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Summary 

Usher syndrome (USH) is a rare and complex genetic disorder that causes both deafness and 

blindness. The Usher type 1F subtype (USH1F) is one of the most severe forms of this disease 

and is caused by mutations in the PCDH15 gene. This gene is located at the USH1F locus and 

encodes a protein that is expressed in the retina and cochlea; it plays an essential role in 

maintaining photoreceptor cells and sensory hair cells. Patients with the Arg245Ter variant in 

exon 8 of the gene typically have congenital deafness and develop retinal degeneration in 

teenage years, and there is currently no cure for this disease.    

The first section of this thesis describes the use of patient-specific induced pluripotent stem 

cells (iPSCs) to generate a robust in vitro model of PCDH15 retinal disease and combines this 

technology with gene editing approaches to conduct site-specific correction of the Arg245Ter 

mutation. Differentiation of Usher iPSCs and mutation-corrected iPSCs to retinal organoids 

was undertaken to investigate disease pathogenesis. Single-cell RNA-sequencing was 

performed to investigate the complexity of retinal organoids and compare gene expression 

profiles between PCDH15 Arg245Ter and wildtype stem cell-derived retinal cells.  

Additionally, an ‘exon skipping’ approach was investigated in an organoid model. The mutated 

exon was removed from the PCDH15 gene in stem cells using CRISPR technology, to assess 

the function of exon 8 in PCDH15 and to determine whether exon-skipping could be a therapy 

option for this disease. For all the above experiments, isogenic gene-editing H9 hESC cell lines 

(mutation knocked in and exon-skipped hESC) were generated and analysed in an identical 

manner. 

To expand our genome editing applications from bench to bedside, in the last part of this thesis 

I tested different adenoviral vectors in mature retinal organoids to determine virus transduction 

efficacy. This information will be used to inform virus selection in future clinical applications.   
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The aims of this thesis were to: 

1) establish a stem cell-based 3D organoid USH1F disease model;

2) correct the Arg245Ter mutation in human PSCs and determine if the gene-editing strategy

changes the disease phenotype in retinal organoids; 

3) determine which AAV can infect the retinal cells most efficiently.

Taken together, this thesis provides proof-of-principle data for a CRISPR/Cas mediated gene 

editing approach for USH1F, and information to guide future clinical applications. 
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1.1 The retina  

1.1.1 Retinal structure 

The mammalian eye is composed of a number of distinct parts. The incoming light is first 

focused by the cornea, continues through the iris and the pupil and is then further focused by 

the lens before reaching the retina (Figure 1.1 A). The retina is the sensory membrane located 

in the back of the eye, essentially a specialised extension of the brain. It contains different 

laminated cell layers and cell types (Figure 1.1 B), the retinal pigment epithelium (RPE) is 

associated with the photoreceptor (PR) layer which consists of the outer segment (OS), 

connecting cilium (CC) and inner segment (IS) of rod and cone cells. The cell body of PRs is 

located in the outer nuclear layer (ONL), with the synaptic terminus (Syn) located at the outer 

plexiform layer (OPL). The PRs detect the light and pass the signal to bipolar cells and 

horizontal cells in the inner nuclear layer (INL), which also contains Müller glial cells and 

amacrine cells. The visual signal then passes to ganglion cells through synaptic contacts at the 

inner plexiform layer (IPL) and ganglion cell layer (GCL), which in turn convey it to the visual 

cortex in the brain for processing into visual perceptions1,2. Basically, the retina is the place 

where vision begins.  

 

1.1.2 Photoreceptor cells 

Photoreceptor cells are the primary light-responsive cells in the retina, and include two 

subtypes: rod photoreceptor cells and cone photoreceptor cells (Figure 1.1 C). Although the 

photoreceptors share similar overall arrangement of five subcellular compartments, they differ 

in shape and light-responsive abilities. The rod photoreceptor OS is longer and contains closed 

individual disks, while the cone photoreceptor OS is shorter and is formed with open disks. 
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Rod photoreceptor cells constitute 95% of all photoreceptors, they are highly sensitive and are 

responsible for night vision, whereas the 5% cone photoreceptors are responsible for daylight 

vision. In humans, there are three different types of cone cells, characterized by the expression 

of different cone opsins, which show high sensitivity to light at 419 nm (blue), 531 nm (green) 

and 558 nm (red) spectra. This combination of cone cell types permits human trichromatic 

colour vision3,4. 

 

Figure 1.1 Structures of eye, retina and photoreceptors. (A) Eye structure. (B) Retina structure. 

(C) Photoreceptor structure. The figure was modified from5. 

 

 

1.2 Inherited retinal diseases 

Retinal diseases can cause blindness and low vision, mainly characterized by progressive 

dysfunction and death of the retinal cells. Genetic factors play a highly significant role, and 

most retinal diseases are hereditary6. Retinal diseases affect approximately 1 in 3000 people 

with more than 2 million people being affected worldwide7,8. To date, more than 300 loci have 

been mapped and almost 300 genes have been identified as being implicated in retinal disorders 

and the number is still increasing (Retinal Information Network: https://sph.uth.edu/retnet/). 

As genetic disorders of the eye are so numerous, across these conditions almost every type of 

https://sph.uth.edu/retnet/
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retinal cell can be affected. Inherited Retinal diseases (IRD) can be classified based on whether 

they are part of a syndrome. Non-syndromic IRD refers to a partial or total loss of vision that 

is not associated with other signs in the patient’s body. In contrast, syndromic retinal disease, 

like Usher syndrome, is characterised by vision loss along with other disease symptoms in the 

body. Although genetic eye disease remains untreatable today, there is much interest in 

determining if gene therapy could be an effective treatment. 

 

 

1.3 Gene therapy and the applications in the retina 

Gene therapy was first conceived nearly half a century ago9. After extensive research on 

animals, researchers are testing several approaches to gene therapy, including replacing the 

mutated gene with a healthy copy, inactivating an improperly functioning mutated gene, and 

introducing a new gene into the body to help fight disease10. Gene therapy is currently being 

tested for the treatment of ‘single gene’-caused diseases, in which the candidate disease 

mechanism and therapeutic sites are well-defined11. Because of its structure and ease of 

accessibility, the eye has been targeted as a very suitable organ for gene therapy. Ongoing 

efforts are being made to utilize gene therapy treatments on some select genetic retinal diseases, 

with dozens of animal experiments proving that gene therapy can have beneficial effects for 

those diseases, and some therapies already entering clinical trials12.  

An example of non-syndromic IRD is Leber congenital amaurosis (LCA), which is the most 

severe form of early-onset inherited retinal dystrophy and one of the most common causes of 

blindness in children13. It is caused by mutations in any of the at least 17 genes encoding retinal 

proteins, with mutations in RPE65, CEP290, CRB1, and GUCY2D gene being the most 

common and extensively studied of this disorder14. The proposed treatment of LCA includes 
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antisense oligonucleotides (ASOs) and introducing functional gene copies to the retina. In 

CEP290-associated LCA, which is a deep-intronic point mutation, different ASOs were 

designed to target the mutations and block the recognition of the pseudo-exon, and restore 

normal CEP290 splicing for the expression of functional protein15,16. With several clinical trials 

confirmed the safety and efficacy of Luxturna® (voretigene neparvovec-rzyl) on LCA patients, 

both the US and EU approved Luxturna® in 2018, as a treatment for biallelic RPE65 mutation-

associated retinal dystrophy, making it the first approved gene therapy for genetic disease and 

also a milestone in the treatment of rare retinal disease17-19. For syndromic diseases, like Usher 

syndrome (USH), which is a combined hearing and vision loss and rare balance disorder, there 

is no clinical trial that addresses all of the disease phenotypes, but studies have provided hope 

for therapies for vision loss. The first human gene therapy drug for MYO7A mutation-related 

USH1B, UshStat®, was developed by Oxford BioMedica. It is a lentiviral vector-based drug 

and aims to introduce the large MYO7A gene to patients’ retina. Although no clinical trial 

results have been reported to date, recent animal experiments using this therapy demonstrated 

photoreceptor rescue after subretinal delivery of UshStat® in the shaker 1 mouse model, and a 

subsequent safety study in macaques confirmed that subretinal administration of UshStat® was 

well-tolerated. These animal experiments provide support for the ongoing human clinical trial20. 

Some studies have used AAV vectors to transfer the MYO7A gene to the retina of the MYO7A 

mutant shaker 1 mouse model or a pig model of USH1B, and have shown that this approach 

can successfully encode the large MYO7A protein and significantly improve the retinal 

functional abnormalities and degeneration21. Dinculescu et al. used a similar protocol in an 

USH3A model, which is caused by mutations in the CLRN1 gene. Their data showed that by 

using the right promoter, AAV-delivered CLRN1 could re-express CLRN1 in different retinal 

cells, indicating that this could be an effective AAV therapy for USH3A22. ASOs also represent 

a promising possibility for the treatment of USH23. In USH1C-associated USH, where an 
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exonic point mutation is disease-causing, ASOs were designed to block the cryptic splice donor 

site and restore normal USH1C splicing for the expression of functional protein24. 

Recently, ProQR Therapeutics registered an ASO therapy for USH2A. The drug helps retinal 

cells “read through” mutations in exon 13 of the USH2A gene to produce functional protein. 

Based on all the success achieved in animal models, gene therapies in the retina have shown 

promise in clinical trials25. Now pharmaceutical companies and research groups are recruiting 

patients with different forms of IRDs at multiple centres worldwide, to assess the efficacy and 

long-term safety of various gene therapy treatments.  

 

 

1.4 Delivery methods for gene therapy 

1.4.1 Virus vector 

Various Viral vectors can be used for gene delivery systems, including adeno-associated virus 

(AAV), adenovirus, retrovirus, lentivirus and herpes simplex virus26. Most of the animal 

experiments and clinical trials for retinal gene therapies have used AAV vectors. AAV is 

known as a safe, small virus which can infect humans and other species. It is a very attractive 

candidate vector for gene therapy as it can infect cells and persist in an extrachromosomal state 

with a very low rate of integrating into the genome of the host cell27,28. The most considerable 

success in AAV-based retinal therapy has been had in the treatment of LCA. One form of LCA, 

caused by mutations in the RPE65 gene, is the most extensively studied in both animal and 

human29. For animal models, in 2001, Acland et al. used recombinant AAV (rAAV) to deliver 

wild-type RPE65 to the eye of a naturally occurring RPE65-/- dog model and restored its visual 

function. In a three year follow-up study for a single AAV-RPE65 subretinal treatment, 



                                                                                                                                      Chapter 1 

7 

 

evidence showed retinal responses remained stable, proving that this treatment could restore 

visual function in the long-term30,31. In human studies, several different groups have confirmed 

the safety and efficacy of AAV-RPE65 vectors on LCA patients and some have already 

reported the results of clinical trials17,32-37. 

Routes of AAV-gene delivery to the retina include applications like intravitreal injection and 

subretinal injection. Most human clinical trial data showed that subretinal injection is the 

preferred method of delivery due to its higher efficiency and longer contact time with the site 

of target cells. Details of clinical trials that have been initiated for gene therapy of inherited 

eye disease are summarized in Appendix 1. 

Even if the immunological reaction of gene deliver viral vector could be disregarded, 

packaging capability of the vector is still a limitation of viral gene therapy. Currently, 

recombinant AAV is the most commonly used vector in clinical trials, with a packaging 

capacity of about 4.7 kb genomic DNA. Including genes beyond this size significantly 

decreases the efficiency of gene delivery38. Some studies have demonstrated improvements 

that have been made to broaden the applicability of AAV to inherited retinal disease treatments. 

For example, Trapani et al. use an improved dual AAV vector to transfer the large MYO7A 

gene (8.1kb) to the retina of a mouse model for Usher syndrome gene therapy that resulted in 

significant improvement of the retinal phenotype of the mouse model39. They also successfully 

applied this technique to transfer the ABCA4 gene (8.9kb) to the retina of the  Abca4-/- mouse 

model of Stargardt disease40. Nevertheless, there are some drawbacks to AAV delivery 

capacity. Some of the USH genes like GPR98 are very large, which makes gene delivery by 

AAV hard to achieve41. Despite advances, a limit in packaging capacity of about 10kb for AAV 

still exists, and so do the efficiency problems42. 
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1.4.2 Non-viral vector 

Compared to the viral vectors for gene delivery, non-viral vectors have the advantages of larger 

capacity and less toxicity. Non-viral vector retinal gene therapy promises to be less 

immunogenic than that using viral vectors43. Moreover, the gene size appears not to be limited, 

which makes entire genomic DNA delivery possible, and expression efficiency is improved44. 

However, like viral vector gene therapy, non-viral approaches also need to overcome the 

nuclear localization and long-term transgene expression challenge. 

Nanoparticles (NPs) are particles between 1 and 100 nanometres in size; NPs can be divided 

into three main categories: metal NPs; lipid NPs; polymer NPs, due to their different size, shape 

and structure, but all share the same mechanism to enter a cell or deliver a gene into the 

nucleus45. In nanotechnology, a particle is defined as a small object that behaves as a whole 

unit with respect to its transport and properties. Despite the fact that AAV vectors generally 

have better transfection efficiency, NPs have their own unique advantages, including being 

easy to synthesize, and having molecular structures that can be easily manipulated due to 

accessible functional groups. Moreover, they typically have a low cost, a large package size 

and a good safety profile compared to AAV systems.  

Although there are no NP-based gene therapy clinical trials for inherited eye diseases yet, some 

success has been achieved in cell and animal models. For example, in a retinitis pigmentosa 

model, improved visual function was achieved using CK30PEG10k-compacted DNA NPs to 

target mouse photoreceptor cells. In follow-up studies, Naash’s group further tested the ability 

of an RPE-specific reporter vector (VMD2-eGFP) to deliver genes to the mouse RPE. These 

results hold great potential for the treatment of RPE-associated and photoreceptor-specific 

diseases, like Best disease and Stargardt dystrophy46-48. A study utilized an optimized DNA NP 

technology to deliver ABCA4 to Abca4 knockout (KO) mice and ABCA4 expression last for 8 

months after injection, indicating that this approach is suitable for genes too large for AAV49. 
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Similarly, for  photoreceptor dystrophies caused by PRPH2 mutations, DNA NPs delivering 

PRPH2 have been successfully used to improve retinal function in rds (+/-) mouse models50. 

Apaolaza et al. also first tested solid lipid NPs in an animal model of X-linked juvenile 

retinoschisis for controlled delivery of the RS1 gene to eyes and showed a partial recovery of 

the retina51.  

Compared to viral vectors, efficiency seems to be the biggest problem for NPs. One type of 

NP, liposome, which is one of the most popular and widely studied gene transfection tools due 

to its efficient delivery mechanism, was found have high cytotoxicity in photoreceptor cells, 

even at low concentrations52.  

Another non-viral delivery method is plasmid DNA electroporation, which has been used by 

some studies for the delivery of macromolecules such as siRNA or genes into the retina. 

Ishikawa et al. developed an in vivo electroporation method to introduce foreign genes into 

retinal ganglion cells (RGCs) and found a significant increase in the number of surviving RGCs 

after optic nerve transection, which suggests that this method may be useful for the delivery of 

genes into RGCs with little tissue damage53. In addition, Ellouze et al. subsequently tested 

electroporation with the ND4 gene in a LHON animal model. The data showed it can prevent 

RGC loss and improve visual function, proving it may be an effective method for LHON 

treatment54. The feasibility of electrically assisted delivery offered potential for use in gene 

therapy, based on this, a standardized surgical method and a fast distinct indicator of successful 

surgery will establish for ocular disease after solve targeting problems55-57.  

The two requirements of retinal gene therapy are safe delivery of the therapeutic gene and 

continuous gene expression58. Most gene therapy requires a viral vector to deliver genetic 

material to the target host cells, though vector packaging capacity is still a limitation of viral 

gene therapy. Another weakness of gene replacement therapy is that it also needs to overcome 
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the nuclear localization and long-term transgene expression challenge, as it does not induce a 

permanent modification in the host genome. As such, gene editing offers advantages over gene 

replacement therapies in retinal diseases. 

 

 

1.5 Frontier of gene therapy – gene editing 

1.5.1 Overview of gene editing 

The mechanism of gene editing involves the creation of site-specific double-stranded breaks 

(DSBs), followed by the activation of two distinct cellular pathways: non-homologous end 

joining (NHEJ) and homology-directed repair (HDR). The cell DNA repair mechanism of 

NHEJ works in a  template-free manner by re-ligation of cleaved ends to repair DSBs, 

providing a simple but effective way to disturb the genome. However, there is a possibility for 

loss or gain in base pairs at the break point for the NHEJ pathway, making it a more error prone 

pathway compared to HDR. HDR can repair broken DNA strands when there is a homologous 

piece of DNA present. It is assumed to be error-free process due  to the use of a template, and 

thus it holds promise as a mechanism to cure genetic disorders. The efficient and precise editing 

holds enormous potential in clinical applications and has attracted much attention in basic 

science. In the last decades, different generations of genome-editing tools were developed for 

more precise genome modification; with each development, the cure for IRDs becomes more 

realistic. 
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1.5.2 Gene editing approaches  

There are currently three main approaches for creating site-specific DSBs in the genome, : zinc 

finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and 

clustered regularly interspaced short palindromic repeats (CRISPR) / CRISPR-associated 

protein (Cas) system (Figure 1.2)59. 

ZFNs and TALENs belong to the first and second generation of editing tools, with both using 

the common nuclease FokI60,61. ZFNs represent the first efficient, targeted nucleases. They 

consist of a series of custom-designed zinc finger proteins and a non-specific FokI restriction 

endonuclease cleavage domain. Paired ZFNs will recognize a specific sequence of DNA 

triplets and then induce DSBs to enable gene modifications. Like ZFNs, TALENs refer to a 

pre-designed C-terminal FokI endonuclease cleavage domain and a DNA binding domain, this 

system is based on proteins isolated from the plant pathogen Xanthomonas and can recognize 

a single nucleotide, which is a step forward compared to ZFNs. TALENs generally produce 

greater improvements in outcomes compared to ZFNs due to their high specificity and low 

cytotoxicity. Ultimately, both ZFNs and TALENs are limited by access to each target-specific 

site in the genome, leading to the demand for new generation tools such as the CRISPR/Cas 

system.  

