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Abstract 

 

Retinitis pigmentosa (RP) is a genetic condition in which degeneration of 

photoreceptors, especially rods, gradually leads to visual loss. Patients with RP 

present symptoms such as dark adaptation or "night blindness," followed by “tunnel 

vision” and loss of central vision later on in the disease. PRPF31, a widely expressed 

splicing factor gene causative of RP, encodes a component of the U4/U6.U5 small tri-

nuclear ribonucleic protein (tri-snRNP) complex, which is a constituent of the pre-

mRNA processing spliceosome. Mechanisms correlating mutations in splicing factors 

and retina-specific cell death are still poorly understood. To address this, induced 

pluripotent stem cells (iPSCs), which can differentiate into any cell types of the three 

germ layers and are capable of self-renewal, were used to generate patient-specific 

retinal pigment epithelium (RPE) models to investigate the pathogenesis of the 

PRPF31 form of RP.  

PRPF31-RPE patient-derived cells presented defects that impaired normal RPE 

structure and function, including disrupted apical-basal polarity, reduced trans-

epithelial resistance and phagocytic capacity.  

Transcriptome profiles from PRPF31- RPE and other cell types revealed that disrupted 

alternative splicing was more pronounced in the RPE splicing programme. Mis-splicing 

of genes encoding pre-mRNA splicing proteins was limited to patient-specific RPE and 

retinal cells. Mis-splicing of genes implicated in ciliogenesis and cellular adhesion was 

associated with decreased cilia length and incidence, which in turn may have 

contributed with the severe RPE defects described above. 

In situ gene correction of a PRPF31 mutation rescued protein expression and key 

cellular phenotypes in RPE, providing proof-of-concept for future therapeutic 

strategies. 

In summary, the results generated by this study highlighted the applicability and 

importance of patient-specific iPSCs in disease modeling, unraveling more of the 

underlying molecular and cellular mechanisms responsible for causing RP. 
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 - Introduction 

 

1.1. Retinitis Pigmentosa (RP) 

 

1.1.1. Definition of RP 

 

Retinitis pigmentosa (RP) is the clinically descriptive name given to a diverse 

group of hereditary retinal diseases in which gene mutations, typically affecting 

primarily the rod photoreceptors, gradually leads to visual loss (Figure 1.1). Patients 

with RP classically present symptoms such as dark adaptation or “night blindness”, 

followed by “tunnel vision”, which can lead to loss of central vision later on in the 

disease caused by secondary degeneration of cones. The name ‘retinitis pigmentosa’ 

refers to pigment deposits present in the retina of RP patients. (Pagon, 1988; 

Openshaw, 2008; Verbakel et al., 2018). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Overview of a healthy and an affected retina by RP. A: Schematic representation of a cross-
section of the human eye. B: Schematic representation of a healthy laminated retina. Choroidal 
capillaries (CC); Bruch’s membrane (BrM); Retinal pigment epithelium (RPE); Outer nuclear layer 
(ONL), containing rod cells (RC) and cone cells (CC); Outer plexiform layer (OPL); Inner nuclear layer 
(INL), containing horizontal cells (HC), müller cells (MC), bipolar cells (BC) and amacrine cells (AC); 
Inner plexiform layer (IPL) and Ganglion cell layer (GCL), containing ganglion cells (GC). C: Schematic 
representation of an affected retina by RP. Adapted from Singh (2018). 
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1.1.2. Classification of RP 

 

Retinitis pigmentosa can be classified as non-syndromic, syndromic or 

systemic.  It is non-syndromic or "simple" when it does not affect other organs or 

tissues; syndromic, when it affects other neurosensory systems such as hearing; or 

systemic, when it affects multiple organs (Pagon, 1988; Fahim et al., 2017).  

In the majority of cases, RP is an isolated disorder (simple or non-syndromic); 

only the sight is affected. However, 20-30% of RP syndromes can happen when RP is 

combined with extra-ocular abnormalities. One example of this is Usher syndrome, in 

which individuals develop hearing and sight loss. Others include Refsum, Alström, 

Joubert syndrome (JBTS), and Laurence-Moon-Bardet- Biedl (LMBB) syndromes 

(Ferrari et al., 2011; Verbakel et al., 2018). 

This project focuses on a non-syndromic form of RP.  The inheritance modes of 

non-syndromic RP include autosomal dominant, autosomal recessive, or X-linked. 

Rare digenic forms also occur (Kajiwara et al., 1994). 

 

1.1.3. Inheritance modes 

 

Autosomal Dominant RP 

 

Autosomal dominant inheritance mode accounts for approximately 15-25% of all 

RP cases, occurring when a mutation affects one gene of a pair of autosomes and only 

one copy of a gene is sufficient to cause RP (RetNet; Fahim et al., 2017; Bhatia et al., 

2018). Men and women are equally affected, and the mutated gene is passed on from 

an affected parent to a son or a daughter. The chance of a child being affected is 50:50 

in each pregnancy (Fahim et al., 2017). 

Autosomal dominant RP (adRP) can be very variable between and within the 

same families. Some family members can be affected mildly and others more severely, 

despite of their ages. Occasionally the effects of the adRP gene seem to 'skip a 

generation' due to the variability in the severity of RP in different individuals or 

generations (Fahim et al., 1993; Haim, 2002; Fahim et al., 2017). 

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/autosomal-dominant/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/autosomal-recessive/
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To date, about 30% of all RP mapped genes account for adRP, including ADIPOR1,  

ARL3, BEST1, CA4, CRX, FSCN2, GUCA1B,HK1, IMPDH1, IMPG1, KLHL7, NR2E3,

NRL, PRPF3, PRPF4, PRPF6, PRPF8, PRPF31, PRPH2, RDH12, RHO, ROM1,RP, 

RP9, RPE65, SAG, SEMA4, SNRNP200, SPP2, and TOPORS (RetNet). 

The most common cause of adRP are mutations in the rhodopsin (RHO) gene, 

the first identified gene involved in adRP (Dryja et al., 1990), accounting for 

approximately 30-40% of all autosomal dominant mutations, followed by peripherin 

(PRPH2) gene (5-10%) and the pre-mRNA splicing factor (PRPF31) gene (2.5-5%). 

These genes together are responsible for 40-50% of all adRP cases (RetNet; Fahim 

et al., 2017). 

 

Autosomal Recessive RP 

 

Autosomal recessive RP (arRP) accounts for approximately 5-20% of all RP 

cases and, like adRP, it affects men and women in the same way, as the mutated 

genes are harboured on the autosomal chromosomes. Both copies of the relevant 

gene are defective in arRP. An affected individual inherits one faulty gene from each 

parent, called ‘carriers’ when they also have one normal copy of the gene. Each child 

of carrier parents has a 50% chance of being an asymptomatic carrier, a 25% chance 

of being affected and a 25% chance of being unaffected and not carry the faulty gene 

(RetNet; Fahim et al., 2017).  

To date, over 60 genes have been associated with arRP. The most common 

arRP-associated gene is USH2A. Mutations in USH2A are responsible for 10 to 15% 

of all cases of autosomal recessive retinitis pigmentosa (RetNet; Fahim et al., 2017). 

 

X-Linked RP 

 

  X-Linked RP (xlRP) inheritance mode accounts for approximately 5-15% of all 

RP cases (Fahim et al., 2017). Retinal diseases in females with xlRP are less severe 

than that noticed in males because heterozygous xlRP females may be unaffected or 

express minimal retinal degeneration (Souied et al., 1997; Grover et al., 2000). In 

contrast, males and females are equally affected in adRP.  Some families, in which 

females are affected with xlRP, can be mistaken for families with adRP (Daiger et al., 

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/unaffected/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/affected/
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2008). Three genes have been associated with xlRP: OFD1, RP2 and RPGR. RPGR 

accounts for 15% of male xlRP cases (RetNet). 

Although different types of retinitis pigmentosa are well documented, it is still 

difficult to classify RP into specific groups, as RP is a complex class of diseases in 

which mutations in many different genes can cause the same RP phenotype.  In 

addition to that, many different disease-associated mutations can occur in the same 

gene due to high allelic heterogeneity, and some mutations in the same gene can 

cause different phenotypes. For instance, mutations in the rhodopsin (RHO) gene can 

cause autosomal dominant RP or autosomal recessive RP (Table 1.1). Mutations in 

the peripherin (PRPH2) gene can cause autosomal dominant macular degeneration, 

autosomal dominant RP, or, with a mutation in ROM1, it can cause digenic RP. Digenic 

inheritance mode occurs when mutations inherited in two different genes are required 

to cause the disease (Daiger et al., 2007; Schaffer, 2013; Fahim et al., 2017). 

Because of the reasons described above, around 40% of RP cases haven’t 

been classified or are treated as simplex, referring to a single occurrence of a disorder 

in a family (Fahim et al., 2017).  

  

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/phenotype/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/gene/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/autosomal-dominant/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/autosomal-recessive/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/mutation/
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autosomal dominant Retinitis 
Pigmentosa (adRP) 

autosomal recessive Retinitis 
Pigmentosa (arRP)  

X-linked Retinitis 
Pigmentosa (xlRP)  

30 genes 63 genes 3 genes 

ADIPOR1 ABCA4 MAK OFD1 

ARL3 

AGBL5 MERTK RP2 

BEST1 

AHR MVK RPGR 

CA4 

ARHGEF18 NEK2   

CRX ARL6 NEUROD1   

FSCN2 

ARL2BP NR2E3   

GUCA1B BBS1 NRL   

HK1 BBS2 PDE6A   

IMPDH1 

BEST1 PDE6B   

IMPG1 

C2orf71 PDE6G   

KLHL7 C8orf37 POMGNT1   

NR2E3 

CERKL PRCD   

NRL 

CLCC1  PROM1   

PRPF3 CLRN1  RBP3   

PRPF4 

CNGA1 REEP6   

PRPF6 

CNGB1 RGR   

PRPF8 

CRB1 RHO   

PRPF31 

CYP4V2 RLBP1   

PRPH2 

DHDDS RP1    

RDH12  

DHX38 RP1L1   

RHO 

EMC1 RPE65   

ROM1 

EYS SAG   

RP1 

FAM161A SAMD11   

RP9 GPR125 SLC7A14   

RPE65 

HGSNAT SPATA7   

SAG 

IDH3B TRNT1   

SEMA4A IFT140 TTC8   

SNRNP200 IFT172 TULP1   

SPP2 IMPG2 USH2A   

TOPORS KIAA1549 ZNF408   

  KIZ ZNF513   

  LRAT     

 

Table 1.1. List of the 89 RP-associated genes (RetNet), their inheritance mode and the overlap between 
some genes and inheritance modes. Seven genes (in bold) are associated with either adRP or arRP.  

 

1.1.4. Epidemiology of RP 

 

The prevalence of non-syndromic RP is estimated to be between 1:3,000 to 

1:5,000 people (Pagon, 1988; Chizzolini et al., 2011). Haim (2002) calculated that the 

prevalence of RP in the US and Europe is approximately 1:3,500 to 1:4,000. 

The prevalence of RP does not seem to be related to ethnic specificity, however, 

the range of mutations in a particular gene may be different among populations or due 

to a high rate of consanguinity, as seen in isolated communities. In these cases, 

https://sph.uth.edu/retnet/disease.htm#01.102d
https://sph.uth.edu/retnet/disease.htm#06.108d
https://sph.uth.edu/retnet/disease.htm#10.220d
https://sph.uth.edu/retnet/disease.htm#02.110d
https://sph.uth.edu/retnet/disease.htm#02.205d
https://sph.uth.edu/retnet/disease.htm#11.203d
https://sph.uth.edu/retnet/disease.htm#07.105d
https://sph.uth.edu/retnet/disease.htm#12.206d
https://sph.uth.edu/retnet/disease.htm#17.203d
https://sph.uth.edu/retnet/disease.htm#19.104d
https://sph.uth.edu/retnet/disease.htm#01.211d
https://sph.uth.edu/retnet/disease.htm#03.104d
https://sph.uth.edu/retnet/disease.htm#02.213d
https://sph.uth.edu/retnet/disease.htm#17.205d
https://sph.uth.edu/retnet/disease.htm#16.210d
https://sph.uth.edu/retnet/disease.htm#15.205d
https://sph.uth.edu/retnet/disease.htm#11.201d
https://sph.uth.edu/retnet/disease.htm#14.201d
https://sph.uth.edu/retnet/disease.htm#16.201d
https://sph.uth.edu/retnet/disease.htm#05.202d
https://sph.uth.edu/retnet/disease.htm#07.202d
https://sph.uth.edu/retnet/disease.htm#11.203d
https://sph.uth.edu/retnet/disease.htm#04.103d
https://sph.uth.edu/retnet/disease.htm#06.211d
https://sph.uth.edu/retnet/disease.htm#02.105d
https://sph.uth.edu/retnet/disease.htm#17.209d
https://sph.uth.edu/retnet/disease.htm#08.207d
https://sph.uth.edu/retnet/disease.htm#01.113d
https://sph.uth.edu/retnet/disease.htm#15.205d
https://sph.uth.edu/retnet/disease.htm#02.202d
https://sph.uth.edu/retnet/disease.htm#17.208d
https://sph.uth.edu/retnet/disease.htm#14.201d
https://sph.uth.edu/retnet/disease.htm#01.117d
https://sph.uth.edu/retnet/disease.htm#04.102d
https://sph.uth.edu/retnet/disease.htm#03.203d
https://sph.uth.edu/retnet/disease.htm#10.213d
https://sph.uth.edu/retnet/disease.htm#09.208d
https://sph.uth.edu/retnet/disease.htm#04.105d
https://sph.uth.edu/retnet/disease.htm#19.105d
https://sph.uth.edu/retnet/disease.htm#20.201d
https://sph.uth.edu/retnet/disease.htm#16.202d
https://sph.uth.edu/retnet/disease.htm#10.203d
https://sph.uth.edu/retnet/disease.htm#17.103d
https://sph.uth.edu/retnet/disease.htm#01.204d
https://sph.uth.edu/retnet/disease.htm#03.202d
https://sph.uth.edu/retnet/disease.htm#19.203d
https://sph.uth.edu/retnet/disease.htm#04.204d
https://sph.uth.edu/retnet/disease.htm#15.204d
https://sph.uth.edu/retnet/disease.htm#06.102d
https://sph.uth.edu/retnet/disease.htm#01.108d
https://sph.uth.edu/retnet/disease.htm#08.201d
https://sph.uth.edu/retnet/disease.htm#14.207d
https://sph.uth.edu/retnet/disease.htm#16.209d
https://sph.uth.edu/retnet/disease.htm#08.102d
https://sph.uth.edu/retnet/disease.htm#03.202d
https://sph.uth.edu/retnet/disease.htm#01.111d
https://sph.uth.edu/retnet/disease.htm#01.101d
https://sph.uth.edu/retnet/disease.htm#11.202d
https://sph.uth.edu/retnet/disease.htm#06.202d
https://sph.uth.edu/retnet/disease.htm#02.204d
https://sph.uth.edu/retnet/disease.htm#08.201d
https://sph.uth.edu/retnet/disease.htm#02.103d
https://sph.uth.edu/retnet/disease.htm#01.114d
https://sph.uth.edu/retnet/disease.htm#04.111d
https://sph.uth.edu/retnet/disease.htm#03.209d
https://sph.uth.edu/retnet/disease.htm#01.101d
https://sph.uth.edu/retnet/disease.htm#08.103d
https://sph.uth.edu/retnet/disease.htm#14.209d
https://sph.uth.edu/retnet/disease.htm#02.204d
https://sph.uth.edu/retnet/disease.htm#20.104d
https://sph.uth.edu/retnet/disease.htm#03.107d
https://sph.uth.edu/retnet/disease.htm#16.105d
https://sph.uth.edu/retnet/disease.htm#14.206d
https://sph.uth.edu/retnet/disease.htm#02.108d
https://sph.uth.edu/retnet/disease.htm#06.101d
https://sph.uth.edu/retnet/disease.htm#03.207d
https://sph.uth.edu/retnet/disease.htm#01.205d
https://sph.uth.edu/retnet/disease.htm#07.205d
https://sph.uth.edu/retnet/disease.htm#11.106d
https://sph.uth.edu/retnet/disease.htm#20.105d
https://sph.uth.edu/retnet/disease.htm#02.106d
https://sph.uth.edu/retnet/disease.htm#04.205d
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/specificity/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/gene/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/consanguinity/


 
 

6 

prevalence can be 1:2,400 or more (Heckenlively et al., 1981; Puech et al., 1991), 

reaching as high as 1:750, depending on the geographic region (Nangia et al., 2012). 

Moreover, the frequency of a given recessive or dominant mutant allele in a distinct 

population may be high due to the founder effect, or it may change as a result of genetic 

drift  (Sullivan et al., 2006).  

Mutations in PRPF31 gene account for 2.5-5% of adRP (Hartong et al., 2006; 

Sullivan et al., 2006; Fahim et al., 2017), the third most common contributor to adRP 

behind mutations in rhodopsin and peripherin genes. 

 

1.1.5. Clinical presentation of RP 

 

Age of onset 

 

In the non-syndromic form of RP, the signs and symptoms of the RP are normally 

related to loss of vision, but the clinical findings can vary a lot due to the large number 

of genes involved in RP and their several alleles. The age at which individuals acquire, 

develop or first experience RP can vary greatly. Some patients are diagnosed with RP 

during childhood, whilst others are affected later in life (Fahim et al., 2017). 

 

Night blindness  

 

The first symptom of RP is generally deficient dark adaptation (called nyctalopia 

or "night blindness"), as a result of the degeneration of rod photoreceptors. RP is also 

described as rod-cone dystrophy due to the gradual loss of rod photoreceptors, 

followed by secondary degeneration of cones. Peripheral vision loss normally occurs 

early in the disease but since the loss is very gradual, and changes are not obvious 

during day and artificial light, it is not often recognised as a symptom by the affected 

individuals. The more severe cases of RP tend to have an earlier age of onset (Hamel, 

2006; Fahim et al., 2017; Martin-Merida et al., 2017).  

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/recessive/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/dominant/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/allele/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/founder-effect/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/affected/
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Tunnel vision 

 

The quality of vision in patients with RP usually remains the same in early stages 

of the disease, but it decreases with time and the field of vision becomes constricted 

due to the gradual degeneration of rods, leading to what is called as “tunnel vision” 

(Figure 1.2). At this point, patients find reading too difficult and they can no longer move 

autonomously. Both eyes are affected in a similar way (Hamel, 2006; Verbakel et al., 

2018).  

 

 

Figure 1.2. Images of a normal visual field (left panel) and tunnel vision (right panel). The blackness 
surrounding the central image indicates loss of peripheral vision.  

 

Visual acuity  

 

Visual acuity is retained in early stages of the disease. With disease progression, 

quality of vision is decreased, but central visual acuity is usually preserved until the 

final stages of the disease. Some mutations affect both rods and cones and cone 

function can be affected soon after the death of rods around the fovea. In RP patients, 

the presence of macular lesions, which is estimated to occur in about 10% to 50% of 

individuals with RP, is also related with loss of central visual acuity (Hamel, 2006; 

Gandra et al., 2008). 
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Fundus appearance 

 

The appearance of the ocular fundus in patients with RP is normally related to the 

stage of the disease. The fundus usually appears normal in the early stages of RP, 

even if the electroretinogram (a test to measure the electrical responses of retinal cells 

in response to a light stimulus) reveals defective rod responses. Arteriolar narrowing 

and waxy pallor of the optic disc nerve head can be observed later on in the disease. 

In mid stages of RP, it’s possible to see bone spicule-shaped pigment deposits in the 

periphery and/or mid periphery of the retina, which are clumps of melanin from the 

RPE that detaches from Bruch membrane and migrates to the inner retina (Figure 1.3) 

(Li et al., 1995).  Absence of pigment deposits my also occur and the term retinitis 

pigmentosa sine pigmento has been used to describe a normal appearance of the 

retina, despite abnormal function of photoreceptors (Hamel, 2006; Ghazawy et al., 

2007; Fahim et al., 2017). 

 

Figure 1.3. Photographs of a normal (left) and RP retina (right). Typical features of RP, such as waxy 
optic disc pallor, retinal vascular narrowing and ‘bone spicule’ intra-retinal pigmented deposits, are 
clearly observed in the RP retina. Reproduced from Farrar et al. (2002). 

 

Cataract is also common in all forms of RP. The severity of the cataract is 

normally related with the age of the individual with RP and its cause in the disease is 

unknown. Almost half of individuals with RP eventually need cataract surgery (Fahim 

et al., 1993). 
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1.1.6. Pathophysiology of RP 

 

The pathophysiology of RP starts as a sequence of metabolic abnormalities that 

initially cause rod photoreceptor degeneration and retinal pigment epithelium (RPE) 

defects (Berson, 1993; Haim, 2002). Cone degeneration may also follow rod 

degeneration, causing complete blindness. 

Histopathologic and histologic changes in RP have been well documented and 

have also been associated with specific mutations in RP genes (Daiger et al., 2013). 

The shortening of the outer segments in rods is the first histologic change noticed in 

the retina. Since the outer segments gradually shorten, loss of the rod photoreceptor 

can be detected. As rods are located in the midperipheral retina, cell degeneration in 

this area leads to peripheral vision loss and night blindness (Milam et al., 1998). The 

reduction of nuclei in the outer nuclear layer of these regions is a result of cell apoptosis 

(Figure 1.4). Death of cones can only be seen when rods are decreased to a single 

row of cells. Punzo et al. (2009) suggested that cell density could be the reason for the 

progressive and late nature of cone degeneration. Another hypothesis claims that 

cones are dependent on trophic factors produced by the rods (Kolomeyer and Zarbin, 

2014). A recent study, however, has shown that increased oxygen levels in the outer 

retina, after death of rods, leads to progressive oxidative stress and  consequent death 

of cones (Campochiaro and Mir, 2018).  

It’s still not clear what causes the attenuation of retinal vessels in RP. A plausible 

hypothesis is that with death of photoreceptors, and consequently death of retinal 

ganglion cells, the reduced consumption of oxygen leads to vasoconstriction and 

reduced blood flow in retina vessels (Grunwald et al., 1996; Penn et al., 2000; Yu and 

Cringle, 2005; Padnick-Silver et al., 2006). Another hypothesis proposes that loss of 

synaptic input and reduction of trophic factors as a result of death of photoreceptors 

induces vascular remodulation and vessel attenuation (Stone et al., 1992). Followed 

by photoreceptors degeneration, the RPE then detaches from the Bruch membrane 

and migrates into the inner retinal layers forming the bone spicules retinal structures, 

which names the disease (Li et al., 1995; Shintani et al., 2009). The mechanism that 

triggers RPE migration is still not know, but it should reflect the dependent correlation 

between the choroid, RPE and photoreceptors (Jaissle et al., 2010). At this stage, 

disorganisation of the inner nuclear layer is also noticed. The waxy pallor of the optic 
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disc is likely caused but the overgrowth of ganglion cells inside the optic disc due to 

the increased light reflectance (Szamier, 1981; Hwang and Kim, 2012). 

Currently, photoreceptor apoptosis is not well understood as the kinetics of rod 

death is quite distinct for different genes (Punzo et al., 2009). Mutations in RP genes 

normally result in truncated proteins involved in phototransduction cascades, 

photoreceptor structure and visual cycle, leading to photoreceptor cell death (Camacho 

and Wirkus, 2013). Degeneration of photoreceptors associated with RP, although 

triggered by various processes, is primarily genetic (Shastry, 1994; Hartong et al., 

2006; Bowne et al., 2008; Neidhardt et al., 2008; Shastry, 2008; Shintani et al., 2009; 

Busskamp et al., 2010).   

 

Figure 1.4. Histological appearance of healthy human retina (left) and retina of a patient with retinitis 
pigmentosa (right).  The space between the retinal pigment epithelium and the outer nuclear layer in the 
diseased retina is a processing artefact. Reproduced from Hartong et al. (2006). 

 

To date, over 80 genes have been linked to non-syndromic RP (RetNet). Some 

of these genes are involved in important processes within photoreceptors and/or RPE, 

such as pathways related to the visual cycle or phototransduction. Other genes have 

been linked to an underlying structure, such as primary or connecting cilium, and are 

ubiquitously expressed (Verbakel et al., 2018). For instance, the autosomal dominant 

genes PRPF31, PRPF8, and PRPF3 encode protein components of the spliceosome, 

a very important macromolecular machine that removes introns from pre-mRNA 

Inner retina 

Outer retina 
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transcripts, joining the exons. These proteins are highly conserved in eukaryotes, so 

the fact that mutations in these genes lead to retinitis pigmentosa without other 

evidence of systemic disease in patients is especially intriguing.  

It has been demonstrated that high levels of alternative splicing occur in the 

vertebrate nervous system, being essential for brain development and function. Murine 

photoreceptors have their own specific splicing programme, starting prior to the 

development of outer segments, as shown by Murphy et al. (2016). The retina’s 

splicing programme seems to primarily affect transcripts of cilia genes, including 

photoreceptor connecting cilia and RPE primary cilia, which are required for 

phototransduction in photoreceptors and maturation of the RPE, respectively (May-

Simera et al., 2018). 

 

1.1.7. PRPF31 gene organisation and protein structure 

 

The PRPF31 pre-mRNA processing factor 31 gene was identified as an adRP-

associated gene and is located in chromosome 19 at position 19q13.42. It spans 

approximately 16 kB of DNA and encompasses 14 exons (Vithana et al., 2001) (Figure 

1.5).  

 

Figure 1.5. Location and structure of PRPF31 gene. This gene is located in the long arm of chromosome 
19 and encompasses 14 exons.  Exon-intron arrangements and untranslated regions are shown. 
Adapted from Rose et al. (2017) and NCBI. 

 

PRPF31 gene encodes a widely expressed pre-mRNA splicing factor, a protein 

of 499 amino acids and 61 kDa. The initiation and stop codons, ATG and TAG, are 



 
 

12 

present in exons 2 and 14, respectively (Vithana et al., 2001; Rose et al., 2017).  

PRPF31 protein has a NOP domain, which is a highly conserved ribonucleoprotein 

(RNP) binding motif, that contains both RNA and protein binding surfaces (Figure 1.6).  

During the splicing cycles, NOP domain mediates protein-protein interactions and they 

may be involved in RNA binding (Liu et al., 2007). 

 

Figure 1.6. Representation of PRPF31 protein. Alpha helical NOP domain (blue), 15.5K/SNU13 (red) 
and U4/U5 (yellow/green backbone). Adapted from Liu et al. (2007). 
 

1.1.8. Role of PRPF31 protein 

 

The PRPF31 gene, or pre-mRNA processing factor 31, is one of many retinitis 

pigmentosa-associated genes. This gene encodes a splicing factor required for the 

formation of U4/U6.U5 tri-small nuclear ribonucleic protein (tri-snRNP) complex, which 

is a constituent of the pre-mRNA processing spliceosome (Mordes et al., 2006; Linder 

et al., 2011) (Figure 1.7). 

