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Abstract  

TGFBI corneal dystrophies (CDs) are autosomal dominant inherited diseases with 

distinctive phenotype-genotype correlations, however, the underlying mechanism of 

these conditions are poorly understood. TGFBI CDs are characterised by the 

accumulation of TGFBI positive protein deposits in the sub-epithelial, Bowman and/or 

stromal layers of the cornea, presenting with painful corneal erosions and visual 

impairment. Current surgical treatments do not target the underlying genetic cause of the 

disease and symptoms commonly reoccur; therefore, alternative therapeutic approaches 

are required. In order to facilitate the investigation of TGFBI CD pathogenesis and 

provide an appropriate platform for therapeutic screening, patient-derived in vitro models 

offer a compelling approach.  

A genetic study of TGFBI CD cases at the Moorfields Eye Hospital patient cohort (n=120) 

demonstrated that around 1/3 of cases have mutations at the p.R124 hotspot of the 

TGFBI gene. Fibroblasts from four individuals with heterozygous p.R124C or p.R124H 

mutations, presenting with Lattice Corneal Dystrophy I and Granular Corneal Dystrophy 

II, respectively, were obtained and reprogrammed into iPSC. Wild type (WT) and a 

CRISPR/Cas9-edited TGFBI knockout iPSC cell lines were cultured in parallel. The 

endogenous expression of the pluripotency markers Oct4, Nanog, SSEA4 and Tra-1-81 

was confirmed in all iPSC lines. All iPSC lines were differentiated to corneal epithelial-

like cells and characterised for the transcript and protein expression of corneal epithelial 

markers such as K14, K3, P63 and PAX6 throughout key differentiation time points. Bulk 

RNA sequencing was carried out on day 21 of differentiation to investigate potential 

mechanisms of dysregulated transcription underlying disease, and provided insight into 

potential disease mechanisms.  

Antisense oligonucleotides (ASOs) were designed to specifically reduce the expression 

of TGFBI in a mutant-specific manner by triggering RNase H-mediated degradation of 

the mutant transcript. ASO treatment resulted in a 20-40% decrease of total TGFBI 

transcript levels. Targeted next generation sequencing demonstrated allele specificity of 

the ASOs and confirmed their efficacy.  

In summary, patient-derived iPSC-derived corneal epithelial-like models have been 

developed and characterised for the investigation of molecular mechanisms underlying 

TGFBI CDs and to test therapeutic approaches. ASOs targeting the p.R124 hotspot 

mutations effectively reduced the expression of the mutant allele of TGFBI, therefore, 

representing a promising targeted therapeutic approach for TGFBI CDs. 
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Impact statement  

TGFBI corneal dystrophies (CDs) make up a group of autosomal dominant CDs that 

affect the corneal epithelium and stroma, manifesting with symptoms during the first and 

second decades of life. Missense mutations in the TGFBI gene cause the progressive 

accumulation of the TGFBI protein in the anterior cornea, and at least 78 different 

pathogenic variants have been reported. TGFBI CD patients experience corneal 

opacification, leading to visual impairment, often accompanied with painful corneal 

erosions. Currently available treatments do not target the underlying genetic cause of 

disease thus, symptoms reoccur.  

Through the recruitment and genetic screening of TGFBI CD patients to the current 

study, the patient profiles presented underscore the necessity for a preventative 

treatment that targets the underlying genetic cause of disease. Complimentary to clinical 

examination, genetic screening of the patients highlights the importance of providing 

individuals with a correct diagnosis, appropriate disease management and family 

counselling. Further, common surgical procedures for the correction of ocular refractive 

errors are contraindicated for some forms of TGFBI CD, thus, the implementation of 

routine genetic screening prior to such procedures can help avoid unnecessary 

complications and vision deterioration. Genetic confirmation of the TGFBI CD-causative 

mutation also provides the basis for the development of a patient-tailored gene-directed 

therapeutic.  

There is a lack of knowledge on the function of TGFBI in CD and non-CD contexts. This 

is likely due to the clear interspecies differences in TGFBI expression between humans 

and the commonly used mouse models. Previously developed mouse models of TGFBI 

CD do not present with comparable symptoms to those observed in humans. In order to 

address this limitation and complement existing TGFBI models reported in the literature, 

somatic cells from patients harbouring two of the most common CD-causative mutations, 

p.R124C and p.R124H, were obtained, enabling the generation of a patient-derived in 

vitro induced pluripotent stem cell (iPSC)-corneal epithelial cell-like model. 

This model enabled CD-mutant vs wild type comparisons of transcriptomic signatures in 

a relevant genetic and cellular context. These comparisons not only demonstrated the 

utility of such models in the elucidation of potential disease-related pathways, but also 

provided critical insights into the study's limitations, thereby facilitating the optimisation 

of experimental setups. The data presented in this study raises crucial questions 

regarding the pathogenesis of TGFBI CDs and provides a clear direction for future 
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experiments aiming to understand the underlying dysfunction of TGFBI in these 

conditions. 

Finally, the development of a gene-directed antisense oligonucleotide therapeutic, 

demonstrated to be effective in reducing the expression of the TGFBI gene in an allele-

specific manner using the in vitro corneal epithelial cell-like model, represents an 

advance in the development of a practical therapeutic that holds promise for TGFBI CD 

patients. Currently available treatments consist of laser ablation of protein deposits 

located in the anterior cornea, or corneal transplantation for the treatment of deposits 

located deeper into the stroma. Corneal transplantation is subject to tissue availability, 

requires significant recovery time and can result in complications such as graft rejection. 

Further, recurrence of disease symptoms is commonly noted following such treatments. 

By specifically targeting the CD-causative genetic mutation, the ASOs developed have 

the potential to prevent the deterioration of vision for affected patients, enhancing their 

quality of life. This would also reduce the need for surgical intervention and the 

associated complications, easing the medical burden posed by these treatments. The 

implementation of ASO treatment for TGFBI CDs can facilitate the acceleration of 

research by paving the way for similar approaches in other genetic disorders. This 

advancement can contribute to broader advancements in precision medicine and 

personalised treatments, benefiting patients with various genetic conditions beyond 

TGFBI CDs. 
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Chapter 1: Introduction  
1.1 The human cornea  

The cornea, classically described as the window of the eye, is the transparent avascular 

tissue positioned at the outermost ocular surface. It is a vital component of the visual 

system, providing 2/3rd of the refractive power of the eye, whilst also functioning as a 

structural barrier and providing protection against the environment and infection 

(DelMonte & Kim, 2011). The cornea, sitting in front of the iris and pupil, is located in the 

anterior segment of the eye (Figure 1.1A). The anterior portion of the cornea, the corneal 

epithelium, is connected to the conjunctiva which lines the sclera and the inner surface 

of the eyelids. The posterior portion of the cornea is continuous with the sclera. The 

border of the cornea, where it meets the conjunctiva and sclera, is called the limbus.  

Maintaining the clarity of the cornea is dependent on the precise balance of cellular 

components and extracellular matrix factors that altogether, enable light to travel through 

the eye to stimulate the photoreceptor cells of the retina. As the cornea is avascular, it 

absorbs oxygen and nutrients through direct contact with the tear film and aqueous 

humour. It is one of the most densely innervated tissues in the human body (Marfurt et 

al., 2010). The abundance of sensory neurons in the cornea work to protect the eye by 

eliciting a palpebral reflex which shuts the eyelids in response to various thermal, 

mechanical, and chemical stimuli. Corneal nerves also work to release trophic 

substances essential for maintaining the integrity of the corneal epithelium and wound 

healing, such as, neuropeptides, neurotrophins, and growth factors (T. Nishida, 2005). 

The human cornea is made up of 5 distinct layers, comprised of 3 cellular layers: the 

epithelium, stroma and endothelium; and 2 acellular layers: Bowman’s layer and 

Descemet membrane (Figure 1.1B). The cornea can also be divided into a central portion 

and a peripheral portion. 
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Figure 1.1 Anatomy of the eye and the cornea. A) The eye is divided into a posterior segment 
which includes the retina, sclera, choroid, fovea and optic nerve; and an anterior segment which 
includes the cornea, pupil and iris. B) A histological section of a healthy human adult cornea 
displaying its five layers. The epithelium, Bowman’s layer, stroma and its sparse keratocytes, 
Descemet membrane and the single layer of endothelium are shown (adapted from Hogan & 
Zimmerman pg. 278, 1953). 

1.1.1 Corneal epithelium  
The epithelium is the anterior-most layer of the cornea, leaving it directly exposed to the 

pathogens and irritants of the external environment, as well as desiccation. It is a lipoidal 

tissue consisting of 5-6 cellular layers of nonkeratinized stratified squamous epithelia, 

which are bathed in tear film produced by conjunctival goblet cells. The epithelium 

represents slightly less than 10% of the cornea’s total thickness and is comprised of 

three types of epithelial cells: basal, suprabasal and superficial cells (Figure 1.2). The 

corneal epithelium undergoes a continuous process of cell renewal, superficial epithelial 

cells eventually desquamate and are shed, being replaced by younger terminally 

differentiated cells.   
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Figure 1.2 Illustration of the corneal epithelium and components of the human ocular 
surface epithelium. The superficial cells of the corneal epithelium are arranged in 2-3 layers that 
are connected by tight junctions. On their apical cell membrane are microvilli protrusions which 
secrete and are bathed in charged glycocalyx. The suprabasal cells of the corneal epithelium are 
arranged in 2-3 layers. The basal cells of the corneal epithelium are arranged in a single layer 
and are connected to the basement membrane through hemidesmosomes. 

The outermost superficial epithelial cells, organised in 2-3 layers, are flat (squamous) 

and polygonal, on their apical cell membrane they are bordered by tight junctions and 

have microvilli protrusions which increase their cellular surface area and secrete charged 

glycocalyx. The carbohydrate enriched glycocalyx coating of these cells closely interacts 

with the hydrophilic tear film, enabling the spreading of the film with each blink to allow 

for normal vision (Sridhar, 2018).  

Directly posterior to the superficial cell layer is the suprabasal cell layer, they are also 

polygonal in shape and are composed of 2-3 layers of cells. 

Basal cells make up the posterior-most layer of the corneal epithelium, they have a 

columnar morphology and are anchored by hemidesmosomes to the basement 

membrane. The epithelial basement membrane is an acellular, highly specialised 

extracellular matrix positioned posterior to the basal epithelial cells and anterior to 

Bowman’s layer. The primary components of the corneal epithelial basement membrane 

are collagens, laminins, heparan sulfate proteoglycans and nidogens (Tuori et al., 1996).  

1.1.2 Bowman’s layer  
Bowman’s layer is an acellular non-regenerating extracellular matrix (ECM) layer, 

located between the corneal epithelium and stroma. It is made up of randomly interwoven 

collagen fibrils, with its smooth anterior surface positioned towards the epithelial 
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basement membrane, and its posterior surface integrated into the collagen lamellae of 

the corneal stroma. This layer is around 8-12µm thick in the adult and becomes thinner 

with age (Worthen, 1972).  

1.1.3 Corneal stroma 
The corneal stroma is a tough, collagenous tissue which sits posterior to Bowman’s layer 

and anterior to Descemet’s membrane. It is a mesenchymal tissue that originates from 

the periocular neural crest. The stroma provides the cornea with its mechanical stability 

and contributes to its transparency. The stroma accounts for around 90% of the human 

cornea thickness, and mostly consists of an ECM comprised of around 200 organised 

lamellae of tightly packed collagen fibrils, made up of type I and V heterodimers, as well 

as glycoproteins and highly sulfated proteoglycans, such as decorin, lumican, mimecan 

and keratocan (Torricelli & Wilson, 2014). Collagen type V is situated at the centre of the 

collagen fibrils and type I coats the fibril surface (Ehlers, & Hjortdal, 2005). Proteoglycan 

turnover appears to take several months, with collagen taking even longer. Lesions of 

the stromal collagen and of Bowman’s layer never regain their original structure (Ehlers 

& Hjortdal, 2005). 

The orderly arrangement of stromal collagen is necessary for corneal transparency 

(Figure 1.3). Lamellae arrangement in the stroma differs from its anterior portion to its 

posterior portion. Lamellae in the anterior stroma are dense and highly interwoven, with 

most appearing to protrude into Bowman’s layer (Morishige et al., 2006; Radner et al., 

1998). Lamellae in the posterior stroma are less interlaced and are more hydrated than 

in the anterior portion. The collagen fibrils which are packed into bundles, cross at right 

angles in the posterior region of the stroma, whereas those in the anterior portion cross 

at oblique angles (Ehlers, & Hjortdal, 2005). The precise lattice-like structure of the 

stroma is thought to cause minimal light scattering, enabling the cornea to refract and 

transmit light to the lens and retina.  

Evenly distributed between collagen lamellae are flat keratocytes (corneal stromal cells) 

which make up around 3-5% of stromal volume and are responsible for secreting the 

components of the extracellular matrix (DelMonte & Kim, 2011; Torricelli & Wilson, 2014). 

Following birth, the number of keratocytes undergoing mitosis decreases in rats, and at 

the time of eyelid opening, keratocytes have withdrawn from the cell cycling process and 

become quiescent (Zieske, 2004). Keratocytes have slim processes which form gap 

junctions with neighbouring cell surfaces, enabling communication (Ehlers, & Hjortdal, 

2005). The majority of keratocytes are found in the anterior stroma, and key to their 

function is their expression of water-soluble crystallin proteins which maintain corneal 
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transparency (Jester et al., 1999). Corneal stromal stem cells have been identified in the 

corneas of mice, rabbits and humans (Amano et al., 2006; Du et al., 2005, 2009; Yoshida 

et al., 2006). These cells likely reside in the stromal portion of the limbus and are 

speculated to be identical to the so called limbal niche cells (Pinnamaneni & 

Funderburgh, 2012; see Section 1.1.6: Peripheral cornea (limbus). These cells are 

thought to function to support the potency of limbal stem cells and have also shown the 

capacity to differentiate into functional corneal stromal cells (Du et al., 2009; J. Wu et al., 

2012).  

 

 
Figure 1.3 Block diagram and transmission electron micrograph of the corneal stroma. A) 
Block diagram of the cornea illustrating stromal lamellae arranged orthogonally and flat 
keratocytes (Ehlers, & Hjortdal, 2005). B) Transmission electron micrograph of a miniature swine 
corneal stroma at high magnification. Stacks of lamella (L) are displayed, within which, collagen 
fibres (C) are orientated orthogonally to the adjacent lamellae (Abhari et al., 2018). 

1.1.4 Descemet membrane 
The acellular Descemet membrane, found posterior to the corneal stroma and anterior 

to the endothelium, forms the basement membrane of the corneal endothelium. This 

membrane is made up of two layers: an anterior banded layer, composed of collagen 

types VIII and IV, and a posterior nonbanded layer which is secreted by the endothelium 

(Levy et al., 1996; Murphy et al., 1984). The corneal endothelium and Descemet 

membrane have a bidirectional relationship, with the health of the endothelium reliant on 
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a functional, intact Descemet membrane, and healthy endothelial cells required for the 

secretion of the Descemet membrane (M. Ali et al., 2016). Descemet membrane plays 

an important role in supporting the corneal endothelium following endothelial injury (J. 

Chen et al., 2017; Medeiros et al., 2019). 

1.1.5 Corneal endothelium  
The corneal endothelium is a monolayer of flat, polygonal, mitochondria-rich cells, which 

line the posterior surface of the cornea and face the anterior chamber of the eye. The 

main functions of this layer are to maintain the clarity and health of the stroma through 

control of stromal hydration levels (stromal deturgescence), while remaining permeable 

to nutrients and other molecules found in the aqueous humour of the anterior chamber 

(Bourne, 2003). Corneal endothelial cells are very metabolically active in order to support 

their water transportation function; however, they lack the capacity to regenerate in vivo 

and cell loss due to aging leads to stromal edema and corneal opacification. 

1.1.6 Peripheral cornea (limbus) 
The corneal limbus resides at the border between the clear cornea and the 

conjunctiva/sclera. It is a transitional zone that contains numerous components, 

including blood vessels and nerves along with limbal stem cells (LSCs) in the basal layer 

and other cell types, which make up the limbal stem cell niche (LSCN) (Figure 1.4). LSCs 

are quiescent cells that have the ability to differentiate into mature corneal epithelial cells 

(discussed in detail in Chapter 4, Section 4.1.2), thus they play a vital role in the repair, 

maintenance and homeostasis of the cornea. 

The microenvironment of the limbus is different to that of the central cornea, one of the 

most striking differences being the presence of blood vessels in the limbus. Furthermore, 

while the structure of the central cornea is arranged in a flat and uniform manner, 

enabling light refraction, the limbus contains a series of vertical ridges called the 

palisades of Vogt. The blood vessels form an undulating network within the palisades of 

Vogt, providing the stem cells with oxygen and nutrients. Apart from LSCs, the LSCN 

contains melanocytes which provide UV protection (Davanger & Evensen, 1971; Higa et 

al., 2005), antigen presenting Langerhan's cells (Baum, 1970) and neural crest-derived 

limbal niche cells (LNCs) (Polisetti et al., 2023) which function to support LSCs and 

prevent them from differentiating (G. G. Li et al., 2012; Y. Li et al., 2014).  

Research has shown that substrate stiffness can influence stem cell differentiation 

(Engler et al., 2006) and that the limbus is substantially less rigid than the central cornea 

(Gouveia et al., 2019) indicating that specific biomechanics also contribute to the 

microenvironment of the LSCN. Substrate stiffness has also been shown to affect cell 
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movement, fibroblasts move from soft substrates towards stiffer ones, a concept known 

as durotaxis (Lo et al., 2000). In the same way, the unidirectional movement of the cells 

of the limbus to the central cornea may be influenced by the substrate stiffness gradient 

(Eberwein & Reinhard, 2015). 

 
Figure 1.4 The limbal stem cell niche. The limbus resides between the conjunctiva and the 
cornea. The limbal stem cell niche (LSCN) is localised to the basal layer of the limbus and is 
comprised of multiple cell types. Limbal stem cells divide and give rise to limbal progenitor cells 
which give rise to transit amplifying cells that migrate centripetally to the central cornea, dividing 
along the way, giving rise to cells of the corneal epithelium. Other cell types in the LSCN include 
antigen-presenting Langerhans cells, melanocytes which provide UV protection and neural crest-
derived limbal niche cells – all of which contribute to the microenvironment of the LSCN. Blood 
vessels are also located in the LSCN, allowing nutrient and metabolic waste transfer, along with 
nerve projections. Additionally, stromal keratocytes are present in the stromal limbus, which 
synthesise and secrete the limbal ECM.  

1.1.7 Development of the cornea  
The development of the cornea is directly coordinated with the development of other 

ocular anterior structures. During vertebrate embryonic development, the 

morphogenesis of the cornea occurs through a coordinated multistage process 

comprised of cellular interactions between different ectodermal-derived tissues, 

specifically, between the surface and neural ectoderm and the periocular mesenchyme 

derived from the neural crest. Failure of these interactions results in ocular defects. 
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At around day 32 of human gestation, interactions between the surface ectoderm and 

the underlying optic vesicle of the neural ectoderm cause the surface ectoderm to thicken 

and form the lens placode. The lens placode and optic vesicle invaginate in coordination, 

resulting in the detachment of the lens placode from the surface ectoderm and the joining 

together of the lateral ends of the lens placode to form the lens vesicle. The lens vesicle 

subsequently forms the lens and the optic vesicle forms the optic cup, while the overlying 

surface ectoderm forms the presumptive corneal epithelium (Figure 1.5).  

 
Figure 1.5 Illustration depicting the embryology of the eye. A) During early stages of eye 
development, the interactions between the surface ectoderm and the underlying optic vesicle of 
the neural ectoderm cause the surface ectoderm to thicken and form the lens placode. B) The 
lens placode and optic vesicle invaginate in coordination, resulting in the detachment of the lens 
placode from the surface ectoderm and the joining together of the lateral ends of the lens placode 
to form the lens vesicle. The optic vesicle forms the optic cup which is made up of two connected 
crescent shaped layers. C) The lens vesicle subsequently forms the lens and the overlying 
surface ectoderm is the presumptive corneal epithelium. Neural crest cells migrate to meet the 
presumptive corneal epithelium to form stromal and endothelial layers of the cornea. The inner 
layer of the optic cup gives rise to the neural retina and the outer layer gives rise to the retinal 
pigmented epithelium (RPE). Image adapted from R. R. Ali & Sowden (2011). 

This process is tightly regulated by transcription factors essential for the proper 

morphogenesis of the eye, with each event allowing the initiation of the next. For 

instance, surgical removal of the pre-lens ectoderm results in failure of optic vesicle 

invagination (Hyer et al., 2003).  

Bone morphogenic proteins (BMPs) are essential for lens specification and 

differentiation. BMP4 and BMP7 are activated sequentially before and at the time of lens 

placode induction, respectively, but are then completely excluded from the imminent 

successive stages of lens formation (Dudley & Robertson, 1997; Furuta & Hogan, 1998). 

The retinal homeobox protein Rx (Rax), is essential for optic cup development. From E9, 

Rax null mice do not undergo optic cup development and are born without visible eye 
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structures (Mathers et al., 1997). Six3 is vital for lens formation, early conditional deletion 

of the gene encoding this protein in the presumptive lens ectoderm results in reduced 

lens size or absence of the lens, as well as defective optic vesicle morphogenesis (W. 

Liu et al., 2006). During this developmental stage, expression of the master regulator of 

the eye, Pax6, is regulated by Six3, and conditional removal of Six3 from the presumptive 

lens ectoderm prevents the activation of Pax6 resulting in its downregulation (W. Liu et 

al., 2006). 

Both the lens vesicle and the overlying ectoderm express PAX6, which functions to 

regulate the expression of many transcription factors essential for ocular development 

and remains prominently expressed in the adult corneal epithelium (Collinson et al., 

2003; Koroma et al., 1997). Following its formation, the lens vesicle and the overlying 

ectoderm press together, with the anterior ectoderm becoming the presumptive corneal 

and conjunctival epithelium. Committed corneal epithelial cells express the keratin 

protein pair keratin 3 and keratin 12 (K3/K12), with evidence suggesting that PAX6 

stimulates the activity of the K12 promoter (Chaloin-Dufau et al., 1990; J. J. Liu et al., 

1999). 

During the 7th week of human gestation, multipotent mesenchymal neural crest cells 

derived from the fused together lateral tips of the neural tube following neurulation, 

migrate into the space between the lens and primitive corneal epithelium. This 

subsequently forms the corneal stroma, endothelium, iris and trabecular meshwork. In 

human corneal development, the mesenchymal cell migration occurs in three waves: the 

first gives rise to the corneal and trabecular meshwork endothelium; the second wave to 

the stromal keratocytes; and the third to the development of the iris (Eghrari et al., 2015).  

Transforming growth factor beta (TGFβ) signalling is essential for the development of 

ocular structures derived from neural crest cells. Tissue-specific inactivation of TGFβ2 

signalling in mice resulted in the development of corneas that lack an endothelial layer 

and have abnormal formation of the stroma (Ittner et al., 2005). Furthermore, expression 

of PITX2 is required for the specification of the endothelium and stromal cell fates, and 

for establishing the angiogenic privilege of the cornea (Gage et al., 2014). 

The mature corneal epithelium does not develop until the opening of the eyelids, at 

approximately week 24 of gestation in humans (Pansky, 1982). At this point, the posterior 

basal epithelial cells change from flattened ovoid shapes, into cuboidal shapes arranged 

in a columnar formation. These cells migrate anteriorly, while differentiating and forming 

the wing cell layer and the anterior superficial layer of the cornea. 
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1.1.8 Regeneration and maintenance of the corneal epithelium 
The corneal epithelium is the only component of the cornea that undergoes both 

maintenance and injury-induced regeneration (Stocum, 2006). Maintenance of the ocular 

surface epithelium is necessary for proper vision. Cells of the corneal epithelium are 

continually sloughed off the tissue surface into the tear film and must be replaced to 

ensure cellular homeostasis. Under normal regenerative maintenance conditions in the 

mammalian corneal epithelium, its renewal takes 14-21 days (Haddad, 2000). The 

corneal epithelial mass remains constant under normal circumstances; therefore, it is 

expected that the rate of cellular addition must equal that of cellular loss (Sharma & 

Coles, 1989). As applications of genetic therapies in the treatment of monogenic 

diseases of the corneal epithelium progress, it is important to understand the population 

of cells that provide the tissue with its cellular integrity. This allows us to effectively target 

the correct population of precursive corneal epithelial cells, appropriately facilitating the 

prevention of corneal opacification and deterioration.  

Long-term labelling experiments using tritiated thymidine identified slow-cycling cells in 

the limbus which appeared to be responsible for maintaining the constant cellular mass 

of the corneal epithelium (Cotsarelis et al., 1989; Lehrer et al., 1998). In comparison to 

cells of the basal corneal epithelium, cells of the basal limbus are more diverse, with its 

LSC subpopulation being smaller in size and euchromatin-rich, with a high nucleus to 

cytoplasm ratio (Z. Chen et al., 2004; D. Q. Li et al., 2021; Romano et al., 2003). LSCs 

are slow-cycling, quiescent cells that remain out of the cell cycle but have a high 

proliferation potential (D. Q. Li et al., 2021).Single cell RNA sequencing (scRNAseq) and 

quantitative lineage tracing of the murine limbal epithelium has allowed for a distinction 

between the two different LSC populations of the inner and outer limbus. LSCs of the 

outer limbus are quiescent and participate in wound healing, while LSCs of the inner 

peri-corneal limbus are more mitotically active and are responsible for maintaining 

corneal epithelial homeostasis (Altshuler et al., 2021).  

The trajectory from LSC to differentiated corneal epithelial is not completely clear, 

however a single cell RNA sequencing (scRNAseq) study that analysed cells of the 

corneal limbus, indicated that LSCs give rise to limbal progenitor cells (LPCs) which give 

rise to highly proliferative transit amplifying cells (TACs) (D. Q. Li et al., 2021; J. M. Li et 

al., 2021) (see Chapter 4, Section 4.1.2). The TACs would rapidly divide and eventually 

give rise to post-mitotic and then terminally differentiated corneal epithelial cells. 

Tamoxifen-inducible, CreER-loxP lineage tracing mouse studies have demonstrated that 

cells originating from the corneal limbus, likely TACs, migrate centripetally while dividing 

along the way (Di Girolamo et al., 2015; Dorà et al., 2015). 
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It is generally recognised that LSCs and their progenies are responsible for the cellular 

maintenance of the corneal epithelium. However, this has been a topic of debate, as 

some evidence indicated that the central cornea of several species contains highly 

proliferative cells. Surgical transplantation experiments in mice demonstrated that 

following the transplantation of labelled limbal epithelial tissue in the limbus of 

immunocompromised mice, labelled clones only appeared in the cornea if the host 

cornea had been excised (Majo et al., 2008). This implied that the LSCs were not active 

during normal maintenance of the cornea as no labelled clones appeared in the cornea 

in the absence of wounding. Additionally, the rabbit central cornea is able to survive for 

months following separation or removal of the limbus (Huang & Tseng, 1991; Kawakita 

et al., 2011). Further, a study that employed a K15-GFP transgene lineage tracing murine 

model demonstrated that 48 hours following the removal of the K15-GFP+ limbal 

epithelium, the limbus appeared healed but it did not express K15-GFP. Although, by 

day 30 post-injury, remarkable recovery of the K15-GFP pattern was evident in the 

limbus. However, following the removal of both the limbal and corneal epithelium, 

pathological healing of the cornea occurred, overall, indicating that cells of the corneal 

epithelium are able to migrate backwards to repair the limbus and then dedifferentiate 

into LSCs (Nasser et al., 2018). Reports of some patients with total LSC deficiency have 

demonstrated retention of central islands of the normal corneal epithelium for several 

years. These studies indicate that, in humans, the central cornea is able to maintain itself 

to a certain extent upon elimination of the limbus, implying that some cells of the central 

corneal epithelium retain mitotic properties and are able to act as progenitors. Although 

the cells of the corneal epithelium do appear to have a latent proliferative potential, it 

does not dispute that the limbus contains a suitable source of stem cells for corneal 

epithelial maintenance (J. D. West, 2015). On this basis, genetic therapies targeting 

diseases of the corneal epithelium, should not only be administrated to the central 

cornea, but also the corneal limbus to ensure gene expression is modified before the 

initiation of pathogenesis in terminally differentiated cells.  

1.2 The extracellular matrix 

Tissues of the body have their own unique and specialised ECM components and 

organisation, allowing each ECM to carry out tissue-specific roles. The ECM has 

essential roles in the regulation of development, function and homeostasis of all 

eukaryotic cells (P. Lu et al., 2011; Mecham, 2012; Rozario & DeSimone, 2010; H. Wang 

et al., 2022). As well as providing mechanical support, the ECM is actively involved in 

the establishment, separation, maintenance and nourishment of tissues and organs. 

Essential molecular ECM components are shared across tissues, yet the complex 
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structures they form and their unique modifications are highly tissue specific. The diverse 

functions of different ECM tissues are accomplished through its complex and tissue 

specific chemical composition and organisation (Naba et al., 2012). ECM components 

provide dynamic tissue organisation and are also signalling molecules in their own right. 

In the cornea, the epithelial basement membrane, Bowman’s layer, stroma and 

Descemet membrane all make up distinct ECM forms in the cornea, each with their own 

unique structural, compositional and functional characteristics. There are two main forms 

of ECM: the interstitial matrix and the basement membrane (Figure 1.6). The interstitial 

matrix is located under the basement membrane and found in the spaces between cells 

such as fibroblasts and other connective tissue cells. In contrast, basement membranes 

are specialised thin sheet-like structures that underlie polarised epithelia and endothelia. 

 
Figure 1.6 The interstitial matrix and basement membrane components of the extracellular 
matrix (ECM). The ECM is composed of various macromolecules, with fibrillar collagens, elastic 
fibres and proteoglycans being the main components of the interstitial matrix and collagen type 
IV, nidogens and laminins being major constituents of the basement membrane. Integrins are 
transmembrane receptors comprised of two subunits that connect the ECM to the cell 
cytoskeleton, enabling cells to sense and respond to their environment. 

Cells of the tissue are bound to the surrounding ECM structure by integrins, which are 

transmembrane receptors linked intracellularly to the cytoskeleton. They are comprised 

of an α and β subunit to form a heterodimer. Several genes code for different integrin 

isoforms. The RGD motif was identified as a general integrin binding motif, but individual 

integrins are also able to bind to specific protein domains. In addition to their roles as 
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cell-ECM anchors, integrins transmit signals into the cell, influencing processes such as 

migration, survival, differentiation and motility (Harburger & Calderwood, 2009).  

The fibrous proteins of the ECM, including collagens, fibronectins, laminins, and elastin, 

primarily play a structural role and are crucial for the appropriate functioning and integrity 

of various tissues throughout the body, including the human cornea. 

Collagens are the most abundant protein form in mammals accounting for ~30% of total 

protein mass (Baccetti, 1985). The collagen superfamily comprises 28 members. They 

are comprised of three polypeptide strands called α chains that are twisted together to 

form a left-handed triple helix structure and undergo processing in the formation of a 

functional collagen molecule. The diversity of the collagen family is accounted for by α 

chains of different sizes, several molecular isoforms and supramolecular structures for a 

single type of collagen, as well as different alternative promoters and alternative splicing 

(Ricard-Blum, 2011). Based on their structure and supramolecular architecture, 

collagens are grouped into fibrillar collagens, fibril associated collagens with interrupted 

triple helices (FACIT) and non-fibrillar types (Michelacci, 2003). Fibrillar collagens are 

the most common type, and are arranged in striated fibrils. FACIT collagens connect 

collagen fibrils to other ECM components or cells. Whereas non-fibrillar collagens form 

specific structures depending on tissue type. The most abundantly expressed collagens 

in the human cornea are type I, V, VI, XII, XIII, XIV and XXIV (Dyrlund et al., 2012; Meek, 

2009). 

The glycoprotein family is a large and diverse group of proteins that are modified with 

carbohydrate (glycan) molecules. There are many types of glycoproteins found within 

the ECM. Laminin and nidogen are abundant glycoproteins of basement membranes. 

Laminins are comprised of three disulfide-linked polypeptides – the α, β and γ chains, 

which are arranged in a cruciform-like structure with three short arms and one long arm 

(Macdonald et al., 2010). Laminins interact with cell surface receptors such as integrins 

and bind to other ECM components to provide structural support and tissue stability.  

Elastic fibres are ECM macromolecules that comprise an elastin core surrounded by 

glycoprotein fibrillin microfibrils which are responsible for providing tissues with 

deformability and recoil properties (Kielty et al., 2002). Elastin is encoded by the ELN 

gene, whereas human fibrillin proteins are encoded by three different genes, FBN1, 

FBN2 and FBN3. In the human cornea, elastin microfibril bundles are found within the 

corneal limbus and the posterior central stroma, with an especially high concentration 

immediately anterior to Descemet membrane (Lewis et al., 2016; White et al., 2017).  
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Fibronectin is a large glycoprotein that can exist in various forms, including a soluble 

plasma form and an insoluble form that is incorporated into the ECM. In the cornea, 

fibronectin is found in both forms, and its deposition and organization are tightly regulated 

to maintain corneal transparency and stability (Espana & Birk, 2020; Zollinger & Smith, 

2017). Fibronectin interacts with various ECM components and cell surface receptors, 

including integrins, which mediate cell adhesion and signalling (Labat-Robert, 2012; 

Zollinger & Smith, 2017). In the cornea, fibronectin helps to anchor corneal epithelial 

cells to the underlying basement membrane (Kimura et al., 2010; Torricelli et al., 2013). 

In addition to its structural role, fibronectin is also important for corneal wound healing 

and is shown to be upregulated during the healing process (Basu et al., 2014; Kadler et 

al., 2008; M. Nakamura et al., 1994). 

Proteoglycans (PGs) are heavily glycosylated protein that are made up of a ‘core 

protein’ bound to one or more glycosaminoglycan (GAG) chains. The GAG chains are 

highly negatively charged enabling them to attract and bind to positively charged ions 

and water molecules (Casale & Crane, 2019). This results in the formation of a hydrated 

gel-like substance that helps to cushion and support cells and tissues under mechanical 

stress. There are various types of PGs such as, small leucine-rich PGs, such as decorin, 

lumican, keratocan and biglycan; large aggregating PGs such as, aggrecan, versican, 

and brevican and cell surface proteoglycans such as, syndecans and glypicans. In the 

human cornea, highly expressed PGs include decorin, lumican, keratocan and biglycan 

(Dyrlund et al., 2012).  

Matrix metalloproteinases (MMPs) are a diverse group of calcium- and zinc-dependent 

endopeptidases involved in the degradation and remodelling of ECM components. 

MMPs are subcategorised into groups depending on their substrate specificity, with one 

group incorporating collagenases (MMP1, 8, 13) (Kaya et al., 2021). Some MMPs are 

also able to cleave non-ECM molecules such as growth factors and integrins (Page-

McCaw et al., 2007). Much of the research of MMPs in the cornea is focused on wound 

healing, although collagenases are expressed in small amounts during corneal 

homeostasis (Gabison et al., 2005). MMP expression is upregulated in response to 

penetrating corneal damage and is essential for wound healing (Couture et al., 2016; 

Sivak & Fini, 2002).  

1.3 Protein folding and aggregation  

Following translation from mRNA, proteins begin on a ribosome as a linear chain of 

amino acids. The linear sequence folds into its specific native conformation and this 

process is determined by the amino acid chain sequence and is guided by various 
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molecular regulatory mechanisms such as molecular chaperones. Native protein states 

usually always conform to structures that are the most thermodynamically stable under 

physiological conditions (Dobson et al., 1998). However, there are many possible folding 

conformations accessible to a polypeptide chain (Dill & Chan, 1997; Dobson et al., 1998; 

Wolynes et al., 1995). Incorrectly folded proteins are detected by quality control 

mechanisms and can be directed along a pathway such as the unfolded protein 

response, where they are marked by ubiquitination and degraded in the cytoplasm by 

proteosomes (Dobson, 2003). In some cases, proteins with a high propensity to misfold, 

likely due to mutational variants or environmental stresses, can escape the quality control 

mechanisms and give rise to intractable aggregates either within the cell or more 

commonly, in the extracellular space. 

Protein mis- or unfolding, leading to the formation and deposition of intracellular or 

extracellular insoluble supramolecular aggregates, is implicated in many types of human 

pathology. Many of the conformational changes of abnormally folded proteins are due to 

various types of Mendelian disease-causing mutations, which induce either a toxic gain 

of activity or loss of function of the encoded protein  

Protein aggregates can either have an amorphous or amyloid fibrillar morphology. All 

amyloid fibrils, even if derived from proteins without any similarity in sequence and 

conformation, share common morphological features. Amyloid fibrils are ordered 

aggregates composed of several thousand copies of relatively small proteins or shorter 

peptides arranged in a repeating cross-β-sheet structure (Sunde & Blake, 1997). 

Amorphous aggregates, also referred to as disordered aggregates, are composed of 

misfolded, non-organised, full- or close to full-length proteins. 

Many conditions are associated with the deposition of amyloid protein aggregates. 

Alzheimer’s disease is the most common neurodegenerative disorder and is 

characterised by the accumulation of extracellular beta-amyloid peptides which triggers 

neuronal degeneration (Kadowaki et al., 2005; Yao et al., 2005). Various other 

neurodegenerative conditions are caused by the deposition of proteins that have formed 

amyloid aggregates, such as alpha-synuclein in Parkinson’s disease and huntingtin in 

Huntington’s disease. Amyloidosis can also occur in other parts of the body, such as 

amyloid light-chain amyloidosis, which is caused by the accumulation of an 

immunoglobulin light chain protein and can affect a wide range of organs and in 

particular, the liver (Hasib Sidiqi & Gertz, 2021; G. Li et al., 2019; Merlini et al., 2018).  

Proteins that have amyloid fibril forming propensities can also form amorphous 

aggregates. Some protein aggregation pathologies only present with amorphous 
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aggregates, but this form of pathogenesis has not received much interest as it was 

previously thought not to be associated with disease. Amorphous aggregation of mutant 

superoxide dismutase (SOD1) causes amyotrophic lateral sclerosis (Rosen et al., 1993), 

whereas, crystallins expressed in the lens can form amorphous aggregates, causing 

cataracts (Boatz et al., 2017).  

Corneal dystrophies caused by mutations in TGFBI can present with amyloid deposits, 

amorphous deposits or a mixture of both.  

1.4 Corneal Dystrophies 

Corneal dystrophies (CDs) are a group of phenotypically heterogenous disorders, 

usually caused by genetic mutations that affect the production or function of key proteins 

in the cornea resulting in corneal opacification and visual impairment. 

The International Committee for Classification of Corneal Dystrophies (IC3D) was 

published in 2008 by experts in the field of corneal disease, who established a 

classification system of CD based on their genetic basis, clinical appearance and 

histopathological features (Weiss et al., 2008). CDs are defined by the anatomic level 

predominately affected and are further classified based on evidence for how well defined 

they are, with category 1 being a well-defined CD caused by known mutations, and 

category 4 being a ‘suspected’ dystrophy that is not yet genetically defined. A revised 

version of the IC3D was published in 2015 to include updated genetic, clinical and 

histopathological information (Weiss et al., 2015).  

CD diagnosis is typically based on the clinical appearance of the cornea observed by 

slit-lamp biomicroscopy examination, in addition to consideration of ophthalmologic 

family history (Lisch & Seitz, 2011). Well-defined CDs with known genetic causes can be 

precisely diagnosed by clinicopathological correlations. The majority of CDs are due to 

missense mutations that have an autosomal dominant inheritance pattern, though some 

have autosomal recessive or X-linked inheritance patterns. The monogenic nature of 

CDs, along with the accessibility of the cornea and its immune privilege, make those with 

a known pattern of inheritance ideal for the application of gene-based therapeutics.  

Although many CD-causative genes and mutations have been identified, the disease 

mechanisms underlying the conditions are not fully defined. One such example lies in 

the relatively common CD, Fuchs’ endothelial dystrophy, characterised by corneal 

endothelial dysfunction resulting in guttate formation on the inner corneal surface and 

corneal opacification. Fuchs’ is a slow progressing condition that usually doesn’t 

substantially impair vision until patients reach their 50s and 60s. The condition is slightly 
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more common in women than men, and prevalence varies between ethnic groups, with 

the Icelandic population showing a higher prevalence (11% for females, 7% for males) 

(Zoega et al., 2006) compared to the Japanese population (5.5% for females, 1.5% for 

males) (Kitagawa et al., 2002). Observations of disease heritability led to the 

identification of different genetic causes for Fuchs’. Missense mutations in COL8A2 are 

associated with early onset Fuchs’ (Biswas et al., 2001). Additionally, a trinucleotide 

repeat expansion in the TCF4 gene has been shown to increase the risk of developing 

Fuchs’ by 89% (Zarouchlioti et al., 2018).  

Macular corneal dystrophy is a rare autosomal recessive condition caused by mutations 

in the carbohydrate sulfotransferase gene (CHST6) which results in abnormal 

proteoglycan synthesis. The condition presents early in life with superficial white/grey 

opacities in the central stroma, which progress towards the periphery and throughout the 

stroma during aging, leading to severe visual impairment (Dang et al., 2009).  

Meesmann’s corneal dystrophy is a rare autosomal dominant condition caused by 

heterozygous mutations in the corneal epithelial specific genes KRT3 and KRT12. These 

mutations affect the corneal epithelium specifically, resulting in intraepithelial microcysts 

that appear within the first few years of life; however, symptoms are usually mild and 

vision is not usually affected (Corden et al., 2000).  

Although not defined as a corneal dystrophy, limbal stem cell deficiency (LSCD) is a 

corneal pathology, characterised by the absence or impairment of LSCs and the LSC 

niche, resulting in conjunctivalisation of the corneal epithelium, where conjunctival 

epithelial cells spread to the corneal epithelium. LSCD can result from a variety of 

causes, including chemical or thermal burns, autoimmune diseases, infections, genetic 

disorders, and ocular surgeries (Elhusseiny et al., 2022). 

1.4.1 Epithelial-Stromal TGFBI corneal dystrophies  
Several CDs affecting the anterior layers of the cornea can be attributed to missense 

mutations in the gene transforming growth factor-beta induced (TGFBI) with phenotypic 

heterogeneity and an autosomal dominant inheritance pattern. These CDs are 

collectively referred to as epithelial-stromal TGFBI dystrophies. In these CDs, 

pathological deposits containing the TGFBI protein (TGFBIp) accumulate within the 

epithelial, Bowman’s and/or stromal layers of the cornea.  

TGFBI-linked epithelial-stromal CDs can be broadly divided into two categories: lattice 

CDs (LCDs) and granular CDs (GCDs). Amyloid deposits are characteristic of LCDs, 

whereas aggregates are more varied in morphology between the different forms of GCDs 
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which include: Reis-Bücklers corneal dystrophy/Thiel-Behnke corneal dystrophy and 

GCD type I and type II.  

Specific mutations in TGFBIp result in particular phenotypes of CD, with different 

missense mutations at the same residue causing distinct patterns of protein deposition 

(Munier et al., 1997). Accordingly, a genotype-phenotype correlation between mutations 

at the TGFBIp amino acid residues Arginine 124 (p.R124) and Arginine 555 (p.R555) 

and various forms of phenotypically distinct CDs has been established (Evans et al., 

2016; Figure 1.7). Mutations at the p.R124 and p.R555 hotspots, located in exons 4 and 

12, respectively, are the most common cause of TGFBI CDs, with six missense 

mutations at these residues reported in total  (Evans et al., 2016). Conversely, different 

mutations in TGFBI can also lead to a similar phenotype. 

 

 
Figure 1.7 Genotype-phenotype correlation of missense mutations in TGFBI hotspots 
p.R124 and p.R555 (Evans et al., 2016). GCD type I, most commonly caused by the p.R555W 
TGFBI mutation, presents with ‘crumb-like’ opacities in the anterior to mid stroma of the central 
cornea, which progress to the peripheral cornea with disease progression. LCD type I, most 
commonly caused by the p.R124C TGFBI mutation, presents with a fine network of linear 
opacities in the epithelium and anterior stroma of the central cornea which eventually advance 
peripherally. GCD type II, caused by the p.R124H TGFBI mutation, initially presents with round 
deposits in the anterior stroma. As the disease progresses, amyloid deposits may form within the 
mid to posterior stroma. TBCD, caused by the p.R555Q TGFBI mutation, presents with 
honeycomb opacities in Bowmans’s layer. 

1.4.2 Discovery of TGFBI mutations as causative of CD 
Two years following the discovery of TGFBIp, the TGFBI gene was mapped to the long 

arm of chromosome 5 at position q31 (Skonier et al., 1994). Shortly after, three 

phenotypes of CD were reported in eight families and linked to chromosome 5q, 
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providing the first links between TGFBI and CD (Stone et al., 1994). In 1997, Munier et 

al. constructed a contig covering the chromosome region associated with different CD 

phenotypes and identified four heterozygous missense mutations occurring at either the 

p.R124 or p.R555 hotspots of TGFBIp, each causative of clinically distinct forms of 

epithelial-stromal CD (Munier et al., 1997). In the following year, more CD-causative 

mutations in TGFBI were discovered and linked to CD phenotypes (Munier et al., 2002). 

Since, multiple genotype-phenotype studies have been carried out establishing a strict 

correlation between mutations in TGFBI and their clinical presentation (Dighiero et al., 

2001; Evans et al., 2016; Paliwal et al., 2010; Zenteno et al., 2009). To date, at least 78 

CD-causative mutations in TGFBI have been identified (Table 9.1, Appendix B), most of 

which are single missense mutations, but deletions, insertions, frameshift mutations and 

bi-allelic mutations have also been reported. The p.R124 and p.R555 hotspots located 

in exon 4 and 12 of TGFBI respectively, are responsible for the majority of CD cases in 

different populations.  

1.4.3 Reis Bücklers Corneal Dystrophy 
Reis Bücklers corneal dystrophy (RBCD) is a CD that affects the Bowman’s layer, first 

described by Reis in 1917 and then later in more detail by Bücklers in 1949. This disorder 

presents with confluent, irregular geographic opacities of Bowman’s layer and anterior 

stroma, with onset occurring during early childhood (Liang et al., 2014; Tanhehco et al., 

2006). Patients experience painful recurrent corneal erosions and ocular discomfort 

(Weiss et al., 2015). When analysed by light microscopy, Bowman’s layer of RBCD-

corneas is replaced by a sheet-like layer of granular Masson trichome-red deposits which 

may extend to the anterior stroma (Figure 1.8) (Liang et al., 2014). Excised RBCD-

corneal samples examined using transmission electron microscopy, display TGFBIp 

positive rod-shaped bodies lining Bowman’s layer which are absent in the normal cornea 

(Liang et al., 2014; Weiss et al., 2015).  

RBCD is predominately caused by the c.317G>T; p.(R124L) mutation in exon 4 of TGFBI 

(M. Okada et al., 1998). This mutation is generally inherited, however, de novo mutations 

have been reported (Tanhehco et al., 2006). Rarer mutations c.1868G>A; p.(G623D) 

and c.1618_1620delTTT; p.(F540del) have also been reported as causative of the 

dystrophy (Afshari et al., 2001; Rozzo et al., 1998). Based on clinical symptoms, it is 

difficult to distinguish between Thiel-Behnke corneal dystrophy (TBCD), another 

dystrophy of the Bowman’s layer, and RBCD. A definitive distinction between these 

conditions can only be made by either transmission electron microscopy on excised 

corneas, or genetic analysis. The prognosis of RBCD has been reported to be 

significantly worse than TBCD (Ellies et al., 2002), thus, a precise genetic diagnosis may 



 42 

influence treatment regime, although other reports suggest that RBCD and TBCD are 

indistinguishable.  

 
Figure 1.8 Clinical image and histological section of RBCD corneas. A) The RBCD 
phenotype presents with confluent, irregular geographic opacities of Bowman’s layer and the 
anterior stroma (image provided by Prof Stephen Tuft). B) Hematoxylin and eosin stain of a 
RBCD-cornea. Lumpy bright pink (eosinophilic) deposits are observed in the subepithelial and 
anterior stromal region (image provided by Dr Caroline Thaung). C) The lumpy RBCD deposits 
stain bright red with Masson trichrome (images B-C provided by Dr Caroline Thaung). 

1.4.4 Thiel-Behnke Corneal Dystrophy 
TBCD was first described by Thiel and Behnke in 1967. TBCD, like RBCD is a CD 

affecting Bowman’s layer of the cornea, with an onset in early childhood. TBCD is 

characterised by symmetrical subepithelial honeycomb opacities in the central cornea 

which can progress to the stromal layers and peripheral cornea (Ridgway et al., 2000). 

Patients experience painful recurrent corneal erosions and ocular discomfort (Cho et al., 

2012). Analysis by light microscopy shows irregular thickening and thinning of the 

epithelial layer, with areas of vacuolation and separation of some basal cells from the 

underlying substratum (Ridgway et al., 2000). Furthermore, Bowman’s layer is largely 

obliterated by a superficial fibrocellular scar (Ridgway et al., 2000; Weiss et al., 2015). 

Observations of TBCD-corneas by transmission electron microscopy displays the 

presence of curly collagen fibres which is an important distinguishing feature between 

TBCD and RBCD (Ridgway et al., 2000).  

TBCD is caused by the c.1664G>A; p.(R555Q) mutation in exon 12 of TGFBI (Y. J. Chen 

et al., 2010; Cho et al., 2012). The c.1877A>C; p.(H626P) mutation has been reported 

as causing a TBCD-RBCD mixed phenotype (Wheeldon et al., 2008). 

1.4.5 Lattice Corneal Dystrophy  
Lattice corneal dystrophies (LCDs) caused by mutations in TGFBI are characterised 

by linear branching structures that form a lattice pattern in the cornea. LCD clinical 

phenotypes are classified as type I, type IIIA, intermediate type I/IIIA and type IV. LCD 

type I (LCDI) is the classic form of LCD and is a cornea-specific amyloidosis. LCD type 

II is not a true corneal dystrophy and is not associated with mutations in TGFBI, rather, 
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it is a systemic amyloidosis syndrome known as Meretoja syndrome caused by mutations 

in the gelsolin gene (Kiuru, 1998). Disease manifestations of LCD usually occur 

bilaterally but unilateral cases have also been observed (Aldave et al., 2006; Raj et al., 

2017; Sridhar et al., 2001). 

1.4.5.1 Classic lattice corneal dystrophy (LCDI) 
LCDI is classed as the classic form of lattice corneal dystrophy. The most common 

causative genetic variant of LCDI is the exon 4 c.370C>T; p.(R124C) mutation of TGFBI 

(Munier et al., 1997). Translucent narrow lattice lines in the anterior central stroma and/or 

subepithelial whitish ovoid dots usually appear during the first decade of life, which 

eventually spread deeper into the stroma and towards the periphery (Kheir et al., 2019). 
The deposits lead to recurrent corneal erosions and irregularity of the corneal surface 

(Figure 1.9). As the condition develops, a dense diffuse stromal haze may appear that 

affects visual acuity. Observation of LCD corneas through light microscopy show 

epithelial atrophy and degeneration of basal epithelial cells (Weiss et al., 2015; Zechner 

et al., 1986). Histologically, the deposits can be seen within Bowman’s layer and the 

stroma as an accumulation of eosinophilic, filamentous, and branching structures that 

stain with Congo red and exhibit apple-green birefringence under polarized light 

(Dighiero et al., 2001; Stix et al., 2005) (Figure 1.9D). By transmission electron 

microscopy, extracellular masses of fine electron-dense fibrils characteristic of amyloid 

material are observed (Dighiero et al., 2001). p.R124C mutations in TGFBI have also 

been reported to cause RBCD-like (Q. N. Yang et al., 2011) or TBCD-like (Chang et al., 

2009) phenotypes (Figure 1.9B). Many other missense mutations in TGFBI, the majority 

of which are in the fourth FAS1 domain (see Section 1.5), have been reported to cause 

LCDI, however, these have been disputed as causative of classic LCDI and are instead 

thought to represent other LCD variants (K. E. Han et al., 2016). These include the 

mutations p.V505D (X. Tian et al., 2005), p.L509P (Niel-Butschi et al., 2011), p.L518P 

(Endo et al., 1999), p.I522N (C. Zhang et al., 2009), p.T538P (C. Zhang et al., 2009) and 

p.V539D (Chakravarthi et al., 2005).  

1.4.5.2 Variants of lattice corneal dystrophy 
LCD types other than the classic LCDI are mostly caused by mutations in the FAS1-4 

domain of TGFBIp (see Section 1.5, Figure 1.13; Table 9.1, Appendix B). LCD variants 

are categorised as LCDIII, IIIA, I/IIIA and IV based on deposit location, age of onset, and 

the lattice line characteristics (Klintworth, 1999). These phenotypes have a later onset 

compared to LCDI. LCDIII and IIIA phenotypes can present with thick lattice lines that 

extend from limbus to limbus in the mid stroma. LCDIII has an autosomal recessive 

inheritance pattern and patients do not usually develop erosions. LCDIIIA has an 
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autosomal dominant inheritance pattern and patients can present with corneal erosions 

and is caused by p.P501T (Mashima et al., 2000), p.F540S (Stix et al., 2005), p.A546T 

(Dighiero et al., 2000), p.A620P (Jung et al., 2014), p.T621P (J. Lee et al., 2016) and 

p.N622K (Munier et al., 2002) missense mutations. LCDIV presents with a late onset and 

deep stromal amyloid deposits and is caused by the p.L527R mutation (Munier et al., 

2002). LCDI/IIIA is classed as an intermediate form of LCDI and IIIA, and is caused by 

p.L518R mutations (Munier et al., 2002).  

 
Figure 1.9 Clinical and histological presentation of lattice corneal dystrophy 1 (LCDI). A) 
LCD presents with a fine network of linear opacities and a continuous haze in the stroma of the 
central cornea which gradually progress to the periphery (image provided by Prof Stephen Tuft). 
B) Stromal amyloid deposits are positive for Congo red. A lumpy dense subepithelial band, 
negative for Congo red and Masson’s trichrome was also apparent, therefore, this case was 
labelled as a combined LCD and TBCD phenotype (image provided by Dr Caroline Thaung). C) 
A p.R124C patient cornea shows a continuous layer of subepithelial amyloid (asterisk) and 
intrastromal amyloid deposits (arrowheads) that are positive for Congo red. D) The same section 
as image C viewed with polarised light confirms the deposits are birefringent and red-green 
dichroic and thus, amyloid. Images C-D were obtained from (Weiss et al., 2015).  

1.4.6 Granular Corneal Dystrophy type I 
Granular corneal dystrophy (GCD) type I (GCDI) is characterised by grey-white, well-

defined granular opacities in the anterior to mid stroma of the central cornea, which 

advance to the posterior stroma as the condition progresses (Figure 1.10). Depositions 

of hyaline material that stains for Masson trichrome are observed in the corneal stroma 

histologically (Pantanelli et al., 2014). Through transmission electron microscopy, 
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electron-dense rod-shaped bodies are observed (Møller, 1990). The age of onset usually 

occurs within the first decade, with patients appearing asymptomatic until the deposits 

begin to coalesce and cause visual impairment, diagnosis is typically delayed until this 

point (Weiss et al., 2015). Recurrent erosions are frequently observed (Møller, 1990).  

The most common causative genetic variants of GCDI are the c. 1663C>T; p.(R555W) 

or c.370C>A; p.(R124S) TGFBI hotspot mutations (Munier et al., 1997; Stewart et al., 

1999).  

 
Figure 1.10 Clinical image and histological section of GCDI corneas. A) GCDI presents with 
grey-white, well-defined granular opacities in the anterior to mid stroma of the central cornea, 
which advance to the posterior stroma as the condition progresses (image provided by Prof 
Stephen Tuft). B) Hematoxylin and eosin stain shows deposits with sharp outlines and a ‘crumb-
like’ morphology throughout the stroma. Bowman’s layer, marked in blue, is interrupted by the 
deposits. Epithelial thickness appears irregular. C) Masson’s trichrome staining shows red 
deposits, indicative of hyaline material (images B-C provided by Dr Caroline Thaung). 

1.4.7 Granular dystrophy type II  
GCD type II (GCDII), previously known as Avellino CD or combined granular-lattice CD, 

is characterised by the deposition of both hyaline and amyloid materials in the corneal 

stroma. Electron-dense rod-shaped bodies are observed in the anterior stroma by 

transmission electron microscopy. Onset in heterozygous patients usually occurs during 

the second decade of life with subsequent slow progression of the dystrophy. Initially, 

the dystrophy presents as small grey-white dots in the superficial stroma, as progression 

occurs, the opacities expand in size and amyloid deposition in the deeper stroma can 

occur, forming lattice lines. Some older patients develop superficial, diffuse anterior 

stromal haze. Individuals homozygous for the causative GCII mutation have been 

reported, these patients demonstrate an onset during childhood and a more rapid 

progression of the condition (Moon et al., 2007). GCDII is caused by the c.371G>A; 

p.(R124H) mutation in exon 4 of TGFBI (Munier et al., 2002). In comparison to GCDI, 

GCDII typically presents with fewer granular deposits and a less severe phenotype. 

Histologically, granular deposits in the anterior stroma stain with Masson’s trichrome and 

lattice deposits in the deeper stroma stain with Congo red, indicating hyaline and amyloid 
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deposits respectively (Figure 1.11). In Japan and South Korea, GCDII caused by 

heterozygous p.R124H mutations are the most common cause of TGFBI CDs (Fujiki et 

al., 2001; J. E. Park et al., 2021). Although the p.R124H mutation is almost exclusively 

the cause of GDCII, some other mutations have also been reported to cause a similar 

phenotype, including, p.L509P (Gruenauer-Kloevekorn et al., 2009), p.L550P (R. et al., 

2011; Zenteno et al., 2009) and p.M619K (Aldave et al., 2008). 