The CRISPR system is a naturally-occurring ancient defence mechanism which is highly 

diverse and has been adopted in a wide range of bacteria62. The most commonly used is the 

type II CRISPR system, which includes a Cas9 protein and guide RNA (gRNA)63. The gRNA 

consists of two components, a complementary sequence to the target DNA called CRISPR 

RNA (crRNA) and a trans-activating crRNA (tracrRNA) which provides the scaffold for the 

system. The fusion complex directs the enzyme to the locus of interest, recognises and binds a 

short DNA stretch called protospacer adjacent motif (PAM), to cleave the target sequence. The 

PAM is present just downstream of the target and varies depending on the bacterial species the 
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Cas9 was isolated from. Compared to other gene engineering methods like ZFNs and TALENs, 

the CRISPR system is simple and flexible, as its specificity is guided by RNA, not protein, 

making it the most attractive gene editing tool.   

 

Figure 1.2 Genome editing using ZFN/TALEN/CRISPR systems. The ZFN, TALEN and 

CRISPR systems induce double strand breaks (DSB) in the genome, which are then repaired 

by the DNA repair machinery via non-homologous end joining (NHEJ) for deletions and 

insertions or homology directed repair (HDR) for precise gene editing.  

 

1.5.3 Current therapeutic application of CRISPR in IRD  

The CRISPR system is considered to be the most effective and promising therapeutic approach 

to directly correct mutation-induced genetic diseases, including Duchenne muscular dystrophy 

(DMD), haemophilia, thalassemia, and cystic fibrosis64-67. In IRD, disease models that carry 

the same mutations and recapitulate human disease features is a prelude to gene therapy 

development; appropriate disease models are essential for testing new therapies and 

transitioning research findings to human clinical trials.  
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Mutations in KCNJ13 are considered as a key factor in LCA. To verify this, Zhong et al. 

injected a CRISPR/Cas system to mice zygotes to generate kcnj13 mutated mice. They found 

that the expression of mosaic kcnj13 is correlated with photoreceptor degeneration, indicating 

that kcnj13 expression in retinal pigment epithelium (RPE) cells may play a key role in 

photoreceptor maintenance and survival68.  

Also, in IVS26 splice mutation-related LCA10, the most common subtype of LCA, Ruan et al. 

firstly introduced a CEP290 mutation to HEK293FT cells to generate an LCA10 cellular model 

and validated the efficiency of intronic splice mutation deletion. In addition, they achieved 

deletion of an intronic fragment in mouse retina using a dual AAV-CRISPR system. This 

research supports the therapeutic potential of CRISPR-based strategies for LCA10 treatment69. 

The most recent advances of gene editing treatment for LCA is reported by Editas Medicine. 

This company developed a candidate CRISPR genome editing medicine, EDIT-101, which has 

been accepted by the US FDA for LCA10 treatment. The mechanism of EDIT-101 is to remove 

the mutation in the CEP290 gene and restore functional protein expression. Editas Medicine 

identified two highly specific active Staphylococcus aureus Cas9 (SaCas9) sgRNAs to target 

CEP290 and tested the efficiency in human cells and retinal explants first, then determined the 

gene-editing kinetics and dose-response in the HuCEP290 knock-in mouse model. Results 

showed that EDIT-101 editing rates could be up to 20% at week two and the high peak was 

maintained through six to nine months in the two-dose group following subretinal treatment. 

A higher productive editing rate was achieved at a dose of 1× 1012 and 3× 1012  vg ml–1, 

indicating that the therapeutic dose of EDIT-101 for functional rescue is from 3× 1011 to 3× 

1012  vg ml–1 tin the humanized mouse model. They then altered EDIT-101 to be suitable for a 

non-human primate (NHP) genome to further test its therapeutic use in this more human-similar 

model, as mice lack the human eye phenotype. They found that SaCas9 expression was 

restricted to photoreceptors and can be clinically efficacious at a dose of 7× 1011 and 1× 1012 vg 
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ml–1 in NHPs. More importantly, no adaptive immune response was detected in primates after 

EDIT-101 treatment70. The findings provided a dose extrapolation and safety evidence for the 

upcoming human clinical trial. Overall, this is a significant milestone in CRISPR-based 

treatment for genetic eye disease. 

 

 

1.6 Human pluripotent stem cells and applications in IRD 

1.6.1 Overview of human pluripotent stem cells 

In 1998, Thomson and colleagues first isolated human embryonic stem cells (hESCs) from 

blastocysts71. As they hold the ability to self-renew and the potential to differentiate into 

various cell types, hESC have shown promise in regenerative medicine and disease therapeutics. 

However, due to the nature of the cell source, using hESCs raises ethical controversies for both 

research and clinical applications72. In 2006/2007, Yamanaka’s team successfully generated 

induced pluripotent stem cells (iPSCs) from mouse and human adult fibroblasts by introducing 

four reprogramming factors73,74. This landmark study broadens the sources for stem cell 

research as the hiPSCs shared the pluripotent properties as hESCs whilst circumventing the 

ethical issues in the field. Both hESCs and hiPSCs offered an unprecedented platform to 

explore disease mechanisms at the cellular level. Over the past two decades since the 

introduction of human PSCs, they have been utilised extensively in human disease research, 

due to the fact that they can be differentiated into any required cell type in vitro, which makes 

them invaluable for disease modelling and drug screening.    

 

1.6.2 Applications of PSCs in retinal diseases 
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Stem cells can be derived from multiple sources and can become virtually any cell type in the 

body, including retinal cells. In most retinal diseases, the progressive visual decline is triggered 

by progressive and continuing loss of retinal cells; therefore, the generation of retinal cells from 

stem cells holds great potential for cell replacement therapy. Comprehensive, with the 

development of feasibility and utility methods and the manufacturing scale standard of retinal 

cells differentiation, progress in the area of retinal cell transplant and retinal cell based disease 

modelling have started to address the gap from laboratory to clinic. For example, by replacing 

the lost function RPE cells with stem cell-derived RPE cells to restore vision, clinical trials of 

human ES cell-derived RPE based cell transplantation therapy have shown promising results75. 

However, despite these advances, current treatments are not disease-specific and may have 

inflammation effects due to the cell origin.  

 

1.6.3 Promise of genome editing in stem cells 

Patient’s iPSC can be derived from adult tissues that harbour individual-specific genetic 

profiles without the ethical concerns associated with hESCs. CRISPR gene editing has rapidly 

evolved at a rapid speed in clinical applications. It has been applied in establishing an 

associated animal model and correcting the disease-mutation in patient’s iPSC. Therefore, the 

CRISPR gene editing provides new disease modelling and potential treatment methods in 

humans. Thus, gene-corrected, patient-specific iPSCs are an attractive approach for gene 

therapy and are being extensively developed in the personalized medicine field. It is hoped that 

the wide-ranging applications of different technologies will ultimately lead to new diagnostics 

and therapeutics for genetic retinal disorders. 
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1.6.4 Organoid model systems 

Even though there have been impressive outcomes reported in stem cell-derived photoreceptor 

cell and retinal ganglion cell production, the challenge remains to produce clinically relevant 

cells with which to understand diseases caused by degeneration of those cells76,77. In this case, 

establishing a high-throughput and high-quality retinal cell differentiation system holds great 

potential in multiple clinical applications. 

Organoid cultures, a 3D culture system that aims to resemble an organ or tissue, is able to 

replicate the morphology and biology of its origin tissue. Compared to the traditional 2D cell 

culture models, the organoid model bears more physical, molecular and biological similarity 

to the origin tissue. The early 3D organoid models were described about half a century ago; 

they required large numbers of starting base cells and were short-lived78. With the rapid 

developments in stem cell technology, organoid models were widely established and allowed 

researchers to gain new insights in the study of various diseases.  

Recently, Lancaster and Knoblich re-defined the organoid as an item “resembling an organ”, 

which should possess three critical features79. Firstly, it must contain multiple cell types of its 

respective organ. Secondly, it should exhibit some specific function of its respective organ. 

And last, different types of cells in the organoid should be grouped together and organized 

similarly to the respective organ. 

A typical organoid differentiation protocol starts with the culture of stem cells and turns to 3D 

growth with or without a supporting scaffold. Signalling pathways that have been found to be 

essential for governing organoid formation are exploited by adding a combination of cytokines, 

growth factors and signalling molecules to the culture medium to specifically activate or inhibit 

specific signalling. 
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Stem cell-derived retinal organoids hold great potential for the investigation of retinal 

diseases80. Over the last ten years, several studies have reported significant progress in 

generating retinal organoids. This research has led to significantly improved tools to study 

disease development and rapid development towards clinical applications, like cell 

replacement therapies81-83.   

 

 

1.7 Single cell RNA sequencing 

1.7.1 Overview of single cell RNA sequencing 

In 1970, Crick described the central dogma of molecular biology: a two-step process, transcript 

and translation, including RNA synthesized with genomic DNA template that then directs 

protein expression84. As RNA is a single strand structure, by binding itself, it can form complex 

shapes. The number of copies of the same RNA molecule generated by the cell refers to the 

expression level of this RNA, and RNA expression is varying in processes within cells while 

regulating the cellular activities. The whole set of RNA transcripts in an organism is defined 

as the transcriptome, and a transcriptome study entails examining the expression level of RNA 

in the target cell population. Transcriptome studies have been most widely used for messenger 

RNA (mRNA), as it directly reflects the gene expression level and protein assembly. 

With the rapid development of biotechnology, the methods of transcriptome study have moved 

from probe-based qPCR to microarray and RNA sequencing (RNA-seq)85. RNA-seq provides 

a reliable way to detect the RNA expression level with high quality.  

Single cell RNA sequencing (scRNA-seq) is a technology which has only been developed over 

the last decade. The process is similar to RNA-seq: first, the RNA molecules are isolated  from 
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the sample, then converted to complementary DNA (cDNA) and input to a sequencing machine. 

However, it refers to sequencing the mRNA of individual cells, which can provide information 

on the gene expression states in an individual cell. Currently, all the published scRNA-seq 

protocols follow the same workflow: isolate single cells from experimental target; capture and 

lyse those single cells; reverse transcribe the mRNA to cDNA; collect the cDNA for 

sequencing. While in the reverse transcript step, unique molecular identifiers (UMIs) are used 

to improve the sequencing quantification in single cells for the downstream gene expression 

analysis, making it possible to characterize the transcriptomes of single cells.  

For heterozygous samples, scRNA-seq can provide a better resolution for understanding gene 

expression over bulk RNA-seq (Figure 1.3). First, it can give a clear landscape of cell 

population dynamics. Second, it makes selecting and isolating cell types of interest much easier 

to study gene expression. Third, discovery of unknown cell types becomes possible by 

investigating the distinct cell types separately in the samples. 

 

Figure 1.3 The difference between  bulk-RNA seq and  single cell RNA seq with 

heterogeneous samples.  
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1.7.2 Reconstruct organoids with scRNA-seq 

As organoids contain different cell types at varying levels  of cellular maturity from the same 

differentiation lineage, scRNA-seq provides a powerful snapshot for comparing conditions 

with high sensitivity and accuracy. For example, 3D retinal organoids contain various types of 

retinal cells, but due to  the complicated relationship between retinal cells, it was difficult to 

assess the individual transcriptome information for each cell type at once. scRNA-seq could 

dissect the cell composition in retinal organoids and reveal the cellular components for subtype 

analysis. Another useful potential of scRNA-seq is in identifying disease-related cell types in 

organoid models, and mapping disease-related genes by comparing the  transcriptional 

signatures with control samples using differential analysis. 

 

 

1.8 Usher syndrome and aims of this study 

1.8.1 Background of Usher syndrome 

Usher syndrome is an autosomal recessive genetic disorder that is characterized by progressive 

vision loss combined with hearing impairment and vestibular disability. To date, 15 loci have 

been detected, and 12 genes identified to be associated with this disorder (Table 1.1). Clinically, 

Usher syndrome is divided into three subtypes, differing in severity and the age of onset of 

symptoms. These are referred to as USH1, USH 2 and USH386,87. USH1 is the most severe 

form; people with USH1 are born with profound congenital hearing loss, progressive blindness 

and balance dysfunction. USH2 patients show mild to severe congenital hearing loss, late-onset 

vision loss and normal vestibular responses. USH3 is the rarest form, characterized by late-

onset deaf-blindness and normal or decreased vestibular responses. For now, this disease 
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remains uncured. Cochlear implants can be of some benefit if placed in young children, but 

there is no treatment for all the symptoms. 

USH type Locus 
Chromosomal 

location 
Gene Protein 

USH1 USH1B 11q13.5 MYO7A MYO7A 

 USH1C 11p15.1 USH1C harmonin 

 USH1D 10q22.1 CDH23 Cadherin-23 

 USH1E 21q21.3 - - 

 USH1F 10q21.1 PCDH15 Protocadherin-15 

 USH1G 17q25.1 USH1G SANS 

 USH1H 15q22-q23 - - 

 USH1J 15q25.1 CIB2 CIB2 

 USH1K 
10p11.21-

q21.1 
- - 

USH2 USH2A 1q41 USH2A Usherin 

 USH2C 5q14.3 ADGRV1 ADGRV1 

 USH2D 9q32 WHRN Whirlin 

USH3 USH3A 3q25.1 CLRN1 Clarin-1 

 USH3B 5q31.3 HARS HARS 

USH 

modifier 
- 10q24.31 PDZD7 PDZD7 

Table 1.1 USH clinical categories and their associated genes. 

 

1.8.2 USH1F and the barriers for treatment 

Mutations in the PCDH15 gene produce USH1F, one of the most severe forms of this condition, 

characterised by profound hearing impairment, vestibular dysfunction and progressive retinitis 

pigmentosa. This gene consists of 1 noncoding and 32 coding exons, and it encodes the 1955 

amino acid PCDH15 protein, which is a member of the cadherin superfamily. It plays an 
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essential role in maintaining the normal function of hair cells and photoreceptors88. Thus, the 

deficiency of PCDH15 leads to a functional and structural abnormality of the inner ear and 

retina and finally causes deaf-blindness. PCDH15 has been detected in the neurosensory 

epithelium and is thought to be located in the calyceal processes of the photoreceptor cells in 

the retina89,90. As the calyceal processes are not present in rodents, the USH1F murine model, 

Ames Waltzer mice, only represents the disease hearing phenotype and does not show the 

retinal abnormalities. Thus, most studies of this protein have focused on hearing phenotypes91, 

The large size of the PCDH15 gene means that gene therapy strategies that seek to replace the 

gene with healthy copies encounter the difficulties of large gene delivery. Thus, there is a need 

to develop new therapeutic methods for USH1F. 

 

1.8.3 Thesis aims 

In order to learn more about PCDH15 protein function and the pathogenic disease mechanism, 

as well as develop therapeutic strategies for USH1F, this study aimed to develop and validate 

a stem cell-based 3D organoid disease model. Furthermore, this research sought to optimise 

aspects of stem cell technologies that will open up the possibilities for gene editing therapies 

for USH. 
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Chapter 2   Methods and Materials  
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2.1 General methods 

2.1.1 Cell lines and cell culture 

HEK293 cells were maintained in DMEM with 10% FBS at 37℃ in a 5% CO2 incubator. 

Human iPSC (passage 9+) and hESC H9 (passage 20+) were cultured with the mTeSR1 

medium on Matrigel or Vitronectin coated plates at 37℃ in a 5% CO2 incubator with daily 

medium changes. Typically, cells were passaged every 4~7 days while reaching 80% 

confluency with ReLeSR following the manufacturer’s protocol. Briefly, after washing with 

DPBS, 1ml of ReLeSR was added into the passage well of a six-well plate and incubated for 1 

min at room temperature. ReLeSR was then aspirated and the plate incubated at 37℃ for 5 

mins. Cells were dissociated by gently tapping the plate for a few seconds to achieve the desired 

clump size then resuspended at split ratio of 1:10~1:50. Cells were cultured with 10 µM Y-

27632 for 24 h post passage to increase cell viability. All the original stem cell lines and 

CRISPR edited cell lines tested negative for mycoplasma using a MycoAlert™ Mycoplasma 

Detection Kit. 

 

2.1.2 RNA isolation and Q-RT PCR 

Total RNA was extracted using the RNeasy Plus Mini Kit according to the manufacturer’s 

protocol. The cDNA was synthesized with the Omniscript RT kit. qPCR analysis was 

performed using the TaqMan genotyping assay with the primers listed in Appendix 4  and 

followed the conditions: 1* (50℃ 2 min), 1*(95℃ 10 min), 40* (95℃ 15 sec, 60℃ 1 min). 

Relative gene expression was determined by ∆∆CT method using the real-time cycler data. 

2.1.3 Immunostaining 



                                                                                                                                      Chapter 2 

24 

 

Stem cells were cultured on coverslips, then fixed with 4% PFA for 30 mins on a shaker, 

permeabilized with 0.1%~0.3% Triton-X for 10 mins with agitation then blocked with 10% 

normal serum for 30 mins at RT. Coverslips were incubated with primary antibodies diluted in 

10% serum overnight at 4℃, followed by secondary antibodies for 1h at RT the following day. 

Cells were co-stained with DAPI then mounted onto glass slides for microscopy. 

Retinal organoids were fixed with 4% PFA for 30 mins at 4°C and washed with 0.01 M PBS, 

then equilibrated in 30% sucrose overnight before being cryosectioned. Samples were 

sectioned at 10 microns onto slides and stored at -20°C. The sections were blocked in protein 

block for 20 minutes at RT, incubated with primary antibody overnight at 4℃, followed by the 

secondary antibody for 1h at RT, and all the slides were stained with DAPI then imaged with 

a microscope. The details of primary and secondary antibodies used are provided in Appendix 

2. 

 

 

2.2 CRISPR related methods 

2.2.1 crRNA design for gene disruption 

The crRNAs were selected from the optimal results obtained with different online CRISPR 

design tools, like “CRISPR Design”, “CHOPCHOP” and “Cas-Designer”92-94. Briefly, the 

sequence of the locus of interest was entered into the website and targets were selected based 

on the ranking score provided by the server. The details and locations of crRNAs selected for 

use are provided in Appendix 3. 

 

2.2.2 Transfection experiments in HEK cells 
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The crRNA and tracrRNA complex were annealed by heating the same number of compounds 

at 95℃ for 5 mins then diluted to the desired working concentration. To produce CRISPR RNP 

for the gRNAs test, crRNA/tracrRNA complexes were mixed with Streptococcus pyogens 

Cas9 (SpCas9) protein and incubated at RT for 5 min. In each gRNA test experiment, 100 µl 

of HEK cells were seeded into one well of a 96 well plate at a density of 40,000 cells, along 

with 10 nM RNP, they were then transfected with Lipofectamine RNAiMAX transfection 

reagent. Cells were maintained in incubator for 48 h post-transfection then harvested for 

analysis. 

