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Abstract 

Inherited retinal diseases (IRDs) are a heterogenous group of disorders affecting cells of the outer 

retina. They represent a large socioeconomic burden and are the leading cause of inherited 

blindness in the world. Cone photoreceptor dysfunction is implicated in many IRDs and several 

mutations specific to cone cells have been identified. Great strides have been made via gene 

supplementation for the treatment of recessively inherited IRDs, however, this strategy is 

insufficient to treat disorders which cause a gain of function or dominant negative effect, 

including some of the mutations identified in cone related genes. This thesis broadly explores 

targeting of cone photoreceptors of mice for development of gene editing applications. 

 

In this thesis I first investigate dosing limitations and broad transduction patterns of AAV5 in 

combination with a ubiquitous (CAG) vs. photoreceptor-specific (hGRK1) promoter within a 

transgenic mouse line (CGFP) which expresses enhanced green fluorescent protein (EGFP) in a 

subset of cone cells. Expression of a red fluorescent protein, DsRed, was driven by either CAG or 

the hGRK1 promoter. CAG-DsRed and hGRK1-DsRed plasmids were packaged into AAV5 and 

subretinally injected into eyes of CGFP mice. Both vectors demonstrate in-vivo transduction of 

photoreceptors of the CGFP mouse, with evidence of toxicity with the ubiquitous CAG promoter. 

 

Next, activity of CRISPR-Cas9 was assessed in-vivo in the CGFP mouse. To test Cas9 expression, 

hGRK1-SaCas9 with an EGFP targeting sgRNA, F10, was packaged into AAV5 and subretinally 

injected into eyes of 6-week old CGFP mice. A dose study was conducted, with viral doses of 
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5x1011 gc/mL, 5x1012 gc/mL, and 1x1013 gc/mL. Some evidence of EGFP disruption was seen at 

the mid dose, however, attempts to detect DNA editing in pooled retinal cells were unsuccessful. 

 

Finally, several sgRNA candidates targeting the opsin locus control region (OPSIN-LCR) of the 

CGFP mouse were screened in-vitro for use in CRIPSR interference applications. Multiple sgRNA 

candidates were identified which produced gene repression in a dual-luciferase assay. A novel 

fibroblast line derived from the CGFP mouse was also used and a preliminary protocol for 

electroporation was established, demonstrating activity of three ubiquitous promoters in the cell 

line. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   
 

  7 
 

Abbreviations 
AAV  Adeno-associated virus 
ABC ATP-binding cassette 
ABE Adenine base editor 
AD Autosomal dominant 
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Chapter 1: Introduction 

1.1 Inherited Retinal Diseases 
 
Inherited retinal diseases (IRDs) are the leading cause of blindness in working-age adults in the 

United Kingdom and present a large socioeconomic burden1. IRDs represent both a clinical and 

genetically heterogenous group of conditions which lead to degeneration of the retina. Due to 

recent advances in genetic diagnostic techniques such as next generation sequencing (NGS), over 

300 genes/loci have been described in IRDs, helping to provide a molecular diagnosis or 

identification of pathogenic variants2,3. Genes identified include those involved in 

phototransduction, the process by which light is converted into visual information and sent from 

the eye to the cortex, where the light signal is interpreted into visual objects4. The majority of 

known mutations occur in photoreceptor cells or retinal pigment epithelium (RPE) cells, with 

some affecting the choroid. In all cases, visual impairment in IRDs is due to loss of photoreceptor 

function – either primary photoreceptor degeneration, or secondary following degeneration of 

the RPE or choroid. 

 

With varied genetic origin, a wide range of phenotypes are seen within IRDs. Symptoms of IRDs 

can present from birth to adulthood with varied severity and progression. In all forms, 

management includes correction of refractive errors, use of low-vision aids, education, and 

support throughout education and work5. IRDs are historically divided into stationary vs. 

progressive, with the latter further subdivided into cone dystrophies (COD), cone-rod dystrophies 

(CORD), macular dystrophies (MD), and rod-cone dystrophies (RCD). Stationary subtypes include 

rod dysfunction syndromes and cone dysfunction syndromes (CDS) and typically present 
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congenitally. Since this thesis focuses primarily on cone photoreceptors, cone dysfunction 

syndromes, cone dystrophies, and cone-rod dystrophies will be further described. 

 

1.1.1 – Cone Dysfunction Syndromes 
 
Cone dysfunction syndromes (CDS) are stationary disorders with classic cone visual disturbances 

of reduced central visual acuity, photophobia, and color vision abnormalities.  

 

The most common CDS is achromatopsia, which presents at birth or early-infancy and can cause 

complete or incomplete obliteration of cone function. Clinical variants in CNGB3 and CNGA3 

account for most cases6,7 as functional copies of CNGB3 and CNGA3 are responsible for encoding 

subunits of a cyclic nucleotide-gated ion channel necessary for cone phototransduction. 

Mutations in ATF6, GNAT2, PDE6C, and PDE6H account for a small amount of achromatopsia 

cases, with the remaining 10-25% of cases presenting without specific variant identification6,7. To 

date, most efforts have focused on gene replacement treatments for CNGB3 and CNGA3 

achromatopsia, where functional copies of the mutated gene are delivered. 