A distinct phenotype of the homozygous p.R124H mutation shows a reticular pattern of 

greyish confluent opacities in the anterior stroma that are interspersed by translucent 

spaces, this specific pattern is known as a ‘type II opacity’ and has been reported in 

Japan (Tsujikawa et al., 2007; H. Watanabe et al., 2001). However, homozygous patients 

presenting with the conventional ‘type I opacity’ have also been reported (Figure 1.12; 

Watanabe et al., 2001). Surprisingly, due to the translucent spaces separating the 

deposits, patients with type II opacities demonstrated better best-corrected visual acuity 

than those of type I opacities (H. Watanabe et al., 2001). Interestingly, lattice-shaped 

deposits are not observed in the corneas of homozygous patients (K. E. Han et al., 2016).  
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Figure 1.11 Clinical and histological presentation of granular corneal dystrophy II (GCDII). 
A) Recurrent GCDII following a previous superficial kerectomy in a corneal specimen obtained 
from a 79-year-old woman stained with Masson’s trichrome. Superficial, sheet-like granular 
deposits are observed in the subepithelium and anterior stroma (arrowheads), whereas lattice-
like deposits are observed in the mid and deep stroma (arrows). B) A corneal specimen obtained 
from a 49-year-old man with GCDII stained with Masson’s trichrome shows granular deposits in 
the superficial and midstroma (arrowheads) in close proximity to amyloid (arrows) and lattice-like 
(short arrow) deposits. C) Congo red staining demonstrates amyloid deposits (from the same 
sample as image B) that display green birefringence under polarised light. D) Slit lamp 
biomicroscopy of the same patient presented in images B-C display prominent granular deposits, 
with some indistinct lattice-like deposits (arrows) observed via retroillumination. Images obtained 
from Santo et al. (1995). 
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Figure 1.12 Two patterns of GCDII opacity caused by homozygous p.R124H mutations in 
TGFBI. A) A 35-year-old man presents with a conventional type I GCDII opacity, with confluent 
yet discrete grey/white spot-like opacities observed in the anterior stroma covering the central 
and paracentral regions of the cornea. Left, right eye. Right, left eye. B) A 28-year-old woman 
presents with a type II GCDII opacity, with reticular grey/white diffuse opacities interspersed with 
round translucent spaces observed in the anterior corneal stroma. Left, right eye. Right, left eye. 
Images and patient information obtained from Watanabe et al. (2001).  

1.5 The transforming growth factor-β-induced gene and protein 

The transforming growth factor-β-induced protein (TGFBIp), encoded by the 

transforming growth factor beta induced gene (TGFBI), was originally referred to as βig-

H3 (TGFβ induced gene human clone 3), due to its discovery through induction of its 

expression following TGFβ administration in a human lung adenocarcinoma cell line 

(Skonier et al., 1992). In the literature it has also been referred to as keratoepithelin 

(Becker et al., 2006), collagen fibre associated protein (RGD-CAP) (Hashimoto et al., 

1997) and MP78/70 (Gibson et al., 1997).  

Human TGFBI maps to chromosome 5 in the region 5q31 and is a 34,924-nucleotide 

genomic gene sequence with only one isoform containing 17 exons which, following 

processing, becomes a 2,052-nucleotide coding sequence transcript encoding a 683 

amino acid residue protein including a 23 residue N-terminal secretory signal peptide. 

TGFBIp is a secreted ECM protein. Its secreted form has a predicted molecular mass of 

68kDa. Following cleavage of the signal peptide, the protein comprises an N-terminal 
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cysteine-rich domain of periostin and TGFBIp (CROPT) domain followed by four tandem 

fasciclin 1 (FAS1) domains (FAS1-1, FAS1-2, FAS1-3 and FAS1-4) and a C-terminal 

Arg-Gly-Asp (RGD) integrin-binding motif (Figure 1.13). The CROPT domain was 

previously referred to as an EMI domain due to sequence similarities. However, multiple 

sequence alignment revealed key differences between the now termed CROPT domain 

and an EMI domain, including a 29-residue long deletion, misalignment of two conserved 

cysteine residues and a four-read insertion into the EMI consensus motif (Lukassen et 

al., 2016). The 3D structure of TGFBIp resembles an elongated banana-like shape with 

the FAS1 domains arranged like beads on a string (Figure 1.14).  

 
Figure 1.13 Schematic diagram of the TGFBI gene and TGFBIp structure displaying 
positions of selected reported CD-causing mutations and their associated phenotypes. 
TGFBIp is comprised of a 23 residue N-terminal secretory signal peptide (SP) domain followed 
by four tandem fasciclin 1 (FAS1) domains and a C-terminal Arg-Gly-Asp (RGD) integrin-binding 
motif. Exons have been drawn to scale; introns are not drawn to scale but are included to illustrate 
exon–intron boundaries. Transcript shown is NM_000358.  

TGFBI is widely expressed in several human tissues and organs, including, the placenta, 

leukocytes, heart, ovaries, skin, intestine, prostate, testes, breast, spleen, thymus, liver, 

pancreas, lung and kidneys (Ivanov et al., 2008). In mice, Tgfbi is expressed during 

embryogenesis and development (Schorderet et al., 2000). Following birth, TGFBIp is 

produced by epithelial and stromal cells of the cornea (Escribano et al., 1994; Korvatska 

et al., 1999; Lisch & Seitz, 2014; Wittebol-Post et al., 1987). TGFBIp is expressed in all 

the layers of the human cornea and is the first and second most abundant protein in the 

corneal endothelium and stroma, respectively (Dyrlund et al., 2012). TGFBIp expression 

in the human cornea increases by around 30% between the ages of 6 and 14 (Karring 

et al., 2010).  

TGFBIp is involved in numerous physiological processes, including cell adhesion, 

migration, wound healing, morphogenesis and inflammation (Gratchev et al., 2001; 

Thapa et al., 2005). The function of TGFBIp is not very well understood, though it is 

recognised that it acts as a linker protein, connecting various matrix molecules to each 
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other and facilitating cell-ECM interactions (Billings et al., 2002; Hanssen et al., 2003; 

Reinboth et al., 2006). Approximately 60% of TGFBIp is covalently bound to insoluble 

components of the ECM in human corneas through a disulfide bridge (Andersen et al., 

2004). TGFBIp binds to type I, II, IV, VI and XII collagens, as well as various integrins, 

fibronectin and the proteoglycans biglycan and decorin (Billings et al., 2002; Hanssen et 

al., 2003; J. E. Kim, Jeong, et al., 2002; Reinboth et al., 2006; Runager et al., 2013; Son 

et al., 2013). However, the precise function of TGFBIp, particularly the role it plays in the 

cornea where it is highly expressed compared to other tissues, is still poorly understood.  

1.5.1 Posttranslational modifications and multimerization of TGFBIp 
TGFBIp has been reported to undergo several posttranslational modifications. Ser37 of 

TGFBIp undergoes phosphorylation (Bian et al., 2014). In addition, several TGFBIp 

cysteine residues form disulfide bridges (Figure 1.14). Wild type (WT) TGFBIp contains 

11 cysteine residues, six of which are in the CROPT domain, one in the FAS1-1 domain 

and two in each of the FAS1-2 and FAS1-3 domains. Five disulfide bridges in TGFBIp 

have been identified. The CROPT domain encompasses two intradomain disulfide 

bridges (C49-C85 and C84-C97) and one interdomain disulfide bridge to FAS1-2 (C74-

C339) (Lukassen et al., 2016). The cysteine residues in FAS1-3 (C473 and C478) form 

an intradomain disulfide bridge and the remaining cysteine residues in FAS1-1 and Fas1-

2 (C214-C317) form an interdomain disulfide bridge (Lukassen et al., 2016). FAS1-4 is 

the only FAS1 domain of TGFBIp that is not stabilised by an interdomain or intradomain 

disulfide bond (Basaiawmoit et al., 2011). The majority of CD-causative mutations in 

TGFBIp are located throughout the fourth FAS1 domain, and its lack of disulfide bonds 

may be a contributing factor of pathogenicity for disease associated variants.  

The CROPT domain residue C65 is not bound to another TGFBIp cysteine residue but 

is protected by a cysteinylation, implicating C65 as the candidate for the reducible cross-

link between TGFBIp and XII collagen (Lukassen et al., 2016). No difference in the 

disulfide bond pattern of recombinant R124C-TGFBIp has been observed, rather it is 

cysteinylated (Lukassen et al., 2016), however, this has not yet been verified in the 

mutant protein’s endogenous form. 
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Figure 1.14 Ribbon plot of TGFBIp (residues 43-637). CROPT = magenta, FAS1-1 = cyan, 
FAS1-2 = blue, FAS1-3 = green and FAS1-4 = orange. Disulfide bridges and the unbound Cy65 
are depicted in yellow. As the N-terminus and C-terminus of TGFBIp are highly flexible, the 
structure of these regions has not been determined. Adapted from Nielsen et al. (2020). 

The most abundant form of TGFBIp in the mammalian cornea is truncated after residue 

A657, consequently removing 26 C-terminal residues, leaving the RGD motif exposed to 

allow for physiological interactions such as integrin binding (Andersen et al., 2004). This 

C-terminal cleavage of TGFBIp appears to occur following secretion and initiates the 

release of a C-terminal peptide containing the RGD sequence which induces apoptosis 

(J. E. Kim et al., 2003). 

Multimerisation of TGFBIp has been observed at increased concentrations through a 

small-angle X-ray scattering model (Basaiawmoit et al., 2011). As TGFBIp is highly 

concentrated in the human cornea (Poulsen et al., 2018a) it is likely that TGFBIp exists 

in multimerised forms.  

1.5.2 The TGFBIp paralog periostin 
The gene POSTN, which encodes for the protein periostin, is considered to belong to 

the TGFBI gene family, along with TGFBI. Periostin is a glycoprotein of up to 93kDa and 

a paralog of TGFBIp, sharing a 47.97% sequence identity. Both TGFBIp and periostin 

are TGFβ-induced, secreted, integrin-binding ECM proteins that are expressed during 

cardiac development and are implicated in certain epithelial cancers (Conway & 

Molkentin, 2008; Ruan et al., 2009). The role of periostin in the development of bones, 

teeth and cartilage has also been documented (Hamilton, 2008; Kruzynska-Frejtag et 

al., 2004; Oshima et al., 2002). 

TGFBIp and periostin have a similar domain structure (Figure 1.15) with a few main 

exceptions:  
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1. TGFBI has 17 exons compared to 23 exons in POSTN.  

2. TGFBIp is shorter and lacks the C-terminal region that undergoes alternative 

splicing in POSTN.  

3. POSTN lacks the RGD motif (Horiuchi et al., 1999). With the C-terminal region of 

periostin and TGFBIp being the major difference between the two, it is likely to 

be the main determinant of functional differences between the proteins. TGFBIp 

and periostin reportedly interact with each other through their CROPT domains 

(B. Y. Kim et al., 2009). 

It is not known whether periostin plays a role in the pathogenesis of TGFBI CDs. In adult 

WT mouse corneas, Postn mRNA is not expressed and is therefore, not co-expressed 

with Tgfbi in this context (Poulsen et al., 2018b). However, periostin appears to be 

expressed in human corneal-derived cell lines and primary corneal fibroblasts and is also 

observed in TGFBIp+ GCDII deposits (B. Y. Kim et al., 2009). In Tgfbi-/- mouse corneas, 

no significant increase in Postn expression was observed in comparison to WT mice, 

indicating that periostin does not compensate for TGFBIp deficiency in the cornea and 

they are not interchangeable (Poulsen et al., 2018b). The GCDII-causative p.R124H 

mutation reportedly impairs the binding of periostin to TGFBIp (B. Y. Kim et al., 2009). 

This finding demonstrates that mutations in TGFBIp can impair its binding to other 

proteins and that impaired binding of periostin may be involved in the pathophysiology 

of GCDII. 

 
Figure 1.15 Comparison of POSTN and TGFBI exons and domain structure. POSTN and 
TGFBI exons (numbered) depicting the coding sequence are displayed to scale. Amino acid (AA) 
position scales for each protein are displayed above and below the exon structures of POSTN 
and TGFBI, respectively. Domains in common are displayed in the middle: SP = signal peptide, 
a CROPT domain and four FAS1 domains. The green triangle depicts the TGFBIp integrin binding 
site. The POSTN region between exons 16 and 22 is marked as subject to widespread alternative 
splicing (AS). 

1.5.3 Mouse models of TGFBI dysfunction   
Animal models of Tgfbi-linked CDs and Tgfbi dysfunction have been generated in order 

to aid the elucidation of CD pathophysiology. Bustamante et al., (2008) used a lentiviral 
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vector to generate a transgenic mouse model overexpressing Tgfbi containing the 

p.R555W mutation which causes GCDI. Although the mutation was successfully 

expressed by the mice, no corneal phenotype was observed. Transgenic p.R124H 

mutant mice have been established that display corneal opacities, with granular and 

lattice deposits observed in 45% of homozygous and 19.4% of heterozygous mice 

(Yamazoe et al., 2015). However, the model did not accurately depict the complexity of 

the human GCDII phenotype (Yamazoe et al., 2015). Additionally, a later publication 

using the same p.R124H transgenic mouse model reported no observations of deposits, 

suggested to be due to decreased expression of TGFBIp in mutant mice compared to 

WT (Lukassen et al., 2020).  

Tgfbi p.R124C homozygous and heterozygous mutant mice have recently been 

generated using CRISPR/Cas9 technology (Kitamoto et al., 2020). At 20 weeks of age, 

71.8% of homozygous mice displayed corneal opacity, whereas no corneal opacity was 

observed in the heterozygous mice under 24 weeks of age. In the corneas of Tgfbi 

p.R124C homozygous mice, significant TGFBIp expression was observed in all layers of 

the cornea, whereas in WT mice, only the corneal epithelium displayed significant 

TGFBIp staining. Tgfbi mRNA expression levels were also higher in homozygous mice 

compared to heterozygous and WT mice. These findings indicate dysfunction of 

p.R124C Tgfbi clearance in the mice and abnormal TGFBIp turnover. Deposits were 

amorphous in nature and amyloid deposition was not observed in this model. Therefore, 

the complexity of human LCD-causative p.R124C mutation in TGFBI is not accurately 

represented, either due to species differences or that sufficient time was not given for 

amyloid deposition to occur.  

Interestingly, Tgfbi-/- mice did not exhibit structural or histological differences in the 

cornea in comparison to WT control (Poulsen et al., 2018). Minor changes in collagen 

fibril diameter and interfibrillar spacing of Tgfbi-/- mouse corneal stromas was observed 

in comparison to WT controls. Differential expression of 11 proteins in Tgfbi-/- mice was 

noted in comparison to WT controls, six of which are involved in the assembly of the 

collagen scaffold and cell adhesion to the ECM (Poulsen et al., 2018). These findings 

suggest that depletion of TGFBIp in the cornea would not be detrimental and could be a 

feasible method of treating TGFBI-linked CDs.  

In mice it seems that TGFBIp is only robustly expressed in the corneal epithelium, 

suggesting continuous secretion and deposition of TGFBIp from the corneal epithelium 

into the stroma (Poulsen et al., 2018). This led to the assumption that expression 
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followed a similar pattern in the human cornea. It is also apparent that TGFBIp is 10-fold 

more abundant in the human cornea than in mice (Poulsen et al., 2018).  

It is important to note discrepancies between the mouse and human corneas when 

extrapolating mouse models of corneal disease to humans. Mouse corneas are thicker 

in the centre than in the periphery, whereas human corneas are thinner in the centre and 

thicker in the periphery (Henriksson et al., 2009). These interspecies differences in 

morphology perhaps indicate differences in functional mechanisms between human and 

mouse corneas. Furthermore, the mouse corneal epithelium constitutes ~30% of total 

corneal thickness with the stroma making up ~70%. In contrast, the corneal epithelium 

constitutes ~10% and the stroma ~90% of total thickness of the human cornea 

(Henriksson et al., 2009). The discrepancies in cellular make up between the mouse and 

human cornea could imply differences in the corneal aggregation process of TGFBIp in 

these tissues between species. 

Collectively, these findings indicate that we cannot fully extrapolate findings in mouse 

models of TGFBIp expression and dysfunction to human context. It is apparent that 

human CD-causative mutations in TGFBI do not result in a comparably severe 

phenotype in mice, with predominately homozygous animals demonstrating a 

phenotype. A model more relevant to human TGFBI CDs is required to gain valuable 

information of the pathogenesis of the disease.  

1.5.4 TGFBI in development  
The TGFBI gene is conserved in vertebrates (X. Song et al., 2014) and its spatiotemporal 

expression has been investigated during the embryogenesis of several species. Tgfbi 

knockout (KO) mice are viable, but have reduced skeletal size due to defective periosteal 

bone formation, indicating that its expression is important for the development of skeletal 

tissues and the cartilage matrix (J. M. Lee et al., 2015; H. Yu et al., 2012). During mouse 

embryogenesis, predominant Tgfbi expression is observed in mesodermal, collagen-rich 

connective tissue (Ferguson, Mikesh, et al., 2003). In the mouse eye, Tgfbi expression 

is first observed during the development of the mesenchymal tissue surrounding the optic 

cup, where it then extends towards the sclera and eventually reaches the cornea 

(Schorderet et al., 2000).  

During chicken embryogenesis, Tgfbi expression is also predominantly expressed in 

mesodermal tissues, including the developing heart (Norris et al., 2004). During zebrafish 

embryogenesis, Tgfbi is extensively expressed (Hirate et al., 2003) in particular, its 

importance in the formation of proper linkage of the ECM to the cytoskeleton of muscle 

fibres has been demonstrated (H. R. Kim & Ingham, 2009). Similarly in the developing 
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Xenopus, Tgfbi is widely expressed, and its depletion resulted in a phenotype similar to 

that caused by canonical Wnt pathway inhibition and was accordingly identified as a 

regulator of the canonical Wnt pathway (F. Wang et al., 2013). TGFBI was observed to 

be more highly expressed in cells of the developing human heart than in cells obtained 

from the adult heart (Chan et al., 2003), further demonstrating its importance during 

development.  

1.5.5 TGFBIp in the ECM 
TGFBIp is a component of the ECM of various tissues including bone marrow (Klamer 

et al., 2018), skin (LeBaron et al., 1995), cartilage (Brachvogel et al., 2013; Ohno et al., 

2002), kidney (S. H. Lee et al., 2003) and muscle (Ferguson, Thoma, et al., 2003). 

TGFBIp interacts with a diverse array of integral ECM components, with approximately 

60% of the protein being covalently bound to the insoluble portion of the ECM in both 

human and porcine corneas (Andersen et al., 2004). 

Integrins are the primary receptors used by animal cells for cell-ECM binding. TGFBIp is 

recognised to bind to cell surfaces through several forms of integrin receptors on 

fibroblasts (J. E. Kim et al., 2000; Ohno et al., 1999), epidermal cells (Bae et al., 2002), 

endothelial cells (M. Liu et al., 2021; Son et al., 2013), corneal stromal cells (S. Il Choi et 

al., 2015) and corneal epithelial cells (J. E. Kim et al., 2000). The integrins αVβ3 and 

αVβ5 are the most studied in relation to TGFBIp binding, with only integrin αVβ5 being 

expressed in the cornea (S. Il Choi et al., 2015; J. E. Kim, Jeong, et al., 2002; J. O. Nam 

et al., 2003; Rayner et al., 1998; Son et al., 2013; Thapa et al., 2005). Interactions 

between integrins and TGFBIp are dependent on the RGD motif in several cases, 

although the repeated FAS1 domains of TGFBIp also have binding affinity (S. Il Choi et 

al., 2015; J. O. Nam et al., 2003; Ohno et al., 1999; Son et al., 2013). 

TGFBIp is also reported to interact with various ECM proteins, including its paralog 

periostin through their CROPT domains (B. Y. Kim et al., 2009). TGFBIp also binds to 

other ECM proteins including fibronectin (Billings et al., 2002), laminin (J. E. Kim, Park, 

et al., 2002) and the small leucine-rich PGs biglycan and decorin (Reinboth et al., 2006).  

Collagens have been identified as TGFBIp interaction partners in several contexts. 

Collagen XII belongs to the FACIT group of collagens and has been associated with the 

assembly of the corneal matrix and maintenance of corneal stability (Marchant et al., 

2002; Young et al., 2002). TGFBIp and collagen XII are reported to bond in the human 

and porcine cornea at a stochiometric ratio of 2:1 (Runager et al., 2013). Collagen XII is 

bound to straited collagen fibres of the ECM, therefore, its interaction with TGFBIp is 

expected to form a cell anchor to the ECM through integrin-bound TGFBIp (Runager et 
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al., 2013) (Figure 1.16). Collagen VI is a fibrillar collagen that is highly expressed in the 

human cornea (Zimmermann et al., 1986). TGFBIp and collagen VI have been reported 

to interact in the rabbit cornea (Rawe et al., 1997) and bovine ligament (Hanssen et al., 

2003). TGFBIp has also been shown to interact with the fibrillar collagen types I, II and 

IV in porcine cartilage (Hashimoto et al., 1997).  

 
Figure 1.16 Proposed mechanism of TGFBIp-type XII collagen interactions in the cornea. 
TGFBIp binds to cell surfaces through integrin binding. In the corneal ECM, TGFBIp interacts with 
collagen XII, which has been shown to interact with type I collagen fibres. Figure based on 
Runager et al. (2013). 

1.5.6 TGFBIp in tumorigenesis  
Aside from its role in numerous phenotypes of corneal dystrophy, TGFBIp has been 

reported to play a dual role in cancer as both a suppressor and promoter of tumorigenesis 

(Ween et al., 2012). The expression and role of TGFBIp in cancerous cells appears to 

be specific to cell type and is influenced by TGFBIp processing and concentration.  

TGFBIp has been shown to be downregulated in ovarian cancer with evidence 

suggesting that it plays a tumour suppressor role by supporting ovarian cancer cell death 

(Ween et al., 2012). Hypermethylation of TGFBI has been observed in ovarian, lung and 

prostate cancer cells, implicating TGFBI gene silencing as a carcinogenic process (Kang 

et al., 2010; Shah et al., 2008). Chemotherapy-resistant ovarian cancer cells treated with 

TGFBIp demonstrated restoration of chemotherapy sensitivity through integrin-

dependent microtubule stabilisation (Ahmed et al., 2007). Similarly, non-small cell lung 
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cancer (NSCLC) cells also demonstrated an improved response to chemotherapy that 

was positively correlated with TGFBIp expression (Irigoyen et al., 2010). TGFBIp-

mediated induction of apoptosis NSCLC cells occurred through TGFBIp-proteolytic 

fragment binding to αvβ3 integrin, but not through binding of the full-length protein, 

demonstrating the effect of proteolytic processing in the role of TGFBIp in cancer 

(Irigoyen et al., 2010). Other studies have reported TGFBIp as a tumour suppressor in 

cancer of various tissues such as lung, bone, prostate and breast (Shao et al., 2006; 

Wen, Partridge, et al., 2011; Zamilpa et al., 2009). These findings are supported by Tgfbi-

/- mice that are predisposed to spontaneous tumour development (Y. Zhang et al., 2009). 

In contrast, TGFBIp has been reported to promote cancer cell invasion and metastasis, 

linking elevated TGFBIp expression to tumour aggression (Guo et al., 2011; M. O. Kim 

et al., 2003; C. Ma et al., 2008; Sasaki et al., 2002; Tang et al., 2007; Zajchowski et al., 

2001). The role of TGFBIp as a promoter of tumorigenesis has been observed in cancers 

of the lung, pancreas, brain and colon (Corona & Blobe, 2021). TGFBIp has also been 

found to be highly expressed by peritoneal cells, this can work to promote the metastatic 

behaviour of ovarian cancer cells by promoting their attachment to peritoneal cells (Ween 

et al., 2011). Overall, the effect of TGFBIp expression in cancer appears to depend on 

the tumour microenvironment.  

1.5.7 TGFBI regulation  
Regulation of TGFBI/TGFBIp expression is not very well understood and yet to be 

defined. As with most pleiotropic proteins, TGFBIp is expected to be regulated in a cell- 

and tissue-specific manner.  

1.5.7.1 TGFβ signalling 
As TGFBIp was first discovered via its induction following TGFβ1 treatment (Skonier et 

al., 1992), understanding of the evolutionarily conserved TGFβ signalling pathway is 

important.  

The human TGFβ family is comprised of 33 related homodimeric or heterodimeric ligands 

and includes three TGFβ isoforms (TGFβ1, 2 and 3), activins, nodal, bone 

morphogenetic proteins (BMPs), and growth and differentiation factors (GDFs) 

(Morikawa et al., 2016). TGFβ family ligands bind to three classes of cell surface 

receptors, TGFβR1, TGFβR2, TGFβR3 and are able to induce the canonical (SMAD-

dependent) and non-canonical (SMAD-independent) pathways. 

The canonical TGFβ signalling pathway is activated upon TGFβ ligand binding to the 

serine/threonine kinase receptor TGFβR2 receptor, which then recruits and activates the 



 58 

TGFβR1 receptor (also known as activin receptor–like kinases (ALKs)). This activation 

leads to the phosphorylation of receptor-activated SMADs (R-SMADs) SMAD2/3 (for 

TGFβ/2/3, activins and NODAL ligands) or SMAD1/5/8 (for BMP and GDF ligands), 

which then form a complex with the common mediator SMAD (Co-SMAD), SMAD4, and 

translocate into the nucleus where they regulate target gene transcription (Massagué & 

Wotton, 2000; S. Ross & Hill, 2008). In the nucleus, the R-SMADs and Co-SMAD 

complex bind to DNA and interact with various transcription factors, co-activators, and 

co-repressors to regulate target gene expression. This canonical pathway is involved in 

several cellular processes, including cell proliferation, differentiation, apoptosis, and 

extracellular matrix production (Blank & Karlsson, 2011; Clayton et al., 2020; B. Song et 

al., 2009; Ueberham & Arendt, 2013). 

The non-canonical TGFβ signalling pathway does not rely on the SMAD proteins but 

involves various other signalling pathways such as the mitogen-activated protein kinase 

(MAPK) pathway which includes the extracellular signal-regulated kinases (ERKs), c-Jun 

amino terminal kinase (JNK) and p38 MAPK pathways; and the phosphoinositide 3-

kinases (PI3Ks) pathway. In the context of TGFβ signalling, these pathways are known 

as the non-SMAD pathways and can be activated through the TGFβ receptors leading 

to activation of the tyrosine kinase receptors (TKRs). The non-SMAD transducers Erk, 

JNK, p38 MAPK and PI3K can mediate signalling as independent pathways or in 

conjunction with SMADs (Y. E. Zhang, 2017). The non-canonical pathway is involved in 

various cellular processes, including epithelial to mesenchymal transition, cell migration, 

apoptosis and cytoskeletal rearrangement (Moustakas & Heldin, 2005). 

1.5.7.2 Regulation of TGFBI expression 
Regulation of TGFBI expression is complex, poorly understood and likely to differ in 

different tissue-specific contexts. It is known that TGFβ is able to induce TGFBI 

expression and this has been demonstrated in multiple cell types, including corneal 

epithelial cells (M. X. Wang et al., 2002; Yellore et al., 2011), corneal stromal cells (S. Il 

Choi et al., 2016), dermal fibroblasts (LeBaron et al., 1995) and pancreatic cancer cells 

(Schneider et al., 2002). 

The promoter region of TGFBI was investigated by Yuan et al. (2004), who initially 

located a 5’ region 1 Kb upstream of the gene in a human adenocarcinoma cell line and 

went on to verify the region in a number of other cell types, including primary corneal 

epithelial cells. Numerous putative transcription factor-binding sequences and five 

SMAD binding elements were also identified within this region, elucidating a potential 

regulatory mechanism of TGFBIp expression via TGFβ signal transduction. Another 



 59 

study found that although TGFBIp expression was upregulated following TGFβ 

administration in an epidermal cell line, this effect was abolished following treatment with 

the protein synthesis inhibitor cycloheximide, indicating that TGFBIp is not a direct target 

of TGFβ and that the synthesis of other proteins is required for its induction (Akiyoshi et 

al., 2001). Additionally, iPSCs derived from patients with mutations in ribosomal protein 

coding genes, causative of Diamond Blackfan Anemia, demonstrated an upregulation of 

TGFBI and other TGFβ target genes, along with an increase in the non-canonical TGFβ 

signalling pathway mediator p-JNK and a decrease in the canonical TGFβ mediator 

SMAD4 in comparison to WT iPSCs (J. Ge et al., 2015). This is supported by a study 

that demonstrated that activation of the JNK pathway increased TGFBIp expression (Nie 

et al., 2020). However, reduction of the canonical TGFβ signalling pathway has also 

been shown to reduce TGFBI expression in lymphoblastoid cell lines (Wood et al., 2007). 

Altogether, the data indicates that TGFBI induction may occur through the canonical and 

non-canonical TGFβ pathways and this is likely to be context dependent. 

Other than TGFβ-dependent induction of TGFBIp, other factors have been shown to 

upregulate TGFBI expression, such as, IL-4 in activated macrophages (Gratchev et al., 

2001), retinoic acid in breast carcinoma cells (Dokmanovic et al., 2002) and IL-1β and 

TNF-α in fibroblast-like synoviocytes (E. J. Nam et al., 2006).  

miRNA regulation of TGFBI expression has also been demonstrated, specifically, miR-

9, miR-21 and miR-181a have been shown to downregulate TGFBI expression in corneal 

stromal cells (S. Il Choi et al., 2016), with evidence suggesting that miR21 directly 

regulates TGFBIp expression at the 3’ untranslated region (UTR) of the TGFBI gene (C. 

Liu et al., 2011). Interestingly, previous reports have indicated that miR-21 and miR-181a 

expression is upregulated by TGFβ (S. Il Choi et al., 2016; Taylor et al., 2013), which 

potentially represents a feedback loop where TGFβ is able to positively and negatively 

regulate TGFBI expression. Through activation of miR-21, TGFβ has been shown to 

inhibit the SMAD2/3 inhibitor SMAD7, by direct binding of the SMAD7 3’ UTR (Q. Li et 

al., 2013), potentially indicating that miR-21 can inhibit TGFBI expression through 

binding of its 3’ UTR and increase expression of TGFBI through activation of TGFβ 

signalling by reducing the association of SMAD 2/3 with SMAD7. Altogether, the 

complexities of TGFBI regulation are clear, and there is much still to be elucidated on 

this topic.  

Specific integrin receptors, such as, αVβ5, αVβ6, and αVβ8, can bind to latent TGFβ 

which results in its activation (Van Caam et al., 2020). Immunoprecipitation experiments 

have demonstrated that TGFBIp is able to indirectly regulate TGFβ signalling through 
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competition of TGFβ1 and TGFBIp for integrin binding (Bissey et al., 2018). Accordingly, 

TGFBIp has also been shown to regulate the non-canonical TGFβ PI3K/Akt pathway in 

a mesothelium cell line, as PI3K/Akt signalling was more active following TGFBI 

depletion (Wen, Hong, et al., 2011). Therefore, TGFBI may be able to regulate the TGFβ 

signalling pathway through a feedback loop mechanism.  

1.5.8 Hypermutability of the p.R124 and p.R555 hotspots 
Many of the same proteins and signalling pathways exist in diverse cell types and tissues 

where they perform specialised functions (Schaefer et al., 2014). TGFBIp appears to fit 

into this category of proteins as it plays a role in a variety of processes within different 

cell types and tissues and interacts with a range of other proteins. TGFBIp sequence 

motifs are highly conserved across vertebrates (X. Song et al., 2014). Positive selection 

sites in the evolutionary history of TGFBI have been identified, indicating that the gene 

architecture of TGFBI, including its domain losses and duplications, could correlate with 

its positive selection (X. Song et al., 2014).  

The p.R124 and p.R555 hotspots of TGFBIp are hypermutable and although TGFBIp is 

widely expressed in human tissues, these mutations only display a phenotype in the 

cornea. It has been suggested that the p.R124 and p.R555 mutational hotspots are a 

product of survivorship bias, as it is likely that few other nonsynonymous TGFBI 

mutations are mild enough to survive germ cell differentiation, maturation, fertilisation 

and embryogenesis – processes in which TGFBIp is reportedly involved (N. S. Nielsen 

et al., 2020). Other mutations in TGFBI with more detrimental effects are likely to have 

been filtered out of the human genome by negative selection.  

Haplotype analysis of 10 families harbouring either p.R124 or p.R555 missense 

mutations determined that these mutations have arisen independently numerous times 

in several ethnic groups and that they are not derived from a common founder (Korvatska 

et al., 1998). This finding indicates that these mutations arose de novo in independent 

families, demonstrating the mutable propensity of these hotspots.  

It is not a coincidence the two mutations representing the majority of TGFBI CDs, p.R124 

and p.R555, both undergo substitutions at arginine codons containing cytosine-guanine 

(CpG) dinucleotides. Arginine is the most commonly substituted amino acid, underlying 

20% of all pathogenic single-nucleotide variants (Landrum et al., 2016; Schulze et al., 

2020). This is likely because arginine is the only amino acid to contain CpG dinucleotides 

at the first and second codon positions. The number of nonsynonymous single-

nucleotide variants affecting arginine are extraordinary relative to other amino acids 

(Schulze et al., 2020). Arginine substitutions are most frequently cytosine to thymine 
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(C>T) and guanine to adenine (G>A) transitions (Schulze et al., 2020), this is mirrored in 

TGFBI-linked CDs with the most common missense p.R124 and p.R555 mutations 

undergoing these transitions.  

CpG dinucleotides have particularly hypermutable propensities in vertebrate genomes. 

This tendency is due to the deamination of methylated cytosine to yield thymine, in the 

instance this occurs in germlines, heterozygous mutant alleles are introduced in 

offspring. It is probable that this is how the TGFBI p.R124 and p.R555 hotspots emerged.  
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1.6 Thesis aims 

Pathogenic missense mutations in TGFBI cause the accumulation of extracellular protein 

deposits in the cornea. This pathogenesis occurs in the highly tissue-specific context of 

the human cornea, and cannot be properly recapitulated by mouse models. The tissue-

specific functions of TGFBI in the cornea and the different underlying molecular 

mechanisms leading to the different phenotypes of TGFBI CD pathogenesis are not 

understood.  

In order to build on the currently known insights into TGFBI CD pathology and facilitate 

the screening of a therapeutic that targets the underlying genetic cause of disease in an 

appropriate genomic and cellular context, the development of a novel, patient-derived in 

vitro model is necessary. In the generation of this model, TGFBI CD patient-derived iPSC 

lines were established and differentiated into corneal epithelial-like (CEpi) cells. The 

current study aimed to utilise this model in the identification of TGFBI CD molecular 

disease mechanisms by transcriptomic analysis.  

Furthermore, the development of new treatments that target the underlying genetic 

cause of TGFBI CD is urgently required. The current study aimed to utilise the in vitro 

CEpi model system to demonstrate proof-of-concept of antisense oligonucleotide (ASO)-

induced reduction of TGFBI in a mutant allele-specific manner. The objective of the 

prospective antisense ASO treatment is to offer a highly effective preventative gene-

directed therapeutic approach for TGFBI CD. 

To summarise, the primary aims of the thesis were:  

1. To establish induced pluripotent stem cell (iPSC) lines from TGFBI CD patients 

harbouring two of the most common heterozygous pathogenic mutations in 

TGFBI.  

2. To generate and characterise the corneal epithelial cells differentiated from 

patient and control iPSCs. 

3. To compare the transcriptome of patient and control corneal epithelial-like cells 

in order to identify possible mechanisms of disease.  

4. To develop an antisense oligonucleotide-based therapy that reduces TGFBI 

expression in an allele-specific manner.  
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Chapter 2: Materials and Methods  
All materials and consumables are listed in Appendix A.  

2.1 General laboratory methods 

2.1.1 Genomic DNA (gDNA) extraction  
Total gDNA from cell samples was extracted using the Wizard gDNA Purification Kit 

(Promega) following the manufacturer’s guidelines. Briefly, cells were first washed with 

Dulbecco’s phosphate buffered saline (DPBS; Gibco) and lysed using the SV buffer kit 

component. DNA purification of the samples was carried out using Wizard SV Mini 

columns and wash buffers by centrifugation at 13,000 g for 1 minute per step. 250 µl of 

nuclease-free water was used for gDNA elution and was subsequently quantified by 

spectrophotometry using a Nanodrop 2000 (Thermo Fisher). 

2.1.2 RNA extraction and cDNA synthesis  
Total RNA was extracted using either the RNeasy Mini Kit for cells cultured in 6-well 

plates or the RNeasy Micro Kit for cells cultured in 12-well plates (both Qiagen). 

Following an initial wash with DPBS, cells were lysed directly in the well using RLT buffer, 

following the procedure as recommended by the manufacturer. Samples were passed 

eight times through a blunt 20-gauge needle (0.9 mm diameter, Fisher Scientific) and 

1ml syringe (Fisher Scientific) for homogenisation. The RNA extraction was carried out 

following the manufacturer’s instructions. Both kits use silica membranes to bind RNA, 

followed by successive ethanol washes. gDNA contamination was removed by 

incubation with DNAse I (DNAse kit, Qiagen) for 15 minutes at room temperature (RT). 

Total RNA was eluted in 30 µl (RNeasy Mini Kit) or 14 µl (RNeasy Micro Kit) and 

quantified using nanodrop spectrophotometry for subsequent cDNA synthesis. 

Remaining samples were stored at -80°C.  

cDNA was synthesised (tetro cDNA synthesis, Bioline) using equal quantities of total 

RNA for each sample (ranging between 500 ng and 1 μg) and 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 stored either short term at 4°C or long term at -20°C, before being used for 

Reverse Transcription Polymerase Chain Reaction (RT-PCR) and/or quantitative PCR 

(qPCR).  

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

Primers for gDNA/cDNA analysis were designed using NCBI Primer-BLAST 

(ncbi.nlm.nih.gov/tools/primer-blast). Target gene sequences were either inputted using 

their RefSeq ID or obtained through the Ensembl Gene Browser (ensemble.org). For the 

purpose of avoiding amplification of any residual gDNA contamination, exon-spanning 

primers were designed for cDNA amplification by RT-PCR. Plasmid DNA amplification 

for the pluripotency assay was carried out using primers designed to target episomal 

vector sequences, 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. 

gDNA/cDNA amplification was conducted using standard PCR methods. 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 before incubation in a thermocycler using the conditions 

specified below, with slight adaptations made to the number of cycles and extension 

and/or annealing temperature in the optimisation of 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. 30 sec at 72°C 

3. Final Extension step 

a. 5 min at 72°C 

PCR products were run on a 2% (w/v) agarose (Bioline) gel containing 0.005% (v/v) 

Safeview nucleic acid stain (NBS Biologicals) and visualised using a BioRad ChemiDoc 

XRS+ (BioRad) and ImageLab software (BioRad). 

2.1.4 PCR product purification 
PCR products were purified using MultiScreen® PCR µ96 Filter Plate (Millipore). Briefly, 

the PCR reaction mix was diluted using ddH2O to a volume of 100 μl and pipetted into a 

https://www.ncbi.nlm.nih.gov/tools/primer-blast
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well of the filter plate. The plate was attached to a vacuum suction pump, where the 

excess liquid was filtered out and the DNA was bound to the membrane. Following a 

wash with 50 μl ddH2O, the plate was removed from the suction vacuum and the DNA 

was eluted in 25 μl of ddH2O by gentle agitation using a vortex for 10 minutes at RT.  

Table 2.1 Primers used for PCR and RT-PCR reactions in the study. CDS = coding sequence, 
E = exon.  

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 TCAATTCTGTGCCTCCGGGAGCAGGTT

AGG 

60 

Lin28 
plasmid 

AGCCATATGGTAGCCTCATGTCCGC TAGCGTAAAAGGAGCAACATA 60 

TGFBI E4 
gDNA 

GTCAGAGAAGGGAGGGTGTG AGCTTAACCCCAGAAACCA 60 

TGFBI E4 
cDNA 

ATCAGCTACGAGTGCTGTCC TGCCGTGTTTCAGCTCATCA 60 

 

2.2 Sanger sequencing  

DNA concentration was quantified by spectrophotometry using a Nanodrop 2000 

(Thermo Fisher) and samples were sent to Source Biosciences (Cambridge), where 

Sanger sequencing was conducted using forward and reverse primers. PCR products 

were sequenced following a BigDye terminator sequencing protocol and analysed using 

an ABI PRISM 3100 Genetic Analyser (Applied Biosystems). Sequencing results were 

analysed using benchling (benchling.com).  
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2.3 Immunocytochemistry  

Cell samples were washed with PBS and fixed in 4% (v/v) paraformaldehyde (PFA, 

Thermo Fisher) for 10 mins at RT. Samples were then permeabilised using 0.1% Triton-

X100 (v/v; Sigma) for 15 minutes before being blocked using a solution containing 0.3% 

(w/v) bovine serum albumin (BSA, Sigma), 10% (v/v) normal donkey serum (NDS, 

Sigma) for 1 hour at room temperature (RT). Primary antibodies (Table 2.2) were diluted 

at the appropriate concentration in the blocking solution and incubated for 1 hour at RT. 

The primary antibody solutions were then aspirated and samples were subsequently 

washed 3x with PBS. Samples were then incubated with secondary antibodies that 

reacted against the primary antibody species (Table 2.3) for 1 hour at RT, before being 

washed 3x with PBS. Nuclei counterstaining was subsequently carried out using 4’,6-

diamidino-2-phenylindole dilactate (DAPI, Sigma, 1:5000) and slides were mounted 

using Dako fluorescent mounting medium (Dako).  

Table 2.2 Primary antibodies used in immunocytochemistry experiments. 
Antigen Host Clone Isotype Supplier  Catalogue 

number  
Dilution  

K3 Mouse AE5 IgG Abcam AB77869 1:200 

P63α Rabbit Polyclonal  IgG NEB 4892 1:800 

K12 Rabbit  EPR17882 IgG Abcam AB185627 1:200 

K14 Rabbit EPR17350 IgG Abcam AB181595 1:200 

E-Cadherin Rat DECMA-1 IgG1 Abcam AB11512 1:500 

Cx43 Rabbit  Polyclonal IgG Abcam AB11370 1:400 

PAX6 Sheep Polyclonal IgG Biotechne AF8150 1:200 

K5 Mouse XM26 IgG1 Invitrogen MA5-12596 1:400 

TGFBI Goat Polyclonal IgG Abcam AB99562 1:200 

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-1-81 Mouse cl.2A6 IgG NEB 4745 1:1000 
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Table 2.3 Secondary antibodies used in immunocytochemistry 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 

Goat IgG Donkey Alex Fluor 488 Invitrogen A11055 1:1000 

Sheep IgG Donkey Alexa Fluor 488 Invitrogen A11015 1:1000 

2.4 Imaging and analysis 

Confocal images were obtained using the 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 utilised to obtain images of wider fields and to visualise cell 

populations, or to obtain a closer view of subcellular protein localisation. Fluorescence 

intensities were optimised to reduce photo bleaching and avoid saturation, and images 

were captured as maximum intensity projections using Z-stacks. Images were exported 

using the Zen 2009 and processed using Fiji (imagej.net/Fiji).  

2.5 Protein extraction and quantification  

For the extraction of total protein, cells were washed using cold PBS and lysed in cold 

radioimmunoprecipitation buffer (RIPA; see Appendix A for formulation) containing 2% 

(v/v) protease inhibitor cocktail (Sigma) and 1% (v/v) Phosphatase inhibitor cocktail 

(Sigma). Cell lysates were centrifuged at 13,000 g for 10 mins at 4°C for the removal of 

cellular and DNA debris. For the collection of secreted TGFBIp, cells were cultured in 

serum free media prior to collection and then centrifuged at 13,000 g for 10 mins at 4°C 

for removal of cellular debris. Samples were collected and stored at -80 ºC before being 

quantified.  

Protein quantification was conducted using the Pierce Bicinchoninic acid (BCA) Protein 

Assay (Thermo Fisher) according to the manufacturer’s instructions. Diluted cell lysates 

and supernatants were aliquoted into 96 well flat bottom plates. Known dilutions (25- 

2000 μg/ml) of bovine serum albumin (BSA) protein (Sigma), were also loaded into 

different wells of the plate for the generation of a standard curve. Both the samples of 

interest and the known dilutions were assayed in duplicate. 200 μl BCA Working Reagent 

was added to all samples and known dilutions. Following loading of the plate, the plate 

was incubated for 30 mins at 37°C, and a change in colour depending on the protein 
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concentration of the samples was observed. Quantification of absorbance at 562 nm was 

carried out using a spectrophotometer (Safire, Tecan) and the final sample 

concentrations were calculated through extrapolation of the BSA standard curve to the 

linear regression generated.  

2.6 Western blotting 

Following the extraction and quantification of samples, equal concentrations 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°C 

for 3 minutes, and subsequently loaded into 8% acrylamide gels (see formulation in 

Appendix A), along with CozyHi ™ Prestained Protein Ladder (HighQu), and run at 100 

volts for around one hour, or until the samples 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 formulation in Appendix A). Successful 

protein transfer was confirmed using Ponceau staining, followed by incubation of the 

membrane with 5% (w/v) milk (Marvel) diluted in PBS-T (PBS containing 0.1% TWEEN-

20; Sigma) overnight at 4°C to block non-specific protein interactions. Incubation of 

primary antibodies (Table 2.4) diluted in the milk blocking solution was carried out for 

one hour at RT. Following 3x 10 mins PBS-T washes, membranes were incubated with 

HRP-conjugated secondary antibodies (Table 2.4) diluted to a concentration of 1:30,000 

in milk/PBS-T for 1 hour at RT. Membranes were washed 3x in PBS-T for 10 mins each 

wash before detection of the target proteins using Luminata Forte (Millipore) and imaging 

of the blot using ImageLab on a BioRad ChemiDoc XRS+.  

Blot image analysis and band densitometry were carried out using the Fiji software 

(imagej.net/Fiji) and Microsoft Excel, and results were plotted using the RStudio package 

ggplot2 v3.4.1.  

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 

Rabbit-HRP Goat Polyclonal IgG Thermo Fisher 31460 1:30,000 

Mouse-HRP  Goat Polyclonal IgG Thermo Fisher 31430 1:30,000 
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2.7 Quantitative analysis of gene expression by qPCR 

qPCR was used to determine relative levels of gene expression, by measuring the 

fluorescence emitted by DNA bound to the intercalating dye SYBR green.  

2.7.1 qPCR reactions  
20 μl reactions of each sample consisted of 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 

amounts of cDNA were assayed for samples that would be compared to each other. The 

optimal cDNA dilution was determined using the information obtained through the 

standard curve dynamic range (Section 2.7.3) and the ones that reached ct values 

between 22-30 were preferred. Reactions were assayed in triplicate and included a 

negative control set of reactions where ddH2O was added in place of cDNA. Reactions 

were loaded into MicroAmp™ Optical 96-Well Reaction Plates (Thermo Fisher), briefly 

mixed by vortex, centrifuged and inserted into a Quantstudio 6 Flex realtime PCR system 

(Thermo Fisher), where it underwent the following cycling run: 

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 upon reaching 

the melting temperature, and melting curves are generated. 

2.7.2 Primer design  
Forward and reverse primers were designed using the following parameters using NCBI 

Primer-BLAST (ncbi.nlm.nih.gov/tools/primer-blast):  

• 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 for genomic sequences at the gene target locus, determined using 

the BLAST tool (blast.ncbi.nlm.nih.gov). 

https://www.ncbi.nlm.nih.gov/tools/primer-blast
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2-7 primer pairs per gene were designed using the Primer-Blast tool and purchased from 

SigmaAldrich for the purpose of identifying the pair with the optimal performance 

efficiency. cDNA from fibroblasts and differentiated CEpi samples was obtained as 

described in Section 2.1.2 and used to test primers using a standard RT-PCR reaction 

(see section 2.1.3). Specific PCR product amplification was assessed by resolving the 

product on a 2% (w/v) agarose gel and visualisation by trans-illumination using a Bio-

Rad Chemidoc MP imaging system. 

2.7.3 Absolute quantification and determination of amplification efficiency 
for primer selection 

In order to assess primer pair efficiency and for comparison to reference gene primer 

pairs, a standard curve was determined by preparing serial dilutions (1:10, 1:50, 1:250, 

1:1250, 1:1650) of cDNA for the qPCR reactions, using the conditions outlined in Section 

2.7.1. In order to generate the standard curve, the number of cycles required to cross 

the amplification threshold (CT) was plotted against the log of the cDNA input. The 

standard curve analysis generates data on the dynamic range of the cDNA input 

template and the target template amplification efficiency. Primer pair amplification 

efficiency was calculated by the standard curve slope (efficiency =101/slope)-1) which 

determines whether they are suitable for a comparative CT analysis. Primers generating 

very similar amplification efficiencies (less than 5% difference) were employed to 

calculate target gene expression. All qPCR reactions were carried out in triplicate to 

confirm assay accuracy and only triplicate average CT values with a minimal standard 

deviation (SD) were considered valid.  

2.7.4 Validation of target and reference gene amplification efficiencies for 
the comparative CT analysis (ΔΔCT) 

Following standard curved generation and calculation of primer pair efficiency, the ΔCT 

for each sample triplicate CT average was calculated as follows ΔCT = (CT target – CT 

reference). Validation of the experiment was carried out by ΔCT values plotting against 

the log value of the cDNA input and the slope of the plot was verified to be <0.1. Primer 

pair efficiencies meeting the criteria were selected and those used in the study are listed 

in Table 2.5.  
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Table 2.5 Primers used for qPCR experiments reported in the study. 
Gene target Forward sequence Reverse sequence 
TGFBI exon 9 GTCTGATGTGTCCACAGCCA GGAGGGGTTCCATCTTTGAA 

ΔNP63 AGTGAGCCACAGTACACGAA TAGTCGGTGTTGGAGGGGAT 

KRT3 TGGAGATCGACCCCCAGATT AGGAACCGCACCTTGTCAAT 

KRT14 ATGGCAGAGAAGAACCGCAA CGGTTCAGCTCCTCTGTCTT 

ABCG2 AAACCTGGTCTCAACGCCAT CTAATAACGAAGATTTGCCTCCACC 

PAX6 TCAGCTCGGTGGTGTCTTTG GTCTCGGATTTCCCAAGCAA  

GAPDH CCCCACCACACTGAATCTCC GGTACTTTATTGATGGTACATGACAAG 

ACTIN CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG 

 

2.7.5 qPCR analysis by ΔΔCT relative quantification  
qPCR data were analysed using the 2-ΔΔct method (Schmittgen & Livak, 2001), whereby 

target gene expression was normalised against reference gene expression, which were 

ACTIN and GAPDH combined in this instance: 

ΔCT = CTtarget – CTreference 

Next, normalisation of the dependent sample against the independent sample which 

provides an internal control for the experiment: 

ΔΔCT = ΔCTdependent sample – ΔCTindependent sample 

Finally, gene expression values were calculated as the relative quantification (RQ) or 

fold difference of the target gene of interest respective to internal control, calculated as 

follows: 

RQ = 2-ΔΔCT 

2.8 Cell culture and iPSC reprogramming 

2.8.1 Patient samples 
Patient skin biopsies were obtained by Professor Stephen Tuft following informed 

consent of Moorfields Eye Hospital patients (ethics permission number: 13/LO/1084, 

Moorfields Eye Hospital Research Ethics) who had been previously genetically screened 

for TGFBI mutations. Genotype/phenotype details are provided in Table 2.6. 
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Table 2.6 Patients with TGFBI mutations recruited to this study, whose skin biopsies were 
used to generate fibroblast and iPSC lines. LCDI = Lattice Corneal Dystrophy Type I, GDCII 
= Granular Corneal Dystrophy Type II. F=Female, M=Male. 

Patient ID Age Gender cDNA variant Protein variant Diagnosis 
Patient 1 48 M c.370C>T p.R124C LCDI 

Patient 2 54 M c.370C>T p.R124C LCDI 

Patient 3 34 M c.371G>A p.R124H GCDII 

Patient 4 66 F c.371G>A p.R124H GCDII 

 

2.8.2 Primary fibroblast cell lines  
Skin biopsies were used to establish fibroblast cell lines by firstly, removing the epidermal 

layer of the biopsy, the remaining tissue was then placed into a culture dish. A coverslip 

was used to secure the samples and the space between the dish and the coverslip was 

filled with culture media to aid in biopsy attachment. Fibroblast cultures were maintained 

at 37°C and 5% CO2 in fibroblast growth media consisting of DMEM/F12+Glutamax 

(Gibco), 10% fetal bovine serum (FBS, Lonza), 1% v/v non-essential amino acids (NEAA, 

Gibco), 100 μg/ml penicillin and 100 U/ml streptomycin (Pen-Strep, Lonza). The cultures 

were passaged using Trypsin-EDTA (Gibco) once they reached confluency. 

2.8.3 Generation of patient-derived induced pluripotent stem cell (iPSC) 
lines 

Fibroblasts with a passage number lower than 15 were cultured in a T175 flask (Corning) 

until they reached approximately 90% confluency. The cells were then electroporated 

with four 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). 

To carry out the procedure, the fibroblasts were trypsinised, centrifuged at 200 g for 5 

min, and washed with Dulbecco’s Phosphate-Buffered Saline (DPBS, Gibco). 

Subsequently, 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 suspension, followed by 

electroporation using an Amaxa Nucleofector I device (Lonza) with the setting U-023. 

The cells were then replated in a 0.01% (v/v) gelatin-coated 10 cm2 tissue culture dish 

in fibroblast media. 
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The media was changed the next day to fresh fibroblast media containing 0.5 mM sodium 

butyrate (SB, Sigma), and changed daily for a week. TrypLE was used to dissociate the 

cells, which were then replated in a Geltrex-coated dish at a density of 200,000 cells/cm2 

and maintained in fibroblast growth media for 24 hours. They were subsequently 

maintained in Essential 8 Flex media (E8F, Gibco) supplemented with 0.5 mM SB for the 

following 7 days. 

From day 13 of reprogramming onwards, the cells were cultured in E8F alone until iPSC 

colonies appeared. Colonies were identified by their characteristic morphology, 

consisting of round colonies of densely packed cells, which were manually dissected and 

transferred to individual Geltrex-coated wells for further clonal expansion. At least six 

clonal iPSC lines were expanded for each line, and were considered suitable for 

differentiation based on their expression of stem cell markers (Section 3.2.3.1, Figure 

3.4). Each clonal iPSC line selected for differentiation was cultured in E8F and split onto 

Geltrex-coated plates every 3-4 days following dissociation using enzyme-free cell 

dissociation buffer (Gibco). 

2.8.4 Confirmation of fibroblast and iPSC line genotypes 
Cell samples were subjected to genomic DNA extraction using the Wizard® SV Genomic 

DNA purification system (Promega). Specific primers targeting TGFBI exon 4 (Table 2.1) 

were used to amplify the region of interest by PCR using a 2X GoTaq green master mix 

(Promega). The PCR product was then purified using MultiScreen® PCR µ96 Filter 

Plates (Millipore) and sent for Sanger sequencing as detailed in Section 2.2. 

2.8.5 Differentiation of corneal epithelial-like cells from patient-derived 
iPSC 

For the generation of in vitro models for the study of TGFBI CDs, mutant and control 

iPSC lines (Chapter 3, Table 3.2) were differentiated towards a corneal epithelial-like 

(CEpi) cell lineage. An adapted version of the protocol published by Kamarudin et al. 

(2018) was used for the CEpi differentiation.  

Upon reaching 70% confluency, iPSCs were detached using enzyme-free buffer (Gibco) 

and plated at a 1:2 dilution in a T25 flask coated with Geltrex (Gibco) – this step was 

considered differentiation day 0. They were cultured in E8F (Thermo Fisher) for 2 days 

before inducing embryoid body (EB) formation by using 2mg/mL dispase I (Thermo 

Fisher) to detach cell colonies without fully dissociating them. The cells were then 

resuspended in E8F supplemented with 10mM Blebbistatin (Sigma) and plated into ultra-

low attachment culture plates (Corning). Over the next two days, a gradual media change 

to epithelial induction media (IM) containing DMEM/F12+Glutamax (Gibco), 1% N2, 1% 
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B27, 1% NEAA, 1% Pen-Strep, 25ng/mL bone morphogenetic protein 4 (BMP4, 

Peprotech) and 50ng/mL epidermal growth factor (EGF, Life Technologies) was carried 

out, with a 1:1 (v/v) E8F:IM on the first day and IM only on the second day. The EBs 

were maintained in IM for the following 5 days with media changes every two days. On 

differentiation day 9, the EBs were plated on adherent plates coated with 5μg/cm2 

collagen IV (Sigma) and 3.33 µg/mL laminin-521 (Thermo Fisher) and cultured in Cnt-30 

(CellNtec), a commercial media that promotes corneal epithelial differentiation with an 

undisclosed formulation, supplemented with 10% FBS. The media was changed 3 times 

a week, and cells were kept until approximately day 30, with samples collected at days 

16, 21, 25, and 30 for analysis. 

2.9  Antisense oligonucleotides  

2.9.1 ASO design  
ASOs were designed complimentary to exon 4 of TGFBI comprising and surrounding the 

region of the R124C and R124H mutations. 

2.9.2 Prediction of RNA secondary structures 
A TGFBI reference sequence was obtained from Ensembl (ENST00000442011.7) and 

cross-checked against patient gDNA Sanger sequencing data to ensure sequence 

homology and lack of polymorphisms. The region comprising part of intron 3-4 through 

to intron 4-5 for each sequence of interest (WT, R124C and R124H) was converted to 

RNA for the prediction of TGFBI pre-mRNA secondary structure using the mfold web 

server (Zuker, 2003). The same process was carried out using only the exon 4 sequence 

without the intronic regions in order to predict the protein-coding mRNA folding of the 

region.  

An important determinant of ASO efficacy is the accessibility of the target RNA. The 

mfold software predicts the accessibility of the target RNA by computing the likelihood of 

RNA base pairing and the resultant RNA secondary structure. Mfold analyses the input 

sequence and computes a list of predicted folded structures ranked by their free energy, 

with the reaction having the lowest free energy used as the reference structure.  

The software outputs multiple files containing information on the folding propensities of 

the input sequence. The ‘ct file’ contains information on the nucleotides in the predicted 

RNA secondary structure. The first row of the ct file contains the total number of 

nucleotides in the structure, the energy value of the fold and the file name. Six columns 

are included in the file with the following fields from left to right: 

1. Nucleotide number within the input sequence. 
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2. The type of nucleotide (A, G, U or C). 

3. Nucleotide number within the input sequence starting from the 5’neighbour 

nucleotide (starts from zero). 