 

2.2.3 Electroporation experiments in stem cells 

To introduce CRISPR RNP into stem cells, transfections were done using the Lonza 

Nucleofector 2b device with Amaxa® human stem cell nucleofector kit. In brief, stem cells 

were dissociated into single cells using TrypLE select, 8×105 cells were resuspended in 100 µl 

nucleofector solution containing the CRISPR RNP complex, the mixture was transferred into 

a certified cuvette and nucleofection was conducted with selected programs. Post-

electroporation, cells were plated in a Vitronectin-coated 6-well plate in mTeSR1 medium 

supplemented with Y-27632 or CloneR. Cells were harvested 3 days after nucleofection for 

analysis. 

 

2.2.4 FACS single cell sorting and clonal isolation of CRISPR edited stem 

cells 

Stem cells were transfected with ATTO550-labelled CRISPR RNP using the Amaxa2b 

electroporation system as described above (2.2.3). Cells were maintained in mTeSR1 for about 

48 h or until cells were ~70% confluent. Prior to sorting, cells were dissociated to single cells 
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using TrypLE select, then washed once with PBS (containing 1% FBS) to reduce nonspecific 

binding. Cells were resuspended in mTeSR1 with CloneR supplement, passed through a cell 

strainer, then processed by FACS using a BD Moflo Astrios instrument under sterile conditions. 

Mock electroporated cells were used as a control to gate for fluorescence. Single cells which 

expressed ATTO-550 fluorescence were sorted and plated into vitronectin-coated 96-well 

plates with 1, 2, 3 or 5 cells per well. Plates were placed in an incubator immediately post-

sorting and were not disrupted for 48 h. After this initial period, medium was changed daily 

until the cells were about 50% confluent or until cell colonies were clearly visible under a 

microscope (typically 10 to 14 days after sorting). 

 

2.2.5 Cryopreservation and gDNA extraction of CRISPR edited stem cells 

After undergoing transfection, cells were harvested for expansion and downstream analysis. 

To obtain isogenic single stem cells from the cell pool post-transfection, FACS was used, or 

alternatively, one small stem cell clump was picked from un-confluence culture. Sub-seeding 

single cells were transferred to 96 well plates for expansion. Once stem cells were sufficiently 

expanded in 96 well plates, they were detached using TrypLE enzyme and split into two 96 

well plates - one plate for genotyping and another plate for archiving. If the cell density varied 

between wells in the 96 well plate, cells were maintained until the majority of wells reached 

the desired confluence. The gDNA for genotyping was extracted with QuickExtract™ DNA 

Extraction Solution following the manufacturer’s protocol. The cells in the archiving plate were 

frozen in Knockout serum replacement with 10% DMSO in a 500 µl cryogenic vial latch rack 

plate. The plate was placed in a foam box at -80℃ for slow freezing and then transferred to 

liquid nitrogen for long term storage. 
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2.2.6 Genotyping PCR 

To determine the CRISPR gene-editing event, multiplex PCR reactions containing sets of 

primers for different purposes were performed with a Kapa HiFi PCR kit. The PCR reaction 

was run with the following conditions: 1* 95℃ 2 min, 30* (98℃ 20 sec, 63℃ 15 sec, 72℃ 1 

min), 1* 72℃ 2 min on a thermal cycler machine. Electrophoresis using 2% agarose gel was 

performed and visualized with SYBR Safe DNA gel stain. 

 

2.2.7 T7 endonuclease 1 assay 

To detect the indels generated by CRISPR-mediated activities, the T7E1 assay was used. This 

assay is a rapid and cost-effective gel-based mutation detection method. The gDNA was 

amplified with primers covering the modified locus following the protocol above. Due to the 

CRISPR activity, the PCR products were then denatured and re-annealed yielding three 

possible structures. The following conditions were used: 95℃ for 10 min, 95℃ to 85℃ at a 

ramp rate 2℃/sec, 85℃ to 25℃ at a ramp rate 0.3℃/sec. Then the duplexes containing 

mismatches were treated with T7E1 enzyme, which cleaves at the site of indels mutations. The 

product is then separated on 2% agarose gel to detect the gene-editing event. ImageJ was used 

to quantify the band intensity then the cleavage efficiency was calculated by the following 

formula: 

% cleavage = 1- √1 − (
𝐶𝑢𝑡 𝑏𝑎𝑛𝑑𝑠

𝑢𝑛𝑐𝑢𝑡 𝑏𝑎𝑛𝑑+𝑐𝑢𝑡 𝑏𝑎𝑛𝑑𝑠
) *100 

 

2.2.8 Sanger sequencing  
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For all potential clones containing CRISPR modification, gDNA samples were amplified using 

primers flanking the gene-editing target locus. The PCR products were purified with Bioline 

PCR ISOLATE kit, then sent to AGRF for analysis. 

 

2.2.9 Off-target analysis 

For each gRNA used in exon deletion and mutation correction experiments, the potential off-

target sites were identified with online CRISPR tools and ranked by off-target hit scores. The 

top-ranked sites were assessed using the T7E1 assay with specifically designed primers to 

identify the off-target locus. 

  

   

2.3 Organoid related methods 

2.3.1 Retinal organoid differentiation   

Retinal organoids differentiation was based on the Richman’s protocol with some 

modifications95,96. Briefly, stem cells were cultured on a vitronectin-coated plate until 80% 

confluent - this was defined as day 0 of the whole differentiation process. Medium was 

switched to E6 medium for 2 days, then N2 supplement was added and the medium changed 

every second day. On day 28, the self-forming neuroretinal-like structures were isolated from 

the adherent stem cell culture using the shaped side of an ultra-fine insulin syringe. The floating 

retinal organoids were then cultured in ProB27 medium supplemented with 10 ng/ml bFGF in 

an ultra-low attachment 24 well plate. The bFGF was removed after 7 days and floating cultures 

of the organoids in ProB27 medium was continued as required with half medium changes twice 

a week.  
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2.3.2 Western blot 

The organoids were lysed on ice with RIPA buffer supplemented with a protease inhibitor 

cocktail, followed by sonication for 5 secs to complete cell lysis and shear DNA, 4~6 organoids 

were used for protein extraction. Lysates were then centrifuged at 13,000 g for 15 min at 4℃. 

The collected supernatant was transferred to new tubes and stored at -80℃ until required. The 

protein concentration was measured by BCA Protein Assay Kit. Total protein was separated 

by SDS-PAGE, and run at 130V for 1h. All Western blots were all performed in triplicate with 

independent biological and technical replicates.           

 

2.3.3 Single cell suspension preparation of retinal organoids. 

For flow cytometry analysis and single cell RNA sequence of retinal organoids, the organoids 

were dissociated into single cells using a papain-based dissociation protocol to improve cell 

viability. Briefly, organoids were incubated in dissociation solution containing EBSS, 20 U/ml 

Papain and 0.005% DNase I at 37℃ for 1h. 1 ml pipette tips were used to triturate gently 3~5 

times every 10 mins to achieve better single cell suspension. Cell suspension was passed 

through a cell strainer, spun down at 300 g for 5 min to remove dissociation solution and then 

resuspended in 0.1% BSA solution. 

 

2.3.4 Single cell RNA sequencing and data pre-processing 

Single cells isolated from retinal organoids were counted and assessed for viability by trypan 

blue staining with automated cell counters before being captured by the 10X Chromium system. 

Cells were then partitioned and barcoded with a Single Cell 3’ Library and Gel Bead Kit. 

Barcoding cDNA library generation was performed following a standard protocol, then pooled 

and sequenced on an Illumina NextSeq machine. The raw sequencing data were processed by 
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CellRange pipeline with default parameters to convert the BCL files to FASTQ files. The reads 

were aligned to homo sapiens GRCh38, and the barcodes and unique molecular identifiers 

(UMI) were also filtered by CellRange. The filtered data was used for the downstream analysis.  

  

2.3.5 Transmission electron microscopy (TEM) 

Retinal organoids were fixed with 2.5% glutaraldehyde and 2% PFA in 0.1 M cacodylate buffer 

overnight at 4℃ then rinsed with cacodylate buffer. Samples were postfixed in 1% osmium 

tetroxide and 1.5% ferrocyanide for 90 mins at 4℃. After washing multiple times with milliQ 

water, the samples were quick stained with 0.4% tannic acid and contrasted with 1% uranyl 

acetate overnight at 4℃. The next day, activated uranyl was achieved by incubation at 50℃ for 

1 hour followed by multiple milliQ water washes then dehydration with increasing 

concentrations of ethanol on ice. Samples then were infiltrated with propylene oxide/ resin 812 

mixture for 1 hour and embedded in a resin block, polymerised at 60℃ for a few days. 70nm-

thick sections were cut with an ultracut microtome and stained with uranyl acetate and lead 

citrate on copper rhodium-coated grids. The grids were then analysed using transmission 

electron microscopy (Hitachi HT7700). 

 

2.3.6 Retinal organoid RPE area measurement  

Organoid images were taken with a Zeiss Primovert microscope. Then the area measurement 

was processed with image J. Briefly, outlines of the RPE and the whole organoid area were 

drawn with selection tools,  then converted to values by area measurements. The percentage of 

RPE area = (RPE/whole organoid) * 100%. 
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2.4 Statistic analysis 

For studies in chapter 3, 5 and 6, the data were presented as mean ±SEM (standard error of the 

mean). ANOVA or Student’s t-test analysis was conducted as appropriate in Microsoft Excel 

software and GraphPad Prism software. Results with p-values of less than 0.05 were considered 

statistically significant. The data analysis in chapter 4 was mainly performed with the “Seurat” 

package in R software. 

 

 

2.5 Materials 

All the general materials, primers and antibodies used in this study were provided in Appendix 

2 and 4, the ones which are not specifically mentioned were general lab sources. All the code 

used for scRNA-seq is available at  https://github.com/QiWangUTAS/Thesis-code. 

 

https://github.com/QiWangUTAS/Thesis-code
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Chapter 3   Precise correction of USH1F 
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3.1 Introduction 

Usher syndrome type 1F (USH1F) is the most severe form of Usher syndrome, characterized 

by profound hearing impairment, vestibular dysfunction and progressive retinitis pigmentosa, 

caused by mutations in the PCDH15 gene. PCDH15 has been detected in the neurosensory 

epithelium and is thought to be located at the calyceal processes of the photoreceptor cells in 

the retina 89,90. PCDH15 deficiency leads to a functional and structural abnormality in 

photoreceptors and ultimately causes vision loss.   

In the past few years, several disease models and therapeutic applications have been developed 

and tested in various types of usher syndrome87,88. However, for the USH1F subtype, there is 

no suitable mouse model that exhibits the retinal disease phenotype. This is due to the fact that 

the specific location of PCDH15 protein differs between primates and other vertebrates. In 

vertebrates, the formation of the USH protein network from the inner segment to the outer 

segment is a critical component of calyceal processes in the photoreceptor cells; however, this 

is not present in the mouse retina. Thus, the USH1F murine model, Ames Waltzer mouse, only 

represents the hearing phenotype of the disease, but does not show the retinal abnormalities91.  

In 2003, Ben-Yosef et al. demonstrated that the Arg245Ter (R245X) mutation, which is a C to 

T transition in exon 8 of the PCDH15 gene, leads to the substitution of an arginine to a stop 

codon. This is one of the most common disease-causing variants in USH1F and is unique in 

the Ashkenazi Jewish population97,98. To understand how this mutation alters retinal 

development and in order to develop a specific treatment, I have combined stem cells with 

CRISPR/Cas technology to establish a relevant disease model. Unlike animal models, stem 

cells have several advantages for this work. Stem cells can be generated from patients who 

carry this mutation, ensuring that the cellular model shares the same genetic background with 

the patient. Recent advances in protocols for the differentiation of stem cells into retinal 
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organoids provide a platform for access to the specific retinal phenotype of this disease 99. 

Furthermore, the combination of CRISPR-based gene editing and stem cells provides a 

powerful tool for correcting disease-causing variants or introducing mutations to study 

pathological cellular phenotypes. 

In this study, I demonstrated the use of an R245X-mutation carrying hiPSC line, a “mutation-

corrected” hiPSC line and a control hESC line (H9), along with its “mutation-knock in” version 

to establish the disease “in the dish”, and investigated the relationship between the mutation 

and cellular phenotypes in derived retinal organoid models. 

 

3.2 Results 

3.2.1 crRNA and ssODN design for HDR-mediated gene correction  

The crRNA was designed using an online CRISPR design tool, selected by the highest rank 

score and distance to the mutated site to improve the editing efficiency. The repair template 

was applied as a single-stranded oligodeoxynucleotides (ssODN). The asymmetric donor 

DNAs were designed to replace the R245X mutation. The PAM site (AGG) in the ssODN was 

silenced by changing one base to avoid endless CRISPR cutting but still coding the same amino 

acid (AGG/AGA=Arginine), as shown in the figure below (Figure 3.1). 
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Figure 3.1 Schematic diagram of HDR crRNA position and details of the repair template. The 

crRNA was designed and selected to be close to the mutation site. The site to be corrected is 

labelled red, the underlined sequence is the PAM site, which changed one base in the donor 

DNA to avoid CRISPR cutting. The sequence details are provided in Appendix 3.    

 

3.2.2 HDR crRNA efficiency test in HEK 293 cells 

As gene editing in HEK293 cells is convenient and stem cells are a comparatively hard-to-

transfect cell type, testing the gRNA for efficiency in HEK293 cells before moving to stem cell 

experiments is ideal. As described in chapter 2, after transfection, gDNA from HEK293 cells 

was extracted for downstream T7E1 assay. The results indicated that the cleavage activity was 

about 13.7% in HEK293 cells (Figure 3.2). Given this sgRNA was the only suitable candidate 

close to the mutation site, it was chosen for the stem cell experiments. 
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Figure 3.2 T7E1 assay for HDR crRNA test in HEK293 cells. The primer set was designed 

across exon8, with the predicted CRISPR cleavage size being 606bp and 1015bp, as shown on 

the gel. ImageJ was used to quantify the band intensity then the cleavage efficiency was 

calculated using the formula provided in chapter 2.   

 

3.2.3 CRISPR/Cas9-mediated gene modification of R245X mutation in stem 

cell lines 

3.2.3.1 FACS enrichment of post electroporation stem cell 

48 hours following electroporation, the successful delivery of CRISPR RNP was confirmed by 

visualizing red fluorescent marker expression using fluorescence microscopy. Then cells in 

each group were dissociated into single cells, and processed with FACS enrichment for 

fluorescence-expressing cells (Figure 3.3)   
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Figure 3.3 FACS enrichment of post-electroporation stem cells. Upper pictures show the bright 

field and fluorescence images of cells 48 hours after electroporation. Single cells expressing 

red-fluorescence were collected by FACS, with the sorting gate set by un-electroporated cells. 

The representative images are from hiPSC. 

 

3.2.3.2 High cloning efficiency of CRISPR-edited single stem cells 

An efficiency culture method was used here to improve single cell viability. Briefly, after 

seeding the single cell onto a culture plate, a low speed plate centrifuge step was added prior 
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to a 3 days non-disrupted culture, followed by a change in medium with the provided 

workflow.  By following this procedure,  the cloning efficiency was increased to over 40% for 

hiPSCs and over 60% for hESCs, which is much higher than the protocols with supplement 

only (Figure 3.4).      

 

Figure 3.4 Single cell seeding protocol and high single cell cloning efficiency for both hiPSC 

and hESC. The presence of isolated single cell clones was observed at day 10 post FACS 

sorting. The percentage was calculated using the formula: % = (numbers of success single clone 

formation in 96 well plate / 96)*100. Results were collected from 4 plates of two individual 

sortings for each group. 

 

3.2.3.3 PCR-based genotype screening of colonized stem cells 

Given the HDR donor templates changed one nucleotide at the PAM site, the change could not 

be detected using commercially available pre-designed SNP genotyping (data not shown). Also, 

there is no suitable restriction enzyme recognition sites around the mutation, meaning that an 

RFLP assay was also not an option for detecting HDR activity. Therefore, I designed a two-

step screening method to select the specific isolated single clone in a cost- effective manner 
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(Figure 3.5). Briefly, the DNA of all single isolated stem cell clones was extracted by the 

method described in Chapter 2, then gDNA samples were amplified by PCR with specifically 

designed primers which included the PAM change. The PCR product was visualised on an 

agarose gel, and finally the for sanger sequencing of positive groups was used to select the 

isogenic cell clone.  

 

Figure 3.5 Example of the two-step selection method for isogenic clone selection. The 

representative images are from hiPSC.  

 

3.2.3.4 Sanger sequence confirmed the CRISPR modification in stem cell line 

All the positive clones selected from the genotyping were processed for sequencing to confirm 

the PCDH15 gene was modified by CRISPR. The clone “7H” of hESC origin was shown to 

have the C > T mutation with PAM sequence change and aligned with the mutated donor 

template sequence. Likewise, clone “13G” of hiPSC origin showed correction of the same 

mutation with PAM sequence change, which also aligned with the corrected donor template 

sequence. (The name “7H” and “13G” was based on the clone’s original position in the seeding 

96 well plate). Details of single base changes are shown below (Figure 3.6). 
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Figure 3.6 Sanger sequencing validation of CRISPR-edited isogenic stem cell clones. The left 

panel shows the R245X mutation induced in hESC with a G to A PAM change. The right panel 

shows the R245X mutation corrected in usher hiPSC with a G to A PAM change.   

 

3.2.4 Characterization of isogeneic CRISPR-edited stem cell lines 

After having established the CRISPR-edited stem cell clone into a stable cell culture, in order 

to achieve the full potential of those cells, I next sought to check the cell quality prior to starting 

any differentiation experiments. Virtual karyotyping analysis revealed the edited stem cells 

remained chromosomally normal during gene editing (data not shown). Furthermore, the cells 

were processed for off-target and pluripotency testing. 

3.2.4.1 Off-target assay of the CRISPR edited stem cells  

The predicted off-target sites for the HDR gRNA was checked using online tools 

(crispr.mit.edu; CHOPCHOP; Cas-OFFinder)94,100. For all the results obtained using different 
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algorithms, the gRNA target mismatches are greater than 2 and none of the potential off-target 

sites are located on a gene coding area. In this situation, I choose all 3 possible mismatch sites 

for analysis of off-target effects in the selected stem cell lines. The T7E1 results confirmed 

there was no CRISPR editing activity in the predicted off-target sites (Figure 3.7). The details 

of OTS position and the primer set used for T7E1 assay is provided in Appendix.  

 

Figure 3.7 Predicted off-target site (OTS) and T7E1 assay. T7E1 assay of the potential OTS 

loci in the selected CRISPR-edited stem cell lines. 