A study demonstrated restoration of cone function in a canine model of CNGB3 achromatopsia 

using adeno-associated virus serotype 5 (AAV5) packaged gene replacement therapy8. Similarly, 

AAV5 packaged CNGA3 replacement in a mouse model showed promising results, with restored 

cone ERG response, prevention of cone degeneration, and improved visual acuity9. A study in 

CNGA3-/- sheep with gene supplementation also showed improved cone ERG function10. Building 

on preclinical data, early phase clinical trials for achromatopsia have also focused on gene 

supplementation of CNGB311 and CNGA312 via AAV8 delivery. Both trials have concluded Phase 
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I/II enrollment, each demonstrating an acceptable safety profile with some evidence of 

functional improvement. Development of these therapies has been paused; however, results of 

trial follow-up will inform the possible effect of gene supplementation strategies and are 

discussed in more detail in section 1.4.  

 

Mutations in OPN1LW and OPN1MW, which code for red (L) and green (M) cone opsins are 

implicated in the X-linked disorders, blue cone monochromatism (BCM) and Bornholm eye 

disease (BED)13,14. BCM presents similar to achromatopsia, although when patients are older, 

they retain some color discrimination as blue (S) cone opsin is unaffected15. Gene replacement 

of OPN1LW, OPN1MW, or a combination, has been shown to rescue M-cone function in 

OPN1MW-/- mice 16,17 and provides a proof of concept for treatment of BCM. BED was first 

described in a large Danish family and is also known as X-linked CDS associated with myopia and 

dichromacy 18. BED remains a rare disorder and as of April 2024, no in-vivo studies were found 

and may remain so due to the high economic cost associated with treatment development. 

 

1.1.2 – Cone Dystrophies and Cone-Rod Dystrophies 
 
Cone dystrophies (COD) and cone-rod dystrophies (CORD) are progressive diseases with cone 

photoreceptor degeneration, often followed by rod involvement4. They are clinically 

characterized by progressive worsening of central vision, photophobia, and disturbances in color 

vision. Disease causing variants have been identified in over 30 genes, most often affecting 

structural proteins or those involved in the phototransduction cascade4. A summary of implicated 

genes affecting cone photoreceptors and their role in phototransduction can be found in Figure 
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1.1 while some of the most common mutations or those amenable to gene editing will be 

discussed below. 

 

Mutations in ABCA4 are the most common cause of autosomal recessive (AR) COD/CORD. ABCA4 

encodes a retina-specific ATP-binding cassette (ABC) transporter and mutations in the gene have 

been implicated in a variety of IRDs, including the most common cause of Stargardt disease 

(STGD1), a form of macular dystrophy19–21. The function of ABCA4 is vital to the retinoid cycle and 

mutations in the gene lead to buildup of toxic byproducts in the retina, leading to RPE 

degeneration followed by photoreceptor degeneration and loss22. ABCA4 is a large gene (6.8kb) 

and due to the ~4.7kb packaging capacity of AAV, typical gene replacement strategies are 

unsuitable23. In one study, nonviral DNA nanoparticles were used to deliver a working copy of 

the ABCA4 gene to ABCA4 deficient mice24. Treated subjects demonstrated sustained transgene 

expression and improvement in retinal function and phenotype, suggesting use of nonviral NPs 

as an alternative gene delivery method, particularly for genes over the cargo capacity of AAV24. 

While gene supplementation is currently limited by delivery methods, alternative CRISPR-based 

editing strategies could be used to correct the specific ABCA4 mutations implicated in AR 

COD/CORD or STGD125. Additionally, based on the accumulation of phototransduction 

byproducts and associated inflammatory response caused by ABCA4 mutations, various clinical 

trials are ongoing which target other components of the visual cycle or complement system25. 

 

Other genes implicated in AR COD/CORDs include CDHR1, PDE6C, and PDE6H, which go beyond 

the scope of this thesis and are summarized nicely elsewhere4,26. Recently in the MacLaren lab, 
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Yusuf et. al. developed an in-vivo gene supplementation strategy for CDHR1 which demonstrated 

sustained structural, functional, and behavioral rescue of photoreceptors27. This exciting 

preclinical work will inform clinical trials aimed to treat CDHR1 related CORD. No in-vivo studies 

were found focused on the COD/CORD causing mutations in PDE6C or PDE6H, however, these 

genes are also implicated in achromatopsia, and gene replacement strategies are being 

investigated. This highlights the overlap in genes implicated in IRDs which lead to a range of 

phenotypes depending on the specific mutation pattern. 

 

Due to gain of function or dominant negative effects, mutations inherited in an autosomal 

dominant (AD) pattern are typically unable to be treated with gene supplementation, as is the 

case in autosomal recessive (AR) and X-linked IRDs. Some genetic causes of COD/CORD amenable 

to gene editing include mutations in GUCY2D and GUCA1A which are both involved in 

phototransduction and lead to gain of function. Mutations in GUCY2D are the most common 

cause of autosomal dominant (AD) CORD while mutations in GUCA1A are implicated in CODs and 

CORDs 28. GUCY2D encodes retinal guanylate cyclase (RetGC1) which is responsible for 

replenishing intracellular cGMP to mediate membrane depolarization29. The activity of RetGC1 is 

influenced by guanylate cyclase activating protein 1 (GCAP1), an enzyme encoded by GUCA1A30. 

When engineering gene editing strategies for gain of function mutations, it is necessary to 

knockout the mutated gene while maintaining or restoring normal protein levels and function. 