Pre-mRNA splicing is the process in which intervening sequences are removed 

from the new transcripts, joining the exons together to produce mature messenger 

RNAs. The spliceosome, a large macromolecular complex, catalyses the splicing in 

the nuclei of cells and it goes through a dynamic and stepwise process of assembly, 

activation and catalysis during each splicing cycle (Rose et al., 2017). 
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During the assembly, U1 snRNP recognizes the 5’ splice site of an intron and U2 

snRNP targets the other end, the 3’ splice site, defining the boundaries of the intron 

and formation of complex A, or pre-spliceosome (Figure 1.7). At the same time, U4, 

U6 and U5 snRNP, with PRPF31, preassemble to form the tri-SNP, which is the main 

component of the spliceosome and it’s necessary for the spliceosome activation. The 

integration between complex A and the tri-RPN forms the pre-catalytic complex B. 

During the activation step, U1 dissociates from 5’ and U4 snRNP dissociates from the 

complex B, activating the spliceosome through the generation of the catalytic complex 

B. The catalytic step involves two main reactions. In the first one, a DEAH (Asp-Glu-

Ala-His) box helicase catalyses the first splice at the 5’ end, forming the catalytic C 

complex, which then catalyses the splice at the 3’ end and the intron is released. The 

remaining of the snRNP are then disassembled and stored into cajal bodies in the 

nucleus, to be re-used in other splicing cycles (Zhou et al., 2002; Wahl et al., 2009; 

Zhao et al., 2009; Rose et al., 2017) (Figure 1.7). 

PRPF31 interacts with U4 and is vital during U4/U6.U5 tri-snRNP assembly and 

maintenance in (Weidenhammer et al., 1997; Liu et al., 2006). Knock-out of PRPF31 

in mammalian cells by RNAi has been shown to stop spliceosome assembly and then 

splicing, which can lead to cell death by apoptosis (Schaffert et al., 2004). 

The splicing reaction can either produce just one type of mRNA or various 

populations of mRNA transcripts, through the process of alternative splicing. The 

human genome project has revealed that only 20,000-25,000 genes exist, but there 

are about four times more proteins in human cells, highlighting the importance of 

alternative splicing in proteomics (Stetefeld and Ruegg, 2005). It has been shown that 

out of 20,000-25.000 human protein coding genes, 90-95% undergo some levels of 

alternative splicing and 37% of all coding genes generate different protein isoforms, 

suggesting that alternative splicing profoundly contributes to proteome complexity. It 

has also been established that specific splicing programmes have a big role in cell 

differentiation, lineage specification; acquisition and maintenance of tissue-identity, 

and organ development (Kalsotra et al., 2008; Pan et al., 2008; Wang et al., 2008; Kim 

et al., 2014; Scotti and Swanson, 2016; Baralle and Giudice, 2017).  
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Figure 1.7. Spliceosome assembly and function. PRPF31 (grey box) interacts with U4 and is required 
during U4/U6.U5 tri-snRNP assembly and maintenance in spliceosomes. Reproduced from Rose et al. 
(2017). 

 

1.1.9. Impact of PRPF31 mutations in the Retina  

 

Mutations in the core components of the spliceosome are known to cause retinal 

degenerative disorders and cancer (Vithana et al., 2001; Farkas et al., 2014; Kurtovic-

Kozaric et al., 2015; Shirai et al., 2015). PRPF31 gene, which is widely expressed, 

would be expected to play an important role in mRNA splicing in most tissues. 

However, until now, PRPF31 mutations have been only linked to RPE disorders and 

photoreceptors degeneration, resulting in retinal disease phenotype (Farkas et al., 

2014; Villanueva et al., 2014; Martin-Merida et al., 2017; Bhatia et al., 2018).  

Some hypotheses have been postulated to explain how mutations in splicing 

factors affect retina-specific cells. One of them is based on the premise that 

photoreceptors would be more vulnerable to a reduced splicing activity than any other 

cell type. According to this hypothesis, splicing deficiency caused by mutations in 

splicing factors would affect all cell types, but photoreceptors would be more vulnerable 

because of their high demand for mRNA transcripts.  This could be explained due to 

haplo-insufficiency: only one functional copy of PRPF31 would not generate enough 

protein for functional splicing of genes expressed in rods due to the rapid renewal of 
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outer segments in rod cells.  The whole rod outer segment is renewed within 10 days 

and there are about 120 million rods in the human retina. This model postulates that 

mRNA levels produced by the retina would exceed the mRNA amount produced by 

other tissues (Baehr and Chen, 2001). 

An alternative hypothesis proposes that those mutations do not affect splicing in 

all tissues but only impair the splicing patterns in retinal genes. Two plausible 

explanations for this specificity include the vulnerability of the photoreceptors to 

defective splicing during its outer segment renewal and the functional consequence of 

the mutations themselves. Previous studies (Deery et al., 2002) revealed that 

mutations in PRPF31 result in reduction of functional protein levels in the nucleus and 

this could lead to deficiency of splicing function in retina cells. The lack of any effects 

in other tissues suggests that the protein levels from only one wild-type allele would be 

sufficient to meet the minimum splicing demand in other cells types, resulting in normal 

cell function  (Vithana et al., 2003). 

A third model claims the existence of retina-specific isoforms. These isoforms 

would be translated into proteins with specific functions in the retinal tissue, and 

therefore, mutations in PRPF31 would alter the population or the ratio of expression of 

those isoforms ion the retina (Neidhardt et al., 2007).  

Incomplete penetrance has also been reported for PRPF31-RP. The gene called 

CCR4-NOT transcription complex subunit 3 (CNOT3) has been identified as a major 

modifier gene controlling the penetrance of PRPF31 mutations. This gene is expressed 

at low levels in asymptomatic individuals, allowing high expression of the wild-type 

PRPF31 allele (Venturini et al., 2012). Heterozygous individuals carrying low and high-

expressing alleles or homozygous carriers of low-expressing CNOT3 alleles are 

asymptomatic for PRPF31-RP. However, two copies of a higher expressing CNOT3 

allele are necessary to cause symptoms in individuals harbouring PRPF31 mutations 

(Figure 1.8) (Rose et al., 2014). 
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Figure 1.8. CNOT3 combinations in patients carrying PRPF31 mutations. L represents a low-expressing 
CNOT3 allele, leading to high levels of PRPF31; H represents a high-expressing CNOT3 allele, and due 
to its repressive nature, leads to lower levels of PRPF31; and P represents PRPF31. The only 
symptomatic individual “D” inherits the two copies of high-expressing CNOT3, masking PRPF31 
expression. Adapted from Rose et al. (2014). 

 

In summary, the pathophysiology of PRPF31-RP is poorly understood, and it’s 

not known why only the retina is affected. Furthermore, the correlation between 

PRPF31 and its genetic modifiers, causing different phenotypes for the same 

mutations, need to be further investigated.  

 

1.1.10. Diagnosis and Management of RP  
 

Usually, RP diagnosis is performed by analysis of electroretinogram and fundus 

appearance. A multidisciplinary approach combining genotyping and ophthalmology 

can optimize diagnosis and management of RP. Genotyping can improve the outcome 

of ophthalmic counselling, since phenotypes can vary greatly within a genetic subtype 

and even among family members sharing the same mutation. In addition to clinical 

diagnosis, some centers now perform exome sequencing to identify RP-causing 

genes, providing a molecular diagnosis in 60-80% of RP patients. The remaining cases 

that cannot be diagnosed by this method may have specific non-detectable variants 

including structural rearrangements or mutations in non-coding areas (ie. introns) 

(Abu-Safieh et al., 2013; Haer-Wigman et al., 2017).  
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Visual rehabilitation for RP patients with reduced visual acuity is now focusing on 

the patient’s abilities and needs, including mobility and orientation training combined 

with the use of visual aid such as night goggles and reverse telescopes in order to 

improve vision. In severe cases, the quality of life of RP-patients can be improved by 

using text-to-speech software, allowing patients to interpret text, and the use of guide 

dogs to increase mobility and independence (Verbakel et al., 2018).  

Better understanding about genetic causes of RP has been followed by progress 

in the development of new strategies to treat RP (Scholl et al., 2016). Those strategies 

can be classified into two groups: genetic approaches, including treatment for gene or 

mutation-specific; and non-genetic approaches, including therapeutic approaches and 

transplantation of retinal cells. 

 

Genetic approaches  

 

Genetic-specific approaches are more effective and successful if they are 

performed in the early stages of the disease, before cell degeneration. In gene-

augmentation therapies, constructs containing wild-type copy of cDNA of the gene 

mutated, are introduced to target cells with the aim of introducing wild type expression 

to the cells. For RP, recombinant adeno-virus vector is normally the preferred choice 

to introduce genetic material into the retina. Initial studies using RPE65 gene therapy 

in patients with LCA and RP were carried out successfully (Bainbridge et al., 2008; 

Hauswirth et al., 2008; Maguire et al., 2008).  Since then, many gene therapy clinical 

trials phases I and II have been performed including choroidereremia (MacLaren et al., 

2014), MERTK-RP (Ghazi et al., 2016), CNGA3-achomatopsia, PDE6A-RP, RPGR-

xlRP, retinoschisis and Stargardt disease. It’s still unclear if this kind of treatment would 

result in long-lasting benefits for the patients, how much of the genetic content would 

have to be delivered, or if this would have dominant-negative effects in patient cells. 

Another genetic approach involves the use of antisense oligonucleotides (ASOs) to 

inhibit gene expression. ASOs can be designed to bind to specific mRNA sequences, 

causing them to be cut into pieces, and interfere with protein synthesis (Rinaldi and 

Wood, 2018). New therapies also combine knockdown of defective gene using short-

hairpin RNA (shRNA) with replacement of healthy copies of the protein, resistant to 

shRNA (Cideciyan et al., 2018). 
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Non-genetic approaches 

 

Currently, there are no conventional standard treatments for patients with RP. 

There has been some significant effort on the investigation of the effects of nutritional 

and drug supplements and their ability to stop degeneration and preserve 

photoreceptor function. Lutein, vitamin A, docosahexaenoic acid (DHA), ascorbic acid 

and calcium-channel blockers are among the various supplements that have been 

found to slow retinal degeneration, reducing the decline of visual acuity and changes 

in electroretinograms (Bazan et al., 1986; Frasson et al., 1999; Berson, 2000; Zhao et 

al., 2003; Brito-Garcia et al., 2017). Unfortunately, although some studies have found 

benefits, others have reported no detectable changes (Organisciak et al., 1992; 

Frasson et al., 1999; Aleman et al., 2001; Pawlyk et al., 2002; Rayapudi et al., 2013). 

Another non genetic approach is cell replacement therapy, which is the 

transplantation of ocular-derived retinal progenitor cells, such as fetal retinal tissue, or 

non-ocular-derived retinal progenitor cells, such as embryonic stem cells (ESCs) and 

induced pluripotent stem cells (iPSCs), in patients, which could integrate and produce 

normal retinal cells (Tang et al., 2017). Both methods have advantages and 

disadvantages, as described below.  

Cell replacement therapy of ocular-derived retinal progenitor cells can be done 

by the introduction of fetal retina sheets (Seiler et al., 2005) into the subretinal space 

to replace photoreceptors and RPE and have been transplanted in pre-clinical retinal 

degeneration models, showing improvement in visual function. Radtke et al. (2002)  

showed that fetal retina cells transplanted into a patient with adRP can survive one 

year without clinical evidence of rejection and that improvement in visual acuity could 

be achieved. Fetal stem cells also have the capacity to produce trophic substances, 

facilitating retinal connections. This process, however, is very inefficient and 

immunological rejection is also a risk. Other disadvantages are the scarcity of donor 

material and the ethical debate and controversy involved in extracting fetal stem cells, 

as fetal tissues and aborted embryos are necessary for treatments. Although there has 

been published evidence of cellular reconnection after transplantation of fetal retinal 

stem cell in animal models (Gouras et al., 1991), there was no demonstration that 

transplanted cells formed functional synaptic connections in the host retina or restore 
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visual function. MacLaren and Ali (MacLaren et al., 2006) showed that mouse post-

mitotic rod precursors isolated from a specific stage of retinal development have a 

higher probability of success after transplantation. They showed that donor cells could 

integrate in murine adult or degenerating retina if they are extracted from the 

developing retina during rod genesis. Those transplanted cells were able to integrate 

and differentiate into rod photoreceptors. In 2012, the same group showed that 

transplanted rod precursors formed synaptic connections and generated visual signals, 

improving visual function (Pearson et al., 2012). However, recent studies have shown 

that while integration of murine photoreceptor precursor cells occurs, the majority of 

donor-reporter-labelled cells in the host appears to be originated from material transfer, 

including proteins and nucleic acids, between donor and host photoreceptors. It's still 

not clear how long the host retina will benefit from material transfer, as this depends 

on the viability of the donor cells as well as the half-life and turnover of the material 

exchanged (Pearson et al., 2016; Waldron et al., 2018; Gasparini et al., 2019). 

Cell replacement of non-ocular-derived retinal precursors, from iPSCs or ESCs, 

in patients is an alternative method to the one described above. iPSCs are patient-

specific cells, allowing autologous transplantation of iPSC-derived RPE or 

photoreceptors, avoiding immunosuppressive treatment, used in the case of ESC 

transplantation. Additionally, the disease mutation-causing gene can be corrected 

before transplantation using genome editing techniques (Li et al., 2016). Those 

treatments, however, are highly individualized and very expensive. Assawachananont 

et al. (2014) demonstrated that transplanted 3D-differentiated mouse ESC or iPSC-

derived retinal sheets can further differentiated into different retinal cell types and 

mature photoreceptors capable of forming outer segments (OS) or synapses in a 

model of advanced retinal degeneration with absence of outer nuclear layer (ONL).  

This study provided a ‘proof of concept’ for transplantation therapy of retinal sheets as 

it was shown that the transplanted sheets survived well in the host retina, the sheets 

could also develop to form structured ONL of mature photoreceptors and these 

photoreceptors could form synaptic connections with bipolar cells from the host retina. 

However, electrophysiological examinations are needed to confirm the presence of 

light responses from the grafted cells and their ability to transmit signals to the host. 

Zhong et al. (2014) showed that human iPSC cells formed fully laminated 3D retinal 

tissue and begun to develop outer-segment discs in vitro, before transplantation, which 

reached the stage of photosensitivity.  
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Several transplantations of both fetal-RPE and ESC derived-RPE have been 

conducted and some are currently in phases I/II of clinical trials (www.clinicaltrials.gov). 

The most common risk in these clinical trials has been associated with the use of 

immunosuppressants (Schwartz et al., 2012; Schwartz et al., 2015), thus opening the 

way for transplantation of autologous RPE cell sheets derived from iPSCs to treat age-

related macular degeneration (AMD) (Hirami et al., 2009; Kamao et al., 2014) . Serious 

concerns were raised about the safety of the procedure after reports had linked iPSC 

genomic instability and tumorigenicity. As a result, the following transplantation of 

iPSC-derived RPE sheet was cancelled in 2015 (Garber, 2015; Chakradhar, 2016) and 

re-opened later on, proving the procedure was safe and feasible in the treatment of 

another patient (Mandai et al., 2017) . Phase I/II clinical trials to treat RP are also being 

carried out for the safety, tolerability and efficacy of human retinal progenitor cells-stem 

cell therapy in patients with RP. Preliminary results showed a rapid improvement in 

vision in the treated eye, when compared to the untreated eye (www.reneuron.com).  

Another recent approach for end-stages of RP is the use of electronic retinal 

implants in patients with little or no light perception. Argus II and Alpha AMS (Mills et 

al., 2017) work by stimulation the inner retinal layer, when it’s still intact, the residual 

retinal ganglion cells directly, or the bipolar cell layer. Despite some promising results 

regarding light perception, some challenges still have to be overcome including 

adverse effects, device durability and resolution (Zrenner, 2013; Cheng et al., 2017).  

  

1.2. Pluripotent Stem Cells 

 

Stem cells are classified based on their developmental potential. Unipotent cells 

can generate a single cell type (Wagers and Weissman, 2004; Jaenisch and Young, 

2008); Totipotent cells, found in the zygote and early blastomeres are able to generate 

both embryonic and extra-embryonic cell types and pluripotent stem cells are capable 

of indefinite self-renewal and can differentiate into any cell types of the three embryonic 

germ layers (endoderm, mesoderm and ectoderm). Embryonic and induced pluripotent 

stem cells are considered pluripotent (Figure 1.9). 

http://www.clinicaltrials.gov/
http://www.reneuron.com/
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Figure 1.9. Potential of pluripotent embryonic stem cells. The pluripotency is determined by the 
ability of the cells to differentiate into any cell types belonging to all three germ layers. 
Reproduced from Meregalli (2011). 

 

 

1.2.1. Origin of Pluripotent Stem Cells 

 

The first embryonic stem cells (ESCs) were isolated from mouse preimplantation 

blastocyst-stage embryos in 1981 (Evans and Kaufman, 1981; Martin, 1981). The 

study of teratocarcinoma, a spontaneous tumour which consists of a mixture of tissues 

such as hair, muscle, bone and even complete teeth, led to the discovery of embryonic 

stem cells. In the mid-1970s, it was found that teratocarcinomas contained 

undifferentiated stem cells and they could be induced in mice by transferring embryos 

into tissues outside the uterus. These embryonal carcinoma (EC) stem cells have been 

isolated and grown in culture keeping their undifferentiated status. The work on 

teratocarcinomas provided the concept of a stem cell that can give rise to the multiple 

types of tissue (Kleinsmith and Pierce, 1964).  

Chromosomal abnormalities, however, were often present in EC cells, limiting 

their ability to differentiate into a variety of tissue types. Since transferring blastocysts 

to ectopic sites could induce teratocarcinomas, it was thought that the derivation of 
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pluripotent cell lines from blastocysts rather than from tumors could also be possible. 

Martin and Evans did this in 1981 and the result was a stable diploid cell line that could 

generate all tissues of the adult body, including germ cells.  

In 1992 it was shown that mouse primordial germ cells could be directed to form 

embryonic germ (EG) cells (Matsui et al., 1992). These EG cells have a very similar 

developmental capacity to that of ESCs, however they show differences in gene 

expression.  

 In 1998 James Thomson at the University of Wisconsin-Madison developed a 

technique to isolate and grow ESCs derived from human blastocysts. This was 

considered a major breakthrough in embryonic stem cell research and it was achieved 

by plating the inner cell mass onto a mouse embryonic fibroblast feeder cell layer in 

the presence of culture media containing bFGF. Following a brief period of attachment 

and expansion the outgrowth was dissociated and plated onto another feeder cell layer 

(Thomson et al., 1998). Those presented unique features associated with pluripotent 

stem cells (PSC). 

 

1.2.2. Characteristics of Pluripotent Stem Cells 

 

Pluripotent stem cells, such as ESCs, present some particular features which are 

always seen in any PSCs. PSCs are derived from a pluripotent cell population; they 

are diploid and karyotypically normal in vitro; they are capable of self-renew in the 

embryonic state and can differentiate into multiple cell types from all three embryonic 

germ layers, excluding the extra-embryonic membrane and placental tissue, either in 

teratomas after grafting or in vitro under specific conditions,. The criteria for 

pluripotency also include derivation of the stem cell line from a single clone. This 

eliminates the possibility that differentiated products from ESCs are derived from a 

mixture of heterogeneous cell populations present in the culture (Pera et al., 2000). 

Additionally, ESCs express specific markers or characteristics that are similar but 

not identical to the pluripotent cells present in the inner cell mass. These characteristics 

include stage specific embryonic antigens (SSEA), enzymatic activities such as 

alkaline phosphatase (AP), telomerase activity and expression of genes that are down 

regulated upon differentiation, including POU5F1 (OCT4) and NANOG. Under defined 

conditions, ESCs can proliferate indefinitely maintaining an undifferentiated phenotype 
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with self-renewing properties. Conventional human ESCs have also been regarded as 

“primed pluripotent stem cells” (Takahashi et al., 2018). 

Naïve pluripotent stem cells, another type of PSCs, can mature into almost any 

cell type and are more similar to pluripotent cells in the early human embryo than 

conventional ESCs. Naive PSC state is based on gene expression and genome-wide 

reduction in methylation levels, which is closer to that of the human cleavage stage 

embryo (Takahashi et al., 2018). 

 

1.2.3. Induced Pluripotent Stem Cells  

 

In 2006,Takahashi and Yamanaka (2006) demonstrated that stem cells with the 

same characteristics as ESCs could be generated from mouse fibroblasts by the 

introduction of four transcription factors at the same time. These cells were designated 

induced pluripotent stem cells (iPSCs). In 2007, Yamanaka group published another 

work reporting that human fibroblasts could also be reprogrammed to a pluripotent 

state by introducing key transcription factors (Takahashi et al., 2007). James 

Thomson’s group also demonstrated the generation of human iPSCs using a different 

combination of factors (Yu et al., 2007b). 

Three major lines of research led to the discovery and generation of patient 

specific pluripotent stem cells: the reprogramming by nuclear transfer, the ‘‘master’’ 

transcription factors and the discovery of ESCs.  

First, in 1962, it was shown that unfertilized eggs could receive a nucleus from a 

frog’s intestinal cell and generate tadpoles (Gurdon, 1962). Three decades later, the 

birth of Dolly amazed the world as this was the first mammal generated by cloning of 

mammary epithelial cells (Wilmut et al., 1997). Those two cases demonstrated that 

even differentiated cells contain all of the genetic information necessary for the 

development of whole organisms, and that oocytes contain all the factors to reprogram 

somatic cells.  

In 1987, it was demonstrated that a drosophila transcription factor could induce 

the development of legs instead of antennae when expressed ectopically (Schneuwly 

et al., 1987). Additionally, MyoD, a mammalian transcription factor, was shown to 

convert fibroblasts into myocytes (Davis et al., 1987). Taken together, these results led 
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to the idea of a ‘‘master regulator’’ that would induce specification of different lineages 

(Yamanaka and Blau, 2010).  

The third line of research involved ESCs. Following the generation of the first 

mouse ESCs in 1981 (Evans and Kaufman, 1981; Martin, 1981), culture conditions 

that enabled the long-term maintenance of pluripotency have been established (Smith 

et al., 1988). Leukemia inhibitory factor (LIF) was found to be a key factor for 

maintenance of mouse ESCs and later on, fibroblast growth factor (bFGF) was shown 

to be very important for optimal culture conditions of human ESCs (Thomson et al., 

1998).  

Yamanaka and Takahashi discovered that the ectopic expression of combined 

transcription factors (OCT4, also known as POUF51, SOX2, KLF4, C-MYC, and also 

Nanog and Lin-28), were able to reprogram human somatic cells (Takahashi et al., 

2007; Yu et al., 2007a). Human iPSCs generated by this cocktail of transcription factors 

seemed to have all of the features of human ESCs, as well as the ability to grow 

indefinitely and form all somatic cell types of the body. Unlike ES cells, however, iPSCs 

dispense the use embryos or the need for somatic cell nuclear transfer to derive 

pluripotent cells (Figure 1.10).  

 

Figure 1.10. Differentiation of iPSCs. Induced pluripotent stem cells are generated by reprogramming 
adult somatic cells. Reproduced from Amabile and Meissner (2009). 
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Despite a lot of work done on the understanding of reprogramming, a lot still 

remains to be investigated. Expression of the reprogramming factors is required for 2-

3 weeks, and during this time a complex cascade of events is initiated and culminates 

in the silencing of endogenous genes related to cell-type identity and activation of 

genes required for pluripotency and self-renewal (OCT4, SOX2 and NANOG). Once 

properly established, the reprogrammed state appears to be maintained. Therefore, 

epigenetic modifications of the DNA and histones, as well as the mesenchymal–

epithelial transition, which is a reversible biological process that involves the transition 

from elongated mesenchymal cells to cubical polarised cells called epithelia, appear to 

be critical for the induction of pluripotency and its maintenance as a consequence of 

the overexpression of the reprogramming transgenes introduced by viral infection 

(Marson et al., 2008; Meissner et al., 2008). 

The process of generation iPSCs is reproducible; however, the efficiency of this 

process remains low. Normally less than 1% of transfected fibroblasts become iPSCs. 

Initially it was thought that iPSCs were derived from a “rare stem” or undifferentiated 

cells in fibroblast cultures. However subsequent studies showed that iPSCs could be 

derived from differentiated lymphocytes (Loh et al., 2009) and postmitotic neurons (Kim 

et al., 2011). Those studies demonstrated that most of somatic cells have a potential 

to become iPSCs, regardless different efficiencies. 

 

1.2.4. Generation of iPSCs 

 

Reprogramming factors can either be delivered by integrating methods, which 

could lead to the insertion of the transgenes in their genome, or with non-integrating 

methods, generating iPSCs without any permanent genetic modification. Integrating 

reprogramming methods include the use of retroviruses, lentiviruses and transposons.  

This transgene integration could lead to mutation within the host genome or could 

alter expression of neighboring host genes (Hacein-Bey-Abina et al., 2003). There is 

also the risk of reactivation of these viral transgenes that could result in tumour 

formation, although integrated proviruses are usually silenced during iPSC generation 

(Takahashi and Yamanaka, 2006; Okita et al., 2008). Even if the viral transgenes are 

not silenced properly, leaky expression may inhibit iPSC differentiation and maturation, 

increasing the risk of immature teratoma formation (Markoulaki et al., 2009). 
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Non-integrating reprogramming methods include non-viral and viral delivery. 

Non-viral delivery methods include episomal vectors (Yu et al., 2009), microRNAs 

(miRNAs) (Miyoshi et al., 2011), reprogramming proteins (Kim et al., 2009; Zhou et al., 

2009)  and small molecules, such as valproic acid (VPA). All these strategies can be 

used to reprogram iPSCs, but they present disadvantages such as low efficiency, high 

cost and technical difficulties. 

Viral delivery methods include adenoviruses (Stadtfeld et al., 2008b) and Sendai 

viruses (Fusaki et al., 2009). Sendai viruses, however, show a significant improvement 

in efficacy over adenoviruses. 

 

The Sendai transduction method 

 

Sendai virus is an RNA virus that only replicates in the host cell cytoplasm and it 

does not have a DNA phase, so it cannot integrate into the host genome (Kato et al., 

1997). An F-deficient SeV vector which contains the fusion protein but not the fusion 

gene is able to infect cells with high efficiency, including non-dividing cells, but is 

unable to transmit viral particles (Li et al., 2000). One of the advantages of the use of 

Sendai virus for reprogramming is that it remains in the cytoplasm of infected cells for 

a few passages but is cleared out rapidly and it is completely gone by passage ten. 

(Fusaki et al., 2009). Due to the high reprogramming efficiency in various cell types 

and its non-integrating approach, Sendai virus is a good method to induce pluripotency 

(Table 1.2).  
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Table 1.2. Comparison of published methods for the reprogramming of human somatic cells into iPSCs.  
Adapted from Rao and Malik (2012). 