   

3.2.4.2 Pluripotent assay of the CRISPR edited stem cell  

Pluripotency was assessed by immunocytochemistry with pluripotency markers OCT-4A, 

SOX2, NANOG, SSEA4, TRA-1-60 and TRA-1-81 (Figure 3.8). To fulfil the criteria of 

pluripotency, the CRISPR-edited stem cells were cryopreserved for a month and then brought 

up to differentiated to three germ layer embryo body (EB) using an in-house-optimised EB 

formation protocol. Q-PCR results showed the down-regulation and up-regulation of 

pluripotency- and EB-specific markers along the EB formation timeline (Figure 3.9). 
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Figure 3.8 Immunostaining of CRISPR-edited stem cell clones with pluripotency-associated 

markers. The results show that all the cell lines express the pluripotency markers: OCT-4A, 

SOX2, NANOG, SSEA4, TRA-1-60 and TRA-1-81. 
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Figure 3.9 Q-PCR results of the gene expression fold changes of EBs. Gene expression of 

pluripotency markers (OCT4, Nanog) and EB markers (NEFH, GATA2) at different time 

points in EBs derived from CRISPR-edited stem cells. EB D0 represents undifferentiated 

stem cells. 

 

3.2.5 Retinal organoids differentiation from the isogeneic stem cells  

To further determine whether CRISPR-mediated HDR rescued the PCDH15 phenotype in 

photoreceptor cells and lead to functional recovery, CRISPR-edited stem cells were 

differentiated into retinal organoids alongside the unedited stem cells. In order to ensure 

relevance for any future potential clinical application, an animal component-free and organoid 

storable protocol was chosen for further differentiation96. Furthermore, as PCDH15 is mostly 

expressed in photoreceptor cells in the retina, and the maturation of photoreceptors takes a long 

time, the organoids were kept culture for more than 30 weeks (Figure 3.10). All the organoids 

in the four different groups were cultured and processed for analysis at the same time point.  
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Figure 3.10  Workflow of retinal organoids differentiation. The pictures were taken from hESC 

origin as an example to show the cutting process of neural like structure at time point day 28. 

 

3.2.6 Expression of PCDH15 protein in mature retinal organoids 

Next, I confirmed PCDH15 protein expression was altered by CRISPR editing in different 

retinal organoids at week 30 using western blot. The results show that there is no PCDH15 

protein expression in the mutation carrier group, but in the CRISPR-corrected hiPSCs, 

PCDH15 protein expression was restored. The differences in band intensities between the 

correct hiPSCs and wildtype hESCs is due to protein loading and reflects the increase in 

organoid size between the cells. (Figure 3.11).  
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Figure 3.11 Restoration of PCDH15 protein in non-mutation carrier stem cell-derived retinal 

organoids. Western blot demonstrates PCDH15 protein expression in 30 week old retinal 

organoids. The order of the sample groups is presented as WT-hESC, Mutated hESC, WT-

hiPSC, Usher hiPSC. 

 

3.2.7 Photoreceptor morphological difference in R245X mutation carried 

retinal organoids 

Transmission electronic microscopy analysis confirmed the presence of photoreceptor 

ultrastructures, the analysis of week 30 retinal organoids revealed features of mature 

photoreceptors, which contained outer segments and connecting cilium in the four groups of 

the same differentiation stage. Although the connecting cilium displayed comparable 

morphology in both groups of cells, the rudimentary outer segments could be traced to a 

corresponding inner segment through synapses and the connecting cilium in WT groups 

compared to the mutated groups (Figure 3.12).  
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Figure 3.12 Transmission electron microscopy analysis of retinal organoids. Ultrastructural 

analysis revealed photoreceptors containing outer segments (OS) and connecting cilium (CC) 

in each group. Size bar represent 500nm. 

 

Immunostaining using several photoreceptor cell markers was used to further investigate the 

difference between the two conditions in hESC and hiPSC organoids. Photoreceptors can be 

clearly identified by CRX, ARR3 and RHO staining reflecting the maturation of cone as well 

as rod photoreceptors. Immunostaining of those markers reveals some differences in cell and 

the structure of the organoids. Multiple retinal rosettes can be observed in the non-mutation 

carrier groups, and are somewhat more prominent in the hiPSC organoids. Additionally, a more 

red/green-opsin and blue-opsin expressed photoreceptors was observed in the gene corrected 

organoids compared to the Usher hiPSC organoids, suggesting that the gene expression and 

cell morphology patterns were restored in the mutation-corrected patient organoids (Figure 

3.13).  
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Figure 3.13 Immunostaining of retinal organoids with photoreceptor markers. Size bar in first 

panel represents 50 µm, size bar in last two panels represents 100 µm. Photoreceptor marker: 

CRX (cone-rod homeobox), Rod marker: RHO (rhodopsin), Cone markers: ARR3 (arrestin-3), 

R/G OPS (red green opsin), BLUE OPS (blue opsin). Nuclei were stained with DAPI. 

 

3.2.8 RPE enrichment in non-R245X-mutation carrier retinal organoids 

All the stem cell lines were cultured using the same procedure, but it was evident that the RPE 

percentage in whole organoids was different between groups in the 30 weeks old organoids 
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(Figure 3.14). More RPE cells formed in non-mutation carrier retinal organoids derived from 

both cell origins.  

 

Figure 3.14 The RPE percentage of whole organoids. N>50 from three different batches. * 

p<0.05, *** p<0.0005.  

 

 

3.3 Discussion 

As a prelude to therapy development, in this chapter I have combined organoid technology 

with CRISPR/Cas-editing to generate a robust in vitro model of the retinal phenotype of 

USH1F. First, genetic correction of iPSCs from a patient homozygotic for the PCDH15 

Arg245Ter disease-causing variant was performed and the corrected iPSCs retained cell 

pluripotency and normal karyotypes. Also, I introduced this point mutation to a wild type hESC 

cell line to generate a disease model as a control. Then, the isogenic-corrected iPSCs and 

mutated hESC were used for retinal organoid differentiation following a self-forming neural 

retina differentiation protocol. After  derived organoids were characterized by TEM and the 
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presence of specific photoreceptor markers was confirmed at week 30, the photoreceptor 

structure and percentage of RPE cells were observed to be significantly altered in the gene 

edited groups. 

Combining stem cells with genome editing could be a potential therapy for the severe USH1F 

form of Usher Syndrome. However, the efficiency of editing via HDR remains low in stem cell 

lines, which means that precise editing is still a challenge101. Therefore, for the CRISPR gene 

correction, I used some previously reported strategies to enhance CRISPR-mediated HDR 

applications to improve the editing efficiencies in stem cells. First, transfecting the CRISPR 

components as ribonucleoprotein (RNP) system, which contains a self-designed crRNA, a 

fluorescence labelled tracrRNA (these two parts combined as gRNA) and a spCas9 protein. 

Compared to the CRISPR plasmid system, the use of CRISPR RNP could particularly enhance 

the gene insertion rate and have a shorter persistence in cells, which results in low toxicity and 

fewer off-target event102,103. The fluorescent gRNA enables the enrichment of CRISPR-edited 

cells and can be set as a selectable marker for FACS sorting. Also, I chose an asymmetric 

ssODN as the repair template, which has been reported to provide a higher HDR efficiency 

compared to dsDNA104-106. It has been shown that adding the small molecule L755507, which 

can modulate genome editing through HDR pathway, could enhance the ssODN-mediated SNP 

editing107. Off-target effects are a problem that cannot be ignored in gene editing. Instead of 

wide-type SpCas9, the use of HiFi SpCas9 significantly reduces the off-target effects while 

retaining on-target performance, thereby providing more accurate CRISPR genome editing108. 

Therefore, here I employed all these strategies in this gene correction experiment for a better 

HDR efficiency. Also, with all the powerful editing technology used in stem cells, the low 

viability of post-editing single cells remains a major technical difficulty109,110. To overcome 

this, I demonstrate an approach to enhance single cell viability and generate genetically stable 



                                                                                                                                      Chapter 3 

50 

 

single cell clones with high efficiency within 10 days, thereby potentially allaying the low 

efficiency problems of gene editing in stem cells.  

The differentiation of stem cells to retinal organoids has been greatly advanced in recent years, 

to the point that retinal organoids can more accurately model human eye physiology than 2D 

culture and animal models81,82,95,111,112. Given the specific distribution of PCDH15 protein and 

our aim to assess the gene editing effects on the USH1F disease phenotypes, retinal organoid 

technology was used in this study. After a long term culture, the 4 groups of stem cell derived 

organoids contained photoreceptor cells. The impairments of PCDH15 protein expression in 

the mutation-carrier organoids and the abnormal photoreceptor structure was reversed by gene 

correction. These findings suggest that CRISPR and retinal organoids can provide a new 

disease model system and a potential treatment for patients.      

Another improvement in the non-mutation carrying stem cell-derived retinal organoids is that 

more RPE cells were formed. RPE is an important source of nutrients during photoreceptor 

development, the absence of RPE from the differentiation protocol used has likely resulted in 

defective outer segment development of the photoreceptors113. Previous work suggests that the 

RPE is crucial as a basal constriction for retinal cells, especially the photoreceptors, and the 

co-cultured RPE would promote photoreceptor differentiation in stem cell derived retinal 

organoids114. The RPE has been implicated in photoreceptor related disease. For example, like 

in other forms of USH, in USH1B, the defect of RPE has been shown to contribute to the 

reduction of  photoreceptor viability due to loss of MYO7A function115. Therefore, it is also 

reasonable to propose that the PCDH15 gene may contribute to the gene regulatory network of 

RPE and photoreceptor cross-talk in eye morphogenesis, but this would need further 

experimental verification to confirm the process in USH1F116,117.  
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In summary, I generated mutation corrected/induced stem cell lines and a complex organoid 

model of USH1F to determine the mutation contribution to disease mechanism. For most point 

mutation diseases that are caused by an exonic single nucleotide variation that affects the 

protein function,  precise genome editing is a very attractive potential therapeutic treatment 

strategy. For most inherited genetic disease, immortalized cell line models do not recapitulate 

the disease biological environment accurately, while animal models do not carry the same 

genetic background as human. Thus, using iPSC-derived cell types relevant to the disease as a 

model system is a better way to mimic disease biology and a critical step for treatment 

development. By combined with CRISPR technology, such that the existing mutation can be 

reverted to the normal genotype or disease-causing mutations can be introduced mutation to 

normal cell lines, a robust resource for cell therapy and disease modelling can be developed. 
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Chapter 4   scRNA-seq of retinal organoids 
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4.1 Introduction 

Retinal organoids are a complex of different retinal cell types, which have been widely used to 

study retinal development and disease. Bulk genomic measurement of organoids provides a 

general view of molecular features that appear similar to human retina118,119. However, these 

studies have been limited by lack the ability to characterize the heterogeneous cell types in the 

whole organoid cell population.  

Significant gaps in knowledge of USH1F and PCDH15 protein remain and thus, studying 

disease mechanisms and protein interactions in stem cell derived retinal organoids provides a 

platform to capture information about how this mutation affects retinal cells. Specifically 

assessing single cell types in retinal organoids has been problematic, but recent improvements 

in sequencing technologies have helped to overcome this limitation120,121. A few groups have 

already reported the scRNA-seq results for human retinal tissue and organoids; by sequencing 

at the single cell level researchers are able to dissect the inherent genetic complexity of retinal 

organoids122,123.  

Here, to better understand the mechanism of USH1F, I combined control and gene edited 

retinal organoids with single-cell transcriptomics, to profile the PCDH15 mutation in different 

retinal cell types, especially photoreceptor cells. The specific aim of this chapter is to present 

an integrated analysis of retinal organoids from hESC and hiPSC to assess the difference 

between controls and USH1F models using scRNA-seq technology.  

 

 

 

 



                                                                                                                                      Chapter 4 

54 

 

4.2 Results 

4.2.1 Quality control for the dataset 

Organoids from two different cell origins (hESC and hiPSC) were cultured follow the 

Reichman’s protocol until 30 weeks, then dissociated to single cells and processed for scRNA-

seq (Figure 4.1). Two independent batches were included for the experiment; batch 1 

organoids were processed with 10X single cell 3’ v2 chemistry and batch 2 were processed 

with 10X single cell 3’ v3 chemistry.  

 

Figure 4.1 Diagrammatic representation of retinal organoid single cell RNA sequencing. 

 

Pre-processing of raw data was performed using CellRange and aligned with the GRCh38 

reference genome. Samples in each group were processed separately without any normalisation. 

The expression matrix generated for organoids from two batches within four different groups 

are listed below (Table 4.1). 



                                                                                                                                      Chapter 4 

55 

 

 

Table 4.1 Cell metrics from sc-RNAseq result of two batches retinal organoids data. H9: hESC 

derived organoid; #7H: R245X mutation knock in hESC derived organoid; Usher: Usher 

patient’s iPSC derived organoid; #13G: R245X mutation corrected hiPSC derived organoid.  

 

To characterise the cells in the organoids and compare the difference between the wide type 

organoid and mutation carrying organoids, Seurat integration methods based on canonical 

correlation analysis were used to combine the organoid datasets together124. Organoids from 

different origins were analysed separately.   

In the QC step, all the low quality cells (less than 200 genes detected) were excluded, and any 

genes that were expressed in less than 3 cells from each dataset was excluded as well. Before 

the cell capture, the count results showed over 95% viability for all groups. Thus, the high 

mitochondrial (MT) gene counts observed may not indicate cell stress but rather high 

metabolism in retinal cells. That is the reason the QC cut-off line for MT-gene percent was set 

at 40% for all groups. After QC, 31,377 and 33,252 cells remained in hESC origin and hiPSC 

origin groups respectively, and the groups were renamed based on the presence or absence of 

the PCDH15 R245* mutation for downstream analysis (Table 4.2).   
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Table 4.2 Cell numbers remaining after QC. WT: wide type - indicated the cells do not carry 

the R245X mutation, MU: mutated - indicated the cells carry the R245X mutation. 

 

4.2.2 Clustering of hESC and hiPSC derived retinal organoid scRNA data 

After QC, the high-quality cells were left in the dataset and the same cell origin groups were 

integrated and normalized by SCTransform and Seurat v3.1125,126. As the gene expression level 

was variable across all cells, in order to reduce the dataset noise and computational cost, 3,000 

highly variable genes were chosen by Seurat to separate and explain the difference between 

cells. Also, as batch 1 and batch 2 samples were captured with different 10x chemistry reagents, 

which yield different mitochondrial reads, the mitochondrial percent variable was regressed 

out from the analysis during the scaling process. Dimensionality reduction was performed by 

PCA and UMAP embedding following the Seurat default setting, and an unsupervised 

clustering approach was applied as the organoids contain unknown cell types.  

The output of unsupervised clustering by Seurat v3 yielded 14 clusters for hESC origin retinal 

organoids and 23 clusters for hiPSC origin retinal organoids. All the clusters were present in 

each dataset and the cell number of each group in different clusters is provided in Appendix 5 

(Figure 4.2).  
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Figure 4.2 UMAP plots revealing clusters identified in retinal organoids from different origins. 

Upper panel shown the hESC origin and down panel shown the hiPSC origin. 
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The batch correction for each group in different cell origin organoids was performed by 

SCTransform, with the separation of different groups and conditions shown on the UMAP plot 

(Figure 4.3) 

 

 

Figure 4.3 UMAP plot of integrated data of retinal organoids, split by different batch and 

condition. The subpopulation coloured by different groups and conditions reveal the succussed 

batch correlation. B1: batch 1, B2: batch 2, ESC: H9 hESC origin, iPSC: Usher hiPSC origin. 

 

4.2.3 Cell type identification of hESC- and hiPSC- derived retinal organoids 

To identify which cluster represents which cell type in the retinal organoids, the gene 

expression in each cluster was checked. Here I performed differential expression gene assays 
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to compare the gene expression between cells in the cluster of interest with all the other cells 

in the dataset, then selected the significantly up-regulated genes for each cluster. To interpret 

and assign the cell types for clusters, the gene list for each cluster was used to compare with 

published resources of defined retinal cell markers. The details of top expressed genes in each 

cluster is listed in the heatmap and the gene markers used for cluster assignment is provided in 

Appendix 5 (Figure 4.4). As the main aim of this study was to focus on photoreceptors, for 

some unknown clusters I did not assign them to a certain cell type. 
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Figure 4.4 Clustering analysis reveals the presence of different cell clusters. Seurat was used 

to generate a combined data set. Cluster assignment was based on detected marker genes. (A) 

the clustering data of hESC origin organoids. (B) the clustering data of hiPSC origin organoids. 

 

I next checked the expression of PCDH15 in each group and found that the expression of 

PCDH15 was mainly enriched in photoreceptors of all four groups, as shown in the figure 

(Figure 4.5). 

 

 

Figure 4.5 UMAP plots show PCDH15 gene expression (red dots) in four groups of organoids.  
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4.2.4 Differential gene expression analysis in photoreceptor cells 

I further conducted the differential expression and pathway enrichment analysis to explore the 

features associated with different organoid groups. As I had identified the photoreceptor cells 

(Rod and Cone) across conditions in organoids of hESC and hiPSC origin, I next investigated 

what genes changed in different conditions in photoreceptor cells. For hESC origin, among 

18,876 genes, 3,906 genes passed the p-value threshold and 32 genes were significantly 

expressed in hESC H9 derived organoid cells compared to mutated hESC. For the 21,059 genes 

in hiPSC origin, 914 genes were detected with a p-value of less than 10e-6. Of those, 16 genes 

were significantly expressed in corrected hiPSC and 14 genes in Usher hiPSC derived 

organoids (Figure 4.6). 

 

Figure 4.6 Volcano plot of differentially expressed genes of photoreceptor cells by condition 

for each cell origin. The left side in the plot represents groups that carry the mutation in each 

origin and the right side represents WT groups in each origin. The cut-off line for P value is 
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10e-6 and the cut-off line for log2FC is >|0.4|. Red dots represent the genes that passed the 

selected P value and log2FC thresholds, the gene details were listed in Appendix 5.3. 

 

Top-ranked DE genes were enriched for GO terms with PCDH15 by Metascape127. Results 

showed that the genes differentially expressed in non-mutation carrier groups were enriched 

for biological processes related to metabolic function in both origins (Figure 4.7).  

 

 

Figure 4.7 Gene ontology of the differentially expressed genes in photoreceptor cells within 

hESC and hiPSC origin. The -log10(P) plotted for each biological process. 

 

 

 



                                                                                                                                      Chapter 4 

65 

 

4.3 Discussion  

In the previous chapter, I engineered stem cells of hESC and hiPSC origins with CRISPR/Cas9 

gene editing to generate a mutated cell line (PCDH15 R245X mutation carried) and a corrected 

isogenic control cell line (non-mutation carried) from each cell origin, and further differentiated 

those cells into retinal organoids, representing the normal and mutated phenotype respectively. 

In this chapter, to characterise the retinal organoids and understand the underlying the PCDH15 

mutation on the transcriptomic level, I performed scRNA-seq on organoids from all four groups.    