One strategy to do this, in the absence of haploinsufficiency, involves allele specific silencing, 

where the mutated allele is targeted via the CRISPR-Cas9 system and disrupted, while the 

wildtype allele is untouched. This strategy relies of the presence of a specific sequence just 
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downstream of the disease-causing mutation, limiting the numbers of mutations amenable to 

allele-specific targeting. Alternatively, a sequence present in both alleles can be targeted for gene 

silencing, followed by supplementation of the healthy gene. Using this strategy, coined “ablate 

and replace”, the Boye group first demonstrated gene silencing of GUCY2D via a CRISPR-SaCas9 

system causing decreased RetGC1 levels with associated loss of retinal function/structure in mice 

and NHP31. Next, the same CRISPR-Cas9 system was used to disrupt GUCY2D but a functional, 

CRISPR-Cas9 resistant GUCY2D copy was subsequently delivered to treated eyes, replacing the 

mutated gene32. In this manner, the authors demonstrated preserved retinal function and 

structure with the ablate and replace technique for GUCY2D. Both allele-specific targeting and 

gene disruption followed by supplementation could be implored for AD inherited IRDs and other 

AD conditions. 

 

Additional COD/CORD associated targets for gene disruption include PRPH2, TIMP3, and PROM1. 

Over 90 mutations have been identified within PRPH2 including those associated with pattern 

dystrophy or other dystrophies involving the macula26,33. PRPH2 encodes peripherin-2, a protein 

involved in rod and cone outer segment morphogenesis. While there are a wide range of 

phenotypes caused by PRPH2 mutations, most are inherited in an AD pattern. Once again, in the 

case of gain of function or dominant negative alleles, gene disruption and supplementation may 

be a therapeutic option. As of April 2024, no in-vivo studies were found targeting PRPH2 with an 

active Cas9 gene editing system and challenges of targeting PRPH2 are discussed in the review 

by Conley et. al34. Mutations in TIMP3 are associated with Sorsby fundus dystrophy, a type of AD 

macular dystrophy35. TIMP3 encodes an inhibitor of matrix metalloproteinases (MMP), which are 
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involved in extracellular matrix turnover and angiogenesis36. Mutations in TIMP3 lead to protein 

accumulation in Bruch’s membrane and the role of TIMP3 in angiogenesis leads to 

neovascularization classically seen in SFD36. The role of base editing for treatment of SFD was 

recently discussed by our lab, and some mutations may additionally be amenable to gene 

knockout and replacement37. Variants in PROM1 are associated with AR and AD CORD, with the 

AD phenotype leading to a dominant negative effect38. In the retina, PROM1 encodes a 

glycoprotein important to photoreceptor disc morphogenesis and autophagy within the RPE39,40. 

For AD forms of PROM1 associated CORD, gene silencing followed by supplementation could be 

of therapeutic interest. 

 

Finally, mutations in the exon open reading frame 15 (ORF15) of RPGR typically result in X-linked 

retinitis pigmentosa (XLRP) with a rod-dominant phenotype. However, mutations in the 3’ C 

terminus of ORF15 also cause most cases of X-linked COD/CORD with typical symptoms including 

poor central vision, photophobia, and abnormal color vision41. RPGR has several splicing isoforms 

with ORF15 being implicated in IRDs. The RPGR encoded protein localizes to the outer segment 

of rods and is involved with ciliary processes, however, the function of each isoform has not been 

fully elucidated. Despite this, research has recently implicated distal truncating mutations in 

leading to a cone-predominant phenotype42,43. Importantly, it was shown these mutations cause 

disruption of RGPR glutamylation via interaction with TTLL5, pushing the retina to a cone-

dominant phenotype42. Mutations in TTLL5 have previously been shown to cause retinal 

dystrophy with a cone phenotype, so it is not surprising that impaired TTLL5-RPGR interaction 

causes a cone dystrophy. Currently, no in-vivo studies have specifically looked at treatment for 



   
 

  21 
 

X-linked COD/CORD caused by RPGR mutations, however, many gene augmentation strategies 

focused on XLRP are underway and discussed in section 1.4. 

 

 

 

Figure 1.1 Phototransduction and associated COD/CORD genes 

Summary of the phototransduction cascade with some of the COD/CORD causing genes highlighted in 

green. Genes with mutations amenable to gene silencing noted with a red star. Figure created in 

BioRender. 

 

1.1.3 – Rod-Cone Dystrophies 
 
As this thesis focuses on cone photoreceptors, only a brief portion will be dedicated to rod-cone 

dystrophies (RCDs). RCDs typically result from a primary insult in rod photoreceptors with 

degeneration, often followed by cone dysfunction. Retinitis pigmentosa (RP) is the most common 
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form of IRD, with an estimated prevalence of 1:4,000 individuals44. There are a variety of genetic 

causes, with over 50 genes implicated, as well as multiple inheritance patterns and phenotypes.  

 

A great amount of research has been conducted on in-vivo CRISPR-based therapies in various 

models of RP, providing important preclinical data for clinical trial development and framework 

for future COD/CORD studies. CRISPR-SpCas9 was used in a mouse model carrying the S334ter 

Rho mutation to disrupt the mutated region, preventing photoreceptor degeneration, and 

improving retinal function in a rat model of AD RP45. Similarly, the AD RP causing P23H Rho 

mutation was targeted in a mouse model harboring the mutation with SpCas9, with intravitreal 

AAV9 injection slowing degeneration of photoreceptors and improving retinal function46. 