 

Stages of Reprogramming  

 

Reprogramming of somatic cells can be divided into 3 distinct phases; initiation, 

maturation and stabilisation (Samavarchi-Tehrani et al., 2010). During the initiation 

phase, cells undergo major transcriptional changes, starting just after OCT4, SOX2, 

KLF4 and C-MYC (OSKM) expression and peaking around day 3.  This is followed by 

a repression of mesenchymal regulators and it is represented in culture by 

morphological change from fibroblasts to epithelial-like colonies, termed 

mesenchymal-epithelial transition (MET).  These changes affect cell growth, 

cytoskeleton organization, metabolism and developmental processes (Khalil et al., 

2009; Polo et al., 2012). Early pluripotency genes are upregulated together with DNA 

replication, cell cycle progression and stress-induced genes (Mikkelsen et al., 2008; 

Samavarchi-Tehrani et al., 2010; Polo et al., 2012; Hussein et al., 2014). During the 

Method Integrating Time (days) Efficiency (%) Multiple cell types 

reprogrammed 

Retroviral Yes 25–35 0.02–0.08 Yes 

 

Lentiviral Yes 20–30 0.02–1 Yes 

 

Lentiviral (miRNA) No 18–26 10.4–11.6 No 

 

miRNA (direct 

transfection) 

No 20 0.002 Yes 

 

Adenoviral No 25–30 0.0002 No 

 

Sendai virus No 25 0.5–1.4 Yes 

 

mRNA No 20 0.6–4.4 No 

 

Protein No 56 0.001 No 

 

Transposons Yes 14–28 0.02–0.05 No 
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initiation phase cell fate is elastic, and removal of OSKM can result in a reversion of 

cells to a differentiated state (Samavarchi-Tehrani et al., 2010). 

The maturation phase begins around day 8 with expression of NANOG, SALL4, 

ESRRB, REX1, TCL1, CRIPTO and NODAL. This is followed by a second wave of 

transcriptional and proteomic changes between days 9 and 12  (Samavarchi-Tehrani 

et al., 2010; Hansson et al., 2012; Polo et al., 2012; Hussein et al., 2014). In addition 

to this, proteins involved in vesicle-mediated transport, cell adhesion and extracellular 

matrix that were silenced during the initiation phase, are reactivated during this phase. 

The end of the maturation phase is marked by the establishment of the endogenous 

pluripotent transcriptional network, led by upregulation of SOX2, independent of 

transgene expression. (Samavarchi-Tehrani et al., 2010; Buganim et al., 2012; Polo et 

al., 2012). 

The stabilisation phase represents the changes occurring after iPSCs have 

acquired pluripotency. Activation of endogenous pluripotent markers is thought to 

represent the first step in a sequence which allows the cells to become pluripotent 

(Buganim et al., 2012; Golipour et al., 2012). The stabilization phase also involves the 

silencing of OSKM transgenes and it continues with elongation of telomeres, similar to 

embryonic levels, reactivation of both copies of the X chromosome in female iPSCs 

and upregulation of genes involved in the regulation of DNA methylation (Stadtfeld et 

al., 2008a; Polo et al., 2012).  

 

1.2.5. Advantages of using iPSC technology 

 

Pluripotent stem cells are capable of indefinite self-renewal and can differentiate 

into any cell types of all three embryonic germ layers. The use of iPSCs has some 

advantages over ESCs, which are described below.  

 

 Patient Specific 

 

iPSC technology has made it feasible to generate patient-specific models. 

Patients’ cells carrying genetic mutations can be reprogrammed into iPSCs, which can 

be subjected to genome editing, followed by differentiation in almost every cell type of 
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the body. Thus, they can be powerful tools for disease modeling, regenerative 

medicine and drug screening (Sayed et al., 2016). 

 

Avoidance of ethical issues 

 

The use of ESCs has been limited or banned in some countries due to ethical 

and religious concerns regarding the use of pre-implantation stage embryos for 

research.  Since iPSCs can be generated from adult somatic cells, these cells can be 

used for research purposes without those ethical concerns (Robertson, 2001; Halevy 

and Urbach, 2014). 

 

Accessibility of cells for reprogramming 

 

Primary cells from patients can be difficult to expand, hard to access and difficult 

to obtain, especially from patients with degenerative diseases, such as RP, due to the 

low number of cells of interest.  Primary cultured cells in vitro have also limited capacity 

for division and growth (Shay and Wright, 2006). iPSCs, however, can be generated 

from available and easily accessible cell types such as skin fibroblasts, peripheral 

blood, hairs and urine (Raab et al., 2014).  

 

1.2.6. Challenges in iPSC technology 

 

Despite all the advantages of iPSCs, there are still some challenges that cannot 

be overlooked when working with iPSCs.  

 

Viral integration 

 

The potential tumorigenicity of iPSC is a major concern of iPSC technology. 

Integrating methods of reprogramming can result in multiple random integration sites 

(Takahashi and Yamanaka, 2006) in the genome and a risk of neoplasia, gene 

inactivation and dysregulation. It has been shown that iPSC lines generated with 
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integrating methods display more single nucleotide variations and mosaicism than cells 

generated by non-integrating iPSC lines (Kang et al., 2015). To overcome potential 

safety-related concerns, non-integrative methods of reprogramming, such as Sendai 

virus, are preferable to generate iPSCs (Fusaki et al., 2009).   

 

Incomplete reprogramming 

 

Reprogramming of somatic cells is a process that occurs at different stages. 

Firstly, delivery of OCT4, KLF4, SOX2 and C-MYC into the cells results in expression 

of those transcription factors and opening of the chromatin at enhancers of 

pluripotency genes, leading to activation of other transcription factors that 

downregulates somatic gene expression. Cells that fail reprogramming, also fail to 

downregulate somatic genes. Reprogramming requires the expression of OCT4, KLF4, 

SOX2 and C-MYC until the iPSC state is established, otherwise reprogramming fails 

and cells return to a differentiated state. Absence or defective transcriptional and 

epigenetic changes during reprogramming can lead to incomplete reprogramming of 

the cells and clonal variability (Scacheri and Tesar, 2017). Incomplete reprogrammed 

cells have characteristics that are similar to ESCs, such as morphology, gene 

expression and are able to form teratomas. However, they exhibit defects such as poor 

capacity of differentiation, reduced growth rate, abnormal transcription and DNA 

methylation, and abnormal chromatin regulation (Meissner et al., 2008; Mikkelsen et 

al., 2008).  
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Genomic instability 

 

iPSCs frequently acquire chromosomal abnormalities, which often can be gains 

or losses of whole chromosomes, copy number variants (CNVs), which are sections of 

the genome of least 1 kb that are repeated and can vary in copy number, through 

duplications or deletions, among individuals in a specific population, or single 

nucleotide variants (SNVs), which are common variants of single nucleotides that are 

frequently observed in the population (Yoshihara et al., 2017).  

Genetic variations of iPSCs can have origin in genetic variability of parental cells, 

being fixed at the cloning picking stage during the process of iPSC generation; at the 

reprogramming stage; and/or during prolonged culture. CNVs are generally acquired 

during reprogramming (Hussein et al., 2011), and in prolonged in vitro culture 

(International Stem Cell et al., 2011). Some CNVs are more common than others in 

iPSCs. CNVs at 1q31.3, 8q24.3 and 17q21.1 (>25% of iPSC samples) were identified 

as recurrent and unique to iPSC samples, acquired during prolonged periods in culture 

(Martins-Taylor et al., 2011; Turinetto and Giachino, 2015). Duplications of 20q11.21 

(18%) and 2p11.2 (>25%) were also detected in high incidence in ESCs, (Spits et al., 

2008). Amplification of 20q11.21 was identified as one of the most recurrent CNVs 

hotspot in iPSCs and ESCs in several studies (Elliott et al., 2010; Laurent et al., 2011; 

Martins-Taylor et al., 2011). SNVs are also acquired during prolonged culture, but they 

generally exist in low frequencies (Gore et al., 2011).  

It is crucial to determine if variations in iPSCs are pathogenic or tumorigenic. 

Giemsa (G)-banding can detect large structural changes, while single nuclear 

polymorphisms (SNP) array-based analysis, which is a type of DNA microarray used 

to detect thousands of SNPs across the genome, have a higher resolution and can 

also be applied to detect CNV (Le Scouarnec and Gribble, 2012). More recently, next 

generation sequencing (NGS) has enabled the detection of any variants in the 

genome, including SNVs (Metzker, 2010). Integration free reprogramming and better 

characterization of iPSCs are crucial in order to generate better models to mimic 

diseases and for cell therapies.  
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iPSC variability 

 

Some studies, including one of the largest analysis about genomic stability in 

iPSCs, found that differences between individuals are responsible for up to 50% of all 

the variation in iPSC phenotypes, including differentiation capacity and cellular 

morphology (Carcamo-Orive et al., 2017; Kilpinen et al., 2017). It was also 

demonstrated that cell type of origin does not impact on differentiation as much as 

inter-individual genetic variability, as shown by differentiation capability, transcriptomic 

and epigenetic data of iPSC lines derived from blood and fibroblasts samples from the 

same donors (Kyttala et al., 2016). Hallam et al. (2018) also demonstrated that 

variation in RPE differentiation efficiencies are not due solely to disease pathology, as 

differences were also encountered in unaffected individuals. 

 

1.2.7. The use of iPSCs in disease modeling  

 

Due to their pluripotency nature and their ability to differentiate into any cell type 

of the three germ layers, ESCs and iPSCs became powerful models to study various 

degenerative diseases, including retinitis pigmentosa. iPSCs, principally, became the 

preferred choice for disease modeling, as they are patient-specific and can mimic 

patients’ phenotypes, in addition to the possibility of genome editing via correction of 

disease-specific mutations, for future cell-based therapies.  

ESCs and iPSCs have been used in retinal disease modeling by several research 

groups. Capowski et al. (2014) investigated the expression of human MITF, a 

transcription factor expressed in optic vesicles, in human ESCs at the earliest stages 

of retinal differentiation and its role in human retinogenesis. It was demonstrated that 

during human ESC differentiation towards a retinal fate, a population of MITF isoforms 

was expressed in a similar way to that observed in mice. Downregulation of MITF 

reduced optic vesicle cell proliferation, decreased expression of eye field transcription 

factors and disrupted RPE maturation. This study also showed that human ESCs can 

mimic complex gene expression profiles and molecular events of retinal development, 

that could lead to a better understanding of human eye development and improve 

standardisation and safety of future cellular therapies. 
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In another study, patient’s iPSC-derived RPE cells harboring mutations in MFRP, 

a RPE-specific membrane receptor, causative of autosomal recessive RP, displayed 

increased b-actin, abnormal morphology, low levels of pigmentation and loss of tight 

junctions. Introduction of a healthy copy of MFRP by adeno-associated virus vector, 

restored actin organization, levels of pigmentation and transepithelial resistance (Li et 

al., 2014). 

 Lukovic et al. (2015) reported the successful generation of iPSC-derived RPE 

from a patient with a severe form of autosomal recessive RP (arRP), harbouring a 

novel Ser331Cysfs*5 mutation in the MERTK gene. iPSC-derived RPE cells had 

defective phagocytosis, a common phenotype of RP observed in human patients and 

animal models. MERTK-deficient RPE cells, therefore, have been shown to be a 

faithful cellular model of arRP that can be used for the investigation of the disease 

mechanism, drug testing and gene-based therapies. 

The following year, Leber congenital amaurosis (LCA) patient-specific iPSCs with 

a mutation in CEP290, a cilia related gene, were differentiated towards RPE and 

photoreceptors, in three-dimensional optic cups, to investigate disease mechanisms 

and evaluate candidate therapies (Parfitt et al., 2016). Results have shown that the 

highest levels of aberrant splicing and cilia defects, as a consequence of a mutation in 

CEP290, were observed mainly in optic cups, explaining the retinal degeneration 

observed in CEP290-LCA disease. 

Hallam et al. (2017) demonstrated that disease modelling of AMD using patient‐

specific iPSC-derived RPE is a useful tool to assess potential therapeutic agents to 

treat AMD. In this study, iPSC‐derived RPE from high‐risk patients displayed distinct 

cellular, structural and functional deficiencies that mimicked inflammation and cellular 

stress processes that characterises AMD, when compared to RPE from low-risk 

patients. Additionally, it has been shown that exposure to intermittent UV light resulted 

in an improvement of cellular and structural features in high‐risk RPE cells, associated 

with AMD. 

In an in vitro model of Bietti’s crystalline dystrophy, patient-specific iPSC-derived 

RPE cells were used to demonstrate that accumulation of free cholesterol damages 

the RPE and leads to cell death through lysosomal dysfunction and impairment of 

autophagy flux in affected cells (Hata et al., 2018).  
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Smith et al. (2019) also used iPSC-derived RPE to provide a potential mechanism 

underlying decreased VEGFA expression in AMD patients. It was shown that the 

rs943080 risk allele is associated with regulatory protein binding in iPSC-RPE, causing 

decreased in VEGFA expression. 

All these examples of iPSCs modelling retinal diseases show the importance of 

patient-specific iPSCs for the genetic characterisation of functional variation in RPE 

and to mimic the development and pathogenesis of retinal degeneration diseases, 

such as retinitis pigmentosa. 
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1.3. Retinal Pigment Epithelium  

 

Retinal pigment epithelium is a layer of cells located between photoreceptors and 

Bruch’s membrane and it is responsible for the maintenance and survival of 

photoreceptors (Figure 1.11).  

 

Figure 1.11. Schematic representation of the human eye, retina and location of the RPE. Reproduced 
from https://www.closerlookatstemcells.org/stem-cells-medicine/macular-degeneration/ 

 

The RPE acts as a selective barrier, taking up nutrients and fatty acids from the 

blood and transporting those to the photoreceptors. It also transports water and ions 

from the subretinal space, at the apical side, to the capillaries, at the basolateral side 

(Strauss, 2009). The Na+-K+-ATPase, which is located in the RPE apical membrane, 

provides the energy for transepithelial transport (Rizzolo, 1999). Tight junctions, 

between RPE cells, keep cells tightly connected, allowing the control of fluids and 

solutes though the blood retinal barrier as well as in preventing the entrance of toxic 

molecules into the retina.  

The transport of retinol from the blood to the photoreceptors is crucial for the visual 

cycle. The visual cycle is the conversion of light into an electrical signal in the retina 

and occurs via G-protein coupled receptors called opsins which contain 11-cis-retinal 

(Hargrave, 2001). In the presence of light, 11-cis-retinal is converted into all-trans-

https://en.wikipedia.org/wiki/11-cis_retinal
https://en.wikipedia.org/wiki/11-cis_retinal
https://en.wikipedia.org/wiki/All-trans_retinal
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retinal, changing the conformation of the opsins and leading to closure of cation 

channels, and hyperpolarization of the photoreceptor cells. Photoreceptors don’t 

produce 11-cis-retinal and all-trans-retinal is metabolised into all-trans-retinol and 

transported to the RPE to be converted to 11-cis-retinal and then redelivered to the 

photoreceptors (Pang et al., 2006).  Three RPE enzymes are crucial for the visual 

cycle. After entering RPE cells, all-trans retinol is bound to cellular retinoid binding 

protein (CRBP) and transferred to lecithin retinol acyl transferase (LRAT) to generate 

all-trans retinyl esters. The esters are then used as a substrate for the regeneration of 

11-cis retinal by retinoid isomerohydrolase (RPE65), in the next step of the visual cycle. 

This cyclical process of exchange of retinoids between the RPE and photoreceptors is 

crucial for phototransduction (Muniz et al., 2014). 

Photoreceptors are exposed to intense light, leading to accumulation of light-

induced toxic substances each day (Beatty et al., 2000). To maintain the levels of 

radicals, photodamaged proteins and lipids to a minimum, allowing normal function of 

photoreceptors, the RPE engulfs bound photoreceptors outer segments (POSs) 

through the apical αvβ5 integrin and Mer tyrosine kinase (MerTK) receptors and 

degrades the POSs (Finnemann and Nandrot, 2006). The final products are recycled, 

leaving the RPE layer via choroidal capillaries or are redelivered to photoreceptors to 

rebuild light-sensitive outer segments (Bibb and Young, 1974; Bok, 1993). Through the 

coordination between phagocytosis and the formation of new POS, the length of the 

POS is maintained.  

Due to intense light exposure and constant renewal of optic discs, the retina is one 

of the parts of the body that consumes more oxygen, thus producing more oxidative 

stress (Girotti and Kriska, 2004). The RPE also protects the retina against oxidative 

stress by absorbing scattered light with its melanin granules, producing antioxidants 

and repairing or replacing damaged proteins (Beatty et al., 2000; Beatty et al., 2001).  

 The RPE also secrete a variety of growth factors  including pigment epithelium-

derived factor (PEDF) and vascular endothelial growth factor (VEGF) (Simo et al., 

2006). PEDF, which is secreted to the apical side of the RPE, helps to maintain the 

retinal structure by protecting neurons against glutamate or hypoxia-induced apoptosis 

(Cao et al., 1999; Cao et al., 2001; Ogata et al., 2001). It also acts as an antiangiogenic 

factor to stabilise the endothelium of the choriocapillaris and inhibit endothelial cell 

proliferation (Adamis et al., 1993; Lopez et al., 1996; Simo et al., 2006). Generation of 

PEDF-deficient mouse models confirmed that PEDF is a modulator of early postnatal 

https://en.wikipedia.org/wiki/All-trans_retinal
https://en.wikipedia.org/wiki/GPCR


 
 

37 

retinal vascularization and the lack of PEDF promotes faster retinal vascularization 

(Huang et al., 2008). VEGF, as opposed to PEDF, is mostly secreted to the basal side 

of the RPE where it acts on the choroidal endothelium, preventing endothelial cell 

apoptosis and promoting an intact endothelium of the choriocapillaris (Burns and Hartz, 

1992; Roberts and Palade, 1995).  

In summary, the RPE nourishes and protects the photoreceptors by transporting 

nutrients, ions and waste products from and to the neuroretina, recycling the spent tips 

of the POSs, defending the retina against oxidative stress and producing molecules 

that support the survival of photoreceptors, ensuring an optimal circulation and supply 

of nutrients (Figure 1.12).  

 

Figure 1.12. Schematic representation of the RPE cells and its support functions. Reproduced from 
Lehmann et al. (2014).  

 

1.3.1. The role of primary cilia in RPE 

 

It has been shown that RPE requires a functional primary cilium to fully mature 

and maturation defects in RPE precede photoreceptors degeneration. Primary cilium 

also regulates polarisation of human RPE through canonical Wnt suppression and 

PKCδ activation. Therefore, defects in primary cilia result in structural defects and 

function, such as decreased barrier properties, apical activity and fluid transport 

(Bharti, 2014; Bharti, 2015; May-Simera et al., 2018).  
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Defects in primary cilia function are collectively known as ciliopathies (Braun and 

Hildebrandt, 2017) and can affect different parts of the body (Lee and Gleeson, 2011). 

Retinal degeneration is the most frequent phenotype found in ciliopathy patients 

(Wheway et al., 2014; Bujakowska et al., 2017), mainly caused by functional and 

developmental defects in photoreceptors due to impaired development of outer 

segments. Defects in other non-photoreceptor ocular cell types, such as the RPE cells, 

are now being investigated, since previous work suggested that development of 

photoreceptor outer segment is dependent on complete maturation of the RPE 

(Nasonkin et al., 2013). As mentioned above, photoreceptors health and function are 

dependent on functional and metabolic support from the RPE in an entwined manner 

(Bharti et al., 2011). 

The presence of cilia in human RPE cells was first reported in 1965 (Allen, 1965) 

from electron microscopy images of an exenterated human eye. Since then other 

observations of a single cilium in RPE cells supported previous reports (Allen, 1965; 

Fisher and Steinberg, 1982) that cilia are common and can be found in human RPE 

cells in vivo. They are present on the apical surface of RPE cells they vary between 1-

10 um in length (Nishiyama et al., 2002). They are anchored to the cell through a basal 

body derived from the mother centriole and are composed of nine microtubule doublets 

extending from microtubule triplets of the basal body (Reiter et al., 2012). Another type 

of cilia, the motile cilia, has the same structural arrangement plus and additional central 

pair of microtubules that is required for generation of movement. (Figure 1.13). The 

main role of primary cilia is to act as a signalling antenna of the cells, regulating 

ubiquitous developmental pathways such as Wnt, Sonic Hedgehog (SHH) and 

transforming growth factor β (TGF-β). The signalling molecules composition varies 

from cell type and cell stage (Rachel et al., 2012; Sasai and Briscoe, 2012). 

 



 
 

39 

Figure 1.13. Schematic representation of primary cilium. The cilium is made of a basal body and 
microtubular backbone, the axoneme, arranged in a typical ’9+0’ architecture with nine outer 
microtubules doublets. The motile cilium has a ’9+2’ architecture with a central pair of microtubules. 
Ciliary proteins, synthesized in the cell body, are transported to the tip of the axoneme by the 
intraflagellar transport (IFT), comprised of polypeptide complexes (IFT particles) that move along the 
length of the ciliary axoneme. Reproduced from https://ciliopathyalliance.org/cilia. 

 

Ciliation in human RPE cells is regulated by cell cycle mechanisms that are not fully 

understood. It has been demonstrated in adult RPE1 cells that the primary cilium is 

assembled after cell division, in late G1 phase and disassembled just before cell cycle 

entry, although a second wave of deciliation can be observed in S phase. Usually 

primary cilia are not present during mitosis, perhaps because the mother centriole of 

the centrosomes attaches to the cell membrane during the cilia formation and it needs 

to be released to carry out its role in mitotic spindle formation. It’s also possible that 

deciliation is coupled to DNA synthesis. Disruption of cell cycle, cilia structure and 

function are consequence of many human genetic disorders, including retinal 

ciliopathies (Spalluto et al., 2013). 
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1.3.2. RPE development in vivo 

 

RPE is formed by the ectoderm lineage of embryonic development. Following 

fertilisation, the human embryo starts to divide and around the fourth day after 

fertilisation, it forms a blastocyst consisting of an inner cell mass (ICM) surrounded by 

an epithelial layer known as the trophoblast. The ICM forms the embryo whilst the 

trophoblast forms the extraembryonic tissues including part of the placenta. Prior to 

the implantation, the ICM divides into two layers of cells known as the epiblast and 

hypoblast. The epiblast undergoes gastrulation during the third week of embryogenesis 

to form the three embryonic germ layers; ectoderm, endoderm, and mesoderm (Niakan 

et al., 2012). 

The anterior neuroectoderm, which forms the eye field and the forebrain, is 

specified into the optic neuroepithelium. FGF, BMP, Wnt and retinoic acid pathways 

play important roles during gastrulation and early neural development, but their exact 

role in the specification of the anterior neural plate, including the eye field, is still poorly 

understood (Fuhrmann et al., 2014). A combination of eye development transcriptions 

factors such as RX, PAX6, SIX3, SIX6 and LHX2 characterises the eye field and the 

integration of those transcription factors has an important role in the arrangement of 

cells in an organised and coordinated pattern to generate retina, RPE and lens, leading 

to the evagination of the optic vesicles (Bailey et al., 2004; Kwan et al., 2012) (Figure 

1.14A). 

The distal layer of the optic vesicles touches the surface ectoderm and 

invaginates forming the optic cup. The close proximity of the inner layer of the optic 

cup with the surface ectoderm promotes the formation the neural retina whilst the outer 

layer, in contact with the surrounding extracellular mesenchyme, differentiates to the 

RPE (Figure 1.14B). The RPE becomes morphologically different to the neural retina 

by the switch from a pseudo-stratified organisation to an epithelial monolayer with the 

presence of pigment granules (Nguyen and Arnheiter, 2000; Martinez-Morales et al., 

2004; Pearson et al., 2005). 

One of the earliest indicators of RPE specification is the expression of Melanocyte 

Inducing Transcription Factor (MITF), which promotes the activation of genes related 

to terminal RPE differentiation and function such as tyrosinase, tyrosinase-related 

protein, melanosomal proteins and the Ca-dependent chloride channel protein 
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bestrophin (Best1) (Adijanto et al., 2012; Li et al., 2012). OTX2, which is initially 

expressed throughout the optic vesicle, becomes restricted to the RPE in the optic cup 

and its expression is required for RPE development (Martinez-Morales et al., 2004).  

 

Figure 1.14. Stages of eye development and RPE specification. A: during early stages of eye 
development, the neuroepithelium invaginates together with the surface ectoderm forming the optic 
vesicle. B: The inner layer of the optic cup gives rise to neural retina and the outer layer gives rise to the 
RPE. C: The lens, neural retina and RPE. Reproduced from Ali and Sowden (2011). 

 

1.3.3. Differentiation of human iPSCs into RPE cells 

 

 Several protocols have reported the direct differentiation of  iPSCs towards RPE, 

including spontaneous differentiation after removal of basic fibroblast growth factor 

(bFGF) from the culture medium (Klimanskaya et al., 2004; Buchholz et al., 2009), 

serum-free floating culture of embryoid body-like aggregates (SFEB) which are plated 

on to extracellular matrix to encourage neuroectoderm fate (Watanabe et al., 2005), 

and directed methods using drugs and cytokines such as Nicotinamide (NIC) and 

Activin A (Idelson et al., 2009; Krohne et al., 2012). 

 More recently published protocols use defined factors in a stepwise method to 

drive RPE differentiation in a manner which recapitulates embryonic eye development. 

(Buchholz et al., 2013; Zhu et al., 2013; Leach et al., 2015). A combination of directed 

differentiation methods by mediation of signalling pathways, such as nicotinamide, 

Dkk-1 and Lefty-A to induce neuralisation, with formation of embryoid bodies has been 

shown to improve efficiency of RPE differentiation (Idelson et al., 2009; Meyer et al., 
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2009; Osakada et al., 2009; Zhu et al., 2013).  Buchholz et al. (2013) reported a 

directed differentiation protocol to generate RPE from human ESC in only 14 days, 

which was later modified with Wnt activation to improve efficiency without manual 

selection or enrichment at day 14 (Leach et al., 2015). 

Although directed differentiation became the preferred choice to generate RPE 

due to the improved efficiency and reduction of costs as a result of standardisation of 

production, RPE generated by different methods do not show differences in terms of 

transcription levels of RPE markers, protein localisation or functional analysis. Leach 

et al. (2016) compared iPSC-derived RPE derived from five different iPSC lines using 

spontaneous and guided differentiation methods. The results showed there was no 

significant differences between iPSC-derived RPE derived from both differentiation 

methods.  Differences in expression levels of RPE65 and BEST1 were observed 

between cell lines as an indication of internal lineage-specific differences. 

 Successful RPE differentiation enables the generation of pure populations of 

functional RPE cells with key RPE features, including the four ‘Ps’ (pigmented, 

polygonal, phagocytic and polarized), with the ability to mimic the behaviour of native 

RPE cells and respond to normal and disease-associated stimuli (Bharti et al., 2011; 

Mazzoni et al., 2014). The characterisation of RPE cells is essential to confirm all these 

features of typical RPE cells. Structural and ultrastructural RPE characteristics 

including pigmentation, polarity and tight junctions, can be verified with transmission 

and scanning electron microscopy. Expression of typical RPE markers such as 

MERTK, chloride channel encoded BEST1, retinoid cycle-associated RPE65 and 

CRALBP can be analysed by RT-PCR, immunostaining and/or western blot. Functional 

analyses of RPE include measurement of cytokines secretion such as VEGF, PEDF, 

and phagocytic capability assay using purified POSs (Kamao et al., 2014). 

 

1.3.4. Attempts to explore disease pathogenesis in PRPF31-RP 

 

Attempts have been made to explore disease pathogenesis in PRPF31-RP. 

