - Super Optimal broth with Catabolite repression 

SOD1 – superoxide dismutase 1 

SPARC – secreted protein acidic and rich in cysteine 

SSEA-4 – stage-specific embryonic antigen 4 

ssODN – single-strand oligodeoxynucleotide 

STAT3 – signal transducer and activator of transcription 3 

TA domain – transactivating domain 

TAC – transit amplifying cells 

TBCD – Thiel-Behnke corneal dystrophy 

TCF4 – transcription factor 4 

TF – transcription factor 

TGFB1 - Transforming growth factor beta 1 

TGFBI – Transforming growth factor beta-induced 

TGFBIp – TGFBI protein 

TGFBR – TGF-b receptors 

TGF-α – transforming growth factor α 

TGF-β - Transforming growth factor β 

TKR – tyrosine kinase receptors 

TL1A – TNF-like ligand 1ª 

TNF – tumour necrosis factor 

tracrRNA – trans-activating crispr RNA 

TWIST-1 – Twist-related protein 1 

UCL – University College London 

UPR – unfolded protein response 

UPS – ubiquitin-proteasome system 

UTR – untranslated region 



	22	

UV – ultraviolet 

WB – Western blot 

WNT – wingless-int (wingless-related integration site) 

WT – wild type 

YFP – yellow fluorescence protein 

ZEB1 – zinc finger E-box-binding homeobox 1 
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Chapter 1: Introduction 
1.1 The Human Cornea 

The cornea is the transparent avascular connective tissue located at the ocular surface. It 

has an essential role in the visual system, providing 2/3rds of the refractive power of the 

eye, making vision possible and protecting the eye from the environment.  

The cornea is located within the anterior segment of the eye, alongside the conjunctiva, 

aqueous humour, iris, ciliary body and crystalline lens (Figure 1.1). At the periphery, the 

corneal epithelium is connected with the conjunctival epithelium, whereas at the posterior 

segment the sclera is continuous with the cornea. Additionally, the cornea is in direct 

contact with the aqueous humour and the tear film (Figure 1.1), which facilitates access to 

oxygen and maintains structural integrity of the corneal epithelium. 

 

 
Figure 1.1. Anatomy of the eye. The eye is anatomically divided with a posterior segment, which 
includes the retina, sclera, choroid and optic nerve; and anterior segment, which includes the 
conjunctiva, cornea, iris, ciliary body and lens. The cornea is surrounded by the tear film on the 
outer surface of the corneal epithelium, and the aqueous humour is in contact with the corneal 
endothelium. It is composed by three cellular layers: epithelium, stromal (composed of keratocyte 
cells and collagen-rich extracellular matrix) and endothelium, and two specialised extracellular 
membrane layers: the Bowman’s layer and Descemet’s membrane, which separate the three 
cellular interphases. 

1.1.1 Central corneal layers 
The central cornea is composed of three main layers, the stratified corneal epithelium, the 

corneal stroma and the corneal endothelium (Figure 1.1), which are separated by two 

collagenous membranes, the Bowman’s layer and the Descemet membrane, resulting in 

a total thickness of 0.5 mm in the adult cornea.  
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The innermost layer of the cornea is the endothelium, which consists of a monolayer of 

tightly packed hexagonal cells, whose main function is to regulate corneal water content, 

by creating an ion flux, in order to maintain the osmolytic gradient. This is achieved thanks 

to Na+/K+-ATPase pump proteins located in the lateral membrane of endothelial cells,  and 

enables passive water transport, which is key for maintaining hydration and the 

transparency of the cornea (Stiemke, Edelhauser, & Geroski, 1991). In the event of corneal 

endothelial damage or injury, if cell density in the endothelium drops below 500 cells/cm2, 

the endothelial function is compromised, leading to  oedema and decrease of visual acuity 

(Tuft & Coster, 1990). Physical insults (e.g., injury) or genetic conditions, such as Fuchs 

Endothelial corneal dystrophy, are examples of factors that lead to an impaired endothelial 

function with detrimental consequences over vision.  Deficiencies in the water and nutrient 

transport function that occur as a result of these situations, directly affects corneal 

transparency and leads to corneal opacification (Schmedt et al.,, 2012). 

Secreted proteins from the endothelial cells, such as laminins, collagens and 

proteoglycans, form Descemet’s membrane, an acellular layer connects to the basal 

membrane of the endothelium through hemidesmosomes. The Descemet’s membrane 

increases in thickness with age, reaching up to 10 µm, however its exact function remains 

unclear.  

The stroma constitutes the thickest layer of the cornea, comprising 80-90% of total corneal 

thickness. It is maintained in a dehydrated state (also known as deturgesced state) by the 

endothelium. The stroma is primarily comprised of interlaced collagen fibrils (Collagen I 

and V heterodimers) that have a uniform diameter of 25 nm, organised in llamelar bundles 

(Komai & Ushiki, 1991). Despite its rich extracellular matrix (ECM) content, the stroma is 

characterised by its ability to maintain transparency, which is the result of an extremely 

high degree of organisation of the collagen fibrils allowing minimal light scattering. In 

addition, the stroma is also composed of proteoglycans, mainly decorin, luminican, 

keratocan, mimecan and osteoglycin, and a low number of keratocyte cells, whose main 

function is thought to be ECM production (Hassell & Birk, 2010). 

The Bowman’s layer is located above the stroma and serves as a highly specialised 

extracellular matrix (ECM) for the corneal epithelium. It is acellular with the occasional 

exception of nerves penetrating in from the epithelium (Komai & Ushiki, 1991). 

The epithelium is the outer layer of the cornea, and therefore has a major role as a 

protective barrier. It is composed of several layers (5 to 7) of non-keratinised stratified 

epithelial cells. Due to its close exposure to the environment, the epithelium is subject to 

a constant turnover, where cells at the surface are replaced by newly differentiated cells. 
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The superficial layers are composed of polygonal cells, which are attached to each other 

by tight junctions and are responsible for the barrier seal (Kubilus, Zapater I Morales, & 

Linsenmayer, 2017). They also contain apical microvilli that are covered by glycocalyx and 

connect the epithelium to the tear film layer. The layers below the superficial epithelial cells 

are composed of wing cells and transit amplifying cells (TAC), two types of intermediate 

progenitors which will eventually terminally differentiate and replace the superficial cell 

layer.  

The innermost layer of epithelial cells (basal epithelial cells) is anchored by 

hemidesmosomes to the basal lamina, which is composed of ECM (mainly collagen IV 

and laminins) secreted by these cells. It has been demonstrated that basal epithelial cells 

have mitotic properties, which might also contribute to corneal epithelium turnover 

(Lamprecht, 1990). 

1.1.2 Peripheral cornea (Limbus) 
The limbus marks the transitional zone between the cornea and conjunctival epithelia 

(Figure 1.2). It contains a population of resident quiescent cells, that have the ability to 

differentiate into corneal epithelial cells. This area has a key function in maintaining 

homeostasis, ensuring tissue turnover, and has therefore been designated as the corneal 

stem cell niche (Nowell & Radtke, 2017).  

As with other niches in adult tissues, the limbus has very specific physical characteristics 

and composition, in order to create a microenvironment that promotes preservation of the 

stem cell populations. The most characteristic anatomical features, which differentiate the 

limbus from the flat organisation of central cornea, is the presence of invaginations of the 

limbal stroma, resulting in a series of ridges known as Palisades of Vogt (Shortt et al., 

2007). In fact, biomechanical properties are an essential factor for the regulation of stem 

cell niches and their differentiation potential (Engler et al., 2006). In the case of the limbus, 

it has been demonstrated that a soft matrix is required for the maintenance of the limbal 

epithelial stem cell (LESC) population (Gouveia et al., 2019), whilst a rigid-collagen matrix 

(found in the central cornea) drives differentiation, inducing the proliferation and migration 

of TAC. 

The limbus also has a specific cellular composition that consistently facilitates stemness, 

and induce differentiation when needed. Unlike the central cornea, the limbal stroma is 

highly vascularised (Papas, 2003), which is an important property for the delivery of 

nutrients and osmolytes that contribute to maintaining the niche microenvironment 

(Notara, Lentzsch, Coroneo, & Cursiefen, 2018). In addition to blood supply, a population 

of mesenchymal cells present in the niche (Figure 1.2) is also thought to have a role in 
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providing essential soluble biochemical factors, which are key for maintaining stemness of 

the basal limbal cells (Dziasko & Daniels, 2016). Moreover, limbal melanocytes are also 

involved in cell-to-cell interactions that regulate epithelial progenitor differentiation and 

quiescence (Dziasko, Tuft, & Daniels, 2015). 

An additional feature that distinguishes the limbus from the central cornea its specific ECM 

composition, which is rich in collagen IV, and contains specific laminin chains (α5, β2, and 

γ1), as well as fibrilin-1 and tenascin C (Ljubimov et al., 1995; Schlötzer-Schrehardt et al., 

2007). 

 
Figure 1.2. The limbal niche. The limbus is the region located between the conjunctiva and the 
cornea, where corneal stem cells reside. The limbal stem cells divide and give rise to transit 
amplifying cells that migrate to the central cornea and renew the epithelium. Other cell types can 
also be found in the limbus, such as mesenchymal cells and melanocytes, which have important 
roles in the maintenance of the limbal microenvironment, by providing limbal cells with soluble 
factors that direct differentiation/stemness. The other unique feature of the limbus is the presence 
of blood vessels, which also contribute to niche microenvironment maintenance. Nerve projections 
can also be found in both the limbal and central cornea areas. Importantly the stromal keratocytes 
synthesise the limbal ECM matrix, another key feature of the niche. 

 

1.1.3 Corneal nerves 
The cornea is one of the most highly innervated tissues in the human body, which is the 

reason why numerous corneal pathologies are accompanied by experience of pain. Most 

of these nerves are sensory nerves that are part of the ophthalmic branch of the trigeminal 

nerve, and a minority of them are derived from the maxillary branch of the same nerve. 

Corneal innervation is in fact the result of a relatively low number of trigeminal axons with 

outstanding branching abilities (De Felipe et al., 1999). Additionally, the mammalian 

cornea also receives sympathetic and parasympathetic innervation, from the superior 
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cervical ganglion and ciliary ganglion, respectively (Marfurt, Kingsley, & Echtenkamp, 

1989; Morgan, DeGroat, & Jannetta, 1987).  

In humans, corneal nerves enter the cornea through the stroma and penetrate the 

Bowman’s layer to reach the epithelium. In the epithelium, the nerve projections form a 

basal plexus, which is more complex in the central cornea than in the periphery, and sends 

axonal branches that terminate in cells located in all epithelial layers (Marfurt et al., 2010). 

1.2 Ocular and corneal organogenesis 

The different ocular layers and components of the eye originate from different germ layers 

and in response to different stimuli and their respecitve gradients. A summary of the origin 

of the different mature ocular tissues is represented in Table 1.1. 

Table 1.1. Embryonic origin of the different ocular tissues. Whilst part of the anterior segment, 
including the corneal epithelium, is derived from the surface ectoderm, the majority of the posterior 
segment is derived from the neural ectoderm. A special set of undifferentiated cells with migratory 
properties, are derived from mesenchymal tissue. The neural crest forms connective and vascular 
tissues, as well as the stromal and endothelial layers of the cornea. 

Source Ocular tissue 

Surface ectoderm • Lens 
• Corneal epithelium 
• Conjunctiva 

Neural ectoderm • Vitreous body (in combination with 
mesenchymal cells) 

• Retinal epithelium 
• Pupillary muscles 
• Optic nerve 

Neural crest • Sclera 
• Corneal stroma and endothelium 
• Extraocular muscles 
• Coverings of the optic nerve 
• Connective tissue and blood vessels 

 

Eye development commences during gastrulation, as a single field in the developing 

forebrain (Adelmann, 1929), which is separated later on during establishment of the 

midline. In response to Wnt and Bmp signalling, cells in the ectoderm layer will either 

become ocular surface ectoderm cells, or will undergo neuroectoderm differentiation 

(Patthey, Edlund, & Gunhaga, 2009). During the following stages, the optic cup is formed 

by invagination, and PAX6 expressing ectoderm will give rise to both the lens and the 

corneal epithelium (Collomb et al., 2013). The optic cup ultimately gives rise to the retina 

and retinal pigmented epithelium (RPE), as the outermost layer (Figure 1.3). 
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In order for corneal epithelium formation to develop, the earliest event that takes place is 

the thickening of the surface ectoderm to form the lens placode. Further invagination and 

separation from the ectoderm will generate two independent tissues: the lens vesicle and 

corneal epithelium,). After this occurs, the adjoining space is filled with invading cells of 

neural crest origin, originating from the perinuclear mesenchyme. In humans, this process 

takes place in two waves, which form the corneal endothelium and stroma, respectively; 

whereas in rodents and rabbits the same occurs in one single event (Zieske, 2004). The 

corneal development is only completed after eye lid opening, inducing epithelium 

stratification, a process which appears to be dependent on epithelial growth factor (EGF) 

signalling (Cvekl & Tamm, 2004; Hay, et al., 1979). The exact regulation of this wave-

organised migration is not completely understood yet but it is thought the protein 

Semaphorin3a, expressed by both the lens and corneal epithelium, has an important role 

in repressing the migration of mesenchymal cells (Lwigale & Bronner-Fraser, 2009). In 

addition, secretion of retinoic acid (RA) from the corneal epithelium allows mesenchymal 

differentiation and stroma formation, through the repression of Wnt signalling (Kumar & 

Duester, 2010). 

 

 
Figure 1.3. Schematic representation of the early stages of ocular development in 
vertebrates. At embryonic day (E) 9.5, the tissue that will evolve to form the lens (grey) can be 
identified in the middle region of the surface ectoderm (blue). At E10, an invagination of this 
presumptive lens will lead to the formation of the optic cup (pink). In subsequent steps (E10.5) this 
invagination will progress until the lens ectoderm is separated from the surface ectoderm, the lens 
vesicle is formed and the optic cup progressively acquires a goblet shape. Simultaneously the 
surface ectoderm forms the corneal epithelium. Mesenchymal cells will migrate (red arrows) from 
the periphery and differentiate to form the corneal stroma and endothelium (red; E10.5 and E13.5); 
the optic cup will give rise to the neural retina and the retinal pigment epithelium (RPE), and the 
lens vesicle will finally form the ocular lens. Inspired by Colozza, Locker, & Perron (2012). 
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1.3 The extracellular matrix 

There are two types of ECM present in all tissues: the basement membrane and the 

interstitial matrix. Within the cornea, basement membrane is found structurally separating 

the three cellular phases (epithelium, endothelium and stroma); whilsts interstitial matrix 

is mainly found in the stroma, produced by keratocytes. ECM composition is extremely 

varied depending on the type of matrix, and is comprised of proteins, glycoproteins, 

proteoglycans, and polysaccharides, which have changed throughout evolution (Özbek et 

al., 2010). For instance, collagen IV, fibronectin, laminins and connecting proteins, such 

as nidogen and entactin are the main components of basement membranes; whilst 

interstitial matrix is rich in fibrillar collagens, proteoglycans and glycoproteins. Some of the 

major components of ECM are described below (Figure 1.4).  

 
Figure 1.4. Schematic representation of some of the major interstitial ECM components. 
Collagen fibrils, laminins, fibronectins and elastin are some of the molecules that coexist in the 
extracellular space, where they interact with each other and cell receptors, such as integrins, 
providing cells with structural services as well as facilitating ligand binding and signalling. 
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Proteoglycans (PG) are composed by glycosaminoglycan chains, linked in most cases 

to a protein core (Schaefer & Schaefer, 2010). They are highly hydrophilic molecules that 

are essential in the formation of hydrated gel matrices. They are primarily divided into three 

families: small leucine-rich PG, such as decorin, biglycan and lumican; modular PG, which 

include the base membrane modular PG perlecan, agrin and collagen XVIII; and cell-

surface PG, such as syndecans and glypicans. 

Collagens are the most abundant proteins in vertebrates. They are comprised of three 

polypeptide chains, called a chains, encoded by separate genes. Collagens are 

synthesised as pro-a chains that wrap themselves around each other to form a left-handed 

helix, and need to be further processed in order to form the functional collagen molecule. 

They can be divided into fibril-forming, fibril-associated collagens with interrupted triple 

helices (FACIT) and non-fibrillar types (Table 1.2; Michelacci, 2003). The most abundant 

collagens in the normal human cornea are type I, V, VI, XII, XIII, XIV and XXIVV (Meek, 

2009). 

Table 1.2. Types of collagen molecules. Collagen molecules can be divided in three families 
depending on their polymerisation characteristics. Examples of types belonging to these three 
families are represented. Adapted from Michelacci (2003). 

Family Type 

Fibril forming I, II, III, V, VI and X 

FACIT IX, XII, XIV, XVI, XIX 

Non-fibrillar Short chain VIII, X 

Basement membrane IV 

Anchoring fibrils VII 

Microfibrillar VI 

Other  XIII, XV, XVII, XVIII, XX-XVI 

 

The glycoprotein group is extensive and includes basement membrane glycoproteins 

such as laminin and nidogen, and interstitial ECM components, such as fibronectin, 

elastin, fibulins and periostin. Laminins are heterodimer proteins composed of three 

chains (a,b,g), which in mammals are coded by five a, four b and three g genes (Miner & 

Yurchenco, 2004). One of the subunits presents a coiled coil structure, that joins the other 

polypeptide chains, resulting in a molecule with one long arm and two or three short arms 

(Beck, et al., 1993). Similar to other proteins, laminins have a wide range of binding 

possibilities, including polymerisation, as well as binding to integrins and other ECM 

components. This property makes their role relevant in both structural and in cell 

interaction activities. In particular, glycoprotein polymerisation, which is mediated by 
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calcium-binding domains (Yurchenco & Cheng, 1993), is known to be a key process in 

basement membrane formation.  

Fibronectin, another major ECM component, is secreted as a dimer and has an important 

role in cell adhesion and migration. It can bind simultaneously to collagen, proteoglycans 

and other fibronectin proteins, as well as to cell receptors such as integrins, due to multiple 

different binding domains in its protein structure (Schwarzbauer & DeSimone, 2011). 

Fibronectin is most often found forming fibrils, providing structural support to cells and 

controlling diffusion of soluble biomolecules. 

Elastin, unlike the other proteins mentioned above, is encoded by a single gene, 

tropoelastin (ELN), and secreted as a monomer, which interacts with fibrillins via its cross-

linking motifs in order to form a fibre network and confer elastic properties to tissues 

(Ozsvar et al., 2021). 

Whilst the ECM has an undoubtedly important role in maintaining tissue structure of the 

cornea, it also has enormous influence over cell behaviour. The most widely recognised 

events through which the ECM controls cells are expression of cell adhesion molecules 

and distinct mechanical properties, such as stiffness and porosity. However new functions, 

such as sequestration of signalling factors, including WNT and FGFs, through charged 

polysaccharides are increasingly recognised (Norton et al., 2005). For many functions, 

and in order to bind to their receptors, growth factors and other ligands require prior binding 

to ECM components (Mohammadi, Olsen, & Goetz, 2005; Shi & Massagué, 2003). In other 

scenarios, it is the soluble form of proteins themselves which can activate the respective 

signalling pathways, via their own domains, for example  EGF-like domains present in 

laminins (Hynes, 2009; Panayotou et al., 1989). 

ECM remodelling takes place through the activity of a family of zinc-binding endoenzymes 

called matrix metalloproteases (MMP), whose activation by cleavage and regulation by 

MMP inhibitors has been widely studied, especially in tumour development contexts 

(Kähäri & Saarialho-Kere, 1999). However, abnormal activity of MMPs and/or their 

inhibitors also results in detrimental consequences in non-tumoural tissues (Sethi et al., 

2000). For example, MMP-14-mediated ECM remodelling in the cornea leads to 

angiogenesis and neovascularisation events, which are abnormal phenomena in 

homeostatic conditions, where the cornea remains avascular (Sounni et al., 2011). 

1.4 Protein folding and aggregation 

Immediately after protein synthesis takes place in the ribosome, there are numerous 

potential folding states a polypeptide chain can acquire, before either reaching the correct 

folding, or being misfolded and marked for degradation. These include monomeric or 
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oligomeric partially folded states (Figure 1.5., Chiti & Dobson, 2017), where multiple 

molecular regulatory systems, such as molecular chaperones, binding partners or ubiquitin 

proteins, become involved to ensure maintenance of proteostasis. Some proteins can also 

be stabilised by ligand binding, resulting in degradation escape or amyloid aggregate 

formation (Chiti, 2001). 

Early aggregates can form from unfolded, as well as partially and fully folded protein 

states, which can then proceed on to forming beta sheet structures that can self-associate 

and form higher organised b-sheet structures (amyloid aggregates), or simply self-

aggregate maintaining their own disorganised conformation (amorphous aggregates). In 

addition, a third kind of aggregation, known as native-like deposits, involving native protein 

non-functional deposits is also possible (Figure 1.5., Chiti & Dobson, 2017).  

Some of the most well-known examples of conditions that involve amyloidosis are 

neurodegenerative diseases, where aggregation of different proteins can have toxic 

effects on cells, such as in the case of beta-amyloid peptide  in Alzheimer’s disease, alpha-

synuclein in Parkinson’s disease (PD), Tau in frontotemporal dementia and PD, and 

Huntingtin in Huntington’s disease (HD; Arrasate & Finkbeiner, 2012). However, 

amyloidosis can also be found in other tissues or even the whole body. This is illustrated 

by the aggregation caused by different kinds of alipoprotein (Apo), which can affect 

particular tissue functions, resulting for instance in renal disease, or cause systemic 

amyloidosis (Wisniewski & Frangione, 1992). 

Examples of diseases and proteins affected by the formation of amorphous aggregates 

include fibronectin aggregates in fibronectin glomerulopathy, superoxide dismutase 1 

(SOD1) aggregates in amyotrophic lateral sclerosis (Benkler et al., 2018), ataxin3 

aggregates in spinocerebral ataxia (Yang et al., 2014) and p53 aggregates in some types 

of cancers (de Oliveira et al., 2020).  

Ocular diseases are also affected by protein aggregation, which is associated with retinal 

diseases (Luo et al., 2008; Valdés-Sánchez et al., 2019), cataracts (Moreau & King, 2012) 

and, as will be discussed in this and following chapters, corneal dystrophies. 
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Figure 1.5. Folding states and their implication in protein aggregation. Upon synthesis in 
the ribosome, peptide chains need to be folded into the correct native state. If this process fails, 
non-folded peptide chains can self-associate and form amorphous deposits. However, in order to 
reach the correct globular native state, proteins undergo a series of reversible folding processes 
that generate intermediate partially folded states. During this time, the globular structure can be 
lost, in favour of a beta-sheet structure, which can lead to highly organised and compact amyloid 
aggregates. If the protein folding follows the correct path, it will result in a functional protein with 
the ability of bind ligands, establish covalent interactions, as well as polymerise to form functional 
oligomers and fibres. Native states of the protein can however, also aggregate, and either acquire 
a beta-sheet structure and form amyloid fibrils, or simply self-aggregate to form toxic deposits 
composed of native-like proteins. Figure obtained from Chiti & Dobson (2017). 
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1.4.1 Implication of genetic mutations in aggregation 
A proportion of the diseases characterised by accumulation of amorphous or amyloid 

aggregates are caused by mutations in the gene encoding the implicated protein. Often 

pathogenic mutations result in destabilisation of protein folding, by increasing the fraction 

of partially folded or unfolded monomers, or increasing the propensity for aggregation (Ahn 

et al., 2016). In the case of the above mentioned alipoprotein amyloidosis, it has been 

shown that this destabilisation caused by variants in Apo-A-I accelerates the proteolytic 

cleavage that releases amylogenic peptides (Raimondi et al., 2011). 

Anfinsen won the Nobel Prize (1972) for demonstrating that all the information necessary 

for protein folding is contained within the amino acid sequence, and that this event 

happens every time by adopting the most energetically favourable structure. Amino acids 

have different compositions that confer different properties such as hydrophobicity and 

hydrophilicity, charge or aromacity. A change in amino acid can alter the ability of a protein 

to reach the native folding state with the same amount of energy. 

It has been demonstrated that two of the preferred conditions that favour aggregation is: 

i) a decrease in stability of the native state, and ii) increase of hydrophobicity (Chiti et al., 

2000). However, another factor that influences aggregation is molecule charge. Charged 

residues are considered “natural gatekeepers” when it comes to aggregation and folding 

(Otzen, Kristensen, & Oliveberg, 2000), and amino acid changes that bring the charge to 

neutral have been shown to increase propensity for aggregation (Chiti et al., 2002). 

1.4.2 Folding and quality control mechanisms 
It has been shown that even in the absence of pathogenic variants, proteins have an 

inherent propensity to aggregate. In this case, it is the presence of molecular chaperones 

that assist proteins to reach their native folding structures and prevent non-functional toxic 

forms accumulating. There are two main families of chaperone proteins, also called heat 

shock proteins (HSP): small HSPs, which are ATP-independent and contribute to resolve 

partial protein misfolding in a high affinity manner; and larger, ATP-dependent proteins 

which include HSP60, HSP70 and HSP90, with a role in folding newly synthesised 

proteins, as well as disaggregation of large toxic aggregates (Niforou, Cheimonidou, & 

Trougakos, 2014). 

Chaperones that are resident in the endoplasmic reticulum (ER) initiate the unfolded 

protein response (UPR). ER chaperones include glucose regulated protein of 78 kDa 

(GRP78, also known as BiP), GRP94, cyclophilin B, and CaBP1 (Ni & Lee, 2007). 

Extracellular chaperones are secreted proteins that belong to the sHSP family, due to the 

lack of ATP present in the extracellular space. Haptoglobin (Yerbury et al., 2005), α(2)-
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Macroglobulin (French, Yerbury, & Wilson, 2008) and clusterin (Humphreys et al., 1999) 

are representatives of this type of chaperone. 

If proteins cannot be folded correctly, they acquire toxic inactive forms that need to be 

degraded. The ubiquitin-proteasome system (UPS) is the primary clearance mechanism 

in eukaryotes by which faulty proteins are tagged for degradation by ubiquitins, and further 

recognised and eliminated by the proteasome, in an ATP-dependent process that triggers 

an enzymatic cascade leading to protein degradation (Schmidt & Finley, 2014). In addition, 

cytoplasmic protein clearance is carried out by autophagosomes and lysosomes, in a 

process known as autophagy. Besides being the mechanism that is involved in bulk 

degradation of cellular components in response to stress or starvation, it has been 

demonstrated that autophagy can also mediate targeted degradation, through interaction 

with adaptor proteins such as p62 that are able to recognise ubiquitin tags (Nixon, 2013). 

Both of these clearance mechanisms tend to have reduced activity upon ageing, 

potentially being major contributors to disease progression (Vilchez, Saez, & Dillin, 2014). 

1.5 Cornea in health and disease 

The cornea is constantly exposed to external environmental insults and needs homeostatic 

mechanisms that ensure and maintain its functionality, including the constant renewal of 

the epithelial cells on the surface. When these homeostatic mechanisms fail, corneal 

function is compromised and pathologies affecting all layers arise. 

1.5.1 Epithelium regeneration and the origin of corneal epithelial stem cells 
The mature corneal epithelium needs to be renewed by progenitor cells due to its exposure 

to external factors, such as UV light, in a process that takes place every 7-10 days. 

Evidence of stem cell populations have been demonstrated in both the limbus and basal 

layer of the central cornea. The contribution and role of both cellular pools in the 

regeneration of the corneal epithelium is, however, still a subject of discussion and 

investigation by experts in the field. 

One of the most used models in recent studies investigating the origin of epithelial stem 

cells is the Cre-Keratin 14 (K14)/Confetti transgenic mouse model, which contains the 

confetti reporter that allows for cell lineage tracking and has been used to identify the 

trajectory of corneal progenitors (Amitai-Lange, Berkowitz, et al., 2015). The Br 2.1 

cassette construct contains four fluorescence proteins (blue, yellow, green and red) 

distributed into two pairs, with each pair inverted with respect to the other one, and 

separated by two sets of loxP-Plox sites (Figure 1.6). This design enables a series of 

excisions and inversions leading to the expression of one of the fluorescent proteins and 

generation of a random colour in the cell in the presence of Cre (Livet et al., 2007). This 
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mouse is then crossed with a K14-Cre-expressing strain to produce an inducible system 

where K14 positive epithelial progenitors can be tracked and studied in homeostasis and 

wound repair contexts. 

 

 
Figure 1.6. Br 2.1 Cassette. The Br 2.1 contains four fluorescence proteins and two pairs of 
loxP/Plox sites. When the Cre recombinase enzyme is present different excision and recombination 
events take place, leading to the expression of one of the four fluorescent proteins, allowing for 
visual lineage tracing of progenitor cells. 

 

Historically, the concept of the limbus as the only source of epithelial stem cells, also 

known as limbal stem cells (LESC), was broadly accepted. In fact, multiple studies have 

reported that the limbus is responsible for the generation of TAC that migrate and 

repopulate the epithelium, demonstrating unique properties such as higher proliferation 

capacity (Ebato, Friend, & Thoft, 1988), slow cycling (Cotsarelis et al., 1989), ability to 

form holoclones (Pellegrini et al., 1997) and capacity to be subcultured for longer periods 

of time, in comparison to central cornea cells (Wei et al., 1993). This has been known as 

the X,Z,Y hypothesis, proposed by Thoft & Friend, (1983), where X represents the 

proliferation of the epithelial basal cells, Y the centripetal migration of LESC and Z the 

epithelial cell loss, in an equation that would stand as follows: X+Y=Z. 



	 37	

Currently, most researchers still defend the hypothesis of the limbus as the main force 

driving epithelial replenishment through a population of peripheral K14+ cells (Park et al., 

2019; Richardson et al., 2017). Amitai-Lange et al., (2015) propose a model with two 

different populations of limbal stem cells, one which would rapidly migrate centripetally 

and be the major contributor to corneal homeostasis, and a second population of slow 

migratory cells, that would have the ability to stay in the cornea for up to 4 months. They 

proposed these are the limbal stem cells responsible for maintaining corneal function after 

limbal ablation, in agreement with the other authors previously mentioned. Lobo et al., 

(2016) have also shown similar results, reporting observations of some leakage of cells 

coming from the limbus that accumulate in the centre of the cornea.  

However, there are some controversial opinions that have challenged the traditional view 

and generated debate about the origin of the source of cells that regenerate the epithelium 

upon injury, since some researchers have investigated the stem cell potential of resident 

cells of the basal layers of the central corneal epithelium. Lehrer, Sun, & Lavker, (1998) 

demonstrated the ability of central cornea basal TAC to be stimulated upon injury and 

increase their proliferative potential for a limited amount of time, suggesting TAC as the 

main contributor to repopulating the epithelium following acute injury. In agreement, Majo 

et al. (2008) published a study showing the expansion ability of cells isolated from the 

corneal epithelium, which demonstrated the existence of corneal stem cells in the area. 

They also suggested the role of a population of oligopotent corneal cells as the main cell 

type responsible for homeostasis, by replacing the mouse limbus by a β-galactosidase-

labelled graft and showing no migration of the new cells. 

An alternative theory regarding stem cell potential in the cornea was proposed recently by 

Nasser et al., (2018), who hypothesised that corneal tissue renewal can also happen in 

reverse, based on their observations where TAC cells that were already committed for 

differentiation in the central cornea can de-differentiate and regenerate a depleted limbus.  

1.5.2 Epithelial-to-mesenchymal transition 
Epithelial-to-mesenchymal transition (EMT) is a process that involves physical and 

molecular changes by which epithelial cells switch in phenotype, and acquire 

mesenchymal characteristics. The reverse process, mesenchymal-to-epithelial transition 

(MET), also exists, whereby mesenchymal cells transition into an epithelial phenotype. In 

general, EMT is characterised by a change in expression of surface markers, such as loss 

of E-Cad and ZO-1 and acquired expression of N-Cad, vimentin and fibronectin (Figure 

1.7); therefore leading to the loss of junctions in favour of a motile phenotype, which also 

involves changes in the cytoskeleton (Kalluri and Weinberg, 2009). 
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Figure 1.7. Schematic representation of cellular molecular processes taking place during 
Epithelial-to-mesenchymal transition (EMT). Epithelial cells undergoing EMT lose their tight 
(green) and adherens (pink) junctions that create the barrier function, as well as hemidesmosomes 
(orange) that attach cells to the basal membrane, and acquire a motile phenotype, expressing N-
Cadherin. Additionally, they undergo cytoskeleton changes, which involve loss of K3/K12 in favour 
of K14 and vimentin, accompanied by the expression of other markers, such as alpha-SMA. Some 
of the key master regulator genes in this reversible process are ZEB1/2, TGFB1 and TWIST-1. 

 

Both EMT/MET are processes that occur normally during embryonic development. In this 

context the capacity for cells to switch between both phenotypes during organogenesis 

marks the ability of cells to, either migrate and proliferate or senesce and differentiate, and 

therefore both EMT and MET processes are required for the correct formation of tissues. 

An example of this is the migratory neural crest cells, which originate in the neuroectoderm 

and undergo EMT changes in order to travel to their final destinations, where they 

differentiate again (Sauka-Spengler & Bronner-Fraser, 2008). EMT can also occur in 

response to injury, as a wound healing mechanism activated by inflammation, and aimed 

to repair damaged tissue. If inflammation persists, this type of EMT can lead to fibrosis 

(Kim et al., 2006). EMT also arises during tumour development, in response to changes in 

oncogenes and tumour suppressor genes, and involves increased invasiveness and 

resistance in apoptosis (Santos Ramos, et al., 2017). 

In the cornea, homeostasis involves a tight regulation of EMT/MET processes, where 

constitutive repression of EMT in normal conditions allows for epithelial cells to maintain 

their phenotype (Tiwari et al., 2017). Homeostatic failure can lead to abnormal proliferation 

of corneal cells, leading to the development of ocular surface squamous neoplasia 

(Honavar & Manjandavida, 2015). However, activation of EMT has been demonstrated in 

the context of corneal wound healing, where cells dedifferentiate and migrate to the injured 

area, upon activation of the transcription factor Slug (Aomatsu et al., 2012).  
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A similar phenomena of endothelial-to-mesenchymal transition (EndMT) also occurs, 

where corneal endothelial cells change their phenotype in response to inflammatory 

molecules and TGF-b signalling (Okumura et al., 2013). EndMT can induce fibrosis 

resulting in abnormal deposition of ECM that causes loss of vision (Lee, Ko, & Kay, 2012). 

Additionally, dysregulation of EMT transcription factors such as ZEB1, OVOL2 and GRHL2 

have been shown to be the cause of autosomal dominant posterior polymorphous corneal 

dystrophies, where the endothelial layer acquires epithelial characteristics, suggesting 

broader cellular phenotype plasticity mechanisms in the cornea, including endothelial-to-

epithelial transdifferentiation (Davidson et al., 2016; Evans et al., 2015; Frausto et al., 

2019; Liskova et al., 2018). 

Therefore, evidence of the existence of all these mechanisms suggests corneal cell 

phenotypes support a certain degree of plasticity, and cell proliferation and differentiation 

are active phenomena that can be adjusted to support corneal homeostasis as well as 

protect from disease and external assaults. 

1.5.3 Corneal dystrophies 
Corneal dystrophies (CD) are phenotypically heterogeneous and affect all layers of the 

cornea, often as a result of genetic mutations in genes which are key for corneal function 

resulting in altered corneal transparency leading to loss of vision.  

The International Committee for Classification of Corneal dystrophies (IC3D), created in 

2008 by a joint effort from experts in the field, describes a new classification system aiming 

to integrate traditional clinical description of CDs with genetic and histopathological 

characteristics (Weiss et al., 2008). The classification separates dystrophies according to 

the affected part of the cornea, such as epithelial and subepithelial, Bowman’s layer, 

stromal, Descemet’s membrane and endothelial CD; and rank them from “well-defined 

CD” (level 1, where the gene and specific mutations responsible for it are known) down to 

“suspected CD” where genetic association is still unclear (level 4). The classification was 

reviewed and updated in 2015 to include new clinical, genetic and histopathological 

information discovered in the years from the first publication (Weiss et al., 2015). As new 

research unveils new information, it needs to be compared with the previous data in order 

to make this classification more accurate (Lisch & Weiss, 2019). 

Despite successful identification of the causative mutations and genes, the disease 

mechanisms remain unknown for a significant proportion of corneal dystrophies. Select 

examples of inherited CD affecting the different corneal layers and proposed mechanisms 

are reviewed below. 
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Fuchs endothelial corneal dystrophy (FECD) is the most common corneal endothelial 

dystrophy, affecting approximately 4% of the total population above 50 years of age 

(Lorenzetti et al., 1967). Accumulation of extracellular material, termed “guattae”, and 

endothelial cell death are hallmarks of the disease, which alters endothelial water transport 

and leads to an impaired endothelial function, causing progressive corneal opacification 

and vision loss in FECD patients (Eghrari, Riazuddin, & Gottsch, 2015). A tri-nucleotide 

repeat expansion mutation in the TCF4 gene increases the risk of developing FECD by 

89% (Zarouchlioti et al., 2018). 

Macular corneal dystrophy (MCD) and Schnyder corneal dystrophy (SCD) are two 

conditions affecting the corneal stroma. In MCD, autosomal recessive mutations in the 

CHT6 gene lead to abnormal sulfation of keratan sulphate, the primary 

glycosaminoglycan, which manifests as progressive corneal opacification and loss of 

vision acuity, photophobia and corneal thinning (Akama et al., 2000). SCD, on the other 

hand, is an autosomal dominant condition caused by heterozygous mutations in the 

UBIAD1 gene that result in defective lipid metabolism. Accumulation of cholesterol and 

phospholipid deposits presents with a characteristic stromal thickening and corneal haze 

(Evans et al., 2018). 

Corneal dystrophies affecting the superficial layers include Meesmann’s corneal 

dystrophy, which is associated with dominant negative heterozygous mutations in the 

corneal specific keratin genes KRT3 or KRT12. Morphological changes include intra-

epithelial cysts developing as a result of compromised intermediate filament structure, and 

subsequent compromised integrity of corneal epithelial cells (Burns, 1968; Hassan et al., 

2013; Irvine et al., 2002). 

Ocular pathologies can also affect the limbus, impeding the ability of cells to differentiate 

and replenish the corneal epithelium, and are grouped under the term Limbal stem cell 

deficiency (LSCD). As a result of LSCD, cells from the conjunctiva migrate into the cornea, 

in a process called conjunctivalisation that leads to corneal opacification and loss of vision 

(Notara et al., 2010). LSCD can have an immune nature, such as Stevens–Johnson 

syndrome (Kawasaki et al., 2000); or can be the result of physical insults or genetic 

mutations, such as mutations in PAX6 causing aniridia (Puangsricharern & Tseng, 1995). 

1.6 TGFBI corneal dystrophies 

TGFBI CDs are epithelial-stromal dystrophies characterised by the presence of corneal 

opacities that accumulate in these layers, including disruption of the Bowman’s layer. 

TGFBI CDs are phenotypically heterogenous, resulting in different patterns of corneal 

deposition and opacities, which impair vision and often cause additional problems such as 
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painful episodes of epithelial erosions. They are autosomal dominant diseases, which 

normally appear bilaterally, as a result of heterozygous TGFBI mutations. 

1.6.1 Identification of mutations in TGFBI as the genetic cause of corneal 
dystrophies 

From the mid-nineties, cases of familial corneal dystrophies presenting with lattice and 

granular superficial ocular opacities were reported in independent studies. Upon 

histopathological analysis of the tissue, some corneal opacifications were shown to be 

composed of amyloid deposits (Klintworth, 1967) whereas others presented with non-

amyloid hyaline deposits (Rodrigues, Gaster, & Pratt, 1983). This heterogeneity in the 

composition, shape and localisation of the deposits complicated the classification of these 

dystrophies, as often new names for the presenting corneal dystrophy were assigned 

based on single case reports. 

The TGFBI gene was discovered in 1992 by Skonier et al. in a lung adenocarcinoma cell 

line (Skonier et al., 1992). This gene attracted special interest due to its high levels of 

expression in the cornea (Escribano, et al., 1994). Simultaneously, studies of familial 

cases of Granular corneal dystrophy type 1 (GCD1, Eiberg et al., 1994), Lattice corneal 

dystrophy type 1 (LCD1) and Granular corneal dystrophy type 2 (GCD2) (Stone et al., 

1994) identified a region of chromosome 5, segregating with disease in these families, 

closely followed by the linkage of Reiss-Bückler Corneal Dystrophy (RBCD) by Small et 

al. (1996) to the same region. 

Finally, in 1997, Munier et al. generated a physical map of the region and identified 

different heterozygous missense mutations in TGFBI for each clinically distinguishable 

form of epithelial-stromal dystrophy. This was followed by a large study that identified 

amino acids p.R124 and p.R555 as hotspots for mutations, and reported that these hotspot 

mutations had arisen independently (Korvatska et al., 1998). In the following years more 

mutations in the TGFBI gene were discovered and correlated with specific corneal 

pathogenic phenotypes (Munier et al., 2002).  

Multiple additional genotype-phenotype studies have been performed since these initial 

discoveries (Evans et al., 2016; Zhao, Liu, & Guan, 2019) and to date, at least 75 different 

missense mutations have been described for specific forms of corneal dystrophy 

(Appendix B, Table 8.1) Importantly, the two hotspots located in exon 4 and 12 of TGFBI, 

affecting arginine residues p.R124 and p.R555, are consistently identified as the main sites 

for pathogenic mutations in different populations. 
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1.6.2 Classification of TGFBI corneal dystrophies 
TGFBI corneal dystrophies were initially classified according to their anatomical 

characteristics, such as localisation of the deposits and opacities (Weiss et al., 2008), and 

were divided as Bowman’s Layer CD (Thiel-Behnke Corneal Dystrophy, TBCD; and Reiss-

Bückler Corneal Dystrophy, RBCD); and stromal CD (Lattice corneal dystrophy, LCD; and 

Granular corneal dystrophy, GCD). When classifications were reviewed and updated in 

2015 with new genetic and histopathological information, it was possible to more 

accurately re-classify TGFBI dystrophies that affect multiple layers rather than confined to 

one corneal layer, and therefore all of these dystrophies are now collectively described as 

“Epithelial-stromal TGFBI CD” (Weiss et al., 2015). 

The most superficial types of dystrophies are the ones affecting the Bowman layer (TBCD 

and RBCD), which normally appears disrupted and contains granular, non-amyloid protein 

deposits. Clinically TBCD and RBCD present similar characteristics, which include 

coverage of the ocular surface by cloudy superficial grey-white opacities. In the remaining 

categories of epithelial-stromal TGFBI dystrophies (LCD and GCD), pathogenic deposits 

are observed spread across the epithelium and stroma, in either organised in amyloid 

fibrils, forming amorphous aggregates, or a mixture of both. 

1.6.2.1 Reiss-Bückler Corneal Dystrophy  
RBCD, as described by the I3CD, is characterised by irregular geographic-like opacities 

at the level of the Bowman’s layer that can extend to the limbus and stroma (Weiss et al., 

2015).  RBCD’s symptoms appear during childhood and progress with time, and include 

loss of visual acuity and painful recurrent erosions. The deposits found in RBCD corneas 

stain positive for Masson’s trichrome staining, which identifies connective tissue and stains 

collagen in blue and keratins in red (Figure 1.8A,B). 

Additionally, analysis of RBCD corneas using transmission electron microscopy has 

shown the morphology of the deposits as subepithelial rod shape bodies (Figure 1.8C). 

These deposits are at first sight indistinguishable from the ones found in Granular corneal 

dystrophy type 1 (GCD1), but present differences in ultrastructural characteristics such as 

an exclusive 9nm cross-banding pattern (Ridgway et al., 2000). Konishi et al., (2000) 

published a histological investigation that revealed negative birefringence, indicating the 

non-amyloid nature of these deposits (Figure 1.8D) and positive immunostaining for 

TGFBIp antibodies raised against fragments containing both C- and N- terminals of the 

protein (Figure 1.8E). Some reports have also described disruption in the interface 

between the epithelium and Bowman’s layer and signs of epithelial degeneration as 

vacuolated cells and areas of poor attachment (Ridgway et al., 2000).  
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Figure 1.8. Histological presentation of RBCD corneas. A) Clinical image of an advance RBCD 
case where geographic-like opacities can be seen in the central cornea, and extending to the limbus 
and deeper stroma. B) Masson’s trichrome image where deposits are stained in red and localised 
to the epithelium, and subepithelial area (arrowhead), disrupting the Bowman’s layer. C) Electron 
microscopy subepithelial revealed irregularly arranged rod-shaped bodies, characteristic of RBCD. 
D) Congo red staining (used to identify amyloidosis, in which case apple green birefringence 
appears under polarised light) showed negative birefringence and dichroism, characteristic of non-
amyloid deposits. E) Positive immunostaining of subepithelial deposits with an antibody against 
TGFBI (brown staining, arrow). Images A-C were adapted from Weiss et al. (2015); and images D-
E were adapted from Konishi et al. (2000). 

 

The autosomal dominant TGFBI mutation that is widely associated with this phenotype is 

p.R124L (c.371G>T), located in the first Fas1 domain of the protein (see section 1.8.1). 

Genetic confirmation of this TGFBI mutation is the main tool to differentiate this dystrophy 

from TBCD (Okada et al., 1998a). In addition, RBCD has also been described as the 

phenotypic outcome of the TGFBI variant p.ΔF540, identified in a large group of Sardinian 

families, where a trinucleotide deletion leads to the loss of the phenylalanine residue at 

position 540 (Rozzo et al., 1998). 

1.6.2.2 Thiel-Behnke Corneal Dystrophy  
TBCD was reported for the first time in 1967 by Behnke & Thiel (1967). In this category of 

TGFBI corneal dystrophy, non-amyloid opacities develop during the first and second 

decade of life, and accumulate in the central region of the cornea, specifically in the 

epithelium, Bowman’s layer and anterior stroma (Figure 1.9A). They initially appear as 

diffuse and cloudy opacities, which later develop a more defined honeycomb shape as the 

disease progresses, making this presentation a hallmark for TBCD (Lisch & Weiss, 2019; 

Vajzovic et al., 2011). TBCD patients also present painful and recurrent corneal erosions. 
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Figure 1.9. Clinical and histological presentation of TBCD. Images obtained from showing A) 
Accumulation of granular deposits on the surface of the central cornea. B) Subepithelial curly 
filaments detected by transmission electron microscopy analysis of a TBCD cornea. C) 
subepithelial saw-tooth shape structure (arrow) detected by ultrahigh-resolution optical 
coherence tomography. D) Abnormal subepithelial accumulation of collagen (blue staining, arrow) 
detected by Masson’s trichrome staining. Images A, C and D were adapted from Vajzovic et al. 
(2011); and image B was adapted from Weiss et al. (2015). 

 

TBCD is difficult to distinguish from with RBCD, the primary difference is identified via 

electron microscopy examination, where characteristics 9-15 nm curly fibres can be 

detected in TBCD (Figure 1.9A). Histopathologically, the Bowman´s layer is replaced with 

irregular aggregates of curly fibrils, which accumulate forming a saw-tooth shape inclusion 

into the epithelium (Figure 1.9C), and a new fibrous layer called pannus (Figure 1.9D). By 

clinical examination, discrimination from RBCD is also very challenging, especially in the 

early stages of disease. However, based on genetic studies, the TBCD phenotype has a 

distinctive genetic underlying cause, associated to the p.R555Q (c.1664G>A) TGFBI 

variant.  

In addition, and as another example of the difficulties in classifying corneal dystrophies 

based on phenotypic and histopathological presentation in the absence of genetic findings, 

a genetically different population of TBCD patients was described, and initially linked to a 

region on chromosome 10, named as 10q24 subtype or q10 TBCD (Yee et al. 1997). 

However, subsequent genetic analysis confirmed the cause of disease in these families, 
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which was linked to the COL17A1 mutation, c.3156C > T (p.G1052=), and later on clinically 

re-defined as Epithelial Recurrent Erosion syndrome (Jonsson et al., 2015).  

Lastly, an additional dystrophy primarily affecting the Bowman’s layer caused by a novel 

mutation in TGFBI, p.H626P (c.1877A>C), has also been reported by two independent 

groups (Liskova et al., 2008; Wheeldon et al., 2008). 

1.6.2.3 Lattice corneal dystrophy 
Corneas from patients with the most common type of Lattice Corneal Dystrophy (LCD), 

LCD type 1 (LCD1), present protein deposits that usually appear bilaterally and form lattice 

lines. These deposits are initially detected in the superficial central cornea during the first 

and second decade of life and extend to the periphery and deeper into the stroma as the 

disease progresses. These deposits have an amyloid nature, demonstrated by the positive 

staining with Congo red and green birefringence and dichroism under polarised light 

(Figure 1.10B, Konishi et al., 2000). Immunohistological analysis has shown both epithelial 

and stromal deposits stain positive for an antibody raised against the C-terminal of the 

TGFBI protein (TGFBIp), but only the epithelial deposits stain positive for the N-terminal 

antibody (Konishi et al., 2000). 

The most common mutation causing LCD is p.R124C (c.370C>T), located in the first Fas-

1 domain of TGFBIp, however other missense variants have also been described, for 

instance: p.V505D (Xin Tian et al., 2005), p.L518P (Endo et al., 1999), p.I522N (Chunmei 

Zhang et al., 2009), p.T538P (P. Yu et al., 2006), p.V539D (Chakravarthi, Kannabiran, 

Sridhar, & Vemuganti, 2005a), p.L569R (Warren et al., 2003), p.V625D (Xin Tian et al., 

2007). In rare cases, double mutations have been described, for instance the compound 

heterozygous mutations p.[A546D];[P551Q] (Klintworth, Bao, & Afshari, 2004) and 

p.[R124C];[G470X] (Sakimoto et al., 2003); or the double mutation p.[R514P];[F515L], 

where the lack of sufficient family samples did not  enable researchers to identify if the 

variants were located in the same allele or not (Zhong et al., 2010);. 

Although the most common form is LCD type 1 (LCD I), there are other types of LCD with 

similar clinical ocular presentation but different genetic and histological characteristics, 

which include LCD type 3A (LCD IIIA), LCD type 1/3A (LCDI/IIIA), LCD type 4 (LCD IV), 

and atypical LCD, which present with different ages of onset, phenotype severity and 

inheritance patterns. LCD IIIA is caused by the p.P501T variant (Mashima et al., 2000; 

Yamamoto et al., 1998), LCD IV is associated with the p.L527R variant (Fujiki et al., 1998), 

LCD I/IIIA, and the intermediate form, is caused by p.L528R (Munier et al., 2002); and 

LCD III (with autosomal recessive inheritance) has no identified genetic cause. 
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Additionally, a form of bilateral asymmetric LCD was reported by Stewart et al., (1999) and 

linked to mutations in exon 14 (residues 622 and 626) of TGFBI. 

 

 
Figure 1.10. Clinical and histological presentation of LCD type 1. A) Slit lamp image of a 
LCD1 cornea. Image obtained from University of Arizona (disorders.eyes.arizona.edu). B) Upper 
image represents Congo-red staining showing birefringence of amyloid deposits; lower image 
shows TGFBIp immunoreactivity in the pathogenic deposits (arrows), using an antibody raised 
against the C-terminal fragment of the protein. Both images were published by Konishi et al. 
(2000). 

