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Abstract  

Inherited retinal dystrophies are an important cause of blindness, for which 

currently there are no effective treatments. In order to study this 

heterogeneous group of diseases, adequate disease models are required in 

order to better understand pathology and to test potential therapies. Induced 

pluripotent stem cells offer a new way to recapitulate patient specific diseases 

in vitro, providing an almost limitless amount of cellular material to study. This 

research used fibroblast-derived induced pluripotent stem cells (iPSC) to 

generate retinal pigment epithelium (RPE) from an individual suffering from 

retinitis pigmentosa associated with biallelic variants in MERTK. The patient 

phenotype, fibroblasts, iPSC and RPE were fully characterised at the DNA, 

RNA, protein and functional levels and compared to a control. 

MERTK has an essential role in phagocytosis, one of the major functions of 

the RPE. The MERTK deficiency in this individual results from a nonsense 

variant and based on this, the MERTK-RPE cells were subsequently treated 

with two translational read-through inducing drugs to investigate potential 

restoration of expression of the affected gene and production of a full-length 

protein. One of the drugs was able to reinstate phagocytosis of labelled 

photoreceptor outer segments at a reduced, but significant level. These 

findings represent a confirmation of the usefulness of iPSC derived disease 

specific models in investigating the pathogenesis, drug screening potential and 

treatments for these rare and blinding disorders. 
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Chapter 1 Introduction and literature review 

1.1 Introduction 

Phagocytosis, which literally means ‘cell eating’, is an essential function of 

multicellular organisms. It was first described in 1882 (De Kruif 1996) and can 

be defined as an active process that relies on the recognition of particles for 

ingestion that are over 500nm. Phagocytosis can be differentiated from 

pinocytosis (cell drinking), which describes ingestion of smaller particles (up to 

500nm but usually about 150nm) and macropinocytosis which may also ingest 

particles over 500nm but does not involve particle recognition (Flannagan et 

al. 2012). 

Nearly all eukaryote cell types have the ability to perform low level 

phagocytosis but some cells types have developed as professional 

phagocytes (Rabinovitch 1995). Many cells of the immune system such as 

macrophages, monocytes and polymorphonuclear leukocytes are professional 

phagocytes and are responsible for disposing of cells and pathogens that have 

been determined to be ‘non-self’ by the immune system. In addition to 

pathogen removal, these professional phagocytes must also clear the cellular 

remnants of apoptosis. It is estimated that in the adult human, each day 10 

billion cells undergo apoptosis ranging from the spent cells of the immune 

system, senescent cells and cells that are determined to be carrying 

deleterious mutations. Additionally, in the developing embryo, huge numbers 

of cells undergo apoptosis during tissue remodelling. This type of phagocytosis 
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is termed clearance phagocytosis. Other professional clearance phagocytes 

include the Sertoli cells which consume the cytoplasm of the developing sperm 

cells (Wang et al. 2006) and the retinal pigment epithelium which are 

responsible for removal of the spent tips of the photoreceptor outer segments 

in the retina. 

 

Figure 1-1 Diagram of the eye. 
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1.2 The retinal pigment epithelium, structure and function 

1.2.1 Retinal pigment epithelium development and anatomy 

Figure 1-2 Diagram of the development of the retina and RPE. 

Figure 1-2 Legend: Top schematic show a diagram of the development 
of the inner and outer layers of the retina from an invagination of the 
optic cup, a process of the diencephalon. The area of ectoderm that 
comes into contact with the process is destined to become the lens. The 
lower schematic shows some of the key time points and the genes 
expressed at those times. 
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The retina lines the posterior segment of the adult eye and consists of a layer 

of neural tissue, composed of several specialised cell types and is continuous 

with the neural tissue of the brain parenchyma. The retina is responsible for 

transforming light energy into electrical impulses that are sent to the brain for 

visual processing; resulting in sight. The light sensing cells constitute the 

outermost layer of cells in the retina and are termed photoreceptor cells. Cone 

photoreceptors sense colour impulses and rod photoreceptors sense 

luminance. These photoreceptor cells are supported by a juxtaposed layer of 

neuro-epithelial cells called the retinal pigment epithelium (RPE). The retina 

and RPE are derived from the neuro-epithelium of the anterior neural plate of 

the developing embryo. From the diencephalon of the neural plate, the optic 

stalk buds and its distal end invaginates to become the optic cup, with the inner 

layer destined to become the neural retina and the outer layer the RPE. These 

two layers are not only co-dependent for development but also for survival and 

function in the adult eye (Strauss 2005). 

The adult RPE forms a polarised monolayer of hexagonal cells, which at the 

macula, measure 14µm in diameter. Basally, the cells sit on a specialised 

basement membrane, Bruch’s membrane and towards the apical side tight 

junctions keep them closely adhered to their neighboring cells. At the apical 

surface, each cell is in apposition to as many as 20 photoreceptor (PR) cells, 

which is facilitated by a number of microvilli protruding from the apical surface 

of the RPE (Sparrow et al. 2010). 
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Figure 1-3 Diagram of the retina and retinal pigment epithelium. 

Figure 1-3 legend: Diagram showing the cellular layers of the retina. The 
RPE rest on their specialised basement membrane termed Bruch’s 
membrane. The photosensitive cells, the photoreceptors convert light 
energy into electrical energy. This impulse is relayed through the bipolar 
cells to the ganglion cells and via their long axons to the brain. 

1.2.2 RPE function 

1.2.2.1 The RPE is responsible for transport of nutrients and is polarised 

The neural retina is a highly active metabolic tissue and a by-product of this is 

excess water production. Removal of water is achieved by production of an 

osmotic gradient across the RPE from the subretinal space to the 

choriocapillaris. A key player in this process is the Na+ K+ ATPase pump, which 
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is found almost exclusively on the apical surface. This allows water to move 

across the RPE cell at rate of up to 11µL/cm2/hour, achieving the necessary 

hydrostatic pressure to keep the neural retina in apposition to the RPE (Stamer 

et al. 2003). This not only facilitates cell survival but keeping the retina adhered 

to the outer wall of the globe is essential for the optical function of the eye. 

The RPE has been shown to produce a number of growth factors. Further 

evidence for polarity comes from observation that RPE secretes vascular 

endothelium growth factor (VEGF) from its basal surface. The effect of which 

is to maintain a proliferating and highly fenestrated vascular bed within the 

choriocapillaris (Blaauwgeers et al. 1999). Conversely, from the apical surface 

the RPE secretes pigment epithelium derived growth factor (PEDF) which has 

a role in neuroprotection of the photoreceptors (Aymerich et al. 2001). 

 

1.2.2.2 The RPE is essential in the visual cycle 

The RPE delivers 11-cis-retinal from the blood to the photoreceptors whereby 

light energy isomerizes it to all-trans-retinol and the resulting release of energy 

allows the initiation of the phototransduction cascade. However, the 

photoreceptor cells lack the cellular machinery to reisomerise retinol and 

therefore are unable to recycle it. Several proteins particular to the RPE help 

perform this task. Cellular retinol binding protein (CRBP) binds all-trans-retinol 

once it arrives in the RPE. Lecithin:retinol transferase (LRAT), with RPE65 as 

a chaperone, reisomerise the all-trans-retinol to 11-cis-retinol. Cellular 

retinylaldehyde-binding protein (CRALBP) is a necessary binding protein 
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before the final step of oxidization to 11-cis-retinal, following which it is 

transported back to the PR cells (Strauss 2005). 

Figure 1-4 Diagram showing structure and function of the Retinal 
Pigment Epithelium. 

 

1.2.2.3 The RPE forms the outer blood retinal barrier and adheres to 

Bruch’s membrane 

In contrast to the tight junctions of the vascular endothelium in the retinal 

circulation that make up the inner blood retinal barrier, the choroidal circulation 

has fenestrated endothelium. Tight junctions between the RPE on the lateral 

side, toward the apex, facilitated by cell junctional proteins, such as zona 

occludin 1 (ZO-1), claudin and the occludins, are responsible for the outer 

blood retinal barrier. Due to these tight junctions, paracellular resistance is ten 

times transcellular resistance in the RPE (Konari et al. 1995). 

Bruch’s membrane (BM) is a five layer structure that is 1-4µm in thickness. It 

consists of the RPE basal lamina, an inner collagen layer, an elastin layer, an 
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outer collagen layer and the choriocapillaris basal lamina. BM provides a 

scaffold for the RPE and is composed of integrins and cadherins which are 

bound to collagens and laminins (Booij, Baas, et al. 2010). 

1.2.2.4 The RPE produces pigments 

High metabolic activity and light levels in the retina and RPE lead to the 

production of reactive oxygen species through photo-oxidation. These have a 

deleterious effect on DNA integrity if allowed to accumulate. To counter this, 

the RPE produce superoxide dismutase and pigments that are stored in 

organelles called melanosomes. This pigment absorbs excess light, not only 

reducing polluting photo-oxidants but also reducing glare (Wooten & 

Hammond 2002). 

1.2.2.5 The RPE is responsible for phagocytosis of shed photoreceptor 

outer segment discs 

Rod photoreceptor cells are 100µm long and 2µm in diameter and are formed 

of four parts: an outer segment and inner segment, which are connected by a 

cilium, a cell body and a synaptic terminal. The outer segment (25µm in length) 

is formed of approximately 1000 stacked membranous discs containing the 

visual pigments, each of these discs is about 10nm thick. The photoreceptor 

outer segment (POS) are renewed at its base by 10% each day (Young 1967). 

As the discs travels towards the RPE over 9-11 days, the potential for 

generation of reactive oxygen species increases in the environment of high 

metabolism and high light levels. The increasingly unstable POS are 
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phagocytosed in a circadian rhythm by RPE. In humans, this occurs during a 

two hour burst following the start of the light cycle.  

In humans, it is estimated that each RPE cell is responsible for the 

phagocytosis of over 100 million photoreceptor outer segment (POS) discs 

(Sparrow et al. 2010), making it the most prolific professional phagocyte. 

The detailed mechanisms of RPE phagocytosis are discussed in the following 

sections. Much of what we know about the phagocytic capacity of RPE has 

been learned through study of the Royal College of Surgeons rat, which was 

the first animal noted to have an inherited retinal degeneration. 
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1.3 Modeling disease in the RPE 

1.3.1 Animal models 

An inherited defect in the retina of rats was first described in 1938 (Bourne et 

al. 1938) but it was not until 1962 that the degeneration was more fully 

characterised and an inbred strain developed and subsequently named as the 

Royal College of Surgeons (RCS) rat, the name relating to where the rat had 

been bred. The RCS rat retina develops with a normal retinal phenotype, 

histology and electroretinogram (ERG) until 3 weeks of age whence the 

degeneration starts, leading eventually to a disorganised retina on histology 

and loss of the defined retinal lamination (see Figure 1-5). In a wild type adult 

rat the outer nuclear layer of the retina is normally 12-14 cells in depth and this 

drops to 10 cells by post natal day 22 (Liu et al. 2015). At 3 months this will 

drop to a single cell layer by which time the ERG will be completely 

extinguished (Dowling and Sidman 1962). 

Following these findings and their striking similarity to human retinal 

degeneration, the RCS rat has been used as a preclinical model for RP and 

informed many treatment trials. For example it was noted that RCS rats reared 

in the dark showed slower progression of retinal degeneration, leading to a 

trial of light suppression in human patients (Berson 1971). 

The pathophysiological defect in the RCS rat was shown to be in the 

phagocytosis of the POS by the RPE with the accumulation of shed POS 

between the photoreceptors and the RPE (Young & Bok 1969). 
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Figure 1-5 H&E staining of a control & RCS rat retina, highlighting the 
retinal degeneration.  

 

Figure 1-5 legend: Comparative H&E sections at 18 days (just prior to the 
start of the degeneration) and 3 months between RCS (dystrophic) and 
control (congenic) show that at 3 months in the RCS retina, there is a 
loss of retinal thickness, loss of the photoreceptor layer and a merging 
of the outer and inner nuclear layers (scale bar = 100µm). 

1.3.2 Cellular models, including stem cell based models 

1.3.2.1 Primary culture 

The ARPE19 line was developed in 1996 (Dunn et al. 1996) from cadaveric 

human ocular tissue from a 19 year old male donor. The retinal pigment 

epithelium was isolated and plated on uncoated tissue culture plasticware. The 

cell line was noted to proliferate vigorously and responded well to purification 

of the darker areas of culture, resulting in a highly purified RPE-like culture that 

displayed expression of RPE specific proteins such as CRALBP and RPE65. 
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The RPE-J line is derived from primary cultures of 7 day old Long Evans rat 

RPE that has been transfected with a temperature sensitive SV40 virus (Nabi 

et al. 1993) that behaves as an immortalised cell line at 33°C but if grown at 

40°C forms a post mitotic pigmented columnar epithelium with many 

similarities to RPE. The RPEJ cells exhibit similar transepithelial resistance to 

RPE and display similar morphology on electron microscopy, have similar 

protein expression and are able to phagocytose. 

1.3.2.2 Stem cell derived RPE 

Stem cells have the ability to differentiate into other cell types and are capable 

of indefinite replication in their undifferentiated state. They may be classified 

according to the range of cell types they can differentiate into. For example, 

Totipotent (or omnipotent) stem cells can differentiate into embryonic and 

extra-embryonic tissue. Pluripotent cells can differentiate into all three 

embryonic tissues (ectoderm, mesoderm and endoderm) and multipotent and 

oligopotent stem cells are only able to differentiate into a limited number of cell 

types. 

Stem cells may also be classified according to their original cell type. 

Embryonic stem cells (ESC) are derived from the inner cell mass of the 

blastocyst of 5-day-old, pre-implantation embryos, and are pluripotent 

(Thomson 1998). Foetal stem cells are harvested from a foetus and are most 

often considered multipotent. Adult stem cells have also been characterised in 

most major organs including the eye (Singhal et al. 2012) and are oligopotent.  
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Two main approaches to propagate RPE like cells from hESC have been 

described, either spontaneous or directed. The former method allows over-

growth of stem cell colonies and results in spontaneous differentiation of RPE 

cells following removal of fibroblast growth factor (FGF) from the culture 

conditions (Klimanskaya et al. 2004; Lund et al. 2006; Vugler et al. 2008). After 

a few weeks, pigmented areas develop from which the RPE like cells are 

derived. 

Once cultured as a monolayer, analysis of the hESC-RPE revealed a carpet 

of hexagonal cells with apical microvilli and pigment containing melanosome 

granules. The hESC-RPE cells displayed polarity with the correct apical 

orientation of Na+K+ATPase and expressed proteins associated with tight 

junctions (Vugler et al. 2008). Gene and protein analysis of the hESC-RPE in 

vitro showed expression of proteins involved in retinol cycling as well as 

expression of RPE65, a protein specific to RPE cells and hESC-RPE express 

PAX6 at levels similar to foetal RPE (Klimanskaya et al. 2004). PEDF was 

preferentially secreted from the apical surface (Zhu et al. 2011). Phagocytosis 

was observed in assays in vitro and following transplantation into RCS rat eyes 

(Carr, Vugler, Lawrence, et al. 2009; Idelson et al. 2009; Vugler et al. 2008). 

1.3.2.3 Induced pluripotent stem cell derived RPE 

In 2006, pluripotent stem cells were derived from adult cells for the first time in 

Japan (Takahashi & Yamanaka 2006). Termed induced pluripotent stem cells 

(iPSC), they were produced using a revolutionary new method for generating 

stem cells. This method represented a major step change in our understanding 
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of developmental biology and led to a new means with which to investigate 

inherited diseases, such as retinopathies, in vitro. By showing that it was 

possible to reprogram mouse (Takahashi & Yamanaka 2006) and 

subsequently human fibroblasts (Takahashi et al. 2007) into pluripotent stem 

cells, it became feasible to develop disease models with the exact mutations 

of monogenic disorders. The research group identified four embryonic 

transcription factors (Oct4, Sox2, KLF4 and c-Myc) that, if over expressed, 

could turn an adult somatic cell into a pluripotent stem cell. These factors were 

originally delivered to the fibroblasts using viral vectors. 

Since then, similar results have been achieved using different combinations of 

transcription factors such as Oct4, NANOG, Sox2, and Lin28, which avoids the 

use of c-Myc, a known proto-oncogene (Yu et al. 2007). These transcription 

factors have been subsequently been delivered using plasmids, by direct RNA 

delivery (Warren et al. 2010) or protein transfer (Kim et al. 2009). These 

approaches may be preferable as they avoid potential safety issues with using 

viruses. 

RPE has also been derived from iPSC (Buchholz et al. 2009; Carr, Vugler, 

Hikita, et al. 2009; Hirami et al. 2009). The iPSC derived RPE have been 

shown to form polarized monolayers with tight junctions and to express genes 

vital to the visual cycle while also being able to perform phagocytosis 

(Buchholz et al. 2009; Carr, Vugler, Hikita, et al. 2009; Liao et al. 2010; Meyer 

et al. 2009; Osakada et al. 2009). 
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1.3.2.4 Modeling disease with iPSCs 

Disease modeling with iPSCs has numerous advantages. Access to the retina 

and retinal pigment epithelium (RPE) is restricted, providing a very limited 

amount of human tissue to study. Conversely, iPSC can generate an almost 

limitless supply of tissue to study these diseases and test drugs or genetic 

therapies. However, with increasing passage number, the pluripotent nature 

of the iPSC fades somewhat (Yvon et al. 2015; Wiley et al. 2015). 

The differentiation process from stem cells often yields multiple cell lineages, 

from which the desired cell type must be purified. In the case of the RPE, the 

highly pigmented cells can be easily identified and manually dissected out 

(Vugler et al. 2008) or separated by fluorescence activated cell sorting 

equipment (FACS). These stem cell derived RPE cells will then proliferate and 

maintain their phenotype over a few passages, making it possible to make 

sufficient material for experiments. 

Prior to iPSC, animals have been used to model disease. There are major 

disadvantages to using animal models, not only due to the increasing ethical 

objection to their use in research but also the significant differences between 

human and animal species. Furthermore there may be structural differences, 

for example the common rodent animals used in macular degeneration 

research lack a macular region to their retina. However, the use of a single cell 

type derived from iPSC as a disease model, even though it is a perfect human 

copy containing the gene defect, may well be limited due to its isolation. In the 

patient, these cells would be exposed to stresses from neighbouring and 
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circulating cells and other environmental cues that may be difficult to recreate. 

Exposure to these stresses may be required to bring out the disease 

phenotype in cultured cells, which may limit the utility of the iPSC ‘disease in 

a dish’. 

iPSC disease models can be employed to simply further the knowledge of the 

pathogenesis of disease or to drive drug and gene therapy testing. In order to 

measure effect, iPSC lines must be also derived from healthy control tissue. 

Control and patient cell lines must therefore be differentiated simultaneously 

into the cell of interest. In order to make valid comparisons, it is ideal that the 

developmental stage of the starting cells is the same. An alternative strategy 

is to generate isogenic control cell lines from the healthy controls where the 

gene of interest is knocked down in the control line using gene editing 

technology (Mandegar et al. 2016), this abrogates the need to find participants 

with these often rare diseases. 

There is a significant body of research with embryonic stem cells showing that 

different lines are liable to respond in different ways when exposed the same 

differentiation stimuli (Lane et al. 2014; Osafune et al. 2008). Likewise, iPSCs 

have been shown to have a varied growth and differentiation characteristics 

and is reckoned to be due to a combination of epigenetic and genetic variation 

(Nishino et al. 2011; Hussein et al. 2011; Liang & Zhang 2013). 

Even with the generation of a pigmented RPE monolayer, the usefulness of 

iPSC disease model may be lessened by the maturity of the cells generated. 

Studies in hESC-RPE found its transcriptome to more closely match foetal 
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RPE rather than adult RPE (Liao et al. 2010), potentially hampering their use 

in modelling degenerative disease.  

In 2015, an iPSC model of Mer receptor tyrosine kinase (MERTK) deficient 

RPE was described and noted to form cells with the morphology, gene and 

protein expression of typical RPE. The cells were shown to be defective in 

phagocytosis (Lukovic et al. 2015). 
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1.4 Phagocytosis of photoreceptor outer segments 

Figure 1-6 Diagram outlining RPE phagocytosis of photoreceptor outer 
segments in the retina. 
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1.4.1 Overview 

The RPE may recognise, bind, engulf and digest the spent POS in a sequential 

manner but there is significant cross talk between the key molecular players 

involved. The POS are bound by the integral membrane receptors with an 

extracellular domain, αvβ5 integrin and MERTK and this is facilitated by 

recognition by their intermediate ligands. In the case of αvβ5 integrin the 

intermediate ligand is Milk Fat Globule-EGF Factor 8 Protein (MFG-E8) and 

Growth arrest-specific 6 (GAS6) or Protein S for MERTK. The thrombospondin 

Receptor (CD36) may also directly bind the POS. Once bound, αvβ5 integrin 

induces recruitment and phosphorylation of the intracellular protein Focal 

adhesion kinase (FAK). MERTK auto-phosphorylates and following this, a 

chain of events is started which results in actin polymerisation, formation of the 

phagocytic cup and subsequently the drawing in of the phagosome. This fuses 

with a lysosome and then degradation ensues (Figure 1-6). 

1.4.2 Recognition 

The POS contains hundreds of thousands of copies of the visual pigment 

(opsins), each of which has 7 transmembrane domains requiring a lot of 

plasma membrane surface area. The most effective method to pack this into 

such a small space is to stack them on top of each other, which results in the 

formation of the membranous discs of the outer segments. Most cells distribute 

different lipids on their extracellular membrane compared to their intracellular 

membrane and while still intact, the outer segments display phosphatidylserine 

(PS) on their cytoplasmic surface. Once they have detached, this polarity is 
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disrupted and the PS becomes exposed. This acts as the ‘eat-me’ signal to 

initiate phagocytosis. GAS6, Protein S and MFG-E8 all recognise PS. 

1.4.3 Binding 

1.4.3.1 Integrin αvβ5 

Integrins are dimeric molecules expressed on the cellular surface that span 

the cellular membrane and are involved in recognition of the extracellular 

environment and transmission of that information into the cell. There are 24 

different combinations of the α and β subunits and the first evidence that 

integrins were involved in RPE phagocytosis came from observations that αvβ3 

is used by macrophages in clearance phagocytosis and that αvβ3 and αvβ5 

were noted to both be expressed in the RPE. Additionally, the post natal timing 

of expression of αvβ5 coincides with the first daily shedding of photoreceptor 

outer segments and by blocking αvβ5 with antibodies in the ARPE19 cell line, 

the binding of POS to the RPE was shown to be markedly reduced (Finnemann 

et al. 1997). In foetal RPE culture, αvβ5 was noted to be exclusive to the apical 

surface and blocking it with peptides reduced phagocytosis (Lin & Clegg 1998).  

Inside the cell, during phagocytosis, the αvβ5 integrin complexes with FAK 

(Finnemann 2003) through its β5 cytoplasmic tail at an NPxY protein domain 

(Calderwood 2004). Multiple FAK molecules cluster around the integrin, 

potentiating the relay message to coordinate the cellular machinery to engulf 

the bound particle. The evidence that αvβ5 is central to RPE phagocytosis was 

bolstered by examination of the eye of a mouse lacking the β5 subunit. As β5 

only dimerises with αv, it can be viewed as a de facto αvβ5 knockout. The eyes 



 46 

were noted to have an absent diurnal burst of phagocytosis and the 

electroretinogram a waves were significantly diminished at 6 months. 

Furthermore there was less activation of FAK and MERTK, suggesting an 

upstream role for αvβ5 in the phagocytosis pathway (Nandrot et al. 2004). The 

same research group went on to discover the intermediate ligand of αvβ5, 

MFG-E8. From observations that MFG-E8 recognises PS and localises to the 

subretinal space, using MFG-E8 knockout mice they were able to show a 

phagocytic pattern very similar to the αvβ5 knockout mice, except that it was 

possible to rescue phagocytosis with the addition of exogenous MFG-E8 

(Nandrot et al. 2007). 

Nandrot et al showed interesting cross talk between αvβ5 and MERTK. By 

overexpressing αvβ5 using a viral vector there was a resultant increase in αvβ5 

expression in the RCS but not in wild type rat RPE. This difference was 

postulated to be due to negative regulation of αvβ5 by MERTK (Nandrot et al. 

2012). 

1.4.3.2 Other proteins with a role in binding 

Drawing from observations that a mannose receptor was involved in 

phagocytosis in macrophages, it was shown that using an antibody against the 

mannose receptor reduced phagocytosis in culture RPE cells, thus implicating 

it in RPE phagocytosis (Boyle et al. 1991). A similar technique showed that 

CD36 was may also be involved in RPE phagocytosis (Ryeom et al. 1996). 

This latter pathway may be involved more under pathological conditions, as 
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the CD36 is a scavenger and tends to bind oxidised POS preferentially (Sun 

et al. 2006). 

1.4.4 Internalisation 

1.4.4.1 Clues from other phagocytic cells 

Much of what we know about phagocytosis comes from the study of other 

professional phagocytes such as macrophages. Macrophages are responsible 

for the clearance of pathogens and apoptotic cells and may be found in 

circulating blood and within tissues. In the adult, the RPE is post mitotic and 

difficult to access compared to macrophages and so the internal mechanism 

of RPE phagocytosis is less well defined. 

IgG internalisation by FcγR in macrophages is one of the best characterised 

phagocytic models and there are many parallels with RPE phagocytosis, such 

as the sequence homology of the extracellular MERTK Ig-like domains. 

Following binding of the ligands, there is clustering of the necessary protein 

machinery as many of the receptor molecules require dimerization for 

activation.  

In many cases the cytosolic activators are tyrosine kinases which share a 

common motif –the ITAM (immunoreceptor tyrosine based activation motif) 

YxxI/L which is phosphorylated by the SRC Proto-Oncogene, Non-Receptor 

Tyrosine Kinase (Src) family and related proteins which contain the The SRC 

Homology 2 Domain (SH2) domain (Flannagan et al. 2012). These proteins 

interact with downstream pathways that reorganise the cytoskeleton to form 
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phagosomes. This is achieved through numerous pathways including 

cytoplasmic actin reorganisation by activation of Rho GTPase through guanine 

exchange factors and also alterations to plasma membrane actin distribution 

due to phosphatidylinositol phosphate isomer ratios. 

The first steps in internalisation emanate from the gatekeeper molecule of POS 

phagocytosis, MERTK. This receptor tyrosine kinase generates a signal 

transduction cascade which results in changes in the cell structure and the 

ingestion of the POS. 

1.4.4.2 MERTK 

Figure 1-7 MERTK gene showing exons and domains 

 

MER receptor tyrosine kinase (MERTK) is a tyrosine kinase that is expressed 

at the apical surface of the RPE. It is a key regulator of the recognition and 

internalisation of photoreceptor outer segments (POS) during the process of 

phagocytosis by RPE cells (Feng et al. 2002). The MERTK protein is a 999 

amino acid polypeptide with a molecular weight of 110 kDa, which is subject 
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to post-translational modifications including N-linked glycosylation (Strick & 

Vollrath 2010) which greatly increases the observed molecular weight in vivo. 

MERTK is a member of the TAM family of receptor tyrosine kinases which also 

includes TYRO3 Protein Tyrosine Kinase (TYRO3) and AXL Receptor 

Tyrosine Kinase (AXL) (Lemke 2013). It was first identified during an 

expression-cloning search for proto-oncogenes in lymphoblastoid cells using 

antibodies against phosphotyrosine (Graham et al. 1994). Initially it was 

labelled as c-mer as it was found to be expressed in monocytes, epithelial and 

reproductive tissues but more recently has been termed MERTK. Prior to its 

implication in retinal biology, most of our knowledge came from the study of its 

roles in cancer pathways in haematological malignancy (Cummings et al. 2013) 

and in Sertoli cells which, like the RPE, phagocytose prolifically in order to 

reduce the cell volume of developing sperm cells (Lu et al. 1999). 

The role of MERTK in retinal disease was first discovered in 2000 during an 

interrogation of a candidate chromosomal area on the rat chromosome 3 

(termed rdy for retinal dystrophy) in the RCS rat, that had previously been 

identified as the likely causative area of the retinal degeneration (D'Cruz et al. 

2000). Using a positional cloning technique, they pinpointed a homozygous 

419bp deletion in the MERTK gene that led a frameshift and a stop codon in 

exon 2, leading to a significantly truncated protein. In the same year, another 

group came to the same conclusion using a candidate gene approach 

(Nandrot et al. 2000). The MERTK protein was shown to be expressed in the 

RPE, on its apical surface and co-localised with the ingested POS. 
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Extrapolating observations of known intermediate ligands of MERTK prior to 

its implication in retinal disease, removing Protein S and GAS6 from the 

extracellular environment of primary cultures of RPE reduced their phagocytic 

ability (M. O. Hall et al. 2003; M. O. Hall et al. 2005). More recent research has 

implicated tubby and tubby like protein 1 (TULP1) and galectin-3 as new 

intermediate ligands of MERTK by showing co-localisation with MERTK 

throughout the process of phagocytosis (Caberoy et al. 2010; Caberoy et al. 

2012). 

1.4.4.3 Gene expression studies give clues on downstream pathways 

Chowers et. al. analysed the gene expression of ARPE19 cells during 

phagocytosis of bovine POS using a custom microarray of 10000 genes 

predicted to be expressed in the retina and RPE. Taking timepoints of 3 and 

12 hours for analysis, they noted that the gene expression profile had returned 

almost to normal after 12 hours. There were several genes and gene pathways 

that showed an increase in expression including transcription regulators, 

proteins involved in signal transduction. The authors highlighted a possible role 

for plasminogen activator 1 in phagocytosis as it is known to interact with 

integrins (Chowers et al. 2004).  

A similar study was carried out using mer-/- mice RPE cultures compared to 

wild type mice RPE cultures fed with POS from rat eyes again at 3 and 12 

hours. They noted several differences between the two lines, potentially 

pinpointing downstream pathway molecules to MERTK, including the guanine 

exchange factor (GEF) Vav Guanine Nucleotide Exchange Factor 3 (VAV3) 
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that is known to activate members of the Ras homolog gene family (Rho) and 

Ras-related C3 botulinum toxin substrate family (Rac) pathways, which are 

involved in actin polymerisation. They also noted a difference of expression of 

myosin7 (Chen et al. 2011). 

1.4.4.4 Protein studies of internalisation 

Using cell homogenates from RPE in the process of phagocytosis, protein pull 

downs with MERTK and SH2 domain proteins revealed potential roles for the 

intracellular protein kinase Src. Phosphatidylinositol 3-kinase, a known 

modulator of actin at the membrane and VAV1 and VAV3 GEFs known to be 

involved in cytoskeletal actin reorganization via Rho family GTPases were also 

enriched in the lysates (Shelby et al. 2013). However, knockout of all three 

VAV genes was not enough to completely abolish FcγR-mediated 

phagocytosis in murine macrophages, suggesting that other GEFs are 

involved in phagocytosis (Hall et al. 2006). 