Mutations in RPGR are implicated in XLRP, casing frameshift mutations, and have also been the 

target of Cas9 therapies47. In their study, Gumerson et. al. injected AAV2/8 carrying a SpCas9 

construct targeted to RPGR into retinae of rd9 mice, showing restoration of the reading frame 

and RPGR expression47. Finally, mutations in PDE6B are implicated in cases of AR RP. The newer 

prime editing strategy was delivered to mice retinae via AAV to correct a point mutation in 

PDE6B, producing up to 76% editing in retinal cells with improved visual performance48. More 

broadly, within RP, preservation of cone function is a major therapeutic goal, as cone loss is 

thought to be mediated by primary rod degeneration. By knocking down Nrl, a gene vital to rod 

determination, via CRISPR-SpCas9, cone function was preserved with rods adopting a more cone-

like state had increased survival in mice49. With a broad range of targetable mutations, in-vivo 

models of RP amenable to CRISPR-based therapies, have greatly increased knowledge regarding 

gene editing treatment strategies for IRDs. 
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Despite the large interest in therapeutic development for IRDs, currently treatment options are 

severely limited, with most treatments being symptom driven. The value of targeted gene 

knockout and other gene editing methods have already demonstrated their value in treating 

preclinical models of these devastating disorders. Continued efforts to develop safe and effective 

treatments alongside advances in diagnosis, NGS, and the gene engineering toolbox provide an 

exciting opportunity to continue developing targeted treatments for IRDs. Throughout this thesis, 

I focus specifically on cone photoreceptor targeting, with future applications aimed at treating 

disorders involving cones as discussed above. 
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1.2 Retinal Morphology Through Imaging 
 
Imaging within the field of ophthalmology has become vital to clinical practice and basic science. 

The ability to visualize anatomic structures, including individual retinal layers, has allowed 

clinicians and researchers to make significant progress in understanding physiology and disease 

states. Within IRDs, the heterogenous nature can cause difficulty in diagnosis, but multimodal 

imaging has played a large role in identifying distinct imaging findings of groups of IRDs and 

understanding disease mechanisms50. More immediate to this thesis, adaptation of imaging 

devices for in-vivo animal work has allowed continued scientific discovery and testing of novel 

treatments. 

 

1.2.1 – Optical Coherence Tomography 

Optical coherence tomography (OCT) is an optical imaging modality which performs high-

resolution, cross-sectioning tomographic imaging of internal microstructures of tissue by 

measuring backscattered or back reflected light51. It was first described in 1991 and 

improvements to the technology have been rapid. OCT has become a staple within 

ophthalmology as it provides quick in-vivo visualization and quantification of individual retinal 

layers and the optic nerve. Current clinical technology now allows imaging with an axial 

resolution of 1.3 uM52. This is incredible considering the average foveal thickness of a healthy 

human retina is between 215-230uM53,54. The mouse retina does not have a fovea but does 

follow the same organization of a human retina, with an average retinal thickness around 

200uM55. While this is comparable to human retinal thickness, it is important to note that in 
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transgenic mouse strains, especially those mimicking degenerative states, the retina is often 

thinner56. An example of the individual retinal layers of the mouse model used throughout this 

thesis, CGFP, as imaged by spectral domain OCT (SD-OCT) can be seen in Figure 1.2. Layers are 

identified according to data published by Staurenghi et. al, which developed a consensus 

nomenclature for retinal layers as imaged by SD-OCT57.

 

Figure 1.2 Example of SD-OCT scan of CGFP mouse 

A) SD-OCT scan of transgenic CGFP mouse centered at optic nerve. B) Zoom in of SD-OCT scan to highlight 

individual layers labeled as: RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform 

layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting 

membrane; EZ, ellipsoid zone; PRL, photoreceptor layer; RPE, retinal pigment epithelium; choroid. 
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The ability to quickly visualize retinal layers has cemented OCT in its diagnostic role. OCT is 

commonly used to diagnose and monitor a wide breadth of retinal diseases including macular 

holes, macular degeneration, diabetic retinopathy, and IRDs (Just to name a few!). It is important 

to note that the applications of OCT are not limited to the retina. Within ophthalmology OCT also 

plays a critical role in diagnosis and monitoring of glaucoma and other diseases affecting the optic 

nerve as well as corneal pathologies. 

 

1.2.2 – Confocal Scanning Laser Ophthalmoscopy 
 
Confocal scanning laser ophthalmoscopy (cSLO) is another in-vivo imaging modality that has 

become crucial to retinal physicians and researchers. cSLO relies on focusing laser beams on a 

target and subsequent scattered light rays of ocular structures, typically within the retina or optic 

nerve head, are detected and provide tomographic information58. Imaging the fundus has 

evolved from simple color photos in fundus photography to advanced techniques captured by 

cSLO such as fluoresceine angiography (FA), indocyanine green angiography (ICGA) and different 

forms of auto-fluorescent (AF) imaging. More recently, technologies have been created which 

combine imaging modalities such as OCT and cSLO to allow multi-modal imaging with correlation 

of imaging findings within a specific location59. 

 

FA and ICGA utilize water soluble dyes to visualize the retinal and choroidal vasculature60. While 

not used in this thesis, clinically, this imaging technique is of great diagnostic value in assessing 

perfusion and neovascularization of the retina and choroid in processes such as retinal vein 

occlusions, diabetic retinopathy, uveitis, and oncologic processes61. 
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AF imaging has gained tremendous significance in clinical and translational applications. The basic 

concept of fundus AF (FAF) is based on the presence of fluorophores within photoreceptors and 

the retinal pigment epithelium62. Through fluorophore detection, changes in the retina can be 

observed. This is of particular value in understanding IRDs where photoreceptor and RPE 

degeneration occur63. For example, in some forms of RP, a hyperfluorescent ring can be seen 

surrounding the macula. The ring is thought to demarcate healthy vs. unhealthy retina, as 

lipofuscin levels increase due to photoreceptor degeneration64,65. Indeed, AF has been used to 

quantify lipofuscin fluorescence in RP and cone disease66,67. Various disease specific FAF findings 

have been observed and aid in diagnosis but are well beyond the scope of this thesis. Notably 

though, using FAF images alone, a deep-learning neural network was shown to be able to 

distinguish between three IRDs and healthy retina, highlighting the utility of FAF68. Since IRDs 

have phenotypic and genetic heterogeneity imaging alone is unlikely to diagnose, but it will 

remain a vital tool for screening and monitoring disease progression or treatment response. 