The results showed that the single-cell transcriptomes of hESC and hiPSC derived organoids 

converge with transcriptomes of human retinal cell types. hESC-derived organoids contained 

photoreceptor cells, müller glia cells, bipolar cells, amacrine cells and four undefined cell 

clusters. Cells from hiPSC-derived organoids contained photoreceptor cells, müller glia cells, 

bipolar cells, mitotic cells, retinal ganglion cells, RPE cells and two undefined cell clusters. 

The different result of cell definition in hESC- and hiPSC-derived retinal organoids may be 

due to the cell origin difference. However, for this purpose, I will focus on the difference 

between conditions in organoids of the same cell origin128,129. 

The limitations of single cell transcriptome analysis in retinal organoids arise mainly from the 

complexity of the data, which can only be imprecisely assigned to different retinal cell types. 

Some cell clusters that showed high expression levels of neuron markers, such as SOX4 and 

STMN2, were not assigned to a certain cell type here, as this study was mainly focused on 

photoreceptor cells. However, some unassigned clusters highly expressed genes such as 

SLC3A2, DDIT3, EIF1 and MALAT1, which are found in the human retina but are not 

associated with a particular retinal phenotype130-133.    

Interestingly, based on cell clusters identified by top expressed genes in the single cell 

sequencing data, the results indicated that the proportion of retinal organoids comprised of cone 
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photoreceptor was high, representing about 27% for hESC origin and 11.6% for hiPSC origin 

of the total population. The ratio of cones and rods in the hESC organoids and hiPSC organoids 

was 1:1.49 and 1:0.89 respectively. As previously mentioned, in human retina, cone 

photoreceptors account for 5% of total photoreceptors but they have the greatest impact on 

vision. Thus, the cone-rich retinal organoids are quite attractive as a model or cell source for 

regenerative medicine134,135.    

The differentially expressed genes in photoreceptor cells from the different condition organoids 

revealed that the PCDH15 mutation affects gene expression in retinal cells. The common 

upregulated genes in WT organoid cells of hESC and hiPSC origin were mtDNA genes and 

gene ontology terms linked with PCDH15 were enriched for metabolism function. Previous 

studies have shown that lacking mtDNA gene expression increases apoptosis in cells136,137. 

From this scRNA-seq data, the differential mtDNA gene expression in the PCDH15 WT and 

mutated groups indicates a possible correlation between PCDH15 gene status and 

mitochondrial function. A previous study has demonstrated that a PCDH15 variant likely 

modified the phenotypic expression of a mitochondrial gene implicated in hearing loss, lending 

support to this possible connection 138. High photoreceptor metabolism results in high energy 

demands in the retina; in this case the high mitochondrial gene expression is due to the 

metabolic activity139. However, whether the R245X PCDH15 mutation causes mitochondrial 

gene downregulation, and whether the groups with decreased mtDNA expression in 

photoreceptor cells were susceptible to apoptosis, or whether the USH1F disease mechanism 

arises from altered energy supply to the photoreceptor cells, are all questions that need to be 

further investigated and confirmed with experimental evidence.  

In summary, this chapter demonstrated the power of scRNA-seq as a tool to characterize 

complex retinal organoids. Retinal organoids are a highly relevant system for disease modelling 
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and scRNA-seq provides a greater depth of analysis to understand the gene editing effects on 

the disease model and may also benefit future investigations into the molecular basis of USH1F. 
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Chapter 5   Exon-skipping of USH1F 
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5.1 Introduction 

The causative gene of USH1F, PCDH15, contains 33 exons in its longest transcript (isoform 

A), and the R245X mutation is located at exon 8 of this gene90,97,98. This point mutation leads 

to a premature termination codon at exon 8 and results in a truncated, non-functional protein 

product. Ideally, as described in the previous chapter, the best way for disease treatment is 

precisely correcting the site-specific mutation in the genome. However, the HDR-based editing 

efficiency is quite low in this instance and NHEJ is a comparatively more efficient repair 

mechanism140. Thus, skipping the mutated exon may provide an effective therapeutic method 

for this disease. 

Exon skipping, which means removing the exon from the messenger RNA transcript to restore 

the open reading frame whilst maintaining most functions of the full-length protein product. In 

instances where diseases are caused by nonsense mutations in a specific gene, such that there 

is premature termination of translation, the exon-skipping approach aims to have therapeutic 

effects. Exon-skipping methods have been considered as a therapeutic approach for a long time, 

with previous studies showing that exon skipping in various genetic diseases like Duchenne 

muscular dystrophy (DMD), cystic fibrosis (CF) and usher syndrome type 2A (USH2A) can 

have promising results141. In those diseases, the disease-causing mutations were located within 

a large gene that encodes a large protein, and researchers used different methods for exon 

skipping to achieve gene recovery. The most advanced study in this area is in Duchenne 

muscular dystrophy (DMD), where the approach was demonstrated to skip exons and restore 

DMD mRNA and functional protein expression142,143. 

It has been reported that truncating variants in PCDH15 exon 33 are unlikely to cause USH1F, 

even though they cause a loss of a large portion of the encoded protein, which may indicate 

that deletions in the PCDH15 gene are tolerable144. Moreover, the PCDH15 gene (33 exons) 

and the PCDH15 protein product (216 kDa) are quite large. Therefore, our hypothesis is that 
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exclusion of the mutation-specific exon in the PCDH15 gene will rearrange the open reading 

frame and result in a partially functional protein. 

As I described in the previous chapter, there is no suitable animal model for this disease. 

Therefore, stem cells and derived retinal organoids were employed to study the possible 

mechanism of exon-skipping in USH1F91. In this chapter, I used the CRISPR/Cas9 system to 

generate an in-frame exon deletion of PCDH15 in a USH1F patient’s iPSCs to restore the 

reading frame, then differentiated the stem cells into retinal organoids to evaluate if the exon 

skipping strategy could partially recover the protein in retinal organoids models. 

 

 

5.2 Results 

5.2.1 In silico prediction of exon 8 skipped PCDH15 protein structure 

Before beginning CRISPR-mediated exon skipping in a patient’s iPSC, I first evaluated the 

exon-skipped PCDH15 protein structure using computer modelling to make sure there were no 

gross changes in the protein. The base protein template was searched in Swiss-model for 

alignments with target amino acid (AA) sequences (Appendix 6)145. The predicted result 

showed that after removing exon 8 from the model, the protein structure does not change 

drastically, indicating that skipping the mutation-carrying exon from PCDH15 could be 

tolerable (Figure 5.1).  
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Figure 5.1  PCDH15 protein exon 8 skipping in silico prediction. The predicted model is 

shown with and without exon 8 (marked red). The template was adapted from 

https://swissmodel.expasy.org/. 

 

5.2.2 crRNA location and design for exon-skipping 

As the R245X mutation located at exon 8 of the PCDH15 gene, to achieve the deletion of exon 

8, a crRNA pair around this exon should be selected. Here I choose four ranked crRNAs from 

the online tool, two target intron 7 and another 2 targets at intron 8 as candidates for the exon 

skipping experiments (Figure 5.2). 

 

Figure 5.2 The location of crRNAs for exon-skipping. Two candidates were each designed to 

target the sequence upstream and downstream of PCDH15 exon 8. The sequence details are 

provided in the Appendix 3. 

 

https://swissmodel.expasy.org/
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5.2.3 Selection of crRNA pairs for exon-skipping 

As the transfection efficiency of human pluripotent stem cells is highly variable, and the cells 

are more fragile compared to HEK293 cells, before applying CRISPR for exon deletion in stem 

cells, I first tested the crRNA pairs in HEK293 cells. For the selection of the most effective 

crRNA pairs, I coupled the upstream crRNA and downstream crRNA together for transfection 

and evaluated the NHEJ efficiency by detecting the NHEJ product with PCR. The pair 

consisting of crRNA1 and crRNA4 resulted in the highest NHEJ efficacy and was chosen for 

the subsequent experiments in stem cells (Figure 5.3).  

 

Figure 5.3 T7E1 assay for crRNA pairs tested in HEK293 cells. Primer sets were designed to 

span exon 8 of PCDH15. The predicted NHEJ product size is shown in the table, and the 

corresponding band highlighted on the gel with red arrows. ImageJ was used to quantify the 

band intensity, then the NHEJ efficiency was calculated using the formula provided in chapter 

2.   

 

5.2.4 CRISPR mediated exon-skipping in stem cell lines 

The selected crRNA pair was transfected into a patient’s iPSCs and control hESCs, along with 

the spCas9 protein. While the NHEJ pathway occurs more frequently in gene editing, isolating 

target-edited stem cell clones requires fewer candidate clones compared to HDR experiments. 

Thus, for the exon skipping experiments, manual colony picking proved to be an effective and 
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time-saving approach. Also, pilot data showed that a seeding density of single stem cells of 

2000 at day 0 followed by culturing for 5 days will yield the best clone size for the manual pick 

(Appendix 8). Therefore, I cultured the post-electroporation stem cells follow that timeline and 

manually picked the single clones, which were transferred to 96 well plates for further 

expansion. One of the primer pairs was designed to be positioned outside of the edited area to 

amplify the non-edited product and NHEJ product (‘full-sized primer’). The other primer pair 

was designed in exon 8 to exclusively detect the presence of exon 8 after CRISPR-mediated 

genome editing (‘deletion primer’). The extracted gDNA from each cell clone was amplified 

with the full-size primer set, and if the exon was successfully deleted by CRISPR, the PCR gel 

would show the NHEJ product as about 475bp (Figure 5.4). For 92 picked clones from hESC 

origin and 101 picked clones from hiPSC origin, the NHEJ PCR product was observed on the 

gel along with the non-edited PCR product in most samples, indicating the high frequency of 

NHEJ. As manually picking clones may result in heterozygous samples, clone 12B from hESC 

origin and clone 6C from hiPSC origin, which contained no full-size PCR product, were 

selected from PCR screening and sorted as single cells by FACS to purify the isogenic culture, 

then the sub-cultured clones were sequenced to confirm the removal of exon 8 (Figure 5.5).  
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Figure 5.4 PCR result of isolated isogenic exon skipped stem cell line, showing PCR 

amplification with the full-size primer set and the deletion primer set. The left panel shows the 

PCR gel result of exon skipped hESC clone 12B and the right panel shows the PCR gel result 

of exon skipped hiPSC clone 6C. The clones were named based on their original positions in 

96 well plates while being manually picked. 
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Figure 5.5 Sanger sequencing data of the exon skipped stem cell lines. The sequencing results 

show that exon 8 was removed in CRISPR-edited stem cell lines. 

 

5.2.5 QC of isogeneic exon-skipped stem cell lines  

Similarly to the previous chapter, the isogenic exon-skipped stem cells were processed for 

virtual karyotyping to ensure that no chromosomal abnormalities were detected (data not 

shown). The off-target sites were chosen with 3 mismatches tolerance, following the same 

protocol described above, and the T7E1 assay was used to assess the potential CRISPR 

activities in the predicted off-target sites (Figure 5.6). 



                                                                                                                                      Chapter 5 

76 

 

 

Figure 5.6 Predicted off-target site (OTS) of the two exon skipping crRNAs and T7E1 assay 

of the potential OTS loci in selected CRISPR induced exon skipping stem cell lines.   

 

I next confirmed the pluripotency state of the cell lines before further differentiation, 

Pluripotency was assessed by immunocytochemistry with pluripotency markers OCT-4A, 

SOX2, NANOG, SSEA4, TRA-1-60 and TRA-1-81 (Figure 5.7). Three germ layer EB 

formation was also performed successfully with Q-PCR results revealing EB-specific marker 

expression along the EB formation timeline (Figure 5.8). 
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Figure 5.7 Immunostaining of exon skipped stem cell clones with pluripotency-associated 

markers. The results showed that all the cell lines express pluripotency markers inducing OCT-

4A, SOX2, NANOG, SSEA4, TRA-1-60 and TRA-1-81. 



                                                                                                                                      Chapter 5 

78 

 

 

Figure 5.8 Q-PCR results of the gene expression fold changes of pluripotency markers and EB 

markers at different time points from exon skipped stem cells. EB D0 represents 

undifferentiated stem cells.  

 

5.2.6 Differentiation of isogenic stem cells to retinal organoids 

The isogenic stem cell lines were also processed for retinal organoid differentiation following 

the previously described protocol. The bright ring structure was only observed in the hESC-

derived organoids at day 28 post differentiation (Figure 5.9). All the organoids from each 

group were cultured to W30 for imaging and blotting. Photoreceptor cell marker CRX was 

checked by immunostaining. Results show that the retinal organoids contain photoreceptor 

cells in the four groups (Figure 5.10). 
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Figure 5.9 Representative pictures of retinal organoid differentiation from each stem cell line. 

The hESC-derived organoid is the only group showed the bright ring structure at day 28 post 

differentiation. 

 

 

Figure 5.10 Immunostaining of retinal organoids with photoreceptor markers, size bar 

represents 100 µm. Photoreceptor marker: CRX (cone-rod homeobox), nuclei were stained 

with DAPI. 
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5.2.7 PCDH15 protein failed to be restored in exon-skipped stem cell-derived 

retinal organoids 

As PCDH15 is thought to be expressed in photoreceptor cells, to validate whether exon 

skipping restored PCDH15 protein expression, total protein was extracted from 30 week old 

retinal organoids, which contain mature photoreceptor cells, and PCDH15 protein expression 

was analysed by western blot in the four groups. The full-size PCDH15 protein was only 

observed in hESC H9-derived retinal organoids. For the usher hiPSC group and CRISPR-edited 

stem cell group, no full-size protein or estimated frame-restored protein were detected (Figure 

5.11), indicating that exon skipping of exon 8 does not restore the PCDH15 protein.  

 

Figure 5.11 Western blot of PCDH15 protein for stem cell-derived retinal organoids.  
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5.3 Discussion 

In this chapter, I have shown the generation of PCDH15 exon 8 skipped stem cell lines by 

CRISPR, and further proved that loss of exon 8 from PCDH15 results in premature termination 

of this protein, which will lead to the loss of protein function. These results highlight that the 

CRISPR-induced or exon skipping mediated by another method may not be a suitable treatment 

approach for USH1F patients with a mutation in PCDH15 exon 8.  

Exon skipping by chemically modified antisense oligos has been extensively developed for the 

treatment of human disease. This strategy can modify the splice pattern of a particular gene by 

being designed to bind to the splice regions of target exons and inducing exon skipping of such 

mutations at the pre-mRNA level. As many mutations leading to retinal degeneration affect 

pre-mRNA splicing of the mutated genes, a similar approach can be used in IRDs, like 

CEP290-associated LCA and USH1C-associated USH. These two cases are caused by a deep-

intronic mutation and an exonic mutation respectively with both being point mutations. 

Different antisense oligos were designed to target the mutations and block the recognition of 

the pseudo-exon and restore normal CEP290 splicing, as well as block the cryptic splice donor 

site and restore normal USH1C splicing for the expression of functional protein16,24,146,147.  

However, due to the concerns regarding the possibility for the antisense agents to work against 

peptides in the newly produced product, as well as limitations in terms of toxicity and delivery, 

investigations of other exon-skipping approaches could be promising.  

In the past few years, CRISPR has been widely used to induce deletions in the genome for gene 

knockout or disease treatment purposes. Theoretically, an exon is skippable if the number of 

nucleotides in the exon is divisible by three, such that the reading frame is restored if the exon 

is skipped. This is the case with exon 8 of the PCDH15 gene. Protein modelling predictions 

showed that deletion of exon 8 would not significantly affect the protein structure. However, 

after generating the exon-skipped stem cell lines and successfully differentiating them into 
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retinal organoids, I found that the PCDH15 protein was not expressed in the exon-skipped 

organoids or the diseased stem cell-derived organoids, which indicates that the exon-skipping 

approach will not benefit those with the disease. Interestingly, another research group reported 

similar findings in a USH1F zebrafish model at a conference while this study was being 

conducted148,149. They found that by removing exon 8 with CRISPR in the USH1F zebrafish 

model, the PCDH15 protein was not recovered and visual function was not improved. They 

concluded that disrupting the extracellular domain interfered with the normal PCDH15 protein 

function in the zebrafish model. 

To determine why the deletion of mutation-containing exon 8 fails to restore PCDH15 protein 

in retinal organoid models, there is a need to understand the accurate protein structure of human 

PCDH15 protein, and determine if exon 8 is located at a critical point of this protein.  

Despite the fact that exon-skipping approaches appear to be effective in some genetic diseases, 

it is important to keep in mind that they will not offer a cure for all mutation-related gene 

diseases, as this approach is highly dependent on the encoded protein structure and function. 

The results in this chapter provide evidence that skipping of the mutated exon in PCDH15 may 

not be a therapeutic option for USH1F. 
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Chapter 6   AAV transduction in retinal organoids 
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6.1 Introduction 

For all human gene therapy, it is essential to deliver the therapeutic components to the target 

cells efficiently and obtain sustained expression. In 2012, with the first European Medicines 

Agency (EMA) approved Glybera® appearing on the market, virus-mediated gene therapy 

treatment became a reality150. The United States Food and Drug Administration (US FDA) 

approved Voretigene neparvovec (Luxturna) as the first gene therapy for a rare inherited retinal 

disease in 2017, which is another landmark in genetic disease treatment151.  In the past decades, 

many promising results with virus vector-mediated gene therapy of a wide range of genetic 

disorders have been reported, especially AAV-based therapies152. 

AAV, a small single-stranded DNA parvovirus that has never been reported to cause diseases 

in animals or human, is known as a safety virus which can infect human cells as well as cells 

of other species153,154. For this reason, AAV is a powerful candidate vector for gene therapy 

and it can persist in an extrachromosomal state without integrating into the genome of the host 

cells155. The AAV vectors are essential gene delivery tools in the whole gene therapy area, not 

only being widely used in both in vitro and in vivo research studies, but even having some 

success in clinical trial studies. To date, more than 100 AAV serotypes have been identified 

and each serotype is thought to have a different transduction capacity for specific targets156.   

The eye is an attractive target organ for gene therapy due to its immune privileged status and 

accessibility157. In all the inherited retinal disease, vision dysfunction is mostly caused by 

photoreceptor degeneration, which remains untreatable. In previous chapters, I showed that 

CRISPR-mediated applications are capable of correcting the PCDH15 mutation responsible 

for USH1F in stem cells and can reverse the disease phenotype in mutation-corrected stem cell-

derived retinal organoids. However, to advance the possibility of gene-editing treatments in 

humans, virus vector abilities to transduce targeted cells need to be further investigated. Thus, 
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to figure out the most suitable AAV vector for the potential treatment of Usher syndrome, there 

is a need to compare different AAV transduction efficiencies in suitable disease models.     

