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ABSTRACT 
 

Mutations in the rhodopsin gene (RHO) are the most common cause of autosomal dominant 

retinitis pigmentosa (adRP). Previously, our research group has identified two distinct mechanisms 

of light-exacerbated retinal degeneration (RD) associated with P23H and T4K RHO mutations. 

Here, we developed a transgenic X. laevis carrying human/mouse hybrid T4K RHO and compared 

the light-exacerbated RD phenotype to human/mouse wildtype, human-T4K and mouse-T4K RHO 

transgenic X. laevis models. For animals reared in cyclic light, expression of T4K rhodopsin in 

rods caused significant RD regardless of whether the transgene was human, mouse, or a 

human/mouse hybrid RHO. When raised in the dark, no significant RD was detected in animals 

expressing T4K RHO. Therefore, the light-exacerbated RD phenotype associated with the RHO 

T4K mutation is relatively independent of the underlying RHO cDNA. This hybrid animal model 

allows us to explore treatment strategies directly on the human gene, streamlining the transfer of 

therapeutics from lab benches into clinical trials. 

To date, RP remains an incurable disease. Utilizing a previously developed X. laevis model for 

adRP, we tested multiple CRISPR/Cas9-based gene-editing strategies to prevent RD in our adRP 

model. We designed highly specific guide RNAs to 1. Edit the mutant allele and allow for the 

error-prone non-homologous end joining (NHEJ) repair mechanism to result in a premature stop 

codon, nullifying the mutant allele 2. Induce simultaneous double-strand breaks on both sides of 

the start codon, generating large inactivating deletions and 3. Edit the mutant allele and utilize the 

homology-directed recombination repair mechanism to restore the mutant allele to wildtype. 

Remarkably, the CRISPR-induced NHEJ repair mechanism appeared to be the most efficient 

treatment in preventing RD. We postulate that in developing gene editing therapeutics for human 

RP, similar results are likely to occur, suggesting that the simplest approach may be the most 
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effective. Moreover, our X. laevis models can be used to characterize and understand the 

pathomechanism of human RP mutations, as well as to develop novel gene-editing treatment 

strategies. Lastly, our findings demonstrate that CRISPR/Cas9 technology is an effective 

therapeutic tool for adRP with potential clinical implications for other dominant diseases of the 

human retina. 
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LAY SUMMARY 
 

Retinitis Pigmentosa (RP) is a vision-threatening disorder that is characterized by progressive 

blindness due to retinal degeneration. There are currently no treatments available for this disease, 

mainly due to the diversity of its underlying genetic mutations. A large portion of these mutations 

affect the gene encoding rhodopsin, a key protein in visual function. Here, we have developed a 

novel Xenopus laevis model that carries a human/mouse hybrid rhodopsin gene. This model allows 

us to better understand the mechanisms underlying RP as well as to develop treatments specific to 

the human gene. We also tested multiple therapeutic approaches in our autosomal dominant RP 

model, using the cutting-edge CRISPR/Cas9 gene editing tool. Remarkably, we were able to 

prevent retinal degeneration by specifically eliminating the mutant allele. Given the rapid 

technological advancements in delivering human gene-therapeutics, we believe our findings 

highlight the most efficient treatment approach once translation into human patients becomes 

feasible. 
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PREFACE 
 

All data collection and analysis presented in this dissertation were conducted by myself. Research 

goals were designed in collaboration with my supervisor, Dr. Orson Moritz. A subset of injection 

experiments was carried out with the assistance of Beatrice Tam, Aaron Loewen and Ross 

Scharbach. Aaron Loewen was responsible for conducting the dot blot assay and taking the 

confocal images presented in Figure 2-1.  

At the time of submission, no publications have arisen from work presented in this dissertation.  

All procedures involving animals were approved by the UBC animal care committee under 

certificates A18-0257 Analysis of mechanisms underlying retinal degeneration 2018, and A18-

0259 In vivo analysis of mechanisms underlying retinal degeneration and photoreceptor structure 
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1. INTRODUCTION 

 

1.1 The eye 

 The retina 

The retina is a central nervous tissue lining the inner back of the eye comprised of five main classes 

of neurons including photoreceptors, bipolar cells, amacrine cells, horizontal cells and ganglion 

cells1. In vertebrate retinas, the cell bodies from these neurons are found the inner nuclear layer 

(INL), outer nuclear layer (ONL) and ganglion cell layers (GCL), while the synapses are located 

in the inner plexiform and outer plexiform layers2. More specifically, photoreceptor cell bodies are 

in the ONL; bipolar, horizontal and amacrine cell bodies are in the INL and ganglion cell bodies 

are in the GCL3. The multilayered neuroretina detects the incoming light signal and relays the 

signal to the brain via electrical signals for image interpretation4. Photoreceptors are the class of 

cells responsible for detecting incoming light. Horizontal and amacrine cells are interneurons that 

regulate and integrate the signals from multiple photoreceptors and are responsible for lateral 

interactions within the retina before transmitting signals to the ganglion cells1. The signal is then 

relayed to the lateral geniculate nucleus of the thalamus via a bundle of ganglion cell axons, called 

the optic nerve, before ultimately reaching the visual cortex of the brain for visual perception 

processing5. 

 Rod and cone photoreceptors 

Photoreceptors are mainly involved in absorbing light photons and converting them into electrical 

signals in a process referred to as phototransduction6. Photoreceptors are classified into two broad 

groups of rods and cones based on their structural and functional differences. The rod-shaped 
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photoreceptors of the retina are highly light-sensitive at a level that they can detect single photons 

of light with a peak absorption of ~500nm. Cones are much less sensitive and rather respond to 

visible light from ~350 to 560nm7. Generally, dim-light and peripheral vision are mostly dependent 

on rods while cones are responsible for bright-light and high acuity color vision8. 

Structurally, photoreceptors cells consist of an outer segment (OS), a connecting cilium, an inner 

segment (IS), cell body and a synaptic terminal9. The OS is the main distinguishing feature 

between the structure of cone and rod photoreceptors. Rod OS are elongated with densely packed 

discs of rhodopsin photopigment that are individually enclosed by a separate membrane. In 

contrast, cones tend to have shorter OS with a series of open discs that are not separately enclosed 

and are continuously connected to the cilium10. The connecting cilium links the OS to the IS where 

cell organelles including the nucleus, mitochondria, endoplasmic reticulum (ER) and the Golgi 

complex are contained11.    

 Phototransduction and rhodopsin 

Rhodopsin is a 7-transmembrane G-protein-coupled receptor (GPCR) and is known to function as 

a light sensor in rod photoreceptors. Rhodopsin is comprised of the rod opsin protein and the 11-

cis-retinal chromophore ligand12. The key involvement of rhodopsin in the phototransduction 

process begins with light-induced isomerization of its 11-cis-retinal chromophore into all-trans 

retinal (Figure 1-1). The change in conformation of the opsin protein subsequently activates the 

transducin G-protein, leading to the dissociation of its alpha subunit from the beta and gamma 

subunits. The alpha subunit bound to GTP further stimulates the activity of phosphodiesterase 

(PDE), which in turn hydrolyzes the conversion of cGMP into GMP. The cGMP bound to Na+ 

channels maintains their opening and the inflow of Na+ ions to depolarize the photoreceptors. 
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When the concentration of cGMP is lowered due to its conversion to GMP, Na+ ion channels begin 

to close which leads to hyperpolarization of photoreceptors. The resulting hyperpolarization then 

causes voltage-gated calcium channels to close, lowering Ca+ ion levels which causes a decrease 

in glutamate neurotransmitter release13.  

 

Figure 1-1. The phototransduction pathway in photoreceptors. (A) In the absence of light, the 

11-cis retinal chromophore remains bound to rhodopsin while the transducin G-protein (T) and 

PDE are inactive. This allows cGMP to maintain Na+ channels open in the IS of photoreceptors. 

The inflow of Na+ ions depolarize the membrane potential and induce glutamate neurotransmitter 

release. (B) In the presence of light, rhodopsin’s 11-cis retinal chromophore converts to all-trans 

retinal, which in turn activates the transducin. Transducin subsequently activates PDE, an enzyme 

that degrades cGMP and converts it to GMP. The resulting decline in cGMP concentration leads 

to the closure of Na+ channels and hyperpolarization of the membrane potential. Ultimately, 

glutamate neurotransmitter release comes to a halt (Figure acquired from Klapper et al. 201614). 
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Rhodopsin is synthesized and folded in the ER of rod cell IS, traverses the Golgi apparatus, and is 

transported to rod OS via the connecting cilium. It is then stored in densely packed stacks of 

membranous disks in the OS7. More than 85% of the OS protein content is comprised of rhodopsin 

in a highly concentrated manner15. Following its synthesis in the IS, the N-terminus of rhodopsin 

is glycosylated at two asparagine residues (N2 and N15) and trafficked to the OS. Previous 

research has illustrated that mutations that prevent glycosylation at these residues cause light-

dependent retinal degeneration16. In other words, photoactivation of non-glycosylated rhodopsin 

exacerbates retinal degeneration. 

 Genetic diseases of the retina 

Inherited retinal dystrophies (IRDs) are a heterogenous group of conditions caused by genetic 

mutations that result in vision loss. The majority of IRDs are progressive conditions that worsen 

over time and often lead to complete blindness. IRDs are further categorized into syndromic and 

non-syndromic diseases4. Syndromic IRDs are less prevalent and are associated with extra-ocular 

phenotypes. Yet, more than 80 different forms of syndromic IRDs have been described17. 

Alternatively, non-syndromic IRDs are isolated to the retina and are classified according to the 

cell types and specific regions that they affect. Conditions that uniquely affect the macula are 

referred to as macular dystrophies18. In contrast, diseases that affect the entire retina are 

categorized based on the order that photoreceptors begin to degenerate. Rod-cone dystrophies refer 

to conditions in which rods start to degenerate first and the loss of rods progressively results in the 

loss of cones (Figure 1-2). Cone-rod dystrophies on the other hand affect only cones, or both rods 
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and cones simultaneously19. Retinitis pigmentosa (RP) is the most prevalent type of IRD and is 

categorized as a non-syndromic, progressive rod-cone dystrophy4.    

The mechanism through which the loss of rods leads to the loss of cones is not yet fully understood. 

However, there are several theories that attempt to explain the secondary loss of cones in rod-cone 

dystrophies such as RP. A review by Narayan et al. described five prevailing theories20. One theory 

is that the trophic factors that are produced by rods are required for the growth of developing cones. 

Hence, loss of rods and their inability to provide the necessary trophic factors impede the 

maturation of cones. The importance of such trophic factors has further been elucidated in models 

 

Figure 1-2. Rod-cone dystrophy and the progressive pattern of disease. The five main classes 

of retinal cells are illustrated in a healthy retina. Progression of disease is shown starting with 

mutations in rod photoreceptors which lead to the loss of rods in the outer segment, ultimately 

resulting in the loss of cones. Rods are shown in blue and cone are shown in red (Figure acquired 

from Dalkara et al. 2016138). 
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where supplementing trophic factors delayed or prevented cone death21. Rod-derived cone 

viability factor (RdCVF) is a trophic factor produced by rods that is found to be involved in cone 

photoreceptor’s cellular metabolism. Therefore, another theory suggests that secondary death of 

cones occurs due to nutrient deficiency following the loss of RdCVF through disruption of the 

insulin/mTOR pathway that leads to the activation of autophagy22. Oxidative stress as a result of 

imbalance in reactive oxygen species (ROS) has also been suggested as a potential cause of cell 

death. With the primary loss of rods, the amount of oxygen consumption in the outer retina begins 

to decrease while the supply of oxygen by the choroidal vessels remains unchanged23. 

Subsequently, increased ROS levels overwhelms the antioxidant defense system of cones which 

leads to cell damage. Another theory involves microglial activation in response to the death of rods 

that can lead to neuro-destructive effects, similar to many neurodegenerative diseases in the CNS24. 

Activated microglia release various pro-inflammatory cytokines such as tumor necrosis factor-

alpha (TNF-α) and nitric oxide synthase-2 (NOS-2) at the site of disease25. TNF-α can further 

induce apoptotic pathways26 and NOS-2 results in oxidative stress and caspase activation27, both 

leading to cell death. Some have also suggested that dying rods release toxic substances into the 

extracellular space between photoreceptors that lead to cone death28. Viringipurampeer et al. have 

identified one of these substances to be adenosine triphosphate (ATP), an increase in extracellular 

concentration of which triggers the activation of inflammasomes and cell death29. More recently, 

a sixth theory has been introduced by Samardzija et al., highlighting the role of epigenetics in the 

secondary loss of cones30. They have shown that excessive histone deacetylase (HDAC) activity 

is associated with the loss of cones, and that pharmacological inhibition of HDAC was highly 

effective in prolonging cone degeneration in mouse models31. Although a single overarching 

explanation has not yet been proposed to describe the underlying mechanism for rod-cone 
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dystrophies, a combination of the events described above appear to be key contributing factors in 

the process.  

1.2 Retinitis Pigmentosa 

Retinitis pigmentosa (RP) is a vision-threatening disorder that is characterized by loss of functional 

and viable photoreceptors as well as retinal degeneration (RD)32. According to Fighting Blindness 

Canada, 1 in 3500-4500 Canadians are affected by RP, making it one of the most common inherited 

diseases of the retina33. RP is a rod-cone dystrophy, in which initial symptoms of night-blindness 

associated with the rods progress into secondary cone death, resulting in the loss of day-light 

peripheral vision, and may ultimately lead to complete blindness34.  

RP symptoms typically begin to develop in childhood and are detected when children struggle to 

get around in the dark or their visual field becomes restricted, a phenomenon referred to as tunnel 

vision34. However, given the heterogeneity in the underlying mutations and the diversity in 

pathomechanisms, disease progression is highly variable and in some cases RP patients retain their 

vision until later in adulthood. That being said, the vast majority of cases ultimately lead to 

significant loss of sight.  