Using a similar strategy of interrogating lysates of RPE-J cells undergoing 

phagocytosis, a research group were able show that MERTK orchestrates the 

recruitment of the non muscle myosin II (Myh9) to the developing phagocytic 

cup to interact with actin (Strick et al. 2009). 
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Figure 1-8 Schematic of RPE phagocytosis showing key molecules 

 

1.4.5 Degradation 

As the ingestion process completes and the phagocytic cup containing the 

POS and any other extracellular material becomes completely enclosed, it is 

now termed a phagosome. This phagosome then fuses with a lysosome to 

form the phagolysosome. The lysosome is a cellular compartment with a very 

low pH and harbours pH dependant hydrolytic enzymes that are optimally 

active at pH 5 (compared to cytosolic pH of 7.2) and are heavily glycosylated 

to protect themselves from this proteolytic environment. Through this process 

of autophagy, many of the digested components from the POS are recycled 

back to the photoreceptors (Sinha et al. 2016). Opsins form 85% of POS 
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protein and so RPE lysosomes express a high level of aspartic protease 

cathepsin D, the enzyme required to digest opsins (Sethna et al. 2016). In a 

lifetime each RPE cell may digest over a hundred million POS and so any 

inefficiency in the process leads to an accumulation of unwanted by products, 

and in the RPE this develops as an accumulation of a pigment called 

lipofuscin, used as a biomarker for RPE health on clinical fundus 

autofluorescence imaging (Schmitz-Valckenberg et al. 2008). 
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1.5 The clinical burden of disease 

1.5.1 Retinitis Pigmentosa 

Retinitis pigmentosa (RP) is a heterogeneous group of inherited diseases that 

affect the outer retina. The term retinitis pigmentosa describes the appearance 

of retinal scarring and subsequent pigmentation that occurs from the first or 

second decade of life and this is usually preceded by a clinical history of night 

blindness and progressive tunnel vision as the peripheral rod photoreceptor 

system is often lost first. Total or near total blindness often follows as the 

disease progresses. Other clinical findings in classical RP include pale optic 

nerves, retinal vascular attenuation, lens opacification and swelling of the 

central retina. RP may be associated with other systemic syndromes (such as 

hearing problems as in Usher syndrome) or be isolated in an otherwise healthy 

individual. Over 45 genes have been implicated in non-syndromic RP and it 

may be inherited autosomal recessively, autosomal dominantly, in an X linked 

or mitochondrial fashion (Hartong et al. 2006). The fact that it is a relatively 

rare condition (1 in 4000) mixed with clinical and genetic heterogeneity make 

RP difficult to accurately diagnose and an even greater challenge to treat. After 

a new disease causing gene is identified, the next steps involve further 

characterising of new disease causing mutations and their predicted effect on 

protein sequence and hence structure and function to allow the development 

of targeted therapies. 
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1.5.1.1 RP 38: MERTK deficiency in humans 

In 2000 d’Cruz et. al. pinpointed the genetic defect of the RCS rat while 

interrogating a candidate area of chromosome 3 that had until then been 

referred to as the retinal dystrophy locus (D'Cruz et al. 2000). Using a 

positional cloning approach they identified a small deletion in the Mertk gene, 

the rat orthologue of the MERTK gene in humans. The same finding was 

reported by another group, also in 2000 (Nandrot et al. 2000). The deletion 

interferes with the splicing of the second exon, leading to its exclusion and a 

frameshift which in turn codes for a premature stop codon after only 20 of the 

coded 994 amino acids. 

Following this discovery, the same group screened the human MERTK gene 

on chromosome 2q by direct sequencing in 328 cases of non-syndromic RP 

which uncovered 3 likely disease causing mutations in MERTK (Gal et al. 

2000). There have been a further 13 mutations discovered by either direct 

sequencing of just the MERTK gene or latterly as part of a candidate gene 

screen of known genes in autosomal recessive RP. These techniques have 

been used both in unrelated cohorts of non-syndromic autosomal recessive 

RP patients or in families with RP. More recently gene array chips and whole 

exome sequencing have been used in order to reveal new mutations in 

MERTK (see Table 1-1) regions of the gene with many causing splicing 

abnormalities and subsequent frameshift mutations leading to premature stop 

codons which in turn prevents the expression of the intracellular kinase 

domain, key to MERTK function. The quoted frequency of MERTK mutations 

in RP range from 1 in 50 to 1 in 3, but in the latter case, this is likely due to the 
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prominent founder effect on the small population of the Faroe Islands 

(Ostergaard et al. 2011). 

 

 



 

 

Table 1-1: Documented mutations in the MERTK gene 

Mutation Mutation Effect Decade 
of 
onset 

Age at 
Exam 

BCVA - 
better eye 

Clinical 
Appearance 

VF Method Geographical Area Citation 

c.1690-2A>G Intron 10 splice acceptor site  34    Direct sequencing of 
MERTK (1 in 328 
cases of RP) 

 (Gal et al. 2000), 
(Thompson et al. 
2002) 

c.1951C>T p.R651X premature stop in 
Exon 14 

2 21  Retinal atrophy Reduced Direct sequencing of 
MERTK (1 in 328 
cases of RP) 

 (Gal et al. 2000) 

c.2070_2074del Frameshift, extra 41aa and 
premature stop codon 

 45    Direct sequencing of 
MERTK (1 in 328 
cases of RP) 

 (Gal et al. 2000) 

c.2164C>T p.R722X premature stop 
codon in Exon 16 

1 13 20/200 Bull's eye 5 degrees Direct sequencing of 
MERTK (n=1) 

 (McHenry et al. 
2004) 

c.2530C>T p.R844C  1 13 20/200  5 degrees Direct sequencing of 
MERTK (n=1) 

 (McHenry et al. 
2004)2 

c.34C>T p.L12P      Candidate gene 
screen in arRP 
patients (n=96) 

Japan (Tada et al. 2006) 

c.2241delT Frameshift and premature 
stop codon in exon 17 

2 19 20/30 Bull's eye  MERTK gene 
screen in arRP 
patients (1 in 96) 

Middle East (Tschernutter et al. 
2006) 

c.2189+1 G>T Aberrant splicing and skipping 
of exon 16, frameshift, stop 
codon in exon 17 

2   Central 
atrophy, 
wrinkled retina, 
retinal pigment 
in older 
individuals 

Well preserved MERTK gene 
screen in a family 
(n=5) 

Morocco (Ebermann et al. 
2007), (Charbel Issa 
et al. 2009) 



 

 

Table 1-1 Known mutations in the human MERTK gene causing retinal pathology

c.2189+1G>T Aberrant splicing and skipping of exon 16, frameshift, 
stop codon in exon 17 

   Candidate gene 
screen in arRP 
family (n=3) 

Spain (Brea-Fernández et 
al. 2008) 

Del exon 8 Frameshift and premature 
stop codon in exon 9 

1 8 0.32 Bull's eye  Affymetrix 50K 
genome scan (n=2) 

Saudi Arabia (Mackay et al. 2010) 

c.61+1G>A Predicted to insert 11 new 
codons between exon 1 and 2 

2 22 0.6 Focal atrophy, 
preserved VF 

 Asper LCA mutation 
chip (n=1) 

United Kingdom (Mackay et al. 2010) 

c.718G>T p.E240X 1 43  Macular 
atrophy, retinal 
pigment, 
vascular 
attenuation 

 MERTK gene 
screen in arRP 
family (n=4) 

Pakistan (Shahzadi et al. 
2010) 

Chr 
2(HG18):94.722.52–
114.958.2396 

p.G654AfsX41 2 30 HM Vascular 
attenuation, 
retinal pigment 

 Affymetrix 5.0 SNP 
array in 14 families 
(2/33 cases of RP) 

Indonesia (Siemiatkowska et al. 
2011) 

c.2487-2A>G Aberrant splicing of exon 19 
and premature termination 

2 35 20/240 Retinal 
pigment 

 Affymetrix 5.0 SNP 
array in 14 families 
(4/33 cases of RP) 

Indonesia (Siemiatkowska et al. 
2011) 

Chr2(HG18):112,36
4,622_ 
112,455,675del91,0
54 

Deletion of Exons 1 - 7 1 27 -35 average 
6/60 

Classical RP <5 degrees Affymetrix GeneChip 
50K Xba array (7/25 
cases of RP) 

Faroe Islands (Ostergaard et al. 
2011) 

c.2323C>T p.R775X 1 27 - 35 3/10 - 8/10 White dots in 
macular area, 
Retinal 
pigment 

Moderate loss Affymetrix GeneChip 
250K (n=3) 

Morocco (Ksantini et al. 2012) 

c.2180G>A p.R272Q      Whole Exome 
sequencing (n=37) 

Turkey (Coppieters et al. 
2014) 



 

 59 

1.5.1.2 Treating MERTK deficiency 

In 2001, the first attempt to correct the MERTK deficiency by gene therapy was 

performed in RCS rats using a recombinant replication-deficient adenovirus 

encoding rat Mertk and this showed treatment effect at 30 days in 

electrophysiology and histology (Vollrath et al. 2001). Similar results were 

obtained using a copy of mouse Mertk in a recombinant adeno-associated 

virus (AAV) in the RCS, with a treatment effect at nine weeks (Smith et al. 

2003). The same group were able to see sustained benefits with the mouse 

gene but in a lentivirus vector at seven months (Tschernutter et al. 2005). 

Using the human MERTK cDNA in an AAV8, this interval was increased to 

eight months (Deng et al. 2012). Based on these results, a dosing and toxicity 

experiment was performed with an AAV2 human MERTK in anticipation for 

phase 1 human clinical trials (Conlon et al. 2013). 

Recently, the results of a gene therapy trial with AAV2 mediated delivery of 

MERTK to six individuals with RP38 has been published, with mixed results 

(Ghazi et al. 2016). While the therapy was shown to be safe, only three patients 

displayed measurable improved visual acuity in the treated eye following 

treatment. However, the improvement was lost by two years in two of these 

individuals. This highlights the requirement for new strategies to test potential 

therapeutics for these genetic disorders. 
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1.5.2 Translational readthrough inducing drugs 

One potential method to counter monogenic disease is to target the specific 

mutation using small molecules. In the case of RP38, 8 of the 18 different 

mutations in MERTK result in a premature stop codon. In these cases a 

reasonable strategy is to employ translational readthrough inducing drugs 

(TRIDs), which ignore the premature stop codon (Keeling et al. 2012). This 

allows continuation of translation, restoring a full-length protein. TRIDs have 

been shown to be effective in restoring protein in previous iPSC studies of 

another retinal dystrophy, RP2 (Schwarz et al. 2015). 

The TRID, PTC124, is a small molecule which has been approved by the 

European Medicines Agency for Duchenne muscular dystrophy (Bushby et al. 

2014). Clinical studies of PTC124 in Duchenne muscular dystrophy (Peltz et 

al. 2013), and cystic fibrosis (Sermet-Gaudelus et al. 2010) have yielded 

heterogeneous results, even between patients with the same nonsense 

mutation. The mechanism of action of TRIDs is not completely understood but 

the drugs are thought to interfere with ribosomal fidelity so that a near-cognate 

aminoacyl tRNA can bind at the site of a premature stop codon resulting in the 

incorporation of another amino acid in its place, allowing translation to continue 

(Keeling et al. 2012). It is also postulated that the readthrough effect of TRIDs 

is dependent not just on the nonsense variant but also in the context of the 

local sequence, the particular bases that make up the stop codon and the 

stability of the resulting protein. 



 

 61 

1.6 Conclusion 

Retinitis Pigmentosa due to mutations in MERTK is a varied and severe form 

of blindness with few treatment options. The dysfunction in MERTK leads to 

an inability to phagocytose the spent tips of the POS in the RPE. Our 

understanding of RPE phagocytosis is ever growing but the RPE is a difficult 

tissue to access and study and many obseravtions are derived from other cells 

that phagocytose. Most of our knowledge of the process in the RPE comes 

from an animal model with a single mutation, which does not appear to 

recapitulate the human disease, and moreover the human disease is caused 

by at least 18 variants, none of which match the animal model. The ideal is to 

create specific models of MERTK RP using iPSC technology to deepen our 

understanding and test drugs and genetic therapies. 
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Chapter 2 General Materials and Methods 

2.1 Staining and Immunofluorescence 

2.1.1 Sectioning of tissue for microscopy 

All samples were fixed in 4% paraformaldehyde for 20 mins and washed with 

PBS. Sectioning of tissue for H&E, Toluidine blue and immunohistochemistry 

was performed at -20°C in a Leica cryostat Cryostat (Leica CM1850, Leica 

Biosystems, Nussloch, Germany) with tissue, snap frozen to -80°C, embedded 

in optimal cutting temperature (OCT) compound (14020108926, Leica 

Biosystems, Nussloch, Germany). Sections were placed onto VWR® 

Superfrost® Plus Micro Slide (VWR Jencons, Leicestershire, UK) at 10µM 

thickness 

2.1.2 Haematoxylin and eosin staining 

Sections for Haematoxylin and eosin (H&E) staining were put into distilled 

water for 10 mins. Following this, the nuclei were stained with the alum 

haematoxylin for 5 minutes and rinsed in tap water and then in 0.3% acid 

alcohol for 30 seconds. Sections are then rinsed in tap water again followed 

by a rinse in Scott's tap water substitute for 30 seconds and rinsed again in 

tap water. Sections were stained with eosin for 2 minutes and rinsed again in 

tap water. The sections were then dehydrated in xylene and mounted in DPX 

(44581, Sigma). 
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2.1.3 Toluidine blue staining 

Semi-thin sections (650 nm) were stained with 1% aqueous Toluidine Blue (pH 

stabilized in 1% di-sodium tetraborate) for 1 minute on a heated block and 

washed with water. 

2.1.4 Immunohistochemistry 

Immunohistochemistry of samples on slides was carried out in a dark 

humidified chamber. sections were briefly washed in water, incubated for 1 

hour at room temperature in blocking buffer (1% BSA, 0.5% Triton X-100 in 

PBS) and then in primary antibody (diluted in blocking buffer) at room 

temperature for 1 hour. Sections were washed in washing buffer (0.1% 

tween20 (P7949, Sigma) in PBS) and incubated for 1 hour at room 

temperature in secondary antibodies (Alexafluor, Invitrogen, UK, diluted 1:200 

in blocking buffer). Subsequently sections were washed in washing buffer, 

treated with Hoechst (10μg/ml in washing buffer, H3570, ThermoFisher) for 30 

seconds, washed finally in PBS and mounted in ProLong® Gold Antifade 

Mountant mounting medium (ThermoFisher Waltham, MA, USA) and kept at 

4°C overnight before image capture. 

2.1.5 Immunocytochemistry 

Cells in culture were fixed at room temperature with 4°C 4% PFA for 20 mins 

and then washed with PBS. Samples were permeabilised with 0.3% Triton X-

100 in block solution (1X PBS, BSA 0.5%, Glycine 1%, Sodium Azide 0.1%) 
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and subsequently washed in block solution. Nonspecific antibody sites were 

blocked with block solution for 1 hour. Primary antibodies were incubated in 

block solution overnight at 4°C. Samples were washed with block solution 

three times in 10 minutes and then secondary antibodies applied for 1 hour 

(Alexafour, Invitrogen, UK, diluted 1:200 in block solution). Subsequently 

sections were washed in washing buffer, treated with Hoechst (10μg/ml in 

block solution) for 30 seconds, washed finally in PBS and mounted in 

ProLong® Gold Antifade Mountant mounting medium (ThermoFisher 

Waltham, MA, USA) and kept at 4°C overnight before image capture. 

2.1.6 Western blotting 

2.1.6.1 Protein sample harvest for Western blotting 

Samples for Western blotting were washed twice with ice cold PBS and then 

1ml per 10cm2 plate area of lysis buffer (10μl 0.5mM Hepes, 200μl 5% Triton-

X-100, 150μl 1M potassium chloride (KCl), 10μl 100mM Phenylmethylsulfonyl 

fluoride (PMSF), 1μl 10μg/ml Leupeptin, 1μl 1M DTT, 5μl 10μg/ml Aprotonin, 

10μl 1M Sodium Fluoride (NaF), 0.5μl 200mM Sodium Vanidate and 612.5μl 

deionised water) was added to the samples over ice. The samples were 

scraped vigorously with a cell scraper and the samples transferred to a 1.5ml 

microcentrifuge tube and rotated at 4°C on a microcentrifuge tube rotator 

(Stuart, UK). The samples were then centrifuged at 13000rpm (16060xg) in a 

Biofuge Fresco (Heraeus, UK) and the supernatant transferred to a new tube. 

Protein concentrations in the supernatant were quantified with the Biorad 

assay system (5000006, Biorad). 5µl of supernatant was added to 795µl of 



 

 65 

dH2O and 200µl of the 5X Biorad protein assay dye reagent and left for 10 

minutes at room temperature. Spectral absorbance at 595nm was measured 

against a blank with no supernatant in a cuvette on a NanoDrop 2000C 

spectrophotometer (Thermo Fisher, UK). A standard curve was generated 

using serial dilutions of bovine serum albumin (A7906 Sigma, UK) and 

samples compared against this to decipher protein concentration. The 

samples were then split in half and to each either 5X reducing or 5X non 

reducing buffer added (non reducing buffer was comprised of 1.25ml 18.75mM 

Tris pH8.6, 2ml 20% SDS, 4ml 50% glycerol, 2.5ml RNase free water, 0.1% 

bromophenol blue (0.01g)). Reducing buffer also contains 40μl of β-

mercaptoethanol). The samples were then boiled at 95°C for five minutes 

before storage at -20°C. 

2.1.6.2 Protein gel electrophoresis 

Protein gel electrophoresis was performed using the Mini-PROTEAN® TGX™ 

system (Biorad). 1X Tris/glycine/SDS running buffer (EC-870, National 

Diagnostics, UK) was made from 10X stock in dH2O. The proteins were 

separated in a 4-20% Mini-PROTEAN® TGXTM Gel (4561093, Biorad, UK). 

Equal quantities (by Bradford assay estimation) were loaded into each well. 

Electrophoresis was performed initially at 100V for 15 minutes and then at 

250V for a further 30-40 minutes. 

2.1.6.3 Western blotting – transfer of sample to membrane 

The separated protein in the gel was transferred to a Trans-Blot® TurboTM Mini 

PVDF membrane (1704156, Bio-Rad, UK) using the Trans-Blot® TurboTM 
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Transfer system (1704155, Bio-Rad, UK) for 3 minutes using the pre-set 

protocol called 1 Mini TGXTM. 

2.1.6.4 Immunoblotting 

The membrane was blocked overnight in Western TBS block (1% BSA (A7906 

Sigma, UK), 1x Tris buffered saline, pH 7.2, 0.1% tween20 (P7949 Sigma, 

UK)) at room temperature on a shaker. The next day, the membrane was 

incubated with primary antibody in the TBS block for 1 hour at room 

temperature. Following this, the primary antibody was washed off in 2 

sequential 10 minute washes in TBS block and a third 10 minute wash in PBS 

block (1X PBS, 1% BSA (A7906 Sigma, UK), pH 7.2, 0.1% Tween20 (P7949, 

Sigma)). Then the membrane was incubated with the appropriate horseradish 

peroxidase-conjugated secondary antibodies (either polyclonal goat anti-

mouse (1:2000, P0447, Dako, UK), polyclonal goat anti-rabbit (1:2000, P0448, 

Dako, UK) or polyclonal rabbit anti-goat (1:2000, P0449, Dako, UK)) diluted in 

PBS block and incubated on the shaker at room temperature for 60 minutes. 

The membrane was then washed once in PBS block and then twice in 1X TBS 

at room temperature for 10 minutes on the shaker. The chemi-luminescence 

was prepared by mixing equal parts of Amersham ECL prime (GERPN2232, 

Sigma), allowing to come to room temperature and then the membrane was 

incubated in this solution for 5 minutes and images collected on the 

ChemiDoc™ MP System (Cat. No. 170-8280, Bio-Rad, UK) and Image Lab 

TM software (Bio-Rad, UK). 
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2.1.7 Maintenance of ARPE19 cultures 

The ARPE19 cultures were grown on uncoated T25 tissue culture flasks 

(156367, Thermo Fisher) and fed twice weekly with hFib medium (DMEM, High 

Glucose, Pyruvate (41966029, Thermo Fisher), 10% Foetal Calf Serum 

(16000044, Thermo Fisher)) and passaged at a ratio of 1:3 every 5–7 d or until 

the cells have reached 80% confluence. Passage was performed by washing 

the cells in PBS and incubating with 3ml TrypLE express 1X (12604013, 

Thermo Fisher) for 5 min at 37°C. 2.5ml of hFib media was added to each well 

to inactive the TrypLE. The cells were dispersed by gentle aspiration of media 

and scraped off the bottom of the well and transferred to a 15ml conical 

centrifuge tube (E1415-0200, Starlab), centrifuged at 300xg at room 

temperature for 5 minutes, resuspended and plated onto an uncoated T25 

flasks. To drive the ARPE19 to become more pigmented, long term cultures 

were grown to confluence and the media changed to X-VIVO 10 (LZBE 04-

743Q, Lonza) containing 30mg/L gentamicin (15750-037, Thermo Fisher) and 

grown for 8-12 weeks. 

2.2 Image capture 

2.2.1 Light microscopy 

Light microscopy images were captured using a Zeiss Axiophot 

epifluorescence microscope and neofluar lens system. Images were captured 

using a Nikon Digital Sight. Image processing was performed in ImageJ. 
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2.2.2 Confocal fluorescence microscopy 

Images of immunostained cells were acquired using a Zeiss LSM700 Confocal 

Microscope ZEN imaging software. The images were exported as .lsm files, 

which were then converted to .tif files using Zen software. Image processing 

was performed in ImageJ. 

2.2.3 Electron microscopy 

Samples were fixed for 90 minutes at room temperature or overnight at 4°C in 

2% paraformaldehyde and 2% glutaraldehyde in 0.1M cacodylate. They were 

postfixed in 1.5% potassium ferricyanide and 1% Osmium tetroxide for 2 hours 

on ice, then dehydrated in ethanol (30%, 50%, 70%, 90% and absolute) and 

propylene oxide and transferred to 1:1 propylene oxide:Epon overnight 

followed by two changes and embedding in Epon. Ultra-thin sections were 

stained with lead citrate before examination. Samples were viewed on a JEOL 

1010 TEM. Images were taken with a Gatan Orius SC100B charge-coupled 

device camera and analysed with Gatan Digital Micrograph. 

2.3 Molecular biological techniques 

2.3.1 Genomic DNA extraction 

Genomic DNA was extracted from the fibroblasts using the GeneElute™ 

Mammalian Genomic DNA mini prep kit (G1N10, Sigma).  
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2.3.2 RNA extraction 

Each 6 well equivalent of confluent cells were harvested in 1ml TRIzol® 

Reagent (15596026, Thermo Fisher) and snap frozen at -80°C. Samples were 

thawed on ice and centrifuged at 12000xg for 10 minutes at 4°C. The 

supernatant containing RNA/DNA and protein was transferred to a clean 1.5ml 

tube. Samples were allowed to stand for 5 minutes at room temperature. To 

each 500µl of sample, 200ul of chloroform was added, and shaken vigorously 

for 15 seconds. Samples were allowed to stand for 5 minutes at room 

temperature. Samples were centrifuged at 12000xg for 15 minutes at 4°C. The 

mixture separated into 3 phases: a red organic phase (containing protein), an 

interphase (containing DNA), a colourless upper aqueous phase (containing 

RNA). The aqueous phase was transferred to a fresh 1.5ml tube and 500ul of 

isopropanol added. This was allowed to stand for 5 minutes at room 

temperature, then centrifuged at 12000xg for 10 minutes at 4°C. The RNA 

precipitated as a pellet. The supernatant was removed and the RNA pellet was 

washed by adding 1ml of 75% ethanol. The sample was vortexed for 10 

seconds and centrifuged at 7500xg for 5 minutes at 4°C to re-pellet. The 

supernatant removed and the pellet air dried for 5-10minutes. The pellet was 

resuspended in RNase free water and mixed by pipetting. The samples were 

incubated at 55-60°C for 10-15 minutes. Total RNA was quantified by 

spectroscopy on a Nanodrop (NanoDrop 1000 ThermoScientific, Wilmington, 

DE, USA). 
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2.3.3 Reverse transcription 

Reverse transcription was performed with the SuperScript® III First-Strand 

Synthesis System for RT-PCR (Catalog. no. 18080-051 ThermoFisher, UK). 

The protocol is outlined here. 

The contents of the kit were mixed and briefly centrifuged. The following were 

combined in a 0.2ml microcentrifuge tube: 1μg total RNA, 50μM oligo(dt)20 

1µl, 10mM dNTP mix 1µl, DEPC-treated water to 10µl. 

This mixture was then incubated at 65°C for 5 min, then placed on ice for at 

least 1 min. The cDNA Synthesis Mix was then prepared, adding each 

component in the indicated order: 10X RT buffer 2µl, 25mM MgCl2 4µl, 0.1M 

DTT 2µl, RNaseOUTTM (40 U/μL) 1µl, SuperScript® III Reverse Transcriptase 

enzyme (200 U/μL) 1µl. 

10 μL of cDNA Synthesis Mix was added to each RNA/primer mixture, mixed 

gently, collected by brief centrifugation and incubated for 50 min at 50°C. The 

reaction was terminated at 85°C for 5 min and chilled on ice. The reactions 

were collected by brief centrifugation. 1μL of RNase H was added to each tube 

and incubated for 20 min at 37°C. 

The cDNA synthesis reaction was stored at −20°C or used for PCR 

immediately. 
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2.3.4 Polymerase chain reaction 

Polymerase chain reactions (PCR) were performed using the Advantage® 2 

PCR Kit (639206, Clonetech) with 50µl reaction volume, consisting of 40μl 

PCR-Grade Water, 5μl 10X Advantage 2 PCR Buffer, 1μl 50X dNTP Mix, 1 μl 

each primer (10pmol/µl), 1 μl 50X Advantage 2 Polymerase Mix, 1 μl DNA 

Template (100 ng/μl). All PCR was performed in a ProflexTM PCR machine 

(4484077, Thermo Fisher, UK) using the following cycle parameters: 

Cycle parameters for target size of <1 kb: 

step 1: 95°C for 1 min, 

step 2: 25–35 cycles of 95°C for 30 sec and 68°C for 1 min 

step 3: 68°C for 1 min  

Cycle Parameters for target size of 1-5 kb: 

step 1: 95°C for 1 min, 

step 2: 25–35 cycles of 95°C for 30 sec and 68°C for 3 min 

step 3: 68°C for 3 min  
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2.3.5 Sanger sequencing 

Samples for sequencing were amplified using Advantage® 2 PCR Kit (639206, 

Clonetech) with 50µl reaction volume in a ProflexTM PCR machine (4484077, 

Thermo Fisher, UK). PCR products were separated on an agarose gel, and 

bands extracted and purified using the QIAquick Gel Kit (28704, Qiagen). 

Cycle sequencing was performed using the BigDye Terminator v3.1 

sequencing kit (4337455, ThermoFisher). Extension products were purified 

using EDTA / NaOAc / EtOH precipitation. Sample electrophoresis was 

performed using a 3730 DNA Analyser. Sequences were evaluated in 

MacVector v14.0.4 (MacVector Inc) and compared to MERTK genomic (NCBI 

NG_011607.1) and cDNA (NCBI NM_006343.2) sequences. 

2.3.6 IPSC TaqMan® hPSC Scorecard™ Assay 

Pluripotency potential was measured using TaqMan® hPSC Scorecard™ 

Assay (A15876, Thermo fisher). Stem cell cultures were split: half frozen in 

TRIzol (15596, Thermo Fisher) after 4 days post passage and half used to 

make embryoid bodies after 6 days. The embryoid bodies were grown for a 

further 7 days before harvest (following Thermo Fisher publication 

MAN0008384). After TRIzol RNA extraction, first strand synthesis was 

performed with the High Capacity cDNA RT Kit with RNase Inhibitor (4374966, 

Thermo Fisher) and qPCR performed with TaqMan® hPSC Scorecard™ 

Panel 96w FAST (A15876, Thermo Fisher) using TaqMan® Fast Advanced 
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Master Mix (4444557, Thermo Fisher). Scorecard analysis was performed 

using Thermo Fisher’s cloud based software. 

2.3.7 Phagocytosis assay for RNA-seq experiment 

Three different RPE isolations of a single clonal line of each of the control and 

MERTK-RPE were used for the following experiment, seeded in wells of a 12 

well plate 

In order to entrain the cells to a light dark cycle, to mimic as close as possible 

the physiological environment of phagocytosis, control and MERTK-RPE were 

exposed to a 12 hour on and 12 hour off light dark cycle. The LED light 

(ET5050 Edison, Taiwan) consisted of white light with a peak at 460nm at 240 

lux lights were controlled by a custom made hardware and software by 

polygonal tree (http://polygonaltree.co.uk). The cells were entrained for 4 days. 

On the 4th day at the start of the light cycle, one 12 well well of each of control 

and MERTK-RPE (n=1) was fixed for analysis as a time = 0 sample. The cells 

were split into 2 groups (n=3 each) and one group was fed with POS (see 

section 5.2.2 for method) and one not. To both groups antibiotic and 

antimycotic (AA) was added (Streptomycin, Amphotericin B, Penicillin, 

15240062, ThermoFisher). After 2 hours the POS were washed off and all cells 

were fed with X-VIVO containing AA. 

On day 5 as before, half the cells were fed with POS and half not, again, both 

had AA added. The process was allowed to continue to 8 hours and then all 

the cells were fixed in TRIzol. 
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2.3.8 Whole transcriptome shotgun sequencing (RNA-seq) 

All RNA seq was kindly performed at University California, Santa Barbara by 

Monte and Carolyn Radeke. Cells were fixed in cold TRIzol (ThermoFisher) 

and shipped on dry ice.  

Total RNA was purified using a Direct-zol RNA miniprep (Zymo Research, 

Irvine, CA, USA) and Poly(A) + RNA was purified from 1 μg of total RNA using 

the Magnetic mRNA Isolation Kit (New England Biolabs, Inc., Ipswich, MA, 

USA). RNA-Seq libraries were then generated using the Ion Total RNA-Seq 

Kit V2 (Life Technologies, Inc., Grand Island, NY, USA). The resulting libraries 

were sequenced on an Ion Proton next-generation sequencer. Sequence 

results were aligned to the human transcriptome and genome (hg38) using a 

two-stage pipeline employing STAR 2.4.2a (Dobin et al. 2013) and TMAP (Life 

Technologies, Inc.) read aligners. The number of reads per protein coding 

mRNA was determined using Partek Genomics Suite 6.6 (Partek Inc., St. 

Louis, MO, USA) and the dataset was normalized using the trimmed mean of 

the M-values method (Robinson & Oshlack 2010). Genes with read counts per 

million (RPM) ≥1 in two or more samples were selected and differential 

expression and statistical analysis was carried out using edgeR (McCarthy et 

al. 2012; Robinson et al. 2010). 
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2.4 Statistics 

2.4.1 General statistics 

Where averages are shown, unless otherwise stated these are means. Where 

error bars are shown, unless otherwise stated, these are derived from one 

standard error of the mean. Any p values, unless otherwise stated, are derived 

from unpaired, two tailed students t-test. 