 

In bench research, AF additionally provides a method to image fluorescent proteins in-vivo. For 

example, green fluorescence can be imaged using blue AF (BAF) and green AF (GAF), which is 

used throughout this thesis. An example of cSLO images of the CGFP mouse can be seen in Figure 

1.3. Clinically, BAF imaging has been used to study inflammatory diseases of photoreceptors in 

correlation with other cSLO modalities69. Additionally, both BAF and GAF have been used to size 

atrophic RPE lesions in ABCA4 related retinopathies and have demonstrated their usefulness in 

IRD monitoring70. 
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Figure 1.3 cSLO Imaging of CGFP mouse retina 

cSLO images of CGFP mouse retina, all images centered on optic nerve. From left to right: Infrared (IR) in 

focal plane of retinal nerve fiber layer (RNFL), IR in focal plane of photoreceptor layer (PRL), fundus auto-

fluorescence (FAF), blue auto-fluorescence (BAF), infrared auto-fluorescence (IRAF).  
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1.3 CRISPR Biology 
 
1.3.1 – Basic Principles of CRISPR-Cas9 
 
The discovery of clustered regularly interspaced short palindromic repeats (CRISPR) loci in 

conjunction with CRISPR-associated (Cas) genes, as a gene modulating technique has 

revolutionized the field of genetics. First discovered in E. coli 71, CRISPR alongside Cas genes were 

later found in several prokaryotes and it was demonstrated that the CRISPR-Cas system acts as 

an acquired immune response to foreign nucleic acids72–74. 

 

The CRISPR-Cas9 system was adapted by scientists to silence DNA in a targeted manner75. In this 

elegant system, a single guide RNA (sgRNA) composed of a CRISPR RNA (crRNA) and trans-

activating RNA (tracrRNA) directs the Cas endonuclease to a specific protospacer adjacent motif 

(PAM) next to the target DNA sequence. After PAM site recognition, the Cas9 protein unwinds 

the DNA, allowing the sgRNA to hybridize with the exposed DNA strand. If the sgRNA and DNA 

sequences match, the Cas9 endonuclease cuts the DNA, creating a double-stranded break (DSB)75 

(Figure 1.5).  
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Figure 1.5 Summary of gene editing strategies 

A) CRISPR-Cas9 system highlighting sgRNA binding to target DNA sequence upstream of the Cas-specific 

PAM site. Following DSBs, DNA is repaired either via the NHEJ or HDR pathway. B) Base-editor systems of 

ABE and CBE highlighting the mismatch repair pathway to cause single nucleotide substitutions at a 

specified site. C) Prime-editor system with pegRNA including the desired DNA sequence for insertion. D) 

Epigenetic systems of CRISPRi (decrease transcription) via inhibition of RNA Polymerase or a 

transcriptional repressor domain and CRISPRa (increase transcription) via a transcriptional effector 

domain. 

 

The damaged DNA is subsequently repaired using either non-homologous end joining (NHEJ), or 

homology directed repair (HDR)76,77. NHEJ is an error prone repair mechanism that results in 

random insertions and deletions (indels), leading to gene disruption. The indels created by NHEJ 

are particularly useful as a potential therapeutic strategy for autosomal dominant IRDs. By 
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disrupting the region of a mutated gene, this allows for allele specific gene disruption with 

preservation of the other wildtype allele. Alternatively, a nonmutated region can be targeted, 

causing disruption of both alleles. DSBs can also be repaired by HDR, which relies on the presence 

of a homologous donor sequence to cause insertion of a specific DNA sequence, following the 

DSB, potentially restoring wildtype sequence78. To date, most in-vivo gene editing treatment 

strategies for IRDs rely on the NHEJ pathway and are briefly discussed in section 1.1 of this 

chapter. 

 

1.3.2 – Base Editing and Prime Editing 
 
While NHEJ mediated repair allows targeted gene disruption and is feasible to knockout a 

disease-causing allele, there are instances where insertion of a precise sequence would be 

beneficial. Due to the imbalance of NHEJ vs. HDR following DSBs, HDR is unlikely to be a feasible 

method to precisely correct mutations. Recently, two CRISPR-Cas mediated systems, base editing 

and prime editing, have been developed which enable precise mutation correction without 

reliance on either NHEJ or HDR. 

 

1.3.2.1 - Base Editing 
 
The original DNA base editor systems include cytosine base editors (CBE) and adenine base 

editors (ABE)79,80. CBE systems cause C->T transitions while ABE systems cause A->G81. 