There are several ways for an ophthalmologist to diagnose a patient with RP. Primarily, viewing 

the patients’ retina using an ophthalmoscope may allow for the detection of potential dark pigment 

deposits. Visual field testing is also another tool to assess the extent of potential peripheral vision 

loss. Additionally, an electroretinogram (ERG) can be used to measure the electrical activity of 

photoreceptor cells. In RP patients, the signal from rod photoreceptors is primarily diminished due 

to the loss of rods32. Lastly, genetic testing can be elucidating in the expected progression of a 

patient’s particular genetic mutation as well as the mode of inheritance to their offspring. Different 
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subtypes of RP can be inherited through autosomal recessive, autosomal dominant as well as X-

linked inheritance, depending on the underlying mutation35. 

Although most cases of RP are monogenic, thousands of different mutations have been identified 

that underlie this blinding disease. The genetic heterogeneity of RP has made treatment 

development quite complex, leaving it untreatable for more than a million affected individuals 

worldwide36. In 30-40% of cases, RP is inherited as an autosomal-dominant trait, labeled as 

autosomal dominant RP (adRP)36. Notably, 25% of adRP cases stem from mutations in the 

rhodopsin gene (RHO), making RHO mutations the most common cause of adRP. To date, more 

than 150 distinct missense/nonsense RHO mutations have been identified to be associated with 

adRP7.  

 Xenopus laevis as a genetic model for RP 

Historically, Xenopus laevis (X. laevis), has commonly been used as a model organism in 

developmental biology. This vertebrate model, also known as the African clawed frog, has also 

been utilized to model human genetic diseases including the diseases of the retina. There are unique 

features associated with X. laevis that make this animal a valuable and practical model to better 

understand and develop treatments for human conditions. Primarily, whole genome sequencing of 

X. laevis has uncovered extensive similarity to the human genome with at least 1700 orthologs of 

human disease genes37. Secondly, the retina of X. laevis has the same layered structure and cell 

types as the human retina. Thirdly, relatively larger oocytes and fertilized X. laevis embryos are 

able to tolerate extensive manipulation and injection of nucleic acids and proteins, allowing for 

relatively easy genetic manipulation, and the development of highly specific models and treatment 

approaches38. Additionally, significantly shorter experimental timeframes can be expected as the 
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F0 animals can be studied as opposed to F1 offspring39. In the case of F1 animals, the large 

numbers of offspring allow experiments with high “n” values40.  

RP has been modeled in a number of different animals. The similarities in disease progression and 

resulting phenotypes compared to humans have allowed for a better understanding of this blinding 

disease. RP animal models can be categorized into two broad groups: 1. Animals with naturally 

occurring mutations and 2. Transgenic animals with foreign genes or mutations inserted into their 

genome41. Natural mutations detected in canines, cats, and chickens have made these animals 

valuable models to represent the real disease. Studying specific mutations that mimic the process 

in RP, however, has been made possible with the generation of transgenic animals. The available 

transgenic models for RP include but are not limited to mice, rats, frogs, zebrafish and pigs42.  

In studying the retina specifically, one unique advantage of X. laevis is the relatively large size of 

rods, which allows for better resolution under light or confocal microscopy, electrophysiological 

recordings and detecting histology-related phenotypes. In addition, X. laevis retina contains both 

rod and cone photoreceptors, with rods comprising 53% of all photoreceptors43. Similar to humans, 

photoreceptors synapse with horizontal and bipolar cells to transmit signals within the retina44.  

One challenge associated with the use of X. laevis as a genetic model for human disease is the fact 

that they are allotetraploids, as opposed to diploid humans. X. laevis, with a chromosome number 

2n=36, consists of two sub-genomes labelled as L (long chromosomes) and S (short 

chromosomes)45. The genome duplication is believed to have resulted from an interspecific 

hybridization of diploid progenitors 2n=1846. In case of rhodopsin, there are three distinct genes 

identified to encode rhodopsin on X. laevis’s chromosome-4 labelled as Rho.L, Rho.S and 

Rho.2.L47.  
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1.3 Gene editing 

 Gene therapy  

There are currently no known cures for adRP. Additionally, developing treatment for this blinding 

disease is highly challenging as the underlying mutation, age of onset, disease progression and 

type of cellular dysfunction are vastly heterogenous across diagnosed patients4. Therefore, a single 

treatment will not be applicable to all adRP patients. However, considering the advancements in 

our ability to identify specific underlying mutations in the patient population and the monogenic 

root of disease in many instances, gene-based therapies appear to be the main candidates for 

treatment development.  

The unique characteristics of the retina have made this tissue an ideal environment to develop 

gene-based therapies48. These features include the following: 1) the retina is a highly accessible 

tissue for surgical procedures as well as imaging, 2) small amounts of therapeutic products can be 

administered in a localized fashion to the subretinal area without affecting the surrounding tissues 

and 3) the retina is immune-privileged due to the presence of the blood-retinal-barrier (BRB) and 

its isolation from systemic blood circulation49. Given the concerns surrounding the use of adeno-

associated viral (AAVs) vectors as means to administer gene-editing drugs, the isolation of the 

retina from the systemic circulation has instigated a lot of interest for the use of AAV-driven gene-

editing therapies36.  

Within the identified dominant mutations in RP, there are three main disease-causing mechanisms 

that each require a specific therapeutic approach accordingly: 1. Loss-of-function mutations 2. 

Dominant-negative mutations 3. Gain-of-function mutations50 (Figure 1-3).  
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Loss-of-function mutations result in a non-functional gene and only cause disease if the other copy 

of the gene is not sufficient to assure WT phenotype (i.e. haploinsufficiency). This type of mutation 

is less prevalent amongst adRP mutations and are more commonly present in autosomal recessive 

forms of IRDs. The PRPF31 gene is one example of a haploinsufficient gene encoding pre-mRNA 

splicing factor that if mutated, can lead to adRP51. In such cases where higher levels of protein are 

required, gene supplementation through AAV vectors allows for the adequate restoration of 

phenotype52.  

Dominant-negative mutations result in mutant proteins that disrupt the activity of the WT protein. 

This type of mutation has been characterized to eliminate one or more functions of the rhodopsin 

protein, resulting in dominant RP53. For instance, if the mutant form of rhodopsin GPCR maintains 

its ability to dimerize with the WT during the phototransduction process in the rod OS, the mutant 

may interfere with the function of the WT protein54. In diseases caused by dominant-negative 

mutations, addition of the WT form can outcompete the mutant and diminish its effects. Hence, 

the resulting RD will be less severe as the ratio of the mutant to WT becomes smaller50.  

Gain-of-function refers to mutations that alter protein function and can lead to novel activity toxic 

to the cell. This type of mutation is the most common in the RHO gene55. Considering the high 

levels of rhodopsin expression in photoreceptors, the mutant forms may lead to detrimental effects 

including toxic aggregation, dysregulated activation, structural instability and disrupted 

trafficking56. In gain-of-function mutations, unlike dominant-negative mutations, changing the 

concentration of the WT protein does not affect the severity of RD. This is mainly because the 

mutant is often performing a new toxic function regardless of the concentration of the WT protein. 

Various treatment strategies are currently being explored for gain-of-function mutations in adRP. 
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Cideciyan et al. have identified a short hairpin RNA (shRNA) that effectively targets human  RHO, 

silencing gene expression through RNA interference (RNAi)57. By supplying the resistant form of 

the human RHO simultaneously, they were able to prevent RD progression in a canine model for 

RHO-adRP57. Other therapeutic approaches have been proposed to utilize CRISPR/Cas9 gene 

editing for the ablation or correction of the mutated allele at the DNA level. Diakatou et al. have 

used CRISPR-induced non-homologous end-joining (NHEJ) to specifically knockout mutant 

alleles in induced pluripotent stem cells (iPSCs) from an adRP patient58. Alternatively, both 

mutated and WT alleles can be targeted and inactivated using CRISPR/Cas9, if supplying an 

exogenous gene copy is possible59. Lastly, correction of the mutant allele utilizing CRISPR/Cas9 

followed by the homology-directed recombination (HDR) repair mechanism has also been 

proposed as a way to correct mutations at a DNA level4,60. 
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Figure 1-3. Flow chart summarizing dominant mutation types and corresponding 

therapeutic approaches. (Figure adapted from Diakatou et al., 20194). 

 

 CRISPR/Cas9 

CRISPR/Cas9 is a two-component gene editing system that allows for a diverse range of genetic 

modifications61. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) is an RNA-

mediated protective mechanism against invading nucleic acids found in bacteria62. The naturally 

occurring CRISPR system in bacteria is a form of adaptive immune system functioning as a 

genomic memory for invading pathogens63. Using this highly specific system, bacteria are able to 

scan invading DNA sequences and introduce destructive double strand DNA breaks through 
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guided endonucleases63. Various types and classes of CRISPR with differing components have 

been identified so far, from which the Type II CRISPR/Cas9 system has been most commonly 

used and optimized in experimental settings64. This is mainly because the type II CRISPR system 

is able to bind and edit target DNAs, requiring only one protein. Relying on the simplicity of the 

Type II CRISPR/Cas9 and utilizing the Cas9 (Crispr-associated protein 9) system derived from 

Streptococcus pyogenes, CRISPR/Cas9 was first used by Jinek et al. in 2012 to introduce double 

strand breaks (DSBs) in targeted DNA sequences62. The CRISPR/Cas9 complex is made up of a 

DNA-cleaving enzyme called Cas9 and an RNA molecule that is used as a guide for Cas9 to a 

specific target site in the genome, referred to as single guide RNA (sgRNA)62. An sgRNA 

recognizes a unique ~20 nucleotides target sequence on the foreign DNA65. Guided to the location 

of interest by an sgRNA, Cas9 introduces DSBs 3bp upstream from the PAM site (promoter-

adjacent motif site: e.g. NGG from S. pyogenes). In terms of its delivery, different approaches have 

been taken to inject the CRISPR/Cas9 components into individual cells including: 1. Plasmid 

encoding the Cas9 protein and the sgRNA in the same vector, 2. mRNA encoding Cas9 with 

sgRNA and 3. Cas9 protein with sgRNA (Figure 1-4)66. The plasmid-based delivery is the simplest 

strategy where a single component is being introduced to the cell and it is more stable than 

combining Cas9 mRNA with sgRNA67. However, plasmid-based CRISPR has been found to lead 

to more off-target effects68. Additionally, more time is required for efficient editing with this 

strategy, because the plasmid needs to be translated into Cas9 protein after the injection66. 

Delivering Cas9-encoding mRNA with the sgRNA allows for faster editing, following the 

formation of the Cas9/sgRNA complex inside the cell, and has been reported to result in fewer off-

target effects69. However, mRNA instability is a key limiting factor in this type of delivery70. 

Lastly, in the strategy with Cas9 protein and sgRNAs, purified positively charged Cas9 protein is 
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combined with the sgRNA prior to delivery. The resulting complex is referred to as a 

ribonucleoprotein (RNP)64. Direct delivery of RNPs provides high editing efficiency, reduced off-

target effects and lower toxicity and immune responses71.  

 

Figure 1-4. Different gene editing strategies using CRISPR/Cas9. Strategy (I) uses a plasmid 

DNA encoding the Cas9 protein and sgRNA. Strategy (II) uses Cas9 mRNA in combination with 

the sgRNA. Strategy (III) utilizes a Cas9 protein in a complex with sgRNA (Figure adapted from 

Liu et al.66). 

 

When the CRISPR/Cas9 system is employed in vertebrate cells, the introduced cleavage in the 

DNA sequence most prominently leads to the initiation of either NHEJ or HDR repair pathways72 

(Figure 1-5). These crucial repair mechanisms have evolved to preserve genomic integrity 

following DNA damage. NHEJ is an error-prone response that promotes direct ligation of DNA 

sequences at the DSB site73. In doing so, insertions and deletions (indels) of short DNA sequences 

are likely to occur. Indels that result in frameshift mutations instigate nonsense-mediated decay 
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(NMD), a surveillance pathway present in all eukaryotic cells that reduces error in gene expression 

by omitting mRNA transcripts with premature stop codons74. Hence, in case of a frameshift 

mutation, NMD may lead to a loss-of-function mutation and generate knockout (KO) phenotype. 

Alternatively, indels can create in-frame mutations that cause gain-of-function phenotypes or 

protein instability and loss of function. Although NHEJ is thought to be favoured in the G1 stage 

of the cell cycle, it appears to be active throughout the entire cell cycle73. 

Alternatively, the HDR pathway utilizes a homologous DNA sequence as a template for repairing 

the broken ends at the DSB site75. Therefore, HDR appears to be more prevalent following DNA 

replication in S and G2 phases of the cell cycle where it is able to use the intact sister chromatid 

as a homologous template sequence76. For this reason, HDR is believed to be a high-fidelity 

mechanism compared to the NHEJ but with a much lower incidence rate. Combining the HDR 

repair mechanism with the CRISPR/Cas9 system has been shown to be a valuable genome editing 

tool77. In experimental settings, the homologous template sequence can be artificially provided 

through specifically designed donor sequences of interest. Hence, accurate gene knock-ins, gene 

replacement, point mutations and conditional gene knockout gene editing strategies can be carried 

out utilizing the HDR pathway78. 

The designed exogenous HDR repair templates typically consist of an insert designed to be 

recombined at the Cas9 cleavage site, with homology arm lengths of varying sizes extending from 

both ends. Several studies have been conducted to improve the incidence of the HDR repair 

mechanism and to exploit its remarkable ability in genome editing by optimizing the HDR 

template. Circular and linear double-stranded DNA molecules as well as single-stranded 

oligonucleotides of different lengths have been used as repair templates79. Single-stranded 
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oligonucleotides have been found to be more efficient in activating the HDR mechanism, while 

causing the lowest levels of toxicity80,81. Additionally, the length of the homology arms has been 

explored as another potential contributing factor. HDR efficiency has been shown to increase 

significantly with increasing lengths of the homology arms, although longer oligonucleotides 

appeared to cause toxicity and reduced efficiency82. Therefore, homology arm lengths need to be 

optimized for maximal efficiency. Generally, 30-80 nucleotides long homology arms have been 

found to be optimal in different experimental models with varying sizes of inserts83–85.  