2.4.2 Bioinformatics 

Gene ontology enrichment analysis was performed using David 6.7 and default 

settings (Huang, Sherman & Lempicki 2009a; Huang, Sherman & Lempicki 

2009b). Enrichment for RPE signature genes was carried out manually using 

the combined RPE gene lists reported by (Strunnikova et al. 2010) and (Booij, 

Brink, et al. 2010). Interaction analysis was accomplished using STRING 9.1 

(Booij, Brink, et al. 2010) using a medium confidence setting and the 

Experiment and Databases prediction methods. 
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Chapter 3 Characterisation of the patient and generation of 

iPSC from a skin biopsy. 

3.1 Introduction 

This chapter outlines the preparatory stages that need to be completed before 

an adequate tissue specific disease model can be generated. The first results 

describe the clinical phenotype of the MERTK patient. While this patient had 

previously been characterised and the outcomes published (Mackay et al. 

2010), a significantly more detailed phenotype is presented below. The very 

high resolution of adaptive optics retinal imaging, the widefield view from the 

Optos fundus camera and functional data from microperimetry are the major 

additions to the in depth analysis of the degenerating retina. 

The chapter then addresses the biopsy taken from the patient, the fibroblasts 

isolated from it and how they differ from the control fibroblasts used for the 

majority of the experiments outlined below. 

Finally, the remaining and largest part of the chapter addresses the induced 

pluripotent stem cells (iPSC) derived from the fibroblasts and their 

characterisation, in terms of pluripotency and potential to transform into all 

three germ lines. 
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3.2 Methods 

3.2.1 Clinical phenotyping of the patient 

The research adhered to the tenants of the Declaration of Helsinki and was 

approved by the Moorfields Eye Hospital Ethics Committee and the Health 

Research Authority NRES Committee London. 

A patient with previously identified variations in MERTK (Mackay et al. 2010) 

was identified and contacted and invited to consider taking part in the study. 

Following patient agreement and fully informed and written consent, the patient 

was enrolled in the study. Initially the patient’s Snellen vision was recorded 

and fundus photos were captured with a digital camera and Topcon image 

capture system. Widefield images and autofluorescence images were 

captured using the Optos 200Tx retinal imaging system. Optical coherence 

tomography images and autofluorescence images were obtained using the 

Heidelberg Spectralis. Microperimetry was performed using the Nidek MP-1 

microperimeter set to Humphrey 10-2(20db) with a white 200ms Goldman III 

stimulus and a white 2° single cross fixation target. Adaptive optics (AO) 

images were captured using the Imagine Eyes rtx1™ Adaptive Optics Retinal 

Camera. Reflections consistent with photoreceptor cells were found by 

focusing at between 0 and -60. Images were taken for both eyes at 3, 5 and 7 

degrees from the fovea on the horizontal meridian. 
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3.2.2 Skin biopsy 

The patient was contacted by email and then telephoned and the study was 

explained. The patient agreed to take part and after reading the patient 

information sheet and having questions answered; he attended for the skin 

biopsy, phlebotomy and clinical phenotyping. After reading and signing the 

consent form, phlebotomy was performed and blood collected in three EDTA, 

lavender topped tubes that were inverted 8 times to mix. Next, the site for 

biopsy was identified on the medial aspect of the arm and the site marked and 

cleaned with an alcohol wipe. 1ml of 1% lidocaine local anaesthetic was 

administered subcutaneously at the marked site. After donning sterile gloves 

and a gown, the marked site was cleaned with 10% povidone iodine (D409920, 

Williams Medical Supplies) and the skin was dried. A single-use sterile drape 

with an adhesive window was applied to the marked site. A 4mm biopsy punch 

(Stiefel Sterile Biopsy Punch, STIEF-BP4, Williams Medical Supplies) was 

inserted into the skin with a twisting motion to full depth and then removed. 

The skin biopsy was grasped with toothed forceps and the base freed from the 

patient skin with a number 10 single use scalpel. The piece of biopsy tissue 

with transferred to a 7ml bijou tube containing 5ml of DMEM. The wound was 

closed with a single 4-0 prolene suture and dressed with some 

chloramphenicol ointment. The patient was advised to change the dressing 3 

times in a week and attend his local general practice surgery for removal of 

sutures in one week. 
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3.2.3 Derivation of fibroblasts from a skin biopsy 

The biopsy specimen was subsequently placed in human fibroblast (hFib) 

medium consisting of DMEM, High Glucose, Pyruvate (41966029, Thermo 

Fisher), 10% Foetal Calf Serum (16000044, Thermo Fisher) on ice for 

transport to the laboratory. All subsequent steps were performed in a tissue 

culture hood. Using sterile forceps and dissecting scissors, the skin biopsy was 

dissected into 0.5–1mm size pieces. The pieces were placed in the centre of 

a well of a 6-well plate that contained enough hFib media to cover the bottom. 

A sterile glass cover slip was placed onto the pieces to hold them in place 

against the bottom of the plate and then hFib media was added to a total of 3 

ml and the plate incubated at 37°C, 5% CO2. By 7–10 days, an outgrowth of 

fibroblast was noted (Figure 3-3). The media was aspirated and the cells 

washed two times with phosphate buffered saline (PBS). The coverslip was 

lifted with sterile forceps to make sure the media was washed away. The 

coverslip, to which cells were attached, was flipped and placed into the 

neighbouring well. Both wells were incubated with 0.5 ml TrypLE express 1X 

(12604013, Thermo Fisher) for 5 min at 37°C. 2.5ml of hFib media was added 

to each well to inactive the TrypLE. The cells were dispersed by gentle 

aspiration of media and scraped off the bottom of the well and cover slip and 

collected in a 15ml conical centrifuge tube (E1415-0200, Starlab). Larger 

chunks of tissue were removed by passing the cells through a 70mm cell 

strainer (352350, Scientific Laboratory Supplies Limited) into a 50ml centrifuge 

tube (E1450-0500, Starlab) and the cells centrifuged at 300xg at room 

temperature for 5 minutes. The supernatant was aspirated and the cells were 
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resuspended in 5mls of hFib media and plated onto an uncoated T25 tissue 

culture flask (156367, Thermo Fisher) and maintained at 37°C in a humidified 

incubator with 5% CO2. 

3.2.4 Maintenance of fibroblasts 

The fibroblasts were fed twice weekly with hFib medium (DMEM, High 

Glucose, Pyruvate (41966029, Thermo Fisher), 10% Foetal Calf Serum 

(16000044, Thermo Fisher)) and passaged at a ratio of 1:3 every 5–7 d or until 

the cells have reached 80% confluence. Passage was performed by washing 

the cells in PBS and incubating with 3ml TrypLE express 1X (12604013, 

Thermo Fisher) for 5 min at 37°C. 2.5ml of hFib media was added to each well 

to inactivate the TrypLE. The cells were dispersed by gentle aspiration of 

media, scraped off the bottom of the well and transferred to a 15ml conical 

centrifuge tube (E1415-0200, Starlab), centrifuged at 300xg at room 

temperature for 5 minutes, resuspended and plated onto an uncoated T25 

tissue culture flask (156367, Thermo Fisher).  

3.2.5 Reprogramming of fibroblasts to induced pluripotent stem cells 

Fibroblasts were maintained as described previously in hFib media. Prior to 

reprogramming, the fibroblast cultures were checked to ensure they were 

proliferating, not over confluent and less than passage 15. The nucleofector 

reagent (VCA-1001, Lonza), 1X PBS and hFib media were warmed to room 

temperature. A 10cm dish was coated with 0.2% gelatin and incubated for 1 
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hour at 37°C. Fibroblast cells in a T75 were washed in PBS and incubated with 

TrypLE express 1X (12604013, Thermo Fisher) for 5 min at 37°C. The cells 

were resuspended in 10ml of PBS and centrifuged at 300xg for 5 minutes. The 

supernatant was removed and the cells were resuspended in 1ml of PBS and 

counted using a haematocyotmeter. 1x106 cells were placed in a 1.5ml 

microcentrifuge tube, centrifuged at 300xg for 5 minutes and the supernatant 

removed. The cells were resuspended in 100µl of nucleofector reagent and 

the episomal reprogramming plasmids added: 1 µg pCXLE-hOct3/4-shp53-F 

(27077, Addgene), 1 µg pCXLE-hSK (27078, Addgene) and 1 µg pCXLE-hUL 

(27080, Addgene). The cells and plasmids were gently mixed by gentle stirring 

with a pipette tip. The plasmids were electroporated into the cells in a cuvette 

using the Amaxa nucleofector (Lonza) program U-023. 1ml of room 

temperature hFib media was added to the cuvette and this mixture was 

transferred to the 0.2% gelatin-coated 10cm dish containing a further 8ml of 

hFib media. The cuvette was rinsed with another 1ml of warm media to collect 

any remaining cells; these were then also added to the 10cm dish. The cells 

were incubated at 37°C and 5% CO2. On days 2 to 6 the media was changed 

daily with hFib media containing 0.5mM sodium butyrate (B5887, Sigma). On 

day 7 the cells were dissociated using TrypLE and resuspended in hFib media, 

counted using haematocytometer and plated out at 22,000 per cm2 onto 6 well 

plates coated with 1:80 Matrigel hESC-qualified matrix (354277, BD 

Biosciences) in DMEM/F-12, GlutaMAX™ (31331028, Thermo Fisher). On 

days 8 to 12, the media was changed to Essential 8 (A1517001, Thermo 

Fisher) containing 0.5mM sodium butyrate and the cells fed daily. On day 13, 
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the media was changed to just Essential 8, and the cells fed daily until stem 

cell-like colonies formed. Colonies were identified by morphology and noted to 

appear from day 15. These colonies were isolated and transferred, each to a 

new well of a 6 well plate, coated in Matrigel. From here, the colonies were 

maintained as for iPSC. 

3.2.6 Maintenance of induced pluripotent stem cells (iPSC) 

iPSC colonies were cultured at 37°C and 5% CO2 on 6 well plates (140675, 

Thermo Fisher). The 6 well plates were coated with 1:80 Matrigel hESC-

qualified matrix (354277, BD Biosciences) in DMEM/F-12, GlutaMAX™ 

(31331028, Thermo Fisher) and incubated at 37°C for 2 hours to allow the 

Matrigel to gel. The colonies were fed daily with Essential 8 media containing 

supplement (A1517001, Thermo Fisher) and 30mg/L gentamicin (15750-037, 

Thermo Fisher). Prior to the colonies merging, the cultures were passaged and 

split in a ratio between 1:2 to 1:5. The passage was performed manually, by 

cutting the colonies into smaller pieces using a 10µl pipette tip under 2X 

magnification on an EVOS XL microscope (AME3300, Thermo Fisher) and 

then scraping the cut colonies off the plasticware with a cell scraper (541070, 

Greiner Bio-One). Occasionally, stem cell colonies differentiated in situ, the 

differentiated cells were removed manually from the iPSC cultures by scraping 

off with a 10µl pipette tip. The dish was then washed twice in PBS prior to the 

daily feed. Differentiated cells were removed throughout the culture process 

using this ‘weeding’ protocol. 
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3.2.7 Karyotyping 

iPSC colonies for karyotyping were grown to 60% confluence in T25 flasks. 

Karyotyping was performed by The Doctors Laboratory 76 Wimpole Street, 

London, W1G 9RT, UK. Briefly, the slides prepared from the cell harvest were 

trypsin G banded and scanned using a Leica GSL120 slide scanning system. 

Captured images were analysed by two independent analysts using Leica 

CytoVision karyotyping software and reported according to the International 

System for Human Cytogenetic Nomenclature, 2013.  
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3.3 Results 

3.3.1 Visual acuity and clinical phenotyping 

A 28 year old individual was identified from Moorfields Eye Hospital records 

with RP38, the MERTK deficient form of retinitis pigmentosa. The patient was 

contacted and invited to the study and agreed to participate. The patient’s 

Snellen vision was 6/36 in the right eye and 3/60 in the left eye. 
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Figure 3-1 Clinical phenotype of the MERTK patient versus an 
unaffected: fundus photograph and adaptive optics image of the retina. 

 

Figure 3-1 legend: Top row shows clinical photos of a normal fundus 
(left panel) and the MERTK retinitis pigmentosa patient. Note the paler 
retina and optic nerve, narrower blood vessels and central yellow scar. 
Bottom row shows a close up image of the grey boxed area in the top 
row. The dark lines are blood vessels. 
 

In comparison to the normal example, the fundus photo (Figure 3-1, upper 

panels) shows a much paler retina. In the macular area of the patient there is 

a central lesion with a bull’s eye appearance. The central part is yellow, with a 

darker ring and another yellow ring around this. The image in the patient also 

shows optic nerve pallor, but a normal optic cup / disc ratio and obvious 
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presence of the nerve fibre layer near the optic disc. Furthermore, the retinal 

vessels appear to be narrower in calibre. 

ImagineEyes adaptive optics image of the right eye (Figure 3-1, lower panels) 

at 4 degrees superior to the fovea (grey box from upper panel of Figure 3-1) in 

the normal example shows a regular pattern of white reflections that is 

consistent with densely packed photoreceptors. In contrast, in the MERTK 

deficient patient there are scattered reflections, with only some areas 

consisting of white reflections. There are many areas lacking the white 

reflections in a patchy distribution. These less densely packed reflections in 

such a distribution is consistent with photoreceptor loss. 

Examination of the blood vessels in the normal example shows a branching 

pattern with narrower vessel calibre in the ‘downstream’ vessels, however, in 

the MERTK patient there is less branching and a more consistent calibre of 

vessel throughout the length shown. 
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Figure 3-2 Further clinical phenotyping of the MERTK patient vs an 
unaffected. 

 

Figure 3-2 legend: Top row composed of optical coherence tomography 
images which show a loss of the central outer nuclear layer (ONL) and 
ellipsoid zone in the patient, increased retinal thickness and a slight 
epiretinal membrane (ERM) (scale bar 200µm). Middle row is composed 
of widefield autofluorescence (AF) images which show general 
preservation of the RPE and microperimetry (bottom row) shows a 
generalised loss of retinal sensitivity with good fixation (blue dots). 
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Comparing the Spectralis OCT of the MERTK deficient patient to the normal 

example, (Figure 3-2 upper panels) in the right eye there is an increased retinal 

thickness nasally, an epiretinal membrane and reduction of retinal thickness 

at the fovea (with some preservation of the outernuclear layer) in the MERTK 

deficient case. It should be noted that there is also intermittent loss of the 

ellipsoid zone, especially at the fovea. In the MERTK deficient patient there is 

also loss of the RPE layer. There is however, no significant increase in retinal 

thickness or a large degree of sub-retinal debris in the diseased case. 

SLO autofluorescence imaged on the Optos SLO camera in the normal 

example shows a consistent fluorescence throughout the retina apart from a 

slight hypofluorescence in the foveal region and significant hypofluorescence 

at the optic nerve and in the retinal vessels. In contrast, the MERTK patient 

shows a more patchy distribution of fluorescence with a larger area of 

hypofluorescence centrally in comparison to the control image, matching the 

bull’s-eye described in Figure 3-1. In the periphery of the MERTK patient there 

is only slight generalised reduction of fluorescence apart from a few punched-

out lesions within the arcades. 

The microperimetry image at the right fovea in the MERTK deficient patient 

shows a general reduction of retinal sensitivity in comparison to the normal 

example. However, it should be noted that despite this, the MERTK deficient 

patient is able to fixate on the target, as shown by the central collection of blue 

dots that represent fixation.  
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3.3.2 Generation and characterisation of fibroblasts 

3.3.2.1 Generation of fibroblasts 

Figure 3-3 Skin biopsy schematic and example of fibroblast culture. 

 

Figure 3-3 legend: Colour images: top left - firstly the piece of skin is 
placed in media; top right - shows the pieces after dissection; bottom left 
- a single piece shown under the microscope after 2 days on low 
magnification; bottom right - the same piece under higher magnification 
after 14 days with fibroblasts emanating from the tissue, covering the 
plasticware. 
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The procurement of the skin biopsy from the MERTK deficient patient was 

uncomplicated and an ample piece of tissue measuring 4mm in diameter was 

harvested from the patient’s left upper arm using a sterile technique (see 

Figure 3-3 for a schematic). The tissue was transported to a tissue culture 

facility. In the tissue culture hood, the dermis and epidermis were separated 

with a scalpel blade and the tissue cut in to smaller pieces each approximately 

0.5mm in size. The tissue was left under a cover slip and cultured with twice 

weekly media change. 

3.3.2.2 Characterisation of fibroblasts 

After two weeks of culture, spindle shaped cells were noted to migrate out of 

the piece of tissue and occupy the tissue culture plastic (see Figure 3-3 for an 

example). These fibroblast-like cells were passaged and expanded. At 

passage 10, they were compared to fibroblasts from the control line (BJ line, 

Stemgent), which were also at passage 10. 
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Figure 3-4 Light microscopy and analysis of fibroblasts. 

 

Figure 3-4 legend: Light micrographs of control (BJ) and MERTK 
fibroblasts at day 3 and day 5 post passage 10 at two magnifications 
(scale bar 400µm for 10x image and 100µm for 40X image). 
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At passage 10, the control fibroblast cells and the cells derived from the skin 

biopsy from the MERTK deficient patient were seeded at 10000 cells per cm2. 

The fibroblasts from the control line were noted to reach confluence much 

more quickly (Figure 3-4). At day 3, nearly all areas of the T25 flask had 

reached confluence. The MERTK deficient fibroblasts were much more sparse 

at day 3. By day 5 however, both the control fibroblasts and the MERTK 

deficient fibroblasts appeared to be similarly confluent (at 100%). 

There was one other difference noted at day three post-seeding between the 

control fibroblasts and the MERTK deficient fibroblasts, in that the control 

fibroblasts were longer and more spindle shaped while the MERTK deficient 

fibroblasts were shorter and wider in their appearance. 



 

 93 

Figure 3-5 Immunocytochemistry of fibroblast cultures. 

 

Figure 3-5 legend: Top two image panels show fluorescent images 
following immunocytochemistry of fibroblast cultures comparing control 
and MERTK deficient line at passage 10 at different magnifications (scale 
bar = 50µm). The bottom graph shows the number of fibroblast nuclei (y 
axis) between the two conditions (n=3). 
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In order to further characterise the fibroblasts, immunocytochemistry was 

performed to characterise their shape and to assess for the presence of 

vimentin (Figure 3-5). This was performed on cells that were 5 days post 

passage. In both the control fibroblasts and the MERTK deficient fibroblasts 

the cells were long and narrow and tapered at both ends, a spindle shape, 

characteristic of fibroblast cells. 

More obvious in the lower magnification image is that the control cells appear 

to be more dense in number with a trend towards more cells in the control 

fibroblasts (25.0 nuclei in 101.5cm2 field in the control samples compared to 

13.3 nuclei in the MERTK, n=3, p=0.1 by t-test). Additionally, the MERTK 

deficient cells appear to be more straight in their appearance, while the control 

fibroblasts appear shorter, more tortuous and with a broad contrast in the 

intensity of vimentin staining. 

The level of vimentin staining appears to be more intense in the MERTK 

deficient fibroblasts with a much wider distribution along the length of the cell 

cytoplasm. 
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Figure 3-6 Western blot panel of fibroblasts. 

 

Figure 3-6 legend: Western blot panel comparing protein expression 
between control and MERTK fibroblasts of markers of fibroblasts 
(vimentin), stem cells (OCT4), and RPE (MERTK and CRALBP). 

The discrepancy in vimentin levels is consistent between the control and 

MERTK deficient fibroblasts in Western blotting analysis (Figure 3-6). 

Furthermore, there is no detectable expression of OCT4, a stem cell marker 

or CRALBP, an RPE cell marker in the fibroblasts. Of note, there is no 

detectable expression of MERTK in the fibroblasts either, precluding them from 

interrogation of MERTK pathways. 
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3.3.3 Generation and characterisation of induced pluripotent stem 

cells (IPSC) 

3.3.3.1 IPSC production using cell line electroporation kit 

Figure 3-7 Diagram of reprogramming of fibroblasts into iPSC. 

 

Figure 3-7 legend: Schematic showing the process of converting 
fibroblasts into iPSC using transcription factors delivered in plasmids. 
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Figure 3-8 Light microscope images of iPSC developing from MERTK 
deficient fibroblasts at day 18. 

 

Two weeks following electroporation of the fibroblasts with the 3 plasmids 

containing OCT4, SOX2, KLF4, MYC and LIN28, circular colonies, consisting 

of cells with very different properties to the fibroblasts began to appear, 

growing on top of the carpet of fibroblasts (Figure 3-8). 
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These circular colonies were scraped off and isolated using a plastic Pasteur 

pipette and each colony transferred to its own well of a 6 well plate to produce 

clonal iPSC lines. In total 20 clonal lines were collected and stored in liquid 

nitrogen. Characteristics on the basis of their morphology and growth rate were 

recorded (Table 3-1). 

Table 3-1 Growth and morphology characteristics of 20 clonal lines of 
iPSC derived from MERTK deficient fibroblasts 

Line 
number 

Passage iPSC morphology (1=good) Growth rate (1= fast) 

Mer01 4 1 2 

Mer02 4 1 2 

Mer03 4 1 2 

Mer04 4 1 3 

Mer05 4 1 3 

Mer06 3 2 2 

Mer07 4 1 2 

Mer08 4 1 3 

Mer09 4 3 3 

Mer13 3 1 1 

Mer14 3 2 2 

Mer15 3 3 3 

Mer16 3 2 2 

Mer17 3 2 2 

Mer18 3 2 2 

Mer19 3 1 1 

Mer20 3 2 2 

Mer21 3 2 2 

Mer22 3 1 1 

Mer23 3 1 1 
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Figure 3-9 Examples of iPSC grading scores (scale bar = 400µm) 

 

The iPSC morphology was recorded on the basis of the circularity of the 

colonies. Clonal lines consisting of colonies with a near perfect circular shape 

were graded as 1 and lines with a very disorganised shape or with obvious 

heterogeneity of cell type were designated a 3 with a score of 2 for those in 

between (Figure 3-9). 

iPSC lines that were deemed ready for passage (on the basis of colony size 

larger than entire 10X field on EVOS XL microscope) before 5 days were given 

a growth rate score of 1. For those clonal lines that were deemed ready for 

passage between days 5 and 7 were given a score of 2 and those that were 

deemed ready for passage only after day 7, were given a score of 3. 

Making the assumption that iPSC morphology was an indicator of purity, only 

those clonal lines with a morphology score of 1 were selected for derivation in 

to RPE. On this basis lines Mer04, Mer05, Mer07 and Mer22 were selected. 

One of them (Mer07) was extensively characterised in relation to its pluripotent 

potential. 
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3.3.3.2 Microscopic appearance of iPSC 

Figure 3-10 Morphology of iPSC colonies 

 

Figure 3-10 legend: A) light micrograph series of iPSC colonies 
comparing the control and MERTK iPSC (scale bar = 1mm) and B) image 
shows a high magnification image of a single colony showing some 
deltial at a cellular level (scale bar = 100µm). 
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iPSC colonies from the Mer07 line were compared in their appearance and 

morphology to iPSC colonies from the control line (Figure 3-10A). In both the 

control and Mer07 line the colonies had a circular shape as expected of stem 

cell colonies. A higher magnification image reveals the characteristic circular 

cell shape of stem cells with a high nucleus to cytoplasm ratio (Figure 3-10B) 

It was noted that in the control line, the time before the requirement of passage 

(based on colony size) was one or two days earlier than in the Mer07 line, 

which was usually ready for passage at day 6 or 7. 
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3.3.4 IPSC immunocytochemistry 

Figure 3-11 iPSC immunocytochemistry of pluripotent markers. 

 

Figure 3-11 legend: Confocal analysis of immunocytochemical staining 
of iPSC markers in the control and MERTK iPSC cells show characteristic 
nuclear staining of SOX2 and OCT4 transcription factors and plasma 
membrane staining of Tra 160 and Tra 181 (scale = each image 100µm). 

 

The iPSC from the control line and the MERTK deficient line were assessed 

for the presence of the cell surface stem cell markers TRA-1-60 and TRA-1-

81 and the nuclear transcription factors SOX2 and OCT4 (Figure 3-11). 
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Both the control and the MERTK deficient iPSC expressed all four of these 

markers in the appropriate cell area, with the transcription factors of SOX2 and 

OCT4 in the nucleus and TRA-1-60 and TRA-1-81 on the cell surface. 

It appeared that there were a higher number of cells in the control iPSC that 

expressed OCT4 compared to the MERTK deficient iPSC. The reverse was 

apparent with SOX2. The expression of TRA-1-60 and TRA-181 was similar in 

both control and MERTK deficient iPSC. 

 

Figure 3-12 Western blot panel of iPSC 

 

Figure 3-12 legend: Western blot panel comparing protein expression 
between control and MERTK iPSC of markers of fibroblasts (vimentin), 
stem cells (OCT4), and RPE (MERTK and CRALBP). 
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Further characterisation of protein expression was performed with the iPSC 

using Western blotting (Figure 3-12). The protein vimentin was detected in 

both the control and MERTK deficient iPSC. As had been displayed in the 

fibroblast cells (Figure 3-6), the level of vimentin was more apparent in the 

MERTK deficient cells, but the difference was less compared to the fibroblasts. 

As with the immunocytochemistry findings in Figure 3-11, there was a greater 

expression of OCT4 in the control iPSC, by Western blot analysis. The MERTK 

protein was present in the control iPSC and undetectable in the MERTK 

deficient iPSC. CRALBP was not detectable in either the control or MERTK 

deficient iPSC. 
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3.3.4.1 IPSC TaqMan® hPSC Scorecard™ Assay 

Figure 3-13 iPSC vs Embryoid body gene expression by germ layer 
from Taqman Scorecard. 

 
To assess the pluripotent capability of the control and MERTK-iPSC, a 

Taqman scorecard gene expression analysis was performed. This kit 

compares the gene expression (using qPCR) of the undifferentiated iPSC to 

embryoid bodies (EBs) of genes markers of self-renewal, ectoderm, 

mesoderm and endoderm. 

In panel A of Figure 3-13 it is evident that the EBs differentiated from both the 

control and MERTK-iPSC (green and blue circles respectively) are down 

regulated in comparison to the iPSC samples (black and red circles) with 
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respect to the genetic markers of self-renewal. In comparison to the reference 

set provided by the software associated with the kit, the control and MERTK-

iPSC are slightly down-regulated in the self-renewal markers. 

In contrast, in EB samples ectoderm, mesoderm and endoderm gene sets are 

up-regulated when compared to the undifferentiated control and MERTK-

iPSC. It was noted that only in the ectoderm and mesoderm gene sets did the 

control and iPSC fall within the confidence interval of the reference set 

provided by the software associated with the kit. 

Panel B displays the same results in a numerical manner with an overlaid heat 

map. From the data in this panel it is clear that the control iPSC are closer in 

gene expression to the reference panel than the MERTK-iPSC. 
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Figure 3-14 iPSC vs Embryoid body gene expression from Taqman 
Scorecard. 
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Figure 3-14 from the Taqman scorecard analysis shows a heat map of 

expression of the individual genes tested in the kit. The first two columns 

represent the iPSC and the second two the EBs, in the control and the MERTK 

deficient samples respectively. The overall pattern is that the first two columns 

(iPSC) differ in the expression in comparison to the second two columns (EBs). 

This difference is most pronounced in the self-renewal and ectoderm gene 

groups. 

Of note the SOX2 gene is the only gene that is not down regulated in both the 

control and MERTK deficient EBs. 

The gene PHOX2B is another that does not follow the general trend. It is in the 

endoderm gene group. It is markedly upregulated in the control iPSC (>100X 

the reference set) and not upregulated in the MERTK-iPSC. As expected it is 

slightly upregulated in both the EB conditions. 
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3.3.4.2 IPSC karyotype 

Figure 3-15 Karyogram of MERTK deficient iPSC line 7. 

 

Karyotyping of Mer07 iPSC line at passage 22 was performed by The Doctors 

Laboratory, London (Figure 3-15). A normal band appearance with Giemsa 

stain is noted in all chromosomes when photomicrographs are rearranged into 

numerical chromosomal order. 
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3.4 Discussion 

3.4.1 Discussion of the clinical phenotype 

The ‘Normal Example’ retinal images in Figure 3-1 & Figure 3-2 are for 

reference only and do not relate to the cell control used in the bulk of the 

research following this section. 

The patients Snellen vision was 6/36 in the right eye and 6/60 in the left eye. 

In every day context, this level of vision does not qualify for certificate of visual 

impairment but would not allow the patient to hold a driving license. The patient 

would therefore struggle with certain activities of daily living but would likely be 

able to navigate and self care. 

The pale optic nerve and attenuated retinal vessels are consistent with 

classical retinitis pigmentosa. The bull’s-eyes appearance of the macula 

suggests that he has some cone involvement with his disease which is 

consistent with his degree of visual acuity loss. The optic nerve has no 

significant cup / disc ratio abnormalities and so there is likely no other optic 

neuropathy such as glaucoma. 

The adaptive optics findings, showing the scattered reflections and lack of an 

organised photoreceptor network are consistent with the observations in the 

fundus photo and the degree of visual acuity reduction in the patient. There 

are some areas of a total absence of reflections and some areas with 
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reflections suggesting a heterogonous disease process throughout the 

macular area. 

Spectralis OCT shows only minimal retinal thickening in the MERTK patient in 

comparison to the control. There was no significant increase or decrease in 

retinal thickness or a large degree of sub-retinal debris. In the RCS rat, which 

also has a MERTK deficiency, there is a build up of retinal debris between the 

photoreceptor layer and the RPE (Figure 1-5) and the retina is much thinner 

at three months of age. This suggests an alternative mechanism for the 

clearance of the spent POS that would have built up over the 26 years of the 

patient’s life, especially in the first 12 years, before any visual symptoms were 

noticed. This clearance may be done by an alternate RPE pathway (Vollrath 

et al. 2015), by Muller cells (Roque et al. 1996) or alternatively cleared by 

macrophages resident in the retina (Li et al. 1991). Macrophages are known 

to exist but are sparse in the healthy retina. In the diseased retina, with the 

breakdown of the blood retina barrier, macrophages are more likely to be 

present. 

The wide-field Optos autofluorescence image shows a lack of peripheral 

involvement of the disease in the MERTK patient. Apart from the central area 

of concentric rings of hypo and hyper fluorescence, consistent with the bull’s 

eye ring observed in the fundus photos, there is general preservation of the 

RPE fluorescence in the periphery, apart from a few scattered punched out 

lesions. The classical form of RP has peripheral pigment in addition to the disc 

pallor, attenuated vessels and pale fundus. In the literature, however, it 



 

 112 

appears that there are two patterns of MERTK deficient RP, one with 

peripheral scarring and one with a more central pathology. From Table 1-1 we 

can see that in the papers that describe the fundus appearance, five of them 

have peripheral scarring and five of them have only macular changes. It follows 

that our patient has just the central form and so this could represent a milder 

form of the disease, and could account for the lack of expected retinal debris. 