 

1.6.2.4 Granular corneal dystrophy 1 
GCD1 appears bilaterally during the first-second decade of life. Two forms of Granular 

corneal Dystrophy type 1 (GCD1) presentation have been described. The classic form is 

characterised by the presence of bilateral, grey-white, discrete bread-crumb shaped 

deposits mostly in the central stroma (Figure 1.11A). Additionally, an unusual “vortex 

pattern” has also been described in several studies, both as a primary phenotype and in 

recurrent cases after surgery, as a result of a disrupted interaction between the epithelium 

and stromal keratocytes (Aldave, Yellore, & Hwang, 2003; Kattan et al., 2017; Lyons et 

al., 1994). 

Histopathologically, GCD1 corneas present extracellular deposits located in the sub-

epithelial region and stroma, which stain positive with Masson trichrome (Figure 1.11B) 

and antibodies against TGFBIp (Kim et al., 2008; Korvatska et al., 1999). The deposits, 

enriched in connective tissue, appear as rod-shaped bodies with cross-sectional profiles 

of 100-500 nm diameter, with either a non-defined inner structure or arranged in densely 

packed filaments (Klintworth et al., 1998). 
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Figure 1.11. Clinical and histological presentation of GCD1. A) Slit lamp image of corneal 
deposition in a GCD1 patient showing discrete breadcrumb-shaped superficial opacities (Evans et 
al., 2016). B) Masson’s trichrome staining of subepithelial and stromal granular deposits, marked 
by arrows (Gordon K. Klintworth et al., 1998). 

 

The most common mutation responsible for GCD1 is p.R555W (c.1663C>T) and, similar 

to the other TGFBI dystrophies, it presents with an autosomal dominant inheritance 

pattern. A more severe phenotype caused by homozygous p.R555W mutation has also 

been reported where patients present corneal placoid deposits (Kannabiran, Sridhar, 

Chakravarthi, Vemuganti, & Lakshmipathi, 2005; Okada, Yamamoto, Watanabe, et al., 

1998). 

Other TGFBI variants have also associated with a GCD1 phenotype, however, these have 

a slightly different phenotypic presentation. This is the case for three mutations in the Fas-

1-1 domain (see section 1.8.1): p.V113I (Zenteno et al., 2006), p.D123H (Ha et al., 2003) 

and p.R124S (Poulaki & Colby, 2008).  

1.6.2.5 Granular corneal dystrophy type 2 
Granular Corneal Dystrophy type 2 (GCD2), also called Avellino Corneal dystrophy after 

the name of the Italian region where it was originally detected (Folberg et al., 1988), is 

considered a mixed phenotype, displaying characteristics of both granular, lesions as well 

as lattice lines (Holland et al., 1992). Patient corneas present initially with granular non-

amyloid deposits, which are fewer in number than those found in GCD1 (Figure 1.12A), 

and begin as superficial white dots and progress into the classic snowflake shaped 

grey/white deposits in the anterior stroma. Both age of onset and disease progression 

depends on the genetic profile of the patient, as homozygous patients have an earlier 

(from 3 years of age) and more rapid progression, compared to heterozygous individuals, 

who can show symptoms from the age of 8 (Weiss et al., 2015).  
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Figure 1.12. Clinical and histological presentation of GCD2. A) Slit-lamp image of typical snow 
flake-shaped corneal deposits in a GCD2 patient cornea (Evans et al., 2016). Masson’s trichrome 
staining (B), TGFBIp immunostaining (C) and Congo red staining (D) in histological sections of 
GCD2 corneas, where arrows point at the pathological deposits situated in the stroma. B-D images 
were obtained from Konishi et al., (2000). 

 

Histological analyses reveales positive staining for Masson’s Trichrome in the hyaline 

deposits and, in most cases, also show birefringence and dichroism under polarised light, 

typical of amyloid deposition (Figure 1.12 B,D; Konishi et al., 2000). In a study by Konishi 

et al. (2000), the amyloid deposits only stained with the antibody raised against the N-

terminal of the TGFBIp (Figure 1.12C). 

This disease progression is also accompanied by the formation of amyloid deposits similar 

to the ones present in LCD, at later stages of the disease, and therefore the spectrum of 

phenotypic severity is rather broad (Han et al., 2012). Evidence of accumulation of amyloid 

material can be observed by in vivo confocal microscopy in patients with early stage 

GCD2, where amyloid deposition cannot be seen by slit-lamp examination, confirming the 

order of the disease progression in terms of phenotypical manifestation (Mazzotta et al., 

2015). 

The genetic mutation p.R124H (c.371G>A) in TGFBI is almost exclusively the cause of a 

GCD2 phenotype (Munier et al., 2002). Only one other mutation, p.M619L, has been 

reported in one other GCD family, who presented with both hyaline and amyloid deposits 

consistent with a GCD2 phenotype (Aldave et al., 2008). 
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As mentioned before, the homozygous phenotype is significantly more severe, and can 

lead to  an advanced phenotypic presentation of both granular and amyloid deposition by 

the age of 21, where keratoplasty is  required (Alavi et al., 2008). However, a recent study 

that also described severe phenotypes of GCD2, reported several other mutations that 

appeared in a compound heterozygous manner with the primary p.R124H mutation, 

suggesting these additional variants may account for distinct phenotypical severity (Jun et 

al., 2021). 

1.7 TGFBI animal models 

In the absence of full understanding of the disease mechanisms leading to different clinical 

presentations, some groups have focused on generating TGFBI mutant mouse models to 

facilitate the study of missense mutations and to model the human corneal dystrophy 

phenotypes. 

Overexpression and knock-out (KO) mouse models have been generated with the primary 

aim of investigating the general function of TGFBIp, and its role in biological processes 

such as development or cancer. KO TGFBI mice (Poulsen et al., 2018; Zhang et al., 2009), 

present physiologically normal corneas, however other systemic defects such as reduced 

skeletal size and increase degradation of cartilage matrix (Lee et al., 2014), as well as 

spontaneous tumour development (Zhang et al., 2009) and affected lung function (Ahlfeld, 

et al., 2016) were observed. On the other hand, interestingly, a mouse model of TGFBI 

overexpression in the liver also presented corneal opacification. This opacification, 

however, was hypothesised to appear as a consequence of physiological defects, such as 

disruption of the collagen organisation in the stroma and compromised endothelial 

function, due to high levels of ciculating TGFBIp reaching the cornea (Kim et al., 2007). 

This study, thus, highlighted the importance of maintaining adequate levels of TGFBIp in 

the mouse cornea, since excessive expression can lead to physiological defects in 

different corneal structures. 

Since human TGFBI corneal dystrophies are caused by heterozygous dominantly 

inherited missense mutations, more specific mutant models are required, however there 

are very few reports of generating such mouse models with a limited degree of success in 

recapitulating the human pathology. 

Yamazoe et al., (2015) generated a humanised mouse model of GCD2 by knocking-in the 

human TGFBI gene containing the p.R124H mutation into exon 1 of the Tgfbi murine gene. 

They reported both granular and amyloid corneal deposits in 45% of homozygous and 

19.4% of heterozygous mice, showing thioflavin positive staining and LC3 subepithelial 

staining. However, in a recent publication following up this work, the authors were no 
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longer able to detect such deposits, which they suggested was due to decreased 

expression of the gene in mutant mice, compared to controls (Lukassen et al., 2020). 

Recently, Kitamoto et al., (2020) generated a mouse where they used CRISPR/Cas9 to 

introduce the p.R124C mutation, with the aid of an homology directed repair (HDR) 

template. They detected eosinophilic, non-amyloid corneal deposits, which appeared 

mainly in homozygous mice from 20 weeks of age onwards, and in one 40-week-old 

heterozygous mouse. This suggested the disease phenotype is much milder in mouse 

compared to humans, and homozygosity is generally required for aggregate formation in 

this animal models. 

However, in the case of mutations at the p.R555W hotspot, only one study attempted to 

generate a model of GCD1 by overexpressing p.R555W (Bustamante et al., 2008). 

Unfortunately, they reported failed transgene expression in the cornea and therefore an 

inability to model disease. 

1.8 Transforming growth factor beta-induced (TGFBI)  

TGFBIp, which is also known in the literature by other names such as keratoepithelin, Big-

h3; and MP78/70 and RGD-CAP, in chicken and pig, respectively. The gene coding for 

this protein is located on chromosome 5q31 in the human genome. 

1.8.1 TGFBI structure and composition 
The TGFBI gene has 17 exons and only one isoform (Figure 1.13A). As a result of the lack 

of alternative splicing, the sequence has presented a slow evolution over time (Hoersch & 

Andrade-Navarro, 2010). TGFBIp is comprised of 683 residues with defined domains 

(Figure 1.13B-C), which traditionally have been described as: a N-terminal secretory 

peptide (SP), a cysteine-rich domain of periostin and TGFBIp (CROPT); four Fas-1 

domains; and a C-terminal RGD sequence, for integrin recognition (Clout & Hohenester, 

2003; Zinn, McAllister, & Goodman, 1988).  

As anticipated by the name of one of its domain, CROPT, the overall protein structure of 

TGFBIp has remarkable similarities with its paralog periostin (POSTN), which is 

extensively compared within the literature, in addition to multiple potential TGFBIp 

orthologues, which include the same domain configuration with the exception of the RDG 

C-terminal domain (Lukassen et al., 2016; Takeshita et al., 1993). 
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Figure 1.13. TGFBI gene and protein structure. A) TGFBI consist of 17 exons that give rise to 
only one isoform. Exons 4 and 12 (highlighted in green) contain the amino acids with the hotspot 
mutations responsible for corneal dystrophies (CD). B) Schematic representation of the domain 
organisation of TGFBIp, consisting of a signal peptide (SP), a CROPT domain, four Fas-1 domains 
and a C-terminal containing a RGD sequence. The most common mutations causing autosomal 
CD affect the Fas1-1 and Fas-1-4 domains and are represented in the figure. C) Ribbon plot 
representation the tri-dimensional structure of a TGFBIp monomer, showcasing the CROPT domain 
(magenta), Fas-1-1 (light blue), Fas-1-2 (purple), Fas-1-3 (green) and Fas-1-4 (orange) domains. 
Cys residue forming di-sulfide bridges, as well as the unpaired Cys located at the CROPT domain, 
are represented in yellow. C) Obtained from Nielsen et al., 2020. 

 

The Cys-rich N-terminal domain, which in the literature is also referred to as an EMI 

domain, was recently renamed as CROPT, after a study reported that the structure of this 

domain in TGFBIp presented differences with the one previously described in EMI 

domains (García-Castellanos et al., 2017). The CROPT domain is composed of three 

antiparallel β-sheets, interconnected with each other, and to the Fas-1 domains by several 

cysteine residues that either form disulphide bridges or remain unpaired, potentially 

accounting for the insoluble properties proposed for extracellular TGFBIp (Lukassen et al., 

2016). 
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Fas-1 domains, first described during the study of the nervous system of a grasshopper, 

Schistocerca Americana (Bastiani et al., 1987), and subsequently identified in Drosophila 

Melanoganster fasciclin-1 protein (Zinn et al., 1988), appear four times repeated in tandem 

in TGFBIp. They consist of one unique domain fold that contains a mix of α-helixes and 

seven β-sheets (Clout & Hohenester, 2003), which are only found in four human proteins: 

TGFBIp, periostin, and the endothelial scavenger receptor proteins FEEL-1, FEEL-2 (also 

known as stabilins, Seifert (2018). A possible heparin binding sequence has been found 

in the Fas-1-3 domain of TGFBIp (Ferguson, Thoma, et al., 2003). The C-terminal section 

of the TGFBIp contains an RGD motif for integrin binding; and a truncation site at residue 

657 that generates a predicted 64 kDa product, in addition to the full size 70 kDa protein 

(Andersen et al., 2004). 

Structural analyses have revealed the presence of five intramolecular disulphide bridges, 

composed of 10 Cys residues, which contribute to the shape and formation of the tertiary 

structure of the protein; as well as one unpaired Cys residue (p.C65) located in the CROPT 

domain (García-Castellanos et al., 2017), which are schematically represented in Figure 

1.13C. 

Several studies have shown the ability of TGFBIp to polymerise forming dimers and 

oligomers (Basaiawmoit et al., 2011; Han, et al., 2011; Ohno et al., 2002), similar to its 

paralog periostin (Liu et al., 2018). The mutations responsible for corneal dystrophies, 

however, have not been reported to have an effect on the ability to TGFBIp to polymerise 

(Kim, Park, et al., 2002). 

Robust data regarding the existence of post-translational modifications (PTM) in TGFBIp 

does not currently exist. Whilst phosphorylation at Ser residues was demonstrated in 

primary corneal endothelial cells (Srivastava & Srivastava, 1999), analysis of whole 

corneas carried out by Andersen et al., (2004) did not find any evidence of PTMs. Even 

though the Fas-1 domains contain gamma-carboxilation sites, that have been suggested 

to affect PTM of TGFBIp (Coutu et al., 2008), no evidence of vitamin K gamma-

carboxilation was detected in a subsequent study (Annis et al., 2015). 

1.8.2 TGFBIp function 
TGFBIp and periostin are considered to be matricellular proteins, due to the fact that 

despite being a main component of the ECM, they do not have a structural role, but rather 

they have an effect over the extracellular microenvironment by promoting cell adhesion 

and migration, which are key in homeostatic and in pathological responses, such as wound 

healing and tumour development processes (Bornstein & Sage, 2002). 
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1.8.2.1 Role in development 
The TGFBI sequence is conserved across time and species, suggesting an important role 

in embryogenesis and development (Hoersch & Andrade-Navarro, 2010). Analysis of 

mouse embryonic TGFBIp expression revealed localisation in most of the mesoderm-

derived, collagen-rich tissues (Ferguson et al., 2003). In the eye in particular, its 

expression is first evident during development of the mesenchymal tissue that surrounds 

the optic cup, and then observed again in the cornea as it completes its formation 

(Schorderet et al., 2000). 

The importance of TGFBIp during embryogenesis is supported by the study of other 

models, such as zebrafish, where Hirate, Okamoto, & Yamasu (2003) showed extensive 

expression during embryo development and Kim & Ingham (2009) demonstrated aberrant 

muscle formation when supressing Tgfbi expression. Similarly, Xenopus studies have 

shown Tgfbip is essential for the correct activation of Wnt-directed developmental 

processes, potentially through the phosphorylation of Gsk3b, a key mediator of Wnt 

signalling (Wang et al., 2013). In addition, transcriptomic analysis has identified TGFBI as 

one of the genes responsible for human myocardial development (Chan et al., 2003), 

further confirming its role in developmental processes. 

1.8.2.2 Role as an extracellular matrix component 
TGFBIp is a constituent of the ECM of a variety of tissues, including cartilage (Ohno et al., 

2002), skin (LeBaron et al., 1995), kidney (Lee et al., 2003), and muscle (Ferguson, 

Thoma, et al., 2003). Multiple interactions with major ECM components have been 

demonstrated, including human fibronectin (Billings et al., 2002; Kim, Park, et al., 2002), 

laminin and collagen type I (Kim, Park, et al., 2002) and integrins α3β1 (Kim et al., 2000), 

α1β1 (Ohno et al., 2002), αvβ5 (Kim, Jeong, et al., 2002), and α6β4, as well as bovine 

collagen VI (Gibson, Kumaratilake, & Cleary, 1997) and porcine collagens type I, II and IV 

(Hashimoto et al., 1997). 

TGFBIp has an active role in promoting cellular adhesion that has been shown in multiple 

cell types, such as keratinocytes, (Bae et al., 2002), myoblast cells (Ferguson, Thoma, et 

al., 2003) and primary renal cells (Lee et al., 2003). The importance of Fas-1 domains in 

integrin interaction, was highlighted through the role of aspartic acid and isolucine residues 

as active and essential mediators for cell adhesion in immortalised human corneal 

epithelial cells, through integrin α3β1 interaction (Kim et al., 2000). In fibroblast cells, an 

additional motif YH (tyrosine-histidine residues), was discovered to mediate integrin αvβ5 

interaction (Kim, Jeong, et al., 2002). This latter type of integrin interaction is of special 

interest in the study of TGFBI CDs, since it is the only TGFBIp-integrin interaction present 

in the cornea, according to Rayner et al., (1998). 
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1.8.2.3 Role in cancer 
One of the most studied functions of TGFBI is its role in cancer biology, both as a tumour 

suppressor and tumour promoting gene. The tumour microenvironment is complex and 

varied in composition, with numerous cell types and ECM components governing different 

processes of cell proliferation, cell death resistance, metastatic ability and immune 

response, amongst others. 

Evidence supporting the role of TGFBI as a tumour suppressor includes the spontaneous 

tumour development events found in the KO mouse model (Zhang et al., 2009). In addition, 

TGFBI hypermethylation has also been found in some cancers, such as ovarian, lung and 

prostate (Kang, Dong, & Park, 2010; Shah et al., 2008). Moreover, a tumour suppressor 

function has been demonstrated in malignant pleural mesothelioma and breast cancer, 

potentially taking place by TGFBI-mediated inhibition of the PI3K/Akt/mTOR signalling 

pathway (Wen, Hong, et al., 2011). Furthermore, improved responses to chemotherapy 

have also been demonstrated in non-small cell lung cancer, as a result of TGFBI-induced 

apoptosis signalled via αvβ3 integrin binding (Irigoyen et al., 2010); and in ovarian cancer, 

where it induces microtubule stabilisation, a process also mediated by integrin signalling 

(Ahmed et al., 2007). 

On the other hand, some studies  have  shown an ability for TGFBIp to promote tumour 

development, potentially through induction of EMT changes in epithelial cells of the tumour 

environment, which become proliferative and invasive (Yoo et al., 2009). Some of the 

scenarios where TGFBIp acts as a tumour promoter include prostate cancer, where Lee 

et al., (2013) proposed that the secretion of TGFBIp and periostin by mesenchymal cells, 

in a paracrine manner, promote the adhesion of prostate cancer cells. Similarly, it has 

been suggested that TGFBIp acts as both a biomarker and molecular target for 

esophageal cancer, since suppression of TGFBI inhibited migration of cancer cells in vitro 

(Ozawa et al., 2016). 

In ovarian cancer, however, TGFBI acts as both a tumour promoter and suppressor which, 

together with the previously described data, suggest the role of TGFBIp in cancer can vary 

depending on the tumour microenvironment (Ween, Oehler, & Ricciardelli, 2012). 

1.8.3 TGFBI regulation 
Regulation of TGFBI expression is complex and still poorly understood, due to the wide 

tissue expression and variety of molecular mechanisms TGFBIp is involved in. 

1.8.3.1 TGFb signalling 
TGFBI was named following the first identification of the gene by Skonier et al. (1992), 

where it was found to be upregulated in response to TGFb. It is therefore important to 
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understand this signalling pathway, factors involved in its regulation, and the consequent 

regulation of TGFb-induced genes, including TGFBI. 

The TGF-b family is composed of over 50 members, including TGF-b receptors (TGFBR) 

and its ligands, which include TGFb molecules (1, 2 and 3), bone morphogenic factors 

(BMP), growth factors (GDF) and other proteins such as Activin, NODAL and Lefty 

(Wakefield & Hill, 2013). All these TGF-b ligands induce the so-called canonical and non-

canonical signalling pathways (Figure 1.14).  

Canonical signal transduction commences by the binding of one of the ligands to a 

serine/threonine kinase TGFBR type II dimer, which recruits and phosphorylates a TGFBR 

type I dimer, or anaplastic lymphoma kinase (ALK)1-7. These events are followed by 

phosphorylation of the downstream effectors SMAD2/3 (for TGFb1/2/3, activins and 

NODAL ligands) or SMAD1/5/8 (for BMP, GDF and in some cases also TGFb ligands). 

Phosphorylated SMADs bind to SMAD4 (also called Co-SMAD) and translocate to the 

nucleus, where it can bind to specific sites in the promoter region of multiple genes, in 

order to regulate their expression through induction or suppression. 

There are also additional regulatory molecules that play a role in the expression of TGF-b 

induced genes by interfering in the signalling process at different levels (Massagué, 2012), 

including SMAD6/7, inhibitory molecules that prevent the phosphorylation of SMAD2/3; 

Smurf, ubiquitination factors that can mark TGFBRI for degradation; and c-Ski and SnoN, 

which repress transcription of TGFBI induced genes by binding to the SMAD response 

element.  

The non-canonical pathway is SMAD independent and its activated by mitogen-activated 

protein kinases (MAPK) and Phosphoinositide 3-kinases (PI3K) signalling pathways, 

which mostly depends on the activity of tyrosine kinase receptors (TKR), (Zhang, 2017). 

The binding of growth factors to their TKR triggers dimerization and auto and trans-

phosphorylation of these receptors. This is followed by the recruitment of the Grb2/Sos 

complex, which activates Ras, a small GTPase that binds to Raf, and ultimately activates 

the MAPK cascade. Different types of MAPK/ERK kinases (MEK) phosphorylate different 

molecules (ERK, JNK and p38) which can control transcription factors associated with the 

same SMAD-dependent genes. Additionally, ERK can act as an inhibitor of SMAD 

signalling (Funaba, Zimmerman, & Mathews, 2002; Matsuura et al., 2005). 
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Figure 1.14. Schematic representation of TGFb signalling. TGF-b induced genes can be 
regulated by the canonical and non-canonical TGF-b signalling pathways. Canonical signalling 
takes place through activation of TGF-b receptors (TGFBR, dimers are represented in pink, green 
and purple), by TGFb ligands, bone morphogenic proteins (BMP), growth and differentiation factors 
(GDF), activins and NODAL. This pathway is dependent on SMAD molecules, which include 
effector (SMAD 1/2/3/5/8), co-factor (SMAD4) and inhibitor (SMAD6/7) molecules. Through 
phosphorylation (P), SMAD molecules are activated and translocated to the nucleus where they 
can bind to SMAD binding regions of genes and regulate their expression, with the aid of 
transcription factors (TF). The non-canonical pathway is activated by tyrosin kinase receptors (TKR, 
red), which through recruitment of intermediary molecules and switches (Grb2/Sos/Ras/Raf), can 
activate kinase cascade pathways, with effector molecules (ERK, JNK, p38 and mTOR) that are 
able to phosphorylate TF and also regulate gene expression. EC=extracellular; IC=intracellular. 
Figure inspired and adapted from (Neuzillet et al., 2015). 

 

However, activation of TGFBR by TGFb ligands and BMPs can also trigger the non-

canonical pathway through Ras/ERK, by phosphorylation of their Tyr residues (Gallea et 

al., 2001; Mulder & Morris, 1992). The Akt/PIK3 pathway can be activated in response to 

growth factors, hormones such as insulin, and cytokines, and starts with the 

phosphorylation of their TKR upon ligand binding (Carnero et al., 2008). This pathway 
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however can also be indirectly activated by TGFBR, through proteins induced by TGF-b 

ligands, that wil activate TKR of this pathway (Viñals & Pouysségur, 2001). Similarly, 

TGFBR signalling can also negatively modulate the activation of Akt through induction of 

miRNAs (Kato et al., 2009) and by SMAD-dependent gene expression molecules, such as 

lipid phosphatase SHIP (Valderrama-Carvajal et al., 2002). 

The complex regulation of TGF-b signalling molecules is necessary since genes controlled 

by these pathways are involved in proliferation, cell survival or EMT, amongst others, 

which are central pathways in cancer biology and fibrosis. However, this complexity and 

the number of molecules involved and their diverse interactions, presents a challenge for 

the study and elucidation of potential target molecules and pathways involve in different 

tumours (Neuzillet et al., 2015). For instance, induction of EMT in response to TGF-b 

signalling involves the activation of a mix of canonical and non-canonical molecules 

(Davies et al., 2005), thus amplifying the difficulty in targeting this process in therapeutic 

strategies.  

1.8.3.2 Regulation of TGFBI expression 
In a similar way, and as part of the TGF-b network signalling, TGFBI regulation is complex 

and involves multiple factors, most of which are not currently known or understood. As 

previously mentioned, upregulation of TGFBI by TGFb signalling has been demonstrated 

in multiple cell lines, including corneal epithelial cells, (Wang et al., 2002), pancreatic 

cancer cells (Schneider et al., 2002), skin fibroblasts (Lebaron et al., 1995) and corneal 

fibroblasts (Choi & Kim, 2016).  

Yuan et al., (2004) characterised the promoter region of TGFBI, locating it 1kb upstream 

the 5’ region of the gene in adenocarcinoma epithelial A549 cells, and further tested it in 

a selection of other cell types, including primary corneal epithelial cells. They identified 

multiple transcription factor binding sites, as well as 5 potential SMAD binding elements, 

demonstrating potential regulation of TGFBIp via TGF-b canonical pathway. In contrast, 

Akiyoshi et al., (2001) reported that TGF-β did not have a direct influence on the 

transcription of TGFBI in HaCAT cells. Additional data also suggested that TGF-β is also 

able to induce TGFBI in a cell line carrying a mutation in SMAD4, the main mediator of the 

TGFβ canonical signalling pathway (Figure 1.14, Ge et al. 2015), which suggests 

additional elements that trigger non-canonical TGFβ signalling are regulating TGFBI 

expression.  

TGFBIp induction has also been demonstrated in response to inflammatory molecules, for 

example interleukins such as IL-4 (Gratchev et al., 2001), and TNF-α (Nam et al., 2006). 

TNF-like ligand 1A (TL1A) has also shown an ability to upregulate expression and 
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secretion of TGFBIp, in a process that involved both the above described PI3K and ERK 

pathways (Lee et al., 2010). In addition, indirect activation by retinoic acid has also been 

demonstrated (Dokmanovic et al., 2002). Additional studies on the regulation of TGFBI 

have shown that miRNA-21 directly targets TGFBI, supressing its expression in a 3’UTR-

dependent manner (Liu et al., 2011). Similarly, miRNA 449b (Bissey et al., 2018), miR-9 

and miR-181a (Choi et al., 2016) have been reported to decrease TGFBI expression.  

Nevertheless, TGFBIp also regulates the levels of TGFβ ligands. Bissey et al., (2018) 

observed TGFBIp and TGFβ1 compete for integrin binding, and decreased TGFBIp leads 

to increased production of mature TGFβ1. Similarly, it also has been shown that TGFBIp 

is able to inhibit the PI3K/Akt/mTOR pathway (Wen, Hong, et al., 2011), suggesting the 

existence of feedback mechanisms within the TGF-β signalling pathway. 

1.8.3.3 TGFBIp processing 

During synthesis proteins are subjected to constant regulation, in order to avoid over 

production, mislocalisation and misfolding. Clearance of misfolded proteins can occur 

through autophagy and lysosomal degradation, alternatively they can be tagged by 

ubiquitin proteins and be targeted for protesomal degradation (Vilchez et al., 2014). Choi 

et al., (2012) demonstrated using inhibitors, that intracellular TGFBIp is cleared by 

autophagy, as opposed to through the ubiquitin/proteasome pathway, in a study performed 

in corneal fibroblasts.  

Nevertheless, as TGFBIp is a secreted protein, extracellular regulation as well as 

interaction with extracellular proteases is of key importance, however, there are limited 

studies on the subject. One study showed that overexpression of TGFBI in human corneal 

epithelial cells induces the expression of MMP1 and MMP3 (Niu et al., 2012), however 

there is no evidence to suggest these MMPs can induce degradation of TGFBIp. It has 

also been reported that secreted protein acidic and rich in cysteine (SPARC), another 

extracellular collagen binding protein, is necessary for the organisation of secreted 

TGFBIp in fibrils (Tumbarello, Andrews, & Brenton, 2016). In addition to ECM binding, 

SPARC has been implicated in tissue remodelling through alteration of MMPs (Tremble et 

al., 1993). 

High temperature requirement A serine peptidase 1 (HTRA1) is probably the protein 

whose relationship with TGFBIp has been most studied in recent years. HTRA1, which is 

also secreted into the EC space, is of interest as it was identified in corneal amyloid 

deposits in TGFBI-CD patient-derived corneal tissues (Karring, et al., 2012). Proteomic 

analysis of these deposits also revealed multiple cleavage sites in the Fas1-4 domain 

compatible with HTRA1 proteolysis. Subsequently, further studies confirmed that both wild 
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type and mutant forms of TGFBIp are a substrate of HTRA1, implicating HTRA1 in 

mediating amyloidosis in corneal dystrophies (Poulsen et al., 2019).  
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1.9 Thesis aims 

All the information currently available about the role and regulation of TGFBI does not 

explain its implication on corneal health and disease. To date, the system models available 

for the study TGFBI CD have not been able to show how single missense heterozygous 

mutations in such as broadly expressed gene lead to protein aggregation events that affect 

specifically the cornea, but no other tissue in the body. Furthermore, there is no clear 

explanation for how the different variants result in a distictive pattern of ocular deposition 

that define the different subtypes of TGFBI-CD. Ultimately the lack of clarity surrounding 

the disease mechanisms and genotype-phenotype relationship reduce our ability to 

specify molecular targets available for pharmacological treatment of the disease. 

The research described in this thesis aims to develop a system that allows for the study of 

TGFBI corneal dystrophies in order to further investigate molecular mechanisms of 

pathogenicity associated with the responsible gene variants, in a relevant cell and genomic 

context. Generation and differentiation of patient-derived iPSC was the approach chosen 

to establish a corneal epithelial-like cell (CEpC) in vitro model for TGFBI CD. This aims to 

serve as a platform for the study of these diseases in an appropriate genomic and cellular 

context, which is also appropriate for longitudinal and big-scale studies, due to its in-

demand availability.  

In addition, development of new treatments that target the underlying genetic cause of 

TGFBI CD, is urgently needed. Therefore, the second objective area for the work 

developed in this thesis involved the use of this CEpC in vitro system to develop proof-of-

concept of a genetic-based treatment that can be applied to patients with some of the most 

common mutations that cause these CDs, as a way to selectively treat the causative 

source responsible for these diseases. 

In summary, the primary aims of work described in this thesis were: 

1. To establish a biobank of induced pluripotent stem cell (iPSC) lines from a range 

of TGFBI CD patients habouring two of the most common heterozygous mutations 

responsible for the pathologies. 

2. To optimise a differentiation method that allows the generation of CEpC from 

control and mutant iPSC lines. 

3. To develop an antisense oligonucleotide (ASO)-based tehrapy that induce allele-

specific reduction of mutant TGFBI. 
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Chapter 2: Materials and Methods 
All materials and consumables are listed in supplementary materials (Appendix A). 

2.1 General laboratory methods 

2.1.1 Genomic DNA (gDNA) extraction 
Total gDNA from cells was extracted using the Wizard gDNA Purification Kit (Promega) 

following the manufacturer’s guidelines. In brief, cells were washed with Dulbecco’s 

phosphate buffered saline (DPBS; Gibco) and lysed with the SV buffer. DNA purification 

of the samples was performed using Wizard SV Mini columns and wash buffers with 

centrifugation at 13,000 rpm for 1 minute. In the final step 250 µl of nuclease-free water 

was used to elute gDNA, which was subsequently quantified by spectrophotometry using 

a Nanodrop 2000 (Thermo Fisher). 

2.1.2 RNA extraction and cDNA synthesis.  
Total RNA was extracted using the RNeasy Mini Kit or RNeasy Micro Kit (both Qiagen), 

depending on the starting number of cells. After an initial wash with DPBS, cells were lysed 

directly in the wells using RLT buffer, following the procedure described by the 

manufacturer (Mini RNA Kit, Qiagen). Samples were homogenised with a QIAshredder 

spin column (Qiagen) and centrifuged for 2 minutes at 16000 g, prior to RNA extraction. 

RNA extraction was performed following the manufacturers’ instructions. Both procedures 

included the use of silica membranes to bind RNA, followed by a series of ethanol-based 

washes in order to remove contaminants. An additional step to remove gDNA 

contamination was performed by incubation with DNAse I (DNAse kit, Qiagen) for 15 

minutes at room temperature (RT). Total RNA was eluted in 30 μL RNAse-free water, and 

stored at -80°C, or quantified using nanodrop spectrophotometry to immediately 

synthesise cDNA.  

cDNA was synthesised (tetro cDNA synthesis, Bioline) using equal amounts (ranging 

between 500 ng and 1 μg) of total RNA, added to a master mix containing the following 

components: 1 μl oligo (dT)18 primer, 1 μl random hexamer primer, 1 μl 10 mM 

deoxynucleotides (dNTP) mix, 4 μl 5X reaction buffer, 1 µl RiboSafe RNAse Inhibitor and 

1 µl Tetro Reverse Transcriptase (200 U/µL), reaching a final volume of 20 μl per reaction. 

The reaction was incubated in a thermocycler, using the following conditions: 

1. 45°C for 1 hour. 

2. 85°C for 5 minutes. 
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cDNA was immediately used in Reverse Transcription Polymerase Chain Reaction (RT-

PCR) and/or quantitative PCR (qPCR) or stored either short term at 4°C or long term at –

20°C. 

2.1.3 Polymerase Chain Reaction (PCR) and Reverse Transcription PCR (RT-PCR). 
Primers for DNA analysis were designed using Primer3 Plus (primer3plus.com). Gene 

target sequences were obtained from Ensembl Gene Browser (ensemble.org). In order to 

avoid amplification of any residual contaminating gDNA, exon-spanning primers were 

specifically required for amplification of cDNA in RT-PCR reactions. Amplification of 

plasmid DNA was achieved by designing primers targeting sequences contained in the 

episomal vectors pCXLE-hUL (Addgene #27080), pCXLE-hSK (Addgene #27078) 

pCXLE-hOCT3/4-shp53-F (Addgene #27077). A full list of the primer sequences is 

specified in Table 2.1. 

DNA amplification was completed using standard PCR techniques. A reagent master mix 

was prepared using 2x GoTaq Green master mix (Promega), 0.2 μM forward and reverse 

primers and double distilled water (ddH2O). 50 ng of gDNA or cDNA was loaded per 25 μl 

reaction, and incubated in a thermocycler in conditions specified below, slightly adapting 

the number of cycles and extension temperature to the optimal conditions for specific 

primer pairs: 

1. Denaturation step: 

a. 2 min at 95°C 

2. Annealing + Extension step (repeated 30 times):  

a. 30 sec at 95°C 

b. 30 sec at 60°C  

c. 7 sec at 72°C 

3. Final Extension step 

a. 5 min at 72°C 

PCR products obtained from the reaction were run on a 2% (w/v) agarose (Bioline) gel 

containing 0.005% (v/v) Safeview nucleic acid stain (NBS Biologicals) and visualised on a 

BioRad ChemiDoc XRS+ (BioRad) using ImageLab software (BioRad). 

2.1.4 PCR product Purification 
PCR products were purified using MultiScreen® PCR µ96 Filter Plate (Millipore). To briefly 

summarise the procedure, the PCR reaction mix was diluted with ddH2O and added to the 

filter plate, attached to a vacuum suction pump, where DNA bound to the membrane. After 
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washing with water, the plate was removed from the vacuum and DNA was eluted in 25 μl 

ddH2O by gentle agitation for 10 minutes at RT. 

Table 2.1. List of primers used for PCR and RT-PCR reactions in the study. CDS = coding 
sequence. 

Gene target Forward sequence Reverse sequence TA (ºC) 

OCT3/4 

CDS 
CCCCAGGGCCCCATTTTGGTACC ACCTCAGTTTGAATGCATGGGAGAGC 60 

OCT3/4 
plasmid 

CATTCAAACTGAGGTAAGGG TAGCGTAAAAGGAGCAACATA 60 

SOX2 

CDS 
TTCACATGTCCCAGCACTACCAGA TCACATGTGTGAGAGGGGCAGTGTGC 60 

SOX2 

plasmid 
TTCACATGTCCCAGCACTACCAGA TTTGTTTGACAGGAGCGACAAT 60 

L-myc 

CDS 
GCGAACCCAAGACCCAGGCCTGCT

CC 

CAGGGGGTCTGCTCGCACCGTGATG 60 

L-myc 

plasmid 
GGCTGAGAAGAGGATGGCTAC TTTGTTTGACAGGAGCGACAAT 60 

Lin28 

CDS 
AGCCATATGGTAGCCTCATGTCCGC TCAATTCTGTGCCTCCGGGAGCAGGTTA

GG 

60 

Lin28 

plasmid 
AGCCATATGGTAGCCTCATGTCCGC TAGCGTAAAAGGAGCAACATA 60 

KRT3 CCCTCTACGACGCTGAGCTA GACAGCACTCGGACACTCTC 60 

KRT12 AGGCTTTTCTGCTGCTTCCA GGGCCAGTTCATTCTCATACTTC 60 

TGFBI E4 TGTCCATTCCTGCCTCTGTT ACTCCCATTCATCATGCCCA 60 

 

2.2 Sanger sequencing 

DNA was quantified via spectrophotometry using a Nanodrop 2000 (Thermo Fisher) and 

samples sent to Source Biosciences (Cambridge), where Sanger sequencing was 

performed using forward primers. PCR amplification products were sequenced using a 

BigDye terminator sequencing protocol and analysed on an ABI PRISM 3100 Genetic 

Analyser (Applied Biosystems). Results were visualised using the software Bioedit 

(mbio.ncsu.edu/BioEdit) and benchling (benchling.com). 

2.3 Immunocytochemistry 

Cells were washed with PBS and fixed in 4% (v/v) paraformaldehyde (PFA, Thermo 

Fisher) for 10 mins at RT. They were then simultaneously permeabilised and unspecific 

sites were blocked by incubation with a solution containing 0.3% (w/v) bovine serum 

albumin (BSA, Sigma), 10% (v/v) normal donkey serum (NDS, Sigma) and 0.5% Triton-X-

100 (v/v; Sigma). Primary antibodies (Table 2.2) were diluted at the appropriate 
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concentration using blocking solution, and incubation took place overnight at 4ºC. After 

incubation, primary antibody was removed and cells washed with PBS. Cells were 

subsequently incubated with secondary antibodies reacting against the primary antibody 

species (Table 2.3) for 1 hour at RT.  

Finally, 4’,6-diamidino-2-phenylindole dilactate (DAPI, Sigma, 1:5000) was used to stain 

nuclei and slides or coverslips were mounted using Dako fluorescent mounting medium 

(Dako). 

Table 2.2. Primary antibodies used in immunofluorescence experiments. 

Antigen 
 

Host 
 

Clone 
 

Isotype 
 

Supplier 
 

Catalogue number 
 

Dilution 
 

KRT3 mouse AE5 IgG Abcam AB77869 1:200 

P63a rabbit polyclonal IgG NEB 4892 1:800 
KRT12 rabbit EPR17882 IgG Abcam AB185627 1:200 
KRT14 Rabbit EPR17350 IgG Abcam AB181595 1:200 
ABCG2 rat BXP-53 IgG2α Abcam AB24115 1:100 

E-cadherin rat DECMA-1 IgG1 Abcam AB11512 1:500 
TGFBI rabbit Polyclonal IgG Proteintech 10188-1-AP 1:400 
Nanog Mouse 23D23C6 IgG Invitrogen MA1-017 1:150 
Oct4 Rabbit Polyclonal IgG Abcam Ab19857 1:1000 

SSEA4 Mouse MC813 IgG3 Cell Signalling 
Technologies 

4755 1:300 

Tra-1-60 Mouse cl.2A6 IgG NEB 4746 1:1000 
Tra-1-81 Mouse cl.2A6 IgG NEB 4745 1:1000 

 

Table 2.3. Secondary antibodies used in immunofluorescence experiments. 

Antigen 
 

Host 
 

Fluorophore 
 

Supplier 
 

Catalogue number 
 

Dilution 
 

Rat IgG Donkey Alexa Fluor 488 Invitrogen A21208 1:1000 
Mouse IgG Donkey Alexa Fluor 488 Invitrogen A21202 1:1000 
Rabbit IgG Donkey Alexa Fluor 488 Invitrogen A21206 1:1000 
Mouse IgG Donkey Alexa Fluor 555 Invitrogen A31570 1:1000 
Rabbit IgG Donkey Alexa Fluor 555 Invitrogen A31572 1:1000 

 

2.4 Imaging and analysis 

Images were obtained using Carl Zeiss LSM 700 laser-scanning confocal microscope 

(Zeiss, Germany). Proteins were visualised using a 546 nm excitation HeNe laser, a 488 

nm argon ion laser and a 405 nm excitation diode laser. Different magnifications were 

used to observe wider fields to visualize the cell population or a closer view of protein 

cellular localisation. Fluorescent intensities were optimized to reduce photo bleaching and 

avoid saturation, and images were captured as either single planes or maximum intensity 

projection using Z-stacks. Images were exported using Zen 2009 software and processed 

using Fiji (imagej.net/Fiji). 
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2.5 Protein extraction and quantification 

In order to extract cellular TGFBIp, cells were washed in PBS and lysed in ice cold 

radioimmunoprecipitation buffer (RIPA; see Appendix A for formulation) containing 2 % 

(v/v) protease inhibitor cocktail (Sigma) and 2% (v/v) Phosphatase inhibitor cocktail 

(Sigma). Cell lysates were disrupted by sonication using an Ultrasonic Liquid Processor 

XL-2000 (Misonix Incorporated) for 10s at 0.1 watts; followed by centrifugation at 13,000 

g for 10 min at 4°C to remove cellular and DNA debris. In order to collect secreted TGFBIp, 

cells were maintained in serum-free media (SFM), which was collected and centrifuged at 

2000 rpm to remove cellular debris once, prior to collection and storage at -80 ºC.  

Protein quantification was performed using the Pierce Bicinchoninic acid (BCA) Protein 

Assay (Thermo Fisher) following the manufacturers indications. Appropriate dilutions of 

the cell lysates and supernatants were aliquoted into 96 well plates and mixed with 200 μl 

of BCA Working Reagent. Additionally, different dilutions with known amount of BSA 

protein (Sigma) were also loaded into the plate, in order to generate a standard curve (25-

2000 μg/ml). Both the protein of interest and the quantification of standards was performed 

in triplicate. Once all the samples were mixed with the reagent, the plate was incubated 

for 30 min at 37°C, after which a change in colour depending on the amount of protein 

contained in the well, was detected. Quantification of absorbance at 562 nm was 

performed using a spectrophotometer (Safire, Tecan) and final concentration values of 

samples were identified by extrapolation from the BSA standard curve with linear 

regression generated.  

2.6 Western blotting 

Following protein extraction and quantification, equal amounts of each sample were mixed 

with sample loading buffer containing 150 mM Tris-HCl pH 7, 25% glycerol, 12% SDS, 

0.05% bromophenol blue and 6% b-mercaptoethanol; boiled at 98 degrees for 3 minutes, 

and subsequently loaded into 8% acrylamide gels (See formulation in Appendix A), 

together with PageRuler™ Plus Prestained Protein Ladder (Thermo Fisher), and run at 

150 volts for an hour, or until the gel front ran close to the bottom of the gel. Proteins were 

transferred from the gel onto a nitrocellulose membrane by wet transfer, at 100 volts for 

90 minutes in cold Transfer buffer (See Appendix A for formulation). Successful protein 

transfer was confirmed with Ponceau staining for a minute, and was followed by incubation 

of the membrane with 5% (w/v) milk (Marvel) diluted in PBS-T (PBS containing 0.1% 

TWEEN-20; Sigma) to block unspecific protein interaction. Incubation with primary 

antibodies (Table 2.4) diluted in milk/PBS-T took place either for one hour at RT or 

overnight at 4°C. After several 5-10 min PBS-T washes, the membranes were incubated 
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with HRP-conjugated secondary antibodies (Table 2.4), diluted 1:30,000 in milk/PBS-T for 

1 hour at RT. Finally membrane were washed three to five times in PBS-T before detection 

of target proteins using Luminata Crescendo or Forte western HRP substrate (Millipore) 

and blot imaging with ImageLab on a BioRad ChemiDoc XRS+. 

Table 2.4. List of antibodies used for Western Blot experiments 

Antigen 
 

Host 
 

Clone 
 

Isotype 
 

Supplier 
 

Catalogue number 
 

Dilution 
 

TGFBI Rabbit Polyclonal IgG Proteintech 10188-1-AP 1:1000 
GAPDH Mouse 1E6D9 IgG2b Proteintech 60004-1-Ig 1:10,000 
Actin Rabbit Polyclonal IgG Sigma A5060 1:500 

Rabbit-HRP Goat Polyclonal IgG Thermo Fisher 31460 1:30,000 
Mouse-HRP Goat Polyclonal Igg Thermo Fisher 31430 1:30,000 

 

Blot image analysis and quantification of the bands were performed using Fiji 

(imagej.net/Fiji) and Microsoft Excel, and results were plotted and statistically analysed in 

GraphPad Prism 6.0. 

2.7 Quantitative analysis of gene expression by qPCR  

Quantitative analysis of expression was performed to determine relative levels of gene 

expression, by measuring the fluorescence emitted by a certain quantity of DNA bound to 

the intercalating dye SYBR Green.  

2.7.1 qPCR reactions 
Each 20 μl reaction contained 10 μl of 2X LabTAQ Hi-rox Green master mix (Labtech), 0.8 

μl of 10 μM forward and reverse primers and 3.4 μl ddH2O. Equal cDNA amounts were 

used for samples that would be compared to each other. The optimal dilution was 

determined by the information provided by the standard curve dynamic range (Section 

2.7.3) and those ones that reached ct values between 24-28 were preferred. Reactions 

were performed in triplicate and included a negative control set where no cDNA was added 

to the reactions.  Reactions were set up in a MicroAmp™ Optical 96-Well Reaction Plate 

(Thermo Fisher), mixed by vortex, centrifuged and placed into a Quantstudio 6 Flex real-

time PCR system (Thermo Fisher), where it underwent the following cycling process: 

1. Denaturation step: 

a. 2 min at 95°C 

2. Annealing and extension step (40 cycles of repetition):  

a. 15 sec at 95°C 

b. 20 sec at 60°C  

3. Dissociation stage, where fluorescence decreases are detected when reaching the 

melting temperature, and melting curves are generated. 
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2.7.2 Primer design  
Forward and reverse primers with the following characteristics were designed using 

Primer3Plus (primer3plus.com): 

• 18-24 nucleotides  

• 50% minimum GC content. 

• Amplicon lengths between 50-150 bp 

• Exon-spanning 

• Compatible melting temperatures (within 5°C) 

• No stable homo- and hetero-dimers predicted at the melting temperature 

• Lower E-value in genomic sequences for the gene target locus, determined using 

BLAST tool (blast.ncbi.nlm.nih.gov). 

1 to 7 primer pairs per gene were designed using Primer3Plus and purchased from Sigma-

Aldrich, in order to find one with the appropriate performance efficiency. cDNA from 

fibroblasts and differentiated CEpC was obtained as described in Section 2.1.2 and used 

to test the primers in a standard RT-PCR reaction (thermocycler conditions also specified 

in section 2.7.1, and the presence of PCR product was confirmed by resolving it on a 2% 

(w/v) agarose gel and visualized by trans-illumination using a Bio-Rad Chemidoc MP 

imaging system.  

2.7.3 Absolute quantification and determination of amplification efficiency for 
primer selection 

Determination of a standard curve is necessary in order to assess efficiency of the primer 

pairs and select appropriate ones for comparison to the reference genes. Serial dilutions 

1:25, 1:50, 1:100, 1:250 and 1:500 of cDNA was used to perform a qPCR reaction with 

the conditions described above. The standard curve was generated by plotting the number 

of cycles at which the amplification signal is detected (CT) against the Log of the cDNA 

input. From the standard curve, information such as the dynamic range (range of cDNA 

that can be detected by the assay) and amplification efficiency can be obtained. The 

efficiency of each primer pair, calculated by the standard curve slope (efficiency =10 (1/slope)-

1) determines if they can be used for a comparative analysis. Primers with almost identical 

efficiencies (with less than 5% difference) were used to calculate expression of the gene 

of interest. All qPCR reactions were performed in triplicate to ensure assay precision, and 

only CT values with a minimal standard deviation (SD) were considered valid. 
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2.7.4 Validation of target and control gene amplification efficiencies for the 
comparative Ct method (DDCt) 

After the standard curve was generated and efficiency calculated, the ΔCT for each input 

point was calculated as follows: ΔCT = (CT target – CT reference). To validate the 

experiment, the ΔCT values were plotted against the Log of the cDNA input, and the slope 

of the plot verified to be <0.1. The sequence of the primer pairs finally selected and used 

in this study are listed in Table 2.5. 

Table 2.5. Primer used for qPCR experiments described in the study. 

Target gene Forward sequence Reverse sequence 

TGFBI exon 9 GTCTGATGTGTCCACAGCCA GGAGGGGTTCCATCTTTGAA 

ΔNP63 AGTGAGCCACAGTACACGAA TAGTCGGTGTTGGAGGGGAT 

KRT3 TGGAGATCGACCCCCAGATT AGGAACCGCACCTTGTCAAT 

CDH1 GGAACTGCAAAGCACCTGTG CAAGAGGAGACCTGCAGCAG 

KRT14 ATGGCAGAGAAGAACCGCAA CGGTTCAGCTCCTCTGTCTT 

ABCG2 AAACCTGGTCTCAACGCCAT CTAATAACGAAGATTTGCCTCCACC 

PAX6 TCAGCTCGGTGGTGTCTTTG GTCTCGGATTTCCCAAGCAA 

VIM CGGGAGAAATTGCAGGAGGA AAGGTCAAGACGTGCCAGAG 

GAPDH CCCCACCACACTGAATCTCC GGTACTTTATTGATGGTACATGACAAG 

ACTIN CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG 

2.7.5 qPCR analysis: relative quantification using the DDCt method 
Results were analysed by the 2-ΔΔct Method (Livak and Schmittgen, 2001). By this method, 

the expression of the gene of interest was first normalised to the level of expression of 

reference genes, which in this case were GAPDH and ACTIN: 

ΔCT = CTtarget – CTreference 

The next step consisted of normalisation of the sample of interest (test sample) to a 

calibrator sample that acts as an internal control for the experiment.  

ΔΔCT = ΔCTtest sample – ΔCTcalibrator sample 

Finally, gene expression was expressed as the relative quantity (RQ), or fold difference of 

the gene of interest with respect to the internal control, and calculated as follows:  

RQ = 2-ΔΔCT 

 

2.8 Screening TGFBI for mutations in patient DNA samples 

Blood samples from patients with a suspected clinical diagnosis of TGFBI CD were taken 

by Prof. Stephen Tuft at Moorfield Eye Hospital after informed consent from the patients 

was granted. gDNA was extracted from blood samples using the Wizard SV genomic DNA 
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purification kit (Promega). Exons of interest were amplified by PCR (Section 2.1.3) with 

the forward and reverse primers (Table 2.6). PCR products were then purified (Section 

2.1.4) and Sanger sequenced (Source Bioscience). 