 

Figure 1-5. CRISPR-Cas9 and sgRNA genome editing strategy and the following repair 

mechanisms of NHEJ and HDR. Uniquely designed guide RNA (gRNA) directs the Cas9 

cleaving enzyme to a specific target site, where it introduces DSBs 3 bases upstream from the 

PAM sequence. The introduced DSB on the target DNA then activates the NHEJ (non-homologous 

end joining) or the HR (homologous recombination) repair mechanisms. The error prone NHEJ 

pathway results in the introduction of insertions and deletions (indels) at the cleavage site, 

potentially leading to a knockout due to a premature stop codon. The HR pathway requires a 

template (HR template) with homology arms that allow for an insert (shown in red) knock-in at 

the DSB site (Figure adapted from Ding et al. 201686). 
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1.4 Electrophysiology, Fundus Imaging and Optical Coherence Tomography 

There are several robust tools available to ophthalmologists and research scientists to assess the 

functional and structural state of the retina. These tools not only allow for clinicians to diagnose 

and monitor disease progression but are also reliable measures for changes in visual function and 

structural health of retinal tissue in animal models. For the purposes of this dissertation, I will 

briefly introduce three of the commonly used tools that were also used in my experiments.  

The electroretinogram (ERG) is a non-invasive tool that measures the electrical activity of various 

cells within the retina in response to light signals87. A typical ERG response consists of negatively 

deflected a-wave which corresponds to photoreceptor response, followed by a positively deflected 

b-wave that is believed to be associated with the inner retinal cells88. Since the 1940s, ERGs have 

been used in the clinics to diagnose diverse retinal disease including RP89. Given that RP is known 

to directly affect photoreceptor function, almost all symptomatic RP patients have significant 

measurable changes in their ERG recordings. Additionally, the function of cones and rods can be 

distinguished by light adaptation and dark adaptation of subjects, respectively. Photopic ERG 

refers to the measurement of cone-mediated retinal signal in response to bright flashes of light 

following light adaptation90. Conversely, scotopic ERG is a method through which the unique 

signals of rods in response to low levels of white or blue light is measured in dark-adapted 

subjects91. In RP patients where rods begin to degenerate first, rod photoreceptor signals noticeably 

reduce in young adulthood. As the disease progresses however, decreased levels of signal from 

both rods and cones become detectable in ERG measurements.  

Fundus photography is another widely used imaging technique that allows for a two-dimensional 

demonstration of the retinal tissue92. Appearance of pigment deposits, attenuation of the blood 
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vessels and a waxy optic disk pallor are some of the key features of progressed disease in fundus 

images from RP patients93.  

Lastly, optical coherence tomography (OCT) is an imaging technique that takes cross-section 

pictures of the retina94. OCT allows us to distinguish the layers of the retina and measure their 

thickness, a non-invasive and informative approach that is widely used in the clinical setting. 

Previous studies have illustrated differences in thickness measurements and retinal nerve fiber 

layer atrophies detected by OCT in RP patients95.  
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2. MODELING A HYBRID HUMAN/MOUSE RHODOPSIN TRANSGENE IN 

XENOPUS LAEVIS 
 

2.1 Introduction 

Although more than 100 different mutations in the RHO gene have been identified to underly 

adRP, the pathways that lead to retinal degeneration remain largely unknown. A major obstacle in 

understanding the underlying pathways stems from the heterogeneity of RP pathomechanisms and 

the lack of mutation-specific models that can be easily manipulated. Transgenic X. laevis has 

shown to be an effective model system for RP where large numbers of offspring can be generated, 

and disease symptoms and phenotypes can be distinguished in short time frames96.  

Many RP-inducing rhodopsin mutations are located in RHO’s N-terminus and disrupt proper 

glycosylation of this protein. T4K, T17M and P23H are prominent instances of such mutations 

that are known to cause sector RP, a condition in which retinal degeneration is disproportionally 

higher in inferior retina16,39. One explanation for asymmetric RD in human patients with sector RP 

is the greater light exposure of inferior retina, especially in N15S, T17M and T4K mutations97. 

Previous research has explored this possibility and illustrated that these mutations cause light-

exacerbated RD in transgenic animals. They demonstrated that inactive glycosylation-deficient 

rhodopsin alone does not induce significant RD; rather the detrimental effects are aggravated by 

photoactivation98. Tam et al. illustrated that elimination of chromophore-binding site or 

chromophore precursor vitamin A through dietary deprivation reduced the toxic effects of T4K 

and T17M mutations98. Hence, light activation is necessary for cell death in these mutants. Similar 

outcomes have also been previously observed in mice with T17M mutation99 and dogs with T4R 

mutation100. 
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In contrast, P23H rhodopsin is associated with a different cell death mechanism distinct from that 

of T4K and T17M. Reported as the most prevalent mutation underlying adRP in North America, 

P23H rhodopsin is one of the most studied RP mutations101. Tam et al. demonstrated that 

preventing chromophore binding and dietary deprivation of vitamin A in transgenic animals 

carrying P23H rhodopsin mutation further exacerbates RD, even in the absence of light102. They 

suggest that chromophore acts as a “pharmacological chaperone” for P23H rhodopsin by 

illustrating that in its absence, mutant rhodopsin begins to accumulate in the ER. Similarly, when 

exposed to light, 11-cis retinal is depleted as a result of photoisomerization, leading to ER stress 

and subsequent cell death102. 

 Objectives and hypothesis  

Unlike other studied mutations, T4K-induced RD has been found to be particularly associated with 

photoactivation of mutant rhodopsin, making it an important pathomechanism to explore. Our 

long-term goal is to generate humanized knock-in mice, carrying a human/mouse hybrid T4K 

mutated RHO gene, as a model of RP for the purpose of developing translational gene-editing 

therapeutics and investigating the underlying mechanisms of cell death. In these Crispr-

Humanized Minimally Mouse Models (CHuMMMs; term coined by Dr. Elizabeth Simpson), the 

first exon of the mouse rhodopsin gene and its immediate surrounding sequence will be substituted 

by the equivalent human gene, containing the T4K adRP-causing mutation (methods described by 

Miura et al.103).  

To ensure that the hybrid gene design does not alter the mechanism of RD, we aimed to generate 

transgenic X. laevis carrying human/mouse hybrid T4K RHO and to characterize the light-

exacerbated RD phenotype in comparison to human/mouse hybrid WT (ChiWT), human T4K and 
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mouse T4K RHO models in transgenic X. laevis. The human/mouse hybrid T4K RHO X. laevis 

(ChiT4K) is identical to the proposed CHuMMMS mouse model as it expresses the mouse gene 

for rhodopsin, with its first exon replaced by the T4K mutated human exon 1 RHO. The human 

T4K (hT4K) and mouse T4K RHO (MT4K) models carry the human and mouse T4K mutated 

RHO exon 1, respectively. We hypothesized that the ChiT4K transgenic model will express the 

light-exacerbated RD phenotype indistinguishable from human T4K rhodopsin, making it a robust 

model for understanding the underlying mechanism of this unique phenotype using mammalian 

transgenes. Additionally, if generated successfully, this hybrid model can further elucidate the 

viability of our proposed humanized knock-in mouse as a novel mammalian model for T4K 

mutation-induced light-exacerbated RD.  

 

2.2 Methods  

 

Transgenes were designed wherein expression of the human/mouse hybrid T4K, human/mouse 

hybrid WT, and mouse T4K RHO cDNAs were driven by 0.8 Kb of the X. laevis opsin promoter. 

The human T4K (hT4K) animals used were generated from mating adult animals with the hT4K 

transgene that were already available in our laboratory.  

 Construct design 

Oligonucleotide-directed mutagenesis was utilized to introduce the T4K mutation of interest in our 

construct design. Oligonucleotide sequences were selected in a region starting 19-20 bp upstream 

from the mutation site in the 5’ direction and continuing for 25-29 bp in the 3’ direction 

downstream from the mutation site (starting and ending on G/C). The TM   was kept within a range 
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of 3°C for both strands while keeping the length of the oligonucleotides at or below 50 bp. The 

designed forward and reverse oligonucleotides were then purchased from Integrated DNA 

Technologies (IDT) to be generated. 

 Gibson assembly, transformation and miniprep 

The XOP0.8-eGFP-N1 plasmid was used as a vector for each insert of interest to generate the X. 

laevis RHO transgene construct. eGFP was excised out from the plasmid using restriction digests 

at the EcoRI and NotI sites and the linearized DNA was treated with Calf Intestinal Phosphatase 

(CIP) to catalyze the dephosphorylation of 5’ and 3’ ends. The restriction digest products were 

then run on a 1% agarose gel and gel-purified to generate the vector backbone. Gibson Assembly104 

was then performed to replace the eGFP cDNA sequence of the vector with the 1. Mouse RHO 

exon 1 carrying the T4K mutation (MT4K), 2. Human-mouse RHO sequence combining human 

RHO exon 1 with mouse RHO exons 2-5 (ChiWT) or 3. Human-mouse RHO carrying the T4K 

mutation (ChiT4K). Both human and mouse T4K RHO constructs were created via a PCR 

mutagenesis protocol, previously described by Tam and Moritz16.  

The products were then transformed into competent E. coli cells on LB agar plates with 

Kanamycin. Two to three colonies were selected and grown in liquid culture. Following the 

overnight liquid culture, miniprep protocol was carried out followed by nanodrop measurement to 

quantify the final DNA concentration. The products were then verified via Sanger sequencing to 

confirm the insertion of the mutation of interest without introduction of other undesired changes. 

Prior to injection of embryos, the plasmids were linearized with FseI (New England Biolabs - 

NEB) digest and then purified utilizing the QIAquick Gel Extraction Kit (Qiagen) for integration 

into sperm nuclei.  
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 Transgenesis and animal rearing 

Primary transgenic X. laevis were generated and reared based on methods described by Tam et 

al.105. For each experiment, the designed linearized plasmids were incubated with permeabilized 

sperm preparation. Treated with X. laevis egg extract and restriction enzyme, the mixture was 

injected into unfertilized eggs from three different adult female frogs. Female frogs were 

previously primed with human chorionic gonadotropin (HCG) subcutaneous injections 48 hours 

and 9 hours prior to microinjections. Normally fertilized and developed embryos were then 

selected and housed in 4 L tanks in 18°C incubator. The dark-reared groups were placed in 

complete darkness and the light-reared groups were exposed to a 12 h light cycle with an average 

light intensity of 1700 lux. During the initial 4-5 days post-fertilization (dpf), embryos were 

exposed to 20 µg/ml G418 in order eliminate non-transgenic tadpoles. Once the transgenic 

tadpoles began to swim, they were fed ground frog brittle (Nasco). At 14dpf, normally developed 

tadpoles at developmental stage 48 were sacrificed by pithing. The left eye was dissected and 

solubilized in 100 µl of a 1:1 mixture of PBS and SDS-PAGE loading buffer containing 1mM 

EDTA and 100 µg/ml PMSF, while the contralateral eye was fixed in 4% paraformaldehyde 

buffered with 0.1 M sodium phosphate pH 7.4. 

 Dot blot assay 

Dot blot assay was performed in accordance to the methods described by Tam et al.105. The 

solubilized eye from each tadpole was diluted 1:300 in 20 mM NaPO4 buffer pH 7.4 and drawn 

by suction through Immobilon P membrane. As controls, each dot blot also contained 100% X. 

laevis rhodopsin extracted from WT tadpole retinas as well as 100% human WT rhodopsin from 

transfected cultured cells. Primary antibodies mAb B630N106 (at 1:10 dilution of tissue culture 
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supernatant) and mAb 1D4107 (at 1:750 dilution of 1 mg/ml solution) were used to probe the 

duplicate dot blots on separate membranes. The mAb B630N antibody binds to both endogenous 

X. laevis and human rhodopsin while mAb 1D4 only recognizes human rhodopsin and not X. laevis 

rhodopsin. IR-dye800-conjugated goat anti-mouse was then used as secondary antibody at 1:10000 

of 1 mg/ml solution (LI-COR Biosciences). Following antibody probing, LI-COR Odyssey 

imaging system was utilized to image and quantify rhodopsin levels on each blot. In order to 

determine the relative levels of total and transgenic rhodopsin, antibody affinity was compared 

between test and control samples.  

 Immunohistochemical labeling and confocal microscopy  

The right eye from each tadpole, which was placed in fixative after being sacrificed at 14dpf, was 

then sucrose infiltrated in a 20% sucrose solution within 48 hours. Sucrose infiltrated eyes were 

embedded in OCT (Sakura Finetek) and stored at -80°C. Embedded eyes were sectioned in 12µm 

slices and labelled overnight with mAb 2B2107 (at 1:10 cell culture supernatant), a primary 

antibody which specifically recognizes the N-terminus mammalian rhodopsin. Secondary antibody 

labelling was done with Cy3-conjugated anti-mouse antibody (1:750 dilution, Jackson 

Immunoresearch), AlexaFluor 488-conjugated wheat germ agglutinin (WGA; Life Technologies) 

and Hoechst 33342 (Sigma-Aldrich). MOWIOL 4-88 reagent (EMD Millipore) was used to mount 

the labelled sections prior to imaging. The Zeiss (Oberkochen, Germany) 510 laser scanning 

confocal microscope was used for imaging with 10X and 40X objectives and the Zen software. 

Adobe Photoshop (Adobe Systems, San Jose, Ca) was used for post-imaging processing. To 

improve image detail, non-linear adjustments were performed in Hoechst 33342 and WGA 
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labeling channels. Rhodopsin antibody labeling was only linearly adjusted where necessary for 

better visualization.  

 Statistical analyses 

GraphPad Prism software (version 9.0.0, San Diego, California, USA) was used to perform 

statistical analyses and to generate figures. The Mann-Whitney U test was used to compare levels 

of rhodopsin quantified from dot blot assays. This non-parametric test allows us to assess the 

likelihood of two samples being derived from the same or differing populations108. When 

comparing more than two groups, the Kruskal-Wallis one-way analysis of variance was used 

instead109. P-values smaller than 0.05 were deemed statistically significant.  