3.4.2 Discussion of the characterisation of the fibroblasts 

Observation of the fibroblasts show a difference in growth rate between the 

control and the MERTK-fibroblasts (Figure 3-4). The major difference between 

the control and MERTK-fibroblasts is that the control cells were derived from 

a neonatal line whereas the MERTK cells come from an adult. This difference 

between the developmental stage (and age) of the cells may account for the 

difference in growth rate, in the expectation that the neonatal cells would grow 

at a faster rate than the adult cells. However, part of the growth rate could be 

due to the lack of MERTK. 

It was noted in Figure 3-5 & Figure 3-6 that there was increased expression of 

vimentin in the MERTK-fibroblasts compared to the controls. Vimentin, an 

intermediate filament protein, is generally regarded to be a good marker for 

fibroblasts (Goodpaster et al. 2008) (but it must be stated that in the Western 

blotting of the iPSC and RPE, (Figure 3-12& Figure 4-8), all the cells were 

shown to express vimentin and therefore it appears to not be a very specific 

marker of fibroblasts). Furthermore, vimentin is expressed at differing levels 

depending on the stage of development. Thus, the fact that the control 
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fibroblasts were neonatally derived and the MERTK-fibroblasts came from an 

adult may account for the discrepancy in vimentin expression. To further 

explore this, the fibroblasts from a number of adult and neonatal sources could 

be compared by Western blot analysis, but this was outside the scope of the 

research presented here. The higher level of vimentin in the MERTK-

fibroblasts fits with the observation that these cells take longer to reach 

confluence as the vimentin protein is involved in organelle anchoring 

(Katsumoto et al. 1990). A higher level of vimentin could imply that in order to 

divide, a higher degree of cellular reorganisation is required to change the 

anchor points of organelles, thus increasing the dividing time. It would be 

interesting to further characterise this using live tracking of organelles, in a 

future study. 

3.4.3 Discussion of the characterisation of the iPSC 

The reprogrammed MERTK fibroblasts began to yield iPSC colonies in the 

expected timeline of between 2 and 3 weeks (Figure 3-8). Twenty separate 

colonies were isolated and expanded as clonal lines and it was evident that 

these clonal lines behaved differently with respect to their growth rate. iPSCs 

have been shown to have a varied growth and differentiation characteristics 

and is thought to be due to a combination of epigenetic and genetic variation 

(Nishino et al. 2011; Hussein et al. 2011; Liang & Zhang 2013). The iPSC 

morphology was also noted to be different between lines, but this could have 

been as a result of isolation purity or the efficiency of the reprogramming, 

depending on how many copies of the plasmids had been electroporated. This 
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observation could also reflect partial reprogramming, where episomal 

plasmids maintain pluripotency, but do not reactivate the intrinsic mechanism. 

Similarly to the fibroblasts, the control iPSC colonies appeared to grow more 

rapidly than the MERTK-iPSC (Figure 3-10) and as discussed in 3.3.2.2, this 

could be due to the more ontogenetically mature MERTK-iPSC growing more 

slowly or the lack of the MERTK and its role in the cell cycle causing them to 

divide less often (Lee-Sherick et al. 2013). 

There is little discernible difference between the control and MERTK-iPSC in 

terms of their expression of the iPSC nuclear marker SOX2 or surface markers 

TRA-1-60 or TRA-181 (Figure 3-5). However, the control iPSC do appear on 

Western blot to express OCT4 more strongly than the MERTK-iPSC. This may 

be due, again, to the more immature state of the neonatally derived control 

cells, being closer in developmental stage to the pluripotent state. The 

expression of vimentin also differs, with a stronger expression in the MERTK-

iPSC, but the reasons for this are discussed prior (section 3.3.2.2). As 

expected, the MERTK protein was expressed in the control iPSC but not in the 

MERTK-iPSC and CRALBP (a marker of RPE) was not expressed in either 

cell type. 

The Taqman pluripotent scorecard analysis of the iPSC showed that the 

control iPSC were closer to the reference set than the MERTK-iPSC. This 

could be explained by fact that the control iPSC were neonatally-derived and 

thus closer to the pluripotent state. As expected, self-renewal genes were 

significantly down regulated in the embryoid body cultures. The only germ line 
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that the iPSC fell within a quartile of the mean was ectoderm. This may be 

because the iPSC were originally derived from dermal fibroblasts, an ectoderm 

tissue, and hence have an epigenetic memory of ectoderm. In the scorecard 

analysis the PHOX2B is up-regulated greatly (by over 100 fold) in the control 

iPSC. This is interesting as it is a developmental regulator of several major 

neuron populations (Pla et al. 2008). This implies that the control iPSC may 

have a greater propensity to develop into neuronal precursors in comparison 

to the MERTK-iPSC. 

3.5 Conclusion 

From the phenotypic data shown, it is likely that the patient has a milder form 

of MERTK deficient RP (RP38) as there is not a large amount of retinal 

scarring. This suggests that the retina may be still at a stage whereby it is 

possible to stop or reverse the progress of the disease with a therapy. 

The fibroblasts and iPSC from the control and MERTK patient grew and were 

derived in expected timescales and with relatively normal appearance. The 

major differences between the control and the patient fibroblast and iPSCs are 

likely due to their contrasting ontogenetic origins. The control cells, being from 

a neonatal stage, appear to divide more quickly and express genes associated 

with neuronal development. This may prove to be important in terms of their 

potential to form pure RPE colonies (discussed in Chapter 4).  
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Chapter 4 Generation of iPSC-derived retinal pigment 

epithelial (RPE) 

4.1 Introduction 

The main aim of the research was to develop a cellular model of MERTK 

retinitis pigmentosa. The site of MERTK dysfunction in retinal disease is on the 

apical surface of the RPE cells. It is therefore fundamental to the project to 

derive RPE cells. 

This chapter details how the iPSC were derived into RPE cells and describes 

the characterisation of these patient-derived iPSC-RPE. The first part 

describes the development of the RPE from the iPSC and appearance of the 

RPE en face using transmitted light microscopy. Cells are compared with 

respect to their gene and protein expression of key RPE markers. Importantly, 

it is shown herein that there is a loss of MERTK protein expression in the 

patient derived cells. The cell phenotype was also examined in sectioned cells 

using various stains and immunofluorescence to identify the cellular 

localisation of key proteins. Characterisation of the cells at the organelle level 

was also performed using electron microscopy. 

The chapter also includes a dissection of the variants in the MERTK gene at 

the genomic and cDNA level whereby a premature stop codon is shown to 

persist in the cDNA and hence is a likely target for a drug to restore protein 

expression. 
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The chapter concludes with a whole transcriptome sequence analysis (RNA-

seq) between the control and the MERTK-RPE. Using this technology, the 

mRNA level of every gene in the genome (>22000) were quantified using 

shotgun sequencing. The data is used to generate lists of genes that are 

differentially expressed between the control and MERTK-RPE. These lists are 

analysed using established web based software to decipher if known groups 

of genes are enriched in the list. These data build on inferences from earlier in 

the thesis. 

4.2 Materials and Methods 

4.2.1 Spontaneous differentiation of RPE from IPSC 

Differentiation of stem cells to RPE colonies was performed on 6 well tissue 

culture plates (140675, Thermo Fisher). iPSC were expanded to at least 

passage 12 and not more than passage 29. The stem cell colonies were 

allowed to grow to 80% confluence, with feeding every day with Essential 8™ 

medium (A1517001, Thermo Fisher). The colonies would usually require 

passaging between day 7 and 10. Once 80% confluent, the media was 

changed to hESC-βFGF (500mls made from 388.7ml Knockout DMEM 

(10828-028, Thermo Fisher), 5ml Glutamax (35050-038, Thermo Fisher, 1ml 

50mM beta-mercaptoethanol (31350-010, Thermo Fisher), 100ml Knockout 

serum, 5ml 100X Non Essential Amino Acids (11140035, Thermo Fisher), 

300µl Gentamicin (15750-037, Thermo Fisher)). From here on, the wells were 

fed twice weekly for at least a further 8 weeks and not more than 16 weeks.	
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4.2.2 Isolation of pigmented colonies from cultures 

Pigmented colonies in the differentiating cultures were identified by eye and 

usually easily distinguishable by week 8 following change of media to hESC-

βFGF. The pigmented foci were manually dissected from the non-pigmented 

tissue on the tissue culture plates under 3.5 X loupe magnification, using 2 

14cm microknife crescent blades (10317-14, Interfocus). The foci were placed 

in a 15 ml centrifuge tube (E1415-0200, Starlab) containing 15ml of hESC-

βFGF media. The dissections were performed for up to 2 hours. The collected 

foci were centrifuged at 300xg for 5 minutes. The pellet was resuspended and 

washed in 5ml of 1X phosphate buffered saline (PBS) (14190250, Thermo 

Fisher) and centrifuged at 300xg for 5 minutes. The pellet was resuspended in 

3 ml of Accutase (A6964, Sigma) and incubated at 37°C, 5% CO2 for 2 hours 

with gentle agitation every 15 minutes. Following this, 3ml of hESC-βFGF 

media was added to the 15ml tube containing the foci and accutase and this 

solution was passed through a 40µM cell strainer (352349, Scientific 

Laboratory Supplies Limited) to remove unwanted fibrous tissue, into a 50ml 

centrifuge tube (E1450-0500, Starlab). To collect the maximum number of 

pigmented cells, the 15ml centrifuge tube was washed with a further 5ml of 

hESC-βFGF media and passed through the strainer into the 50ml centrifuge 

tube. The 50ml centrifuge tube was centrifuged at 300xg for 5 minutes and the 

pellet resuspended in 1ml of X-VIVO 10 (LZBE 04-743Q, Lonza) media with 

30mg/L gentamicin (15750-037, Thermo Fisher) added. The cells were 

counted using a haematocytometer, resuspended in an appropriate volume of 

X-VIVO 10 and plated out onto 24 well plates (142475, Thermo Fisher) coated 
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with 1:80 Matrigel hESC-qualified matrix (354277, BD Biosciences) in 

DMEM/F-12, GlutaMAX™ (31331028, Thermo Fisher), at 50000 cells per cm2. 

4.2.3 Maintenance of IPSC derived RPE 

iPSC-derived RPE cells were cultured at 37°C and 5% CO2 and fed twice 

weekly with X-VIVO 10 (LZBE 04-743Q, Lonza) containing 30mg/L gentamicin 

(15750-037, Thermo Fisher). The cells at Passage 1 (P1) were grown on 24 

well plates coated with 1:80 Matrigel hESC-qualified matrix (354277, BD 

Biosciences) in DMEM/F-12, GlutaMAX™ (31331028, Thermo Fisher). After 

6-10 weeks following initial isolation, the cells were noted to regain their 

pigmentation and at this point, passage was performed to new tissue culture 

plasticware specific to the planned experiment. Passage was performed by 

washing the cells in PBS and then adding 1ml of Accutase (A6964, Sigma) per 

well of a 24 well plate and incubating at 37°C, 5% CO2 for 20 minutes. The 

cultures were then dissociated manually using a cell scraper (541070, Greiner 

Bio-One), transferred to a 15ml centrifuge tube containing 3mls of X-VIVO 10. 

This was gently mixed and the solution was passed through a 40µM cell 

strainer and centrifuged at 300xg for 5 minutes at room temperature. The 

supernatant was aspirated and the pellet resuspended in 1ml of X-VIVO 10 

media with 30mg/L gentamicin (15750037, Thermo Fisher) added. The cells 

were counted using a haematocytometer. The cells were then resuspended in 

an appropriate volume and plated out the desired tissue culture plasticware 

coated with 1:80 Matrigel hESC-qualified matrix (354277, BD Biosciences) in 

DMEM/F-12, GlutaMAX™ (31331028, Thermo Fisher), at 50000 cells per cm2. 
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4.2.4 Transepithelial resistance 

iPSC RPE cultures for transepithelial resistance (TER) were grown in X-VIVO 

10 (LZBE 04-743Q, Lonza) containing 30mg/L gentamicin (15750-037, 

Thermo Fisher) on 24mm Corning Transwells with 0.4μm pore polyester 

membranes (Cat. No. CLS3450-24EA, Sigma Aldrich, UK) coated with 1:80 

Matrigel hESC-qualified matrix (354277, BD Biosciences) in DMEM/F-12, 

GlutaMAX™ (31331028, Thermo Fisher).  

The Chopstick Electrode Set for EVOM2 (STX3, World Precision Instruments 

(WPI)) was sterilised using 70% ethanol, ddH2O and PBS. The Chopstick 

Electrode was equilibrated in an electrolyte solution (0.15M NaCl solution) for 

2 hours to balance the electrodes at 0mV. The resistance and voltmeter 

(EVOM2, Epithelial Volt/Ohm Meter for TEER, EVOM2, WPI) was set to R 

mode prior to turning the power on. The resistance of blank transwell insert 

coated in Matrigel was measured by pressing the R button until a steady ohms 

reading was obtained. The same was done for all the experimental conditions. 

Changes in the TER across the iPSC-RPE cultures were monitored regularly 

over a 10-week period. All measurements were performed at room 

temperature within 5 minutes of removal from the incubator since changes in 

the temperature caused variation in TER (González-Mariscal et al. 1984). 

Measurements were made in triplicate. 
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4.2.5 Assessment of pigmentation 

Images were acquired using a modified scanning device (MSD) and captured 

using Microsoft Silverlight. The images were processed through an ImageJ 

macro as follows: 

run("8-bit"); 
setAutoThreshold("Default"); 
//run("Threshold..."); 
makeOval(177, 116, 587, 587); 
makeOval(914, 102, 602, 602); 
makeOval(1658, 102, 590, 590); 
makeOval(174, 874, 588, 588); 
makeOval(919, 874, 585, 585); 
makeOval(1648, 860, 598, 598); 
run("Measure"); 
 

The macro transforms the image into an 8-bit image (with 256 shades of gray) 

and threshold set to define the pigmented areas, and then defines a circular 

area corresponding to the tissue culture cell well. This area is measured and 

the area of pigmentation as a % of the total well area is calculated (see Figure 

4-2). 
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4.2.6 ImageJ macro to define and count RPE cells 

Images were acquired using an EVOS XL transmission microscope 

(ThermoFisher) and processed through an ImageJ macro as follows: 

run("8-bit"); 
run("Invert"); 
setAutoThreshold("Default dark"); 
//run("Threshold..."); 
setAutoThreshold("Huang dark"); 
setAutoThreshold("Intermodes dark"); 
setAutoThreshold("IsoData dark"); 
setAutoThreshold("IJ_IsoData dark"); 
setAutoThreshold("Li dark"); 
setAutoThreshold("MaxEntropy dark"); 
setAutoThreshold("Mean dark"); 
setThreshold(184, 227); 
makeRectangle(1512, 838, 438, 438); 
 

Similarly to the above macro, this macro transforms the image into an 8-bit 

image (with 256 shades of gray) and after inverting the shades uses the 

threshold function to help define the cell nuclei, based on their size. The 

ImageJ program is then able to count them. Both of these macros were 

developed for the purpose of this thesis. 
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4.3 Results 

4.3.1 Spontaneous differentiation of RPE from IPSC 

Figure 4-1 Diagram outlining method of spontaneous differentiation of 
RPE from iPSC. 

 

Figure 4-1 shows a schematic of how RPE are derived from stem cells. The 

stem cell colonies are allowed to grow to confluence and at this point the βFGF 

is withdrawn from the media. The cells are fed twice weekly for several weeks. 
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After six to eight weeks, pigmented foci appear and these are purified by 

manual dissection and pooled and expanded to produce RPE at passage one. 

Figure 4-2. RPE differentiation of MERTK-RPE from iPSC. 

 

Figure 4-2 legend: A - Top images shows a single well of a 6 well plate of 
Mer07 clonal line of MERTK deficient iPSCs differentiate into pigmented 
foci over a 7 week time period. B shows how this image is analysed in 
imageJ to give a total area of pigmentation (red area in final image). C 
shows a graphical representation (y axis = area of pigmentation as a % 
of total area) comparing 2 lines of MERTK deficient RPE. 
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The iPSC colonies expanded to 80% confluence at 6-8 days following 

passage. At this point the media was changed from stem cell maintenance 

media (E8) to differentiation media (hESC- media) and the feeding schedule 

altered from daily feeding to twice weekly feeding. The colonies were 

maintained in this manner until the emergence of pigmented foci which begin 

to appear at 6-8 weeks (Figure 4-1). 

Different clonal lines were noted to generate differing patterns and differing 

amounts of pigmented foci (Figure 4-2). Pigmentation was measured using a 

modified scanning device (MSD) that scanned the tissue culture plastic 

containing the cultures. Using the images generated from the MSD, the area 

of pigmented foci was calculated using the analyse function on threshold 8bit 

images in the ImageJ program. 

Comparison of the pigmentation between two iPSC derived MERTK lines 

Mer04 and Mer07 revealed a difference between the efficiency of pigmentation 

which was significant at 7 weeks (P = 0.001 by t-test). The Mer04 RPE cells 

develop a few pigmented foci at week 3 which remain static by week 7 while 

the Mer07 line develops a similar level of pigmentation by week 3 compared 

to the Mer04 line that rapidly expands by week 7. 
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4.3.2 Appearance of iPSC-RPE cultures 

Figure 4-3 Transmission microscopy, appearance and cell size analysis 
of iPSC derived RPE lines. 

 

Figure 4-3 legend: Top 3 rows show control and 2 clonal lines of RPE 
derived from iPSC at two magnifications (scale bars = 100µm). The left 
image in the bottom row shows an analysed sample taken from the left 
hand picture on the third row used to count the number of cells. The 
bottom right graphical image compares the size of the RPE cells (y axis 
shows cell diameter) between the control and MERTK lines shown in the 
top three rows. 
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Following 8 to 10 weeks in culture the cells reached a mature and constant 

state with epithelial appearance and in a monolayer. The cells were hexagonal 

with a cobblestone appearance and were pigmented. During observation of 

the cells in culture on microscopy it was noted that cells from different clonal 

lines appeared to differ in size. As a direct proxy of cell size, the number of 

cells in a defined area (set as a 100µm square, illustrated in the week 4-5 

Mer07-RPE condition in Figure 4-3) was counted using the ‘analyse particles’ 

function in ImageJ, and from this the average cell size was calculated. It should 

be noted that this only calculates the cell area and not volume and assumes a 

circular cell. 

In Figure 4-3, a comparison of the size of a single clone of the BJ control RPE 

and two clonal lines of MERTK-RPE (Mer04 and Mer07) between week 8 and 

10 showed that Mer04 and BJ RPE form RPE of a similar size (17.81µm and 

17.99µm in diameter respectively), but that Mer07 RPE form smaller RPE 

(13.33 µm). This difference reached statistical significance between the control 

line and the Mer07 line (p=0.028 by t-test). 
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Figure 4-4 Pigmentation and heterogeneity analysis of RPE cultures.  

 

Figure 4-4 legend: Top left image compares control and MERTK at 8 
weeks. The top right image shows the area used for analysis. Bottom left 
image shows a graphical representation of the mean grayscale between 
the processed images in the control and MERTK conditions. The bottom 
right shows a graphical representation of the variation in grayscale 
(using standard deviation) between the processed images in the control 
and MERTK condition. 

 

Following 8 weeks the purified RPE cells in culture appeared different 

between the control RPE and the MERTK-RPE. The most significant 

difference was an apparent increased heterogeneity in the control RPE 

(Figure 4-4). The cultures appeared to have a wider range of pigmentation 
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within the culture, with some areas of increased pigmentation and other with 

less pigmentation than the MERTK-RPE. 

The pigmentation was analysed by scanning the cultures in an MSD and 

pigmentation analysed in ImageJ. Images were converted to 8bit grayscale 

and using the measure function, the mean grayscale and standard deviation 

of grayscale calculated, 8bit images have a maximum value of 256. It was 

noted that the mean grayscale was higher in control RPE (120.8) in 

comparison to MERTK-RPE (118.6), but this did not reach statistical 

significance (p=0.22, t-test). 

However, comparison of the standard deviations of grayscale was higher in 

the control RPE (20.4) compared to the MERTK-RPE (18.8) and this did 

reach statistical significance, with a p value of 0.01 using a t-test. This 

implies that there is an increased heterogeneity of pigmentation in the BJ-

RPE in comparison to the MERTK-RPE. 
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Figure 4-5 Transmission microscopy of sections of stained iPSC-derived 
RPE. 

 

Figure 4-5 legend: Transmission microscopy of sections of stained iPSC-
derived control and MERTK-RPE (Mer07) grown in tissue culture 
transwells to show polarity (scale bar = 10µm). Top two rows show 
toluidine staining and bottom two rows show haematoxylin and eosin. 
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Toluidine blue stain of the control and MERTK-RPE reveals that both RPE 

cell types in culture grow as confluent monolayer with basal nuclei containing 

nucleoli (Figure 4-5 top panel). There are melanosomes present throughout 

the cells, with most of these in the apical cell. There appear to be more 

melanosomes in the control cells. The control and MERTK-RPE cells have a 

similar height. Apical processes, which are consistent with microvilli are more 

prominent on the MERTK-RPE. 

H&E staining reveals that the control and MERTK-RPE grow as a confluent 

monolayer with basal nuclei. The staining also shows the presence of darker 

areas consistent with the pigmentation of melanosomes throughout the cells, 

most prominent on the apical surface (Figure 4-5, lower panel). 
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4.3.3 Gene and Protein expression in iPSC-RPE cultures 

Figure 4-6 Agarose gel analysis of reverse transcriptase PCR of RPE 
marker genes in iPSC-RPE (NTC = no template control). 

 

RNA was extracted from the control RPE and the MERTK-RPE (derived from 

the Mer07 clonal line) and cDNA was generated from the RNA. Polymerase 

chain reactions were performed on the RNA using primer pairs designed to 

amplify the RPE signature genes (Figure 4-6). Both the control and MERTK-

RPE expressed Cellular Retinaldehyde-Binding Protein (CRALBP) at similar 

levels, suggesting that the RPE cultures were potentially able to cycle retinol. 

There was expression of Keratin 8 (CK8), a type of keratin that is found in 
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epithelial cells, including RPE cells. There were similar levels of Pigment 

Epithelium-Derived Factor (PEDF), a growth factor secreted from the apical 

surface of mature RPE. There was weak but detectable expression of levels 

of Orthodenticle Homeobox 2 (OTX2), a transcription factor expressed by 

developing and mature RPE cells. Tyrosinase (TYR) is involved in the 

production of melanin from tyrosine and is expressed in RPE, it is detectable 

and expressed in both the control and MERTK-RPE. 
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4.3.4 Analysis of MERTK gene and MERTK protein expression in the 

control and MERTK-RPE. 

Figure 4-7. Gene and protein analysis of MERTK in the control and 
MERTK-RPE. 

 

Figure 4-7 legend: Top two images (with white bands) show agarose gel 
electrophoresis following RT PCR of the MERTK gene between the 
control and MERTK-RPE. Bottom 3 images show Western blot (black 
bands) of the MERTK gene and protein in the control RPE and MERTK-
RPE at passage 3. 
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In an analysis of MERTK gene and protein expression between the control and 

MERTK-RPE, the MERTK mRNA was shown to be expressed in both the 

control RPE and MERTK-RPE, but at a lower level in the MERTK-RPE (Figure 

4-7). However, the MERTK protein was only detectable in the control RPE, 

whilst the CRALBP protein, an RPE cell marker was present in both control 

RPE and MERTK-RPE at equal levels. 

Figure 4-8 Western blot study of fibroblasts, iPSC and iPSC derived RPE. 

 

Figure 4-8 legend: Western blot panel comparing protein expression 
between control and MERTK fibroblasts, iPSC, RPE and mature ARPE19 
cells of markers of fibroblasts (vimentin), stem cells (OCT4), and RPE 
(MERTK and CRALBP). RPE from control and MERTK were at passage 2. 

 

Further protein characterisation was performed on passage 2 control and 

MERTK-RPE by Western blot analysis. In addition to the two derived RPE 

lines, pigmented ARPE19 cells were also analysed with the same antibodies. 
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Vimentin was detectable in the control and MERTK-RPE and also the 

ARPE19. The level of vimentin was higher in the MERTK-RPE in comparison 

to the control RPE and higher still in the ARPE19. OCT4 was undetectable in 

any of the 3 RPE cell types. MERTK was present in the control line and the 

ARPE19 but undetectable in the MERTK-RPE. CRALBP was detectable in all 

three RPE cell types. However, in contrast to the RPE at passage 3 (see Figure 

4-7), it was noted to be much more immunoreactive in the MERTK-RPE in 

comparison to the control RPE. The level of CRALBP was similar between the 

MERTK-RPE and the ARPE19 (Figure 4-8). 
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Figure 4-9 Immunocytochemistry image of PMEL17 and PAX6 
expression in iPSC-RPE 

 

Figure 4-9 legend: Confocal analysis of immunocytochemistry 
displaying RPE markers in iPSC derived control and MERTK RPE. Blue 
channel = nuclei, green channel = PMEL17, red channel = PAX6 (scale 
bar = 20µm). 

 

Both the control RPE and MERTK-RPE were fixed and stained using an 

immunocytochemistry protocol with PAX6 and PMEL17 primary antibodies 

and imaged on a confocal microscope (Figure 4-9). Both control and MERTK-

RPE stained strongly positive for PMEL17, a marker of melanosomes 
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maturation. In both cases the PMEL17 expression was found most in the apical 

portion of the cells. There were similar levels of intensity between the control 

and MERTK-RPE, possibly with a slightly more intense signal in the control 

RPE. The control RPE showed a more intense signal. The PAX6 signal was 

confined to the nuclei of the control and MERTK-RPE cells. 

Figure 4-10 Immunocytochemistry image of CRALBP and MERTK 
expression in iPSC RPE. 

 

Figure 4-10 legend: Confocal analysis of immunocytochemistry 
displaying RPE markers in iPSC derived control and MERTK RPE. Blue 
channel = nuclei, green channel = CRALBP, red channel = MERTK (scale 
bar = 20µm). 



 

 139 

In the upper panel of Figure 4-10, the section shown is of a more apical portion 

of the cell in the control RPE, in comparison to the MERTK-RPE. This is to 

show the apical expression of the MERTK. 

 The lower panel of images shows a cut confocal 3D stack of the 

immunocytochemistry of the control and MERTK-RPE cells and reveals a 

similar expression of the CRALBP protein. The CRALBP protein is found in the 

cytoplasm of the cells. There is a striking difference between the control and 

MERTK-RPE with regard to the expression of MERTK. There is apical 

expression of MERTK in the control cells and MERTK expression is 

undetectable in the MERTK-RPE. 
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Figure 4-11 Immunocytochemistry image of RPE65 expression in iPSC-
RPE. 

 

Figure 4-11 legend: Confocal analysis of immunocytochemistry 
displaying RPE markers in iPSC derived control and MERTK RPE. Blue 
channel = nuclei, green channel = RPE65 (scale bar = 20µm). 

The immunocytochemistry analysis in Figure 4-11 reveals a very similar level 

of protein expression between the control RPE and MERTK-RPE with respect 

RPE65. The RPE65 protein is clearly seen in the upper cytoplasm of the RPE 

cells. 
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Figure 4-12 Immunocytochemistry image of OTX2 expression in iPSC-
RPE. 

 

Figure 4-12 legend: Confocal analysis of immunocytochemistry 
displaying RPE markers in iPSC derived control and MERTK RPE. Blue 
channel = nuclei, red channel = OTX2 (scale bar = 20µm). 

 

The immunocytochemistry shown in Figure 4-12 shows a similar level of 

expression of the protein OTX2 between the control and MERTK-RPE. In both 

cases the expression was limited to the nuclei of the RPE cells. 
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Figure 4-13 Immunohistochemistry image of BEST1, MERTK and 
IntegrinaV expression in iPSC-RPE. 

 

Figure 4-13 legend: Confocal analysis of immunohistochemistry 
displaying RPE markers in iPSC derived control and MERTK RPE. Top 
panel: Blue channel = nuclei, green channel = BEST, red channel = 
MERTK. Bottom panel: Blue channel = nuclei, red channel = Integrin AV. 
(scale bar = 10µm). 

 

The cells were also grown on 10µm thick polyester membranes and sectioned 

into 10µm sections for analysis by immunohistochemistry (Figure 4-13). This 

was especially useful to assess the cells for polarity, as the basal side is easily 

identified. The cells were stained for the presence of the basal protein 



 

 143 

bestrophin1 which was apparent in the basolateral aspect of the control and 

MERTK-RPE. There was stronger signal noted in the MERTK cells.  

As with the immunocytochemistry, Figure 4-13 shows that there was protein 

expression of MERTK in the control RPE but none in the MERTK-RPE. The 

expression of MERTK in the control RPE was exclusively apical. 

In addition, both lines expressed the integrin aV on their apical surfaces, with 

a stronger signal noted in the MERTK-RPE. 

In all sections of RPE it was noted that cultures formed confluent monolayers 

and there was a polarity with the cells containing basal nuclei. 
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4.3.5 IPSC-RPE morphology analysis by electron microscopy 

Figure 4-14 Electron micrograph montages showing monolayers of 
control and MERTK-RPE. 

 

Figure 4-14 legend: Electron micrographs of multiple adjacent images 
composited to show the monolayer of iPSC-RPE from control and 
MERTK deficient line (MERTK-RPE) AVM = apical microvilli, n = cell 
nucleus (scale bar = 2µm). 

 

This panel (Figure 4-14) shows a comparison of the control and MERTK-RPE, 

sectioned and prepared for electron microscopy, imaged and stitched into 

montages using the software Microsoft ICE. 

Both the control RPE and MERTK-RPE appear to grow as continuous 

monolayers with basal nuclei (n). In both lines some of the nuclei have a folded 

appearance. In both the control RPE and the MERTK RPE there are white 
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spaces noted which could represent cystic spaces. The cells are a similar 

height in both conditions. 

There is evidence in both the control and MERTK-RPE of darker organelles, 

consistent with melanosomes. The melanosomes appear throughout the cells, 

with more appearing in the apical portion of the cell. The melanosomes appear 

darker in the control RPE in comparison to the MERTK-RPE. 

There are apical processes consistent with apical microvilli (AVM) evident in 

both the control and MERTK-RPE but these are longer and more plentiful in 

the MERTK-RPE. 
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Figure 4-15 Electron micrograph showing single cell of iPSC-RPE from 
control and MERTK deficient line. 