Performing such transitions could enable correction of T->C mutations (or A->G if targeting the 

reverse strand) and G->A mutations (or T->C if targeting the reverse strand). The basic 

components of these systems include a Cas enzyme to direct repair and a single-stranded DNA 
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modifying enzyme, a DNA deaminase, which induces the desired nucleotide change81. Since the 

discovery of CBE in 2016, various modifications have been added to the cytosine deaminase or 

Cas enzyme to increase the efficiency of editing and reduce bystander effects82. One of the most 

important modifications to the system was the creation of the adenosine deaminase enzyme, 

which is not naturally occurring. By engineering the adenosine deaminase in combination with 

the Cas9 enzyme, the ABE system was born80. Compared to CBE systems, ABE has significantly 

lower indel formation and off target effects. More recently, base editing systems have been 

developed which support C->G transversions, greatly expanding the therapeutic potential of 

base-editing83. 

 

Several in-vivo studies have demonstrated the success of the technology in tissues of the liver, 

skeletal muscle, heart, CNS, and eye84. In the retina, ABEs were used to correct an Rpe65 

mutation causing LCA2 in the rd12 mouse model. By targeting this mutation, the authors of these 

studies showed 14-15% base editing with restoration of visual function85,86. Additionally, Jo et. al 

isolated RPE65 expressing cells and within that cell population reported 89% editing85. Building 

on the first base editing paper, the Liu and Palczewski labs demonstrated increased editing 

efficiencies and rescue/preservation of cone cells in the rd12 mouse treated with an ABE, 

furthering its potential therapeutic use for LCA287.  

 

The first clinical trial involving base editing is underway, led by Verve Therapeutics. The trial 

targets a mutation in PCSK9 which leads to dangerously high LDL-C levels as seen in familial 

hypercholesterolemia. The high LDL-C levels cause increased risk of significant cardiovascular 
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disease and plaque formation. The company uses an ABE and sgRNA targeting PCSK9 packaged 

in lipid nanoparticles to deliver an injection to the liver88. Results from phase 1 of VERVE-101 

demonstrated dose-dependent reductions in LDL-C levels, with an average reduction of 46%89. 

The company has also launched VERVE-102, which targets the PCSK9 mutation with the same 

ABE and sgRNA but differs in the lipid nanoparticle and receptors that allow entry to the 

hepatocyte cells89. The results of these clinical trials, editing a single base pair of the human 

genome, are eagerly awaited. 

 

1.3.2.2 - Prime Editing 
 
Beyond the transition mutations amenable to base editors, prime editing has greatly expanded 

targeted mutation correction. The main components of the prime editing system consist of a 

Cas9 nickase (nCas9), an engineered reverse transcriptase (RT), and a prime editing guide RNA 

(pegRNA)90. Similar to a sgRNA, the pegRNA directs nCas9 to the targeted DNA region. However, 

the pegRNA additionally contains the sequence of the desired DNA alteration that will be 

transcribed by the RT. In the original paper, Anzalone et. al demonstrated the ability of a prime 

editing system to correct all 24 single-nucleotide substitutions in-vitro with an average editing 

efficiency of 33%90. Since discovery of the system, numerous modifications have been tested to 

refine the editing potential and decrease off-target and bystander effects81,91. The ability of prime 

editing systems to cause insertions, deletions, or single-base substitutions could in theory correct 

up to 89% of known disease-causing mutations in humans90. 
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Additional modifications to the prime editing system have been introduced to further the in-vivo 

potential of prime editing, demonstrating editing efficiencies up to 42% in the brain, 46% in the 

liver, and 11% in the heart when delivered via AAV92. More recently, the Liu group engineered 

virus-like particles (eVLPs) which allow transient delivery of the prime editing system in 

ribonucleic protein (RNP) form93. In their paper, two ocular genes were targeted in-vivo: a 4bp 

mutation in MFRP which causes retinal degeneration in humans, and a nonsense mutation in 

RPE65 implicated in LCA2. With a single subretinal injection, 15% editing at the targeted MRFP 

mutation was observed in the retina with restored protein expression of MFRP in the RPE. 

Targeting the RPE65 mutation caused editing rates of 7.2% on bulk RPE cells, the highest prime 

editing rate in this in-vivo model to date, and 14% when analyzing cDNA with associated full-

length RPE65 expression via western blot93. Beyond the applications of prime editing to correct 

a mutation, the ability to deliver this system as RNPs leads to transient expression which greatly 

decreases the off-target effects that remain a concern within all CRISPR-based gene therapies. 

 

1.3.3 – Epigenetic editing: CRISPRi and CRISPRa 
 
Finally, mutation-independent methods of gene regulation have been engineered, targeting gene 

expression at an epigenetic level. CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa) 

act at the RNA level to down or up-regulate gene transcription. Within eukaryotes, transcription 

relies on the interaction of RNA polymerase II and transcription factors to bind to a promoter 

within a DNA sequence. Specialized protein domains within transcription factors allow them to 

interact with cellular proteins to cause increased or decreased gene expression. Epigenetic 

editing systems take advantage of the transcriptional domains, cleverly fusing them to an 



   
 

  35 
 

inactivated Cas9 protein (dCas9) which is unable to cleave DNA. A sgRNA guides the dCas9 fusion 

complex to a targeted DNA region, typically the promoter sequence, allowing the transcriptional 

domains to cause targeted changes in gene expression75. The inducible and reversible nature of 

the epigenetic editing systems make them attractive candidates for eukaryotic gene regulation. 

 

1.3.3.1 - CRISPR interference 
 
RNA interference (RNAi) and active Cas9 systems are both able to cause decreased gene 

expression. However, off-target effects and inefficient knockdown limit their use. CRISPRi 

provides an additional method of gene silencing while expanding the range of targets amenable 

to gene silencing.  