 

2.3 Results 

 

 Human/mouse hybrid T4K rhodopsin – dark-reared vs. cyclic light 

ChiT4k refers to transgenic tadpoles expressing mouse RHO with sequence derived from its first 

exon replaced with sequence derived from human exon 1 carrying the T4K mutation. G418-

selected transgenic animals were raised to 14 days in dark-reared (n=44) and cyclic light conditions 

(n=35). Total amount of rod opsin protein expressed, determined by the dot blot assay, was 

significantly lower in the cyclic light group (Figure 2-1, B; dark-reared (n=44), cyclic light (n=35); 

p=0.0003 by Mann-Whitney U test). Additionally, immunolabelled sections demonstrated severe 

light-exacerbated RD in cyclic light, while dark-rearing prevented T4K mutation-induced RD 

(Figure 2-1, A). Hence, ChiT4K transgenic animals displayed a light-exacerbated RD phenotype 

similar to that obtained with human T4K rhodopsin transgene. 
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Figure 2-1. ChiT4K transgenic animals raised in the dark compared to cyclic light. (A) 

Significant RD was observed in animals raised in cyclic light. Photoreceptors were protected in 

animals raised in complete darkness. Green=2b2 (mammalian rod opsin); red=WGA; 

blue=Hoechst dye. (B) Transgenic rod opsin levels assayed by dot blotting and probing with 1D4 

antibody. Rhodopsin levels are compared between the two groups on a log-scale (dark-reared 

(n=44), cyclic light (n=35); p=0.0003 by Mann-Whitney U test). 
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 ChiWT, ChiT4K and hT4K – dark-reared 

In order to verify whether the human/mouse hybrid construct alone can introduce any detrimental 

effects, a follow-up experiment was designed to compare the phenotypes of transgenic ChiWT 

(WT human/mouse hybrid rhodopsin; n=19), transgenic ChiT4k (T4K human/mouse hybrid 

rhodopsin; n=20) and hT4K (human T4K rhodopsin from mating; n=22). All three groups were 

raised for 14 days in the dark. As expected, dark rearing demonstrated protective effects against 

RD and similar phenotypes were observed in all three groups. No significant difference in 

rhodopsin levels were observed between dark-reared ChiT4K, ChiWT and hT4K animals (Figure 

2-2, B; ChiT4K (n=20), ChiWT (n=19), hT4K (n=22); Kruskal-Wallis test) and RD was prevented 

in all groups (Figure 2-2, A). Next to the evidence gathered from the initial experiment, these 

results suggest that the ChiT4K construct can be a reliable model for T4K-induced light-

exacerbated RD. 
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Figure 2-2. ChiT4K, ChiWT and hT4K transgenic animals raised in the dark. (A) RD was 

prevented in all animals protected from light, regardless of their transgene. Green=2b2 

(mammalian rod opsin); red=WGA; blue=Hoechst dye. (B) Transgenic rod opsin levels assayed 

by dot blotting and probing with 1D4 antibody. Rhodopsin levels are compared between groups 

on a log-scale (ChiT4K (n=20), ChiWT (n=19), hT4K (n=22); no statistical difference was 

detected between groups with Kruskal-Wallis test). 
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 Mouse T4K rhodopsin – dark-reared vs. cyclic light 

Lastly, the light-exacerbated RD phenotype was tested in X. laevis tadpoles expressing the mouse 

T4K rhodopsin (MT4K) transgene. Transgenic MT4K rhodopsin animals were raised for 14 days, 

half of them under the cyclic light condition and the other half in complete darkness. The light-

exacerbated RD phenotype observed in hT4K and ChiT4k animals was similarly detected in the 

MT4K rhodopsin animals. As illustrated by the dot blot assay, animals raised in cyclic light had 

significantly lower levels of rod opsin compared to dark-reared tadpoles (Figure 2-3, B; dark-

reared (n=14), cyclic light (n=18); p=0.0223 by Mann-Whitney U test). Severe RD was observed 

in transgenic MT4K rhodopsin tadpoles raised in cyclic light, while RD was prevented in dark-

reared animals (Figure 2-3, A).  
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Figure 2-3. MT4K transgenic animals raised in the dark compared to cyclic light. (A) 

Significant RD was observed in animals raised in cyclic light. Photoreceptors were protected in 

animals raised in complete darkness. Green=2b2 (mammalian rod opsin); red=WGA; 

blue=Hoechst dye. (B) Transgenic rod opsin levels assayed by dot blotting and probing with 1D4 

antibody. Rhodopsin levels are compared between the two groups on a log-scale (dark-reared 

(n=14), cyclic light (n=18); p=0.0223 by Mann-Whitney U test). 
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3. CRISPR-BASED TREATMENT STRATEGIES FOR SELECTIVE EDITING OF 

MUTANT RHODOPSIN 
 

3.1 Introduction 

In autosomal dominant diseases, the mutant allele either acquires a new toxic function (gain of 

function mechanism) or disrupts the functioning of the remaining endogenous WT allele 

(dominant negative mechanism). One treatment strategy for autosomal dominant diseases is to 

develop allele-specific therapeutics that knockout the mutant allele, leaving the endogenous WT 

allele unaffected (as shown in Figure 3-1)110. A previous study in rhodopsin knockout mice has 

shown that mice with a single copy of the rhodopsin gene do not develop retinal degeneration111. 

Although these heterozygous knockout mice had half the normal complement of rhodopsin and 

their photoreceptor OS were shorter compared to WT controls, a single copy of the gene appeared 

to be haplo-sufficient111. Furthermore, previous studies have explored the haplo-sufficiency of the 

rhodopsin gene by investigating families of patients with null rhodopsin mutations with autosomal 

recessive RP. These studies have reported that heterozygous carrier parents of individuals with 

autosomal recessive RP do not develop retinal degeneration and appear to have WT phenotype 

with slightly reduced rod sensitivity112,113. Therefore, phenotypes associated with single null alleles 

are significantly milder than the phenotypes associated with dominant RP alleles, making the 

allele-specific therapeutics that knockout the mutant allele viable treatment options for adRP. 

Other potential solutions are to restore the mutant allele into WT or replace the mutant with an 

exogenous copy. In this chapter, I will introduce and characterize a previously developed adRP X. 

laevis model from our research group. I will then explore three different CRISPR-based gene-

editing strategies to prevent RD in our adRP model. We hope that the comparison in precision and 
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efficiency of these therapeutic approaches can be informative for developing similar treatments in 

human patients suffering from adRP.  

 

Figure 3-1. Allele-specific gene therapeutic strategy for autosomal dominant diseases. In 

autosomal dominant diseases where the dominant mutant allele disrupts the function of the 

endogenous wildtype allele, allele-specific therapeutics can be designed to knockout the mutant 

allele without affecting the wildtype. Therefore, allowing the endogenous wildtype allele to lead 

to wildtype phenotype (Modified from Meng et al., 2020)110. 

 

 Genetically modified model for adRP (12bp deletion) 

The Moritz lab has previously generated multiple functional KO in the F0 generation of various 

genes critical to photoreceptor function, utilizing CRISPR/Cas9-mediated editing strategies in X. 

laevis114. Feehan et al. designed an sgRNA (labelled as Rhosg3) that in combination with the Cas9 

protein selectively edits the X. laevis Rho.L gene, immediately downstream from the start codon49. 

Indels induced by the NHEJ repair mechanism following the Rhosg3 edit led to a desirable model 

with a 12bp deletion in the first exon of the Rho.L gene. The resulting animals (referred to as 
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‘12bp-deletion’) appear to be a useful model for adRP, as extensive RD is observed in 

heterozygous animals with this mutation.  

 Objectives and hypotheses  

Utilizing the previously developed 12bp-deletion X. laevis model for adRP, we aimed to develop 

and compare CRISPR-based gene-therapeutic approaches to prevent the detrimental effects of this 

mutation by inactivating the malfunctioning gene. This model can be considered analogous to a 

hypothetical adRP patient with a mutation in the first exon of RHO undergoing gene editing 

therapy under idealized circumstances. Three different gene therapeutic approaches were explored 

in this dissertation:  

1. The first approach was to design a highly specific sgRNA that is able to introduce DSBs 

immediately downstream from the start codon of the Rho.L gene’s exon 1, where the 12bp 

deletion occurs (Figure 3-2). By designing a guide that only edits the sequence with the 

12bp deletion, the WT allele in heterozygous animals as well as the other rhodopsin genes 

of the X. laevis (Rho.S and Rho.2.L) remain unaffected. Furthermore, introducing a DSB 

at the beginning of the first exon will activate the error prone NHEJ repair mechanism that 

will subsequently lead to indels within the coding sequence. The introduced indels are 

likely to cause an out-of-frame mutation in 2/3 of cases where the edit has occurred, while 

in 1/3 of cases an in-frame mutation is expected. Given that the following several start 

codons are out-of-frame, we expect the out-of-frame mutations in 2/3 of the cases to 

knockout the mutated allele. Considering that heterozygous loss of function alleles in 

rhodopsin have no RD phenotype in humans112 or X. laevis115, knocking out the mutated 

allele should be curative in 2/3 of the photoreceptors. However, in 1/3 cases the in-frame 
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indels should result in neutral or aggravating phenotypes that can be problematic for an 

ideal treatment strategy. Therefore, we hypothesized that the sgRNA treatment of the 12bp 

deletion sequence will significantly reduce RD, though the treatment will only improve 

phenotypes in 2/3 of the photoreceptors on average, and treated animals will remain 

phenotypically inferior to WT. 

 

 

Figure 3-2. sgRNA designed to target the mutant allele, leaving the WT allele 

unaffected due to a single base discrepancy. The top sequence illustrates the first bases 

of exon-I of the WT Rho.L X. laevis gene. The bottom sequence demonstrates the 12 (11+1) 

bases deleted in our adRP model immediately downstream from the start codon 

(highlighted in grey). The 20 bases-long sgRNA target sequence unique to the mutant is 

shown in green, with only a single base difference compared to the WT sequence. The 

PAM sequence is shown in green with the cleavage site indicated 3 bases upstream from 

the PAM site.  

 

 

2. To tackle the challenge described in the first objective above, a novel second approach was 

designed. This approach involved generation of two simultaneous DSBs on both sides of 

the first exon’s start codon, one in the non-conserved upstream promoter regulatory region 

and the other within the first exon. By introducing simultaneous edits upstream and 

downstream from the start codon, we aimed to remove a piece of DNA containing the 

Rho.L start codon. Given that the following several start codons are out-of-frame, assuming 

100% editing, eliminating the first start codon will lead to a loss-of-function allele and 

WT sequence:           

...ATGAACGGAACAGAGGGTCCCAATTTTTATATCCCCATGTCCAACAAAACGGGGG...

adRP sequence (12bp deletion):

...ATG-----------GGGTCCCAATTTT-ATATCCCCATGTCCAACAAAACGGGGG...

Cleavage
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removal of the misfolded protein. In order to examine the efficacy of this therapeutic 

approach, highly specific sgRNAs were designed to target only the defective Rho.L gene, 

similar to the first objective. Additionally, a second unique target site was identified in the 

upstream promoter regulatory region of the Rho.L gene. Despite the fact that the sgRNA 

editing the promoter region would introduce DSBs in both the WT and mutated alleles of 

the Rho.L gene, we expected the edit in the non-conserved promoter regulatory region of 

the WT allele to be innocuous in the majority of cases. Assuming efficient simultaneous 

editing, we hypothesized that removing the start codon of the mutated allele will lead to 

the desirable KO and prevents RD in 12bp deletion animals, with a potentially superior 

efficacy to approach 1 above.   

 

3. The third proposed treatment approach aimed to utilize the HDR repair mechanism as 

opposed to the NHEJ. As explained previously (section 1.3.1), the HDR pathway requires 

a homologous template sequence for repairing the broken ends at the DSB site allowing 

error-free repair, or the introduction of specific sequences75. By designing a single-stranded 

DNA (ssDNA) identical to the WT sequence and combining it with the previously 

described sgRNA that targets the mutated sequence, we aimed to correct the 12bp deletion 

using HDR. Depending on the efficiency of the HDR mechanism in our experimental 

settings, we hypothesized that this treatment could completely prevent RD, comparable to 

WT animals.  
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3.2 Methods 

 Characterization of the 12bp-deletion animals 

Primarily, the animals were genotypically and phenotypically characterized. This was done by 

performing blood draws from mature animals previously edited and by sequencing the blood 

genomic preparation samples to identify the animals expressing the 12bp deletion in the first exon 

of the Rho.L gene. Secondly, a mature identified 12bp deletion animal was mated with a WT and 

100 fertilized embryos were raised to 14-days-old tadpoles. At 14dpf, 40 tadpoles were sacrificed, 

and the remaining tadpoles were raised to maturity. For each sacrificed tadpole, the left eye was 

solubilized to be used for dot blot analysis while the contralateral eye was fixed, cryo-sectioned, 

labelled and imaged by confocal microscopy.  

 Designing single-guide RNA oligonucleotides 

In order to target highly specific regions within the Rho.L gene, sgRNAs were designed and 

generated as previously described by Feehan et al.115. The ZiFit online tool was utilized to identify 

20bp-long sequences of oligonucleotides containing PAM sites appropriate for CRISPR 

experiments. A total of six candidates were found in the Rho.L gene, that were absent in the 

Rho.2.L and Rho.S rhodopsin encoding genes (highlighted in blue in Figure 3-3). Two of these 

target sites were selected in exon-1 of the 12bp-deletion mutated version of the Rho.L gene (Sg5 

and Sg6), one site was found in the 5’UTR (Sg4) and 3 other unique sites were found in the 

upstream promoter region (Sg1, Sg2 and Sg3). The closest target site in the promoter regulatory 

region was at least 1200 bases upstream of the start codon due to the highly conserved regulatory 

region immediately preceding the start codon, as no unique target sites could be found in that 
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region (Appendix A). Additionally, editing the conserved promoter regulatory region seemed more 

likely to induce unwanted detrimental effects in gene expression.  