4. Nucleotide number within the input sequence starting from the 3’neighbour 

nucleotide (starts from two). 

5. The number of the nucleotide that the respective nucleotide of the row in question 

is paired with. If the value in this field is 0, the nucleotide contained column 1 for 

this row is unpaired.  

6. Repeat of column 1.  

Nucleotides with zero values contained in column five are favoured to be part of the 

target sequences, as they would be unpaired and more likely to be accessible for ASO 

binding. An extract from an example ct file is shown below (Table 2.7).  

Table 2.7 An example of a ct file generated for the TGFBI mRNA sequence analysis. 
Numbers in the title column have been added to correspond to the description above. 

1 2 3 4 5 6 
243 G 242 244 270 243 

244 C 243 245 0 244 

245 U 244 246 0 245 

246 A 245 247 267 246 

247 C 246 248 266 247 

248 C 247 249 265 248 

 

Mfold also provides ss-count (single stranded-count) data for the input sequence, which 

indicates the likelihood of a nucleotide to be unpaired in multiple potential secondary 

structure predictions. Thus, bases with a high ss-count value would be more favourable 

than those with an ss-count value of zero, as a value of zero would suggest that the 

nucleotide is paired to another and inaccessible to ASO binding in all computed 

scenarios. Ss-counts of WT and mutant TGFBI pre-mRNA and protein-coding mRNA 

sequences are shown in Chapter 5 (Figure 6.7).  

2.9.3 ASO sequence and structure selection  
A previous study that investigated different gapmer ASOs in their activation of RNase H-

mediated pre-mRNA and mRNA degradation found that ASOs that were 22 nucleotides 

in length, with either a 12, 10 or 8 nucleotide central DNA phosphorothioate (PS) 

backbone sequence flanked by 2’-OMe RNA nucleotides were more effective in 

comparison to ASOs of shorter lengths (Marrosu et al., 2017). Furthermore, locked 

nucleic acid (LNA) oligonucleotide substitutions complimentary to a particular single 

nucleotide polymorphism (SNP), have been shown to enhance allele-specificity of target 
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sequence binding (Naessens et al., 2019). Based on this research, the ASOs in the 

current study were designed to be 22 nucleotides in length, with either a 12, 10 or 8 

nucleotide central DNA PS backbone sequence flanked by 2’-OMe RNA nucleotides, 

with an LNA base complimentary to the point mutation contained within the central DNA 

portion of the sequence. As the LNA base had to fall within a specific portion of the 

sequence, the final chemical structure of the ASOs was considered in the ASO sequence 

selections for each respective mutation. Other parameters of the ASO design are 

outlined below: 

• GC content between 40-60%  

• Target binding capacity. The free energy of the selected ASOs was calculated 

for each ASO alone using the AllSub platform and for each ASO as an ASO-ASO 

complex using the bifold platform 

(http://rna.urmc.rochester.edu/RNAstructureWeb/). The ideal free energy values 

are >-4 and >-15 for each of these calculations, respectively.  

• Potential off target screening was conducted by aligning ASO sequences to the 

human genome using BLAT (Kent, 2002) and BLAST (Z. Zhang et al., 2000).  

2.9.4 Chemical modifications  
ASOs were chemically modified using a gapmer design where the central portion of the 

ASOs contained DNA with phosphorothioate (PS) backbone modifications and the 

flanking portions contained 2’-OMethyl modified RNA bases. The base of the ASO 

targeting the point mutation was modified with a locked nucleic acid. A control ASO was 

designed by scrambling of a 20 bp region containing the c.370C>T (p.R124C) TGFBI 

mutation. All ASOs were modified with a 5’ conjugated 6-FAM fluorophore in order to 

monitor transfection efficiency. ASOs were synthesised by Eurogentech (Belgium). ASO 

sequences and modifications are shown in Table 2.8.  

Table 2.8 Gapmer ASOs used for in vitro assays. Modifications: * = PS link, m = 2’-OMethyl 
RNA, + = locked nucleic acid. 

ASO 
name 

ASO 
target  

ASO sequence and chemistry  

C1 c.370C>T  5-’mUmCmCmGmUmGmC+AG*T*C*C*G*T*G*mUmAmCmAmGmCmU-3’ 

C2 c.370C>T 5’-mCmGmUmGmC+AG*T*C*C*G*T*G*T*A*C*A*mGmCmUmGmA-3’ 

H1 c.371G>A 5’-mAmGmCmUmUmCmUC*C*G*T*G*+TG*G*mUmCmCmGmUmGmU-3’ 

H2 c.371G>A 5’-mUmCmumCmCmGT*G*+TG*G*T*C*C*G*T*mGmUmAmCmAmG-3’ 

SCR N/A 5’-mGmCmGmCmCT*C*G*T*A*G*G*A*C*C*mUmCmUmUmA-3’ 

 

http://rna.urmc.rochester.edu/RNAstructureWeb/
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2.9.5 In vitro ASO treatments 
To evaluate the decrease in mutant TGFBI expression, ASOs were transfected into 

primary patient fibroblasts and patient iPSC-derived differentiated CEpi cells. Mutant 

fibroblast lines were plated at a density of 7.5 x 104 cells/cm2, 24 hours before 

transfection. The corresponding ASO was transfected into the cells using a 

polyethilamine-based transfection reagent (Transporter5, Polysciences). The cells were 

incubated in fresh, serum-free, and antibiotic-free media for an hour before transfection. 

Therapeutic and control (SCR) ASOs, at 1μg were dissolved in 150 mM NaCl and mixed 

with Transporter5 at a 1:4 oligo:PEI ratio. The ASO and transfection reagent were gently 

mixed by pipetting before incubation at room temperature for 20 minutes to form ASO-

DNA complexes before being added to the cells. RNA analysis was conducted 48 hours 

after the incubation period. 

The liposome-based reagent Lipofectamin RNAiMax (Thermo Fisher) was used to 

transfect differentiated mutant CEpi cells. Cells were replated between day 21-25 and 

seeded at a density of 5-7.5 x 104 cells/cm2 for transfection. To ensure accurate seeding, 

the cells were detached with TrypLE express (Thermo Fisher) and passed through a 70 

μm Falcon cell strainer (Thermo Fisher) to separate clumps of cells. Before transfection, 

fresh, serum-free Cnt-30 media was added to the cells. To achieve a 300 nM ASO dose, 

OptiMem (Gibco) was used to dilute 3 μl of the reagent and the appropriate amount of 

ASO. The ASO and transfection reagent complexes were allowed to form for 5-10 

minutes before being added to the cells in a drop-like manner. RNA extractions were 

carried out 48 hours following transfection, whereas protein extractions were carried out 

72 hours post-transfection using lysate and/or supernatant samples. 

2.10 Next generation sequencing and analysis  

2.10.1 Targeted Next Generation Sequencing (NGS) 
Total RNA was extracted from non-treated and ASO treated cells and synthesised into 

cDNA (Section 2.1.2). Dilutions containing a minimum concentration of 1ng of cDNA 

were prepared for each sample. Primer pairs that targeted either the gDNA or cDNA of 

TGFBI and flanked the region of the mutant nucleotide were designed. The primers 

included two overhang adaptor sequences, known as Illumina nextera transpose 

overhangs, at the 5’ ends (Table 2.9), which are two universal sequences that are 

compatible with Illumina kits. Other requirements for the design of primers for the NGS 

include: 

• A melting temperature of 60-65°C (not including the overhang sequences).  
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• Production of an amplicon between 100-400 bp (not including the tails) 

Table 2.9 Primers used to generate amplicons for Illumina library preparation. Primers for 
targeted NGS were composed of the gene specific sequences (black), designed to amplify the 
region containing the mutated region, and the forward (red) and reverse (blue) illumina nextera 
overhang transposase sequences. 

Primer 
direction 

Target 5’ – Sequence – 3’ 

Forward gDNA TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAGGCCATCCCTCCTT

CTG 

Reverse gDNA GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCATCTCACAGCTGGC

AAGG 

Forward cDNA TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGCTGTCCAGCAGCCCT

AC 

Reverse cDNA GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTTGCTGACCAGGGAGT

CCA 

 

The cDNA dilutions and primers were sent to the UCL genomics facility for sequencing. 

The cDNA was sequenced using the MiSeq reagent kit Nano (Illumina). A summary of 

the procedure is detailed below.  

For the generation of a DNA library, the primers described above (Table 2.9) were used 

to generate a 200 bp long amplicon (not including tails), using KAPA HiFi HotStart 

ReadyMix (KAPA Biosciences). During this step, the nextera transposase sequences 

were incorporated into the amplified PCR product. The PCR product was then purified 

using AMPure XP beads, which work to remove the respective amplicons from the 

primers and other PCR reaction components. The AMPure XP beads were added to the 

PCR product and mixed. The mixture was then incubated for 5 mins at RT to allow for 

DNA binding. The DNA bound beads were then separated using a magnetic stand. Next, 

beads were washed twice with ethanol by using the magnetic stand to separate and 

remove the ethanol solution from the beads after each wash. Following the wash steps, 

the beads were left to air-dry and the DNA was eluted from the beads using 50 µl of 10 

mM Tris pH 8 and the magnetic stand. For the removal of primer dimers, a short 2 min 

incubation at RT was followed by an additional clean-up step, where 20% 2.5M NaCl 

was added for rebinding of the DNA to the beads. The procedure outlined above was 

then repeated starting from the ethanol wash steps.  

A second amplification reaction was carried out using the 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). This second amplification product then underwent 

the same clean-up procedure as described above.  
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Upon generation of the cDNA libraries, the respective PCR products were quantified and 

pooled in order to obtain a minimum of 5000 reads. The libraries were then denatured 

with NaOH, rehybridized and subsequently heat denatured before proceeding with the 

sequencing. A PhiX Control v3 Library was then prepared and combined with the 

amplicon library. The PhiX control is a library derived from the small, well-characterised 

PhiX genome, which works to provide quality control for sequencing applications, and is 

especially necessary for low-diversity libraries such as the ones generated through 

targeted NGS, where only one specific DNA fragment is analysed. Samples were 

sequenced using a MiSeq sequencer (Illumina).  

2.10.2 Quantification of WT/mutant allele expression 
Allele expression was quantified using a Python v3.11.1 script (Appendix D) that counts 

the number of reads containing the WT base or mutant point mutation. The allele count 

quantifications were then divided by the total number of read counts for the particular 

samples to obtain the percentage of the WT and mutant base for each condition (gDNA, 

NT, SCR, ASO1 and ASO2).  

2.10.3  Bulk RNAseq library preparation and sequencing  
Total RNA was extracted as described in Section 2.1.2. Stranded RNAseq libraries were 

prepared by Genewiz, Azenta Life Sciences using the NEBNext Ultra Directional RNA 

Library Prep Kit for Illumina (New England BioLabs) following the manufacturers 

protocol. Indices were included to multiplex multiple samples. Briefly, mRNA was isolated 

from total RNA by utilizing poly-T oligo-attached magnetic beads. Following 

fragmentation, the first cDNA strand was generated using random hexamer primers, and 

subsequently, the second cDNA strand was synthesized. To create a strand-specific 

library, the synthesized cDNA underwent end repair, A-tailing, adapter ligation, size 

selection, and USER enzyme digestion. The library's insert size was verified and 

quantified using quantitative qPCR on an Agilent 2100 instrument. Finally, the libraries 

were subjected to paired-end sequencing with a 300bp insert size on an Illumina 

NovaSeq 6000 S4 flowcell. 

2.10.4 Bulk RNA sequencing (RNAseq) pre-processing and analysis  
Raw sequencing data was subject to quality control using FastQC v0.11.9 and MultiQC 

v1.14 (Appendix C). The transcript-level expression data was aligned to the reference 

transcriptome and genome sequences using Salmon v1.9.0 with GENCODE v42 hg38 

reference sequences.  

The tximport package v1.24.0 was used to import the data into RStudio (R v4.2.1) for 

differential gene expression analysis using the DESeq2 v1.36.0 package (Love et al., 
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2014). The data was normalised using the DESeq2 normalisation method, which 

accounts for differences in library size and gene length. Differentiation batch effects were 

corrected for by including the batch variable as a covariate in the experimental design. 

Variance stabilising transformed data was subject to principal components analysis 

(PCA). A generalised linear model was fitted to the normalised counts using the negative 

binominal distribution. The differential gene expression analysis was carried out using 

the DESeq2 function with apeglm v1.18.0 shrinkage (Zhu et al., 2019), which allows for 

a more accurate estimation of fold changes and variances. Genes with an FDR-adjusted 

p value cut off of 0.1 were considered significant. The RStudio packages 

EnhancedVolcano v1.14.0 and Pheatmap v1.0.12 were used to generate the differential 

gene expression volcano plots and heatmaps respectively. Normalised counts of genes 

of interest were saved as a data frame using the plotCounts function of Deseq2 and 

plotted using ggplot2 v3.4.1. An over-representation analysis was carried out using the 

clusterProfiler package v4.4.4 for identification of biological processes, cellular 

components and molecular functions enriched in the significantly differentially expressed 

gene-set.  

2.10.5 scRNAseq bioinformatics analysis  
Publicly available scRNAseq data published by Català et al. (2021) was utilised to 

investigate gene expression patterns of four human donor corneas. The raw scRNAseq 

data, which was generated using the 10 × Genomics platform and processed with the 

Cell Ranger software, was downloaded from the Gene Expression Omnibus (GEO: 

ncbi.nlm.nih.gov/geo) repository and pre-processed using the Seurat package v4.3.0 in 

RStudio. In order to ensure high-quality data, cells with less than 1000 unique molecular 

identifiers (UMIs) per cell and those with a mitochondrial gene content exceeding 20% 

were filtered out. This resulted in a total of 10,580 cells that were retained for downstream 

analysis. The SCTransform function in Seurat was used to normalise the data and 

correct for technical variability and patient-specific effects.  

Next the normalised data from the four donor corneas was integrated, which involved 

identifying the best anchors between the datasets using the findIntegrationAnchors 

function and then performing canonical correlation analysis (CCA) to align the datasets 

based on their shared variation.  

PCA was used to reduce the dimensionality of the data and identify the most significant 

sources of variation among the cells. The cells were clustered using the graph-based 

clustering approach implemented in Seurat, which involves constructing a k-nearest 

neighbour graph and partitioning it into communities using the Louvain algorithm. The 
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resulting cell clusters were embedded in a uniform manifold approximation and projection 

(UMAP), a dimensionality reduction technique that preserves the global structure of the 

data. The FeaturePlot function of Seurat was used for the visualisation of gene 

expression for each individual dell in a given cluster.  

2.11  Data visualisation and statistical analyses 

All graphs presented in the thesis were generated using the RStudio package ggplot2 

v3.4.1, unless specified otherwise in the respective material and methods or results 

section. ANOVA statistical analyses were carried out using the base R aov function and 

post-hoc analyses were carried out using the RStudio package rstatix v0.7.2. 
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Chapter 3: TGFBI corneal dystrophy patient cohort and 
generation of patient-derived iPSC lines. 
3.1 Introduction  

Animal models have been used to address many biological questions and have provided 

invaluable information to the field of biomedical science. Yet, in many cases, the 

commonly used murine models are not able to appropriately recapitulate human disease 

due to interspecies differences. Differences between mouse and human corneas are 

clear, with the Krt3 gene being absent from the mouse genome (Ho et al., 2022), and 

mouse corneas displaying over 10-fold less TGFBIp expression relative to human 

corneas (Poulsen et al., 2018a). In vitro models represent an alternative and 

complimentary system to animal models for the investigation of molecular mechanisms 

of human disease and the development and testing of novel therapeutics. Patient-

derived somatic cells that have been reprogrammed into iPSCs are capable of 

differentiating into previously unattainable disease-relevant cells which retain the genetic 

signature of the patient. Thus, patient-derived iPSCs can provide an unlimited source of 

disease-specific cells, enabling the experimental testing of potential therapeutics in a 

relevant disease model.  

This chapter describes the medical histories of the individuals who agreed to participate 

in this study while providing confirmation of their pathogenic mutations at the p.R124 

hotspot; and the generation of the control and patient-derived iPSC lines that were used 

throughout this study.  

3.1.1 Genetic diagnosis and prevalence of TGFBI corneal dystrophies 
A tight genotype-phenotype correlation between pathogenic mutations in TGFBI and the 

resulting phenotypic expression of autosomal dominant corneal dystrophies affecting the 

epithelial and stromal layers has been described through reports of genetic studies in 

the field (see Chapter 1, Section 1.4.1). To date, 78 pathogenic variants in TGFBI have 

been identified (Table 9.1, Appendix B) and linked to specific corneal phenotypes, with 

the likely possibility of rare novel mutations being reported in different populations in the 

future. The IC3D Classification of Corneal Dystrophies, written by experts in the field, 

defines the group of conditions known as corneal dystrophies, while incorporating 

clinical, histopathologic, and genetic information to enable a comprehensively accurate 

classification of TGFBI corneal dystrophies (Møller & Weiss, 2011; Weiss et al., 2008, 

2015) (see Chapter 1, Section 1.4). As it is recognised that TGFBI corneal dystrophies 

affect multiple layers of the cornea (see Chapter 1, Section 1.4.1), the IC3D classifies 
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them as epithelial-stromal TGFBI corneal dystrophies, and subclassifies them based on 

clinical presentation and anatomic pathology.  

The different phenotypes contained within the group of epithelial-stromal TGFBI corneal 

dystrophies can present with similar yet subtly different pathological features, perhaps 

due to lack of disease progression or discrepancies not possible to observe via slit lamp 

examination. In these cases, genetic screening provides a powerful method of accurate 

TGFBI CD diagnosis due to the well documented genotype-phenotype correlation 

(Dighiero et al., 2001; Evans et al., 2016; Paliwal et al., 2010; Zenteno et al., 2009). Past 

reports demonstrate that TGFBI CDs have been reported worldwide, with the highest 

prevalence reported in Europe, East Asia and North America (Chao-Shern et al., 2019). 

Some studies have estimated the prevalence of the p.R124H mutation in their cohorts. 

In a study of 2068 Chinese refractive surgery candidates, four had corneal opacities in 

both eyes with a fifth individual harbouring the mutation despite no observation of a 

phenotype at the time, indicating a prevalence of 0.24% for the GCDII causing mutation 

p.R124H in this population (Y. Song et al., 2017). A Korean study of 2060 DNA samples 

obtained from a public umbilical cord blood bank determined that six of these samples 

(0.29%) were heterozygous for the p.R124H mutation (J. E. Park et al., 2021).  

An American study estimated the prevalence of corneal dystrophies through analysis of 

a database comprising the ophthalmic medical claims of 6,626,976 individuals (Musch 

et al., 2011). The corneal dystrophies were categorised based on a general diagnosis 

and no genetic screening was carried out. A diagnosis of anterior corneal dystrophy was 

recorded in 15.6% of enrolees, while a diagnosis of lattice or granular corneal dystrophy 

was recorded in less than 1%. 

Some reports have evaluated the distribution of TGFBI CDs in their local cohorts. An 

investigation into an Indian cohort of 37 patients with either LCD or GCD reported 

p.R124C and p.R555W to be the most common causative mutations (Chakravarthi et al., 

2005). In a Chinese cohort of 355 patients with TGFBI CDs, p.R555W (GCDI) and 

p.R124H (GCDII) were the most common and p.R124C (LCDI) the second most common 

disease-causing variants (J. Yang et al., 2010). In an Iranian cohort of 24 TGFBI CD 

patients, the p.R124C (LCDI), p.R124H (GCDII) and p.R555W (GCDI) mutations were 

found to be the most common disease-causing variants (Jozaei et al., 2022).  

A study conducted at Moorfields Eye Hospital on a multi-ethnic cohort of 68 patients 

demonstrated that p.R555Q (TBCD), p.R124C (LCDI) and p.R555W (GCDI) were the 

most common disease-causing variants (Evans et al., 2016). This work has since been 

continued in the Hardcastle Laboratory (unpublished data) to include 120 patients that 



 84 

were clinically diagnosed as having an epithelial-stromal CD. Following genetic 

screening of all the patients included in the study, 110 individuals from this cohort were 

found to have pathogenic mutations in TGFBI. Many of these patients received a more 

accurate diagnosis following genetic screening (Figure 3.1), for example, around a 

quarter of the cohort was initially diagnosed with general GCD before genotyping, which 

allowed for a more precise subclassification and diagnosis. From this updated data, the 

p.R124C (LCDI) and p.R555Q (TBCD) variants were confirmed to be the most common.  

A meta-analysis conducted on 257 published studies, reporting on a total of 4218 TGFBI 

CD patients demonstrated that around 50% of disease-causing variants were accounted 

for by the p.R124H (GCDII) mutation, and around 13% and 11% being made up of 

p.R124C (LCDI) and p.R555W (GCDI) mutations, respectively (Jozaei et al., 2022). The 

same study also showed that across the 4218 reported cases, 95% were heterozygous 

for the mutation, with a minority being homozygous (Jozaei et al., 2022).  

 
Figure 3.1 Epithelial-stromal CD diagnosis of the MEH patient cohort before and after 
genetic screening for TGFBI mutations. Reported MEH diagnoses of 120 unrelated cases of 
suspected epithelial-stromal CD before (A) and after (B) genetic screening to assess the 
prevalence of the different CDs 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 all other regions of TGFBI, and excludes codons R124 and R555. 
(Unpublished data).  

3.1.2 Induced pluripotent stem cells (iPSCs) 
In 2006, a major advancement was made in the field of biomedical research when it was 

reported that pluripotent cells resembling embryonic stem cells (ESCs) could be 

generated from mouse somatic cells through the retroviral-mediated transduction of a 

set of four transcription factors (K. Takahashi & Yamanaka, 2006). These genetically 

manipulated cells were termed induced pluripotent stem cells and the factors – Oct4, 

Sox2, Klf4 and c-Myc – were named the Yamanaka factors. The following year, the same 

group reported that these factors were able to induce pluripotency via retroviral 

transduction in human somatic cells (K. Takahashi et al., 2007). Simultaneously, a 
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different group also reported the induction of pluripotency in human somatic cells via 

lentiviral transduction of a similar combination of factors – OCT4, SOX2, NANOG, and 

LIN28 (J. Yu et al., 2007).  

Since its discovery, iPSC technology has vastly expanded and other reprogramming 

methods and alternative combinations of transfection factors capable of inducing 

pluripotency have been identified. Concerns about the use of integrating viral vectors 

such as retroviral or lentiviral methods led to the development of non-integrating methods 

for pluripotency induction, such as episomal vectors, synthetic mRNA and sendai virus 

(Review: Shi et al., 2017). Additionally, research showed that the core reprogramming 

cocktail was comprised of Oct4, Sox2 and Klf4, and that this set of factors could be 

enhanced by the addition of other factors or microRNAs that work to enhance the 

efficiency of iPSC generation (Lüningschrör et al., 2013; Nakagawa et al., 2008; Wernig 

et al., 2008).  

The forced expression of the relatively small set of defined transcription factors is thought 

to form a mutually regulated, hierarchal network of pluripotency in the induced cells 

starting from the beginning of the pluripotency pathway (Review: Adachi & Schöler, 

2012). In this way, the transient expression of these master regulators of pluripotency 

that lie at top of the regulatory hierarchy can organise a stable network state of stem 

cellness. A transcription factor interaction analysis has indicated that lineage identity is 

indeed largely defined by co-expression of a small set of lineage-restricted transcription 

factors in conjunction with certain ubiquitously expressed transcription factors that 

physically interact with each other (Ravasi et al., 2010). Much research into the functions 

of the core and enhancer pluripotency factors have demonstrated how their roles vary 

(Review: Schmidt & Plath, 2012).  

Various cell types of different development origins and species can be reprogrammed 

into iPSCs. The molecular process of pluripotency induction differs with different cell 

types. The first step, applicable to all cell types that have undergone reprogramming, is 

the concomitant increase in proliferation of a small proportion of cells and a decrease in 

cell size (Z. D. Smith et al., 2010). The next step involves the suppression of somatic cell 

pathways and the acquisition of certain properties of pluripotent cells, such as colony 

formation (Stadtfeld et al., 2008). In the case of fibroblast reprogramming specifically, 

the downregulation of mesenchymal regulators occurs simultaneously with the 

upregulation of epithelial genes, leading to mesenchymal-epithelial transition (R. Li et al., 

2010; Samavarchi-Tehrani et al., 2010). In the final stages of pluripotency induction, the 
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cells begin expressing core pluripotency genes, thus establishing the endogenous 

pluripotency network (Mikkelsen et al., 2008).  

The discovery of iPSC technology and its many applications has triggered enormous 

progress in the fields of stem cell biology, regenerative medicine, disease modelling and 

drug discovery. iPSCs allow for the generation of patient-specific or genetically 

engineered cells that have the capacity to differentiate into any somatic cell type thus, 

the translational applications of iPSCs in cellular therapy are compelling. Several early-

phase clinical trials have demonstrated the feasibility of iPSC-based therapies in treating 

conditions such as macular degeneration (Mandai et al., 2017; Sugita et al., 2020) and 

Parkinson's disease  (J. Takahashi, 2020). Nonetheless, challenges persist, including 

the necessity for rigorous characterisation of iPSC-derived cells, standardisation of 

manufacturing protocols, and addressing genomic instability and tumorgenicity which 

pose a barrier to widespread clinical implementation (Ortuño-Costela et al., 2019; 

Yamanaka, 2020). In the field of human genetic disease modelling, iPSCs provide a 

convenient system, as they retain the genetic signature of the patient while also being 

relatively easy to generate. Due to these rapid advances, iPSCs are now a commonly 

used research tool for disease modelling and drug screening.  

3.1.2.1 iPSCs in disease modelling 
The major advantages of iPSC technology are that it enables the generation of patient-

specific pluripotent stem cells that have the capacity of self-renewal and the potential to 

give rise to any somatic cell types of the body. In comparison to their other pluripotent 

counterparts, ESCs, which are generated from fertilised pre-implantation embryos, they 

do not carry the same ethical issues.  

The obtainment of iPSCs from patients harbouring a disease-causing mutation allows 

for research into specific genetic diseases and the development of therapeutic drugs, 

while overcoming limitations of animal models and primary cell cultures. Patient-specific 

iPSCs represent an unlimited source of easily accessible, disease-relevant cells that 

would otherwise be unattainable. However, effective differentiation of iPSCs to cell states 

which recapitulate disease conditions is still a scientific challenge, although remarkable 

advances have been made in the field.  

The modelling of a disease in a cell autonomous fashion by generation of a single 

disease-relevant cell type has contributed to the understanding of molecular 

mechanisms underlying genetic disease. However, human disease usually occurs within 

a complex multicellular milieu wherein interactions occur between cells, extracellular 

matrices and other molecular systems.  Thus, more complex iPSC-based differentiation 
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systems in the way of 3D organoids have been developed for tissues such as the cornea 

(Foster et al., 2017), brain (C. T. Lee et al., 2017), kidneys (Przepiorski et al., 2022) and 

retina (Afanasyeva et al., 2021). Co-cultures of two or more different cell types have also 

been generated using iPSCs to investigate cell-cell interactions in disease, for example, 

interactions between neurons and microglia (J. Park et al., 2018; Vahsen et al., 2022) 

A wealth of research utilising iPSCs in disease modelling has demonstrated different 

disease phenotypes at the cellular level, including the impaired differentiation of motor 

neurons in iPSCs from spinal muscular atrophy patients (Ebert et al., 2009), the 

development of drusen in retinal pigment epithelium generated from macular dystrophy 

patients (Galloway et al., 2017) and prolonged action potential in cardiomyocytes derived 

from patients with familial long-QT syndrome (Moretti et al., 2010). iPSCs have also been 

used to model diseases of the cornea such as, aniridia (Ilmarinen et al., 2023), 

keratoconus (Joseph et al., 2016) and congenital hereditary endothelial dystrophy 

(Brejchova et al., 2019). Furthermore, recent advances in the gene editing technology 

such as CRISPR/Cas9 have enabled the generation of isogenic control lines for genetic 

disease modelling, allowing for genetically controlled comparisons between mutant vs 

WT in vitro cell models (Review: Bassett, 2017).  

By establishing iPSC-derived models from patients with genetic disorders, drug 

screening can be carried out with the aim of modulating a specific molecular target. 

Investigations into the treatment of ocular-related disease using iPSC disease models 

have overcome the limitations associated with inaccessible ocular tissue while identifying 

potential strategies for therapeutic intervention for diseases such as, Leber congenital 

amaurosis (Parfitt et al., 2016), retinitis pigmentosa (Dulla et al., 2021) and age-related 

macular degeneration (Ebeling et al., 2022).  

The cornea is the only tissue affected by disease-causing mutations in TGFBI. Mouse 

models of these conditions are not equivalent to human phenotypes (see Chapter 1, 

Section 1.5.3) and diseased primary tissue is difficult to obtain, thus, it is desirable to 

generate patient-derived cornea specific cells to enable the use of a relevant disease 

model. iPSC-derived corneal epithelial cells represent a potential new model system for 

reproducibly creating models of epithelial-stromal TGFBI corneal dystrophies, and the 

screening of potential therapeutics.  

3.1.3 Chapter aims  
In this chapter, the main research aim was to establish control and TGFBI corneal 

dystrophy patient-derived iPSC lines to enable the development of new disease models 
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and consequently to explore mechanisms of disease and to test potential therapeutic 

approaches.   
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3.2 Results 

3.2.1 Patient selection for the establishment of in vitro cell models of 
epithelial-stromal TGFBI corneal dystrophies 

To establish in vitro cell models of epithelial-stromal TGFBI corneal dystrophies (TGFBI-

CD), individuals from the Moorfields patient cohort harbouring either c.370C>T 

(p.R124C) or c.371G>A (p.R124H) hotspot mutations in TGFBI were selected due to 

their prevalence in the general population. Patients were selected subject to confirmatory 

genetic analysis which was conducted by amplification of TGFBI exon 4 using gDNA-

targeting primers (Chapter 2, Section 2.2.12) and willingness to participate in the study. 

Following the informed consent of participants, skin biopsies were obtained from 4 

patients in total – 2 patients harbouring c.370C>T (p.R124C) mutations (referred to as 

patients 1 and 2) and 2 patients harbouring c.371G>A (p.R124H) mutations (referred to 

as patients 3 and 4) in TGFBI (Table 3.1).  

Table 3.1 TGFBI corneal dystrophy patients who donated skin biopsies to this study. 

Patient 
Age at 
time of 
biopsy 

Ethnic 
background 

Mutation 
cDNA/protein 

Condition Deposit location 
Deposit 
type 

#1 48 Black/African c.370C>T 

p.R124C 

LCDI Epithelium/stroma Amyloid 

#2 54 Turkish c.370C>T 

p.R124C 

LCDI Epithelium/stroma Amyloid 

#3 34 White c.371G>A 

p.R124H 

GCDII Anterior stroma Amorphous 

#4 66 White c.371G>A 

p.R124H 

GCDII Anterior stroma Amorphous 

 

Patient #1 is a 52-year-old male who presented with reduced vision and painful corneal 

erosions. He received a clinical diagnosis of LCDI and this was confirmed to be due to a 

heterozygous c.370C>T (p.R124C) mutation in TGFBI (Figure 3.3A and 3.2A). He has a 

positive family history, with his mother and two out of four other siblings also affected 

(Figure 3.3B). For the treatment of his corneal dystrophy, he received a right penetrating 

keratoplasty (PK) in 2010 aged 39. He developed cataracts, likely secondary to the graft 

surgery and the use of topical corticosteroids and underwent a cataracts extraction in 

2013. He received a subsequent phototherapeutic keratectomy (PTK) to the right graft 

in 2015 to reduce refractive error and a left anterior lamellar keratoplasty was received 

in 2017 for the treatment of his corneal dystrophy.  
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Figure 3.2 Clinical images of TGFBI CD patients recruited to this study. Slit-lamp 
examination images show phenotypic features of LCDI and GCDII. A) Image of patient 1 
(LCDI, p.R124C) sometime following PK treatment. Recurrence of corneal opacities around the 
site of the graft sutures are observed as well as central corneal haze. B) Image of patient 2 (LCDI, 
p.R124C) sometime following PK treatment. Recurrence of numerous prominent corneal stromal 
opacities can be observed peripheral to the graft, with cloudiness of the central cornea also 
apparent. C) Image of patient 3 (GCDII, p.R124H) showing superficial circular stromal opacities 
of the cornea with no surgical intervention having been performed. D) Image of patient 4 (GCDII, 
p.R124H) showing some scattered anterior stromal opacities which have caused elevation of the 
corneal epithelial surface. Relatively few opacities are observed due to previous PTK treatment. 
All images were obtained by Mr S. Tuft.  

Patient #2 is a 58-year-old male who presented with reduced vision and painful corneal 

erosions who received a diagnosis of LCDI (Figure 3.2B), confirmed by identification of 

a heterozygous c.370C>T (p.R124C) mutation in TGFBI (Figure 3.3A). No family history 

information could be obtained for this patient. This individual received a bilateral PK to 

the left eye in 1998 and to the right eye in 1999 prior to his referral to Moorfields Eye 

Hospital. He reported persistent issues with poor vision due to astigmatism and 

continued pain from recurrent epithelial erosions which required PTK treatment. Due to 

the severity of his corneal dystrophy, a second bilateral PK was received on his right and 

left eyes in 2017 and 2016, respectively. He experienced symptom reoccurrence in his 
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left eye and eventually suffered graft rejection. Doctors diagnosed him with irreversible 

graft failure and a new PK surgery was indicated for him. Other ocular conditions include 

glaucoma due to chronic topical corticosteroid use and uveitis due to his diagnosis of 

ankylosing spondylitis.  

Patient #3 is a 36-year-old male with a history of corneal opacity first noted by his 

optometrist, receiving a GCDII diagnosis in 2010 (Figure 3.2C) confirmed to be due to a 

heterozygous c.371G>A (p.R124H) mutation in TGFBI (Figure 3.3A). A family history of 

the condition has not been reported for this patient. Most of his opacities are observed 

in the superficial cornea and off the visual axis causing a mild visual impairment. This 

individual has not undergone surgery to date.  

Patient #4 is a 68-year-old female who received a diagnosis of GCDII (Figure 3.2D), 

confirmed by identification of a heterozygous c.371G>A (p.R124H) mutation in TGFBI 

(Figure 3.3A). This patient has a positive family history, with a sibling also affected by 

the condition (Figure 3.3C). A bilateral PTK was received for removal of superficial 

corneal opacities. This individual has not undergone corneal transplantation. Other 

ocular issues include age-related cataracts which were treated by surgery in 2018.  

3.2.2 Establishment of patient-derived primary fibroblast cell lines and 
confirmation of pathogenic mutation 

Skin biopsy procedures were carried out at Moorfields Eye Hospital (MEH) and delivered 

to the lab for processing. Fibroblast lines were cultured and were sufficiently expanded 

after approximately 3 weeks (as described in Chapter 2, Section 2.1.10). All patient lines 

were confirmed to harbour the expected heterozygous missense mutations in exon 4 of 

TGFBI by Sanger sequencing (Figure 3.3A) 
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Figure 3.3 Primary patient fibroblast lines harbouring heterozygous TGFBI mutations. A) 
Sanger sequencing confirmed the heterozygous hotspot mutations c.370C>T (p.R124C) and 
c.371G>A (p.R124H). B) A pedigree representing the positive family history of patient #1. C) A 
pedigree representing the positive family history of patient #4.  

3.2.3 iPSC lines 
To obtain an in vitro TGFBI corneal dystrophy model that is physiologically relevant to 

the disease, iPSCs were generated from the 4 patient lines harbouring p.R124C or 

p.R124H mutations and 2 WT control fibroblast lines to enable differentiation towards a 

corneal epithelial cell lineage. Additionally, an isogenic CRISPR/Cas9 TGFBI knockout 

iPSC line (CKO) was previously generated in our lab from a control fibroblast line 
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(unpublished data, Beatriz Sanchez-Pintado). This line was also used in this study to 

explore the role of TGFBI in the in vitro model.  

3.2.3.1 Patient-derived R124 mutant and control iPSC lines express pluripotency 
markers  

Fibroblast lines from patients harbouring p.R124C (n=2) and p.R124H (n=2) mutations 

and 2 commercially available control fibroblast lines HDFs (control human dermal 

fibroblasts of neonatal origin, Sigma) and BJ (CRL-2522, ATCC) were reprogrammed to 

iPSCs (Table 3.2). The lines were nucleofected with non-integrating episomal vectors 

expressing pluripotency factors. iPSC clonal lines were then isolated and expanded in 

culture using a standard iPSC media. All iPSCs used in the study were analysed for the 

expression of pluripotency markers prior to implementation of the differentiation protocol.  

Table 3.2 Patient and control iPSC lines.  
iPSC line  Genotype Protein change  Diagnosis 
Patient 1 c.370C>T p.R124C LCDI 

Patient 2 c.370C>T p.R124C LCDI 

Patient 3 c.371G>A p.R124H GCDII 

Patient 4 c.371G>A p.R124H GCDII 

Control 1 (BJ) WT WT Unaffected 

Control 2 (HDF) WT WT Unaffected 

CKO  TGFBI KO TGFBI KO N/A 

 

RNA from all iPSC lines was extracted and synthesised to cDNA (Chapter 2, Section 

2.1.2). Endogenous expression of the pluripotency markers OCT4, LIN28, SOX2 and L-

MYC were detected by RT-PCR between passages 8-15 (Figure 3.4A), indicating that 

all iPSC lines had acquired self-renewal properties enabling their directed differentiation 

towards the target cell type. Expression of the episomal reprogramming vectors was also 

investigated in all the iPSC lines with no expression detected (Figure 3.4A). This confirms 

the transient expression of the vectors used for iPSC reprogramming and that the 

proliferation potential of the lines was maintained by induction of endogenous 

pluripotency gene marker expression. 

Positive immunostaining of pluripotency markers further confirmed the pluripotent stem 

cell state of the iPSC lines (Fugure 3.4B-E). Nuclear expression of OCT4 and NANOG, 

along with the cell surface markers SSEA-4 and TRA-1-8 was observed in iPSC colonies.  
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Figure 3.4 iPSC characterisation. A) Amplification of the pluripotency genes OCT4, LIN28, 
SOX2 and L-MYC by RT-PCR demonstrated endogenous expression across all iPSC lines at 
passages used for differentiations (passages 8-15), while no episomal reprogramming vector 
expression was detected. + = episomal vector; - = H2O only control. Examples of stem cell 
colonies carrying p.R124C (B) and p.R124H (C) mutations; a WT control line (D) and the CKO 
line (E) expressing the pluripotency markers OCT4, (magenta), NANOG (green), SSEA-4 (green) 
and TRA-1-81 (green). Nuclei were stained with DAPI (blue). Scale bar = 100µM.  
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3.2.4 TGFBI/TGFBIp expression in iPSC and fibroblast lines 
TGFBI expression was investigated in fibroblast and iPSC lines. The iPSCs were found 

to express very low transcript levels of TGFBI compared to fibroblasts (Figure 3.5A). 

Since the fibroblasts express high levels of TGFBI, Western blotting of the cell lysates 

and supernatant was performed to assess any similarities and differences in TGFBIp 

expression. No differences in TGFBIp expression between control and mutant lines was 

detected (Figure 3.5B-C).  Interestingly, a prominent double band staining pattern 

indicating 2 species of TGFBIp is present is apparent in the supernatant Western blot for 

all samples, which is not detected in the cell lysate protein blots. The lower molecular 

weight species (68kDa) appears to be absent in lysates, and may represent a specific 

secreted form of TGFBIp. The potential relevance of the two forms of secreted TGFBIp 

will be discussed later on in the thesis (Chapter 6, Section 6.3.1).  

 
Figure 3.5 TGFBI expression in fibroblast and iPSC lines and TGFBIp expression in 
fibroblast cell lysates and supernatant. A) Relative TGFBI expression in fibroblast and iPSC 
lines, measured by qPCR. GAPDH and ACTIN were used as reference genes for normalisation. 
N=6. Bars represent mean ± SEM. B) TGFBIp expression in WT and mutant fibroblast cell lysates. 
GAPDH was used as a reference protein. C) TGFBIp expression in WT and mutant cell 
supernatants show an additional lower molecular weight species (68kDa) compared to cell 
lysates.  
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3.3 Discussion  

Almost 80 pathogenic TGFBI mutations have been described to date (Table 9.1, 

Appendix B), and the most common mutations are missense variants occurring at the 

p.R124 or p.R555 hotspots of the protein. A consistent genotype-phenotype correlation 

between most TGFBI mutations and clinical CD phenotypes has been established 

(Evans et al., 2016; Paliwal et al., 2010). Initial diagnosis of TGFBI CD is made in the 

clinic via slit lamp microscopy through observation of the pattern and location of corneal 

opacities. The diagnostic process can be facilitated by genetic screening – a simple yet 

powerful tool that allows for an accurate subclassification of epithelial-stromal TGFBI 

CDs.  

Some TGFBI CD phenotypes are not distinguishable until the disease sufficiently 

progresses. As described in the IC3D classification of corneal dystrophies, for almost 

100 years, the phenotype that we now refer to as GCDII (caused by the p.R124H 

mutation) was considered to be a mild variant of GCDI until distinctions were made 

through observations of subtly different clinical phenotypes (Weiss et al., 2015). Then in 

1988, Folberg et al. reported the histopathological observations of both Congo-red 

positive amyloid deposits and morphologically-typical granular deposits in the anterior 

stromas of a family presenting with this phenotype (Folberg et al., 1988). This mixed 

phenotype, now known as GCDII, was defined as an ‘atypical GCD’ due to its 

presentation of both granular and lattice-like deposits in the anterior corneal stroma. It is 

now recognised that GCDII is almost exclusively caused by the p.R124H mutation, 

whereas GCDI, which presents with only granular deposits, is caused by the p.R555W 

and p.R124S mutations (Bouyacoub et al., 2019; Munier et al., 1997, 2002; Weiss et al., 

2015). 

In the early stages of GCDII progression, typical granular deposits are usually observed 

prior to the development of lattice deposition, yet it is also possible that some GCDII 

patients only manifest the granular deposits without development of lattice deposits (Cao 

et al., 2009; K. E. Han et al., 2012; Rosenwasser et al., 1993). Furthermore, GCDII is 

generally a less severe phenotype than GCI. In such cases, genetic screening is 

particularly useful in the accurate identification of the phenotype and in predicting 

disease progression.   

It is not always possible to obtain detailed medical and family histories of patients. Some 

patients included in the Moorfields TGFBI CD cohort, were referred following significant 

disease progression or even sometime following corneal transplantation. This makes it 

difficult to draw conclusions or correlations on disease progression or severity.  
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The patients recruited to the current study demonstrate a genotype-phenotype distinction 

between LCDI and GCDII cases. Around a quarter of the Moorfields cohort were clinically 

diagnosed with general GCD before receiving an accurate genetic diagnosis through 

genetic screening (Figure 3.1). Both of the patients with GCDII recruited to this study 

were initially diagnosed with general GCD before testing positive for the c.371G>A 

(p.R124H) variant resulting in a refined diagnosis of GCDII. As is shown by the clinical 

images of the GCDII phenotypes in figures (Figure 3.2), lattice-like deposits are not 

observed. This could either be due to masking of the lattice deposits by the granular 

deposits, lack of disease progression or an example of phenotypic variation perhaps 

resulting from variable expressivity of the gene.  

It may be the case that some well-defined forms of CD present atypically upon clinical 

examination, perhaps leading to the assumption that a new CD has been discovered. In 

these cases, genetic screening is an essential tool in defining whether the presented 

case is indeed a novel CD that has not yet been reported, or whether it is an already 

defined CD that presents with atypical symptoms due to varying degrees of penetrance 

or variable expressivity of the pathogenic allele.  

Patients with the same disease can display atypical patterns of protein deposition or 

variations in disease severity. This may be due to other genomic variants that could 

influence molecular pathways, transcription factor binding or cellular homeostasis. Thus, 

investigations into the full TGFBI cDNA sequence could have been carried out in order 

to identify whether the patients recruited to this study harbour other SNPs that may affect 

disease severity and progression, as carried out in Evans et al. (2016). However, it is 

likely that any polymorphisms affecting the penetrance or expressivity of the pathogenic 

allele would be contained within the promotor region of TGFBI causing altered 

transcription factor binding, resulting in variations in expressivity. This is an interesting 

research question that is discussed in more detail in Chapter 6, Section 6.3.3.   

Over the years, the administration of LASIK (laser-assisted in situ keratomileusis) 

treatment for myopia and astigmatism correction has become more common. As GCDII 

can have a delayed presentation in patients with a heterozygous R124H mutation (Chao-

Shern et al., 2018), a phenotype is not always observable in the first few decades of life. 

LASIK is contraindicated in GCDII and many reports have demonstrated exacerbation of 

corneal opacities post-LASIK treatment in patients with the R124H mutation (Banning et 

al., 2006; Chao-Shern et al., 2018; Chiu et al., 2007; Jiang & Zhang, 2021; T. I. Kim, 

Kim, et al., 2008; Poulsen et al., 2016; Roh, Grossniklaus, et al., 2006b, 2006a; Woreta 

et al., 2015; Xiu et al., 2002; Zeng et al., 2017). Due to the delayed phenotype of GCDII, 
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pre-LASIK genetic screening should be carried out, to rule out the possibility of disease 

exacerbation post-operation.  

A therapeutic that targets the underlying genetic cause of disease is likely to be the most 

effective method of treatment for TGFBI CDs. Therefore, screening families with known 

TGFBI CD cases would be essential to allow for the strategic therapeutic intervention in 

the prevention of disease symptoms and would enable patients to be recruited to clinical 

trials when available. 

TGFBI is a highly polymorphic gene with over 1000 variants reported in gnomAD 

(gnomad.broadinstitute.org: gnomAD v3.1.2), with 133 of these being synonymous 

variants and 290 being missense. Most pathogenic variants of TGFBI are found in the 

fourth FAS1 domain of TGFBIp (Table 9.1, Appendix B). More widespread genetic 

screening of CDs across different populations for the elucidation of accurate prevalence 

estimates would perhaps encourage more research into the disease-causing 

mechanisms of missense mutations of TGFBI and why specific mutations result in 

disease.  

Genetic screening is clearly a powerful tool that should be utilised for the 

subclassification of disease and to inform the management of patients. A genetic 

diagnosis can help the clinician and the patient by enabling predictions of disease 

progression. Additionally, genetic screening can also be utilised for obtaining population 

prevalence estimates which is lacking for CDs.  

Previously reported important studies elucidating pathophysiological features of 

TGFBI/TGFBIp in CDs have consisted of biophysical studies carried out on purified 

TGFBIp or laser capture microdissected corneal deposits from control and TGFBI CD 

patient corneas (Courtney et al., 2015; Karring et al., 2012; Runager et al., 2009, 2011; 

Venkatraman, Duong-Thi, et al., 2020; Venkatraman et al., 2017, 2019); molecular 

analyses of isolated control and TGFBI CD patient primary corneal stromal cells (S. il 

Choi et al., 2012; T. I. Kim et al., 2011) and histopathological analyses of patient and 

control corneal sections (Courtney et al., 2015; Dighiero et al., 2001; Patel et al., 2010; 

Qiu et al., 2016). While these studies have provided invaluable insights into TGFBI CD 

pathophysiology, the limitations and shortcomings of these methods must be considered 

in order to address gaps in our knowledge and understanding. Biophysical analyses of 

purified TGFBIp and TGFBIp protein deposits have provided insights into the structure, 

processing and protein-protein interactions of WT and mutant TGFBIp (see Chapter 1, 

Section 1.5; Chapter 6, Section 6.1.1.1.2). However, this approach is limited to 

examination of cellular and extracellular microenvironments and their effects on protein 



 99 

function. Primary tissue samples allow for disease-relevant comparisons between 

control and affected tissue. Yet, the lack of availability of primary tissue samples and the 

limited growth potential of primary cells makes primary cell culture an inconvenient 

method for disease modelling and drug screening. Histopathological analyses of control 

and disease tissue provide excellent visualisations of disease phenotypes at the tissue 

level and such data has proved invaluable in disease diagnosis. However, such images 

usually demonstrate the end stage of disease and do not facilitate the development and 

screening of potential therapeutics.  

For these reasons, an appropriate TGFBI CD disease model is needed that can be 

utilised for investigations into the physiopathology of TGFBI CDs and the screening of 

potential therapeutics. Although there are treatment options available for TGFBI CDs, 

the therapeutic effect is usually temporary as they do not target the underlying genetic 

cause of disease. Recurrence of symptoms following currently available treatments 

occurs, causing the need for repeat treatments. Patients 1 and 2 recruited to the current 

study are both cases where patients required repeated treatments on the same eye(s). 

These cases demonstrate the need for a therapeutic that targets the underlying genetic 

cause of disease, which along with genetic screening would allow for prevention of 

disease symptoms. 

The ground-breaking technical advance of iPSCs in 2006 and 2007 has enabled their 

convenient generation in labs worldwide, serving as physiologically relevant, patient-

derived in vitro disease models. Pluripotent stem cells capable of differentiating into any 

somatic cell type compliment other methods of research in the field by offering 

appropriate models for investigations into disease mechanisms and the screening of 

potential therapeutics in a cellular context.  

In the current study, patient fibroblasts were reprogrammed into iPSCs by forced 

expression of the Yamanaka factors OCT3/4, SOX2, KLF4 (K. Takahashi et al., 2007), 

with C-MYC substituted by L-MYC, as the latter has been shown to be more efficient and 

has less transformation activity (Nakagawa et al., 2010). LIN28 and miRNA 302/367 

were also included in the reprogramming cocktail for this study, as they have been 

reported to increase the efficiency of integration-free reprogramming (Okita et al., 2011; 

Ying et al., 2018). iPSC line characterisation demonstrated positive expression of the 

cell surface markers SSEA4 and TRA-1-60 – defined as ESC markers (Draper et al., 

2002; Fong et al., 2009). Nuclear expression of self-renewal regulators, NANOG and 

OCT4 (Amini et al., 2014; Swain et al., 2020), was also observed in the iPSC lines. The 

expression of NANOG, SSEA4 and TRA-1-60 in the lines clearly demonstrates the 
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endogenous expression of pluripotency markers, as these factors were not used in the 

reprogramming cocktail. Thus, the forced expression of the transcription factors used in 

this study (OCT3/4, SOX2, KLF4, L-MYC and LIN28) resulted in the organisation of a 

stable network state of stem cellness. Furthermore, the endogenous expression of 

OCT4, LIN28, SOX2 and L-MYC was demonstrated by RT-PCR amplification of the 

genes. Expression of the episomal vectors used for reprogramming however, was not 

detected at iPSC passage numbers typically used for differentiation (Figure 3.4). This is 

important to note as past research has shown that absence of silencing of the ectopic 

reprogramming factors predispose iPSCs to genomic instability (Ramos-Mejia et al., 

2010). Collectively, the results presented confirm that the iPSC lines generated for the 

current study endogenously express key pluripotency markers. However, in order to 

properly confirm their pluripotent potential and suitability for cell differentiation iPSC lines 

should be assayed for their capacity to differentiate into all three germ layers by teratoma 

assay, trilineage differentiation assay or the TaqMan(®) hPSC Scorecard™ Panel.  

Furthermore, quality control methods assessing the genomic stability of the lines were 

not employed in the current study. Genomic stability is required for the reproducibility of 

experimental data and would be essential for clinical use of iPSCs (H. T. Nguyen et al., 

2014; Volpato et al., 2018). Additionally, incomplete DNA replication reprogramming has 

been demonstrated in iPSCs with low differentiation potential, indicating that genomic 

stability can impair iPSC differentiation (Paniza et al., 2020). As the genomic stability of 

iPSC lines used in this study was not assessed, the differentiation capacity of the lines 

was not confirmed. Genomic abnormalities may occur through the reprogramming 

process or by passaging induced mutations, resulting in the accumulation of genomic 

and tumorigenic abnormalities.  

Some genomic regions are more prone to instability than others. Chromosome number 

abnormalities, known as aneuploidy, have been reported in both iPSC and ESC lines. 

These abnormalities can induce complex dysregulation of cell function (Upender et al., 

2004). Trisomy of chromosome 12 and 20q are recurrent abnormalities in iPSC and ESC 

lines, the former being the most predominant, and trisomy 8 has been found to occur 

more commonly in iPSCs relative to ESCs (Mayshar et al., 2010; Taapken et al., 2011). 

A large scale study of 552 cultures from 219 human iPSC lines showed that 12.50% had 

abnormal karyotypes (Taapken et al., 2011). The same study demonstrated that the 

frequency and different forms of karyotypic abnormalities are not affected by 

reprogramming methods or growing substrates. Furthermore, it was demonstrated that 

rates of aneuploidy increase with increasing passage numbers, but that abnormal 

karyotypes can and do occur at low passage and normal karyotypes can also occur at 
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high passage numbers (Taapken et al., 2011). This suggests that regardless of the 

reprogramming method used or the passage number, routine investigation of karyotypic 

abnormalities should be conducted on iPSC lines used in scientific research.  

Copy number variations (CNVs) can also occur due to genomic instability of iPSC lines. 

A large-scale study compared 506 iPSC lines to donor DNA and found that 149 of these 

lines showed CNV differences, amounting to 258 newly acquired CNVs (Kanchan et al., 

2020). The genes mapping to regions of acquired CNVs demonstrated an enrichment in 

signalling cascades and cancer related processes, with particular regions of instability 

mapping to chromosome 1, 2, 3, 16 and 20. High resolution techniques such as array 

comparative genomic hybridisation can detect unbalanced genomic changes including 

CNVs.  

For the routine use of iPSC lines in basic research applications, extensive high-resolution 

analyses are perhaps unnecessary and come with technical and financial prohibitions. 

Standard pluripotency assays and karyotyping should be sufficient, although the 

potential impact of genomic abnormalities on results should be considered. As genomic 

instability was not investigated in the current study, any observations that may pertain to 

disease phenotype cannot be confirmed without further examination of the quality of 

iPSC lines.  

Independent control and patient-derived iPSC lines were generated for this study. 

However, advances in gene editing technology have recently enabled the generation of 

isogenic controls that can provide optimal disease modelling in genetically controlled 

conditions, as reported in various studies (Pires et al., 2016; Xu et al., 2017; Y. Zhang et 

al., 2017). This method can minimise genetic variability in genotype-phenotype 

investigations allowing for robust findings. Although isogenic controls are ideal in disease 

modelling, they were not employed in the current study. A CRISPR/Cas9 homozygous 

KO however, was used in the current study as a tool to measure TGFBI antibody 

specificity and any effect of the absence of TGFBIp on corneal epithelial cell 

differentiation. Heterozygous and homozygous TGFBI KO lines can facilitate 

investigations into TGFBIp function and downstream signalling. Due to the minimal 

expression of TGFBI transcript in iPSCs (Figure 3.5), TGFBIp expression in the CKO 

and other iPSC lines was not investigated.  

Studies have demonstrated that TGFβ is a negative regulator of iPSC reprogramming 

and that inhibition of TGFβ signalling can facilitate the molecular reprogramming process 

by promoting mesenchymal to epithelial transition (Ichida et al., 2009; W. Li et al., 2016; 

Maherali & Hochedlinger, 2009). Thus, the TGFβ downstream signalling pathway target 
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genes are likely to be downregulated in iPSC cultures (J. Ge et al., 2015). Similarly, 

siRNA knockdown of Tgfbi increased reprogramming efficiency of mice embryonic 

fibroblasts, demonstrating that TGFBIp, along with other ECM proteins, are barriers to 

the reprogramming process (Z. Li et al., 2014). Therefore, the literature supports the lack 

of TGFBI/TGFBIp expression in iPSCs, indicating that different cell samples should be 

used for the analysis of this transcript/protein.  

To summarise, this chapter describes the establishment of patient-derived iPSC lines for 

the study of two of the most common epithelial-stromal TGFBI corneal dystrophies, 

based on genetic prevalence of the MEH CD patient cohort and reports in the literature. 

Clinical details and genetic screening data for biopsied patients was collated as a basis 

for the understanding and interpretation of the in vitro disease model investigations. iPSC 

lines derived from two patients harbouring c.370C>T (p.R124C) and two patients 

harbouring c.371G>A (p.R124H) mutations in TGFBI were generated. The patient-

derived iPSCs were cultured alongside two WT and a homozygous TGFBI KO line(s). 

The iPSC lines were confirmed to express key self-renewal genes via RT-PCR and ICC. 

However, a key limitation of this study was that the iPSC lines were not confirmed to 

have the capacity to differentiate into each of the three germ layers and their genomic 

stability was not assessed. Therefore, full conclusions on the suitability of the iPSC lines 

for differentiation into corneal epithelial-like cells cannot be made. Nonetheless, the 

TGFBI CD patient-derived iPSC lines established in this study allow for differentiation of 

corneal epithelial-like cells providing an appropriate in vitro disease model of CDs and 

the development and screening of potential therapeutics, thus, addressing gaps in the 

field poised by the lack of appropriate animal or other in vitro model systems. 
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Chapter 4: In vitro corneal epithelial cell model of TGFBI corneal 
dystrophies 
4.1 Introduction  

iPSC technology has enabled the generation of genetically specific and physiologically 

relevant cellular disease models. TGFBI corneal dystrophy phenotypes, like many 

human disease phenotypes, are not fully recapitulated in animals such as mice, which 

are the most commonly used animal models. Furthermore, culturing patient-derived 

disease tissue-specific samples is not always possible or convenient and usually only 

allows for the study of the end-stage of disease. Thus, iPSC-derived models have 

emerged as an important new system for the study of disease pathophysiology and the 

development and screening of potential therapies.  