Table 2.6. List of primers used for amplification and screening of all TGFBI exons 

Target Forward primer Reverse primer Size (bp) TA (ºC) 
Exon 1 TTGGTTTGAGGAAGACTGTGG CACTTCCCCACTCCCTTCTA 689 60 

Exon 2 AACAATTTTTGCAGGGGAAG TGGCCAGCTTCCTAAAAATG 489 60 

Exon 3 GCTCAGGAAAGGCAGACCTA CTCAGCCCCTCGCATAGA 399 60 

Exons 4-5 GTCAGAGAAGGGAGGGTGTG AGCTTAAACCCCAGAAACCA 843 60 

Exon 6 GCTTGTGGAACCCACATTTT AAGGGCATTCAGGGGAAC 400 60 

Exon 7 TGGGTTTGGCTTCTGTTTTC AGCAACAGGACAGGATGACC 434 60 

Exon 8 CCCAGCTGGTTTTCTAGGG GTCACAACCCACACATTTGC 800 60 

Exon 9 AGAGGGGTTGTTGACTCACG AAGTCACATCTGCTTTTGGTT 400 60 

Exon 10 CTCCATAGAAGATACCAGAGTTTA
AGG 

TCCTTCTGCAGGATCTCATTT 487 60 

Exon 11 CCATCCCAGTGTATACTCCTTCA TCTGGAAGGTCGCAGCAGT 400 60 

Exon 12 AGCCTGGAATCACTCCCTCT AGGGTTGCTAGTCCCTGGTT 499 60 

Exon 13 TGCTTTGTGTCCTCTGACCA TGATTTCCCTGAAGACCCTCT 500 60 

Exon 14 GGCGACAAGATTGAAACTCC GCAATCAGTCACATAGGCACA 392 60 

Exon 15 CCATGGGCCAAGTTCTACC AGGATGCCTCAGTGGGAGT 386 60 

Exon 16 AGGAACTCCCTGGTCCCTAT AGAAGGAAATGGGGTGCTCT 363 60 

Exon 17 TCACAAACCACAAAGCACCT ACATCTCTCTCCCTCCTCCC 357 60 

 

Sequencing files were aligned using the TGFBI gDNA sequence (ENST00000442011.7) 

as a reference, using Benchling. Identified variants were further studied to determine 

likelihood of pathogenicity. The Genome Aggregation Database (gnomAD, 

(https://gnomad.broadinstitute.org/) was used to determine the allele frequency (AF) in the 

population, since common variants (AF>0.001) are considered a natural occurrence within 

the healthy population, and therefore most likely benign events. The variants found were 

also analysed using the database Clinvar (https://www.ncbi.nlm.nih.gov/clinvar), which 

includes population data provided by the Illumina Clinical Services Laboratory, which score 

the variant according to its likely pathogenicity. 

2.9 Cell culture 

2.9.1 Patient samples 
Skin biopsies were kindly obtained by Prof. Stephen Tuft, after informed consent, from 

patients attending Moorfields Eye Hospital, who had been previously genetically screened 

for TGFBI mutations and presented genotype/phenotype characteristics specified in Table 

2.7. 
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Table 2.7. Patients with different TGFBI-associated dystrophies from who skin biopsies were 
obtained and used to generate fibroblast and iPSC lines. LCD1= Lattice Corneal Dystrophy 
type 1, TBCD=Thiel-Behnke Corneal Dystrophy, GCD1= Granular Corneal Dystrophy Type 1. 
F=Female, M=Male. 

Patient Age Gender (F/M) cDNA variant Protein variant Diagnosis 

Patient 1 62 M c.1664G>A p.R555Q TBCD 

Patient 2 35 M c.1664G>A p.R555Q TBCD 

Patient 3 51 M c.1664G>A p.R555Q TBCD 

Patient 4 47 M c.1663C>T p.R555W GCD1 

Patient 5 42 M c.1663C>T p.R555W GCD1 

Patient 7 48 M c.370C>T p.R124C LCD1 

Patient 8 54 M c.370C>T p.R124C LCD1 

 

2.9.2 Primary fibroblast cell lines  
Fibroblast lines were established from skin biopsies by firstly removing the epidermal layer 

from the biopsy, and placing the remaining dermal tissue in a culture dish. The samples 

were secured with a coverslip, and the space in between the dish and coverslip was filled 

with culture media, in order to facilitate biopsy attachment. The fibroblast cultures were 

maintained in fibroblast growth media (DMEM/F12+Glutamax (Gibco), 10% fetal bovine 

serum (FBS, Lonza), 1% v/v non-essential amino acids (NEAA, Gibco) and 100 μg/ml 

penicillin and 100 U/ml streptomycin (Pen-Strep, Lonza) at 37°C, 5% CO2 and passaged 

when reaching confluency using Trypsin-EDTA (Gibco). 

2.9.3 Generation of patient-derived induced-pluripotent cell (iPSC) lines  
Fibroblast that were younger than passage 15 were grown in a T175 flask (Corning) until 

they reached approximately 90% confluency, and subsequently electroporated with the 

following integration-free episomal vectors: pCXLE-hOCT3/4-shp53-F (Addgene plasmid 

#27077), pCXLEhSK containing SOX2 and KLF4 (Addgene plasmid #27078), pCXLE-hUL 

containing L-MYC and LIN28 (Addgene Plasmid #27080) and miRNA 302/367 plasmid 

(Gift from Dr J. A. Thomson, Regenerative Biology, Morgridge Institute for Research, 

Madison, Wisconsin, USA; Howden et al. 2015). Briefly, the procedure was performed as 

follows: fibroblasts were trypsinised, centrifuged at 200 g for 5 min and washed in 

Dulbecco’s Phosphate-Buffered Saline (DPBS, Gibco). 1×106 cells were counted and 

resuspended in 100 μl Nucleofector solution from the Cell Line Nucleofector Kit R (Lonza). 

A master mix containing 1 μg of each one of the episomal vectors was added to the cell 
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suspension, followed by electroporation using an Amaxa Nucleofector I device (Lonza), 

setting U-023. Cells were then replated in a 0.01% (v/v) gelatin-coated 10 cm2 tissue 

culture dish in fibroblast media. Media was replaced the following day by fresh fibroblast 

media containing 0.5 mM sodium butyrate (SB, Sigma), and changed daily for a week. 

Cells were then dissociated with TripLE and replated in Geltrex (Gibco)-coated dish at 

200,000 cells/cm2 and maintained in fibroblast growth media for 24 hours, and then 

maintained in Essential 8 Flex media (E8F, Gibco) supplemented with 0.5 mM SB for 

another 7 days. From day 13 of reprogramming onwards, cells were maintained in E8F 

only until iPSC colonies appeared. These colonies were identified by their distinct 

morphology, notably round colonies of tightly packed polygonal cells, which were manually 

dissected and transferred to individual Geltrex-coated wells for clone expansion. Each 

clonal iPSC line was maintained in E8F and passaged every 3-4 days using enzyme-free 

cell dissociation buffer (Gibco). 

2.9.4 Differentiation of corneal epithelial-like cells from patient-derived iPSC 
Mutant and control iPSC lines generated were differentiated into a corneal epithelial cell 

(CEpC)-like phenotype to generate an in vitro model for the study of TGFBI-corneal 

dystrophies. Protocols published by Mikhailova et al. (2015), Hongisto et al. (2017) and 

Kamarudin et al. (2017) were tested for all TGFBI-iPSC lines. Modifications were included 

as required, in order to develop the most optimal and reproducible protocol and develop 

the method used in this thesis, which is described below. 

Upon reaching 70% confluency, iPSCs were dissociated using enzyme-free buffer (Gibco) 

and re-plated at 1:2 dilution in a new T25 flask pre-coated with Geltrex (Gibco), which was 

designated as differentiation day 0. They were maintained in E8F for 2 days and then 

embryoid body (EBs) formation was induced by first using 2mg/ml dispase I (Thermo 

Fisher) to detach the cell colonies without fully dissociating them, followed by resuspension 

in E8F supplemented with 10 mM Blebbistatin (Sigma) and plated into ultra-low attachment 

culture vessels (Corning). A slow media change into the epithelial Induction Media (IM) 

containing DMEM/F12+Glutamax (Gibco), 1% N2, 1% B27, 1% NEAA, 1% Pen-Strep, 25 

ng/ml bone morphogenetic protein 4 (BMP4, Peprotech), 50 ng/ml epidermal growth factor 

(EGF, Life Technologies) and either 10 µM retinoic acid (RA, Tocris) or no RA, was 

performed along the course of the two following days with 1:1 (v/v) E8F:IM on the first day 

and IM only on the second day. EBs were maintained in IM for the next 5 days performing 

media changes every two days. At differentiation day 9, EBs were plated onto adherent 

plates, which had been pre-treated with 5 μg/cm2 Collagen IV (Sigma) and 3.33 µg/mL 

laminin-521 (Thermo Fisher), and maintained in Cnt-30 (CellNtec), a commercial media 

with a non-disclosed formulation that promotes corneal epithelial differentiation, 
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supplemented with 10% FBS. Media was changed 3 times a week and cells were kept 

until day 30-35, taking samples at day 9, 14, 21, 30 and 35 for analysis. 

2.9.5 Differentiation of corneal epithelial-like cells from limbal biopsies 
Control unaffected corneas were processed to obtain a 2mm cut from the corneo-sclera 

rim. The corneal explants were then place in a tissue culture vessel with a drop 50-75 μl 

of Corneal Limbal Epithelial Media (CLEM) to facilitate attachment. CLEM consists of 

DMEM:F12 1:1 supplemented with 1x glutamax (Gibco), antibiotic-antimycotic 

(Invitrogen), 10 ng/ml Cholera toxin (Sigma C8052), 10% FBS (Lonza), 1x Insulin-

Transferrin-Selenium (Thermo Fisher), 5 µg/ml hydrochortisone (Sigma H6909), 10 ng/ml 

Epithelial Growth Factor (EGF, Invitrogen), 1x Sodium bicarbonate (Gibco), 10 µg/ml 

adenine (Sigma A9795). Of note, EGF was added fresh to the media before every media 

change. Media was refreshed every day until cells begin to outgrow from the explant 

(approximately 5 days after plating), after when the volume of media was increased to an 

appropriate volume depending on the vessel (e.g., 500 µl for a 24-well-dish), and was 

refreshed three times a week. After two weeks in culture, mature epithelial cells were 

passaged or collected for analysis. 

2.9.6 Confirmation of fibroblast and iPSC line genotypes 
Genomic DNA (gDNA) was extracted from cells using the Wizard® SV Genomic DNA 

purification system (Promega) and, using specific primers targeting TGFBI exons 4 and 

12 (Table 2.6), the region of interest was amplified by PCR, using 2X GoTaq green master 

mix (Promega). The PCR product was purified using MultiScreen® PCR µ96 Filter Plates 

(Millipore) and sent for Sanger sequencing, as described in Section 2.8. 

2.10 CRISPR-Cas9 editing for generation of TGFBI knock-out (KO) lines 

2.10.1 sgRNA design 
Two single-stand guide RNA sequences (sgRNA) targeting two different points in exon 4 

of the TGFBI gene (ENST00000442011.6) were designed using the MIT online resources 

(crispr.mit.edu) and the online software Benchling (benchling.com). OffSpotter 

(cm.jefferson.edu/Off-Spotter) was used for validation and detection of potential off-target 

sequences. Two guide sequences were selected based on i) minimal off-target effects, ii) 

high GC content (%) and iii) high on-target cutting efficiency. sgRNA I targets the positive 

strand while sgRNA II targets the reverse strand. In order to design the oligonucleotides 

for cloning into the Cas9 vector, a guanine (G) base was added at the beginning of the 

sequence to promote U6 transcription, as well as two overhang CACC/CAAA sequences 

in both the forward and reverse strands, respectively, which are required for ligation into 

the vector (Ran et al. 2013). Oligonucleotides were purchased from Sigma-Aldrich. 
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Table 2.8. Guide RNA (gRNA) and oligonucleotides sequences that were used for CRISPR-
editing experiments. Protospacer adjacent motifs (PAM) sites in the guide sequences are 
highlighted in purple. Additions of a G base (green) and overhang sequences (blue) were necessary 
to make the oligonucleotides suitable for cloning. The double-strand cutting point (GC) is marked 
in red. 

Guide sequence On-target 
locus 

Guide oligonucleotides 

5’-TCAGCTGTACACGGACCGCACGG-3’ chr5: 

+135382078 

5’-CACCGTCAGCTGTACACGGACCGCA-3’ 
3’-CAGTCGACATGTGCCTGGCGTCAAA-5’ 

5’-GCGGTCCGTGTACAGCTGAGTGG-3’ chr5: 
-135382074 

5’-CACCGCGGTCCGTGTACAGCTGAG-3’ 
3’-CGCCAGGCACATGTCGACTCCAAA-5’ 

 

2.10.2 Cloning into the S.pyogenes Cas9 vector 
The designed oligonucleotides were assembled into an oligoduplex and cloned into 

pSpCas9(BB)-2A-GFP (PX458) plasmid (Addgene #48138), which encodes for both the 

Cas9 protein, tracrRNA, gRNA and enhanced green fluorescent protein (eGFP; Appendix 

C, Figure 8.1). The cloning strategy consisted of a double digestion by the restriction 

enzyme BbsI and a ligation, in order to incorporate the oligoduplexes (Figure 2.1). 

In order to form the oligo-duplex, 100 μM of each forward and reverse oligonucleotides 

were used in a phosphorylation and annealing reaction that was performed by incubating 

30 min at 37 °C with T4 Polynucleotide Kinase (New England Biolabs). A 1:200 dilution of 

the annealing reaction was used in a single-step BbsI digestion and ligation, using T7 DNA 

ligase and setting the thermocycler with the following conditions: 37°C for 5 min and 21°C 

for 5 min, for 6 cycles. 

 

 
Figure 2.1. Molecular cloning of the gRNA sequences into the pSpCas9(BB)-2A-GFP vector. 
BbsI digestion of the vector will cut in the positions shown by the red arrows, leaving two sticky 
ends (A), which will facilitate the ligation and incorporation of the two guide oligonucleotides (framed 
sequences), thanks to the design including overhang ends (blue) (B). Nucleotides in green were 
added to the sequences and the double strand break points for the Cas9 enzyme are indicated in 
the figure in red. 
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NEB 5α competent Escherichia coli (NEB) were transformed with the ligated plasmid, by 

a standard heat-shock procedure, where 2 μl of the ligation reaction was incubated with 

the bacteria on ice for 10 minutes followed by 45 seconds at 42°C and finally 2 minutes 

on ice. Transformed E. coli were plated onto lysogeny broth (LB, Sigma) agar (see 

appendix A for formulation) plates containing 100 μg/ml ampicillin, and cultured overnight 

at 37 ºC, allowing for only ampicillin-resistant bacterial colonies to grow. Colonies were 

then picked into LB media containing ampicillin, and cultured overnight at 37 °C in shaking 

conditions (250 rpm). 

Plasmid DNA was extracted using the Wizard Plus SV Miniprep DNA Purification System 

(Promega); and the correct insertion was confirmed by Sanger sequencing using the U6 

forward primer (5’-GGACTATCATATGCTTACCGTAACTTGA-3’) and analysed and 

compared to the reference sequence in Benchling. 

2.10.3 T7 endonuclease I assay 
Efficiency of the sgRNA designed against TGFBI was confirmed by performing a T7 

endonuclease assay in a Human Embryonic Kidney (HEK) 293 cell line transfected with 

the plasmids. Cells were maintained in DMEM media, supplemented with 10% FBS and 

P/S, and seeded onto 12-well plates at a density of 150,000 cells/well, 24 hours before 

transfection. Upon reaching 80-90% confluency, 1 μg Cas9 plasmid or empty vector was 

transfected into the cells using Mirus TransIT-LT1 (Mirus) at a 3:1 DNA:reagent ratio. 

gDNA was extracted 48 hours post-transfection and used for the T7 endonuclease assay. 

A primer pair targeting the genomic region surrounding TGFBI exon 4 (TGFBI-E4, Table 

2.1) was designed and used to amplified the CRISPR-targeted region, using GoTaq Green 

master mix (Promega). After confirming the success of the reaction in a 2% (w/v) agarose 

gel, the remaining PCR product was used to generate a DNA heteroduplex. The DNA 

denaturation and re-hybridisation was performed in a thermocycler with the following 

parameters:  95°C for 10 min, 95°C to 85°C at -2°C/s; 85°C to 25°C at -0.25°C/s; and 25°C 

hold for 1 min. 15 μl of heteroduplex reaction was digested with 4U of T7 endonuclease 

(NEB) at 37 °C for 20 minutes, and results were analysed on an agarose gel.  

2.10.4 CRISPR-Cas9 edited TGFBI-KO iPSC lines generation 
In order to generate CRISPR-Cas9 engineered lines, simultaneous reprogramming and 

CRISPR-Cas9 gene editing were performed in control fibroblast cells, using a protocol 

modified from Howden et al. (2015). Electroporation conditions and methods were 

performed as described above (Section 2.9.3), with the addition of 2 μg of the CRISPR-

Cas9 plasmid (design and generation described in Section 2.10.2) to the plasmid mix.  
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A total of 50 individual CRISPR-Cas9 edited clones were selected for expansion and 

gDNA extraction, and genotype analysis was performed using Sanger sequencing (Source 

Biosciences Cambridge), in order to identify heterozygous and homozygous TGFBI KO 

lines. 

2.10.4.1 Off-target analysis in the genetically engineered iPSC lines 
Offspotter was used to predict possible off-target effects, due to the binding of the selected 

guide to other parts of the genome. Primers (See Appendix C, Table 8.2) were designed 

to amplify the predicted off-target regions, and the product was subsequently purified and 

Sanger sequenced. Sequence reads were aligned against the corresponding reference 

sequences, to ensure no off-target editing had occurred. 

2.11 Antisense oligonucleotides (ASO)  

2.11.1 ASO design  
ASOs were designed specific to the region of exon 12 of TGFBI containing the R555Q and 

R555W mutations. 

2.11.2 Prediction of RNA secondary structures  
A reference sequence for TGFBI was obtained from Ensembl (ENST00000442011.6). The 

region comprising intron 11-12 to intron 12-13 was converted to RNA and used to predict 

the secondary structure of the TGFBI pre-mRNA using the Mfold software (Zuker et al. 

2003). The same sequence without the intronic regions was used to investigate the 

predicted mRNA folding.  

Mfold was used to investigate the RNA conformation of the TGFBI area that the ASO was 

designed against, in order to identify open chromatine areas where it is likely to find 

unpaired bases that might facilitate the binding of the ASO to the target gene. As part of 

the software output, Mfold analyses the sequence and generates a list of possible folded 

structures ordered by their predicted free energy, with the lowest free energy being the 

most favourable reaction. Visually it is possible to identify the area of interest if there is 

one mutation or splicing donor site and/or seek a difference in RNA conformations for the 

open areas (if the objective is simply to target gene expression).  

For each one of the structures, files containing information of interest about the folding 

properties of the sequence were generated. Two of these files were especially useful to 

identify the target sequences and design the ASO. One of them, the ct file provides 

information about the folding of each specific predicted structure. For each base of the 

sequence in a given structure, the file contains 6 fields distributed in columns, from which 

two are especially relevant for ASO design (highlighted in bold in Table 2.9 below): 
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• The base internal number (i) 

• The base identity 

• Internal base number of the 5´neighbour base 

• Internal base number of the 3´neighbour base 

• Internal base number of the base that is paired with i. If I is single stranded the 

value is 0. 

• Historical base number 

An example of the output file obtained from this analysis is provided below (Table 2.9). In 

this case, bases with 0 values in the fifth field are preferred to be part of the target 

sequences, as they will be unpaired and more prone to bind the ASOs. 

Table 2.9. Example of a ct file from the analysis of TGFBI mRNA sequence. Numbers in the 
top column have been added to match the text above. 

1 2 3 4 5 6 
378 C 377 379 413 378 
379 G 378 380 412 379 
380 A 379 381 411 380 
381 G 380 382 410 381 
382 C 381 383 0 382 
383 C 382 384 0 383 

 

However, probably the most important piece of information provided by mFold is the ss-

count. The ss-value (of a base represents the propensity of that base to be single 

stranded. The number indicated reflects the number of times that base appears unpaired 

in all the predicted structures. Therefore, bases with a high ss-count score would be of 

interest, as oppose to those whose value is 0 (which in this case means they are always 

paired), as the unbound state will facilitate binding with the ASO. Ss-values of mutant and 

WT TGFBI pre-mRNA and mRNA sequences can be found and compared in Chapter 5 

(Figure 5.9), as part of the target sequence selection process. 

2.11.3 Target and ASO sequence selection  
The area of interest, around the hotspot R555 was identified, and two target sequences of 

20 and 23 nucleotides were selected using the information from the ss-values. For each 

target sequence, two complementary sequences to both the R555W and R555Q mutations 

were designed (Table 2.10).  
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Table 2.10. Sequences used for the ASO design. RNA sequences represent the target area in 
the WT or mutant mRNA. Two different 20 and 23 sequences from the mRNA were selected (target 
sequence), and served as a reference to design their complementary ASO molecules. The codon 
corresponding to the amino acid R555 is highlighted in blue, and the RNA/cDNA change 
corresponding to each one of the mutations of interest is represented in red. 

 RNA sequences 

WT 

R555Q 

R555W 

5’ CGAGCCCUGCCACCAAGAGAACGGAGCAGACUC 3’ 

5’ CGAGCCCUGCCACCAAGAGAACAGAGCAGACUC 3’ 

5’ CGAGCCCUGCCACCAAGAGAAUGGAGCAGACUC 3’ 

 Target sequences ASO sequences 

#1 (WT) 

#1 R555Q 

#1 R555W 

5’-CCACCAAGAGAACGGAGCAG-3’ 

5’-CCACCAAGAGAACAGAGCAG-3’ 

5’-CCACCAAGAGAATGGAGCAG-3’ 

 

5’-CTGCTCTGTTCTCTTGGTGG-3’ 

5’-CTGCTCCATTCTCTTGGTGG-3’ 

#2 (WT) 

#2 R555Q 

#2 R555W 

5’-CACCAAGAGAACGGAGCAGACUC-3’ 

5’-CACCAAGAGAACAGAGCAGACUC-3’ 

5’-CACCAAGAGAATGGAGCAGACUC-3’ 

 

5’-GAGTCTGCTCTGTTCTCTTGGTG-3’ 

5’-GAGUCTGCTCCATTCTCTUGGUG-3’ 

 

The final sequences were analysed and validated according to the following parameters: 

• Percentage of GC content between 40-60%. 

• Binding affinity. Free energy values should be low as a result of binding the target 

sequence and high (above -4 kcal/mol for the processes of folding within 

themselves or binding another ASO (in order to avoid self-complementary). The 

Subfold and bifold online tools available from the University of Rochester were 

used respectively for this analysis. 

• Potential off-target effect screening was performed by aligning the ASOs 

sequences to the human genome, using the web resource BLAST (Zhang et al. 

2000) 

2.11.4 ASO design – chemical modifications 
The ASOs used for the primary screening were mostly unmodified DNA oligonucleotides, 

with the exception of a phosphorothioate (PS) link between the last two nucleotides at the 

3´end. The ASOs used for the secondary screening followed a gapmer design, where 5 

flanking RNA nucleotides containing a 2-O´Methyl modification in their sugar were place 

at each extreme of the DNA region. An LNA modification was included in the position 

corresponding to the mutant base in each ASO. All of the remaining nucleotides were 

modified with PS links.  

In both screenings, a control ASO with a random non-TGFBI-binding sequence, and 

matching modifications was also purchased and used as a control. Additionally, all ASOs 



	78	

described included a 6-FAM fluorophore conjugated at the 5`end, for tracking purposes, 

and they were synthesised and purchased from Eurogentech (Belgium). Final sequences 

and modifications used are shown in Table 2.11. 

Table 2.11. DNA and RNA gapmer ASOs used for in vitro assays. Modifications: *: PS link, 
m:2-O’-Methyl RNA, +: LNA. 

ASO 
Name 

ASO Target ASO sequence and chemistry 

T-UQ R555Q 5’-CTGCTCTGTTCTCTTGGTG*G-3’ 

T-UW R555W 5’-CTGCTCCATTCTCTTGGTG*G-3’ 

U-CTRL Non-TGFBI 5’-CACCCCCATTCTTCAGC*C-3’ 

T-Q1 R555Q 5’-mC*mU*mG*mC*mU*C*+T*G*T*T*C*T*C*T*T*mG*mG*mU*mG*mG-3’ 

T-Q2 R555Q 5’-mG*mA*mG*mU*mC*T*G*C*T*C*+T*G*T*T*C*T*C*T*mU*mG*mG*mU*mG-3’ 

T-W1 R555W 5’-mC*mU*mG*mC*mU*C*C*+A*T*T*C*T*C*T*T*mG*mG*mU*mG*mG-3’ 

T-W2 R555W 5’-mG*mA*mG*mU*mC*T*G*C*T*C*C*+A*T*T*C*T*C*T*mU*mG*mG*mU*mG-3’ 

CTRL Non-TGFBI 5’-mC*mA*mC*mC*mC*C*C*A*T*T*C*T*T*mC*mA*mG*mC*mC-3’ 

 

2.12 In vitro ASO treatment 

Primary patient fibroblasts and patient iPSC-derived differentiated CEpC were transfected 

with the ASOs described above to assess reduced mutant TGFBI expression.  

Mutant fibroblasts lines were plated at 7.5 x 104 cells/cm2 24 hours pre-transfection. The 

following day, cells were transfected with the corresponding ASO using a polyethilamine 

(PEI)-based transfection reagent (Transporter5, Polysciences). Briefly, the culture media 

was replaced by fresh, serum-free and antibiotic-free media an hour before initiating the 

transfection. 1μg and 2μg of therapeutic and control (CTRL) ASOs were dissolved in 150 

mM NaCl and mixed with Transporter5 to achieve a 1:4 oligo:PEI ratio. After briefly 

vortexing the mix, the samples were incubated at RT for 20 min to allow ASO-DNA 

complex formation, and subsequently added to the cells. After a 48-hour incubation 

samples were taken for RNA analysis. 

Mutant differentiated CEpC were transfected with the liposome-based reagent 

Lipofectamin RNAiMax (Thermo Fisher). Differentiating cells were replated on day 21-25 

and seeded for transfection at 5-7.5 x 104 cells/cm2. Cells were detached with TriplE 

express (Thermo Fisher) and passed through a Falcon 70 μm cell strainer (Thermo Fisher) 

to separate clumps of cells and facilitate accurate seeding of the cells at the desire density. 

Fresh, serum-free Cnt-30 media was added to the cells before the transfection. OptiMem 

(Gibco) was used to separately dilute 3 μl of the reagent and the appropriate amount of 

ASO for each of the tested doses (200 nM and 500 nM). Complexes were allowed to form 
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for 5-10 min and the mix was added to the cells in a drop-like manner. Lysate and/or 

supernatant samples were collected after 48 hours for RNA analysis and 72 hours post 

transfection for protein studies. 

2.13 Next Generation Sequencing (NGS) 

Total RNA was extracted from treated and non-treated cells with the therapeutic ASOs, 

followed by cDNA synthesis (see section 2.1.2 for method). Dilutions containing at least 

1ng of cDNA were prepared and sent to the UCL genomics department, where the region 

of interest was sequenced using Illumina MiSeq technology. Primers flanking the region 

containing the SNP were designed, and also sent to the genomics facility. These primers 

include two overhang adapters (known as illumina nextera transposase overhang) at the 

5`end, which are two universal sequences that are compatible with the specific Illumina 

kits. 

Table 2.12. Primers used for amplicon generation and Illumina library preparation. NGS 
primers are composed of the primer sequences designed for amplification of the region containing 
the mutations (black), and the Forward (red) and reverse (blue) illumina nextera transposase 
sequences. 

Primer 5’ – Adaptor sequence – gene specific sequence – 3’ 

Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCGCTTTAGCATGCTGGTAGC 

Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCCTCCGCTAACCAGGATTT 

 

Requirements for the design of appropriate primers for NGS sequencing also include: 

• Melting temperature 60-65 ºC (not considering the overhang sequence). 

• Production of an amplicon between 100 and 400 bp (without tails). 

At the UCL genomics facility, the cDNA samples were sequenced using the MiSeq reagent 

kit Nano (Illumina). A summary of the procedure is detailed below. 

To generate a DNA library, the primers above were used to generate a 207 bp long 

amplicon (without tails), using KAPA HiFi HotStart ReadyMix (KAPA Biosystems). In this 

step, the resulting amplicon containing the region of interest also incorporates the nextera 

transposase sequences, that will facilitate the next PCR reaction. The PCR product was 

purified using AMPure XP beads, in order to separate amplicons from primers and other 

components of the amplification reaction. AMPure XP beads were added to the product 

and mixed. Then the mixture was incubated at RT for 5 mins, followed by separation of 

the beads (with the DNA bound) using a magnetic stand. The next steps involved washing 

the beads twice with ethanol, using the magnetic stand to separate and discard the ethanol 

solution after each wash. After washing, beads were let to air-dry and DNA was eluted 
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using 50 µL of 10 mM Tris pH 8.5, using the magnetic stand to this time collect the 

supernatant containing the DNA. In order to ensure removal of primer dimers, after a short 

2 min incubation at RT, an additional clean-up was performed, when 20% /2.5 M NaCl was 

added to re-bind DNA to the beads, and the same procedure was repeated starting with 

new ethanol washes. 

A second amplification reaction using the first purified PCR product, KAPA HiFi HotStart 

ReadyMix and the Nextera XT Index 1 (N7XX) and 2 (S5XX) primers from the Nextera XT 

Index kit (Illumina) was performed. A new clean-up of the corresponding PCR products 

was performed, following the same procedure as described above. 

Once the cDNA libraries were generated, they were quantified and pooled in order to 

obtain a minimum of 5000 reads. Next, the libraries are denatured with NaOH, rehybridized 

and subsequently heat denatured before proceeding with the sequencing. The amplicon 

library was combined with PhiX Control v3, a library derived from the PhiX genome, which 

is especially necessary in low-diversity libraries such as the ones in the current 

experiment, where only one amplified DNA fragment was analysed, in order to allow for 

correct sequencing. Samples were sequenced using a MiSeq sequencer (Illumina). 

2.14 Quantification of WT and mutant bases 

Number of reads of each base in the position affected in the SNP were quantified using 

Python (see Appendix D for code details), and divided by the total number of reads for that 

position, in order to obtain a percentage of WT and mutant base for each condition (NT, 

CTRL ASO, TGFBI ASO 1 and TGFBI ASO 2). 
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Chapter 3: Genetic classification of TGFBI-associated 
dystrophies and generation of patient derived and 
genetically engineered iPSC. 

3.1 Introduction 

In a scenario where there is a lack of appropriate animal models of disease, in vitro models 

represent an alternative system to investigate pathological disease hallmarks, molecular 

mechanism, as well as develop and test new therapeutics. Induced pluripotent stem cells 

(iPSC) can be isolated from different sources of easily accessible human tissue, for 

example skin, blood or urine, and subsequently differentiated into the cell type of interest, 

representing a reliable source of cells with the genomic characteristics from an affected or 

unaffected individual.  

In the particular case of genetic conditions, iPSCs from patients with known mutations 

causing a specific disease can become a unique source for the development of in vitro 

models, and facilitate the establishment or further study of the relationship between the 

pathogenic disease variant and the disease phenotype, as well as develop targeted 

treatments. 

This chapter describes the genetic analysis of TGFBI-CD patient cohort and explains the 

selection of the hot-spot mutations selected for investigation, as well as the generation of 

iPSC models; proving how genetic studies combined with iPSC technology can open a 

new avenue of investigation for the study of TGFBI-associated CD. 

3.1.1 Genetic diagnosis and prevalence of TGFBI-associated CDs 
Multiple genetic studies have been performed in an effort to establish the genotype-

phenotype correlation between mutations in TGFBI and the resulting phenotypic 

expression of autosomal dominant CDs affecting the epithelial and stromal layers. To date, 

77 pathogenic variants have been identified (Table 8.1, appendix B) and linked to specific 

corneal phenotypes, and new cases of novel mutations are likely to continue being 

discovered (Benbouchta et al., 2021; Chen, 2020; Evans et al., 2016).  

The original IC3D, co- written by international experts in the field, classified CDs based on 

anatomical and histopathological characteristics (Weiss et al., 2008). Subsequently, the 

importance of genetics in the classification of CDs was recognised in the latest IC3D 

review with revised nomenclature (Weiss et al., 2015). Furthermore, in recognition of the 

limitations of anatomically assigning a dystrophy to a single layer of the cornea, CDs 

caused by mutations in TGFBI are now referred to as epithelial-stromal TGFBI 
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dystrophies, then subclassified according to clinical presentation, and pathological detail 

(see Chapter 1 section 1.6.2). 

Genetic screening is currently the most powerful tool to ensure the correct diagnosis and 

classification of a patient with a TGFBI-CD, since it allows for distinction of dystrophies 

with a similar clinical presentation, which often would not be possible simply under slit 

lamp examination, as well as for discrimination from non-TGFBI CDs that have similar 

corneal presentation but a different underlying cause (Yee et al., 1997).   

TGFBI CDs are found across the world, however information about prevalence and 

epidemiological studies are very limited. Some studies have traced Avellino corneal 

dystrophy (also known as GCD2) back to an Italian origin, however it is not limited to 

individuals of European ancestry (Folberg et al., 1988; Holland et al., 1992). Asia, Europe 

and North America are the predominant areas where TGFBI dystrophy cases have been 

reported (Chao-Shern, DeDionisio, Jang, et al., 2019). 

Some studies have described the distribution of CDs in their local cohorts, often finding 

slightly dissimilar results, specific to the particular population. For example, Yang et al., 

(2010) conducted a study in 21 unrelated Chinese families with a diagnosis of LCD or GCD 

and identified TGFBI mutations in either of the two hotspots in more than eighty per cent 

of the cases. Their observations combined with the pre-existing information in the literature 

showed that GCD1 (p.R555W), GCD2 (p.R124H) and LCD1 (p.R124C) were the most 

common TGFBI CD in their Chinese population.  

Another study conducted at Moorfields Eye Hospital in 2016 (Evans et al., 2016) showed 

the distribution of both hotspot and rarer mutations in the cohort, and found the hotspot 

mutations p.R555Q (TBCD), p.R124C (LCD1) and p.R555W (GCD2) to be the most 

prevalent variants. In Mexico, however, a smaller study reported all of their LCD cases 

had the p.H626R variant, and none were identified at the p.R124 hotspot (Zenteno et al., 

2009). Only a few studies appear in the literature reporting CD prevalence data in larger 

populations (Table 3.1). 

A recent study combined previously published data with newly acquired data, in order to 

develop a genetic test that includes the most common mutations, aiming to facilitate the 

diagnosis of TGFBI-CD patients with the most common mutations worlwide, which they 

found to be: p.R124C, p.R555W, p.R124H, p.R124L, p.R555Q, p.H626R, p.A546D, 

p.H572R, p.G623D, p.R124S, and p.M502V (Chao-Shern, DeDionisio, Jang, et al., 2019). 
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Table 3.1. Prevalence of epithelial-stromal TGFBI dystrophies 

Prevalence Disease Population Reference 

0.24% TGFBI CD (p.R124H 
mutation) 

Chinese refractive surgery 
candidates 

 (2068 individuals) 

Song et al. 
(2017)  

0.115% Avellino (p.R124H mutation) Korea 

(21 individuals from 16 

families, prevalence was 

estimated using a population 

model) 

Lee et al. 

(2010)  

0.13%, of which: 

• 15.6% 

• Less than 

1% 

• Less than 

1% 

General corneal dystrophies 

(CD) diagnosis 

• Anterior CD 

• Lattice CD 

• Granular CD 

USA  

(6,626,976 enrolees, data 
collected over a 5-year 

period, no genetic screening) 

Musch et 

al. (2011)  

 

3.1.2 Induced pluripotent stem cells (iPSC) 
Takahashi & Yamanaka (2006) revolutionized our understanding of stem cell pluripotency 

when they described the possibility of generating stem cells from mouse somatic cells, 

such as fibroblasts, with the aid of only four factors, which are now known as the 

Yamanaka factors (Oct4, Sox2, Klf4 and C-myc). These cells had pluripotent properties 

and functional characteristics that resembled those from embryonic stem cells (ESC). 

Shortly after, the same factors were shown to induce pluripotency in human somatic cells 

(Takahashi et al., 2007). Additionally, another similar set of factors, which included the 

addition of NANOG and LIN28 also demonstrated a similar ability to induce pluripotency 

(Yu et al., 2007). These findings had an immense effect in the fields of regenerative 

medicine and disease modelling, since the possibility of culturing human samples in a dish 

for a near indefinite amount of time offered a wide range of new options for the study of 

genetic diseases, as well as drug discovery, gene editing and transplantation. 

Reprogramming methods and technology have continued to evolve. Initially retrovirus and 

lentivirus were used to deliver the Yamanaka factors, but due to safety concerns, non-

integrating methods, such as episomal vectors, synthetic mRNA and sendai virus have 

become more popular and are more often used (Takahashi & Yamanaka, 2016). Through 

investigation of the self-renewal properties of mouse ESC, it was discovered that Nanog 

and Kfl4 alone were sufficient to induce pluripotency, without the need for the leukaemia 
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inhibitory factor (LIF), which was known to maintain self-renewal through the transcription 

factor Stat3 (Mitsui et al., 2003; Niwa et al., 2009).  

As further research has emerged, the specific expression profiles of genes and proteins 

present exclusively in mouse ESCs have been identified, allowing for identification of the 

key mechanisms and signalling pathways necessary for maintenance of the 

undifferentiated state. These included the oncogene MYC (Cartwright et al., 2005),  b-

catenin (WNT pathway; Sato et al. 2004), TLC1 (PI3K pathway) and GBR2 (RAS-MAPK 

pathway; Cheng et al. 1998). In addition, OCT3/4 and SOX2 were described as core 

factors for the regulation of pluripotency associated genes (Tokuzawa et al., 2003; 

Tomioka et al., 2002). 

The reprogramming process has an initial phase of ectopic expression of the Yamanaka 

factors, which are gradually lost as iPSCs rapidly divide and the expression of endogenous 

pluripotency genes increases (Stadtfeld, et al., 2008). The ectopic factors are suspected 

to act as “pioneer factors” that would have exclusive access to chromatin regions, thus 

activating or repressing gene expression required for stemness maintanance (Soufi, 

Donahue, & Zaret, 2012). 

3.1.3 iPSC for disease modelling 
Primary tissue derived from affected individuals and animal models is the ideal source for 

the in vitro study of diseases. Primary cultures can be established from brain (Weil et al., 

2019), skin (Kober, et al., 2015), or cornea (Peh, et al., 2011). However, in the case of 

affected human individuals, frequently, donor tissue required for the study of certain 

diseases, such as cardiac diseases and neuropathies, is only available post-mortem. 

Obtaining this tissue often also carry ethical issues or, in the case of corneal diseases, 

their availability might be limited and dependent on factors such as tissue removed during 

transplants, presenting a major limitation for research. 

All of the above limitations can be overcome through iPSC technology, which hold the 

potential to differentiate into any cell type derived from the three germ layers (Figure 3.1), 

and can be reprogrammed from accessible tissues, such as skin fibroblasts, blood cells or 

urine epithelial cells. They also overcome the potential ethical concerns associated with 

other stem cell types, such as ESC (Manzar, et al., 2013). 

Differentiation protocols have continually been developed since the first studies on ESCs 

and iPSCs were published, and have extended to a wide range of cellular types (Chen et 

al., 2009; Takahashi, Mitsui, & Yamanaka, 2003). Investigators have studied neurological 

diseases using iPSCs to model conditions, such as Alzheimer´s (Kondo et al., 2013) or 

Parkinson´s Disease (H. N. Nguyen et al., 2011), by modelling the specific cell type of 
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interest. For other conditions, such as amyotrophic lateral sclerosis (ALS), astrocyte-

neuron co-cultures have been used to investigate non cell-autonomous effects (Nagai et 

al., 2007). 

 

 
 
Figure 3.1. Reprogramming and differentiation of iPSC cells. iPSCs can be obtained by 
reprogramming varying types of adult somatic cells, after which they acquire pluripotency features, 
which makes them suitable for differentiation into any tissue from the three germ layers; ectoderm, 
mesoderm and endoderm.  
 
Ocular diseases represent other examples where iPSCs are a useful tool to overcome 

limitations associated with tissue availability, which is a major hurdle in the case of retinal 

diseases. Thus, iPSC technology has enabled the study of conditions, including age-

related macular degeneration (Saini et al., 2017), retinitis pigmentosa (Lane et al., 2020; 

Ramsden et al., 2017) and Leber Congenital Amaurosis (Parfitt, Lane, Ramsden, Carr, et 

al., 2016; Shimada et al., 2017), where otherwise the study of human tissue would be 
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impossible. As such, iPSCs present an excellent in vitro cell model for the study of CDs 

and their associated disease mechanisms. 

3.1.4 CRISPR/Cas9 technology for genome editing 
Genome editing using the CRISPR (clustered, regularly interspaced short palindromic 

repeats) and Cas9 (CRISPR-associated protein 9) has been used as a genetic tool for the 

modification of genomes in order to achieve different aims, such as modelling genetic 

disease or therapeutic gene editing.  

The discovery of “CRISPR sequences” that matched genomes from bacteriophages, in 

2005 by Spanish investigators, led to the hypothesis of the existence of an adaptive 

immune system used by prokaryotes against external infections, which these sequences 

could be a part of (Mojica et al., 2005). This was in fact later confirmed, and linked to the 

activity of the Cas9 enzyme, a protein with nuclease activity that was discovered to be 

responsible for cleavage and destruction of foreign genomes in prokaryotic cells 

(Barrangou et al., 2007). 

Three CRISPR systems have been identified, all comprised of three elements: CRISPR-

associated genes, long non-coding RNA and an array or repetitive elements, known as 

CRISPR RNA (crRNA) array (Makarova et al., 2011). These elements are also 

accompanied by short sequences of exogenous DNA, called protospacers  found next to 

protospacer adjacent motifs (PAMs; Marraffini & Sontheimer, 2008). The best 

characterised of the CRISPR systems is the Type II system, where the crRNA contains 20 

nucleotides, which bind DNA by Watson and Crick pairing, and serves as a guide for the 

Cas9 enzyme to induce DNA cleavage. It also requires an auxiliary trans-activating crRNA 

(tracrRNA) for associating the Cas9 protein to the targeting RNA, and, in the case of Cas9 

derived from Streptococcus pyogenes (SpCas9), an NGG PAM site following the 3’ end of 

the DNA target sequence (Jinek et al., 2012). 

Following its discovery, this system has been adapted to enable the editing of genomes in 

the laboratory. The CRISPR/Cas9 system is based on the introduction of double-strand 

breaks (DBS) in the DNA by the Cas9 enzyme, using a guide RNA that is complementary 

to the target DNA region (Ran et al., 2013). The technique can be used to target areas 

that affect the whole gene, for example inducing a genetic knockout, or can be directed at 

specific DNA regions containing variants of interest, for an allele-specific effect. When 

targeting a specific variant in the genome using SpCas9, it is a requirement that either the 

variant is located near a PAM site, or a new PAM site is generated by the variant. 

Importantly, the target cell´s own DNA repair mechanisms resolve the induced DBS. DNA 

repair predominantly follows two different pathways: non-homologous end joining (NHEJ) 
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or homology directed-repair (HDR; Figure 3.2). NHEJ is rapid but error prone system that 

can be exploited to create insertions or deletions (InDels) in gDNA that might result in a 

premature stop codon, and therefore prevent protein synthesis. The other resolution 

method, HDR, however, is a precise but more inefficient method that provides a way to 

introduce or correct specific mutations with the aid of a DNA repair template, such as a 

single-strand oligodeoxynucleotide (ssODN), that serves as a guide template for the 

synthesis of the new DNA strand in the genome. This repair template will contain the 

specific change, or changes, that are required to achieve the desired genetic manipulation. 

HDR can be used for the introduction of point mutations in a homozygous or heterozygous 

manner in different cell types, with the aim of modelling genetic conditions, including 

inherited CDs (Lin, Staahl, Alla, & Doudna, 2014; Maruyama et al., 2015) and Alzheimer´s 

disease (Paquet et al., 2016). 

CRISPR/Cas9 gene editing also has the potential to be used for therapeutic purposes, to 

correct pathogenic mutations in both artificial overexpression systems and patient-derived 

cell cultures, as well as an in-situ therapy in tissues of interest. New nucleases and delivery 

strategies are being studied and optimised in order to improve efficiency and increase their 

power as a therapeutic tool (Zhang et al., 2020, Zhang et al. 2017). Successful examples 

of CRISPR/Cas9 gene editing in both in vitro and animal models, include correction of 

mutations in the DMD gene, encoding the dystrophin protein and causative for Duchenne 

Muscular Dystrophy (Zhang et al., 2017), and an intronic point mutation that alters splicing 

and generates a cryptic exon in the CEP290 gene responsible for causing Leber 

Congenital Amaurosis (Maeder et al., 2019), two conditions without any treatment to date. 

The application of this technique for TGFBI editing has also been studied in several 

contexts, in order to target the mutations associated with corneal dystrophies. Taketani et 

al. (2017) have reported successful repair of the p.R124H TGFBI mutation in GCD2 

keratocytes with 20% efficiency by this method. Subsequently, the same group generated 

a mouse model, using the HDR approach to introduce the p.R124C mutation in a 

heterozygous and homozygous manner (Kitamoto et al., 2020). 
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Figure 3.2. CRISPR/Cas9 technology for genome editing. A guide RNA, which is 
complementary to a specific target sequence, directs the Cas9 endonuclease enzyme to induce a 
double strand break in the target DNA. DNA-repair mechanisms resolve the break, either by non-
homologous end joining (NHEJ), leading to the creation of InDels that can alter the reading frame; 
or by homology directed-repair (HDR), when new DNA is synthesised from a donor template 
sequence. 
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3.1.5 Chapter aims  
In this chapter, the major aims of the research were to: 

• Investigate the prevalence of TGFBI CDs in the Moorfields Eye Hospital (MEH) 

cohort, to identify the most common mutations causing disease for further study. 

• Generate iPSCs from patient-derived fibroblast cell lines, as well as unaffected 

controls, to generate a TGFBI-CD iPSC biobank for the development of an in vitro 

model. 

• Generate a knock-out (KO) TGFBI iPSC line as a control for the study of lack of 

TGFBIp.  
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3.2 Results 

3.2.1 TGFBI mutations causing corneal dystrophies in the Moorfields Eye Hospital 
cohort 

A total of 120 probands with a clinical diagnosis consistent with an epithelial-stromal 

TGFBI dystrophy were recruited to the study over approximately 4 years, and screened to 

identify the causative mutation (continuation of the work initiated by Evans et al., 2016). 

Of note, the majority of the patients showed a positive family history consistent with an 

autosomal dominant inheritance pattern. 

gDNA extracted from the probands’ blood sample was used as template to amplify exons 

4 and 12 that harbour mutation hot-spots. Samples were Sanger sequenced, in order to 

identify the mutation and confirm the clinical diagnosis. In cases where no mutations were 

found in exon 4 or 12, the remaining exons in TGFBI were screened to identify the 

causative variant (Chapter 2, Section 2.8). An example of patients with a family history of 

TGFBI CD, with a diagnosis confirmed after genetic screening of the corresponding exons 

is represented in Figure 3.3. 

 
Figure 3.3. Examples of genetic diagnosis of individuals with TGFBI CD. A, C) Pedigrees 
representing a family history of TBCD (A) and LCD1 (C). Probands in each case are marked with 
an arrow. B, D) Sanger sequencing results demonstrated c.1664G>A (B) and c.370C>T (D) 
mutations in exons 12 and 4 of TGFBI, respectively, in probands. 
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The majority of patients recruited were initially clinically assigned with a broad diagnosis 

of LCD, GCD or RBCD (Figure 3.4A), and in eight cases the phenotype could not be 

determined. After genetic screening, LCD patients could be classified to the appropriate 

subtype, according to their mutations: LCD1 (p.R124C), LCD3A (p.N622H), and variant 

LCD (p.H626R, p.A620D and p.V625D). Granular corneal dystrophy phenotypes could 

also be differentiated into those caused by p.R555W (GCD1) and p.R124L (GCD2) 

mutations. The most striking effect of genetic screening was seen in patients with 

Bowman’s Layer dystrophies, where 29 of the 33 patients with a clinical diagnosis of 

RBCD, were reassigned to the TBCD group (Figure 3.4B). This further confirms the 

differentiation of these dystrophies is based on the genetic mutation causing disease, 

rather than the clinical presentation. 

 
Figure 3.4 Prevalence of TGFBI-associated dystrophies in the patient cohort at MEH. 
Diagnoses of 120 unrelated cases of suspected TGFBI dystrophies at MEH were recorded before 
(A) and after (B) genetic screening to identify the prevalence of the different dystrophies in the 
cohort. GCD = granular corneal dystrophy; LCD= Lattice corneal dystrophy; RBCD= Reiss-Buckler 
corneal dystrophy; TBCD= Thiel-Behnke corneal dystrophy; EBCD=Epithelial Basement 
Membrane Corneal Dystrophy. Non-hotspot mutations include mutations in other parts of the TGFBI 
gene, excluding arginine residues 124 and 555. 

 

Therefore, upon genetic screening, the diagnosis for all the patient could be either 

confirmed or further investigated and reassigned. Mutations in TGFBI that could explain 

the corneal dystrophies seen in patients were identified in 91.66% of the probands, while 

5.83% of them had mutations in a different gene, including the Gelsolin gene, GSN, which 

is responsible for LCD2; and UBIAD1, associated with for SCD. In the remaining 2.3% of 

affected individuals, no mutation was found in the genes screened (Figure 3.4 and Table 

3.2). All of the mutations identified were heterozygous.  

A more detailed analysis of the genotype percentages found post-screening can be found 

in Table 3.2. From the patients with TGFBI dystrophies, 90.8% (n=99) had mutations in 

the two hotspots (45.48% p.R124 and 51.51% p.R555) and 11.11% had mutations 

elsewhere in the gene (p.H626R, p.A620D, p.N622H, p.V625D) which had been previously 
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reported to cause CDs (Anandalakshmi et al. 2017; Chao-Shern et al. 2019; Chau et al. 

2003; Hao et al. 2016; Tian et al. 2007; Venkatraman et al. 2017). 

Importantly, following genetic screening, the 2.3% (n=3) of patients that did not have a 

genetic mutation in either TGFBI, GSN or UBIAD1 were re-evaluated by Prof. Stephen 

Tuft to conclude a final diagnosis. It was then discovered that one of the patients presented 

TGFBI-like deposits as a secondary event to chronic inflammation and the other two 

resulted in a final diagnosis of monoclonal gammopathy of undetermined significance 

(MGUS).  

In summary, this analysis demonstrated that LCD1 (33%), TBCD (29%) and GCD1 (22%) 

were the most common TGFBI dystrophies in our patient cohort. 

 

Table 3.2. Genetic diagnosis of MEH patients that participated in the TGFBI screening study. 
GCD = Granular corneal dystrophy; LCD = Lattice corneal dystrophy, RBCD = Reiss-Bückler 
corneal dystrophy, TBCD = Thiel-Behnke; EBMD = Epithelial basement membrane dystrophy; SCD 
= Schnyder corneal dystrophy 

Genetic cause CD/Mutation Number of individuals Total 

TGFBI 

GCD1 (p.R555W) 22 

99 

GCD2 (p.R124H) 12 

LCD1 (p.R124C) 33 

RBCD (p.R124L) 3 

TBCD (p.R555Q) 29 

LCD3A (p.N622H) 1 

10 

LCD (p.H626R) 

LCD (p.A620D) 
LCD (p.V625D) 

4 

1 
1 

Bowman (p.G623D) 3 

EBMD (p.L509R) 1 1 

Non-TGFBI 

LCD2/ GSN (p.D214N) 6 
7 

SCD/UBIAD1(p.N102S) 1 

MGUS/secondary 3 3 

  120  
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3.2.2 Patient selection for the establishment of in vitro models 
In order to establish in vitro models of TGFBI dystrophies, patients from the Moorfields 

cohort with the three most common mutations, p.R124C, p.R555Q and p.R555W, were 

selected, based on the previous genetic analysis. In addition, male patients were selected 

to sex match with available control cell lines. Letters were sent to patients requesting 

participation in the study and skin biopsies were taken from those who granted consent.  