In order to prevent off-target effects, the uniqueness of the identified target sites was verified using 

the Xenbase blast database search software to ensure that no other identical sites were present in 

the entire genome. The designed phosphorylated oligos and primers were synthesized (IDT), and 

ligated into linearized pDR274 (gift of Keith Joung) to generate constructs for in-vitro 

transcription. 
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 Oligonucleotide ligation into the pDR274 and transformation 

Upon resuspension and dilution of the ordered oligos from IDT to 100µM, the oligo annealing 

protocol was performed for the forward and reverse sequences ordered for each target site. For the 

annealing protocol, 1.5µl of Oligo A (100µM) and 1.5µl of Oligo B (100µM) were added to 5µl 

of NEBuffer3.1 and 42µl of dH2O (Oligo A and B refer to the forward and reverse strands for each 

target site as designed by ZiFit). Each reaction was incubated in the thermocycler for 4 minutes at 

95°C and then transferred to a 70°C water bath to prevent sudden cooling of the reaction. The 

Figure 3-3. X. laevis Rho.L gene carrying the 12bp deletion at the start of exon 1. Highlighted 

in green are the PCR primers used to validate the edits via fragment analysis as well as Sanger 

sequencing. Highlighted in blue are the selected unique target sites for the designed guides.  
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reaction was slowly cooled down to room temperature. Resulting annealed oligos were diluted in 

nuclease free water (1:10).  

The pDR274 vector was prepared in the following manner: 3µg of cloned pDR274 plasmid was 

linearized using NEB BsaI-HF restriction enzyme and then dephosphorylated with rSAP (30-

minute incubation at 37°C). Linearized plasmid was then distinguished from uncut DNA on a 1% 

agarose gel, extracted and gel purified using the QIAEX II gel extraction kit (150). Ultimately, 

20µl of purified linearized pDR274 was eluted. The concentration of DNA was measured and 

confirmed to be sufficient using Nanodrop (72 ng/µl). 

Once the corresponding oligos were annealed together and the linearized pDR274 was prepared, 

ligation protocol was carried out to incorporate each oligo into the pDR274 plasmid. Each 10µl 

ligation reaction contained 1µl of annealed oligos, 1µl of linearized pDR274 template, 1µl of T4 

DNA ligase buffer (10X) and 0.5µl of T4 DNA ligase. The reactions were then incubated at room 

temperature for 2 hours. Following the 2-hour ligation incubation period, transformation was 

performed into chemically competent E. coli cells and colonies were developed overnight. The 

following day, colonies were selected from each plate and grown in liquid culture overnight. 

Plasmid preparation was done by alkali lysis followed by Qiagen miniprep column. 
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 Diagnostics to ensure proper insertion of the oligonucleotides 

Once plasmid preparation was performed, diagnostics tests were carried out to ensure the proper 

insertion of each oligo into the plasmid vector. Primarily, restriction digest reactions were set up 

with BsaI. In the case that the insert was properly annealed, the BsaI digest should no longer be 

able to cut the plasmid containing the insert, while it would cut the control sample not containing 

the insert. The digested samples were then run on a 1% agarose gel for verification. One sample 

was selected for each designed oligo that was successfully inserted into the vector. Once 

confirmed, plasmid DNA was purified using the alkali lysis method followed by the Qiagen 

miniprep column’s “purification of plasmid DNA prepared by other methods”. DNA concentration 

was measured using Nanodrop following purification. All samples were sent for sequencing in 

order to verify the correctness of the inserted oligos. 

 PCR Primers 

After selecting 6 target sites, 2 sets of PCR primers were also designed and ordered from IDT. 

PCR primers were selected in a way that they were unique to the Rho.L gene while encompassing 

all 6 selected sgRNA target sites. Since the region between the most upstream sgRNA and the 

most downstream one spans over 2000 base pairs, 2 sets of primers were designed and ordered to 

cover the entire region (Figure 3-3). The PCR primers were then tested on genomic DNA from a 

WT tadpole. Based on the annealing temperature of the ordered PCR oligos, PCR conditions were 

set and conducted. Since the initial attempt was not successful, a gradient PCR (54°C-67°C 

annealing temperatures) was performed after which ideal PCR conditions were identified (95°C 

for 2 minutes, 30 cycles of 95°C-15s, 62°C-15s, 68°C-60s and a final extension of 2 minutes at 
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68°C). The same PCR conditions were used for all experiments to validate the proper edits made 

to the genome.  

 In-vitro transcription of sgRNA 

Once plasmids containing the inserts of interest were constructed, an in-vitro transcription reaction 

was performed to generate the sgRNAs corresponding to selected target sites. In order to perform 

the transcription reaction with the highest yield, the starting template must be linearized and highly 

purified. DraI digest was used to linearize the pDR274 containing the insert of interest at a site at 

approximately 120 bp downstream of the T7 promoter. After a 1.5-hour digest, 1% agarose gel 

was used to confirm the efficient linearization of the plasmid. Once the linearization of the plasmid 

was ensured, DNA purification was carried out using the “Desalting and concentration DNA 

solutions” protocol from the QIAEX kit of Qiagen. At the final step of the purification protocol, 

20µl of RNase free water was used to elute the purified linearized DNA, while using RNase free 

collection tubes, pipet tips and gloves in order to avoid RNase contamination into the sample for 

the next in-vitro transcription step. Lastly, Nanodrop was used to quantify the concentration of the 

resulting DNA. The concentration of all 6 samples were then brought to the same value by adding 

RNase free water in appropriate amounts. The Hiscribe T7 High Yield RNA Synthesis Kit and the 

protocol provided for short RNA transcripts (<0.3kb) were then used to transcribe the sgRNAs in-

vitro.  

Once the sgRNAs were generated, they were treated with DNase I from NEB kit to remove the 

DNA template from all samples. Following the DNase treatment, the miRNeasy kit was used to 

purify sgRNAs from the HiScribe in-vitro assay. The final purified sgRNA concentration was 

quantified using Nanodrop and the correctness of size was confirmed via a 1% agarose gel.  
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 CRISPR in-vitro digestion assay 

The CRISPR in-vitro Assay is an approach to test the efficacy of designed guides in-vitro prior to 

in-vivo experiments. The protocol is adapted from NEB “In vitro digestion of DNA with Cas9 

Nuclease, S. pyogenes (M0386)”. DNA templates were generated using the PCR primers that 

amplified the regions encompassing the target sites for six generated sgRNAs. Fragment analysis 

was performed using a 1% agarose gel to validate the editing efficacy of the designed sgRNAs in-

vitro. Following these initial screening procedures, Sg5 and Sg6 unique target sites were selected 

within exon1 and Sg2 was chosen in the promoter regulatory region upstream from the start codon.  

 Designing a single-stranded oligonucleotide as an HDR template sequence 

A 36-bases long insert was designed with 42 bases of homology arms on each end, resulting in a 

120-bases long HDR template sequence. The insert begins immediately following the start codon, 

where the 12bp deletion occurs, and ends immediately preceding the Sg5 PAM sequence. The 

insert sequence is identical to the original WT sequence with two exceptions: 1. A silent mutation 

(CCC → CCA) was introduced to add an additional ApoI enzyme (NEB) restriction digest site 

(AAATTT) to be used as an assay for the efficiency of the HDR. 2. An M13F point mutation (ATG 

→ TTT) was introduced to add a unique epitope distinguishable from the endogenous X. laevis 

rhodopsin. We also made sure that the Sg5 target sequence (AATTTT-ATATCCCCATGTCC) 

was different from the HDR template (AATTTTTATATCCCCTTTTCC) to prevent Sg5 from 

editing the template sequence (Appendix B). The designed single-stranded oligonucleotide was 

then ordered from IDT with Polyacrylamide gel electrophoresis (PAGE) purification, 

recommended for maximum purity of full-length oligonucleotides longer than 60 bases116.  
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 RNA microinjection 

Microinjections were performed according to methods described by Feehan et al49. Prior to 

conducting the experiment on our adRP animal model, the guides designed to edit the WT 

sequence were injected in WT embryos to test the efficacy of the designed guides. Once confirmed, 

a 12bp deletion adult female X. laevis was injected with HCG to induce ovulation prior to the 

experiment. In order to carry out the in-vitro fertilization of the female oocytes, an HCG-primed 

WT male X. laevis was sacrificed and the testes were removed. For each round of in-vitro 

fertilization, a single testis was split in half and macerated in 250 µl 0.1X MMR to release the 

sperm. Newly expelled oocytes from the female X. laevis were then covered with the extracted 

sperm and 0.1X MMR for a 20-minute incubation. The fertilized oocytes were dejellied in 2% 

cysteine pH 8 and approximately 100 embryos were arranged in a monolayer fashion inside 

injection plates covered with 0.4X MMR and 6% Ficoll. Previously prepared and diluted solutions 

of sgRNAs and GFP were then incubated with the Cas9 protein for 10 minutes at room temperature 

to form the Cas9/sgRNA RNPs. The solutions were then loaded into pulled glass micropipettes 

with a 20-25 µl bore and were attached to a Hamilton syringe pump and a micromanipulator. In 

order to inject 10nL of RNA per embryo, each embryo was injected for 1 second with the Hamilton 

pump set to deliver 36 µl/hr. Injected embryos were then transferred to an 18°C incubator for 2.5 

hours, at which point they are expected to reach the 4-cell stage. Healthy embryos displaying 

proper cell division were selected and transferred into 0.1MMR, 6% Ficoll and 10 µg/mL 

gentamicin. At 36 hours post-fertilization, eGFP fluorescence screening was carried out using an 

epifluorescence-equipped Leica MZ16F dissecting microscope and GFP positive embryos 

(indicating sufficient injection) were transferred into 0.1X MMR to raise.   
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 Genomic DNA extraction, fragment analysis and Sanger sequencing  

Four unique PCR primer sites were also designed to specifically amplify the regions of interest 

and allow examination of the edits on the Rho.L sequence without amplifying the other rhodopsin 

encoding genes of X. laevis (highlighted in green in Figure 3-3). Genomic DNA was extracted 

from the tail of each sacrificed tadpole. DNA samples were PCR amplified using designed primers 

unique to the Rho.L gene to examine regions of interest. PCR products were then validated by 

electrophoresis on 1% agarose gel and were Sanger sequenced. Sanger sequencing allowed for 

distinguishing WT and 12bp-deletion animals in each group. Potential edits in the 12bp-deletion 

animals were also identified and validated though band sizes on a 1% agarose gel as well as 

genomic sequencing.   

 Dot blot assay, immunohistochemical labeling and confocal microscopy 

Animal rearing, dot blot assay, immunohistochemical labeling and confocal microscopy were 

performed as described in the previous chapter (sections 2.2.4 and 2.2.5).   

The dot blot probing antibodies in this chapter include: 514-18 anti-rhodopsin monoclonal 

antibody representing the epitope introduced by the M13F mutation in the HDR template (1:10 

dilution, from cell culture supernatant, gift from Dr. P. Hargrave, University of Florida, 

Gainesville, FL). B630N106 anti-rhodopsin monoclonal antibody representing total amount of 

rhodopsin (at 1:10 dilution from tissue culture supernatant, gift from W. C. Smith). 

Sectioned eyes were labelled with the following primary antibodies: mAb 2B2107, a primary 

antibody which specifically recognizes the N-terminus mammalian rhodopsin, used to detect the 

epitope introduced by the M13F mutation in the HDR template  (at 1:10 dilution, cell culture 

supernatant, gift from R. S. Molday, University of British Columbia, Vancouver, British 
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Columbia, Canada). 11D5 antibody labeling c-terminus rhodopsin (at 1:30,000 dilution purified 

from ascites, gift from D. Deretic, University of New Mexico, Albuquerque, NM). B630N106 anti-

rhodopsin monoclonal antibody representing total amount of rhodopsin (at 1:10 dilution from 

tissue culture supernatant, gift from W. C. Smith). 

 Western Blotting  

Western blots were carried out using solubilized eyes from 14-day old tadpoles as described 

previously. The protein samples (15µl/well) were electrophoresed through a 10% SDS-

polyacrylamide gel and transferred to a PVDF membrane overnight. After blocking with 1% skim 

milk powder in PBS for 30 minutes at room temperature, the blot was cut into two pieces with 

identical samples. One piece of the membrane was probed with B630N antibody (at 1:15 dilution 

of tissue culture supernatant, labeling N-terminus rhodopsin) and the other half was probed with 

11D5 (at 1:10,000 dilution purified from ascites, gift from D. Deretic, University of New Mexico, 

Albuquerque, NM, labeling C-terminus rhodopsin) in an overnight room-temperature incubation. 

After washing blots with PBS, IR-dye800-conjugated goat anti-mouse was used as secondary 

antibody at 1:10,000 of 1 mg/ml solution (LI-COR Biosciences). Following antibody probing, 

blots were imaged using LI-COR Odyssey imaging system. 

 ERG recordings 

ERGs were recorded from untreated and Sg5-treated animals at 9-months of age. Prior to 

conducting the scotopic ERG recordings, animals were dark-adapted overnight. To maintain dark 

adaptation, all the following procedures were carried out in a dark room under red light 

illumination. Immediately prior to recordings, each animal was anesthetized in 0.1% tricaine 

solution in 0.1X MMR for approximately 10 minutes. Once completely unresponsive to physical 
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stimuli, the animal was placed on a stage mounted on a gold ECG electrode. A micromanipulator 

was then used to position a silver wire electrode immersed in a glass microcapillary filled with 1X 

MMR on the surface of the cornea. Electrodes were connected to the head stage of a Model 1800 

AC amplifier (AM Systems) and the output of the amplifier was connected to the input of an 

Epsion ERG unit (Diagnosys). The apparatus was then placed underneath a Ganzfeld dome. 

Photoreceptor responses were recorded by the Epsion unit in response to varying intensities of 

blue light flashes (2.5, 25, 250, 750, 1250, 2500 cd·s/m2). The animal was exposed to each light 

intensity five consecutive times and the recorded responses were averaged. Following the 

recordings, blood samples were collected from each subject to identify their genotype (WT vs. 

12bp deletion) via Sanger sequencing.  

 OCT and fundus photography  

OCT and fundus imaging were conducted on 9-months old untreated animals. Each animal was 

anesthetized in 0.1% tricaine solution in 0.1X MMR for approximately 10 minutes. Once 

completely anesthetized, infrared OCT and fundus photography were performed using the mouse 

nosepiece with a Phoenix Micron IV system (Phoenix Research Labs, Pleasanton, CA, USA). 