4.1.1 TGFBI expression in the cornea 
TGFBI is widely expressed throughout tissues of the body (Ivanov et al., 2008; Skonier 

et al., 1992), with a particular abundance of TGFBIp demonstrated in the cornea (Dyrlund 

et al., 2012; Escribano et al., 1994). The concentration of wildtype TGFBIp in the healthy 

cornea has been estimated at approximately 26 μM (1.7 mg/ml) (N. S. Nielsen et al., 

2020). TGFBIp expression in the human cornea increases by around 30% between the 

ages of 6 and 14 (Karring et al., 2010). In mice, in situ hybridisation demonstrated that 

Tgfbi mRNA was restricted to the corneal epithelium (Poulsen et al., 2018a). In humans, 

TGFBIp is expressed in all the layers of the human cornea and is the first and second 

most abundant protein in the corneal endothelium and stroma, respectively (Dyrlund et 

al., 2012). At the transcript level, TGFBI is most highly expressed in the corneal 

epithelium, relative to the other corneal compartments, and displays the highest 

expression level in the basal central corneal epithelium (Ligocki et al., 2021). Due to the 

particularly high expression of TGFBI in the basal central corneal epithelium and the 

presence of TGFBIp+ sub-epithelial corneal deposits in TGFBI corneal dystrophies, 

along with the corneal stroma being relatively acellular and TGFBIp being a secreted 

protein, it is thought that a substantial portion of TGFBIp expressed in the stroma is due 

to secretion of this protein by the corneal epithelium (Figure 4.1). 
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Figure 4.1 Illustration of the layers of the cornea and TGFBIp localisation in mutant 
conditions. The cornea is composed of three main layers: the outermost corneal epithelium, the 
middle stroma, and the innermost endothelium. In normal conditions, TGFBIp (Transforming 
Growth Factor Beta-Induced Protein) is thought to be secreted by the corneal epithelium and 
stromal keratocytes. TGFBIp is diffused throughout the stroma, where it plays a role in cell-
collagen interactions. In the presence of TGFBIp mutations, however, the protein aggregates in 
the subepithelial layer and superficial stroma, leading to opacities and impaired vision.  

4.1.2 Cells of the limbal and central corneal epithelium  
The cornea is a heterogenous tissue, with the epithelium being the most heterogenous 

layer, containing more cell subpopulations than the stroma and endothelium (Català et 

al., 2021; J. Collin et al., 2021; Ligocki et al., 2021). The main cellular compartments of 

the corneal epithelium are the limbus and the central corneal epithelium (Figure 4.2). The 

limbus, located at the periphery of the cornea separating it from the conjunctiva, is 

comprised of limbal stem cells (LSCs), limbal epithelial progenitor cells (LPCs) and 

transit amplifying cells (TACs) in the basal layers (D. Q. Li et al., 2021) (Figure 4.2). Post-

mitotic cells at various early stages of differentiation and terminally differentiated cells at 

more mature stages of differentiation, reside in the suprabasal and superficial layers of 

the limbus (Català et al., 2021; D. Q. Li et al., 2021).  
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Figure 4.2 Cellular subpopulations of the limbus and corneal epithelium identified by 
single cell RNA sequencing (scRNAseq) reports. Limbal stem cells, limbal progenitor cells, 
transit amplifying cells and early differentiated limbal epithelial cells are located in the limbus. The 
central cornea is mainly comprised of basal, suprabasal and superficial corneal epithelial cells, 
however, some transit amplifying cells or cells with migratory and mitotic properties are also likely 
to be present.  

Cells of the basal limbus account for  ~15% of limbal cells and are significantly smaller 

than other cells of the limbus at around 10-20µm (Figure 4.3) (D. Q. Li et al., 2021). LSCs 

are slow-cycling, quiescent cells with high proliferation potential (Gonzalez et al., 2018; 

Lužnik et al., 2016). Due to the small numbers of LSCs, estimated at around ~320 cells 

per human corneal limbus, these cells have remained elusive and difficult to characterise 

(D. Q. Li et al., 2021). Li et al. (2021), was able to focus on defining the LSC population 

by sequencing a high number (16,360) of cells specifically isolated from the adult corneal 

basal limbus, yet only identified 69 (0.4%) cells as LSCs.  
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Figure 4.3 Size of isolated limbal basal cells from donor cornea. A) Imaging of sectioned 
corneal limbal tissue demonstrates the palisades of Vogt that contain 5-7 layers of limbal epithelial 
cells. 1-2 layers of limbal basal cells are observed following removal of the superficial layers. 
Limbal basal cells were isolated through dissociation from the underlying limbal stroma. B-C) 
Isolated limbal basal cells measured 10-20 µm in diameter and were significantly smaller than all 
other cells of the basal limbus (P<0.01, n=4). Figure from Li et al. (2021). 

LSCs, like other adult stem cells, can divide asymmetrically or symmetrically. 

Asymmetric division generates one stem cell and one daughter cell committed to a 

progenitor cell or a TAC which would eventually differentiate into mature cells. Whereas 

symmetric division can create two identical stem cells or two daughter cells. TACs are 

able to rapidly proliferate to generate many differentiated cells during both development 

and regeneration and are defined as an intermediate subpopulation of cells between the 

adult stem cell and differentiated cell state (J. M. Li et al., 2021; Rangel-Huerta & 

Maldonado, 2017). scRNAseq studies have characterised TACs of the limbus and 

confirmed their high expression of major proliferation and cell-cycle dependent genes 

such as TOP2A, MKI67, FOXM1, and PLK1, and low expression of differentiation 

markers (Català et al., 2021; J. M. Li et al., 2021). 

Precisely defining and distinguishing between the molecular signatures of LSCs, LPCs 

and TACs is a challenging task. Dou et al. (2021) provided an insightful study which 

grouped LSCs and LPCs together, although, a hierarchy of four LSC/LPC subtypes was 

precisely defined based on their molecular profile, with two subclusters exhibiting a 

higher stem state, and the two others exhibiting a higher state of differentiation, 

potentially corresponding to LSC and LPC subtypes respectively. Interestingly, upon 
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investigation of cellular and molecular alterations during physiological aging, it appeared 

that LSCs/LPCs maintained an age-independent state (Dou et al., 2021). No differences 

in proportions of LSCs/LPCs or stemness-potential across donor corneas of 13y, 54y, 

64y or 95y old individuals were observed (Dou et al., 2021). 

The central corneal epithelium is more clearly defined than the limbus, with reports 

investigating this corneal compartment agreeing that the main cell subtypes can be 

defined based on where in the tissue they reside, either the basal, suprabasal or 

superficial central corneal epithelium (Figure 4.3) (Català et al., 2021; J. Collin et al., 

2021; Ligocki et al., 2021). Analyses of limbal and corneal epithelial cell subpopulation 

markers has revealed both exclusively expressed and overlapping marker genes 

expressed among the subsets of cell clusters (Català et al., 2021; J. Collin et al., 2021; 

Dou et al., 2021; D. Q. Li et al., 2021; Ligocki et al., 2021). This is consistent with the 

different forms of progenitor and differentiated epithelial cells possessing different 

functions, yet also maintaining a continuous epithelial structure from the basal to 

superficial layer of the limbal, peripheral and central cornea.  

4.1.3 Markers of limbal and central corneal epithelial cells  
The recently published scRNAseq studies on corneal tissue have provided invaluable 

information on key markers of the various cellular subpopulations of the human corneal 

epithelium. The data obtained from these studies, in conjunction with immunostaining 

and proteomic analyses of the cornea, allow for the comparison of expression profiles 

between corneal epithelial-like cells (CEpi) described in this chapter and the native 

corneal epithelium therefore enabling the validation of an in vitro iPSC-CEpi model 

appropriate for the study of epithelial-stromal corneal dystrophies and the screening of 

potential therapeutics.  

4.1.3.1 Keratins  
Keratins are intermediate filament proteins which play a structural role in the mechanical 

stability and integrity of individual epithelial cells and epithelial tissue via the formation of 

cell-cell contacts (Moll et al., 2008). In the corneal epithelium, keratins are the most 

abundantly expressed proteins, with a proteomic study demonstrating that K12, K5, K3, 

K15, K4, K8, K19 and K14 are amongst the top 30 proteins expressed in the human 

tissue (Dyrlund et al., 2012). scRNAseq has provided insight into the keratin expression 

profile of the different subpopulations in the limbal and central corneal epithelium, with 

KRT15 and KRT14 being highly expressed by basal cells of the limbus; KRT5, KRT3 

and KRT12 being generally expressed the suprabasal and superficial cells of the limbus 
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and most cells of the central corneal epithelium; and KRT24 being expressed by the 

superficial cells of the central epithelium (Català et al., 2021; J. Collin et al., 2021).  

Intermediate filament proteins have been classified into six groups (types I to IV) based 

on similarities between amino acid sequence. Keratins make up the type I (acidic) and II 

(neutral/basic) classes of intermediate filament proteins. Type I and type II keratins form 

obligate pairs which copolymerise to form filaments. Conventionally, it is expected that 

there should be equimolar amounts of the respective paired keratins expressed in any 

given epithelial cell, with the stability of a keratin in cell culture being dependent on the 

expression of its partner keratin (Kulesh et al., 1989; Kulesh & Oshima, 1988; X. Lu & 

Lane, 1990). However, previous reports have shown that this pattern of keratin pairing 

is not always followed faithfully, with one keratin perhaps more dominantly expressed 

than its expected obligate partner (Bloor et al., 2000; Guldiken et al., 2015). In the case 

of differing expression levels within pairs, it is apparent that another compatible keratin 

may compensate by acting as an alternative co-expression partner (Bloor et al., 2000; 

Fischer et al., 2014; Lloyd et al., 1995; H. Lu et al., 2006). Of note, keratins are regulated 

independently of each other, primarily through transcriptional regulation by transcription 

factor binding to their gene promoter regions (Review: Blumenberg, 2013).  

The keratin expression profile of the cell is tissue specific and differentiation dependent 

and can therefore be used to identify the state of epithelial differentiation. In stratified 

epithelia, the respective type II and type I paired keratins K5 and K14, are expressed in 

the basal proliferative layer, indicating a possible role for these partners in the 

maintenance of cell proliferation potential (Alam et al., 2011; Moll et al., 1982). As 

K5/K14+ cells gradually migrate upwards, differentiating along the way, expression of 

this keratin pair is usually reduced, and expression of a different and more 

characteristically mature keratin pair is induced depending on tissue type (Fuchs & 

Green, 1980).  

Transcriptomic data on the expression of KRT5 and KRT14 demonstrates their 

expression in the limbus and basal layer of the central corneal epithelium (Català et al., 

2021; J. Collin et al., 2021). This is further corroborated by immunofluorescent staining 

on corneo-scleral discs showing strong reactivity of K5 and K14 in both the limbal and 

central layers of the corneal epithelium, with K14 being localised more specifically to the 

basal layers (Figure 4.4) (Merjava et al., 2011). 
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Figure 4.4 Keratin 5 (K5) and keratin 14 (K14) expression in the human limbal and central 
corneal epithelium. K5 staining is observed throughout the layers of the limbus and central 
cornea, whereas K14 staining shows specific positivity at the basal layers of both corneal 
compartments. Images from Merjava et al. (2011). 

Dominant negative mutations of KRT5 or KRT14 cause the hereditary blistering skin 

disease emidemolysis bullosa simplex (Lane & McLean, 2004). In K14 null mice, severe 

blistering in the skin and oral mucosa is observed, with the death of most mice occurring 

within days 3-5 following birth (Lloyd et al., 1995). K5 null mice display a similar yet more 

severe phenotype to K14 knockouts, with death occurring shortly after birth (Peters et 

al., 2001). K5 null mice do stably express K14, as well as other type I keratins, with only 

a minor reduction in expression observed, contradicting previous data showing that the 

stability of keratin expression is dependent on expression of its partnered keratin. These 

data indicate that in the absence of their natural partner, keratins can form novel 

heteromeric complexes, provided that an alternative compatible keratin is expressed 

within the tissue (Lloyd et al., 1995; H. Lu et al., 2006; Peters et al., 2001; Troy & Turksen, 

1999).  

The expression of the paired K3 and K12 keratins are specific to the corneal epithelium. 

Mutations in these keratins affect the cornea specifically, causing Meesmann’s corneal 

dystrophy, which presents with intraepithelial microcysts in the corneal epithelium (Irvine 

et al., 1997). scRNAseq has demonstrated KRT3/KRT12 transcript expression 

throughout the layers of the central corneal epithelium (Català et al., 2021; Collin et al., 

2021). Through immunofluorescent K3 and K12 staining of corneas, strong expression 

is observed in all layers of the central corneal epithelium, as well as some positive 

reactivity in the suprabasal and superficial cells of the limbus (Figure 4.5) (J. Collin et al., 

2021; Merjava et al., 2011; Ouyang et al., 2014a).  
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The KRT12 gene is highly conserved in its expression in the corneal epithelium in all 

species that have undergone examination, while the KRT3 gene shows interspecies 

differences (Chaloin-Dufau et al., 1993). In mice, KRT3 is a pseudogene and corneal 

epithelial differentiation is marked by the expression of K5/K12. K12 null mice are viable 

and show a cornea-specific phenotype of fragile corneal epithelia and corneal erosions, 

no defects in skin and hair were noted by gross examination (Kao et al., 1996). 

 
Figure 4.5 Immunostaining of corneal epithelial LSC/LPC markers p63 and ABCG2, cell-
cell junction markers E-Cadherin (E-Cad) and Connexin 43 (Cx43) and specific marker 
Keratin 3 (K3) in human limbal and central corneal epithelium sections. Hoechst 33342 was 
used as a counterstain. Images are from Z. Chen et al. (2004). 

4.1.3.2 PAX6 
The paired box protein PAX6 is a highly conserved transcription factor that is essential 

for the formation of the surface ectoderm and controls many downstream genes involved 

in eye morphogenesis and corneal maintenance (Kitazawa et al., 2017; Polisetti et al., 

2023; Sunny et al., 2022; Takamiya et al., 2020). PAX6 expression determines the fate 

of LSC/LPCs and regulates corneal epithelial cell identity (G. Li et al., 2015; Sunny et al., 

2022). PAX6 is expressed throughout the limbal and central corneal epithelium, while no 

expression is detected in the stroma (Figure 4.6) (Ouyang et al., 2014b; Polisetti et al., 
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2023).  PAX6 knockdown in cultured human LPCs and corneal epithelial cells activates 

the expression of skin epidermis-specific genes, consistent of induction towards an 

epidermal cell fate (Kitazawa et al., 2017; G. Li et al., 2015; W. Li et al., 2008; Ouyang 

et al., 2014). Therefore, PAX6 expression appears to be a critical determinator of corneal 

epithelial cell fate and is a key differentiator between the corneal epithelium and the skin 

epidermis.  

 
Figure 4.6 PAX6 expression in the limbal and central corneal epithelium. A) Immunostaining 
of human corneoscleral tissue sections using two distinct clones of PAX6 antibodies shows the 
nuclear expression of PAX6 (red) throughout the limbal epithelium. PAX6-negative cells (arrows) 
observed in the basal layer of the limbal epithelium correspond to vimentin+ limbal niche cells 
that likely originate from the neural crest. B) immunostaining of corneal tissue demonstrated PAX6 
expression (red) throughout the corneal epithelium, with the exception of very few superficial cells 
(arrowhead) where loss of PAX6 expression is associated with cell shedding. PAX6 expression 
is not observed in the stroma. Dashed line represents the basement membrane. Nuclear counter 
staining with DAPI (blue). Figure from Polisetti et al., 2023. 
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4.1.3.3 Cell-cell junction markers  
Four types of cell-cell junctions are found within the corneal epithelium: desmosomes, 

gap junctions, adherens junctions and tight junctions. Cell-cell junction marker 

expression in the corneal epithelium differs depending on the cellular subpopulation.  

Gap junctions are intracellular connections that allow direct communication and 

exchange of small molecules, ions and electrical signals between adjacent cells. The 

connections are composed of proteins called connexins, which form hexameric 

complexes called connexons. Connexin 26 (Cx26, encoded by GJB2) and Connexin 
30 (Cx30, encoded by GJB6) expression is limited to the basal layer of the central 

epithelium (Català et al., 2021; J. Collin et al., 2021; Shurman et al., 2005). Connexin 
43 (Cx43, encoded by GJA1) is the most abundantly expressed gap junction protein in 

the human corneal epithelium, and has been detected at the transcript and protein level 

throughout all layers of the limbus and central corneal epithelium, with the exception of 

the most superficial and individual basal cells of the limbus (Figure 4.5) (Català et al., 

2021; Z. Chen et al., 2004; Dou et al., 2021; Shurman et al., 2005). 

Adherens junctions are located throughout the layers of the corneal epithelium and 

function to stabilise cell-cell adhesion (Hartsock & Nelson, 2008). The main component 

of adherens junction structure is E-Cadherin, a transmembrane glycoprotein which 

consists of an extracellular domain that forms adhesions between epithelial cells, and a 

cytoplasmic domain that is connected by the actin cytoskeleton (Yuksel et al., 2021). E-

cadherin is expressed throughout the corneal epithelium, with the exception of the basal 

layer of the limbus (Figure 4.5) (Z. Chen et al., 2004; Dou et al., 2021). 

4.1.3.4 Limbal stem and progenitor cell markers 
ABCG2 is a member of the ATP-binding cassette (ABC) family of cell surface transport 

proteins, and its expression is a conserved feature of stem cells of a variety of tissue 

types (Scharenberg et al., 2002; S. Zhou et al., 2001). Transcript and protein expression 

of ABCG2 in the cornea is defined as an exclusive marker of cells residing in the basal 

layer of the limbus (Figure 4.5) and it has since been used as an identifier of LSCs (de 

Paiva et al., 2005). The population of ABCG2+ LSCs is indeed rare, with some of the 

recently published scRNAseq on the whole cornea having not identified a substantial 

ABCG2+ population of cells, likely due to insufficient sequencing depth (Català et al., 

2021; J. Collin et al., 2021; Ligocki et al., 2021). However, scRNAseq of the basal layer 

of the limbus did identify a population of cells that highly expressed putative stem cell 

markers including, ABCG2, ABCB5, ITGA9, LEF1 and POSTN, and the newly identified 

LSC markers, TSPAN7 and SOX17, the majority of which were in a quiescent, slow 
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cycling cell state (D. Q. Li et al., 2021). Interestingly, the same markers were moderately 

expressed by a subpopulation of cells identified as TACs that were in cell proliferation 

cycle states, which also showed high expression of proliferation markers such as 

CCNB1, BIRC5, TOP2A and MKI67 (J. M. Li et al., 2021).  

P63 is a protein of the p53 protein family, encoded by the P63 gene expressed as at 

least six isoforms. Three of these isoforms are generated by an upstream promoter 

giving rise to the transactivating classes of p63 (Ap63α, Tap63β, Tap63γ). The remaining 

three isoforms are generated by an intronic promoter giving rise to the ΔN classes of p63 

which lack the transactivating domain (ΔNp63α, ΔNp63β, and ΔNp63γ) (Review: Murray-

Zmijewski et al., 2006). In the normal corneal limbus, ΔNp63α is exclusively expressed, 

whereas expression of the ΔNp63β, and ΔNp63γ isoforms is activated upon wounding 

(di Iorio et al., 2005; Pellegrini et al., 2001). Immunostaining and scRNAseq on the 

cornea has confirmed the enrichment of P63 in the human corneal limbus, particularly in 

the basal layer (Figure 4.5) (Català et al., 2021; Collin et al., 2021; Dou et al., 2021). 

Mice lacking p63 present with a fundamental defect in epithelial differentiation and fail to 

develop stratified epithelia (Mills et al., 1999; A. Yang et al., 1999). The surface 

epithelium of these mice consists of a single layer that lacked K5 and K14 expression 

(Mills et al., 1999; A. Yang et al., 1999). Based on these findings, it seems that p63 is a 

transcriptional regulator of KRT5 and KRT14 in mice. In human epithelial tissue, it was 

found that all stratified epithelia investigated displayed intense immunoreactivity of p63 

in the basal layer, with a gradual diminution of staining in the more superior, terminally 

differentiated cell layers (di Como et al., 2002). Therefore, p63 maintains the balance 

between cell proliferation and the initiation of epithelial stratification (Koster et al., 2004).   

Additionally, scRNAseq has newly identified GPHA2 (glycoprotein hormone subunit 

alpha 2) as a marker of human LPCs (J. Collin et al., 2021). RNA interference of GPHA2 

resulted in the decrease of the LPC marker KRT15 and an increase in the differentiation 

markers KRT3 and KRT12, along with a reduction in colony forming efficiency (J. Collin 

et al., 2021). Taken together, it appears that GPHA2 expression positively controls the 

progenitor state of human LPCs (J. Collin et al., 2021). Subsequent scRNAseq studies 

have utilised the identification of GPHA2+ cells in the characterisation of their datasets 

(Ligocki et al., 2021; Maiti et al., 2022). 

4.1.4 Corneal epithelial cell signalling  
The embryonic development and maintenance of the corneal epithelium requires 

complex signalling pathways that involve a range of molecules and factors. The 

understanding of which factors influence and regulate cell fate determination is important 
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for the directed differentiation of human pluripotent stem cells (hPSCs) towards a corneal 

epithelial cell fate. Key signalling pathways reportedly involved in the development and 

maintenance of the corneal epithelium are outlined below: 

Suppression of canonical Wnt signalling is necessary for the induction of lens 

placode formation in the head ectoderm (Kreslova et al., 2007; A. N. Smith et al., 2005), 

consistent with no canonical Wnt reporter activity in presumptive mouse corneal 

epithelial cells that co-expressed the epithelia marker keratin 8 (Y. Wang et al., 2018). 

This data suggests that inhibition of Wnt signalling is necessary for the induction of 

corneal epithelium formation. However, the role of Wnt signalling in the maintenance of 

the stratified corneal epithelium is unclear. Many Wnt ligands, receptors and inhibitors 

are differentially expressed between the corneal epithelium and limbus (Z. Ding et al., 

2008; Nakatsu et al., 2011, 2013). The administration of a Wnt mimic to cultured limbal 

explants has been shown to maintain LSCs in vitro (González, Oh, et al., 2019). 

Additionally, inhibition of canonical Wnt signalling increases the percentage of K12+ cells 

and decreases the colony-forming efficiency of LSCs cultured of human limbal niche 

cells (B. Han et al., 2014), indicating that Wnt signalling is necessary for maintenance of 

the limbal stem cell state. However, deletion of the gene encoding the Wnt inhibitor, 

Dkk2, in mice results in the transdifferentiation of the corneal epithelium into an opaque 

epidermal-like tissue (Mukhopadhyay et al., 2006). Canonical Wnt signalling has also 

been detected in the wing and squamous layers of the mouse corneal epithelium (Y. 

Wang et al., 2018). Nonetheless, the balance of the Wnt signalling pathway in the 

differentiation and maintenance of the corneal epithelium is complex and at this moment, 

not fully defined.  

Inhibition of the TGFβ signalling pathway is necessary for specification of the ocular 

surface ectoderm (Dupont et al., 2005). TGFβ signalling is induced upon the binding of 

a TGFβ superfamily ligand such as, BMPs, Activin, Nodal and TGFβs to a TGFβ type II 

receptor which phosphorylate and activate type I receptors. Early studies on human and 

rat corneas demonstrated that TGFβ receptors are more highly expressed in the basal 

layers of the limbus relative to the suprabasal and superficial limbus (Joyce & Zieske, 

1997; Zieske et al., 2001). Immunostaining of TGFβ1 (Pasquale et al., 1993), TGFβ2 (K. 

Nishida et al., 1994; Pasquale et al., 1993), TGFβ receptor I and TGFβ receptor II (Joyce 

& Zieske, 1997) has been reported in the human limbus. However, genetic ablation of 

individual TGFβ genes in the corneas of mice demonstrated that Tgfb2 inactivation, but 

not Tgfb1 or Tgfb3 inactivation, results in the abnormal fusion of the corneal epithelium 

to the lens (Saika et al., 2001). Furthermore, the TGFβ ligand, BMP4, is upregulated in 

the human limbus compared to the rest of the cornea (Nakatsu et al., 2013). The TGFβ 
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signalling pathway is involved in the development and maintenance of the cornea, 

although not fully defined.  

The Notch signalling pathway is a highly conserved pathway that plays an essential 

role in the development and maintenance of many tissues, including the corneal 

epithelium. Notch ligands and receptors have been shown to be widely distributed across 

the layers of the corneal epithelium and limbus (Djalilian et al., 2008; Kulkarni et al., 

2010; A. Ma et al., 2007; Thomas et al., 2007). Knockout of the Notch signalling target 

gene, HES1, in mice disrupted corneal development due to abnormal junction formation, 

LSC differentiation and cell proliferation (T. Nakamura et al., 2008). Inhibition of Notch 

signalling in human LSCs in vitro led to an increase in cell proliferation and a decrease 

in the percentage of differentiated K12+ cells (González, Uhm, et al., 2019). Activation 

of Notch signalling in cultured human LSCs resulted in the downregulation of p63α, loss 

of asymmetric division and reduced stratification (González et al., 2020). Additionally, 

the Notch signalling pathway is reportedly upregulated during corneal epithelial wound 

healing in mice (H. Lu et al., 2012). Overall, Notch signalling appears to be important for 

the positive regulation of corneal epithelial cell differentiation and its inhibition is 

necessary for maintenance of the progenitor cell population.  

4.1.5 The generation of an in vitro CEpi model 
For the study of diseases attributed to the corneal epithelium and to test potential 

therapeutics for these conditions, the development of an appropriate CEpi cell model is 

essential. As patient-derived limbal stem cell biopsies are not usually easily obtainable 

and only provide limited expansion potential, an effective protocol for the generation of 

patient-derived iPSC-CEpi models could be implemented for the study of relevant 

diseases and testing of potential therapeutics.  

4.1.5.1 Pluripotent stem cell-derived corneal epithelial cell differentiation  
Based on knowledge of the components of the LSC niche and the trajectory of corneal 

epithelial cell differentiation, protocols attempting to recapitulate this process in vitro have 

been developed. The generation of progenitor and mature corneal epithelial cells from 

hPSCs not only allows for the modelling of diseases affecting this tissue but is also a 

promising option for the treatment of bilateral limbal stem cell deficiency (LSCD) 

(Reviews: Chakrabarty et al., 2018; Ghareeb et al., 2020).  

The first protocol published on the differentiation of human CEpi cells used a method of 

culturing ESCs with limbal fibroblast conditioned media and plating the cells on to 

collagen IV coated plates, in an attempt to recapitulate characteristics of the limbal stem 

cell niche (Ahmad et al., 2007). 
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Hayashi et al. (2012) described a method of CEpi generation from iPSCs using a stromal 

cell-derived inducing activity method, which utilised feeder PA6 cells to promote an 

ectodermal cell lineage, which is a derivative of a protocol originally described for the 

generation of dopaminergic neurons (Kawasaki et al., 2000). Using this method, the 

authors compared the CEpi differentiation potential between iPSCs derived from either 

HDFs or human adult corneal limbal epithelial cells (HLECs) following a prolonged period 

of differentiation culture (12 weeks) (Hayashi et al., 2012). Using this protocol, iPSCs 

derived from HLECs displayed a higher CEpi differentiation potential, expressing the 

relevant markers K12 and K3 earlier and at a higher level respective to the HDF-derived 

iPSCs. This effect was attributed to the retainment of epigenomic signatures of iPSCs 

following reprogramming (Hayashi et al., 2012).  A few years later, the same group 

established a new feeder-free CEpi differentiation protocol based on the formation of a 

2D ‘SEAM’ (self-formed ectodermal autonomous multizone) composed of four concentric 

zones that have the potential to give rise to different ocular lineages (Hayashi et al., 

2017). The corneal epithelial progenitors contained within this heterogenous culture were 

isolated by fluorescence activated cell sorting (FACS) based on their positive expression 

of ITGB4 and SSEA-4, and negative expression of TRA-1-60 or CD200 (Hayashi et al., 

2018). The corneal epithelial cell sheets generated from this work were transplanted in 

a non-human primate model of LSCD and a uniformly stratified corneal epithelium was 

observed six months post-transplantation (Yoshinaga et al., 2022). 

Other protocols have utilised small molecules to direct the differentiation of hPSCs 

towards a CEpi lineage. One focused on the induction of epithelial differentiation by 

modulation of β-catenin localisation upon treatment of hPSCs with the Src family kinase 

inhibitor SU6656 or retinoic acid (RA) (Lian et al., 2013). A strong upregulation of the 

epithelia keratin markers K18/K8 and repression of the pluripotency marker Oct4 was 

observed following SU6656 treatment (Lian et al., 2013).  

Another protocol induced CEpi differentiation of iPSCs by attempting to replicate 

signalling cues during ocular surface ectoderm development through TGF-β inhibitor SB-

505124 and Wnt inhibitor IWP-2 administration in combination with basic fibroblast 

growth factor (bFGF) in serum and feeder-free conditions. By day 44 of this protocol, 

pluripotency markers were downregulated and the corneal epithelial markers PAX6, P63, 

KRT15, KRT3 and KRT12 were upregulated (Mikhailova et al., 2014). However, due to 

issues with excessive cell death and spontaneous neuronal differentiation as a result of 

this method, the authors built on the protocol through specific modifications. Embryoid 

bodies were formed from iPSCs and underwent an initial one-day ectodermal induction 

with SB-505124 and bFGF, followed by a two-day mesodermal induction with bone 
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morphogenetic protein 4 (BMP4). Cells were then plated onto Laminin-521 and collagen 

IV coated plates and cultured in the commercial Cnt-30 corneal epithelial medium. By 

day 22, cells expressed the corneal epithelial progenitor markers P63, K14 and K15, yet 

no expression of the corneal epithelial-specific markers K12 and K3 were observed at 

this point (Hongisto et al., 2017).  

Kamarudin et al. (2018) also observed the positive effect of the role of BMP4 in the 

induction of CEpi cells from iPSCs following the assessment of supplementation of 

different growth factors and morphogens to the induction media. They concluded that a 

combination of BMP4, RA, and epidermal growth factor (EGF) resulted in the most 

successful induction of corneal epithelial cells as evidenced by this condition showing 

highest expression levels of P63 and KRT12 at day 20 respective to other culture 

conditions (Kamarudin et al., 2018).  

4.1.6 Chapter aims  
The main aim of this research chapter was to characterise and validate the iPSC-derived 

corneal epithelial cell in vitro model used in this study by: 

• Justification of the development of a corneal epithelial cell-like model to study 

TGFBI corneal dystrophies. 

• Assessment of the gene and protein expression profile of the differentiated 

samples over the course of the differentiation protocol. 

• Assessment of differentiation to a corneal epithelial-like (CEpi) lineage as a 

model system. 

• Defining the optimal experimental timepoint for ASO treatment.  
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4.2 Results 

4.2.1 TGFBI expression in the human cornea 
In light of the wealth of recently published scRNAseq data on the human cornea, markers 

of the human cornea have become well defined. As TGFBI CDs are known to involve 

multiple layers of the cornea, namely the corneal epithelium and the stroma, the in vitro 

modelling of these conditions is not straight forward. It has previously been reported that 

TGFBI mRNA is more highly expressed in the corneal epithelium relative to the stroma 

(Escribano et al., 1994), leading to the hypothesis that TGFBIp is secreted from the cell-

dense epithelium, into the acellular Bowman’s layer and relatively acellular stroma, 

where the majority of TGFBIp+ corneal deposits aggregate.  

In order to address this hypothesis, publicly available scRNAseq data on four human 

donor corneas published by Català et al. (2021) was obtained via the Gene Expression 

Omnibus database. Following the filtering of low-quality cells, the transcriptome profiles 

of 10,580 cells were subject to a preliminary single-cell Seurat analysis (Hao et al., 2021) 

in RStudio (Chapter 2, Section 2.10.5) to examine the expression of TGFBI in relation to 

the defined limbal and central corneal epithelium markers GJA1, KRT12, KRT3, PAX6 

and TP63 (Figure 4.7). The sequenced cells were embedded in a uniform manifold 

approximation and projection, and clustering revealed 12 cell clusters. UMAP plots 

indicate that TGFBI and GJA1 are more widely expressed throughout the corneal 

compartments respective to KRT12, KRT3, PAX6 and TP63. TP63 expression appears 

to be less widely distributed than all the other markers, consistent with its specification 

as an LSC/LPC marker. The clusters 6-10 demonstrate the highest levels of TGFBI 

expression and this corresponds to the clusters demonstrating the highest expression 

levels of the corneal epithelial markers GJA1, KRT12 and KRT3 and PAX6. This 

indicates that TGFBI mRNA is most highly expressed in the corneal epithelium, 

supporting the hypothesis that mutant TGFBIp is secreted from the corneal epithelium, 

leading or contributing to the aggregation of TGFBIp+ deposits in the subepithelial layers. 

Nonetheless, the sparse keratocytes of the stroma also express TGFBI and secrete 

TGFBIp into the ECM, although perhaps to a lesser extent. These findings provide a 

basis for the in vitro modelling of TGFBI CDs through the generation of patient-derived 

iPSC-CEpi cells, as the corneal epithelium appears to be the major source of CD 

deposits and any ASO treatments would need to effectively target the TGFBI produced 

by the cells of this tissue.   
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Figure 4.7 UMAP plot of TGFBI and corneal epithelial marker expression in the human 
cornea assessed by scRNAseq analysis. Publicly available raw scRNAseq data on human 
corneal tissue including the epithelial, stromal and endothelial layers of the central cornea was 
obtained from Català et al., (2021). A preliminary analysis using the Seurat package in RStudio 
was conducted on the dataset in order to assess the distribution of A) TGFBI expression in the 
cornea. The highest density of TGFBI expression is observed within clusters 6-10 and 
corresponds to the highest density of B) GJA1 expression, a known corneal epithelium marker. 
The two specific corneal epithelium markers C) KRT12 and D) KRT3 also display their highest 



 120 

expression densities within these clusters. E) PAX6 and F) TP63, two transcription factors 
involved in corneal epithelial fate determination are also most highly expressed in these clusters, 
with TP63 showing a more restricted distribution consistent with its specification as a limbal 
stem/progenitor cell marker. Overall, the scRNAseq data indicate that TGFBI is most highly 
expressed within the corneal epithelium, relative to the stroma and endothelium. G. Cellular 
subpopulations of the limbus and corneal epithelium and their highly expressed genes as 
identified by single cell RNA sequencing (scRNAseq) reports. 

4.2.2 Corneal epithelial differentiation protocol  
Based on unpublished data obtained in our lab (Beatriz Sanchez-Pintado), a CEpi 

differentiation protocol (Figure 4.8) adapted from Kamarudin et al. (2018) was 

implemented in order to differentiate patient and control iPSCs to CEpi cells. Kamarudin 

et al. (2018) reported that induction media supplemented with BMP4 (25 µl/ml), All trans 

retinoic acid (10 mM) and EGF (0.5 mg/ml) led to the stepwise generation of corneal 

epithelial cells in 20 days. This induction phase was carried out using adherent iPSC 

cultures which were split and plated on day 9 to Collagen IV coated plates. The four main 

modifications made to this protocol were as follows:   

• The induction media was supplemented with 50 ng/ml EGF and 25 ng/ml BMP4.  

• The induction phase of the differentiation was carried out in suspension for one 

week – during the first two days, a slower transition from the stem cell media to 

the induction media was carried out (as described in methods chapter). 

• On day 9, cells were plated onto Laminin-521 and collagen IV coated plates. 

• The differentiations were assessed during a longer period, until day 30.  

 
Figure 4.8 Protocol used for the differentiation of iPSC into CEpi cells. iPSCs were split onto 
geltrex coated plates and allowed to expand for 2 days while being cultured in mTeSR media. On 
day 2, iPSC colonies were formed into embryoid bodies, and the mTeSR media was progressively 
changed into induction media containing 50 ng/ml EGF and 25 ng/ml BMP4 over 3 days to allow 
the cells to adjust. After the 7-day induction period, the embryoid bodies were plated onto Laminin-
521 and collagen IV coated plates and cultured in Cnt-30 differentiation media supplemented with 
10% FBS.  
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4.2.3  Characterisation of iPSC-derived corneal epithelial-like cells 
Control and mutant cells lines were differentiated following modifications to the 

Kamarudin et al. (2018) protocol outlined in Figure 4.8 (Chapter 2, Section 2.8.5). 

Progress throughout the differentiation was recorded at key time points by bright field 

microscopy which demonstrates that cells obtained a typical epithelial morphology with 

differentiation (Figure 4.9). During the induction period, the embryoid bodies grew and 

expanded. Following plating of the embryoid bodies on to coated plates, the majority 

attached and the day after, small cells with an epithelial-like morphology had emerged 

(Figure 4.9, day 10). The cells expanded rapidly and on day 16 of the differentiation, cells 

with a typical epithelial polygonal morphology with pronounced cell-cell junctions were 

observed (Figure 4.9, day 16). As the cells expanded and the differentiation progressed, 

epithelial cells of different sizes and morphologies were observed. Some cells were more 

elongated with a ‘squamous’ morphology and others were more cuboidal in shape. By 

day 21 cells had become more confluent and multilayering of cells was observed.  

However, different cell types with different morphologies were observed particularly as 

the cells proliferated further from the embryoid bodies indicating the differentiation 

protocol did not result in a monoculture. Around the embryoid bodies, cells with a typical 

compact epithelial morphology forming a cobblestone pattern with prominent cell-cell 

junctions were observed and accounted for the largest proportion of differentiated cells. 

Another cell type also had prominent cell-cell junctions but a much larger cell-to-nucleus 

ratio (Figure 4.10B). Cells with stromal like morphologies were also observed, with some 

displaying a typical elongated fibroblast shape and others with large, flattened 

morphologies (Figure 4.10C). Rarely, neuronal cell types with processes were observed 

(Figure 4.10D). As the culture continued to mature, the different cell types continued to 

expand. Variation in the proportions of the different cell populations between culture plate 

wells was also noted.   
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Figure 4.9 CEpi differentiation and morphology. Bright field images show the morphology of 
the cells during different stages of the differentiation. iPSC colonies were formed into embryoid 
bodies (EBs) and were cultured in suspension for 7 days. Following plating onto coated plates, 
polygonal cells of different sizes and morphologies emerged from the EBs (asterisks) and 
continued to proliferate throughout the differentiation. Multilayering of epithelial-like cells was 
apparent. Additionally, other cell morphologies are observed (arrowhead) which also continued 
to expand. Scale bar = 100 μM.  
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Figure 4.10 CEpi cell culture heterogeneity at day 25 of differentiation. A) Cells with a typical 
polygonal morphology that displayed prominent cell junctions and formed a cobblestone pattern 
proliferated from the embryoid bodies (asterisk). B) Patches of cells that also formed visible cell 
junctions but had a larger cell-nucleus ratio were observed (highlighted with dotted outline). C) 
Stromal cells with a typical elongated fibroblast shape along with cells that displayed a wider, 
flatter phenotype were found towards the periphery of the cultures (highlighted with dotted 
outline). D) Rarely, neuronal-type cells with processes formed (arrowhead). Scale bar = 100 μM. 

4.2.4 Characterisation of corneal epithelial marker gene expression during 
differentiation 

Gene expression analysis of relevant corneal epithelial markers was carried out by qPCR 

(Chapter 2, Section 2.7) to assess whether CEpi cells shared a comparable molecular 

profile to the native tissue. RNA samples were extracted (Chapter 2, Section 2.1.2) at 

various key time points (day 16, day 21, day 25 and day 30) of the differentiation to 

determine the optimal experimental window for downstream studies.  

The corneal epithelial-specific markers KRT3 and KRT12 were assessed by RT-PCR 

and while KRT3 expression was detected, no specific KRT12 transcript was amplified 

(data not shown), therefore, only KRT3 expression was assessed by qPCR.  

Expression of genes encoding transcription factors crucial for ocular development and 

corneal epithelial cell maintenance (PAX6), markers of limbal stem cell and corneal 

epithelial progenitors (ABCG2 and ΔNTP63) and corneal epithelial keratins (KRT14 and 
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KRT3) was assessed to characterise different stages of differentiation. In the original 

published protocol, the terminal timepoint was day 20. For the current study, the 

experimental window was extended to day 30 to assess prolonged cell culture. All seven 

independent cell lines included in this study (two WT, two p.R124C, two p.R124H and 

one TGFBI KO line) were assessed over 1-2 independent differentiations for marker 

expression (N=7-11).  

Expression of the limbal stem cell marker ABCG2 peaked at day 16 and continued to 

decrease during the three later timepoints relative to iPSC (Figure 4.11A). This is 

indicative of a surge of limbal epithelial-like cell proliferation between the naïve 

pluripotent state and day 16, which gradually decreases as the more mature cells 

expand. Expression of the limbal stem cell and corneal epithelial progenitor marker 

ΔNTP63 increased with respect to iPSC and was maintained at the same level on 

average throughout the differentiation timepoints (Figure 4.11B), indicating that 

ΔNTP63+ cells stably proliferated throughout the protocol. Expression of the corneal 

epithelial progenitor and basal corneal epithelium keratin KRT14 increased from iPSC to 

day 16 but then remained at similar expression levels until day 21, before increasing on 

days 25 and 30 (Figure 4.11C). PAX6 expression continued to increase incrementally 

throughout the differentiation (Figure 4.11D). Whereas KRT3 expression peaked at day 

25 but was decreased on average on day 30 (Figure 4.11E). This observation may 

indicate that after day 25, the proportion of non-CEpi cells in the culture expand and start 

outnumbering the KRT3-expressing CEpi cells. TGFBI expression levels over the 

differentiation timepoints were also assessed (N=6) (Figure 4.11F). A significant increase 

of TGFBI expression was observed at day 25 of the differentiation respective to iPSCs 

and continued to increase until day 30.  



 125 

 

Figure 4.11 Gene expression of iPSC and CEpi samples. qPCR was used to assess the 
expression of A) ABCG2, B) ΔNTP63, C) KRT14, D) PAX6, E) KRT3, F) TGFBI throughout the 
differentiation process, days (D) 0 = iPSC to d30. Gene expression was normalised to ACTIN 
and GAPDH expression, and relative quantification values were calculated relative to iPSC or 
D16 expression (KRT3 was not detected in iPSC). The mean is represented by the + symbol, 
whereas the median is represented by the horizontal line. A-E: N=7-11 iPSC lines and 
independent differentiations of the different lines (2xWT, 2xR124C, 2xR124H, 1xTGFBI KO); F: 
N=6 independent differentiations of different lines (2xWT, 2xR124C, 2xR124H). Statistical 
analysis was performed using a one-way ANOVA and a post-hoc Tukey’s HSD test. * P<0.05, ** 
P< 0.01, *** P<0.001, **** P<0.0001. 
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4.2.5 Characterisation of CEpi marker protein expression  
The protein expression of CEpi markers were investigated by immunocytochemistry 

(ICC) of the differentiations (Chapter 2, Section 2.3). Different markers were compared 

across cell lines at days 21 and 25 to observe whether staining patterns were 

comparable across samples and key differentiation points. 

 
Figure 4.12 Characterisation of CEpi cultures: PAX6 and p63 protein expression at day 21 
and day 25. ICC analysis of the WT2 and a patient line at day 21 (A, B, E, F) and the WT1 and 
WT2 line at day 25 (C, D, G, H). Separate populations of PAX6+ and p63+ cells are observed, 
with some co-localisation of the two transcription factors. Scale bars = 50 µM.  

Expression of the transcription factors p63, a protein expressed by limbal 

stem/progenitor cells and PAX6, expressed by cells of the corneal limbus and epithelium, 

was investigated in the CEpi samples at day 21 for the WT2 and R124H patient (patient 

4) lines and at day 25 for the WT1 and WT2 lines. To note, the p63 antibody detects both 

the TA and ΔN isoforms of the protein, however only the ΔNp63 isoform is expressed in 

the human cornea.   

Typical nuclear expression was observed for both of the transcription factors across the 

samples (Figure 4.12A-H). At day 21, patches of cells expressing p63 or PAX6 were 

observed emerging from densely DAPI-stained cell clusters, with some cells co-

expressing the markers (Figure 4.12A, B, E). Cells with different sized nuclei are 

observed and different cell subpopulations in close proximity to each other and 

heterogeneity of the cultures is apparent in all stained samples. Multi-cell layering is also 

apparent, with PAX6 and p63+ cells overlapping with DAPI-stained nuclei (Figure 4.12A, 

B and E). Many of the cells that only show PAX6+ expression at day 21 appear to show 
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elongated/aberrantly shaped nuclei or two nuclei very close together (Figure 4.12A and 

B), which are indicative of cells undergoing mitosis. In Figure 4.12F a dense sheet of 

tightly packed cells co-expressing both p63 and PAX6 is observed, these cells are 

smaller in size than cells expressing either only p63 or PAX6, indicating they may 

represent a population of LPCs.  

P63 is a marker of cells residing in the corneal limbus, thus, p63+ cells potentially 

represent a population of less differentiated cells. Whereas PAX6 is expressed 

throughout the limbal and central cornea and its expression could be representative of a 

general CEpi cell type. Thus, some co-expression of p63 and PAX6 is expected, 

although, PAX6+/p63- cells would also be expected, as demonstrated by figure (Figure 

4.7 E-F) which shows the more general expression pattern of PAX6 in the human cornea.  

Different patterns of staining are noted, with some images displaying PAX6 expression 

at the outer rim of colonies of smaller cells with smaller nuclei potentially indicating 

proliferative cell colonies (Figure 4.12C, D and G). Differentiation generally occurs at the 

outer colony edge of pluripotent cell colonies, thus their positive expression of PAX6 

indicates that these cells have committed to a neuroectoderm or surface ectoderm cell 

fate. The p63+ cells adjacent to the PAX6+ outer rim cell colonies have bigger nuclei and 

are potentially representative of more differentiated epithelial cells. At day 25, the 

cultures show that the majority of cells do not co-express PAX6 and p63 with a clear 

segregation between PAX6+ and p63+ cells observed (Figure 4.12C, D and G). This 

indicates that by this timepoint, the putative population of limbal stem/progenitor cells co-

expressing PAX6 and p63 has diminished. 

Immunocytochemistry staining was also used to visualise the distribution of the keratin 

proteins K5 and K14 in the CEpi cells at day 21 (R124H patient and WT2 lines) and day 

25 (WT2) (Figure 4.13). It should be noted that the day 25 WT1 differentiation presented 

in the other immunostaining figures was stained for K5 and K14 and although this sample 

demonstrated positive staining of the other markers tested (Figure 4.12C, G; Figure 

4.14C, G), K5 and K14 positive staining was not observed in this particular sample (data 

not shown).  
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Figure 4.13 Characterisation of CEpi cultures: K5 and K14 protein expression at day 21 
and day 25. ICC analysis of a patient line and the WT2 line at day 21 (A, B, D, E) and the WT2 
line at day 25 (C, F). K5 and K14 are obligate keratin pairs that are known to form heterodimers. 
Sheets of K5+ cells are observed, with some cells demonstrating K14+ expression and some 
cells demonstrating co-localisation of the two keratins. Both the keratins display a filamentous 
staining pattern, with K5 expression being noticeably more dominant than K14 expression. Scale 
bars = 50 µM. 

K5 and K14 are defined as obligate heterodimers critical for the proper assembly of 

intermediate filaments in stratified epithelial tissue. Cells with an epithelial morphology 

show expression of K5 and K14. Both proteins display an elaborate filament network 

crossing through the cell cytoplasm, extending through the nucleus or the nuclear 

envelope, to the plasma membrane or to the cytoplasm of a neighbouring cell, linking 

them together. Cells of different morphologies and sizes show positive staining for both 

of these proteins, yet K5 shows a wider staining distribution than K14. This is also the 

case in the corneal limbus and epithelium, with K14 expression localised to the basal 

tissue layers and K5 being more generally expressed throughout. In some cells, K5 and 

K14 show co-localisation, consistent with their formation of obligate heterodimers. 

However, co-localisation of the two proteins is not as extensive as would be expected in 

fully mature CEpi cells. Nonetheless, the staining shows structured intermediate 

filaments forming cytoskeletal networks, indicating that in areas where positive staining 

of either K5 or K14 is observed but not the other, the respective keratin protein is forming 
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a pair with an alternate keratin. More K5 and K14 positive staining is observed in cell 

dense areas where tightly packed cells with smaller nuclei have formed epithelial sheets 

(Figure 4.13B and F). The day 21 and day 25 samples of the WT2 line demonstrate 

similar staining patterns with large patches of K5+ cell sheets with a lower distribution of 

K14+ cells, indicating that there is not an observable difference in K5 and K14 staining 

between these two timepoints in the same cell line (Figure 4.13B, C, E, F).   

The expression of K3, a keratin exclusive to the cornea, expressed throughout the 

corneal epithelium and the suprabasal and superficial layers of the limbus, was 

investigated in conjunction with the cell-cell junction markers connexin 43 (Cx43) at day 

21 (R124H patient and WT2) (Figure 4.14A, B, E, F) and E-cadherin at day 25 (WT1 and 

WT2) (Figure 4.14C, D, G, H). Confocal imaging revealed that K3 and Cx43 were both 

expressed in the CEpi cells at day 21. K3 staining was primarily localized to the cell 

membrane and cytoplasm, while Cx43 staining was detected at cell junctions, vesicles 

and the nucleoplasm.  

Co-staining of K3 and Cx43 (Figure 4.14A, B) demonstrates expression in the same 

cells, but each showing a distinct staining pattern. In some cells, K3 staining was more 

intense than Cx43 staining, while in others, the opposite was observed. Specifically, cells 

that showed the highest density of K3+ staining (Figure 4.14A) showed Cx43+ staining 

localised to vesicles. Additionally, in some areas of the culture, K3 and Cx43 staining 

appeared to overlap, suggesting possible interaction between the two proteins. In order 

to more thoroughly examine the cellular heterogeneity of cells co-expressing K3 and 

Cx43, images taken of the day 21 WT2 sample are presented in Figure 4.15. At a lower 

magnification, the wider distribution of different cell populations expressing K3 is 

observed (Figure 4.15A). Different sizes of cells arranged in differing densities and 

showing different K3 and Cx43 staining patterns are observed (Figure 4.15B-D). Overall, 

K3+ cells do appear to express Cx43, which is also the case in the native cornea.  

Co-staining of K3 and E-cadherin demonstrates two populations of K3+ cells, that are 

either positive or negative for E-cadherin (Figure 4.14C, D). Positive E-cadherin staining 

shows a typical expression pattern at the periphery of the cells, corresponding to the 

adherens junctions. K3+ cells that are also positive for E-cadherin are larger and have 

larger nuclei, whereas K3+ cells that are negative for E-cadherin are much more densely 

packed, with smaller nuclei. Figure 4.14D clearly demonstrates the distinction between 

these two subpopulations of K3+ cells and their close proximity could indicate the 

proliferation of the smaller K3+/E-cadherin- cells into the larger E-cadherin+ cells that 

have a more diffuse K3 staining pattern. This would suggest that the smaller K3+/E-
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cadherin- cells are more naïve and mitotically active that the larger E-cadherin+ cells that 

show cell-cell adhesion. 

K3+ staining demonstrated a different pattern to the typical filamentous pattern observed 

with K5 and K14 staining (Figure 4.13). More than one type of K3 staining pattern was 

observed, with a denser network of K3+ filaments in some smaller cells (Figure 4.14A, 

F), some larger cells demonstrating a filamentous pattern (Figure 4.14B, E, G) and some 

cells showing a more diffuse and less distinct pattern of staining (Figure 4.14C, D, H). In 

Figure 4.14F, a patch of multi-layered cells is observed with K3 positivity outlining the 

cell shape. Overall, due to the cellular heterogeneity, it is difficult to compare any 

differences between the cells at day 21 and day 25, although a range of cell types with 

similar staining patterns are observed at both timepoints.  

 
Figure 4.14 Characterisation of CEpi cultures: Cx43 and K3 expression at day 21 and E-
cadherin (E-Cad) and K3 expression at day 25. ICC analysis of a patient line and the WT2 line 
at day 21 (A, B, D, E) and the WT1 and WT2 line at day 25 (C, D, G, H). K3 staining demonstrates 
different subpopulations of cells showing different K3+ staining patterns. K3+ cells co-express 
Cx43 (A, B), whereas co-staining of K3 and E-Cad demonstrates a population of cells that are 
positive for both K3 and E-Cad (C, D) and another population of densely packed K3+ cells that 
are E-Cad- (D). Scale bars = 50 µM. 
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Figure 4.15 Heterogeneity of CEpi cultures demonstrated by Cx43 and K3 staining of the 
WT2 line at day 21. Imaging at a lower magnification (A) shows a heterogenous population of 
cells of different sizes and cellular densities. K3+ and Cx43+ cells show different staining patterns 
(B-D). Scale bars = 50 µM. 

Corneal epithelial protein marker expression was also assessed in the TGFBI KO line on 

day 25, in order to understand whether the lack of TGFBIp expression would affect the 

cell’s ability to form cell-cell junctions or keratin filaments. Co-staining of E-cadherin and 

K14 shows cells that express a complex K14 filamentous network, adhered together by 

E-cadherin+ cell-cell junctions (Figure 4.16A, D). Similarly, Cx43 and K5 co-staining 

shows sheets of cells positive for both of these markers. K5+ staining shows strong 

expression in the cytoplasm and Cx43 shows diffuse staining throughout the cell, with 

puncta in some areas and others areas showing the strongest staining intensity at cell-

cell junctions, consistent with the presence of Cx43 localised intracellularly and to gap 

junctions. The images presented in Figure 4.16A and B demonstrate different shapes 

and sizes of cells with an epithelial morphology. The E-Cad/K14 and Cx43/K5 staining 

shows that despite the lack of TGFBIp in these cells, the cellular integrity of the epithelial-
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like cells remains. Co-staining of p63 and K3 demonstrates that the TGFBI KO cells can 

form p63+ epithelial sheets (Figure 4.16C). Higher density of K3+ staining is apparent in 

areas of p63- cells (Figure 4.16F). This corroborates the scRNAseq data shown in Figure 

4.7D and F, P63 and KRT3 expression is not expected to be mutually exclusive, although 

cellular populations expressing either one or the other are expected. Altogether, 

immunostaining of the TGFBI KO line indicates that the absence of TGFBIp does not 

cause abnormalities in CEpi protein marker expression. This supports the bulk RNAseq 

data presented in Chapter 5, where no CEpi markers used to characterise the model in 

the current chapter were significantly differentially expressed in the TGFBI KO vs WT 

comparison.  

 
Figure 4.16 Characterisation of the CEpi TGFBI KO line: E-Cad, K14, Cx43, K5, p63 and K3 
protein expression at day 25. Co-staining of E-Cad/K14 (A, D) and Cx43/K5 (B, E) 
demonstrates that the in the absence of TGFBIp expression, CEpi cells are still able to form cell-
cell junctions and intermediate filaments. Co-staining of p63 and K3 (C, F) shows that TGFBI KO 
CEpi cells generate p63+ cell sheets that are mostly negative for K3, and areas where denser K3 
staining is observed are negative for p63. Scale bars = 50 µM. 

Several anti-TGFBIp antibodies were tested for specific staining of TGFBIp in CEpi cells 

by immunocytochemistry, however, upon comparison of the staining to the negative 

control line (TGFBI KO line) it was apparent that the antibodies tested were not specific. 

Nevertheless, one antibody tested for TGFBIp specific subcellular staining in the WT1 
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line at day 30 did show specific staining, as the same staining pattern was not observed 

in day 30 TGFBI KO CEpi cells (Figure 4.17). TGFBIp+ staining was observed 

surrounding the nuclear envelope, where the endoplasmic reticulum (ER) is located and 

diffuse staining appears to extend to the location of the Golgi apparatus (GA), although 

co-staining of markers known to localise to both the ER and GA organelles is necessary 

to fully confirm this. Intracellular TGFBIp is known to be processed through the ER and 

GA before it is secreted, consistent with the TGFBIp+ staining presented here.  

 
Figure 4.17 TGFBIp staining in the WT1 and TGFBI KO CEpi line at day 30. Staining of 
TGFBIp in the WT1 line demonstrates expression consistent with the endoplasmic reticulum and 
Golgi apparatus. The TGFBI KO line was used as a negative control in order to confirm the 
specificity of the antibody. Scale bars = 50 µM. 
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4.3 Discussion  

The ECM protein TGFBIp is the second most abundant protein expressed in the human 

corneal stroma (Dyrlund et al., 2012). Both corneal epithelial and stromal cells produce 

TGFBIp (Akiya et al., 1999; Escribano et al., 1994; Korvatska et al., 1999; Lisch & Seitz, 

2014; Menasche et al., 1992; Wittebol-Post et al., 2010). The stroma is not completely 

acellular, but it is mostly an ECM structure, with only around 3-5% of its volume 

comprised of stromal cells (Beuerman & Pedroza, 1996; Dua et al., 2013). TGFBIp+ 

deposit location in the cornea varies depending on the specific phenotype, they are 

mostly located in the basal epithelium and superficial stroma in GCDI, the Bowman’s 

layer in RBCD and TBCD, and the superficial and deep stroma in GCDII and LCDI (K. 

E. Han et al., 2016). Based on the scRNAseq analysis on publicly available data on the 

human cornea presented in the current study, it appears that TGFBI mRNA is more 

highly expressed in the corneal epithelium relative to other layers of the cornea, this is 

consistent with a previous scRNAseq report that also found TGFBI transcript to be most 

highly expressed by cells of the corneal epithelium (Ligocki et al., 2021). Taking these 

factors into consideration, it is likely that both the corneal epithelium and stroma are 

contribute to abnormal TGFBIp aggregate formation, but that the majority of the mutant 

protein is secreted by the epithelium.  

With the wealth of recently published scRNAseq data on the cornea, a focus on genes 

implicated in corneal disease, such as TGFBI, would be highly informative to assess 

spatial expression. This would provide information on the specific corneal compartments 

involved in disease pathogenesis and elucidate which cells should be targeted 

therapeutically. Given the implication that the corneal epithelium expresses more TGFBI 

mRNA than the stromal keratocytes, any potential therapeutics that exert a mechanism 

of TGFBI transcript reduction should be tested and validated in corneal epithelial cells. 

This is also supported by reports showing that following PK, LCDI and GCD patients 

develop diffuse superficial opacities in the epithelium and subepithelium that are much 

more prominent than deposits in the stroma (Frising et al., 2006; Johnson et al., 1981; 

Lisch & Seitz, 2014; Lyons et al., 1994). Due to the limited availability of corneal donor 

tissue, a patient-derived in vitro iPSC-corneal epithelial model offers an alternative 

unlimited source of disease-relevant cells that facilitate the screening of potential 

therapeutics and to enable replicate experimentation.  