 

Upon dCas9-sgRNA binding, the complex sterically blocks transcriptional elongation94,95. While 

this interaction alone causes decreased gene expression, the addition of transcriptional repressor 

domains improves the level of gene silencing. Among the repressor domains, the Kruppel-

associated box (KRAB) is one of the most used. The KRAB domain causes DNA to adopt a 

heterochromatin state, in which DNA is tightly bound to histone proteins, preventing the 

interaction with RNA Polymerase II, and therefore blocking transcription96. The use of multiple 

transcriptional repressor domains within a dCas9 system has demonstrated even higher levels of 

gene silencing97 while the use of multiple sgRNAs has demonstrated the ability to silence multiple 

genes in parallel98. Titrating the level of dSaCas9 or sgRNA expression via inducible promoters 

has also demonstrated the feasibility of controlled gene repression 99. Within ophthalmology, the 

dCas9-KRAB system was utilized in-vivo to silence activity of the Rho gene, which is mutated in 
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dominantly inherited RP100. The ability to induce gene silencing without causing permanent 

changes to the genome and the ability to control gene repression levels could both prove to be 

of great value in treating dominantly inherited IRDs and other AD diseases101. 

 

1.3.3.2 - CRISPR activation 
 
Previously, increasing the level of gene expression was reliant on gene augmentation, where a 

healthy gene is delivered to the cellular population of interest. While this strategy has great 

therapeutic benefit, demonstrated by the success of Luxturna, a gene replacement for RPE65, 

high gene levels have caused toxic damage to the retina. CRISPRa provides a potential solution, 

as levels of gene activation can be modified by the number of effector domains in a system102. As 

well as controlling the level of gene activation, in CRISPRa multiple genes can be targeted at 

once103. Excitingly, Bohm et. al delivered a CRISPRa system to the mouse retina, causing targeted 

transcriptional activation of M-opsin (OPN1MW) in cone photoreceptors104. The applications of 

CRISPRa and CRISPRi have already proven their utility in genetic screens and showcased their 

potential therapeutic benefit105. 
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1.4 Clinical Trials in Ophthalmology 
 
Within ophthalmology, great progress is being made in gene therapy applications for IRDs. The 

eye is an attractive target organ, with easy accessibility, immune-privileged status 106, and 

presence of a tight junction mediated blood-retinal barrier 107. 

 

1.4.1 – Gene Therapy for IRDs 
 
In 2017, Luxturna was approved by the Food and Drug Administration (FDA) as the first AAV based 

approved gene therapy treatment108. Luxturna is approved for treatment of IRD in individuals 

with a biallelic mutations in the RPE65 gene, which encodes the retinoid isomerase protein 

responsible for conversion of 11-trans-retinyl to 11-cis-retinal throughout phototransduction109. 

The biallelic mutation is seen in Leber Congenital Amaurosis 2 (LCA2) and autosomal-recessive 

RP110,111. Treatment is delivered as a single subretinal injection of a functional RPE65 transgene 

packaged in AAV2. Gene replacement remains a promising avenue to treat conditions which lead 

to loss of function, such as autosomal recessive disorders, where supplementation with a healthy 

gene copy can restore function. 

 

A similar gene supplementation strategy has been used for X-linked disorders such as XLRP. 

Mutations in the RPGR gene accounts for 10-20% of RP and is the most common form of XLRP, 

leading to severe phenotype112,113. In the first clinical trial, Nightstar Therapeutics (now Biogen 

Inc.) and The University of Oxford developed a codon optimized RPGR sequence that was driven 

by the human rhodopsin kinase 1 (hGRK1) promoter, packaged in AAV8, and delivered via 

subretinal injection114. Safety and efficacy were demonstrated in the subsequent phase 1/2 
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clinical trial and gain of visual function as a secondary endpoint demonstrated promising 

results115. Applied Genetic Technologies Corporation (now Beacon Therapeutics), utilized a very 

similar gene supplementation strategy, packaging codon optimized RPGR driven by the hGRK1 

promoter in a variant of AAV2 prior to subretinal injection. Results of the phase I/II and extension 

show a favorable safety profile and evidence of visual improvement in the high dose branch116. 

Results of subsequent phases from each company are eagerly awaited. Additional strategies to 

treat XLRP are discussed in detail elsewhere117 and ongoing clinical trials are summarized in Table 

1.2. 

 

Several additional clinical trials are utilizing gene supplementation to treat IRDs including LCA, 

Stargardt disease, Retinoschisis, Achromatopsia, Choroideremia, and various causes of RP. 

Ongoing clinical trials for the mentioned IRDs are summarized in Table 1.2. 

 

While Luxturna represents a significant advancement in gene therapy, gene replacement 

strategies are only feasible in loss of function conditions. In the case of conditions which lead to 

dominant negative or gain of function effects, a different strategy must be employed.  