After the imaging, blood samples were collected from each subject to identify their genotype (WT 

vs. 12bp deletion) via Sanger sequencing.  

 Statistical analyses 

Statistical analyses were performed as described in the previous chapter (section 2.2.6) using 

GraphPad Prism software (version 9.0.0, San Diego, California, USA). The Mann-Whitney U test 

was used to compare levels of rhodopsin quantified from dot blot assays. Two-way ANOVA with 
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Sidak’s post hoc test was used to analyze group effects, light intensity effects and interaction 

effects in ERG recordings. 

 

3.3 Results 

 Characterizing the animals with the 12bp deletion mutation 

The 14-day old tadpoles generated from a mating between a WT and a heterozygous adult X. laevis 

carrying the 12bp deletion were characterized. Genotypically, the offspring were expected to be 

half WT and half heterozygous with the 12bp deletion. As anticipated, the dot blot assay illustrated 

a significantly lower levels of rhodopsin in 20 out of 40 of the eyes from the sacrificed tadpoles 

(n=20 per group; p<0.0001 by Mann-Whitney U test; Figure 3-4, A). In accordance with the dot 

blot results, 5 subjects with high rhodopsin levels and 5 from the low rhodopsin levels were 

randomly selected and were sent for Sanger sequencing. The sequencing results demonstrated that 

all 5 animals with high rhodopsin levels were WT (highlighted in green, Figure 3-4, A) while all 

5 animals with low rhodopsin levels carried the 12bp deletion (highlighted in red, Figure 3-4, A).  

Immunohistochemical labelling of the contralateral eyes from the same subjects that were 

genetically typed further elucidated that the RD phenotype also corresponded with genotype of 

each sample. In WT animals, healthy retinas were observed with extended rhodopsin-expressing 

rods. In contrast, the 12bp deletion animals had significant RD apparent from confocal imaging 

with extensively disturbed and shortened rods of the retina (Figure 3-4, B).  
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Figure 3-4. Retinal histology and rhodopsin levels in 12bp deletion animals compared to WT.  

(A) Total rod opsin levels assayed by dot blotting and rhodopsin labeling with B630N antibody. 

Rhodopsin levels are compared between the two groups on a log-scale (n=20 per group; p<0.0001; 

Mann-Whitney U test). Green=WT, red=12bp deletion, black=not sequenced (B) Significant RD 

was observed in 12bp deletion animals in histology sections. Green=B630N (rod opsin); 

red=WGA; blue=Hoechst dye. 
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 In-vitro and in-vivo testing of the designed guides 

In-vitro testing assay: The six uniquely designed and generated sgRNAs were tested in-vitro. 

DNA templates were generated using the PCR primers that amplified the regions encompassing 

the target sites for six generated sgRNAs. The CRISPR in-vitro digestion assay is analogous to 

restriction digests, in that successful introduction of DSBs in DNA sequences are expected to result 

in different band sizes in fragment analyses. Through this assay, we were able to validate and 

compare the efficacy of our designed sgRNAs prior to in-vivo injections. As shown in Figure 3-5, 

we found that all six guides were able to introduce edits in the template DNA and correct band 

sizes were confirmed based on the location of designed guides (Refer to Figure 3-3 for the exact 

location of target sites and PCR primers).   

 

Figure 3-5. CRISPR in-vitro digestion assay. T1 (Template 1) refers to the 817bp-long PCR 

fragment amplified by primers encompassing the region containing Sg1-Sg3 target sites. T2 

(Template 2) refers to the 1174bp-long PCR fragment amplified by primers encompassing the 

region containing Sg4-Sg6 target sites. Treatment with all 6 sgRNAs resulted in additional bands 

with expected sizes, validating the correctness and efficiency of the designed guide RNAs (1kb 

ladder, 1% agarose gel). 
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In-vivo testing assay: The efficacy of the 4 guides that were not designed to specifically target the 

mutant allele were tested in WT embryos. Sg1, Sg2, Sg3 and Sg4 were designed to edit unique 

regions in the upstream regulatory region of the Rho.L gene, which are indistinguishable between 

the WT and 12bp deletion mutant alleles. Therefore, we were able to test these guides in WT 

embryos. The guides were injected in the following combinations in order to test their efficacy in 

introducing large deletions between the two guides: Sg1+Sg4, Sg2+Sg4, Sg3+Sg4. Performing 

similar fragment analysis as the in-vitro assay on genomic DNA extracted from these animals and 

comparing editing efficiencies, Sg2+Sg4 was found to be the most efficient in introducing large 

deletions (evidence for large deletions were observed in 7 out of 8 assayed embryos, Figure 3-6). 

Therefore, combining the findings of both the in-vitro and in-vivo assays, the Sg2 guide appeared 

to be the most effective guide to be used for the following experiments. From mutant specific 

sgRNAs, Sg5 and Sg6, only the in-vitro digestion assay was used to test their efficacy prior to 

injecting adRP mutant embryos.    

 

Figure 3-6. CRISPR in-vivo testing assay. Well 1 contained un-edited control DNA samples 

amplified by PCR primers that are 1971bp apart, therefore no bands were expected. Wells 2-9 

contained DNA samples from embryos injected with Sg2+Sg4, where bands were expected to 

appear only if a 1166bp long sequence had been removed, resulting in 805bp long sequences. 

Evidence for large deletions was observed in 7 out of 8 assayed embryos (1kb ladder, 1% agarose 

gel). 
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 Comparing the single-guide and double-guide CRISPR-based treatment 

approaches 

 

The embryos generated from IVFs carried out between a WT male and a 12bp deletion female 

were separated into 5 groups:  

1. The control group which remained untreated 

2. Embryos injected with Sg5 alone (the first guide designed to edit the 12bp deletion sequence)  

3. Embryos injected simultaneously with both Sg5 and Sg2 (the guide designed to edit the 

upstream promoter regulatory region of the Rho.L gene)  

4. Embryos injected with Sg6 alone (the second guide designed to edit the 12bp deletion sequence)  

5. Embryos injected simultaneously with both Sg6 and Sg2  

 

 Significantly higher rod opsin levels in the treated groups compared to 

untreated ones 

 

The dot blot assay was utilized to compare rod opsin levels between different groups. As shown 

in Figure 3-7, untreated animals with the 12bp deletion (verified by Sanger sequencing) were found 

to have significantly lower levels of rhodopsin compared to WT animals. Single-guide treatment 

of the 12bp-deletion animals resulted in significantly higher levels of rod opsin compared to 

untreated animals. This effect was observed with both the Sg5 and Sg6 guides, targeting exon 1 of 

the Rho.L gene (untreated (n=9), Sg5-treated (n=19), p<0.0001; untreated (n=11), Sg6-treated 

(n=11), p=0.0006 by Mann-Whitney U test). However, rod opsin levels were still lower than WT 

animals. Combining the Sg5 and Sg6 guides with the Sg2 guide (targeting the upstream promoter) 
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also resulted in higher levels of rhodopsin compared to untreated 12bp-deletion group, although it 

was not found to be superior to the single-guide approach (untreated (n=9), Sg2+5-treated (n=10), 

p=0.0002; untreated (n=11), Sg2+6-treated (n=7), p=0.0028 by Mann-Whitney U test). 

   

Figure 3-7. Total rod opsin levels assayed by dot blotting and rhodopsin labeling with B630N 

antibody. Rhodopsin levels are compared between groups on a log-scale. Left panel: WT-

untreated (n=17), 12bp-untreated (n=9), WT-Sg5 (n=10), 12bp-Sg5 (n=19), WT-Sg2+5 (n=7), 

12bp-Sg2+5 (n=10). Right panel: WT-untreated (n=13), 12bp-untreated (n=11), WT-Sg6 (n=12), 

12bp-Sg6 (n=11), WT-Sg2+6 (n=17), 12bp-Sg2+6 (n=7). P-values were determined by Mann-

Whitney U test to compare groups. 

 

 Retinal degeneration was prevented in 12bp-deletion animals treated with a 

single-guide edit in exon 1 

 

As shown in Figure 3-8, the 12bp deletion in exon 1 of the Rho.L gene results in significant retinal 

degeneration and loss of rods. Retinal degeneration was prevented in animals treated with either 

the Sg5 or Sg6 guides. The single guide treatment of WT embryos with Sg5 and Sg6 also did not 

show to have any detrimental effects.    
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Figure 3-8. Significant RD observed in 12bp deletion animals was prevented in treated 

groups with a single guide. Histology sections from representative retinas in each group. 

Green=B630N (rod opsin); red=WGA; blue=Hoechst dye. 

 

 Simultaneous treatment with two guides also prevented RD 

Significant RD was also prevented in animals simultaneously treated with two guides, in both 

Sg2+Sg5 and Sg2+Sg6 groups. However, Sanger sequencing illustrated that removal of the start 

codon did not occur in all subjects. Therefore, prevented RD in a subset of animals was likely 

attributed to the single edit of the 12bp deletion sequence. Overall, although the rod opsin levels 

were increased (Figure 3-7) and RD was prevented in the group treated with two guides (Figure 3-

9), this treatment approach was not found to be superior to the single-guide approach. 
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Figure 3-9. Significant RD observed in 12b deletion animals was prevented in treated groups 

with two guides. Histology sections from representative retinas in each group. Green=B630N (rod 

opsin); red=WGA; blue=Hoechst dye. 

 

 Simultaneous treatment with Sg2 and Sg5 resulted in large inactivating 

deletions in 7 out of 11 cases 

 

The novel approach of attempting to knockout a mutant gene by inducing DSBs on both sides of 

the Rho.L gene start codon was successfully carried out in over half of the 12bp-deletion animals 

injected with Sg2 and Sg5, simultaneously. In those animals, a 1248bp long piece of DNA between 

the Sg2 and Sg5 guides containing the start codon for the Rho.L gene was removed. This large edit 

was validated via both band sizes of PCR products on 1% agarose gels as well as Sanger 
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sequencing (Figure 3-10, A). The large deletions also prevented significant retinal degeneration 

(Figure 3-10, B) and resulted in higher levels of rhodopsin detected by the dot blot assay (untreated 

(n=9), Sg2+5-treated (n=10), p=0.0002; untreated (n=11), Sg2+6-treated (n=7), p=0.0028 by 

Mann-Whitney U test; Figure 3-7). That being said, the histological outcomes and protein levels 

were not significantly improved by this approach relative to the single guide edit.   

 

A. 

 

 

 

 

 

Top Row: amplified by primers 2 

and 4 (1174bp apart) - 1174bp 

bands indicating sequences 

without large deletions 

Bottom row: amplified by primers 

1 and 4 (1971bp apart) - 723bp 

bands indicating sequences with 

large deletions 
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B. 

 

Figure 3-10. Removal of the start codon induced by large deletions in the 12bp-deletion 

animals prevented retinal degeneration in animals treated with simultaneous treatment of 

Sg2 and Sg5. (A) The evident 1248bp-long deletion was validated through PCR fragment analysis 

using different PCR primers as well as Sanger sequencing. Top row contains PCR products 

amplified with primers 2 and 4 that are 1174 bases apart, representing sequences without the large 

deletion. Bottom row contains PCR products of the corresponding samples amplified with primers 

1 and 4, which are 1971 bases apart. Therefore, the appearance of bands around 720 bases 

represents the sequences with the large deletion. Blue arrows indicate samples where inactivating 

large deletions are evident and are confirmed with Sanger sequencing. Darker bands in the bottom 

row for samples 1 and 5 as well as the respectively lighter bands in the top row indicate that the 

large deletion must have occurred to a larger extent compared to samples 2 and 3. Sample 4 is an 

example of a 12bp deletion animal that was treated with Sg2 and Sg5, but the large deletion was 

not introduced successfully. 1kb ladder, 1% agarose gel (B) Representative histology sections from 

animals treated simultaneously with Sg2 and Sg5, where a successful large inactivating deletion 

took place. Green=B630N (rod opsin); red=WGA; blue=Hoechst dye.  

 

 The single guide (Sg2) editing the promoter regulatory region upstream from 

the start codon does not cause retinal degeneration 

 

The dot blot assay demonstrated similar levels of rhodopsin in retinas from un-injected and Sg2-

injected WT tadpoles, suggesting that minor disruptions of the promoter region caused by the Sg2 

edit do not affect rhodopsin levels (n=15 per group; Mann Whitney U test, Figure 3-11, A). 

Additionally, the Sg2-injected WT animals were indistinguishable from untreated ones in 

histology and retinal degeneration was not observed in either group (Figure 3-11, B). 
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A. 

 

B.  

 

Figure 3-11. Comparing the Sg2-treated WT animals to untreated WT animals. (A) Total rod 

opsin levels assayed by dot blotting and rhodopsin labeling with B630N antibody. Rhodopsin 

levels are compared between the two groups on a log-scale (n=15 per group; Mann-Whitney U 

test). (B) WT Sg2-treated retinal sections appear indistinguishable from untreated WT retinas. 

Green=B630N (rod opsin); red=WGA; blue=Hoechst dye. 
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 Distinguishing the mutant rhodopsin from WT endogenous rhodopsin 

protein via immunolabeling and western blotting  

 

Immunolabeling: The primary monoclonal antibody B630N106 binds to the N-terminus of the 

rhodopsin protein and represents the total amount of rhodopsin. Since the 12bp deletion site is also 

at the N-terminus, it is possible that the deletion interferes with the N-terminal 32 amino acids 

epitope of B630N. In order to test this effect, a subset of histology sections were labelled with 

11D5 antibody, which binds to an epitope in the extreme C-terminus of rhodopsin117. Hence, we 

expected 11D5 labeling to detect the mutant rhodopsin in the 12bp-deletion animals that may no 

longer be recognizable by B630N. However, we did not observe a significant difference in labeling 

patterns between the two antibodies (Figure 3-12). This most likely indicates that the remaining 

amount of mutant protein are too small to be detected by either antibody in the context of a 

heterozygous animal, and that most of the mutant protein is effectively removed by the ER-

associated protein degradation quality control pathways. It is possible that the B630N antibody 

may still be detecting the mutant rhodopsin despite the 12bp deletion mutation at the N-terminus. 