For this purpose, multiple published CEpi differentiation protocols were tested in the 

Hardcastle laboratory (unpublished data) before implementation of an optimised version 

of the protocol published by Kamarudin et al. (2018). The report describing this protocol 
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highlighted the effect of BMP4 as an important induction agent of pluripotent stem cell 

differentiation towards a non-neural ectodermal lineage (Kamarudin et al., 2018). This is 

supported by previous research that demonstrates that pluripotent cultures treated with 

media containing BMP4 were directed to an epithelial lineage through P63 induction 

(Metallo et al., 2008). Additionally, BMP4 treatment of pluripotent stem cells leads to 

apoptosis of neural precursor cells and the induction of ΔNp63+ epithelial differentiation 

through the binary neuroectodermal choice (neural vs surface ectoderm) (Aberdam et 

al., 2007; Gambaro et al., 2006).  

Some alterations were made to optimise the published differentiation protocol. One such 

difference was the exclusion of RA following the induction period. RA promotes neural 

lineage entry of pluripotent stem cells (J. Lu et al., 2009; Y. Okada et al., 2004; S. Yu et 

al., 2012). Through the comparison of the CEpi differentiation period with or without RA, 

the proportion of polygonal epithelial-like cells was increased when media was not 

supplemented with RA (unpublished data). The authors of the original protocol concluded 

that media supplemented with both BMP4 and RA resulted in the successful generation 

of corneal epithelial progenitors (Kamarudin et al., 2018) and a previous study has shown 

that RA and BMP4 synergise to promote non-neural ectodermal differentiation of 

pluripotent stem cells (Metallo et al., 2008). Nonetheless, during the induction period of 

the protocol implemented in this thesis, the media was supplemented with B27 

containing vitamin A (Chapter 2, Section 2.8.5), thus, it was not completely absent from 

the protocol and its presence at a minimal concentration is likely to have promoted RA-

induced differentiation.  

The resulting cultures were initially characterised for expression of corneal epithelial-

related genes by qPCR over the differentiation timepoints. Expression of the LSC marker 

ABCG2 peaked at day 16, indicating that around this stage, the highest number of LSC-

like cells are present. Expression of the LSC and LPC marker DeltaNp63 remained 

similar over all the timepoints. Average expression of KRT14 and PAX6 remained similar 

during days 16 to 21, but then increased during day 25 to 30. However, KRT3 peaked at 

day 25, and was reduced by day 30, indicating that this timepoint contains the highest 

density of CEpi cells, but this does not indicate the proportion of the desired cell type to 

any non-specific cells present. Based on the results of the CEpi characterisation by 

qPCR analysis, the optimal experimental timepoint for ASO treatment was defined at 

around day 25, as cells expressed high transcript levels of corneal epithelial markers and 

TGFBI during this timepoint. 



 136 

Attempting to elucidate at which point the cells are most corneal epithelial-like in a mixed 

population is a difficult task, especially when relying on measurements of transcript 

expression of the whole well. A more effective method would be to quantitatively assess 

the protein expression of the different cell types by flow cytometry, while also considering 

the size and complexity of the cells. The transcriptome profile of corneal epithelial cell 

subpopulations has never been more well-defined thanks to the recent scRNAseq 

publications on the cornea. This information would assist the characterisation of iPSC-

derived CEpi cells by flow cytometry, and facilitate the isolation of the target cell types 

by FACS at an early timepoint in the differentiation.  

The inherent nature of pluripotent stem cells is their ability to differentiate into cell 

lineages of the three germ layers. Thus, a certain degree of cellular heterogeneity is to 

be expected with some protocols of directed differentiation. iPSCs are affected in their 

differentiation potential by their original cell type, as the cells retain their original cell 

memory and have the propensity to differentiate into their original cell type (Bock et al., 

2011; Q. Hu et al., 2010; K. Kim et al., 2010). One group compared the differentiation 

efficiency of iPSCs reprogrammed from either corneal limbal cells or fibroblasts and 

determined that the iPSCs derived from corneal limbal cells expressed the relevant 

markers such as KRT12 and KRT3 earlier and at a higher level in comparison to the 

fibroblast-derived iPSCs (Hayashi et al., 2012). This indicates that the epigenomic status 

of iPSCs affects their propensity to differentiate. All the iPSC lines used in the current 

study were reprogrammed from fibroblasts, and a proportion of fibroblast-like cells was 

noted in the differentiated cultures, potentially indicating that the lines had a propensity 

to differentiate back into their original cell type. However, in order to confirm the cell types 

of the non-target cell populations produced from the differentiations, immunostaining 

should be carried out in investigation of markers not expressed by corneal cell types.  

Indeed, the protocol implemented by the current study resulted in a mixed population of 

cells. FACS utilising limbal stem and progenitor cell surface markers such as ABCG2, 

ABCB5 and GPHA2 could be employed at an early timepoint in the differentiation to 

purify the target cell type, allowing the maturation of a homogenous corneal epithelial 

cell population. A previous report showed the successful isolation of iPSC-derived 

corneal epithelial lineage cells by FACS using the markers SSEA-4, ITGB4 and TRA160 

(Hayashi et al., 2018). However, this protocol extended over a much longer period of 

time than the one used in the current study, as FACS was carried out between weeks 

10-15 of the protocol.  
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The heterogeneity of the cultures differentiated for the current study was demonstrated 

by immunostaining. Multiple cell morphologies were apparent through K3+ staining of 

CEpi cultures. One cell population appeared to consist of small compact cells that 

exhibited a less defined and more diffuse K3 staining pattern, while showing negative 

expression of E-Cadherin (Figure 4.14D; Figure 4.15D). Adjacent to these cells were 

cells with a larger morphology that were positive for E-cadherin staining. As the larger E-

cadherin+ cells were directly adjacent to the smaller E-cadherin- cells, it may be the case 

that the smaller cells proliferated into the larger cells, indicating that this smaller cell 

population represents a more naïve CEpi-like cell that has migratory properties.  

When the different morphologies of K3+ cells were compared in the same cell line at the 

same magnification (Figure 4.15B-D), it appeared that the larger K3+ cells expressed 

more of the protein than the smaller K3+ cells. Cultured limbal explants produce primary 

limbal epithelial cells that are heterogeneous ranging from small progenitors to larger 

differentiated cells (De Paiva et al., 2006; J. M. Li et al., 2021). Similarly, the percentage 

of K3+ cells was significantly higher in the larger cell population produced from cultured 

limbal explants in comparison to three other smaller cell populations (De Paiva et al., 

2006). These findings are reinforced by scRNAseq studies on the cornea, which 

demonstrate that the human corneal limbus and epithelium is heterogenous, consisting 

of around 5-8 different subpopulations (Català et al., 2021; J. Collin et al., 2021; Dou et 

al., 2021; Ligocki et al., 2021). Thus, a heterogenous population of cells is to be expected 

when differentiating pluripotent stem cells towards a corneal epithelial lineage, as 

recapitulation of the native tissue would ensue different subpopulations of CEpi cells, 

with different sizes, expression profiles and growth potential.  

An imbalance in keratin partner expression was observed between the K5 and K14 pairs 

at the protein level through immunostaining (Figure 4.13), and the KRT3 and KRT12 

pairs at the transcript level, as the latter was not detected by PCR amplification, whereas 

the former was detected by qPCR and immunostaining (Figure 4.11E; Figure 4.14). Early 

studies established the general principle that obligate keratin pairs, made up of a type I 

and a type II keratin, are expected to be expressed at a 1:1 molar ratio (Giudice & Fuchs, 

1987; K. H. Kim et al., 1984). However, at the mRNA level this is not always the case.  A 

recent study investigated keratin mRNA expression levels in the human and mouse 

epidermis through analysis of publicly available scRNAseq data and concluded that 

some populations of individual cells show an imbalance between type I and type II keratin 

transcripts (Cohen et al., 2022). In mice, knockout models have shown that in the 

absence of one obligate keratin partner, another keratin of the same type (either I or II) 

can act as a replacement, exemplified by the induction of K19 in K18-null mice (Magin 
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et al., 1998), K8 induction in the embryonic epidermis of K5-null mice (H. Lu et al., 2005) 

and, K4 induction in the cornea of K5-null mice (H. Lu et al., 2006). Therefore, in the 

absence of the defined obligate keratin partner, an alternative keratin can act as a 

substitute, allowing for the formation of functional keratin heterodimers that assemble 

intermediate filaments. On the other hand, some evidence suggests that excess of one 

type of keratin is inherently unstable and rapidly degraded (Giudice & Fuchs, 1987; 

Kulesh & Oshima, 1988).  

Through the preliminary analysis of publicly available scRNAseq data on the human 

cornea (Figure 4.7C, E), it appears that KRT12 transcript levels are higher than that of 

its partner KRT3. This does appear to translate to the protein level, as a separate study 

investigating the proteome of the human cornea identified K12 as the most abundantly 

expressed protein in the corneal epithelium, whereas its obligate partner K3, was the 

fourth most abundant protein in the same samples (Dyrlund et al., 2012). The typical 

keratins expressed predominately in the basal layer of stratified epithelial cells are K5 

and K14. KRT5 is more highly expressed in multiple tissues relative to KRT14 (Ho et al., 

2022). In the current study, K5 was observed to be more widely expressed in CEpi cells 

in comparison to K14, as observed through immunocytochemistry (Figure 4.13). In cells 

that were K5+ but K14-, elaborate tonofilament-like networks were observed through K5 

staining, indicating the stable expression of K5 and potentially, its pairing with an 

alternative keratin. K3 staining patterns were however variable, with some populations 

of cells appearing to express denser K3+ filaments than other populations (Figure 4.14; 

Figure 4.15). In the cell populations demonstrating denser K3 staining and in the absence 

of K12 expression, it may be the case that K3 is stably expressed through the pairing 

with an alternative type I keratin. Cells that showed sparser K3 staining could be 

representative of unstable K3 expression. Nonetheless, an extensive investigation into 

keratin expression of the CEpi cells at the transcript and protein level would be highly 

informative in understanding the paired keratin expression profile of these cells.  

PAX6 and p63 are two important transcription factors in corneal epithelial cell fate 

determination. In the human cornea ΔNp63 is a marker of corneal development and 

limbal stem/progenitor cell proliferation (Bhattacharya et al., 2019; X. wei Ding et al., 

2010; Nowell & Radtke, 2017). TP63 transcript expression has been utilised as a marker 

of corneal epithelial stemness and cells expressing the ΔNp63 protein form reside 

specifically within the basal layer of the corneal limbus (Z. Chen et al., 2004; Dou et al., 

2021). The ΔNp63α isoform is recognised as a marker of basal cells of the limbus, yet 

the β and the γ isoforms are also expressed in other limbal cells and play roles in limbal 

cell migration, wound healing of the cornea, and differentiation (Di Iorio et al., 2012). 
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Nonetheless, the antibody used in the current study to detect TP63 protein products 

detects the TA and ΔN isoforms of the protein (Figure 4.12), thus, discernment of specific 

TP63 isoform expression is not possible in this study.  

ΔNp63 is not a specific marker of the corneal epithelium, rather, its expression is 

representative of stratified epithelial tissue, including the skin epidermis (Candi et al., 

2007; Medawar et al., 2008; Shalom-Feuerstein et al., 2011). Co-expression of ΔNp63 

and PAX6 are necessary for corneal epithelial cell specificity, and loss of PAX6 induces 

a skin-epidermis phenotype (G. Li et al., 2015; W. Li et al., 2008; Ouyang et al., 2014). 

As demonstrated by the preliminary scRNseq analysis, a small population of TP63+ cells 

were detected, and this population also appeared to express other corneal epithelial 

specific markers, including PAX6. Co-expression of p63 and PAX6 is expected in 

LSC/LPCs, however, PAX6 is also expressed in more mature corneal epithelial cells and 

is more generally expressed in the corneal epithelium respective to p63, thus, 

PAX6+/p63- cells are also expected.  

Staining of PAX6 and p63 at day 21 of the differentiation protocol demonstrated both co-

expressing and separate populations of PAX6+ and p63+ cells emerging from dense cell 

clusters which were likely embryoid bodies. The patient 4 (R124H) cell line was the only 

line that had large patches of cells with relatively small nuclei that co-expressed both 

PAX6 and p63 (Figure 4.12B, F), these cells are likely representative of smaller limbal 

stem/limbal progenitor cells. At day 25, the WT2 line showed patches of cells with larger 

nuclei that co-expressed both the markers, however, the expression of PAX6 and p63 

was completely segregated in the WT1 line at this timepoint. This potentially indicates 

that this cell line was less responsive to the differentiation protocol. Nevertheless, K3 

expression was detected in this same line (Figure 4.14C, G) thus, the lack of PAX6 and 

p63 co-expression may be due to the later timepoint in the differentiation. However, day 

25 WT1 samples were negative for K5 and K14, providing further indication that this line 

is less responsive to the differentiation protocol or a specific issue with the well that was 

used for ICC. If it is the case that the WT1 line was less responsive to the differentiation 

protocol, this could skew data on the characterisation of the cells and any comparisons 

made between WT and patient-derived cells. Kamarudin et al. (2018) demonstrated that 

a particular iPSC line was less responsive to the CEpi differentiation, and this was 

attributed to lower level of endogenous BMP activity when compared with responsive 

lines. The authors rectified the issue of the non-responsive iPSC line through media 

supplementation of the TGFβ inhibitor SB431542, which led to increased ΔNp63 

expression. 
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During the course of the current study, numerous anti-TGFBIp antibodies were tested 

for specific subcellular staining through immunocytochemistry utilising the confirmed 

TGFBI KO line as a negative control. Most of the antibodies tested showed non-specific 

staining as the same staining patterns were also observed in the TGFBI KO line (data 

not shown), highlighting caution when interpreting publications using these antibodies 

and their interpretation of the data. A specific anti-TGFBIp antibody was identified for 

immunocytochemistry applications, as demonstrated in Figure 4.17, which shows 

localisation of TGFBIp in the ER and GA of the WT1 line, along with negative staining in 

the TGFBI KO line. As a secreted protein that contains an NH2-terminal signal sequence, 

intracellular TGFBIp is expected to undergo folding within the ER before being 

subsequently transported to the GA prior to secretion (B. Y. Kim et al., 2009). Therefore, 

the immunocytochemistry analysis of TGFBIp in the WT1 CEpi line at day 30 is 

consistent with the expected folding and processing of TGFBIp.  

Nonetheless, due to the identification of this antibody later in the study, co-localisation 

and mutant vs WT experiments using the TGFBIp antibody were not conducted due to 

time constraints. Previous research has shown mislocalisation of mutant R124H-TGFBIp 

to the lysosome via Lamp2 co-staining in corneal stromal cells cultured from GCDII 

patients (B. Y. Kim et al., 2009). The same study demonstrated that periostin staining 

was also altered in GCDII patient corneal stromal cells in comparison to WT (B. Y. Kim 

et al., 2009). Further characterisation of mutant vs WT TGFBIp localisation in CEpi cells 

would be informative in understanding the pathogenesis of TGFBI CDs, and may help to 

elucidate impaired protein interactions of mutant TGFBIp. These results also reiterate 

the fundamental necessity of utilising negative controls when assessing subcellular 

protein expression through immunostaining in the discernment of specific staining versus 

non-specific signals and false positive results.   

The data presented in this chapter demonstrates the characterisation of iPSC-derived 

cells that have been successfully differentiated towards a CEpi-lineage. Nonetheless, 

the lack of expression of the key corneal epithelial marker KRT12 and the heterogeneity 

of the cultures indicates that the differentiation protocol still has room for optimisation. 

The current differentiation protocol utilised BMP4 in order to promote differentiation 

towards a non-neural ectoderm cell lineage (I. et al., 2011; Kamarudin et al., 2018; 

Metallo et al., 2008). Other small molecules or factors that can modulate signalling 

pathways that regulate the differentiation of pluripotent cells into corneal epithelial-like 

cells could also be screened in optimisation of the protocol.  
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Specific embryonic development signalling pathways have not been fully elucidated, 

although it is recognised that inhibition of the TGFβ/Nodal and Wnt/β-catenin signalling 

pathway is essential for head/ocular surface ectoderm development (Arkell & Tam, 2012; 

Dupont et al., 2005; Fuhrmann, 2008; Gage et al., 2008). Some protocols developed for 

corneal epithelial differentiation have utilised TGFβ inhibitors during the induction phase 

of differentiation with positive results (Kamarudin et al., 2018; Mikhailova et al., 2014). In 

particular, Kamarudin et al. (2018) reported that the TGFβ inhibitor SB431542 was more 

effective in enhancing iPSC differentiation to corneal epithelial cells compared to 

SB505124, another TGFβ inhibitor. Another protocol reported the beneficial use of the 

Wnt inhibitor IWP-2 in corneal epithelial differentiation (Mikhailova et al., 2014). However, 

the same group published a later study describing excessive cell death as part of the 

protocol that decreased following elimination of the Wnt inhibitor, indicating that it is not 

a suitable small molecule in application (Hongisto et al., 2017).  

Nonetheless, the inhibition of the Wnt signalling pathway is important in the 

determination of a corneal epithelial-specific cell fate (Dhouailly et al., 2014; Y. 

Kobayashi et al., 2020; Mukhopadhyay et al., 2006). Expression of the Dickkopf 2 (Dkk2) 

protein, which functions as a Wnt signalling inhibitor, is essential in ocular surface fate 

determination, as evidenced by Dkk2 KO mice that presented with opaque corneas that 

grew hair while lacking expression of PAX6 and K12 (Mukhopadhyay et al., 2006). 

Evidently, the corneas of Dkk2-null mice resembled stratified epidermal tissue, 

demonstrating the importance of Dkk2 expression in corneal epithelial cell fate 

determination (Mukhopadhyay et al., 2006). Therefore, a potential avenue of increased 

differentiation efficacy towards more mature CEpi could be the addition of recombinant 

Dkk2 protein into the CEpi induction media, in attempts to specify a corneal epithelial 

progenitor cell lineage that co-express ΔNp63 and PAX6. Research that aims to further 

define the signalling milieu of the developing corneal epithelium would facilitate the in 

vitro generation of this cell lineage.  

Like the epidermis, the corneal epithelium is avascular, providing an advantage for its in 

vitro generation from pluripotent stem cells. Similarly, both the epidermis and the corneal 

epithelium are stratified epithelial tissues, composed of several layers of tightly packed 

cells. Air-lifting is a method of inducing stratification that was originally applied to 

epidermal epithelial cells, through exposure to an air interface on one side and contact 

with the culture media on the other (Rosdy & Clauss, 1990). This method has also been 

applied to limbal stem cells and has proven effective in inducing the stratification of 

differentiated corneal epithelial cells (L. Chen et al., 2017; González, Uhm, et al., 2019). 

One study used limbal stem cells isolated from rabbit corneas and reported that corneal 
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epithelium thickness increased the longer they were cultured through this technique (L. 

Chen et al., 2017). Furthermore, cells cultured using the air-lift method demonstrated a 

time-dependent increase in the size of surface epithelial cells with a squamous-like 

morphology and an increase in transepithelial electric resistance, indicating the formation 

of functional corneal epithelium tissue in vitro (L. Chen et al., 2017). This method has 

also been applied to iPSC-derived CEpi cells with success (Mikhailova et al., 2014). 

An alternative method of generating CEpi cells in vitro is to generate corneal organoids. 

Numerous corneal organoid differentiation protocols have been published (Foster et al., 

2017; Isla-Magrané et al., 2021; Shiju et al., 2020; Susaimanickam et al., 2017). A 

comparison of the single cell transcriptome profile of iPSC-derived corneal organoids to 

the human cornea identified differences in terms of cellular proportions, however, cell 

clusters that resembled and expressed key markers of the corneal epithelium, stroma 

and endothelium were observed (Maiti et al., 2022). The generation of corneal organoids 

from TGFBI CD patient-derived iPSCs may be beneficial for the study of disease 

pathogenesis as these conditions involve more than one layer and cell type of the 

cornea. However, the 3D structure of organoids may not be amenable to attempting 

transfections. Therefore, for preliminary screening of ASO efficacy, 2D cultures provides 

a more reliable method for transfection efficiency.  

To summarise, this chapter utilises publicly available scRNAseq data, along with qPCR 

and immunostaining analyses over key differentiation timepoints for the validation and 

characterisation of an in vitro iPSC-derived CEpi model. The cell model generated 

demonstrated expression of relevant corneal epithelial cell markers at the transcript and 

protein level, along with an epithelial cell morphology. However, the protocol could still 

benefit from optimisation. The analysis of other cell types in the cultures, such as those 

expressing specific epidermal markers would allow for a measure of differentiation 

efficacy and also aid the isolation of the desired cell population, through elimination of 

cells expressing inappropriate cell surface markers. There is much to still be discovered 

on the precise differentiation pathways of the human corneal epithelium. As similarities 

in expression profile between the corneal epithelium and the skin epidermis are noted, 

scRNAseq comparing both of these tissue types could be informative in understanding 

the key differences between them.  
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Chapter 5: Transcriptome analysis of mutant vs WT day 21 CEpi 
samples 
5.1 Introduction  

A striking TGFBI CD genotype-phenotype correlation has been observed, yet the 

molecular mechanisms underlying these conditions are not clear. Even if different 

TGFBIp mutations result in the same phenotype, different pathological mechanisms of 

mutant TGFBIp seem to underlie deposit formation (N. S. Nielsen et al., 2020). For 

example, the p.R124C mutation in TGFBIp causing LCDI appears to result in TGFBIp 

amyloid fibril formation by a different mechanism than LCDI-causing variants in the fourth 

FAS1 domain of TGFBIp (Courtney et al., 2015; Runager et al., 2011; Schmitt-Bernard 

et al., 2000; Venkatraman et al., 2019). Most investigations into LCDI have focused on 

pathogenic variants in the fourth FAS1 domain of the protein, thus, not much is known 

about the pathogenesis underlying p.R124C LCDI. On the other hand, the p.R124H 

TGFBIp mutation likely accounts for the majority of GCDII cases and has received 

attention in the field due to its prevalence.  

TGFBI is highly expressed in the human cornea, and although it is also widely expressed 

in other tissues, it is not understood why pathology is restricted to a specific tissue. The 

mechanism of how different protein variants cause different phenotypic manifestations 

is also not fully understood. Current knowledge on these will be discussed in detail in 

Chapter 6, however, the transcriptional landscape of TGFBI CDs has thus far, not been 

thoroughly investigated.  

RNA sequencing (RNAseq) is a powerful high-throughput technique that allows for the 

quantification and characterisation of transcriptomes. In recent years, RNAseq has 

become the standard method of measuring gene expression in a wide range of biological 

systems. In comparison to the older and more limited cDNA microarray techniques, 

RNAseq allows for the simultaneous analysis of the whole transcriptomic profiling of a 

sample. The present study utilises bulk RNAseq to explore the transcriptional landscape 

of mutant vs WT CEpi day 21 samples. By understanding the complex interplay of gene 

expression in this new model system, we hope to gain insight into the pathological 

process underlying TGFBI CDs. In particular, identification of biomarkers differentially 

expressed between the mutant cells and WT cells may provide the basis for functional 

analyses and readout of disease prevention following therapeutic ASO treatment. 

Additionally, establishing the causative relationships between different genetic variants 

in TGFBIp and gene expression patterns could illuminate disease aetiology (Schadt et 

al., 2005).  
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The model used in the current study was developed primarily to assess TGFBI-

downregulation following ASO treatment in CEpi cells, as corneal epithelial cells produce 

a large proportion of TGFBIp in the human cornea (Chapter 4, Section 4.1.1). However, 

TGFBI aggregates primarily manifest in the corneal sub-epithelium and stroma of TGFBI 

CD patients, and up till now, investigations into the pathology of TGFBI CDs have largely 

focused on proteomics analyses of corneal stroma deposits (Chapter 6, Section 6.1.1). 

It is not known whether the transcriptomic profile of the corneal epithelium is altered in 

TGFBI CD respective to healthy tissue and this question has not previously been 

explored. Thus, RNAseq was carried out on the CEpi samples in order to explore 

whether any disease-relevant differences could be observed between WT and mutant 

cells using this particular in vitro model.   
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5.2 Results  

Preliminary data obtained by Beatriz Sanchez-Pintado (unpublished data) using the 

same differentiation protocol as the current study, indicated that the key corneal epithelial 

marker KRT3 was most highly expressed at the transcript level at day 21. Due to this 

finding, day 21 CEpi samples were selected for bulk RNAseq analysis, despite the data 

presented in the current study indicating that KRT3 levels were highest at day 25 

(Chapter 4, Section 4.2.4, Figure 4.11). Total RNA from a total of two samples per cell 

line (Table 5.1) was extracted (Chapter 2, Section 2.1.2), with each sample obtained 

from two independent differentiations. Samples were sequenced using the Illumina 

NovaSeq platform (Chapter 2, Section 2.10.3) and FASTQ files were aligned to the 

reference transcriptome and genome sequences using Salmon (Chapter 2, Section 

2.10.4). The aligned counts were imported into RStudio for normalisation and differential 

gene expression analysis using DESeq2 (Chapter 2, Section 2.10.4). Depending on the 

differentiation they originated from, the two biological replicates per cell line were 

assigned to either differentiation batch A or B. Altogether, the two WT lines, two 

p.R124C, two p.R124H and one TGFBI KO line was included in the RNAseq analysis 

(Table 5.1). Differences in transcriptome profile were then investigated for three 

comparisons: 

1. p.R124C vs WT 

2. p.R124H vs WT 

3. TGFBI KO vs WT   

Preliminary analyses of differential gene expression between the groups of interest led 

to the conclusion that a relaxed false discovery rate (FDR)-adjusted pvalue cut off of 0.1 

should be used for all comparisons. This was due to the relatively low numbers of 

significantly differentially expressed genes (DEGs) identified when the analysis was 

carried out using the conventional pvalue cut off of 0.05. Furthermore, in order to facilitate 

the detection of consistently robust yet smaller changes in the transcriptomic profiles of 

group comparisons, no log2 fold change (LFC) cut off was used in the identification of 

significant DEGs.  
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Table 5.1 Day 21 CEpi cell lines included in the bulk RNAseq analysis. 
Cell line  Genotype Condition Sex n of biological 

replicates  
WT1  WT Unaffected Male  2 

WT2 WT Unaffected Male  2 

Patient 1 (P1) p.R124C  LCDI Male  2 

Patient 2 (P2) p.R124C  LCDI Male 2 

Patient 3 (P3) p.R124H GCDII Male 2 

Patient 4 (P4) p.R124H GCDII Female 2 

CKO TGFBI CRISPR KO N/A Male  2 

 

5.2.1 Analysis of p.R124C vs WT 

5.2.1.1 Hierarchical clustering analysis  
Sample-to-sample distances were plotted by scree plot, principal component analysis 

(PCA) and hierarchal clustering analysis heatmap (Chapter 2, Section 2.10.4) to 

determine similarities of global expression profile across p.R124C and WT day 21 CEpi 

samples (Figure 5.1). As the RNA samples included in the experiment were extracted 

from two independent differentiations, batch effects were corrected for, prior to the PCA, 

by including it as a factor in the DESeq2 experimental design (Chapter 2, Section 2.10.3).  

Despite the batch correction, the differentiation batch effects seem to be partially 

directing principal component (PC) 1 (Figure 5.1A), yet no clearly observable clustering 

pattern is apparent for this PC, although sample P1.1 (patient 1, differentiation batch 1) 

appears to be an outlier in this case. However, on the y-axis, which represents PC2, 

individual differences of the respective sample, regardless of differentiation batch, along 

with the genotype of the sample (either WT or p.R124C) accounts for the greatest source 

of variation. This is also observable in the plot comparing PC2 and PC3 (Figure 5.1B), 

where the respective replicates for each sample are aligned along the x-axis, 

representing PC2. Sample P1.1 does not appear to be an outlier in PC2, therefore this 

sample was not defined as an outlier and was included in the downstream analysis  

The greatest spread in PC2 global expression pattern within sample replicate groups 

occurs in the WT2 group. Furthermore, the respective P1 and P2 sample replicates 

appear to cluster together, whereas the WT1 and WT2 samples exhibit a greater global 

spread in their expression pattern, indicating that the p.R124C patient samples are more 

similar to each other than the WT samples which seem less homogenous in their 

expression. The global spread observed between the two different WT lines could be 

due to discrepancies in differentiation efficiency – as previously mentioned (Chapter 4, 

Section 4.2.5), the key markers of stratified epithelia, K5 and K14, were not detected in 
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the WT1 CEpi cells by ICC, indicating that this line may be less responsive to the 

differentiation protocol respective to the WT2 line, which did sufficiently express these 

markers. Nonetheless, as the WT1 and WT2 lines are both derived from different 

fibroblast cell lines, it is expected that there would be biological variation between them.  

 

Figure 5.1 Principal component (PC) and hierarchal clustering analysis of p.R124C and WT 
control day 21 CEpi samples. Plots comparing PC1 and PC2 (A) and PC2 and PC3 (B) showing 
a two-dimensional map of the batch-corrected variance between samples, performed using 
DESeq2 variance stabilised transformed (vst)-normalised bulk RNA-seq data. In the key, batch A 
and B corresponds to the .1 and .2 sample labels respectively, and refers to the two independent 
differentiations (biological replicates). C) Scree plot illustrating the total number of defined PCs 
and the percentage of variance explained by each. D) Hierarchal clustering analysis heatmap 
performed using DESeq2 vst-normalised bulk RNA-seq data, displaying the correlation of gene 
expression for all pairwise sample combinations. 

5.2.1.2 Differential gene expression analysis of p.R124C vs WT CEpi samples  
Patient 1 and patient 2 (p.R124C) day 21 CEpi biological replicates were compared with 

WT1 and WT2 day 21 CEpi replicates to obtain significantly differentially expressed 

genes (DEGs) using DESeq2 (Love et al., 2014). Out of 61,059 mapped genes, 318 

DEGs (0.52%) were identified at an FDR corrected p-value (padj) cut off of <0.1. The 

overall DEG results were visualised by volcano plot (Figure 5.2A) and normalised gene 

count Z-scores of the 20 most significant DEGs were visualised by heatmap (Figure 

5.2B).  
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The DEG reaching the smallest padj value (1.25E-33) and biggest log2 fold change (-

15.24) was cystathionine beta-synthase-like (CBSL - ENSG00000274276) – a gene 

annotated as an artifactual duplication that is located within the artifactual human 

chromosome 21 region in the Ensembl genome browser (release 109), the real copy of 

which is the gene CBS (ENSG00000160200). CBS codes for the enzyme cystathionine 

beta-synthase which catalyses the first step of the trans-sulfuration pathway. It is 

abundantly expressed in the anterior segments of the eye, particularly the corneal 

epithelium (Persa et al., 2006), and its deficiency has been implicated in numerous 

disorders of the eye (Kruger, 2017). However, upon plotting of the normalised counts for 

CBSL and CBS, it is clear there is no reduction in expression of the protein coding form 

of the CBS transcript in p.R124C samples compared to WT and it is not a DEG (Figure 

5.3). Thus, the dramatic downregulation of CBSL in p.R124C patient samples compared 

to WT is considered an artifact of RNA sequencing data alignment due to errors in the 

assembly and sequencing of the reference genome. 

 

 



 149 

 

Figure 5.2 Differential gene expression analysis of p.R124C and WT day 21 CEpi samples. 
The DESeq2 RStudio package (Love et al., 2014) was used to identify differentially expressed 
genes between p.R124C and WT CEpi samples. A) Enhanced volcano plot showing significantly 
differentially expressed genes. Each gene is represented by a dot, the colour of the dot indicates 
its p-value and log2 fold change. The -log10 (p-value) is shown on the y-axis vs the log2 fold 
change on the x-axis. B) Normalised gene count Z-scores of the top 20 differentially expressed 
genes are plotted by heatmap. Red and blue colours indicate the relative over-or under-
expression of genes, respectively. Batch refers to the CEpi differentiation batch, with batch A 
corresponding to samples labelled with .1 and batch B corresponding to samples labelled with .2.  
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Figure 5.3 Normalised count values of cystathionine beta-synthase-like (CBSL) and 
cystathionine beta-synthase (CBS) in WT and p.R124C CEpi samples. A) The artificial 
duplication gene CBSL was found to be significantly downregulated in p.R124C CEpi samples 
(LFC -15.237, padj 1.25E-33). B) The protein coding gene CBS was not significantly differentially 
expressed between p.R124C and WT samples (LFC 0.372, padj 0.117) indicating that the 
apparent downregulation of CBSL is an artifact due to errors in the assembly and sequencing of 
the reference genome.  

TGFBIp is an ECM protein that reportedly undergoes abnormal proteolysis in the 

pathogenesis of LCDI (Y. P. Han et al., 2011; Takács et al., 1998). The serine protease 

HtrA1 has been implicated in proteolytic processing of LCDI mutant TGFBIp species and 

has been identified as a constituent of p.R124C TGFBIp+ corneal deposits in the stroma 

(Courtney et al., 2015). However, HTRA1 was not found to be significantly differentially 

expressed between p.R124C and WT samples in the current dataset. Nevertheless, 

numerous other proteases, particularly those of the metalloproteinase class, were found 

to be DEGs (Table 5.2; Figure 5.4). This was reflected by the gene ontology (GO) 

molecular function (MF) over-representation analysis carried out using the clusterProfiler 

package in RStudio (Chapter 2, Section 2.10.3) on all identified significant (padj value 

<0.1) DEGs, with metallopeptidase activity (GO:0008237) being significantly 

overrepresented (<0.05) along with collagen binding (GO:0005518) (Figure 5.4).  

Apart from DEGs coding for proteases, other DEGs of interest were identified and 

assessed for relevance (Figure 5.5). TGFβ1, which codes for TGFβ ligand 1 and is 

responsible for the induction of TGFBI expression, was found to be downregulated in 

p.R124C samples compared to WT (LFC -0.420, padj 0.085). TGFβ signalling results in 

the activation of different SMADs depending on the context. Correlating with the 

downregulation of TGFβ1, SMAD1 (LFC -0.320, padj 0.0358) and SMAD3 (LFC -0.253, 

padj 0.097) were also downregulated. Interestingly, the gene encoding TGFβ receptor 

ITGAV was also significantly downregulated in the p.R124C samples relative to the WT 
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(LFC 0.433, padj 0.001). Additionally, LUM encoding for the ECM protein Lumican which 

is a major constituent of the corneal ECM and is also involved in the TGFβ pathway 

(Saika et al., 2001), was significantly downregulated (LFC -0.721, padj 0.049). 

Another GO over-representation analysis using the biological process (BP) ontology 

subclass (Chapter 2, Section 2.10.3) was carried out on all identified significant (padj 

value <0.1) DEGs (Figure 5.6). Over-represented BPs included cell junction assembly 

(GO:0034329), regulation of TGFβ production (GO:0071634), microtubule bundle 

formation (GO:0001578), protein localisation to the extracellular region (GO:0071692), 

SMAD protein complex assembly (GO:0007183) and camera-type eye development 

(GO:0001654), indicating that the DEGs were strongly associated with these BPs.  

Furthermore, various GO terms relating to development were identified as over-

represented, these included regulation of developmental growth (GO:0048638), positive 

regulation of cellular component biogenesis (GO:0044089) and regulation of cell 

development (GO:0060284). The over-representation of these processes within the 

current dataset is likely to reflect variance in the differentiation process, which may be 

contributing to the spread of the samples in PC1 (Figure 5.1A).  

The net plot presented in Figure 5.6 allows for the identification of DEGs that are 

associated with the over-represented BP GO terms.  

Table 5.2 p.R124C vs WT differently expressed genes coding for proteases.  
symbol Ensembl ID log2Fold

Change 
padj value protease class 

CAPN5 ENSG00000149260 0.297 0.048 cysteine protease 

TPP1 ENSG00000166340 -0.337 0.043 serine protease  

TMPRSS4 ENSG00000137648 1.103 0.096 serine protease  

RHBDL3 ENSG00000141314 1.861 1.43E-15 serine protease  

CPQ ENSG00000104324 -0.532 0.025 metalloprotease 

NAALAD2 ENSG00000077616 -0.645 0.027 metalloprotease 

ADAMTS12 ENSG00000151388 -0.395 0.049 metalloprotease 

PHEX ENSG00000102174 -1.822 0.021 metalloprotease 

TRHDE ENSG00000072657 1.263 0.005 metalloprotease 

MMEL1 ENSG00000142606 1.416 0.053 metalloprotease 

ADAMTS18 ENSG00000140873 -0.590 0.066 metalloprotease 

ADAM11 ENSG00000073670 0.479 0.057 metalloprotease 

AMZ1 ENSG00000174945 1.126 0.070 metalloprotease 

PAPPA2 ENSG00000116183 -1.015 0.042 metalloprotease 
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Figure 5.4 Molecular function gene ontology (GO) over-representation analysis of p.R124C 
and WT CEpi samples. A) Category netplot showing the relationship between genes and 
associated overrepresented molecular function GO terms. The size of the GO term represents 
the number of genes associated with that term. The colour of the gene indicates its log2 fold 
change in the p.R124C group relative to WT. B) Dotplots showing normalised count values of 
significantly differentially expressed (P < 0.1) metalloproteinase-related genes. 



 153 

 

Figure 5.5 Normalised count values of TGFBI and significantly differentially expressed 
genes that are involved in the TGFβ signalling pathway. TGFBI was not significantly 
differentially expressed between p.R124C and WT samples (LFC -0.015, padj 0.676), yet various 
other genes involved in the TGFβ signalling pathway were significantly differentially expressed 
(padj <0.1). 
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Figure 5.6 Biological process gene ontology (GO) over-representation analysis of p.R124C 
vs WT samples. The ClusterProfiler RStudio package was used to identify over-represented 
biological process GO terms based on significantly differentially expressed genes (padj <0.1) 
between p.R124C and WT CEpi samples. The results of the analysis are presented as a barchart 
(A) where the colour of the bar represents the padj value of the term, and the length of the bar 
represents the number of genes associated with that GO term; and as a category netplot (B) 
showing the relationship between genes and associated overrepresented biological process GO 
terms. The size of the GO term represents the number of genes associated with that term. The 
colour of the gene indicates its log2 fold change in the p.R124C group relative to WT. 
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5.2.2 Analysis of p.R124H vs WT 

5.2.2.1 Hierarchical clustering analysis  
Sample-to-sample distances were plotted by scree plot, PCA and hierarchal clustering 

analysis heatmap to determine similarities of global expression profile across p.R124H 

and WT day 21 CEpi sequenced samples (Figure 5.7). As the RNA samples included in 

the experiment were extracted from two independent differentiations, batch effects were 

corrected for, prior to the PCA, by including it as a factor in the DESeq2 experimental 

design.  

Clear clustering of samples by individual genotype is observed by PC1 and PC2 for all 

samples apart from sample P4 which demonstrates relatively low variability along PC1 

but the greatest global spread in expression pattern in PC2 as well as PC3 (Figure 5.7A-

B). Patient 4 was the only female sample included in this study and a clear sex effect is 

observed between the CEpi samples, with the two P4 samples clustering away from the 

other male samples. Furthermore, in PC2, P3 samples are more similar to the WT1 and 

WT2 samples than they are to each other. A substantial global spread is observed for 

the WT2 duplicates along PC3 (Figure 5.7B). Taking all this into consideration, it appears 

that PC1 corresponds to the variability of interest for the p.R124H vs WT comparison. 

Although, the sex difference is expected to have an effect, the female samples were not 

excluded, due to the small sample size included in this study.  
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Figure 5.7 Principal component (PC) and hierarchal clustering analysis of p.R124H and WT 
control day 21 CEpi samples. Plots comparing PC1 and PC2 (A) and PC2 and PC3 (B) showing 
a two-dimensional map of the variance between samples, performed using DESeq2 vst-
normalised bulk RNA-seq data. In the key, batch A and B corresponds to the .1 and .2 sample 
labels respectively, and refers to the two independent differentiations carried out in obtainment of 
the samples. C) Scree plot illustrating the total number of defined PCs and the percentage of 
variance explained by each. D) Hierarchal clustering analysis heatmap performed using DESeq2 
vst-normalised bulk RNA-seq data, displaying the correlation of gene expression for all pairwise 
sample combinations. 

5.2.2.2 Differential gene expression analysis of p.R124H vs WT CEpi samples  
Patient 3 and patient 4 (p.R124H) day 21 CEpi biological duplicates were compared with 

WT1 and WT2 day 21 CEpi duplicates to obtain significantly DEGs using DESeq2 (Love 

et al., 2014). Out of 61,059 mapped genes, 150 DEGs (0.25%) were identified at an FDR 

corrected p-value (padj) cut off of <0.1. The overall DEG results were visualised by 

volcano plot (Figure 5.8A) and normalised gene count Z-scores of the 20 most significant 

DEGs were visualised by heatmap (Figure 5.8B).  
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Figure 5.8 Differential gene expression analysis of p.R124H and WT day 21 CEpi samples. 
The DESeq2 RStudio package (Love et al., 2014) was used to identify differentially expressed 
genes between p.R124H and WT CEpi samples. A) Enhanced volcano plot showing significantly 
differentially expressed genes. Each gene is represented by a dot, the colour of the dot indicates 
its p-value and log2 fold change. The -log10 (p-value) is shown on the y-axis vs the log2 fold 
change on the x-axis. B) Normalised gene count Z-scores of the top 20 differentially expressed 
genes are plotted by heatmap. Red and blue colours indicate the relative over-or under-
expression of genes, respectively. Batch refers to the CEpi differentiation batch, with batch A 
corresponding to samples labelled with .1 and batch B corresponding to samples labelled with .2.  
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Abnormal proteolysis of TGFBIp is involved in CD pathogenesis (see Chapter 6, Section 

6.1.1.1.1). In the case of GCDII corneas, p.R124H TGFBIp appears to display similar 

levels of stabilty and proteolytic resistance to WT TGFBIp (Runager et al., 2011). 

Although, the mixed amorphous and amyloid deposit phentoype of GCDII indicates that 

multiple pathological mechanisms results from the p.R124H mutation in TGFBIp. 

Abberant proteolysis may form the less commonly observed, deeper amyloid deposits. 

A total of five proteases were identified as significant DEGs (<0.1), along with two 

protease inhibitors (Figure 5.9). For this comparison, a clear pattern of protease 

transcript upregulation was observed. Of particular interest is the differential expression 

of the matrix metalloproteinases MMP2, encoding matrix metalloproteinase 2 (LFC 

0.629, padj 0.094), MMP23B, encoding matrix metalloproteinase 23 (LFC 0.584, padj 

0.020) and the serine protease HTRA3, encoding high temperature requirement A 

protease 3 (LFC 1.193, padj 0.001). The two significantly differentially expressed 

transcripts coding for the protease inhibitors SERPINA1, encoding alpha-1 antitrypsin 

(LFC 1.999, padj 0.020) and SERPINB7 encoding Serpin Family B Member 7 (LFC 

1.226, padj 0.014) were also upregulated. However, upon closer inspection of the 

individual normalised gene count values for each protease inhibitor, it is apparent that 

SERPINA1 is dramatically upregulated in sample P4.1 only, whereas SERPINB7 is more 

consistantly upregulated across the p.R124H patient samples in comparison to the WT 

samples of the same differentiation batch (Figure 5.9). This highlights the importance of 

insepcting the normalised cell counts for each sample before making conclusions on 

DEGs, as differential expression value averages can be dramatically influenced by one 

single sample in a small sample size, such as the one included in the current study.  
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Figure 5.9 Dysregulation of genes encoding proteases and protease inhibitors. Normalised 
count values of protease and protease inhibitor coding genes that were found to be significantly 
differentially expressed (padj <0.1) between p.R124H and WT CEpi day 21 samples are 
presented by dotplot. 

A GO over-representation analysis using the CC ontology subclass was carried out on 

all identified significant (padj value <0.1) DEGs (Figure 5.10). Only two CC GO terms 

were found to be over-represented fo the p.R124H vs WT comparison (Figure 5.10). 

These over-represented CCs corresponded to the collagen-containing extracellular 

matrix (GO:0062023) and the endoplasmic reticulum lumen (GO:0005788).  

DEGs of interest, including some of those highlighted by the GO over-representation 

analysis, were identified and plotted to enable observation of normalised gene count 

values for each sample included in this comparison (Figure 5.11). TGFBI was not 

significantly differentially expressed, although all the other genes presented in Figure 

5.11 were DEGs. The TGFBI paralog POSTN coding for the ECM protein Periostin was 

found to be a signficant DEG, and was upregulated in the p.R124H sample group 

compared to WT (LFC 1.519, padj 0.006). Variation in POSTN upregulation was 

observed between differentiation batches, with p.R124H samples from differentiation 

batch one (P3.1 and P4.1) demostrating a clear upregulation of POSTN that was not 
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replicated by the p.R124H differentiation batch two samples (P3.2 and P4.2) (Figure 

5.11). 

As highlighted by the GO over-representation analysis, other genes coding for ECM 

proteins were also differentially expressed. EFEMP1 encodes the ECM protein EGF 

containing fibulin extracellular matrix protein 1 (Fibulin-3), p.R345W mutations in this 

gene cause Doyne honeycomb retinal dystrophy which presents with the accumulation 

of drusen beneath the retinal pigment epithelial monolayer (Stone et al., 1999). EFEMP1 

was significantly upregulated in p.R124H samples compared to WT (LFC 0.486, padj 

1.57E-08) (Figure 5.11). COL5A1 codes for the ECM protein Collagen Type V Alpha 1 

Chain which has been linked to central corneal thickness and suceptability to 

kerataconus (Li et al., 2013; Vitart et al., 2010). COL5A1 was also found to be 

significantly upregulated in the p.R124H group compared to the WT group (LFC 0.435, 

padj 0.023) (Figure 5.11). 

S100A4 codes for the calcium binding protein S100-A4. Interstingly, this protein has 

previously been reported to be a constituent of p.R124C LCDI Bowman’s layer deposits 

(Courtney et al., 2015). In the current dataset S100A4 was significantly upregulated in 

p.R124H samples respective to WT (LFC 0.901, padj 0.027) (Figure 5.11).  

ERP27 codes for the ERp27 chaperone protein of the protein-disulfide isomerase (PDI) 

family. This protein is found to be upregulated during ER stress (Kober et al., 2013) and 

in the current study, the ERP27 transcript was found to be signifcantly upregulated in 

p.R124H CEpi samples compared to WT (LFC 1.482, padj 0.060) (Figure 5.11).  

A significant upregulation of the oxidative stress defense gene ALDH18A1 was noted 

(LFC 0.217, padj 0.029) (Figure 5.11). ALDH18A1 encodes the delta-1-pyrroline-5-

carboxylate synthase (P5CS) enzyme, which is a key enzyme involved in the 

biosynthesis of proline, an important amino acid involved in various cellular processes, 

including oxidative stress defence (Krishnan et al., 2008). Furthermore, SELENOM 

encoding Selenoprotein M (SELENOM), an ER-localised protein that is also involved in 

oxidative stress defence (Pitts & Hoffmann, 2018; Varlamova et al., 2022), was also 

found to be upregulated in p.R124H samples respective to WT (LFC 0.646, padj 0.003) 

(Figure 5.11). 

 



 161 

 
Figure 5.10 Cellular compartment gene ontology (GO) over-representation analysis of 
p.R124H vs WT samples. The ClusterProfiler RStudio package was used to identify over-
represented cellular compartment GO terms based on significantly differentially expressed genes 
(padj <0.1) between p.R124H and WT CEpi samples. The results of the analysis are presented 
as a barchart (A) where the colour of the bar represents the padj value of the term, and the length 
of the bar represents the number of genes associated with that GO term; and as a category netplot 
(B) showing the relationship between genes and associated overrepresented cellular 
compartment GO terms. The size of the GO term represents the number of genes associated 
with that term. The colour of the gene indicates its log2 fold change in the p.R124C group relative 
to WT. 
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Figure 5.11 Normalised count values of genes of interest. Normalised count values of genes 
of interest found to be significantly differentially expressed (padj <0.1) between p.R124H and WT 
CEpi day 21 samples are presented by dotplot. All genes presented are significantly differentially 
expressed apart from TGFBI.  
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5.2.3 Analysis of TGFBI knockout (CKO) vs WT 

5.2.3.1 Hierarchical clustering analysis  
Sample-to-sample distances were plotted by scree plot, PCA and hierarchal clustering 

analysis heatmap to determine similarities of global expression profile across TGFBI KO 

(CKO) and WT1 day 21 CEpi sequenced samples (Figure 5.12). As the RNA samples 

included in the experiment were extracted from two independent differentiations, batch 

effects were corrected for prior to the PCA by including it as a factor in the DESeq2 

experimental design.  

The respective sample duplicates cluster together on PC1 (Figure 5.12A) indicating that 

PC1, which accounts for the strongest point of variation is the variation of interest for this 

comparison. Although the TGFBI KO sample and WT1 sample are isogenic controls, 

they are spread out from each other on PC1, indicating that these two cell lines were not 

very similar to each other at day 21 of the CEpi differentiation, which may be due to the 

lack of TGFBI expression in the CKO line. The clustering pattern of PC2 is not clear, as 

it appears to indicate that CKO.2 is more similar to WT1.1 and that CKO.1 is more similar 

to WT1.2, even though the .1 and .2 samples are derived from independent 

differentiations. Nonetheless, the variance displayed by PC2 does not appear to be of 

interest for this comparison. Observation of PC3, suggests that sample CKO.2 is an 

outlier of this PC, as the other three samples included in this comparison are clustered 

closely together (Figure 5.12B).  
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Figure 5.12 Principal component (PC) and hierarchal clustering analysis of TGFBI KO 
(CKO) and WT1 control day 21 CEpi samples. Plots comparing PC1 and PC2 (A) and PC2 and 
PC3 (B) showing a two-dimensional map of the variance between samples, performed using 
DESeq2 vst-normalised bulk RNA-seq data. C) Scree plot illustrating the total number of defined 
PCs and the percentage of variance explained by each. D) Hierarchal clustering analysis heatmap 
performed using DESeq2 vst-normalised bulk RNA-seq data, displaying the correlation of gene 
expression for all pairwise sample combinations. 

5.2.3.2 Differential gene expression analysis of TGFBI KO vs WT CEpi samples  
The CKO iPSC line was generated by CRISPR KO of TGFBI in the WT1 line providing 

an isogenic control. CKO day 21 CEpi biological replicates were compared with WT1 day 

21 CEpi replicates to obtain significantly differentially expressed genes (DEGs) using 

DESeq2 (Love et al., 2014). Out of 61,059 mapped genes, 145 DEGs (0.24%) were 

identified at an FDR corrected p-value (padj) cut off of <0.1. The overall DEG results 

were visualised by volcano plot (Figure 5.13A) and normalised gene count Z-scores of 

the 34 most significant DEGs were visualised by heatmap (Figure 5.13B).  
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Figure 5.13 Differential gene expression analysis of TGFBI knockout and WT1 day 21 CEpi 
samples. The DESeq2 RStudio package (Love et al., 2014) was used to identify differentially 
expressed genes between TGFBI knockout and WT1 CEpi samples. A) Enhanced volcano plot 
showing significantly differentially expressed genes. Each gene is represented by a dot, the colour 
of the dot indicates its p-value and log2 fold change. The -log10 (p-value) is shown on the y-axis 
vs the log2 fold change on the x-axis. B) Normalised gene count Z-scores of the top 34 
differentially expressed genes are plotted by heatmap. Red and blue colours indicate the relative 
over-or under-expression of genes, respectively. Batch refers to the CEpi differentiation batch, 
with batch A corresponding to samples labelled with .1 and batch B corresponding to samples 
labelled with .2.  
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As expected, TGFBI was significantly downregulated in the CKO day 21 CEpi duplicates 

respective to the WT samples (LFC -3.74E-06, padj 0.0002) (Figure 5.16). The TGFBI 

paralog POSTN, encoding the ECM protein Periostin, was also found to be significantly 

downregulated in the CKO samples respective to the WT samples (LFC -1.217, padj 

8.42E-08) (Figure 5.16), indicating that POSTN does not compensate for lack of TGFBI 

expression, rather, the lack of TGFBI results in a decrease of POSTN expression in this 

model system. 

A GO over-representation analysis was carried out using the CC ontology on all identified 

significant (padj value <0.1) DEGs (Figure 5.14). Six over-represented CCs were 

identified, three pertaining to the ECM, namely, the collagen-containing ECM 

(GO:0062023), collagen trimer (GO:0005581) and basement membrane (GO:0005604). 

The other three were related to the cytoskeleton, specifically, the actin filament bundle 

(GO:0032432), myosin filament (GO:0032982) and dynactin complex (GO:0005869), 

indicating that TGFBI KO results in dysregulation of these compartments in CEpi cells at 

day 21. The net plot presented in figure allows for the identification of DEGs that are 

associated with the over-represented CC GO terms.  

A GO over-representation analysis was then carried out using the BP ontology subclass 

on all identified significant (padj value <0.1) DEGs (Figure 5.15). BP GO terms related 

to ECM organisation (GO:0030198, GO:0043062, GO:0045229), muscle development 

(GO:0007517, GO:0033002), heart development (GO:1905207, GO:1905314) and cell-

cell adhesion (GO:0098742) were over-represented in the TGFBI KO samples compared 

to control indicating that TGFBI expression is involved in these biological processes.  

From the netplot (Figure 5.15B), which shows the association of differentially regulated 

genes to the top eight GO BP terms, it appears that differential expression of TGFB2 is 

linked to each of the over-represented terms. TGFβ proteins are known to induce TGFBI 

expression (Skonier et al., 1992). TGFB2 was significantly downregulated in the TGFBI 

KO CEpi line (LFC -0.497, padj 0.046), indicating that TGFBI may regulate TGFB2 

expression through a feedback loop mechanism and that the functions of TGFBIp may 

rely on this signalling pathway.  

The netplot also demonstrates that seven genes belonging to the clustered 

protocadherins family, which are clustered together in a single genomic locus are 

differentially expressed, and that these genes are associated with the cell-cell via 

adhesion plasma-membrane adhesion molecules GO term (Figure 5.15B). 

Protocadherins are the largest subgroup of the mammalian cadherin family. Their roles 

in neuronal cell types have been extensively studied, however, they are also expressed 
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in ESCs and adult tissues (M. D. West et al., n.d.). Interestingly, the human genomic 

locus of the clustered protocadherins is around 4-5 megabases downstream of the 

TGFBI gene on chromosome 5q31. 

 
Figure 5.14 Cellular component gene ontology (GO) over-representation analysis on TGFBI 
KO vs WT1 samples. The ClusterProfiler RStudio package was used to identify over-represented 
cellular component GO terms based on significantly differentially expressed genes (padj <0.1) 
between TGFBI KO and WT1 CEpi samples. The results of the analysis are presented as a 
barchart (A) where the colour of the bar represents the padj value of the term, and the length of 
the bar represents the number of genes associated with that GO term; and as a category netplot 
(B) showing the relationship between genes and associated overrepresented cellular 
compartment GO terms. The size of the GO term represents the number of genes associated 
with that term. The colour of the gene indicates its log2 fold change in the TGFBI KO group relative 
to WT1. 
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Figure 5.15 Biological process gene ontology (GO) over-representation analysis on TGFBI 
KO vs WT1 samples. The ClusterProfiler RStudio package was used to identify over-represented 
biological process GO terms based on significantly differentially expressed genes (padj <0.1) 
between TGFBI KO and WT1 CEpi samples. The results of the analysis are presented as a 
barchart (A) where the colour of the bar represents the padj value of the term, and the length of 
the bar represents the number of genes associated with that GO term; and as a category netplot 
(B) showing the relationship between genes and associated overrepresented biological process 
GO terms. The size of the GO term represents the number of genes associated with that term. 
The colour of the gene indicates its log2 fold change in the TGFBI KO group relative to WT1. 
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DEGs involved in the ECM that were highlighted by the GO over-representation analyses 

were plotted to enable the observation of batch-corrected normalised gene count values 

for the TGFBI KO line and its isogenic control (Figure 5.16).  

The two collagen coding genes reaching the lowest padj value were COL3A1 (LFC -

0.644, padj 0.002), encoding a fibrillar collagen expressed in connective tissues such as 

the vascular system and COL22A1 (LFC 1.453, padj 1.91E-10) a TGFβ-inducable 

collegen that is concentrated at tissue junctions in the muscle, tendons, heart, articular 

cartilage and skin (M. Koch et al., 2004; T. Watanabe et al., 2019).  

Another significantly downregulated ECM gene was MATN2 (LFC -0.685, padj 0.032) 

(Figure 5.16), encoding Matrilin-2, an ECM protein involved in muscle formation that is 

also  expressed in the cornea (Korpos et al., 2015; Szalai et al., 2012). Furthermore, two 

genes coding for S100A calcium-binding proteins were dysregulated in the TGFBI KO 

samples (Figure 5.16). S100A4 was singifcantly upregulated (LFC 0.833, padj 0.014). 

Interestingly, the S100A4 protein interacts with actin and is one of the highest expressed 

proteins in the corneal epithelium (Boye & Mælandsmo, 2010; Dyrlund et al., 2012; Y. 

Watanabe et al., 1993). S100A6 was signifcantly downregulated in the TGFBI KO 

samples (LFC -0.966, padj 9.79E-06). The S100A6 protein also interacts with actin and 

is expresssed throughout the cornea (Y. Chen et al., 2013; Jurewicz et al., 2020; J. Li et 

al., 2011).  

A subset of DEGs known to be markers of heart and muscle tissue, some also within the 

category of ECM genes, were also plotted (Figure 5.17). Three different genes coding 

for actin protein isoforms were signifcantly downregulated in the TGFBI KO samples, 

namely, ACTA2, encoding alpha-smooth muscle actin (α-SMA) (LFC -0.947, padj 1.03E-

06), ACTC1, encoding alpha-cardiac muscle actin (LFC -0.696, padj 0.001) and ACTG2, 

encoding gamma-enteric smooth muscle actin (LFC -1.387, padj 2.52E-05). These three 

genes are expressed by different tissues, although they all share a common function in 

the regulation of muscle contraction.  

Genes involved in ECM elastic fibril formation of elastic tissues such as heart and muscle 

tissue were significantly downregulated in the TGFBI KO samples (Figure 5.17), 

specifically, ELN, encoding the elastin protein (LFC -2.532, padj 8.74E-40) and EMILIN2¸ 

encoding the elastin microfibril interfacer 2 (Emilin2) (LFC -0.984, padj 5.86E-06). 