In total, biopsies from 3 patients with p.R555Q (referred to in this study as Patients 1, 2 

and 3), two patients with p.R555W (Patients 4 and 5) and two patients with p.R124C 

(Patients 6 and 7), who had been reported with family history of TGFBI-CD, were obtained 

(Table 3.3).  

Table 3.3. Skin biopsy donors with TGFBI dystrophies  

Patient 
Age at 
time of 
biopsy 

Ethnic 
background Mutation Disease Location of the 

deposits 
Nature of 

the 
deposits 

#1 61 White/British p.R555Q TBCD Bowman’s layer Non-
amyloid 

#2 35 Unknown p.R555Q TBCD Bowman’s layer Non-
amyloid 

#3 42 Turkish p.R555Q TBCD Bowman’s layer Non-
amyloid 

#4 47 White/British p.R555W GCD1 Epithelium/stroma Non-
amyloid 

#5 62 White/British p.R555W GCD1 Epithelium/Stroma Non-
amyloid 

#6 48 Black/African p.R124C LCDI Epithelium/Stroma Amyloid 

#7 54 Unknown p.R124C LCDI Epithelium/Stroma Amyloid 

 

Clinical images detailing some of their phenotypic features were acquired by Prof. Tuft 

during clinical examination (Figure 3.5). Descriptions of the patients’ ocular medical history 

is detailed below: 
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Figure 3.5. Clinical images of TGFBI CD patients recruited to this study. Pictures taken 
during slit-lamp examination reveal geographical features of corneas from patients with A) GCD1 
(Patient 4, p,R555W), B) GCD1 (Patient 5, p. R555W), C) TBCD (Patient 3, p.R555Q) and D) 
TBCD (Patient 2, p.R555W). 

 

Patient #1 was a 63-year-old man with an initial diagnosis of bilateral RBCD. This was 

subsequently changed to TBCD upon genetic screening and identification of a 

heterozygous p.R555Q mutation. He had a positive family history, with his sons, mother 

and grandmother affected. The disease was initially treated with penetrating keratoplasty 

(PK) in 1995 in his left eye, but recurred, and has since then led him to have additional 

bilateral Phototherapeutic keratectomy (PTK) laser surgeries in 2016, 2017 and 2020. 

Patient #2 was a 37-year-old man with an initial diagnosis of bilateral RBCD, which also 

changed to TBCD after genetic evaluation and identification of a heterozygous p.R555Q 

mutation. He had a family history, which included 5 other affected family members. His 

surgical history commenced with bilateral PTK approximately 13 years ago, which he 

claimed only lasted for roughly two years. Since then, he has had two more transepithelial 

photorefractive keratectomy (PRK) surgeries in both corneas, in 2014 and 2018 without 

noticing major improvements in his vision. He presented with subepithelial haze in his last 

visit to clinic in February 2020. 

Patient #3 was a 53-year-old man who has been under review in MEH since 2005, and 

was diagnosed with TBCD through the genetic identification of a heterozygous p.R555Q 

variant. His first form of treatment was laser surgery in the right eye, which was followed 



	 95	

by two anterior lamellar corneal transplants in 2012 and 2016, upon disease recurrence of 

the disease, and with a suspected episode of rejection in 2018. In addition, he also had a 

spontaneous erosion episode two years after his first lamellar surgery, in the treated eye. 

Patient #4 was a 47-year-old man with a diagnosis and family history of GCD1 caused by 

a heterozygous p.R555W mutation. His corneas exhibit granular deposits in the superficial 

layers, causing blurry vision. He underwent PTK surgery in both eyes in 2016/17 to remove 

the deposits, and experienced mild recurrence two years after his surgery. 

Patient #5 was a 44-year-old man with GCD1 caused by a heterozygous p.R555W 

mutation. At age 37, he had excimer laser PTK in both eyes to remove granular deposits, 

which were unfortunately identified back in clinic after a year. Despite reported 

deterioration of vision, he did not have any other surgical intervention but instead used 

contact lenses to mask the irregularities and improve his vision.  

Patient #6 was a 50-year-old man that presented with bilateral LCD1 caused by a 

heterozygous p.R124C mutation. His treatment history for his corneal dystrophy includes 

bilateral PK in 2010 at age 39, and 2017 at age 46; as well as PRK to correct his right eye 

vision. Other ocular interventions included cataracts extraction and lens implantation. 

Patient #7 was a 56-year-old man who had experienced a long and severe bilateral LCD1 

over the past 15 years, as a result of a heterozygous p.R124C TGFBI mutation. He was 

initially surgically treated with PK in both eyes and later treated with PTK to remove a 

Salzmann-like nodule (SN). SNs are blue-white-grey opacities that are raised above the 

surface of the cornea and are composed of hyaline irregular accumulation of extracellular 

matrix, often between the epithelium and the Bowman´s layer, leading to the 

disappearance of the latter (Das et al., 2005). A second PK surgery was performed in the 

right eye in 2017 at age 53 as he was in deep discomfort due to poor vision and pain, 

which also prevented him from wearing therapeutic contact lenses. He experienced LCD 

recurrence in the left eye graft and eventually suffered an episode of graft rejection, after 

which doctors declared an irreversible graft failure and found recurrence of disease 

corneal deposits and scarring, and therefore a new PK surgery was indicated for him. He 

also experienced episodes of corneal erosion. Other non-epithelial ocular issues include 

bilateral cataract operations, and viral keratitis. 

3.2.3 Establishment of primary fibroblast cell lines 
Skin biopsies taken at MEH were processed in the lab and fibroblast lines established after 

approximately 3 weeks (as described in Chapter 2, Section 2.9.2). Mutations in exon 4 

and 12 originally identified in the genetic screen were confirmed in all the fibroblast lines 

(Figure 3.6).  
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Figure 3.6. Primary patient fibroblast lines with heterozygous TGFBI mutations. A) The skin 
biopsies were cultured and fibroblast cells emerged after 7 days, reaching confluency after three 
weeks. B) Sanger sequencing confirmed the presence of the heterozygous hotspot mutations 
c.370C>T (p.R124C), c.1663C>T (p.R555W) and c.1664G>A (p. R555Q) in the patient-derived 
fibroblasts. 

 
All patient lines harboured the expected heterozygous TGFBI missense mutations. Further 

sequencing of every TGFBI exon was performed in order to obtain a detailed genotype of 

the patient cell lines under investigation, and to identify other potential pathogenic variants 

or SNPs (Table 3.4).  
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Table 3.4. TGFBI exon screening of all patient lines. All 17 TGFBI exons (E) were sequenced 
in gDNA extracted from patient fibroblasts. Pathogenic mutations responsible for the corneal 
phenotypes are highlighted in bold 

Exon Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 

E1 No variant No variant No variant No variant No variant No variant No variant 
E2 No variant No variant No variant No variant No variant No variant No variant 
E3 No variant No variant No variant No variant No variant No variant No variant 

E4 No variant No variant No variant No variant No variant Het. C.370C>T 
(p.R124C) 

Het. 
C.370C>T 
(p.R124C) 

E5 No variant No variant No variant No variant No variant No variant No variant 

E6 No variant 

Het. 
c.651G>C 
p.L217= 

 
rs1442 

Homo. 
c.651G>C 
p.L217= 

 
rs1442 

No variant 

Het. 
c.651G>C 
p.L217= 

 
rs1442 

Het. 
c.651G>C 
p.L217= 

 
rs1442 

No variant 

E7 No variant 

Het. 
c.816C>T 
(p.N272=) 

 
rs34334509 

No variant No variant No variant No variant No variant 

E8 

Het. 
c.981A>G 
(p.V327=) 

 
rs1054124 

Het. 
c.981A>G 
(p.V327=) 

 
rs1054124 

No variant 

Homo. 
c.981A>G 
(p.V327=) 

 
rs1054124) 

Het. 
c.981A>G 
(p.V327=) 

 
rs1054124) 

No variant 

Homo. 
c.981A>G 
(p.V327=) 

 
rs1054124) 

E9 No variant No variant No variant No variant No variant No variant No variant 
E10 No variant No variant No variant No variant No variant No variant No variant 

E11 

Het. 
c.1416C>T 
(p.L472=) 

 
rs1133170 

Het. 
c.1416C>T 
(p.L472=) 

 
rs1133170 

No variant 

Homo. 
c.1416C>T 
(p.L472=) 

 
rs1133170 

Het. 
c.1416C>T 
(p.L472=) 

 
rs1133170 

No variant 

Homo. 
c.1416C>T 
(p.L472=) 

 
rs1133170 

E12  

Het. 
c.1620T>C 

p.F540= 
 

rs4669 

Het. 
c.1620T>C 

p.F540= 
 

rs4669 

No variant 

Homo. 
c.1620T>C 

p.F540= 
 

rs4669 

Het. 
c.1620T>C 

p.F540= 
 

rs4669 

No variant No variant 

Het. 
C.1664G>A 
(p.R555Q) 

Het. 
C.1664G>A 
(p.R555Q) 

Het. 
C.1664G>A 
(p.R555Q) 

Het. 
C.1663C>T 
(p.R555W) 

Het. 
C.1663C>T 
(p.R555W) 

No variant No variant 

E13 No variant No variant No variant No variant No variant No variant No variant 

E14 No variant No variant No variant No variant No variant No variant No variant 

E15 No variant No variant No variant No variant No variant No variant No variant 

E16 No variant No variant No variant No variant No variant No variant No variant 

E17 No variant No variant No variant No variant No variant No variant No variant 
 

Five synonymous variants were found in one or more individuals, in exons 6, 7, 8, 11 and 

12 (Table 3.4). All of these synonymous variants are predicted to be benign or likely benign 
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by the Leiden Open Variation Database (LOVD3, 

databases.lovd.nl/shared/variants/TGFBI) and ClinVar (ncbi.nlm.nih.gov/clinvar), and 

appear with high allele frequency (above 0.05) according to gnomAD (Table 3.5), 

indicating they are relatively common amongst the general population, and therefore 

unlikely to be pathogenic. The lowest frequency observed was 0.01 for p.N272N 

(rs34334509), however it was not predicted to be pathogenic according to the ICLS report, 

likely due to its silent effect at the protein level. Of note, none of the individuals with the 

same heterozygous mutation shared a SNP haplotype, confirming they are not related.  

 
Table 3.5. Analysis of the SNPs in TGFBI found in patient lines. ICLS: Illumina Clinical 
Services Laboratory, 

SNP ID 
(Clinvar) 

TGFBI exon cDNA/prot 
change 

Allele frequency  
(gnomAD) 

Predicted pathogenicity 
(ICLS, Ilumina) 

rs1442 6 c.651G>C 

(p.Leu217=) 

0.435257 Likely benign 

(SCV000452799) 

rs34334509 7 c.816C>T 

(p.Asn272=) 

0.011147 Likely benign 

(SCV000452803) 

rs1054124 8 c.981A>G 

(p.Val327=) 

0.318229 Benign 

(SCV000452806.3) 

rs1133170 11 c.1416C>T  

(p.Leu472=) 

0.269002 Likely benign 

(SCV000452816) 

rs4669 12 c.1620T>C 
(p.Phe540=) 

0.326305 Likely benign 
(SCV000452821) 

 

3.2.4 iPSC lines 
In order to study the characteristics of the disease in a cellular context that is more relevant 

to the disease, iPSCs from each patient and control fibroblast lines were generated with 

the aim of differentiating them into corneal epithelial-like cells in vitro. The p.R555W and 

p.R555Q mutation hotspot lines were selected to take forward for the development of 

patient-derived in vitro models for this study, due to their nature as the most common 

mutations in our cohort (Table 3.1, Figure 3.3). 

3.2.4.1 Patient- derived R555 mutant iPSC lines express pluripotency 
markers 

Fibroblast lines from patients with p.R555Q (n=3) and p.R555W (n=2) mutations, as well 

as two commercially available male control fibroblast lines, Control Human Dermal 

Fibroblasts of neonatal origin (HDFn, Sigma); and BJ, (CRL-2522, ATCC), were 

reprogrammed to iPSCs (Table 3.6). All lines were nucleofected with non-integrating 

episomal vectors expressing the Yamanaka factors. Subsequently, clonal iPSC lines were 
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isolated and expanded in culture, using a standard iPSC media to promote pluripotency. 

iPSCs generated from patient fibroblasts were analysed to assess pluripotent properties, 

before proceeding with differentiation. 

Table 3.6. Patient-derived iPSC lines  

iPSC line Genomic change Protein change Diagnosis 

Patient 1 c.1664G>A p.R555Q TBCD 

Patient 2 c.1664G>A p.R555Q TBCD 

Patient 3 c.1664G>A p.R555Q TBCD 

Patient 4 c.1663C>T p.R555W GCD1 

Patient 5 c.1663C>T p.R555W GCD1 

Control 1 (HDFn) WT WT Unaffected 

Control 2 (BJ) WT WT Unaffected 

 

RNA from the iPSC lines was extracted, and cDNA was subsequently synthesised. 

Endogenous expression of the self-renewal genes, including OCT4, LIN28 and SOX2, 

could be detected by RT-PCR as early as passage 4 and was maintained with subsequent 

passages, indicating cells have acquired self-renewal properties (Figure 3.7E). In addition, 

expression of the episomal reprogramming vectors was undetectable at any cell passage, 

confirming the expression of these vectors was only transient, and pluripotency is 

maintained by induction of endogenous self-renewal gene expression  

iPSC pluripotency was also confirmed by ICC expression of stem cell marker proteins 

(Figure 3.7B-E). Nuclear expression of NANOG and OCT4, as well as the surface markers 

stage-specific embryonic antigen-4 (SSEA-4), TRA-1-61 and TRA-1-81 was demonstrated 

in the iPSC colonies). 
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Figure 3.7. iPSC characterisation. A) RT-PCR demonstrated that iPSCs do not express 
reprogramming vectors from passage 4 while maintaining the endogenous expression of OCT4, 
LIN28, SOX2 and L-MYC across the passages. + = episomal vector; -  = H2O only control. Examples 
of stem cell colonies from patient lines carrying p.R555Q (B) and p.R555W (C) mutations; a control 
WT line (D) and the C-KO line (E) expressing the self-renewal markers SSEA-4 (green), OCT4 
(red), NANOG (green), TRA-1-8 (green). Nuclei were stained with DAPI (blue). Scale bar = 100 
µM.  
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3.2.5 Genome editing to create isogenic TGFBI knockout cell lines 
CRISPR/Cas9 editing technology was used to generate isogenic knockout iPSC lines by 

simultaneous reprogramming and CRISPR/Cas9 editing of an unaffected control fibroblast 

line to investigate the role of TGFBI in in vitro disease models. 

3.2.5.1 sgRNAs efficiently generate mismatches in the DNA 
Two sgRNAs targeting the sense (sgRNA1) and antisense (sgRNA2) strands of TGFBI in 

exon 4 were designed (Figure 3.8), and cloned into the PX458 expression vector (Figure 

8.1, appendix C), following the requirements necessary for the cloning process (Chapter 

2, Sections 2.10.1 and 0). 

 

 

Figure 3.8. Design of sgRNA targeting exon 4 of TGFBI. sgRNA 1 and 2 (green) are comprised 
of 20 nucleotides followed by a 3 base pair PAM site (NGG, red) at the 3’ end. DNA cleavage sites, 
indicated with arrows, are located 3 base pairs upstream of the Cas9 PAM sites. 

 

Three plasmids containing the sgRNAs 1 (1.1, 1.2 and 1.3) and two containing sgRNA 2 

(2.2 and 2.3) were transfected into HEK293 cells and their efficiency was analysed by a 

T7 endonuclease assay (Chapter 2, Section 2.10.3). Following transfection, gDNA was 

extracted and the region surrounding exon 4 expanded by PCR. Digestion of PCR 

products with T7 endonuclease, which cleaves mismatched DNA strands, confirmed the 

successful targeting of TGFBI exon 4 by the CRISPR/Cas9 system, indicating their 

suitability for further analysis. Since the intensity of the digested PCR product was higher 

for sgRNA 2.3 than the other guides (Figure 3.9), this was selected for performing genome 

editing to generate homozygous and heterozygous KO lines from a control fibroblast line.  
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Figure 3.9. T7 endonuclease assay demonstrating sgRNA efficiency. gDNA of HEK293 cells 
transfected with the different plasmids containing the CRISPR/Cas9 guide sequences 1 or 2, were 
subjected to T7 endonuclease digestion to detect the presence of mismatches in the DNA as a 
result of CRISPR/Cas9 editing. + and – indicate the presence of not of T7 in the reaction, thus + 
indicating digested and – undigested control. In addition, an empty Cas9 plasmid and H20 were 
used as controls (last three lanes). 

 

3.2.5.2 Editing and reprogramming fibroblasts to generate TGFBI KO iPSC 
lines 

In order to generate TGFBI KO iPSC lines, simultaneous reprogramming and gene editing 

was achieved by adding the DNA plasmid containing the sgRNA 2 to the plasmid mix 

containing the Yamanaka factors, and proceeding with the normal reprogramming protocol 

(See Materials and Methods Section 2.4). Following nucleofection, individual iPSC 

colonies were isolated and individually examined to confirm genetic changes in TGFBI 

generated by CRISPR/Cas9 genome editing. Sanger sequencing data from each cell line 

was aligned to the reference sequence and the genotypes analysed using Benchling and 

CRISPR-id online tools in order to find genome edits that could potentially prevent 

translation of either one or both TGFBI alleles.  

Out of the 55 different clonal iPSC lines that were isolated: 5 contained homozygous KO 

mutations, 5 carried heterozygous KO mutations, 11 contained compound heterozygous 

KO mutations, 11 were wild type un-edited lines and for 23 lines it was not possible to 

determine the cell line genotype (Figure 3.10A). All homozygous KO lines were predicted 

to generate downstream frameshift and induce a premature stop codon in exon 4 (Figure 

3.10B). The resultant transcript is predicted to undergo nonsense mediated decay, in 

accordance with established nonsense mediated decay rules, as the new premature stop 

codon is located 74 base pairs upstream of an exon-exon junction (Kurosaki & Maquat, 

2016). From the CRISPR/Cas9 edited iPSC pool, one homozygous KO line was expanded 

and used as a control in experiments to investigate the role of TGFBI in the in vitro disease 

model, and will be referred to from this point on as C-KO. 
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Figure 3.10. Generation of CRISPR/Cas9 edited iPSC lines. A) Genotypes of the different IPSC 
clones obtained as a result of targeting exon 4 of TGFBI. B) Example of Sanger Sequencing data 
from a homozygous KO line, aligned against TGFBI reference sequence. A 1 bp deletion 
(highlighted in red) generated 14 nucleotides upstream of the p.R124 hotspot caused a frame shift, 
which leads to the generation of a premature stop codon (*). 
 
 

3.2.5.1 Analysis of potential off-target effects 
The online tool off-spotter (https://cm.jefferson.edu/Off-Spotter/) was used to generate a 

list of potential off-target sites of sgRNA 2.3 within the human genome. Four sequences 

found within coding genes and three from non-coding DNA, all of which presented 4 

mismatches with the sgRNA, were amplified by PCR and Sanger sequenced in unedited 

control and C-KO iPSC lines (Chapter 2, Section 2.1.4 and 2.2), in order to identify any 

possible changes introduced by the selected CRISPR guide (Table 3.7). No evidence of 

off-target mutations was found in any of the sequences analysed. 
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Table 3.7. Predicted off-target genomic locations for sgRNA 2.3. Coding and non-coding 
regions of the DNA with potential off-target effects were sequenced in the genome edited mutant 
lines. No changes were found after CRISPR/Cas9 editing. Genomic positions refer to build gh38. 

Gene Chromosome Position gDNA 
mismatches 

CRISPR 
changes 

Coding DNA 
FMN1 15 Intronic 4 No 
ATP5O 21 Intronic 4 No 
TBL1X X Intronic 4 No 

AMBRA1 11 Exon 7 4 No 
C2orf48 2 Intronic 5 No 

Non-coding DNA 
- 11 11781034-

11781053 
4 No 

- X 130171181-
130171200 

4 No 

- 2 239464905-
239464924 

4 No 

 

3.2.6 TGFBI/TGFBIp expression in fibroblasts and iPSC 
TGFBI/TGFBIp expression was assessed by qPCR (Figure 3.11A) and WB (Figure 3.11B) 

in fibroblast and iPSC lines (generation described in Chapter 2, Sections 2.9.2 and 2.9.3), 

where it was discovered that iPSC express very low levels of TGFBI when compared to 

fibroblasts. The C-KO line showed no TGFBIp protein expression, however given the low 

levels of TGFBIp expressed by iPSCs, it was not possible to validate KO of TGFBIp in 

these cells. Differentiated cells with higher endogenous levels of TGFBIp expression would 

be needed to confirm effective KO of TGFBI in the C-KO engineered cells. Of note, the 

single/double protein band pattern of expression does not appear to be an inherent 

characteristic of any specific line or cell type, as variability can be seen across all lines and 

cell types studied (Figure 3.11). Its potential meaning and relevance will be assessed and 

discussed later on in this thesis. 
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Figure 3.11. TGFBI/TGFBIp expression in fibroblasts and iPSC lines. A) Relative TGFBI 
expression in fibroblasts and iPSC, measured by qPCR. GAPDH and ACTIN were used as 
reference genes for normalisation. B) Comparison of TGFBIp expression in fibroblast and iPSC 
lines by WB. Results from a control wild type line (WT2), two patient lines (P3 and P5), and the 
CRISPR/Cas9 knockout (C-KO) are shown on the blot. Beta tubulin (B-TUB) was used as a 
reference protein and loading control. 
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3.3 Discussion 

Thanks to the work of scientist in the field for the two past decades, correlation of the 

majority of different types of CDs with specific mutations in TGFBI is well documented 

(Table 8.1, Appendix B). In the clinic, slit lamp biomicroscopy is the primary method by 

which TGFBI-derived deposits are assessed, and according to the pattern, density and 

location of corneal opacities (epithelial, Bowman’s layer and stroma) a diagnosis is 

assigned (Lisch & Weiss, 2019). However, differential diagnosis based exclusively on 

clinical examination can often be difficult, especially in the early stages of the disease. 

Genetic screening has been instrumental in discriminating between CDs of similar clinical 

presentation. Examples include RBCD and TBCD, which are caused by different mutations 

in TGFBI but present remarkable similarities during slit lamp examination (Weidle, 1999). 

Other phenotypes not caused by TGFBI mutations can show similar clinical presentation 

and are often mistaken for a TGFBI CD. The latter group includes COL17A1-linked 

Epithelial recurrent erosion syndrome (previously classified as a TBCD subtype; Lisch and 

Kivelä 2013), or LCD2, which is caused by mutations in GSN. Genetic screening can also 

identify cases when corneal TGFBIp aggregation appears as a secondary effect of another 

ocular pathology (Hirano et al., 1996). In the MEH cohort, genetic screening was 

fundamental to obtain a final diagnosis (Figure 3.4). In particular, screening for mutations 

in exons 4 and 12 of TGFBI provided a molecular diagnosis for patients initially classified 

as LCD or GCD. However, the most striking example of the power of genetic screening 

was seen in Bowman’s Dystrophies where, RBCD changed from being the most prevalent 

CD to the most underrepresented dystrophy in our cohort. Another example found in the 

literature that highlights the importance of a genetic classification is a recent report 

published by Han et al., (2021), where patients in a Singaporean cohort with certain 

mutations did not perfectly match the disease phenotype they are normally correlated with. 

This indicates categorisation of CD according to genetic mutation is a more accurate and 

objective form of classification. In addition, within the MEH cohort, we identified a small 

number of patients where no TGFBI mutations were found, which facilitated re-evaluation 

by clinicians and helped them obtain an alternative, definitive diagnosis for their condition. 

Genetic screening prior to any kind of surgery is important to ensure appropriate disease 

management, which can have a downstream impact on disease progression. Numerous 

reports have shown aggravation of disease for GCD2 patients after laser in situ 

keratomileusis (LASIK), which often is the standard procedure for correcting refractive 

ocular defects, and therefore the procedure should be avoided as a treatment in such 

patients (Banning et al., 2006; Lee et al., 2007).  
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Most of the emerging studies on TGFBI CD report new mutations or variant phenotypes, 

however epidemiology reports are lacking. Here, screening of a total of 120 patients from 

MEH revealed that the most common TGFBI CD were LCD (p.R124C), TBCD (p.R555Q) 

and GCD1 (p.R555W; Figure 3.4). Studies performed in different populations also suggest 

that prevalence might differ across ethnic groups. While studies in East Asia report GCD2 

(p.R124H) to be the most common disease phenotype (Lee et al. 2010), reports published 

in Chinese (p.R555W and p.R124H; Yang et al. 2010), Indian (p.R555W and p.R124C; 

Chakravarthi et al. 2005), and Mexican populations (p.R555W and p.H626R; (Zenteno et 

al., 2009), and a recent multi-ethnic study in Singapore (p.R124H, p.R124C and p.R555W, 

Han et al. 2021) suggest differential incidence of TGFBI dystrophies. However, the 

relatively small sample number is a major limitation for all of these studies, and presents 

a challenge in interpreting the distribution and prevalence across populations. 

Collaboration with other centres in the UK and worldwide will be necessary to gain a more 

comprehensive understanding of the incidence and prevalence of CDs, that may be 

influenced by founder mutations or ethnic background. 

It is noteworthy that the hotspots where most common mutations are found are both 

located at arginine residues. This could be due to the fact that both residues are forming 

part of a CpG island, which have been demonstrated to be sites especially prone to 

mutations in vertebrate genomes. Cooper et al., (2010) found that an estimate of 18% of 

the mutations causing inherited human diseases were either C>T or G>A changes. In 

addition, a study by Schulze, Hanchard and Wangler, (2020) has demonstrated that genes 

with a higher count of CGN arginine codons are more susceptible to be subjects of 

autosomal dominant genetic disease. In the case of TGFBI, 19 out of the 35 total number 

of arginine residues found in the coding sequence of the gene, are coded by CGN 

trinucleotides, included both of the hotspot arginines located in amino acid residues 124 

and 555 of TGFBI, which are encoded by CGC and CGG codons, respectively. 

The generation of mutant models of genetic disease is important for the investigation of 

pathogenic mechanisms of disease and translational research. However, the lack of 

success in generating animal models for TGFBI CDs has created the need to look for 

alternative in vitro approaches. The development and advances in the iPSC field during 

the last two decades has proven this technology as one of the most powerful sources for 

developing in vitro models. Since causative mutations are retained in human genomic 

context in a dish, it is possible to develop models without the need for engineering or use 

of an artificial overexpression system to introduce the mutations. iPSCs also present an 

advantage with respect to primary tissue, as it overcomes major limitations of donor tissue 

availability, invasiveness of repeated biopsy procedures or ethical concerns. Multiple 
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ocular disorders have already benefited from this technology, developing iPSC-derived 

models for the study of disease mechanisms and development of new therapeutic 

strategies (Lane et al., 2020; Parfitt, Lane, Ramsden, Carr, et al., 2016; Saini et al., 2017; 

Shimada et al., 2017). 

To date the most important studies providing insight of the pathogenic mechanisms of 

TGFBI  mutations in the development of different CDs have been biophysical studies of 

TGFBI purified protein (Runager et al., 2011), overexpression systems in standard cell 

lines (Venkatraman et al., 2020), primary corneal keratocytes (Kim et al., 2011) or direct 

analysis of graft tissue from patients undergoing corneal transplantation (Courtney et al., 

2015; Venkatraman et al., 2017). However, there are clear limitations associated with 

these systems, which might be part of the cause for the lack of an in vitro phenotype 

representative of these corneal pathologies. While purified proteins are invaluable to offer 

information about the basic structure of a protein, and there are well-established methods 

to induce aggregation in vitro; pathological features found in cells and tissues often result 

from a crosstalk between the protein of interest and other cellular and extracellular 

systems, such as regulatory proteins or chaperones, in the case of aggregation. These 

conditions cannot be replicated by these ‘acellular’ systems. On the other hand, major 

issues associated with the use of primary cultures or tissue are related to bioavailability. 

Whist having proved to be good resources for direct comparative analysis, the inability to 

maintain them in culture results in a reduced experimental scope, including therapeutic 

development and screening. Therefore, establishing a bank of patient-derived mutant 

TGFBI iPSC lines represents a key alternative model system, providing an opportunity to 

investigate disease mechanisms in human cells carrying the genomic properties of 

affected individuals, with the potential to differentiate into a relevant cell type, which can 

be used in an unlimited number of ways for multiple downstream studies. 

Patients at MEH with genetically confirmed TGFBI CDs kindly consented and donated skin 

biopsies to develop a TGFBI iPSC biobank of the most common mutations. Unaffected 

control iPSC lines were also generated in parallel. In order to reduce individual lineage 

differences, all cell lines were gender matched. Three individuals with heterozygous 

p.R555Q mutations, two with p.R555W and further two with p.R124C mutations, with 

evidence of an autosomal dominant inheritance pattern, were recruited to the study (Table 

3.3). Medical notes from these individuals revealed long histories of corneal disease, 

where often multiple surgical procedures, including laser surgery and corneal transplants, 

have been performed in order to aid their vision, after which recurrence of the disease was 

observed in all cases. Reactions to corneal grafts, recurrence of disease after surgery and 

additional ocular problems vary between individual cases, likely due to their individual 



	 109	

biological, environmental and genomic characteristics. Their ocular histories also indicate 

constant monitoring, and very likely future interventions will be required, as the underlying 

genetic condition affecting the cornea cells remains untreated. 

TGFBI is a highly polymorphic gene, with more than 600 variants reported in gnomAD 

(gnomad.broadinstitute.org), 155 of which are synonymous variants and 393 are 

missense. Five additional variants to those previously identified in residues p.R124 and 

p.R555, were found when all 7 skin biopsy donors were screened for additional TGFBI 

exons, all of which were synonymous and with high allele frequencies, and therefore highly 

unlikely to be pathogenic in isolation. From the SNPs detected in the patients assessed 

(Table 3.4), only one variant in exon 7 (c.816C>T; p.N272=) was found exclusively in one 

individual. Data found in gnomAD revealed a low allele frequency (0.011147; Table 3.4), 

indicating it is relatively rare, however, the Illumina Clinical Services Laboratory marks this 

variant as likely benign, with no evidence of TGFBI-associated pathogenicity. Some 

studies have also detected these variants in affected and non-affected control groups 

(Aldave, Rayner, King, et al., 2006; Malkondu et al., 2020; Park et al., 2005).  

Despite the lack of association of these variants to a phenotype, these data show that the 

7 individuals have slightly different genomic characteristics and a unique genomic 

footprint. Thus, having multiple lines derived from independent patients presents both an 

advantage but also a potential challenge, and needs to be considered during the 

interpretation of the experimental outcomes. Since different genomic variants may 

influence molecular pathways, gene interactions and cellular homeostasis, different 

individuals might present different characteristics or gene expression profiles that are 

independent of their TGFBI mutation, as well as a different response to treatment. 

Therefore an improved cell model would include isogenic control lines, where the 

pathogenic mutation is corrected and reverted back to the wild type genotype by genome 

editing, similar to the work performed by Taketani et al. (2017) for the p.124H mutation in 

TGFBI, and Sladen et al., (2021) for the p.R445H variant in OPA1. Using this approach 

would confirm that any change found between the two lines should be a downstream 

consequence of the pathogenic TGFBI variant. 

The method chosen for reprogramming iPSCs from skin fibroblasts was based on direct 

induction of Yamanaka factor expression OCT3/4, SOX2, KLF4 (Takahashi and 

Yamanaka 2006), with the replacement of C-MYC by L-MYC, which has been proven to 

be more efficient and has less transformation activity (Nakagawa et al., 2010). The final 

addition of LIN28 and the miRNA 302/367, have been reported to increase efficiency of 

integration-free reprogramming (Okita et al., 2011; Ling Wang et al., 2019; Ying, Fang, & 

Lin, 2018). Characterisation of iPSC lines showed positive expression of the cell surface 
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proteins SSEA4, TRA-1-60 and TRA-1-81, which have been defined as ESC markers 

(Draper, Pigott, Thomson, & Andrews, 2002), as well as the nuclear expression of the self-

renewal markers NANOG and OCT4 (Chambers et al., 2003; Kim et al., 2009; Figure 3.7B-

E). In particular, the induction of NANOG, SSEA4, TRA-1-60 and TRA-1-81 is of note given 

these markers were absent from the episomal vectors, indicating induction of self-renewal 

and ESC gene expression patterns. In addition, endogenous expression of the 

pluripotency genes OCT4, LIN28, SOX2 and L-MYC was also demonstrated. However, in 

order for iPSC to be considered effectively reprogrammed, the exogenous reprogramming 

factors should be lost to prevent residual expression that could drive genomic instability 

and compromise the pluripotent capability of the cells (Brambrink et al., 2008; Ramos-

Mejia, Mũoz-Lopez, Garcia-Perez, & Menendez, 2010). Expression of the episomal 

vectors was assessed by RT-PCR after 4 passages and was undetectable from then 

onwards (Figure 3.7A). These results confirm the pluripotency of the iPSC generated, with 

expression of endogenous pluripotency markers induced by reprogramming events, 

making them suitable for cell differentiation.  

Although control and patient-derived iPSC lines were generated, other methods for further 

characterisation and quality control were not used in the present study. Chromosome 

number abnormalities, known as aneuploidy, have previously been reported in iPSC. 

Chromosomes 8, 12, 17, 20 and trisomy X are often affected by this phenomenon, which 

appears in mosaicism within a cell population, and can expand with passages in culture 

(Mayshar et al., 2010). Even if diploidy is maintained, genomic instability can affect the 

reprogrammed cells. Pasi et al. (2011) reported genomic gains in two genes located on 

chromosome 8 (Odz3 and Cdh3), in two out of six mouse iPSC clones analysed. 

Assessment of genomic instability is important to identify any gain or loss in genes that 

can affect the ability to differentiate iPSC into the desired phenotype, or to help understand 

potential variability in differentiation efficiencies, such as those reported for corneal 

epithelial cell differentiation protocols (Hongisto et al., 2017). It is therefore also important 

to not associate any differences observed, directly to the disease phenotype without 

extensive examination of the iPSC line quality. 

Some studies also reported a number of de novo copy number variants (CNVs) induced 

by the reprogramming process, that often appeared to affect genes associated with tumour 

biology, specifically tumour suppressor genes (Kilpinen et al., 2016; Laurent et al., 2011). 

For example, progressive acquirement of dominant negative mutations in the TP53 gene  

have been documented (Merkle et al., 2017). This phenomenon is explained by the gain 

of selective growth advantage conferred to the cells by these types of mutations. Whilst 

performing whole exome sequencing is not suitable for routine CNV assessment, there 
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are other techniques that can be applied to improve the quality control of iPSC, such as 

analysis of cell karyotypes. The combination of a comparative genomic hybridisation array, 

which can be used to screen certain CNVs across the genome (Shinawi & Cheung, 2008), 

coupled to multiplex-fluorescence in situ hybridization, which performs metaphase 

analysis to quickly identify chromosomal rearrangements (Speicher, Ballard, & Ward, 

1996), has been proposed as an efficient way to detect most of the genomic structural 

abnormalities in stem cells (Lopez-Corrales et al., 2012). These studies should be 

performed in the TGFBI iPSC lines generated in this study, as well as routine checks of 

iPSC quality control, especially upon further passaging of the cells, as the risk of acquiring 

genomic changes that might incorporate undesired effects is higher with expansion and 

time in culture. 

TGFBIp is expressed by the majority of tissues in the body (Ivanov et al., 2008), therefore 

genome editing was used to establish a suitable control cell line that lacks expression of 

TGFBI. In addition to generating control and TGFBI CD patient-derived iPSC with 

dominant heterozygous mutations, CRISPR/Cas9 technology was used to generate 

TGFBI-KO iPSC lines from a control fibroblast line via simultaneous reprogramming. The 

TGFBI-KO control iPSC line (named C-KO) could then be differentiated alongside the 

patient iPSC lines, as a tool for testing specificity of TGFBI antibodies, and any effect of 

lack of TGFBIp on corneal cell differentiation. 

Reprogramming technology can be combined with CRISPR/Cas9 editing by introducing 

all the vectors containing reprogramming factors and CRISPR/Cas9 molecular reagents 

in one single electroporation reaction (Howden et al., 2015). Since every fibroblast cell that 

has successfully incorporated the factors gives rise to an independent clonal iPSC colony, 

clonal isolation and editing analysis can be performed by manually dissecting independent 

iPSC colonies for culture expansion and gDNA extraction. KO lines are generated due to 

random InDels in the TGFBI gene leading to downstream frameshifts and premature stop 

codons in one allele (heterozygous KO) or both alleles (homozygous KO). A third form to 

generate a complete KO line can be achieved by the acquirement in trans of two different 

mutations that generate stop codons (compound heterozygous KO). Using this approach, 

editing efficiency was 29% for complete KO lines (9% homozygous and 20% compound 

heterozygous) and 20% for heterozygous KO (Figure 3.10). Together these data indicate 

a 38% knock-out editing efficiency, which was likely an underestimate because for a 

significant number of lines the genotype could not be definitively assigned by Sanger 

sequencing. This efficiency is in agreement with a study that found 50-80% editing 

efficiency including both knock-out and knock-in clones (Ding et al., 2013). This strategy 

can also be used for gene correction, by introducing a ssODN to serve as a template with 



	112	

the WT sequence. However, the efficiency of ssODN guided HDR is typically much lower 

(around 1%) and therefore, other approaches such as the use of ribonucleoproteins 

instead of expression vectors should be considered to improve editing efficiency. 

Utilisation of ribonucleoproteins has demonstrated improved gene correcting efficiency of 

75-87% in human iPSC (Gundry et al., 2016; Liang et al., 2015).  

For the purpose of generating an appropriate KO control line for this study, a clone with a 

homozygous one base pair deletion, that leads to frame shift and generation of a 

premature nonsense codon 26 base pairs downstream of the mutation site was selected 

(Figure 3.10). This mutation is predicted to trigger non-sense mediated decay of the mRNA 

transcript (Kurosaki & Maquat, 2016), and result in reduced expression of TGFBI. 

Additional homozygous and heterozygous clones were also expanded and cryopreserved 

for future studies. Heterozygous and homozygous KO lines represent an important 

resource for the study of TGFBIp function and downstream signalling, which remains 

unclear. Although it has been suggested that the function of TGFBIp could be redundant 

in the presence of its paralog periostin due to their striking sequence and domain 

similarities (Lindsley et al., 2005), this assumption has been challenged in a study by 

Poulsen et al., (2018), which did not detect expression of periostin in the cornea of null-

TGFBI or WT mice. Off-target effects caused by inexact CRISPR/Cas9 editing have been 

a concern in the field (Fu et al., 2013; Hsu et al., 2013; Zhang et al., 2015). Analysis of off-

target effects was carried out to demonstrate CRISPR/Cas9-mediated TGFBI KO had not 

altered the sequences of the top 8 potential off-target sites (Table 3.7; Appendix C; Figure 

8.2). 

To validate the KO cell line, evidence that no TGFBIp protein is synthesised by these cells 

was required. Due to the minimal level of expression of TGFBI in iPSC (Figure 3.11), 

validation by Western Blotting was not undertaken at this stage, and will be assessed in 

differentiated cells. TGFb has been identified as a negative regulator of stem proliferation 

(Cashman et al., 1990; Hayashi et al., 1989), and therefore its target genes are expected 

to be downregulated in iPSC populations (Ge et al., 2015). In addition, extracellular 

proteins, including TGFBIp, are reported to act as a natural barrier for iPSC 

reprogramming (Dang, Chang, & Rana, 2014). Moreover TGFBI is recognised in multiple 

cancers as a tumour suppressor (Ahmed et al., 2007; Wen, Partridge, et al., 2011). Thus, 

this data offers an explanation for the lower levels of TGFBI/TGFBIp expression detected 

in iPSC. 

In summary, this chapter describes the establishment of patient-derived iPSC lines for 
the most common types of TGFBI-associated dystrophies, based on a genetic study 

of the MEH patient cohort, as a tool for generating an appropriate in vitro model for the 
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study of these CDs. Clinical and genetic information for all biopsied patients was collated 

in order to understand and interpret the in vitro cell model studies. An iPSC biobank was 

generated, comprising three p.R555Q, two p.R555W, two WT and one isogenic KO TGFBI 

iPSC lines. iPSC pluripotency was demonstrated by ICC and RT-PCR, confirming 

expression of key self-renewal genes. The TGFBI iPSC biobank sets the foundation for 

the development of corneal epithelial cell models, which is of high importance due to the 

lack of animal or other in vitro systems that can reliably and reproducibly be used to study 

the biology of TGFBI CDs.  
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Chapter 4: Corneal epithelial cell in vitro model for TGFBI 
dystrophies  

4.1 Introduction 
The development of iPSC technology has opened new possibilities for generating context 

and gene specific in vitro cell models that are relevant to the disease being investigated. 

In the case of TGFBI dystrophies, the lack of animal models that recapitulate the human 

disease phenotype makes it imperative to develop appropriate in vitro alternatives to 

provide a platform to investigate molecular mechanisms of disease and develop potential 

therapies.  

4.1.1 TGFBIp expression in the cornea 
Despite the wide expression of TGFBIp across different tissues, studies have reported a 

remarkably high expression in the cornea (Klinworth et al. 1988), where the calculated 

concentration was estimated to be 26.4 μM (Nielsen et al., 2020), versus 1 μM measured 

in blood serum (Hu et al., 2020). In addition, even though TGFBI-CDs are anatomically 

classified as epithelial-stromal diseases, expression of TGFBI has been demonstrated to 

be higher in the corneal epithelium than in any other layer of the cornea during normal 

homeostatic conditions (Escribano et al., 1994). A study in mice shows almost exclusive 

corneal epithelial expression (Poulsen et al., 2018); however in human cornea, TGFBI has 

also been detected in the central stroma and endothelium (Dyrlund et al., 2012; Liu et al., 

2017). 

4.1.2 Corneal limbal stem cells 
In order to understand the differentiation of corneal epithelial cells it is important to 

understand the characteristic developmental processes, as well as the pathways or 

external factors that might impact on their biology, and the molecular markers that are 

present in these cell types. 

The limbus is a well-defined stem cell niche that is responsible for replenishing cells in the 

cornea (Chapter 1, section 1.1.2). Basal cells of the limbus have characteristics of 

undifferentiated cells, such as slow cell cycling, an ability to activate proliferation upon 

stimulation (Cotsarelis et al., 1989; Lehrer et al., 1998), and expression of stem cell and 

progenitor genes, including ABCG2, the αΔN isoform of TP63 and KRT14. These cells 

lack expression of KRT3 and KRT12, which are exclusive markers of a mature 

differentiated population of corneal epithelial cells (Notara et al., 2018). These markers will 

be reviewed in Section 4.1.3. 
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Figure 4.1. Schematic representation of cell types during corneal epithelium differentiation 
from the limbus and basal central cornea. Cells originate in the limbal niche, which contains 
stem cells (orange), epithelial progenitor cells (EPC, pink), as well as a yet undefined pool of cells 
(white), which is subject to controversy. Some reports consider that these cells express mature 
epithelial cell markers whilst others would claim it is composed of undifferentiated early transit 
amplifying cells (TAC) which migrate to the central cornea to differentiate. At the central cornea, 
TAC cells undergo differentiation and become wing cells and finally mature into superficial corneal 
epithelial cells, forming a stratified epithelium that resides above the corneal stroma. 

Whilst it is well accepted that the corneal stem cells reside in the limbus, the exact course 

of events that take place during limbal cell maturation is subject to controversy. The most 

accepted theory is that cells mature as they migrate from the limbus to the central cornea, 

where they reach their most differentiated state upon stratification and position in the upper 

layers. In this way, LESC would divide asymmetrically to produce daughter cells, often 

referred to as TACs, which will migrate to the central cornea and differentiate (Hayashi et 

al., 2012). Peripheral and central TACs located in the basal layers can proliferate to a 

certain extent before they become post mitotic corneal cells (Lamprecht, 1990; Lehrer et 

al., 1998; Lobo et al., 2016). A schematic representation of these different types of corneal 

epithelial cells, representing different stages of maturation can be found in Figure 4.1.  

Contrary to this idea, a very recent transcriptomic study applying single-cell RNA-seq on 

limbal epithelial samples derived from young donor tissue has identified the presence of 

multiple cell populations with different maturation stages in the limbus. They propose 

KRT12 positive cells can be found within the limbal pool, which might suggest an early 

determination of cell fate that would allow for such a rapid corneal epithelial cell turnover 

(Li et al. 2021). 

4.1.3 Limbal and corneal epithelial proteins 
As is the case for many other cell types, defining markers to exclusively identify cell 

populations and track differentiation is not always possible. However, there are some 
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proteins that represent integral components of the cytoskeleton, cell junctions or key 

regulators of corneal epithelial signalling, that can be used in combination to detect CEpC 

characteristics in cell populations. 

4.1.3.1 Keratins 
Keratins are the most abundant type of protein present in the corneal epithelium, providing 

the basic components of the intermediate filaments that provide mechanical stabilisation 

and facilitate the formation of cell-to-cell contact points (Moll, Divo, & Langbein, 2008). 

One of the key features of keratins is the mandatory formation of heterodimers comprising 

one keratin type I (also called “acidic”) and a keratin type II (“neutral to basic”), while 

unpaired keratins tend to be degraded (Lu & Lane, 1990). A proteomic study by Dyrlund 

et al. (2012) demonstrated that K12, K5, K6a, K3, K76, K4, K19, K14, K8, and K13 are 

amongst the top 30 proteins found in the epithelial layer. 

Whereas most keratins are also found in other tissues, in humans the keratin pair formed 

by K3/12 is considered to be specific to the cornea, and mutations in either of the genes 

encoding these proteins, KRT3 and KRT12, are the cause of autosomal dominant 

Meesman´s corneal dystrophy (Allen et al., 2015; Chen et al., 2015; Irvine et al., 2002). 

An important difference between the human and rodent cornea is the lack of K3, which is 

a pseudogene in mice and rats (Hesse et al., 2004). In this case K12 is found paired with 

K5. 

K5/14, on the other hand, are markers of undifferentiated epithelial cells. Their expression 

profile changes upon differentiation of the cornea throughout development, and while 

during gestation these proteins are expressed by the superficial epithelial layer of cells, 

upon maturation and formation of the final stratified tissue, K5/14 will be restricted to the 

limbus and the basal layer of the central cornea (Eghtedari et al., 2016). K14 has become 

a powerful marker for the study of limbal stem cells, and multiple studies have used a Cre-

K14/Confetti transgenic mouse model containing the confetti reporter, for cell lineage 

tracking to identify the trajectory of corneal progenitors (Chapter 1, Section 1.5.1).  

4.1.3.2 Limbal stem cells markers 
The membrane transporter ATP Binding Cassette Subfamily G Member 2 (ABCG2) is 

recognised as an established stem cell marker for a variety of tissues (Zhou et al., 2001). 

When its expression was studied in the cornea, ABCG2-positive cells were found to reside 

selectively in the basal layer of the epithelium and limbus, where it marks a population of 

cells with molecular characteristics matching those of LESC (Budak et al., 2005).  

Another membrane protein of the same family, ATP Binding Cassette Subfamily B 
Member 5 (ABCB5), has also been identified as a marker of LESC, and proven to be 
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required for limbal cells to complete the process of differentiation into K12-positive cells 

(Ksander et al., 2014). Both of these transmembrane proteins have been used to positively 

select stem cell populations to study LESCs from donor tissue (Sasamoto et al., 2020) and 

for enrichment of in vitro cultures (Kim, Lee, Lee, & Maeng, 2017; Vattulainen et al., 2019). 

ΔNp63 is the protein produced by the TP63 ΔN isoform, and its signalling and expression 

is intimately related with K14 (Romano et al., 2009). There are 6 isoforms encoded by the 

TP63 gene (Yang & McKeon, 2000), three of which are produced by an upstream promoter 

and include a transactivating (TA) domain. The other three isoforms are generated by an 

intronic promoter and do not contain the TA domain. These isoforms have been named 

non-transactivating or Δn. Only the three Δn isoforms, subnamed a, b and g, are found in 

the corneal epithelium, and while the a isoform has been detected exclusively in resting 

limbal cells, b and g isoforms are activated upon injury and are found in cells migrating to 

the central cornea (Di Iorio et al., 2005; Pellegrini et al., 2001). Further confirmation of the 

relevance of ΔnP63 in epithelial development is provided by studies that demonstrate 

ablation of p63 in mice causes defects in tissues derived from ectoderm, including lack of 

stratification in skin and oral epithelia (Mills et al., 1999). Additional studies also show that 

human TP63 mutations are associated with skin and corneal epithelial defects (Celli et al., 

1999; Kennedy, Chandler, & McCulley, 2015). Therefore, ΔNp63 is one of the most used 

proteins to track corneal epithelial progenitor cells. 

4.1.3.3 Cadherins 
Cadherins are calcium-dependent transmembrane proteins that have a role in cell 

adhesion and communication, as well as maintaining the integrity of the epithelial barrier, 

inducing the formation of adherens junctions (Indra et al., 2013; Nelson, 2008; 

Troyanovsky et al., 2015) and regulation of tight junction formation via cell signalling 

(Tunggal et al., 2005). 

E-cadherin (E-Cad) is expressed in all epithelial cells formed from the ocular ectoderm. 

Whilst patterns of expression during lens development change, E-Cad expression in 

corneal epithelial cells is maintained up until terminal differentiation (Xu, Overbeek, & 

Reneker, 2002). E-Cad complexes with b-catenin, therefore also playing an essential role 

in the regulation of WNT signalling (Tian et al., 2011). E-Cad is negatively regulated by 

TGFb, and its downregulation is a central step of TGFb driven EMT (Giehl & Menke, 2008). 

N-Cadherin, has been reported as a marker of putative progenitor cells and expressed in 

the limbal niche and basal layer of the epithelium (Hayashi et al., 2007), and it is potentially 

involved in the cell to cell interactions that direct proliferation and differentiation within in 

the niche. However, it is also expressed in neural tissues with mesodermal origin, such as 
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the corneal endothelium, and therefore it has limited use for the discrimination corneal 

epithelial progenitors in vitro (He et al., 2016). 