Another possibility is that the signal from the mutated rhodopsin generated by the single allele out 

of the three rhodopsin genes in the X. laevis may not be easily distinguishable. That being said, the 

mutated rhodopsin from that single allele is destructive enough to cause significant retinal 

degeneration in heterozygous animals. 
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Figure 3-12. Rhodopsin localization in WT and 12bp deletion animals labelled by 11D5 

antibody. Top row illustrates individual cells from three different WT animals. Bottom row 

includes three different 12bp deletion animals. Green=11D5 (rod opsin); red=WGA; blue=Hoechst 

dye. 

 

 

Western Blotting: We also compared the B630N and 11D5 labeling in protein sample extracted 

from solubilized eyes of 12bp-deletion and WT animals using a western blot assay. We expected 

lower amounts of rhodopsin to be detected by both antibodies in 12bp deletion animals compared 

to controls. Additionally, we expected to observe potential extra bands in the 12bp deletion animals 

that would only be detected by the 11D5 antibody. Significantly higher levels of rhodopsin labeling 

were observed in WT compared to the 12bp deletion animals, detected similarly by both 

antibodies. However, we did not observe a significant difference between the 12bp deletion 

labeling of B630N and 11D5. No extra bands were observed with the 11D5 labeling (Figure 3-13). 
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One potential explanation is that the mutated rhodopsin protein has been destroyed and is no longer 

detectable. 

 

Figure 3-13. Western blotting to compare 11D5 and B630N rhodopsin labeling in three WT 

solubilized eyes and three 12bp deletion eyes. Duplicate membranes contain identical samples. 

The membrane on the left is probed with B630N antibody and the membrane on the right is probed 

with 11D5 antibody. Thicker bands indicating higher levels of rhodopsin are observed in columns 

containing WT samples compared to 12bp deletion samples. No difference in band patterns were 

observed between the two labeling antibodies.  

 

 

 ERG recordings from 9-months old animals  

Rod photoreceptor function was compared between the 12bp deletion and WT animals using 

scotopic ERG measurements. The a-wave and b-wave amplitudes were measured in response to 

different blue light intensities (2.5, 25, 250, 750, 1250 and 2500 cd·s/m2). Mean a-wave amplitude 

was found to be significantly reduced (p=0.0059; two-way ANOVA) in 12bp deletion animals 

(n=10) compared to the WT (n=6). The average b-wave amplitude was not found to be statistically 

different between the two groups (Figure 3-14). 
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Figure 3-14. Scotopic ERG assay in 12bp deletion and WT animals. Mean a-wave and b-wave 

amplitudes in response to different light intensities from untreated WT (n=6) and 12bp deletion 

(n=10) animals. Genotype effect reflects the overall difference in mean amplitudes between WT 

and 12bp deletion animals. Flash intensity effect reflects the difference in response to varying blue 

light intensities. Data presented as mean ± SEM. P-values were determined by two-way ANOVA 

with Sidak’s post hoc test. 

 

Subsequently, we assessed the effect of the Sg5-guide treatment on the 12bp deletion animals. As 

we had observed when comparing WT and 12bp deletion animals, no difference was found in 

mean b-wave amplitudes between the treated and untreated groups. However, mean a-wave 

amplitude was found to be significantly increased (p=0.0001; two-way ANOVA) in Sg5-treated 

animals (n=5) compared to the untreated adRP animals (n=8) (Figure 3-15). Hence, we were able 

to detect an improvement in scotopic ERG measurements in the treated group, comparable to WT 

animals as shown above. 

Generally, the a-wave is associated with the overall physiological health of photoreceptors, while 

the b-wave is a reflection of bipolar and Müller cells’ health within the inner retina118. Hence, we 

speculate that the reduction in a-wave amplitudes in our adRP model is likely due to the inability 

of sufficient functional photoreceptors in absorbing photons. However, the unaffected b-wave 

amplitudes reflect that a subset of photoreceptors remain functional at 9-months of age to relay 
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signals to the inner retina. Overall, our results are consistent with mild impairment of 

photoreceptors in our adRP model, that is prevented with the treatment.   
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Figure 3-15. Scotopic ERG assay in treated and untreated animals. Mean a-wave and b-wave 

amplitudes in response to different light intensities from untreated 12bp deletion (n=8) and Sg5-

treated 12bp deletion (n=5) animals. Treatment effect reflects the overall difference in mean 

amplitudes between treated and untreated animals. Flash intensity effect reflects the difference in 

response to varying blue light intensities. Data presented as mean ± SEM. P-values were 

determined by two-way ANOVA with Sidak’s post hoc test. 

 

 

 OCT and fundus photography in 9-months old animals 

Nakazawa et al.119 has reviewed reported differences in RP animal models using OCT. 

Particularly, degenerated photoreceptors in the retinal IS and OS layers of RHO P23H transgenic 

rats has been described as a ‘diffused hyperreflective zone’120. Measurements from OCT have also 

been able to detect degenerating rod OS in RHO P23H X. laevis tadpole retinas, mainly 

characterized as decrease in retinal thickness121.  To explore potential phenotypes with our adRP 

model, we acquired OCT and fundus images from WT and 12bp deletion untreated froglets at 9 

months of age. Interestingly, we also observed the previously reported OCT diffused 
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hyperreflective zones in the OS of 12bp deletion animals, potentially associated with 

morphological abnormalities or disarrangement of OS discs due to disruption in rhodopsin 

trafficking to the outer segment. Given that we were able to distinguish WT and adRP retinas based 

on OCTs, prior to validating genotypes with Sanger sequencing, we believe that detectable 

discrepancies are evident between the two groups (Figure 3-16). Hence, OCT shows to be a viable 

tool for screening RD phenotype in our adRP model. Additionally, fundus images were acquired 

from the same animals. However, due to the small size of animals at the time of imaging, the 

resulting fundus images are of relatively low quality and we were unable to obtain meaningful 

information from fundus images. 
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Figure 3-16. OCT comparing WT and 12bp deletion 9 months old X. laevis. The panels on the 

left demonstrate OCT images from two WT animals. The panels on the right demonstrate OCT 

images from two 12bp deletion animals. Blue arrows indicate diffused hyperreflective zones in the 

OS of 12bp deletion animals which are absent in the WT. Scale bar, 40 µm. 
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 Histology sections from 9-months old animals 

Animals at 9-months of age from untreated and Sg5-treated groups were sacrificed and genotyped 

using Sanger sequencing. Eyes were dissected, embedded, sectioned, labelled and imaged in the 

same manner as previously described to assess the long-term effects of both the 12bp deletion 

mutation and the persistence of the treatments. As shown in Figure 3-17, significant RD and loss 

of rods is observed in older froglets heterozygous for the 12bp deletion mutation. Remarkably, RD 

was prevented in the Sg5-treated animals, inferring that the beneficial effects of the treatment are 

long lasting.  

 

Figure 3-17. Histology sections from 9-months old animals. Significant RD is observed in 

untreated 9-months old 12bp deletion animal. RD is not apparent in Sg5-treated 12bp deletion 

animals. Treated animals appear to be indistinguishable from WT animals. Green=B630N (rod 

opsin); red=WGA; blue=Hoechst dye 

 

 CRISPR-mediated HDR as a treatment approach for adRP 

Knocking out the allele carrying the 12bp deletion by relying on NMD as a result of indels 

introduced by the NHEJ repair mechanism was an effective approach in prevention of RD in our 

animal model. Due to the variability in the induced indels of NHEJ however, we only expected the 

KO strategy to be successful in two thirds of the photoreceptor cells due to an out-of-frame 

mutation. In the remaining one third of cases, an in-frame mutation may be neutral or aggravating. 
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Hence, we aimed to utilize the CRISPR-mediated HDR repair mechanism to improve treatment 

outcomes in our animal model. The HDR pathway is believed to produce error-free repairs 

compared to the NHEJ, as it uses a template sequence to repair a DSB. However, it is also found 

to have a lower efficiency122. Given that our treatment approach with a single guide (Sg5) and 

relying on the NHEJ repair mechanism was remarkably effective in preventing RD, we designed 

an experiment to compare its efficacy with the HDR repair mechanism. 

In this experiment, the embryos generated from IVFs carried out between a WT male and a 12bp 

deletion female were separated into 3 groups:  

1. The control group which remained untreated 

2. Embryos injected with Sg5 alone (designed to edit the 12bp deletion sequence) to induce 

the NHEJ repair mechanism  

3. Embryos injected with a combination of Sg5 and the designed ssDNA template to induce 

the HDR repair mechanism  

 

 Toxicity test to optimize the amount of single-stranded oligonucleotide 

injected into each embryo 

 

To maximize the efficiency of the HDR, we aimed to inject the highest amount of ssDNA into the 

oocytes without reaching toxic levels. In a previous study by Aslan et al. 200pg of a 200-base 

single-stranded oligonucleotide was successfully injected in X. laevis oocytes123. Using this study 

as a reference point, we injected WT fertilized oocytes with varying amounts of 100, 200, 400 and 

800pg of our 120-base long ssDNA per embryo. The resulting embryos were then raised to 15 

days-old tadpoles in identical conditions as an un-injected control group. The survival rate of 
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animals in each group was monitored throughout. As shown in Figure 3-18, injecting 100pg of 

oligonucleotides seems to not influence the survival rate of embryos and is identical to un-injected 

animals. As the injected amount of oligonucleotide increased, fewer embryos survived the 15-day 

span of the experiment. Particularly, injection of 400 or 800pg appeared to be quite toxic and 

drastically reduced the survival rate. Therefore, 200pg/embryo was selected as the optimized 

amount to make the repair template abundantly available without inducing significant toxicity. 
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Figure 3-18. The effect of the concentration of ssDNA injected on the survival of X. laevis 

embryos. (A) Number of survived embryos at different timepoints over a 15-day long period for 

each of the injected concentrations. Starting number of animals in each group: Un-injected (n=60), 

100pg (n=49), 200pg (n=60), 400pg (n=52), 800pg (n=65). (B) Percent survival of embryos with 

varying concentrations of ssDNA injected 15 days post-fertilization. 
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 Significant improvement in phenotype was observed in treated groups 

Similar to our findings in the previous experiment, significant RD was detected in untreated 12bp 

deletion animals. Severe RD was prevented in animals treated with Sg5 relying on the NHEJ repair 

mechanism (Figure 3-19, A). The improvement in phenotype was also validated with the dot blot 

assay showing a significant increase in rhodopsin levels of the treated groups compared to the 

untreated (Figure 3-19, B; n=32 per group; p=0.0266 by Mann-Whitney U test). Hence, the results 

of the previous experiment were reliably replicated. Significant RD was also prevented in the 

group of animals treated with Sg5 in combination with the designed ssDNA template (Figure 3-

19, A). Rhodopsin levels were found to be significantly increased in this group compared to 

untreated animals (Figure 3-19, B; n=32 per group; p=0.0071 by Mann-Whitney U test). That 

being said, more investigations needed to be done to identify whether the improvements in 

phenotype were predominantly caused by the NHEJ or the HDR repair pathway.  

The genotype of a subset of animals were identified though Sanger sequencing. As anticipated, 

rhodopsin levels were found to be at higher levels in WT animals compared to mutants in both 

treated and untreated groups. In the treated mutants, even animals with lower levels of rhodopsin 

were found to have significantly less RD with their rod OS fully intact. Therefore, although the 

treatment does not appear to increase rhodopsin quantities to WT levels in all animals, it is 

certainly highly effective in inhibiting RD.  
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Figure 3-19. Comparing phenotypes between untreated, Sg5-treated and Sg5+ssDNA treated 

animals. (A) Demonstrated by labelled histology sections, significant RD observed in 12bp 

deletion animals was prevented in both treated groups. Red=WGA; blue=Hoechst dye. (B) Total 

rod opsin levels assayed by dot blotting and rhodopsin labeling with B630N antibody. Rhodopsin 

levels are compared between the groups on a log-scale. The genotype of a subset of animals were 

identified using Sanger sequencing. P-values were determined by Mann-Whitney U test to 

compare groups (n=32 per group). Green=WT, red=12bp deletion, black=not sequenced.  

 

 The HDR repair pathway was inefficient for the recombination of the designed 

ssDNA template into the mutant rhodopsin gene 

 

Three main assays were carried out to assess the efficiency of the HDR repair mechanism in all 36 

animals treated with Sg5-ssDNA:  

1. ApoI restriction digests were carried out on Rho.L exon-I amplified PCR products of genomic 

DNA extracted from each animal. Given that an ApoI restriction site was introduced within the 

insert of our designed ssDNA, successful recombination of the repair template into genomic 
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DNA could be detected through fragment analysis. However, we were unable to detect any 

evidence supporting the introduction of an additional ApoI restriction site in our Sg5-ssDNA 

treated animals. 

2. The dot blot assay was repeated and probed with different antibodies to detect potential 

evidence for the HDR pathway at a protein level. As mentioned previously, an M13F point 

mutation (ATG → TTT) was introduced within the insert of the ssDNA template to add a 

unique epitope distinguishable from the endogenous X. laevis rhodopsin. Through probing 

duplicate dot blots with 514-18 and B630N antibodies, we used the 514-18 to B630N labeling 

ratio to detect the potential recombination of the template and expression of the introduced 

epitope. No difference was observed in the ratios calculated between the experimental and 

control groups (Figure 3-20).  
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Figure 3-20. Dot blot assay comparing the 514-18 to B630N antibody labeling ratios between 

experimental and control groups. No statistical difference was detected between groups with 

Kruskal-Wallis test (n=32 per group). Since the 514-18 labeling is expected to detect potential 
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signals for HDR occurrence in the Sg5-ssDNA group, we were unable to find evidence of our 

designed insert recombination.  

 

 

3. Retinal sections from all 36 animals were labelled with 2B2 antibody (distinctly recognizing 

the epitope resulting from the M13F mutation introduced in the ssDNA template) and imaged 

using confocal microscopy. Only a single cell in one of the sections was found to be 2B2-

positive (Figure 3-21). Since 2B2 labeling was not detected in any other animal, we concluded 

that the HDR efficiency was relatively minimal. Considering the gathered evidence from 

multiple modes of testing for the efficacy of the HDR repair mechanism, it was concluded that 

the improved phenotype in the Sg5-ssDNA treated group was likely due to the NHEJ 

mechanism induced by the Sg5 edit, and not the HDR pathway.    