Deery et al. (2002) used yeast models to introduce human PRPF31 wild-type into a 

defective-PRPF31 yeast strain, incapable of growing at the restrictive temperature of 

37◦C. This resulted in only partial rescue of growth at the restrictive temperature, 

suggesting that splicing function was not completely restored. Yuan et al. (2005) and 
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Mordes et al. (2007) examined the relationship between PRPF31 and pre-mRNA 

splicing of photoreceptor-specific genes in mouse primary cell cultures, using RHO, 

PRPH2 and FSCN2 minigenes. Transfection of cells with minigenes showed that intron 

3 of RHO, intron 1 of PRPH2 and intron 3 of FSCN2 are spliced out in the presence of 

wild-type PRPF31 protein, whereas mutant PRPF31 protein inhibit those events, 

linking widely expressed PRPF31 protein and expression of retina-specific genes. On 

the other hand, Wilkie et al. (2008) demonstrated that splicing of RHO intron 3 in mini-

gene templates was inefficient, with both spliced and unspliced products clearly 

detected, in a study of A216P-PRPF31 missense mutation using human embryonic 

kidney 293 (HEK293) cells. The effect of the mutation was also not noticed on a full-

length human RHO gene template. In another study, Yin et al. (2011) showed that 

different PRPF31 mutations affect zebrafish retinas through distinct mechanisms such 

as loss-of-function and dominant-negative effect.  

Even though the examples cited above provided valuable contribution towards 

the elucidation of disease pathogenesis in PRPF31-RP, the use of non-human models 

or other non-retina human cells do not reflect or recapitulate the human retina 

physiology, or do not faithfully mimic the phenotypes present in PRPF31-RP. 

Likewise, generation of knock-in and knock-out mouse models failed to display 

retinal degeneration and they did not present any visual defect until 18 months of age 

(Bujakowska et al., 2009). Those models, however, showed that prpf31 knockout mice 

developed changes in the retinal pigment epithelium (RPE), such as presence of 

vacuoles and amorphous deposits between the RPE and Bruch's membrane, and loss 

of basal infoldings. Death of retinal photoreceptor cells, however, which is the most 

striking pathological change in human RP disease, was not seen in those animals and 

change in retinal function was not detected. Therefore those animals cannot be 

considered a faithful model for PRPF31-RP disease (Graziotto et al., 2011).   

Large animals such as pigs and monkeys can also be used as models for retinal 

diseases, however knock-in and knock-out animal models are very expensive and 

difficult to obtain due to ethical issues. Additionally, the successes seen in animal 

models for disease modeling and gene therapy moves in a very slow pace to a fully 

approved treatment that could be commercially viable to anyone who needs it (Tucker 

et al., 2014).  
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To date, iPSCs are the best models of PRPF31-RP, as these cells can be 

matched to the individuals and they can differentiate into various retinal cell types. 

iPSCs not only mimic the pathogenesis of the disease but can also help to distinguish 

phenotypes of PRPF31 patients with same mutation but various clinical manifestations, 

due to the incomplete penetrance of the disease.  
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1.4. Aims 

 

The aims of this thesis were: 

 To generate and characterise controls and PRPF31-patient-specific induced 
pluripotent stem cells (iPSCs); 
 

 To differentiate controls and PRPF31-patient-specific iPSCs towards retinal 
pigment epithelium (RPE) and validate the iPSC-derived RPE model; 
 

 To investigate the pathogenesis of the PRPF31 form of RP using the PRPF31-

RPE patient-specific disease models. 
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  - Methods 

 

All methods were extracted from Buskin et al. (2018). 

 

2.1. Human Subjects 

 

All samples used in this study were obtained with informed consent according to 

the protocols approved by Yorkshire & the Humber Research Ethics Committee (REC 

ref. no. 03/362).  

 

2.2. iPSC Generation 

 

Two age-matched unaffected controls (WT1 and WT3) and seven RP11 dermal 

skin fibroblasts (severe RP11S1, moderate RP11M, very severe RP11VS, 

asymptomatic RP11A, severe RP11S2, severe RP11S3 and severe RP11S4) (Table 

3.1) were cultured with Advanced Dulbecco’s Modified Eagle Medium (Thermo-Fisher, 

Waltham, MA, USA) containing 10% FBS (Thermo Fisher Scientific), 1% Glutamax 

(Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher Scientific) at 

37°C and 5% CO2 in a humidified incubator. These fibroblasts were transduced at a 

density of 30,000 cells/cm2 using the CytoTune™-iPS 2.0 Reprogramming Kit (Life 

Technologies, A16517) following the manufacturer's instructions. iPSC colonies were 

established on inactivated primary mouse embryonic fibroblasts feeder layer and then 

adapted to the feeder-free system described below. 

 

2.3. iPSC Culture 

 

Human iPSCs were cultured in 6-well plates coated with Matrigel™ GFR 

(Corning, 354230) using mTeSR™1 (StemCell Technologies, 05850) media 

supplemented with 1% penicillin/streptomycin (Gibco, 15140). Cell culture medium 

was replaced on a daily basis. Cells were allowed to grow for 4-5 days prior to 

passaging or induction of differentiation. Passaging was carried out using Versene 
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(EDTA 0.02%) (Lonza, BE17-771E) solution at 37°C for 3-5 minutes and cells were 

transferred to fresh matrigel plates in a 1:3 – 1:6 ratio. All cultures were maintained at 

37°C, in a humidified environment, with 5% CO2. Cells were cryopreserved with 

freezing media containing 90% Fetal Bovine Serum (Gibco, 10270) and 10% Dimethyl 

Sulfoxide (Sigma, D2650).  

 

2.4. Mutation validation 

 

10 ng of DNA of primary dermal fibroblast and iPSCs from control and patients 

was amplified by standard PCR (40 cycles of 95°C for 30 seconds, 64°C for 30 

seconds, 72°C for 30 seconds) using primers described in Dong et al. (2013) for the 

specific exons where the PRPF31 mutations were located. The amplified products 

were purified using the QIAquick Purification kits (Qiagen, 28104 and 28704) and 

quantified using the Qubit® 2.0 Fluorometer. The sequencing files were analysed in 

the SeqScape v.2.5 software and forward and reverse sequences from both fibroblasts 

and iPSCs were aligned and compared with the PRPF31 reference sequence gene 

(NG_009759.1) from Genbank to identify the PRPF31 mutations. The consensus 

sequences from the forward and reverse sequences were then extracted from the 

software and pairwise aligned against the coding PRPF31 sequence. The nucleotide 

designated as 1 commences at position 36 of GenBank accession number AL050369. 

All primer details are shown in Table 2.2. 

 

2.5. RNA isolation and reverse transcription 

 

iPSC and iPSC-derived RPE cell pellets were washed with PBS before being 

lysed with RNA Lysis buffer provided by the RNA extraction kit ReliaPrepTM RNA Cell 

Miniprep System (Promega, Z6010). The manufacturer’s instructions were followed, 

including a DNAse incubation step to the extracted RNA. The products were then 

passed through a column and resuspended in nuclease-free water.  RNA was stored 

at -80°C or immediately used for cDNA synthesis. RNA was measured with a 

NanoDrop 2000 Spectrophotometer (Thermo Scientific) and 1 µg of extracted RNA 
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was converted into cDNA using GoScriptTM Reverse Transcription System (Promega, 

A5000) following manufacturer’s instructions.  

 

2.6. Polymerase chain reaction (PCR) 

 

For detection of any residual expression of the ectopically applied Yamanaka 

factors, PCR was carried out with primers that were complimentary to part of the 

Sendai vector as well as the transgenes. For the detection of mRNA transcripts as a 

result of c.1115_1125 del11 mutation, primers to detect wild type, long and short 

mutant transcripts of PRPF31 gene were designed. All primers are listed on Table 2.2. 

The housekeeping gene (GAPDH) was used as a positive control. For the PCR 

reaction mixture, cDNA produced from 1 µg of RNA was amplified using  primers at 

the concentration of 10 µM each in addition to 10 µM dNTP mix, 5X Green GoTaq® 

Reaction Buffer and GoTaq® DNA Polymerase (5 U/µl) (Promega, M3175). The PCR 

consisted of a 35-cycle program of 95°C for 30 seconds, 55°C for 30 seconds followed 

by 72°C for 30 seconds and was carried out using a Mastercycler® thermal cycler. 

Following the reactions, the samples were analysed using a 2% agarose gel 

electrophoresis mixed with GelRedTM Nucleic Acid Stain (Biotium, 41003). A 100 bp 

ladder was run against the samples. 

 

2.7. Quantitative real time polymerase chain reaction (qRT-PCR) 

 

qRT-PCR was performed using the GoTaq™ qPCR Master (Promega) according 

to the manufacturer’s instructions. Each reaction contained 5 μl GoTaq qPCR Master 

Mix (Promega), 0.5 μl cDNA sample, nuclease-free water, and 0.6 μl primers (10 μM). 

All amplified products ranged from 100 to 200 bp in size. The plates were run on an 

Applied Biosystems 7500 fast Real Time PCR machine. The cycling program consisted 

of a hot-start activation at 95°C for 5 minutes, followed by 45 cycles of denaturation at 

95°C for 10 seconds, annealing/extension at 60°C for 30 seconds, and denaturation 

95°C for 1 minute. Following amplification, a melt-curve analysis was performed from 

65°C to 95°C with 0.5°C increments every 10 seconds. Each sample was run in 

triplicates, and the average quantification cycle (Cq) value was determined. Control 
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reactions were run with water instead of template for each primer pair to check for 

primer-dimers and reagent contamination. Normalised gene expression values 

(against GAPDH) were obtained using the ΔΔCT method. All primer details are shown 

in Table 2.1. 

 

2.8. Detection of pluripotency markers by immunocytochemistry 

 

iPSC colonies were fixed in 4% paraformaldehyde (Sigma, 47608) for 15 minutes 

at room temperature and permeabilised with 0.25% Triton-X-100 (Sigma, T8787) for 

40 minutes. Blocking solution was applied (10% FBS + 1% Bovine Serum Albumin - 

Sigma, A3311) for 45 minutes at room temperature before proceeding with addition of 

anti-human SSEA4 conjugated with Alexa Fluor® 555 (BD Biosciences) and anti-

human OCT4 primary antibody (R&D). Secondary staining was performed with the 

antibody anti-goat IgG with FITC (Sigma) diluted in blocking solution, followed by 

nuclear counterstaining with DAPI (Partec, 05-5005). Colonies were imaged using a 

Bioscience Axiovert microscope in combination with the associated Carl Zeiss 

software, AxioVision. All antibody details are shown in Table 2.1. 

 

2.9. Detection of pluripotency markers by flow cytometry analysis 

 

iPSCs were treated with accutase (Gibco, A1110501) for 3 minutes at 37°C to 

dissociate the colonies. The suspension was collected in Phosphate Buffer Saline 

(PBS) and centrifuged for 3 minutes at 300xg. Supernatant was removed and replaced 

with PBS with 0.1% BSA containing TRA-1-60 conjugated FITC (Millipore) and 

NANOG conjugated with Alexa Fluor® 647 (Cell Signaling). Samples were incubated 

in the dark at room temperature for 60 minutes on a shaker. Cells were washed with 

PBS and resuspended in FACS buffer (PBS with 2% FBS).  At least 10,000 events 

were analysed using a FACS Canto II flow cytometer. Results were analysed using the 

FACSDiva software.  
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2.10.  In vitro and in vivo three germ layers differentiation assay 

 

iPSCs were detached from 6-well plates (20-30 colonies per well) using 1 ml of 1 

µg/ml Collagenase type IV (Gibco 17104-019) and 0.5 µg/ml Dispase II (Gibco, 17105-

041) solutions. The colony suspension was transferred to a 50 ml conical tube until the 

colonies settled in the bottom of the tube. The supernatant was carefully aspirated and 

2 ml of differentiation media, containing DMEM-F12 (Gibco 11330), 20% FBS (Gibco, 

10270), 1% Penicillin/Streptomycin (Gibco, 15140), 1% Non-Essential Amino acids 

(Gibco, 11140), was added per well.  The colony suspension was then transferred to 

a 10 cm petri dish and media was changed every day.  After 7 days, the embryoid 

bodies (EBs) were transferred to a gelatin coated 24-well plate or a chamber slide. 

After an additional 7 days colonies were fixed and stained with anti-human SMA, TUJ1, 

AFP, FOXA2, HAND1 and PAX6. Details of all specific antibodies for the three germ 

layers and also secondary antibodies are shown in Table 2.1. As a negative control, 

cells were stained only with secondary antibodies. 

For the teratoma assay, iPSC colonies were dissociated with EDTA and 1 

million cells were resuspended in a 200 μl solution of PBS (Gibco, 14190) + 2% FBS 

(Gibco, 10270). The samples were injected intraperitoneally in immunosuppressed 

mice at the Comparative Biology Centre, at the Medical School, Newcastle University. 

Each injection consisted of 0.5 million cells mixed with 100 μl Matrigel (BD, 354230). 

Following a period of 10 weeks, the mice were euthanized and the teratomae were 

excised, processed and sectioned according to standard procedures and stained for 

Weigert’s haematoxylin, Masson’s trichrome and Mayer’s haematoxylin and eosin 

histological analysis. Sections (5-8 µm) were examined using brightfield microscopy 

and stained tissue photographed as appropriate. 

 

2.11.  Genomic DNA Extraction  

 

Genomic DNA was extracted from pelleted cell cultures following cell lysis, 

isolation, cleaning and elution of DNA, using the QIAamp DNA Mini Kit (Qiagen, 

56304). 
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2.12.   SNP array 

 

DNA samples from the iPSCs and corresponding parental fibroblasts were 

analysed using the Infinium HumanCytoSNP-12 (Illumina, WG-320-2101) SNP array 

following the manufacturer’s instructions. Around 300.000 SNPs were analysed, and 

SNP genotypes (B allele frequency) and physical copy number (R ratios) were 

determined by BlueFuse Multi 4.3 software (Illumina, San Diego, USA). 

 

2.13.  iPSC Differentiation to Retinal Pigment Epithelium (RPE) 

 

iPSC colonies were grown to 80-95% confluency and all differentiation areas 

were removed. MTeSR™1 media was replaced with 2 ml of differentiation medium 

[Advanced RPMI 1640, (12633, Gibco), GlutaMAX-1 (35050, Gibco), 

penicillin/streptomycin (Gibco, 15140) and B-27 (Gibco, 17504)] supplemented with 10 

μM SB431542 (STEMCELL™, 72232) and 10 ng/ml Noggin (R&D Systems, 6057-NG-

025) from days 0 to 5. From days 6-9 only 10 ng/ml Noggin (R&D Systems, 6057-NG-

025) was added to the medium. From days 10-15, the medium was supplemented with 

5 ng/ml Activin A (PeproTech, 120-14A) and from days 16-21 Activin A was replaced 

with 3 μM CHIR99021 (Sigma, SML1046). The cells were then fed every two days until 

the first RPE patches appeared, normally by week 4 of differentiation. RPE patches 

were mechanically picked and placed in TryPLE Express (Gibco, 12604013) for 30 

minutes to dissociate the cells, agitated by gentle pipetting at 10, 20 and 30 minutes. 

Cells were sieved using a 100 µm cell strainer and re-plated at 4.5 x 105 cells per cm2 

on 24 well plates or 0.33 cm2 PET hanging cell culture inserts (Merck Millipore; 

Billerica, United States) coated with Matrigel™ GFR (Corning, 354230). 

 

2.14.  Counting of pigmented areas and measurement of pigment intensity 

 

Original plates with pigmented patches were scanned at days 30, 60, 90 and 120. 

ImageJ (ImageJ 1.49, National Institutes of Health-USA) was used to count the number 

of pigmented foci and measure the intensity of pigmentation in images from a well of a 

6-well plate for each experiment. The images were converted to 8-bit greyscale and 
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the function “find edges” was applied to detect and highlight the pigmented areas. The 

function “analyze particles” was then used on the images to detect and count 

pigmented areas by contrast, equal or greater than 18 pixels in size. The intensity of 

pigmentation was assessed by ImageJ through the measurement of grey areas in the 

images, where the higher values were associated with the decrease of white/grey 

areas and increase of dark pigmentation. The average number of foci and intensity of 

pigmentation values were divided by the area of the well. 

 

2.15.  Measurement of Trans-Epithelial Resistance (TER)  

 

TER was performed using a Millicell ERS-2 Voltohmmeter (Millipore, 

MERS00002) by measuring the resistance of the blank transwell insert with PBS 

(Gibco, 14190) and the insert with RPE cells. The shorter and longer tips of the 

electrode were inserted in the transwell apical and in the basolateral chambers, 

respectively. The resistance was measured twice in each transwell insert. The 

resistance reading of the blank was then subtracted from the resistance reading of the 

cells for each measurement. The results were multiplied by the membrane area value 

using the formula: Unit area resistance = Resistance (Ω) x Effective Membrane Area 

(cm2), where the final value was given in ohms (Ω).  

 

2.16.  Transmission Electron Microscopy (TEM)  

 

RPE samples were fixed with 2% gluteraldehyde in 0.1M sodium cacodylate 

buffer and sent to the Transmission Electron Microscopy facilities at Newcastle 

University, where samples were post-fixed in 1% osmium tetroxide, dehydrated in 

gradient acetone and embedded in epoxy resin. Ultrathin sections (70 nm) were picked 

up on copper grids, stained with uranyl acetate and lead citrate and imaged using a 

Philips CM100 transmission electron microscope with high resolution digital image 

capture.  
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2.17.  Serial Block Face SEM (SBFSEM) 

 

Cells were fixed overnight in 2% glutaraldehyde in 0.1M sodium cacodylate 

buffer. Once fixed, the samples were processed using the heavy metal staining 

protocol adapted from Deerinck et al. (2018). Briefly, samples were incubated in a 

series of heavy metal solutions -3% potassium ferrocyanide in 2% osmium tetroxide, 

10% thiocarbohydrazide, 2% osmium tetroxide again, 1% uranyl acetate overnight, 

and finally lead aspartate solution. Between each step the samples were rinsed 

thoroughly in several changes of deionised water. Samples were dehydrated through 

a graded series of acetone and then impregnated with increasing concentrations of 

Taab 812 hard resin, with several changes of 100% resin. The samples were 

embedded in 100% resin and left to polymerise at 60°C for a minimum of 36 hours. 

The resin blocks were trimmed to approximately 0.75 mm by 0.5 mm and glued onto 

an aluminium pin. In order to reduce sample charging within the SEM, the block was 

painted with silver glue and sputter-coated with a 5 nm layer of gold. The pin was 

placed into a Zeiss Sigma SEM incorporating the Gatan 3view system, which allows 

sectioning of the block in situ and the collection of a series of images in the z-direction. 

Multiple regions of interest were imaged at x2000 magnification, 3000 x 1500 pixels 

scan, which gave a pixel resolution of approximately 15 nm. Section thickness was 50 

nm in the z-direction. In the resulting z-stacks, cilia were identified and segmented 

manually using Microscopy Image Browser (MIB, University of Helsinki). The 

segmentations were imported into Amira (FEI) for construction of the 3D models. 

 

2.18.  Phagocytosis Assay  

 

Bovine Rod Photoreceptor Outer Segments (POS) (InVisionBioResources, 

98740) were centrifuged at 2600xg for 4 minutes and the pellet was resuspended in 

100 μl of Advanced RPMI 1640 medium (12633, Gibco). The POS were incubated with 

0.4 mg/ml FITC for 1 hour at room temperature and agitated in the dark. POS were 

centrifuged at 2600xg for 4 minutes and washed three times with PBS (Gibco, 14190). 

Then, they were resuspended in AdRPMI 1640 (12633, Gibco) supplemented with B-

27 (Gibco, 17504) and 10% Fetal Bovine Serum (FBS) (Gibco, 10270) and the staining 

was confirmed under a Bioscience Axiovert microscope. RPE cells were treated with 
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1 x 106 POS-FITC per cm2 and incubated for 4 hours at 37°C. Control RPE cells were 

treated with the same number of non-stained POS and incubated for the same time. 

Controls treated with stained POS and incubated at 4°C were also set up. Cells were 

rinsed with PBS supplemented with calcium and were detached from the wells using 

200 μl of TrypLE Express (Gibco, 12604013) for 5-8 minutes. TrypLE was neutralised 

by the addition of 500 μl of AdRPMI 1640 medium with 10% FBS and POS were 

centrifuged at 300xg. Cells were washed with 0.2% Trypan Blue Solution (Sigma, 

T8154) to quench fluorescence from bound POS, washed with PBS and suspended in 

FACS buffer (PBS with 2% FBS). 5 mM DRAQ5 (Biostatus, DR50200; 1:2500) was 

used to distinguish cells from debris and outer segments. Samples were analysed 

immediately on a LSRII flow cytometer and 10,000 events were collected per sample. 

Results were analysed using FacsDiva software. 

 

2.19.  RPE Cytokine Secretion Studies 

 

Medium from basal and apical chambers of transwell inserts were collected from 

RPE cells of healthy controls and patients. The levels of PEDF and VEGF secretion 

were measured by using human PEDF-ELISA Kit (Cusabio, CSB-E08818h) and 

human VEGF-ELISA Kit (Life technologies KHG0111) according to manufacturer's 

instructions. 

 

2.20.  RPE Characterisation by Immunocytochemistry 

 

Cells were fixed in 4% paraformaldehyde (Sigma, 47608) for 15 minutes at room 

temperature and permeabilised with 0.25% Triton-X-100 (Sigma, T8787) for 15 

minutes, followed by treatment with blocking solution (3% BSA in PBS, Sigma, A3311) 

for 30 minutes at room temperature. Cells were treated with primary antibodies Anti-

Bestrophin (Abcam, 1:300), Anti-Sodium Potassium ATPase (Alexa Fluor® 488 

conjugate) (Abcam, 1:50), Pericentrin (Abcam, 1:500), MERTK (Bethyl, 1:200), 

ARL13B (Proteintech, 1:500), Collagen IV (Abcam, 1:200), PRPF31 (Abnova, 1:500) 

and SNRPB Monoclonal Antibody (Y12) (Thermo, 1:500),  overnight at 4°C, and with 

secondary antibodies anti-rabbit FITC (Sigma, 1:500) or anti mouse FITC (Jackson 
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Immuno Research, 1:500) and anti-mouse Cy3 (Jackson Immuno Research, 1:500) or 

anti-rabbit Cy3 (Jackson Immuno Research1:500) diluted in PBS for 1 hour at room 

temperature. Washes with PBS were carried out between and after treatments. Finally, 

cells were treated with the nuclear stain-DAPI (Partec, 05-5005), and imaged using a 

Nikon A1R Confocal microscope in combination with the associated NIS Elements 

software. All antibody details are shown in Table 2.1. 

 

2.21.  Inhibition of nonsense-mediated mRNA decay (NMD)  

 

Inhibition of NMD was achieved by incubating 10 x104 cells per cm2 with 300 

μg/ml of puromycin (Sigma-Aldrich) for 6 hours. All negative controls were treated with 

a relevant volume of DMSO alone. Cells were pelleted and RNA was extracted for 

semi-quantitative RT-PCR analysis. 

 

2.22.  Western blot analysis 

 

Cells were washed with PBS and lysed in lysis buffer (40 mM HEPES pH 7.4, 

150 mM NaCl, 1% Triton X-100, 1 mM phenylmethylsulfonylfluoride, 1 mM sodium 

orthovanadate and 0.5 mM DTT) supplemented with phosphatase inhibitor and EDTA-

free protease inhibitor cocktails (Roche). The concentration of total protein in cleared 

lysates was measured by Bradford assay and about 20 µg of each sample was 

analysed by western blotting followed by immunostaining using antibodies against 

SART1, PRPF8, Snu114, PRPF31 (against its N terminus or C terminus), PRPF4 and 

SF3b155, and the Amersham ECL detection kit (GE Healthcare). All antibody details 

are shown in Table 2.1.  
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2.23.  E1A alternative splicing assays 

 

Total RNA was extracted from cells transduced with the E1A lentivirus using an 

RNA extraction kit (Macherey Nagel). E1A alternative splicing was analysed by RT-

PCR with 1 µg of the total RNA sample using the high-capacity cDNA reverse 

transcription kit (Applied Biosystems) and GoTaq DNA polymerase (Promega). PCR 

was performed with the 5′-end radiolabelled exon 1 forward primer (5′-

GTTTTCTCCTCCGAGCCGCTCCGA) and the exon 2 reverse primer (5′-

CTCAGGCTCAGGTTCAGACACAGG) by using the following programme: 95 °C for 

2 min, 30 cycles of 95 °C for 30 s, 64 °C for 30 s, 72 °C for 1 min, and a final step of 

72 °C for 5 min. PCR products were separated by denaturing polyacrylamide gel 

electrophoresis (PAGE), visualised by autoradiography using a Typhoon Trio plus 

scanner (GE Healthcare) and quantified using Quantity One software (Bio-Rad). 

2.24.  RNA Sequencing 

 

Total RNA was extracted from tissue using TRIzol (ThermoFisher Scientific Inc). 

RNA samples were treated with a TURBO DNA-free™ Kit (Ambion Inc.) using 

conditions recommended by the manufacturers, and then cleaned with an RNA Clean 

& Concentrator™-5 spin column (Zymo Research Corp.) RNA was tested for quality 

and yield using a NanoDrop 1000 spectrophotometer and an Agilent 2100 Bioanalyzer. 

RNA-seq analysis was performed for all patients and all controls as triplicate biological 

repeats. To minimize bubble PCR artefacts, 100 ng of purified total RNA was used for 

library preparation, following the “TruSeq” Illumina protocol. In brief, RNA was polyA-

selected, chemically fragmented to about 200 nt in size, and cDNA synthesized using 

random hexamer primers. Each individual library received a unique Illumina barcode. 

RNA-seq was performed on an Illumina HiSeq 2000 or HiSeq2500 instrument with six 

or eight libraries multiplexed per flow-cell lane using 100 bp paired-end reads. This 

resulted in an average of 250 million reads per lane, with an average of 40 million reads 

per sample. Raw reads were aligned to the human (Homo sapiens) full genome 

(GRCm38, UCSC mm10) using STAR, a splice-aware aligner (Dobin et al., 2013). GTF 

transcript annotation files were downloaded from Ensembl. Transcripts were 

assembled using STAR, followed by estimates of raw gene counts using HTSeq 

(Anders et al., 2015). Differential gene expression was analysed using DESeq2 (Love 
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et al., 2014) with statistical significance expressed as a p-value adjusted for a false 

discovery rate of 0.01 using Benjamini-Hochberg correction for multiple-testing. 

Alternative splicing analysis was then carried out using rMATS (Park et al., 2013). 

For each comparison being made we used the sorted BAM files produced by STAR to 

run rMATS using default unpaired settings. Reported splicing changes were 

considered significant if they had a p-value less than 0.05 and a change in inclusion 

level difference of more than 5%. GO Enrichment Analysis was carried out on the 

genes found to have significant splicing changes via clusterProfiler (Yu et al., 2012). 

Multiple testing corrections were carried out using the Benjamini-Hochberg method 

with an adjusted p-value < 0.05 denoting significantly enriched gene ontology. 

 

2.25.  Cilia Length and Frequency Measurements in RPE Cells 

 

The length of cilia was measured by a 3D method using Imaris 8.3 Software 

(Bitplane Inc). Immunocytochemistry Z-stacks images of RPE samples from patients 

and controls were uploaded to Imaris. Surfaces were created to cover all the length of 

the cilia across the bottom and top of the stacks. The values were given in μm and a 

minimum of 150 cilia were independently measured for each sample. The cilia 

incidence was calculated by counting the number of cilia per cell in each image. Z-

stacks were uploaded to Imaris software and spots were created for the blue (DAPI) 

and green (FITC) channels to cover all nuclei and cilia of cells. The percentage of cilia 

spots per nuclei spots was calculated and a minimum of 300 cells were counted per 

sample.  