In this chapter, I used human pluripotent stem cell-derived retinal organoids to evaluate AAV 

transduction efficiencies in photoreceptor cells, using different AAV serotypes to transduce 

hESC- and patient-specific iPSC-derived retinal organoids. To evaluate the ability of different 

AAVs to infect the organoids, I used eighteen different AAVs driving expression of a GFP 

reporter for ease of visualisation and FACS analysis of the transduction efficiency. As the 

Usher syndrome mainly affects the photoreceptor cells in the retina, I also co-stained the AAV-

infected organoids with photoreceptor cell markers to understand virus integration into the 

target cell type. By showing how eighteen different AAV serotypes behaved in stem cell-

derived organoids, this study provides insights for further gene therapy treatment for retinal 

diseases, especially USH1F. 

 

 

6.2 Results 

6.2.1 AAV transduction of mature retina organoid 

Retinal organoids were generated from hESCs and a USH1F patient’s iPSCs following the 

Reichman’s protocol and cultured for more than 40 weeks to ensure that mature photoreceptor 

cells were present. Eighteen different AAV serotypes were tested, each with an enhanced GFP 

reporter driven by the CMV promoter (Figure 6.1). As the mature retinal organoids consist of 

mostly post-mitotic cells, a high titer of each AAV virus was added to the medium, to ensure 

the efficacy of virus transduction, and co-cultured for a week.    
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Figure 6.1 Details of the virus serotypes examined and a schematic of the transduction 

procedure. 

 

The presence of GFP-positive cells was assessed after about two weeks, and all eighteen AAV 

vectors were able to transduce the stem cell-derived retinal organoids. Interestingly, some AAV 

performed differently in hESC-derived organoids and Usher iPSC-derived organoids (Figure 

6.2). In which, AAV 2, AAV 3, AAV 4, AAV 8, AAV 2i8, AAV DJ and AAV LK03 achieved 

higher transduction efficiency than other viruses in retinal organoids derived from both stem 

cell lines. However, AAV 9 and AAV LK02 performed better in hESC-derived organoids 

based on GFP expression assessed by microscopy.  
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Figure 6.2 Transduction of eighteen AAV serotypes in retinal organoids. GFP expression in 

organoids was observed two weeks after transduction under fluorescence microscope. (A) 

hESC-derived retinal organoids. (B) Usher hiPSC-derived retinal organoids. Scale bars 

represent 200µm. 
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6.2.2 The transduction efficiency of different AAV serotypes in retinal 

organoids  

To further investigate the virus transduction performance in retinal organoids derived from 

stem cells of different origins, I dissociated those organoids into single cells and sorted the 

GFP-positive cells to determine the percentage of transduced cells. The control organoids were 

set as cut-off lines for each organoid origin.   

For the hESC derived organoids, all AAV serotypes were able to transduce the organoids but 

with different efficiencies. The proportion of GFP positive cells in AAV 1, AAV 3, AAV 8, 

AAV 2i8 and AAV LK03 transduced organoids were greater than other serotypes (Figure 6.3). 

 

Figure 6.3 FACS sorting of GFP positive cells in hESC-derived retinal organoids. The 

organoids were dissociated into single cells before the experiment (n=3). The cut-off line was 

set from control organoids which were not transfected with AAV-GFP. 

 

Similarly, in Usher hiPSC-derived retinal organoids, the efficiency of viral transduction 

differed by AAV serotype. FACS analysis of retinal organoids demonstrated that AAV 2, AAV 
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3, AAV 8, AAV DJ, AAV LK03 and AAV LK19 achieved higher percentages of GFP positive 

cells than other serotypes (Figure 6.4).  

 

Figure 6.4 FACS sorting of GFP-positive cells in hiPSC-derived retinal organoids. The 

organoids were dissociated into single cells before the experiment (n=3). The cut-off line was 

set from control organoids which were not transfected with AAV-GFP. 

 

Interestingly, the virus serotype transduction efficacy also differed in organoids of different 

origins. For example, using AAV 2i8, an AAV2/AAV8 chimera virus, the percentage of GFP 

positive cells in hESC-derived organoids (5.56%) was much greater than the percentage in 

hiPSC-derived organoids (0.42%). This result demonstrates that different AAV serotypes act 

differently in retinal organoid transduction, and in some cases the same virus serotype performs 

differently depending on the stem cell origin of the derived retinal organoids. 
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6.2.3 The transduction efficiency of different AAV serotypes in 

photoreceptor cells  

Mature retinal organoids contain various retinal cell types, so it’s important to note that the 

AAV serotypes that achieved high levels of GFP expression in organoids are not necessarily 

the most effective AAV transducers of photoreceptor cells. To access the virus efficacy in 

transducing photoreceptor cells, I choose two specific photoreceptor cell markers, RCVRN and 

CRX, and co-stained with these markers in AAV-infected organoid sections, to assess the 

transduction efficacy of different AAV serotypes in photoreceptor cells.  

In the hESC-derived organoids, the immunocytochemistry results indicated that not all AAVs 

are able to transduce photoreceptor cells. For example, AAV rh10, AAV 7m8, AAV LK01 and 

AAV Anc80 were not effective at transducing photoreceptors. However, AAV LK03 and AAV 

DJ appear to have the strongest affinity for photoreceptor cells. Also, AAV 3, AAV 5 and AAV 

8 showed higher GFP expression in photoreceptor cells compared to the rest of the viruses 

(Figure 6.5). 

Strikingly, the AAV 8, AAV LK03 and AAV LK19 serotypes performed well in transduction 

of photoreceptor cells in Usher hiPSC-derived retinal organoids. Further, as with hESC-derived 

retinal organoids, AAV 3 and AAV 5 achieved higher levels of photoreceptor transduction in 

hiPSC-derived retinal organoids than other virus serotypes. Surprisingly, AAV LK19 and AAV 

Anc80 performed better in hiPSC origin organoids compared to those of hESC origin, which 

barely have any GFP expression in photoreceptor cells (Figure 6.6). 
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Figure 6.5 Immunostaining for photoreceptor cell markers in hESC-derived retinal organoids 

with GFP-positive cells showing effective AAV transduction. Pictures were taken under low 

and high magnification with Nikon Ti2 microscope. The sections were taken from the middle 

part of the whole organoid. Scale bars represent 50µm. 
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Figure 6.6 Immunostaining for photoreceptor cell markers in hiPSC derived retinal organoids, 

with GFP-positive cells showing effective AAV transduction. Pictures were taken under low 

and high magnification with a Nikon Ti2 microscope. Sections were taken from the middle part 

of the whole organoid. Scale bars represent 50µm. 
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6.3 Discussion 

In this chapter I described a comparison of eighteen AAV serotypes in terms of their ability to 

transduce retinal organoids and assessed differences in organoids derived from hESCs and 

hiPSCs. The aim was to provide a comparative analysis of AAV vector transduction in human 

stem cell derived retinal organoids. 

Gene engineering or gene replacement therapies utilizing AAV vectors have great potential to 

treat various diseases, especially in the eye since it is unique in its position/accessibility and 

immune-privileged features158. With an AAV-based vector treatment approved as the first gene 

therapy product for RPE65 gene mutation caused IRD, the clinical development of AAV 

applications for RPE cell dysfunction related retinal disease will be keep growing with 

success19,159-161. However, the absence of suitable experimental models continues to pose a 

major challenge for research and treatment development for vision loss caused by 

photoreceptor degeneration. Animal models sometimes lack accurately in predicting the 

therapeutic effects in humans. Therefore, advances in human stem cell technology holds much 

promise as a platform for disease modelling. Here I demonstrate that retinal organoids derived 

from stem cells of disease-affected individuals and controls can be used as personalized models 

for preclinical studies, providing a great asset for photoreceptor related disease research.   

While AAVs have been extensively tested in different models, there are few studies that 

provide a systematic approach for the assessment of AAV serotypes162-164. Furthermore, 

different AAV serotypes have unique transduction characteristics, even though most serotypes 

share the same sequence homology165. Thus, the ability to infect cells in retinal tissue differs 

between AAV serotypes.  So far, studies that have compared efficiencies of different AAVs in 

the retina are limited, and the question of which AAV capsid is best for human retinal gene 

therapy still has no definitive solution. For example, AAV 2 and its synthetic serotypes have 
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been the most extensively studied and used in clinical trials, and only AAV 2 and AAV 8 have 

been used in clinical trials for retinal diseases25. However, those mainly target RPE-related 

diseases. In this study, for the first time, I compared 18 different and widely used AAVs for 

their transfection ability in photoreceptor cells. 

For most AAV-based retinal studies, virus transduction was tested in healthy cell models. 

However, if the disease has already progressed and the photoreceptor cells are already damaged, 

the treatment efficacy may no longer be the same. Therefore, in this chapter, I demonstrate an 

AAV vector test in retinal organoids derived from both healthy stem cells and disease-related 

stem cells. The results showed that the transduction efficiency of a particular virus can differ 

between organoids of different origins. For example, I found that AAV 2i8 transduced hESC-

derived organoids more effectively than iPSC-derived organoids, but in both cases transduction 

rate in photoreceptor cells was low. 

Interestingly, as the same virus performed differently in hESC- and hiPSC-derived organoids, 

it is reasonable to assume that the source origin of stem cells is important for the production of 

retinal organoids, which also indicates that extend the disease models for clinical testing and 

select the suitable cell source for transplantation is necessary166. 

In previous studies, AAV DJ was shown to have a high transduction efficiency in a broad range 

of tissues and cell types, including in the sensory epithelium167,168. In this study I also found 

that AAV DJ performed well in the transduction of photoreceptor cells. Furthermore, the AAV 

LK3 serotype achieved increased transduction efficiency (2~5 fold) in organoids of both 

origins compared to previously reported AAV vectors in retinal studies. 

In summary, this study is the first to report the comparison of eighteen AAV serotypes in the 

transduction of human retinal organoids. Results showed that the AAV LK03 and AAV DJ 

serotypes could effectively transduce the organoids, especially the photoreceptor cells. 
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Differences between the hESC-derived retinal organoids and hiPSC-derived retinal organoids 

in their pattern of transduction efficiency suggests that the origin of the cellular model or 

disease phenotype may have a significant effect on AAV transduction experiments. These data 

demonstrate that not only AAV DJ but also AAV LK03 should be considered as a valuable 

vector for retinal disease gene therapy. 
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Chapter 7   General discussion 
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7.1 Summary of findings 

Most eye conditions that result in vision loss have been found to have a genetic basis, and so 

far, inherited eye diseases are largely untreatable. The loss of visual senses is devastating and 

significantly impacts the life of the person with the conditions as well as all their existing 

relationships. Therefore, the development of novel therapeutics will not only benefit patients 

but also their families. 

USH1F is a combined deaf-blindness disorder caused by the dysfunction of an integral 

membrane protein PCDH15. The studies described in this thesis focus on the R245X mutation 

of the PCDH15 gene, which causes USH1F, the most frequent deaf-blindness condition in the 

Ashkenazi Jewish population. For untreatable genetic diseases, research into therapies based 

on gene editing in combination with stem cell technologies have been growing very quickly in 

the past few years as it holds much promise, especially since the development of a convenient 

site-specific gene editing tool, CRISPR. In this thesis, I focused on the establishment of a 

clinically-relevant disease model and the development of a potential gene therapy treatment for 

USH1F using CRISPR. In chapter 3, CRISPR technology was extensively used to knock-in the 

mutation in control hESCs and to correct the mutation in a USH1F patient’s iPSC model. A 

high efficiency single cell cloning method was also developed to benefit the productivity of 

isogenic stem cell line generation.  

Human PSC-derived organoids retain all the genetic code from the stem cells, and reconstitute 

the organ-specific phenotypes, making them able to model human disease phenotypes 

remarkably well compared to cell culture models. Previously, research into retinal diseases was 

mostly conducted with animal models of disease pathogenesis. However, using retinal 

organoids to model retinal diseases and for drug discovery has great advantages over animal 

models, as they can be derived from human cells and thus specific human genetic changes can 
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be investigated much more fully. Combining retinal organoid cultures with gene editing tools 

makes it even more powerful. In 2013, the first report of CRISPR-based genetic correction in 

organoids inspired the development of studies focussed on correcting diseases in organoid 

models, which has expanded stem cell applications in the fields of disease modelling, drug 

discovery, regenerative medicine and personalized treatments169. To further understand the 

gene editing effects on USH1F, I differentiated the unedited and edited stem cells into retinal 

organoids, in order to investigate the phenotypic changes in those groups. I found that the gene-

corrected organoids had restored PCDH15 protein and a normal photoreceptor morphology 

compared to the mutation-carrier organoids, in addition to providing further evidence that RPE 

cells may be crucial for proper retinal organoid development. 

Retinal organoids, which contains different types of retinal cells, are an excellent way to 

recapitulate the human retina and they serve as an effective disease model. However, assessing 

disease-specific cell types is complicated by the multitude of cell types contained within the 

organoid. Therefore, in Chapter 4, I used scRNA-seq to deconstruct the organoid system, to 

enable specific analysis of photoreceptor cells in organoids at high resolution. PCDH15 protein 

is from a non-classical cadherin family, which is found located at the membranes of outer 

segments of photoreceptor cells. This protein, and the interactions between other USH proteins, 

is thought to be involved in photoreceptor development but a clear role of PCDH15 protein in 

retinal function is still unknown. The results in chapter 3 and 4 provide evidence that the 

PCDH15 protein is important for maintaining normal morphology and metabolic processes in 

photoreceptor cells. 

Compared with the precise editing of the HDR pathway, the frequency of NHEJ is generally 

higher and NHEJ is more efficient in terms of editing deletions into the genome. In Chapter 5, 

I described the successful excision of the USH1F mutation-containing exon using two 

CRISPR-mediated DNA DSBs. I found that this approach did not result in the restoration of 
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PCDH15 protein, suggesting that exon-skipping may not be suitable for the treatment of USH 

cause by the R245X mutation in PCDH15. 

Emerging gene therapies and precision gene-editing tools for the treatment of eye disease holds 

great potential. For precise gene therapy to be successful, it is important to deliver the 

therapeutic compounds to the appropriate site. A significant step towards this is achieved by 

combining CRISPR with AAV vectors. In chapter 6, to select the most effective AAV vectors 

with which to target postmitotic photoreceptor cells, I compared the transduction ability of 

different AAV vectors in mature normal and R245X-mutation carrier organoid models. The 

results suggested that AAV DJ and AAV LK03 are the most promising AAV serotype 

candidates for future USH1F applications.   

Taken together, the research presented in this thesis focused on gene-based therapies for 

USH1F using stem cell-derived retinal organoids models. By successfully generating four new 

gene-modified stem cell lines and differentiating them into retinal organoids, this thesis 

provides evidence for potential future therapeutic methods for USH1F as well as important 

information about gene therapy vector selection obtained through the testing of different AAV 

transduction efficiencies in retinal organoid models. 

 

7.2 Therapeutic implications  

Irreversible vision loss is driven by the degeneration of three main cell types in the retina 

(photoreceptor cells, bipolar cells and retinal ganglion cells). In retinal diseases characterised 

by photoreceptor loss, bipolar and retinal ganglion cells can remain for a long time, even 

without light perception vision170. Therefore, establishing a photoreceptor cell replacement 

therapy using a patient's own cells would be a very useful strategy for restoring vision in this 

kind of disease. Together with all the success achieved in animal studies and pre-clinical 
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validations provides a perspective option for treatment. The gene-modified retinal organoid 

system not only can act as a novel research model, but it also could be developed as a step 

towards personalized regenerative medicine. Thus, the combination of gene-editing tools and 

stem cell-based therapies is predicted to be the most promising gene-therapy strategy and could 

be the turning-point in the treatment of IRD. 

 

7.3 Limitations 

Despite all the potential of CRISPR technology, there are still limitations and barriers to using 

CRISPR applications for human gene therapy. As gene therapy treatments will generate 

permanent and irreversible changes to the genome of patients, there are ongoing safety 

concerns. Therefore, before moving into clinical studies, extensive safety validation studies 

must be conducted in various models. 

However, the organoid technology also comes with shortcomings. In this study, the limitation 

is the retinal organoid differentiation protocol. The protocol used did not result in the formation 

of laminated layers of well-organized retinal cells, making functional electrophysiology 

experiments, such as patch-clamping somewhat challenging to perform in those organoids. The 

strength of the differentiation protocol lies in it being animal component-free, which is 

important when considering future human clinical applications. The lack of vascularization in 

cultured retinal organoids is a common limitation shared by almost all organoids models; and 

functionally mature organoids are difficult to achieve as they require some method to overcome 

the hurdles of nutrient and oxygen supply to the inside cells of the organoids171,172. Furthermore, 

the long-term culture period required for photoreceptor maturation is a labour-intensive, time-

consuming and challenging process. Thus, further protocol development and refinement are 

key to improving retinal organoid models through a highly efficient differentiation protocol.    
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7.4 Future direction 

Current gene editing and stem cell therapy studies in IRDs are based on an understanding of 

disease-causing genetic mutations and genetic tools. In order to develop the next step, involving 

clinical treatments, further improvements should include genetic tool optimization and 

multiple-therapy combinations.  

As I described in this thesis, traditional gene editing relies on introducing a DSB to the target 

genomic locus, allowing for editing of insertions, deletions and translocations. However, with 

new gene editing techniques, like base editors and prime editing, rewriting the genome without 

DSBs becomes possible. 

The base editors, cytosine base editors (CBE) and adenine base editor (ABE), raised up by 

David Liu’s group, are not reliant on endogenous repair pathways and they can change one 

DNA nucleotide for another without creating a nick the genome173,174. Recently, this group 

reported a base editing strategy for inducing a S33F mutation in β-catenin, which prevents β-

catenin degradation and upregulates Wnt signaling. They found BE3 can efficiently install the 

mutation in HEK cells compared to CRISPR-mediated HDR. Furthermore, to test the 

possibility of base editing in the post-mitotic cell, base editing components were injected into 

the mice cochlea followed by 5-ethynyl-2-deoxyuridine (EdU) injection to monitor DNA 

synthesis. This experiment showed the Wnt signaling activation that resulted from genetic 

changes in post-mitotic sensory cells. These findings open up the possibility of a potential 

therapy strategy involving regulating signaling pathways with in vivo base editing 

techniques175. As many IRDs are caused by a single base mutation, and because CRISPR-

mediated HDR is not efficient for correcting point mutations in vivo, base editing may prove 

to be a better therapeutic strategy for many retinal diseases caused by point mutations. However, 
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there are still some drawbacks for base editors. For example, CBE may induce substantial off-

target effects, which raises the risk of its potential therapeutic application176,177. Also, while the 

base editor systems have been proven to be efficient and precise, their target sites are limited 

by PAM and editing windows178.  