4.1.4 Signalling involved in corneal epithelial differentiation 
Signalling pathways activated in corneal development during embryogenesis, as well as 

those present in the limbal niche, are important for cell differentiation and understanding 

which factors influence and modulate cell fate determination. The following signalling 

pathways have been reported to affect corneal epithelial differentiation (Figure 4.2): 

• Inhibition of WNT signalling, determines formation of the placode and ocular 

ectoderm during eye organogenesis through molecular gradient regulation (Litsiou, 

Hanson, & Streit, 2005).	This can be achieved by inhibitors of the low-density 

lipoprotein-related receptors 5 and 6 (LRP5/6 receptor), the Dkk proteins (Gage et 

al., 2008), or by inhibiting Frizzled 7 receptors (Tsukiyama et al., 2015), both of 

which are required to initiate WNT signalling and translocation of b-catenin to the 

nucleus. RA interferes with WNT signalling by interacting with b-catenin and 

stimulating retention in the membrane (Easwaran et al., 1999; Lian et al., 2013). 

PAX6, which is a key transcription factor involved in eye development, is able to 

prevent activation of WNT/b-catenin signalling by increasing expression of their 

respective inhibitors (Machon et al., 2009). PAX6 over expression has been used 

in in vitro differentiation protocols to induce corneal epithelium differentiation in 

protocols designed for mouse embryonic stem cells (Ueno et al., 2007). 

• Inhibition of TGF-Beta/Nodal (SMAD 2/3) signalling. Inhibition of Nodal 

prevents cells from entering the neuroectodermal differentiation pathway (Vallier, 

Reynolds, & Pedersen, 2004). Srinivasan, Lovicu, and Overbeek (1998), reported 

that TGFb is not active in the cornea, and exogenous activation leads to corneal 

epithelial cell overproliferation and epithelial defects. Moreover, TGFb is required 

for maintenance of pluripotency in ESCs (James et al., 2005).	
• Induction of BMP signalling activates gene transcription via SMAD 1/5/8. 

BMP family members (BMP-2, BMP-3, BMP-4, BMP-5, and BMP-7 proteins and 

BMPR-IA, BMPR-IB and BMPR-II receptors) are expressed in the main cell types 

of the cornea: epithelial, keratocytes and endothelial cells (Mohan et al., 1998; You 

et al., 1999). BMP6 has also recently been demonstrated to perform a role in 

corneal epithelial stratification (Tiwari et al., 2020). 

• Growth factors.	Experiments in KO FGF receptor mutant mice, have shown that 

FGF is essential for corneal epithelial differentiation, but did not affect cell 

proliferation or survival (Zhang et al. 2015). Receptors of the EGF family, which 
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includes EGF, transforming growth factor-α (TGF-α) and heparin-binding EGF-like 

growth factor (HB-EGF) have also been found in the corneal epithelium (Liu et al. 

2001). EGF is secreted in a paracrine manner by cells like fibroblasts, and has a 

key role in inducing epithelial wound healing (Hori et al., 2007). Moreover, cancer 

treatments directed against EGF resulted in corneal erosions (Foerster, Cursiefen, 

& Kruse, 2008), indicating the relevance of EGF signalling in corneal homeostasis. 

 

 
Figure 4.2. Cell signalling involved in corneal epithelial cell differentiation. Signalling 
cascades from WNT, FGF, BMP and TGFb receptors are initiated upon ligand binding and activate 
genes that induce or repress ocular ectodermal differentiation. LRP (low-density lipoprotein 
receptor-related protein), FZD (Frizzled), bFGF (basic fibroblast growth factor), MEK (mitogen-
activated protein kinase), ERK (extracellular signal-regulated kinase), ALK (anaplastic lymphoma 
kinase), BMP (bone morphogenetic protein), TGFB (transforming growth factor beta), R (receptor), 
TF (transcription factor). 

 

4.1.5 Methods for the generation of CEpC in vitro 
The interest of generating CEpC in vitro has grown and been studied for different 

purposes, including disease modelling and therapeutic prospects. In addition, interest in 

the possibility of transplantation of limbal and epithelial sheets has grown significantly for 

treatment of conditions such as limbal stem cell deficiency, a disease where the lack of a 
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functional LESC niche impedes corneal regeneration and leads to corneal opacity and 

vision loss (Sejpal, Bakhtiari, & Deng, 2013). 

4.1.5.1 In vitro limbal differentiation  
The most obvious source to obtain epithelial cells from in vitro is their own progenitors, 

limbal stem cells. Corneal epithelial sheets have been obtained from limbal biopsies using 

variations of different protocols (Nakamura et al., 2006; Pellegrini et al., 1997). More 

recently the ability to differentiate and stratify CEpC from limbal organoids, in the presence 

of feeder cells, has been demonstrated (Higa et al., 2020). 

4.1.5.2 Differentiation of corneal cells from iPSC 
Using knowledge acquired from the study of the corneal development and LESC niche 

signalling, a number of protocols have been developed, making use of small molecules to 

direct differentiation of pluripotent cells.  

Ahmad et al. (2007) published the first protocol for the differentiation of human ESC into 

CEpC using conditioned media from limbal fibroblasts and plating the cells onto Collagen 

IV, aiming to replicate the limbal niche characteristics, which had previously proven 

successful for mouse ESC (Homma et al., 2004).  

Hayashi et al. (2012) followed with the investigation of iPSC to derive CEpC, first using 

the stromal cell-derived inducing activity (SDIA) method, which uses feeder PAD6 cells to 

induce ectodermal delineation that was originally described for the differentiation of 

dopaminergic neurons (Kawasaki et al., 2000). Later, the same authors developed a new 

protocol that did not require the use of feeder cells or FBS (Hayashi et al., 2017), and was 

based on the formation of a 2D self-formed ectodermal autonomous multizone (SEAM), 

composed by concentric layers representing different ocular lineages (Figure 4.3A). They 

were then able to isolated corneal epithelial progenitors for further differentiation using 

FACS sorting, where they selected positively for cells expressing ITGB4 and SSEA-4, and 

negatively for TRA-1-60 positive cells. They also demonstrated the epithelial sheet 

developed following this protocol is functional and suitable for transplantation (Hayashi et 

al., 2018; Shibata et al., 2018). 
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Figure 4.3. CEpC-like cultures derived from published in vitro protocols for iPSC-derived 
differentiation. Different research groups have used different approaches to differentiate corneal 
epithelial cells from iPSC, whose characterisation includes: A) demonstration of PAX6+/p63+ 
epithelial progenitor cells, as a result from self-organisation of cell types in different concentric 
layers (R. Hayashi et al., 2016); B) P63/KRT14 positive staining, as well as a typical epithelial 
cell morphology under the bright light microscope, as a result of a protocol that uses a set of small 
molecules (BMP4, SB-505124 and bFGF) to direct differentiation (Hongisto et al., 2017); and, 
similarly, C) CEpC typical morphology accompanied by an increased expression of ΔNTP63, 
ABCG2 and KRT12 in cells treated with another set of molecules (BMP4, retinoid acid and EFG, 
G5) to induce CEpC differentiation, in comparison to cells that had not undergone such induction 
(G1) (Kamarudin et al., 2018). 
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A simpler approach was implemented by Zhang and colleagues (2017), who reported 

epithelial differentiation from hESC by culturing the cells in a mix of keratinocyte serum-

free medium (KSFM) and DMEM/F12, and plating them onto a collagen IV matrix. 

Other protocols have made use of small molecules to direct iPSC differentiation. One of 

these studies used the strategy of modulating the WNT signalling pathway with a Src 

family kinase inhibitor (SU6656) and RA, in order to alter the localisation of b-catenin. The 

study reported the generation of a homogeneous K18+K8+OCT4− population of corneal 

epithelial progenitors, from human iPSC and ESC (Lian et al., 2013). Mikhailova et al. 

(2014) used a combination of TGFb and WNT inhibition (using SB-505124 and IWP-2 

molecules) and FGF activation (bFGF) to induce differentiation from human iPSC, 

reporting a population of 95% p63-positive cells as a result. A second protocol published 

a few years later by the same researchers refined the use of the factors, introducing SB-

505124 and bFGF in the initial induction, followed by BMP4 (Hongisto et al., 2017), 

reporting formation of putative corneal epithelial sheets which were positive for the 

progenitor markers p63 and KRT14 at day 22 of differentiation (Figure 4.3B-C). Similarly, 

Kamarudin et al. (2018) also relied on BMP4, after evaluating the differentiation with 

different molecules. Their work concluded that the combination of BMP4, RA and EGF 

was the most beneficial combination for the induction of the corneal epithelial cell 

differentiation from different hiPSC lines, since the highest levels of P63 and KRT12 

expression were found in those cells (Figure 4.3C). Additionally, inhibition of TGFb with 

the SB431542 was applied for lines that showed difficulty differentiating to CEpCs. 

An alternative to the typically used skin fibroblast-derived iPSC was presented by (Sareen 

et al., 2014), who reprogrammed iPSC from the corneal limbus, and demonstrated the 

presence of a more similar epigenetic pattern to those present in the corneal epithelium, 

compared to fibroblast-derived iPSC, suggesting some of the characteristics of CEpC can 

exclusively be acquired in the LESC niche. 

Finally, similarly to the well-established differentiation of three-dimensional retinal 

organoids (Gonzalez-Cordero et al., 2017; Lane et al., 2020; Nakano et al., 2012; Xiufeng 

Zhong et al., 2014), some groups have reported the possibility of generating multi-layered 

corneal organoids from human iPSC (Foster et al., 2017; Susaimanickam et al., 2017), 

demonstrating expression of corneal epithelial, stromal an endothelial cell markers. 
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4.1.6 Chapter aims 
The major aim of this study was to develop corneal epithelial cell in vitro models for TGFBI 

dystrophies, using the following approaches:  

• Evaluation of the different protocols reported for the differentiation of iPSC into 

CEpC, using the control and mutant TGFBI-iPSC described in Chapter 1. 

• Optimisation of protocols, if required, in order to obtain a robust and reproducible 

differentiation method. 

• Characterisation of the resulting differentiated cultures, by assessment of gene and 

protein expression of limbal and CEpC markers, in order to confirm differentiation 

of corneal epithelial-like cells and to establish the optimal experimental window 

within the differentiation process. 

• Assess the expression of TGFBI/TGFBIp in the differentiated cultures, to confirm 

the suitability of the model for the study and therapeutic development for TGFBI-

associated dystrophies. 
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4.2 Results 

4.2.1 Cultivation and differentiation of limbal biopsies 
In order to understand the process of corneal epithelial cell differentiation, as well as 

generating positive controls to test the ability of the iPSC differentiation protocols to 

generate cells with similar properties to those derived from human limbal tissue, whole 

corneas from unaffected donors (kindly gifted from Miracles in Sight, USA) were processed 

as limbal biopsies and cultured. As described in Chapter 2 Section 2.9.5, a tissue section 

from the corneoscleral rim was extracted, plated in a tissue culture dish and cultured in 

limbal differentiation media (Figure 4.4A,B). Cells derived from the control limbal biopsy 

presented with an epithelial morphology in 15 days (Figure 4.4C). Mature corneal epithelial 

cell properties were confirmed by RT-PCR, which showed expression of KRT3 and 

KRT12, confirming this is an appropriate control to use for evaluation of iPSC 

differentiation models (Figure 4.9A). 

 
Figure 4.4. Culture and differentiation of a limbal biopsy generates CEpC in two weeks. A 
4mm biopsy piece was cut from the corneoscleral rim (A) and placed in a tissue culture dish and 
with media to promote attachment (B). The limbal biopsy was cultured with full media changes 
every day, CEpC emerged and differentiated, reaching confluency in two weeks (C). 

 

4.2.2 Optimisation of protocols for differentiation of iPSC into corneal epithelial-
like cells  

Different published protocols were tested in order to achieve consistent corneal epithelial 

cell differentiation in vitro. All of the protocols tested shared the same principle: they 

consisted of an induction phase in which cells were conditioned towards a corneal 
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epithelial cell fate with the aid of small molecules that would direct the differentiation, 

followed by a differentiation phase with a commercial media (Cnt-30, Caltag Medsystems), 

specifically designed for corneal epithelial differentiation. A more detailed description of 

the methods used can be found in Chapter 2, Section 2.9.4. 

The first protocol assessed was published by Mikhailova et al. (2014), in which suspension 

cultures were induced using the TGF-b inhibitor SB-505124, the WNT inhibitor IWP-2 and 

human bFGF for four days. Cells were subsequently plated onto collagen IV coated tissue 

culture vessels, and maintained for 30-40 days in Cnt-30 media (Protocol 1, Figure 4.5A). 

Unfortunately, differentiation of the iPSC lines using this method was unsuccessful.   

 

 
Figure 4.5. Schematic summary representing the three CEpC differentiation protocols 
tested.  

 

The generation and maintenance of embryoid bodies (EB) for four days during the CEpC 

induction period was achieved following the published method, however variability in the 

efficiency of the process was evident between each differentiation batch. This variability 

was not associated with the specific cell lines used, but rather it was observed to be a 

general effect. The first difficulties were encountered when the EBs were plated in 

preparation for differentiation into CEpC. Collagen IV as a matrix alone, resulted in cells 

failing to attach. This problem was solved by combining it with laminin-521. The second 

problem encountered was high amounts of cell death after the first change of the 

differentiation media. As part of troubleshooting this protocol, alternative matrixes 

(Gelxtrex and FNC) were tested, with no positive effect on improving cell survival. Changes 
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in the induction media were also tested in order to reduce the molecular shock cells might 

suffer from a sudden change in media. E8 and E6 media were tested as basal media for 

the induction factors, in order to match the iPSC culture conditions. Additionally, slower 

transitions from stem cell media (SCM) into the induction media (IM) containing the factors, 

where 3:1, and 1:1 SCM:IM ratios were used to smooth the changes, were tested. 

However, no positive effect on cell survival resulted from any of these changes. 

An optimisation of Protocol 1 was subsequently published, where the authors reported a 

decrease in cell death by elimination of the WNT inhibitor IWP-2 from the induction media 

(Hongisto et al., 2017) and the introduction of BMP4 half way into the induction period 

(Protocol 2, Figure 4.5B). When these modifications were tested on iPSC lines, an 

improvement in cell survival was confirmed, even though some significant cell death was 

still observed (Figure 4.6A-B). 

 
Figure 4.6. Cultures undergoing epithelial differentiation using Protocol 2 (Hongisto et al. 
2017) showed poor CEpC differentiation efficiency. A) Cells with polygonal morphology 
resembling epithelial progenitors were observed around the EBs (asterisks), however a high degree 
of cell death was still observed for cultures in the differentiation media (B). C) Around day 30, 
patches of CEpC-like cells could be found surrounded by other cell types that were morphologically 
different, such as axonal bundles (arrowhead). D) Laminin-332 was tested as an alternative 
substrate for the differentiation of CEpC, showing no improvement and EMT-like morphology. Scale 
bar A-D= 100 μM. E) ICC staining demonstrated expression of the CEpC markers E-Cad and K14 
in the cell patches that presented a CEpC-like morphology. Scale bar E= 50 μM (E).  

 

Due to the improvement in cell survival, differentiated cells could be plated and monitored 

under the bright light microscope throughout the differentiation period. Monitoring of the 

cultures showed a wide range of cell morphologies, including neuronal axonal bundles and 

fibroblast-like cells, while only a few small patches presenting a typical epithelial 



	 127	

morphology could be detected (Figure 4.6C). The small patches presenting a promising 

morphology were analysed by ICC to asses expression of CEpC markers, the presence 

of tight junctions was confirmed by positive staining of E-Cadherin, as well as K14 

expression, confirming CEpC-like characteristics (Figure 4.6E).  

Laminin-332 was used as a matrix, instead of laminin-521, to test whether it favoured the 

differentiation of cultures richer in cells with epithelial morphology, as it had been 

suggested to selectively promote epithelial differentiation (Shibata et al., 2018). However, 

the resulting cells presented a more elongated morphology, and swirls of cells indicating 

epithelial-to-mesenchymal transition (EMT) could be observed (Figure 4.6D). These 

results showing difficulties in culture and poor CEpC differentiation efficiency, together with 

failed efforts to optimise and improve the protocol, led to the conclusion that this was not 

the optimal method for the differentiation of iPSC to CEpCs.  

A similar protocol published by Kamarudin et al. (2018), which included BMP4, epithelial 

growth factor (EGF) and retinoic acid (RA) induction agents, as well as the addition of FBS 

in the differentiation media was tested next (Protocol 3, Figure 4.5C). Coating conditions 

that were the most favourable from the previous protocols, for example the addition of 

laminin-521, were also adopted in the development of this protocol. 

In this case, no problems were encountered regarding cell survival or cell attachment. 

While performing this protocol it was noted that culturing adherent cells during the 

induction phase triggered abundant proliferation of morphologically different cell types, 

which led to difficulty at the replating step at day 9, increasing heterogeneity of the cell 

culture and reducing reproducibility. Therefore, based on the previous experience 

described above, four main changes were introduced in an attempt to facilitate increased 

reproducibility and generate the final differentiation protocol utilised throughout this thesis 

(Figure 4.7): 

• Concentrations of the induction agents added were as follows: 50 ng/ml EGF, 25 

ng/ml BMP4 and 10 μM RA. 

• Induction phase was performed in suspension for a week, where the first two days 

were used to perform a slower transition from the SCM to the IM (as described in 

Chapter 2, Section 2.9.4). 

• Laminin-521 was used in combination with Collagen IV as the matrix to grow the 

cells on. 

• Differentiation was assessed for a longer period, until day 35. 

After including the optimisation steps described above, cell survival rates were improved 

and cultures were successfully maintained in culture for up to 35 days. During the induction 
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period, the EBs became partially transparent. This was not observed using the other 

protocols with different induction media. Following plating, polygonal cells emerged from 

the EBs and rapidly acquired an epithelial morphology, which could be observed between 

days 21 and 30. Therefore, this protocol represented a significant improvement on 

previous methods, and was selected for further study and characterisation of the 

differentiated cells. 

 

 

Figure 4.7. Optimised protocol for the differentiation of iPSC into CEpC. iPSC adherent 
cultures, using geltrex as the matrix, was followed by a 7-day induction phase in suspension, which 
involved the formation of embryoid bodies (EB), followed by a 20-day differentiation phase where 
laminin-521 and collagen IV were used in combination as an adherent matrix for the cells. iPSC 
media (E8F) was progressively changed into the induction (IM) containing 50 ng/ml EGF, 25 ng/ml 
BMP4 and either 10 μM retinoid acid (RA) or no RA. Adhesion culture was maintained in Cnt-30 
differentiation media supplemented with 10% FBS. 

 

4.2.3 Characterisation of iPSC-derived corneal epithelial-like cells 
Control and mutant cell lines were differentiated following Protocol 3 (Kamarudin et al., 

2018) with the modifications described above (Figure 4.7). Assessment of the 

differentiation protocol using brightfield microscopy demonstrated the cells acquired 

typical CEpC morphology with differentiation (Figure 4.8). Polygonal cells with an 

epithelial-like morphology emerged from the EBs within a few days after they were plated 

onto the adherent matrix (culture day 16; Figure 4.8). The cells proliferated and, as the cell 

number increased, multi-layering of cells was observed, which was especially noticeable 

after day 30 (Figure 4.8). A number of morphologically distinguishable fibroblast-like cells 

were also detected, alongside the epithelial-like phenotype, and increased and became 

more noticeable as the cultures approached day 30. As they reach day 35, some of the 

cells formed swirls characteristic of EMT, indicating the cultures have likely lost some of 

the CEpC properties (Figure 4.8). 



	 129	

 
Figure 4.8. CEpC differentiation and morphology. Representative bright field images, showing 
morphology of the cells at different stages of the differentiation culture. iPSCs were dissociated to 
form embryoid bodies (EBs) in suspension, which were then plated in cell differentiation media onto 
an adherent matrix of laminin-521 and collagen IV. Polygonal cells emerged from the EBs 
(asterisks) at day (d) 16, proliferating and growing in size between d21 and d30. At d35 cultures 
appear overgrown and other cell morphologies, as well as EMT swirls (arrowhead) are visible. Scale 
bar = 100 μM. 
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4.2.3.1 Characterisation of gene expression during differentiation 
Evaluation of gene expression was necessary to investigate if the differentiation cultures 

showed induction of molecular characteristics of epithelialisation throughout the 

differentiation protocol. Samples were taken at different time points during the protocol to 

follow gene expression during differentiation, and to determine the optimal experimental 

window. RNA was extracted (Chapter 2, Section 2.1.2) and the expression of selected 

genes associated with corneal epithelial cell phenotype were assessed by RT-PCR 

(Chapter 2, Section 2.1.3) and qPCR (Chapter 2, Section 2.7). 

First, an initial assessment of KRT3 and KRT12 expression of iPSC-derived CEpC 

(iCEpC), using cells derived from the limbal biopsies (generated in Chapter 4, Section 

4.2.1) as positive controls for the expression of these two mature CEpC markers was 

performed (Pellegrini et al., 1997). Whilst KRT3 expression could be detected in all of the 

differentiated samples, KRT12 was only expressed by limbal-derived CEpC, indicating 

iPSC-derived cultures do not express, or have undetectable levels of expression of KTR12 

at day 21 of differentiation (Figure 4.9A). 

A quantitative evaluation of the expression of a wider selection of corneal epithelial cell 

markers was performed by analysing expression level of CEpC markers by qPCR (Figure 

4.9B-G). Genes associated with ocular and corneal epithelial cell differentiation (PAX6), 

limbal stem cell and corneal epithelial progenitor cells (ABCG2, ΔNTP63 and KRT14), 

corneal epithelium cell tight junctions (CDH1) and mature corneal epithelial cells (KRT3) 

were assessed in order to characterise the differentiated cells. The experimental window 

was extended beyond day 21, the terminal time point in the published protocol, in order to 

assess the expression of these markers in prolonged cell culture, and whether cells would 

continue to increase the expression of the mature marker KRT3 with increased time in 

culture. For this purpose, six independent cell lines (three patient lines, two WT control 

lines and the C-KO line) were differentiated, and data from two independent 

differentiations from each line (N=12) was used to understand the expression of these 

markers over time. qPCR analysis demonstrated that ΔNTP63, KRT14, PAX6, CDH1 and 

KRT3 were significantly upregulated at day 16 to 21, compared to iPSC, demonstrating 

acquired expression of corneal epithelial genes (Figure 4.9B-G). At the same time the 

stem cell marker ABCG2 showed an expected decrease in expression upon differentiation 

(Figure 4.9B). When expression of these markers at day 30-35 was analysed, it was 

noticed that expression of the epithelial progenitor markers ΔNTP63 and KRT14 was 

maintained or even increased over time (Figure 4.9C-D). However, expression of CDH1 

and PAX6 had decreased at this point, and no significant differences could be detected 

with respect to iPSC cells (Figure 4.9E-F). KRT3 expression still appeared significantly 



	 131	

upregulated when compared to iPSCs, however, the levels decreased with respect to the 

expression observed at day 21 (Figure 4.9G). These observations suggest that after day 

30, the differentiated cells start to drift to a different lineage, as observed by the brightfield 

cell culture images (Figure 4.8). 

 
Figure 4.9. Gene expression in iPSC and CEpC cultures. A) Evaluation of gene expression of 
KRT3 and KRT12 by RT-PCR in iPSC, iPSC-derived differentiated (iCEpC) cells and limbal-
derived differentiated CEpC. Expression of ACTB was used as a loading control reference. qPCR 
was also used to assess the expression of ABCG2 (B), ΔNTP63 (C), KRT14 (D), PAX6 (E), CDH1 
(F) and KRT3 (G) levels of expression over the differentiation process, days (d) 0 (iPSC) to 35. 
Gene expression was normalised to the expression of GAPDH and ACTB, and expressed relative 
to the expression of TGFBI in iPSC. Bars represent mean ± SEM. N=12 independent 
differentiations, including 6 different lines (three patient, two WT control and the C-KO lines). 
Statistical analysis was performed using an ANOVA and Tukey´s multiple comparison test. * 
P<0.05, ** P< 0.01, *** P<0.001, **** P<0.0001 respect to iPSC. # P<0.05, ## P< 0.01, #### 
P<0.0001 respect to d21. Ns = non-significant. 
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Data from the individual cell lines was also analysed separately, in order to assess whether 

the overall patterns of CEpC gene expression found over the time course of the 

differentiation (Figure 4.9B) were reproducible for each one of the differentiated lines 

(Figure 4.10). It was the possible to confirm that a peak of expression of KRT3 was 

observed at day 21 in every cell line, with other CEpC markers also following the same 

trend as described above, for example decreased expression of ABCG2 after day 16 and 

increased expression of KRT14 over the differentiation period. This confirmed 

differentiation of iPSC into CEpC was possible irrespective of the different TGFBI 

genotypes, including complete TGFBI KO.  
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Figure 4.10. Expression of corneal epithelial cell markers in differentiated patient, control 
and KO lines. Expression of CEpC genes KRT3, TP63, CDH1, KRT14, PAX6 and ABCG2 at the 
different differentiation time points (iPSC, d16, d21, d30 and d35) was analysed by qPCR in the 
different lines. The same patterns of expression can be observed in all lines, independent of the 
TGFBI genotype. Gene expression was normalised to the expression of GAPDH and ACTIN, and 
expressed relative to the expression of each one of the genes in iPSC. Bars represent mean values 
± SEM from 1-2 differentiation for each line. 

 

The levels of TGFBI expression over differentiation were next assessed, and data from 5 

differentiation of independent lines were combined for this analysis (Figure 4.11A). A 

significant increase in TGFBI expression, when compared to iPSCs, was observed from 

day 16 of differentiation to CEpC, and continued increasing until the last time point 

assessed (day 35).  
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Figure 4.11. TGFBI expression in CEpC differentiation. A) Levels of TGFBI expression were 
assessed by qPCR and showed a progressive significant increase in expression upon 
differentiation from iPSCs. Gene expression was normalised to the expression of GAPDH and 
ACTIN, and expressed relative to the expression of TGFBI in iPSC. Bars represent mean values 
± SEM. N=5 biological replicates (one WT control, one R555W patient and three R555Q patient 
lines). **** P<0.0001 versus iPSC. # P<0.05 versus D16. B) TGFBI transcript expression in 
different cell types derived from patients with a R555Q mutation (n=3), primary fibroblasts (Fibs), 
iPSC, and iPSC-derived CEpC, showed comparable levels to those found in CEpC differentiated 
from limbal biopsies. Gene expression was normalised to the expression of GAPDH and ACTIN, 
and expressed relative to the expression of TGFBI in limbal-derived CEpC. Bars represent mean 
values ± SEM. N=2-6 independent samples. *** P<0.001 versus iPSC. Ns= non-significant. All 
statistical analysis were performed using an ANOVA and Tukey´s multiple comparison test. 

 

TGFBI expression in primary and differentiated cell lines was also assessed in order to 

evaluate whether the levels of expression in iPSC-derived CEpC were comparable to other 

cell types, in particular the limbal-derived CEpC, as they are considered the gold standard 

for CEpC differentiation, and therefore confirm the adequacy of the model for assessing 

TGFBI CD. Since day 21 was demonstrated to be the time point were CEpC markers 

showed their maximum expression (Figure 4.9), and therefore the optimal time point in 

this protocol, it was use as the reference differentiation point for iPSC-derived CEpC, for 

this analysis.  

TGFBI expression of three R555Q patient-derived CEpC (iPSC-CEpC) was compared 

with expression in their respective fibroblast and iPSC lines; as well as control CEpC 

derived from limbal biopsies (Figure 4.11B). Comparable levels of TGFBI were expressed 

by primary fibroblasts, iPSC-derived CEpC and limbal-derived CEpC, whilst expression in 

iPSCs was minimal. This further confirmed differentiated cells at day 21 as an adequate 

model that expresses levels of TGFBI comparable to other somatic cell types, confirming 

its suitability for further studies and downstream treatment development. 
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4.2.3.2 Effect of RA on CEpC differentiation 
An additional step in the protocol optimisation was taken to evaluate the effect of removing 

RA from the induction media, since RA is known for driving neural crest differentiation, 

which is not the appropriate lineage for the development of CEpC. The expression of 

TGFBI and the same CEpC markers as above, was quantified for a direct comparison of 

cultures with or without RA in the induction media. At day 21, the time point where 

expression of most CEpC markers peaked, no significant differences were seen in TP63, 

KRT14, PAX6, CDH1 or KRT3 between cultures with or without RA (Figure 4.12A). An 

increase in expression was observed for PAX6 however it did not reach significance 

(P=0.09). TGFBI was the only gene with a clear significant difference in expression 

between the two experimental groups was observed (Figure 4.12A). Cells from cultures 

without RA expressed significantly higher levels of TGFBI than those that had been 

cultured in the IM with RA. 

Previous analysis of the differentiation protocol demonstrated the morphology of cells in 

culture around the terminal part of the protocol appeared altered with the formation of 

EMT-like swirls (Figure 4.8). In order to determine if RA affected terminal differentiation 

and induction of EMT the levels of VIM, which is expressed by cells undergoing EMT, were 

assessed in cultures with or without RA at day 30. A significant reduction in the levels of 

VIM expression was seen in the cultures that had no RA in the induction media, while 

levels of PAX6 at day 30 were not affected by the change in media (Figure 4.12B).  

Moreover, the general appearance of the cells in culture were evaluated under the light 

microscope. In cell cultures differentiated in media without RA, more cells with an 

epithelial-like morphology were observed throughout the culture well. At the same time a 

reduction in the presence of cells with a fibroblast-like morphology was also noted (Figure 

4.12C). 
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Figure 4.12. Effect of RA on cell differentiation. qPCR analysis showing the expression of TGFBI 
and the CEpC markers TP63, KRT14, PAX6, CDH1 and KRT3 in the differentiated cultures at day 
21 A) and VIM and PAX6 at day 30 B). Individual values from independent differentiations are 
represented in the graphs, where colours indicate matching cell lines and error bars indicate ± SEM. 
Differences between the +RA and -RA groups were analysed using a T-test (* P<0.05, **** 
P<0.0001). Gene expression was normalised to the expression of GAPDH and ACTIN, and 
expressed relative to the expression of the specific gene in iPSC A) or the average expression of 
the specific gene in +RA cultures B). C) Bright field imaging of +RA and -RA cell cultures at day 21. 
Scale bar = 100 μM. 

 

It is worth noting that, despite all the improvements achieved as a result of the extensive 

optimisation process, these cultures are heterogenous throughout the differentiation 

protocol and contain cell populations with different morphologies (Figure 4.13). Typical 

corneal epithelial cell morphology is observed around the EBs, and morphology changes 
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as the cells proliferate away from the EBs (Figure 4.13A). Other areas are populated by 

smaller, more densely packed cells (Figure 4.13B). Some fibroblast-like cells were also 

observed during the differentiation and, as previously described, became more evident as 

the cultures approached 30 days in culture. This was variable between differentiation 

batches and cell lines (Figure 4.13C). Occasionally, but to a lesser degree than observed 

with the previous protocols tested, axons and neuronal phenotypes could also be observed 

within the cultures (Figure 4.13D). Despite the presence of various non-epithelial 

morphologies, the predominant cell type observed in these differentiations was polygonal, 

epithelial-like cells (Figure 4.12C). 

 
Figure 4.13. Heterogeneity in CEpC differentiation cultures, at day 16 of differentiation. A) 
Lines at the top of the image mark the separation between the closest area to the EB plating site, 
where the most predominant morphological phenotype is epithelial-like (right), and the area where 
cells lose the polygonal morphology, the further away they are from the EBs. Rosettes of epithelial 
cells were also observed (asterisk), possibly indicating a new CEpC colony. B) Patches displaying 
a second population of much smaller polygonal cells were also found within the cultures. Other 
cell morphologies identified include fibroblast-like cells in the peripheral culture (C) and, very 
rarely, axonal bundles (D). Scale bar = 100 μM. 

  



	138	

4.2.4 Characterisation of CEpC marker protein expression in differentiated 
cultures 

The protein expression of CEpC markers was also analysed by immunocytochemistry 

(ICC) in the differentiated cultures. As the timepoint where the highest levels of CEpC 

marker expression was detected by qPCR (Figure 4.9), day 21 was the time point selected 

to perform ICC characterisation. 

 
Figure 4.14. Characterisation of CEpC differentiated cultures: P63 and E-cad protein 
expression at day 21. Cells were analysed by ICC for the presence of p63 (red) and E-Cadherin 
(E-Cad, green) expression in a patient line (A,D,G), a wild type (WT) control line (B,E,H) and the 
CRISPR/Cas9 knockout (C-KO) line (C,F,I). Imaging at low magnification (A-C) and higher 
magnification (D-I) revealed clear p63-positive and negative patches within the cultures. Evidence 
of multi-layering is also observed in all cases. All scale bars = 50 μM. Cell nuclei are stained with 
DAPI (blue). 
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Expression of p63a (referred to as p63 in this section), a protein found exclusively in 

resting limbal cells, was assessed in the differentiation cultures at day 21 for a R555Q 

patient, a wild type control (WT1) and the C-KO line; presenting nuclear expression, typical 

of transcription factors (Figure 4.14). Of note, this antibody detects both the TA and DN 

isoforms of the protein, of which only the DNp63 isoform is corneal-epithelial exclusive 

(see section 4.1.3.2).  

Expression of p63a alone allows to distinguish patches of p63-positive cells, potentially 

representing CEpC progenitors, co-existing with p63-negative populations, indicating 

culture heterogeneity, features that are observed in all three lines. A wider field of view 

also shows evidence of multi-layered character of these cultures, as p63-positive cells are 

observed mixed with DAPI staining, indicating cell nuclei (Figure 4.14A-C). E-Cad 

immunoreactivity allowed for negative discrimination of other cell types with similar 

morphology, such as potential corneal endothelial cells. Double staining with E-Cad 

demonstrated co-localisation of the two epithelial markers, confirming epithelial nature of 

the p63+ population of cells. 

Different p63-positive nuclei sizes are observed in these cultures. Some areas with lower 

cell density present bigger p63-positve nuclei, typical of differentiating cells (Figure 

4.14E,F,G), whereas other areas of cells appear densely packed, typical of more 

proliferative active areas (Figure 4.14D,I). This difference has been observed when 

analysing the expression of E-Cad alone in the cultures (Figure 4.15). Whilst areas more 

densely packed present smaller cells with more polygonal morphology, it is also possible 

to find evidence of bigger cells, some of which also present microvilli, characteristic of 

more mature cells found in the top layer of the corneal epithelium. 

 
Figure 4.15. Differences in cell morphology observed at day 21. Images of E-Cad expression 
taken at the same magnification in a WT control line reveal different cell sizes, with different 
nucleus-cytoplasm ratios present in the differentiating cultures. Small polygonal cells are present in 
higher density areas whereas large cells with microvilli can be found in areas with lower cell density. 
Scale bars = 50 μM 
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Next, expression of keratins, the main protein family found in CEpC (see Section 4.1.3.1), 

was assessed in the differentiation cultures (Figure 4.16). In this case, a different patient 

line was chosen to show examples of protein expression, alongside with the WT and C-

KO control lines.  

 
Figure 4.16. Characterisation of CEpC differentiated cultures: K14 and E-cad protein 
expression at day 21. ICC analysis of a patient line, WT line and C-KO line differentiation cultures 
showed cell sheets with double K14 and E-Cad positive staining, representing CEpC progenitor 
cells (A-F). An additional population of E-Cad-negative cells that presented a strong and fibrous 
K14 staining was also detected in the differentiation cultures (F-I). Scale bars = 50 μM. 

 

K14 is a well-used marker for tracking limbal progenitor cells during differentiation, and 

therefore, in a similar way to p63a, would represent a population of less differentiated cells 

in these cultures. Interestingly, ICC staining revealed the presence of two strikingly distinct 
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populations of K14 immunoreactive cells in the cultures: K14+/E-Cad+, which would often 

be formed in a cell sheet (Figure 4.16A-F); and K14+/E-Cad-, where individual cells with 

a more fibrous appearance are in close proximity to, but not co-localising with E-Cad 

positive cells (Figure 4.16G-I). The lack of E-Cad in the later population could indicate 

aberrant differentiation of a non-corneal epithelial cell or a loss of CEpC nature, due to 

EMT-associated changes. 

Expression of K3, the mature epithelial marker found exclusively in CEpC, was also 

assessed (Figure 4.17). In accordance with the results observed by qPCR, a lower 

proportion of K3-positive cells were detectable in our cultures by ICC, in comparison with 

the rest of the CEpC markers analysed. The mature corneal endothelial cell K3 positive 

cell phenotype is larger and more elongated and, as expected, K3-positive cells do not 

express the progenitor marker p63a. 

 

 
Figure 4.17. Characterisation of CEpC differentiated cultures: K3 and p63 protein expression 
at day 21. ICC of K3 expression shows large, elongated cells, corresponding to the most advance 
differentiation stage, demonstrated in a patient (A,D), wild type (WT) control (B,E) and the C-KO 
(C,F) line. p63 was co-stained to confirm the lack of expression in the mature K3-positive cells. 
Scale bars = 50 μM. 
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4.3 Discussion 

Developing relevant models to study TGFBI-linked CDs is vital to facilitate the investigation 

of disease mechanisms and the development of new therapeutic approaches, alternative 

to surgery, such as pharmacological or gene-based therapies. Due to the lack of animal 

models representative of the human diseases, in vitro studies have previously been 

performed using primary corneal tissue (Choi et al., 2011; Nie et al., 2020), heterologous 

overexpression studies in non-corneal cells (Runager et al., 2011) or recombinant mutant 

proteins (Venkatraman et al., 2020).  

The main limitation associated with the use of primary cells is the availability of donor 

tissue. Primary cells can be obtained from individuals undergoing corneal surgery or 

obtained as corneal biopsies (Nie et al., 2020). Isolation of cells from graft tissue is 

therefore entirely dependent on surgery appointments and patient consent, which can be 

an important limiting factor for research. Moreover, for most TGFBI CDs corneal 

transplants are not the preferred first management option, making graft tissue difficult to 

obtain. On the other hand, corneal biopsies are invasive procedures that carry ethical 

concerns, and have reduced expansion potential in culture, which sometimes is limited to 

a few passages (Peh et al., 2011). 

Even though TGFBI is expressed in a wide variety of tissues in the human body, the 

pathology resulting from a genetic mutation is cornea-specific (El Kochairi et al., 2006; 

Schmitt-Bernard, Schneider, & Argilés, 2002). It is therefore important that the 

investigation of TGFBI CDs is performed in the appropriate cellular context, as the cellular 

environment plays a role in the biology of the diseases. Based on data showing that TGFBI 

is expressed in the highest degree by the corneal epithelium in both human and mice 

(Escribano et al., 1994; Poulsen et al., 2018) compared to other cornea cell types, creation 

of a CEpC model was the strategy chosen for the study of these epithelial-stromal 

dystrophies. 

iPSC-derived models of CEpC present an excellent alternative to primary corneal tissue, 

with remarkable advantages over tissue availability, as well as the possibility to have a 

near unlimited source of cells available for replicate experimentation. Moreover, iPSC 

differentiation is not only a valuable tool for research purposes but also holds potential for 

clinical application. Conditions that involve limbal stem cell deficiency, together with the 

high rates of graft rejection experienced by patients after a corneal transplant, has 

generated a growing interest in limbal and CEpC differentiation for the generation of 

corneal epithelial sheets suitable for autologous transplantation (Ghareeb, Lako, & 

Figueiredo, 2020). 
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Therefore, in the last few years advances in the field have been made and a number of 

protocols have described the ability to induce differentiation of CEpCs, taking advantage 

of the knowledge about key signalling pathways involved in corneal differentiation (Ahmad 

et al., 2007; Hongisto et al., 2017; Kamarudin et al., 2018; Mikhailova et al., 2014; Zhang 

et al., 2017). Other published protocols have been based on the self-organisation ability 

of differentiating pluripotent cells (Hayashi et al., 2016), using the same principles applied 

previously in the development of retinal organoids (Nakano et al., 2012). 

The three protocols tested in this thesis to induce control and TGFBI patient-derived iPSC 

differentiation to CEpCs, were based on a two-step process consisting of small molecule-

induction followed by differentiation in a chemically defined media, and reported ability to 

produce CEpC in 20 to 30 days (Figure 4.5). Protocols 1 and 2, published by the same 

authors, presented numerous problems regarding cell attachment and viability. Protocol 1 

(Mikhailova et al., 2014) resulted in failed attempts to culture and differentiate cells. During 

the optimisation process, only the problem of cell attachment could be resolved by the 

addition of laminin-521 in the matrix mixture, whereas abundant cell death was still 

observed, making it impossible to perform and assess cell differentiation. The authors 

themselves reported having experienced cell death in a later publication (Protocol 2, 

Hongisto et al. 2017), where they proposed elimination of the WNT inhibitor IWP2 in order 

to counteract this problem, as well as the addition of BMP4. IWP2 has been reported to 

be efficient to induce epithelial differentiation by other groups, who reported a mechanism 

through induction of TP63 and ABCG2 and reduction of B-catenin in the cytoplasm (Lee 

2017, Chen 2009). However, the use of this particular formula in the TGFBI patient-derived 

cell cultures induced high levels of cell toxicity that precluded cell differentiation beyond 

day 7. This observed cell death was partially reduced when the compound was subtracted 

from the induction media, as the authors of Protocol 2 indicated.  

The other major modification the authors of Protocol 2 implemented was the addition of 

Laminin-521 to the Collagen IV matrix described in Protocol 1 (Figure 4.6C). Collagen IV 

is one of the main components of the epithelial basement membrane situated underneath 

the corneal epithelium, and there is evidence indicating its ability to bind and promote 

CEpC differentiation (Ma et al., 2016; Maldonado & Furcht, 1995). As such, researchers 

have opted for its use as a matrix (Ahmad et al., 2007; Li et al., 2005; Zhang et al., 2017). 

However, as described in this chapter, collagen IV alone did not prove to be sufficient to 

promote cell attachment, and an additional substrate was required. The effect of laminin-

332 was also tested for improvement of culture conditions, since it had previously been 

reported to selectively promote CEpC differentiation (Shibata et al., 2018). In this study, 

no beneficial effect was observed when differentiating iPSC on laminin-332. Kabosova et 
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al. (2007) reported this type of laminin is only present in the infant, but not adult cornea, 

which may explain the results observed in this chapter.  

The importance of BMP4 as an induction agent for differentiation was reinforced by 

Kamarudin et al. (2018), authors of the third protocol tested in this chapter. BMP4 had 

previously been shown to be a potent inducer of epithelial differentiation through p63 

induction (Metallo et al., 2008). Importantly BMP4 also selectively induces death of neural 

progenitors during the binary choice (neural vs. surface ectoderm) in neuroectodermal 

determination phase during development, thus facilitating entry into the correct 

differentiation pathway for ocular tissues  (Aberdam et al., 2007; Gambaro et al., 2006). 

The other main difference between the protocols, which seemed to have an important 

effect on cell survival, was the addition of FBS in the differentiation media. Although cells 

in Protocol 2 could be plated and cultured in Cnt-30 epithelial media until the first media 

change (2 days), subsequent cell death was observed, as the cells showed a starved 

morphology after a week in culture (Figure 4.6C). This suggested the need for 

supplementation in the differentiation media. In contrast, this difficulty was not encountered 

when using Protocol 3 where 10% FBS was incorporated (Figure 4.8). Others have also 

reported the potential benefits of FBS supplementation, in the case of corneal epithelium 

differentiation, and mark it as a key difference between ocular and epidermal differentiation 

(Kawakita et al., 2004).  

Since Protocol 3 was the only protocol that enabled the successful culture and 

differentiation of iPSCs to CEpCs, it was selected for further characterisation and 

optimisation. Some reports have suggested longer induction periods in suspension are 

more effective for promoting expression of key epithelial differentiation associated genes 

(Martinez Garcia de la Torre, 2017). Therefore, an induction phase involving EB formation 

was introduced and extended to 7 days (Figure 4.7). An increase of the induction period 

from 3 to 7 days has also been reported to be beneficial for the differentiation of other cell 

types, such as pre-adipocytes (Lee, Wu, & Fried, 2012). 

In order to characterise the cultures, a selection of corneal epithelial genes was assessed 

by RT-PCR and qPCR. Expression of ABCG2, PAX6, KRT14, DnTP63, CDH1 and KRT3 

was monitored during the differentiation period described in the protocol and beyond, 

terminating at day 35 (Figure 4.9). While the sustained high levels of DnTP63 and KTR14 

expression indicate the continuous presence of CEpC progenitors, expression of KTR3 

peaks at day 21, indicating this is the time point when largest percentage of mature CEpC 

were present. Moreover, two vital genes for epithelial differentiation, PAX6 and CDH1, 

were significantly upregulated at this timepoint, decreasing thereafter, therefore indicating 
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the cultures did not benefit from extending the culture period beyond this day. This 

indicated that 21 days is sufficient to differentiate to CEpC progenitors and mature CEpC, 

in agreement with Kamarudin et al. (2017). It also suggests this protocol promotes the 

generation of a CEpC progenitor-enriched cell population expressing high levels of 

DnTP63 and KTR14. 

Nevertheless, this protocol could be subject to further optimisation to enhance terminal 

differentiation. CEpC are highly sensitive to extracellular calcium and, while some studies 

have published positive results from calcium-induced differentiation (Kruse & Tseng, 

1992), others have reported detrimental effects of high calcium concentrations (Kawakita 

et al., 2004); considering 0.03 mM low, 0.3 mM intermediate and 0.9 to 1.8mM high 

calcium concentrations. Despite the need for a fine balance required regarding 

concentration and timing of application, calcium supplementation could be an effective 

way to further promote terminal differentiation. 

Air-lifting-induced stratification, a technique originally described for skin keratinocytes to 

induce stratification of the epidermis by exposing the cells to an air interface on one side, 

while maintaining contact with culture media on the other side (Rosdy & Clauss, 1990). 

This technique is also an effective resource for CEpC, enabling the formation of stratified 

tissue where the basal layer holds the progenitor cells while the top layer displays 

terminally differentiated cells (González, Uhm, & Deng, 2019). However, the expression 

of the different corneal epithelial markers has been reportedly unaffected by this process, 

indicating air-lifting might induce rearrangement of the cells in different layers, rather than 

induce CEpC gene and protein expression (Chen et al. 2017). In addition, cell sorting of 

epithelial progenitors using surface markers such as ABCG2, ABCB5 or CD200 has been 

proposed (Hayashi et al., 2012; Hayashi et al., 2018; Kim, Kim, & Maeng, 2019; 

Vattulainen et al., 2019), which may contribute to a more efficient differentiation leading to 

a more homogeneous population. 

It is particularly noteworthy that all the lines tested, irrespective of their genotype (including 

complete KO of TGFBI), are able to differentiate to CEpC, as shown through expression 

of CEpC markers by qPCR and ICC (Figure 4.10). In agreement with this observation, no 

abnormalities were detected in the cornea of TGFBI null mice (Poulsen et al., 2018). 

Furthermore, according to clinical notes, patients do not present deficiencies involving 

epithelial cell number or present with cell degeneration in any of the corneal layers. 

iPSCs displayed a very low expression of TGFBI in comparison to fibroblasts (Chapter 3, 

Figure 3.11). Assessment and quantification of gene expression over the time course of 

the differentiation protocol revealed a significant increase in TGFBI expression from the 
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first differentiation timepoint assessed, day 16, with a continued increase in expression 

until the last time point analysed, day 35 (Figure 4.11A). Karring et al. (2010) reported an 

increase of TGFBIp in human cornea between the ages 6 and 14, which coincides with 

the time the pathological deposits are first detected. The levels of TGFBI in iPSC-derived 

cells was also comparable to those detected in fibroblasts and limbal-derived epithelial 

cells (Figure 4.11B). Therefore, these results are consistent with the progression of TGFBI 

expression in the adult cornea, and the levels of expression achieved suggest it is an 

appropriate model to investigate disease mechanism and TGFBI-directed therapeutics.  

RA, a light-sensitive molecule derived from vitamin A, is one of the most important 

morphogenetic agents that operates in a gradient-dependent fashion during development. 

Its signalling is finely controlled by the expression pattern of its receptors, RAR, and its 

production by synthesizing and degrading enzymes (Rhinn & Dollé, 2012). In the eye, RA 

governs formation of the neural crest (Matt et al., 2005), where the stromal and endothelial 

layers, but not the epithelium, originate from. RA has been used in in vitro differentiations 

to induce neuronal phenotypes (Bibel et al., 2004) and has also been shown to have the 

potential to induce mesodermal markers from ESC (Oeda et al., 2013). Since RA has such 

an important effect on the differentiation of multiple cell types, the question of whether 

subtracting RA from the induction media would reduce cell heterogeneity and/or increase 

CEpC differentiation was posed. Analysis of gene expression demonstrated that cultures 

with and without RA induction expressed similar levels of CEpC markers at day 21 (Figure 

4.12A). However, a reduction in the expression of EMT marker VIM was observed at day 

30 in cultures without RA, whilst levels of PAX6 remain unchanged (Figure 4.12B). 

Moreover, when the morphology of the cultures was examined, polygonal epithelial-like 

cells were the dominant cell type in all the differentiations performed, forming larger sheets 

and with a notable reduction of the fibroblast-like cell type (Figure 4.12C). Together these 

data indicated that, while RA does not have a dramatic effect on expression of CEpC 

markers, eliminating this molecule from the induction media leads to more homogenous 

cultures with reduced EMT, and therefore this optimisation was included in the final 

protocol. 

RA and FGF present antagonistic signalling pathways, displaying opposite gradients 

during development (Del Corral et al., 2003). CEpC differentiation requires activation of 

FGF pathways (Zhang et al., 2015) but also benefits from the effect of RA to attenuate 

WNT signalling (Easwaran et al., 1999; Lian et al., 2013). Therefore, optimal conditions 

might require a fine balance of both types of signalling, which might imply smaller amounts 

of RA would be more optimal during CEpC differentiation (Kim et al. (2012). If only minimal 

amounts of RA are required for CEpC differentiation, it is likely that the presence of vitamin 
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A in the B27 supplement contained in the IM (see specific media composition in Chapter 

2, section 2.9.4) is sufficient to promote RA-driven differentiation, and therefore no 

additional RA would be required. 

Interestingly, cultures without RA displayed an increased expression of TGFBI with respect 

to those that were cultured with RA during the induction phase (Figure 4.12A). Chen et al. 

(2007) also reported RA-mediated reduction of TGFBI, via inhibition of TGF-b signalling 

during lung development. However, despite TGF-b levels having not been tested in these 

cultures, it would not be expected to be an active pathway in these cultures, given its 

inhibitory properties on cell differentiation. Therefore, it would be unlikely that TGF-b 

signalling would be responsible for the elevated levels of TGFBI.  

Interestingly, both TGF-b signalling and TGFBI have been described as EMT inducers in 

some types of cancers (Massagué, 2008; Zou et al., 2019). In CEpC, TGFb1 also 

promotes EMT, which can be supressed by EFG (Chen, 2020). Here, however, despite 

the increased levels of TGFBI in cultures without RA, a reduction of the EMT marker VIM 

is detected (Figure 4.12B). A scenario where TGFb signalling is low, TGFBIp expression 

is high and no or reduced EMT is observed, is consistent with the homeostatic conditions 

observed in human corneal epithelium, where levels of TGFb receptors are low and only 

restricted to the basal layer of the epithelium (Zieske et al., 2001), while expression levels 

of TGFBIp remain remarkably high. Thus, these results and observations together could 

indicate the existence of an alternative TGFb-independent regulation taking place in the 

cornea. 

After an extensive optimisation process, the final protocol without RA in the IM (Figure 4.7) 

demonstrated the best results, measured by high reproducibly whilst achieving cultures 

with high proportion of CEpC-like cell morphology and expression of CEpC genes. 