 

2.26.  CRISPR/Cas9 Correction of PRPF31 Mutation in the RP11VS 

 

Correction of PRPF31 mutation in the RP11VS iPSCs was achieved by using the 

CRISPR/Cas9 system in combination with ssODNs as homologous templates covering 

the mutation site. The online design tool (http://tools.genome-engineering.org) was 

used to design the sgRNA sequences and predict off-targets. The sgRNA (Table 2.2), 

which targets only mutant but not wild-type PRPF31 sequences and predicted to have 

low off-targets, was chosen. The sgRNA was cloned into the CRISPR/Cas9 vector 
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(pSpCas9(BB)-2A-Puro) following the protocol from Ran et al. (2013). The ssODN 

template with wildtype PRPF31 sequences was designed manually with 91bp 

homology arms on each side of the mutation region (Table 2.2). The sgRNA-

CRISPR/Cas9 vector and ssODN were co-transfected into the RP11VS iPSCs by 

using Lipofectamine-3000 (Invitrogen) according to the manufacturer’s instructions. 24 

hours after transfection, puromycin (0.2 µg/ml) was added for 2 days.  4-5 days after 

selection, the resistant iPSCs were dissociated into single cells using Accutase (Gibco, 

A1110501). 100,000 cells in mTeSR1 media supplemented with ROCK inhibitor (Y-

27632, Chemdea, CD0141, 20 µM) were plated on a 10 cm Matrigel-coated dish. After 

7 days, the colonies were picked and transferred to a cell culture 96-well plate. When 

the wells became confluent, iPSCs were split in two 24-well plates for further expansion 

and DNA isolation. Genomic DNA (gDNA) was isolated using QIAamp DNA Mini Kit 

(Qiagen, 56304). Subsequently, PCR were performed with the primers including 

PRPF31-mutation specific primers; PRPF31-WT specific primers; PRPF31-

mutation/WT primers (Table 2.2). The positive clones, which are negative for PRPF31-

mutation specific primers and positive for PRPF31-WT specific primers were 

sequenced to confirm in situ gene-editing of PRPF31. 

sgRNA off-target sequences were predicted using the online design tool 

(http://tools.genome-engineering.org). Each sgRNA off target sequence was blasted 

against the human genome reference (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Capture intervals were expanded by approximately 500 bp in both the 5’ and 3’ 

directions. Primers were designed for this region (Table 2.2). The PCR products were 

then sequenced to check the off-target effects of sgRNA. 

 

2.27.  Quantification and Statistical Analysis 

 

p-values were calculated of normally distributed data sets using a two-tailed 

Student’s t test, or One-way ANOVA with Dunnett's post-hoc test, or two-way ANOVA 

with Bonferroni post-hoc tests using GraphPad Prism Software Inc. (San Diego, CA, 

USA). Statistical analyses represent the mean of at least three independent 

experiments, error bars represent standard error of mean (s.e.m.) or as otherwise 

indicated. The statistical significance of pairwise comparisons shown on bar graphs is 

indicated by: n.s. not significant, * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 
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For cell populations, a minimum of 100 cells were counted from >10 separate fields of 

view. 
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Table 2.1. List of antibodies used for ICC and their dilutions. 

  

Name Dilution Clone 
Company/ Catalogue 
number 

Anti-ARL13B 
1 in 500-
1000 

Rabbit polyclonal, IgG Proteintech/ 17711-1-AP 

Anti-PRPF31 
1 in 100-
500 

Goat polyclonal Abnova/ PAB7154 

Anti-SNRPB (Y12) 1 in 500 
Mouse monoclonal IgG3, 
F-2 

ThermoFisher/ MA5-13449 

Anti-Bestrophin  [E6-6] 1 in 300 
Mouse monoclonal IgG1, 
kappa [E6-6]  

Abcam/ ab2182 

Anti-Sodium Potassium 
ATPase 
(Alexa Fluor® 488 conjugate) 

1 in 50 
Rabbit monoclonal 
[EP1845Y] 

Abcam/ ab197713 

Anti-NANOG  
(Alexa Fluor® 647 conjugate) 

1 in 150 Rabbit monoclonal 
Cell Signalling Technology/ 
5448S  

Anti-TRA-1-60  
(FITC conjugate) 

1 in 60 Mouse monoclonal 
Merck Millipore/ 
FCMAB115F 

Anti-SMA 1 in 100 Mouse IgG2a Thermofisher/ A25538 

Anti-TUJ1 1 in 500 Rabbit Thermofisher/ A25538 

Anti-AFP 1 in 500 Mouse IgG2a Thermofisher/ A25538 

Anti-FOXA2 1 in 250 Mouse monoclonal Abcam/ ab60721 

Anti-HAND1 1 in 350 Rabbit polyclonal Abcam/ ab46822 

Anti-PAX6 1 in 350 Rabbit polyclonal Convance/ PRB-278P 

Anti-SSEA4  
(Alexa Fluor®555 conjugate) 

1 in 200 Mouse IgG1 BD Biosciences/560218 

Anti-OCT4 1 in 200 Polyclonal Goat IgG R&D/ AF1759 

Anti-Pericentrin  1 in 500 Mouse Monoclonal IgG1 Abcam/ ab28144 

Anti-MERTK 1 in 200 Rabbit Bethyl/ A300-222A 

Anti-Collagen IV  1 in 200 Rabbit polyclonal Abcam/ ab6586 

Anti-PRPF8 1 in 2500 Rabbit polyclonal Homemade 

Anti-SF3b155 1 in 2000 Rabbit polyclonal Homemade 

Anti-Snu114 1 in 5000 Rabbit polyclonal Homemade 

Anti-PRPF4 1 in 1000 Rabbit polyclonal Homemade 

Anti-SART1 1 in 1000 Rabbit polyclonal Homemade 

Anti-PRPF31 (against C-
terminus) 1 in 1000 Rabbit polyclonal Homemade 

SECONDARY ANTIBODIES    

Name Dilution   
Company/ Catalogue 
number 

Goat anti-Mouse IgG, Alexa 
Fluor 488 

1 in 2000   
Life Technologies Ltd/ 
A11029 

Goat anti-Mouse IgG, Alexa 
Fluor 568    

1 in 2000   
Life Technologies Ltd/ 
A11031 

Goat anti-Rabbit IgG, Alexa 
Fluor 488     

1 in 2000   
Life Technologies Ltd/ 
A11034 

Goat anti-Rabbit IgG, Alexa 
Fluor 568                 

1 in 2000   
Life Technologies Ltd/ 
A11011 

Anti-Mouse-IgG-FITC 1 in 500   
Jackson Immuno 
Research/ 715-095-151 

Anti-Mouse-IgG-Cy3 1 in 500   
Jackson Immuno 
Research/ 115-165-003 

Anti-Rabbit-IgG-Cy3 1 in 500   
Jackson Immuno 
Research/ 111-165-003 

Anti-Goat-IgG-FITC 1 in 500   
Jackson Immuno 
Research/ 705-096-147 
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Table 2.2. List of primers used for PCR and Q-PCR. 

  

MUTATION VALIDATION  

 Forward Reverse 
Size  
of Products 

c.522_527 
+10del exons 
6,7 

GTTCCCGAGCCTCCCCTATCTTCT 
CGCTCCAGCTCCTCCTCCGACA
G 

320 bp 

c.1115_1125 
del11 exons 
10,11 

GTGGCGGTGAGGCAGCATTAGGT
G 

CTGGCTGGCTGTGGGGTTGAG
GA 

430 bp 

GAPDH 
GGCATGGACTGTGGTCATGAG 
 

TGCACCACCAACTGCTTAGC 
 

81 bp 

SENDAI CLEARANCE PRIMERS 

SeV GGATCACTAGGTGATATCGAGC 
ACCAGACAAGAGTTTAAGAGAT
ATGTATC 

181 bp 

KOS ATGCACCGCTACGACGTGAGCGC ACCTTGACAATCCTGATGTGG 528 bp 

Klf4 TTCCTGCATGCCAGAGGAGCCC AATGTATCGAAGGTGCTCAA 410 bp 

c-Myc TAACTGACTAGCAGGCTTGTCG 
TCCACATACAGTCCTGGATGAT
GATG  

532 bp 

GAPDH GGCATGGACTGTGGTCATGAG TGCACCACCAACTGCTTAGC 81 bp 

PRPF31-EXON11-WT,LM,SM 

h-prpf_ex10F-
to-EX12R 

     TGGATGGACAGCGGAAGAAG 

 

CTCGTTTACCTGTGTCTGCC 

 

203 bp (WT) 
192 bp (LM) 
130 bp (SM) 

gRNA, ssODN, PRIMERS FOR CRISPR-CAS9 

PRPF31-
exon11-
gRNA  

GAGATCCAACCGTATGAGCTT 

PRPF31-
exon11-
ssODN 

GTCCTCCTCCCAGCCGACTCCCTGGCGCCGCCCACCCACCCGTCCCCAGGTACCGCAAGAT
GAAGGAGCGGCTGGGGCTGACGGAGATCCGGAAGCAGGCCAACCGTATGAGCTTCGGAGA
GGTCAGACTCCCAGAGCGCCCTCCTCAACCCCACAGCCAGCCAGCCGCCACCGCCCTCTGC
CTCCTGCCA 

sgRNA OFF-TARGET SEQUENCES PCR PRIMERS FOR OFF-TARGET REGION 

Offtarget-
1 

CAGGCCAACCGTATGAGCTT
CGG 

CGCAAATTCGACAAGTGGC
A 

GCTTTGGGGCTGAACGG
ATG 

Offtarget-
2 

AGAAACTACAGTATGAGCTTA
GG 

GGAGATTGTGCCTCAGTGC
T 

TCTTGAGCACTTCACCAT
TCTT 

Offtarget-
3 

ACAACCAAAGGTATGAGCTTC
AG 

TGGGTCTTCTTTGTCCTGAC
T 

GCATAGGCTGCTTGGCAA
AT 

Offtarget-
4 

CTATCCAACTGAATGAGCTTG
GG 

TGCTGGGAGGGTCTTACAC
T  

TGGCCAGCTACATCCAAG
AA 

Offtarget-
5 

AGAGTCAGCCGTCTGAGCTT
TGG 

CACGGCCTGGGATAACATA
CT 

GGCCATACTGCCTATCAC
ACA 

Offtarget-
6 

AGACCCTACTCTATGAGCTTA
GG 

AGTTATTGGGCCGAACCTG
G 

CAACAGCCAGTTACGGTT
GC 

Offtarget-
7 

ACATCAAAGGGTATGAGCTTT
AG 

GAAATGACCTGGGTGGAAG
C 

TACTCTGTGAACACATGA
GCCAG 

Offtarget-
8 

AGATCCATCTGTATGTGCTTG
GG CCTCCCACACCGCACA 

TGCCTGTCAGTAGGAGAG
AGG 

Offtarget-
9 

AGCTACAACCAGATGAGCTTC
AG 

AGGTTGACAAACATGGCTT
GG 

AAGTCAAGCTGGTGCCTA
AG 

Offtarget-
10 

AGAACTAACAGTATGAGCTCC
AG 

AGTTCAGGCCAAGCAGATC
A 

AAATGCCTAGCCTGAGGT
CTG 

Offtarget-
11 

GGATCTAACAGTTTGAGCTTG
AG 

CCTGGGATTCAAACTCCAC
CT 

ACTGCATGCCAGGCAATA
TG 

MUTATION SPECIFIC PRIMERS 

 Forward Reverse 

PRPF31-exon11-Mutation 
Specific Primer 

CGCAAATTCGACAAGTGGCA TCCGAAGCTCATACGGTTGGATC 

PRPF31-exon11-WT Specific 
Primer 

CGCAAATTCGACAAGTGGCA GAAGCTCATACGGTTGGCCTGCTT 

PRPF31-exon11-Mutation/WT 
Primer 

CGCAAATTCGACAAGTGGCA GCTTTGGGGCTGAACGGATG 
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 - Generation and characterisation of iPSCs 

 

3.1. Introduction 

 

 The ability to generate patient-specific induced pluripotent stem cells and the 

great potential of iPSCs to differentiate into disease-relevant cell types, make these 

cells excellent models for in vitro disease modelling (Tucker et al., 2013; Capowski et 

al., 2014; Sterneckert et al., 2014; Yoshida et al., 2014). Unlike primary cultures, iPSCs 

are capable of self-renew, providing unlimited cell source to investigate diseases at 

molecular, cellular, and functional levels. This is particularly useful for PRPF31-RP, 

since its phenotype is restricted to clinically relevant cells, such as RPE cells and 

photoreceptors. 

 The reprograming into iPSCs is initially directed by the expression of the 

reprogramming transgenes, which are required by the transduced cells for 2-3 weeks, 

and during this time a cascade of events is initiated in the cells of origin which 

culminates in the silencing of cell type-specific genes and in the activation of 

endogenous genes required for pluripotency and self-renewal such as OCT4, SOX2 

and NANOG (Takahashi et al., 2007). Once properly established, the pluripotency 

state is maintained, and the cells exhibit expression of pluripotency genes and the 

ability to give rise to any cell types from the three germ layers (Chan et al., 2009). 

The differential potential of iPSCs, however, can be affected by some limitations 

that are still inherent to iPSC technology. This includes incomplete reprograming, 

integration of reprogramming transgenes to the host’s genome and introduction of 

genetic variation during the course of reprograming or continuous passaging, 

especially in long-term cultures (Figure 3.1). Therefore, the iPSC characterisation 

process is essential to ensure the generation of bona fide iPSC lines, suitable for 

downstream applications (Liang and Zhang, 2013a). 
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Figure 3.1. Sources of genetic variation throughout the process of iPSC generation and differentiation. 
Transduction of iPSCs with reprogramming transgenes (RTs) can lead to mutagenesis by integration of 
transgenes to the host’s genomes. Incomplete reprogramming can result in genetic variation due to 
failure of the removal of somatic epigenetic marks in the reprogrammed cells. CNVs: copy number 
variants, SNVs: single nucleotide variants. 
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3.2. Aims 

 

This chapter aims to describe the process of generation and characterisation of 

control and PRPF31-iPSCs generated for this study as follows: 

 Mutation validation of control and PRPF31-mutant cell lines 

 Generation of iPSCs by transduction of controls and PRPF31-mutant fibroblasts 

with Sendai vectors containing reprogramming transgenes 

 Detection of residual expression of Sendai genome and reprogramming 

transgenes in controls and PRPF31-mutant iPSC lines  

  Assessment of pluripotency of controls and PRPF31-mutant iPSCs by 

expression of pluripotency markers and in vitro and in vivo differentiation 

potential 

 Analysis of chromosomal abnormalities and confirmation of genetic identity of 

controls and PRPF31-mutant iPSCs, as well as parental fibroblasts 
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3.3. Control and patient’s samples 

 

Seven patients with PRPF31 mutations were identified in collaboration with Mr. 

Martin McKibbin, Mr. David Steel and Prof. Chris Inglehearn at St James University 

Hospital, Leeds. Skin biopsies were deposited at the Newcastle’s University Biobank, 

which was able to derive dermal skin fibroblasts following appropriate ethics consent. 

Three patients from the same family harboured a deletion at exon 11 (c.1115_1125 

del11), another three patients from other unrelated family harboured a deletion at exon 

6 in PRPF31 gene (c.522_527+10del) and one patient had a single point mutation in 

exon 3 (c.201delT) (Figure 3.2). The age and phenotypes of the patients are shown in 

table 3.1. 

 

 

Figure 3.2. Family pedigrees of RP-PRPF31 patients and their respective mutations. A: Paternal aunt 
and two siblings harbouring mutation c.1115_1125del11. B: Mother and two siblings harbouring 
mutation c.522_527+10del. C: Single patient harbouring mutation c.201delT. Question marks represent 
unknown genotypes/phenotypes  
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Table 3.1. Age matched controls and PRPF31-mutant patients used in this study. All patients, shown in 
column ‘Sample No.’, are named as RP11 followed by A (asymptomatic), M (moderate), S (severe) and 
VS (very severe) and two unaffected controls are referred to as WT1 and WT3. 

 

 

 

  

Case No. 
Sample 
No. 

Lab 
ID. 

Initials 
Age  
(biopsy) 

Age  
(onset of 
symptoms) 

Sex Type Genotype Phenotype 

Control WT1 AD2 - 51 - M - - Unaffected  [LONZA, 0000293971] 

Control WT3 AD4 - 68 - M - - Unaffected  [LONZA, 0000268030] 

1 RP11S1 F116 MR 69 10 F PRPF31 c.1115_1125 del11 

Severe - Presented with night blindness aged 
10yrs old with decreased central vision by 
30yrs. Cataract requiring surgery in 50s. 
Current visual acuity 6/60 and 6/24.   
Bilateral extensive bone spicular fundal 
pigmentation, attenuated arterioles and pale 
optic discs with small preserved islands of 
RPE in macula. 

2 RP11M F118 RH 52 10 M PRPF31 c.1115_1125 del11 

Moderate - Presented with night blindness 
aged 10yrs old. Cataracts requiring surgery 
at early age. Current. Acuity 6/9 both eyes 
and still meeting legal requirements for 
driving. Ring of bone spiculation (about 4 
Optic Disc Diameters wide) anterior to 
arcades, maculae normal. 

3 RP11VS F119 SH 45 10 M PRPF31 c.1115_1125 del11 

Very Severe - Presented with night blindness 
aged 10yrs old with decreased central vision 
by 30yrs.  Also has right optic nerve 
hypoplasia. Current visual acuity - No 
perception of light right eye and 6/18 left. 
Bilateral extensive bone spicular fundal 
pigmentation, attenuated arterioles and pale 
optic discs and visual field restricted to 
around 5 degrees from fixation. 

4 RP11A F149 RW 78 Asymptomatic F PRPF31 c.522_527+10del 

Mild – Asymptomatic patient and mother of 
cases 2 and 3. No visual symptoms but 
subtle intra retinal pigment migration 
peripherally in both fundi. Visual acuity 6\9 
bilaterally. 

5 RP11S2 F255 HD 49 15 F PRPF31 c.522_527+10del 

Severe – Presented with night blindness 
aged 15yrs old with decreased central vision 
by 30yrs. Current visual acuities 6/18 and 
6/36 with a refraction of -2 and bilateral 
posterior subcapsular cataracts. Bilateral 
extensive bone spicular fundal pigmentation, 
attenuated arterioles and pale optic discs. 

6 RP11S3 F150 AW 50 15 F PRPF31 c.522_527+10del 
Severe – very similar clinical phenotype and 
age of onset to sister, patient RP11S2. 

7 RP11S4 F117 CW 52 18 F PRPF31 c.201delT 

Severe - Presented with night blindness aged 
10yrs old and reduced central vision from 20 
years old. Cataracts requiring surgery at 
early age. Current visual acuity Hand 
movements bilaterally. Bilateral extensive 
bone spicular fundal pigmentation, 
attenuated arterioles and pale optic discs 
with central macular atrophy also.  Visual 
field constricted to <5 degrees from fixation. 
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3.4. Confirmatory mutation screening analysis 

 

To confirm the genotype of the fibroblasts, the regions harboring the mutations 

were amplified by PCR with primers that flanked mutated regions and submitted to 

Sanger sequencing. This was also performed in fibroblast derived-iPSCs to ensure 

that all iPSCs generated had the same mutations of the parental fibroblasts. 

Three patients, harboring the mutation c.1115_1125 del11 were screened for 

PRPF31 exon 11, where the mutation was located. Screening of this sequence in 

patients RP11S1, RP11M and RP11VS (Figure 3.2A, Table 3.1) revealed a 11 bp 

deletion in exon 11, present in fibroblasts and iPSCs (Figure 3.3). One of the predicted 

effects of this mutation is the inactivation of an exonic splicing enhancer, leading to the 

skipping of exon 11 during splicing and out of phase premature termination codon 

(PTC) in exon 12 (Vithana et al., 2001). This could then result in a short mRNA 

transcript encoding 387 amino acids, which would be sensitive to nonsense-mediated 

mRNA decay (NMD), or it could result in the formation of a long mRNA transcript 

containing the deletion in exon 11 and a PTC before the natural termination codon in 

exon 14, encoding 469 amino acids (Figure 3.4) (Rio Frio et al., 2008). The effects of 

the mutations were confirmed, and results are shown in Chapter 5.  
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Figure 3.3. Sequences of PRPF31 exon 11 from WT1 control iPSC (upper), RP11VS iPSC (middle) and 
RP11VS fibroblast (lower). As the mutation is heterozygous, the middle and lower images show both 
the mutated and normal sequences superimposed after the deletion. The spaces inside the red box 
were created to facilitate the view of the deletion and the alignment of the control and PRPF31-RP 
sequences. The other two patients of the same family showed the same deletion. 

 

 

 

Figure 3.4. Predicted effects of the PRPF31 c.1115_1125del mutation on its own transcripts. The 
mutation, represented by the vertical dotted bar, result in either a long mRNA transcript containing the 
deletion in exon 11 and a PTC just before the termination codon in exon 14, or a short mRNA transcript 
formed by the skipping of exon 11 during splicing and a PTC in exon 12. 
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Three patients (RP11A, RP11S2 and RP11S3) harboring the mutation 

c.522_527+10del were screened for PRPF31 exon 6, where this mutation was located 

(Figure 3.2B, Table 3.1). The sequences confirmed the mutation was present in 

fibroblasts and iPSCs (Figure 3.5). This mutation consists of a 16 bp deletion starting 

at the end of exon 6 and ending at the beginning of intron 6 and delete codons 175 

and 176, which encode glutamine and glycine residues. It also deletes the first 10 bp 

of intron 6, including the exon 6/intron 6 boundary and splice donor site.  The new 

mRNA transcript may include intron 6, encoding 7 novel amino acids, or exclude exon 

6 entirely (Ghazawy et al., 2007) (Figure 3.6).  

 

 

Figure 3.5. Sequences of PRPF31 exon 6 from WT1 control iPSC (upper), RP11S2 iPSC (middle) and 
RP11S2 fibroblast (lower). As the mutation is heterozygous, the middle and lower images show both 
the mutated and normal sequences superimposed after the deletion. The spaces inside the red box 
were created to facilitate the view of the deletion and the alignment of the control and PRPF31-RP 
sequences. The other two patients of the same family showed the same deletion. 
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Figure 3.6. Predicted effects of the PRPF31 c.522_527+10del mutation on its own transcripts. The 
mutation, represented by the vertical dotted bar, result in either a mRNA transcript containing the 
deletion in exon 6, including intron 6, or a short mRNA transcript formed by the skipping of exon 6 
entirely. 

 

 

Figure 3.7. Sequences of PRPF31 exon 3 from control iPSC (upper), RP11S4 iPSC (middle) and 
RP11S4 fibroblast (lower). As the mutation is heterozygous, the middle and lower images show both 
the mutated and normal sequences superimposed after the deletion. The single space inside the red 
box was created to facilitate the view of the deletion and the alignment of the control and patient 
sequences.  
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The other sequence screened was PRPF31 encompassing exons 2 and 3 

together.  The screening of this sequence in the patient RP11S4 (Table 3.1) revealed 

a single base pair deletion in exon 3 (Figure 3.7). This sequence mutation is denoted 

c.201delT and it is a frameshift mutation, resulting in 13 novel amino acids with a stop 

codon at exon 4. The patient bearing this mutation has a severe RP phenotype. The 

patient is presented with night blindness in the first decade of life and reduced central 

vision in the second decade.   

 

3.5. Generation of control and PRPF31 patient-specific iPSC 

 

Fibroblasts from the unaffected controls and PRPF31-mutant patients were 

reprogrammed using the non-integrative Sendai viral particles encoding the 

reprogramming factors KOS (KLF4, OCT3/4 and SOX2), C-MYC and KLF4. The main 

steps required for reprogramming human fibroblast cells to generate iPSCs are shown 

in figure 3.8A. 
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Figure 3.8. Overview of the reprogramming process. A: Reprogramming timeline for generation of 
iPSCs.  B: Microscope images showing changes from patient-specific RP11S2-PRPF31 fibroblasts to 
induced pluripotent stem cells. Day 1: Fibroblasts of passage 5. Day 7: Cells changing morphology. Day 
15: Observation of the first colonies. Day 23: Colonies showing typical iPSC morphology, ready to be 
picked and transferred to matrigel. Day 30: Colonies on matrigel passage 1 show typical morphology of 
iPSCs. 

 

On day 1 of the reprogramming protocol the fibroblast cultures were transduced 

with the vectors containing reprogramming transgenes. Following a 7-day period, the 

morphology of fibroblasts began to change from a long, elongated form to a small and 

circular conformation with reduced cytoplasm and large nuclei, typical of iPSC 

morphology (Figure 3.8B). Over the following three weeks, fully reprogrammed cells 

formed compact thin colonies, delimited by distinct borders (Figure 3.8B: DAY30). The 

reprogramming efficiency efficiencies of all iPSC lines are shown on Table 3.2. Mature 

colonies from each cell line, representing one clone each, were manually picked from 

their original plate and passaged onto MEF feeder plates. Three clones from each 

patient were isolated and expanded in feeder free cultures prior the analysis. 

Characterization of iPSCs consisted of detection of residual expression of Sendai 

genome and reprogramming transgenes, assessment of pluripotency, ability to give 
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rise to the three germ layers, chromosomal integrity and identity of the iPSC lines used 

in this project. 

 

Table 3.2. Reprogramming efficiencies of control and PRPF31 lines. The number of clones generated 
is an estimate of the total number of clones that were originated from the transduced cells plated on 
MEF feeder plates (230.000 cells per plate) over a period of 30 days. The reprogramming efficiency for 
each cell line was calculated using the number of clones generated and the original number of fibroblasts 
that were transduced with Sendai containing reprogramming transgenes. 

 

  

Cell line 
Number of cells 

transduced 

Number of 

transduced cells after 

7 days 

Number of 

clones picked 

Number of 

clones 

generated 

Reprogramming 

efficiency 

Control WT1 100.000 1,012,500 65 286 0.29% 

Control WT3 100.000 800,000 46 245 0.25% 

RP11S1 100.000 760,000 89 294 0.29% 

RP11M 100.000 1,612,500 72 505 0.50% 

RP11VS 100.000 1,025,000 54 241 0.24% 

RP11A 100.000 937,500 39 159 0.16% 

RP11S2 100.000 1,050,000 56 256 0.26% 

RP11S3 100.000 900,000 48 188 0.19% 

RP11S4 100.000 2,087,500 47 427 0.43% 
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3.6. Detection of Sendai virus genome and reprogramming transgenes 

 

Detection of vector-free iPSCs was done by reverse transcription PCR (RT-PCR).  

Primers used to detect vectors KOS (containing reprogramming factors KLF4, OCT3/4, 

SOX2), KLF4 and C-MYC, were also complimentary to Sendai vector genome.  The 

analysis of the PCR products showed expression of Semdai vector and reprogramming 

transgenes in positive control cells (transduced fibroblasts collected at day 7) but non-

detectable residual expression of both Sendai vector genome and reprogramming 

transgenes in iPSC controls and PRPF31-mutant iPSC lines (Figure 3.9).  