 

Figure 4-15 legend: Electron micrographs of a single cell each of iPSC-
RPE from control and MERTK deficient line (MERTK-RPE) AVM = apical 
microvilli, m= melanosome, n = cell nucleus (scale bar = 2µm). 
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High magnification electron micrographs of the control and MERTK-RPE 

(Figure 4-15) show that the cells are similar. They both contain basal nuclei 

and apical melanosomes. The nucleus in the control cell is approximately 8µm 

wide and 6µm high compared to 7µm wide and 5µm high. This difference could 

be explained by the position of the section not being in the same point of the 

nucleus. The cells are both 8.5 µm high, and so the nucleus accounts for 

approximately 70% of the cell height in the control and 58% of the cell height 

in the MERTK-RPE. A fold in the nuclear membrane is noted in the MERTK-

RPE as has been previously shown in Figure 4-14. 

The melanosomes appear darker in the control cells and also occupy a more 

apical position in the control RPE. There are a few cystic spaces noted in the 

MERTK-RPE. 

At the apical surface of both the control RPE and the MERTK-RPE there are 

finger like projections, consistent with apical microvilli. These are much longer 

and increased in volume and number in the MERTK-RPE. 
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Figure 4-16 Electron micrograph showing melanosomes in iPSC-RPE 
from control and MERTK deficient line. 

 

Figure 4-16 legend: Electron micrographs of apical surface of both iPSC-
RPE from control and MERTK deficient line (MERTK-RPE), m= 
melanosome, mito = mitochondrion (scale bar = 200nm). 

 

High magnification images of the cells in Figure 4-16 reveal that while both the 

control and MERTK-RPE have melanosomes, they are much darker in the 

control cells. It should be noted that there is some more artefact (represented 

by fine black dots in the images) in the control RPE, but these findings do not 

account for the darker appearance of the melanosomes. In the MERTK-RPE, 

the melanosomes also have a fingerprint appearance (most obvious in the 

bottom right image). In addition, in this bottom right image, a single 

mitochondrion is seen in the centre of the picture (a thin, long organelle). 
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Figure 4-17 Electron micrograph showing apical surface of iPSC-RPE 
from control and MERTK-RPE. 

 

Figure 4-17 legend: Electron micrographs of apical surface of both iPSC-
RPE from control and MERTK deficient line (MERTK-RPE), AVM = apical 
microvilli (scale bars A&B = 1µm, C&D = 500nm). 

 

High magnification images of the apical surface of the control and MERTK-

RPE reveal that the longer apical microvilli that are continuous with the cell 

measure 2µm in the control RPE and MERTK-RPE. As described in Figure 

4-16, the melanosomes appear darker in the control RPE. Additionally, in this 

figure (Figure 4-17) the melanosomes are smaller in size in the MERTK-RPE. 
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Figure 4-18 Electron micrograph showing tight junctions in iPSC-RPE 
from control and MERTK deficient line. 

 

Figure 4-18 legend: Electron micrographs of cellular junctions of both 
iPSC-RPE from control and MERTK deficient line (MERTK-RPE), Z. Oc. = 
zona occludens, Z. Ad. = zona adherens (scale bars 200nm). 

 

Figure 4-18 shows features suggestive of tight junctions in both the control and 

MERTK-RPE. In the control RPE, a gap between two cells is evident, running 

up to the apical surface of the cell. At the apical surface, the cells are tightly 

joined in a tight junction (zona occludens). Lower in the cell, the gap contains 

cystic spaces, which are punctuated by points of cell touching, consistent with 

the zona adherens. In the MERTK-RPE, at the basal surface, a similar 

structure is evident between two cells.  
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Figure 4-19 Electron micrograph showing basal infolding in iPSC-RPE 
from control and MERTK deficient line. 

 

Figure 4-19 legend: Electron micrographs of basal surface of both iPSC-
RPE from control and MERTK deficient line (MERTK-RPE), * = basal in 
foldings (scale bars 200nm). 
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Figure 4-19 shows electron micrographs of the basal aspect of control and 

MERTK-RPE. In both cells basal infoldings, which are a feature of epithelial 

cells and essential for attachment to the basement membrane, are observed. 

4.3.6 IPSC-RPE transepithelial resistance 

Figure 4-20 Transepithelial resistance comparison between control and 
3 MERTK-RPE lines at 8 weeks (error bars = 1 SEM). 

 

At 8 weeks following purification, the transepithelial resistance (TER) was 

measured in triplicate in control RPE and in MERTK-RPE from 3 different iPSC 

clonal lines (Figure 4-20). The RPE cells used for this experiment were at 

passage 3. The TER was noted to be lowest in the control RPE. Of the 3 clonal 

RPE lines from MERTK-RPE, the Mer05 had the highest TER, followed by 

Mer04 and then Mer07. The differences reached statistical significance 

between Mer05 and Mer04 (p<0.0001), Mer05 and Mer07 (p=0.0002), Mer05 

and control (p<0.0001), but not between Mer07 and control (p=0.053) (all by t-

test). 
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Figure 4-21 Change in transepithelial resistance over time in control and 
MERTK-RPE, n=6 (error bars = 1 SEM). 

 

In a separate set of experiments to the data presented in Figure 4-20, the TER 

was measured over time in RPE cultures that were only 2 passages from 

purification (passage 2) (Figure 4-21). Similarly to the RPE at passage 3, it 

was noted that the TER was lower in the control cells which, at 8 weeks, 

reached a TER of 107 Ωcm2. In contrast the TER in the Mer07 line was noted 

to be 394 Ωcm2. At all timepoints the control and MERTK-RPE had statistically 

significant differences in their TER (Week 2 p<0.001; Week 5 p=4.7x10-10; 

Week 8 p=0.0015: all by t-test). 
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4.3.7 Analysis of genetic variants in the MERTK gene from a patient 

with MERTK deficient RP 

Table 4-1 Table of mutations in MERTK-fibroblast MERTK gene by 
Sanger sequencing. 

Exon 
coding 

position 

NCBI 

reference 

MERTK 

gDNA 

MERTK-

RPE cDNA 
Predicted effect rs number 

ExAC 

allele 

freq 

9 1397 G AG het G Missense R466K rs7604639 0.5972 

10 1494 C CT het C Synonymous rs3811634 0.2385 

10 1552 A AG het A Missense I518V rs2230515 0.5973 

14 1881 A AG het A Synonymous  rs1131244 0.5825 

14 1951 C CT het T 
Nonsense 

R651X 
rs119489105 4.95E-05 

 

In order to further characterise the MERTK gene in the MERTK-RPE, Sanger 

sequencing of gDNA from fibroblasts and cDNA from the MERTK-RPE of the 

MERTK gene was performed (Table 4-1). Within the coding sequence of the 

gDNA five heterozygous variants were detected, two missense, two 

synonymous and one nonsense. 
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Figure 4-22 Analysis of mutation in the first base of intron 1 of the MERTK 
gene in MERTK fibroblasts and RPE 

 

Figure 4-22 legend: Panel A shows the MERTK gene schematic and 
position of first mutation (arrow) in the first base of intron 1. Panel B 
shows a sequence graph highlighting A and G heterozygosity (denoted 
as R) in the first base of intron 1 in the gDNA from fibroblasts, but no 
disruption to the splicing at the exon 1 / 2 junction in the cDNA from the 
MERTK-RPE (as previously predicted). Panel C shows a diagrammatic 
representation of this. 

 

Analysis of the MERTK gDNA sequence confirmed a change in the first base 

of intron 1, as previously described (Mackay et al. 2010) (Figure 4-22B). 

Analysis of the MERTK cDNA prepared from MERTK-RPE cells showed the 

predicted, wild type sequence at the exon 1/2 border and this wild type 

sequence extends for the entire of exons 2 and 3, suggesting there is no 

abnormal splicing that manifest at the RNA level. 
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Figure 4-23. Analysis of mutation in exon 14 of the MERTK gene in 
MERTK fibroblasts and RPE 

 

Figure 4-23 legend: Panel A shows the MERTK gene schematic and 
position of second mutation (arrow) in exon 14. Panel B shows a 
sequence graph highlighting C and T heterozygosity in exon 14 in the 
gDNA from fibroblasts, and the expression of only the C in the cDNA 
from the MERTK-RPE, creating a premature stop codon (TGA, 
highlighted by a yellow box). Panel C shows a diagrammatic 
representation of this. 

 

In the MERTK cDNA from the MERTK-RPE, only one variant was observed at 

each of the five positions that had been noted to be heterozygous in the gDNA, 

this suggests that only one allele is being expressed at the mRNA level (Table 

4-1). Of these five, only one differed from the wild type, NCBI sequence. This 

was the C>T variant at coding position 1951, predicted to lead to a premature 

stop codon in exon 14 (Figure 4-23 B & C). 
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4.3.8 RNA-seq differences between control and MERTK-RPE 

RNA-seq is whole transcriptome sequence analysis. With this technology, the 

mRNA level of every gene in the genome (>22000 genes) are quantified using 

shotgun sequencing. This generates not only raw data for individual genes but 

also, in comparison of two conditions, the data can be used to generate lists 

of genes that are differentially expressed between the two conditions. These 

lists are analysed using established web based software to decipher if known 

groups of genes are enriched in the list. 

Figure 4-24 Level of MERTK gene expression at the RNA level from RNA-
seq analysis raw data. 

 
Figure 4-24 legend: Graph comparing control and MERTK-RPE 
expression of the MERTK gene using raw data from RNA-seq. Y axis 
shows reads of MERTK RNA per million. MERTK-RPE was derived from 
the Mer07 line (error bars = 1SEM). 
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RNA-seq differences between control and MERTK-RPE 

RNA-seq is whole transcriptome sequence analysis. With this technology, the 

mRNA level of every gene in the genome (>22000 genes) are quantified using 

shotgun sequencing. This generates not only raw data for individual genes but 

also, in comparison of two conditions, the data can be used to generate lists 

of genes that are differentially expressed between the two conditions. These 

lists are analysed using established web based software to decipher if known 

groups of genes are enriched in the list. 

Figure 4-24 shows raw data from the RNA-seq analysis performed on the 

control and MERTK-RPE. It is evident from the reads per million that there is 

a trend towards more MERTK expression in the control RPE in comparison to 

the MERTK-RPE. However, this did not reach significance (p=0.12 by t-test). 

Following on from the observations about the gene expression of a single gene 

of interest, the next comparison made was to see what gene categories were 

different between the control and MERTK-RPE, this was achieved using the 

Database for Annotation, Visualization and Integrated Discovery (DAVID) 

v6.7. This is a web based tool to find functional clusters in large lists of genes. 

104 genes were up-regulated and 74 down-regulated by >2fold with a false 

detection rate (FDR<0.1) between the control and MERTK-RPE (Appendix 

Table A-2.1). 
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Figure 4-25 details the top 16 functional categories of genes that were up-

regulated in the control compared to the MERTK-RPE. The genes are 

arranged by 1/modified Fisher exact P value, the larger the value, the more 

enriched the cluster of genes. All of the genes in the set shown have a P value 

of less than 0.05 and thus would likely be enriched in the sample more than 

by chance. The smallest P values come from the extracellular matrix and 

glycoprotein categories. 
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Figure 4-25 Enriched gene categories of genes up-regulated in control 
versus MERTK-RPE from RNA-seq analysis. 

 

 
Figure 4-25 legend: Gene categories from DAVID functional annotation 
clustering of genes up-regulated (FDR<0.1, >2fold change) in control 
versus MERTK-RPE (p<0.05). Genes may be in more than one category. 
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Figure 4-25 details the top 16 functional categories of genes that were up-

regulated in the control compared to the MERTK-RPE. The genes are 

arranged by 1/modified Fisher exact P value, the larger the value, the more 

enriched the cluster of genes. All of the genes in the set shown have a P value 

of less than 0.05 and thus would likely be enriched in the sample more than 

by chance. The smallest P values come from the extracellular matrix and 

glycoprotein categories. 
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Figure 4-26 Enriched gene categories of genes down-regulated in 
control versus MERTK-RPE. 

 

Figure 4-26 legend: Gene categories from DAVID functional annotation 
clustering of genes down-regulated (FDR<0.1, >2fold change) in control 
versus MERTK-RPE (p<0.05). Number in brackets show how many genes 
in that category (genes may be in more than one category). 

 
 
In addition to genes clusters that were up-regulated in control RPE, genes that 

were down-regulated in control RPE in comparison to MERTK-RPE were 

analysed (Figure 4-26). The list includes gene categories relating to the cell 

cycle, calcium signalling and various cellular responses to stimuli. 
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Figure 4-27 RNAseq analysis of a subset of selected RPE genes. 

 

Figure 4-27 legend: Analysis of a subset of RPE genes from the RNAseq 
raw data shows that the reads per million of a selected subset of the RPE 
signature genes. 

In an extension of the characterisation (see earlier in the chapter for the 

primary characterisation) of the control and MERTK-RPE using the RNAseq 

data, a subset of RPE genes (from Strunnikova et al. 2010 and Booij et al. 
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2010), termed RPE signature genes was analysed (Figure 4-27).  

For the most part nearly all the genes were similar in their expression level. Of 

the 18 genes, only VEGFA, RDH10, FGFR2, RPE65 and RDH5 were more 

than one standard error of the mean apart. 

Figure 4-28 Greatest differences in RPE signature genes between 
control and MERTK-RPE. 

 
 
 

Figure 4-28 and Table 4-2 detail the few RPE signature genes that were 

significantly different in their expression between the control and MERTK-

RPE. There were 6 genes up-regulated in MERTK-RPE and 3 genes up-

regulated in the control RPE. 
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Table 4-2 Summary of gene functions of genes highlighted in Figure 4-28 
derived from Genecards.org 

Gene Name Function 

TTR Transthyretin Plasma carrier protein of thryroid hormone and 
retinol in CNS 

TFPI2 Tissue Factor 
Pathway Inhibitor 2 

Serine proteinase inhibitor. May play a role in the 
regulation of plasmin-mediated matrix remodelling. 

SORBS2 Sorbin And SH3 
Domain Containing 
2 

Non-receptor protein-tyrosine kinases, potential link 
between Abl family kinases and the actin 
cytoskeleton. 

SLC6A20 Solute Carrier 
Family 6 Member 
20 

Transport of small hydrophilic substances across cell 
membranes. 

IGF2BP2 Insulin Like Growth 
Factor 2 MRNA 
Binding Protein 2 

RNA-binding factor that recruits target transcripts to 
cytoplasmic protein-RNA complexes. Also binds to 
beta-actin/ACTB and MYC transcripts. 

GPM6B Glycoprotein M6B 

 

Membrane glycoprotein thought to be involved in 
cellular housekeeping functions such as membrane 
trafficking and cell-to-cell communication. Interacts 
with actin cytoskeleton. 

GEM GTP Binding 
Protein 
Overexpressed in 
Skeletal Muscle 

GTP-binding proteins. It is associated with the inner 
face of the plasma membrane and could play a role 
as a regulatory protein in receptor-mediated signal 
transduction. 

EFR3B EFR3 Homolog B Component of a complex required to localize 
phosphatidylinositol 4-kinase (PI4K) to the plasma 
membrane. 

BCAT1 Branched Chain 
Amino Acid 
Transaminase 1 

Cytosolic form of the enzyme branched-chain amino 
acid transaminase. 
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4.4 Discussion 

4.4.1 Transmitted micrograph appearance of the RPE en face 

The MERTK-iPSC were able to form into pigmented foci by the spontaneous 

differentiation method in a timeline consistent with other protocols (Carr, 

Vugler, Hikita, et al. 2009; Hirami et al. 2009; Buchholz et al. 2009). There was, 

however, quite a large difference between the clonal lines in their ability to form 

these pigmented foci (Figure 4-2). As discussed in the introduction, multiple 

research groups have reported that hESC are liable to respond in different 

ways when exposed to the same differentiation stimuli (Lane et al. 2014; 

Osafune et al. 2008). Likewise, iPSCs have been shown to have varied growth 

and differentiation characteristics and is predicted to be due to a combination 

of epigenetic and genetic variation (Nishino et al. 2011; Hussein et al. 2011; 

Liang & Zhang 2013). There is little surprise therefore that different clonal lines 

of iPSC will respond with differing levels of pigmentation as they undergo 

spontaneous differentiation. From the results of this experiment, the Mer07 line 

was selected for the subsequent RPE experiments as it yielded the most RPE. 

Another observation is that following purification from the pigmented foci 

(passage 0) to the confluent RPE (passage 1) the control RPE and MERTK-

RPE differ with respect to their cell size (Figure 4-3). The reason for this could 

well be explained by the variations in epigenetic memory between clonal lines, 

as described in the paragraph prior, with the Mer07 possibly epigenetically 

geared towards becoming more central rather than peripheral RPE (macular 
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RPE are smaller than peripheral RPE). In the context of disease modelling in 

MERTK RP, the potential anatomical location of the RPE may be of relevance 

as the macular RPE connect many more photoreceptors and would therefore 

have a much higher phagocytic load than the peripheral RPE. This becomes 

even more relevant if the overall aim is to somehow fix the mutation (such as 

by gene therapy or genome editing (Yvon et al. 2015)) and replace the host 

RPE with a new iPSC derived RPE. An alternative explanation as to why there 

are differences in cell size may be that in some lines, there is a higher rate of 

cell death and the remaining cells become larger to fill the space. 

Looking at the images in Figure 4-3 it is clear also that the passage 1 cultures, 

especially at 4 weeks are not 100% pure. This purity heterogeneity was further 

investigated by scanning the wells using a modified scanner. After converting 

to greyscale, the scanned images of the control and MERTK-RPE have very 

similar mean levels of grey (a proxy indicator of pigmentation), however, the 

standard deviations differ significantly, with a wider degree of variance in the 

control cells. This is also obvious from looking at the raw images of the cells 

(Figure 4-3). There are several potential reasons for the heterogeneity. Firstly, 

the control fibroblasts are derived from a neonatal source and they therefore 

may have more epigenetic plasticity (Duncan et al. 2014) and propensity to 

turn into different cell types, compared to the adult derived RPE under the 

same conditions. Secondly the control iPSC were shown to express PHOX2B, 

a stimulator of neuron growth, over 100 fold compared to the MERTK-iPSC. 

RPE, while sharing common neuroectodermal lineage with neuronal cell types 

are not themselves neurons but the extra PHOX2B stimulus (and potentially 
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others that have not been measured) may cause the isolated, in vitro, RPE 

cells to transdifferentiate into a more neuronal cell type. It should also be stated 

that the lower purity levels of the control RPE may be due to carry over from 

the manual dissection process as the pigmented foci are different in 

morphology between the control and the MERTK lines. One way to improve 

this would be to purify the foci in an automated fashion using FACS sorting.  

4.4.2 Similarities and differences between the control and MERTK-RPE 

These RPE cells have many of the characteristics of primary RPE cells; they 

grow as a monolayer with an epithelial appearance. Viewed from above, they 

form a cobblestone appearance, they contain apical pigmented melanosomes, 

basal nuclei and express proteins involved in the process of retinol cycling 

(Strauss 2005; Carr, Vugler, Hikita, et al. 2009). 

Rather than describe each repetitive result, included is a table (Table 4-3 

Similarities and differences of control and MERTK-RPE) that outlines the major 

similarities and differences with respect to the functional categories of RPE 

outlined in section 1.2.2 in each aspect of analysis. From this table, the most 

striking aspect is that for the most part, the cells are very similar between the 

control and MERTK-RPE. This is reassuring as it allows us to be confident of 

conclusions that are drawn from further comparison and treatment effects of 

small molecules (see Section 5.3.6 for further details).  

There are however, important differences between the appearance of the 

control and MERTK-RPE. The most obvious difference is the expected lack of 
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MERTK in the MERTK-RPE. This will be covered in greater detail in the next 

section (0). 

One difference that was noted in every modality in which it was assessed was 

that the control RPE had increased pigmentation. This was most evident on 

the transmission electron microscopy images. In the control RPE, not only 

were there were more melanosomes but the melanosomes were darker and 

more deeply pigmented. Finally, the melanosomes appeared to be more 

mature in the control RPE. In the MERTK-RPE, many of the melanosomes had 

the obvious ‘fingerprint’ appearance of developing melanosomes, due to the 

presence of amyloid sheets (Raposo & Marks 2007). This immaturity of 

melanosomes formation somewhat contradicts earlier observations and 

hypotheses of the MERTK-RPE being more mature than the control RPE as 

they are derived from an adult cell source. Therefore, it follows that this 

difference could be caused by the lack of MERTK. This would fit with the 

observation that the patient had a paler fundus in comparison to a normal 

example (Figure 3-1). Finally, while the MERTK-RPE appear to have a normal 

polarity in other assessments, it is possible that the lack of MERTK on the 

apical surface, interferes with the normal development of the apically 

orientated melanosomes. 

The control and MERTK-RPE were assessed for their ability to form tight 

junctions and these were noted on EM in both the control and MERTK-RPE. 

However, there was a significant difference between the control and MERTK 

RPE when the transepithelial resistance was measured. This may be due to 



 

 170 

the previously noted impurity of culture in the control rather than a difference 

in the fidelity of tight junctions had there been an equally and highly pure 

culture between the two control and MERTK-RPE. To further assess this, the 

next step would be to compare staining of markers of tight junctions in RPE, 

such as ZO1. 

Table 4-3 Similarities and differences of control and MERTK-RPE 

RPE function Transmission 
microscopy 

Tol Blue / 
H&E 

rtPCR Immunofluorescence Electron 
Microscopy 

TER 

SIMILARITIES  

Monolayer  ✔  ✔ ✔  

Visual Cycle   CRALBP, 
RPE65 

CRALBP, RPE65   

Growth Factors   PEDF    

Polarity  ✔  PMEL17, MERTK, 
BEST1, ITAV 

✔  

Pigment   TYR    

Tight junctions 
/ blood retinal 
barrier 

    ✔  

DIFFERENCES  

Pigment ✔ ✔  PMEL17 ✔  

Phagocytosis   MERTK MERTK ✔  

Microvilli     ✔  

Tight junctions 
/ blood retinal 
barrier 

     ✔ 
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4.4.3 Deciphering the effect of the mutations in the MERTK gene 

Both the control RPE and the MERTK-RPE express the MERTK mRNA as 

evidenced by RT-PCR but the MERTK-RPE mRNA was present at a lower 

level. This difference in expression was more pronounced at the protein level 

with total absence of detectable MERTK protein in the MERTK-RPE. This 

suggests that the mRNA is either cleared by nonsense mediated decay or the 

defective protein is cleared by the cell quality control machinery. 

The gDNA sequence of the MERTK gene in the MERTK variant individual 

revealed five heterozygous variants within the coding sequence. However, at 

each of these positions in the MERTK cDNA from the MERTK-RPE, only one 

of the variants was detectable. This suggests that only one allele is expressed; 

this is the allele that includes the premature stop codon in exon 14. The raw 

data from the RNA-seq analysis (Figure 4-24) bolsters this observation as 

there is a trend towards higher expression of MERTK RNA in the control RPE 

compared to the MERTK-RPE. The exon 1 / 2 border was also sequenced as 

the individual’s MERTK genomic sequence suggested that the variant in intron 

1 would likely lead to a different splicing pattern and the insertion of an extra 

11 codons between exon 1 and exon 2 (Mackay et al. 2010). Our analysis of 

the MERTK cDNA sequence from the MERTK-RPE revealed a sequence at 

the exon 1 / 2 border that matches that of the normal MERTK transcript 

(NM_006343.2 NCBI database). These data are consistent with the 

hypothesis that the allele carrying the variant in the first base of intron 1 is not 

expressed at the RNA level or is rapidly removed. However, the allele carrying 
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the premature stop codon in exon 14 is detectable and a potential target for 

treatment with small molecules. 

4.4.4 RNAseq analysis of the control versus MERTK-RPE 

Many of the gene ontology categories that are enriched in the control vs the 

MERTK-RPE relate to neural cells, including forebrain development, neuron 

projection and neurogenesis. This supports prior observations of the control 

line and its propensity to form a more neural like cell line. 

Many of the gene categories that are up-regulated in the MERTK-RPE relate 

to the cell cycle, gene regulation and transcription. As discussed in the 

previous chapter MERTK gene has a direct role in the cell cycle (Lee-Sherick 

et al. 2013) and so lack thereof may cause upregulation of other cell cycle 

genes. The other notable categories up-regulated in MERTK-RPE relate to 

extracellular stimuli.  

The analysis of the subset of RPE genes show that apart from a few outliers 

the vast majority of these genes are very much equal between the control and 

MERTK-RPE. This further bolsters confidence from the discussion earlier in 

this RPE characterisation chapter that any inferences made about the control 

and MERTK-RPE with treatment (see section 5.3.6) can be with confidence.  

There is a significant difference between the control and MERTK-RPE in the 

expression of EFR3B. This protein is implicated in transporting 

phosphatidylinositol 4-kinase (PI4K), a potential contributor to the actin 
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reorganisation during RPE phagocytosis to the cellular membrane (Bojjireddy 

et al. 2015). Additionally, SORBS2 encodes a tyrosine receptor kinase that 

has been linked to actin reorganisation which is upregulated in the MERTK-

RPE. These two genes maybe novel players in the process of phagocytosis. 

  



 

 174 

4.5 Conclusion 

There were distinct differences between the control RPE and MERTK-RPE 

with respect to purity and cell size. The purity issue is of concern for two 

reasons. One, it makes high throughput analysis of assays (such as the 

phagocytosis assay detailed in the next chapter) that rely of fields of cells 

rather than individually selected cells difficult to design and interpret. Secondly, 

impure cells cannot be used for transplantation. One of the avenues of iPSC 

research is to repair mutations (using gene therapy or gene editing) in vitro 

and then transplanting the corrected cells in an autogenic fashion. This cannot 

be done with an impure population. 

For the most part however, the cells derived from both the control and MERTK-

iPSC appeared as RPE and expressed a multitude of RPE markers. The 

fundamental aspect of this research is to generate an accurate disease model 

of RP38 which has its defect in the RPE. Therefore we can be confident that 

any conclusions we draw from comparing the control and MERTK-RPE will 

relate to the actual in vivo disease phenotype. 

The first entirely novel conclusion of this iPSC-RPE disease model was that, 

of the two alleles that give rise to this particular case of MERTK retinitis 

pigmentosa, only one of them was expressed at a cDNA level. This was the 

nonsense mutation that would be amenable to target with a translational 

readthrough inducing drugs (TRIDs). 
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Chapter 5 iPSC-RPE phagocytosis 

5.1 Introduction 

One of the primary functions of the RPE cell is to phagocytose the spent tips 

of the photoreceptor outer segments (POS). The MERTK protein is one of the 

key players in process of POS phagocytosis; it has a central role not only 

during the internalisation of, but also in the recognition of POS. It is therefore 

logical to investigate the process of phagocytosis in this cellular model of 

MERTK deficiency. 

This chapter firstly discusses some of the iterations on different methods of 

measuring phagocytosis, firstly using fluorescent beads and then using POS 

derived from sheep. Using the latter method, it was possible to show that the 

control RPE were able to phagocytose whereas the MERTK-RPE were not. 

In the final sections, once the best phagocytosis assay was decided on, the 

experiments turn to how best to ameliorate the MERTK mutations that have 

been fully characterised in the prior chapter with small molecules. The 

premature stop codon in exon 14 was targeted with two translational 

readthrough inducing drugs (TRIDs) and both were able to restore full length 

protein. Furthermore, one of these TRIDs was able to reinstate some of the 

phagocytic capability of the MERTK-RPE. 
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5.2 Methods 

5.2.1 Isolation of photoreceptor outer segments 

Figure 5-1 Isolation of photoreceptor outer segments from sheep eyes  

Figure 5-1 legend: Panels A to C show the whole eye and how it is cut in 
half near the equator and in panel D the anterior half containing the 
cornea, iris and lens is discarded. In panel E, the retina, which lines the 
posterior wall of the eye is peeled off the underlying RPE and bunched 
at the posterior pole, here it appears as a pinkish lump. Panel F shows 
the retina being removed with a forceps and the remaining eye structures 
are discarded (G). Panel H shows how many eyes are used in one 
isolation protocol. The retinae are pooled (I) and then ultracentrifuged (J) 
the upper pink band is purified and further centrifuged (K). Panel I show 
the tiny POS against the small squares of a haematocytometer (scale bar 
= 100µm). 
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Detailed method of POS isolation: Sheep eyes were obtained from a licenced 

abattoir (C Humphreys & Sons, Fairstead, Essex, UK) and processed on the 

same day. 50 eyes were kept on ice and bathed in povidone iodine (D409920, 

Williams Medical Supplies) for 10 minutes. Using autoclaved scissors, the 

excess extra ocular tissue was removed from the eye. The eye was incised 

with a sterile scalpel blade at the equator and a circumferential cut made 

around the equator with sterile scissors under a red light. The anterior portion 

of the eye consisting of the cornea, lens and iris was discarded. The vitreous 

was carefully removed to reveal the retina. The retina was carefully removed 

and the attachment at the optic nerve cut. The retina was then placed in 10mls 

of Homogenization buffer (20mM Tris Acetate pH 7.2, 20% w/v Sucrose 

(Sigma 84097), 2mM MgCl2 (Sigma M8266), 10mM Glucose (Sigma G7528), 

5mM Taurine (Sigma T0625)) on ice in a 50ml centrifuge tube wrapped in foil. 

The mixture was passed twice through sterile gauze to remove large pieces. 

A sucrose gradient was made with 5ml each of 60% (bottom), 50%, 40%, 30%, 

25% (top) sucrose in a sucrose gradient buffer (20mM Tris Acetate pH 7.2, 

10mM Glucose, 5mM Taurine) in a 30ml ultracentrifuge tube (VWR, 

BECL344058). Up to 5ml of the retinal homogenate was added to the top of 

the sucrose gradient buffer and centrifuged at 45 minutes at 25000rpm at 4°C 

in a Beckman L-70 Ultracentrifuge. The pink band, containing the POS, was 

collected into a new 30ml centrifuge tube (3115-0050, Thermo Fisher). 5 

volumes of ice cold WASH 1 (20mM Tris–Acetate pH 7.2, 5 mM taurine) was 

added to the tube and centrifuged at 3000xg for 10mins at 4°C. The pellet was 

resuspended in 5mls of WASH 2 (20 mM Tris–Acetate pH 7.2, 10% sucrose, 
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5 mM taurine) and centrifuged at 3000xg for 10mins at 4°C. The pellet was 

resuspended in 5mls of WASH 3 (10% sucrose, 20 mM phosphate buffer pH 

7.2, 5 mM taurine) and the photoreceptor outer segments (POS) counted using 

a haematocytometer. Some POS were FITC labelled by adding 3mg of 

Fluorescein-5-Isothiocyanate (FITC 'Isomer I', F1906, Thermo Fisher) to 

1.5mls of Na bicarbonate buffer, pH 9.5 and adding this mixture to the POS in 

5mls of WASH 3 and rotating at room temperature in the dark for an hour and 

centrifuging at 3000xg for 10 minutes at 4°C. The pellet was resuspended 

again in 5mls of WASH 3 and centrifuged at 3000xg for 10mins at 4°C. The 

pellet was then resuspended in in 5ml of 2.5% sucrose in DMEM with 4.5g/L 

glucose twice and then resuspended in 5ml of 2.5% sucrose in DMEM with 

4.5g/L glucose, L-Glutamine and pyruvate (41966029 Thermo Fisher) and 

counted using a haematocytometer. The POS were then kept at -80°C until 

use in aliquots of 107 or 108. 