However, heterogeneity is still present within the differentiated cultures, including different 

sizes of densely packed polygonal cells, a population of more elongated fibroblast-like 

cells and, very occasionally, some small neuronal bundles (Figure 4.13). ICC protein 

characterisation was necessary to confirm the expression of CEpC markers in the 

differentiated cultures and to reveal the potential different CEpC populations observed. 

P63 is widely expressed in the cultures displaying clear positive and negative patches, 

often arranged in multiple layers (Figure 4.14). Within the p63-positive cells identified in 

the differentiating cultures, different nuclear sizes were observed, suggesting different 

subgroups of progenitors in the populations of p63-positive cells. This is not surprising 

given that p63 expression can be detected in limbal stem cells and migrating intermediate 

progenitors (Di Iorio et al., 2005), traditionally referred as TAC or wing cells (Figure 4.1), 



	148	

which undergo morphological changes as they differentiate. P63 has also been associated 

with the retention of stemness potential (Krishnan, Sudha, & Krishnakumar, 2010). The 

sustained levels of p63 expression in the cultures presented here likely indicate there is a 

constant renewal of progenitors, and therefore it is not surprising to find CEpC at different 

stages of differentiation within this process. Importantly, E-Cad expression in these cells 

confirms their epithelial nature.  

K14 and, to a much lesser extent, K3 were also detected in the differentiated cultures 

(Figure 4.16, Figure 4.17). Similar to p63, K14 has been detected in limbus as well as the 

central corneal, marking proliferative progenitor cell populations (Pajoohesh-Ganji et al., 

2016). In these differentiated cultures, K14 co-localised with E-Cad in epithelial cells 

forming a CEpC sheet (Figure 4.16A-F). Somewhat surprisingly, another population of K14 

cells with a different morphological phenotype was also identified. This population 

comprised larger cells, with a more fibrous appearance of K14 immunoreactivity and that 

did not express E-Cad, but appeared in close proximity to the E-Cad positive cells (Figure 

4.16F-I). Vimentin-regulated K14 expression and loss of expression of E-Cad are two 

phenomenon that have been described in epithelial cells undergoing EMT (Dmello et al., 

2017; Revenco et al., 2019). Gain of K14 expression in cells with a fibroblast appearance 

is also a characteristic of invasive metastatic cells (Sonzogni et al., 2018). Since EMT-like 

swirls were observed in the cultures as they overgrow (Figure 4.8), it is possible this is an 

early sign of cells transitioning to a change in phenotype. Analysis of vimentin expression 

by ICC would be a useful tool to help further characterise this second population of cells. 

However, it is important to consider that neither K14 nor p63 are exclusive markers of the 

cornea, they are also important components in epidermal differentiation (Romano et al., 

2009). In fact corneal and skin epithelium differentiation share a considerable number of 

key markers and similarities in the differentiation process, and mutations in p63 have both 

skin and ocular consequences (Kennedy et al., 2015). Therefore, an alternative possibility 

would be an abnormal differentiation into a skin epithelium phenotype, which has been 

shown by others attempting CEpC differentiation (Kawakita et al., 2004). Double staining 

with a skin keratin, such as K10, would be necessary to confirm or rule out this possibility 

in a subset of the cells in culture.  

Nevertheless, the appearance of this cell population perhaps explains the increase of K14 

expression observed later in the differentiation process at days 30 to 35, when levels of all 

the other CEpC markers were decreasing (Figure 4.9B). Thus, confirming that the high 

expression of K14 after day 21 is not likely a result of increased CEpC maturation, but 

rather to be associated with aberrant differentiation. 
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Importantly, K3, which together with its partner keratin K12, are the only known cell 

markers that can currently be considered as exclusive to mature CEpC (Moll et al., 1982). 

While expression of K3 was detected in the differentiated samples indicating successful 

differentiation to corneal epithelial-like cells, KTR12 was undetectable by RT-PCR (Figure 

4.10). In the context of K12 absence, it is possible that either K3 is not functionally forming 

cytoskeletal fibres or K3 is partnering with a different cytokeratin. It has been demonstrated 

that in the presence of mutations in K12 that lead to protein aggregation, an altered 

cytokeratin expression profile is found in mice corneas (Allen et al., 2015). The ICC 

analysis showed cells with diffuse K3 staining, which might be a consequence of failed 

formation of cytokeratin heterodimers. A deeper analysis of the cytokeratin profile including 

double staining of K3 and other potential partners, as well as assessment of expression of 

other keratin types, will help clarify the presence and characteristics of this mature cell 

phenotype. 

K3-positive cells, however, did present elongated morphologies with larger areas of 

cytoplasm, which are characteristic of cells resident in the top layer of the squamous 

corneal epithelium. These cells did not express nuclear p63, which was expected and in 

agreement with reports found in the literature (Harkin et al., 2004). The ICC analysis 

corroborates the results from the qPCR transcript expression analysis, as relatively low 

KRT3 expression correlated a lower frequency of K3 immunoreactive cells in cultures, 

compared to the other analysed markers. Nevertheless, it is important to note that mature 

cells occupy only the top layer of the epithelium, whilst several layers of intermediate 

progenitors can be found underneath, and therefore the relative number of K3-positive 

cells is expected to be lower.  

The low levels of K3 together with the lack of K12 indicate that these cultures have not 

reached the most mature stage, as well as the possible need of additional cues, such as 

exposure to air in order to induce stratification and achieve the correct spatial 3D 

organisation found in the cornea, for cells to complete differentiation.  

In summary, this chapter describes the development of a protocol for the differentiation of 

CEpCs from iPSCs through testing and optimisation of methods described in published 

literature. Characterisation of the differentiated cells revealed successful differentiation to 

a CEpC fate, confirmed by expression of CEpC markers at both the transcript and protein 

level and through assessment of cellular morphology. A cell population enriched in corneal 

epithelial progenitor cells was evident, in which cells at different stages of differentiation 

can be identified, with the highest levels of the mature corneal epithelial cell marker 

KRT3/K3 at day 21 of the optimised protocol. 
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The precise pathways of cell differentiation in the human cornea are still unclear. New 

studies using novel technology such as single-cell RNA-seq should help to elucidate these 

pathways, that may challenge previous theories regarding the contribution of the limbus 

and corneal progenitors to the development of the mature corneal epithelial cell pool. 

Moreover, most of the corneal epithelial progenitor markers are also expressed by 

epidermal progenitors, due to their similar tissue architecture. Therefore, deeper 

understanding of exclusive corneal epithelial and limbal gene and protein markers will be 

extremely useful to better characterise differentiated cultures and design more optimal 

protocols, including the use of specific markers for cell selection. 

A limitation of this study includes the lack of analysis of other potential cell types in the 

cultures, including the possible presence of skin epithelial cells, stromal cells or cells 

undergoing EMT. Further characterisation of cells that were not immunoreactive for CEpC 

markers could help identify the nature of other cells that reside in these cultures, and 

contribute to our understanding of how best to implement further optimisation steps, in 

order to find the most appropriate differentiation protocol for CEpCs. 
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Chapter 5: Antisense oligonucleotide therapy for TGFBI corneal 
dystrophies 

5.1 Introduction 

TGFBIp is ubiquitously expressed in the human body, where it acts as an extracellular 

matrix protein and has been shown to have an active role in tumour progression (Allaman-

Pillet, Oberson, & Schorderet, 2017; Ivanov et al., 2008; Wen, Partridge, et al., 2011). 

However, the mechanisms whereby a dominant missense mutation results in autosomal 

dominant corneal dystrophies, in the absence of other systemic phenotypes, remain 

largely unknown. This lack of knowledge also represents a major hurdle for the 

development of new therapies. Novel treatments are however needed, since the only 

therapeutic options currently available for patients are invasive and only applicable for late-

stage disease. As reviewed in previous chapters, genetic screening enables prediction of 

disease onset and clinical presentation, and the possibility of developing preventive 

treatments tackling the pathogenic mutations. 

5.1.1 TGFBI CD pathophysiology 
In order to develop and test the efficiency of novel therapies for TGFBI CDs, insight of 

what it is currently known about pathophysiology of the disease, as well as proposed 

theories on disease mechanism need to be considered. 

5.1.1.1 Protein aggregation in TGFBI-associated CDs 
Original literature reporting the ultrastructural analysis of corneal sections for TGFBI CD 

is a valuable resource for understanding TGFBI CDs. However, genetic testing was not 

routinely used during clinical examination and diagnosis, so the conditions are referred to 

as either granular or lattice CD, and include Bowman´s layer dystrophies in the granular 

category. For CD phenotypes described as “granular”, amorphous deposits ranging from 

20 to 7000 nm were observed in the epithelium (especially the basal layer), Bowman’s 

layer and stroma (Akhtar, et al., 1999; Rodrigues et al., 1983). 

These deposits were initially suspected to be formed by defective collagen, until Garner 

(1969) published a comprehensive immunohistochemical analysis, in which it was shown 

that sulphur containing amino acids, tyrosine, arginine and tryptophan were present in 

granular deposits (Figure 5.1). Sulphur-based amino acids and tryptophan are not 

generally found in collagen, and instead this study concluded that the granular deposits 

were more likely to have been formed by a protein with characteristics similar to TGFBIp, 

which was later confirmed by immunoreactivity using an anti-TGFBI antibody (Streeten et 

al., 1999). 
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Figure 5.1 Histology of corneal granular deposits. A) Masson trichrome staining of granular 
deposits above an intact Bowman’s membrane. B) Thioglycollate-DDD reaction showing sulphur 
containing amino acids in the deposits. Both images are originals from Garner (1969). 

 

Of the human tissues tested, TGFBI-positive deposits are only found to accumulate in the 

cornea (El Kochairi et al., 2006), and specifically in the central cornea, while the limbus 

and areas around blood vessels remain aggregation-free (Lee et al., 2006). Several 

studies in the last decade have isolated deposits from diseased corneal tissue and 

analysed their protein composition (Table 5.1). 

Table 5.1. Protein composition of pathogenic deposits found in TGFBI CD patients. 

Reference Deposit nature Proteins found 

Karring et al. 
(2012) 

Non-amyloid (R124H) TGFBIp, serum amyloid P-component, clusterin, type 
III collagen, keratin 3, and histone H3-like protein. 

Amyloid (V624M) C-terminal fragment of TGFBIp (residues Y571–
R588), apolipoprotein E and apolipoprotein A-IV. 

Karring et al. 
(2013) Amyloid (A546D) Serum amyloid P-component, apolipoprotein A-IV, 

clusterin, and serine protease HtrA1. 

Poulsen et al. 
(2014) 

Amyloid (A546D and 
A546D/P551Q) 

TGFBIp, serum amyloid P-component, apolipoprotein 
A-I, apolipoprotein A-IV, apolipoprotein E, 
apolipoprotein D, clusterin and HtrA1. 

 

5.1.2 Proposed disease mechanisms 
The cornea-specific aggregation, caused by different missense mutations affecting 

different parts of the protein, presents an interesting question regarding the implication of 

specific mutations in the formation of amyloid and non-amyloid deposits of the protein, and 

how else they could induce pathogenesis. To date there is no consensus on the disease 

mechanism(s) for TGFBI dystrophies, nevertheless studies on the processing and 

biophysical properties of TGFBI protein have proposed different hypotheses: 
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5.1.2.1 Defective proteolytic degradation and abnormal processing 
Korvatska et al. (2000) analysed TGFBIp by one and two dimensional SDS-PAGE in whole 

normal and p.R124 mutant corneas and found proteolytic products in corneas with different 

mutations. While C-terminal fragments of 68, 64, 57, 47 and 29 kDa were detected in both 

the normal and diseased cornea, 44 kDa and 66 kDa fragments were detected exclusively 

in p.R124C and p.R124L cornea, respectively. Takács et al. (1998) also found a 42 kDa 

peptide in LCD1 corneas from a patient that did not undergo genetic testing, and 

suggested this peptide could be the amylogenic seed. Similar size fragments were later 

detected by other groups in transient overexpression experiments for different amyloid-

causing TGFBI mutations: p.L518P, p.R124C and p.L527R (Han et al., 2011). Through 

overexpression of a Fas1-4 domain construct (see Chapter 1, section 1.8.1 for details of 

the protein structure), a peptide comprising from tyrosine 571 to arginine 588 was 

discovered and was suggested to act as the amyloid core to trigger TGFBIp fibrillation 

(Karring et al., 2013; Sørensen et al., 2015). In addition, Schmitt-Bernard et al. (2002) 

evaluated the amyloidogenic properties of a number of synthetic peptides containing the 

WT and p.R124C sequences, and remarked that the disulphide bonds and two 

consecutive Valine-Valine hydrophobic interactions found in these peptides had a role in 

the amyloidogenesis process. 

The serine protease HTRA1 was detected by mass spectrometry analysis of amyloid 

deposits from one LCD1 cornea carrying the p.V624M, in a study that found a number of 

compatible cleavage sites in the Fas1-4 domain (Karring et al., 2012). Further studies 

confirmed that both WT and mutant TGFBIp are substrates of HTRA1 (Poulsen et al., 

2019), leading to the hypothesis that HTRA1 has a role in TGFBIp proteolysis and 

production of the amyloid peptide in corneal dystrophies exhibiting these types of deposits. 

Proteolytic processing in non-amyloid phenotypes has been less well-studied. 

Overexpression of p.R555W and p.R124H in Chinese hamster ovary (CHO) cells revealed 

production of a 35 kDa fragment (Han et al., 2012). However, Underhaug et al. (2013) 

reported that, unlike the increased proteolysis activity demonstrated in amyloid forming 

mutants, p.R555W mutant proteins showed increased proteolytic resistance when 

compared to WT, in an experimental system in which a protein construct of the four Fas-

1 domains was subjected to cleavage by thermolysin and trypsin. 

5.1.2.2 Differences in protein stability 
Clout and Hohenester (2003) predicted, with the aid of an in-silico model, that the most 

common mutations, those affecting the hotspot residues R124 and R555, were not likely 

to cause protein misfolding but rather pathological effects would arise as a result of 

differences in protein stability. In contrast, the less common mutations found in the Fas-1-
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4 domain, including residues L518, L527, T538, N544, A546, N622, G623, H626, and 

V623, were more likely to be caused by protein misfolding due to their location amongst 

hydrophobic residues. 

Subsequently, Runager et al. (2011) showed that mutations in the FAS1-4 domain 

(p.A546T, p.R555Q and p.R555W) affected the stability of the protein, but altered stability 

was not observed for R124 mutations (p.R124C, p.R124H and p.R124C), located in the 

FAS1-1 domain. They also demonstrated that whilst the p.R555Q mutant was slightly less 

stable than the WT, the stability of the p.R555W mutant was increased compared to the 

WT protein. These findings were supported by Poulsen et al. (2014), in a study which also 

reported differences in stability between the protein containing the point mutation p.A546D 

and the compound heterozygous [p.A546D];[p.P551Q]. 

5.1.2.3 Defects in autophagy in GCD2 
GCD2 has been linked with defects in autophagy clearance of TGFBIp, which has been 

proposed as the main degradation mechanism for intracellular TGFBIp by Choi et al., 

(2012). Subsequently, the same group indicated defective autophagy as the cause of 

reduced proliferation in p.R124H corneal fibroblasts (Choi & Kim, 2016). Other phenotypic 

characteristics observed in corneal fibroblasts with the same mutation include impaired 

mitochondrial activity and degeneration (Kim et al., 2011), disrupted interaction of TGFBIp 

with periostin (Kim et al., 2009) and lysosomal disfunction (Choi, Woo, & Kim, 2020). In 

addition, apoptosis mediated by JNK signalling-induced TGFBIp accumulation has also 

been observed in GCD2 corneal fibroblasts (Nie et al., 2020). 

5.1.3 Current therapies for TGFBI dystrophies 
Current therapies are focused on the physical removal of corneal deposits by various 

methods. PTK consists of the laser-mediated removal of shallow corneal deposits. When 

deposits are situated deeper into the epithelium or stroma, PK or deep anterior lamellar 

keratoplasty (DALK), two different forms of corneal transplant, are performed in order to 

clear the cornea (Maclean et al., 1996). There is controversy regarding which of the 

procedures is more beneficial, since while PTK is a less invasive procedure, some 

researchers argue that in some cases, like GCD2, the trauma of surgical ablation might 

promote disease progression (Park et al., 2007). Other studies, however claim no 

pathological implications following PTK (Seitz et al., 2004). 

None of these options offer an ideal long-term solution, as there is recurrence of the 

deposits after the above-mentioned surgical procedures. Ten years is the average 

reported time in which corneal grafts are able to survive before the recipient’s epithelial 

cells repopulate the transplanted area and the symptoms of the disease re-emerge (Dinh 
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et al., 1999; Kim et al., 2016). However, the frequency and percentage of recurrence of 

deposits is variable for the different types of dystrophies (Table 5.2). Therefore, the 

proliferative nature of corneal epithelial cells, and ability to self-renew, creates the 

necessity for alternative therapeutic methods that tackle the origin of the disease, rather 

than the symptoms.  

Table 5.2. Recurrence of TGFBI CD after corneal surgery. 

Percentage of 
recurrence 

Corneal dystrophy 
type 

Study frame Reference 

0-47% RBCD 12 to 21.6 months Dinh et al. (1999); 
Eggink, Geerards, and 
Beekhuis (2002)  

80-100% TBCD 8 to 108 months Hieda et al. (2013); 
Sorour et al. (2005) 

14-17%  LCD1 + unspecified 
LCD 

6 months to 15 
years 

Das, Link, and Seitz 
(2005); Dinh et al. 
(1999)  

20-100% GCD 7 to 40.3 months Das et al., (2005); Dinh 
et al., (1999); Dogru et 
al., (2001)  

 

5.1.4 Alternative therapies currently in development. 
Due to the inability of current treatments to stop the disease, and the high degree of 

recurrence that leads to these invasive procedures being required repeatedly during the 

life of a patient, alternative approaches are being investigated. 

5.1.4.1 Pharmacological treatments 
Based on studies of the putative molecular mechanisms of TGFBI CD (reviewed in Section 

5.1.2), some pharmacological molecules have been suggested as potential alternative 

treatments. However, the lack of understanding and validation of the underlying 

mechanisms and pathways present a major challenge for the development of 

pharmacological treatments. 

Choi et al. (2011) suggested a lithium-based TGFBIp reduction therapy to alleviate GCD2 

symptoms. In their study, LiCl was used to induce autophagy and degradation of TGFBIp 

in cells overexpressing the mutant protein. The same group also proposed a combination 

of melatonin and rapamycin for the reduction of TGFBIp aggregation, by affecting the 

mTOR-dependant autophagy pathway, in GCD2 corneal fibroblasts (Choi et al., 2013). 
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Misfolding is another area with potential for therapeutics in aggregation diseases. 

Trimethylamine N-oxide, a chemical osmolyte with reported chaperone activity has been 

shown to reduce amyloid aggregation in cells overexpressing mutant p.R124H and 

p.R124C constructs (Yam et al., 2012). 

More recently, Venkatraman et al. (2020) screened a number of pharmacological 

compounds using weak affinity chromatography to identify potential interacting molecules 

that could bind the mutant TGFBIp, and suggested two lead compounds that could 

potentially prevent or delay the appearance of amyloidogenic peptides. 

5.1.4.2 Gene directed therapy for TGFBI-linked dystrophies. 
The clear genotype-phenotype correlation makes TGFBI CDs ideal targets for gene 

directed therapy. Moreover, due to the accessibility, ease of clinical examination and 

minimal immune response, the cornea is an excellent target tissue that could benefit from 

this kind of therapy. Genetic-based therapeutic strategies have also been used as targeted 

approaches for other corneal diseases with well-established genotype-phenotype 

associations, for example Messman’s CD (Courtney, Atkinson, Allen, et al., 2014) and 

Fuchs Endothelial CD (Zarouchlioti et al., 2018). 

For TGFBI CD, the potential of CRISPR/Cas9 technology as a potential therapy has also 

been explored. Kim, Kim, and Maeng (2019) used this technology to knockout TGFBI 

specifically in limbal epithelial stem cells; while Taketani et al. (2017) demonstrated an 

ability to correct TGFBI pathogenic mutations using an HDR template in vitro. A potential 

issue with a CRISPR/Cas9 therapy is the creation of off-target sites in the WT allele, 

especially for the R555 hotspot (Christie et al., 2017). An alternative and innovative 

approach of CRISPR/Cas9 for the treatment of TGFBI CD has been recently proposed by 

the same authors (Christie et al. 2020). In this study, they suggest the use of a pool of 

natural variants found in the mutant allele as the target for the genetic therapy, which could 

be used as a general treatment for all TGFBI CD patients, independent of where in the 

mutations are in the gene. 

Other gene directed approaches include the use of small interfering RNAs (siRNA) to 

specifically target the allele containing the R124C mutation (Courtney, Atkinson, Moore, 

et al., 2014) and reduce expression of mutant TGFBI. siRNAs are double stranded 21-23 

nucleotide long sequences that are comprised by a passenger strand (sense) and guide 

strand (antisense). The siRNA-mediated gene silencing starts by the recognition and 

cleavage of double-stranded RNA sequences by the enzyme Dicer into short sequences 

that comprises the siRNA. The passenger strand is able to recruit and incorporate the 

RNA-induced silencing complex (RISC), while the guide strand will bind by 
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complementarity to the target mRNA. After the passenger strand is degraded, and the 

hybrid formed by the guide strand of the siRNA and the target mRNA is recognised by 

endonucleases belonging to the Argonaute protein family, which mediate the cleavage 

(Dueck & Meister, 2014).  

siRNA have been previously explored as a tool to decrease both TGFBI gene and protein 

expression produced endogenously by a human corneal epithelial cell line (Yellore, 

Rayner, & Aldave, 2011) and plasmid-overexpressed in HEK cells (Yuan, Zins, Clark, & 

Huang, 2007). 

5.1.5 Antisense oligonucleotides 
A powerful way to modify gene expression is the use of compounds that bind pre-mRNA 

or RNA to prevent the mutated allele from translating into protein. Antisense 

oligonucleotides (ASOs) are single stranded nucleotide sequences, containing from 8 to 

50 bases, which can be designed to be complementary to a target RNA sequence to alter 

their transcription or translation. Depending on their binding site in the mRNA or pre-

mRNA, they can have different effects on the transcribed gene and translated protein such 

as degradation of mRNA, modulation of splicing or indirect modulation of gene expression 

by inhibition of microRNAs (Figure 5.2). 

ASOs are also classified as degrading or non-degrading, depending on their ability to 

recruit RNAseH. RNAseH is an enzyme that recognizes and cleaves a DNA-RNA 

heteroduplex, triggering its degradation. In eukaryotes, its proteolytic activity depends on 

several well conserved amino acids located in the RNA-binding domain of the protein 

(Gaidamakov et al., 2005). It is present and active in both the nucleus and cytoplasm 

(Liang et al., 2017). On the other hand, non-degrading mechanisms include blocking the 

translation process by binding to the mRNA and blocking interaction with the ribosome, or 

by binding to pre-mRNA, where ASOs can act upon the splicing regulatory regions or 

inhibit polyadenylation. 
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Figure 5.2. Schematic representation of strategies for altering gene expression with 
antisense oligonucleotides. ASOs directly bind to pre-mRNA and mRNA to block their 
transcription or translation, alter splicing (following a non-degradative pathway) or recruit RNAseH 
to induce degradation of the transcript. They can also target miRNAs and regulate gene expression 
in an indirect manner. In the cytoplasm ASOs can also trigger the RNAseH-mediated degradative 
pathway, or alternatively bind the mRNA to block ribosome translation. Adapted from DeVos and 
Miller (2013). 

 

By using different approaches or designs, different strategies can be devised for ASOs to 

modulate the expression of a gene of interest. 

• Sequence-specific knockdown. This can be achieved by targeting specific 

features that distinguish a particular sequence or allele, such as mutations, SNPs 

or CNVs. This approach can be used for allele-specific degradation of a mutant 

gene in autosomal dominant diseases (Wild & Tabrizi, 2017). 

• Non-sequence specific knockdown or upregulation. This approach includes 

targeting regulatory sequences, such as a promoter or polyadenylation regions, or 

areas of open chromatin where ASOs can easily access and bind the target 
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(Golshirazi et al., 2018). Promoter regions can be altered to activate or repress 

gene expression (Janowski et al., 2005, 2007). At the 3’ end of the gene, 

polyadenylation can be targeted in order to increase abundance of the mRNA 

(Venters et al., 2019). 

• Targeting alternative splicing. ASOs can be directed to splice sites in order to 

include or exclude exons, as well as to exclude exons containing nonsense 

codons, to restore gene expression (Lim et al., 2020).  
• Targeting microRNA that modulate gene expression. The mechanism is not 

entirely clear nevertheless blocking miRNA without triggering their degradation has 

been reported (Davis et al., 2009). 

• Inhibit translation, by targeting the ASO against the first AUG codon (Rubenstein, 

Tsui, & Guinan, 2005). 

5.1.5.1 Different ASO chemistries for optimal application 
A problem with short DNA sequences is their low binding affinity and a tendency to be 

degraded by nucleases (Eder et al., 1991). ASOs have evolved as therapeutics through 

changes in their chemistry that enhance the specific properties required, including 

nuclease resistance, and increased half-life and stability. The main targets for these 

chemical modifications are the backbone and sugar moieties of ASOs (Figure 5.3). The 

effects and implications are described and discussed below in this section. 

Unmodified DNA and RNA sequences are composed of ribose rings (called deoxyribose 

or ribose) linked to a base (adenine, guanine, cytosine and thymine or uracil) on the first 

carbon and to a phosphate group, which will link it to the next ribose ring from the next 

nucleotide. In the process of improving unmodified DNA sequences to regulate gene 

expression, the “first-generation ASOs” were developed. These first-generation molecules 

had modifications in their backbone chemistries, which in practical terms means changes 

in the phosphate link found between two nucleotides of the chain. The specific 

modifications conferred different properties: 

• Phosphorothioate (PS). PS is probably the most commonly used modification for 

degrading ASOs. It is a backbone modification where the negatively charged 

oxygen molecule normally present in nucleic acids is replaced by a sulphur 

molecule. This provides nuclease resistance (Stein & Cohen, 1988), but most 

importantly, ASOs with a PS backbone can recruit the enzyme RNaseH, and 

trigger degradation of the binding mRNA (Cerritelli & Crouch, 2009). Another 

relevant property of PS-modified ASOs is the ability to bind proteins, such as those 

present in serum, that facilitates systemic distribution (Geary, 2009). 
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• Thiophosphoramidate. This chemistry involves an additional substitution in 

another one of the oxygens in the phosphate group, which confers nuclease 

resistance, but does not induce RNAseH activity (Pongracz & Gryaznov, 1999). 

• Morpholino. In this type of modification, the ribose ring opens by oxidation and 

phosphorodiamidate linkages replace the phosphodiester links found in 

unmodified nucleotides, leading to a neutral charge. This confers increased 

effectiveness as it minimises interaction with other charged proteins, and 

morpholinos are extremely resistant to degradation by nucleases. However, this 

modification does not support RNAseH activity, so morpholinos are often used in 

translation inhibition and other non-degrading mechanisms (Summerton, 1999). 

Second generation ASOs include modifications in the second position of the sugar ring, 

and offer new properties to the molecules. To date, the most commonly used are:  

• 2’-O-methyl (2’-O-Me). This is a naturally occurring modification found in RNA, 

where a methyl group is added to the oxygen molecule in the second position of 

the ribose sugar. The main advantage when compared to unmodified 

deoxyribonucleotide molecules is that it binds faster and with a higher melting 

temperature, and is therefore more efficient at binding to the RNA target (Majlessi, 

Nelson, & Becker, 1998). 

• 2’-O-methoxyethyl (MOE). This modification has been reported to increase ASO 

potency due to increased nuclease resistance and reduced toxicity, and reduced 

non-specific binding (Teplova et al., 1999). It is currently the most popular type of 

modification amongst drugs that have been approved for commercial use or are 

currently in clinical trials (Duell & Jialal, 2016). 

• Locked nucleic acid (LNA). LNA is a type of RNA modification that involves an 

additional bridge connecting 2’ oxygen and 4’ carbon. ASOs containing LNA-

modified nucleotides bind DNA and RNA sequences with an increased base 

selectivity (Koshkin et al., 1998; Obika et al., 1997). Oligonucleotide melting 

temperatures can be increased by 2-6°C and by 3-9.6°C by adding LNA to a 

sequence of DNA or RNA, respectively (Natsume et al., 2007). In addition to an 

improved binding ability, LNA also provides nuclease resistance (DeVos & Miller, 

2013). LNA ASOs are widely used for base-specific detection assays, such as SNP 

screening (Ørum et al., 1999) and microarray-based detection (Fang et al., 2006) 

and to optimise properties of molecular beacons (Wang et al., 2005). Therefore, 

LNA modified ASOs are increasingly used in gene therapy directed at targeting 

SNPs, such as those implicated in Huntington disease (Kay et al., 2019), or a 
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dominant negative point mutation causing retinitis pigmentosa (Naessens, et al., 

2019), due to their improved stability when bound to the RNA target. 

 

 

Figure 5.3. Chemical modifications for the design of ASOs. In an unmodified DNA/RNA chain, 
(desoxi)ribose rings are linked to a base by the fourth carbon molecule, and connected to another 
nucleotide by a phosphate group. Modifications to the normal nucleotide chemistry are highlighted 
in red. Backbone modifications can affect the phosphate group (PS, Thiophosphoroamidate) or be 
extended to the whole molecule (morpholino). Additional modifications can affect the second 
oxygen of the sugar ring (2’-O-Me, 2-MOE, LNA) and can be created in all or some nucleotides of 
the chain.  

 

It is important to consider that some of the desired properties offered by specific kinds of 

modification might be in conflict with other desired effects. For example, LNA modifications 

offer greater specificity, however their ability to recruit RNAseH and degrade RNA is very 

limited. Therefore, mixed DNA/RNA molecules, or “gapmers”, have become the preferred 

option in ASO design, where a combination of modifications is synergistically used to 

develop the most suitable molecule. The most typical “gapmer” configuration includes 

sugar modifications only incorporated at the first and last 5 nucleotides of the ASOs, 

leaving the central part of the ASO to confer the degradation properties of the ASO (Suzuki 

et al., 2010). 
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5.1.5.2 Translation applications of RNA silencing technology 
a. Antisense drugs approved for clinical use 

To date, 12 ASO and siRNA drugs have received approval from the Food and Drug 

Administration (FDA) for the treatment of human pathologies (Table 5.3) 

Table 5.3. ASO and siRNA drugs approved for clinical use. 

Name  Disease Type of drug Reference 

Fomivirsen CMV viral infection DNA ASO Jabs & Griffiths, 

(2002) 

Mipomersen Familial 

hypercholesterolemia 

2-O’-Me gapmer 

ASO 

Hair, Cameron, & 

McKeage, (2013) 

Eteplirsen Duchenne muscular 

dystrophy 

Morpholino Syed, (2016) 

Nusinersen Spinal muscular atrophy Fully modified 2-

MOE ASO 

Hoy, (2017) 

Inotersen TTR polyneuropathy 2-MOE gapmer ASO Keam, (2018) 

Patisiran TTR polyneuropathy siRNA Hoy, (2018) 

Volanesorsen Familial chylomicronemia 2-MOE gapmer ASO Paik & Duggan, 

(2019) 

Golodirsen Duchenne muscular 

dystrophy 

Morpholino  Heo, (2020) 

Casimersen Duchenne muscular 

dystrophy 

Morpholino Shirley, (2021) 

Givosiran Acute hepatic porphyria siRNA Scott, (2020) 

Lumasiran Primary hyperoxaluria siRNA Scott & Keam, (2021) 

Inclisiran Hypercholesterolemia siRNA Lamb, (2021) 

 

In 1998, the FDA approved the first oligonucleotide-based drug, a DNA ASO against the 

mRNA of the cytomegalovirus responsible for cytomegalovirus-induced retinitis (Jabs & 

Griffiths, 2002), which was delivered intravitreally. In 2013, a 2-O’-Me gapmer ASO 

(mipomersen) targeting APOB, the gene coding for alipoprotein B100, was approved for 

the treatment of familial hypercholesterolemia (Duell & Jialal, 2016; Hovingh, Besseling, & 
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Kastelein, 2013). In the following years, two splice altering drugs were approved for the 

treatment of Duchenne muscular atrophy (eteplirsen) and spinal muscular atrophy 

(nusinersen). Eteplirsen is a Morpholino ASO that binds to the dystrophin mRNA to induce 

exon 51 skipping and recover partial function of the protein (Khorkova & Wahlestedt, 

2017). Nusinersen, a fully modified 2-MOE ASO, on the other hand, favours the inclusion 

of exon 7 of SMN2 pre-mRNA by targeting the intronic splicing silencer N1 (Chiriboga et 

al., 2016). In the recent years, a surge in the number of approved ASO drugs has been 

observed, and two more 2-MOE gapmer ASOs (inotersen and volanesorsen) and two 

morpholino drugs (golodirsen and casimersen) have been approved for the treatment of 

TTR polyneuropathy (Ackermann et al., 2012), familiar chylomicronemia (Warden & Duell, 

2018) and Duchenne muscular dystrophy (Nguyen & Yokota, 2019). 

siRNA drugs have also been approved for the treatments of genetic diseases, such as 

acute hepatic porphyria, whose treatments has been approached by targeting the gene 

ALAS1 with a siRNA modified to enable specific delivery to the liver and enhance systemic 

absorption (Givosiran, Scott, 2020). Inclisiran, another GalNAc-conjugated small 

interfering RNA against proprotein convertase subtilisin kexin 9 (PCSK9), has also been 

recently approved for the treatment of familiar hypercholesterolemia (Lamb, 2021). 

b. ASOs and the eye 

ASOs are being widely used for the development of therapies for ocular diseases, with 

examples of diseases affecting the cornea, retina and glaucoma, amongst others. Several 

ASO-based therapeutic strategies are being developed for retinal pathologies and their 

efficacy has been demonstrated using various disease models. Examples of these include 

spinocerebellar ataxia type 7 (SCA7), Leber congenital amaurosis type 10 (LCA10) and 

autosomal dominant retinitis pigmentosa (adRP).  

SCA7 exhibits rod and cone degeneration as a result of a CAG/polyglutamine expansion 

in ATAXIN7, which has been the target for ant antisense therapy. KO of the gene was 

achieved after ASO intravitreal injection in mice (Niu et al., 2018). LCA10 is a 

photoreceptor ciliopathy where protein restoration was achieved through splice modulation 

of the CEP290 gene in retinal organoids, demonstrated an increase in cilia incidence and 

length in the model (Dulla et al., 2018; Parfitt, Lane, Ramsden, Jovanovic, et al., 2016). 

Lastly, therapeutic development for adRP includes a knockdown strategy for rhodopsin 

tested by intravitreal injection of mice with ASOs directed against the allele containing the 

P23H mutation in the RHO gene, in order to prevent protein misfolding (Murray et al., 

2015). 
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In the cornea, one study has assessed the ability of ASOs to reduce expression of 

MALAT1, a non-coding nuclear RNA target that is highly expressed in normal cornea, in a 

human corneal endothelial line, to provide proof of efficacy of ASOs targeting corneal 

proteins (Chau et al., 2020). Efficacy of ASOs for corneal disease has been shown for 

FECD, where a 2-O’Me ASO successfully reduced pathogenic cellular features associated 

with the disease, such as RNA foci, in primary endothelial cells, as well as correcting 

downstream aberrant splicing events (Zarouchlioti et al., 2018). ASOs have been shown 

to be effective at penetrating the epithelium and inducing knockdown using a rat ex vivo 

organ culture, where Connexin31.3 directed unmodified ASOs were applied directly onto 

the epithelium using Pluronic F-127 gel as a vehicle, in order to avoid ASO degradation. 

In addition to genetic knockdown, these ASOs also demonstrated a reduction of apoptosis 

and thickening of the corneal epithelium (Chang et al., 2009). 

ASO-based treatments for ocular diseases are in various stages of clinical trials. A 

successful example of an ASO that proved safety and efficacy in a phase I study is 

ISTH0036, which was designed against TGFb-2 for the treatment of open angle glaucoma 

(Pfeiffer et al., 2017). Additional ASOs in trials also include two mentioned above, 

developed for the treatment of LCA (QR-110/Sepofarsen), targeting the splicing sites of 

CEP90, in order to restore gene expression, and RP (QR-1123), directed against the 

p.P23H mutation in the RHO gene, in order to prevent photoreceptor loss associated to 

rhodopsin misfolding. QR-110/Sepofarsen showed satisfactory safety and tolerability in a 

phase I/II trial (Cideciyan et al., 2019) and is currently in a Phase II/III trial (NCT03913143), 

in which LCA10 patients were intravitreally treated with the drug. The AURORA trial, 

launched in December 2019, also performed intravitreal injections in adRP patients to 

investigate safety and tolerability of the QR-1123 ASO, with results being expected in 2021 

(Gupta et al., 2021). In addition, a topical ASO-based medication developed to prevent 

expression of insulin receptor substrate-1 and prevent keratitis-induced 

neovascularisation has proven successful, demonstrating a reduced need for 

transplantation, in a phase III clinical trial (Cursiefen et al., 2014).  
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5.1.6 Chapter aims. 
The primary aim in this chapter was to evaluate the potential of ASOs as a novel potential 

therapeutic with allele-specific properties for the treatment of dominant TGFBI CDs, using 

the in vitro model developed in Chapter 4 to validate the concept. The hypothetical therapy 

was designed to use an ASO to reduce the expression of the mutant allele of TGFBI, in 

order to prevent aggregation of the protein that causes clouding of the cornea and loss of 

vision (Figure 5.4). This was divided in the following sub-aims: 

1. Assess TGFBI and TGFBIp expression in mutant and control differentiated CEpC. 

2. Design optimal ASO sequences for the mutations and determine the most effective 

ASO chemistry for differentiated CEpC. 

3. Assess the effect of ASO treatment on TGFBI transcript and TGFBIp in 

differentiated CEpC. 

4. Investigate ASO allele-specificity for mutant TGFBI. 

 

 

Figure 5.4. ASO-based strategy for the development of novel TGFBI CD therapeutics. Given 
the knowledge about mutations in TGFBI leading to the formation of protein aggregates, a 
therapeutic strategy was designed, where ASOs would bind to the pathogenic mutation and trigger 
specific RNAseH-mediated degradation of the mutant allele, therefore preventing the formation of 
protein aggregates that cause the corneal disease.  
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5.2 Results 

5.2.1 TGFBI expression in control and mutant lines 
iPSCs generated from patients with p.R555Q and p.R555W mutations and from control 

fibroblast lines (described in detail in Chapter 3) were differentiated into CEpC, as 

described in detail in Chapter 4. In addition, the homozygous C-KO iPSC line was used to 

confirm specificity of the TGFBIp antibody and primers used to assess TGFBI expression.  

5.2.1.1 TGFBI expression in control and mutant differentiated CEpCs 
In order to validate the system to develop the therapy, basal levels of TGFBI transcript and 

TGFBIp were assessed in the differentiated cell lines over the time points of interest during 

the differentiation of CEpCs from iPSCs. Samples of total mRNA from mutant and WT 

lines were obtained (Chapter 2, Section 2.1.2) at differentiation days 21 and 30 in order to 

assess possible differences in gene expression between lines (Figure 5.5). qPCR primers 

targeting exon 9 (Chapter 2, Table 2.5) were designed to assess expression of TGFBI in 

the differentiated CEpC lines. Statistical analysis revealed no significant differences in 

TGFBI expression between the WT and patient lines at either time point. No expression of 

TGFBI in the differentiated C-KO line confirmed specificity of the primers, as well as it 

demonstrated successful KO of TGFBI.  

 

 

Figure 5.5. TGFBI transcript expression in WT and mutant CEpC lines. qPCR analysis of 
TGFBI expression in control, R555Q, R555W and C-KO samples at day 21 (A) and 30 (B). Gene 
expression was normalised to the expression of GAPDH and ACTIN, and expressed relative to 
either the average expression of TGFBI in WT1 and WT2 (A) or the expression of TGFBI in WT1 
(B) from a matched batch of differentiations. Mean values ± SEM are represented in the graph. 
N=3-4 independent differentiations per cell line plotted in the graph. ANOVA statistical analysis 
demonstrated no significant changes in either of the graphs (P=0.05).  
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5.2.1.2 TGFBIp expression in control and mutant differentiated CEpCs 
Samples of total protein from cell lysates were extracted (see Chapter 2, section 2.5)  at 

day 30 CEpC differentiation, and the expression of TGFBIp was compared across the 

different cell lines (Figure 5.6), and replicated across three western blots from three 

independent differentiations (Figure 5.6A-C). A double band was detected at the expected 

size of TGFBI full length protein (70/68kDa) can be seen in all three blots, and is more 

clearly resolved in blot C.  

 

 

Figure 5.6. TGFBIp expression in mutant and control differentiated CEpC at day 30. Protein 
expression of patient, control and C-KO lines, from three independent differentiations (A-C) was 
analysed by western blot. TGFBI bands were detected at 70/68 kDa, 250 kDa, and also retained in 
the stacking gel. WT=wild type. Patient (P) 1-3 carry heterozygous p.R555Q mutations. P4-5 carry 
heterozygous p.R555W mutations. D) Quantification of monomer TGFBI (70/68kDa). GAPDH 
expression was used for normalisation of loaded protein. Percentages are expressed relative to 
WT2. Mean from the three immunoblots ± SEM are represented in the graph. ANOVA statistical 
analysis demonstrated no significant changes between samples (P=0.05). 

 

The double band representing monomer TGFBIp was quantified using Fiji to analyse the 

band intensity (imagej.net/Fiji), and results from all three independent differentiations were 

compared (Figure 5.6D). In agreement with TGFBI transcript analysis, no consistent 

differences in the levels of TGFBIp between patients and controls across the three CEpC 

differentiations were detected, and therefore mutation-associated protein differences 

could not be concluded from these experiments. The overall correlation with the transcript 
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quantification is also indicative of the absence of post transcriptional modification altering 

the levels of TGFBIp expression.  

In addition to the expected monomeric form, a 250 kDa band was detected in blot A and 

B (Figure 5.6A,B). The absence of any immunoreactivity in the C-KO line, suggested this 

250 kDa product to be oligomeric TGFBIp. Retention of TGFBIp in the stacking gel in blot 

A and B was also evident (Figure 5.6A,B), and a possible indication of insoluble TGFBIp 

aggregate. However, these larger molecular weight species are not seen in blot C (Figure 

5.6C), a different biological replicate of CEpC differentiation. Technical replicates were 

performed to ensure the blots were reproducible, and the presence of oligomers was noted 

as a binary factor that was consistent in the replicate experiments. Despite a tendency of 

these high molecular species to be less visible in the control lines, especially in WT1, a 

higher number of differentiation replicates where these species are visible will be needed 

to determine whether they can be classified as an exclusive characteristic of mutant lines. 

The fact that the higher molecular weight species and insoluble aggregates were not 

detected in blot C opened the question of whether the components of the loading buffer 

(full composition specified in Chapter 2, section 2.6) used had an effect on the ability to 

detect these high molecular weight species. Specifically, it was questioned whether b-

mercaptoethanol (BME) could have an effect by breaking intra- or inter-molecular 

disulphide bridges and dissociating these protein complexes. Therefore, samples from blot 

C, were re-assessed with buffers containing less or no BME (Figure 5.7). However, altering 

the levels of BME in the buffer did not result in increased detection of higher molecular 

weight species. Nevertheless, less overall TGFBIp was detected in samples with reduced 

or no BME in the buffer, suggesting potential difficulty in protein solubilisation without the 

action of BME, whilst no differences could be observed in the GAPDH loading control. 

Interestingly, differences in the detection of the 70 kDa (upper band) TGFBIp product 

between patient and controls lines were detected when BME was reduced in the loading 

buffer (Figure 5.7). This might indicate the 70 kDa protein species might have stronger 

molecular disulphide bridge bonds in patient lines that are more difficult to break without 

BME, which suggests this property of TGFBIp could represent an interesting focus for 

further investigating TGFBIp non-amyloid aggregation. 
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Figure 5.7. Effect of BME on TGFBIp products. Loading buffer containing different 
concentrations of BME was added to samples from blot C in Figure 5.6, prior to SDS-PAGE protein 
band separation. Controls (WT 1 and 2) were compared to R555Q (Patient 1 and 2) mutant lines 
(A) and R555W (Patient 4 and 5) mutant lines (B). No higher molecular weight or insoluble 
aggregates can be seen in any of the conditions tested. However, less TGFBIp is observed in 
samples with reduced or no BME. The TGFBIp 70 kDa upper band is less intense in reduced or no 
BME conditions in patient lines, whereas it can still be detected in both of the control lines with 
0.006% BME. 

 

5.2.2 In silico analysis of RNA secondary structure for the design and validation 
of ASOs targeting the R555 hotspot 

In order to select candidate ASOs to test in vitro on the CEpC R555 models, in silico 

analysis of the target mRNA area was required to understand the folding and accessibility 

of the sequences, and to select complementary candidate sequences that could be further 

modified to optimise ASO design for binding and triggering degradation of the target 

mRNA. 

5.2.2.1 Target sequence selection 
Firstly, the secondary structure of the TGFBI RNA sequence was analysed, with special 

attention to the folding structures formed around the R555Q and R555W mutation sites. 

As ASOs could act upon pre-mRNA or mRNA, both of these sequences were analysed 

with the mFold software, which outputs a list of possible secondary structures, sorted by 

their likelihood based on the calculated free energy liberated by the process.  

An example of one of these secondary structures of the pre-mRNA mutant R555Q TGFBI 

sequence, with a close-up of the mutation site is shown in Figure 5.8. In these structures, 

a global picture of the predicted folding can be seen, as well as areas identified with 

unpaired bases, which facilitate ASO accessibility. Alongside these structures, additional 

information was provided by the software, which was used in the ASO design (described 

in detail in Chapter 2, section 2.11.2). 
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Figure 5.8. Example of a secondary structure prediction of the TGFBI pre-mRNA sequence 
containing the R555Q mutation. A sequence fragment of the TGFBI pre-mRNA from intron 11 to 
intron 12 was used as input to the mFold software, which outputs a series of likely secondary 
structures, such as the one represented here, in which hairpins (black arrow) and open unpaired 
bases can be easily identified. A close-up image shows the area around the R555Q mutation in 
detail. In this particular predicted structure, the mutant base (A) would be paired, however the 
presence of unpaired bases and hairpins in proximity upstream and downstream of the mutation 
site indicate access for ASO binding. 

In order to select the target sequence for the ASOs, ss-counts (number of structures in 

which a specific base is single stranded) from the pre-mRNA and mRNA sequences for all 

three (WT, R555W and R555Q) TGFBI sequences were analysed (Figure 5.9A; see 

Chapter 2, section 2.11.3). Results from the analysis of pre-mRNA and mRNA showed 

slightly different values, however a similar trend was followed in all three sequences. The 

higher ss-values found in the pre-mRNA with respect to the mRNA, were determined to 

be caused by the increased number of structures that can potentially result from a longer 

sequence, as intronic regions were included. 
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When data from the three sequences was compared (WT, R555W and R555Q), R555Q 

displayed higher ss-counts values at the mutation site, representing a higher number of 

structures in which those bases appeared single stranded. This could suggest better 

accessibility of the ASO to this mutation site, compared to the R555W sequence, in which 

the mutant base never appears single-stranded in any of the mRNA predicted structures. 

Based on this analysis of the target sequences, ASO complementary sequences covering 

the area around the mutations were selected (Figure 5.9B), which were subsequently used 

in the primary and secondary screening experiments. 

5.2.2.2 Binding analysis and sequence validation 
The online tool bi-fold (RNAstructure, University of Rochester) was used to perform 

binding analysis between the ASO and TGFBI mutant sequences. A 98 bp sequence from 

exon 12 found in both TGFBI mRNA and pre-mRNA was used for this analysis. Examples 

of binding structures of the four ASOs (Q1 and Q2 for R555Q, and W1 and W2 for R555W) 

and the respective target sequences, as well as ASO dimer formation, and the calculated 

free energy of the processes, can be found in Figure 5.10 and Figure 5.11. 

In both cases, binding between the longer ASO sequences (Q2 and W2) and mRNA 

resulted in higher free energy values than the binding between mRNA and Q1/W1, 

indicating the process is more energetically favourable. This is likely a direct consequence 

of Watson-Crick base pairing, as longer sequences will result in higher complementarity. 

It is also worth noting how the extra length in sequences Q2 and W2 affected the folding 

of the surrounding TGFBI RNA, which formed a slightly different structure and might also 

have contributed to the difference in free energy released by the process.  

Formation of dimers due to self-complementation was also analysed for the selected 

sequences. R555W ASO sequences presented a higher propensity to form dimers (Figure 

5.11B,D) than R555Q sequences ( Figure 5.10B,D); however energy values remained low 

in all cases, when compared to those from ASO-target duplexes. 
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Figure 5.10. Predicted secondary structures for binding of Q1 and Q2 ASOs to mutant R555Q 
TGFBI mRNA. Target mRNA and ASO sequences were inputted to the bi-fold online tool (RNA 
Structure) and predicted secondary structures for the binding of Q1 ASO and R555Q TGFBI (A), 
Q1 ASO dimerization (B), binding of Q2 ASO and TGFBI (C) and Q2 ASO dimerization (D) were 
obtained as output, together with the free energy (E) values calculated. The p.R555Q mutation is 
highlighted in red. 
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Figure 5.11. Predicted secondary structures for binding of W1 and W2 ASOs to mutant 
p.R555W TGFBI mRNA. Target mRNA and ASO sequences were inputted to the bi-fold online tool 
(RNA Structure) and predicted secondary structures for the binding of W1 ASO and mutant TGFBI 
(A), W1 ASO dimerization (B), binding of W2 ASO and mutant TGFBI (C) and W2 ASO dimerization 
(D) were obtained as output, together with the free energy (E) values calculated. The p.R555W 
mutation is highlighted in red 

 

Validation of the specificity of target sequences and ASO sequences were performed by 

aligning to the human genome using the online tools BLAST 

(https://blast.ncbi.nlm.nih.gov) and GGGenome (http://gggenome.dbcls.jp). GGGenome 

analysis was set to allow for 1 mismatch (the mutant base), and showed only one perfectly 

matching sequence, with genomic coordinates chr5:135392458-135392480, 

corresponding to TGFBI. 
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5.2.3 Primary ASO screening for TGFBI antisense therapy: DNA ASOs 
As a first approach to functionally test the concept, and assess the ability of ASOs to enter 

the cells, bind TGFBI and degrade the transcript, an initial screening was performed with 

one ASO per mutation, corresponding to the above described 20 nt long sequences Q1 

and W1. These ASOs (named T-UQ1 and T-UW1, where U stands for unmodified) were 

composed of DNA nucleotides and only minimally modified with one PS link located 

between the last two nucleotides at the 3´end, in order to trigger RNAse H-mediated 

degradation. Additionally, a 6-FAM fluorophore was conjugated at the 5´end in order to 

track the ASO and confirm transfection (See Chapter 2, section 2.12).  A control (CTRL-

U) ASO whose sequence is not complementary to TGFBI, with the same chemical 

modification design was also included in the experiments. ASO specifications are 

presented in Table 5.4. 