 

Figure 3-21. Histological evidence for a 2B2-positive cell, indicating the recombination of the 

designed template via HDR. The single cell was imaged with different magnifications for better 

visualization. The bottom two panels are imaged with the same magnification: bottom left panel 

was focused on the inner segment and bottom right panel was focused on the outer segment. 

Green=2B2; Red=WGA; blue=Hoechst dye. 
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4. CONCLUSION 
 

As discussed in the second chapter of this dissertation, we designed a unique hybrid model for the 

RP-inducing T4K mutation in transgenic X. laevis carrying the mouse rhodopsin gene, with its 

first exon replaced with the human gene. We were further able to demonstrate that the light-

exacerbated RD phenotype associated with the RHO T4K mutation remained present in our model. 

In fact, light-exacerbated RD appeared to be independent of the underlying RHO cDNA when 

compared to transgenic X. laevis with the human or mouse cDNAs alone. For tadpoles reared in 

cyclic light, T4K rhodopsin caused significant RD regardless of whether the transgene was human, 

mouse, or a human/mouse hybrid RHO. When raised in the dark, no significant RD was detected 

in tadpoles expressing T4K RHO, and rhodopsin levels were not significantly different from WT 

animals. This raises our confidence that the previously discussed humanized mouse model based 

on a hybrid RHO strategy will retain a mechanistically similar RD. Moreover, our results indicate 

that introduction of the T4K mutation into the mouse genome, without additional human sequence, 

would also be an effective means of modeling this type of RD. 

Developing this unique model was critical for several reasons. Primarily, this model allowed us to 

characterize and confirm the observed phenotypes associated with the T4K mutation in a highly 

representative model that expresses the human exon-I in the mouse rhodopsin gene. Secondly, we 

aim to use this model as a stepping-stone in developing a knock-in humanized mouse model to 

study the mechanism of the human T4K rhodopsin mutation in a mammalian model. Lastly, this 

model can be used to further explore gene-editing therapeutic strategies directly on the human 

gene within our experimental animal model. By doing so, transferring gene therapeutics from lab 

benches into clinical trials can be done far more efficiently. 
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In the third chapter of this dissertation, multiple CRISPR-based gene editing strategies were 

explored as treatment approaches in an X. laevis model for adRP. This model was previously 

developed in our laboratory using the CRISPR/Cas9 gene editing system49. The 12bp in-frame 

deletion in the first exon of the X. laevis Rho.L gene in this model resulted in a dominant phenotype 

of retinal degeneration. This is potentially caused by defects in biosynthesis and trafficking of the 

misfolded protein that result in cell death, similar to a number mutations identified in rhodopsin’s 

N-terminus (i.e. T4K, T17M, P23H)16,39. Therefore, analogous to human adRP, significant RD was 

observed in heterozygous animals carrying the mutation in only one of the alleles. Additionally, 

developing treatments in our adRP model was similar to developing treatments in human 

autosomal dominant diseases, in that the mutant allele would either need to be eliminated or 

restored110. In order to do so, allele-specific therapeutics were required to only target the mutant, 

leaving the WT unaffected. For these reasons, this model provided us with a viable context to test 

a variety of gene-editing treatment strategies for adRP. We believe that this model can be 

effectively utilized to further investigate therapeutics under idealized circumstances in which 

practical issues such as viral delivery of the therapy are eliminated, and allele specificity is highly 

optimized. 

Comparing the efficacy of different treatment strategies explored in this dissertation, treating 

animals with a single sgRNA uniquely targeting the allele with the 12bp-deletion was 

overwhelmingly successful. We expected the NHEJ repair mechanism following the DSB to 

facilitate indel generation, resulting in out-of-frame mutations and nonsense mediated decay in 

approximately two-thirds of the photoreceptor cells. Hence, loss-of function mutation in the 

malfunctioning alleles was projected to prevent the majority, but not all, of the retinal 

degeneration. Remarkably, the treatment significantly prevented RD in almost all animals, 
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illustrating that selective editing even in a subset of cells can be used as a highly effective treatment 

approach. Additionally, we were able to demonstrate that a single-base discrepancy is sufficient 

for CRISPR to distinguish between the WT and mutant alleles. This is particularly important for 

potential clinical use of this editing strategy, as several human mutations are caused by a single 

point mutation. Most recently, Diakatou et al. have published their work in using the same editing 

strategy to treat G56R and NR2E3 adRP mutations in iPSCs58. They designed unique sgRNAs to 

specifically target mutant alleles with a single-base difference and successfully utilized 

CRISPR/Cas9 to introduce NHEJ-mediated indels that KO the mutant allele58. Latella et al. have 

also used a similar gene-editing approach in mouse retinas carrying the human P23H rhodopsin 

gene, through subretinal electroporation of plasmid-based CRISPR/Cas9124. There are also 

limitations associated with NHEJ-based treatment for adRP. Primarily, although we have shown 

that CRISPR is able to discriminate between the mutant and WT alleles with high specificity, 

designing guides at the exact location of the mutation is not always possible. Secondly, in-frame 

mutations following an sgRNA edit can exacerbate the phenotype in a subset of cells or may leave 

them unaffected. Nonetheless, our findings emphasize that even an imperfect treatment strategy 

can be highly effective, elucidating that complex approaches may not be necessary for developing 

effective treatments for dominant retinal diseases.  

Despite the remarkable success of the single guide treatment approach in preventing RD in our 

adRP model, we also tested more complex editing strategies, designed to eliminate the remaining 

1/3 of cells where in-frame edits were expected. In attempting to restore the mutated allele into 

WT in our adRP model through the HDR repair mechanism, we found that HDR appears to be 

quite inefficient in X. laevis using the described protocol. Although reasons remain unclear, similar 

results were also obtained by Feehan et al. in our laboratory, despite modifications in our 
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methodology49. Here, we attempted to improve HDR efficiency by means of a 120nt single 

stranded oligonucleotide as the repair template, as opposed to the 1200bp long double-stranded 

DNA template used by Feehan et al.49. Yet, HDR efficiency remained relatively low compared to 

the NHEJ repair pathway. It should be noted that incidence and efficiency of HDR-mediated repair 

is also reported to be extremely low in mammalian cells64. Maruyama et al. have reported HDR 

repair efficiencies ranging from 0.5% to 20%, compared to 20-60% NHEJ-mediated repair in 

mouse models125. To improve HDR efficiency, Lin et al. have proposed a novel strategy to 

synchronize cells into late S and G2 phases of the cell cycle, where HDR predominantly takes 

place126. Alternatively, other research groups have attempted to suppress NHEJ by targeting its 

unique components such as DNA ligase IV, allowing for HDR to become a more dominant repair 

pathway following DNA damage127,128.  

Generating large deletions in genomic DNA through combining two different sgRNAs with the 

Cas9 protein was another key finding of this dissertation. We attempted a unique KO strategy in 

which the start codon of the mutated gene was removed after introducing two separate DSBs 

upstream and downstream from the Rho.L gene’s start codon. Remarkably, removing the start 

codon of the mutated allele resulted in viable retinas without RD. Tsai et al. has previously 

successfully carried out a similar treatment approach in human rhodopsin knock-in adRP mouse 

models using AAV injections129. Utilizing double gRNAs in combination with Cas9 protein, they 

introduced two DSBs upstream and downstream from the rhodopsin gene’s start codon (363bp 

apart), resulting in large inactivating deletions in both alleles. Simultaneous with the elimination 

of the targeted gene, they enabled the expression of WT rhodopsin through an exogenous cDNA129. 

Our treatment approach, however, was unique in that one of the sgRNAs designed to introduce the 

large inactivating deletion was selected specifically to only target the mutant allele. The second 
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non-specific sgRNA was also designed to introduce an edit upstream from the promoter regulatory 

region, in a non-conserved region so that it does not disrupt the WT allele. Therefore, our strategy 

did not require an addition of exogenous cDNA, and the endogenous WT allele was sufficient in 

expressing WT phenotype.  

Although the introduction of large deletions was not 100% efficient in our experiment and was 

only detected in a subset of our animals (7 out of 11), this is a notable finding that can be optimized 

and replicated in gene therapeutics as well as in creating KO genetic models. One contributing 

factor to the efficiency of simultaneous breaks may be the physical distance between the two target 

sites. In our experiment, the designed sites were 1248bp apart. Shorter or longer distance between 

the target sites may affect the proficiency of the edit. Nonetheless, this KO approach provides more 

flexibility in the selection of guide RNA target sites compared to the single guide approach. A key 

limitation in designing guides is finding target sites that are unique to the mutated allele and do 

not edit the WT allele. A double guide approach is less restricted because unique target sites can 

be identified within a larger number of bases upstream and downstream from the desired gene’s 

start codon.  

Although CRISPR/Cas9 is a highly robust and flexible gene editing tool, its translation as a 

therapeutic tool in human patients is not free of challenges. The delivery of CRISPR/Cas9 based 

gene therapies is complicated by the large size of the Cas9 protein, concerns about off target effects 

and the requirement for a PAM site adjacent to the site to be edited64. Currently, CRISPR/Cas9 

components can be delivered via physical delivery methods (mainly microinjection and 

electroporation), viral vectors (i.e., AAVs) and non-viral vectors (i.e., lipid nanoparticles)130. 

However, available delivery methods are still associated with major limitations when it comes to 
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clinical applications. Physical deliveries, although remarkably efficient in laboratory settings, are 

generally not suitable for patient treatment130. In case of microinjections, individual cells need to 

be targeted which is typically not feasible, and electroporation can be damaging to mammalian 

cells131. Viral vectors that are extensively used in gene therapy are limited in the size of cargo they 

can deliver, especially in cases where multiple sgRNAs or HDR templates are also required64. 

Non-viral vectors have not yet been highly optimized and in many cases are unable to escape being 

degraded by internal protective cellular mechanisms, leading to reduced efficiencies132. To address 

these challenges, more work needs to be done for more efficient and potent delivery methods to 

emerge. Recent developments in lipid nanoparticles for CRISPR delivery labelled as selective 

organ targeting (SORT)133 or the use of biphotonic laser-assisted surgery tool (BLAST)134 for 

delivery of CRISPR cargo may hold the future for delivery of this powerful gene editing tool. 

Furthermore, The PAM motif requirement for designing sgRNAs is limiting in selecting the 

desired location of target site, while its repetition throughout the genome also reduces the 

specificity of guides. For instance, the S. pyogenes’s Cas9 PAM sequence (NGG) has been 

reported to, on average, occur once every 8bps135. Fortunately, however, more Cas proteins from 

other species are becoming characterized with diverse PAM sequences, allowing for more 

flexibility and specificity in designing sgRNAs64. Moreover, in cases like in our animal model, the 

mutation itself offers a unique sequence that is absent in the WT or anywhere else in the genome, 

allowing us to design guides that uniquely edit the mutant.  

Overall, our results indicate that, more complex strategies such as those we have explored here 

may be theoretically superior, but ultimately not as efficacious if their efficiency is lower. In 

addition, NHEJ is active in both proliferating and non-dividing cells, whereas activating HDR in 

post-mitotic cells such as photoreceptors can be challenging136. Therefore, should the challenges 
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of efficient CRISPR delivery be overcome, it would be possible to develop a highly efficacious 

therapy for adRP based simply on the NHEJ repair mechanism. 
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APPENDICES 

 

Appendix A. Rhodopsin promoter sequence 

 

The highly conserved region in the rhodopsin promoter sequence of X. laevis aligned with 

other animal models (Figure acquired from Mani et al.137)  
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Appendix B. HDR template design 

 

Original WT Sequence – Rho.L: 

GTAGAACAGCTTCAGTTGGGATCACAGGCTTCTAAGGATCCTTTGGGCAAAAAAGAAACAGAGAAGGCATTCTTT

CTATACAAGAAAGGACTTGATAGAGCTGCTACCATGAACGGAACAGAGGGTCCCAATTTTTATATCCCCATGTCCA

ACAAAACTGGGGTGGTACGAAGCCCATTCGATTACCCTCAGTATTACTTAGCAGAGCCATGGCAATATTCAGCACT

GGCTGCTTACAT 

12bp (11+1) deletion: 

GTAGAACAGCTTCAGTTGGGATCACAGGCTTCTAAGGATCCTTTGGGCAAAAAAGAAACAGAGAAGGCATTCTTT

CTATACAAGAAAGGACTTGATAGAGCTGCTACCATGAACGGAACAGAGGGTCCCAATTTTTATATCCCCATGTCCA

ACAAAACTGGGGTGGTACGAAGCCCATTCGATTACCCTCAGTATTACTTAGCAGAGCCATGGCAATATTCAGCACT

GGCTGCTTACAT 

12bp deleted Sequence: 

GTAGAACAGCTTCAGTTGGGATCACAGGCTTCTAAGGATCCTTTGGGCAAAAAAGAAACAGAGAAGGCATTCTTT

CTATACAAGAAAGGACTTGATAGAGCTGCTACCATGGGGTCCCAATTTTATATCCCCATGTCCAACAAAACTGGGG

TGGTACGAAGCCCATTCGATTACCCTCAGTATTACTTAGCAGAGCCATGGCAATATTCAGCACTGGCTGCTTACAT 

Final HDR Template (120nt):  

TTCTTTCTATACAAGAAAGGACTTGATAGAGCTGCTACCATG[AACGGAACAGAGGGTCCAAATTTTTATATCCCCT

TT]TCCAACAAAACTGGGGTGGTACGAAGCCCATTCGATTACCCT 

Start codon  

11+1 deletion 

Sg5 target sequence 

[Insert = 36nt] 

M13F mutation: ATG → TTT 

ApoI digestion site silent mutation: CAATTT → AAATTT 

42nt homology arms on each side 

42+42+36 = 120nt 

 

Sg5 target sequence:     AATTTT-ATATCCCCATGTCC 

Corresponding HDR template:   AATTTTTATATCCCCTTTTCC 