Indicating TGFBIp may be involved in elastic fibril formation.  
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Figure 5.16 Significantly differentially expressed ECM genes between the TGFBI knockout 
and WT1 line. The normalised count values for significantly differentially expressed (padj <0.05) 
genes of interest are visualised by dotplot.  
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Figure 5.17 Significantly differentially expressed heart and muscle-related genes between 
the TGFBI knockout and WT1 line. The normalised count values for significantly differentially 
expressed (padj <0.05) genes of interest are visualised by dotplot. 
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5.3 Discussion  

Transcriptomic analysis of TGFBI CD corneal epithelial and stromal tissue would allow 

for the elucidation of the pathophysiological processes underlying these conditions. This 

work would be invaluable to the study of TGFBI CD, however, availability of TGFBI CD 

tissue is extremely limited and insights would only relate to the end-stage of disease. 

The current CEpi model generated from patient-derived iPSC lines allows for 

investigations into the transcriptomic profile of patient-derived CEpi samples, 

circumventing the aforementioned issue of tissue availability and also allowing for 

investigations into disease onset and pathogenesis. Through the partial reproduction of 

the corneal epithelium in vitro, molecular biomarkers of disease can be investigated and 

identified, including for validation of the ASO treatment efficacy in inhibiting disease 

progression.  

Nonetheless, iPSC-derived models of disease are known to pose issues of experimental 

reproducibility due to variation in the derived differentiated cells, which can confound 

their expression profile (Volpato et al., 2018). iPSC culture and differentiation are 

multistep procedures, and small variations during each step can accumulate leading to 

significantly different outcomes (Popp et al., 2018). The substantial impact on the 

resulting expression profiles of the differentiated cells can confound identification of any 

biological variations of interest (Ghaffari et al., 2018).  

The data presented in this chapter is an example of the limitations posed by iPSC 

models, as variation between the two differentiations carried out to obtain biological 

replicates of each of the CEpi samples used for RNAseq is observed. Several groups 

have reported that non-genetic variation in routine cell culture such as passage number 

and culture media factors contribute to differentiation variability (Fossati et al., 2016; B. 

Y. Hu et al., 2010; Schwartzentruber et al., 2018; Volpato et al., 2018). Specifically, 

higher passage numbers of iPSCs affect the differentiation potential of the cells (Cantor 

et al., 2022). Furthermore, FBS is a common media supplement the constituents of which 

vary from batch to batch, accordingly its effects on the reproducibility of cell experiments 

are recognised (S. Liu et al., 2023; van der Valk, 2022). However, the strongest source 

of variation between experimental conditions is of course, genetic background (Burrows 

et al., 2016; Kilpinen et al., 2017; Kyttälä et al., 2016). Thus, the use of isogenic controls 

to control for genetic variation in cell experiments has recently surged.  

Despite the limitations of the current study, differential gene expression that was not 

consistent between different differentiations of the current study should not be completely 

ruled out. As variation between sample replicates is most likely to do with reproducibility 
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of the differentiation process and does not rule out the possibility that aberrant 

expression of a certain genes is not involved in the disease process. Moving forward, 

various strategies to reduce variation could be implemented. One such strategy would 

be to purify the iPSC-derived cell types during the differentiation protocol. As previously 

discussed in Chapter 4 (Section 4.2.3), the differentiation protocol used resulted in a 

heterogeneous cell culture, therefore, FACS would be useful in purification of the target 

cell type. Additionally, the use of isogenic controls would certainly reduce the variability 

and result in more robust differences in expression, as evidenced in the TGFBI KO vs 

isogonic control analysis in this study, compared to the comparisons with different patient 

lines.  

The variation posed by the use of iPSC models undermines the generalisation of 

differential expression results obtained through RNAseq analysis, and this is true of 

experiments using both small and large sample sizes (Cui et al., 2021). Nonetheless, the 

consensus is that relatively large sample sizes are preferable over smaller ones. Schurch 

et al. (2016) recommended that RNAseq experiments should be designed to include at 

least six biological replicates per condition, with an ideal experimental set up consisting 

of at least 12 replicates. Although some reports suggest that the minimum number of 

biological replicates is three or four (Conesa et al., 2016; Lamarre et al., 2018). Multiple 

studies have indicated that a sufficient number of biological replicates is more powerful 

than sequencing depth (Ching et al., 2014; Lamarre et al., 2018; Y. Liu et al., 2014). 

Additionally, a study found that in the case of <12 replicates per condition, DESeq2 is 

the best performing differential expression tool out of 11 tested (Schurch et al., 2016). 

Overall, DEG results should be interpreted cautiously, unless reliably validated. 

5.3.1 p.R124C vs WT 
The PCA comparing p.R124C vs WT day 21 CEpi samples indicated that the greatest 

source of variation, principal component 1, was partially accounted for by batch effects 

or differentiation efficacy and was not the variation of interest for this study (Figure 5.1A). 

Therefore, it was expected that some identified DEGs were not relevant to mutant TGFBI 

expression. Identification of the top DEGs for this comparison did not reveal many 

differentially expressed genes of relevance to the corneal epithelium or mutant TGFBI 

expression.  

One top DEG was NNMT, encoding the metabolic enzyme nicotinamide N-

methyltransferase (NNMT). NNMT is reported to be highly upregulated in naïve hESCs 

and knockdown experiments have identified the enzyme as a regulator of the metabolic 

switch in naïve-to-primed transition (Sperber et al., 2015). This indicates that the 
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significant downregulation of NNMT expression in the p.R124C samples compared to 

WT may be due to differentiation efficacy and is likely not relevant to CD pathogenesis. 

Nonetheless, NNMT expression has been identified as a marker of both corneal stromal 

cells and ABCB5+/ABCG2+ quiescent limbal stem cells, respectively, by two separate 

scRNAseq studies (Català et al., 2021; D. Q. Li et al., 2021). 

Six out of the 10 top DEGs did not correspond to protein coding genes, rather, they coded 

for artificial duplication genes, pseudogenes or lncRNAs. Artificial gene duplications are 

errors or artifacts that arise during the process of sequencing and assembling a genome. 

Pseudogenes are a segment of DNA that resembles a functional gene but is not protein-

coding, they are abundant in genomes and were once treated as ‘junk DNA’. Recent 

research has shown that some pseudogenes have important functions as parent gene 

regulators (Tutar, 2012). Some pseudogenes are relevant to human disease as they 

have been found to accumulate and harbour pathogenic variations over time (Bischof et 

al., 2006; Sen, 2013). One pseudogene that was found to be significantly upregulated in 

the p.R124C samples compared to control was the ribosomal protein L29 (RPL29) 

pseudogene (ENSG00000230202). Ribosomal protein pseudogenes account for the 

largest class of pseudogenes within the human genome, and they appear to be 

expressed in a tissue-specific manner (Tonner et al., 2012). Although further work is 

required to assess the biological relevance of such expressions. 

Similarly, lncRNAs were also once treated as ‘junk’ DNA but they are now known to play 

important roles in many cellular processes such functioning as enhancer RNAs or by 

acting as scaffolds for protein complexes (Blythe et al., 2016; L. Koch, 2017; J. Luo et 

al., 2021). Biological functions are known only for a small set of lncRNAs (L. Koch, 2017), 

thus, defining the function of lncRNAs identified as DEGs is still a challenge. 

5.3.1.1 TGFb signalling pathway and integrins 
The GO over-representation analysis highlighted some biological processes that 

appeared to be dysregulated in p.R124C samples compared to WT. One pathway that 

was downregulated in the p.R124C group compared to WT was the TGFβ signalling 

pathway, which included the downregulation of TGFB1, ITGAV, SMAD1, SMAD3 and 

LUM. Interestingly, downregulation of the TGFβ signalling pathway has also been 

implicated in keratoconus pathogenesis by multiple reports (Chaerkady et al., 2013; 

Collin et al., 2021; Kabza et al., 2017). 

On average, TGFBI transcript expression was lower in the p.R124C group compared to 

controls, however, this was not a consistent finding across all samples and TGFBI was 

not significantly differentially expressed in this group comparison. However, TGFβ1 
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expression, the protein product of which is known to induce TGFBIp expression (Skonier 

et al., 1992), was significantly downregulated in the p.R124C group in comparison to 

WT. TGFβ1 exerts positive and negative regulatory effects on TGFBIp expression (S. Il 

Choi et al., 2016), thus, lower TGFβ1 expression does not always translate to lower 

TGFBI expression. TGFBIp is synthesised in the corneal epithelium and corneal stroma 

and has been suggested to play a role in corneal epithelial integrity (Hirano et al., 1996; 

Rawe et al., 1997). It is possible that abnormal TGFBIp proteins could impair the integrity 

of the corneal epithelium by altering protein/receptor interactions. TGFBIp influences cell 

adhesion and migration through interactions with various integrins, including the αV 

integrins αvβ3, and αvβ5 (Costanza et al., 2019a; H. Ge et al., 2013; J. E. Kim et al., 

2000; J. E. Kim, Park, et al., 2002; M. Liu et al., 2021). The ITGAV gene encodes the αV 

integrin subunit of the heterodimeric αVβ integrin receptors.  

A previous study demonstrated the colocalization of TGFBIp and ITGAV in glioma stem 

cells and verified the interaction between TGFBIp and ITGAV by co-immunoprecipitation, 

concluding that TGFBIp is a ligand of integrin αvβ5 which is formed by the ITGAV and 

ITGB5 integrin subunits (Peng et al., 2022). Another study demonstrated that TGFBIp 

binds to the integrin αv subunit, with a higher binding affinity to its heterodimer form αvβ5, 

in a pancreatic cell line (Costanza et al., 2019b). All FAS1 domains and the RGD motif 

of TGFBIp have been found to interact with certain αV integrins, with all of these TGFBIp 

domains working cooperatively to bind to αV integrins (Son et al., 2013). Additionally, 

glioma stem cells expressing high levels of TGFBI expressed significantly higher levels 

of ITGAV in comparison to cells expressing low levels of TGFBI, demonstrating the 

positive regulation of TGFBI expression on ITGAV (Peng et al., 2022).  

Various TGFBIp motifs are able to interact with different integrins in different cellular 

contexts, with different motifs used for integrin binding in corneal epithelial cells and 

corneal stromal cells (J. E. Kim et al., 2000; J. E. Kim, Park, et al., 2002). A previous 

study reported that p.R124C, p.R124H, p.R124L, p.R555Q and p.R555W TGFBIp 

mutants generated by transient transfection were able to mediate cell adhesion as 

efficiently as the WT form in a human immortalised corneal epithelial cell line, indicating 

that mutant TGFBIp does not result in impaired interactions with integrins (J. E. Kim, 

Park, et al., 2002). Although as mentioned, protein interactions are context specific and 

ultimately, this finding does not translate to the appropriate biological context as it is not 

reflective of the native cornea. 

Although previous reports have not noted any structural consequences of the most 

common TGFBIp mutations, impaired interactions of mutant TGFBIp to binding partners 
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has previously been demonstrated. Specifically, impaired p.R124H mutant TGFBIp 

binding to its ECM protein paralog Periostin has previously been shown (B. Y. Kim et al., 

2009).  

In general, when mutations occur at the surface of a protein, they affect specific protein 

binding capabilities. Whereas, mutations occurring within the core of a protein domain 

can impair folding or secretion, resulting in altered structure and stability and thus, 

insoluble protein aggregates (Kannabiran & Klintworth, 2006; Runager et al., 2011). In 

the case of multidomain proteins, such as TGFBIp, mutations of the surface of a domain 

can alter protein stability if they are in contact with domain interfaces (García-Castellanos 

et al., 2017). Additionally, mutations can alter protein degradation pathways through 

targeting of specific cleavage sites, contributing to the altered proteolysis and 

aggregation (K. E. Han et al., 2016). Mapping of the p.R124 mutation hotspot reveals its 

location at a surface-located helix of the protein indicating its involvement in protein-

protein interactions and domain stability (García-Castellanos et al., 2017) (Figure 5.18).  

 

 

Figure 5.18 3D structure of TGFBIp showing positions of residues implicated in corneal 
dystrophies. A) Surface representation of TGFBIp. Pathogenic residues are mapped on to the 
FAS1-1 domain in red, the FAS1-3 domain in orange and the FAS1-4 domain in dark blue. B) 
Back view of A). C) Top view of B). D) Close up of B) centred on FAS1-4 and rotated vertically by 
90°. (From García-Castellanos et al., 2017) 

In the current study, p.R124C CEpi cells were found to express significantly less ITGAV 

transcript than WT CEpi cells, with a clear observation of decreased ITGAV expression 

across all the p.R124C samples respective to WT (Figure 5.5). TGFBI was not 
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significantly differentially expressed between the p.R124C and WT groups. Both of these 

observations together could potentially indicate that p.R124C mutant TGFBIp impairs the 

interaction between TGFBI and ITGAV products, resulting in reduced ITGAV expression. 

Whether this has an effect on the pathogenesis of p.R124C LCDI is not clear. 

Nonetheless, the clear link between TGFBIp and ITGAV as reported by previous studies 

presents the decreased expression of ITGAV in p.R124C samples as an intriguing 

finding.  

Fibrillin-1 is another ECM αV integrin-binding protein, encoded by the FBN1 gene. A 

subset of missense mutations within the RGD-binding domain of Fibrillin-1 are thought 

to result impaired αV integrin binding leading to an autosomal dominant form of 

scleroderma (Del Cid et al., 2019). As TGFBIp utilises multiple domains for αV integrin 

binding, and a correlation between TGFBI and ITGAV expression has been previously 

shown, it may be the case that the p.R124C mutation in TGFBIp results in impaired αV 

integrin binding, resulting in a decrease of ITGAV expression. The integrin binding 

domains of TGFBIp act in a tissue-specific fashion, therefore, the p.R124C mutation may 

impair TGFBIp binding to αV integrin subunits in CEpi cells and/or the cornea specifically.  

Impaired binding of TGFBIp to αV integrins could have effects on the expression and 

transcriptional regulation on ITGAV though a feedback loop mechanism, leading to 

various altered molecular mechanisms. αV integrins also function to activate TGFβ 

cytokines by binding to their latent form (Mamuya & Duncan, 2012). In this way, impaired 

TGFBIp-integrin αV binding may indirectly regulate TGFβ1, resulting in the decrease of 

TGFB1 expression. The specific binding motifs and partners of TGFBIp in WT and 

dystrophic corneas should be further investigated to understand whether it plays a role 

in CD pathogenesis.  

5.3.1.2 Metalloproteinases and HTRA1 
Metalloproteinase activity was identified as an over-represented MF GO term in the 

p.R124C vs WT comparison. This is a particularly interesting finding as LCDI causing 

mutations in TGFBIp cause aberrant proteolysis of the protein resulting in the 

accumulation of amyloid deposits in the cornea (see Chapter 6, Section 6.1.1.1.1). The 

protein constituents of p.R124C TGFBIp deposits of LCDI corneas have previously been 

reported, with the serine protease HtrA1 found to be specifically within amyloid deposits 

of the stroma and not present within TGFBIp+ granular corneal deposits (Courtney et al., 

2015). The presence of HtrA1 within LCDI deposits indicates that HtrA1 either cleaves 

p.R124C mutant TGFBIp releasing the mutated amyloidogenic seed or, attempts to 
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cleave the already misfolded TGFBIp amyloid fibrils resulting in co-aggregation of the 

proteins.  

Differential expression of HTRA1 was not observed in the current comparison. However, 

a patten of differential metalloproteinase activity was observed, with 10 

metalloproteinase transcripts being differentially expressed (6 downregulated, 4 

upregulated) in the p.R124C group compared to control. Metalloproteinases refer to any 

type of protease that requires a metal ion, usually zinc, to function properly. One 

significantly upregulated metalloproteinase was MMEL1, encoding the membrane 

metallo-endopeptidase-like 1 protein, also known as neprilysin 2 (NEP2), which is a 

member of the neprilysin (NEP) family of zinc metalloproteinases. Members of the NEP 

family are known to have a role in amyloid-β peptide degradation (Hafez et al., 2021). 

Specifically, NEP2 deficient mice showed significant elevations of total amyloid-β 

species in the brain, demonstrating the role of NEP2 in amyloid metabolism (Hafez et 

al., 2021). Thus, MMEL1 upregulation in p.R124C CEpi samples may be due to the 

presence of p.R124C-TGFBIp amyloid species and expression of this gene and protein 

should be investigated as a potential biomarker of disease.  

Additionally, PAPPA2 encoding the Pregnancy-associated plasma protein A2 (PAPP-

A2), a metalloproteinase belonging to the insulin-like growth factor (IGF) signalling 

pathway, was found to be significantly downregulated in p.R124C samples compared to 

WT. PAPPA2 overexpression promotes amyloid-β peptide accumulation in Alzheimer’s 

disease (Mihelčić et al., 2017). Thus, the concomitant increase of MMEL1 and decrease 

of PAPPA2 in the p.R124C samples may be reflective of amyloid-β proteolytic 

machinery.  

Further work should be carried out to thoroughly investigate whether mutant TGFBIp 

results in altered protein interactions and signalling pathways and whether this 

contributes to protein aggregation in a cornea-specific context. As proteolysis is known 

to be involved in p.R124C LCDI pathogenesis, proteases that take p.R124C TGFBIp as 

a substrate in the cornea should be investigated.  

5.3.2 p.R124H vs WT  
For the p.R124H vs WT comparison, fewer genes were significantly differentially 

expressed than the p.R124C vs WT comparison. Only two CC GO ontologies were found 

to be significantly overexpressed through the GO overrepresentation analysis. Although 

this comparison was seemingly confounded by the sex differences, the two 

overrepresented CC GO ontologies, the extracellular matrix and the endoplasmic 

reticulum lumen, are relevant to the specific disease pathology. Similar to the p.R124C 
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vs WT comparison, a pattern of differential protease transcript expression was noticed 

in the p.R124H group compared to WT. Interestingly, differentially expressed genes did 

not overlap between the p.R124C and p.R124H group comparisons, reflecting the 

differential disease mechanisms underlying LCDI and GCDII, respectively. 

5.3.2.1 Metalloproteinases and serine proteases 
In comparison to LCDI, much more work has been done in identifying the pathological 

mechanisms underlying GCDII due to its prevalence in certain geographical regions. A 

previous report investigated the differential gene expression of stromal cells isolated from 

corneas of WT and p.R124H heterozygous and homozygous individuals by cDNA 

microarray (Choi et al., 2010). Similar to the current study, differential expression of 

ECM-associated genes was identified in the GCDII stromal cells compared to WT, 

including proteolytic enzymes such as MMPs, specifically, MMP1 and MMP2. Another 

study found that overexpression of TGFBIp in human corneal epithelial cells resulted in 

an increase of MMP1 and MMP3 expression along with a decrease of the MMP inhibitor 

tissue inhibitor matrix metalloproteinase-1 (TIMP1) (Niu et al., 2012). These findings 

should be taken into account with the accumulation of full length and near-full length 

p.R124H TGFBIp observed in GCDII corneal deposits (Courtney et al., 2015; Korvatska 

et al., 2000), indicating that aberrant proteolysis of this form of TGFBIp may be partially 

responsible for its propensity to aggregate (discussed in detail in Chapter 6, Section 

6.1.1.1).  

Two MMPs were significantly upregulated in the p.R124H samples compared to WT, one 

of them being MMP2, which has previously been associated with TGFBI in other disease 

processes such as atrial fibrillation and cancer (Guan et al., 2022; Wen et al., 2011) and 

the other being MMP23B. Upon closer examination of the normalised counts for these 

two MMPs (Figure 5.9) differential expression of MMP2 was variable and not completely 

consistent between p.R124H samples, whereas differential expression of MMP23B was 

consistent. Whether TGFBIp is a substrate of ECM proteolytic enzymes such as those 

in the MMP family is properly defined. Nonetheless, the research presented here and in 

previous publications suggests that proteases of the ECM may play a role in the 

pathogenesis of CD and further investigations are warranted.  

In addition to differential MMP expression, the serine protease HTRA3, along with the 

serine protease inhibitors SERPINB7 and SERPINA1 were found to be significantly 

upregulated in the p.R124H samples compared to control (Figure 5.9). HTRA3 encodes 

the high-temperature requirement A3 (HtrA3) protease which shares high structural 

similarity with HtrA1 as its closet paralog, both are broadly expressed although they are 
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reported to have different functions (Runyon et al., 2007; Y. Wang & Nie, 2021), however 

the function of HtrA3 is less well defined  (Y. Wang & Nie, 2021). In mice embryos, HtrA3 

and HtrA1 both carry out their function in the extracellular space and show similar 

expression patterns and substrate specificities, with both of these proteases exhibiting 

the same TGFβ signalling inhibitory effects during mouse development (Tocharus et al., 

2004). Both HtrA1 and HtrA3 can degrade can degrade ECM proteins such as decorin 

and biglycan, indicating that they exert complimentary roles in ECM remodelling 

(Tocharus et al., 2004).  

Both of the differentially expressed serine protease inhibitors encode members of the 

Serpin superfamily of proteins and family members function by irreversibly inhibiting their 

target protease by undergoing a large conformational change to disrupt the targets active 

site (Gettins, 2002; Huntington et al., 2000). Knowledge of the function of SERPINB7 

encoding Serpin B7, is limited, although it is known to be highly expressed in the skin 

epidermis (Wang et al., 209). SERPINA1 encodes Alpha-1 antitrypsin, a protease 

inhibitor that inhibits various types of proteases and is the second most abundant 

circulating human serum protein (Ferrarotti et al., 2012). Another member of the Serpin 

superfamily, Serpin B12, has been identified as a constituent of LCDI stromal deposits 

(Courtney et al., 2015; Poulsen et al., 2014). Closer examination of the normalised 

counts for SERPINA1 demonstrated that one sample was dramatically increasing the 

average expression value of the p.R124H group, whereas the upregulation of SERPINB7 

appeared to be consistent across the samples. Nonetheless, the described altered 

proteolytic processing of mutant TGFBIp (Chapter 6, Section 6.1.1.1) along with the 

previously described associations of proteases and protease inhibitors with mutant 

TGFBIp and the data presented in this chapter, provide support for further investigation 

into the relationship between both mutant and WT TGFBIp and proteolytic processes.  

5.3.2.2 Extracellular matrix 
In addition to differentially expressed ECM-related proteases and protease inhibitors, 

genes encoding ECM constituents were also dysregulated in the p.R124H vs WT 

comparison. Previous studies have reported the accumulation of full size and near-full 

size TGFBIp in GDCII corneal deposits (Courtney et al., 2015; Korvatska et al., 2000), 

indicating that p.R124H TGFBIp may be proteolytically resistant respective to WT. In this 

case, the aberrant proteolysis of p.R124H may affect its ECM binding function causing 

its accumulation (Chapter 6, Figure 6.1).   

One particular gene of interest that was found to be upregulated in p.R124H samples is 

POSTN, encoding the secreted ECM protein and TGFBIp paralog Periostin. Periostin is 
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expressed in the corneal epithelium and stroma and has been found to interact with 

TGFBIp (B. Y. Kim et al., 2009). p.R124H mutant TGFBIp demonstrates impaired binding 

of Periostin in comparison to WT, p.R124C, p.R124L, p.R555W and p.R555Q TGFBIp, 

potentially indicating that impaired TGFBIp-Periostin interactions are involved in 

p.R124H-GCDII pathogenesis (B. Y. Kim et al., 2009). Furthermore, GCDII corneas 

immunostained with Periostin-specific antibodies demonstrated strong immunoreactivity 

within TGFBIp+ deposits (B. Y. Kim et al., 2009). The same study however, 

demonstrated that although Periostin accumulates in mutant TGFBIp corneal deposits 

and is more highly expressed in GCDII corneas respective to WT, no difference in 

POSTN expression at the transcript level was observed between WT and GCDII corneal 

tissues, indicating that the increase in protein levels in due to accumulation within 

extracellular deposits. Nevertheless, POSTN was significantly upregulated in p.R124H 

samples compared to WT, indicating that POSTN expression is dysregulated in p.R124H 

CEpi cells. Further work is required to fully define the role of Periostin in GCDII 

pathogenesis.  

Another ECM constituent coding gene found to be differentially expressed was EFEMP1, 

encoding Fibulin-3, a secreted glycoprotein broadly expressed in epithelial and 

endothelial cells (Stone et al., 1999). A single p.R345W missense mutation in Fibulin-3 

causes a rare autosomal dominant macular dystrophy, called Doyne honeycomb retinal 

dystrophy, characterised by the formation of drusen underneath the RPE monolayer 

(Stone et al., 1999). Similarl to TGFBIp and Periostin, Fibulin-3 is involved in the 

development of several cancers, having either a tumour suppressor or promotor role 

depending on the context (I. G. Kim et al., 2014; J. Li et al., 2018; Nandhu et al., 2017; 

H. Tian et al., 2015). The exact function of Fibulin-3 is not clear, yet studies suggest that 

accumulation of the protein may alter ECM homoeostasis through interactions with 

basement membrane proteins such as tissue inhibitor of metalloproteinase-3 (TIMP3), 

MMPs (Klenotic et al., 2004), various collagens (N. Kobayashi et al., 2007) and ECM 

regulatory proteins such as members of the TGFβ family (Hulleman et al., 2016). 

Interestingly, Fibulin-3 is the predominant fibulin form expressed in the mouse cornea. 

Fibulin-3 knockout mice do not display structural abnormalities of the retina or retinal 

pigment epithelium, rather, a significant reduction in corneal stroma thickness was 

observed, along with progressive corneal opacification and vascularisation (Daniel et al., 

2020). Thus, these results indicate that EFEMP1 expression is essential for corneal 

integrity. Whether TGFBIp interacts with Fibulin-3 has not been investigated, but both 

ECM proteins are highly expressed in the cornea. Taken along with the significant 

upregulation of EFEMP1 in p.R124H samples in this study and the previously identified 
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impaired binding of TGFBIp to the other corneal ECM component Periostin, it is possible 

that aberrant EFEMP1 expression plays a role in GCDII pathogenesis.  

5.3.2.3 Other DEGs of interest 
The endoplasmic reticulum lumen was the second over-represented MF GO term 

identified for the p.R124H vs WT comparison. One significantly upregulated gene 

associated with this GO term was ERP27 encoding ERp27. ERp27 is able to selectively 

bind to unfolded proteins and is induced during oxidative strees and the unfolded protein 

response (UPR). TGFBIp is secreted into the ECM through the conventional ER/Golgi-

dependent secretory pathway. Previous research has suggested that p.R124H mutant 

TGFBIp is linked to ER stress, with GCDII corneal stromal cells demonstrating increased 

susceptibility to cell death during ER stress in comparison to WT (S. il Choi et al., 2016; 

S. Il Choi et al., 2017).  

Other genes involved in oxidative stress such as ALDH18A1 and SELENOM were also 

upregulated the p.R124H samples compared to WT. Previous research has indicated 

that GCDII corneal stromal cells express higher levels of reactive oxygen species and 

antioxidant enzymes than WT cells, indicating that they are in an oxidative stress state 

(S. il Choi et al., 2009). GCDII stromal cells were also more susceptible to oxidative 

damage in comparison to WT cells (S. il Choi et al., 2009) (discussed in Chapter 6, 

Section 6.1.1.2.1). Thus, the upregulation of various genes involved in oxidative stress 

in the p.R124H samples relative to control supports past research on the involvement of 

oxidative stress in GCDII pathogenesis.   

5.3.3 TGFBI KO vs WT 
A prominent limitation of this comparison is the very small sample size. Nonetheless, the 

TGFBI KO line was generated from the WT1 line, providing an isogenic comparison. 

Even though the data presented for this comparison can only be considered as 

preliminary, the findings were intriguing and they encourage further confirmation and 

investigations.  

5.3.3.1 Periostin 
It has previously been hypothesised that knockdown of TGFBIp would lead to an 

increase in the expression of its paralog Periostin (Poulsen et al., 2018). Hypotheses 

such as these are usually investigated via knockout mouse models, however, there are 

key differences in the expression of TGFBIp and Periostin between human and mouse 

corneas. Therefore, corneal observations of TGFBIp knockout mouse models cannot 

simply be extrapolated to humans. One such difference is that POSTN mRNA is not 

expressed in WT mouse corneas (Poulsen et al., 2018), whereas Periostin is expressed 
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in the human corneal epithelium and stroma (B. Y. Kim et al., 2009). It is also clear that 

TGFBIp is much more predominately expressed in the human cornea relative to the 

mouse cornea, specifically, human corneal TGFBIp levels exceed mice by over 10-fold 

(Poulsen et al., 2018). Furthermore, mouse models of TGFBI CD do not accurately 

recapitulate the human pathological features (discussed in detail in Chapter 1, Section 

1.5.3), with homozygosity of p.R124 CD-causative TGFBI mutations required for 

aggregate formation in these animal models (Kitamoto et al., 2020; Yamazoe et al., 

2015).  

Nonetheless, Tgfbi knockout mice demonstrated a non-significant (P = 0.3) upregulation 

of Periostin in the cornea in comparison to WT (Poulsen et al., 2018), providing 

preliminary evidence that Periostin does not necessarily exert a compensatory role in the 

absence of TGFBIp expression. It is also apparent that Periostin does not interact with 

the TGFBIp-binding partner collagen VI, demonstrating that despite the large degree of 

sequence similarity, Periostin and TGFBIp are not entirely able to substitute function (B. 

Y. Kim et al., 2009). Although, interactions and compensatory roles between TGFBIp 

and Periostin are likely tissue specific (Mosher et al., 2015; Schwanekamp et al., 2017). 

The data presented in this chapter, comparing the TGFBI knockout line to the WT CEpi 

line, expands on the relationship between TGFBI and POSTN, by confirming that 

Periostin is not likely to produce a compensatory effect in the absence of TGFBIp 

expression in CEpi cells, rather, the lack of TGFBI mRNA leads to a significant reduction 

of POSTN mRNA expression.  

One possible mechanism underlying this decrease may be that the two paralogs are part 

of a regulatory feedback loop, where the expression of TGFBI regulates the expression 

of POSTN. This could manifest due to the lack of TGFBIp-Periostin binding, resulting in 

a negative effect on POSTN expression. Additionally, both TGFBIp and Periostin are 

regulated by TGFβ signalling (Mosher et al., 2015), therefore, knockout of TGFBI could 

disrupt this signalling pathway, producing a decrease in POSTN expression. This 

possibility is supported by the significant decrease of TGFB2 expression for this 

experimental comparison.  

As previously mentioned, TGFBIp-protein binding is dependent on cellular context, thus 

TGFBIp-Periostin binding may follow a specific pattern in corneal tissues. Whether 

TGFBI knockout in the cornea and other tissues results in decreased POSTN expression 

is likely to be tissue dependent. One report demonstrated an increase of TGFBIp 

expression in the heart tissue of POSTN-null mice, yet Periostin expression levels were 

not changed in the heart tissue of TGFBI-null mice compared to WT (Schwanekamp et 
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al., 2017). Other reports have investigated the knockout of TGFBI or POSTN separately, 

and have confirmed that TGFBIp and Periostin do carry out different functions, although 

systematic observations have not been reported, with reports usually focusing on a 

specific tissue type (Mosher et al., 2015). Additionally, observations are usually directed 

to one protein and not the other (Mosher et al., 2015).  

The p.R124H mutation in TGFBIp is reported to impair binding of the protein to Periostin 

in corneal stromal cells (B. Y. Kim et al., 2009). This mutation may alter TGFBIp-Periostin 

binding in a cornea-specific manner, contributing to GCDII pathogenesis such that 

knockout of TGFBI may lead to a decrease of POSTN expression in CEpi cells 

specifically.  Further investigations, such as comparisons of Periostin immunostaining in 

the TGFBI KO line and WT line would be informative in addressing this possibility. 

5.3.3.2 Extracellular matrix 
The GO over-representation analysis using both the cellular component and biological 

function ontology subsets highlighted the extracellular matrix as a dysregulated feature 

of the TGFBI KO CEpi samples. TGFBIp is an ECM constituent of many tissue types 

although there is still much to be discovered about its function. Tgfbi KO mouse models 

did not show a corneal phenotype which is likely due to biological robustness or to 

interspecies differences (Barbaric et al., 2007; Poulsen et al., 2018a). Investigations into 

the transcriptome of TGFBI KO iPSC-CEpi cells potentially offers a more relevant 

approach for the study TGFBIp function in human cells. 

One dysregulated ECM constituent gene that was significantly downregulated in the 

TGFBI KO line was MATN2, encoding matrilin-2, which functions as an adaptor molecule 

connecting other ECM proteins to form filamentous networks (S. Zhang et al., 2014). 

One study reported that mice lacking this protein develop without any obvious 

abnormalities (Mátés et al., 2004). Although another study reported that Matn2-null mice 

exhibit delayed muscle regeneration and that Matn2 is involved in integrin and focal 

adhesion kinase signalling pathways (Deák et al., 2014). Interestingly, a strong increase 

of matrilin-2 expression in the corneal epithelium of LCDI and GCDI corneas has been 

reported, indicating that this protein is involved in the pathogenesis of different CD 

phenotypes (Szalai et al., 2012). The downregulation of MATN2 in the current study 

along with its implication in CD pathogenesis warrants further work to investigate the 

interaction between TGFBIp and matrilin-2 in the cornea.  

ECM components not expected to play a prominent role in the cornea were also 

dysregulated, potentially also providing information on TGFBIp function in other tissues. 

ELN the gene coding for the elastin protein, was the second most significantly 
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dysregulated gene in the TGFBI KO line. ELN expression is enriched in connective 

tissue, cardiac tissue, the lungs and the skin. ELN was significantly downregulated along 

with EMILIN2, which encodes the elastin microfibril interfacer 2. Emilin2 interacts with 

elastin and fibrillin proteins to form a stable complex that promotes the assembly and 

organization of elastic fibres. Elastic fibres are a core component of the ECM of various 

tissues. Elastin is not typically expressed in the central anterior cornea, however, elastin 

microfibril bundles are present within the corneal limbus and the posterior central stroma, 

with an especially high concentration located immediately anterior to Descemet’s 

membrane (Lewis et al., 2016; White et al., 2017). An association between TGFBIp 

expression and elastin fibres has previously been made. In mice, genetic ablation of 

Tgfbi resulted in morphologically abnormal lungs that lacked proper elastin expression 

and displayed diminished elastic recoil, indicating that Tgfbi expression is required for 

normal elastic lung properties (Ahlfeld et al., 2016). Moreover, TGFBIp is colocalised 

with elastin microfibrils in bovine tissues (Gibson et al., 1997). These reports along with 

the data presented here indicates that TGFBIp expression is important in the formation 

of elastic fibres, however, genes coding for the other protein components that makes up 

these fibres, such as fibrillin, were not found to be significantly dysregulated in this 

dataset. This is likely due to the small sample size included in this study, or it may indicate 

a specific relationship between elastin and TGFBIp that does not involve fibrillin.  

The results of the BP and CC GO over-representation analysis indicated that key genes 

involved in muscle formation were dysregulated in the TGFBI KO line. One such gene 

was ACTA2 which codes for α-SMA. ACTA2 was found to be downregulated in TGFBI 

KO samples. Tgfbi null mice have demonstrated α-SMA mislocalisation in the lungs, 

demonstrating a link between TGFBIp expression and α-SMA. Furthermore, studies in 

zebrafish and Xenopus have indicated a role for Tgfbi in myofibril bundling and muscle 

growth (H. R. Kim & Ingham, 2009; F. Wang et al., 2013).  

Upon further investigation of the dysregulated genes specific to muscle tissue, a few are 

related to cardiac tissue, such as, ACTC1, MYOCD and CRYAB, all of which were 

downregulated in the TGFBI KO line. Reports on the function of TGFBIp in the heart are 

relatively limited, although the role of Periostin in the heart has been subject to much 

research (Y. Choi et al., 2020; Dixon et al., 2019; Schwanekamp et al., 2017; Shimazaki 

et al., 2008; Snider et al., 2009; Zhao et al., 2014). Nonetheless, two studies have 

demonstrated that Tgfbi is induced upon heart injury or failure in mice (J. H. Lee et al., 

2011; Schwanekamp et al., 2017). The results presented here suggest that TGFBI is 

important in the proper expression of key muscle and heart-related genes.  
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5.3.3.3 TGFBI signalling  
As previously discussed, TGFBIp binds to various types of integrins, and in doing so, is 

able to activate the focal adhesion kinase (FAK) signalling pathway (Costanza et al., 

2019)(Costanza et al., 2019). Focal adhesions are multiprotein structures that assemble 

mechanical links between the intracellular actin filament bundles and the ECM via 

integrin receptors (C. Wu, 2007)(C. Wu, 2007). The FAK pathway regulates actin 

dynamics and organisation through various mechanisms (Carragher & Frame, 2004).As 

three actin isoforms were significantly downregulated in the TGFBI KO line compared to 

its isogenic control, it may be the case that TGFBI expression regulates actin expression 

through the FAK pathway. Although, it is not clear how TGFBI expression would elicit 

this effect, as the FAK pathway was not highlighted by the over-representation analysis 

and no FAK proteins were found to be DEGs. This is perhaps due to the very small 

sample number for this comparison which does not facilitate the identification of small 

changes in differential transcript expression.  

Based on past reports, it is clear that TGFBIp exerts a pleiotropic function, using different 

domains to interact with different proteins in different cellular contexts. Through the 

analysis of this dataset, it seems that TGFBI expression can regulate the expression of 

TGFB family members and that this ability may be a mechanism of TGFBIp function. In 

order to elucidate the roles of different TGFBIp isoforms in the cornea and identify the 

signalling pathways underlying disease, WT and TGFBI CD corneal tissue should 

undergo transcriptomic analysis. ScRNAseq of control and dystrophic corneas would 

allow for discernment of the different disease mechanisms within the two relevant tissue 

types, the corneal epithelium and the stroma. Furthermore, the current transcriptomic 

study could be greatly improved through the use of isogenic controls and increased 

biological replicates.  

Although multiple factors indicate that TGFBI knockdown would not be detrimental 

(discussed in Chapter 6, Section 6.3.2), TGFBIp is an important protein involved in cell 

signalling processes. Preservation of WT TGFBI allele expression would be essential for 

an effective ASO treatment to mitigate any unintended side effects. Thus, the results 

presented here further reinforce the importance of allele-specific ASOs, such as the ones 

designed in the current study, in the effective treatment of heterozygous TGFBI CDs.  

5.3.4 Chapter conclusion   
This chapter highlights the confounding variable of biological variation in RNAseq 

experiments. Although biological variation is expected between samples, the generation 

of isogenic controls from TGFBI mutant iPSC lines would allow for a more powerful 
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experimental design that could help elucidate any differences between WT and mutant 

TGFBI CEpi cells. This was highlighted through the WT and TGFBI KO transcriptomic 

analysis (Section 5.2.3) which did utilise isogenic control cell lines. Overall, this chapter 

highlights the importance of isogenic controls and provides a basis for the optimisation 

of future experiments.  

Despite the lack of isogenic controls, key questions on TGFBIp-protein interactions were 

raised. The R124 mutations are predicted to potentially affect TGFBIp binding to other 

proteins due to their localisation at a surface-located helix of the protein (Figure 5.18). 

Further, past research has demonstrated disrupted p.R124H TGFBIp-Periostin binding 

(Section 5.3.3.1). Taking these points into account, future experiments exploring protein 

binding differences of R124-mutant TGFBIp respective to WT would contribute to the 

understanding of TGFBI CD pathogenesis. Futhermore, the TGFBI KO vs WT analysis 

highlighted key proteins that TGFBIp may bind to and key pathways that TGFBIp may 

play a role in, while also highlighting the lack of knowledge on TGFBIp-protein 

interactions. Further replication of the TGFBI KO vs WT transcriptomic analysis would 

allow for a more robust conclusion to be made on the possible protein interactions of 

TGFBIp and would also provide a basis for further experiments assessing the function 

of TGFBIp.  
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Chapter 6: Antisense oligonucleotide treatment of TGFBI 
corneal dystrophies 
6.1 Introduction   

TGFBIp is an extracellular matrix protein that is widely expressed in human tissues, 

although its role has not yet been fully defined. Pathogenic CD causing mutations in 

TGFBI specifically affect the cornea and do not result in other systemic phenotypes (el 

Kochairi et al., 2006), indicating that cornea-specific factors, such as the absence of 

blood vessels, may contribute to abnormal TGFBIp deposition (K. E. Han et al., 2016). 

The pathogenesis of the different phenotypes of TGFBI CD are not yet fully characterised 

and currently available treatment strategies do not target the underlying genetic cause 

of disease and thus, do not prevent recurrence of symptoms. The development of novel 

therapeutics that target the genetic cause of disease can be used alongside genetic 

screening to prevent the onset of disease symptoms or, be administered in conjunction 

with the currently available treatments of CD to prevent disease recurrence.  

6.1.1 TGFBI CD pathophysiology  

An understanding of what is currently known on the pathogenesis of TGFBI CD is 

insightful for the development of potential therapeutics of the disease and potential 

readouts of efficacy. As certain pathogenic mutations in TGFBI likely lead to different 

mechanisms of pathology, the disease mechanisms of the two mutations of interest for 

this study (p.R124C and p.R124H) are considered in detail. Past research has provided 

some elucidation of how these different phenotypes arise, although specific mechanisms 

have not yet been defined and further research is required. 

6.1.1.1 Proposed disease mechanisms  

Differences in cornea-specific protein aggregation occur depending on the missense 

mutation and where/how it affects TGFBIp. Although we know that these mutations affect 

TGFBIp through different underlying mechanisms, no consensus on the pathogenesis of 

TGFBI CDs has been established.  

6.1.1.1.1 Abnormal TGFBIp degradation  

The disruption of protein degradation pathways plays a crucial role in the development 

of numerous human diseases (Fändrich et al., 2001; Hanna et al., 2019; Munishkina et 

al., 2004). In the WT cornea, TGFBIp undergoes proteolytic processing into a C-terminal 

truncated fragment (see Chapter 1, Section 1.51). The proteolysis and turnover of 
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TGFBIp is reportedly altered in a mutation-specific manner in the pathogenesis of TGFBI 

CD.  

Western blot and proteomics methods have been employed to define the TGFBIp 

fragment composition of corneal deposits caused by various pathogenic TGFBIp 

mutations located in the FAS1-1 region. However, it should be noted that 

characterisation of the molecular composition of the aggregation is potentially 

confounded due to harsh extraction methods, such as high salt concentration, denaturant 

or proteases (Tennent, 1999). Other reports have used recombinant or synthesised 

TGFBIp to investigate the generation of abnormal proteolytic fragments of the mutant 

protein.  

Takács et al. 1998 found that abnormal truncated 42-kDa and 30-kDa proteolytic TGFBIp 

fragments were present in deposits of LCDI corneas. Sequencing of the amino terminal 

region demonstrated that the 42-kDa fragment was a C-terminus truncated form of 

TGFBIp which was not present in WT corneas, indicating that this fragment is involved 

in LCDI pathogenesis. No genetic screening was carried out to identify the LCDI 

causative mutation in this study, thus, no association between a specific TGFBI mutation 

and the TGFBIp fragments observed could be concluded.  

Korvatska et al. (2000) demonstrated that amyloid deposits of R124C and the granular 

deposits of R124H and R124L corneas are associated with abnormal turnover and 

processing of mutant TGFBIp. In R124C corneas, no significant difference between the 

amount of the full length 68-kDa TGFBIp in comparison to WT was found, however, an 

excessive accumulation of 44-kDa N-terminal TGFBIp fragments was reported, with the 

total concentration of TGFBIp and its fragments being 3-fold greater than a WT cornea. 

Based on these findings, the authors concluded that these fragments are perhaps 

amyloidogenic, indicating that the R124C mutation causes the FAS1-1 domain of 

TGFBIp to become amyloidogenic. R124H GCDII corneas displayed twice the amount 

of the full length 68-kDa TGFBIp in comparison to WT, and the main TGFBIp species 

present was a 66-kDa fragment which was not observed in WT corneas. R124L Reis-

Bücklers corneas showed ~2.5-fold excess of 68-kDa TGFBIp in comparison to WT 

corneas. Altogether, the authors demonstrated that pathogenic mutations in the FAS1-1 

domain of TGFBIp results in different abnormal proteolytic processing pathways specific 

to each mutation, as well as slower turnover of TGFBIp.  

Another group also reported unique fragments in the cell lysates of recombinant TGFBIp 

expressed by transfected HEK293 cells (Y. P. Han et al., 2011, 2012). Immunoblotting 

using different antibodies detected 43-kDa protein fragments of p.R124C and p.L527R; 
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and 47-kDa protein fragments of p.L518P in cell lysates (Y. P. Han et al., 2011). These 

fragments were not detected in the WT or p.R124H cell lysates indicating that they may 

be amyloidogenic TGFBIp fragments. Using similar methods, the same authors detected 

35-kDa fragments in p.R124H and p.R555W cell lysates that were not present in WT or 

p.R124C (Y. P. Han et al., 2012). The authors concluded that these fragments may be 

responsible for the formation of granular deposits in GCDI and GCDII. These studies 

provide additional support for the role of abnormal proteolysis of mutant TGFBIp in the 

pathogenesis of this group of CDs.  

Despite different TGFBI mutations resulting in similar clinical phenotypes, the molecular 

basis of the clinical presentation can differ. This is the case for the different LCD-

causative mutations of TGFBI. Although most amyloidogenic mutations in TGFBI are 

located in the fourth FAS1 domain, the p.R124C mutation, arguably the most common 

LCDI-causing mutation, is located in the first FAS1 domain. A 22-amino acid peptide 

spanning p.R124C is capable of forming amyloid fibrils in vitro, whereas the native 

peptide shows little potential to do the same (Schmitt-Bernard et al., 2000). Blocking the 

Cys-Cys disulfide bonding of this synthetic p.R124C peptide resulted in a 50% decrease 

of amyloid fibril formation, indicating that its increased propensity to form amyloid fibrils 

is at least partially due to disulfide bonding, which act to stabilise aggregation of the 

peptide  (Schmitt-Bernard et al., 2002).  

Furthermore, it was shown that when cell free media containing different TGFBIp variants 

(WT, p.R124C, p.R124H, p.R124L, p.R124S and p.R555W) was incubated with amyloid-

beta (Aβ) peptides, the media containing R124 mutant TGFBIp displayed Aβ aggregate 

formation, whereas the WT and R555 TGFBIp variants did not (Yam et al., 2012). This 

finding demonstrates the amyloidogenic properties of R124 mutant TGFBIp.  

Stix et al. (2005) used SDS-PAGE to investigate amyloid deposits of corneas with the 

late onset lattice corneal dystrophy IIIA caused by the p.F540S mutation (Stix et al., 

2005). In addition to detection of the 68-kDa form of TGFBIp, several low molecular 

weight fragments (6.5, 6.9, 14, 17, and 21-kDa) of the protein were detected.  

The data indicate that abnormal proteolysis resulting in the accumulation of low 

molecular weight fragments of TGFBIp is a pathogenic feature of LCD. The mixed 

amyloid/non-amyloid deposit phenotype of GCDII caused by the p.R124H mutation is 

clear, indicating this form of TGFBIp has amyloidogenic potential. The disproportionate 

accumulation of full-length and close to full-length p.R124H TGFBIp products previously 

reported are likely constituents of the observed non-amyloid amorphous aggregates. The 

build-up of p.R124H TGFBIp is likely to result in supersaturation of the mutant protein in 
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the cornea, leading to protein aggregation. Supersaturation of proteins has previously 

been found to be a driving force of aggregation (Ciryam et al., 2013, 2015). Overall, 

current knowledge suggests that the common CD causative mutations in the 1st FAS1 

domain of TGFBIp either result in this domain becoming amyloidogenic or in the case of 

the GCD phenotypes, potentially cause TGFBIp to become proteolytically resistant, 

resulting in protein aggregation (Figure 6.1). 
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Figure 6.1 Possible aggregation pathways of TGFBI CDs. A) Wild type TGFBIp undergoes 
normal proteolytic processing in the cornea, leading to the successful clearance and efficient 
turnover of TGFBIp. B) Abnormal cleavage of p.R124C TGFBIp resulting in the accumulation of 
amyloidogenic N-terminal fragments appears to underlie LCDI pathogenesis (Korvatska et al., 
2000). C) The accumulation of full size or near full size p.R124H or p.R555W TGFBIp in GCDII 
and GCDI corneas respectively, indicates the proteolytic resistance of these forms of TGFBIp 
(Courtney et al., 2015; Korvatska et al., 2000). This could lead to the slower turnover of TGFBIp 
and the disruption of TGFBIp-ECM interactions (Chapter 5, Section 5.3.2.2), leading to the 
development of amorphous aggregates. Pathogenic mutations are depicted in red.  
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6.1.1.1.2 Proteomic profile of corneal deposits 

The formation of insoluble protein aggregates is a well-recognised feature of many 

diseases (Basso et al., 2009; Kepchia et al., 2020; J. Song, 2013). The two main protein 

aggregation pathways lead to either the formation of highly ordered β-amyloid sheet 

structures or irregular amorphous aggregates. In the case of TGFBIp, the protein has 

the potential to form both amyloid and/or amorphous aggregates, leading to different 

phenotypic outcomes. The proteomic profile of lattice and granular deposits have been 

characterised via isolation by laser capture microdissection and subsequent mass 

spectrometry analysis.  

Deposits isolated from p.R124H GCDII corneas demonstrated the accumulation of intact 

or near intact TGFBIp, as well as serum amyloid P-component, clusterin, type III 

collagen, keratin 3, and histone H3-like protein (Karring et al., 2012). Type III collagen 

appears to play a role in wound healing (Volk et al., 2011), thus its presence within GCDII 

aggregates may indicate an attempt to promote healing of the damaged tissue. Intact 

TGFBIp aggregation was also observed in p.R555W GCDI corneal deposits suggesting 

it is proteolytically resistant (Courtney et al., 2015). Only three unique proteins were 

found within GCDI aggregates that are absent from healthy control corneas, namely 

hemoglobin subunit beta, actin cytoplasmic 1 and desmoplakin (Courtney et al., 2015). 

These findings suggest that despite the GCD mutations being in different FAS domains 

(R124H mutation in the FAS1-1 domain and the R555W mutation in the FAS1-4 domain), 

both lead to proteolytically resistant TGFBIp within aggregates (Figure 6.1).  

LCDI deposits of p.R124C from both the stroma and Bowman’s layer were characterised 

by mass spectrometry (Courtney et al., 2015). When compared to control corneal tissue, 

an additional 18 and 24 proteins were present in stromal and Bowman’s layer deposits, 

respectively. The proteomic composition of the two deposit types were comparable, 

although some differences, such as the presence of HTRA1 in stromal but not the 

Bowman’s layer deposits, were observed. The most abundant form of TGFBIp observed 

in both deposit types were semitryptic peptides of the polypeptide region L128-R172.. 

Interestingly, the L128-R172 polypeptide region partially overlaps with the amyloidogenic 

peptide reported by Schmitt-Bernard et al. (2000). Proteomics analyses have not 

reported this specific polypeptide region as a prominant TGFBIp species in LCDI corneas 

caused by FAS1-4 pathogenic mutations (Karring et al., 2012, 2013; Poulsen et al., 

2014). Specifically, the C-terminal TGFBIp fragment encompassing residues Y571-R588 

of the fourth FAS1 domain was found to accumulate in FAS1-4 mutated LCDI corneas 
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(Karring et al., 2013). In summary, the pathogenesis of LCDI appears to differ depending 

on whether the amyloidogenic mutation is within the 1st or 4th FAS1 domain of TGFBIp.  

6.1.1.2 Mechanisms of pathology in p.R124H GCDII  

In South Korea the p.R124H GCDII has been shown to be the most prevalent cause of 

disease (Chapter 3, Section 3.1.1) (K. E. Han et al., 2016).As corneal keratocytes have 

an important role in maintaining the transparency and ECM environment of the stroma, 

the differences between control and GCDII p.R124H homozygote corneal keratocytes 

have been explored.  

6.1.1.2.1 GCDII corneal fibroblast morphology and mitochondrial dysfunction 

Morphological differences between keratocytes extracted from WT and GCDII corneas 

have been observed, with the latter being larger and showing intracellular deposits (K. 

E. Han et al., 2016). Transmission electron microscopy revealed more elongated or 

fragmented swollen mitochondria in GCDII corneal keratocytes when compared to WT 

(S. il Choi et al., 2015; T. I. Kim, Choi, et al., 2008). Corneal keratocytes from p.R124H 

homozygotes were found to be adversely affected with increasing passage numbers, 

with disorganisation and decreased numbers of mitochondria observed in late passage, 

and limited survival after only 8 passages, in comparison to WT corneal keratocytes that 

could be passaged over 24 times. By immunostaining of markers of mitochondrial 

function, a rapid decrease in the mitochondrial function and mitochondrial membrane 

potential is observed in GCDII corneal keratocytes of increasing passage numbers, while 

remaining constant in WT cells (T. I. Kim et al., 2011). 

The cornea is directly exposed to the atmosphere and absorbs the majority of ultraviolet 

(UV) light reaching the eye (Wenk et al., 2001). UV exposure generates reactive oxygen 

species that can lead to oxidative stress, which can cause a decline in mitochondrial 

function and subsequently, apoptosis. In line with the differences in mitochondrial 

morphology and function observed between GCDII and WT corneal keratocytes, 

diseased corneal keratocytes are more susceptible to oxidative damage and thus, more 

likely to become dysfunctional due to environmental stress (Choi et al., 2009). These 

findings are also consistent with the increased sensitivity to environmental stressors such 

as LASIK surgery which results in exacerbation of GCDII (Chapter 3, Section 3.3). These 

data suggest that the p.R124H mutation affects the mitochondrial structure and function 

of corneal keratocytes, causing a decline in corneal fibroblast cell function and viability.  
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6.1.1.2.2 Defective autophagy in GCDII 

TGFBIp is degraded by autophagy (S.-I. et al., 2012). Mutant p.R124H TGFBIp is found 

to extensively co-localise with the autophagosome marker microtubule-associated 

protein 1 light chain 3β (LC3) and is enriched in cytosolic vesicles in primary cultured 

GCDII corneal keratocytes (S.-I. et al., 2012). Further investigation demonstrated that 

LC3 levels and the number of endogenous LC3 puncta were significantly increased in 

GCDII corneal keratocytes in comparison to controls. Co-localisation of the lysosomal 

enzyme cathepsin D and TGFBIp was also observed in GCDII corneal keratocytes (S.-

I. et al., 2012).  Furthermore, the accumulation of p.R124H-TGFBIp as observed by 

qPCR and western blotting of GCDII corneal fibroblast samples, indicates that this form 

of TGFBIp is insufficiently degraded in this cell type (S. il Choi et al., 2014).  

When protein synthesis was inhibited, TGFBIp was almost absent in WT corneal 

keratocytes after 40 minutes, whereas TGFBIp remained in p.R124H cells after 60 

minutes, suggesting that intracellular accumulation of TGFBIp is either due to defective 

degradation or delayed secretion (S. il Choi et al., 2014). These data suggest that 

autophagy is induced in GCDII corneal keratocytes but is not sufficient to clear mutant 

TGFBIp, resulting in the pathological accumulation within autophagosomes (S. il Choi et 

al., 2014). The autophagy system functions to degrade both proteins and intracellular 

organelles such as mitochondria, and in particular, damaged mitochondria (Kiššová et 

al., 2004; Takeshige et al., 1992). Autophagy has been shown to become defective under 

oxidative stress, which could lead to mitochondrial accumulation (Luo et al., 2013). Thus, 

the GCDII corneal fibroblast dysfunction of both mitochondria and autophagy are 

potentially either indirectly or directly related.  

6.1.1.3 Corneal specificity and location of deposits 

CD mutations in TGFBI specifically affect the cornea, with no symptoms presenting in 

other tissues (el Kochairi et al., 2006). This is perhaps due to the particularly high 

concentration of TGFBIp in the cornea (Dyrlund et al., 2012) in combination with other 

cornea-specific factors.  

TGFBIp undergoes differential proteolytic processing in different tissues, as evidenced 

by immunoblotting of TGFBIp derived from the cornea, skin, plasma and platelets 

(Nielsen et al., 2020). Interestingly, cultured corneal keratocytes harbouring the p.R124C 

mutation do not spontaneously produce amyloid, likely due to the lack of their native 

microenvironment (Korvatska et al., 2000). 
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Non-protein macromolecules called glycosaminoglycans (GAGs) have been observed to 

have an effect on protein fibrillation, including heparin. Heparin is a highly sulfated GAG 

that can induce fibrillation of several proteins, including amyloid β, p25α and gelsolin 

(Ariga et al., 2010; S. B. Nielsen et al., 2012; Suk et al., 2006). Heparin sulfate has been 

found in amyloid β plaques and is thought to have a role in the pathogenesis of protein 

aggregation (Ancsin, 2003; Snow et al., 1988). Heparin has been observed to promote 

fibrillation of destabilised LCD mutants, whereas it does not seem to affect the 

aggregation propensity of WT or GCD-mutant TGFBIp (Andreasen et al., 2012; Stenvang 

et al., 2018). The speed of oligomerisation and fibrillation of destabilised TGFBIp 

increases with the extent of GAG sulfation (Malmos et al., 2017). Interestingly, the 

proportion sulfated heparin increases dramatically with age in the cornea (Pacella et al., 

2015). Along with the age-correlated increase in concentration of TGFBIp in the cornea, 

the increase of sulfated GAGs could drive aggregation in LCD, and these factors together 

may contribute to the cornea-specific amyloidosis in LCD. 

Another important feature to note is that the central cornea is uniquely avascular, 

whereas blood vessels are present within the conjunctiva and corneal limbus. A lucid 

interval between the limbus and deposits is usually apparent in TGFBI CD (K. E. Han et 

al., 2016; J. H. Lee et al., 2006). Furthermore, deposits do not appear following injury to 

the perilimbal region, such as cataract incisions, however, injury to the central cornea 

usually leads to dense exacerbation of deposits (Feizi et al., 2007; T. I. Kim, Choi, et al., 

2008; J. H. Lee et al., 2006; Roh, Chung, et al., 2006; Xiu et al., 2002). These 

observations suggest that blood vessels play a role in preventing the formation or 

accumulation of deposits.  