Table 5.4. DNA ASOs used for primary screening. Two DNA ASOs against mutant TGFBI (T-
UQ1 and T-UW1) and a control (CTRL-U) were designed for the initial screening. All ASOs were 
unmodified (U), except for one PS link at the 3’end (*). The base in the ASOs that is complementary 
to the mutant TGFBI base is highlighted in red. Melting temperature (Tm) and free energy (dG) 
information was generated by analysis of the sequences with the Oligo Analyzer online tool 
(https://eu.idtdna.com/calc/analyzer). If more than one structure was predicted, the dG value of the 
most likely one is represented on the table. 

 

Validation was first carried out in primary patient-derived fibroblast lines. A number of 

different transfection reagents were tested (TransIT, Lipofectamine 3000, DharmaFect) 

and transfection was confirmed by fluorescence of the 6-FAM fluorophore at the 5’ end of 

the ASOs, prior to RNA extraction (Figure 5.12A). The only transfection reagent that 

successfully mediated entry of ASO into fibroblasts was the PEI-based reagent 

Transporter 5 (Polysciences). According to the transfection reagent manufacturer’s 

indications, 1 and 2 ug of ASOs were tested in the mutant fibroblast lines, but fluorescence 

was only detected in cells transfected with the 2 μg, and therefore this dose was selected 

for further experiments. Of note, despite being the most effective method of transfection, 

a high percentage of cell death was observed in all conditions, including the non-

transfected control cells, which only treated with reagent only, suggesting a high level of 

cellular toxicity for Transporter 5. 

Name Target 
mutation ASO Sequence Length % 

GC 
Tm 
(°C) 

dG 
Hairpin 

(kcal/mol) 

dG Self-
dimer 

(kcal/mol) 

dG ASO-
TGFBI 

(kcal/mol) 

T-UQ1  p.R555Q CTGCTCTGTT
CTCTTGGTG*G 20 nt 55 60.4 1.14 -3.14 -36.38 

T-UW1  p.R555W 
CUGCUCCATT
CTCTTGGUG*
G 

20 nt 55 59.8 -0.67 -5.02 -37.99 

CTRL-U N/A CACCCCCATT
CTTCAGC*C 18 nt 61.1 62 3.28 -3.14 -8.09 
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Figure 5.12. DNA ASO treatment of patient-derived mutant fibroblasts and CEpC cell lines. 
A) Green fluorescence of the 6-FAM fluorophore conjugated to the ASOs demonstrated a 
successful transfection. Scale bar = 100 µM B) Transfection of primary patient-derived fibroblast 
with ASOs T-UQ1 and T-UW1 showed almost a complete reduction of TGFBI transcript by qPCR. 
Transfection of the same ASOs in differentiated CEpCs resulted in reduced fluorescence (C) and 
no reduction of TGFBI expression, assessed by qPCR (D). Gene expression was normalised to the 
expression of GAPDH and ACTIN, and expressed relative to the expression of TGFBI in non-
transfected (NT) cells. N=1-2 independent transfections per line. Bars represent mean ± SEM. 

 

RNA samples were extracted after 48 h, and further converted into cDNA (Chapter 2, 

section 2.1.2). qPCR analysis of TGFBI transcript revealed an almost complete reduction 

of total TGFBI expression in fibroblast samples treated with the therapeutic oligos T-UQ1 

and T-UW1, in all patient lines tested, compared to the non-transfected (NT) cells or cells 

transfected with a control (CTRL) ASO (Figure 5.12B). These results indicated that, 

despite these ASOs being effective in knocking down TGFBI expression, they were likely 

not able to discriminate between mutant and WT alleles. The variability observed between 

experiments, represented by the error bars in the presented graphs (Figure 5.12), was 

thought to be a result of the difficulties transfecting fibroblasts and the high levels of toxicity 

associated with the transfection process, which in some experiments resulted in an 

inability to extract RNA post-treatment. 

These observations collectively suggested that transfection of primary fibroblasts was not 

optimal for ASO screening. However, these results also showed that ASO knockdown of 

TGFBI was a promising approach, and that further optimisations of the strategy were 
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required, including modifications of ASO chemistry and a different but biologically 

meaningful in vitro system. Therefore, the effect of ASO T-UW1 was tested in iPSC-

derived CEpCs generated from iPSCs carrying an R555W mutation (Figure 5.12C-D).  

In addition, a selection of new transfection reagents was tested in order to find an optimal 

reagent for the new in vitro model system. In this case, Lipofectamin RNAiMax (Thermo 

Fisher) was the only one that demonstrated successful transfection, as per fluorescence 

of the FAM-6 fluorophores, and therefore selected for subsequent treatment experiments 

(Figure 5.12C). However, the levels of fluorescence detected were lower than those 

observed in fibroblast transfections (Figure 5.12A), suggesting lower transfection 

efficiency or reduced ASO survival in CEpCs. In contrast with the results observed when 

treating fibroblasts, no reduction in TGFBI transcript was observed (Figure 5.12D). 

Moreover, expression levels of total TGFBI even increased upon treatment (Figure 5.12D), 

which could have been due to cell stress associated with the ASO transfection. Therefore, 

this DNA ASO was not able to successfully reduce TGFBI levels in differentiated CEpC. 

Collectively, these results showed that, even though the concept of an ASO-mediated 

reduction of TGFBI was feasible, optimisation of ASO design was necessary to increase 

effective treatment in the cell type of interest. Therefore, new modifications of the ASO 

chemistry were considered aiming to increase the stability of the ASOs in these cells, as 

well as reducing toxicity, while maintaining the ability to trigger RNAseH degradation 

mechanisms and increasing specificity for the mutant base. 

5.2.4 Secondary ASO screening for TGFBI antisense therapy: RNA 2-O-Me 
Gapmer ASOs  

The chemistry design strategy of the ASOs from the primary screening were modified in 

order to increase their suitability for the cell type of interest. In this screening, two ASOs 

per mutation were tested, which correspond to the two target sequences selected from the 

in-silico analysis (Figure 5.9B, sequences Q1, Q2, W1 and W2): 4 ASOs covering the 

TGFBI R555Q and R555W mutations were designed, and will be referred to as T-Q1, T-

Q2, T-W1 and T-W2 ASOs. 

The chemistry selected for the new design of ASOs included a “gapmer” design, following 

a 5-10-5 plan for the shorter sequence (T-Q1 and T-W1 ASOs) and 5-13-5 plan for the 

longer sequence (T-Q2 and T-W2 ASOs), where RNA 2´O-Methyl modified nucleotides 

comprised the wings, and were separated by a central DNA region, where the nucleotide 

complementary to the mutant base is situated. The chemical structure of this mutant 

nucleotide was modified as an LNA base, in order to increase specificity of the binding. A 

new CRTL ASO was also synthesised following the same gapmer design. All gapmer 
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ASOs had a fully modified PS backbone, in order to trigger RNAse H-mediated 

degradation. Details and specifications of the 2’O-Me gapmers are represented in Table 

5.5. Notably, due to the use of these modifications, the melting temperatures were 

increased compared to unmodified DNA ASOs shown in Table 5.4, signifying predicted 

higher affinities with their target. 

Table 5.5. RNA 2-'O-methyl gapmer ASOs used for the secondary screening. Two gapmer 
ASOs following a 5-10-5 and 5-13-5 configuration were designed against each of the mutations, 
and for a control sequence. The trinucleotide corresponding to the mutant amino acid is highlighted 
in blue. RNA 2-‘O-Me modifications are indicated in the sequences with square brackets [ ]. LNA 
bases are highlighted in the sequences in red and marked with a letter L before the modified base. 
PS links are indicated in the sequences with asterisks *. Melting temperature (Tm) and free energy 
(dG) information was generated by analysis of the sequences with Oligo Analyzer online tool 
(https://eu.idtdna.com/calc/analyzer). If more than one structures was predicted, dG value of the 
most likely structure is represented in the table. 

 
5.2.4.1 Assessment of the effect of 2-O-Me Gapmer ASOs on TGFBI 

transcript and protein in CEpCs 
As per other studies that used a similar ASO chemistry (González-Barriga et al., 2013; 

Mulders et al., 2009; Zarouchlioti et al., 2018), two doses (200 nM and 500 nM) of each 

ASOs were used to transfect the differentiated patient CEpC. Two different patient lines 

for R555W and three different lines for R555W were treated. As for the initial treatment of 

CEpCs, Lipofectamine RNAimax was used as the transfection reagent, and ASO 

transfection was confirmed by fluorescence of the 6-FAM fluorophore attached to the 5’ 

end (Figure 5.13A). Samples were collected for transcript analysis 48 hours post-treatment 

(Chapter 2, section 2.12). Total levels of TGFBI transcript were first examined by qPCR in 

treated and untreated p.R555Q (Figure 5.13B) and p.R555W (Figure 5.13C) patient-

derived CEpC.  

Name Target 
mutation ASO Sequence Length % 

GC 
Tm 
(°C) 

dG 
Hairpin 

dG Self-
dimer 

(kcal/mol) 

dG ASO-
TGFBI 

(kcal/mol) 

T-Q1 
LNA p.R555Q 

5’[C*U*G*C*U*]C*LT*
G*T*T*C*T*C*T*T*[G
*G*U*G*G]3´ 

20 nt 55 67.6 -0.4 -3.14 -36.38 

T-Q2 
LNA p.R555Q 

5´[G*A*G*U*C*]T*G*
C*T*C*LT*G*T*T*C*T
*C*T*[U*G*G*U*G]3´ 

23 nt 52.2 68.9 -0.65 -3.17 -39.4 

T-W1 
LNA p.R555W 

5´[C*U*G*C*U*]C*C*
LA*T*T*C*T*C*T*T*[
G*G*U*G*G]3´ 

20 nt 55 66.3 -3.82 -5.02 -37.99 

T-W2 
LNA p.R555W 

5´[G*A*G*U*C*]T*G*
C*T*C*C*LA*T*T*C*T
*C*T*[U*G*G*U*G]3´ 

23 nt 52.2 67.6 -3.3 -5.02 -41.01 

CTR 
2’O-Me N/A 

5´[C*A*C*C*C*]C*C*
A*T*T*C*T*T*[C*A*G
*C*C]3´ 

18 nt 61.1 67.8 2.55 -1.47 to -
3.14 -8.09 
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The objective when developing this therapy is to identify a lead ASO that reduces TGFBI 

expression in an allele-specific manner. In our iPSC-derived model, the ideal candidate 

molecule would reduce 50% TGFBI in heterozygous mutant lines, whilst having no impact 

in WT samples. Cells treated with the therapeutic ASOs (T-Q1, T-Q2, T-W1 and T-W2) 

showed a 50-70% reduction in total TGFBI transcript when compared with non-transfected 

and CTRL-ASO treated cells (Table 5.6). No correlation was found between the degree of 

TGFBI transcript reduction and the two doses tested in the five patient lines. 

In order to assess the effect of the ASOs over WT TGFBI, and identify one potential lead 

molecule that meet the allele-specificity requirements, a control WT cell line was treated 

with the 200 nM dose of all ASOs, (Figure 5.13D). qPCR quantification of total TGFBI 

indicated a similar reduction to that observed in patient lines after treatment with T-Q1 and 

T-Q2 ASOs (Figure 5.13B,D; Table 5.6). However, treatment with the T-W1 and T-W2 

ASOs resulted in 15-40% reduction of TGFBI in the WT cell line, which was much lower 

than the reduction in the patient cell lines (Figure 5.13C,D; Table 5.6), potentially indicating 

enhanced ability to discriminate between WT and mutant alleles. 
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Figure 5.13. ASO-induced reduction of TGFBI transcript in CEpCs. A) Green fluorescence 
demonstrated successful ASO transfection in CEpC. Scale bar = 100 µM. B-D) RNA was collected 
48 h post-treatment, and expression of total TGFBI transcript from R555Q patient CEpC (B, 
Patients 1-3), R555W patient CEpC (C, Patients 4-5) and WT control CEpC (D) was quantified by 
qPCR. The reduction in TGFBI expression levels, relative to non-treated samples (black bars), upon 
treatment with the correspondent ASO, is represented in the different graphs with blue bars (T-Q1 
and T-Q2 ASOs), or orange bars (T- W1 and T-W2 ASO). TGFBI expression in samples treated 
with a non-TGFBI control (CTRL) ASO is represented by grey bars. Gene expression was 
normalised to the expression of GAPDH and ACTIN. Mean ± SEM values were plotted in the 
graphs. N=2-7 independent treatments per patient CEpC line. Statistical analysis was performed 
using an one-way ANOVA and Holm-Sidak multiple comparison test. * P<0.05, ** P< 0.01 vs. NT. 
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Table 5.6. Reduction in total levels of TGFBI transcript in patient-derived CEpCs. Averages 
of TGFBI expression post-treatment, in all patients with the same mutation (n=3 for R555Q and n=2 
for R555W) were pooled and compared to their average expression in non-treated samples, in 
order to calculate the overall reduction as a result of the ASO treatment. N=2-7 independent 
treatments per patient CEpC line. 

 ASO treatment % Reduction in TGFBI transcript (±SD) 

p.R555Q 

Q1 200 nM 49.4 (± 0.14) 

Q1 500 nM 62.3 (± 0.12) 

Q2 200 nM 71.1 (±0.12) 

Q2 500 nM 72.7 (±0.11) 

p.R555W 

W1 200 nM 53.8 (±0.09) 

W1 500 nM 54.5 (± 0.01) 

W2 200 nM 66.7 (±0.02) 

W2 500 nM 53.6 (± 0.04) 

WT 

Q1 200 nM 65.42 (± 0.07) 

Q2 200 nM 50.62 (± 0.07) 

W1 200 nM 15.61 (± 0.01) 

W2 200 nM 41.61 (0.16) 

 

Next, the ability of ASOs to reduce expression of TGFBIp was assessed by Western blot. 

First, expression of TGFBIp was evaluated in cell lysates 72 h after treatment with 200 nM 

of the CTRL-ASO, and the T-Q2 and T-W2 therapeutic ASOs. Total protein was extracted 

from cell lysates and resolved on an SDS-PAGE gel, and expression of TGFBIp, as well 

as reference proteins GAPDH and ACTIN were immunodetected (Figure 5.14A). 

Quantification of the blots revealed a significant 50% reduction of TGFBIp in samples 

treated for 3 days with the therapeutic ASOs (Figure 5.14B), corresponding with the results 

observed in the transcript analysis (Figure 5.13). 
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Figure 5.14. Reduction of TGFBIp in CEpC cell lysates 72 h after ASO treatment. A) Lysates 
from patient-derived CEpC transfected with H20 (non-treated, NT), 200 nM of a control ASO that 
does not target TGFBI (CTRL-ASO) and 200 nM of either T-Q2 (Patient 1-3, R555Q mutant lines) 
or T-W2 (Patient 4 and 5, R555W mutant lines) were collected and analysed by Western Blot, using 
antibodies against TGFBIp, GAPDH and ACTIN. Samples from WT and C-KO cells that had been 
in culture for 30 days, and shown in Figure 5.6, were loaded to serve as positive and negative 
controls for the TGFBIp antibody. B) Quantification of the bands presented in the immunoblots 
revealed a reduction of approximately 50% of the total TGFBIp in the samples treated with the 
corresponding therapeutic TGFBI ASO. Protein expression was normalised to the expression of 
ACTIN, and expressed relative to the expression of TGFBIp/ACTIN in non-treated (NT) cells. Bars 
represent mean values ± SEM of all patient lines carrying the same mutation. N=6 and N=4 
independent treatments for R555Q and R555W mutants, respectively. Statistical analysis was 
performed using an ANOVA and Tukey´s multiple comparison test. Ns= non-significant, * P<0.05, 
**** P<0.0001 respect to NT. 

In addition, secreted TGFBIp expression was also assessed in the media collected from 

treated and non-treated cells 72 h post-treatment, under two experimental conditions: i) 

including a media replacement 48 h post-transfection, and therefore collecting the media 

that had only been conditioned during the last 24 h of the three-day treatment (Figure 

5.15A); and ii) collecting the media 72 h post-transfection (Figure 5.15B).  
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Figure 5.15. Effect of ASO treatment on secreted TGFBIp expression. Cells were treated with 
the corresponding TGFBI ASOs (T-Q2 in panel A or T-W2 in panel B) and conditioned media was 
collected 72 h post-transfection and analysed by Western Blot to detect TGFBIp expression. Two 
experimental conditions were used: A) media was refreshed after 48 h post-transfection and 
collected after 72 h (24-hour conditioning); and B) media collected after 72 h of conditioning. Blots 
were then probed with the TGFBIp antibody. Arrowheads mark the 68/70 kDa TGFBIp monomer 
and the protein retained in the stacking gel. A concentrated secreted protein sample from WT and 
C-KO CEpCs were loaded as positive and negative controls for the antibody. C) Quantification of 
the immunoblots shown in (A). Mean ± SEM values are represented in the graph. N=5 independent 
transfections performed in 5 independent patient lines. D) Quantification of the monomer and 
oligomer band shown in (B). Bars represent mean values ± SEM. N=5/4 independent transfections 
performed in 5/4 independent patient lines. 
 

 

After collection and protein quantification in the conditioned media, equal amounts were 

loaded onto an SDS-PAGE gel and immunoblotted using the TGFBIp antibody. The double 
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band representing the monomer form of TGFBIp was quantified and no differences in 

expression were detected between treated and untreated controls (Figure 5.15C). 

When 72-hour conditioned media was collected and processed in the same way, a 

noticeable change was observed in the amount of protein retained in the stacking gel in 

four out of the five treated patient CEpC lines, suggesting a potential accumulation in the 

media of insoluble TGFBIp at higher concentrations, which is reduced upon treatment. The 

levels of TGFBIp monomer however, remained unchanged (Figure 5.15B,D). 

5.2.4.1 Allele-specific reduction of mutant TGFBI by therapeutic ASOs 
In order to assess if the ASO knockdown of TGFBI transcript and protein was allele-

specific, Sanger sequencing analysis was performed in the extracted RNA covering the 

corresponding single nucleotide variant (SNV) associated with disease: c.1663C>T and 

c.1664G>A, responsible for p.R555W and p.R555Q amino acid changes, respectively.  

Mutant vs. WT allele ratios were assessed qualitatively on the Sanger Sequencing traces 

(Figure 5.16). A switch in peak ratios, in favour of the WT allele was observed for treated 

samples when compared to untreated samples or those treated with the control ASO 

(Figure 5.16). Therefore, Sanger sequencing indicated the ASO treatment had reduced 

the level of the mutant allele, in a relatively specific manner. In the following sections, 

mutant and WT alleles are colour coded according to the nucleotides on Sanger 

electropherograms as follows; for the p.R555Q mutation, green = A (mutant base), black 

= G (WT base), and for the p.R555W mutation, red = T (mutant base), blue = C (WT base). 
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Figure 5.16. TGFBI allelic expression ratio in patient-derived treated samples. Sanger 
sequencing chromatogram of the TGFBI cDNA sequence containing the pathogenic variant, where 
two peaks representing the heterozygous mutation can be observed (boxed). A switch in allele-
ratio in favour to the WT base can be observed in samples treated with the corresponding 
therapeutic TGFBI ASO (T-ASO; T-Q2 for patients 1-3 with p.R555Q and T-W2 for patients 4-5 
with p.R555W). Peak colours: green = adenine, black = guanine, blue = cytosine, red = thymine. 

 

Next, given Sanger sequencing is only semi-quantitative, allele specific knockdown was 

assessed quantitatively by next generation sequencing (NGS; Chapter 2, Section 2.13). 

Illumina MI-Seq NGS data was generated from three to six independent treatments per 

patient line, and quantified as per section 2.14 (Chapter 2). An important initial observation 

made whilst analysing both the Sanger sequencing and NGS results was the different 

basal levels of expression of WT and mutant alleles in non-treated and CTRL-treated 

samples. In CEpC derived from patients with R555Q mutations (patients 1-3), all three 

patient lines showed different basal levels of expression of the WT (G) vs. mutant (A) allele 

(Figure 5.17). 
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Figure 5.17. Quantification of mutant and WT allele expression by next generation 
sequencing after ASO treatment. Cells treated with 200 nM ASOs, and the percentage of WT 
and mutant base in the correspondent SNP was assessed, revealing reduced levels of the mutant 
base (A in the case of p.R555Q patients, green, graphs A-C; and T in the case of p.R555W patients, 
red, graphs D-E) upon treatment with the therapeutic ASOs (T-Q1, T-Q2, T-W1 and T-W2), 
compared to those untreated or treated with a CTRL-ASO. N=3-6 independent treatments per 
patient line. 

 

Patient 1 displayed a 65:35 WT:mut allelic expression (Figure 5.17A) and Patient 3 

displayed a 50:50 WT:mut allelic expression (Figure 5.17C), which were consistent 

between all replicates. Patient 2, however, showed a mix of 60:40 and 40:60 (Figure 
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5.17B), which indicated a possible issue during sample processing that made it difficult to 

identify the actual allelic distribution. In contrast, both patient lines carrying the p.R555W 

mutation (Patient 4 and 5) showed allele skewing in the opposite direction, with a 40:60 

WT:mut basal expression ratio (Figure 5.17D,E), which was also consistent across 

replicates. Therefore, this basal differential allelic expression needs to be taken into 

account when evaluating the effect of the ASO treatment. 

Importantly however, and independent of the starting levels of WT and mutant expression, 

a reduction of the percentage of the mutant allele, coupled with an increase of the WT 

allele, was observed after each independent treatment with the appropriate ASO set, 

performed in every patient line (Figure 5.17). This was in accordance with the qualitative 

results observed from Sanger sequencing chromatograms (Figure 5.16). 

In order to understand the effect of the ASO treatment on the total levels of mutant and 

WT TGFBI transcript expression, and for ease of interpretation, an integrated analysis 

combining data from the reduction of total TGFBI transcript assessed by qPCR, and the 

percentages of mutant and WT allele obtained by NGS after treatment was performed. 

Allelic percentages were first applied to the levels of TGFBI transcript (Figure 5.13) and 

each data group (WT and mutant allele) was subsequently normalised to the non-

transfected control condition (Figure 5.18). 

Whilst CTRL-ASO treated samples did not show significant difference in the expression of 

neither the WT or mutant allele with respect to NT cells, a reduction of TGFBI in samples 

treated with ASOs, when compared with non-treated, was observed for all the patient 

CEpC lines. In the case of the p.R555Q patient lines, both WT and mutant allele showed 

significant reductions post-treatment, however a more significant effect was observed in 

the mutant allele than in the WT allele, as a result of the T-Q1 treatment (Figure 5.18A-C). 

In the case of p.R555W patient lines, samples were treated with the T-W2 ASO also 

showed reduction in both mutant and WT alleles (Figure 5.18D,E). However, treatment 

with the T-W1 lead to a significant reduction of the mutant allele while the WT allele 

reduction was non-significant in both patient lines, indicating this ASO has a greater allele-

specific effect than the other tested ASOs (Figure 5.18D,E). 
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Figure 5.18. WT and mutant TGFBI transcript expression following ASO treatment. The 
percentages corresponding to the expression of WT and mutant TGFBI from the NGS analysis 
were applied to the total levels of transcript quantified by qPCR, in order further quantify WT vs. 
mutant allele expression after treatment with 200 nM ASOs. Mean ± SEM expression values are 
represented in the graphs relative to the expression of each allele in non-treated (NT) cells, and 
are presented for each patient-derived CEpC line. Graphs shown in A-C) Correspond to treatment 
of R555Q mutant patient lines with the corresponding ASOs (T-Q1 and T-Q2 ASOs); whilst graphs 
shown in D-E) correspond to treatment of R555W mutant cell lines with the corresponding ASOs 
(T-W1 and T-W2 ASOs). N=2-7 independent treatments per patient CEpC line. Statistical analysis 
was performed using an ANOVA and Tukey´s multiple comparison test. For the WT allele 
expression * P<0.05, ** P< 0.01, *** P<0.001, **** P<0.0001 respect to NT. For the mutant allele 
expression ## P< 0.01, ### P<0.001, #### P<0.0001. Ns= non-significant. 
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5.3 Discussion 

To date, there is no clear disease mechanism that explains the pathophysiology of TGFBI-

associated CDs, other than the appearance of protein deposits in the corneal epithelium 

and stroma of patients with a wide variety of missense mutations in the TGFBI gene. A 

number or reports focusing on GCD2 have hypothesised defective cellular processes, 

such as autophagy and mitochondrial function as part of the mechanism driving 

pathogenesis (Choi et al., 2012; Kim et al., 2011). However, cell degeneration is not a 

feature generally reported in these corneal dystrophies. Thus, the cause and biological 

significance of this protein accumulation and aggregation, as well as the differences in 

corneal opacity phenotypes cause by distinct mutations in the same gene, remains 

unclear. 

5.3.1 Understanding TGFBIp expression and proteolytic processing in mutant and 
control CEpC lines 

Korvatska et al. (2000) reported an accumulation of mutant protein in corneas from 

patients with p.R124C, p.R124L and p.R124H mutations, compared to unaffected controls, 

demonstrated by higher levels of TGFBIp expression assessed by WB. Therefore, levels 

of TGFBIp were assessed in the differentiated control and mutant lines. However, no 

significant differences in the overall expression of TGFBIp, quantified as the double 

band/monomer in immunoblots, were observed between mutant and WT cells (Figure 5.6). 

Moreover, protein expression in each cell line correlated with the analysis of transcript 

expression (Figure 5.5), which showed no significant reduction of TGFBI, suggesting that 

the protein levels are directly correlated with RNA translation, and ruling out the 

involvement of other processes such as blocked ER degradation. Therefore, no 

relationship could be found between the mutations and cellular expression in this model, 

suggesting increased levels of TGFBIp expression is not likely to be the resulting 

phenotype driven by the pathogenic mutations under investigation.  

Differences in protein expression between mutant and control lines, showing different 

unique proteolytic fragments of TGFBIp, have also been demonstrated in various reports 

in both cells expressing recombinant mutant TGFBIp (Han et al., 2011) and corneal tissues 

from LCD patients (Korvatska et al., 2000; Takács et al., 1998); and, to a lesser extent, in 

cells overexpressing TGFBI mutations associated to GCD (Han et al., 2012). In contrast, 

whilst the protein expression analysis performed in this work showed a double band of 

70/68 kDa, and a 250 kDa band representing protein oligomers, no further smaller 

products indicating proteolysis were found (Figure 5.6). This was consistent for three 

independent CEpC differentiations of control and patient-derived mutant lines.  
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The lack of proteolytic products in R555 mutant CEpC lines supports the hypothesis that 

granular phenotypes are likely to arise as a consequence of proteolytic resistance and 

increased stabilisation of the protein (Runager et al., 2011; Underhaug et al., 2013), whilst 

amyloid deposits would result from proteolytic synthesis of an amyloid peptide with an 

increased ability to aggregate (Karring et al., 2013). This is further supported by 

comparison of cell lysates processed with and without BME (Figure 5.7), where inability to 

detect the upper 70 kDa band in patient samples treated with reduced or no BME suggests 

aggregation might be initiated by full length protein failing to undergo processing. 

Whilst most of the studies analysing corneal samples have not reported proteolytic 

processing products in GCD samples, one study reported a 35 kDa fragment present in 

HEK293 cells overexpressing mutant p.R124H and p.R555W TGFBIp in cell lysates, using 

the same TGFBIp antibody as the one used in this thesis (Han et al., 2012). Nevertheless, 

the different results could be explained by differences in tissue-specific expression profiles 

in corneal vs. non-corneal cells, highlighting the importance a relevant cellular context to 

study TGFBI CDs, provided by the iPSC-derived CEpC model described in this thesis. 

The double band representing the TGFBIp monomer shown in all the immunoblots, in both 

the cell lysates and in the media, has also been shown by other studies  in different tissues, 

including human immortalised corneal fibroblasts (Choi et al., 2020), human primary LESC 

(Kim et al., 2019) and in a cancer cell line (Tumbarello et al., 2016). However, none of 

these reports address the biochemical or functional difference between either of these 

monomeric forms of TGFBIp. Despite TGFBIp not undergoing post-translational 

modification, some studies have demonstrated that the monomeric 70 kDa full-size form 

of the protein, undergoes a certain degree of processing where the C-terminal domain is 

cleaved and a 66-68 kDa is found in human corneas (Andersen et al., 2004). This would 

potentially account for the double band observed in the data presented in this study. 

TGFBIp N-terminal processing has also been detected by two dimensional blots and mass 

spectrometry in the adult cornea generating smaller C-ter products that accumulate in the 

cornea with ageing, and which the authors proposed are more likely to represent peptides 

produced through normal protein degradation (Karring et al., 2010). 

When results from blots in Figures 5.6 and 5.4 were compared and analysed together, 

interesting differences in the double band ratios were found in cells that had been 

differentiated and grown in the same vessel for 30 days (Figure 5.6) versus cells that had 

been replated into new vessels in order to be treated (Figure 5.14). TGFBIp is a component 

of the ECM, and thus would be expected, upon secretion, to accumulate in the matrix the 

cells are growing on. As cell lysates are collected by scraping the surface of the vessel, it 

is possible that the final content of sample is a mixture of intracellular protein and 
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extracellular protein resident in the ECM that’s been secreted by the cells, and 

accumulated for the amount of time the cells had been in culture, i.e., 30 vs 7 days. These 

observations support the hypothesis that TGFBIp is initially synthesised as a full length 70 

kDa protein, that is subsequently processed to a 68 kDa protein with an active role in ECM 

interactions. 

Different methods of protein fractionation could be used to determine whether certain 

protein species are associated with a particular cellular, or extracellular, compartment. 

Billings et al. (2000) demonstrated that, in bladder tissue, nuclear TGFBIp had a different 

molecular weight (65 kDa) than the secreted isoform (70-74 kDa). Similar studies in 

corneal tissue could help our understanding of TGFBIp processing and formation of 

different species in the cornea, and its potential involvement in corneal dystrophies. 

In addition to monomeric TGFBIp, a higher 250 kDa band was also detected in two of the 

three immunoblots from independent differentiations (Figure 5.6A-B). Other studies, such 

as the one published by Han et al. (2012), also showed a 150 kDa band, potentially 

representing dimeric TGFBIp, as well as a higher molecular weight band, which was 

detected as a result of salt induced aggregation with the same antibody used in this thesis, 

suggesting these high molecular species represent insoluble aggregates of the protein.  

Grothe et al. (2013) demonstrated that WT TGFBIp undergoes concentration-dependent 

conformational changes in its secondary structure, which in a context of slight 

destabilisation of the native state introduced by mutations, could be the phenomenon that 

triggers aggregation. As demonstrated in Chapter 4 (Figure 4.11) TGFBI expression 

rapidly increases during differentiation from iPSC to CEpC; and therefore, variability in 

differentiation efficiency could result in differences in TGFBIp expression levels between 

differentiations. Moreover, additional factors, such as percentage of cells undergoing EMT 

can also account for differences in the levels of expression of TGFBIp between cultures, 

as an intimate relationship between TGFBIp and EMT has been demonstrated in multiple 

cancer studies (Yokobori & Nishiyama, 2017). Therefore, it is possible that only two of the 

three differentiations reached the expression threshold required for TGFBIp to form 

insoluble oligomers. In support of this hypothesis, similar insoluble species were detected 

in the media conditioned for 72 h, but not in media conditioned for 24h, indicating higher 

concentrations of secreted protein accumulating in the media over three days would be 

needed for TGFBIp to oligomerise (Figure 5.15).  

Furthermore, the role of disulphide bonds has been suggested to contribute to TGFBIp 

aggregation (Schmitt-Bernard, Schneider, et al., 2002). Ohno et al. (2002) visualised 

TGFBIp insoluble aggregates when concentrations of BME in the loading buffer were 
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reduced. However, re-running the samples in sample buffer with reduced BME did not 

produce insoluble aggregates in differentiation set 3 (Figure 5.7). Nevertheless, other 

crosslinking agents could be tested in the future in order to assess their relevance in 

inducing TGFBIp aggregation.  

In a recent publication, where X-ray crystallography and mass spectrometry was used to 

study the structure and molecular interactions of WT and mutant TGFBI proteins, Nielsen 

et al., (2021) have suggested molecular interaction between the amino acids 124 and 555 

of neighbouring TGFBIp molecules as a potential cause for dimerization, in the event of 

mutations happening in either one of these residues. This dimerization seems to be 

especially stable as a result of the p.R555W mutation, due to the interaction of the 

tryptophan amino acid in the 555 residue with the arginine 124. However, these differences 

were exclusively found in crystal packing dimer, and not in solution, where the tendency 

to dimerise is equal between WT and mutant molecules. This suggests that finding a 

crosslinker agent that allows for the creation of an assay to detect differences in 

aggregation of mutant and WT TGFBIp in solution is challenging. 

Where the higher molecular species were detected in CEpC differentiations, additional 

replicates and a more comprehensive study of the expression and relevance of these 

oligomers in the different lines (Figure 5.6) would help to clarify if this is a robust 

characteristic feature of the R555 mutant cell lines. In addition, more sensitive techniques 

for detecting aggregation, such as size exclusion chromatography and filter trap assays, 

could be used in future experiments in order to determine if there are changes in the 

propensity of TGFBIp to aggregate in mutant and control cell lines. 

Generation of the C-KO iPSC line was important for validating the specificity of the protein 

species detected by the TGFBIp antibody in the CEpC cultures. In addition, it is notable 

that CEpC could be differentiated from iPSC lacking TGFBI, with expression of markers of 

CEpC differentiation (Chapter 4). Interestingly, this data suggests that TGFBIp is not 

required for the differentiation of human iPSCs into CEpCs, and correlates with mouse KO 

data, that shows the development and function of the cornea is not affected by the absence 

of TGFBI (Poulsen et al., 2018). 

5.3.2 Antisense oligonucleotides as a targeted therapy for corneal dystrophies 
associated with dominant TGFBI mutations. 

There are major problems associated with surgery as the only current therapy option 

available for TGFBI CD patients, including the invasiveness of the procedures and 

transplant rejection episodes. However, it is the high levels of disease recurrence after 

only a few years post intervention that makes it a necessity to develop alternative 
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therapeutic strategies (Table 5.2). This is a direct consequence of the high levels of 

corneal TGFBIp expression and constant turnover of the epithelium, which make both 

surgical laser deposit removal and corneal transplant ineffective long-term solutions. For 

certain CDs, such as GCD2, it is suggested that a corneal transplant should be avoided 

altogether, as it potentially exacerbates the severity of the recurrent disease (Banning et 

al., 2006). Therefore, alternative therapies to corneal surgery, including pharmacological 

(Choi et al., 2011; Venkatraman et al., 2020) and gene-targeting (Courtney, Atkinson, 

Moore, et al., 2014) approaches offer an attractive alternative.  

After developing an in vitro model of CEpCs that express TGFBIp, an ASO based 

therapeutic strategy was designed aiming to reduce TGFBI expression in a mutant allele-

dependent manner. ASO-based strategies have proven efficient for targeting genetic 

diseases for a variety of contexts, including altering splicing, knocking down gene 

expression in the presence of autosomal dominant or gain of function mutations (Hovingh 

et al., 2013), as well as enhancing gene expression in the case of haploinsufficient 

conditions (Han et al., 2020). The aim of the research described in this chapter was to 

design a strategy that could target the specific allele containing the R555Q and R555W 

mutations responsible for TGFBI CDs, and test the approach in a disease relevant in vitro 

model, the patient-derived differentiated CEpC described in previous chapters. 

In silico analysis of the TGFBI sequence was performed to understand the RNA secondary 

structural properties of the target region and select target sequences for ASOs (Figure 5.8, 

Figure 5.9).  A number of studies have demonstrated structural RNA folding is the main 

contributor that determines successful binding with the antisense drug (Sohail, Akhtar, & 

Southern, 1999; Southern et al., 1994). Areas of hairpins and unpaired bases facilitate 

binding of ASO, and therefore are preferred for design of ASOs or siRNA. However, unlike 

cases where a general gene knockdown strategy is sought, the target area for TGFBI CDs 

is limited to the region where the specific SNV is located. The ss-count (Figure 5.9) 

revealed the presence of nucleotides with propensity to appear unpaired in the predicted 

structures, indicating potential binding sites for the antisense drugs. 

Analysis of the primary sequence is also essential to identify factors such as the GC 

content or the presence of certain tetranucleotide motifs (Matveeva et al., 2000; Tu et al., 

1998; Walton et al., 1999) that can directly influence the  effect of ASOs, in a positive or 

negative way. Identification of these motifs in the target sequence is vital to select 

appropriate regions to include or avoid. For instance, the tetranucleotide CTCT, which has 

been positively associated with ASO activity, is present once in T-W1/2 and twice in T-

Q1/2 sequences in the therapeutic ASOs designed in this study.  
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Binding affinity is another key factor that needs to be considered during the in-silico design, 

and it is also directly affected by the primary sequence. While longer ASOs show more 

favourable predicted binding affinities (Figure 5.10, Figure 5.11)., they also demonstrated 

higher degree of self-complementarity, which increases their propensity to bind to 

themselves in a dimeric manner. These two are therefore two aspects that need to be 

carefully balanced during the ASO design and testing process. 

One of the main advantages of the use of ASOs as a therapeutic tool is that they can be 

customised through modifications in their structural chemistry, in order to serve specific 

purposes. For properties such as transcript degradation, ASOs require the ability to recruit 

RNAse H enzyme, which is enabled by the presence of PS links between nucleotides 

(Cerritelli & Crouch, 2009). A pilot experiment was conducted to test if the concept of 

TGFBI knockdown was feasible with the minimal modification of DNA ASOs with only a 

PS motif linking the last two nucleotides. Whilst these ASOs induced a complete 

knockdown of TGFBI in fibroblasts, they did not reduce TGFBI expression in the 

corresponding differentiated CEpCs (Figure 5.12). This might be explained by vulnerability 

to cell nucleases expressed by CEpCs, compared to fibroblasts, for which a higher number 

of PS links might be necessary (Stein & Cohen, 1988). In addition, different cell types can 

exhibit different sensitivity to ASOs depending on their protein expression profiles, 

including different cell surface receptor expression, generating differences in uptake and 

contribution to productive (those that generate an endpoint pharmacological effect) vs non-

productive pathways (Crooke et al., 2017). This is also determined by the ASOs interaction 

with specific intracellular proteins, which can be majorly affected by different ASO 

modifications, leading to differences in their activity. For instance, a study demonstrated 

that more than 10 PS modifications is a significant requirement for ASO-protein binding 

Whilst the study also showed that the addition of 2’- modification increases ASO activity 

by increasing their ability to bind intracellular proteins such as HSP90 (Liang et al., 2016).. 

On the other hand, TGFBI expression has been shown to be induced in cancer cells by 

multiple factors associated with cellular stress (Ivanov et al., 2008), which could explain 

why treated CEpC had a slight increase in TGFBI expression with these ASOs, rather than 

a reduction. Therefore, despite the ability of relatively unmodified ASOs to decrease 

TGFBI expression in primary patient fibroblasts, modification and optimisation of the 

molecular chemistry was required as the next step for the development of an effective 

therapy to reduce the expression of mutant TGFBI in the CEpC in vitro model.  

The second design strategy included fully PS modified DNA/RNA ASO chemistry with a 

chimeric ‘gapmer’ design, with the 5 nucleotides at each end containing 2’O-methyl sugar 

modifications, whilst the middle fragment remained DNA. In order to increase the allele-
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specificity of ASOs against the mutant allele, an LNA modification was added to the 

nucleotide complementary to the mutated base, in each case. LNA modified ASOs have 

shown increased binding affinity and thus potency by increasing melting temperature by 

3.5ºC per modification (Simões-Wüst et al., 2004). LNA ‘gapmers’ have been used to 

target a dominant negative point mutation in the Nuclear Receptor Subfamily 2 Group E 

Member 3 (NR2E3) gene, causative of retinal disease in an RPE in vitro system, in an 

allele-specific manner (Naessens et al., 2019).  

There are several pieces of evidence that support the safety of this therapeutic strategy. 

Firstly, genome data (gnomAD database) shows that the TGFBI gene has a pLI score of 

0, indicating the gene has a high loss-of-function tolerability and that individuals with only 

one functional copy of the gene (haploinsufficiency) do not present any pathology (Fuller 

et al., 2018). Moreover the null-TGFBI mouse has no abnormalities in the cornea (Poulsen 

et al., 2018). In addition, CEpCs were successfully differentiated in the C-KO line 

generated in this study. Collectively, this suggests that some off-target reduction of the 

WT allele by ASOs would be tolerated. However, there are some other arguments that 

highlight the potential risk of completely depleting TGFBI in a human cornea. Firstly, 

despite the positive data found in mouse, levels of TGFBI expression are much higher in 

human compared to mouse, which makes it difficult to predict if such a benign effect would 

be maintained in a TGFBI-null human cornea (Poulsen et al., 2018). In addition, a 

beneficial role of TGFBI in corneal wound healing has been described (Maeng et al., 

2017), suggesting that TGFBI could play a key role in normal homeostasis in the mature 

cornea. 

Therefore, the aim of this therapeutic strategy is not to eliminate the expression of corneal 

TGFBI, but to significantly reduce it with optimal allele specificity in order to circumvent the 

formation of pathogenic aggregates and resulting corneal opacities.  

The ideal lead compound for the treatment of TGFBI CD would target the pathogenic 

mutation, leaving the WT allele unaffected in order to maintain a certain level of TGFBIp 

expression. Despite all LNA/2-O’methyl gapmer tested showing reduced levels of both 

transcript by 50-70% in patient iPSC-derived CEpC, the T-W1 ASO demonstrated ability 

to discriminate alleles and target specifically the mutant copy of the gene. This was 

demonstrated first by assessing the levels of total TGFBI by qPCR (Figure 5.13), where a 

50% was shown when treating patient lines whilst no reduction was observed in a treated 

WT line. Subsequently the levels of mutant and WT TGFBI were assessed in treated and 

untreated cells, using Sanger Sequencing and Illumina MI-Seq next generation 

sequencing, which revealed a reduction in the levels of mutant allele whilst the levels of 

WT showed no significant difference for both of the p.R555W patient lines assessed in the 
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study (Figure 5.18). These results confirms the suitability of ASOs as an allele-specific 

therapy for autosomal dominant TGFBI CD. The allele-specific knock-down of mutant 

TGFBI has also been explored as a therapeutic strategy by others investigators using 

siRNA, an alternative technique that uses the same antisense gene targeting principle, to 

target the p.R124C mutation causative of LCD1. 

A study by Garanto et al. (2019) showed that one mismatch in the ASO sequence is 

enough to decrease efficiency of the ASO. These results partially support their findings, 

since such an effect was only demonstrated with the ASOs against the p.R555W mutation, 

while ASOs against the p.R555Q mutations showed a similar reduction in TGFBI 

expression in patient and WT treated lines, potentially indicating the affinity between T-

Q1/2 and the target mRNA sequence is too high for one mismatch to prevent ASO binding.  

The fact that, for both mutations, shorter ASO sequences demonstrated greater allele-

specificity than their longer counterparts, might appear surprising since in silico predictions 

suggested the longer sequences would have a more energetically favourable binding with 

the target mRNA. Work by Fisher et al. (1993) showed that shorter sequences persist in 

the cell nucleus for less time than longer ones. Additionally longer oligonucleotides (25-31 

nucleotide long) seemed to be the most effective ones in a strategy developed to target 

exon skipping in the dystrophin gene (Harding et al., 2007). However, it should be 

considered that in the case of TGFBI ASOs, we are evaluating allele-specificity against an 

allele containing one SNV, which would not necessarily correlate with potency. Longer 

sequences with more potent binding affinity between the oligo and the target RNA might 

result in greater reduction of TGFBI expression by targeting the WT allele as well as the 

mutant, but would exhibit reduced allele specificity. Moreover, due to a greater 

complementary with the target sequence, the presence of one mismatch could have a 

reduced effect on ASO potency the longer the molecule is, again resulting in reduced 

allele-specificity.  

Therefore, especially in the case of p.R555Q, further optimisation might help find a more 

ideal candidate that display greater allele-specificity. Allele specificity was also not 

correlated with a GC content closer to 50% or higher Tm in these experiments (Table 5.5). 

Therefore, a higher number of ASOs of different length should ideally be screened to select 

the most optimal length that balances effective reduction of TGFBI transcript and allele-

specificity. 

Altering the number and/or position of modifications could also play a role in improving 

specificity. Kay et al. (2019) reported differences between three ASOS containing LNA 

modifications in different positions, surprisingly finding that the molecule that showed 
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greater specificity did not contain a LNA modification on the specific nucleotide responsible 

for the variant of interest. Therefore, increasing the number or altering the position of LNA 

modifications could be a way to increase allele-specificity and optimise the therapy. 

When TGFBIp expression was assessed by WB, a similar 50% reduction was observed in 

cell lysates as a result of the ASO treatment (Figure 5.14), confirming both the transcript 

and protein expression can be effectively reduced by chemically modified ASOs. 

Evaluating absolute protein reduction levels in the media presented a greater challenge 

due to the lack of a secreted reference protein that can be used for quantification. This is 

a common problem when evaluating expression of secreted proteins by WB (Billings et 

al., 2000; Zou et al., 2019). Alternative methods such as ELISA could be used in future 

assays to quantitatively determine the amount of secreted TGFBIp. Nevertheless, striking 

differences were observed in the levels of insoluble TGFBIp retained in the stacking gel 

between treated and control samples (Figure 5.15). As discussed previously, increased 

accumulation of insoluble secreted aggregates were detected over three days. 

Importantly, there was no accumulation of insoluble aggregates in samples treated with 

the therapeutic ASO, suggesting a potential phenotypic readout of the efficacy of the ASOs 

in preventing the formation of insoluble TGFBIp aggregates, without affecting the levels of 

secreted TGFBIp monomer. This will need to be further explored with other markers of 

aggregation prevention, but the potential of preventing the formation of insoluble species 

that are considered the pathogenic hallmark of these type of corneal dystrophies is a novel 

and important finding in this study. 

In summary, allele-specific reduction in transcript expression (Figure 5.13) and the 

reduction of total TGFBIp by 50% (Figure 5.14), coupled with the inability to detect 

insoluble high molecular weight species in the treated cells (Figure 5.15) identifies this 

ASO therapy as a promising novel treatment to eliminate TGFBIp aggregation in corneal 

dystrophies. 

5.3.3 Allele-bias expression was detected in TGFBI CD CEpC patient lines 
Finally, it is worth mentioning an interesting phenomenon was observed when analysing 

these data. Instead of a 1:1 (mutant vs. WT) allele expression ratio in CEpCs, allelic 

imbalance was detected, where one allele is expressed at higher levels than the other one. 

This imbalance did not correlate with the disease-causing allele, as allele-skewing was 

detected in favour of both the WT or mutant allele, depending on the specific patient cell 

line investigated. Importantly, differential allele expression affects 20% of genes and it has 

been suggested that it could be responsible for many phenotypical differences observed 

in individuals with the same genetic condition (Serre et al., 2008). Examples of allele 
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imbalance can be found in conditions like cancer (French & Edwards, 2017; Hu et al., 

2000), as well as inherited retinal disorders (Llavona et al., 2017), and may impact clinical 

variability and incomplete penetrance observed in these conditions. 

For all patient lines, with the exception of patient 2, in which variability of expression 

between sample batches was observed, allele skewing of mutant:WT alleles from multiple 

experiments were consistent, as demonstrated by the sample clustering in the graphs. The 

reason for the variability observed in Patient 2 is not clear and could be due to technical 

events during the sequencing, sample preparation or the cell culture process, since 

environmental factors such as stress or temperature can affect allele-specific expression 

(Knowles et al., 2017). Thus, an increased number of replicates would be needed to 

investigate this patient line. However, despite the different levels of basal expression of 

each allele in non-transfected patient cells, the reduction of the mutant base observed 

upon treatment is maintained for every repeat of the treatments performed, confirming 

allele-specificity of the treatment is robust and consistent in the multiple replicate 

experiments performed in all five patient lines.  

Whilst the direction of this allele imbalance is consistent between the two R555W mutant 

lines, the pattern appears to be variable between patient lines carrying the R555Q variant, 

suggesting it is not likely that the specific pathogenic mutations are responsible for 

regulating differential allele expression. On the contrary, it is common for cis-regulatory 

polymorphisms in promoter and enhancer regions, or in other coding or non-coding parts 

of the gene to regulate allele expression. However identification of the regulatory region 

responsible for this effect is often a complex task (Pastinen & Hudson, 2004). As SNPs in 

the coding region of TGFBI are common, there was a possibility to find another SNP 

expressed in a heterozygous or homozygous fashion that would correlate with the allele 

imbalance pattern found in different patients. In this case, no correlation between any of 

the coding SNPs analysed in Chapter 3 (Section 3.2.3, Table 3.4) and the imbalanced 

allele expression observed in patient lines was found. Therefore, non-coding parts of the 

gene, especially the region suggested to act as a promoter, located 1kb upstream the 5’ 

translation site (Yuan et al., 2004), as well as 3’UTR miRNA binding regions (Liu et al., 

2011) should be examined next. Linkage disequilibrium studies could help identify other 

SNPs that segregate with the pathogenic variant as potential candidates for the allelic 

imbalance effect observed. Alternatively, if this allelic imbalance did not have a Mendelian 

inheritance pattern, epigenetic mechanisms should be explored. 

Differences in the basal level of mutant vs. WT TGFBI before treatment in different 

individuals presents an interesting question regarding the expression threshold required 

to induce aggregation, and therefore cause disease. This relationship is nicely illustrated 
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by these sample sets, where an indirect correlation between the amount of mutant allele 

and the expression of total TGFBI can be seen between the different individual lines. For 

instance, the patient with the lowest expression of mutant TGFBI (Patient 1) presents with 

the highest expression of total transcript and TGFBI protein, whilst the R555W mutant 

lines, where the starting ratio favours mutant allele, lowest levels of total TGFBI expression 

closer to WT lines. Of note, these differences were only subtle and did not reach 

significance, and therefore, further replication in these and other patient lines will be 

necessary to conclude whether there is, or not, a correlation between these two factors. 

These observations set the hypothesis that, in order to cause pathology, a certain amount 

of mutant TGFBIp might be required, which could potentially happen as a result of two 

situations: i) individuals where lower levels of mutant transcript, compare to WT, but with 

high levels of total TGFBI expressions, compared to unaffected individuals; or ii) 

individuals with levels of total TGFBI expression similar to unaffected controls, but where 

the mutant allele is the main contributor to the overall expression.  

As a consequence of allelic imbalance associated to the TGFBI gene, expression levels 

of the mutant allele might also account for the differences in phenotypes observed by Han 

et al. (2012) in patients with the same p.R124H mutation. Additionally this phenomena 

might potentially also contribute to the corneal specificity of pathology, since the high levels 

of TGFBI could be driven by cornea specific transcriptional regulators. Pinter et al. (2015) 

suggested allelic imbalance is a tissue-specific phenomenon in mice. Therefore, it would 

be necessary to determine whether this effect is observed in other tissues already 

collected or easily accessible from these patients, such as skin (or skin fibroblasts), blood 

or urine. 