 

Figure 3.9. Detection of residual expression of Sendai (SeV) genome and reprogramming transgenes 
in controls and PRPF31-iPSC lines by RT-PCR. At passage 15, controls and PRPF31-iPSC lines did 
not express Sendai and reprogramming vectors KOS (KLF4, OCT3/4, SOX2) KLF4 and C-MYC. 
Positive controls consisted of RNA that was extracted from fibroblasts at day-7 post transduction. 
Nuclease-free water was used as negative control to confirm absence of contamination in the PCR 
reagents or primer-dimer formation. 
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3.7. In vitro assessment of pluripotency 

 

In addition to the examination of typical iPSC morphology, in vitro assessment of 

pluripotency was performed to detect expression of pluripotency markers by different 

methods. Both controls and PRPF31-iPSC lines showed a positive staining of 

pluripotency-associated markers OCT4 and stage specific embryonic antigen-4 

(SSEA-4) by immunocytochemistry. The images show localisation of the SSEA-4 

marker on the cell membrane and OCT4 staining in the cell’s nuclei, associated with 

DAPI nuclear stain (Figure 3.10).  

Quantification of the double-positive cell population expressing the nuclear 

transcription factor NANOG and the surface marker tumour-rejection antigen 1-60 

(TRA-1-60) was carried out by flow cytometry. All iPSC lines showed a high percentage 

of positive cell population co-expressing NANOG and TRA-1-60 pluripotency-

associated markers (Figure 3.11).  
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Figure 3.10. Detection of pluripotency-associated markers by immunocytochemistry. Brightfield and 
Immunocytochemistry images showing expression of OCT4 (green) and SSEA-4 (red) in control and 
PRPF31-iPSC lines. Nuclei were stained with DAPI. Negative control of SSEA-4 antibody was not 
performed because it is conjugated. 
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Figure 3.11. Quantification of pluripotency-associated markers by flow cytometry. Representative 
images showing double-positive cell population of NANOG and TRA-1-60 in controls and PRPF31-iPSC 
lines. 
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3.8. Three Germ Layers and Teratoma Assays 

 

One of the key characteristics of iPSCs is the ability to potentially differentiate 

into any cell types of the three germ layers, endoderm, mesoderm and ectoderm.  This 

capability can be assessed in vitro by the three germ layers differentiation assay, via 

embryoid bodies (EBs) formation, and/or in vivo, by the teratoma assay. 

For the three germ layers differentiation assay, two markers of each germ layer 

were selected.  Alpha-fetoprotein (AFP) and forkhead box protein A2 (FOXA2) were 

selected for endoderm; Smooth muscle actin (SMA) and heart- and neural crest 

derivatives-expressed protein 1 (HAND1) were selected for mesoderm; and paired 

box-6 (PAX6) and βIII tubulin (TuJ1) were selected for ectoderm. Following 

immunocytochemistry, cells belonging to three germ layers were found in all controls 

and PRPF31- iPSC lines (Figures 3.12). 

Teratoma experiments, carried out by Professor Stefan Pryzborski’s group, 

showed that one control and four PRPF31-iPSC lines were able to induce teratoma 

formation in severe combined immunodeficient (SCID) mice. The teratoma tumours 

were removed and analysed after 6 weeks post injection of iPSCs in SCID mice and 

contained heterogenic tissues from endoderm, mesoderm and ectoderm lineages, 

such as such as gut, cartilage, connective and neural tissue (Figure 3.13). 

 

 

 

 

https://en.wikipedia.org/w/index.php?title=%CE%92III_Tubulin&action=edit&redlink=1
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Figure 3.12. Three germ-layer assay by immunocytochemistry. Differentiated cells from controls and 
PRPF31-mutated lines showing positive staining for two markers of each germ layer. Endoderm: AFP 
(green) and FOXA2 (red). Mesoderm: SMA (red) and HAND1 (green). Ectoderm: PAX6 (red) and TUJ1 
(green). 
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Figure 3.13. Teratoma formation assay in SCID mice. A: Representative images of tumours generated 
from control and PRPF31-iPSC lines. B: Structures found in the tumours of endodermal, mesodermal 
and ectodermal origin. 
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3.9. Cytogenetic Analysis 

 

Genomic SNP array, performed by our collaborator, Dr. Hussein Sheek, showed 

that none of the parental fibroblasts or iPSCs from controls and PRPF31-mutated lines 

displayed major chromosomal abnormalities associated to the reprogramming process 

or variations introduced by long term culture when compared to a human reference 

genome (hg38) (Table 3.3).  Additionally, SNP analysis confirmed that parental 

fibroblast and iPSCs had the same genetic profile, proving the authenticity of the iPSC 

lines generated for this study (Figure 3.14). 

 

 

  

 

 

 

 

 

 

Table 3.3. Summary of cytogenetic analysis of controls and PRPF31-mutated cells lines by SNP array. 
No abnormalities were detected in the controls and PRPF31-iPSC lines. 

 

Sample No. Cell type 
Passage 

number 

Alteration  

(size in 

Mb) 

OMIM 

Disease-

causing 

genes 

Karyotype 

WT1 
Fibroblast 5 - - 

46XY 

iPSC 20 - - 

WT3 Fibroblast 5 - - 46XY 

iPSC 15 - - 

RP11S1 Fibroblast 5 - - 46XX 

iPSC 15 - - 

RP11M Fibroblast 5 - - 46XY 

iPSC 15 - - 

RP11VS Fibroblast 5 - - 46XY 

iPSC 15 - - 

RP11A Fibroblast 5 - - 46XX 

iPSC 15 - - 

RP11S2 Fibroblast 5 - - 46XX 

iPSC 15 - - 

RP11S3 Fibroblast 5 - - 46XX 

iPSC 15 - - 

RP11S4 Fibroblast 5 - - 46XX 

iPSC 20 - - 
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Figure 3.14. Confirmation of genetic Identity of parental fibroblasts and iPSCs by SNP microarray. SNP 
patterns revealed correlation of the genetic identity profile from parental fibroblasts and iPSCs, 
confirming the authenticity of the lines used in this study. 
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3.10. Discussion 

 

The iPSC technology has emerged as an alternative modelling method to 

primary cell culture, providing unlimited cells of the same genetic type as the donor 

source, as well as the ability to observe the development of pathological features of 

some diseases, such as RP.  This chapter provides evidence of successful generation 

and characterisation of controls and PRPF31-iPSCs to be further used as models for 

the study of PRPF31-RP.   

All RP patient fibroblasts were screened for PRPF31 mutations to confirm their 

presence. The same screening was done later to all fibroblast derived-iPSCs and it 

was verified that the reprogramming process had no effect on the sites where the 

mutations were located.  

The success or efficiency of cellular reprogramming is dependent on the 

reorganisation of the cellular memory disc (CMD), which functions to maintain cell 

identity during development and to preserve gene silencing. The CMD is mostly formed 

by reprogramming-resistance memory, a group of repressing multiprotein complexes 

that may inhibit chromatin remodelling, make some genes inaccessible to the 

transcriptional machinery and preserve the topology of chromosome domains 

(Anjamrooz, 2013). Therefore, the efficiency of cellular reprogramming, although 

reproducible, remains low. Normally less than 1% of transfected fibroblasts become 

iPSCs. Transduction of cells by Sendai vectors has been proved to be more efficient 

than other methods, with capability to transduce a wide range of cell types in 

proliferative and quiescent states (Fusaki et al., 2009; Rao and Malik, 2012). The 

differences of reprogramming efficiencies between controls and PRPF31-mutated 

fibroblasts were small, demonstrating that sex, age or PRPF31 mutations of the donors 

had no impact on the derivation of iPSCs. Successfully reprogramming of PRPF31-

mutated fibroblast has also been previously reported in the literature (Terray et al., 

2017). 

Another feature of this method of reprogramming is that it is non-integrative. 

Sendai virus replicates its genome in the cytoplasm of the host cells, and it’s expected 

to remain in the cytoplasm of infected cells for a few passages, until it is cleared out by 

the host’s cells. The chance of integration, which could jeopardize the differentiation 

process or result in insertional mutations in iPSCs, still had to be investigated (Fusaki 
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et al., 2009). Controls and PRPF31-iPSCs showed no residual expression of Sendai 

vector genome and reprogramming transgenes at passage 15, indicating the cells 

were able to maintain regulation of endogenous pluripotency genes after clearance of 

exogenous transgenes.  

The expression of pluripotency markers was used to demonstrate that the 

derived iPSCs were indeed pluripotent. The cells were stained with SSEA-4, an 

embryonic stem cell marker, and OCT4, which maintains pluripotency in murine and 

primate cells. Not only iPSC colonies showed the typical cell colony morphology 

characteristic of human pluripotent stem cells lines, but also stained positive for those 

markers. SSEA4 was present to the cell membrane and OCT4 stained the cells nuclei 

in a slightly punctuate pattern, characteristic of those antibodies. In addition to the 

immunocytochemistry, the analysis of expression of pluripotency markers was also 

done by flow cytometry. Controls and PRPF31-iPSCs showed a high percentage of 

positive cell population co-expressing TRA-1-60 and NANOG pluripotency-associated 

markers. Expression of all four pluripotency markers together provide strong evidence 

of pluripotency in iPSCs, as described before in the literature (Draper et al., 2002; 

Henderson et al., 2002; International Stem Cell et al., 2007), and have been shown in 

all controls and PRPF31-iPSCs. 

Another key characteristic of iPSCs is the ability to differentiate into any cell 

types of the three germ layers – endoderm, mesoderm and ectoderm.  This capability 

can be assessed in vitro by the Three Germ Layers differentiation assay, via EBs 

formation, and/or in vivo, by the Teratoma assay. For the Three Germ Layers 

differentiation assay, specific markers of each lineage were selected. Alpha-fetoprotein 

(AFP) is a marker of early endoderm commitment and is produced by the yolk sac and 

liver cells. Definitive endodermal lineages, which give rise to organs such as the liver 

and pancreas and the inner lining cells of the gut, depends on the activity of 

transcription factors, such as Forkhead domain families, including the FOXA2 marker 

(Kwon et al., 2006; Wong et al., 2010). The mesoderm lineage is originated during 

gastrulation, like the other germ layers, and it forms the muscles, blood cells and the 

mesenchyme. Two early markers for mesodermal lineage fate were selected.  Smooth 

muscle actin (SMA) is a conserved protein that is involved in cells movements, 

structure and integrity of muscular tissues, and Heart- and neural crest derivatives-

expressed protein 1, or HAND1 protein, which is present in the developing ventricular 

chambers and cardiac neural crest (Kruithof et al., 2003; Barnes et al., 2010). 
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Pluripotent cells can also commit to an ectodermal fate, forming cells of the nervous 

system, epidermis and lining cells of the mucosa. For the early ectoderm differentiation 

the  selected markers were the Paired box-6 (PAX6) transcription factor, expressed in 

some neuroprogenitors cells of the neural tube, and βIII Tubulin (TuJ1), present in both 

immature and mature neurons and in some mitotically active neuronal precursors 

(Dimanlig et al., 2001; Mizuseki et al., 2003). Following spontaneous differentiation and 

staining, cells belonging to three germ layers were found in all controls and PRPF31-

iPSCs. 

To demonstrate the pluripotency of iPSCs in vivo, cells are injected into SCID 

mice to potentially develop into an experimental tumour. Cells are considered 

pluripotent if the tumour is proven to contain differentiated structures from all three 

germ layers (Brivanlou et al., 2003). One control and four PRPF31-iPSCs successfully 

induced tumours in SCID mice. Some tumours however, failed to display tri-lineage 

differentiation according to results from histological analysis. The lack of structures 

from a specific germ layer observed in these teratomae does not necessarily entail the 

cells are not pluripotent since only two mice were used for each cell line in this assay.  

This technique, however, is not easily repeated as it’s regarded as time, cost, and 

labour intensive. The use of minimal animal numbers due to ethical concerns and lack 

of standardisation described by Muller et al. (2010) are additional hurdles in performing 

this assay. 

Finally, cytogenetic analysis was performed to detect genetic abnormalities and 

confirm cell identity of the iPSCs generated. It is known that even transgene-free iPSCs 

can acquire genetic variations, which can arise from the heterogeneous genetic 

background of original cells, even at low frequencies, due to low efficiency and clonal 

nature of iPSC derivation. Variations can also be introduced during reprogramming, 

long-term culture or innate genetically instabilities of the in vitro pluripotent state (Liang 

and Zhang, 2013b). Cytogenetic analysis of the iPSCs becomes paramount to detect 

any likely genetic variation prior to their differentiation. In this case, none of controls 

and PRPF31-iPSCs, as well as their respective parental fibroblasts, displayed genetic 

abnormalities qualified as pathogenic or that would affect downstream analyses. 

Additionally, this analysis has also confirmed that all the iPSC generated had the same 

genetic profile of their correspondent parental fibroblasts, corroborating the origin of 

iPSCs in this study. 

https://en.wikipedia.org/w/index.php?title=%CE%92III_Tubulin&action=edit&redlink=1
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All the results, collectively, provide evidence of the successful generation of fully 

reprogrammed controls and PRPF31-iPSC lines suitable for further differentiation into 

RPE, to be used as disease model for PRPF31-RP.  
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 - Differentiation and Characterisation of Retinal Pigment 

Epithelium (RPE) Cells 

 

4.1. Introduction 

 

 In retinitis pigmentosa (RP) pathology, the cells of interest are the retinal pigment 

epithelium (RPE) and the photoreceptors. These retinal cells are not easily accessible 

from the patients but can be supplied through iPSC technology (Jin et al., 2012; Deng 

et al., 2018). 

 This project focused on the study of iPSC-derived RPE cells to investigate the 

pathophysiology of PRPF31-RP. iPSC-derived RPE have been successfully used to 

elucidate degenerative eyes diseases including RP, as seen in Chapter 01, and they 

have been proved to be a powerful research tool (Mead et al., 2015; Nguyen et al., 

2015; Bracha et al., 2017). 

 To this day, several protocols have reported the direct differentiation of  iPSCs 

towards RPE, including spontaneous differentiation after removal of basic fibroblast 

growth factor (bFGF) from the culture medium (Klimanskaya et al., 2004; Buchholz et 

al., 2009), serum-free floating culture of embryoid body-like aggregates (SFEB) 

(Watanabe et al., 2005), and directed methods using drugs and cytokines such as 

Nicotinamide (NIC) and Activin A (Idelson et al., 2009; Krohne et al., 2012). More 

recently published protocols use a stepwise method that tends to mimic the events 

involved in the development of the eye to enhance the efficiency of differentiation 

(Buchholz et al., 2013; Zhu et al., 2013; Leach et al., 2015).  

 Successful RPE differentiation enables the generation of pure populations of 

functional RPE cells with key RPE features, including the four ‘Ps’ (pigmented, 

polygonal, polarized and phagocytic), with the ability to mimic the behaviour of native 

RPE cells in responding to normal and disease-associated stimuli (Bharti et al., 2011; 

Mazzoni et al., 2014). 
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4.2. Aims 

 

 This chapter aims to describe the process of differentiation of iPSCs into RPEs 

and validate the iPSC-derived RPE model through: 

 The capacity of iPSC to generate pigmented cells with typical RPE morphology 

under differentiation conditions 

 Analysis of RPE morphology through transmission electron microscopy (TEM) 

 Functional analysis of RPE cell monolayers by measuring their trans-epithelial 

resistance and phagocytosis capability 

 Expression of RPE markers by immunocytochemistry (ICC) 

 Assessment of RPE polarity via measurement of VEGF and PEDF levels and 

expression of RPE apical and basal markers by ICC 
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4.3. Retinal Pigment Epithelium Differentiation  

 

Clonal variance experiments were performed to determine the differentiation 

capacity of three individual clones from the same patient, generated during the 

reprogramming of iPSCs, under the same differentiation conditions. Three clones of 

the control iPSC-WT1 were selected and differentiated into RPE cells, and the degree 

of pigmentation was measured at different time points. The experiments showed that 

there were no significant differences between all iPSC clones and thus, only one clone 

of each cell line was selected for differentiation experiments (Figure 4.1). 

 

 

Figure 4.1. Differentiation capacities of clones 1, 2 and 3 of control WT1-iPSC. The mean of the number 
of pigmented foci and intensity of pigmentation per cm2 of each clone is not significantly different from 
one another, except for intensity of pigmentation between clones 1 and 2. Data shown as 
mean ± SEM, n = 3. 

 

For the differentiation experiments two control iPSCs were selected, WT1 and 

WT3, and three PRPF31-iPSCs (RP11S1, RP11M and RP11VS), with the same 

PRPF31 mutation in exon 11 (Chapter 3: Table 3.1). Embryonic stem cells H9 were 

used as an internal control for the differentiation protocol following previous 

experiments performed in our group using the same conditions (Chichagova et al., 
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2017). The process of differentiation from iPSC to RPE cells is lengthy and the first 

pigmented areas can be seen after six weeks, if the differentiation is successful. Small 

pigmented patches expand over time and after 10-15 weeks (>3 months) they are large 

enough to be mechanically dissected and seeded onto 24–wells and/or transwell 

inserts (Figures 4.2). 

The initial differentiation experiments, using only basal media (supplemented 

with B27, which allows proliferation of neuronal lineages in defined serum-free 

medium), revealed that the differences in pigment formation between control and 

patient specific cell lines were significant and did not relate to disease severity or 

phenotype (Figure 4.3).   
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Figure 4.2. Representative images of RPE differentiation with only base medium, derived from controls 
and PRPF31-iPSCs. The images were scanned from 6-well plates. A: H9-hESC. B: WT1-iPSC. C: 
RP11S1-iPSC. D: RP11M-iPSC. E: RP11VS-iPSC. Examples are representative of at least three 
independent experiments. 
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Figure 4.3. RPE differentiation efficiency. A: Formation of pigmented foci per cm2 in controls H9-hESC 
and WT1-iPSC (Mean of all clones) and PRPF31-iPSCs (RP11S1, RP11M and RP11VS). The 
differences between the mean of all time points of H9 vs RP11M and RP11VS and between WT1 vs 
RP11S1 were significant. RP11S1 is also significantly different from RP11M and RP11VS. B: Intensity 
of pigmentation per cm2 in controls H9-hESC and WT1-iPSC (Mean of all clones) and PRPF31-iPSCs 
(RP11S1, RP11M and RP11VS). The differences between H9 vs RP11S1, WT1 vs RP11S1, and 
between RP11S1 vs RP11M and RP11VS were significant. Data shown as mean ± SEM, n = 3. 
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In order to improve the efficiency of the differentiation technique and generate 

more pigmented patches, especially from PRPF31-mutated lines RP11M and 

RP11VS, different combinations of small molecules were added to the media at 

temporal windows to mimic the events involved in the formation of RPE (Figures 4.4 

and 4.5; see discussion for rationale).   

 

Figure 4.4. Representation of directed stem cells differentiation to RPE cells. A: Inhibition of transforming 
growth factor beta (TGF-β) and bone morphogenic protein (BMP) pathways suppresses differentiation 
towards mesodermal and endodermal lineages, leading the cells to an ectodermal fate. B: Cells were 
directed to become retinal precursors. C: Wnt pathway was stimulated to further direct the cells to RPE. 

 

 

 

Figure 4.5. Timing of factor addition directing pluripotent cells toward RPE fate. From days 0-5, 
SB431542 (TGF-β inhibitor) and Noggin (BMP inhibitor) were added to the differentiation media followed 
by the addition of Noggin from days 6-9. Activin A was added to the differentiation media from days 10-
15. CHIR99021 (Wnt agonist) was added to the media from days 16-21. After day 21 the cultures were 
fed with only base medium containing B27 and pigmented patches were picked and expanded to form 
RPE monolayers until they were used for analysis around week 21 (~6months) and further on, around 
week 43 (~11 months). 

 

 

  

https://en.wikipedia.org/wiki/Transforming_growth_factor_beta
https://en.wikipedia.org/wiki/Transforming_growth_factor_beta


 
 

94 

The new differentiation protocol using small molecules generated pigmented 

areas that appeared around week 8 (~02 months). The patches were mechanically 

dissected and dissociated as single cells after week 15 (~04 months) and seeded onto 

24-wells and transwell inserts. 

Since some of pigmented patches were observed on the edges of the wells in 

most of the iPSCs lines, especially in iPSC control WT3 and PRPF31-RP11VS, and it 

was not possible to count the pigmented patches and make a direct comparison of all 

the lines. It was possible, however, to determine the efficiency of the new differentiation 

protocol compared to the previous protocol using PRPF31-RP11M, as this line 

developed even pigmentation across the wells. The new protocol using small 

molecules has been shown to generate considerably more pigmentation for this line 

than the previous protocol (Figure 4.6). 

 

 

Figure 4.6. Comparison of RPE differentiation protocols with and without small molecules using RP11M 
at week 16 (~04 months). A: Pigmented patches at week 15 (~04 months) of differentiation with only 
basal medium and basal medium supplemented with small molecules.  B: A significant difference was 
seen between the two protocols (P < 0.05). Data shown as mean ± SEM, n = 3. 
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4.4. Measurement of trans-epithelial resistance  

 

Through trans-epithelial resistance (TER) analysis, it is possible to measure the 

barrier strength of the RPE monolayer, as consequence of formation of tight junctions 

between the RPE cells. A high TER value requires formation of functional tight 

junctions between RPE cells to minimize the paracellular flow of ions. Wells containing 

no cells have low resistance to passage of ionic current between electrodes placed in 

the inner and outer wells.  

Trans-epithelial resistance was measured from transwell inserts at week 21 to 

assess the barrier properties of RPE cells derived from controls and PRP31-iPSCs. 

This time point was chosen based on the maturation of RPE cells (Buchholz et al., 

2009; Brandl et al., 2014; Weed and Mills, 2017).  All cell lines formed cobblestone 

monolayer, but there was a significant difference between TER values of controls and 

PRPF31-RPE cells (Figure 4.7). 

 

Figure 4.7. Trans-epithelial resistance of controls and PRPF31-RPE cells. A: TER values show that 
there is a significant difference between the mean of controls (WTs) and PRPF31-mutant lines. Data 
shown as mean ± SEM, n = 3. B: All PRPF31-RPE cells formed a cobblestone monolayer, with polygonal 
cells, typical of RPE morphology.  

  



 
 

96 

4.5. Transmission Electron Microscopy 

  

The transmission electron microscopy (TEM) performed on the RPE derived 

from controls iPSC at week 21 revealed healthy cells, typical RPE structures and 

organelles such as mitochondria, melanosomes and tight junctions. The images also 

show very active cells with abundant microvilli, and secreting exosomes and 

extracellular matrix (Figure 4.8).  

In contrast to controls, TEM images of RPE cells derived from patient-specific 

PRPF31-iPSCs at weeks 21 and 43 showed a general disorganisation, loss of basal 

infoldings and over 2-fold shorter apical microvilli (average length of 3.1 µm ± 0.49 

SEM in WT3 and 1.4 µm ± 0.33 SEM in RP11S1)  (Figure 4.8). 
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Figure 4.8. Abnormal ultrastructural features of RPE PRPF31-mutant cells. TEM of PRPF31-RPE cells 
at 21 and 43 weeks shows shorter and fewer microvilli in PRPF31-RPE cells ( average length of 3.1 µm 
± 0.49 SEM in WT3 and 1.4 µm ± 0.33 SEM in RP11S1) and large basal deposits that were not observed 
in controls. Representative images of at least three independent experiments. 
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4.6. Phagocytosis Assay  

 

One of the most important roles of RPE cells is to phagocytose outer segment 

fragments shed from photoreceptors, which is essential for the maintenance of 

photoreceptors and consequently, vision.   

The immunocytochemistry assays to assess the RPE phagocytosis in vitro are 

not sufficiently standardised or quantitative. Fluorescence-activated cell sorting 

(FACS) can be an alternative method to quantify the internalisation of FITC-labelled 

POSs. To achieve this, it is important to quench any extracellular fluorescence from 

bound and free POSs with trypan blue but not from internalised POSs (Westenskow et 

al., 2012). Several control experiments using iPSC-derived RPE were set up in our 

group to ensure the robustness of the data including treatment of cells with FITC-

labelled POSs at 4°C to block their ability to phagocytosis, treatment of cells with FITC-

labelled POSs followed by quenching the fluorescence from non-internalised POSs 

with Trypan blue, and treatment of cells with unlabeled POSs to assess background 

fluorescence (Chichagova et al., 2017).  

Controls and PRPF31-RPE cells were analysed and the results of three 

independent experiments were expressed as percentage of cells within the population 

with internalised POSs, and median fluorescence intensity (MFI), which represents the 

total amount of FITC-labelled POSs internalised by individual cells as an indication of 

cell-surface receptor density involved in phagocytosis (Figure 25). Both severe 

PRPF31-RPE phenotypes (RP11S1 and RP11VS) are significantly different from 

controls in regard to the number of POSs that were internalised (MFI) per cell and are 

likely to have a deficiency in phagocytosis (Figure 4.9).  
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Figure 4.9. Photoreceptor outer segments phagocytosis assay of iPSC-derived RPE cells by flow 
cytometry. A: FITC-labelled POSs. B: The results of the phagocytosis assay demonstrated that iPSC-
derived RPE were able to phagocytose but PRPF31-severe patients showed deficiency in the ability of 
ingesting more POSs per cell, as determined by median fluorescence intensity values. All cells were 
age-matched with regards to the length of differentiation time (~6 months). Data shown as 
mean ± SEM, n = 3.  C: Example of the results with cells fed with FITC-labelled POSs and non-labelled 
POSs. 

 

4.7. RPE Polarity studies 

 

The RPE cell layer is strategically located between the neural retina and choroid 

capillaries, and its polarised organisation is essential for the RPE’s role as a selective 

blood-retinal barrier, involving the vectorial transport of ions, nutrients and waste into 

and from the retina and also the secretion of growth factors such as pigment 

epithelium-derived factor (PEDF) and vascular endothelial growth factor (VEGF) 

(Bonilha, 2014; Lehmann et al., 2014). The levels of PEDF and VEGF, which are 
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associated with barrier function and choroidal neovascularisation, were analysed by 

enzyme-linked immunosorbent assay (ELISA). Expression of RPE polarity markers 

Na+/K+-ATPase, BEST1, MERTK and Collagen IV, involved in transport of ions, 

phagocytosis and secretion of extracellular matrix, were analysed by 

immunocytochemistry (ICC). 

 

4.7.1. PEDF and VEGF protein levels 

 

Cytokine secretion assays revealed a significantly higher apical PEDF and basal 

VEGF expression in the severe and very severe PRPF31-RPE in comparison to control 

RPE (Figure 4.10).  

Figure 4.10. ELISA assays for apical and basal secretion of PEDF and VEGF, respectively, in controls 
and PRPF31-RPE cells. Data of three independent experiments obtained from RPE at week 21 of 
differentiation. Data shown as mean ± SEM, n = 3. 