The most recent advances in gene editing field have been made by the same research group, 

who evaluated a new CRISPR toolkit which they called “prime editing”179. As opposed to 

traditional CRISPR, prime editing could achieve genetic target editing by just cutting one 

strand of DNA and introducing insertions without donor templates. Prime editing expands the 

targeting scope compared to base editors as it can swap nucleotides in all twelve possible ways. 

Thus, prime editing provides incredible promise in genetic disease treatment. Before moving 

further to the clinic, primer editing must be widely tested in different cell types and animal 

models of disease to confirm its reproducibility and to undergo optimization. 

 

7.5 Conclusion 

By investigated the possibility of CRISPR-mediated gene editing in stem cells using both 

precise correction and mutation carrier exon skipping techniques, I highlight the advantages of 

stem cell technologies and the utility of CRISPR as a potential therapeutic option for USH1F. 

My contributions to the development of the retinal organoid model will improve disease 

modelling, drug/vector screening, and cell therapy research, and I have provided a platform to 

facilitate future research towards a USH1F treatment. With the studies described in this thesis, 

I finally conclude the therapy potency in USH1F with gene editing and stem cell therapies.   
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Appendix 1  Summary of clinical trials 

IRD gene therapy clinical trials (updated to 2019.07) 

 

 

Diseases Gene Treatment Phase Recruitment Status Clinical trial No. Sponsor Location

Achromatopsia CNGA3
AGTC 402 (a rAAV Expressing 

CNGA3)
Phase 1/2

Recruiting in US, not 

yet resuiting in Israel
NCT02935517

Applied Genetic 

Technologies Corp
US, Israel

Achromatopsia CNGA3 AAV2/8-hG1.7p.coCNGA3 Phase 1/2 Not yet recruiting NCT03758404 MeiraGTx UK II Ltd US, UK

Achromatopsia CNGA3 rAAV.hCNGA3 Phase 1/2 Active, not recruiting NCT02610582 STZ eyetrial Germany

Achromatopsia CNGB3 rAAV2tYF-PR1.7-hCNGB3 Phase 1/2 Recruting NCT02599922
Applied Genetic 

Technologies Corp
US

Achromatopsia CNGB3 AAV2/8-hCARp.hCNGB3 Phase 1/2 Recruiting NCT03001310 MeiraGTx UK II Ltd UK

Achromatopsia CNGB3 AAV - CNGB3 Phase 1/2 Recruiting NCT03278873 MeiraGTx UK II Ltd UK

Choroideremia CHM AAV2-REP1 Phase 2 Completed NCT02553135
Byron Lam, University of 

Miami
US

Choroideremia CHM rAAV2.REP1 Phase 1/2 Completed NCT02077361
Ian M. MacDonald, 

University of Alberta
Canada

Choroideremia CHM AAV2-REP1 Phase 3 Recruiting NCT03496012 Nightstar Therapeutics

US, Canada, Finland, 

Germary, 

Netherland, UK

Choroideremia CHM AAV2-REP1 Phase 2 Recruiting NCT03507686 Nightstar Therapeutics US

Choroideremia CHM AAV2-REP1 Follow up study Enrolling by invitation NCT03584165 Nightstar Therapeutics US, Germany

Choroideremia CHM AAV2-hCHM Phase 1/2 Active, not recruiting NCT02341807 Spark Therapeutics US

Choroideremia CHM rAAV2.REP1 Phase 2 Active, not recruiting NCT02671539 STZ eyetrial Germany

Choroideremia CHM rAAV2.REP1 Phase 1/2 Completed NCT01461213 University of Oxford UK

Choroideremia CHM AAV2-REP1 Phase 2 Recruiting NCT02407678 University of Oxford UK

LCA CEP290
QR-110 (antisense 

oligonucleotide)
Phase 1/2 Active, not recruiting NCT03140969 ProQR Therapeutics US, Belgium

LCA REP65 rAAV2-CB-hRPE65 Phase 1/2 Completed NCT00749957
Applied Genetic 

Technologies Corp
US

LCA REP65 rAAV2-hRPE65 Phase 1 Completed NCT00821340
Hadassah Medical 

Organization
Israel

LCA REP65 rAAV2/4.hRPE65 Phase 1/2 Completed NCT01496040 Nantes University Hospital France

LCA REP65 AAV2-hRPE65v2 Phase 1 Active, not recruiting NCT00516477 Spark Therapeutics US

LCA REP65 AAV2-hRPE65v2 Phase 3 Active, not recruiting NCT00999609 Spark Therapeutics US

LCA REP65 AAV2-hRPE65v2 Phase 1/2 Active, not recruiting NCT01208389 Spark Therapeutics US

LCA REP65 rAAV 2/2.hRPE65p.hRPE65 Phase 1/2 Completed NCT00643747 University College, London UK

LCA REP65 rAAV2-CBSB-hRPE65 Phase 1 Active, not recruiting NCT00481546 University of Pennsylvania US

LCA RPE65 AAV RPE65 Phase 1/2 Recruiting NCT02781480 MeiraGTx UK II Ltd UK

LCA RPE65 AAV OPTIRPE65 Follow up study Recruiting NCT02946879 MeiraGTx UK II Ltd UK

LCA RPE65 AAV2-hRPE65v2 Follow up study Active, not recruiting NCT03602820 Spark Therapeutics US

LHON ND4 GS010 (rAAV2/2-ND4) Phase 1/2 Active, not recruiting NCT02064569 GenSight Biologics France

LHON ND4 GS010 (rAAV2/2-ND4) Phase 3 Active, not recruiting NCT02652767 GenSight Biologics
US,France,Germany,

Italy,UK

LHON ND4 GS010 (rAAV2/2-ND4) Phase 3 Recruiting NCT03293524 GenSight Biologics US, Belgium

LHON ND4 rAAV2-ND4 Not Applicable Completed NCT01267422
Huazhong University of 

Science and Technology
China

LHON ND4 rAAV2-ND4 Phase 2/3 Active, not recruiting NCT03153293
Huazhong University of 

Science and Technology
China

LHON ND4 rAAV2-ND4 Not Applicable Recruiting NCT03428178
Huazhong University of 

Science and Technology
China

LHON ND4 scAAV2-P1ND4v2 Phase 1 Recruiting NCT02161380 University of Miami US

Nonsyndromic-

Retinitis pigmentosa
ChR RST-001 Phase 1/2 Recruiting NCT02556736 Allergan US

Nonsyndromic-

Retinitis pigmentosa
ChR

GS030 (AAV2.7m8-ChrR-tdT 

vector + photo stimulation 

goggles )

Phase 1/2 Not yet recruiting NCT03326336 GenSight Biologics /

Nonsyndromic-

Retinitis pigmentosa
PDE6 AAV2/5-hPDE6B Phase 1/2 Recruiting NCT03328130 Horama S.A. France

Nonsyndromic-

Retinitis pigmentosa
RLBP1 CPK850 (AAV8-RLBP1) Phase 1/2 Recruiting NCT03374657 Novartis Pharmaceuticals Sweden

Nonsyndromic-

Retinitis pigmentosa
RPGR rAAV2tYF-GRK1-RPGR Phase 1/2 Recruiting NCT03316560

Applied Genetic 

Technologies Corp
US

Nonsyndromic-

Retinitis pigmentosa
RPGR AAV2-RPGR Phase 1/2 Recruiting NCT03252847 MeiraGTx UK II Ltd UK

Nonsyndromic-

Retinitis pigmentosa
RPGR AAV-RPGR Phase 1/2 Recruiting NCT03116113 Nightstar Therapeutics UK

Stargardt disease ABCA4 SAR422459 Phase 1/2 Recruiting NCT01367444 Sanofi US, France

Stargardt disease ABCA4 SAR422459 Follow up study Recruiting NCT01736592 Sanofi US, France

Usher syndrome MYO7A UshStat Phase 1/2 Recruiting NCT01505062 Sanofi US, France

Usher syndrome MYO7A UshStat Follow up study Enrolling by invitation NCT02065011 Sanofi US, France

Usher syndrome USH2A
QR-421a (antisense 

oligonucleotide)
Phase 1/2 Not yet recruiting NCT03780257 ProQR Therapeutics US

X-linked Retinoschisis RS1 rAAV2tYF-CB-hRS1 Phase 1/2 Active, not recruiting NCT02416622
Applied Genetic 

Technologies Corp
US

X-linked Retinoschisis RS1 AAV8-scRS/IRBPhRS Phase 1/2 Recruiting NCT02317887 National Eye Institute (NEI) US
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CRISPR clinical trials (updated to 2019.11) 
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Appendix 2  Laboratory reagents 

General reagents 

Item Supplier Code 

HyperLadder™ 50bp Bioline BIO-33039 

HyperLadder™ 100bp Bioline BIO-33056 

ISOLATE II PCR and Gel Kit Bioline BIO-52060 

Fluorescence mounting medium DAKO S302380-2 

Protein Block DAKO X090930-2 

QuickExtract™ DNA Extraction Solution Epicentre QE09050 

ECL™ Prime Western Blotting System GE Healthcare RPN2232 

Alt-R® CRISPR-Cas9 tracrRNA, ATTO™ 550 IDT 1075927 

Alt-R® Cas9 Electroporation Enhancer IDT 1075915 

Alt-R® CRISPR-Cas9 Control Kit, Human IDT 1072554 

Alt-R® CRISPR crRNAs IDT - 

Alt-R® S.p. HiFi Cas9 Nuclease  IDT 1081061 

B-27™ Supplement (50X) Life Technologies 17504044 

DMEM/F12, HEPES Life Technologies 11330032 

DPBS, no calcium, no magnesium Life Technologies 14190250 

Knock-out serum replacement Life Technologies 10828010 

MEM Non-Essential Amino Acids Solution Life Technologies 11140050 

N-2 Supplement (100X) Life Technologies 17502048 

Novex™ Sharp Pre-stained Protein Standard Life Technologies LC5800 

Oligo(dT)18 Primer  Life Technologies SO132 

Qubit™ dsDNA BR Assay Kit Life Technologies Q32850 

Qubit™ RNA BR Assay Kit Life Technologies Q10211 

RNaseOUT™ Recombinant Ribonuclease 

Inhibitor 
Life Technologies 10777019 

TaqMan™ Gene Expression Master Mix Life Technologies 4369514 

TaqMan Gene Expression Assay NEFH - 

Hs00606024_m1 
Life Technologies 4331182 

TaqMan Gene Expression Assay POU5F1 - 

Hs01895061_u1 
Life Technologies 4331182 

TaqMan Gene Expression Assay Nanog - 

Hs04399610_g1 
Life Technologies 4331182 
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TaqMan Gene Expression Assay HPRT1 - 

Hs99999909_m1 
Life Technologies 4331182 

TaqMan Gene Expression Assay GATA2 - 

Hs00231119_m1 
Life Technologies 4331182 

TaqMan Gene Expression Assay AFP - 

Hs00173490_m1  
Life Technologies 4331182 

Opti-MEM Reduced Serum Medium Life Technologies 31985062 

Bolt™ 4-12% Bis-Tris Plus Gels Life Technologies NW04122BOX 

TrypLE Select Enzyme (1X) Life Technologies 12563011 

20X Bolt™ MOPS SDS Running Buffer Life Technologies B0001 

500uL VB Tubes Latch Rack of 96 tubes Life technologies MAT3735 

Fetal Bovine Serum Life technologies 12664025 

SYBR® Safe DNA Gel Stain Life technologies S33102 

Ambion™ RNase Inhibitor Life technologies AM2682 

Human Stem Cell Nucleofector® Kit 2  Lonza VPH-5022 

KAPA HotStart PCR Kit, with dNTPs Millenium Science 
ROC-

07958897001 

T7 Endonuclease I NEB M0302L 

Human FGF-basic PeproTech 100-18B-10 

Blue/Orange Loading Dye Promega G1881 

Omniscript RT Kit Qiagen 205113 

QIAamp DNA Mini Kit Qiagen 51304 

RNeasy Plus Mini Kit Qiagen 74136 

Nuclease-Free Water Qiagen 129115 

Bovine serum albumin Sigma A2153-10G 

Dimethyl sulfoxide Sigma D2650-100ML 

MEM Non-essential Amino Acid Solution Sigma M7145-100ML 

Penicillin-Streptomycin Sigma P0781-100ML 

Mineral oil Sigma M5310-500ML 

DAPI Sigma 10236276001 

RIPA Buffer Sigma R0278-50ML 

Accutase StemCell Tech #07920 

CellAdhere™ Dilution Buffer StemCell Tech #07183 

CloneR StemCell Tech #05889 

Human Recombinant bFGF StemCell Tech 78003.1 

mTeSR1 StemCell Tech 85870 
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ReLeSR™ StemCell Tech #05872 

TeSR™-E6 StemCell Tech #05946 

Vitronectin XF™ StemCell Tech #07180 

Y-27632 StemCell Tech #72304 

Papain dissociation kit Worthington LK003150 

   

Antibodies 

Item Supplier Code 

CRX monoclonal antibody (M02), clone 4G11 Abnova 
H00001406-

M02 

Oct-4A (C30A3) Rabbit mAb Cell Signaling Tech. #9656 

Sox2 (D6D9) Rabbit mAb Cell Signaling Tech. #9656 

Nanog (D73G4) XP® Rabbit mAb Cell Signaling Tech. #9656 

SSEA4 (MC813) Mouse mAb Cell Signaling Tech. #9656 

TRA-1-60(S) (TRA-1-60(S)) Mouse mAb Cell Signaling Tech. #9656 

TRA-1-81 (TRA-1-81) Mouse mAb Cell Signaling Tech. #9656 

PCDH15 Polyclonal Antibody Life Technologies PA547865 

Anti-Recoverin Antibody Merck Millipore AB5585-I 

Anti-Rhodopsin Antibody, clone 4D2 Merck Millipore MABN15 

Anti-Opsin Antibody, Red/Green Merck Millipore AB5405 

Anti-Opsin Antibody, blue Merck Millipore AB5407 

Anti-Actin Antibody, clone C4 Merck Millipore MAB1501 

Goat anti-Rabbit Secondary Antibody, 488 Life Technologies A-11034 

Goat anti-Mouse Secondary Antibody, 488 Life Technologies A-11029 

Goat anti-Rabbit Secondary Antibody, 594 Life Technologies A-11037 

Goat anti-Mouse Secondary Antibody, 594 Life Technologies A-11032 

Donkey anti-Sheep Secondary Antibody, HRP  Life Technologies A-16041  

Goat anti-Mouse Secondary Antibody, HRP  Merck Millipore 12-349 
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Appendix 3  Details of  CRISPR crRNAs, off-targets and donor 

templates 

CRISPR crRNAs 

Name Sequences PAM Position 

NHEJ crRNA1 ACACCTCAGAGGCGCAGAGA AGG chr10: 54,318,064 

NHEJ crRNA2 ATTCCTTCTCTGCGCCTCTG AGG chr.10: 54,318,058 

NHEJ crRNA3 AGAATGGCTAGTGAATTCCT TGG chr.10: 54,316,985 

NHEJ crRNA4 AACATGCAGTCGTAAGTCAG AGG chr10: 54,316,918 

HDR crRNA GTGCCCAAAATCTGAATGAG AGG chr10: 54,317,418 

 

Off-targets for selected crRNAs 

Name Sequences PAM Position 

NHEJ cr1 OT1 ACAGGTAAGAGGCGCAGAGA TGG chr1: 12514912 

NHEJ cr1 OT2 ACATTTCAGAGGAGCAGAGA AGG chr6: 56156402 

NHEJ cr1 OT3 AAAACTCAGAGGTGCAGAGA GGG chr10: 57677188 

NHEJ cr1 OT4 CCACCTCAGGGGAGCAGAGA GGG chr17: 79481587 

NHEJ cr4 OT1 CACATGCAGCCCTAAGTCAG AGG chr2: 88190257 

NHEJ cr4 OT2 GACATGCAGGTGTAAGTCAG TGG chr10: 107158552 

NHEJ cr4 OT3 AACATGCTGTAGGAAGTCAG GGG chr1: 68603032 

NHEJ cr4 OT4 AACATGTATTTGTAAGTCAG GGG chr15: 96202614 

HDR OT1 GTGCCCACAGTCTGGATGAG AGG chr10: 78044684 

HDR OT2 TTGCTCAAAATCTGACTGAG AGG chr4: 186844286 
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HDR OT3 GTGCCCAAGCCTCTGAATGAG GGG chr22: 25160356 

HDR OT4 GTGCCCAAGAACTGAATGGG AGG chr4: 189847580 

HDR OT5 GTGCTCCAAATCTTGAATGAG TGG chrX: 76801085 

 

 

Donor template for correction in Usher hiPSC: 

CGGAGTTCTCAACTCAGGTATGGCAGCTTGATAAGTGAGTGGACGGCAATCACGAGTGTTTG

GCACAAGGACACAAGGAAGAAACATTGGACCCAAGTCATCTCCATCCAGAACATCCACTGTG

AGAGTGGTGGTGGTGGTTCGTCTCTCATTCAGATTTTGGGCACGGTCCTGTTAGGGAGA 

Donor template for induce mutation in H9 hESC: 

CGGAGTTCTCAACTCAGGTATGGCAGCTTGATAAGTGAGTGGACGGCAATCACGAGTGTTTG

GCACAAGGACACAAGGAAGAAACATTGGACCCAAGTCATCTCCATCCAGAACATCCACTGTG

AGAGTGGTGGTGGTGGTTCATCTCTCATTCAGATTTTGGGCACGGTCCTGTTAGGGAGA 

* The site to be change is bold, the red underline is PAM which mutated 1 base to avoid endless 

cutting 
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Appendix 4  Primers list 