Collectively, the data presented in this chapter provide proof of principle that ASOs are 

able to reduce the levels of TGFBI transcript and protein in patient CEpC in a mutant allele-

preferential manner, whilst retaining residual WT allele expression, supporting the further 

development of the ASOs described as a promising therapy for TGFBI CD. Further 

characterisation will be needed in order to fully understand protein differences between 

mutant and control lines and to characterise aggregation in vitro, with the aim of finding 

functional biomarkers for further testing of the ability of ASOs to stop or prevent disease. 

Equally, further investigation of the relationship between TGFBI allele expression and 

other factors associated with severity of the disease will help discern the threshold for 

reduction necessary for this therapy to be effective in patients. 
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Chapter 6: General discussion 
It is striking how Granular, Lattice, Thiel-Behnke and Reiss-Buckler corneal dystrophies, 

different conditions that present corneal opacification with distinctive characteristic 

patterns and molecular differences, have one thing in common: they all originate as a 

consequence of missense mutations in the TGFBI gene. Since the first mutations were 

described and correlated with their ocular pathology by Murnier et al. (1997), case reports 

discovering new mutations or confirming the described correlation have continued to 

emerge, and the genetics of these dystrophies are very well understood. However, much 

remains unknown with respect to disease mechanisms and molecular consequences of 

these mutations, and how they translate into such defined cornea-specific disease 

phenotypes. This thesis has focused its investigation on the study of these autosomal 

dominant corneal dystrophies resulting from TGFBI mutations, with a particular focus on 

hotspot mutations at the R555 amino acid residue (p.R555Q and p.R555W) through 

genetics, disease modelling and development of a gene targeted therapy (Figure 6.1). 

In this thesis, data from genetic analysis of the MEH patient cohort demonstrated the 

power of genetic screening to aid clinical diagnosis of the different subtypes of TGFBI 

epithelial-stromal CDs (Chapter 3). This aspect of the study also enabled selection of the 

most common mutations, and patients, for the functional studies undertaken and will 

enable patients and families with specific mutations to be recruited to clinical trials as they 

become available in the future. A group of the patients screened kindly donated a skin 

biopsy, which allowed to establish iPSC with the exact genomic characteristics as the 

patients. These cells now constitute the TGFBI-CD iPSC biobank, an invaluable tool for 

research, as they provide unlimited potential for tissue culture and differentiation.  

One of the big milestones of this thesis was to develop an in vitro model for the study of 

TGFBI in a context that accurately reflects the physiological conditions of where these 

dystrophies manifest. Therefore, a differentiation protocol was optimised using the iPSC 

lines previously generated, and p.R555Q mutant, p.R555W mutant, WT and C-KO CEpC 

were generated (Chapter 4). This provided a unique platform for investigation of TGFBI 

CDs, which takes into account the full genomic picture of individuals with TGFBI-CD. 

Just as intended, this in vitro model was used as the basis for the development of an ASO-

based treatment, where 2-O-methyl gapmers proved successful in reducing expression of 

TGFBI in an allele-specific manner (Chapter 5). This had been set as another important 

milestone of this work, due to the need of new treatments that can offer permanent 

solutions to TGFBI-CD patients, which can only be achieved by learning and targeting the 

underlying genetic cause of their dystrophy. 
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Figure 6.1. Overview of the experimental design of the work presented in this thesis. In order 
to develop a study system for TGFBI-CD, fibroblast lines were established from skin biopsies from 
individuals carrying TGFBI p.R555Q and p.R555W mutations, reprogrammed into iPSC, and 
differentiated into CEpC following a chemically directed differentiation method. Alongside the 
mutant cells, WT and C-KO lines were also generated and differentiated. Finally, an ASO-based 
strategy to selectively target each of the TGFBI mutations studied was developed, and its efficacy 
was tested in mutant CEpC lines. 

 

6.1 TGFBI in health and disease 

Despite the ubiquitous expression of TGFBI, autosomal dominant missense mutations 

result in a tissue-specific pathology that only affects the cornea (El Kochairi et al., 2006). 

Interestingly, TGFBIp may have additional implications in other ocular disease contexts 

since, as similar phenotypes of amyloidosis and corneal opacification have been reported 

even when TGFBI mutations are not identified (Aldave et al., 2005; Aldave et al., 2006). 

In addition, upregulation of TGFBIp has been found as a secondary feature, resulting in 

ocular opacification (Suesskind et al., 2006). A relevant example of TGFBI’s implication in 

corneal dystrophies is FECD, where TGFBIp expression can be detected in the endothelial 

guttae, which are a hallmark of disease in patient corneas, colocalising with the chaperone 

protein clusterin (Jurkunas, Bitar, & Rawe, 2009). Although a tri-nucleotide repeat-

expansion in the TCF4 gene is the genetic cause in most of FECD patients, approximately 

14% of FECD cases remain genetically unsolved (Zarouchlioti et al., 2018); and it would 

thus be possible that either TGFBI or components of the TGFBI signalling pathway could 

contribute to disease. The study of TGFBI could therefore contribute to our understanding 

of other CDs, perhaps providing a new molecular target for developing therapies. 

In addition to corneal dystrophies, TGFBI is highly relevant in cancer biology, where roles 

as both a tumour suppressor and tumour promoter have been demonstrated in various 

types of cancers (Allaman-Pillet et al., 2017; Wen, Partridge, et al., 2011; Yokobori & 
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Nishiyama, 2017). The determinant factors as well as mechanisms involved in TGFBI’s 

dual function remain unknown, but appear to be highly dependent on the tumour 

microenvironment and ECM reorganisation, which are known to govern processes such 

as cell signalling and EMT (Revenco et al., 2019; Zou et al., 2019). Importantly, cancer is 

a multi-factorial condition that does not arise as a result of one single cause but rather the 

activation of multiple pathological pathways. The involvement of TGFBI in tumour 

behaviour highlights the importance of TGFBI signalling and the role of TGFBIp, as well 

as regulatory factors and triggers of pathological events. Processes such as TGFBI-

induced EMT could be studied in the CEpC models described in this thesis, to help inform 

studies of cancer pathophysiology. 

There is a general lack of knowledge about the physiological function of TGFBIp in healthy 

tissues, and in particular in the cornea. Given the importance of TGFBI in human disease, 

it is perhaps surprising how little we understand about the essential or redundant function 

of TGFBIp in different tissues. Likewise, we still lack key information about the 

consequences of TGFBIp’s function being perturbed, such as the pathogenic mechanisms 

leading to distinct diseases. The work presented in this thesis presents a model to study 

one of the major consequences of alterations in TGFBI, CDs. However, expanding the 

investigation of the function, key regulatory factors and pathways that involve TGFBI is 

essential in order to understand its implication in health and disease. 

6.2 Challenges and considerations of model systems for TGFBI study 

In order to gain a better understanding of gene and protein function, as well as determining 

the molecular mechanisms causing disease and for testing potential therapeutics, mutant 

and disease models are essential tools. Perhaps the lack of detailed knowledge of TGFBIp 

is due in part to (i) the lack of animal models and (ii) the difficulty studying secreted 

extracellular proteins that are processed by extracellular factors.  

As extensively described and discussed in Chapter 4, TGFBI mouse model have resulted 

unsuccessful in recapitulating the phenotype observed as a result of heterozygous 

missense mutations in humans, which could be due to differences between the mouse 

and human cornea, including the level of TGFBIp (Poulsen et al., 2018), or perhaps 

different levels of redundancy and compensatory mechanisms, yet to be investigated. In 

the particular case of R555 mutants, the complete lack of a mouse model could also be 

due to the difficulty generating effective guides for CRISPR/Cas9 editing around the 

mutation site (Christie et al., 2017). Likewise, whilst human samples have also been used 

as a tool to investigate pathogenic mechanisms and characterise corneal deposits found 

in TGFBI-CD patient corneas (Courtney et al., 2015; Konishi et al., 2000; Streeten et al., 



	 203	

1999; Venkatraman et al., 2017), the main issue this type of models face is related to 

bioavailability, making developing of in vitro models a necessity.  

This thesis aimed to address the issue and contributes to our knowledge of TGFBI CD by 

generating an in vitro model of differentiated CEpC from patient-derived and control iPSC. 

Given the cornea-specificity of these diseases, it was important that the model is 

developed in a cell type, to overcome potential limitations associated to the use 

overexpression systems in non-corneal cell lines, which had been previously used by 

researchers in the field (Runager et al., 2011). Of note, this biobank comprises great 

biological power which is key for any future study, as it included two or three biological 

samples for each TGFBI mutant, derived from independent patient-derived lines, in 

addition to two control WT cell lines, and a TGFBI KO cell line, isogenic to one of the WT 

controls. 

Other important considerations regarding the molecular properties of TGFBIp have 

resulted from biophysical studies that have used MS to study the inherent characteristics 

of mutant proteins, and provided invaluable insight on protein processing (Andersen et al., 

2004; Basaiawmoit et al., 2011; Underhaug et al., 2013). Importantly, these studies 

discovered a potential peptide that could represent the core seed that triggers amyloid 

aggregation, using transient overexpression of a construct comprising mutant forms of the 

Fas1-4 domain (Karring et al., 2013; Sørensen et al., 2015). However, they do not include 

analysis of protein secreted by cells expressing the full mutant gene or in patient-derived 

cells, and therefore lack disease context. Combining the power of biophysics with a cell 

system in which the mutant protein is intracellularly processed and secreted by the human 

corneal cells own molecular machinery, offered by the CEpC in vitro model system 

described, could open a promising line for future investigation. 

Analysis of expression of TGFBI in the patient-derived model presented in this thesis 

(Chapter 5, section 5.2.4.1) highlights the need to consider the relationship between the 

levels of expression of the mutant alleles. Importantly this model offers the opportunity to 

study allelic imbalance in patient samples. In combination with medical monitoring, it would 

also be possible to investigate whether there is a relationship between levels of expression 

of mutant TGFBIp and disease onset or progression, potentially accounting for the 

phenotypical variability that has been reported in patients with the same mutation 

presenting different degrees of severity (Han et al., 2012). Lastly, comparing allelic 

expression in different tissues could also provide insight on the basis of corneal specificity 

of the disease. 
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Despite the knowledge that deposits are detected in patient corneas, no reports have 

shown production of either intracellular or extracellular aggregates in vitro. Suggested 

pathogenic mechanisms involving mitochondrial defects (Kim et al., 2011) or defective 

autophagy (Choi et al., 2012; Choi et al., 2020), do not explain the observed extracellular 

protein aggregation. Whilst in vitro systems offer wider experimentation windows of 

opportunity, one of the main challenges yet to be solved for these models of TGFBI CDs, 

is the detection of extracellular aggregates, as the structural characteristics of the tissue 

are not represented. For instance, the requirement for frequent media changes could be 

one of the factors that contributes to the difficulty in detecting secreted aggregates as 

longer time periods after secretion might be needed for the mutant protein to accumulate 

and interact with other proteins from the environment in a physiological manner. 

It is also important to consider that, as TGFBIp is secreted into the extracellular space, it 

is likely that extracellular factors are relevant in the disease pathology. Chapter 4 

discusses the possibility of using a stroma or epithelial-stromal combination model to study 

the effect of TGFBIp and mutant TGFBIp extracellular interaction. This hypothesis would 

be able to explain that the same mutant protein produced in other tissues, such as skin, 

could be adequately re-folded or targeted for degradation by quality control machinery. 

6.3 Implication of TGFBIp quality control in the future of TGFBI-CD molecular 
mechanism investigation 

Effects of TGFBI upregulation linked to pathological contexts, including ocular pathologies 

such as FECD (Jurkunas et al., 2009) and secondary corneal amyloidosis (Suesskind et 

al., 2006); as well as demonstrated detrimental effects of TGFBI overexpression effects 

on mice endothelial and stromal function (Kim et al., 2007) open up the question of whether 

there is a pathogenic threshold of TGFBIp expression, possibly associated to the 

saturation of protein quality control mechanisms. This hypothesis might help explain the 

observations made during the analysis of the CEpC differentiation protocol, where 

aberrant differentiation was observed at the terminal time points (day 30 to day 35), when 

TGFBI expression was vastly upregulated when compared with the levels found at day 21 

(Chapter 4, Figure 4.11). This time point is when cells acquired the highest expression of 

epithelial-like markers (Chapter 4, Figure 4.10), indicating excessive levels of TGFBI would 

potentially interfere with the maintenance of the corneal epithelial phenotype. 

A strong candidate for further investigation to address the hypothesis that high levels of 

expression of the mutant protein are not effectively cleared in the cornea, is the serine 

protease HTRA1. HTRA1 is another secreted protein implicated in TGFBIp processing 

and induction of amyloid formation, as described for patients with different amyloid-

associated mutations: p.R124C, p.V624M, p.H626R (Courtney et al., 2015; Karring et al., 
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2013; Venkatraman et al., 2017). In addition, increased cleavage of specific TGFBIp 

mutant species could create an amyloidogenic seed that triggers aggregation of these 

mutant proteins (Poulsen et al., 2019). In contrast, in non-amyloid dystrophies caused by 

R555W, mutant proteins show resistance to proteolysis with thermolysin, likely due to the 

conformational change with the 555 tryptophan mutant residue buried in an hydrophobic 

cavity of the protein, potentially reducing accessibility to proteases to the cleavage site 

located in between residues 557 and 558 (Nielsen et al., 2021; Underhaug et al., 2013).  

Bacterial Htra1 has shown an ability to degrade ECM proteins, such as proteoglycans and 

fibronectin, inducing cytokines and chemokines (Russell, Delorey, & Johnson, 2013). In 

addition in mouse fibroblasts, HTRA1 can modulate TGF-β signalling through cleavage of 

latent TGF-β binding protein 1 (LTBP-1), an extracellular regulator of TGF-β (Beaufort et 

al., 2014). Moreover, it has been demonstrated that bacterial Htra1 also has chaperone 

activity, which is dependent on temperature change (Spiess, Beil, & Ehrmann, 1999), and 

implicated in the inhibition of aggregation of bacterial lysozyme (Zarzecka et al., 2019). 

Collectively these data suggest HTRA1 may be involved in TGFBIp regulation beyond 

simply cleaving; and therefore, decreased HTRA1 expression or defective HTRA1-

TGFBIp binding as a result of R555 mutations could be investigated. HTRA1 may also 

represent an alternative molecular target for the treatment of TGFBI CD. 

Similarly, other corneal extracellular chaperones should also be considered. Analysis of 

intracellular or extracellular chaperones that are differentially expressed in cornea vs other 

tissues, or in control vs. mutant patient cells, could be performed in order to identify 

additional factors that might be contributing to the processing of TGFBIp and development 

of CDs and potentially as corneal-specific quality control mechanisms in the 

pathophysiology of TGFBI CD. 

6.4 Gene-directed therapeutics for TGFBI CD: challenges and prospects 

One of the main problems encountered in current treatments for TGFBI CDs, and those 

under development, is the constant turnover of epithelial cells. As cells mature and die, 

new cells carrying the same mutations replace them and replenish the cornea (Haddad, 

2000). Surgical procedures do not address this issue, and the medical history of the 

patients that donated tissue for this study indicated the procedures often had a short-term 

effect of 2 years and, in the case of corneal transplants, were often accompanied by 

repeated episodes of graft rejection (See Chapter 3, Section 3.2.2). The need for 

alternative therapies was addressed in this thesis by developing a gene directed 
targeted pathogenic allele approach using antisense oligonucleotides (Chapter 5). 
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Overall, TGFBI CD therapeutic strategies are moving in the same direction and aiming to 

reduce expression of TGFBI gene and or protein. siRNAs (Courtney et al., 2014; Yellore, 

Rayner, & Aldave, 2011) and CRISPR/Cas9 have been explored by numerous research 

groups to develop new therapies to reduce TGFBI in an allele-specific or not allele-specific 

manner. Other non-gene-directed approach have also been develop to target TGFBIp 

directly (Choi et al., 2011; Nie et al., 2018; Venkatraman et al., 2020). In addition to reports 

in the literature and evidence such as the pLI score 0 supporting the validity of this 

therapeutic approach, ability of the C-KO iPSC line (generation described in Chapter 3) to 

successfully differentiate into CEpC following the same protocol as the other mutant and 

control lines, further suggests significant reduction of TGFBIp may be tolerated in a human 

cornea (Chapter 4, Figure 4.10, Figure 4.14, Figure 4.16 and Figure 4.17). 

Genetic conditions offer the possibility to develop treatments by directly targeting the 

pathogenic gene or variant involved. Different forms of gene therapy, from viral vector-

mediated gene delivery to CRISPR/Cas9 genome editing, have been used extensively to 

target genes responsible for autosomal dominant mutations. In the cornea, CRISPR/Cas 

mediated knockdown of mutant KRT12 in Messman’s corneal dystrophy (Courtney et al., 

2016); or to remedy secondary aspects of disease, such as blocking fibrosis by delivering 

the anti-fibrotic gene Smad7 to prevent corneal scarring after photorefractive keratectomy 

(Gupta et al., 2017). However, while these approaches present advantages over 

pharmacological solutions, such as longer-term effects, they also come with associated 

challenges that can impede their translation into clinic, especially linked to the detection of 

off-target effects in other genes. 

Alternatively, RNA silencing provides an approach to target gene transcripts with high 

specificity and potency and reduced toxicity. siRNA and ASO are the two main strategies 

used in drug development to interfere with the mRNA of interest and alter gene expression. 

While their main function is very similar, they bind target mRNA that has been associated 

with disease in order to interfere with their expression, there are some differences that 

translate into different properties that might affect drug development. 

The main difference in terms of structure is that siRNA is a double-stranded molecule while 

ASOs are single-stranded. This translate into a mechanism difference, such as while 

ASOs can act on their own by directly binding to the target mRNA and subsequently 

recruiting RNAseH, siRNA require previous association with the RISC complex and loss 

of the passenger strand, before binding to the mRNA target and triggering transcript 

degradation. 



	 207	

Chemical modifications (described in detail in section 5.1.5.1), are a way to overcome 

some of the challenges associated to delivery and bioavailability of oligonucleotide drugs, 

which both ASOs and siRNA have in common. While ASO can be highly modified and 

tailored to ensure they meet their specific need, siRNA’s customizability potential is more 

limited, due to interference with the assembly of the RISC complex (Hernández, Peterson, 

& Kool, 2012). Therefore, siRNA need to be complexed with nanoparticle, typically lipid- 

or polymer- based formulations (Tatiparti, Sau, Kashaw, & Iyer, 2017), while ASO can be 

delivered naked to the tissue, simply in solution, where they undergo gymnotic uptake by 

cells (Zhang et al., 2011). 

Unlike siRNA, which are always around 21 nucleotides long, an alternative way to 

customize ASOs could be varying molecule length. For instance, in order to explore allele-

specificity potential, ASOs length can be reduced up to 8 nucleotide long, while 

maintaining effectivity (Lloyd et al., 2001). In contrast, finding the most optimal siRNA 

sequence to target a certain defined target are, such as one harbouring a pathogenic 

mutation, may be achieved by gene walking (Courtney et al., 2014). 

One of the greatest challenges when it comes to translating these therapies into clinic is 

delivery into the target tissue. Nuclease degradation, avoid non-productive sequestration 

by plasma proteins, by-pass renal clearance, cross the capillary endothelium of the target 

tissue are some of the challenge oligonucleotides delivered systemically need to face. As 

previously mentioned, this challenge is particularly problematic for siRNA which, due to 

size and charge, require the development of vehicle molecules.  

siRNA technology is being explored for the treatment of multiple types of cancers (Mirzaei 

et al., 2021), where one of the main focuses of clinical trials currently in Phase I and II is 

studying delivery strategies. An example of a siRNA therapy target is the mutation G12D 

in the KRAS gene, which is a demonstrated biomarker of pancreatic cancer progression 

and metastasis are being developed. Various delivery options are being studied, including 

exosome delivery of the the siRNA (NCT03608631); and conjugation of the siRNA with 

LODER (Local Drug EluteR), a specialized biodegradable polymeric scaffold, to generate 

the drug known as siG12D-LODER, which has reached Phase II in a clinical trial in 

combination with chemotherapy (NCT01676259). Dosing patients with siRNA-transfected 

peripheral blood cells is another method currently being investigated in a clinical trial 

(NCT02166255). 

Chemical conjugation, with compounds such as N-acetylgalactosamine (GalNAc), which 

target hepatocytes, thus increasing liver absorption, is another successful method for 

siRNA and ASO delivery. In addition to the four approved siRNA drugs (section 5.1.5.2), 
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there are multiple other drugs currently in clinical trials for the treatment of dyslipidaemias, 

including siRNA (Tsimikas et al., 2020) and ASOs (NCT04270760). 

In the case of the cornea, local delivery is possible by various methods, including topical, 

and intracameral, subconjunctival, or intravitreal injections, depending the target cells 

where the therapy is required. Successful delivery of the decorin gene into the murine 

stroma in vivo has been demonstrated using AAV-5, in a procedure where the corneal 

epithelium was removed first followed by dehydration of the cornea and topical application 

of the AAV-5 under general anaesthesia (Mohan et al., 2011). For CRISPR/Cas9 genome 

editing strategies, there are additional challenges associated with delivery of the 

CRISPR/Cas9 system to the tissue of interest, due to the inability to pack all of the 

components required for editing into vehicles normally used in gene therapy; for instance 

viral vectors have a limited capacity of 5 kb in AAV (Wu, Yang, & Colosi, 2010), 36 kb in 

adenovirus (Suzuki et al., 2011) and 10 kb in lentivirus (Balaggan & Ali, 2012). However, 

it is possible to overcome this limitation by delivering the components in two different 

cassettes, with reported success of detection of Cas9 expression in the endothelium and 

ciliary body (Jain et al., 2017). 

The preferred delivery method for the therapy designed within this thesis would involve 

topical application, based on the necessity of periodic dosing, derived from the self-

renewing nature of the cornea. Despite presenting clear advantages in terms of 

accessibility, immune privileged condition and ability to monitor disease progression, the 

cornea present additional challenges that need to be considered when designing a topical 

treatment. These come as a consequence of the role of the cornea as it acts as a physical 

barrier that avoid fluid loss and protect from external agents, and include the presence of 

the tear film, poor permeability and short contact time (Agrahari et al., 2016; Gaudana et 

al., 2010). 

This issue has not been left unnoticed by other researchers attempting to develop 

treatments of a similar nature. An innovative strategy for delivering siRNA to the cornea 

has been recently developed by (Baran-Rachwalska et al., 2020), where silicon-lipid hybrid 

nanoparticles were complexed with siRNA, demonstrating effective reduction of the target 

protein in vitro and in vivo. Importantly, these complexes could be applied topically and 

showed penetrance to all layers of the cornea. Another recent application developed 

specifically for corneal gene therapy are contact lenses made of hydrogels of hydroxyethyl 

methacrylate that can control release of vectors containing genetic material (Alvarez-

Rivera et al., 2020). 



	 209	

In principle, ASOs could be applied topically, as demonstrated by the FDA approved drug 

aganirsen, an ASO against the insulin substrate-1 receptor, with efficacy in a clinical trial 

formulated for patient use in the form of eye drops (Cursiefen et al., 2014). Despite having 

demonstrated effectivity of the ASOs developed in this thesis in reducing TGFBI 

expression in a relevant cell type, one of the limitations of the current model when used in 

the context of drug development, is the lack of replication of biophysical properties that 

might play a fundamental role when delivering the drug topically into the eye. It would 

therefore be a requirement to next assess this in a more complex system, such as animal 

eyes, where the ability the lead ASO to bypass the tear film and penetrate through all 

layers of the epithelium can be assessed. 

Timing of treatment, dose, frequency of application and effective targeting of the corneal 

cells of interest are additional factors that will need to be assessed in future pre-clinical 

studies, before translating an ASO TGFBI therapy into the clinic. Extensive genetic testing 

has facilitated diagnosis and pre-symptomatic individuals with a family history can now be 

readily identified, representing the ideal group that would benefit the most from this 

treatment, and surgery could be avoided. However, in advanced stage patients, a 

combination of genetic treatment and surgery might be the most beneficial option, where 

initial removal of the existing deposits might be necessary, followed by an ASO-based 

treatment to prevent recurrence of disease. It is also noteworthy that as the corneal 

epithelium is constantly renewed, repeated dose application will most likely be necessary. 

The in vitro CEpC model presented in this thesis was an ideal system to test the potential 

efficacy of an ASO therapeutic strategy. Nevertheless, it is important to note that all of the 

affected cells in the cornea, including stromal cells and limbal epithelial stem cells, should 

be targeted with an ASO TGFBI therapy. The ability to differentiate CEpC from a TGFBI 

KO iPSC line demonstrated in this study suggests that this therapy could be applied to 

limbal cells without affecting their ability to differentiate to epithelial cells. However further 

in vitro studies should be completed to assess the differentiation efficiency of KO lines to 

confirm these observations. 

6.4.1 Other strategies and areas for future development of potential therapeutics 
for TGFBI CD 

The therapeutic strategy designed and described in this thesis to treat some of the most 

common pathogenic TGFBI mutations affecting the hotspot R555, could easily be 

translated and replicated to cover other hotspots mutations (p.R124C, p.R124H and 

p.R124L) which cause a large proportion of the TGFBI CD cases world-wide (Chao-Shern, 

et al., 2019; Song et al., 2017). However, it would be probably not be a suitable strategy 
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for the remaining large number of rarer mutations in this gene causing corneal dystrophies 

that would require an independent drug for every single mutation (see full list in Appendix 

B). A more generic strategy such as the one designed by Christie et al., (2020), where 

they targeted an array of SNPs that were found exclusively in the mutant allele with the 

aid of CRISPR/Cas9 editing, could be more appropriate and would hold a greater 

translation potential, as a larger number of patients would be able to benefit from this 

approach. Another innovative approach was described by Venkatraman et al., (2020) 

designed to prevent amyloid formation of mutant TGFBIp. They screened for compounds 

that could bind to the mutant form of TGFBIp with low affinity, aiming to inhibit the cleavage 

by proteases, therefore preventing the formation of TGFBIp amyloidogenic peptides. 

 

 

Figure 6.2. Alternative targets for the development of TGFBI CD therapy. The schematic 
representation uses an example of basal epithelial cells expressing TGFBI (green cell), as the 
representative cell type the for the in vitro model described in this study. Intracellular molecular 
targets that could be harnessed to develop therapies include: (1) TGFBI gene expression, with 
ASO, miRNA, siRNA, CRISPR/Cas9 editing (2) enhancing the expression of genes coding for 
regulatory proteins, to aid with protein folding (chaperones) or to degrade mutant TGFBIp 
(proteases, proteasomal related proteins), or the activity of such proteins by agonist compounds (3, 
4). As TGFBIp is a secreted protein, processes taking place in the extracellular space should also 
be considered as molecular targets (5,6), which include proteases and chaperones, potentially 
secreted by surrounding cells, which in the diagram is represented by a stromal keratocyte (brown). 
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Additional mutation-independent strategies could be developed by knowledge gained in 

determining the pathogenic mechanisms causing disease. Taking into consideration the 

hypothesis discussed in Section 6.3, protein aggregation could be prevented by enhancing 

the quality control mechanism in corneal cells in order to ensure correct degradation of 

TGFBIp, as well as enhancing chaperone activity to resolve misfolding (Figure 6.2).  

Different potential targets and approaches, including a combination of pharmacological 

and genetic tools, such as: i) positive or negative regulation of TGFBI regulatory genes 

and pathways, such as SMAD or JNK (Nie et al., 2020; Schneider et al., 2002); ii) use of 

pharmacological agonists or gene activation to enhance protein activity or protein 

degradation (UPR proteins, proteases and molecular chaperones); iii) negative regulation 

of chaperone inhibitors, using pharmacological or genetic tools (e.g. siRNA, miRNA); could 

be used to potentially alleviate disease. 

6.5 Limitations of the study and potential areas for future work 

This thesis describes the development of a patient-derived iPSC biobank. Despite the 

advantages of having multiple independent cell lines, an individual’s own genomic profile 

can confound interpretation and lead to inconsistencies in the data, largely due to 

differences in gene expression that are mutation-independent. Therefore, to improve the 

TGFBI CD iPSC biobank, further use of editing technologies to generate isogenic 

corrected control lines would help eliminate any cellular and molecular differences that are 

not caused by the pathogenic variants, facilitating direct comparison with each mutant line 

(Figure 6.3). 

In addition to the analysis of patient derived samples, the understanding of how mutations 

in TGFBI cause corneal dystrophies would benefit enormously from detailed studies of 

TGFBIp physiology in healthy corneas (Figure 6.3). Defining mechanisms and signalling 

pathways that are dependent on TGFBIp function is key to guide investigations in 

discovering how these are perturbed in the disease state. This study was not focussed on 

investigating the function of TGFBIp, however the iPSC TGFBI KO line generated 

represents a good model to further study the role or redundancy of TGFBIp in 

differentiating CEpC. 

Further work also needs to be performed to ensure translation success of the ASO-based 

treatment. Even though ASOs designed against the R555 mutations have proven 

efficiency in reducing transcript and protein forms of mutant TGFBIp, further investigation 

of dose effect is required in order to guide future preclinical studies. Due to the current lack 

of an animal model for R555 mutations it is not possible to test the effectiveness of these 

ASOs for reducing pathological features in vivo, or to determine the magnitude of TGFBI 
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expression reduction necessary to prevent the formation of corneal deposits and stop 

disease progression. This represent a major translational challenge that needs to be 

addressed in future work.  

 

 

Figure 6.3. Expansion strategy for the future study of the CEpC model. The current model is 
based on patient and control-derived iPSC, as well as a CRISPR/Cas9 KO line produced by editing 
one of the control WT lines, which have been differentiated to CEpC to obtain an in vitro model of 
control and mutant TGFBI CDs. Further NGS analysis will help establish the relationship between 
the level of expression and corneal pathology, including severity of disease and tissue specificity. 
An important addition to the cell biobank generated in this study would be the incorporation of 
isogenic CRISPR/Cas9 corrected lines, that once differentiated would allow for direct comparison 
with the corresponding patient-derived lines using transcriptomics and proteomics to ensure 
differential expression or defective pathways are a consequence of the TGFBI pathogenic variant. 
These studies in conjunction with the detection of TGFBIp aggregates in vitro described in this 
thesis, will help identify biomarkers for use in preclinical assays. Lastly, further studies using the 
KO line will allow investigation of the role of TGFBIp in corneal cells, and identify further regulatory 
pathways that could be manipulated for future forms of therapy. 

 

In order to overcome this issue, functional biomarkers are needed. The model described 

could be used to further develop in vitro functional assays, that are representative 

hallmarks of the aggregation observed in patients. Firstly, control and mutant differentiated 

cultures could be used for identification of intracellular and/or extracellular TGFBIp 

aggregates, using techniques for protein analysis including transmission electron 

microscopy or ImageStream flow cytometry. Similarly, comparative transcriptomic and 

proteomic analysis between mutant lines and their isogenic corrected controls could reveal 

new target pathways or cellular processes that are affected as a consequence of the 
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mutations, and provide biomarkers for the efficacy of the proposed ASO genetic therapy 

(Figure 6.3). 

6.6 Concluding remarks 

TGFBI epithelial-stromal corneal dystrophies are caused by autosomal dominant 

mutations in the TGFBI gene and affect individuals from an early age (10-20 years old), 

presenting with different patterns of corneal opacification, depending on the specific 

variant. This thesis described the development of a corneal epithelial-like cell in vitro model 

for the context-specific study and therapeutic development for TGFBI CDs affecting the 

R555 mutation hotspot: Granular corneal dystrophy type I (caused by the p.R555W 

variant) and Thiel-Behnke corneal dystrophy (cause by the p.R555Q variant).  

The large genetic study of MEH patients has provided insightful data about disease 

prevalence of the different types of TGFBI CD in our local cohort, confirming R124 and 

R555 amino acid residues are the sites affected by most mutations, as well as aiding 

diagnosis (Chapter 3).  

This is the first study that describes the generation of a TGFBI CD in vitro model through 

differentiation of patient derived iPSC into epithelial-like cells (Chapter 3 and 4). These 

cultures, as well as corresponding control lines, demonstrated expression of corneal 

epithelial cell markers, as well as TGFBI expression, providing an experimental platform 

to study the mutant TGFBI in an appropriate human genomic and cellular context. 

The possibility of designing a genetic treatment against the mutant allele for individuals 

with specific mutations was explored. Using the in vitro platform developed, the work 

presented in this thesis provides proof of principle that ASOs are effective tools for the 

allele specific knockdown of the pathogenic mutations, p.R555W and p.R555Q, is 

described, leading to approximately a 50% reduction of the total levels of both TGFBI 

transcript and protein. Importantly this system and therapeutic strategy can be applied to 

other mutations causing TGFBI CD (Chapter 5). 

Since there is currently no known hallmark of disease for TBCD and GCD1, other than the 

aggregation observed in corneas in vivo, further studies using this model are essential to 

elucidate biomarkers for in vitro assays, which will aid further demonstration of efficacy 

and developing personalised medicine therapy towards translation into the clinic.  
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Chapter 8: Appendices 
8.1 Appendix A 

All materials utilised in this thesis are stated below: 

 

0.05 % Trypsin-EDTA – Gibco, 25300-054. 

0.2 mL 8-strip PCR tube, individually attached domed caps – StarLab, S1602-2900. 

2X LabTAQ hi-rox green – LabTech, LTSHR-1. 

4’,6-diamidino-2-phenylindole dilactate (DAPI) dilactate – Sigma, D9564-10MG. 

5α competent Escherichia coli – New England Biolabs (NEB), C2987 

6-well CytoOne plate, TC treated – StarLab, CC7682-7506. 

10 % SDS solution – Severn Biotech Ltd, 20-4000-10. 

12-well CytoOne plate, TC treated – StarLab, CC7682-7512. 

16 % paraformaldehyde (PFA) – ThermoFisher, 28908. 

24-well CytoOne plate, TC treated – StarLab, CC7682-7524. 

30 % Acrylamide – National diagnostics, EC-890. 

90 mm Fisherbrand asceptic petri dish – Fisher scientific – 12664785. 

96-well CytoOne plate, TC treated – StarLab, CC7682-7596. 

100 % Ethanol – VWR, 20821.310P.  

100 % Methanol – VWR, 20847.320. 

Adenin – Sigma, A9795 

Agar powder – Bioline, BIO-41025. 

Ammonium persulfate – Sigma, A3678. 

Ampicillin sodium salt – Sigma, A1066. 

Antibiotic-antimycotic (100X) – Gibco, 15240-062. 

B27 supplement – Gibco, 17504-044. 

Bambanker freeing medium - Nippon Genetics Europe, BB01 

BBsI – NEB, R0539S. 

Blebbistatin – Sigma, B0560-1MG. 

Bone morphogenic protein 4 (BMP4) – Peprotech, AF-120-05ET-50. 

Bovine Serum Albumin – Sigma, A7906-100G. 

β-mercaptoethanol – Gibco, 21985-023. 
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Cell Dissociation Buffer, Enzyme free, PBS – Gibco, 13151-014. 

Cell Line Nucleofector® Kit R – Lonza, VCA-1001. 

Cholera toxin – Sigma, C8052. 

Cnt-30 - CellNtec 

Collagen IV – Sigma, C5533 

DAKO Fluorescent mounting medium – Dako, S3023. 

Dispase II (Sigma, D4693) 

DMEM/F12 with GlutaMAX – Gibco, 31331-028. 

DMEM with GlutaMAX – Gibco, 41966-029. 

Dried skimmed milk powder – Marvel. 

Dulbecco Phosphate Buffered Saline (DPBS), pH 7-7.3 – Gibco, 14190-094. 

Dulbeccos Phosphate Buffers Saline tablets – Oxoid, BR0014G. 

Epithelial growth factor (EGF) – Thermo Fisher, PHG0314  

Essential 8 (E8) Flex media – Gibco, A2858501. 

Falcon 70 µm cell strainer – Fisher scientific, 10788201. 

Falcon cell culture flask 75 cm2 – VWR, 734-0050. 

Foetal Bovine Serum (FBS) – Labtech, FCS-SA. 

Gelatin – Sigma, G1393-100ML. 

Geltrex LDEV-free reduced growth factor basement membrane matrix – Gibco, 
A1413202. 

Glutamax supplement – Gibco, 35050038 

GoTaq green master mix – Promega, M7123 

Human Dermal Fibroblast, neonatal – Sigma, 106-05N. 

Hydrochortisone – Sigma, H6909 

Insulin-Transferrin-Selenium – Thermo Fisher, 41400045 

KnockOut serum replacement – Gibco, 10828-010. 

Lysogeny broth (LB), Miller – Sigma, L3522-1KG. 

LB broth with agar (Lennox) – Sigma, L2897-1KG. 

Lipofectamine RNAimax – Thermo Fisher, 13778100 

Luminata Crescendo western HRP substrate – Millipore, WBLUR0500. 

Luminata Forte western HRP substrate – Millipore, WBLUF05000. 

MicroAmp Optical 96-well reaction plate – Thermofisher, N8010560. 

Mirus TransIT LT1 – Mirus, MR2304. 

MultiScreen® PCRμ96 Filter Plate – Millipore, LSKMPCR10. 
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N2 supplement – Gibco, 17502-048. 

N,N,N’,N’-Tetramethyl-ethylenediamine (TEMED) – Sigma, T9281. 

Nitrocelllose Blotting membrane – GE healthcare, 10600002 

Non-Essential Amino Acids (NEAA) – Gibco, 11140-035. 

Normal donkey serum (NDS) – Sigma, 09663-10ML. 

PageRulerTM Plus Prestained Protein Ladder – ThermoFisher, 26619. 

Penicillin-streptomycin (P/S) – Gibco, 15140122. 

Phosphatase inhibitor cocktail 3 – Sigma, P0044 

Pierce BCA protein assay kit – ThermoFisher, 23227. 

Proteinase inhibitor cocktail (PIC) – Sigma, P8340. 

QIAshredders – Qiagen, 79656. 

Quick-Load® 1 kb plus DNA ladder – NEB, N0550S. 

Recombinant human laminin-521 – Thermofisher, 78060. 

RNase-Free DNase Set – Qiagen, 79254. 

RNeasy mini kit – Qiagen, 79254. 

Safeview nucleic acid stain – NBS Biologicals, NBS-SV. 

SOC Media – NEB, B9020S. 

Sodium bicarbonate – Gibco, 25080094 

Sodium butyrate – Sigma, B5887. 

Sodium dodecyl sulphate (SDS) – Sigma, L3771. 

StemFlex media™ – Invitrogen, A3349401. 

T4 Polynucleotide Kinase – NEB, M0201 

T7 DNA Ligase – NEB, M0318. 

T7 Endonuclease I – NEB, M0302. 

Tetro cDNA Synthesis Kit – Bioline, BIO-65043. 

Transporter™ 5 Transfection Reagent – Polysciences, 26008-1 

Tris-Glycine 10X solution – Severn Biotech Ltd, 20-6300-50. 

Tris-Glycine SDS 10X solution – Severn Biotech Ltd, 20-6400-50. 

Triton X100 – Sigma, T8787. 

Tryple express – Gibco, 12604-013. 

TWEEN 20 – Sigma, P9146. 

Wizard® Plus SV Minipreps DNA purification system – Promega, A1460. 

Wizard® SV Genomic DNA purification system – Promega, A2360. 
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Buffers and solutions 
 
10 % acrylamide resolving gels – 370 μM Tris (pH 8.8), 10 % (v/v) acrylamide, 0.1 % 

(v/v) SDS, 0.1% (v/v) APS, 0.05 % (v/v) TEMED, diluted in ddH2O. 

10 % acrylamide stacking gels – 125 μM Tris (pH 6.8), 4 % (v/v) acrylamide, 0.1 % 

(v/v) SDS, 0.1 % (v/v) APS, 0.2 % (v/v) TEMED, diluted in ddH2O.  

LB agar plates – 17.5 g/l LB agar (Miller) powder, diluted in ddH2O with antibiotic as 

stated in methods. 

LB broth – 12.5 g/l LB broth with agar (Lennox) power, diluted in ddH2O with antibiotic 

as stated in methods.  

Ponceau S stain – 0.5 % (w/v) Ponceau S, 1 % (v/v) acetic acid, diluted in ddH2O. 

RIPA – 50 nM Tris (pH 8), 150 mM sodium chloride, 1% (w/v) IGEPAL, 0.5% (w/v) 

sodium deoxycholate, 0.1% (w/v) SDS, diluted in ddH2O. 

Running buffer – 1X Tris-glycine SDS, diluted in ddH2O.  

Transfer buffer – 1X Tris-glycine with 20 % (v/v) methanol, diluted in ddH2O.  

Sample loading buffer – 150 mM Tris-HCl (pH 7), 25% glycerol, 12% SDS, 0.05% 

bromophenol blue and 6% b-mercaptoethanol. 
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8.2 Appendix B 

Table 8.1. Mutations in TGFBI associated to corneal dystrophies reported in the literature. 
Adapted from (Nielsen et al., 2020). 

Exon 
Protein 
domain Mutation Corneal Dystrophy Reference 

4 FAS-1-1 p.V113I GCD1 Zenteno et al. (2006)  

4 FAS-1-1 p.V113I/L558P LCD Ann et al. (2017)  

4 FAS-1-1 p.D123H GCD (atypical) Ha et al. (2003)  

4 FAS-1-1 p.R124C LCD1 Munier et al. (1997) 

4 FAS-1-1 p.R124C/G470Ter LCD1 Sakimoto et al. (2003) 

4 FAS-1-1 p.R124C/A546D LCD Cao et al. (2017) 

4 FAS-1-1 p.R124H GCD2 Munier et al. (1997) 

4 FAS-1-1 p.R124H/Y88C GCD2 Jun et al. (2021) 

4 FAS-1-1 p.R124H/P130Ter GCD2 Yam et al. (2012) 

4 FAS-1-1 p.R124H/H174D Severe GCD2 Jun et al. (2021) 

4 FAS-1-1 p.R124H/R179Ter GCD2 Song et al. (2015) 

4 FAS-1-1 p.R124H/I247N Severe GCD2 Jun et al. (2021) 

4 FAS-1-1 p.R124H/R257P Severe GCD2 Jun et al. (2021) 

4 FAS-1-1 p.R124H/N544S GCD2-LCD Yamada et al. (2009) 

4 FAS-1-1 p.R124L RBCD Okada et al. (1998)  

4 FAS-1-1 
p.R124L/T125-

E126del GCD (atypical) Dighiero et al. (2000)  

4 FAS-1-1 p.R124S GCD1 Stewart et al. (1999) 

4 FAS-1-1 p.E131D Unknown Foja et al. (2016) 

11 FAS-1-3 p.R496W LCD4 Kawasaki et al. (2011) 

11 FAS-1-3 p.P501T LCD3a Yamamoto et al. (1998) 

11 FAS-1-3 p.M502V Unknown Zenteno et al. (2009)  

11 FAS-1-3 p.M502V/R555Q TBCD (atypical) Niel-Butschi et al. (2011) 

11 FAS-1-4 p.V505D LCD1 Tian et al. (2005)  

11 FAS-1-4 p.L509P GCD2/LCD1 Gruenauer-Kloevekorn et al. (2009) 

11 FAS-1-4 p.L509R LCD (atypical) Niel-Butschi et al. (2011) 

11 FAS-1-4 p.R514P/F515L LCD1 Zhong et al. (2010)  

11 FAS-1-4 p.S516R GCD1 (atypical) Paliwal et al. (2010) 

12 FAS-1-4 p.L518P LCD1 Endo et al. (1999) 

12 FAS-1-4 p.L518R LCD1/3a Munier et al. (2002)  

12 FAS-1-4 p.V519delinsGG RBCD Kheir et al., (2019)  

12 FAS-1-4 p.I522N LCD1 Zhang et al. (2009)  

12 FAS-1-4 p.S524C 
Late onset Bowman's layer 

CD Chen et al., (2020)  

12 FAS-1-4 p.L527R LCD4 Fujiki et al. (1998) 

12 FAS-1-4 p.T538R LCD1 Yu et al. (2006) 

12 FAS-1-4 p.T538R LCD1/3a Munier et al., (2002) 

12 FAS-1-4 p.V539D LCD1 Chakravarthi, et al.,  (2005)  

12 FAS-1-4 p.F540S LCD3a Stix et al. (2005) 
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12 FAS-1-4 p.F540del RBCD/LCD1/3a Rozzo et al. (1998) 

12 FAS-1-4 p.P542R LCD Cho et al. (2012) 

12 FAS-1-4 p.N544S LCD Mashima et al. (2000) 

12 FAS-1-4 p.A546D LCD (atypical) Eifrig et al., (2004) 

12 FAS-1-4 p.A546D/P551Q LCD1 Klintworth et al. (2004) 

12 FAS-1-4 p.A546T LCD3a Dighiero et al. (2000) 

12 FAS-1-4 p.F547C GCD Foja et al. (2016) 

12 FAS-1-4 p.F547S LCD Takács et al. (2007) 

12 FAS-1-4 p.R548P LCD Chae et al. (2016) 

12 FAS-1-4 p.A549T/R555W GCD1 Frising et al., (2006)  

12 FAS-1-4 p.L550P GCD2 Zenteno et al. (2009) 

12 FAS-1-4 p.L550P/H626R GCD2 (atypical) Zenteno et al. (2009) 

12 FAS-1-4 p.R555Q TBCD Munier et al. (1997) 

12 FAS-1-4 p.R555W GDC1 Munier et al. (1997) 

12 FAS-1-4 p.L558P LCD (atypical) Pampukha et al.,  (2009)  

12 FAS-1-4 p.L558R LCD Dudakova et al. (2016)  

12 FAS-1-4 p.L559V GCD (atypical) Paliwal et al. (2010) 

13 FAS-1-4 p.L565H LCD Zhang et al. (2019) 

13 FAS-1-4 p.L565P LCD Ołdak et al. (2014) 

13 FAS-1-4 p.L569Q LCD Song et al., (2015) 

13 FAS-1-4 p.L569R LCD1 Warren et al. (2003)  

13 FAS-1-4 p.H572R LCD1 Atchaneeyasakul et al. (2006) 

13 FAS-1-4 p.H572del LCD Aldave et al.,  (2006) 

13 FAS-1-4 p.S591Y TBCD/GCD Benbouchta et al. (2021) 

13 FAS-1-4 p.G594V LCD4 Chakravarthi et al., (2005) 

14 FAS-1-4 p.V613G LCD Niel-Butschi et al. (2011) 

14 FAS-1-4 p.V613-P616del LCD Yang et al., (2010) 

14 FAS-1-4 p.M619L GCD2 Aldave et al. (2008) 

14 FAS-1-4 p.A620D LCD1/3a Lakshminarayanan et al. (2011) 

14 FAS-1-4 p.A620P LCD3a Jung et al. (2014) 

14 FAS-1-4 p.T621P LCD3a Song et al., (2015) 

14 FAS-1-4 p.N622H LCD1/3a Stewart et al. (1999) 

14 FAS-1-4 p.N622K LCD3a Munier et al. (2002) 

14 FAS-1-4 p.V624M LCD (atypical) Afshari et al. (2008) 

14 FAS-1-4 p.V624-V625del LCD (atypical) Chakravarthi et al., (2005) 

14 FAS-1-4 p.V625D LCD1 Tian et al. (2007) 

14 FAS-1-4 p.H626P RBCD-TBCD/LCD Munier et al. (2002) 

14 FAS-1-4 p.H626R LCD1/3a Stewart et al. (1999) 

14 FAS-1-4 p.V627Sfs*44 LCD3a Munier et al. (2002) 

14 FAS-1-4 p.T629insNVP LCD1/3a Schmitt–Bernard et al. (2000)  

14 FAS-1-4 p.V631D LCD Munier et al. (2002) 
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8.3 Appendix C 

8.3.1 pSpCas9(BB)-2A-GFP (PX458) plasmid map 

 
Figure 8.1.pSpCas9(BB)-2A-GFP plasmid map. The maps correspond to the plasmid construct 
used to clone the two guide oligonucleotides (ssRNA) used for the CRISPR/Cas9 edition of the 
control (BJ) line to generate the knock-out (C-KO) line. The top schematic shows a zoomed 
representation of the exact region where the ssRNA were inserted, following a restriction enzyme 
approach using BbsI digestion. 
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8.3.2 CRISPR Off-target analysis results 
 

 
Figure 8.2. Sequencing results for the top 8 potential off-target locations. Chromatograms of 
KO (bottom) and its isogenic control line (top) where compared to confirm no changes in the top 8 
predicted off-target locations, as a result of the CRISPR/Cas9 editing process. The boxed area 
represents the predicted genomic hit for each case. 
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Table 8.2. Primer sequences used to screen for off-target effects post CRISPR/Cas9 
editing. Primers were designed to amplify the region containing the genomic hit, in the predicted 
off-target locations. Mismatches between the sgRNA and the off-target sequence are highlighted 
in red. 

Gene/Genomic 
location 

Genomic hit Forward Primer Reverse Primer 

FMN1 
ENSG00000248905 (-) 

TCAATCTGTGTAC
AGCTGAG 

TGGCTTCCCAAAGT
GCTGG 

CACCTCAGACAAC
CCACGTT 

ATP5O 
ENSG00000241837 

GCCGTCCTTGAAC
GGCTGAG 

TAGATGCATGTCGT
GTCCCC 

AACCCGAGAAAAC
GTACCAT 

TBL1X 
ENSG00000101849 

GCAGTCCGTGGA
CGCCTGAG 

CTCTGGCATGAGG
TGGGAAG 

CCAAAATGGCCAA
GGCACTC 

AMBRA1 
ENSG00000110497 

GCGCTCCGTGGA
GGGCTGAG 

TTTCCTGCACATGC
TGTCCT 

CAGAGCGGGAGTT
CAGACTG 

C2orf48 
ENSG00000163009 

TGGCTCCATGCAC
AGCTGAG 

AAGTCTCACGTTGT
GGGAGG 

TTGGGTTAGTGCTG
CTCTGG 

chr11:11781034-
11781053 in gh38 

ATGGTGCGTGTAC
ATCTGAG 

GTCAAGGGTCTGC
CATCCAA 

CACTGCACAGGAC
ACCTTGT 

chrX:130171181-
130171200 in gh38 

CCGGGGCCTGTA
CAGCTGAG 

ACATTCAGAGGATG
GGTGCG 

TATAGGTTTCGGGC
TCCCCA 

chr2:239464905-
239464924 in gh38 

GGTGTCCGCGGA
CAGCTGAG 

CATCTGCCAGTTG
GAGACCT 

CGCCATAGGAGAG
GAGGAGA 
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8.4 Appendix D 

Script for the analysis of the NGS result files (run in Python)  

 
import os 
os.listdir(r'LOCATION ') 
for info in os.listdir(r'LOCATION '): 
    domain = os.path.abspath(r'LOCATION ') 
    info = os.path.join(domain, info) 
    info = open(info, 'r') 
    a = info.read() 
    info.close() 
    WT = a.count('WT_SEQUENCE') 
    R555Q = a.count('MUTANT_SEQUENCE') 
    print('WT: ', WT) 
    print('MUT: ', MUT) 
 
 
Where: 

• LOCATION – location of the folder containing the .fastq files generated as a 

result of the NGS experiment. 

• MUTANT_SEQUENCE – 11 bp sequence containing the mutation, that would 

allow for identification 

• WT_SEQUENCE – equivalent region to the MUTANT_SEQUENCE, containing 

the WT sequence. 

 