 

4.7.2. Detection of polarity markers by immunocytochemistry 

 

Immunocytochemistry images, taken with the same exposure time, revealed 

that PRPF31-RPE levels of apical Na+/K+-ATPase, also known as sodium-potassium-

pump, were similar to controls. Expression of the basolateral marker BEST1, however, 

was reduced in the severe and very severe PRPF31-mutant lines RP11S1 and 

RP11VS (Figure 4.11A). 
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PRPF31-RPE expression of MERTK, a phagocytic protein, located the apical 

layer and Collagen IV, in the basal layer, were reduced in both markers compared to 

controls (Figure 4.11B).  

 

Figure 4.11. Detection of polarity markers by immunocytochemistry. A: Immunostaining for basolateral 
markers BEST1 and apical Na+/K+-ATPase. B: Correct basolateral distribution of collagen IV (C-IV) 
and apical MERTK was seen in unaffected control (WT3) but not in RP11 RPE cells. Representative 
images from three independent experiments. 

 

4.8. Discussion 

 

The efficacy of RPE differentiation protocols has been shown to be very variable 

between cell lines. The differences are likely to be cell line specific, related to a 

particular cell line’s innate responses and cannot be attributed only to disease severity 

or phenotype as it has been previously demonstrated that even iPSC lines from 

unaffected individuals exhibit such differences (Lane et al., 2014; Hallam et al., 2018), 

and iPSC inter-individual differences are bigger than cell type of origin or clonal 

variances of the same IPSC due to a larger proportion of gene regulatory variation 

(Burrows et al., 2016).  
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To enhance the differentiation of iPSC towards RPE cells, a stepwise method 

was used to mimic the events involved in the development of the eye. It is known that 

inhibition of Transforming Growth Factor-Beta (TGF-β) and Bone Morphogenetic 

Proteins (BMPs) pathways enhance differentiation of iPSCs to neuroectodermal 

lineages and suppresses the differentiation towards mesodermal and endodermal 

lineages (Zhang and Li, 2005; Chambers et al., 2009).  Thus, from days 0-5, SB431542 

(TGF-β inhibitor) and Noggin (BMP inhibitor) were added to the differentiation media 

followed by the addition of Noggin from days 6-9. Activin A was shown to promote and 

maintain RPE fate (Idelson et al., 2009; Buchholz et al., 2013) by acting mainly in the 

induction of RPE transcription factors (Ikeda et al., 2005) during the stages of optic 

vesicle to optic cup of eye development (Martinez-Morales et al., 2004; Idelson et al., 

2009; Meyer et al., 2009). Activin A was added to the differentiation media from days 

10-15. To further direct the cells to RPE from a neural retina point, Wnt pathway was 

stimulated to generate RPE cells. Treatment with the Wnt agonist CHIR99021 has 

been shown to induce the formation of epithelial cells expressing Melanogenesis 

Associated Transcription Factor (MITF) that further developed into RPE with high 

pigmentation (Nakano et al., 2012). The addition of Wnt agonist from days 16-21, 

added to the differentiation cultures after the cells are committed to the retinal fate, has 

also been reported in mouse in vivo and in vitro studies (Fuhrmann, 2008; Fujimura et 

al., 2009; Gorges et al., 2009).  

Despite of all differences seen in our differentiation experiments, all cultures 

generated pigmented patches containing cells with typical RPE morphology that were 

dissected out the plates, dissociated into single cells and expanded in 24-wells. All 

iPSC-derived RPE lines formed a cobblestone monolayer of RPE cells, however 

PRPF31-RPE monolayers were not as tightly packed as controls RPE and there was 

a significant difference in the TER values between controls and PRPF31-RPE lines, at 

week 21 of differentiation. This suggests PRPF31-RPE had leaky tight junctions. 

Controls reached TER values above 200 Ω, which is considered as a sign of 

functionality in RPE cells as it has been demonstrated that cells with TER values of 

200 Ω are able to clear outer segments within 5 hours after phagocytosis (Sonoda et 

al., 2009; Toops et al., 2014). 

RPE phagocytosis is highly depended on cell-receptor density and an abnormal 

balance of receptor densities affects the tendency of RPE cells to phagocytose 

photoreceptors outer segments (POSs). This is very important during differentiation 
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when there is a change in the dynamic of surface receptors and the RPE gradually 

become more efficient at phagocytosing POSs, alongside with the development of 

typical hexagonal morphology and pigmentation. The cell surface receptors that are 

involved in RPE phagocytosis are αVβ5 Integrin, possibly being the primary binding 

site (Finnemann et al., 1997; Lin and Clegg, 1998), MerTK (D'Cruz et al., 2000) and 

CD36 (Ryeom et al., 1996). The results of the phagocytosis assay indicated RPE 

derived from patients RP11S1 and RP11VS, with severe and very severe phenotypes, 

have reduced functional ability to phagocytose rod outer segments. This has confirmed 

a previous study that showed that primary RPE cultures of Prpf31+/− mice and shRNA-

mediated knockdown of PRPF31 in human ARPE-19 cells had decreased 

phagocytosis (Farkas et al., 2014). 

TEM images of RPE cells derived from patient-specific PRPF31-RPEs at weeks 

21 and 43 of differentiation showed cells with over 2-fold shorter and fewer microvilli in 

contrast to RPE cells derived from control iPSCs. Microvilli, which are about 3-7 µm 

long, are composed of microfilaments containing actin-associated proteins, such as 

myosin, fimbrin, and α-actin, is directly involved in phagocytosis of photoreceptors 

outer segments, transport of nutrients and removal of waste products from 

photoreceptor cells (Bok, 1993; Bonilha et al., 2004; Lamb and Pugh, 2004; Bonilha, 

2014). Both controls and PRPF31-RPE displayed pigmented melanosomes and 

exosomes. Dark colour of melanosomes, as seen in all samples, is characteristic of 

the late stages of melanosome maturation, which are essential for the absorption of 

scattered light, protecting the retina against free radicals. Exosomes are small 

membranous vesicles released into the extracellular medium carrying genetic material 

and proteins (Atienzar-Aroca et al., 2016). It is thought exosomes are a way of 

communication between the RPE and the outer retina (Locke et al., 2014) 

It was also noticed that PRPF31-RPE had a general disorganisation of basal 

infoldings, containing large amorphous deposits underneath the RPE. The basal 

surface of healthy RPE cells is highly infolded, to increase absorption and secretion 

area, and interacts with the underlying Bruch’s membrane. The folds form narrow 

compartments containing numerous mitochondria which provide energy to pump ions 

located in the plasma membrane. Control RPE cells also showed the presence of 

extracellular matrix on the basal surface of cells, which was not obvious on TEM 

images of PRPF31-RPE. The formation of collagen-like fibrils in the basal ECM of 

cultured RPE cells has been observed in cells from chick embryos and adult cats 
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(Newsome and Kenyon, 1973; Li et al., 1984). It has also been demonstrated that RPE 

cells in culture mainly secrete collagen types IV and V producing its own cellular matrix 

between the basal surface of RPE cells and the culture plates (Kigasawa et al., 1998).    

Disorganisation and loss of basal infoldings as well as atrophy of apical 

microvilli, disappearance of melanin granules and accumulation of oxidized lipids 

residues are a sign of RPE aging or stress and consequently death (Bonilha, 2008; Gu 

et al., 2012). The TEM of RPE cells from prpf31 knockout mice revealed loss of the 

basal infoldings, vacuolisation and accumulation of amorphous deposits between the 

RPE and Bruch’s membrane at one year of age, corroborating the results of this project 

(Graziotto et al., 2011). 

The polarised organisation of the RPE is essential for proper functioning of the 

neural retina. RPE cells produce high levels of pigment epithelium-derived factor 

(PEDF), associated with RPE polarisation and maturation (Karakousis et al., 2001; 

Becerra et al., 2004; Kozulin et al., 2010).  In the retina, PEDF is found in the apical 

surface of RPE cells, in the subretinal space, and in rods and cones. Furthermore, 

PEDF has been shown to support proliferation and differentiation of cones and inhibit 

rod development [30]. Vascular endothelial growth factor (VEGF), also secreted by 

RPE cells, is important for the survival of Müller cells and photoreceptors, in addition 

to its role in the stimulation and formation of blood vessels (Volpert et al., 2009). 

Studies also revealed that the balance between VEGF and PEDF maintain the barrier 

function of endothelial cells (Ablonczy and Crosson, 2007). This study demonstrated 

that severe and very severe PRPF31-RPE phenotypes overexpressed PEDF and 

VEGF. Elevated levels of such important cytokines could therefore impair RPE polarity, 

cell proliferation, adhesion, migration, tight junction formation, and vascular 

permeability with further functional consequences for rod survival. Although 

overexpression of VEGF has been strongly implicated in the development of choroidal 

neovascularization found in age-related macular degeneration degeneration (Spilsbury 

et al., 2000), no neovascularisation was observed in PRPF31-mutant patients. 

Control and PRPF31-RPE cells showed a similar expression of the apical RPE 

marker Na+/K+-ATPase, also known as sodium-potassium-pump. Na+/K+-ATPase is 

found on the apical surface of the RPE cells and it is vital for several RPE cell functions 

such as vectorial transport of ions and nutrients from the choroid to the photoreceptors 

and to maintain a high concentration of Na+ in the subretinal space for regulation of 

https://www.nature.com/articles/s41467-018-06448-y#ref-CR30
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the charge across the photoreceptor plasma in the light-dark cycle of 

phototransduction (Hodson et al., 1994; Kaplan, 2002). Expression of the basolateral 

marker Bestrophin-1, or Best-1, which is involved in ion channel function as well as its 

calcium regulatory capabilities (Hartzell et al., 2008), was reduced in the severe 

(RP11S1) and very severe (RP11VS) patients.  

Additionally, expression of apical MERTK and Collagen IV in the basolateral 

layer was also reduced in PRPF31-RPE lines in comparison to controls. MERTK is 

involved in the redistribution of myosin II (Strick et al., 2008) for the formation and 

closure of the phagocytic cup (Olazabal et al., 2002; Araki, 2006). It also acts in 

conjuction with αvβ5 integrin to enable normal binding and uptake of POSs 

(Finnemann and Nandrot, 2006; Nandrot et al., 2012). A mutation in this gene result in 

the inability of RPE to phagocytise shed photoreceptor outer segments leading to a 

degeneration of the photoreceptors, a phenotype seen in the Royal College of 

Surgeons (RCS) rats (Burstyn-Cohen et al., 2012). MERTK-deficient mouse (Duncan 

et al., 2003) as well as double-knockout mice have been shown to mimic the retinal 

phenotype of the RCS rats  and therefore the reduced expression of MERTK in the 

apical surface of RPE also confirms the deficiency of those cells in phagocytose POSs. 

Collagen IV, which is one of the components of the extracellular matrix plays a role in 

retinal adhesion, differentiation, growth and prevention of neovascularisation 

(Campochiaro et al., 1986). 

Taken together, the results indicate a loss of apical/basal polarity in patient-

derived PRPF31-RPE, suggesting that the RPE cells are affected in the pathogenesis 

of PRPF31-retinitis pigmentosa, which could later contribute with the degeneration of 

the photoreceptors. 

Furthermore, the variation observed between the three disease phenotypes is 

very interesting and although the data of more PRPF31 phenotypes is needed to 

confirm these findings, analysis of expression of PRPF31 gene in the study cell lines 

will be described in the next chapter.  

  

https://en.wikipedia.org/wiki/Ion_channel
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624558/#R75
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624558/#R62
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624558/#R3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624558/#R26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624558/#R60
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Chapter 5 - Molecular Pathogenesis of Splicing Factor PRPF31 

 

5.1. Introduction 

 

Retinitis pigmentosa (RP) is characterised by progressive retinal degeneration 

and can be inherited by different inheritance patterns. More than 80 genes are known 

for causing RP and most of those genes are expressed only in the retina and /or have 

a distinct biochemical or structural role within the retina or the retinal pigment 

epithelium (RPE) (RetNet, the Retinal Information Network). Other RP causing genes, 

such as the pre-mRNA processing factors (PRPFs), are widely expressed in all cell 

types, although most clinical phenotypes have been described in the retina (Vithana et 

al., 2001; Yuan et al., 2005; Sullivan et al., 2006; Xu et al., 2012). Mutations in PRPF8, 

a large component of the spliceosome, have also been reported to cause blood 

cancers and PRPF8 is likely to have a tumour suppressor role in myeloid malignancies 

(Kurtovic-Kozaric et al., 2015). 

The human PRPF31 gene is ubiquitously expressed and it encodes a protein of 

499 amino acids that acts as a ‘bridge’ between the U4/U6 di-snRNP and U5 snRNP 

forming the tri-snRNP, which is the pre-catalytic spliceosome that is remodelled into 

the active spliceosome. PRPF31 protein, therefore, is essential for splicing in all cell 

types, although mutations in PRPF31 have been reported to cause only RP, without 

evidence of systemic symptoms (Teigelkamp et al., 1998; Makarova et al., 2002) 

(Figure 5.1). 

Many hypotheses have been proposed on how defects in splicing genes lead to 

RP. Most of those hypotheses can be incorporated into two main models. The first one 

proposes mis-splicing events affect mRNAs that are retina-specific. The second model 

postulates that mis-splicing events would affect widely expressed transcripts, but only 

the retina would be susceptible to those effects (Ivings et al., 2008; Wilkie et al., 2008; 

Cao et al., 2011; Linder et al., 2011; Tanackovic et al., 2011). Recently, it has been 

demonstrated that mouse photoreceptors express a unique splicing program, with high 

inclusion of alternative exons that are absent outside of the retina, and affects the 

transcripts of several genes, which is more in line with the second model. Some of 

those ubiquitously expressed genes are implicated in the formation and function of 
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primary cilia, having specific isoforms in the photoreceptors related to the connecting 

cilium and the formation of outer-segments (Murphy et al., 2016). 

It has also been proposed that PRPF31-RP is a ciliopathy. Ciliopathy is a genetic 

disorder of the cilia or its anchoring components that affects ciliary function and retinal 

degeneration is the most common phenotype of ciliopathy patients. The primary cilium 

is involved in the maturation and polarisation of RPE cells, which in turn are essential 

for photoreceptor development and function (Wheway et al., 2015; May-Simera et al., 

2018).  

The aim of this chapter is to investigate the pathogenesis of the PRPF31 form of 

RP using the PRPF31 patient-specific disease model described in chapters 3 and 4. 

 
 

Figure 5.1. Schematic representation of the tri-snRNP component of the spliceosome and proteins 
associated with adRP. Elements of the U5 snRNP are presented in different shades of red, and those 
belonging to the U4/U6 snRNP are in shades of blue. Adapted from Tanackovic et al. (2011). 
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5.2. Description and effects of PRPF31 mutation c.1115_1125 del11 

 

The three patients RP11S1, RP11M and RP11VS, harbouring the mutation 

c.1115_1125del11, were sequenced for PRPF31 exon 11, where the mutation is 

located.  Screening of this sequence (Chapter 3, Figure 3.2A, Table 3.1) revealed a 11 

bp deletion in exon 11, which is present in both fibroblasts and iPSCs.  

Previous in silico analysis predicted that one of the effects of this mutation would 

be the inactivation of an exonic splicing enhancer, leading to the skipping of exon 11 

during splicing and inclusion of premature termination codon (PTC) in out-of-phase 

exon 12 (Rio Frio et al., 2008). This would then result in a short mRNA transcript 

encoding 387 amino acids, which would be sensitive to nonsense-mediated mRNA 

decay (NMD). Another predicted result of this mutation would be the formation of a 

long mRNA transcript containing the deletion in exon 11, which would cause a frame 

shift after amino acid 371 and a PTC in the last exon of PRPF31 gene, exon 14, 

encoding 469 amino acids. Therefore, this isoform would be NMD-insensitive (Vithana 

et al., 2001; Rio Frio et al., 2008) (Chapter 3, Figure 3.4). 

Nonsense-mediated mRNA decay (NMD) is a conserved post-transcriptional 

cellular mechanism that checks new mRNA transcripts and destroys those that have 

premature termination codons (PTCs) before their translation into truncated proteins 

(Hentze and Kulozik, 1999; Chang et al., 2007; Rio Frio et al., 2008). 

NMD pathway can be inhibited in cultured cells by puromycin, a drug that affects 

the function of ribosomes, which proofreads the nascent mRNAs, resulting in inhibition 

of NMD and stabilisation of nonsense transcripts (Carter et al., 1995). To distinguish 

between PRPF31-RP11VS wild-type (WT), long mutant (LM) NMD-insensitive 

transcripts, and short mutant (SM) NMD-sensitive transcripts, drug-induced expression 

changes were measured by semi-quantitative RT-PCR in primary fibroblasts, iPSCs, 

iPSC-derived RPE and retinal organoids (generated by Dr. Lili Zhu) from WT3 control 

and patient PRPF31-RP11VS. 

The results showed that only PRPF31-RP11VS displayed LM and SM isoforms 

in all cell types. Importantly, SM isoforms were only seen by NMD inhibition upon drug 

treatment, confirming SM transcripts were sensitive to NMD (Figure 5.2A). It was also 
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demonstrated that expression levels of PRPF31-exon 11 were reduced more 

significantly in RPE cells compared to other cell types (Figure 5.2B). 

 

Figure 5.2. PRPF31 expression in patient-specific cells. A: Short mutant (SM) isoform of 130 bp is only 
present upon inhibition of NMD with puromycin (indicated by +). B: Quantification of PRPF31 mRNA in 
patient cells relative to GAPDH. Data are representative of at least three independent repeats. RO: 
retinal organoids. 

 

Both long and short alleles were confirmed in this study by Sanger sequencing of 

semi-quantitative RT-PCR of PRPF31 cDNA containing exon 11 using control WT3 

and RP11VS-RPE. The 11 bp deletion was absent in WT3, but present in RP11VS 

long mutant (LM) and short mutant (SM) alleles, which was 73 bp shorter than LM 

(Figure 5.3).  
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Figure 5.3. Sequences of PRPF31-exon 11 cDNA in WT3-RPE and RP11VS-RPE samples. WT alelle: 
absence of the mutation, 203 bp; LM allele: 192 bp; SM allele: 130 bp. 

 

  The amino acid sequences translated from the cDNA sequences confirmed that 

c.1115_1125del11 deletion results in a long mutant (LM) isoform with a frameshift after 

amino acid 371. The other isoform generated by this mutation was an NMD-sensitive 

short mutant (SM) transcript, where exon 11 was skipped entirely (Figure 5.4).  

 

 

Figure 5.4. PRPF31-exon 11 amino acid sequences in WT3-RPE and RP11VS-RPE samples. WT 
isoform: presence of exon 11; LM isoform: a frame shift after amino acid 371 creates a long mutant (LM) 
transcript; SM isoform: skipping of exon 11 leads to a truncated NMD-sensitive short mutant (SM) 
transcript. Met: open reading frame AUG; Stop codon: UAA. 
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5.3. Modulators of PRPF31 expression & Penetrance 

 

The penetrance of a mutation is related to the percentage of individuals carrying 

an allele of a gene that express traits of a genetic disease. The term incomplete 

penetrance indicates that a dominant allele, such as in the case of dominant RP 

PRPF31, does not always “penetrate” into the phenotype of the individual. It is now 

known that CCR4-NOT Transcription Complex Subunit 3 (CNOT3), also located in 

chromosome 19, is a genetic modifier that is responsible for the penetrance of PRPF31 

mutations and acts as a negative regulator of PRPF31 by binding to its promoter and 

modulating PRPF31 transcription (Venturini et al., 2012).  Asymptomatic carriers 

of PRPF31 mutations express CNOT3 at low levels, allowing higher amounts of wild-

type PRPF31 transcripts to be produced and preventing retinal degeneration. This 

mechanism is likely dependent on the presence of polymorphic DNA variants in 

CNOT3 sequence (Venturini et al., 2012; Rose et al., 2014).  

 

Preliminary results based on RNA-seq analyses in primary fibroblasts, iPSCs, 

iPSC-derived RPE and retinal organoids from WT3 control and patient RP11VS 

showed that the combined total expression of CNOT3 in triplicate samples was higher 

in patient’s cells, potentially masking PRPF31 expression and leading to the 

development of symptoms (Figure 5.5).  
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Figure 5.5. Expression of PRPF31 and CNOT3 in primary fibroblasts, iPSCs, iPSC-derived RPE and 
retinal organoids from WT3 control and patient RP11VS by RNA sequencing. In patient’s cells, the 
combined total CNOT3 expression of biological triplicates was higher than in controls, whilst PRPF31 
was lower in patient’s cells. Data from three independent replicates. Graph courtesy of Mr David Dolan.  

 

 

Another study has shown that variation in the number of a minisatellite repeat 

element (MSR1) flanking the PRPF31 core promoter could also be the cause of RP 

incomplete penetrance (Rose et al., 2016). Three copies of the MSR1 element would 

repress gene transcription by 50 to 115-fold and four copies of the alleles, which were 

not observed in symptomatic patients, would correlate with rate of asymptomatic 

carriers in different populations. Sequencing of MSR1 region did not show any variation 

in the number of repeats between iPSCs derived from unaffected controls and 

PRPF31-mutant patients (appendix 1), suggesting that MSR1 is not a controller of 

PRPF31 gene expression. 
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5.4. PRPF31 expression by Immunocytochemistry 

 

To confirm the localisation of PRPF31 protein in RPE cells, iPSCs-derived RPEs 

were stained with PRF31 and Y12, a specific marker of Sm proteins, components of 

the spliceosomal snRNPs (Urlaub et al., 2001). Following immunostaining, PRPF31 

was only found in the nuclei of the cells, where it co-localized with Y12 (Figure 5.6). 

 

 

Figure 5.6. Colocalisation of PRPF31 with spliceosomal component (Y12) in iPSC-derived RPE. These 
are representative examples of at least three independent experiments. 
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5.5. Splicing & RNA-Seq analysis 

 

Splicing assays and transcriptome analysis were performed in collaboration with 

research groups led by Prof. Colin A. Johnson, Prof. Reinhard Lührmann and Dr 

Sushma Grellscheid. 

Levels of relevant proteins involved in the assembly of the spliceosome, PRPF8 

(assembly of U4/U6-U5 tri-snRNP), SF3b155 (component of U2 snRNP), Snu114 

(component of U5 snRNP), SART1 (recruiter Of U4/U6.U5 Tri-SnRNP), PRPF4 

(binding of U4, U5, and U6) and PRPF31 (assembly of U4/U6-U5 tri-snRNP) were 

checked by western blot and it was demonstrated that wild-type PRPF31 is significantly 

reduced in patient RPE cells when compared to other cell types. The LM form and 

reduced SART1 were observed only in patient RPE cells (Figure 5.7A). The 

quantification of wild-type PRPF31 in patient cells normalized to SF3b155 is shown in 

Figure 5.7B. 

In order to assess the splicing efficiency in patient-specific cells and unaffected 

controls, an E1A minigene reporter with multiple 5′-splice sites was introduced to the 

cells via lentiviral transduction (Zerler et al., 1986; Caceres et al., 1994). It is believed 

that the ability to regulate splicing is generally mediated by splicing factors that interact 

with cis-elements either promoting or hindering splicing at adjacent splice sites 

(Bourgeois et al., 2004; Ladd et al., 2004; Underwood et al., 2005). The EA1 minigene 

reporter can be alternatively spliced into at least five mRNA isoforms (sizes 13S, 12S, 

11S, 10S and 9S; Figure 5.7C), depending on the intracellular variation and 

combination of splicing factors in different cell types. Both PRPF31-RPE and retinal 

organoids showed accumulation of pre-mRNA, reduction of the 9S and 10S isoforms 

in RPE, and reduction the 12S isoform in retinal organoids compared to unaffected 

controls, PRPF31-fibroblasts and iPSCs (Figure 5.7D).  
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Figure 5.7. PRPF31 expression in patient-specific cells and effects on pre-mRNA splicing. A: Wild-type 
PRPF31 is significantly reduced in patient RPE cells. The LM form and reduced SART1 is observed 
only in the patient RPE cells. B: The bar graph shows wild-type PRPF31 levels in patient cells normalized 
to SF3b15. C: Schematic representation of alternative splice variants of E1A minigene reporter. D: 
Patient RPE cells showed a notable defect in the alternative splicing of E1A minigene reporter, with 
reduction of the 9S and 10S isoforms and accumulation of pre-mRNA.  

 

RNA sequencing analysis was performed to identify differences in gene 

expression and splicing profiles between PRPF31-mutant patients and unaffected 

controls in primary fibroblasts, iPSCs, RPE and retinal organoids, in biological 

triplicates (Buskin et al., 2018). Following the differentially expressed genes analysis, 

there were no significantly enriched pathways in PRPF31-RPE. PRPF31-retinal 

organoids, however, were enriched for Gene Ontology (GO) categories related to 

cilium, ciliary membrane, actin cytoskeleton, photoreceptor inner and outer segments, 

axon terminals and phototransduction.  Fibroblasts showed significant differentially 

expressed genes for lysosome and endosomal processes, focal adhesion, cell-
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substrate junctions and extracellular matrix organisation. There were no notable-

enriched pathways in RP11-iPSCs. 

Since PRPF31-RPE and retinal organoids showed impaired pre-mRNA splicing 

(Figure 5.7C, D), transcripts in all four cell types were analysed by replicate Multivariate 

Analysis of Transcript Splicing (rMATS) for differential exon usage (retained introns, 

alternative 5′ and 3′ splice sites, mutually exclusive exons, retained introns and skipped 

exons, Figure 5.8A). It was revealed by differential exon usage analysis that PRPF31-

RPE had the highest level of transcripts with retained introns and alternative 3′ splice 

sites compared to other cell types (Figure 5.8B).  

PRPF31-fibroblasts also had enriched GO biological processes for cilium 

formation and genes involved in microtubules and cytokinesis. iPSCs had enriched 

processes for DNA repair pathways, with centrosome, centrioles and microtubule 

organising centre highlighted as main cellular components. PRPF31-retinal organoids 

were enriched for centrosome, microtubules and centrioles, whilst RPE had genes 

involved in cells-to-substrate adherens junctions, focal adhesions, and mitochondrial 

inner membrane (Figure 5.8C).  

Importantly, both PRPF31-RPE and retinal organoids, but not the fibroblasts or 

iPSCs had significantly enriched GO biological processes for RNA splicing via the 

spliceosome (Figure 5.8C).  
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Figure 5.8. Differential alternative splicing analysis from RNA sequencing data of fibroblasts, iPSC, 
retinal organoids and RPE. A: Schematic representation of alternative splicing events, adapted  from 
Park et al. (2013). B: rMATS analysis showing that PRPF31-RPE have the highest percentage of 
transcripts containing retained introns (RI) and alternative 3′ splice sites (A3SS). C: Gene Ontology 
enrichment analysis showing biological and cellular processes affected by alternative splicing, in all four 
cell types. 
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5.6. Cilia length and incidence  

 

Since cilia or its anchoring components were enriched in some GO categories 

following RNA sequencing results, we hypothesised that primary cilia may have been 

affected in PRPF31-RPE cells. 

Controls and PRPF31-RPEs were stained with ARL13B, a marker of ciliary 

axoneme, and pericentrin, a marker of the basal body complex located at the base of 

the cilia, followed by cilia measurement and counting of ciliated cells.  