Purposes Primer set Product size 

PCDH15 region amplification 
F: CAATAGAGAAGAGAGACCAGAATAC 

R: GAAGGTAGGAGCTAACAAATACTGA 
1621 

Exon8 deletion detection 
F: CAATAGAGAAGAGAGACCAGAATAC 

R: ACTCACTTATCAAGCTGCCATAC 
1148 

HDR OT1 primer 
F: ATGACACTGGGGAGGTGGGAGC 

R: GGGTGGGCAGATCACCTGAGGT 
889 

HDR OT2 primer 
F: CACTGCGGCCTCAAACTCCTGG 

R: TTCCTGGCTAGTGAGCTCGGCA 
491 

HDR OT3 primer 
F: GCTGCTGAGACCTCCAGTCCCA 

R: AAGTCTTGCCCCATCCCCAGCT 
736 

HDR OT4 primer 
F: TTCTCTGTGCCCTGTCCCTCGG 

R: AGCGTCCTGTCTCAGGGTCACC 
983 

HDR OT5 primer 
F: GTGCTCAGCATGCACTCAGGCA 

R: AGTCACACTGCAGGTCCTCCCC 
744 

NHEJ CR1 OT1 primer 
F: AGCCCAGGAGGTTAAGGCTGCA 

R: AGACTGAGCCACTGCCCTCCAG 
972 

NHEJ CR1 OT2 primer 
F: TCCGCCTCTCGTGTTCAAGTGA 

R: TCAAAGGGGTGGCTCTCAGGTC 
821 

NHEJ CR1 OT3 primer 
F: TGTTGGGGTGGGAAGAGCAGGA 

R: GGCTTCCCCCTTTGCTCGGTTC 
1035 

NHEJ CR1 OT4 primer 
F: GTGTCCGGGCCTCTGGTCTCTT 

R: TAGGGGCGTTCTGTGCTGCTCT 
1039 

NHEJ CR4 OT1 primer 
F: TAGAGGTTGACCTGGCCCAGCC 

R: TACTCTTCCAGCAGGGCCCACC 
1095 

NHEJ CR4 OT2 primer 
F: TGGCCAGTTTCCCCTCCAGGAG 

R: CCTGCCCTCAATGAGCTCTCGG 
631 

NHEJ CR4 OT3 primer 
F: TGAGAAGGATAGGGCCGCCACG 

R: GCAACATTCTGGTTGGCCCATGA 
400 

NHEJ CR4 OT4 primer 
F: TCTTGGACCGCCCCAACATTGC 

R: AGAGGTACTTGGCCCCTGCCTG 
846 

Sanger sequence primer AAGTTCTGGGATTACAGGTATG - 
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Appendix 5  scRNA-seq clusters details 

5.1 Marker genes used for single cell cluster identification 

 

Retinal cell types Genes 

Photoreceptors NEUROD1, CRX, RORB, GUCA1B, GUCA1A, GUCY2D, 

PRPH2, RP1, RBP3, TULP1, AIPL1, RCVRN, GUCY2F, 

SLC24A1 

Rod photoreceptor PDE6A, PDE6B, PDE6G, CNGA1, RHO, NR2E3, NRL, 

MEF2C, ESRRB, CNGB1, GNAT1, GNGT1, GRK1, GNGA1, 

SAG, GNB1 

Cone photoreceptor ARR3, GNAT2, GNGT2, GNGA3, GUCA1C, GNB3, GRK7, 

PDE6C, PDE6H, RXRG, THRB, RORA, OPN1SW, OPN1MW, 

OPN1LW 

Müller glia RLBP1, CRALBP, AQP4, GLUL, SLC1A3, SOX2, KCNJ10, 

CA2, CAV2, CAV1, SPP1, VIM, DKK3, CLU, HES1, IFITM3, 

SFRP2, WIF1, GPX3, TF 

Bipolar cells VSX1, VSX2, OTX2, GRM6, LHX4, PRDM8, CABP5, 

BHLHE22, PRKCA 

Retinal ganglion cells NEFL, GAP43, SNCG, RBPMS, ISL1, ISL2, THY1, EOMES, 

POU4F2, POU4F1, SNCA, NEFM, OPN4, POU4F3, STMN2, 

DCX, GAP43, OLFM1, NEFL, GRIA2, NEFM, SYT4, HOXB5, 

ONECUT2 
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Amacrine cells GAD1, CALB1, CHAT, PTF1A, SATB2, NR4A2, GAD2, 

BARHL2, STX1A, BHLHE22, TH, SLC32A1, SOX2, FOXN4, 

EBF1, ISL1, EBF3, NEUROD1, NEUROD4 

Horizontal cells ONECUT1, ONECUT2, CALB1, GAD2, CHAT, PARVA, 

CALB2, TFAP2A, PROX1, ELAVL4 

Mitotic cells MKI67, UBE2C, NUSAP1, TOP2A, TPX2, CENPF, SMC4, 

HMGB2, CCNB1, HIST1H4C 

ECM DCN, TGFBI, LGALS1, COL1A1, PI15, COL3A1, MGP, 

COL1A2, APOD, TIMP1 
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5.2 Cell numbers in each cluster 

hESC origin 

 

H9 hESC Mutated hESC Total 

 
Cluster nCells % nCells % nCells % Assignment 

0 3718 11.70 4880 15.36 8598 27.07 Rod photoreceptor 

1 2185 6.88 2054 6.47 4239 13.34 Cone photoreceptor 

2 1694 5.33 1935 6.09 3629 11.42 Rod photoreceptor 

3 1351 4.25 1121 3.53 2472 7.78 Cone photoreceptor 

4 1086 3.42 1210 3.81 2296 7.23 Unassigned 

5 762 2.40 1110 3.49 1872 5.89 Cone photoreceptor 

6 958 3.02 859 2.70 1817 5.72 Müller glia 

7 635 2.00 642 2.02 1277 4.02 Bipolar cells 

8 460 1.45 726 2.29 1186 3.73 Unassigned 

9 580 1.83 378 1.19 958 3.02 Unassigned 

10 316 0.99 602 1.90 918 2.89 Unassigned 

11 377 1.19 392 1.23 769 2.42 Amacrine cells 

12 407 1.28 199 0.63 606 1.91 Müller glia 

13 344 1.08 243 0.76 587 1.85 Müller glia 

14 296 0.93 246 0.77 542 1.71 Rod photoreceptor 

Total 15169 47.75 16597 52.25 31766 100 
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hiPSC origin 

 

Corrected hiPSC Usher hiPSC Total  

Cluster nCells % nCells % nCells % Assignment 

0 1303 3.92 1184 3.56 2487 7.48 Bipolar cells 

1 1100 3.31 1252 3.76 2352 7.07 Rod photoreceptor 

2 1061 3.19 1277 3.84 2338 7.03 Cone photoreceptor 

3 1021 3.07 1236 3.72 2257 6.79 Retinal ganglion cells 

4 240 0.72 2015 6.06 2255 6.78 Müller glia 

5 602 1.81 1313 3.95 1915 5.76 Unassigned 

6 551 1.66 1092 3.28 1643 4.94 Müller glia 

7 894 2.69 709 2.13 1603 4.82 Bipolar cells 

8 743 2.23 857 2.58 1600 4.81 Müller glia 

9 800 2.41 706 2.12 1506 4.53 Müller glia 

10 1007 3.03 399 1.20 1406 4.23 RPE 

11 287 0.86 992 2.98 1279 3.85 Retinal ganglion cells 

12 470 1.41 799 2.40 1269 3.82 Müller glia 

13 246 0.74 998 3.00 1244 3.74 Unassigned 

14 602 1.81 576 1.73 1178 3.54 Müller glia 

15 767 2.31 386 1.16 1153 3.47 Bipolar cells 

16 267 0.80 731 2.20 998 3.00 Bipolar cells 

17 555 1.67 437 1.31 992 2.98 Rod photoreceptor 

18 512 1.54 421 1.27 933 2.81 Cone photoreceptor 

19 217 0.65 661 1.99 878 2.64 Mitotic cells 

20 171 0.51 655 1.97 826 2.48 Mitotic cells 
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21 277 0.83 303 0.91 580 1.74 Cone photoreceptor 

22 243 0.73 242 0.73 485 1.46 RPE 

23 38 0.11 46 0.14 84 0.25 Rod photoreceptor 

Total 13974 42.01 19287 57.99 33261 100.00 
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5.3 Details of differentially expressed genes of photoreceptor cells 

Group Upregulated Genes 

hESC   

 

GAPDH, CKB, LDHA, RPLP0, TUBB4B, EEF1A1, RPSA, 

RPL13, RPS5, RPL4, ALDOA, MAP1B, UBC, PCP4, RPL18A, 

UCHL1, GUCA1A, RPS2, RPS17, TUBA1B, ENO1, PKM, 

GUK1, RPL31, PDE6H, RPS9, ARR3, RPL13A, RPL27A, 

GNB3, RCVRN, TMSB4X 

Usher hiPSC RPS2, HNRNPA1, RPLP0, RPS6, RPS17, RPL27A, TMSB4X, 

RPL13A, RPL4, RPL31, SRSF3, C6orf48, ISOC1, RHO 

Corrected hiPSC MTND3, HIST1H4C, MTCO2, JUND, MTND4L, MTATP6 

MTCYB, GNAS, MTCO1, CDKN1C, MTND5, MTND4, 

AIPL1, MTCO3, MTND1, TTR 
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Appendix 6  PCDH 15 protein in silico prediction for exon skipping 

Red highlighting indicates amino acids encoded across a splice junction. 

Yellow highlighting indicates the Arg245Ter mutation 

 

PCDH15 AA Translation (1962 aa): WITH TARGET EXON    

ID: DIR__N2cvT      DIR_Daex6c 

 

MFRQFYLWTCLASGIILGSLFEICLGQYDDDWQYEDCKLARGGPPATIVAIDEESRNGTILV

DNMLIKGTAGGPDPTIELSLKDNVDYWVLMDPVKQMLFLNSTGRVLDRDPPMNIHSIVVQVQ

CINKKVGTIIYHEVRIVVRDRNDNSPTFKHESYYATVNELTPVGTTIFTGFSGDNGATDIDD

GPNGQIEYVIQYNPDDPTSNDTFEIPLMLTGNIVLRKRLNYEDKTRYFVIIQANDRAQNLNE

RRTTTTTLTVDVLDGDDLGPMFLPCVLVPNTRDCRPLTYQAAIPELRTPEELNPIIVTPPIQ

AIDQDRNIQPPSDRPGILYSILVGTPEDYPRFFHMHPRTAELSLLEPVNRDFHQKFDLVIKA

EQDNGHPLPAFAGLHIEILDENNQSPYFTMPSYQGYILESAPVGATISDSLNLTSPLRIVAL

DKDIEDTKDPELHLFLNDYTSVFTVTQTGITRYLTLLQPVDREEQQTYTFSITAFDGVQESE

PVIVNIQVMDANDNTPTFPEISYDVYVYTDMRPGDSVIQLTAVDADEGSNGEITYEILVGAQ

GDFIINKTTGLITIAPGVEMIVGRTYALTVQAADNAPPAERRNSICTVYIEVLPPNNQSPPR

FPQLMYSLEISEAMRVGAVLLNLQATDREGDSITYAIENGDPQRVFNLSETTGILTLGKALD

RESTDRYILIITASDGRPDGTSTATVNIVVTDVNDNAPVFDPYLPRNLSVVEEEANAFVGQV

KATDPDAGINGQVHYSLGNFNNLFRITSNGSIYTAVKLNREVRDYYELVVVATDGAVHPRHS

TLTLAIKVLDIDDNSPVFTNSTYTVLVEENLPAGTTILQIEAKDVDLGANVSYRIRSPEVKH

FFALHPFTGELSLLRSLDYEAFPDQEASITFLVEAFDIYGTMPPGIATVTVIVKDMNDYPPV

FSKRIYKGMVAPDAVKGTPITTVYAEDADPPGLPASRVRYRVDDVQFPYPASIFEVEEDSGR

VITRVNLNEEPTTIFKLVVVAFDDGEPVMSSSATVKILVLHPGEIPRFTQEEYRPPPVSELA

TKGTMVGVISAAAINQSIVYSIVSGNEEDTFGINNITGVIYVNGPLDYETRTSYVLRVQADS

LEVVLANLRVPSKSNTAKVYIEIQDENNHPPVFQKKFYIGGVSEDARMFTSVLRVKATDKDT

GNYSVMAYRLIIPPIKEGKEGFVVETYTGLIKTAMLFHNMRRSYFKFQVIATDDYGKGLSGK

ADVLVSVVNQLDMQVIVSNVPPTLVEKKIEDLTEILDRYVQEQIPGAKVVVESIGARRHGDA

FSLEDYTKCDLTVYAIDPQTNRAIDRNELFKFLDGKLLDINKDFQPYYGEGGRILEIRTPEA

VTSIKKRGESLGYTEGALLALAFIIILCCIPAILVVLVSYRQFKVRQAECTKTARIQAALPA

AKPAVPAPAPVAAPPPPPPPPPGAHLYEELGDSSMHNLFLLYHFQQSRGNNSVSEDRKHQQV

VMPFSSNTIEAHKSAHVDGSLKSNKLKSARKFTFLSDEDDLSAHNPLYKENISQVSTNSDIS

QRTDFVDPFSPKIQAKSKSLRGPREKIQRLWSQSVSLPRRLMRKVPNRPEIIDLQQWQGTRQ

KAENENTGICTNKRGSSNPLLTTEEANLTEKEEIRQGETLMIEGTEQLKSLSSDSSFCFPRP

HFSFSTLPTVSRTVELKSEPNVISSPAECSLELSPSRPCVLHSSLSRRETPICMLPIETERN

IFENFAHPPNISPSACPLPPPPPISPPSPPPAPAPLAPPPDISPFSLFCPPPSPPSIPLPLP

PPTFFPLSVSTSGPPTPPLLPPFPTPLPPPPPSIPCPPPPSASFLSTECVCITGVKCTTNLM

PAEKIKSSMTQLSTTTVCKTDPQREPKGILRHVKNLAELEKSVANMYSQIEKNYLRTNVSEL

QTMCPSEVTNMEITSEQNKGSLNNIVEGTEKQSHSQSTSL 
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PCDH15 EXON 8 Translation (57aa)    ID: DIR_pS0417 

 

DRAQNLNERRTTTTTLTVDVLDGDDLGPMFLPCVLVPNTRDCRPLTYQAAIPELRTP 

 

 

 

PCDH15 AA Translation (1905 aa): WITHOUT TARGET EXON    

ID: DIR_k4Yw9U    DIR_m7goqt 

 

MFRQFYLWTCLASGIILGSLFEICLGQYDDDWQYEDCKLARGGPPATIVAIDEESRNGTILV

DNMLIKGTAGGPDPTIELSLKDNVDYWVLMDPVKQMLFLNSTGRVLDRDPPMNIHSIVVQVQ

CINKKVGTIIYHEVRIVVRDRNDNSPTFKHESYYATVNELTPVGTTIFTGFSGDNGATDIDD

GPNGQIEYVIQYNPDDPTSNDTFEIPLMLTGNIVLRKRLNYEDKTRYFVIIQANEELNPIIV

TPPIQAIDQDRNIQPPSDRPGILYSILVGTPEDYPRFFHMHPRTAELSLLEPVNRDFHQKFD

LVIKAEQDNGHPLPAFAGLHIEILDENNQSPYFTMPSYQGYILESAPVGATISDSLNLTSPL

RIVALDKDIEDTKDPELHLFLNDYTSVFTVTQTGITRYLTLLQPVDREEQQTYTFSITAFDG

VQESEPVIVNIQVMDANDNTPTFPEISYDVYVYTDMRPGDSVIQLTAVDADEGSNGEITYEI

LVGAQGDFIINKTTGLITIAPGVEMIVGRTYALTVQAADNAPPAERRNSICTVYIEVLPPNN

QSPPRFPQLMYSLEISEAMRVGAVLLNLQATDREGDSITYAIENGDPQRVFNLSETTGILTL

GKALDRESTDRYILIITASDGRPDGTSTATVNIVVTDVNDNAPVFDPYLPRNLSVVEEEANA

FVGQVKATDPDAGINGQVHYSLGNFNNLFRITSNGSIYTAVKLNREVRDYYELVVVATDGAV

HPRHSTLTLAIKVLDIDDNSPVFTNSTYTVLVEENLPAGTTILQIEAKDVDLGANVSYRIRS

PEVKHFFALHPFTGELSLLRSLDYEAFPDQEASITFLVEAFDIYGTMPPGIATVTVIVKDMN

DYPPVFSKRIYKGMVAPDAVKGTPITTVYAEDADPPGLPASRVRYRVDDVQFPYPASIFEVE

EDSGRVITRVNLNEEPTTIFKLVVVAFDDGEPVMSSSATVKILVLHPGEIPRFTQEEYRPPP

VSELATKGTMVGVISAAAINQSIVYSIVSGNEEDTFGINNITGVIYVNGPLDYETRTSYVLR

VQADSLEVVLANLRVPSKSNTAKVYIEIQDENNHPPVFQKKFYIGGVSEDARMFTSVLRVKA

TDKDTGNYSVMAYRLIIPPIKEGKEGFVVETYTGLIKTAMLFHNMRRSYFKFQVIATDDYGK

GLSGKADVLVSVVNQLDMQVIVSNVPPTLVEKKIEDLTEILDRYVQEQIPGAKVVVESIGAR

RHGDAFSLEDYTKCDLTVYAIDPQTNRAIDRNELFKFLDGKLLDINKDFQPYYGEGGRILEI

RTPEAVTSIKKRGESLGYTEGALLALAFIIILCCIPAILVVLVSYRQFKVRQAECTKTARIQ

AALPAAKPAVPAPAPVAAPPPPPPPPPGAHLYEELGDSSMHNLFLLYHFQQSRGNNSVSEDR

KHQQVVMPFSSNTIEAHKSAHVDGSLKSNKLKSARKFTFLSDEDDLSAHNPLYKENISQVST

NSDISQRTDFVDPFSPKIQAKSKSLRGPREKIQRLWSQSVSLPRRLMRKVPNRPEIIDLQQW

QGTRQKAENENTGICTNKRGSSNPLLTTEEANLTEKEEIRQGETLMIEGTEQLKSLSSDSSF

CFPRPHFSFSTLPTVSRTVELKSEPNVISSPAECSLELSPSRPCVLHSSLSRRETPICMLPI

ETERNIFENFAHPPNISPSACPLPPPPPISPPSPPPAPAPLAPPPDISPFSLFCPPPSPPSI

PLPLPPPTFFPLSVSTSGPPTPPLLPPFPTPLPPPPPSIPCPPPPSASFLSTECVCITGVKC

TTNLMPAEKIKSSMTQLSTTTVCKTDPQREPKGILRHVKNLAELEKSVANMYSQIEKNYLRT

NVSELQTMCPSEVTNMEITSEQNKGSLNNIVEGTEKQSHSQSTSL 
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ORFfinder-WITH EXON 8 

 

 
 

ORFfinder-WITHOUT EXON 8 

 

 
 

 

 

SmartBlast-WITH EXON8 

 

 
 

 

SmartBlast-WITHOUT EXON8 
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Appendix 7  Uncropped PCR and WB images 

Figure 3.2  

 

 

Figure 3.7 
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Figure 3.11 

 

 

Figure 5.3 
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Figure 5.6 

 

Figure 5.10  
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Appendix 8  Optimise seeding density for stem cell manual pick 

 

 

 

 

  

 

 

 

 