5.2.2 Phagocytosis assay with beads 

Confluent RPE cells in tissue culture plastic, coated with matrigel, were 

subjected to 1×107 1.0µm green fluorescent Fluorosphere polystyrene beads 

(ThermoFisher F-12081) per ml of media for the desired time period in the 

normal culture medium. At the end of the experiment the cells were washed 

with trypan blue 0.4% and then 3 times with ice cold PBS and then fixed in 4% 

PFA for 20 mins at 4°C. 
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5.2.3 Phagocytosis assay with POS 

Samples for electron microscopy analysis of phagocytosis used unlabelled 

POS. The POS were added to DMEM with 4.5g/L glucose, L-Glutamine and 

pyruvate (41966029 Thermo Fisher) 10mM GAS6 (885-GS-050, R&D 

systems, MN, USA) and 10% FBS (10099141, Thermo Fisher) and exposed 

to the iPSC derived RPE at passage 2 and 8 to 16 weeks post passage, at a 

ratio of 10 POS per cell for 6 hours. At this point the cells were washed thrice 

in PBS at 4°C and fixed in 4% PFA at 4°C for 20 mins, permeabilised with 

0.3% Triton X-100 in block solution (1X PBS, BSA 0.5%, Glycine 1%, 

Sodium Azide 0.1%) and stained with rhodamine phalloidin (R415, Thermo 

Fisher) and Hoechst (10μg/ml) in block solution for 20mins, washed in PBS 

and mounted in ProLong® Gold Antifade Mountant mounting medium 

(ThermoFisher Waltham, MA, USA) and kept at 4°C overnight before image 

capture. 

5.2.4 Translational readthrough inducing drug assay 

The media on the control and MERTK-RPE was changed 3 days prior to the 

assay to media containing no gentamicin. The small molecule TRIDs G418 

(A1720, Sigma) or PTC124 (S6003, Selleckchem, Munich, Germany) were 

added to the X-VIVO 10 at the desired concentration and this media added to 

the cells at 24, 6 and 2 hours prior to lysis for Western blot or fixing for 

immunocytochemistry. In the experiments assessing TRID effect on 

phagocytosis, the G418 or PTC124 was added to the cells in X-VIVO 10, at 28 
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and 10 hours prior to fixing for analysis. At 6 hours prior to sampling, the drugs 

were added to the POS / DMEM / GAS6 / FBS mixture outlined in the 

phagocytosis assay section. 

5.2.5 ImageJ macro to define internalised POS 

Images were acquired using the EVOS FL transmission and fluorescent 

microscope. The generated tiff images were processed using the following 

ImageJ macro developed by the author for this thesis: 

makeRectangle(0, 0, 1277, 841); 
run("Crop"); 
run("8-bit"); 
setAutoThreshold("Default"); 
//run("Threshold..."); 
setAutoThreshold("Default dark"); 
setAutoThreshold("Default"); 
setThreshold(30, 255); 
run("Set Measurements...", "area mean min area_fraction redirect=None 
decimal=3"); 
run("Measure"); 
 

5.2.6 Plate reader used to measure the fluorescence 

Tissue culture plastic global well fluorescence was measured using a Safire 

plate reader (Tecan, Switzerland) running Firmware V 2.00 03/02 safire; 

XFLUOR4 version V 4.20 and using the following settings: 

Measurement mode: Fluorescence Top 
Excitation wavelength: 505 
Emission wavelength: 515 
Excitation bandwidth: 2.5 
Emission bandwidth: 2.5 
Number of flashes: 50 
Lag time: 0 
Integration time: 40 
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5.3 Results 

5.3.1 Phagocytosis of fluorescently labelled beads 

Figure 5-2 Method to measure uptake of fluorescent beads as an 
outcome of phagocytosis assay – surface area phagocytosis assay 
(error bars = 1SEM) 
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The first experiments to analyse phagocytosis used fluorescent beads, rather 

than POS. The rational for this was that the beads were relatively inexpensive 

and would be consistent and thus any differences in measured values could 

be ascribed to variations between the control and MERTK-RPE  

The first method attempted to measure the amount of internalised particles 

during the phagocytosis by RPE cells was to measure the surface area of 

fluorescence from images using the image processing software ImageJ. 

Briefly, in these first experiments, the RPE cells were subjected to 1×107 

fluorosphere polystyrene beads for the desired time period in 1ml of the normal 

culture medium (X VIVO 10). At the end of the experiment half of the wells 

were washed with trypan blue 0.4%. This has the effect of quenching any 

fluorescence it comes into contact with. It follows that the extracellular and 

therefore un-phagocytosed particles would not fluoresce, leaving any 

remaining fluorescence coming from internalised fluorescent particles. 

Following this quenching process the cells were then fixed in 4% PFA. 

The cells were imaged using a fluorescent microscope in triplicate at random 

positions, including the FITC channel. The images were processed as follows: 

Firstly the FITC channel images were converted to 8 bit grayscale images and 

then thresholded and finally the surface area measured (see 5.2.5 for full 

ImageJ method). 
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There was a trend suggesting the control cells were better able to internalise 

the beads at one hour (Figure 5-2), however this did not reach significance 

(surface area of 0.0033 compared to a surface area of 0.0017, p= 0.076 by t-

test). 

Figure 5-3 Comparison of two methods to assess fluorescence of 
beads in a phagocytosis assay. 

 

To further discover what was the best method to analyse the internalisation 

of fluorescent particles following a phagocytosis assay, a comparison 

between the method described in Figure 5-2 (surface area assay) and the 

results from a fluorescent plate reader was performed. 

MERTK-RPE cells in a 24 well plate were subjected to fluorescently labelled 

beads for 1 hour, 3 hours and 20 hours. For each timepoint, three wells were 
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treated with trypan blue and three were left untreated. The same plate was 

analysed using a plate reader and the surface area assay (Figure 5-3). 

In both methods of measurement there was a trend towards an increase in 

internalisation over time, with significant differences between all groups (t-

test: 0-1 hours, p=0.008; 1-3 hours, p=0.002; 3-20 hours, p=0.00005) 

While the 2 methods yield different data and use different units, it is clear that 

the trend of increased internalisation of fluorescent beads over time is very 

similar.  
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5.3.2 Phagocytosis assay of IPSC derived RPE using sheep 

photoreceptor outer segments. 

Figure 5-4 Pilot phagocytosis assay using POS and analysed by 
confocal microscopy. 

 

Figure 5-4 legend: A pilot experiment (n=1) of iPSC-RPE phagocytosis 
measurement using confocal analysis of immunocytochemistry. Both 
pictures show the apical section of the confocal stack to highlight the 
actin stained apical surface of the cells (red channel) and the numerous 
un-internalised POS resting outside the apical surface of the cells (green 
channel). The top picture shows a single internalised POS, on the 
intracellular side of the actin stained cellular apical surface (white arrow), 
3 others were counted on full examination of the confocal stack. The 
bottom picture shows no internalised POS, however on full examination 
of the stack, one was found within the cell. There is also an area of 
clumping of POS outside the cell (white star). 
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Figure 5-4 shows an orthogonal view of a confocal stack of control and 

MERTK-RPE three hours after the addition of POS. Using this method, it is 

possible to scan through an entire field and count the number of internalised 

POS. This was a pilot experiment in order to test the method of analysis and 

hence there was only one repeat performed in each condition. It should be 

noted however that there are rather few POS internalised in the control cells 

and also there are some areas were the POS are clumped together (see the 

white * in Figure 5-4 lower panel). 

Figure 5-5 Chart comparing additives to POS and their effect on 
phagocytosis in the control line of RPE 

 

Using the surface area phagocytosis assay detailed in Figure 5-2, but using 

fluorescently labelled photoreceptor outer segments (POS) rather than 
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fluorescent beads (see 5.2.1 for details of POS isolation), differing additives 

were compared to assess their effect on the rate of phagocytosis.  

Both N-acetyl cysteine (NAC) and the protein Growth arrest-specific 6 (GAS6) 

were compared to phagocytosis without any additives. Both GAS6 and NAC 

were able to improve the degree of internalised phagocytosis, with GAS6 

showing a trend towards a larger effect (Figure 5-5). 
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Figure 5-6 Electron micrographs of control and MERTK deficient iPSC 
derived RPE 4 hours into phagocytosis assay with sheep POS. 

 

Figure 5-6 legend: Top row shows electron micrographs of a single cell 
each of iPSC-RPE from control and MERTK deficient line (MERTK-RPE) 
without POS. Next two rows show apical surface of the same cells 
following the addition of POS and GAS6 after 4 hours. Bottom row shows 
a graph highlighting the differences in the number of POS bound to the 
apical surface (error bars = 1 SEM) AVM = apical microvilli, (scale bar = 
2µm). 
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Using the phagocytosis assay with the addition of GAS6, the control RPE and 

MERTK were fixed in Karnovskys fixative after 4 hours of exposure to 

unlabelled POS and prepared for electron microscopy (Figure 5-6). 

The points of POS attachment in the control RPE were noted to have much 

longer microvilli in comparison to surrounding microvilli in the same cell. The 

microvilli were also noted to be longer than microvilli of attached POS in the 

MERTK-RPE. In addition, the microvilli were condensed in these areas in the 

control cells.  

POS were noted to be attached to both the control RPE and the MERTK-

RPE. The number of POS attached to the RPE was counted in 5 consecutive 

RPE cells (n = 3) and it was noted that the rates of attachment was 

significantly higher in the control RPE (p=0.016 by t-test). 
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Figure 5-7 Electronmicrographs of control iPSC derived RPE after 4 
hours phagocytosis assay with sheep POS. 

 

Figure 5-7 legend: Electron micrographs of internalised POS at the apical 
surface of the control iPSC-RPE following the addition of POS and GAS6 
after 4 hours. 

In some sections of the control RPE and in none of the MERTK-RPE, there 

were visible internalised POS. The position of the POS within the cells ranged 

from just below the apical surface, to deeper within the cell. It was noted that 

in many cells there were no POS and in a few cells there were multiple POS 

internalised. There were no POS internalised in the MERTK-RPE (see Figure 

5-6). 
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Figure 5-8 Confocal Z stack orthogonal images of control and MERTK-
RPE after 6 hours of phagocytosis assay. 

 

Figure 5-8 legend: Confocal images (top row) of immunocytochemistry 
of control and MERTK-RPE in phagocytosis after 6 hours following the 
addition of POS white arrows point to FITC labelled POS, which are more 
numerous inside the cells in the control line. Middle row shows a higher 
magnification image of a separate repeat of the same experiment (scale 
bars = 20µm). The bottom graphical representation shows that more POS 
are internalised in the control cells (Y axis shows number of internalised 
POS per 101.5cm2). 
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Following on from the evidence from the EM images in Figure 5-7 the RPE 

cells were treated for 6 hours with fluorescently labelled POS, fixed in PFA, 

permeabilised and counter stained with Hoechst and rhodamine phalloidin to 

stain the RPE actin skeleton. These were then analysed by confocal 

microscopy. 

Figure 5-8 shows en face confocal images of control and MERTK-RPE and 

sections through confocal stacks on orthogonal view. The top two images are 

at lower magnification compared to the bottom two images and each image is 

taken at a different site. After 6 hours of POS exposure, FITC labelled POS 

are clearly visible inside the control RPE but were not observed in the MERTK-

RPE on confocal orthogonal stacks (Figure 5-8) as shown by the lack of POS 

(represented in the green channel) below the apical surface (represented by 

the red channel) in the MERTK-RPE. This was repeated 3 times in 3 wells for 

each condition (n=9; 26.33 POS internalised/0.01mm2 in control RPE, 

SEM=2.99; 0.44 in MERTK-RPE, SEM=0.34; p<0.000001 by t-test). 

In a similar observation to the electron micrograph in Figure 5-7, many of the 

control RPE do not phagocytose, however a few internalise many POS. 
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5.3.3 RNAseq changes in control RPE without and with POS, using 

iPSC to decipher more about the process of phagocytosis 

Figure 5-9 DAVID functional annotation cluster enrichment categories 
up-regulated in the control-RPE with the addition of POS. 

 

Figure 5-9 legend: Gene categories from DAVID functional annotation 
clustering of genes up-regulated (FDR<0.1, >2fold change) in control 
RPE (p<0.05) with the addition of POS (8 hours). Genes may be in more 
than one category. 
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One strength of iPSC models is to use them not only in comparing a disease 

with a control, but also to use just the control as a model for normal 

physiological processes. Here, the gene expression of the control RPE is 

analysed using RNA seq and compared between cells without POS and with 

POS, in order to understand more about the process of phagocytosis.  

28 genes were up-regulated and 15 down-regulated by >2fold with a false 

detection rate (FDR<0.1) between in the control with the addition of POS (see 

appendix A-2.3). 

Figure 5-9 displays the functional clusters of genes that are up-regulated 

during phagocytosis. The response to wounding and calcium binding 

categories appeared to be most significantly enriched. 
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Figure 5-10 STRING analysis of up- and down- regulated genes in the 
control-RPE with the addition of POS. 

 

Gene Name Function 

MYO5C Myosin 5C Actin binding and actin filament binding 

RILPL2 Rab Interacting 
Lysosomal Protein Like  

Protein transport away from primary cilia. May function via 
activation of RAC1 

HRH1 Histamine Receptor H1 Integral membrane protein and belongs to the G protein-
coupled receptor superfamily. 

ANXA1 Annexin A1 Plays a role in the formation of phagocytic cups & 
phagosomes. Mediates phagocytosis by the Ca(2+)-
dependent interaction between phagosomes & the actin 
cytoskeleton 

 

Figure 5-10 legend: STRING analysis from string-db.org of up- and down- 
regulated genes in the control-RPE with the addition of POS (FDR<1, 
>2fold, p<0.05). Settings: textmining off, medium confidence, 
disconnected nodes hidden (purple connector line denotes relationship 
is experimentally determined, blue connector line denotes relationship 
is from curated database) (table of gene functions from genecards.org). 
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The list of genes that was either up or down regulated by at least 2 fold 

(Appendix A-2.3) was analysed in STRING for protein-protein interactions. 

There were two potential pathways that stood out, one containing the MYO5C 

and RILPL2 genes and one containing the HRH1 and ANXA1 genes. 
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Figure 5-11 RPE signature genes with largest fold change in control RPE 
following the addition of POS. 

 

Gene Name Function 

SFRP5 Secreted Frizzled 
Related Protein 5 

Involved in determining the polarity of photoreceptor, 
and perhaps, other cells in the retina. 

RPE65 Retinoid 
Isomerohydrolase 

Involved in the production of 11-cis retinal and in visual 
pigment regeneration 

ERMN Ermin Plays a role in cytoskeletal rearrangements including 
actin binding and actin filament binding 

 

Figure 5-11legend: RPE signature genes with largest fold change in 
control RPE following the addition of POS (FDR<1, >2fold) (functions 
from genecards.org). 

 

In addition to an analysis of all the genes in the genome, just the RPE signature 

genes (from appendix A-2.6) were also analysed as a subset in the control 

RPE with the addition of POS. Three of these RPE signature genes were up-

regulated with the addition of POS (Figure 5-11).  
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5.3.4 RNAseq changes between control and MERTK-RPE during 

phagocytosis 

Figure 5-12 Enriched gene categories by DAVID functional annotation 
clustering of genes up-regulated in control versus MERTK-RPE with the 
addition of POS. 

 

Figure 5-12 legend: Gene categories from DAVID functional annotation 
clustering of genes up-regulated (FDR<0.1, >2fold change) in control 
versus MERTK-RPE (p<0.05) with the addition of POS (8 hours). From 
appendix A-2.4. Genes may be in more than one category. 
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In order to further decipher what genes and pathways are involved in 

phagocytosis in RPE cells and to learn more about the MERTK phenotype, a 

comparison of the RNA expression was performed comparing the control to 

MERTK-RPE with and without POS (individual gene results in appendices A-

2.4 & A-2.5). 

87 genes were up-regulated and 77 down-regulated by >2fold with a false 

detection rate (FDR<0.1) between the control and MERTK-RPE when POS 

are added. 

Firstly, the genes that were up-regulated in the control compared to the 

MERTK-RPE with the addition of POS was analysed using functional 

annotation cluster analysis. The most significant cluster was glycosylation 

followed by calcium binding and cell migration. Many of the categories related 

to genes in the extracellular compartment and cellular membrane. 

Some individual genes of interest were selected for further mention in Table 

5-1. There are genes up regulated that relate to actin reorganisation, as well 

as protein trafficking and degradation. 
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Table 5-1 Individual genes of relevance to phagocytosis up-regulated in 
control versus MERTK-RPE with the addition of POS (FDR<1, >2fold) 

Gene Description 

Cytoplasmic actin 
reorganisation 

 

ANGPT1 angiopoietin 1; Plays an important role in the regulation of 
angiogenesis, migration, adhesion, reorganization of the actin 
cytoskeleton 

GDPD2 glycerophosphodiester phosphodiesterase domain containing 
2; May play a role in remodeling of the actin cytoskeleton 

GPM6B glycoprotein M6B; Involved in regulation of osteoblast function 
and bone formation. Involved in matrix vesicle release by 
osteoblasts; this function seems to involve maintenance of the 
actin cytoskeleton. 

MYLK3 myosin light chain kinase 3; Kinase that phosphorylates MYL2 
in vitro. Promotes sarcomere formation in cardiomyocytes and 
increases cardiomyocyte contractility 

Membrane associated 
actin reorganisation 

 

PIRT phosphoinositide-interacting regulator of transient receptor 
potential channels, binds various phosphoinositide, including 
phosphatidylinositol 4,5- bisphosphate (PIP2) 

Protein trafficking 
and degradation 

 

PSMD7  proteasome (prosome, macropain) 26S subunit, non-ATPase, 
7; Acts as a regulatory subunit of the 26S proteasome which is 
involved in the ATP-dependent degradation of ubiquitinated 
proteins 

RNF19A  ring finger protein 19A, E3 ubiquitin protein ligase;  

RAB31 RAB31, member RAS oncogene family; The small GTPases 
Rab are key regulators of intracellular membrane trafficking. 
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Figure 5-13 Enriched gene categories by DAVID functional annotation 
clustering of genes down-regulated in control versus MERTK-RPE with 
the addition of POS. 

 

Figure 5-13 legend: Gene categories from DAVID functional annotation 
clustering of genes down-regulated (FDR<0.1, >2fold change) in control 
versus MERTK-RPE (p<0.05) with the addition of POS (8 hours). From 
appendix A-2.5. Genes may be in more than one category. 
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The down-regulated gene categories between control and MERTK-RPE with 

the addition of POS were also analysed and the results shown in Figure 5-13. 

The most significantly down-regulated cluster is regulation of neurogenesis, 

while many of the other categories relate to the extracellular compartment and 

also the apoptosis pathways. 

Figure 5-14 STRING analysis of genes up- and down-regulated (>2 fold) 
in control versus MERTK-RPE during phagocytosis 

 

Figure 5-14 legend: STRING analysis from string-db.org of up- and down- 
regulated genes in the control-RPE versus MERTK-RPE with the addition 
of POS (FDR<1, >2fold, p<0.05). Settings: textmining off, medium 
confidence, disconnected nodes hidden (purple connector line denotes 
relationship is experimentally determined, blue connector line denotes 
relationship is from curated database). 
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Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) analysis 

of the list of genes that were up and down-regulated in the control versus 

MERTK-RPE with the addition of POS was performed. After removal of the 

disconnected nodes there were three pathways that had more than 2 

connected nodes. 

Table 5-2 Genes upregulated in the control RPE but not the MERTK-RPE, 
but only when POS are added. 

Gene Description 

Signal 
Transduction and 
Phagocytosis 

 

CD68  CD68 molecule; Could play a role in phagocytic activities of tissue 
macrophages 

TRIB1 Tribbles homolog 1 (Drosophila); Interacts with MAPK kinases and 
regulates activation of MAP kinases. May not display kinase activity 

SKIL SKI-like oncogene; May have regulatory role in cell division or 
differentiation in response to extracellular signals 

Degradation  

CAPN2 Calpain 2, (m/II) large subunit; Calcium-regulated non-lysosomal 
thiol-protease which catalyze limited proteolysis of substrates 
involved in cytoskeletal remodeling and signal transduction 

PPFIBP2 PTPRF interacting protein, binding protein 2 (liprin beta 2); May 
regulate the disassembly of focal adhesions. Did not bind receptor-
like tyrosine phosphatases type 2A 

SOD2  Superoxide dismutase 2, mitochondrial; Destroys radicals which are 
normally produced within the cells and which are toxic to biological 
systems (By similarity) 

SERPINE1 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator 
inhibitor type 1), member 1; Serine protease inhibitor. 

 

Table 5-2 shows those genes that were only up-regulated when POS were 

added to the control with no change noted in the MERTK-RPE. It denotes 

some potential new molecular players in the process of RPE phagocytosis 

(including CD68, which is already implicated in macrophage phagocytosis) 
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both during the internalisation phase and also the degradation of the ingested 

POS. 

Another analysis which looked at those genes only up-regulated when POS 

were added to the MERTK-RPE with no change noted in the control RPE was 

the Calcium and Integrin Binding 1 gene (CIB1). The encoded protein interacts 

with many other proteins, including focal adhesion kinase and protein kinase 

D. This may be an attempt by the cells to bypass MERTK to instigate 

phagocytosis. 

5.3.5 Readthrough of a premature stop codon in MERTK at the protein 

level 

Figure 5-15 Western blot of RPE lysates following treatment with 
translational readthrough inducing drugs at varying doses. 

 

Figure 5-15 legend: Western blot protein analysis of cell lysates of 
control and MERTK-RPE following addition of the PTC124 and G418 
translational readthrough inducing drugs at varying doses, shows an 
increase in the expression of MERTK protein. 
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From the data presented in Table 4-1, in the MERTK cDNA in the MERTK-

RPE, only one allele persists at the RNA level. This allele is the nonsense 

variant in exon 14. In order to try to ameliorate the MERTK function, the 

MERTK-RPE was treated with two translational readthrough inducing drugs, 

G418 and PTC124. 

The drugs were added to the RPE cells during a media change at three time 

points during a 24-hour period (at 24, 6 and 2 hours prior to lysis for Western 

blot). In order to maximise the amount of cells available for lysis, the cells were 

treated with trypsin for 5 minutes, pelleted and then lysed. 

Western blot analysis of control RPE shows an immunoreactive species 

consistent with MERTK. There was none detectable in the untreated MERTK-

RPE cells. In the treated MERTK-RPE, there was a band present of differing 

intensity depending on the drug and dose. It was most evident in the PTC124 

20µg/ml condition and in the 750µM G418 condition. There was a similar level 

of protein in each lane using GAPDH as a control (Figure 5-15). 

It should be noted however that the size of the MERTK protein did not match 

the predicted size in the product literature. The size here was approximately 

110kDa and the predicted size is 180kDa. 
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Figure 5-16 Western blot of lysates of RPE dosed with G418. 

 

Figure 5-16 legend: Repeats of western blot protein analysis of cell 
lysates of control and MERTK-RPE following addition of the G418 at the 
optimal dose (750µM), shows a rescue in the expression of MERTK 
protein. 

Two repeats of the result of treatment with G418 are detailed in Figure 5-16. 

Similarly to the results of G418 in Figure 5-15, treatment of the MERTK-RPE 

cells with 750µM of the aminoglycoside G418 resulted in the detection of an 

immunoreactive species with the expected mobility of the MERTK protein. This 

immunoreactive species was not present in the vehicle treated MERTK-RPE 

cells by Western blot analysis. In the top panel of Figure 5-16, the MERTK 

protein appears as multiple bands. 
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Figure 5-17 Western blot of lysates of RPE dosed with PTC124. 

 

Figure 5-17 legend: Repeats of western blot protein analysis of cell 
lysates of control and MERTK-RPE following addition of the PTC124 at 
the optimal dose (10µg/ml), shows a rescue in the expression of MERTK 
protein. 

Two repeats of the treatment with the PTC124 are shown in Figure 5-17. Once 

again, treatment with the small molecule PTC124 (10µgml-1), led to the 

detection of a MERTK immunoreactive species of the correct mobility by 

Western blot analysis that was not present in vehicle-treated MERTK-RPE 

cells. Similarly to the G418, this immunoreaction in the treated MERTK-RPE 

was noted to have multiple bands. 
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Figure 5-18 Immunocytochemistry of MERTK iPSC derived RPE with and 

without PTC124 treatment. 

 

Figure 5-18 legend: Confocal analysis of immunocytochemical staining 
of MERTK in the MERTK-RPE with and without treatment with PTC124 
(white arrows highlight areas of staining, scale bar = 10µm). 

 

The MERTK-RPE were treated with PTC124 and then fixed and stained by 

immunocytochemistry with the MERTK antibody. There was staining noted 

within the cell, but instead of being in a uniform apical distribution (like in 

Figure 4-10 & Figure 4-13), the MERTK was present in collected pockets 

within the cell cytoplasm. 
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5.3.6 Readthrough of premature stop codon in MERTK at the 

functional level 

Figure 5-19 Phagocytosis assay results of iPSC derived RPE treated 
with G418. 

 

Figure 5-19 legend: Graphical representation shows that significantly 
less POS are internalised in the control RPE with the addition of 750µM 
G418 and there is little effect on the MERTK-RPE after 6 hours exposure 
to POS and 3 pulsed timepoints of drug exposure at 24, 6 and 2 hours 
prior to the end of the experiment (Y axis shows number of internalised 
POS per 101.5cm2) (error bars = 1SEM). 

 

In order to decipher if this rescue of protein by G418 translated into a rescue 

of function, the control and MERTK-RPE were treated with G418 and then 

subjected to a phagocytosis assay for 6 hours. The cells were then fixed and 

the internalised POS were counted using confocal orthogonal stacks. 

This rescue of some detectable protein with G418, did not appear to restore 

phagocytic function in the MERTK-RPE as revealed by the phagocytosis assay 

(0.11 in untreated, SEM 0.11; 0.55 treated, SEM=0.33; n=9; p>0.1 by t-test). 
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Furthermore, when control RPE was treated with G418, phagocytosis was 

reduced compared to the vehicle treated control, suggesting G418 may inhibit 

POS phagocytosis (40.22 in untreated, SEM=5.02; 15.44 in treated, 

SEM=4.46; n=9; p<0.001 by t-test), masking any effect of MERTK restoration 

and function in the MERTK-RPE by G418 induced translational readthrough. 
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Figure 5-20 Phagocytosis assay results of iPSC derived RPE treated 
with PTC124. 

 

Figure 5-20 legend: Graphical representation shows that a similar 
amount of POS are internalised in the control RPE with the addition of 
10µgml-1 PTC124 and there is a 12% increase of POS internalised in the 
MERTK-RPE after 6 hours exposure to POS and 3 pulsed timepoints of 
drug exposure at 24, 6 and 2 hours prior to the end of the experiment (Y 
axis shows number of internalised POS per 101.5cm2) (error bars = 
1SEM). Bottom 2 images show confocal analysis of 
immunohistochemistry used in the analysis. White arrows point to 
internalised POS. 

 

In order to decipher if the rescue of MERTK protein in Mer07 iPSC-RPE by 

PTC124 translated into a rescue of function, the control and MERTK-RPE 
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were treated with PTC124 and then subjected to a phagocytosis assay for 6 

hours. The cells were then fixed and the internalised POS were counted using 

confocal orthogonal stacks. 

The treatment with 10µgml-1 PTC124 in MERTK-RPE cells stimulated an 

increase in phagocytic activity (12% of control RPE level) after 6 hours 

exposure to POS in vitro (0.22 in untreated, SEM=0.22; 3.22 in treated, 

SEM=0.85; n=9; p=0.002). Importantly, treatment with PTC124 did not seem 

to have an effect on RPE phagocytic activity in control cells. 
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5.4 Discussion 

5.4.1 Discussion of beads phagocytosis 

The first issue in developing a phagocytosis assay was to figure out how best 

to perform and analyse the experiments. Initially the desire was to create a 

high throughput system to count the internalised POS in the anticipation of 

performing experiments to assess phagocytosis. 

In Figure 5-2, there was only a small number of beads shown to be internalised 

on the FITC image and so the surface area measurement was rather small. It 

follows that differences between experimental conditions may have been 

difficult to pick up. A trend was noted between the control and MERTK-RPE 

that did not reach significance in that the control RPE were better able to 

internalise the beads after one hour. This may be surprising, considering the 

MERTK cells lack the MERTK protein and therefore should not be able to 

phagocytose, however, these latex beads are likely taken up by the MERTK-

RPE cells by non-specific, alternate pathways such as endocytosis, 

macropinocytosis or pinocytosis (Carr, Vugler, Lawrence, et al. 2009). These 

data suggest that either there is little difference between the control and 

MERTK-RPE (which would be contrary to the expected outcome), or that the 

beads are not a good tool to use in such a specific pathway. 

The comparison between the surface area measuring method and plate reader 

showed that the two methods match well with respect to the trend of increased 

fluorescence uptake with time. However, with increased time, the amount of 
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fluorescence also increased. This suggests that the beads are not degraded 

by the cell machinery (as would be expected in the case of POS or other 

biological ingested particles). 

5.4.2 Discussion of photoreceptor outer segment phagocytosis 

The control and MERTK-RPE express Integrin αV (Figure 4-13), a protein 

required for the rhythmic activation of MERTK (Finnemann & Nandrot 2006), 

at the apical surface, suggesting that the cells are otherwise primed for POS 

phagocytosis. However, a pilot comparison (Figure 5-4) of the control and 

RPE, analysed by immunofluorescence and confocal stacks to count the 

actual numbers of POS internalised did not show many internalised POS in 

the control and only a small difference between the control and MERTK-RPE 

ability to phagocytose. Additionally, it was noted that the bound POS appeared 

to be clumping together. 

The next step was to alter the extracellular environment in order to ameliorate 

the process of phagocytosis. Two molecules were added to the POS in the 

phagocytosis mix in order to see if they had an effect. The first was GAS6, an 

intermediate ligand of MERTK and the other was n-acetyl cysteine (NAC) 

which has been shown to help to dissociate photoreceptor cells in suspension 

for subretinal injection (Semo et al. 2016). There was a trend towards an 

improvement in phagocytosis with the addition of GAS6 to the POS in the 

phagocytosis mix in control cells. Using this observation, all further iterations 

of the phagocytosis assay used GAS6. 
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Functional phagocytosis by the control RPE cells was confirmed by electron 

microscopy following exposure to isolated POS. The POS were noted to be 

attached to the control and MERTK-RPE, with a higher number of POS 

attached to the control cells, as expected (Figure 5-6). It was also evident that 

there were longer and more organised apical microvilli attaching the POS in 

the control RPE. This is in contrast to the observations in Figure 4-17 where, 

without the addition of POS, the MERTK-RPE had longer microvilli. 