During normal corneal homeostasis, the majority of TGFBIp is produced by the corneal 

epithelium (Chapter 4, Section 4.1.1; Section 4.2.1). However, stromal keratocytes are 

also capable of producing TGFBIp, as evidenced by the presence of TGFBIp surrounding 

both the epithelial and stromal cells during wound healing (Takács et al., 1999). It is clear 

that both the epithelium and stroma contribute to opacification of the cornea in the 

development of TGFBI CD. However, post-transplantation evaluation of patient corneas 

demonstrates the particularly predominant role of the epithelium in disease recurrence 

and progression, likely due to its rapid turnover and high TGFBIp expression levels.  

In LCDI, diffuse opacities present within the epithelium and subepithelium, whereas 

lattice lines run throughout the stroma. Shortly following PK, the donor epithelium is 

replaced by the host epithelium which continues to produce abnormal TGFBIp protein, 

whereas donor stromal keratocytes persist long enough to prevent abnormal TGFBIp 
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build up in the stroma. This has been observed following PK of LCDI patients, as diffuse 

superficial opacities develop in the epithelium and subepithelium but not in the stroma 

(Lisch & Seitz, 2014; Snead & Mathews, 2002). Thus, the lack of stromal lattice lines 

following PK provides an indirect indication that stromal keratocytes are responsible for 

the presentation of this symptom.  

In the case of GCD, the recurrence of corneal deposition is more prominent near the 

epithelial layer following PK, thus indicating that the epithelium is responsible for the 

build-up of abnormal TGFBIp (Frising et al., 2006; Johnson et al., 1981; Lyons et al., 

1994).  

In summary, the unique combination of cornea-specific factors, such as high expression 

levels of TGFBIp, TGFBIp processing, the lack of blood vessels, high turnover of the 

corneal epithelium and the presence of macromolecules such as GAGs, contribute to the 

cornea-specific phenotype of TGFBI CDs.  

6.1.2 Currently available TGFBI CD treatments  

Currently available treatments for TGFBI CD are reliant on the physical removal of 

corneal deposits by either laser ablation or corneal transplantation. PTK allows for the 

laser ablation of shallow corneal deposits. For deposits located deeper into the 

epithelium or stroma, either PK or deep anterior lamellar keratoplasty (DALK) can be 

administered depending on diagnosis and severity, with the latter being a less difficult 

process. However, injury to the cornea can exacerbate protein deposition (Banning et 

al., 2006; Kwak et al., 2021; W. B. Lee et al., 2007), as demonstrated by the patient 

images presented in Chapter 3 (Figure 3.2A-B) which show prominent protein deposition 

around the site of graft sutures. Additionally, secondary complications of surgery can 

occur such as cataracts or glaucoma due to post-operative topical corticosteroid used to 

improve graft survival, as was the case for patients 1 and 2 included in this study. Other 

complications relating to graft failure are also a risk. Furthermore, the treatments do not 

prevent recurrence of the symptoms, thus repeated treatments may be necessary, as 

was also the case for patients 1 and 2 included in this study.  

Reports of recurrence rates are impacted by many factors, such as the definition of 

recurrence and the length of follow up. The recurrence rate following PK for LCD patient 

is reported to be 50-60% at 48-135 months (Ellies et al., 2002). Following DALK, the 

recurrence rate has been reported to be approximately 35% for LCD and 22% for GCD 

following 12-96 months post-operation (Ünal et al., 2013). Recurrence rates do vary 

greatly between individuals and different corneal dystrophies.   
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The corneal epithelium seems to be largely responsible for the recurrence of corneal 

deposits, as evidenced by the location of deposits following surgery. Due to the 

proliferative nature of the corneal epithelial cells causing the continuous production of 

mutant TGFBIp, along with the exacerbation of symptoms due to corneal wounding, 

alternative treatments that target the underlying genetic cause of the disease rather than 

the symptoms, may be a more effective therapeutic approach. However, such treatments 

would either be administered as a preventative therapeutic before significant 

opacification and sight loss, or following PTK or corneal transplantation.

6.1.3 Alternative potential treatments  

As currently available treatments for TGFBI CD can lead to disease exacerbation, and 

do not prevent recurrence of the symptoms or target the underlying molecular 

mechanism of pathogenesis, alternative treatments have been proposed and 

investigated.  

6.1.3.1 Pharmacological compounds  

Based on some of the findings previously discussed (Section 6.1.1.1) on the molecular 

mechanisms underlying TGFBI CD, pharmacological compounds have been proposed 

as potential alternative treatments. However, the underlying molecular mechanisms of 

TGFBI CD pathogenesis are not well defined, presenting a substantial challenge for the 

development and validation of pharmacological compounds in the effective treatment of 

these conditions.  

It has been reported that lithium chloride-based treatments can work to inhibit TGFBIp 

expression and enhance autophagic degradation of TGFBIp in both patient-derived 

primary corneal keratocytes with the p.R124H mutation and primary corneal keratocytes 

overexpressing this variant of TGFBIp (S. il Choi, Kim, et al., 2011; Nie et al., 2018). 

Other compounds enhancing autophagy, such as melatonin and rapamycin, have also 

been investigated and proposed as potential therapeutics for the treatment p.R124H 

GCDII (S. il Choi, Dadakhujaev, et al., 2011; S. il Choi et al., 2012, 2013).  

Chemical chaperones have been investigated as a potential therapeutic mechanism for 

the prevention of protein misfolding and promotion of intracellular protein trafficking 

(Kolter & Wendeler, 2003). Trimethylamine N-oxide (TMAO), a chemical osmolyte which 

facilitates chaperoning, demonstrated suppression of p.R124 mutant induced Aβ 

aggregation in vitro (Yam et al., 2012).  

Moreover, fragment-based drug screening has been implemented as a drug discovery 

method to identify chemical modulators capable of binding to mutant TGFBIp to prevent 
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it from being processed into smaller amyloidogenic fragments and thus delaying protein 

aggregation (Venkatraman, Duong-Thi, et al., 2020).  

6.1.3.2 Genome editing 

CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR 

associated protein 9) technology has shown promise in gene editing applications. Cas9 

is a nuclease directed by small guide RNAs (gRNAs) through Watson-Crick base pairing 

to target DNA (Ran et al., 2013). Cas9 induces targeted DNA double-strand breaks 

(DSBs) at target genomic loci (Ran et al., 2013). Following Cas9 cleavage the target 

locus undergoes DNA damage repair by one of two different pathways: non-homologous 

end joining (NHEJ) or homology-directed repair (HDR). NHEJ re-attaches the broken 

ends through an error prone system that is inclined to introduce small deletions and/or 

insertions at the DNA break site known as indels, usually generating a premature stop 

codon and a frameshift. HDR is a process of homologous recombination, where a DNA 

template is used to give the necessary homology needed to precisely repair the DSB. 

HDR can be utilised alongside large quantities of a synthetic donor DNA template to 

generate a precise genetic modification.  

TGFBI CDs have an autosomal dominant mode of inheritance and the desired outcome 

of any genetic therapy applied to these disorders would be to supress the expression of 

mutated allele, leaving the WT allele functioning as normal. Courtney et al, (2016) 

demonstrated that CRISPR/Cas9 can be used for allele-specific gene editing by utilising 

a single nucleotide polymorphism-derived protospacer adjacent motif (PAM) in the Krt12 

gene. In a mouse model of Meesmann’s epithelial corneal dystrophy (MECD), caused 

by a heterozygous SNP in Krt12 which results in a novel PAM, it was observed that the 

CRISPR/Cas9 and short-guide RNA expression plasmid construct injected into the 

corneal stroma resulted in NHEJ repair and consequently, allele-specific frame-shifting 

deletions (Courtney et al., 2016). This data indicates that the CRISPR/Cas9 targeting of 

SNPs that generate a novel PAM site is feasible.  

CRISPR/Cas9 technology has also been explored as a potential therapy in the treatment 

of TGFBI CD. The successful CRISPR/Cas9 knockout of TGFBI has been reported in 

LSCs extracted from healthy human corneas, providing a basis for the autologous 

corneal transplantation of TGFBI-negative LSCs (E. K. Kim et al., 2019). Taketani et al. 

(2017) demonstrated the successful correction of the GDCII-causative c.371G>A 

(p.R124H) mutation in primary corneal keratocytes obtained from a GDCII patient by the 

in vitro delivery of a CRISPR plasmid expressing Cas9/guide RNA and a single-stranded 

oligodeoxynucleotide HDR donor template. Christie et al. (2017) identified the issues 
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with mutation-dependent CRISPR-Cas9 gene editing of TGFBI using an in vitro model, 

outlining that the gRNA designed to target the p.R124C mutation was allele-specific, 

although it cut with a low efficiency of 26%. The gRNAs designed to target the p.R124H, 

p.R124L, p.R555Q and p.R555W mutations worked at a higher efficiency, but also 

targeted the WT allele (Christie et al., 2017). The authors concluded that a mutant allele-

specific CRISPR/Cas9 treatment strategy is not suitable in the targeting of autosomal 

dominant TGFBI mutations, as a near perfect off-target site exists in the form of the WT 

allele. This strategy would work if the missense mutation generated a PAM, however, 

the five most common mutations that account for the majority of associated CDs 

(p.R124C, p.R124H, p.R124L, p.R555Q and p.R555W) do not generate a PAM, with less 

than a third of TGFBI CD-causative mutations generating a novel PAM site (Christie et 

al., 2017). Thus, the same group developed an alternative mutation-independent 

approach for the allele-specific CRISPR/Cas9 targeting of TGFBI, by utilising SNPs that 

naturally occur in the mutant allele, regardless of where the pathogenic mutations are 

found. The applications of CRISPR-based treatment continue to evolve and are explored 

as a potential treatment option for TGFBI CDs (N. S. Nielsen et al., 2020). 

6.1.3.3 Oligonucleotide therapeutics 

Oligonucleotide therapeutics comprise short interfering RNAs (siRNAs) or antisense 

oligonucleotides (ASOs) which exert their effects at the post-transcriptional level. These 

therapeutics can act through various mechanisms and targets depending on their 

structure and chemistry.  

6.1.3.3.1 Short interfering RNAs 

siRNAs act by silencing gene expression via the RNA interference pathway that was 

discovered in 1993 (R. C. Lee et al., 1993). siRNA molecules are double stranded RNA 

sequences of 20-24 base pairs that are made up of a passenger strand (sense) and a 

guide strand (antisense). The guide strand, which is complimentary to the target RNA, 

becomes incorporated into a ribonucleoprotein called the RNA-induced silencing 

complex (RISC), where it interacts with the Argonaute protein which unwinds the siRNA. 

The guide strand of the siRNA is preserved by the Argonaute protein and the passenger 

strand undergoes degradation. The activated RISC recognises the complementary 

mRNA of the target sequence and induces mRNA degradation (review: Alshaer et al., 

2021). 

Previous research has identified a lead siRNA from a panel of 19 for the reduction of 

p.R124C TGFBI at the mRNA and protein level (Courtney et al., 2014), demonstrating 

proof-of-concept for TGFBI oligonucleotide-based knockdown.  
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6.1.3.4 Antisense oligonucleotides  

ASOs are short, synthetic, single-stranded nucleotide polymers usually around 14-25 

bases in length. They are able to bind to complementary mRNA and pre-mRNA 

sequences through Watson-Crick base pairing, potentially leading to the manipulation of 

gene expression through three main molecular pathways (Figure 6.2). The effect of the 

ASO is reliant on its chemical make-up and its target sequence (see Section 6.1.3.4.1: 

Chemical Modifications of ASOs). The RNase H mediated pathway occurs through 

binding of the ASO to the target RNA, forming an RNA:DNA heteroduplex. This induces 

cleavage of the target sequence by RNase H and prevents the translation of the mRNA 

into a protein. ASOs can also function through translational arrest, whereby ASOs 

targeting a start codon can interfere with ribosomal binding of mRNA, resulting in steric 

blocking of ribosomal machinery and prevention of protein synthesis. ASOs are also able 

to influence splicing events and these are termed ‘splice switching oligonucleotides’ 

(SSOs). SSOs complementary to target pre-mRNA could bind to exonic splicing 

silencers or intronic splicing silencers, consequently blocking splicing and resulting in 

exon inclusion. SSOs can also promote exon exclusion by binding to splice site 

sequences or splicing enhancer elements. 

In contrast to DNA, mRNA is not protected by repair machinery, therefore, modulation of 

mutant mRNA translation is seemingly less difficult than modulation of transcription or 

alteration of the gene. One of the main obstacles to ASO therapy is effective delivery to 

the target tissue, particularly in neurological disorders as ASOs do not readily cross the 

blood brain barrier.  
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Figure 6.2 Different mechanisms of antisense oligonucleotide action.  
A) RNase H mediated pathway: an RNA:DNA heteroduplex is formed upon binding of the ASO 
to target RNA, resulting in RNase H mediated RNA cleavage, preventing mRNA translation into 
a protein.  
B) Translational arrest: ASOs targeting the AUG start codon could interfere with ribosomal binding 
of mRNA, resulting in steric blocking of ribosomal machinery and prevention of protein synthesis. 
C) Splicing modulation: ASOs designed to influence splicing events are termed ‘splice switching 
oligonucleotides’ (SSOs). SSOs complementary to target pre-mRNA could bind to exonic splicing 
silencers or intronic splicing silencers, consequently, blocking splicing and resulting in exon 
inclusion. SSOs can also promote exon exclusion by binding to splice site sequences or splicing 
enhancer elements. Solid lines depict possible splicing events, whereas dotted lines depict 
splicing events that are not possible. 
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6.1.3.4.1 Chemical Modifications of ASOs 

Initially, in vivo applications of ASOs displayed limited clinical potential due to the 

susceptibility of ASOs with unmodified backbones to be degraded by endonucleases and 

exonucleases (Eder et al., 1991). Since then, ASO technology has evolved through the 

application of various chemical modifications which alter the mechanism of action of the 

ASO, modifying its pharmacological effect (Figure 6.3). The majority of ASO 

modifications work by improving resistance to nucleases, increasing their half-life, or by 

enhancing the binding affinity of the target RNA. These modifications are mainly applied 

to the backbone and sugar moieties of the ASOs.  

 

Figure 6.3 Antisense oligonucleotide chemical modifications, attributes and functions 
(Schoch & Miller, 2017). Chemical modifications to ASOs can alter their affect by improving 
resistance to nucleases or by enhancing their binding affinity. Phosphorothioate (PS) DNA, 
morpholino modifications and peptide nucleic acid (PNA) modifications enforce improved 
nuclease resistance for more potent ASO activity. PS modified ASOs have been utilised in 
preclinical and human clinical trials for diseases such as spinal muscular atrophy (SMA), 
amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD). Ribose substitutions such as, 
2′-O-methyl (2′-OMe), 2′-O-methoxyethyl (2′-MOE), and locked nucleic acids (LNAs), are used to 
increase ASO stability and enhance RNA target binding and increase resistance to nuclease 
degradation. 2’ modifications support alternative mechanisms of action to nuclease degradation, 
such as splice site modification and translational arrest. However, ASOs designed using a gapmer 
strategy incorporate a middle RNase H activating domain and flanking 2’ modifications which 
increases target affinity and confers additional nuclease resistance. 

Unmodified DNA and RNA sequences are comprised of deoxyribose and ribose rings, 

respectively, that are linked to a base, adenine, guanine, cytosine or thymine/uracil, on 

the first carbon of the ribose ring, and to a phosphate group, which links it to the ribose 

ring of the sequential nucleotide. In order to enhance the effects of unmodified DNA 

sequences in the regulation of gene expression, ‘first generation’ ASO modifications 

were developed. These modifications conferred alterations of ASO backbone chemistry, 

which denotes alterations of the phosphate link between two nucleotides of the 

sequence.  
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One such first generation modification, likely the most commonly utilised ASO 

modification, is the phosphorothioate (PS) backbone where one of the non-bridging 

oxygen atoms is replaced with a sulfur that greatly improves resistance of the ASO to 

nucleases. This modification increases the half-life of ASOs in serum while activating the 

RNase H degradation pathway and downregulating the target RNA (T. A. Watanabe et 

al., 2006). Upon binding to complimentary RNA, ASOs with a PS backbone are capable 

of recruiting the RNase H enzyme to trigger cleavage and subsequent degradation of 

the bound RNA (Cerritelli & Crouch, 2009). PS-modified ASOs are also able to bind to 

proteins, such as plasma proteins, that facilitate their systemic distribution (Geary, 2009). 

Of the ASOs with solely first-generation modifications that reached clinical trial, only 

fomivirsen (Vitravene1) was approved for intraocular treatment of cytomegalovirus 

retinitis (Dias & Stein, 2002).  

Second generation ASOs refer to those with modifications at the 2’ position of the ribose 

sugar to increase hybridisation affinity to target RNA and protect the small molecule from 

nuclease degradation (Marrosu et al., 2017). 2’-O-methyl (2’-OMe) RNA is a naturally 

occurring form of RNA where a methyl group is added to the 2’ hydroxyl position of the 

ribose moiety (Dimitrova et al., 2019). Another RNA of this category is the 2’-O-methoxy-
ethyl (2’-MOE) modification. However, 2’ ribose sugar modifications preclude RNase H 

cleavage of the target RNA, thus, many ASOs are designed as ‘gapmers’. 

Third generation ASOs consist a wide variety of molecules, such as locked nucleic acids 

(LNAs), morpholino oligomers and peptide nucleic acids (PNAs).  

Morpholino oligomers have a high affinity for target RNA while being completely 

nuclease resistant. Morpholinos do not possess the natural phosphoribose backbone, 

rather they encompass a morpholine ring in place of their deoxyribose moiety, which are 

linked through phosphorodiamidate groups. These ASOs still undergo Watson-Crick 

base pairing but they do not act through degradation of their target RNA, instead through 

steric blocking, by binding to the target RNA and inhibiting molecules that interact with 

the RNA, they prevent translation and protein synthesis (Hudziak et al., 2000). Eteplirsen 

is a Food and Drug Administration (FDA) approved morpholino ASO that modulates 

splicing in order to treat Duchenne muscular dystrophy patients (Aartsma-Rus & Krieg, 

2017).  

Peptide nucleic acids, like morpholinos, also function via a steric block mechanism and 

do not possess the natural phosphoribose backbone. Instead, the backbone is replaced 

by a pseudopeptide polymer to which the bases are linked. This modification results in 
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the absence of negative charges and allows hybridisation to complimentary DNA or RNA 

in a highly sequence specific manner (Oberemok et al., 2018).  

A locked nucleic acid (LNA) is a modified RNA nucleotide whose ribose sugar moiety 

is connected by a methylene bridge from its 4’-carbon to its 2’-oxygen. This bridge locks 

the base into a 3’-endo conformation, increasing binding affinity to target sequences. 

LNAs are able to form highly stable hybridisations with both DNA and RNA (M. A. 

Campbell & Wengel, 2011) and are capable of activating the RNase H pathway 

(Wahlestedt et al., 2000). LNA oligonucleotide modifications enhance scientific 

techniques such as allele-specific PCR discrimination in SNP genotyping (Latorra et al., 

2003) and provide increased hybridisation efficiency of fluorescence in situ hybridisation 

probes (Kubota et al., 2006). The therapeutic applications of LNA based oligonucleotides 

are being explored (Petersen & Wengel, 2003) for conditions such as chronic 

lymphocytic leukaemia (Dürig et al., 2011) and hepatitis c (Gebert et al., 2014). This ASO 

modification can be utilised to target disease-causing heterozygous point mutations, 

enhancing binding specify of the ASO to the mutated allele. 

ASOs can be designed to have different combinations of chemical modifications in order 

to obtain an optimal molecule. Gapmer ASOs are designed to confer nuclease 

resistance while being capable of activating RNase H. Gapmer ASOs consist of a central 

DNA region linked by a PS backbone which activate the RNase H degradation pathway, 

flanked by short sequences of 2’OMe RNA nucleotides at both ends to protect the small 

molecule from nuclease degradation. Gapmers are designed to work by recruiting the 

endonuclease RNase H1 to cleave the RNA strand of the DNA:RNA hybrid formed upon 

binding of the ASO to its RNA target, consequently reducing expression of the target 

gene (H. Wu et al., 1999). The central DNA region of gapmer ASOs should be 

complementary to the specific mutation being targeted (Figure 6.4). For autosomal 

dominant diseases, such as TGFBI corneal dystrophies, the aim of ASO therapy is to 

induce RNase H1-mediated cleavage of only the disease-causing allele, leaving the 

expression of the other allele unaffected.  
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Figure 6.4 Gapmer ASOs targeting the mutant alleles of TGFBI. Exon 4 of TGFBI 
encompasses the mutational hotspot codon p.R124. The c.370C>T, p.R124C (green) and 
c.371G>A, p.R124H (red) are two different heterozygous missense mutations that cause 
phenotypically distinct epithelial corneal dystrophies. Gapmer ASOs can be designed to target 
the mutant allele of TGFBI, with a central RNase H activating DNA nucleotide sequence linked 
by PS bonds (P*-DNA), flanked by nuclease resistant 2’OMe RNA bases. 

Numerous ASO and siRNA therapeutics have been extensively tested and FDA-

approved for the treatment of various rare diseases. The first oligonucleotide-based 

therapeutic approved by the FDA in 1998 targets the cytomegalovirus mRNA responsible 

for cytomegalovirus-induced retinitis delivered by intravitreal injection (Jabs & Griffiths, 

2002). In 2013, a 2’-OMe gapmer ASO called Mipomersen was FDA-approved for the 

targeting of the APOB transcript that codes for the apolipoprotein B-100 protein in the 

treatment of familial hypercholesterolemia (Duell & Jialal, 2016; Hovingh et al., 2013). 

Splice modulating ASOs have also been approved for the treatment of Duchenne 

muscular dystrophy (DMD) (Eteplirsen) and spinal muscular atrophy (Nusinersen). 

Eteplirsen is a morpholino ASO based drug approved which induces exon 51 skipping 

of dystrophin mRNA to restore the reading frame and recover partial function of the 

protein (Khorkova & Wahlestedt, 2017). Nusinersen is a 2-MOE modified ASO that 

corrects SMN2 exon 7 splicing by blocking the intronic splicing silencer N1 in the 

treatment of spinal muscular atrophy (Chiriboga et al., 2016). Recently, numerous ASO 

drugs have received FDA approval for clinical administration. Two 2-MOE gapmer ASOs, 

Inotersen and Volanesorsen, have been approved in the treatment of nerve damage 

caused by hereditary transthyretin-mediated amyloidosis (Benson et al., 2018) and 

familial chylomicronemia syndrome (Warden & Duell, 2018), respectively. Furthermore, 

two additional morpholino ASOs, Golodirsen and Casimersen, have been approved for 

the treatment of cardiomyopathy in DMD (Q. Nguyen & Yokota, 2019). 
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6.1.3.4.2 Advances in experimental ASO Therapy  

Research into the potential of ASOs as a genetic therapy for a wide range of hereditary 

disease is currently under way as experimental porof-of-concept and clinical trials.  

Fuchs endothelial corneal dystrophy (FECD) can be caused by a CTG triplet repeat 

expansion (≥50 copies) in an intronic region of the gene TCF4. Transcripts containing 

the triplet repeat expansion accumulate as RNA foci in the corneal endothelium leading 

to endothelial cell death. Treatment with gapmer 2-‘OMe ASOs targeting the repeat 

expansion has been observed to result in a significant reduction in the incidence of 

nuclear foci in primary corneal endothelial cells, demonstrating the therapeutic potential 

of ASO treatment in FECD (Zarouchlioti et al., 2018). 

MALAT1 is a non-coding nuclear RNA that is highly expressed in corneal endothelial 

cells. 2-MOE gapmer ASOs targeting the MALAT1 transcript have been tested in ex vivo 

human corneal endothelial cells and in vivo in mice and have demonstrated a successful 

reduction in transcript expression, providing proof of efficacy for the targeting of corneal 

proteins (Chau et al., 2020). This study also demonstrated that in vivo delivery of ASOs 

to the corneal tissue via intracameral and intravitreal injection is feasible and effective in 

gene expression regulation.  

Leber congenital amaurosis (LCA) is a severe form of inherited retinal degeneration. 

Autosomal recessive intronic mutations in the gene CEP290 are the most frequent cause 

of LCA. Gapmer ASOs have been successful in the modulation of pre-mRNA splice 

defects in CEP290 patient-derived immortalized lymphoblastoid cells and 3D retinal 

organoids (R. W. Collin et al., 2012; Dulla et al., 2018; Parfitt et al., 2016). ASO treatment 

for CEP290-associated LCA10 has reached phase 2 clinical trial, with the preliminary 

results supporting an acceptable safety profile and improvements in visual acuity and 

light sensitivity (Russell et al., 2022). 

The CAG triplet repeat expansion mutation in the HTT gene is responsible for the 

expression of the mutant huntingtin protein which leads to neurodegeneration in 

Huntington’s disease (C. A. Ross & Tabrizi, 2011). Expression of the mutant huntingtin 

protein has been successfully reduced in vitro and in animal models by ASO treatment 

(Keiser et al., 2016). Results indicate that ASO treatment could substantially delay the 

onset of Huntington’s disease symptoms in those carrying the mutation (Keiser et al., 

2016). Clinical trials are currently underway investigating the use of ASOs in the 

treatment of Huntington’s disease. Initial results demonstrate that treatment was not 

accompanied by any serious adverse events and a dose-dependent decrease in the 

mutant Huntingtin protein was observed (Tabrizi et al., 2019). The ASOs in trial are made 
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up of phosphodiester ribose nucleoside wings on either side of a central PS deoxyribose 

nucleoside sequence.  

Collectively, these and other studies demonstrate that ASO therapy has great potential 

in the treatment of a wide range of genetic diseases.  

6.1.4 Chapter aims  

The aim of this chapter was to assess the therapeutic potential of ASOs in the treatment 

of autosomal dominant TGFBI CD. The in vitro model described in Chapter 4 was utilised 

to screen the ASOs designed as part of this study for their efficacy of reducing TGFBI 

expression at the transcript and protein level. These ASOs were designed with the aim 

of specifically reducing the expression of the mutant allele of TGFBI which would prevent 

the formation of dysfunctional TGFBIp aggregates in the cornea, preventing the 

development of corneal opacities and thus, visual impairment. The assessment of the 

molecular efficacy of the ASOs was divided into the following sub-aims: 

1. Examination of TGFBI and TGFBIp expression in mutant and control CEpi 

differentiation cultures to provide a baseline understanding of TGFBI expression 

in these lines.  

2. The design process of the ASOs, which involves selecting optimal ASO 

sequences and chemistries that target the mutant allele. 

3. Evaluation of ASO efficacy of reducing TGFBI expression at the transcript and 

protein level in the differentiated CEpi cultures. 

4. Investigation of the allele specificity of the ASOs.  
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6.2 Results  

6.2.1 TGFBI/TGFBIp expression in control and mutant CEpi lines  

WT, p.R124C and p.R124H iPSC lines were differentiated into CEpi cells (Chapter 4, 

Section 4.2). The homozygous CKO iPSC line was differentiated alongside the other 

lines to confirm the specificity of the TGFBIp antibody and primers used to amplify the 

TGFBI transcript.  

Baseline day 30 expression levels of the TGFBI transcript and TGFBIp were assessed 

in the differentiated CEpi lines. Total RNA and protein samples from WT and mutant lines 

were extracted (Chapter 2, Section 2.1.1; Section 2.5) at day 30 in order to investigate 

possible differences in expression levels of TGFBI/TGFBIp across the cell lines (Figure 

6.5). qPCR primers targeting exon 9 were used to assess differences in transcript 

expression between lines (Figure 6.5A). Lack of expression of TGFBI in the CKO CEpi 

line confirmed specificity of the primers used and demonstrated the successful KO of 

TGFBI.  

Immunoblotting of TGFBIp expressed by CEpi cell lysates was replicated across two 

independent differentiations (Figure 6.5C). A double band representing the full length 

TGFBI protein (68/70 kDa) is observed across both the blots at different intensities for 

each cell line. Only the monomer forms of TGFBIp were detected in these blots, with no 

other higher or lower molecular weight forms observable in any sample. Absence of the 

double band in the CKO negative control sample confirms the specificity of the antibody. 

Densitometry data on the double bands for both blots was obtained using the Fiji 

software (imagej.net/Fiji). Although variance in band intensity is observed between the 

respective sample replicates, a similar level of intensity is replicated across both blots 

for each sample. A consistent pattern of expression level is comparable across the 

transcript and protein levels of TGFBI for each specific sample set.  

Differences in TGFBI/TGFBIp expression levels are observed between cell lines. The 

variance in TGFBI/TGFBIp expression between samples does not appear to be 

correlated by the genotype of the sample, therefore, differences in expression appear to 

occur independent of the mutation. The similarity in expression levels across the 

transcript and protein forms of TGFBI for each differentiated cell line indicate that they 

are a result of differences in transcript expression level, rather than post-transcriptional 

modifications.  
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Figure 6.5 TGFBI/TGFBIp expression in control and mutant CEpi at day 30. Transcript (A) 
and protein (B, C) expression of control (WT1 and WT2), TGFBI knock-out (C-KO), p.R124C and 
p.R124H patient lines was assessed by qPCR and western blotting over two independent 
differentiations. A) TGFBI expression was normalised against ACTIN and GAPDH expression 
and values were calculated relative to WT1 average expression from a matched differentiation 
batch. Mean values ± SEM are represented in the graph. N=2 independent differentiations per 
cell line plotted in the graph. B) Quantification of monomer TGFBI (68/70 kDa) from the blots 
below. GAPDH expression was used for loaded protein normalisation. Percentages are 
expressed relative to WT1. Mean from the two immunoblots ± SEM are represented in the graph. 
C) TGFBI positive bands were detected at 68/70 kDa. WT=wild type. Patients 1 and 2 carry 
heterozygous p.R124C mutations. Patients 3 and 4 carry heterozygous p.R124H mutations.  

6.2.2 In silico analysis of ASO and target transcript thermodynamic 
properties and secondary structure 

An in-silico analysis was conducted to assess the thermodynamic properties and 

secondary structure folding conformations of the TGFBI pre-mRNA and coding mRNA 

regions. Based on the parameters described in Chapter 2, Section 2.9.3, candidate ASO 

sequences were selected for each mutation and then also assessed for thermodynamic 

stability and secondary structure formation as part of the design and validation process.   
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6.2.2.1 Target RNA secondary structure analysis 

To assess whether the target sequence would be accessible to ASO binding, predicted 

TGFBI RNA secondary structures were generated using the mfold software and 

analysed, paying particular attention to the regions surrounding the mutation sites. As 

ASOs are able to target both transcript forms, the pre-mRNA and mRNA sequences of 

TGFBI containing the target regions were assessed. Predicted secondary structures 

were outputted by the software, ranked by their free energy.  

An example of a pre-mRNA secondary structure is shown for the c.370C>T (p.R124C) 

TGFBI sequence (Figure 6.6). The secondary structures generated provide a visual of 

the predicted RNA sequence folding. Alongside the secondary structure confirmations, 

additional information to help guide the ASO design process is provided by the software 

in a range of formats (outlined in Chapter 2, Section 2.9.2).  
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Figure 6.6 A predicted secondary structure of the TGFBI pre-mRNA sequence harbouring 
the c.370C>T (p.R124C) mutation. A fragment of the TGFBI pre-mRNA sequence covering the 
mutation site (p.R124C) and part of intron 3 to intron 4 was used as input into the mfold software 
which computes a series of likely secondary structures ranked by their free energy. An example 
of an output is shown, in which open conformations such as hairpin loops (blue arrow), internal 
loops (green arrow) and bulge loops (orange arrow) are observed. A close up of the region 
surrounding the c.370C>T (p.R124C) mutation is shown. In this particular folding conformation, 
the target base (U), along with bases up and downstream of the mutation are shown to be 
unpaired, indicating availablity for ASO binding.  

As there are many potential secondary structures that could result from complementary 

RNA bases binding to each other, the ss-counts outputted by the mfold software are 

particularly useful for summarising the accessibility of target sequences as these values 

denote the average propensity of a target nucleotide to be unpaired (Chapter 2, Section 

2.9.3). It is important to note that the software accepts a maximum of 2400 bases as an 



 213 

input, and it is likely that in vivo, more RNA secondary structure conformations would be 

possible than predicted by the software. Ss-count data was gathered from the mfold 

analysis for pre-mRNA and mRNA of WT, c.370C>T (p.R124C) and c.371G>A 

(p.R124H) TGFBI sequences (Figure 6.7A), and demonstrates that a point mutation 

affects the secondary structure of the RNA, although all of the three different TGFBI 

sequences for the respective transcript form follow a similar pattern of open and closed 

conformations. Furthermore, between the different transcript forms (pre-mRNA and 

mRNA) inputted into the software, the patterns of base availability differed in some 

regions. GGGenome (GRCh38/hg38 (Dec, 2013)) was set to permit one mismatch (the 

mutant nucleotide) and returned only one perfectly matching sequence, with the genomic 

coordinates chr5:136046390-136046419, corresponding to TGFBI. 
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Figure 6.7 ss-count analysis for WT and mutant TGFBI nucleotides. A) Sequences 
comprising exon 4 of WT and mutant TGFBI pre-mRNA and coding mRNA were inputted into the 
mfold software which generates ss-counts that define the accessibility of target sequences by 
denoting the average propensity of a target nucleotide to be unpaired. A value of zero indicates 
the nucleotide is bound to another in all predicted conformations. The ss-counts for the WT and 
mutant TGFBI sequences were assessed. Mutation sites are highlighted in grey with the specific 
mutations for that sequence highlighted in orange. B) Candidate ASO sequences were selected 
and further assessed. The ASOs selected (highlighted in green) are shown aligned to their target 
RNA. 
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At the p.R124 codon, all three of the TGFBI sequences analysed (WT, R124C and 

R124H), displayed ss-counts that indicate that they would be accessible for ASO binding 

in both the pre-mRNA and coding mRNA transcript forms (Figure 6.7A). The p.R124H 

point mutation, respective to the other two TGFBI sequences analysed, appears to have 

the highest ss-count values (Figure 6.7A), indicating that this particular sequence may 

be the most accessible for ASO binding. Based on this analysis, the target regions for 

both mutations of interest demonstrate acceptable accessibility to ASO binding. Thus, 

the subsequent ASO sequence selection was afforded some flexibility and at least five 

candidate sequences for each mutant sequence were identified for further analysis 

before selecting the final two ASO sequences for each target mutation (Figure 6.7B; 

Table 6.1).  

Table 6.1 Gapmer ASOs designed for this study. Two gapmer ASOs were designed for each 
mutation, along with the SCR ASO which is a scrambled version of ASO C1. RNA 2’-OMe 
modifications are represented by square brakets [ ]. The LNA bases are represented by curly 
brackets { }. PS backbone modifications are represented by an asterisk * following the base. 
Melting temperature ™ and free energy (dG – representing the quantity of energy needed to fully 
break a secondary DNA structure) values were obtained through the Oligo Analyzer online tool 
(https://www.idtdna.com/pages/tools/oligoanalyzer). Lowest dG values are represented in the 
table.  

ID Target 
mutation 

Sequence Length 
(nt) 

% 
GC 

Tm 
(°C) 

dG 
Hairpin 

dG Self-
dimer 

(kcal/mol) 

dG ASO- 
TGFBI 

(kcal/mol) 
ASO 

C1 

c.370C>

T 

p.R124C 

5’[UCCGUGC]{A}G*T

*C*C*G*T*G*[UACAG

CU]3’ 

22 59.1 62.1 -0.88 -7.55 -43.07 

ASO 

C2 

c.370C>

T 

p.R124C 

5’[CGUGC]{A}G*T*C*

C*G*T*G*T*A*C*A*[G

CUGA]3’ 

22 59.1 60.6 -0.93 -10.24 -41.96 

ASO 

H1 

c.371G>

A 

p.R124H 

5’[AGCUUCU]C*C*G*

T*G*{T}G*G*[UCCGU

GU]3’ 

22 59.1 57.5 -0.35 -6.34 -43.61 

ASO 

H2 

c.371G>

A 

p.R124H 

5’[UCUCCG]T*G*{T}

G*G*T*C*C*G*T*[GU

ACAG] 

3’ 

22 59.1 58.3 -0.35 -7.55 -41.18 

SCR  N/A 5’[GCGCC]T*C*G*T*

A*G*G*A*C*C*[UCU

UA]3’ 

20 60 53.1 -1.3 -9.89 -14.34 

  

https://www.idtdna.com/pages/tools/oligoanalyzer
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6.2.2.3 Thermodynamic properties of ASO-ASO and ASO-target mRNA 
interactions  

Candidate sequences that contained the complimentary base towards the centre of the 

ASO were selected based on the parameters described in methods (Chapter 2, Section 

2.9.3). The predicted free energy of inter-oligonucleotide pairing of candidate ASOs was 

calculated using the bifold RNAstructure software 

(http://rna.urmc.rochester.edu/RNAstructureWeb/). The two ASOs with the most 

favourable inter-oligonucleotide pairing free energies within the groups of candidate 

ASOs were picked for each mutation. All the lowest free energies of the ASO-ASO 

interactions for each of the four ASOs selected are >-15 kcal/mol as per the guideline 

set by Slijkerman et al. (2018) (Figure 6.8). ASO C2 shows the lowest free energy 

compared to the other three ASOs, indicating that this ASO would form the most 

thermodynamically stable inter-oligonucleotide pairs and thus, would be the least likely 

to effectively bind to the target sequence respective to the others.  

The thermodynamic binding stability of the ASO to its target RNA was then analysed. 

First, the 161 bp sequence making up exon 4 of TGFBI for both of the mutations of 

interest (p.R124C and p.R124H) was input into the AllSub web server (RNAstructure, 

University of Rochester) in order to calculate the predicted free energy of the target RNA 

sequence. Then, the bifold web server (RNAstructure, University of Rochester) was used 

to predict the free energy of the ASOs bound to their target sequence (Figure 6.9; Figure 

6.10). The free energy of the ASO bound to the target RNA should be lower, and thus, 

more thermodynamically stable than the free energy of the target RNA alone. As defined 

by Slijkerman et al. (2018), the calculated difference between these free energy values 

should be >21 kcal/mol. All the ASO sequences selected for this study meet this 

requirement. Both the p.R124C targeting ASOs display a similar predicted free energy 

value when bound to the target RNA. However, ASO H2 has a lower predicted free 

energy value when bound to the target RNA than ASO H1, indicating that the former 

ASO-target RNA interaction may be more thermodynamically stable than the latter. 

Furthermore, when comparing the p.R124C (Figure 6.9A) and p.R124H (Figure 6.10A) 

values, it appears that the p.R124C exon 4 sequence has a slightly lower free energy 

value than the p.R124H sequence, indicating that the former would be more 

thermodynamically stable than the latter. Both of the ASOs for each mutation also seem 

to cause differences in the folding of the surrounding TGFBI RNA, which form a slightly 

different secondary structure to each other when bound to the ASO.  

http://rna.urmc.rochester.edu/RNAstructureWeb/
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The specificity of the ASO sequences was validated by alignment to the target 

sequences and the human genome using the online platforms BLAST 

(https://blast.ncbi.nlm.nih.gov) and GGGenome (http://gggenome.dbcls.jp).  

 

Figure 6.8 Predicted ASO-ASO interaction secondary sequences. The bifold platform (RNA 
Structure) was used for the prediction of inter-oligonucleotide secondary structures of ASO C1 
(A), ASO C2 (B), ASO H1 (C) and ASO H2 (D). Free energy values (E) denote the predicted 
thermodynamic stability of the inter-oligonucleotide pairings, with the more negative values 
indicating higher thermodynamic stability. 

 

 

 

http://gggenome.dbcls.jp/
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Figure 6.9 Predicted secondary structures of mutant p.R124C TGFBI exon 4 and ASO:RNA 
heteroduplexes. The target mRNA sequence was inputted into the bifold software (RNA 
Structure) for prediction of its secondary structure alone (A), or in the presence of ASO C1 (B) or 
ASO C2 (C). For the predicted binding affinity of the ASO to the target RNA to be more 
energetically favourable than the RNA binding to itself preventing access to the ASO, the 
calculated difference between these free energy values should be >21 kcal/mol in the negative 
direction. The p.R124C mutation is highlighted in red. 
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Figure 6.10 Predicted secondary structures of mutant p.R124H TGFBI exon 4 and 
ASO:RNA heteroduplexes. The target mRNA sequence was inputted into the bifold software 
(RNA Structure) for prediction of its secondary structure alone (A), or in the presence of ASO H1 
(B) or ASO H2 (C). For the predicted binding affinity of the ASO to the target RNA to be more 
energetically favourable than the RNA binding to itself preventing access to the ASO, the 
calculated difference between these free energy values should be >21 kcal/mol in the negative 
direction. The p.R124H mutation is highlighted in red. 



 220 

6.2.3 Gapmer ASO screening in patient-derived fibroblasts  

The ASO sequences were selected with the intention of chemically modifying them into 

‘gapmer’ structures, with an LNA base (a base ‘locked’ into an ideal Watson-Crick base 

pairing conformation) complimentary to the point mutation and a central DNA PS strand 

which is flanked by 2’-OMe RNA bases. ASO C1 and ASO H1 followed a 7-8-7 gapmer 

conformation, ASO C2 and ASO H2 followed a 5-12-5 and 6-10-6 gapmer conformation, 

resectively. A scrambled control ASO was designed based on the p.R124C target TGFBI 

sequence and also chemically modified with a gapmer design.  

An initial screening of the ASOs was carried out in the patient-derived fibroblast lines, in 

order to assess the efficacy of the ASOs to enter the cells and bind to the TGFBI 

transcript, causing its degradation. The PEI-based reagent Transporter 5 (Polysciences) 

was used to transfect a 1 µg dose of the ASOs into the cells, as instructed by the reagent 

manufacturer (Chapter 2, Section 2.9.5). Following transfection, a high percentage of 

cell stress and death was observed in all of the transfected conditions for all cell lines, 

including the transfection only condition, indicating that treatment with the Transporter 5 

reagent causes cellular toxicity. RNA was extracted from all experimental conditions 

following 48 h culture post transfection and subsequently transcribed into cDNA (Chapter 

2, Section 2.1.1). qPCR analysis demonstrated a decrease in total TGFBI transcript 

expression in both the p.R124C and p.R124H TGFBI-targeting ASO conditions, relative 

to the no treatment (transfection only) and SCR ASO conditions (Figure 6.11). The 

transfection of the p.R124C ASOs led to a decrease in TGFBI transcript levels of around 

50-80% (n=2) indicating that ASO C1 and ASO C2 were likely not discriminating between 

the mutant and WT TGFBI allele following transfection into the fibroblasts. However, it 

could also be an effect of cellular stress and cytotoxicity due to the transfection reagent, 

or due to the high dose of ASO transfected. Based on this preliminary screening in 

fibroblasts, a lower ASO dose was selected for the subsequent experiments in the CEpi 

cells. The variability observed in the ASO C2 condition (Figure 6.11A) is likely due to the 

high levels of cellular toxicity caused by the transfection reagent used. Additional 

attempts to replicate the ASO treatments in fibroblasts failed, as too many of the cells 

died, resulting in an inability to extract a sufficient quantity of RNA post-treatment. This 

could not be quantified as cell survival was very minimal, however, no differences were 

observed between transfected cell lines. Although the ASOs designed seem to be 

effective in targeting TGFBI, fibroblasts were not a convienent model for testing this 

therapeutic and a more reliable cellular model is required.   
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Figure 6.11 Gapmer ASO treatment of patient-derived fibroblasts. Transfection of primary 
patient-derived fibroblasts with the two ASOs designed for each mutation p.R124C (A) and 
p.R124H (B) showed a reduction in TGFBI transcript expression by qPCR. Gene expression was 
normalised to ACTIN and GAPDH expression, values were calculated relative to the no treatment 
(NT, transfection reagent only) condition. N=1-3 independent transfections per line. Bars 
represent mean ± SEM.  

6.2.4 Gapmer ASOs reduce CEpi TGFBI and TGFBIp expression  

Based on the results from the ASO transfections of the fibroblasts, a lower ASO dose of 

300 nM was selected for the patient-derived CEpi transfections in order to reduce the 

potential of cell death asociated with a high dose in fibroblasts, yet provide enough ASO 

concentration for the high density of CEpi cells that were observed in culture. All four of 

the patient lines described in Chapter 3 (Section 3.2.3.1, Table 3.2) were used for the 

ASO transfections. The transfection reagent Lipofectamine RNAimax (ThermoFisher 

Scientific) was used to transfect the CEpi cultures, as this reagent has previously been 

shown to provide a high transfection efficiency for cultured corneal epithelial cells (Baran-

Rachwalska et al., 2020). The ASOs used for CEpi transfection were conjugated at the 

5’ end to a 6-FAM fluorophore, thus, confirmation of ASO transfection was obtained by 

observation of 6-FAM fluorescence, which demonstrated a transfection efficiency of 

around 60-70% (Figure 6.12A). Samples were collected 48 hours post-transfection for 

transcript analysis (Chapter 2, Section 2.9.5). Total TGFBI transcript expression was 

initially assessed in untreated and treated p.R124C (Figure 6.12C) and p.R124H (Figure 

6.12D) patient CEpi lines, and a WT line (Figure 6.12E).  

The objective of the ASO development was to assess whether the gapmer ASOs 

designed to target the p.R124 mutations would result in a decrease of TGFBI transcript 

expression in an allele-specific manner. The ideal effect of ASO treatment in these 

heterozygous TGFBI mutant iPSC-derived models would reduce expression of the 

mutant allele as much as possible, whilst having no or little effect on WT lines. In this 
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study (see Section 6.2.5) allele skewing was observed in different cell lines from different 

individuals. Therefore the degree to which the mutant allele is expressed, relative to the 

WT allele, can differ.  

Treatment of the patient-derived mutant TGFBI CEpi lines demonstrated a 20-40% 

reduction in total TGFBI transcript expression following administration of the therapeutic 

ASO relative to the control ASO and no treatment conditions, as assessed by qPCR 

(Figure 6.12C-D). A WT CEpi line was also treated with a 300 nM dose of all the ASOs 

(Figure 6.12E) in order to assess the affect of ASO treatment on WT TGFBI transcript 

expression. qPCR analysis of total TGFBI expression demonstrates that the ASO did not 

significantly affect WT TGFBI expression, indicating that the ASOs are able to 

discriminate between the mutant and WT alleles and reduce TGFBI expression in an 

allele-specific manner.  
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Figure 6.12 300nM ASO induced reduction of TGFBI transcript expression in patient-
derived CEpi lines. A) Green fluorescence demonstrated successful 6-FAM conjugated ASO 
transfection of CEpi cells. Scale bar = 100 µm. B) The localisation of a transfected 6-FAM 
conjugated ASO was observed in the nuclei by confocal microscopy. Scale bar = 100 µm. C-D) 
RNA was collected 48 h post-transfection and total TGFBI transcript expression of p.R124C (C, 
patients 1 and 2), p.R124H (D, patients 3 and 4) and WT control CEpi (E) lines was quantified by 
qPCR. TGFBI expression was normalised to ACTIN and GAPDH, and relative quantification 
values were calculated relative to the no treatment (NT = transfection reagent only) samples. The 
mean is represented by the + symbol, whereas the median is represented by the horizontal line. 
N=3-6 independent treatments per CEpi line. Statistical analysis was performed using a one-way 
ANOVA and a post-hoc Tukey’s HSD test. * P<0.05, ** P< 0.01, *** P<0.001.  
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Next, the effect of ASO transfection on TGFBIp expression was investigated by western 

blot. TGFBIp expression was assessed in CEpi cell lysates 72 h post-transfection with 

300nM of the SCR, ASO 1 and ASO 2 for the respective mutation. Total protein was 

extracted from CEpi cell lysates and resolved by SDS-PAGE. TGFBIp expression was 

visualised by immunoblotting, along with GAPDH as a reference protein (Figure 6.13A).  

Densitometry was used to quantify the TGFBIp specific bands, which were then 

normalised to GAPDH, revealing a 25-50% reduction of TGFBIp in samples collected 72 

h post-treatment with the therapeutic ASOs (Figure 6.13B). The western blot data 

corresponds with the results obtained at the transcript level (Figure 6.12C-D). However, 

patient 2 did not express a sufficient amount of TGFBIp for western blot analysis, and is 

also consistent with the low levels of TGFBIp observed for this patient line in the day 30 

TGFBIp characterisation blots (Figure 6.5C), thus, the results of ASO treatment could 

not be quantified for this patient sample.   
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Figure 6.13 Reduction of TGFBIp in CEpi cell lysates 72 h post ASO treatment. A) Lysates 
from patient-derived CEpi in no treatment (NT, transfection reagent only); 300nM of SCR ASO; 
300nM of ASO C1 and ASO C2 (patients 1-2) and 300nM of ASO H1 and ASO H2 (patient 3-4) 
conditions were collected and analysed by western blot, using antibodies against TGFBIp and 
GAPDH. A C-KO sample that was differentiated alongside and extracted at the same time point 
as the patient samples was included as a negative control for the TGFBIp antibody. The blue 
asterisk shows the non-specific band, identified by the C-KO sample. The red and green asterisks 
show the TGFBIp+ bands that were quantified. B) Quantification of the TGFBIp specific bands 
revealed a reduction of around 40-50% of total TGFBIp in the patient 1 therapeutic ASO 
treatments, and 25-50% of total TGFBIp for the patients harbouring a p.R124H mutation 
(combined data for patients 3 and 4) therapeutic ASO treatments. The patient 2 samples did not 
express a sufficient amount of TGFBIp to allow for quantification. Protein expression was 
normalised to the expression of GAPDH, and expressed relative to the expression of 
TGFBIp/GAPDH in the no treatment (NT) condition. Bars represent mean values ± SEM. N=2 
and N=3 independent treatments for patient 1 (R124C) and R124H treatments, respectively.  

As TGFBIp is a secreted protein, expression of secreted TGFBIp was also assessed by 

western blot, following the collection of media from non-treated and treated cells 72 h 

post-transfection, that underwent a media change 48 h post-transfection (Figure 6.14). 

Thus, the western blot analysis was carried out on media that had been conditioned 

during the last 24 h of the 72 h treatment.  

Following media collection and protein quantification by BCA analysis, samples were 

standardised, loaded in equal amounts and resolved by SDS-PAGE, before being 

transferred onto a membrane and immunoblotted for TGFBIp. A high molecular weight 

non-specific band was observed in the knockout line, and two specific protein species 

representing TGFBIp was observed. No striking differences in TGFBIp intensity were 

observed between control and treated patient-derived CEpi samples. Furthermore, there 



 226 

is currently no known loading control available for secreted proteins such as TGFBIp, so 

it was not possible to accurately quantify the positive TGFBIp bands. As was the case in 

the cell lysate blots for patient 2 samples (Figure 6.5C; Figure 6.13A), insufficient 

amounts of TGFBIp were detected and thus, could not be visualised. 

 
Figure 6.14 Secreted TGFBIp expression 72 h post ASO treatment. CEpi cells were treated 
with both ASOs designed for the respective mutation. Conditioned media was collected 72 h post-
transfection, following a media change at 48 h (24 h conditioning), and analysed by western blot 
for TGFBIp expression. The 68/70 kDa TGFBIp positive double band is observed in the patient 
1, 3 and 4 samples, along with a non-specific band, as demonstrated by the C-KO negative control 
sample, labelled with the blue asterisk. The red and green asterisks show the TGFBIp-specific 
bands. Patient 2 expression of secreted TGFBIp was not sufficient for visualisation.  

6.2.5 Allele specificity of R124 TGFBI-targeting ASOs in CEpi cells 

In order to assess whether the ASO-mediated reduction of TGFBI expression was allele 

specific, non-treated and treated cDNA samples underwent Sanger sequencing using 

primers that produced an amplicon covering the point mutations of interest: c.370C>T 

and c.371G>A, which result in the p.R124C and p.R124H amino acid changes, 

respectively.   

Differences in Sanger sequencing trace peaks were visualised using Benchling to allow 

for the semi-quantitative assessment of mutant trace peaks between non-treated and 

treated samples (Figure 6.15). In the patient samples harbouring the p.R124C mutation 

(patient 1 and 2) that had been treated with ASOs C1 and C2, a complete reduction in 

the mutant allele trace peak is observed respective to the no treatment and SCR ASO 

treated samples. In the patient samples harbouring the p.R124H mutation (patient 3 and 

4) that had been treated with ASOs H1 and H2, a reduction in the mutant trace peak is 

observed respective to the no treatment and SCR ASO treated samples, with the WT 

allele more dominantley expressed in comparison to the mutant allele following 

therapuetic ASO treatment. The data obtained by Sanger sequencing provided 

preliminary confirmation that the ASOs were reducing the expression of TGFBI in an 

allele-specific manner, with preferential targeting of the mutant allele.  

 



 227 

 
Figure 6.15 Reduction of the mutant TGFBI cDNA Sanger sequence trace peak following 
therapeutic ASO treatment. Sanger sequencing chromatograms of non-treated (NT) and treated 
cDNA amplified using primers producing an amplicon that encompasses the c.370C>T (p.R124C) 
and c.371G>A (p.R124H) regions of TGFBI. The two peaks representing the heterozygous 
mutation can be observed in the NT samples (shaded). A complete reduction of the mutant allele 
trace peak is observed in the patient 1 and 2 with both therapeutic ASO (C1 and C2) treatment 
conditions. The mutant allele trace peak shows a decrease in expression relative to the WT allele 
in the patient 3 and 4 with both therapeutic ASO (H1 and H2) treated samples. Peak colours = 
adenine = green, guanine = black, cytosine = blue and thymine = red.  

With the preliminary semi-quantitative confirmation of allele-specificity of the ASO 

treatments (Figure 6.12E) from Sanger sequencing (Figure 6.15), a quantitative targeted 

next generation sequencing (NGS; Chapter 2, Section 2.10.1) approach was used to 

further investigate the allelic discrimination of the ASOs. Illumina MiSeq sequencing was 

carried out on gDNA sample duplicates and three independent treatments per patient 

line and subsequently quantified (see Chapter 2, Section 2.10.2). This quantitative 

investigation in the gDNA demonstrated a 50:50 split between the WT and mutant alleles 
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of TGFBI, as expected, confirming equal copy number. Upon investigation of cDNA data, 

differences between baseline levels of WT and mutant allele expression were observed 

in the non-treated and SCR ASO treated in 3 out of 4 patient samples, which also 

corroborated the trace peak visualisations obtained by Sanger sequencing. Patient 1 

with the p.R124C mutation showed no differences in basal expression levels between 

WT and mutant alleles (Figure 6.16A). In contrast, patient 2 with the p.R124C mutation; 

and patient 4 with the p.R124H mutation, both displayed higher basal expression levels 

of the WT allele compared to the mutant allele, whereas patient 3, who harbours the 

p.R124H mutation, displayed a higher basal expression level of the mutant allele, 

compared to the WT allele.  

The NGS approach enabled quantification of the observed allele skewing, patient 1 

displays a 50:50 WT:mutant allelic expression (Figure 6.16A), patient 2 displays a 55:45 

WT:mutant allelic expression (Figure 6.16B), patient 3 displays a 45:55 WT:mutant allelic 

expression (Figure 6.16C) and patient 4 displays a 60:40 WT:mutant allelic expression 

(Figure 6.16D). The difference in baseline levels of allelic expression need to be 

considered when investigating ASO treatment effects.  

 
Figure 6.16 Targeted next generation sequencing of TGFBI exon 4 in non-treated and 
treated CEpi samples. The percentage of TGFBI allelic expression was assessed in patient-
derived gDNA; and non-treated, SCR and therapeutic ASO treated CEpi cDNA samples. A 50:50 
split of allelic expression is observed in all gDNA samples. Allele skewing at the cDNA level is 
observed in the no treatment (NT, transfection reagent only) and SCR treated patient 2 (B), 3 (C) 
and 4 (D) samples. A clear reduction of the mutant transcript expression is observed (T in 
p.R124C patients 1 and 2, graphs A and B; and A in p.R124H patients 3 and 4, graphs C and D) 
following 300nM treatment of therapeutic ASOs for the respective mutation (ASO C1 and C1 – 
patients 1 and 2, ASO H1 and H2 – patient 3 and 4). N=3 independent treatments per patient line.  
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Most importantly, a clear reduction in the percentage of mutant allele expression was 

observed in all patient lines following therapeutic ASO treatment, irrespective of baseline 

levels of allelic expression. These data correlate with the semi-quantitative data obtained 

via Sanger sequencing (Figure 6.15). The percentage of WT allele expression ranged 

from 60% to 80% of the total transcript reads in the treated samples. Interestingly, for 

patient 2 CEpi that are more highly skewed towards expressing the mutant allele, ASO 

H2 was still effective at reducing the expression of the mutant transcript from 55% of 

reads to 30% of reads. 

In order to further understand how the ASO treatments are affecting the expression of 

the WT and mutant alleles of TGFBI respective to total TGFBI transcript expression, the 

ASO treatment data obtained via qPCR was collated with the NGS data. First, the 

percentage of allelic expression was calculated compared to total levels of TGFBI 

transcript (Figure 6.12), and the data were then normalised to the no treatment control 

condition for the respective data group (WT or mutant allele) (Figure 6.17).  

No significant differences between the control (no treatment and SCR ASO) and 

therapeutic ASO treatment conditions are observed for the expression of the WT allele 

in all data groups. However, significant reductions in TGFBI expression are observed 

following therapeutic ASO treatment in comparison to the control conditions (no 

treatment and SCR ASO), confirming allele specificity with little or no effect on the WT 

allele. Both ASOs targeting the p.R124C allele appear to be equally effective at targeting 

the mutant allele, however ASO H2 is significantly more effective at reducing the 

expression of the p.R124H allele compared to ASO H1. 