Results showed that there was a significant difference in cilia length and 

incidence between controls and PRPF31-RPE (Figure 5.9A, B). The average cilia 

length in RPE cells derived from iPSC controls was 3.3 μm ± SEM 0.04, whilst the 

average cilia length in RPE cells derived from PRPF31-patient’s cells was 2.12 μm ± 

SEM 0.02. The number of control cells showing cilia was 84% compared to 63% of 

cells from PRPF31-patient (Figure 5.9B).  Cells from both controls and PRPF31-RPE 

were found at G0/G1 phase, in a post-mitotic state characteristic of RPE (appendix 2). 

Transmission electron microscopy (TEM) analysis showed the presence of long 

cilia with aligned microtubules in control RPE cells, whereas PRPF31-RPE had short, 

bulbous cilia with misaligned microtubules (Figure 5.9C). Structural defects in cilia, 

such as bulbous tips and misaligned microtubules were further confirmed by serial 

block face scanning electron microscopy (SBFSEM, Figure 5.9D). 
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Figure 5.9. PRPF31-RPE cells have defects in cilia formation and structure. A: Immunostaining of RPE 
cells with cilia markers ARL13B (green) and Pericentrin (red). Representative images from n = 3 
independent experiments. B: Quantification of cilia length and incidence showing the decrease of both 
parameters in PRPF31-mutant patients; C, D: TEM and 3D SBFSEM images showing shorter cilia in 
PRPF31-RPE cells with bulbous tip.  
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5.7. Crispr-Cas9 correction of PRPF31 mutation 

 

CRISPR/Cas9 genome editing was performed in collaboration with Dr. Lili Zhu 

and Dr. Joseph Collin to correct the PRPF31 c.1115_1125del11 genetic mutation in 

the cell line with the most severe phenotype (RP11VS). For this purpose, a single-

stranded oligodeoxynucleotide (ssODN) template with the wild-type PRPF31 

sequence was designed with 91bp homology arms on each side of the mutation region. 

Two hundred iPSC clones were selected, tested by quantitative RT-PCR for 

expression of wild type PRPF31 (Figure 10A), and clones expressing PRPF31 were 

sequenced to confirm the presence of correction site (Figure 10B). Quantitative RT-

PCR analysis confirmed the increased expression of PRPF31 in the CRISPR/Cas9 

corrected clone when compared to uncorrected iPSCs (Figure 10C). Potential off-

target effects were excluded and lack of genomic abnormalities and genetic identity 

were also confirmed by CytoSNP analysis (Buskin et al., 2018). 

One CRISPR/Cas9-corrected iPSC clone was then differentiated to RPE, in 

parallel with uncorrected PRPF31-iPSCs using the protocol described in Chapter 4. 

Quantification of cilia length and incidence in Cas9-RP11VS-RPE showed that both 

parameters were significantly increased in corrected RPE (Figure 10D, E). Long cilia 

with aligned axonemal microtubules were also observed by TEM analysis in corrected 

cells, instead of aberrant morphology seen in the PRPF31-RPE (Figure 10F). 

Correction of RP11VS-RPE line also restored phagocytic capacity, in contrast to the 

impaired phagocytosis in PRPF31-RPE showed by flow cytometry (Figure 10G). 

PEDF/VEGF secretion assays also revealed normal levels of cytokine secretion, in 

addition to normal expression of basal collagen IV and apical MERTK, confirmed by 

immunostaining (Figure 10H-J). 
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Figure 5.10. Correction of PRPF31 mutation results in reversal of cellular and functional phenotypes in 
PRPF31-RPE. A: Quantitative RT-PCR analysis confirming the increased expression of PRPF31 in 
CRISPR/Cas9 corrected clone. B: Presence of the correction site in Cas9-RP11VS-iPSC sequence. C: 
Quantification of PRPF31 expression in corrected cell line. D,E: Quantification of cilia length and 
incidence in controls, PRPF31-RPE and Cas9-RP11VS-RPE. F: TEM images of Cas9-RP11VS-RPE 
showing morphologically normal cilia, compared to uncorrected PRPF31-RPE. G: Rescued phagocytic 
capacity in Cas9-RP11VS-RPE. H,I,J: Restoration of apical–basal polarity in Cas9-RP11VS-RPE. 
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5.8. Discussion 

 

Mutations in the ubiquitously expressed splicing factor gene PRPF31 cause 

Retinitis Pigmentosa, a hereditary form of retinal degeneration. One of those 

mutations, c.1115_1125 del11 in exon 11, was first found in a large family from the 

north of England,  diagnosed as having adRP with incomplete penetrance (Moore et 

al., 1993). The mutation c.1115_1125 del11 was later characterised by Vithana et al. 

(2001) and predicted to result in a short mRNA transcript, which is sensitive to NMD, 

or in a long NMD-insensitive mRNA transcript containing the deletion in exon 11 and 

out-of-phase PTC in the last exon of PRPF31 gene, exon 14. Those two isoforms 

generated as a result of c.1115_1125 del11 mutation in PRPF31 gene were confirmed 

in this study by the sequencing of cDNA products encompassing exons 10, 11 and 12 

in a patient with severe phenotype RP11VS in PRPF31-primary fibroblasts, iPSCs, 

RPE and retinal organoids. It was also confirmed that only the SM isoform was 

sensitive to NMD as seen by NMD inhibition upon drug treatment. Most importantly, 

PRPF31 was more reduced in PRPF31-RPE cells, compared to other cell types. 

The main difference between a PTC and a bona-fide termination codon is that 

the PTC lies upstream of an intron whilst a real termination codon lies in the terminal 

exon of a gene. Most mutations producing PTCs are equivalent to null alleles because 

the pre-mRNA produced by them is proofread and quickly degraded in the nucleus by 

NMD, before the mRNA transcripts are translated into proteins in the cytoplasm of 

cells. In a case where the PTC generated by the mutation occurs in the last exon of a 

gene, the mutant pre-mRNA is insensitive to NMD and can be translated in the 

cytoplasm into a truncated protein (Hentze and Kulozik, 1999; Chang et al., 2007; Rio 

Frio et al., 2008). Since the mutation c.1115_1125 del11 results in null alleles and 

reduction of PRPF31 functional protein, heterozygous patients bearing the mutation 

can be considered functional hemizygotes (Rio Frio et al., 2008). It’s interesting, 

however, the fact that members of the same family bearing the same mutation have 

different phenotypes. In this study, it was observed that phagocytic activity was not 

significantly reduced in the patient with moderate RP phenotype, RP11M. CNOT3 has 

been shown to modulate PRPF31 gene expression in a transcriptional level by direct 

binding to PRPF31 promoter. Studies in ARPE-19 cell lines have demonstrated that 

silencing of CNOT3 by siRNA leads to an increase of PRPF31 expression (Venturini 

et al., 2012). The correlation between both PRPF31 and CNOT3 expressions 
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corroborate the phenotypic differences seen in PRPF31 patients bearing c.1115_1125 

del11 mutation, although the inclusion of only three patients makes it difficult to 

evaluate such correlations. 

Even though PRPF31-RPE patients showed decreased level of PRPF31 

expression, nuclear localisation of that protein by immunohistochemistry was the same 

as in controls, which can be an indicative of normal functioning of the hemizygote allele. 

Colocalisation with Y12, a Sm protein that is part of the small nuclear RNAs U1, U2, 

U4, U5, and U6, provided evidence that PRPF31 interacts directly with those snRNPs 

and are compartmentalised in the same nuclear bodies. 

Further western blotting analysis using an anti-PRPF31 C terminus antibody 

confirmed that PRPF31 is more significantly reduced in patient RPE cells compared to 

other cell types. Interestingly, mutant PRPF31-LM protein isoform, detected by using 

an anti-PRPF31 N terminus antibody, was only seen in PRPF31-RPE cells and it’s not 

known whether the presence of those proteins would have a dominant-negative effect 

on RPE cells (Figure 6.7D). SART1, a U5 snRNP protein important for the formation 

of the pre-catalytic spliceosomal B complex, was reduced only in patient RPE cells, 

but no changes in the expression of the U5 protein PRPF8 or the U4/U6 protein PRPF4 

were observed. Splicing was impaired in both PRPF31-RPE and retinal organoids, as 

it was shown by the accumulation of pre-mRNA and decrease of some isoforms, as 

shown in the E1A minigene reporter assays, compared to other cell types. 

Differential exon usage, which detects differential alternative splicing from 

replicate RNA-Seq data, revealed that PRPF31-RPE had the highest level of 

transcripts with retained introns and alternative 3′splice sites compared to other cell 

types, confirming the impaired of splicing showed by the minigene assay. Intron 

removal by the spliceosome occurs though a succession of sequential events that 

involve the assembly and disassembly of snRNP complexes. Within each round of 

splicing, the U4/U6.U5 tri-snRNP complex is assembled through the mediation of 

splicing factors PRPF31 and PRPF6 (Makarov et al., 2000; Schaffert et al., 2004). 

Therefore, mutations in splicing factor genes, associated with adRP, affect the function 

of tri-snRNP and impair the process of intron excision for specific pre-mRNA transcripts 

(Boon et al., 2007; Gonzalez-Santos et al., 2008; Huranová et al., 2009; Maeder et al., 

2009; Tanackovic et al., 2011). This could have a bigger impact on cell types with the 

highest levels of alternative splicing and specific splicing variants, such as retinal cell 

types (Murphy et al., 2016).  
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Differential exon usage analysis also revealed that PRPF31-RPE have genes 

involved in cells-to-substrate adherens junctions and focal adhesions, confirmed by 

the RPE phenotypes described in Chapter 4. Possible mitochondrial processes 

affected by mutation c.1115_1125 del11 still remain to be investigated. Both PRPF31-

RPE and retinal organoids had significantly enriched GO biological processes for RNA 

splicing via the spliceosome, suggesting that disrupted alternative splicing 

programmes in the retina result in an increase of splicing deficiencies, leading to 

disruption of specific biological processes that cause the unique phenotypes observed 

in RP-PRPF31.  

PRPF31-mutant fibroblasts had enriched GO biological processes for cilium 

formation and genes involved in microtubules and cytokinesis, suggesting PRPF31 is 

involved in fibroblasts ciliogenesis as previously demonstrated by data on decreased 

cilia length and incidence in PRPF31-mutant primary fibroblasts (Wheway et al., 2015). 

Despite of those ciliary defects, primary fibroblasts were reprogrammed into iPSCs 

with similar efficiencies to control cells. Although the role of cilia in iPSCs still remains 

uncertain, generation of iPSCs from patients with ciliopathies have been reported 

(Nathwani et al., 2014; Hey et al., 2018). This suggests that impaired mRNA splicing 

is the primary cause of RP, followed by cilia deficiencies as secondary defects resulted 

from splicing deficiencies. PRPF31-retinal organoids were also enriched for cilia 

processes and related organelles; therefore, it was relevant to check cilia length and 

incidence in PRPF31-RPE cells. 

The presence of primary cilia in human RPE cells was first reported in 1965 

(Allen, 1965) from electron microscopy images of an exenterated human eye.  Since 

then other observations of a single cilium in RPE cells supported previous reports 

(Allen, 1965; Fisher and Steinberg, 1982) that cilia are common and can be found in 

human RPE cells in vivo. They are present on the apical surface of RPE cells and vary 

between 1-10 um in length (Nishiyama et al., 2002).  Retinal ciliopathies are a group 

of retinal diseases, in which many proteins implicated in retinal degeneration have 

been found to be localised in the retinal cilia, basal bodies and adjacent centrioles. In 

this study, both cilia length and incidence were significantly reduced in all PRPF31-

RPEs when compared to controls. Additionally, structural defects were noticed by TEM 

images, such as bulbous tips and misaligned microtubules.  



 
 

125 

 Primary cilia are essential for complete maturation of RPE cells, and lack of 

maturation combined with defects in apical processes are strongly linked to defects in 

ciliogenesis. It has been previously demonstrated that iPSC-derived RPE from a 

patient with Joubert syndrome, a ciliopathy, harbouring CEP290 mutations, had a lack 

of structural and functional maturity (Parfitt et al., 2016). Additionally, studies have 

shown the knockdown of cilia component IFT88, an intraflagellar transport protein, in 

wild type iPSC-derived RPE results in RPE with leaky tight junctions and severe 

maturation and polarization defects (May-Simera et al., 2018). Indeed, PRPF31 

knockdown in hTERT-RPE1 cells caused significant mislocalisation of IFT88 to the 

ciliary tip, partially elucidating the bulbous ciliary tip phenotype seen in PRPF31-RPE 

cells (Buskin et al., 2018). 

  RPE function such as phagocytosis and secretion of growth factors, are 

fundamentally vital for photoreceptors development and function. Studies with BBS8-

/- mice with abnormal cilia have shown that RPE maturation defects temporally 

precede photoreceptors maturation and degeneration. In mice, photoreceptor outer 

segments begin to develop around post-natal day 5, with complete maturation at day 

21. In contrast, RPE maturation is completed by post-natal day 0 (Bharti et al., 2012; 

Nasonkin et al., 2013). This study showed the impairment of important cellular and 

functional characteristics in RPE cells, such as phagocytic activity and loss of 

apical/basal polarity, described in Chapter 4, in addition to the lowest levels of wild type 

PRPF31 compared to other cell types and presence of mutant transcripts. Taken 

together, these results indicate that RPE is the most affected cell type in the 

pathogenesis of PRPF31-RP, corroborating the PRPF31-RPE phenotype in mouse 

models (Graziotto et al., 2011). 

Most importantly, combined ‘double hit’ defects in human RPE and 

photoreceptors, characterised by incomplete maturation and impaired polarisation of 

RPE, and defects in photoreceptor connecting cilium, both caused by splicing 

deficiencies and disruption of splicing programmes for ciliary genes in PRPF31-mutant 

patients, are likely to underlie the mechanism for PRPF31-retinal ciliopathy.  

Finally, the correction of the mutation c.1115_1125del11 in the most severe 

clinical phenotype rescued all cellular and functional phenotypes in PRPF31-RPE, 

including cilia length and incidence, phagocytic capacity, secretion of cytokines and 
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expression of typical RPE markers, without any off-targets effects, demonstrating proof 

of concept for future gene therapies. 
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 - Discussion and Conclusions  

 

Retinal degenerative disorders are a vast and varied group of diseases caused 

by degeneration of retinal cells. As individuals suffer the loss of their sight, this 

understandably affects their mental well-being. They also require support from society 

to carry out their daily lives. This can include financial, health and mobility resources.  

Partial and complete blindness can restrict their ability to work, travel and to interact 

socially and professionally with friends, colleagues and family. 

Retinitis pigmentosa (RP) is a genetic condition in which degeneration of 

photoreceptors and retinal pigment epithelium (RPE) gradually leads to visual loss. RP 

affects approximately 1.5 million people worldwide and it’s a leading cause of blindness 

in young people (Herse, 2005). Pre-mRNA processing factor 31, PRPF31, an RP-

associated gene, encodes a splicing factor required for the formation of U4/U6.U5 tri-

small nuclear ribonucleic protein (tri-snRNP) complex, which is a constituent of the pre-

mRNA processing spliceosome (Mordes et al., 2006; Linder et al., 2011). Although 

PRPF31 is ubiquitously expressed, it solely causes retinal phenotype. 

Traditional models to study RP are normally difficult to obtain or fail to faithfully 

mimic the pathophysiology of the disease. Primary cells from patients are hard to 

access and difficult to obtain and expand, especially from patients with degenerative 

diseases, such as RP, due to the low number of cells of interest. Although PRPF31-

RP animal models developed changes in the RPE, they failed to display retinal 

degeneration and they did not present any visual defect until 18 months of age 

(Bujakowska et al., 2009; Graziotto et al., 2011). 

 Large animals such as pigs and monkeys can also be used as models for retinal 

diseases, but they are very expensive and difficult to obtain due to ethical issues. 

Additionally, the successes seen in animals models for disease modelling and gene 

therapy are not translated well into fully approved treatments that could be 

commercially viable to anyone who needs it (Tucker et al., 2014).  

One attractive alternative method to generate disease models is the use of stem 

cells. Pluripotent stem cells have special features including indefinite self-renew and 

ability to differentiate into multiple cell types from all three embryonic germ layers in 

vitro or in vivo, under specific conditions (Thomson et al., 1998). Induced pluripotent 
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stem cells (iPSCs), which can be reprogrammed to a pluripotent state by introduction 

of key transcription factors, possess all the features of pluripotent stem cells and can 

be derived from available and easily accessible cell types such as skin fibroblasts, 

peripheral blood, hairs and urine from unaffected donors and patients, (Raab et al., 

2014). For those reasons iPSCs became the preferred choice for disease modeling, 

as they can be patient-specific and mimic disease phenotypes, in addition to the 

possibility of genome editing via correction of disease-specific mutations.  

For this project, fibroblasts from the unaffected controls and PRPF31-mutant 

patients, including moderate, severe and very severe phenotypes (RP11M, RP11S1 

and RP11VS, respectively), were reprogrammed into iPSC and PRPF31 mutations 

were validated. The differences of reprogramming efficiencies between controls and 

PRPF31-mutant fibroblasts were small, demonstrating that sex, age or PRPF31 

mutations of the donors had no impact on the derivation of iPSCs. Successfully 

reprogramming of PRPF31-fibroblast has also been reported in the literature (Terray 

et al., 2017). The iPSCs were fully reprogrammed and bone fide, as shown by absence 

of reprogramming transgenes, expression of pluripotency markers and ability to 

differentiate into any cell type of the three germ layers in vitro and in vivo. Additionally, 

none of controls and PRPF31-iPSCs, as well as their respective parental fibroblasts, 

displayed genetic abnormalities qualified as pathogenic or that would affect 

downstream analysis. iPSCs also had the same genetic profile of their correspondent 

parental fibroblasts, corroborating the origin of iPSCs in this project. 

iPSCs were differentiated into RPE using a stepwise method to enhance RPE 

differentiation in a manner which recapitulates eye development. In this method, cells 

were directed to ectodermal lineage to form neuroepithelial progenitor cells and then 

to RPE cells, using a combination of small molecules. All iPSC selected lines 

generated RPE despite of the severity of the phenotypes. Indeed, differentiation 

efficiencies were likely to be cell line specific, related to a particular cell line’s innate 

responses and cannot be attributed only to disease severity or phenotype as it has 

been previously demonstrated that even iPSC lines from unaffected individuals exhibit 

such differences (Lane et al., 2014; Hallam et al., 2018). 

Although iPSC-derived RPE lines formed a cobblestone monolayer of RPE cells, 

PRPF31-RPE monolayers were not as tightly packed and mature as controls RPE and 

displayed leaky tight junctions at week 21 of differentiation, as shown by 
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measurements of transepithelial electrical resistance (TER) in the monolayers. The 

RPE derived from patients RP11S1 and RP11VS, with severe and very severe 

phenotypes, also had reduced functional ability to phagocytose rod outer segments, 

corroborating a previous study that showed that primary RPE cultures of 

Prpf31+/−mice and shRNA-mediated knockdown of PRPF31 in human ARPE-19 cells 

had decreased phagocytosis (Farkas et al., 2014). Defects in RPE polarity were also 

detected by overexpression levels of PEDF and VEGF and reduction of expression of 

apical RPE marker MerTK and basolateral markers BEST1 and Collagen IV in severe 

and very severe PRPF31-RPE phenotypes. Disruption of polarity has been shown to 

impact cell proliferation, adhesion, migration, tight junction formation, and vascular 

permeability with further functional consequences for rod survival (Farnoodian et al., 

2015). In an ultrastructural level, severe PRPF31-RPE showed cells with over 2-fold 

shorter and fewer microvilli in contrast to RPE cells derived from control iPSCs, at 

weeks 21 and 43 of differentiation. It was also noticed that PRPF31-RPE had a general 

disorganization of basal infoldings, containing large deposits underneath the RPE. 

Loss of basal infoldings as well as atrophy of apical microvilli, disappearance of 

melanin granules and accumulation of oxidized lipids residues are a sign of RPE aging 

or stress, and consequently death (Bonilha, 2008; Gu et al., 2012).  Furthermore, RPE 

cells from prpf31 knockout mice have shown loss of the basal infoldings, vacuolization 

and accumulation of amorphous deposits between the RPE and Bruch’s membrane at 

one year of age, corroborating the results of this project (Rio Frio et al., 2008; Graziotto 

et al., 2011). 

The PRPF31 mutation present in patients RP11M, RP11S1 and RP11VS, named 

as c.1115_1125 del11, at exon 11, is a deletion of 11 bp. This mutation was predicted 

to result in a short mRNA transcript (SM) sensitive to non-mediated decay (NMD), or 

in a long NMD-insensitive mRNA transcript (LM) containing the deletion in exon 11 and 

out-of-phase premature termination codon (PTC) in the last exon of PRPF31 gene 

(Vithana et al., 2001; Rio Frio et al., 2008), which was confirmed in this study. Since 

the mutation c.1115_1125 del11 results in null alleles and reduction of PRPF31 

functional protein, heterozygous patients bearing the mutation can be considered 

functional hemizygotes (Rio Frio et al., 2008). Members of the same family bearing the 

same mutation, however, have different phenotypes, as exemplified in this study by 

significantly reduced phagocytic activity in the patients with severe and very severe 

phenotypes, but not moderate RP phenotype. One possible explanation for this is the 
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interaction between PRPF31 and CNOT3 genes. CNOT3 has been shown to modulate 

PRPF31 gene expression in a transcriptional level by direct binding to PRP31 promoter 

and masking PRPF31 expression (Venturini et al., 2012). The correlation between both 

PRPF31 and CNOT3 expressions corroborated the phenotypic differences seen in 

PRPF31-mutant patients bearing c.1115_1125 del11 mutation, although the inclusion 

of only three patients makes it difficult to valuate such correlations. 

PRPF31 protein was localised in the nuclei of the cells and PRPF31-RPE patients 

showed the lowest levels of protein when compared to primary fibroblasts, iPSCs and 

3D retinal organoids generated in Professor Majlinda Lako’s group. Interestingly, 

mutant PRPF31-LM protein isoform, was only seen in PRPF31-RPE cells and it’s not 

known whether the presence of those proteins would have a dominant-negative effect 

in RPE cells. Splicing was impaired in both PRPF31-RPE and retinal organoids, as it 

was shown by the accumulation of pre-mRNA and decrease of some isoforms, as 

shown in the E1A minigene reporter assays, compared to other cell types. Differential 

exon usage, which detects differential alternative splicing from replicate RNA-Seq 

data, revealed that PRPF31-RPE had the highest level of transcripts with retained 

introns and alternative 3′splice sites compared to other cell types, confirming the 

impaired of splicing showed by the minigene assay. Mutations in splicing factor genes 

have been shown to affect the function of tri-snRNP and impair the process of intron 

excision for specific pre-mRNA transcripts (Boon et al., 2007; Gonzalez-Santos et al., 

2008; Huranová et al., 2009; Maeder et al., 2009; Tanackovic et al., 2011). This can 

cause a bigger impact on cell types with the highest levels of alternative splicing and 

specific splicing variants, such as retinal cell types (Murphy et al., 2016). 

Both PRPF31-RPE and retinal organoids, but not primary fibroblast or iPSCs, 

had significantly enriched GO biological processes for RNA splicing via the 

spliceosome, suggesting that disrupted alternative splicing programme in the retina 

result in an increase of splicing deficiencies, leading to disruption of specific biological 

processes that cause the unique phenotypes observed in RP-PRPF31.  

Additionally, PRPF31-mutant fibroblasts had enriched GO biological processes 

for cilium formation, suggesting PRPF31 is involved in fibroblasts ciliogenesis as 

previously demonstrated by data on decreased cilia length and incidence in PRPF31-

mutant primary fibroblasts (Wheway et al., 2015). Despite of those ciliary defects, 

primary fibroblasts were reprogrammed into iPSCs with similar efficiencies to control 
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cells, suggesting that impaired mRNA splicing is the primary cause of RP, followed by 

cilia deficiencies as secondary defects resulted from splicing deficiencies. PRPF31-

retinal organoids were also enriched for cilia processes and related organelles.  

Primary cilia have been shown to be essential for complete maturation of RPE 

cells (May-Simera et al., 2018). Therefore impairment of important cellular and 

functional characteristics in RPE cells such as phagocytic activity and loss of 

apical/basal polarity, possibly caused by observed structural defects in RPE primary 

cilia, in addition to the lowest levels of wild type PRPF31 and presence of mutant 

transcripts, indicate that RPE is the most affected cell type in the pathogenesis of 

PRPF31-RP. PRPF31 phenotype seen in mouse models also corroborate those 

results (Graziotto et al., 2011). 

Incomplete maturation and impaired polarisation of RPE, and defects in 

photoreceptor connecting cilium, both caused by disruption of splicing programmes for 

ciliary genes in PRPF31-mutant patients, are likely to underlie the mechanism for 

PRPF31-retinal ciliopathy. Finally, the correction of the mutation c.1115_1125 del11 in 

the most affected RPE phenotype rescued all cellular and functional phenotypes in 

PRPF31-RPE, without off-targets effects, demonstrating proof of concept for future 

gene therapies. 
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6.1. Conclusions and future directions  

 

In summary, iPSCs are a great model to study complex retinal degeneration 

conditions, such as RP. We have shown successful generation of iPSCs from primary 

fibroblasts of RP patients with different clinical phenotypes. These iPSCs expressed 

typical pluripotency markers and were capable to differentiate into cells from the three 

embryonic germ layers in vitro and in vivo. We were also able to differentiate PRPF31-

iPSCs into RPE, using a stepwise protocol in a manner that recapitulates eye 

development, to interrogate the pathophysiology of the disease. We found that 

PRPF31-RPE had functional and ultrastructural defects, implicating in loss of 

apical/basal polarity, when compared to wild type RPE. PRPF31-RPE also had 

pronounced defects in primary cilia, the lowest levels of wild type PRPF31 protein and 

presence of mutant transcripts. Additionally, PRPF31-RPE had impaired splicing and 

the highest level of isoforms with retained introns and alternative 3′splice sites, when 

compared to other cell types, indicating that RPE is the most affected cell type in the 

pathogenesis of PRPF31-RP. Finally, we showed that the correction of the mutation 

c.1115_1125 del11 in the most affected RPE phenotype rescued all cellular and 

functional phenotypes in PRPF31-RPE. 

To address the complexity of RP and the existence of different clinical 

phenotypes originated from the same mutation, more samples would need to be 

investigated. Modulation of CNOT3 expression via the use of repressors or knock out 

of one high-expressing alleles in severe clinical phenotypes can be an interesting way 

to investigate incomplete penetrance of RP. Modulation of cilia growth upon use of 

known compounds could restore primary cilia, and therefore rescue some of PRPF31-

RPE phenotype. It has been found that many common drugs have the ability to restore 

primary cilium in cancer cell line models and most of those compounds have already 

been tested for safety in humans, paving the way for clinical translation (Khan et al., 

2016). Additionally, delivery of wild type PRPF31 into retina cells using adeno-virus 

vectors can be an interesting method for cell-based therapies. 
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Chapter 7  - Appendices 

 

7.1. Appendix 1 

 

Figure 7.1. Sequencing of a MSR1 region adjacent to PRPF31 core promoter in control WT3 iPSC. All 
cell lines showed the same sequence. Work performed by Ms Kasia Bialas. 
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7.2. Appendix 2 

 

 
Figure 7.2. Distribution of RPE cells derived from iPSC control WT3 (AD4), RPE-iPSC patient RP11S1 
(F116), early RPE-iPSC and control iPSC WT3 (AD4).  
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