This elongation of apical microvilli is suggestive of actin reorganisation in the 

control cells which is not occurring in the MERTK-RPE. The POS were clearly 

engulfed and internalised by the control RPE following a 4-hour exposure to 

POS. In contrast, no internalized POS were observed in the MERTK-RPE cells 

(Figure 5-7).  

Internalisation of FITC-labelled POS was also observed and quantified in 

control RPE using confocal stack analysis. Due to the relative paucity of POS 

found in the confocal images in the control RPE, a slightly longer time point 

was chosen for analysis (6 hours, rather than 4 hours). In comparison to the 

control RPE, no internalized POS were observed in MERTK-RPE cells. In 

addition, it became evident in the control RPE that a 6-hour time point was 

preferable to a 20-hour assay time point, as at this longer interval, it is apparent 

that the FITC fluorophore is likely degraded by the RPE cells (Figure 5-8). 
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5.4.3 Discussion of bioinformatics analysis of RPE during 

phagocytosis 

The first results of the bioinformatics analysis in this phagocytosis chapter only 

relate to the control cells. Using the control cells, which from observations 

using EM (Figure 5-7) are able to phagocytose normally, and comparing their 

gene and protein expression with and without the addition of POS, it is possible 

to learn more about this important function of RPE. 

In the experiment whereby the expressed RNA levels between the control and 

MERTK-RPE were compared in the process of phagocytosis, it is little surprise 

that the most enriched cluster that is upregulated is response to wounding as 

there are many parallels in the cellular mechanics between the clearance 

phagocytosis process in RPE and the particle phagocytosis of cells of the 

immune system, such as macrophages (Flannagan et al. 2012). The second 

most enriched category relates to calcium binding, which is prominent in the 

cytoplasmic reorganisation process driven by myosin and actin. Also the 

process of phagocytosis requires energy and therefore the genes relating to 

mitochondria are also represented. 

Using the STRING functional protein association networks of genes that were 

up and down regulated there were two small clusters of two genes each. The 

first consisted of Myosin 5C (MYO5C) and Rab Interacting Lysosomal Protein 

Like 2 (RILPL2). MYO5C is known to be involved in actin cellular actin 

reorganisation. Other myosin genes MYH9 (Strick et al. 2009) and MYO7A 

(Gibbs et al. 2003) have been implicated in RPE phagocytosis and it follows 
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that MYO5C might also have a potential role in the cellular reorganisation 

during RPE phagocytosis. RILPL2 has also been implicated in phagocytosis 

in macrophages (Harrison et al. 2003) and may also play a role in RPE 

phagocytosis. The other highlighted pathway contains Annexin A1 (ANXA1). 

This gene encodes a membrane-localized protein that binds phospholipids 

and is involved in actin cytoskeletal reorganization and its paralogue has been 

implicated in RPE phagocytosis (Law et al. 2009). 

Analysis of the subset of RPE genes revealed 3 genes that were upregulated 

in the control RPE with POS compared to without. The RPE65 gene was 

shown to be upregulated and this is likely due to the turnover of retinal from 

the POS (Strauss 2005). Ermin (ERMN), a protein known to play an important 

role in cytoskeletal rearrangement is also upregulated in the control RPE with 

the addition of POS. 

The next bioinformatics analysis relates to a comparison between the control 

and MERTK-RPE with and without POS added. The aim was to learn more 

about the downstream pathways to MERTK in phagocytosis. Many of the up-

regulated genes in the control RPE with the addition of the POS relate to cell 

migration and cell-cell adhesion and other cytoplasmic reorganisation 

pathways (Figure 5-12). 

Conversely, there are several genes categories down-regulated in the control 

(or up-regulated in the MERTK-RPE) when POS are added. The biggest p-

value is derived from the regulation of neurogenesis but this might relate to the 

purity issues raised in 4.3.2 in the control RPE. The second category is 
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response to organic substance, which might be an indication that the MERTK-

RPE are not recognising the POS correctly. Many of the other categories are 

made of genes related to responses to other potentially deleterious stimuli 

(such as radiation) and the regulation of apoptosis and caspase activity (Figure 

5-13). This raises the possibility that the POS are toxic to the RPE, not because 

of a physical build up in the subretinal space, but rather that they up-regulate 

apoptotic pathways in the RPE and cause them to undergo cell death. This is 

potentially a novel way of looking at the pathological process in MERTK 

retinitis pigmentosa. 

Table 5-1 and Table 5-2 describe some potential new players in phagocytosis 

and in order to investigate this, the next steps would be to perform rtPCR 

analysis and protein co-immunofluorescence study using antibodies to other 

established RPE phagocytosis proteins. 

 

5.4.4 Discussion of translational readthrough inducing drug effects on 

MERTK-RPE and phagocytosis 

Exposure of the MERTK-RPE to G418, an aminoglycoside related to the 

antibiotic gentamicin, was able to restore expression of a protein of similar size 

to MERTK that was not present in the untreated MERTK-RPE cells. The 

immunoreactivity was present, however, as multiple bands. One explanation 

for this is that the protein is differentially post-translationally modified 

depending on which amino acid is used during the readthrough process, or 
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that the lysates were degraded during the harvesting of the cells. However, 

this restoration of protein did not correlate into a functional rescue, as the 

MERTK-RPE were still unable to phagocytose POS. This might be due to a 

toxic effect of the G418 as it was noted that the control RPE had decreased 

levels of phagocytosis in the presence of the G418. Aminoglycosides are 

known to be toxic to the retina (Conway & Campochiaro 1986), but the exact 

mechanism is not clear (Hancock et al. 2005). Interference with normal RPE 

function could be a potential mechanism. G418, one of the more toxic 

aminoglycosides, is thought to cause toxicity by binding to mitochondrial 

ribosomes which are similar to prokaryotic ribosomes. In doing so they inhibit 

mitochondrial protein synthesis and cause oxidative stress. RPE are known to 

have high levels of mitochondria in order to provide energy for processes like 

phagocytosis which may render them particularly sensitive to the 

aminoglycoside toxicity (Shulman et al. 2014). 

Following treatment of the MERTK-RPE with another TRID, PTC124, a small 

molecule which has been approved by the European Medicines Agency for 

Duchenne muscular dystrophy (Bushby et al. 2014), it was possible to restore 

expression of MERTK in the MERTK-RPE. Furthermore, in a phagocytosis 

assay, the PTC124 treatment restored 12% of the phagocytic function to the 

MERTK-RPE cells. It is debatable whether an improvement of 12% would be 

enough in vivo to slow the progression of the disease. Clinical studies of 

PTC124 in Duchenne muscular dystrophy (Peltz et al. 2013), and cystic 

fibrosis (Sermet-Gaudelus et al. 2010) show low toxicity but have yielded 

varied results, even between individuals with the same nonsense variant. The 
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mechanism of action of TRIDs is not completely understood but the drugs are 

thought to interfere with ribosomal fidelity so that a near-cognate aminoacyl 

tRNA can bind at the site of a premature stop codon resulting in the 

incorporation of another amino acid in its place, allowing translation to continue 

(Keeling et al. 2012). It is also postulated that the readthrough effect of TRIDs 

is dependent not just on the nonsense variant but also in the context of the 

local sequence, the particular bases that make up the stop codon and the 

stability of the resulting protein. The TRID PTC124 performs best when acting 

on the UAG stop codon followed by a cytosine (Welch et al. 2007), which is 

the sequence of the MERTK premature stop codon presented here and may 

account for the efficiency observed in this case. 

It must be acknowledged that this is the second MERTK iPSC RPE model 

(Lukovic et al. 2015), however it is the first to show a treatment effect and 

amelioration of function with pharmacological intervention. 

iPSC models offer an attractive alternative to animal models as they allow the 

study of human tissue. The Royal College of Surgeons (RCS) rat, a natural 

animal model that harbours a spontaneous homozygous deletion in the 

MERTK gene has been used for decades as a general model of retinal 

degeneration (Bourne et al. 1938; Young 1967) and a specific model of 

MERTK related retinal disease. However, the RCS genotype (D'Cruz et al. 

2000; Nandrot et al. 2000), does not recapitulate any observed in man (Gal et 

al. 2000) thus diminishing its use as a clinical model in the post genome age. 
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5.5 Conclusion 

After several iterations of the phagocytosis assay in its different forms, the best 

method was to use POS rather than fluorescent beads and the most reliable 

way to count the internalised POS was manually, using confocal microscopy. 

In order to target the MERTK pathway, the intermediate ligand (GAS6) was 

used to improve the efficiency of the assay. Using the refined assay, these 

results show that the MERTK-RPE cells have a defect in the engulfment of 

POS. 

A bioinformatics interrogation of the control and MERTK-RPE showed that the 

MERTK-RPE up-regulate apoptotic pathways when exposed to the POS. This 

is a novel disease mechanism in MERTK deficient RP.  

Furthermore, the translational readthrough inducing drugs G418 and PTC124 

we were able to restore expression of the MERTK gene to detectable full-

length protein in the MERTK deficient RPE. Moreover, the PTC124 compound 

was able to rescue 12% of the phagocytic function of the RPE cells. It may be 

possible, therefore, to use TRIDs to treat retinitis pigmentosa due to nonsense 

variants in MERTK, which hitherto has no effective therapy.  
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Chapter 6 Summary discussion, future perspectives and 

conclusions 

6.1 Summary discussion 

6.1.1 Overview 

In this thesis is presented an induced pluripotent stem cell model of MERTK 

deficient retinitis pigmentosa. The early results chapter detail a deeper 

phenotyping of the patient’s retina and visual function and the procurement of 

the biopsy, generation and characterisation of the fibroblasts and their 

reprogramming into iPSCs. The second results chapter contains an in depth 

characterisation of the iPSC derived RPE and their comparison to a control 

line and the final chapter relates to the primary functional role of MERTK in 

RPE, phagocytosis. 

 

6.1.2 Phenotype 

The measured visual acuity and retinal findings are that of a moderate retinal 

dystrophy, suggesting that in this case the RP is a relatively milder form. From 

the literature, it appears that there are two patterns of disease in MERTK RP, 

a mild macular form and a more severe macular and peripheral subtype. Also, 

there is not a significant build up of retinal debris or loss of retinal layers on 

OCT. The lack of significant hypofluorescence on fundus autofluorescence 
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could be attributed to the fact that the RPE in this case are unable to 

phagocytose and therefore would not have a significant build up of lipofuscin. 

It raises the issue, however of where the spent photoreceptor outer segments 

end up. Are they cleared by macrophages or Muller cells or are they simply 

not manufactured at the same rate as in the normal retina? 

In this case the genetic defect is due, in part, to a nonsense mutation (Mackay 

et al. 2010). As is shown in later sections, this nonsense mutation is amenable 

to translational readthrough inducing drugs. It might be that the milder 

phenotype observed here is due to a background level of physiological 

readthrough (Arribere et al. 2016). 

 

6.1.3 Fibroblasts 

It was noted that there were some growth rate differences between the control 

and MERTK-fibroblasts and it is hypothesised here that this variation is due to 

differences in the ontological maturity of the control (neonatal) compared to 

the MERTK-fibroblasts (adult). Further avenues of research to address this 

would be to compare fibroblasts from a number of adult lines to neonatal lines 

to see if these differences persist. With retrospect, it would have been better 

to perform the research presented in this thesis using an age matched control 

rather than a neonatal control. 
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6.1.4 iPSC 

From the biopsy, 20 clonal lines of iPSC were created by reprogramming. It 

was noted that there was significant heterogeneity in iPSC colony morphology. 

A direct comparison of gene expression and pluripotency potential was 

performed between the control and MERTK-iPSC. One of the major 

differences was that, in the control, there was significant up-regulation of 

genes associated with neuronal development. While RPE is of 

neuroectodermal origin, it is an epithelial rather than neuronal cell fate and so 

this was another significant difference between the control and MERTK cells, 

which may be due again to the differing ontological origins. Alternatively, this 

could have been a difference exaggerated by the small sample size (n = 1 for 

each) and therefore using more than one clonal line for both the control and 

MERTK would have shed more light on the size of this difference. Furthermore, 

using clonal lines from more than one person with and without a MERTK 

mutation would have afforded even more stringency to the experiment and 

therefore the conclusion. 

 

6.1.5 RPE 

One of the main differences noted in the RPE cultures is that there was a larger 

degree of impurity in the control RPE compared to the MERTK-RPE. This fits 

with prior observations from gene expression in the iPSCs that the control cells 

may have a tendency to form neuronal cells. RNAseq analysis confirmed that 
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there was an upregulation of RNA transcripts relating to neuronal gene 

ontology clusters in the control, thus confirming their neurological preference. 

Another potential reason for the higher level of impurity in the control cells is 

due to the different appearance of the pigmented foci during the differentiation 

process. In the control cells the borders between the pigmented and non-

pigmented cells are less defined compared to the MERTK deficient cells. It 

follows that by using a manual dissection technique there is likely to be a higher 

carry over of unwanted cells during the purification process. It would be 

advantageous therefore to use a more automated method to purify, potentially 

using FACS to sort a single cell suspension of differentiating cultures on the 

basis of pigmentation. 

Despite the purity issues it was noted that there were significant populations 

of cells that had many of the characteristics of primary RPE cells; they grew 

as an epithelial monolayer with a cobblestone appearance, contained apical 

pigmented melanosomes, basal nuclei and express proteins involved in the 

process of retinol cycling (Carr, Vugler, Hikita, et al. 2009). In fact, in many of 

the aspects of RPE assessed the control and MERTK-RPE appeared very 

similar and this was corroborated by RNAseq analysis of RPE specific genes. 

One major consistent difference however, was that the control RPE were 

significantly more pigmented than the MERTK-RPE. This fits with the paler 

appearance of the fundus on the clinical image in chapter 3. A potential 

mechanism for this could be that a lack of MERTK and its role in the 
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orchestration of signal transduction at the apical surface somehow interferes 

with melanosome maturation. 

In the confidence that the derived cells were RPE, it was possible to use the 

cells to learn more about this form of MERTK RP. The initial characterisation 

of this patient (Mackay et al. 2010) had used genomic DNA from blood to 

identify the mutations. Using the cell model described herein, it was now 

possible to interrogate the actual cell type of dysfunction and the worth of the 

iPSC model is amplified in hard to reach post-mitotic tissues such as the RPE. 

Now it was feasible to assess not only the gDNA but also the cDNA specific to 

the tissue. The MERTK-RPE produced the MERTK cDNA but at a reduced 

level. By sequencing the cDNA and comparing it to the gDNA sequence it was 

possible to ascertain that only one allele was being expressed at the cDNA 

level and that allele contained the premature stop codon, a target for 

transcriptional readthrough inducing drugs (TRID). 

 

6.1.6 Phagocytosis 

It was noted that while only the control RPE expressed the MERTK protein, 

both the control and MERTK-RPE expressed other proteins involved in 

phagocytosis, suggesting that the MERTKRPE are otherwise primed for the 

process. The initial aim was to set up a high throughput assay using a plate 

reader or other automated method but it soon became evident that this was 

not an easy task. The focus shifted back to address the fundamentals of 
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phagocytosis and after the exogenous addition of the intermediate ligand 

(GAS6) between MERTK and the POS and using a more methodical approach 

to analysing the assay (electron microscopy), it became evident that 

significantly more POS were internalised during phagocytosis in the control 

cells in comparison to the MERTK-RPE. Internalisation of FITC-labelled POS 

was also observed and quantified in control RPE using confocal stack analysis. 

With a working phagocytosis assay, the next steps were to try to uncover any 

new pathways or key molecular players in the process of RPE phagocytosis 

using RNA-seq. What this showed is that there are many parallels between 

RPE phagocytosis and inflammatory pathways, which is understandable as 

phagocytosis is a primary role of other cells in the immune system. The RNA 

seq data also shows putative roles for MYO5, RILPL2 and ANXA1 in RPE 

phagocytosis, genes which hitherto had not been implicated in the process but 

with plausible roles. Of note, the RNA-seq analysis also showed a potential 

novel role for pathogenesis of MERTK RP, in that the MERTK-RPE upregulate 

pathways relating to apoptosis when presented with POS. This suggests that 

the POS are not directly toxic to the photoreceptors, as had originally put 

forward as a disease mechanism, but that the POS cause the death by 

apoptosis of the RPE which in turn are unable to support the photoreceptors. 

With the evidence from the RPE characterisation that the cells were 

adequately similar, a working phagocytosis assay and the knowledge that the 

MERTK-RPE harboured a nonsense mutation expressed at the cDNA level in 

the RPE, TRIDs were used in an attempt to ameliorate the RPE. 
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Exposure of the MERTK-RPE to G418, an aminoglycoside related to the 

antibiotic gentamicin, was able to restore expression of a protein of similar size 

to MERTK that was not present in the untreated cells. However, this restoration 

of protein did not correlate into a functional rescue, as the MERTK-RPE were 

still unable to phagocytose POS. This may have been due to a toxic effect of 

the G418 as it was noted that the control RPE had decreased levels of 

phagocytosis in the presence of the G418. 

Following treatment of the MERTK-RPE with another TRID, PTC124, a small 

molecule which has been approved by the European Medicines Agency for 

Duchenne muscular dystrophy (Bushby et al. 2014), it was possible to restore 

expression of MERTK in the MERTK-RPE. Furthermore, in a phagocytosis 

assay, the PTC124 treatment restored 12% of the phagocytic function to the 

MERTK-RPE cells. It is debatable whether an improvement of 12% would be 

enough in vivo to slow the progression of the disease. Clinical studies of 

PTC124 in Duchenne muscular dystrophy (Peltz et al. 2013), and cystic 

fibrosis (Sermet-Gaudelus et al. 2010) show low toxicity but have yielded 

varied results, even between individuals with the same nonsense variant. 

It is important to acknowledge that this is the second MERTK iPSC RPE model 

(Lukovic et al. 2015), however it is the first to show a treatment effect and 

amelioration of function. 

iPSC models offer an attractive alternative to animal models as they allow the 

study of human tissue. The Royal College of Surgeons (RCS) rat, a natural 

animal model that harbours a spontaneous homozygous deletion in the 



 

 229 

MERTK gene has been used for decades as a general model of retinal 

degeneration (Bourne et al. 1938; Young 1967) and a specific model of 

MERTK related retinal disease. However, the RCS genotype (D'Cruz et al. 

2000; Nandrot et al. 2000), does not recapitulate any observed in man (Gal et 

al. 2000) thus diminishing its use as a clinical model in the post genome age. 

 

6.2 Future directions 

6.2.1 Drug screen 

Initially the aim was to develop a high throughput phagocytosis assay in order 

to test a number of drugs to ameliorate the phagocytosis phenotype. With the 

difficulties in getting the phagocytosis assay to work, this line of investigation 

has yet to be carried through. With the use of pH dependent fluorophores such 

as the pHrodo dye that fluoresces at low pH, such as the pH in a lysosome, it 

may be possible to develop such a high throughput assay. This would allow 

testing of a number of agents at different doses. The first cohort of drugs to 

test would be to try a number of other TRIDs that are becoming available to 

see if any of them have a higher efficacy than the PTC124 (Moosajee et al. 

2016), which was only able to improve function by 12%. Following on from 

observations that cells lacking MERTK appear to upregulate TYRO3 (Vollrath 

et al. 2015), a similar receptor tyrosine kinase, it might be a suitable target. 

Another option is to target known key players in the phagocytosis pathway, 

some of which are outlined in Table 6-1. Another interesting target may be 
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CIB1 (see section 5.3.4), a tyrosine kinase which may act to bypass MERTK 

during phagocytosis in MERTK-RPE, as although phagocytosis is reduced it 

is not entirely diminished (see Figure 5-8), suggesting an alternate pathway is 

involved. 

Table 6-1 Small molecules with targets in the RPE phagocytosis pathway. 

known as reacts with  action supplier 
57704 PI3K Agonist  

SC79 AKT Agonist sigma 
740 Y-P PI3K Agonist tocris 
sc-3036 PI3K Agonist santa cruz 
310500 PKC Antagonist calbiochem 
310500 Src Agonist calbiochem 

 

6.2.2 Gene therapy and gene editing 

As discussed there has been significant research in gene therapy for MERTK 

RP. The first cohort of a trial of human subjects showed mixed results (Ghazi 

et al. 2016) after promising preclinical data from the RCS rat and Mertk-/- 

mouse using an AAV2 vector with MERTK under the BEST1 promoter (Conlon 

et al. 2013). The model presented here would be an ideal system to test for 

both toxicity and efficacy of the vector to bridge the gap between preclinical 

and clinical studies in a ‘phase 0’ setting. 

Rather than fix the gene using the bulky system of gene therapy, MERTK RP 

would be a good candidate to perform gene editing using the Transcription 

activator-like effector nucleases (TALEN) or Clustered regularly interspaced 

short palindromic repeats (CRISPR-Cas9) (Bogdanove & Voytas 2011; van 
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der Oost 2013). With these methods, using guide RNAs, breaks in the genome 

can be made with endonucleases at target sites and new sequences 

introduced to repair or knock down a gene. The sequences are usually 

introduced using a plasmid. 

The gene editing technology could be used in the MERTK disease model to 

test its efficacy prior to performing it in vivo or it could be performed in vitro 

with the intention to transplant the edited cells into the sub retinal space in an 

autologous fashion. 

 

6.3 Final conclusion 

This thesis describes the creation and characterisation of iPSC derived RPE 

cells with MERTK deficiency with the aim to create an accurate in vitro model 

of human disease. The iPSC-RPE had all the characteristics of RPE and were 

comparable to a control line. These MERTK-RPE, as expected, have a defect 

in the engulfment of POS in comparison to the control. Interrogation of this 

phagocytosis assay using RNA-seq allowed the implication of new players in 

the process of phagocytosis and a novel mechanism for pathogenesis of 

MERTK deficient RP. 

The discovery of the persistence of a nonsense mutation in the MERTK gene 

in the MERTK-RPE cDNA informed the choice to use translational readthrough 

inducing drugs to ameliorate function. The TRIDs G418 and PTC124 we were 
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able to restore expression of the MERTK gene to detectable full-length protein 

in the MERTK deficient RPE. Moreover, the PTC124 compound was able to 

rescue 12% of the phagocytic function of the RPE cells. It may be possible, 

therefore, to use TRIDs to treat retinitis pigmentosa due to nonsense variants 

in MERTK, which hitherto has no effective therapy. Furthermore, human iPSC 

derived models may also be useful to bridge the gap between preclinical 

animal studies and clinical trials to test other treatments such as gene 

therapies.  
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Appendix 1 – Antibodies and Primers 

Antibodies for Immunofluorescence and Western blotting 

Table A-1.1 Antibodies used in manuscript 

Antibody Species Manufacturer Code Dilution 
Immunos 

Dilution 
WB 

Alpha tubulin Mouse Sigma T9026  1 in 1000 

Bestrophin Mouse Abcam ab2182 1 in 1000  

CRALBP Mouse Thermo MA1-813 1 in 200 1 in 1000 

GAPDH Goat Everest EB07069  1 in 2000 

Integrin AV Rabbit Abcam ab92797 1 in 1000  

MERTK Rabbit Abcam ab52968 1 in 1000 1 in 1000 

OCT4 Rabbit Abcam ab19857 1 in 200 1 in 1000 

OTX Goat Santa Cruz sc30659 1 in 200  

PAX6 Rabbit Covance PRB-278P 1 in 200  

PEDF Mouse Chemicon / Millipore MAB1059 1 in 1000  

PMEL17 Mouse Dako HMB-45 1 in 1000  

RPE65 Mouse Chemicon / Millipore MAB5428 1 in 500  

SOX2 Rabbit New England 
Biolabs 

3579 1 in 200  

Tra-1-60 Mouse New England 
Biolabs 

4746 1 in 200  

Tra-1-81 Mouse New England 
Biolabs 

4745 1 in 200  

Vimentin Mouse Sigma C9080 1 in 200 1 in 1000 
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PCR primers 

Table A-1.2 PCR primers for RPE signature genes 

Gene Forward Primer Reverse Primer Size 
(bp) Tm 

CRALBP GCCGAGTGGTCATGCTCTTC AGCCTGCTGCATGGTAAAGC 172 56 
RPE65 CAAGGCTGACACAGGCAAGA TTGACGAGGCCCTGAAAAGA 117 54 
CK8 AAGGATGCCAACGCCAAGTT CCGCTGGTGGTCTTCGTATG 214 60 
OTX2 GCGCAGCTAGATGTGCTGGA CACTGCTGCTGGCAATGGTC 297 56 
PEDF CCCATGATGTCGGACCCTAA CAGGGGCAGGAAGAAGATGA 116 54 
TYR TAGCGGATGCCTCTCAAAGC CAATGGGTGCATTGGCTTCT 194 54 
GAPDH CCCCACCACACTGAATCTCC GGTACTTTATTGATGGTACATGACAAG 80 56 
     

MERTK exons 1-4 CGCTCTGGCGTAGAGCTATC  TGACAGGTGAGGTTGAAGGC  610 60 

 

Table A-1.3 PCR primers for gDNA sequencing of MERTK gene 

Exon Sequence  Tm 
Exon 1 CGTCCGGAGAGAAATTACAGATCC CCTGCTACCTACGTTCCACTCGTC 59 
Exon 2 CTTGGCCTAAGAAGTTGGGAACCT TCGTTTGAACTCAGGAGGTGGAG 59 
Exon 3 GGTTTGACCAAACAACTGCGTACA AACAGTTCTCTGGCAATGGGACTC 58 
Exon 4 ACCCAGGAGGTAGAGATTGCAGTG TTGCTGCCACACCTGTATTTTCAT 56 
Exon 5 TCTCATGAGTCTCCTTCCATTCCA GAACCCTGACACCAAAGAGGAGAA 58 
Exon 6 GAAAGTGGGTCTGCGTTCACTTCT CTTCCCTCTTCACCCTGGAACTTT 59 
Exon 7 GGTAAAATGTGTGTGTGCCCAGAA TTTCAACTCTCAGTCAGGCCACTG 58 
Exon 8 CTGTGTGTGCTTTGTGGTTCTTCA AGGTGCCTTGCCTAACTCAATCAC 58 
Exon 9 GCCCAGACCTCAGTGTTTTCATTT CCCAGGTTACTTTCTGGCAATCTG 58 
Exon 10 GATCTCTTCGCATGGTCTCAGCTT CTTGTCAATACCAGTGGGCAAACA 58 
Exon 11 CTGCCCCAGTAGCCCTGTTTTTAT CAGGTCAAGCTCCTGATTGCAGTA 59 
Exon 12 TCAAGTGAAAGAAAACACGCTGACA GGACCTGTATGTGCTAGGCATTGA 56 
Exon 13 GCATTTCTGTGGTCAGGGAAGAGT GGAGCACCCAATACTGAAGCAACT 59 
Exon 14 ACTAGCCCCTGACAACCACTCATC TTTTTCCTTTGGCACAGAGCAGAT 56 
Exon 15 TAGTGGACCCTGTGTGTGTTCCAT CAGGGAGCACTGAACAAAAGTCAA 58 
Exon 16 CAGAAACTGCTTGCAAGTTTTCCTTT CTAACCCTGCAAAGACCAAACACC 57 
Exon 17 CTCTGACGCTGCTGAAGACGTAAC GCCATACCAGCTGAGGTCATTTCT 59 
Exon 18 AAGTCCATTCAGGCTTTGTGGAAA CCACACACTATCTCCCACATCAGG 56 
Exon 19 AAGGCATGGATTGCACAAAGAGAT TGGCTTGATTTTTGGAATGTCTCC 56 
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Table A-1.4 PCR primers used for cDNA sequencing of MERTK gene 

Name Sequence Product 
length 

Tm 

MERTK1R GGC TGC TTA GTA AAG TGA GGA AGT C 
 

25 63 

MERTK2F GTA AGA TGA AAA TAA ACA ATG AAG AG 
 

26 55.3 

MERTK2R CTG CAG ACC AGC CTA TTT CAT TC 
 

23 60.6 

MERTK3F ACA CCT CTG CCT TAC CAC ATC TGT AC 
 

26 64.8 

MERTK3R CTC CTG GAC TCT TTT TCT GAT GGC C 
 

25 64.6 

MERTK4F GCT CAT CAT CTT TGG CTG CTT TTG TG 26 63.2 

MERTK4R ATA TCC ACC ATG AAC TTC AAT AGT G 25 58.1 

MERTK5F CAG TGA GGC AGC GTG CAT GAA AG 23 64.2 

MERTK5R TAC AGT TCA TCC AGG CAG TCT 
 

21 57.9 

MERTK6F CGC GGG GAA TGA CTC CCT A 
 

19 61 

MERTK6R GGG GCA GAA GTC AGA TCT TCC CA 
 

23 64.2 
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Appendix 2 – RNAseq genes

Table A-2.1 Up-regulated genes 
(FDR < 0.1) in control versus 
MERTK-RPE. 