These quantitative data show that the ASOs are specifically targeting and significantly 

decreasing the expression of the mutant allele of TGFBI in CEpi, with little to no effect 

on the WT allele. These results are further supported by the WT ASO treatments (Figure 

6.12E) showing no effect on TGFBI transcript expression in CEpi that lack mutations that 

cause corneal dystrophies.  
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Figure 6.17 WT and mutant TGFBI transcript expression following ASO treatment in CEpi. 
To further demonstrate the allele-specificity of the therapeutic ASO treatments, the percentages 
of WT and mutant TGFBI expression in non-treated (NT, transfection reagent only) and treated 
samples quantified by targeted NGS were applied to the total levels of transcript expression 
quantified by qPCR. Mean ± SEM expression values are visualised by the graphs relative to the 
expression of each allele in the no treatment (NT, transfection reagent only) condition for each 
patient-derived CEpi line. Graphs A) and B) represent treatment of the p.R124C mutant lines with 
ASO C1 and ASO C2; graphs C) and D) represent treatment of the p.R124H mutant lines with 
ASO H1 and ASO H2. N=3 independent treatments per CEpi line. Statistical analysis was 
performed by ANOVA and Tukey’s HSD test. ** P< 0.01, *** P<0.001, ****P<0.0001.  
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6.3 Discussion 

The pathogenesis of TGFBI CD is unclear, with different mechanisms likely underlying 

each phenotype and even the same phenotypes when caused by different mutations. 

However, in the majority of cases, CD mutations in TGFBI present with TGFBIp+ 

deposits in the corneal epithelium and stroma. The majority of reports investigating the 

pathogenesis of these conditions imply that pathogenic mutations result in abnormal 

proteolytic processing of TGFBIp causing its aggregation. Furthermore, some studies 

have focused on the pathology underlying GCDII and have highlighted defective cellular 

processes, such as abnormal autophagy and mitochondrial function as having a potential 

role in disease progress (K. E. Han et al., 2016).  

6.3.1 Proteolytic processing of TGFBIp in mutant and control lines 

TGFBIp undergoes proteolytic processing, which involves the cleavage of its precursor 

into its active form (see Chapter 1, Section 1.5.1). The proteolytic processing of TGFBIp 

is important for its proper function in various cellular processes, such as cell adhesion, 

migration, and differentiation. Abnormal proteolytic processing of TGFBIp has been 

implicated in the pathogenesis of CD, so understanding its processing is important for 

understanding the molecular mechanisms underlying these diseases and for the 

development of new therapeutic strategies. 

Abnormal TGFBIp products have previously been reported to accumulate in the corneas 

of p.R124C and p.R124H CD patients via distinct aggregation pathways that involve 

altered protein metabolism and turnover (Korvatska et al., 2000; Takács et al., 1998). 

Levels of TGFBI/TGFBIp were assessed in the CEpi control and mutant lines (Figure 

6.5), however, no mutation-dependent effect on expression levels was observed. 

Nonetheless, TGFBIp expression of each cell line reflected expression levels at the 

transcript level, indicating that differences in protein expression between samples is 

driven by pathogenic-mutation independent-factors driving RNA transcription. As 

demonstrated, TGFBI expression increases rapidly during differentiation from iPSCs into 

CEpi cells (Figure 4.11), thus, variability in TGFBIp expression levels in samples 

between different differentiation batches may be due to variability in the maturation of 

CEpi cultures. In addition, no relationship was found between TGFBI variants and cellular 

expression in the current CEpi model, indicating that individuals may naturally express 

TGFBIp at different levels, independent of disease.  

Abnormal proteolytic processing of TGFBIp resulting in the accumulation of unique 

protein fragments has been demonstrated in cells expressing recombinant p.R124 
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mutant TGFBIp (Y. P. Han et al., 2011, 2012) and p.R124 mutant corneal tissue 

(Korvatska et al., 2000; Takács et al., 1998). Furthermore, multimerization of TGFBIp 

has been demonstrated at increased concentrations through a small-angle X-ray 

scattering model (Basaiawmoit et al., 2011). The dimerization of TGFBIp has also been 

visualised by western blotting of cells expressing control and mutant recombinant 

TGFBIp (Y. P. Han et al., 2011, 2012). However, western blotting analysis of the control 

and mutant CEpi samples in the current study only detected the expected monomeric 

68/70 kDa TGFBIp+ band, with no smaller fragments representative of proteolysis or 

larger products representative of multimerization, detected.  

As the multimerization of TGFBIp is reportedly concentration-dependent (Basaiawmoit 

et al., 2011), it may be the case that TGFBIp did not reach sufficient levels of 

concentration before samples were extracted, compared to those in vitro studies 

overexpressing TGFBIp by transfection, resulting in no observations of higher molecular 

weight TGFBIp species in the western blots (Figure 6.5). It is unclear whether TGFBIp 

undergoes multimerization prior to or following secretion, however, as the media samples 

investigated in the current study were only conditioned for 24 (Figure 6.14), it may be the 

case that a sufficient concentration of TGFBIp to induce multimerization was not reached 

during this time. Furthermore, the antibody used may not sensitively detect multimerized 

forms of TGFBIp.  

Disease onset of TGFBI CD usually occurs within the first or second decade of life, 

depending on the phenotype. Furthermore, CD mutations in TGFBI do not result in any 

signs of systemic abnormality, even in homozygous patients. These two considerations 

indicate that abnormal TGFBIp deposition is accelerated by age-related and tissue-

specific factors. Thus, an especially unique environment is necessary for abnormal 

TGFBIp deposition to occur, which may have not been achieved with the current CEpi 

model. However, other TGFBIp antibodies targeting different epitopes could be explored 

for a more thorough investigation of WT vs mutant TGFBIp products. 

A double band representing the two monomeric isoforms of TGFBIp is observed in both 

the cell lysate and supernatant sample blots of the CEpi models (Figure 6.5C; Figure 

6.13; Figure 6.14). The double band staining pattern of TGFBIp has also been shown in 

previous studies in human immortalised corneal keratocytes (S. il Choi et al., 2020), 

human primary limbal epithelial stem cells (E. K. Kim et al., 2019) and in a cancer cell 

line (Tumbarello et al., 2016). The full-length 70 kDa form of TGFBIp undergoes 

cleavage, resulting in the removal of 26 C-terminal residues, leaving the RGD motif 

exposed to allow for physiological interactions such as integrin binding (Andersen et al., 
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2004). These two forms of TGFBIp could account for the double band staining pattern 

observed in the blots presented in the current study. The more abundant species of 

TGFBIp expressed by all the CEpi samples analysed in this study, is the truncated form 

of the protein (lower band) (Figure 6.5C; Figure 6.13; Figure 6.14). This is supported by 

previous research that found that the C-terminal truncated form of TGFBIp is the most 

abundant form of the protein in the mammalian cornea (Andersen et al., 2004) and 

suggests the CEpi models described recapitulate at least some of the features identified 

in vivo.  

6.3.2 Antisense oligonucleotide therapy as a targeted treatment for TGFBI 
CD 

Currently available treatment options for TGFBI CDs are highly invasive, entail a 

substantial recovery period and can lead to lasting complications such as graft rejection. 

These treatments do not target the underlying genetic defect of the disease leading to 

disease recurrence within a few years post-operation. This is due to high expression of 

TGFBIp in the cornea and high turnover of the corneal epithelial cells, making laser 

ablation and PK ineffective in the long term. In addition, for CDs such as GCDII, currently 

available treatments are likely to exacerbate the severity of the recurrent disease 

(Awwad et al., 2008). Thus, the focus of this study was to develop an effective treatment 

that targets the underlying genetic cause of the disease, to enable prevention of disease 

and preserve vision. 

Following the generation of an in vitro patient-derived CEpi model that expresses 

TGFBIp, an ASO-based therapeutic strategy was designed with the aim of reducing 

mutant TGFBI expression in an allele-specific manner. Antisense technology utilises a 

simple yet versatile method of gene expression regulation based on Watson-Crick base 

pairing, thus, ASOs are emerging as an attractive therapeutic strategy for a wide variety 

of conditions with a genetic basis.  

Several factors are likely to influence the effects of ASO activity in vitro, including its 

chemical make-up (Marrosu et al., 2017), secondary structure/thermodynamic 

properties, delivery and bioavailability (as described in Section 6.1.3.4). An in-silico 

analysis was performed on the TGFBI mRNA sequence in evaluation of the predicted 

RNA secondary structure thermodynamic properties and to allow for ASO sequence 

selection (Section 6.2.2). Secondary RNA structures result in some bases being paired 

and some being free for ASO binding, thus influencing the hybridisation affinity and 

efficiency of ASOs (Eckardt et al., 1997; Fedor & Uhlenbeck, 1990; Herschlag & Cech, 

1990; Vickers et al., 2000). Areas of unpaired bases are preferred for ASO targeting, 
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although, oligonucleotide potency can be enhanced via chemical modifications even in 

highly structured mRNA target regions (Vickers et al., 2000). If the aim of the ASO 

treatment is to target a specific mutation or target region rather than employing a general 

gene knockdown method, as it is in the current study, the target area is limited. The ss-

count data outputted by the mfold software predicted that the RNA secondary structure 

of the target TGFBI sequence consists of bases with a propensity to be unpaired in 

multiple RNA folding conformations (Figure 6.7), indicating potential sites available for 

ASO binding. It is interesting to note that even though the mfold software predicted 

certain bases targeted by the ASO to be paired to another base in every folding 

conformation, the ASOs successfully bound and effectively reduced the expression of 

the target transcript, as shown by the qPCR and MiSeq data (Figure 6.12; Figure 6.16; 

Figure 6.17). Within the cell, the target RNA is likely to form alternative secondary 

structures that may not be captured by in-silico predictions as they do not take into 

account other biological influences such as RNA-binding proteins.  

Binding affinity is an important factor for ASO:RNA hybridisation. For the efficient binding 

to a target sequence, the free energy of the ASO-target complex must be lower than that 

of the target sequence itself (Matveeva et al., 2003), which is the case for all TGFBI 

ASO:RNA complexes in this study (Figure 6.9; Figure 6.10). However, hybridisation free 

energies cannot be accurately predicted for complexes between chemically modified 

gapmer ASOs and the target RNA. Thus, the in-silico evaluation of the hybridisation 

capacities for ASO:RNA complexes may not be accurate and can be used for guidance 

purposes only.  

As ASOs are generally short, they are unlikely to form stable secondary structures, 

although, most ASOs are able to form ASO-ASO complexes with other ASOs of the 

same sequence (Aartsma-Rus et al., 2009). Despite ASO C2 having the lowest free 

energy value for ASO-ASO binding out of the four ASOs designed (Figure 6.8), indicating 

that it would form the most stable internucleotide complexes, it was not less effective at 

decreasing TGFBI expression.  

Thus, the results from the in-silico analysis were informative, but they do not accurately 

recapitulate the in vitro or in vivo process of RNA secondary structure formation. Online 

RNA-structure modelling tools can be used to facilitate ASO design by predicting 

thermodynamic stability in-silico, which does not necessarily reflect biological stability. A 

process of informed trial and error is still required in the design of effective ASOs.  

Even when targeting a specific point mutation in a particular gene, there are many 

different factors one could combine in the design of the ASO, such as different lengths 
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and different combinations of chemical modifications. It would be ideal to test as many 

different ASOs as possible, however, this is not normally the approach in research labs 

due to time and financial constraints and is usually undertaken by biotechnology 

companies during pre-clinical development. For the current study, a length of 22 

nucleotides was chosen for all ASOs, as previous research has found this sequence 

length favourable for RNase H recruitment (Marrosu et al., 2017) and the number of 

unintended complementary regions increases as the oligonucleotides become shorter 

(Yasuhara et al., 2022). In the case of allele-specific gene regulation, it is possible that 

as the length of the ASO increases, the ability of the ASO to discriminate between the 

mutant and WT alleles decreases. The ASOs designed for the current study were able 

to discriminate between the WT and mutant alleles (Figure 6.17) and demonstrated 

allele-specificity in targeting the mutant allele.  

It has been observed that ASOs of 25-31 nucleotides in length are favourable for 

inducing exon skipping or exon inclusion at lower doses than shorter counterparts 

(Harding et al., 2007; H. Zhou et al., 2013). However, one report demonstrated that for 

RNase H recruitment LNA-modified ASOs of 12 and 13 nucleotides were more effective 

than longer counterparts  (Straarup et al., 2010; H. Zhou et al., 2013). LNA modified 

ASOs increase the melting temperature by approximately 3.5°C per modification, 

resulting in increased ASO binding affinity and thus, potency (Simões-Wüst et al., 2004). 

Therefore, further optimisation of the ASOs used in the current study may explore the 

efficacy of shorter sequences.   

The central PS backbone DNA region of gapmer ASOs is necessary for RNase H-

mediated cleavage of the target RNA, whereas the flanking modified RNA residues 

protect the ASO from nuclease degradation (Monia et al., 1993). RNase H-mediated 

RNA degradation using gapmer ASOs with a central PS backbone and flanking 2’-O-

modifications is a commonly used strategy for regulating gene expression, with 

increasing numbers of such ASOs progressing to clinical trial in the last decade for the 

treatment of various diseases (reviews: (Dhuri et al., 2020; Evers et al., 2015; Lundin et 

al., 2015; Moumné et al., 2022). RNase H is a ubiquitous enzyme found in the nucleus 

and to a lesser extent, the cytoplasm of all cells (ten Asbroek et al., 2002). Furthermore, 

unlike pre-mRNA which is exclusively located in the cell nucleus, coding mRNA 

molecules are transported through the nuclear envelope to the cytoplasm. Considering 

both of these factors, it may be possible for ASO:RNA heteroduplex formation to recruit 

RNase H not just in the nucleus, but also in the cytoplasm. As demonstrated in Figure 

6.12B, the ASO was able to successfully reach the cell nucleus following transfection. 

The 6-FAM-conjugated ASO was also visible in the cytoplasm. A putative cytoplasmic 
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pathway of gapmer ASO gene regulation following both ASO transfection and gymnotic 

administration has been described, indicating that nuclear targeting is not the only 

mechanism of ASO gene silencing (Castanotto et al., 2015). This is supported by another 

study that demonstrated the increased efficacy of ASOs designed to target mRNA in 

comparison to those designed to target pre-mRNA, potentially due to the ability of RNase 

H to elicit its effects in both the nucleus and cytoplasm (Marrosu et al., 2017). 

In order to induce mRNA degradation by RNase H, a central portion of at least 5 

nucleotides with a PS backbone, with 7-10 being optimal, is usually incorporated into the 

gapmer ASO design (Frieden et al., 2003; Marrosu et al., 2017; Monia et al., 1993). The 

efficacy of differing lengths of PS DNA gaps in the central portion of the ASO were 

explored in the current study. ASOs for each mutation were designed with either a 

shorter central PS backbone region (ASO C1 and ASO H1 = 7 nucleotides) or a longer 

central PS backbone region (ASO C2 = 11 nucleotides, ASO H2 = 9 nucleotides). No 

significant differences in ASO-mediated effects of reducing the mutant TGFBI transcript 

were observed between ASO C1 and ASO C2 (Figure 6.12C). Therefore, in this case, 

the length of the central PS DNA portion did not seem to significantly affect the efficacy 

of the ASO. However, in ASO H2 treated samples the mutant transcript was expressed 

at significantly lower levels than ASO H1 treated samples, indicating that a longer PS 

backbone was more favourable in this case.  

Efficient siRNA-mediated allele-specific knockdown of p.R124C TGFBI has previously 

been reported (Courtney et al., 2014). siRNA administration is a potent method of gene 

silencing in vitro, however, challenges such as the poor in vivo stability of the unmodified 

nucleotides, ineffective cellular uptake, potential off-target effects and immune 

stimulation have hindered is translation from the bench to the clinic (Frieden et al., 2003). 

Chemically modified ASOs, such as the ones designed in this study, offer an attractive 

alternative to siRNA-based therapies.  

The reduced expression of TGFBI as assessed by qPCR, was supported by the 25-50% 

reduction in TGFBIp expression observed via western blotting analysis of CEpi cell lysate 

samples, demonstrating that the ASOs are effective in reducing TGFBI expression at the 

mRNA and protein level. However, TGFBIp is a secreted ECM protein and evaluating 

TGFBIp expression levels in the supernatant presented a challenge due to the lack of a 

secreted reference protein that can be used for quantification. This is a known issue in 

the evaluation of secreted protein expression (Zou et al., 2019). Alternative methods 

such as ELISA or a dual secreted luciferase assay may be able to sensitively detect and 

quantify ASO-medicated knockdown of secreted TGFBIp.  
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Based on the Sanger sequencing (Figure 6.15) MiSeq and qPCR results (Figure 6.17), 

WT ASO treatment (Figure 6.12E) the WT transcript was not affected by the ASOs and 

reduced expression of TGFBI was allele specific. This indicates that the potential of 

ASOs if used in a clinical setting to leave the WT allele of TGFBI functioning as normal, 

while preventing or substantially delaying the onset and severity of mutant TGFBIp 

accumulations in the cornea. However, unintended potential physiological effects of 

knocking down one TGFBI allele must be considered. Human genome data deposited in 

the gnomAD database displays the TGFBI gene as having a pLI score of zero, indicating 

that it has a high loss-of-function tolerability and that haploinsufficiency of TGFBI does 

not result in pathology (Fuller et al., 2019). Furthermore, TGFBI-null mice do not display 

corneal abnormalities, with the collagen scaffold comparable to WT mice, supporting 

TGFBI knockdown as a therapeutic prospect (Poulsen et al., 2018). Interestingly, the 

TGFBI CKO iPSC line was successfully differentiated into CEpi cells (Chapter 4, Section 

4.2), indicating that TGFBI expression is not essential for corneal epithelial cell viability 

and function. This suggests that partial knockdown of the WT allele by an ASO targeting 

a TGFBI mutation would not result in pathological effects in the cornea. On the other 

hand, interspecies differences must be considered, TGFBI expression is around 10-fold 

higher in the human cornea respective to mice (Poulsen et al., 2018a). Thus, TGFBI 

expression likely has a more prominent role in the human cornea and we cannot simply 

extrapolate this finding to humans. Furthermore, TGFBIp has been shown to play a role 

in wound healing, suggesting that TGFBI expression is necessary for corneal 

homeostasis (Maeng et al., 2017). Although the role of TGFBIp is not fully defined in the 

human cornea, the ASOs offer a promising option for the treatment of TGFBI CDs due 

to their allele-specificity.  

6.3.3 Allelic imbalance of TGFBI in patient derived cell lines. 

Allelic imbalance refers to the unequal expression of two different alleles at a particular 

gene locus. Differential allelic expression is a common occurrence affecting the 

expression of 20% of human genes which likely partially accounts for inter-individual 

differences in gene expression and disease phenotypes (Serre et al., 2008). Allelic 

imbalance has been well documented in various systems, including human, mice and 

drosophila (C. D. Campbell et al., 2008; Cheung et al., 2005; Cowles et al., 2002; Gruber 

& Long, 2009; Morloy et al., 2004; Wittkopp et al., 2004; Yan et al., 2002). The targeted 

NGS data analysis (Figure 6.16) revealed the allelic imbalance of TGFBI in 3 out of 4 of 

the patients included in this study. Allele skewing occurred independent of the 

pathogenic mutation, as skewing was either not observed or, observed in favour of the 

WT or mutant allele. Since the specific pathogenic mutations were not responsible for 
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the differences in allelic balance it is likely that the balance of allele expression may be 

regulated by cis-regulatory polymorphisms in the promoter and enhancer regions of the 

TGFBI gene. These cis-regulatory polymorphisms can affect the initiation, rate and 

pattern of gene transcription, determining the amount of gene product (mRNA and 

protein) produced by a cell and likely having an effect on disease pathogenesis.  

Allelic imbalance has been reported to affect the phenotype of Mendelian disease such 

as hypertrophic cardiomyopathy and Zellweger spectrum disorder (Falkenberg et al., 

2017; Glazier et al., 2019), as well as complex disorders such as endometriosis, cancer 

and dilated cardiomyopathy (Bielski & Taylor, 2020; Goumenou et al., 2001; van Beek 

et al., 2023). Allelic imbalances in TGFBI may account for the extreme variances in 

phenotype that have previously been reported for GCDII patients with the same 

heterozygous p.R124H mutation (K. E. Han et al., 2012). One family of 21 individuals 

was investigated for variants in TGFBI, the proband carried a homozygous p.R124H 

mutation, and 4 affected and 7 unaffected individuals carried the heterozygous p.R124H 

mutation (Cao et al., 2009). Following exclusion of a late disease onset, variable 

expressivity or non-penetrance of GCDII was concluded for this family. Given the novel 

findings of allelic skewing described in this chapter, the mechanism underlying this 

variation in phenotype may be the allelic imbalance of TGFBI. Specifically, the p.R124H 

carriers who presented with no penetrance (Cao et al., 2009) may only be expressing 

the mutant allele at low levels suppressed in the cornea by cis-regulatory mechanisms.  

Much of the research exploring allelic imbalance has focused on the monoallelic 

expression of certain genes. A recent study which used bulk RNA sequencing to profile 

random monoallelic expression (RAE) in human tissues reported that RAE is enriched 

for genes that are non-essential, more tolerant of loss of function mutations and linked 

to later-onset diseases (Kravitz et al., 2023). Furthermore, these genes had a 

significantly higher intragenic density, absolute number and diversity of cis-regulatory 

elements than the biallelic genes tested (Kravitz et al., 2023). It is clear from the targeted 

NGS data that both alleles of TGFBI are expressed by the four patients included in the 

current study and it is not expressed in a monoallelic manner. Importantly, TGFBI 

appears to be tolerant of loss of function mutations, as mentioned above. Furthermore, 

the targeted NGS data (Figure 6.16) shows relative expression of the two alleles of each 

individual in a cell context appropriate to the corneal dystrophies under investigation such 

that TGFBI polymorphisms in the cis-regulatory promotor or enhancer regions of TGFBI 

may have tissue specific effects, leading to the patient-patient differences in allelic 

expression that we observe.  
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TGFBI is found on chromosome 5, one of the largest human chromosomes which 

displays one of the lowest gene densities (Schmutz et al., 2004). This provides support 

for the allelic imbalance of TGFBI as genes that reside in gene-dense regions are less 

likely to exhibit allelic imbalance than those in less dense regions of the genome (Tung 

et al., 2009). Furthermore, genes that are pleiotropic and are unevenly expressed in the 

human body are more likely to have allelic imbalance than those evenly expressed (Tung 

et al., 2009). The pleiotropy of TGFBI has been documented, particularly for its role in 

cancer, where it has been reported to act as both a tumour promotor and tumour 

suppressor, depending on the tumour microenvironment (Ween et al., 2012). Thus, 

taking into account the past reports that define genes susceptible to allelic imbalance, 

along with the data presented here (Figure 6.16), TGFBI appears to be a fitting candidate 

for a gene subjected to allelic imbalance. The allelic skewing defined in this chapter could 

have important implications for these cancer studies. Genetic variants affecting gene 

regulation act predominantly in a cell type-specific manner, with an estimate of 69-80% 

of regulatory variants being cell type-specific (Dimas et al., 2009). The cell type-specific 

regulation of genes may contribute to the corneal specificity of TGFBI CD, as TGFBI is 

highly expressed in the human cornea. Therefore, it would be interesting to investigate 

the allelic imbalance of TGFBI in other tissues including the corneal tissue of CD patients 

to assess whether this is the case for TGFBI, while also providing information on the 

complexity of TGFBI gene regulation.    

Polymorphisms in the cis-regulatory region of TGFBI would alter its expression in an 

allele-specific manner, whereas genetic effects acting in trans to the gene would 

influence both alleles (Cheung et al., 2005; Morloy et al., 2004). This corresponds to the 

CEpi data, as overall expression levels of TGFBI/TGFBIp (Figure 6.5) do not correspond 

to the presence or direction of allelic imbalance (Figure 6.16). In the case that the WT 

allele is expressed more than the mutant allele or vice versa, no correlation was 

observed with total TGFBI/TGFBIp levels.  

Future research could identify key polymorphisms in the cis-regulatory regions of TGFBI 

so that these polymorphisms could be screened alongside the pathogenic TGFBI 

variants in families with TGFBI CD. It would also be ideal to explore this further by 

assessing the allelic imbalance of TGFBI in a large sample size. Locating and defining 

polymorphisms responsible for allelic imbalance is a challenge, due to the wide spectrum 

of cis-acting regulatory mechanisms, the inconsistent effects of regulatory 

polymorphisms in different tissues and the difficulty in isolating the causal polymorphisms 

that are in linkage disequilibrium with many other variants (Pastinen & Hudson, 2004). 

In the case of TGFBI, non-coding regions of the gene, in particular the promoter regions, 
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located 1 kb upstream of the 5’ translation site (Yuan et al., 2004), as well as the 3’UTR 

miRNA binding sites (C. Liu et al., 2011) should be investigated for elucidation of TGFBI 

gene regulation. Additionally, studies into linkage disequilibrium could identify other 

polymorphisms that segregate with the pathogenic mutation, potentially indicating 

candidates responsible for the allelic imbalance. Furthermore, the possibility that the 

allelic imbalance is not due to Mendelian inheritance patterns may be worth exploring, 

by investigating epigenetic mechanisms that regulate allelic expression.  

Collectively, the data presented in this chapter provide evidence that the ASOs reduce 

TGFBI/TGFBIp in a mutant allele-specific manner, with minimal or no influence on the 

expression of WT TGFBI. These findings support the further evaluation of the ASOs as 

a promising treatment for TGFBI CDs. A more thorough understanding of the differences 

between fragmented or multimerised forms of mutant and WT TGFBIp may help to 

identify potential biomarkers that could provide a functional readout following ASO 

treatment in vitro and in vivo. Further knowledge of the influence of TGFBI allelic 

imbalance in disease severity would facilitate more accurate dosing to achieve 

appropriate ASO-mediated reduction of the mutant TGFBI allele.  
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Chapter 7: General discussion 
CDs are a diverse group of conditions that can range from causing mild or no symptoms, 

to severe visual impairment. The heterogeneity of TGFBI CDs underscores the 

pronounced specificity of the role of TGFBIp in the cornea where it is highly expressed. 

Many patients with TGFBI CDs experience severe visual impairment and require therapy 

for its correction, with therapeutic interventions such as laser ablation for anteriorly-

located corneal lesions and corneal transplantation representing available options. 

However, due to the underlying genetic cause of CDs, symptoms do reoccur so there is 

a need to develop therapeutic approaches that address the underlying genetic cause of 

disease. The accessibility and immuneprivilege of the cornea make it an exceptional 

model for the development of gene silencing therapeutics, which with progress in 

research, could lead to future clinical trials for numerous autosomal dominant conditions 

that are caused by missense mutations. With the aim of addressing this need for TGFBI 

CDs, the current thesis has focused its investigation on establishing new models of 

disease using TGFBI CD patient cell lines, the implementation of an in vitro CEpi cell 

model, the transcriptomic signatures of WT and mutant TGFBI CEpi samples and the 

development of an allele-specific gene silencing therapy.  

Through the genetic screening of the MEH patient cohort by the Hardcastle laboratory, 

patients with the p.R124C and p.R124H TGFBI CD-causative mutations were recruited 

to this study. Four patients (two p.R124C and two p.R124H) donated skin biopsies 

enabling the establishment of TGFBI CD patient-derived iPSC lines, representing the 

first report describing p.R124 TGFBI CD iPSC lines, which hold immense value for 

disease modelling and therapeutic screening. As evidenced by the MEH patient cohort 

and numerous other reports (Chao-Shern et al., 2019; Evans et al., 2016; Jozaei et al., 

2022; Y. Song et al., 2017; J. Yang et al., 2010), the p.R124 hotspot mutations that are 

of focus in the current study are two of the most common in TGFBIp. Both of these 

mutations cause an amino acid change at the same codon, however, as in the patient 

clinical images and profiles presented in Chapter 3, LCDI caused by p.R124C and GCDII 

caused by p.R124H, present with strikingly different phenotypes. The two LCDI patients 

recruited to this study have both undergone multiple therapeutic interventions for the 

treatment of their condition, with both suffering from severe and prominent recurrence of 

symptoms. Treatment complications also arose, such as the development of glaucoma 

or cataracts due to post-operative corticosteroid application and graft rejection. These 

cases clearly demonstrate the need for a more effective treatment that targets the 

underlying genetic cause of TGFBI CDs, while also highlighting the value of genetic 

screening of patients in the identification of this need. As is characteristic of GCDII 
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caused by heterozygous p.R124H TGFBIp mutations, patients with this diagnosis 

recruited to the current study had a slower progression of TGFBIp+ deposition and 

corneal opacification. The later age of onset of GCDII and the contraindication of LASIK 

for this condition reinforces the significance of routine genetic screening prior to 

undergoing such treatments, especially because in numerous countries, GCDII accounts 

for the highest number of TGFBI CD cases and LASIK is proven to exacerbate symptoms 

(Banning et al., 2006; Chao-Shern et al., 2018; Jiang & Zhang, 2021; T. I. Kim, Kim, et 

al., 2008; Poulsen et al., 2016; Roh, Grossniklaus, et al., 2006a, 2006b). It is also 

important to note that genetic screening is necessary even in the absence of a positive 

family history, as both patient 2 (LCDI) and patient 3 (GCDII) had no known or reported 

positive family history.  

CD-causative mutations in TGFBI affect different tissues of the cornea depending on the 

mutation and the severity of the condition. Nonetheless, it is expected that a substantial 

proportion of TGFBIp is produced by the corneal epithelium and secreted into underlying 

tissues (Chapter 4, Section 4.1.1). The initial examination of publicly available scRNAseq 

data in Chapter 4 revealed a prominent co-expression pattern between TGFBI and 

corneal epithelial-specific transcripts at a single cell resolution, indicating that the corneal 

epithelium plays a crucial role in TGFBIp synthesis in both healthy and diseased 

conditions. This finding validates the strategy of utilising a patient-derived iPSC-CEpi 

model for the purpose of disease modelling and screening for a potential therapeutic 

intervention. The implementation of the iPSC-CEpi model provides a more accurate 

representation of the actual disease state in comparison to the commonly used in vitro 

overexpression models. Yet the corneal epithelium, being a highly specialised tissue, 

poses significant challenges in terms of accurately recapitulating its complex 

characteristics and functions in vitro. Thus, the model would still benefit from 

optimisation, in order to facilitate the recapitulation of corneal-specific characteristics that 

cause pathological TGFBIp deposition.  

The in vitro CEpi cell model was used for the assessment of transcriptomic differences 

between WT and TGFBI CD; and WT and TGFBI KO lines (Chapter 5). The analysis 

prompted questions about the corneal specific-protein interactions of TGFBIp. As an 

ECM protein that is known to play different roles in different microenvironments, 

evidenced by research into its role in cancer, it is of particular importance to define its 

role and protein interactions in the cornea in the understanding of CD pathophysiology. 

TGFBIp possesses the ability to interact with other proteins through its RGD domain and 

FAS1 domains (J. E. Kim, Jeong, et al., 2002; Son et al., 2013), facilitating molecular 

interactions and potentially influencing various biological processes in a context-specific 
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manner. As the specific microenvironment of the cornea is necessary for the formation 

of mutant TGFBIp+ deposits, it is likely that TGFBIp undergoes cornea-specific protein 

interactions, and the pathogenic mutations may affect these interactions.  

The patient-derived in vitro model was also used for the development of an ASO 

treatment for TGFBI CD. Gapmer ASOs were successful in reducing TGFBI expression 

in a mutant allele-specific manner, presenting a promising therapeutic avenue for these 

conditions (Chapter 6). The success of the ASO in selectively silencing the mutant allele 

highlights the potential of this approach as a precise and tailored strategy for treating 

genetic disorders. Currently available CD treatments only provide temporary symptom 

relief, can exacerbate symptoms, are subject to tissue availability and can cause severe 

complications. Consequently, the ASO therapy developed holds significant potential in 

the fundamental transformation of the prevention and treatment of these conditions.  

7.1 Addressing Challenges and Considerations of Model Systems 
in TGFBI Research 

Understanding of the role of TGFBIp in healthy and diseased tissue remains limited due 

to various factors, many of which are relevant to other disease-related proteins. To 

comprehensively investigate disease mechanisms and evaluate potential therapeutic 

interventions, the utilisation of appropriate disease models is crucial. However, existing 

animal models fail to faithfully replicate the precise phenotype of human TGFBI CD. 

Additionally, the study of ECM proteins such as TGFBIp, poses challenges, as does the 

replication of the highly specialised microenvironments present in the human cornea, 

which is particularly challenging within in vitro settings.  

As previously discussed (Chapter 1, Section 1.5.3), the limited replication of human 

disease in TGFBI CD mouse models can be attributed to interspecies differences. 

Human CD disease samples have also been used to provide insight into TGFBIp species 

and other proteins expressed in corneal aggregates (Courtney et al., 2015; Venkatraman 

et al., 2017, 2019). However, such samples are not always readily available for research 

and only allow for investigation of late disease stages. Overexpression cell models have 

previously been used to investigate TGFBIp (Y. P. Han et al., 2011, 2012). However, 

such methods disrupt the delicate balance of protein expression, spatiotemporal 

expression patterns and protein-protein interactions; and do not accurately reflect normal 

physiological conditions. Other impactful research in the field of TGFBIp pathology 

includes biophysical studies utilising methods such as mass spectrometry and 

chromatography techniques (Andersen et al., 2004; Basaiawmoit et al., 2011; García-

Castellanos et al., 2017; Underhaug et al., 2013). Such reports have provided knowledge 



 244 

on the structure and potential protein interaction domains of TGFBIp. Some of these 

studies have provided information on the amyloidogenic properties of mutant TGFBIp 

peptides (Schmitt-Bernard et al., 2000, 2002), although they fail to account for full length 

and secreted mutant TGFBIp. Nevertheless, the in vitro replication of an environment 

that sufficiently recapitulates the in vivo characteristics of the cornea would be essential 

in understanding the specific pathogenic TGFBIp interactions in the cornea.  

The in vitro model employed in the current study demonstrated clear limitations and 

would benefit from optimisation. The mixed population of cells that result from the CEpi 

differentiation could confound downstream experiments in various ways. Differences in 

proportions of cell types present between cell culture wells would likely cause variance 

in TGFBI/TGFBIp expression levels, affecting comparisons of TGFBI expression 

between cell lines and causing variation within cell lines when repeating experiments. 

Further, the different cell populations of the cultures may confer differences in ASO 

transfection efficiency between different cell types, confounding the analysis of 

TGFBI/TGFBIp downregulation following ASO treatment experiments, leading to 

inconsistences and inaccuracy of experimental replicates. Additionally, transcriptomic 

analyses such as the bulk RNAseq data presented in the current thesis can easily be 

confounded by mixed cell populations, resulting in the obtainment of data that is not 

relevant to the questions being asked. For these reasons, and taking into account the 

lack of KRT12 expression of the model used in the current study, future work conducted 

to build on the findings of the current study, should prioritise the optimisation of the CEpi 

differentiation and the FACS purification of the CEpi cells.  

The aggregation of mutant TGFBIp either intracellularly or extracellularly has not been 

observed in in vitro models. In the human cornea, approximately 60% of TGFBIp is 

associated with insoluble components of the ECM (Andersen et al., 2004). In the 

diseased cornea, TGFBIp preferentially aggregates in the ECM as demonstrated by 

histopathology studies (Dighiero et al., 2001; Gruenauer-Kloevekorn et al., 2009; Qiu et 

al., 2016; Santo et al., 1995) and its role in facilitating ECM protein interactions (Billings 

et al., 2002; Gibson et al., 1997; Hanssen et al., 2003; Reinboth et al., 2006) is likely 

related to its pathological deposition. This provides indication that abnormal TGFBIp-

protein interactions may be contributing to pathophysiology and that the ECM component 

is key for TGFBI CD disease modelling. In vitro models do not currently facilitate the 

investigation of secreted ECM proteins, due to lack of tissue structure and requirements 

for regular media changes, thus compromising the length of time required for secreted 

protein accumulation and the resulting protein-protein interactions. Nonetheless, 

whether or not the CEpi cultures used in the current study were capable of laying down 
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their own ECM was not assessed, and could have been assessed through the ICC 

staining of ECM components such as collagen IV.  

To address the need for an appropriate ECM structure in vitro and to evaluate phenotypic 

differences between WT and mutant or KO TGFBI samples, the generation of corneal 

organoids offers an alternative valuable approach. Corneal organoids have a 

comparable transcriptomic profile to the developing cornea and exhibit ECM structures 

composed of collagen microfibrils (Foster et al., 2017; Maiti et al., 2022). Along with the 

utilisation of the p.R124 iPSC lines generated in the current study, this method holds 

promise for investigating the formation and characteristics of the ECM in a controlled 

environment, enabling a deeper understanding of TGFBI-associated pathologies. On the 

other hand, assessing the efficacy of an ASO treatment is more challenging when using 

3D model structures such as organoids. Nonetheless, all models employed to investigate 

disease possess strengths and limitations, emphasising the requirement of considering 

multiple complementary systems to gain a more comprehensive understanding of 

TGFBIp, its involvement in disease and for the development of a prospective treatment.  

7.2 Challenges and prospects of gene directed therapeutics for 
TGFBI CD 

The corneal epithelium synthesises a substantial amount of TGFBI transcript, indicating 

that it is responsible for a considerable portion of TGFBIp secretion (Chapter 5, Section 

4.2.1). This is mirrored by reports that show, following corneal transplantation, corneal 

deposits initially reoccur in close proximity to the corneal epithelium, with minimal or no 

deposition observed in the corneal stroma (Chapter 6, Section 6.1.1.2). The constant 

turnover of the epithelial cells results in the continuous production of TGFBIp in the 

anterior cornea. Due to the lengthy recovery process, lack of donor tissue availability and 

complications such as graft rejection, corneal transplantations are not an appropriate 

treatment to receive more than once. In order to address the need for an alternative 

treatment, a gene directed ASO-based treatment was developed for the purpose of 

reducing expression of the mutant allele of TGFBI (Chapter 6). Theoretically, gene 

directed therapies for TGFBI CDs would allow for the direct targeting of TGFBI 

expression only, whilst also avoiding side effects that may be caused by treatment of 

pharmacological compounds that do not act directly and solely on TGFBIp.  

Other groups have also focused on the reduction of TGFBI expression by gene directed 

therapy as a potential treatment for TGFBI CDs, employing siRNA (Courtney et al., 2014; 

Yellore et al., 2011) or CRISPR techniques (Christie et al., 2017; Taketani et al., 2017b) 

to decrease TGFBI expression, either in an allele-specific or non-allele-specific manner. 
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CRISPR/Cas9 is a promising therapeutic approach with significant potential, but it also 

faces limitations and challenges that need to be addressed before its clinical 

implementation. Such limitations include off-target modifications, autoimmune reactions 

and limited target options. ASOs and siRNAs are two of the most commonly used 

strategies for RNA silencing. Both share important similarities although they assert gene 

silencing by different intracellular molecular mechanisms. One of the main differences is 

that siRNAs are double-stranded, whereas ASOs are single stranded. ASOs are more 

versatile overall, as they can exert different mechanisms of target modulation (Chapter 

6, Section 6.1.4) whereas siRNAs can only work to reduce target gene expression. ASOs 

are also amenable to varied chemical modifications to improve efficacy and specificity, 

whereas siRNAs are more limited in this aspect (Y. Kim, 2023).  

Several studies have compared the efficacy of siRNAs compared to ASOs, with most of 

the reports concluding that the in vitro efficacy of the former seems to surpass the latter 

(Bertrand et al., 2002; Grünweller et al., 2003; Kretschmer-Kazemi Far & Sczakiel, 2003; 

Miyagishi et al., 2003). One study however, reported that siRNAs and RNase H-

dependent ASOs exhibited similar levels of potency, maximal effects, specificity and 

duration of action in vitro; although ASOs were able to target both pre-mRNA and coding 

mRNA, whereas siRNAs only targeted coding mRNA (Vickers et al., 2003). 

Nevertheless, in vivo studies directly comparing the efficacy of siRNAs and ASOs are 

currently lacking. Different animal models of Huntington’s disease have been used to 

test siRNAs or ASOs. siRNAs infused into the monkey brain only reached brain tissue 

up to around 12 mm from the infusion site (A. E. Ross et al., 2019), whereas ASOs 

infused into the cerebral spinal fluid of mice exhibited a wide distribution (Gagnon, 2010). 

As it currently stands, siRNA vs ASO efficacy in vivo is debateable, although research 

will continue to evolve as these therapies are increasingly entering clinical trial testing 

phases.  

Relative to other tissues that are implicated in disease, the cornea is easily accessible 

for therapeutic intervention, however its treatment still poses challenges in the field of 

ophthalmology. The ideal ASO delivery method of choice would be topical application 

perhaps in the form of eye drops, which would be a non-invasive and convenient method 

of administering ASO treatment to the anterior cornea. Topical eye drop application to 

the cornea of the FDA-approved ASO drug Aganirsen which targets the insulin substrate-

1 receptor has shown efficacy in clinical trial (Cursiefen et al., 2014), providing support 

for the topical application of ASOs to the cornea. However, the bioavailability of the 

therapeutic eyedrops is likely to be negatively affected by precorneal factors such as 

solution drainage, blinking, tear film and lacrimation that may also confound accurate 
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dosing (Gaudana et al., 2010). For ASO treatments to function effectively as a topical 

treatment, strategies must be implemented to increase the resident time of drugs in the 

precorneal region. Topical drug delivery could be enhanced by the use of therapeutic 

contact lenses or corneal patches loaded with the drug. Contact lens drug delivery 

systems have been shown to increase drug bioavailability to the anterior eye by 

increasing the residence time of the therapeutic (Desai et al., 2020; Franco & De Marco, 

2021; Rykowska et al., 2021; Sartini et al., 2021; H. Zhang et al., 2014). This drug 

delivery method has received attention in the treatment of glaucoma, with one study 

demonstrating that drug loaded lenses were superior in reducing intraocular pressure 

compared to eye drops while requiring a much lower dosage overall (Hsu et al., 2015). 

Additionally, delivery of dexamethasone by contact lens to the rabbit eye achieved 

sustained drug delivery to the retina at therapeutic levels, with retinal drug concentrations 

being 200 times greater than those treated with drops (A. E. Ross et al., 2019). 

Furthermore, epidermal application of topical ASOs has proven effective in achieving 

target effects in models of mice (Venuganti et al., 2015), rat (Özbaş-Turan et al., 2010), 

3D human skin tissue and in human clinical studies (Y. I. Lee et al., 2023).  

Lipid nanoparticle (LNP) delivery systems offer a promising approach for enhancing 

intracellular ASO delivery to the cornea. Nanotechnology has dramatically impacted the 

field of ocular drug delivery by enabling the cellular internalisation and enhancing the 

bioavailability of therapeutic molecules (Kamaleddin, 2017; Saraiva et al., 2017; 

Srinivasarao et al., 2019; Weng et al., 2017). A hybrid silicon-lipid nanoparticle delivery 

system has shown the ability to complex with siRNAs and enhance delivery to all layers 

of the cornea in mice following topical application (Baran-Rachwalska et al., 2020). 

Furthermore, research has demonstrated that LNP-gapmer ASO formulations 

significantly improved silencing of the Pten gene in mice compared to non-formulated 

gapmer ASOs (Prakash et al., 2013), demonstrating the efficacy of LNP-ASO 

formulations. The development of a gene-directed topical ocular treatment would be a 

ground-breaking advance in the treatment of genetic ocular diseases, by providing a 

convenient and effective preventative therapeutic. Overall, topical LNP-ASO 

administration to the cornea by therapeutic contact lenses is a very attractive prospect 

that should receive attention for the treatment of CDs.   

Other more conventional drug delivery methods include intraocular injections such as 

intracameral or intravitreal injection. An ASO designed to reduce the expression of the 

noncoding nuclear RNA, Metastasis-Associated Lung Adenocarcinoma Transcript 1 

(MALAT1) was shown to achieve a dose-dependent reduction in the mouse cornea 

following intravitreal or intracameral injection (Chau et al., 2020). This report 



 248 

demonstrates that in vivo ASO delivery to the cornea through intraocular injection is 

feasible and effective. However, intraocular injections are not considered pleasant for 

patients and can cause discomfort, pain, and the potential risk of infection or damage to 

ocular structures. Common side effects include increased intraocular pressure, 

inflammation, and the potential for retinal detachment.  

For conditions such as TGFBI CDs, where genetic mutations affect cells with a high 

turnover rate, long-term management and repeated treatments are necessary. Thus, 

topical drug delivery holds significant advantages for the patient and also for reducing 

the medical burden of side effects associated with intraocular injections. Taking the 

different factors into account, focus of a potential CD therapeutic delivery mechanism 

should prioritise topical application. 

The ASO treatment developed in this study demonstrated effectiveness in the CEpi 

model, providing initial evidence of ASO efficacy. However, multiple cell types and tissue 

structures are involved in TGFBI CD pathogenesis. In vitro models cannot replicate the 

complexity and three-dimensional architecture of the eye and ASO efficacy is reliant on 

targeting the cells of the limbus, corneal epithelium and stroma. Furthermore, ASO safety 

must be assessed. Progression of ASO efficacy evaluation would involve the 

administration of ASOs to mouse models, which would provide a more realistic 

representation of the ocular environment. Testing in mouse models would enable further 

investigations of allele specific TGFBI reduction as well as assessment of the safety and 

appropriate delivery methods enabling further progression of ASO validation as a 

therapeutic. However, due to interspecies differences between mice and humans, 

accurate assessment of alleviating symptoms or biomarkers of disease such as TGFBIp 

aggregates is currently not possible.  

It is important to note that the ASO therapies designed in the current study are for the 

purpose of prevention of developing the symptoms, as they work intracellularly using an 

RNase-H dependent mechanism and are not capable of influencing the clearance of 

extracellular insoluble protein deposits. Therefore, genetic screening in conjunction with 

ASO administration would enable prevention of loss of vision, although for patients at 

more advanced stages of disease, ASOs could be prescribed following corneal 

transplantation to avoid the recurrence of symptoms. Other factors to consider prior to a 

clinical trial for ASOs include the timing of intervention and frequency of administration.  

The ASOs designed as part of this study offer promising therapeutic prospects in the 

treatment of TGFBI CD, and the delivery methods reviewed may be appropriate for drug 

administration. However, the main barrier to progressing towards in vivo studies and the 
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development of appropriate delivery methods is obtaining funding. As TGFBI CDs are 

rare, and considered treatable through surgical methods, funding is more difficult to 

secure. The lack of funding for such rare diseases prevents the progression of 

breakthrough therapies from reaching patients and their families who would benefit 

greatly from such treatments. Furthermore, TGFBI disease onset and the side effects of 

conventional treatments, such as graft rejection, place a substantial burden on the 

medical system. Additionally, the significance of ASO therapy for specific TGFBI CDs 

extends beyond treatment of these genetic disorders, owing to the shared molecular 

mechanisms and potential ASO applicability across different genetic disorders. By 

understanding and overcoming the challenges associated with developing ASO 

therapies for TGFBI CDs, such as optimising ASO design, delivery methods, and safety 

profiles, researchers can expand their knowledge and expertise in developing ASO-

based treatments for other genetic disorders. Therefore, advancements made in the 

development of ASO therapies for TGFBI CD can serve as a valuable blueprint and 

contribute to the progress of treatments for many other diseases, potentially improving 

the lives of patients affected by different genetic disorders. 

7.3 Limitations and future prospects  

In order to acknowledge the importance of a comprehensive and varied approach to 

scientific research, it is necessary to consider the limitations of every study.  

At least 78 different mutations (Table 9.1, Appendix B) in TGFBI lead to subtypes of 

TGFBI CDs, this study developed a gene-directed treatment for two of these mutations. 

The approach to developing in vitro models and method of ASO development described 

in this study could be replicated to generate ASOs for other common TGFBI hotspot 

mutations (p.R124L, p.R124S, p.R555W and p.R555Q) which are responsible for a 

substantial proportion of cases worldwide (Chao-Shern et al., 2019; Y. Song et al., 2017). 

However, this approach may not be practical for the ASO development for all pathogenic 

TGFBI mutations. In this case, the construction of different pathogenic variants of TGFBI 

genetically fused to a luciferase reporter may enable a high throughput method of 

screening multiple ASOs for each mutation by luciferase assay, prior to testing in vitro.  

Other potential treatment strategies could employ a mutation-dependent approach such 

as the one demonstrated by Christie et al. (2020), where an array of SNPs that were 

located within the mutant TGFBI allele were targeted by CRISPR/Cas9 editing. This 

offers a strategy that could be applied to TGFBI CD patients irrespective of the specific 

disease-causing mutation, but would require whole genome sequencing and perhaps 

long-read NGS to be carried out on a wide range of patients to identify SNPs in cis with 
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the mutated allele. Another treatment strategy was described by Venkatraman et al. 

(2020) whereby 2500 compounds were screened using weak affinity chromatography to 

identify molecules able to bind to mutant TGFBIp, two lead compounds able to 

delay/prevent the generation of amyloidogenic peptides caused by the p.H572R 

mutation in TGFBI were identified.  

As highlighted in Chapter 6 (Section 6.1.1), differences in autophagy and mitochondrial 

function have been observed between WT and GCDII corneal keratocytes. Autophagy 

function could be explored using the CEpi model employed in the current study, by 

subcellular detection of the autophagy protein LC3 by ICC. Co-staining of TGFBIp, using 

the antibody identified as specific through the data presented in Chapter 4 (Section 

4.2.5), and LC3 might also help to elucidate whether there are differences in subcellular 

localisation of TGFBIp between WT and mutant CEpi cells. Seahorse assays can be 

used to assess mitochondrial function of the CEpi model. Future work conducting these 

experiments would contribute to the question of whether autophagy and mitochondrial 

dysfunction play a role in TGFBI CD pathogenesis.   

The current study did not conclude whether all iPSC lines used for CEpi differentiation 

were able to differentiate into cells the three germ layers. This is easily done through 

experiments such as the TaqMan hPSC Scorecard Panel assay and should ideally by 

assessed before differentiations are carried out. Nonetheless, future work should 

address this issue. In addition, differences in differentiation capacity between cell lines 

should be investigated. As discussed in Chapter 4 (Section 4.3), the WT1 line did not 

demonstrate positive expression of K5 and K14, which could be due to poor 

differentiation capacity of this line, or a poor differentiation batch. In order to address this, 

comparison of relevant CEpi marker expression between cell lines should be carried out.  

One of the main limitations in the current study is the confounding effect caused by using 

controls with a different genomic profile than the patient lines. The use of gene editing in 

the generation of isogenic controls for each patient line would provide a critical baseline 

for comparison by minimising genetic variation and background effects such as those 

posed by mutation-independent environmental conditions, age, sex and physiological 

differences between individuals while also enhancing the reproducibility of results. This 

would greatly assist in gene expression analyses in WT vs mutant experiments such as 

the DEG analysis on bulk RNAseq data carried out in Chapter 5, and should be the focus 

for future work.  

Furthermore, the ASO treatments in the current study used lipofectamine transfection 

which greatly enhances transfection efficiency. This method was useful in assessing the 
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potential of the ASO to knockdown TGFBI, but it is not translational to a clinical setting. 

Thus, a gymnotic approach to ASO delivery should be investigated, as this would 

correlate much better to in vivo activity. Effective gymnotic ASO delivery in vitro has been 

demonstrated for the ASO screening of disorders such as retinitis pigmentosa (Dulla et 

al., 2021) and amyotrophic lateral sclerosis (Tran et al., 2022).  

Additionally, the model utilised in the current study should be optimised in order to 

thoroughly assess corneal epithelial-specific differences between WT and control 

(discussed in Chapter 4 Section 4.3). The implementation of a more appropriate model, 

such as corneal organoids, may allow for a more relevant assessment of transcriptomic 

or phenotypic differences between mutant, KO and isogenic control cell lines, 

nevertheless differentiation of corneal organoids is technically much more challenging 

with a lengthy protocol that may also need to be optimised. The generation of corneal 

organoids from the TGFBI KO iPSC line could provide invaluable knowledge of the 

corneal-specific function and protein interactions of TGFBIp. Generating corneal 

organoids from mutant TGFBI lines would potentially help to elucidate biomarkers of 

disease and allow for assessment of phenotypic rescue following ASO treatment through 

methods such immunohistochemistry, mass spectrometry and proteomics and RNAseq 

(singe cell and bulk), to progress our knowledge of TGFBI CD pathogenesis while also 

providing support for the ASO therapeutic. This is of significant importance, as previously 

mentioned, mouse models have proven ineffective in recapitulating the human disease 

phenotype and ASO treatment of an in vitro model representative of the in vivo disease 

conditions could guide future preclinical studies. Data obtained from scRNAseq or bulk 

RNAseq of healthy vs TGFBI CD corneas would also be highly valuable in attaining 

information on over-represented/enriched molecular processes and disease biomarkers, 

assisting in the development of a functional disease-prevention assay of ASO treatment. 

scRNAseq has been useful in providing molecular insights into keratoconus, revealing 

dysregulation of genes involved in collagen biogenesis, proteoglycans and ECM 

degradation, as well as genes involved in the TGFβ and WNT signalling pathways in 

keratoconus corneas compared to WT (J. Collin et al., 2021). 

7.4 Concluding remarks  

TGFBI CDs are caused by various autosomal dominant mutations in the TGFBI gene 

(Table 9.1, Appendix B), which cause an accumulation of TGFBIp+ deposits in the 

cornea. Protein deposition pattern, location and disease progression are dependent on 

the specific TGFBI mutation and the age of onset is usually within the first two decades 

of life. The current study demonstrated the implementation of an iPSC-corneal epithelial-
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like cell model for the context-specific disease modelling and therapeutic screening of 

the p.R124 hotspot TGFBI CDs, lattice corneal dystrophy type I (p.R124C) and granular 

corneal dystrophy type II (p.R124H). 

p.R124-variant iPSCs were reprogrammed from patient-derived fibroblasts to enable the 

differentiation of corneal epithelial-like cells (Chapter 3). The differentiated mutant 

samples, as well as differentiated WT control samples, expressed TGFBI and corneal 

epithelial cell markers (Chapter 4), enabling the study of mutant TGFBI in an appropriate 

genetic and physiological context. The transcriptomic signatures of the mutant and KO 

lines were compared to the WT lines (Chapter 5), which reinforced the necessity of 

elucidating TGFBIp cornea specific functions and protein-interactions.  

The prospect of developing a mutant allele-specific treatment working to downregulate 

pathogenic TGFBI expression was investigated (Chapter 6). The ASOs designed 

successfully reduced expression of the mutant allele of TGFBI utilising the in vitro 

disease model, providing powerful proof of principle that ASOs are effective in the allele-

specific reduction of the p.R124C and p.R124H mutant TGFBI transcripts. This 

therapeutic mechanism can also be applied to other TGFBI CD mutations as well as, 

other disease-causing missense variants of other genes.  

Nonetheless, continued scientific research is necessary for unravelling the complex 

molecular mechanisms underlying TGFBI CD and identifying specific disease signatures 

both in the native cornea and through the utilisation of appropriate corneal models. The 

potential demonstrated by patient-derived disease models and gene-directed ASO 

therapeutics in the current thesis offers therapeutic prospects for patients suffering from 

TGFBI CD. Further advancements in scientific research, collaboration among 

researchers and clinicians, and the integration of cutting-edge technologies will be vital 

in bringing these therapies to fruition and improving the lives of those in need. 

This thesis presents proof-of-concept of the implementation of an iPSC-corneal 

epithelial-like cell model for the context-specific disease modelling and therapeutic 

screening of gene and mutation directed therapies. ASOs were effective for allele-

specific targeting of the mutant TGFBI p.R124C and p.R124H transcripts. The prospect 

of developing a mutant allele-specific treatment has been experimentally realised, and 

the anticipated outcome if this treatment reached the clinic, would be prevention of the 

toxic build-up of aggregated TGFBIp and vision loss.  

Future research and knowledge gained should address the limitations described, so that 

biomarkers of disease can be identified that would represent outcome measures of 

efficacy. This proof-of-concept study could be readily expanded to include more or all 
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TGFBI CD mutations, and to address therapeutic needs for other epithelial-stromal CDs 

caused by mutations in other genes. Further advancements in scientific research, 

collaborations between researchers, clinicians, and industrial partners, together with the 

integration of cutting-edge technologies will be vital in bringing these therapies to fruition 

and improving the lives of those individuals with rare disease in need of new therapies. 
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Chapter 9: Appendices  
9.1 Appendix A  

All materials used in this thesis are listed 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. 

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 aseptic petri dish – Fisher scientific – 12664785. 

96-well CytoOne plate, TC treated – StarLab, CC7682-7596. 

100 % Ethanol – VWR, 20821.310P. 

100 % Methanol – VWR, 20847.320. 

Ammonium persulfate – Sigma, A3678. 
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Antibiotic-antimycotic (100X) – Gibco, 15240-062. 

B27 supplement – Gibco, 17504-044. 

Bambanker freeing medium - Nippon Genetics Europe, BB01# 

BD Microlance™ Stainless Steel Needles – Fisher Scientific, BD10201211 

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. 

Cell Dissociation Buffer, Enzyme free, PBS – Gibco, 13151-014. 

Cell Line Nucleofector® Kit R – Lonza, VCA-1001. 

Cnt-30 - CellNtec 

Collagen IV – Sigma, C5533 

CozyHi prestained protein ladder – HighQu, PRL0202 

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. 

Fisherbrand™ 1 ml sterile syringes – Fisher scientific, 17161936 
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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. 

Lipofectamine RNAimax – Thermo Fisher, 13778100 

Luminata Forte western HRP substrate – Millipore, WBLUF05000. 

MicroAmp Optical 96-well reaction plate – Thermofisher, N8010560. 

MultiScreen® PCRμ96 Filter Plate – Millipore, LSKMPCR10. 

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. 

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. 

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. 

Sodium bicarbonate – Gibco, 25080094 

Sodium butyrate – Sigma, B5887. 
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Sodium dodecyl sulphate (SDS) – Sigma, L3771. 

StemFlex media™ – Invitrogen, A3349401. 

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® SV Genomic DNA purification system – Promega, A2360. 

280 

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. 

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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9.2 Appendix B 

Table 9.1 TGFBI mutations causative of CD as 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.S591F LCD Choo et al., (2022) 

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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9.3 Appendix C 

 

Figure 9.1 FastQC graphs for WT, TGFBI mutant and TGFBI knockout (CKO) sequencing 
data. For the ‘fastq’ file pairs for all 14 samples included in this study (A) shows the number of 
reads against average quality scores and (B) shows the sequence counts and number of unique 
and duplicate reads.  
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9.4 Appendix D 

Code for the analysis of the targeted NGS fastq 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') 

R124C = 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. 
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