Gene BJ Minus POS vs MERTK Minus 
POS  logFC LR PValue FDR 

GFAP 13.95 120.41 5.14E-
28 

3.44E-
24 

PEG3 9.66 42.49 7.12E-
11 

1.36E-
07 

CFAP126 9.19 17.93 2.30E-
05 

7.68E-
03 

AQP4 9.05 91.51 1.11E-
21 

4.96E-
18 

C5AR1 8.77 18.78 1.47E-
05 

5.86E-
03 

DKK2 8.72 16.31 5.36E-
05 

1.46E-
02 

POU3F3 8.65 17.70 2.59E-
05 

8.25E-
03 

ARHGEF39 8.63 11.90 5.63E-
04 

5.88E-
02 

GABRG1 8.55 11.08 8.70E-
04 

7.67E-
02 

RILPL2 8.41 23.55 1.21E-
06 

8.65E-
04 

SCN1A 8.41 12.79 3.49E-
04 

4.48E-
02 

MLC1 8.20 13.22 2.77E-
04 

3.99E-
02 

ZNF208 8.13 173.38 1.35E-
39 

1.81E-
35 

POU3F2 8.12 13.48 2.41E-
04 

3.72E-
02 

PIRT 8.09 13.89 1.93E-
04 

3.34E-
02 

FOXG1 8.04 12.47 4.13E-
04 

4.94E-
02 

ANO7 8.01 10.61 1.13E-
03 

8.66E-
02 

RFX4 7.90 12.18 4.84E-
04 

5.59E-
02 

H2AFJ 7.81 14.08 1.75E-
04 

3.17E-
02 

PCDH10 7.56 14.69 1.27E-
04 

2.57E-
02 

PAMR1 7.51 10.92 9.52E-
04 

8.12E-
02 

CALCRL 7.31 12.14 4.94E-
04 

5.65E-
02 

NEFL 7.19 10.52 1.18E-
03 

9.04E-
02 

WNT16 7.16 10.93 9.47E-
04 

8.12E-
02 

PCDHA10 7.12 11.32 7.67E-
04 

7.01E-
02 

FOXD1 6.88 10.62 1.12E-
03 

8.64E-
02 

FABP7 6.53 10.50 1.19E-
03 

9.09E-
02 

CCDC40 6.48 11.52 6.90E-
04 

6.48E-
02 

ZNF736 6.36 57.54 3.31E-
14 

1.11E-
10 

SPOCK2 6.35 21.69 3.21E-
06 

1.66E-
03 

ZNF257 6.01 21.77 3.08E-
06 

1.66E-
03 

CES1 5.97 12.29 4.56E-
04 

5.35E-
02 

NCAN 5.86 22.89 1.72E-
06 

1.15E-
03 

SLC1A3 5.56 36.47 1.55E-
09 

2.59E-
06 

MYLK3 5.40 14.98 1.09E-
04 

2.29E-
02 

C21orf62 5.13 16.09 6.03E-
05 

1.55E-
02 

PTGES 4.98 13.02 3.08E-
04 

4.30E-
02 

TNFRSF11B 4.81 10.89 9.66E-
04 

8.14E-
02 

DNER 4.73 12.78 3.51E-
04 

4.48E-
02 

ADCY2 4.58 27.07 1.96E-
07 

2.02E-
04 

SORBS1 4.56 16.64 4.51E-
05 

1.28E-
02 

NES 3.86 12.32 4.49E-
04 

5.32E-
02 

GFRA2 3.74 13.54 2.34E-
04 

3.72E-
02 

CCDC34 3.68 13.29 2.66E-
04 

3.92E-
02 

GUCY1A3 3.49 13.41 2.50E-
04 

3.77E-
02 

GUCY1B3 3.45 11.36 7.50E-
04 

6.93E-
02 

SPAG1 3.40 10.42 1.24E-
03 

9.41E-
02 

ZNF469 3.29 15.49 8.28E-
05 

1.88E-
02 

TNC 3.12 10.73 1.06E-
03 

8.41E-
02 

ZNF667 3.12 10.33 1.31E-
03 

9.69E-
02 

PI15 3.06 15.04 1.05E-
04 

2.27E-
02 

DCLK1 3.01 32.95 9.47E-
09 

1.27E-
05 

MEF2C 2.92 12.09 5.06E-
04 

5.74E-
02 

GPM6B 2.83 12.54 3.99E-
04 

4.85E-
02 

IQCG 2.66 10.33 1.31E-
03 

9.69E-
02 

SLC12A8 2.59 14.63 1.31E-
04 

2.58E-
02 

MOCS1 2.54 18.55 1.66E-
05 

6.17E-
03 

PIK3R4 2.42 13.63 2.22E-
04 

3.63E-
02 

RARG 2.42 11.72 6.18E-
04 

6.27E-
02 

A2M 2.40 11.96 5.44E-
04 

5.84E-
02 

NRP1 2.28 10.75 1.04E-
03 

8.41E-
02 

CFB 2.27 11.58 6.67E-
04 

6.43E-
02 

CCDC125 2.26 11.05 8.89E-
04 

7.73E-
02 

PAPSS1 2.25 14.21 1.64E-
04 

3.04E-
02 

GRIK1 2.14 11.14 8.46E-
04 

7.60E-
02 

ABCC9 1.79 18.43 1.76E-
05 

6.38E-
03 

MRPS31 1.77 12.62 3.81E-
04 

4.76E-
02 

TGFBI 1.77 10.89 9.67E-
04 

8.14E-
02 

PTMS 1.76 30.28 3.74E-
08 

4.46E-
05 

IGF1 1.74 12.96 3.18E-
04 

4.30E-
02 

DDX24 1.73 13.50 2.38E-
04 

3.72E-
02 

SNCAIP 1.72 17.55 2.80E-
05 

8.71E-
03 

ICMT 1.68 11.97 5.41E-
04 

5.84E-
02 

CNTN4 1.60 10.66 1.09E-
03 

8.61E-
02 

IGF2BP2 1.55 12.98 3.15E-
04 

4.30E-
02 

UNC5D 1.46 21.34 3.84E-
06 

1.91E-
03 

TENM3 1.45 20.97 4.67E-
06 

2.23E-
03 

PALLD 1.43 18.98 1.32E-
05 

5.59E-
03 

RCAN2 1.40 15.83 6.93E-
05 

1.72E-
02 
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ACP1 1.39 10.79 1.02E-
03 

8.38E-
02 

CLGN 1.36 12.63 3.79E-
04 

4.76E-
02 

MSMO1 1.33 19.59 9.57E-
06 

4.27E-
03 

ASPH 1.33 22.48 2.13E-
06 

1.24E-
03 

CD44 1.28 18.96 1.34E-
05 

5.59E-
03 

RRAGA 1.27 11.54 6.82E-
04 

6.48E-
02 

FAM13B 1.27 11.73 6.17E-
04 

6.27E-
02 

TFPI2 1.25 14.04 1.78E-
04 

3.19E-
02 

PPP1R10 1.23 11.10 8.62E-
04 

7.65E-
02 

ATF7 1.23 12.05 5.19E-
04 

5.76E-
02 

KLHL42 1.22 14.92 1.12E-
04 

2.31E-
02 

CAB39L 1.20 13.41 2.50E-
04 

3.77E-
02 

PRUNE2 1.20 13.88 1.94E-
04 

3.34E-
02 

MYH11 1.20 10.26 1.36E-
03 

9.94E-
02 

WDFY1 1.19 13.26 2.71E-
04 

3.94E-
02 

PTMA 1.18 22.62 1.98E-
06 

1.20E-
03 

PRRX1 1.14 11.63 6.49E-
04 

6.43E-
02 

OXCT1 1.14 11.39 7.40E-
04 

6.88E-
02 

FAM46A 1.11 11.51 6.92E-
04 

6.48E-
02 

FAM50A 1.10 11.10 8.63E-
04 

7.65E-
02 

PRLR 1.10 14.59 1.33E-
04 

2.59E-
02 

LTBP1 1.06 13.79 2.04E-
04 

3.46E-
02 

PLPP3 1.05 13.56 2.31E-
04 

3.72E-
02 

TSPAN3 1.02 14.29 1.57E-
04 

2.96E-
02 

FBLN5 1.00 11.03 8.99E-
04 

7.76E-
02 

ATP2B4 0.99 12.08 5.10E-
04 

5.74E-
02 

FAM129A 0.98 11.30 7.74E-
04 

7.01E-
02 

ATL3 0.96 11.30 7.75E-
04 

7.01E-
02 
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Table A-2.2 Down-regulated 
genes (FDR < 0.1) in control 
versus MERTK-RPE. 

 

Gene BJ Minus POS vs MERTK Minus POS 
 logFC LR PValue FDR 
EFR3B -0.94 11.61 6.55E-04 6.43E-

02 
KRT8 -0.97 10.77 1.03E-03 8.41E-

02 
SLC6A20 -1.02 12.92 3.25E-04 4.31E-

02 POLD2 -1.03 12.59 3.87E-04 4.80E-
02 ZNF529 -1.05 11.71 6.23E-04 6.27E-
02 GAS7 -1.07 10.88 9.74E-04 8.15E-
02 

PODXL -1.07 15.25 9.41E-05 2.07E-
02 ELAC2 -1.08 10.75 1.04E-03 8.41E-
02 CITED2 -1.11 13.50 2.39E-04 3.72E-
02 FRMD4B -1.14 12.96 3.19E-04 4.30E-
02 SORBS2 -1.17 19.66 9.27E-06 4.27E-
03 

TTR -1.17 12.23 4.71E-04 5.49E-
02 PCDHA6 -1.19 10.65 1.10E-03 8.61E-
02 FAT1 -1.19 11.95 5.45E-04 5.84E-
02 ZMAT3 -1.26 13.64 2.22E-04 3.63E-
02 NFATC2IP -1.26 12.84 3.38E-04 4.40E-
02 

ELP2 -1.26 11.58 6.67E-04 6.43E-
02 PTPRU -1.27 14.97 1.09E-04 2.29E-
02 BCAT1 -1.28 18.62 1.59E-05 6.09E-
03 GEM -1.37 15.63 7.72E-05 1.83E-
02 CA2 -1.40 10.80 1.01E-03 8.38E-
02 

MMS19 -1.45 17.38 3.06E-05 9.31E-
03 WFIKKN2 -1.48 11.54 6.81E-04 6.48E-
02 LIMD1 -1.50 15.86 6.84E-05 1.72E-
02 AKAP5 -1.51 16.25 5.56E-05 1.46E-
02 

NEUROD2 -1.54 17.19 3.38E-05 1E-02 
FAM161A -1.59 11.96 5.44E-04 5.84E-

02 COMT -1.60 11.66 6.40E-04 6.40E-
02 FRAS1 -1.60 26.19 3.10E-07 2.60E-
04 FRY -1.65 11.05 8.85E-04 7.73E-
02 

FAM196A -1.67 15.66 7.56E-05 1.83E-
02 OLFML2A -1.71 26.19 3.09E-07 2.60E-
04 RUNX1T1 -1.74 10.72 1.06E-03 8.41E-
02 NOP56 -1.80 14.16 1.68E-04 3.08E-
02 PLEKHH2 -1.88 17.16 3.44E-05 1E-02 

CDHR1 -1.89 10.72 1.06E-03 8.41E-
02 

XRRA1 -1.93 10.30 1.33E-03 9.77E-
02 HSPB3 -1.97 12.98 3.15E-04 4.30E-
02 

DISC1 -2.01 12.04 5.20E-04 5.76E-
02 ASNS -2.01 10.63 1.11E-03 8.64E-
02 SHPK -2.03 14.66 1.29E-04 2.57E-
02 AEN -2.07 14.45 1.44E-04 2.76E-
02 RPS4Y1 -2.22 35.84 2.14E-09 3.18E-
06 

SLC35E2B -2.24 54.62 1.46E-13 3.92E-
10 NEUROD1 -2.28 17.95 2.27E-05 7.68E-
03 PGBD1 -2.30 13.31 2.64E-04 3.92E-
02 EML6 -2.40 11.75 6.10E-04 6.27E-
02 

ELAVL2 -2.41 10.39 1.27E-03 9.53E-
02 

USP51 -2.44 11.91 5.58E-04 5.88E-
02 ACY1 -2.67 15.60 7.81E-05 1.83E-
02 AMER2 -2.87 16.31 5.37E-05 1.46E-
02 CHCHD2 -3.02 30.15 4.00E-08 4.46E-
05 

TP53 -3.06 23.53 1.23E-06 8.65E-
04 

EMILIN2 -3.23 12.86 3.36E-04 4.40E-
02 RASGRF1 -3.45 12.94 3.21E-04 4.30E-
02 CDKN1A -3.47 45.77 1.33E-11 2.97E-
08 KIAA1644 -3.52 21.68 3.22E-06 1.66E-
03 

UPK3B -3.65 26.67 2.42E-07 2.31E-
04 PRSS12 -3.99 12.97 3.17E-04 4.30E-
02 VSX2 -4.04 18.30 1.89E-05 6.64E-
03 SH2D5 -4.06 12.49 4.09E-04 4.94E-
02 ANKRD33B -4.11 22.65 1.95E-06 1.20E-
03 

ADCYAP1 -4.49 10.37 1.28E-03 9.59E-
02 ULK4 -4.72 15.36 8.89E-05 1.98E-
02 PRDM8 -4.98 13.63 2.23E-04 3.63E-
02 ZXDA -5.09 11.90 5.60E-04 5.88E-
02 MAGEH1 -5.96 24.49 7.48E-07 5.89E-
04 

SLC3A1 -6.46 17.84 2.40E-05 7.84E-
03 HBEGF -7.45 14.01 1.81E-04 3.20E-
02 CHGA -7.46 10.81 1.01E-03 8.38E-
02 PCDHA11 -7.52 11.85 5.77E-04 5.99E-
02 

KIF23 -7.59 11.60 6.58E-04 6.43E-
02 

EDA2R -7.61 12.58 3.91E-04 4.80E-
02 HPCA -8.03 18.75 1.49E-05 5.86E-
03 NXPH2 -8.17 15.58 7.91E-05 1.83E-
02 FMOD -8.80 16.28 5.48E-05 1.46E-
02  
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Table A-2.3 Up and Down-regulated genes in control RPE with the 
addition of POS. 

Gene BJ Plus vs BJ Minus (Blocked Design)  
 logFC LR PValue FDR 
ARMCX5-GPRASP2 4.079 15.902 6.67E-05 3.57E-02 
AQP3 3.278 16.784 4.19E-05 2.67E-02 
DCAF17 2.836 14.551 1.36E-04 6.62E-02 
TM4SF1 2.370 41.294 1.31E-10 5.84E-07 
SERPINE1 2.304 13.196 2.81E-04 8.73E-02 
S100A2 2.039 24.710 6.66E-07 8.11E-04 
HMGA1 2.001 54.028 1.98E-13 1.32E-09 
ANXA1 1.968 57.749 2.98E-14 3.99E-10 
SLC4A7 1.733 28.436 9.68E-08 2.59E-04 
NOP56 1.723 17.780 2.48E-05 1.75E-02 
HRH1 1.677 14.396 1.48E-04 6.82E-02 
MTHFD2 1.531 21.933 2.82E-06 2.91E-03 
HKDC1 1.520 17.841 2.40E-05 1.75E-02 
EMP1 1.469 25.772 3.84E-07 5.72E-04 
CD68 1.431 13.320 2.63E-04 8.37E-02 
SOD2 1.383 27.125 1.91E-07 3.26E-04 
PTX3 1.382 29.171 6.63E-08 2.22E-04 
ELK3 1.358 16.102 6.00E-05 3.54E-02 
IARS 1.342 27.085 1.95E-07 3.26E-04 
PRKCB 1.238 14.338 1.53E-04 6.82E-02 
AGPAT5 1.198 17.920 2.30E-05 1.75E-02 
ENDOD1 1.148 14.524 1.38E-04 6.62E-02 
CYP24A1 1.139 14.211 1.63E-04 7.06E-02 
CAPN2 1.121 20.213 6.93E-06 6.62E-03 
TRIB1 1.113 13.364 2.56E-04 8.37E-02 
SKIL 1.064 13.882 1.95E-04 7.66E-02 
CD44 1.017 16.034 6.22E-05 3.54E-02 
MMP16 1.012 13.734 2.11E-04 7.66E-02 
FAM129A -1.180 16.956 3.83E-05 2.56E-02 
MYO5C -1.184 12.965 3.17E-04 9.24E-02 
LIMCH1 -1.248 13.074 2.99E-04 9.11E-02 
SFRP5 -1.419 18.088 2.11E-05 1.75E-02 
RPE65 -1.421 15.434 8.54E-05 4.40E-02 
CHST6 -1.454 15.996 6.35E-05 3.54E-02 
PPFIBP2 -1.515 14.088 1.74E-04 7.30E-02 
ERMN -1.682 22.589 2.01E-06 2.24E-03 
ZNF154 -1.923 24.739 6.56E-07 8.11E-04 
NTPCR -1.953 13.724 2.12E-04 7.66E-02 
ZNF536 -2.372 12.841 3.39E-04 9.66E-02 
AS3MT -2.670 27.500 1.57E-07 3.26E-04 
ABHD16A -3.460 13.019 3.08E-04 9.18E-02 
HMGXB4 -5.144 13.486 2.40E-04 8.05E-02 
RILPL2 -8.268 18.172 2.02E-05 1.75E-02 
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Table A-2.4 Up-regulated genes in control versus MERTK-RPE with the 
addition of POS. 

 BJ Plus POS vs MERTK Plus POS  
Gene logFC LR PValue FDR 

SLC5A12 11.186 21.193 4.15E-06 2.06E-03 
GFAP 10.125 103.256 2.95E-24 1.97E-20 
ZNF736 10.015 76.478 2.23E-18 7.45E-15 
AQP4 9.872 92.618 6.34E-22 2.83E-18 
PEG3 9.861 45.019 1.95E-11 3.73E-08 
FAM135B 9.321 25.861 3.67E-07 3.78E-04 
RSPO2 8.604 16.881 3.98E-05 1.13E-02 
POU3F3 8.375 17.190 3.38E-05 1.01E-02 
PCDHA10 8.276 14.585 1.34E-04 2.46E-02 
MLC1 8.174 13.429 2.48E-04 3.49E-02 
TPPP3 8.108 14.418 1.46E-04 2.57E-02 
COL21A1 7.991 12.878 3.32E-04 4.36E-02 
CFAP126 7.800 14.262 1.59E-04 2.57E-02 
TNFRSF11B 7.671 19.420 1.05E-05 3.90E-03 
ANGPT1 7.667 12.545 3.97E-04 4.71E-02 
DKK2 7.583 13.453 2.45E-04 3.48E-02 
SCN1A 7.409 10.863 9.81E-04 8.26E-02 
GDPD2 7.189 16.084 6.06E-05 1.48E-02 
WNT16 7.155 11.211 8.13E-04 7.46E-02 
POU3F2 7.000 10.977 9.23E-04 8.18E-02 
FUT9 6.953 10.725 1.06E-03 8.68E-02 
CHURC1-
FNTB 6.831 11.429 7.23E-04 6.91E-02 
PIRT 6.729 10.667 1.09E-03 8.88E-02 
NCAN 6.552 24.190 8.73E-07 6.49E-04 
CACNA1E 6.541 11.860 5.74E-04 6E-02 
ZNF257 6.221 23.282 1.40E-06 9.36E-04 
ZNF208 5.996 123.967 8.56E-29 1.15E-24 
SPOCK2 5.978 19.483 1.02E-05 3.88E-03 
CTNNA2 5.602 12.825 3.42E-04 4.39E-02 
PIFO 5.584 10.932 9.45E-04 8.19E-02 
STEAP3 5.285 16.416 5.08E-05 1.28E-02 
ZNF667 5.130 22.645 1.95E-06 1.13E-03 
ARMCX5-
GPRASP2 4.795 15.879 6.75E-05 1.56E-02 
KDM8 4.714 10.942 9.40E-04 8.19E-02 
MYLK3 4.625 11.953 5.46E-04 5.80E-02 
MED7 4.525 13.389 2.53E-04 3.53E-02 
SLC1A3 4.262 25.123 5.38E-07 4.80E-04 
ZNF578 4.172 15.256 9.39E-05 1.88E-02 
GPM6B 3.411 17.417 3.00E-05 9.13E-03 
LPAR1 3.229 11.968 5.41E-04 5.80E-02 
IFI27L1 3.226 10.660 1.09E-03 8.88E-02 
PSMD7 3.219 15.524 8.15E-05 1.70E-02 
C3orf17 2.906 12.451 4.18E-04 4.91E-02 
GATM 2.855 11.347 7.56E-04 7.08E-02 
A2M 2.752 15.322 9.07E-05 1.87E-02 
DCLK1 2.592 25.557 4.30E-07 4.11E-04 
IFITM1 2.569 11.538 6.82E-04 6.76E-02 
NRP1 2.316 11.372 7.46E-04 7.03E-02 
THBS2 2.307 15.532 8.11E-05 1.70E-02 
SLC12A8 2.269 11.630 6.49E-04 6.62E-02 
SLC35F1 2.216 12.394 4.31E-04 5.01E-02 
LRRC39 2.194 14.293 1.56E-04 2.57E-02 
ERV3-1 2.032 12.210 4.75E-04 5.35E-02 
SC5D 1.958 11.503 6.95E-04 6.78E-02 
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NRCAM 1.899 16.020 6.27E-05 1.50E-02 
ABCC9 1.877 19.756 8.80E-06 3.55E-03 
UNC5D 1.841 33.248 8.11E-09 1.09E-05 
KLF6 1.796 14.344 1.52E-04 2.57E-02 
CNR1 1.796 14.145 1.69E-04 2.70E-02 
ALDH1A1 1.743 16.946 3.85E-05 1.12E-02 
CNTN4 1.729 12.332 4.45E-04 5.13E-02 
FMO1 1.725 11.595 6.61E-04 6.62E-02 
MGST1 1.609 10.914 9.54E-04 8.19E-02 
MMP16 1.587 22.075 2.62E-06 1.46E-03 
SLC2A13 1.525 12.755 3.55E-04 4.44E-02 
CARS 1.510 10.901 9.61E-04 8.19E-02 
FAM13B 1.408 14.359 1.51E-04 2.57E-02 
PRLR 1.384 22.797 1.80E-06 1.10E-03 
CD44 1.253 18.374 1.81E-05 6.07E-03 
PRUNE2 1.252 15.187 9.74E-05 1.92E-02 
TFPI2 1.237 13.821 2.01E-04 3.09E-02 
PROS1 1.222 12.012 5.29E-04 5.71E-02 
PLPP3 1.207 18.159 2.03E-05 6.64E-03 
ATF4 1.181 11.287 7.81E-04 7.21E-02 
TMEM38B 1.167 12.621 3.81E-04 4.60E-02 
PALLD 1.132 12.141 4.93E-04 5.42E-02 
PSAT1 1.122 14.803 1.19E-04 2.22E-02 
ASPH 1.121 16.176 5.77E-05 1.43E-02 
PRRX1 1.110 11.047 8.88E-04 7.98E-02 
WDFY1 1.104 11.491 6.99E-04 6.78E-02 
PTMA 1.087 19.305 1.11E-05 4.03E-03 
TSPAN3 1.080 15.934 6.56E-05 1.54E-02 
FBLN5 1.076 12.785 3.49E-04 4.41E-02 
RNF19A 1.075 12.665 3.72E-04 4.53E-02 
PTMS 1.071 11.758 6.06E-04 6.24E-02 
LTBP1 1.058 13.771 2.06E-04 3.11E-02 
RAB31 1.051 10.750 1.04E-03 8.68E-02 
COX7A2L 0.915 11.031 8.96E-04 8E-02 
SEPT2 0.869 12.321 4.48E-04 5.13E-02 
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Table A-2.5 Down-regulated genes in control versus MERTK-RPE with 
the addition of POS. 

 BJ Plus POS vs MERTK Plus POS  
Gene logFC LR PValue FDR 

MAB21L1 -0.928 10.640 1.11E-03 8.92E-02 
GOT2 -0.962 13.585 2.28E-04 3.34E-02 
ITGB8 -0.997 11.592 6.62E-04 6.62E-02 
CITED2 -1.008 11.434 7.21E-04 6.91E-02 
TTC9 -1.015 11.394 7.37E-04 6.99E-02 
CHRNA3 -1.032 12.137 4.94E-04 5.42E-02 
HAUS2 -1.042 13.457 2.44E-04 3.48E-02 
EFR3B -1.047 14.307 1.55E-04 2.57E-02 
BMP4 -1.051 11.302 7.74E-04 7.20E-02 
LIMCH1 -1.053 11.074 8.76E-04 7.92E-02 
CCNYL1 -1.066 14.283 1.57E-04 2.57E-02 
SORBS2 -1.073 16.680 4.43E-05 1.19E-02 
RPE65 -1.077 13.776 2.06E-04 3.11E-02 
ALDH6A1 -1.087 10.505 1.19E-03 9.43E-02 
MRFAP1L1 -1.091 14.904 1.13E-04 2.16E-02 
PLXNB2 -1.115 15.595 7.85E-05 1.70E-02 
GAS7 -1.119 12.088 5.08E-04 5.52E-02 
NID2 -1.134 13.585 2.28E-04 3.34E-02 
C12orf49 -1.141 10.731 1.05E-03 8.68E-02 
PIGT -1.143 10.921 9.51E-04 8.19E-02 
PGPEP1 -1.152 11.926 5.54E-04 5.84E-02 
IFT22 -1.169 12.725 3.61E-04 4.44E-02 
ENPP2 -1.170 16.623 4.56E-05 1.20E-02 
KLHL36 -1.188 14.371 1.50E-04 2.57E-02 
FRAS1 -1.210 15.267 9.33E-05 1.88E-02 
POLH -1.214 14.435 1.45E-04 2.57E-02 
FAM124A -1.216 20.587 5.70E-06 2.54E-03 
ZNF529 -1.243 16.456 4.98E-05 1.28E-02 
DDX54 -1.263 17.912 2.31E-05 7.37E-03 
CPVL -1.274 11.803 5.91E-04 6.14E-02 
SLC6A20 -1.275 19.972 7.86E-06 3.29E-03 
SLC4A5 -1.291 18.417 1.77E-05 6.07E-03 
CLIC6 -1.309 16.711 4.35E-05 1.19E-02 
MINOS1 -1.314 13.347 2.59E-04 3.57E-02 
SERPINB9 -1.347 13.575 2.29E-04 3.34E-02 
KIAA1456 -1.372 12.724 3.61E-04 4.44E-02 
MPP2 -1.372 14.498 1.40E-04 2.54E-02 
CDK18 -1.376 13.103 2.95E-04 3.99E-02 
IFITM2 -1.376 12.879 3.32E-04 4.36E-02 
BCAT1 -1.380 21.550 3.45E-06 1.77E-03 
LIMD1 -1.409 13.991 1.84E-04 2.86E-02 
BCAS1 -1.442 16.767 4.23E-05 1.18E-02 
RASL11B -1.454 14.828 1.18E-04 2.22E-02 
MMS19 -1.466 17.822 2.43E-05 7.55E-03 
PTPRU -1.467 19.711 9.01E-06 3.55E-03 
BMP6 -1.484 10.879 9.72E-04 8.24E-02 
SPNS2 -1.492 15.619 7.75E-05 1.70E-02 
OLFML2A -1.516 20.865 4.93E-06 2.27E-03 
SIRT5 -1.529 11.076 8.74E-04 7.92E-02 
PCDHB16 -1.531 10.927 9.48E-04 8.19E-02 
FAM161A -1.564 11.500 6.96E-04 6.78E-02 
GEM -1.596 21.061 4.45E-06 2.13E-03 
TTR -1.654 23.780 1.08E-06 7.61E-04 
FAM196A -1.657 15.561 7.99E-05 1.70E-02 
ABCA4 -1.678 12.224 4.72E-04 5.35E-02 
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NNAT -1.722 12.163 4.87E-04 5.42E-02 
KRT19 -1.748 11.608 6.57E-04 6.62E-02 
CDKN1A -2.145 20.048 7.55E-06 3.26E-03 
TNFRSF10B -2.146 18.894 1.38E-05 4.87E-03 
XRRA1 -2.175 13.330 2.61E-04 3.57E-02 
WFIKKN2 -2.191 24.206 8.66E-07 6.49E-04 
SYT4 -2.199 14.997 1.08E-04 2.09E-02 
EEF1A2 -2.202 15.851 6.85E-05 1.56E-02 
SLC35E2B -2.257 55.492 9.38E-14 2.51E-10 
NEUROD2 -2.383 38.490 5.50E-10 8.19E-07 
RPS4Y1 -2.456 44.032 3.23E-11 5.41E-08 
CHCHD2 -2.533 23.047 1.58E-06 1.01E-03 
ADRA2C -2.728 12.553 3.96E-04 4.71E-02 
LOXL4 -2.819 10.554 1.16E-03 9.24E-02 
SRRM4 -2.860 12.812 3.44E-04 4.39E-02 
NEUROD1 -3.026 29.982 4.36E-08 4.87E-05 
CHGB -3.295 12.943 3.21E-04 4.30E-02 
PRSS12 -3.419 10.579 1.14E-03 9.17E-02 
UPK3B -3.443 24.358 8.00E-07 6.49E-04 
TP53 -3.681 32.604 1.13E-08 1.38E-05 
NLRP2 -5.333 12.812 3.44E-04 4.39E-02 
ZNF558 -5.439 14.024 1.80E-04 2.84E-02 
USP51 -6.363 50.169 1.41E-12 3.15E-09 
MGAM2 -6.453 10.729 1.05E-03 8.68E-02 
RILPL2 -7.913 21.913 2.85E-06 1.53E-03 
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Table A-2.6 List of RPE signature genes (curated from Strunnikova et al. 
2010 and Booij et al. 2010.

ACOT11 
ADAD2 
ADCY9 
ADORA2B 
AHR 
ALDH1A3 
ANKRD12 
APLP1 
ARL6IP1 
ASAH1 
ATF1 
BASP1 
BCAT1 
BCLAF1 
BDH2 
BEST1 
BHLHE41 
BMP4 
BMP7 
C1orf168 
C1QTNF5 
C6orf105 
C7orf46 
CA14 
CACNB2 
CALU 
CCNO 
CDH1 
CDH3 
CDHR5 
CDO1 
CHRNA3 
CLCN4 
CLDN19 
CLIC6 
CNDP1 
CNKSR3 
COL20A1 
COL8A2 
CRIM1 
CSPG5 
CTSD 
CXCL14 
DCT 
DCUN1D4 
DEGS1 
DHPS 
DIXDC1 
DMXL1 
DUSP4 

DUSP6 
EFEMP1 
EFR3B 
ENPP2 
ERMN 
EZR 
FADS1 
FAM40B 
FGFR2 
FRZB 
GALNT11 
GAS1 
GEM 
GJA1 
GLDC 
GOLPH3L 
GPM6B 
GPNMB 
GPR143 
GRAMD3 
GULP1 
HPD 
HSP90B1 
IFT74 
IGF2BP2 
INPP5K 
ITGAV 
ITGB8 
ITM2B 
KIRREL2 
KLHL21 
KLHL24 
KRT18 
LAMP2 
LAPTM4B 
LGALS8 
LHX2 
LMO1 
LOC150622 
LOC439949 
LOXL1 
LRAT 
LRP8 
LSR 
MAB21L1 
MANEA 
MAP9 
MBNL2 
MET 
MFAP3L 

MPDZ 
MYRIP 
NAV3 
NDC80 
NEDD4L 
NOL8 
NRIP1 
NUDT4 
OPCML 
OPHN1 
OR51E2 
PAK1IP1 
PBX4 
PCP4 
PCYOX1 
PDPN 
PHACTR2 
PITPNA 
PKNOX2 
PLAG1 
PLCB4 
PLD5 
PLOD2 
PMEL 
PNPLA3 
PRDM16 
PRRC2C 
PSME4 
PTGDS 
PTPRG 
RAB27A 
RAB38 
RBM34 
RBP1 
RDH10 
RDH11 
RDH5 
RGR 
RLBP1 
RNF13 
ROBO2 
RPE65 
RRAGD 
RWDD3 
SCAMP1 
SDC2 
SEMA3C 
SERPINF1 
SFRP5 
SGK1 

SGK3 
SIL1 
SIX3 
SLC13A3 
SLC16A1 
SLC16A12 
SLC16A14 
SLC16A3 
SLC16A4 
SLC16A8 
SLC22A8 
SLC24A1 
SLC2A12 
SLC39A12 
SLC39A6 
SLC4A2 
SLC6A12 
SLC6A13 
SLC6A15 
SLC6A20 
SLC7A10 
SLCO1A2 
SMAD6 
SMC3 
SORBS2 
SOSTDC1 
SPAST 
SPOCK1 
STAM2 
STRA6 
SULF1 
TAX1BP1 
TDRD9 
TFPI2 
TIMP3 
TMEM27 
TMEM56 
TRPM1 
TRPM3 
TTLL4 
TTR 
TYRP1 
USO1 
USP34 
UTP3 
VAT1L 
VEGFA 
WFDC1 
ZNF19 
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