 

The first ophthalmologic CRISPR-based clinical trial, led by Editas Medicine, targeted the IVS26 

point mutation in the CEP290 gene as a potential treatment for LCA10. CEP290 encodes a protein 

involved in outer segment photoreceptor regeneration and phototransduction118. The IVS26 

mutation causes a premature stop codon and loss of function119. While the loss of function 

mutations can be treated with gene replacement, this trial demonstrates the feasibility of using 



   
 

  39 
 

active CRISPR gene editing within the eye. Building on preclinical data, EDIT-101 uses AAV5 based 

delivery of hGRK1-SaCas9 with two U6 driven sgRNAs targeting both ends of the mutated CEP290 

DNA region in hopes to correct splicing 120. The phase 1/2 clinical trial, BRILLIANCE, enrolled 14 

subjects with the IVS26 mutation to receive subretinal injections of the EDIT-101 vector. In an 

update in November 2022, after 12 months of follow-up, the company announced three of the 

14 subjects experienced clinically meaningful improvements in best corrected visual acuity 

(BCVA) with an acceptable safety profile 121. Interestingly, two of the three treatment responders 

were homozygous for the IVS26 mutation. Unfortunately, Editas Medicine paused enrollment for 

the trial and are currently looking for commercial partners to continue development. Only one 

other clinical trial is currently using Cas9 gene disruption in ophthalmology to target the Rho 

gene, which is implicated in RP122. Once again, this trial targets a loss of function, highlighting the 

feasibility of gene editing within ophthalmology. Use of an active CRISPR system to correct a gain 

of function or dominant negative remains to be tested. 

 

The results of these clinical trials are likely the first of many in a new era of gene therapy research 

for IRDs. While it is exciting to think about the potential utility of CRISPR-based therapies, it is 

important to consider off-target effects and immune responses and continue utilizing preclinical 

models to test these therapies prior to use in human subjects. 
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Table 1.2 Ongoing Gene Therapy Clinical Trials in IRDs 

Condition Gene 
Replacement 
Target 

Gene Therapy 
Product 

Injection Phase Completion 
Date 

Sponsor Trial ID 

X-linked 
Retinitis 
Pigmentosa 

RPGR AAV8-hGRK1-
RPGR (BIIB112) 

Subretinal 4 2026 NightstaRx Ltd. 
(Biogen Inc.) 

NCT03584165 

AAV2tYF-GRK1-
hRPGRco (AGTC-
501) 

Subretinal 1/2 2025 Applied Genetics 
Technologies 
Corporation 
(Beacon 
Therapeutics) 

NCT03316560 
2/3 2029 NCT04850118 

AAV.R100-
hcoRGPR (4D-
125) 

Intravitreal 1/2 2029 4D Molecular 
Therapeutics 

NCT04517149 

FT-002 Intraocular 1 2027 Frontera 
Therapeutics 

NCT05874310 

AAV5-
hRKp.RPGR 

Subretinal 3 2024 MeiraGTx 
(Janssen 
Research & 
Development, 
LLC) 

NCT04671433 
3 2029 NCT04794101 

AAV5-
hRKp.RPGR 

Subretinal 3 2029 Janssen 
Pharmaceutical 
K.K. 

NCT05926583 

LCA10 IVS26 of 
CEP290* 

AAV5-hGRK1-
SaCas9 
(EDIT-101) 

Subretinal 1/2 2025 Editas Medicine NCT03872479 

CEP290 AAV5-Nr2e3 
(OCU400) Subretinal 1/2 2024 Ocugen NCT05203939 

LCA2 RPE65 Subretinal 1/2 2030 NCT01208389 
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AAV2-hRPE65v2 
(voretigene 
neparvovec) 

3 2029 Spark 
Therapeutics 

NCT00999609 

Obs. 2030 NCT03602820 

AAV9-CAG-
RPE65 (HG004) Subretinal 1/2 

2025 HuidaGene 
Therapeutics Co, 
Ltd 

NCT05906953 
and 
NCT06088992 

rAAV2-CBSB-
hRPE65 Subretinal 1 2026 University of 

Pennsylvania NCT00481546 

FT-001 Subretinal 1/2 2029 Frontera 
Therapeutics NCT05858983 

LCA1 
GUCY2D 

AAV5-hGRK1-
GUCY2D 
(ATSN-101) 

Subretinal 1/2 
2027 Atsena 

Therapeutics Inc NCT03920007 

LCA5 LCA5 AAV8-hLCA5 
(OPGx-001) Subretinal 1/2 2027 Opus Genetics 

Inc. NCT05616793 

RP 
Rho, PDE6B AAV5-Nr2e3 

(OCU-400) Subretinal 
1/2 2024 

Ocugen 
NCT05203939 

3 2026 NCT06388200 

Rho  rAAV- Cas9 
(ZVS203e)* Subretinal 1 2026 Peking University 

Third Hospital NCT05805007 

Rho, PDE6A, 
PDE6B 

AAV-RdCVF-
RdCVFL 
(SPVN06) 

Subretinal 1 
2029 

SparingVision NCT05748873 

PDE6B 
AAV2/5-hGRK1-
hPDE6B (HORA-
PDE6B) 

Subretinal 1/2 
2029 

eyeDNA NCT03328130 

PDE6A rAAV.hPDE6A Subretinal 1/2 2027 STZ eyetrial NCT04611503 

RLBP1 AAV8-hRLBP1 
(CPK850) Subretinal 1/2 2026 Novartis 

Pharmaceuticals  NCT03374657 

CNGA1 AAV2.NN-
CNGA1 (VG901) 

Intravitreal 1 2025 ViGeneron 
GmbH 

NCT06291935 
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Optogenetics 

rAAV2-CAG-
ChronosFP 
(BS01) 

Intravitreal 1/2 
2029 

Bionic Sight LLC NCT04278131 

rAAV-PsCatCh2.0 
(ZM-02) Intravitreal 1 2028 Zhongmou 

Therapeutics NCT06292650 

 rAAV2.7m8-
CAG-CHrimsonR-
tdTomato(GS030
) 

Intravitreal 1/2 

2025 
GenSight 
Biologics NCT03326336 

AAV2-ChR2 (RST-
001) Intravitreal 1/2 2024 AbbVie NCT02556736 

Choroideremia CHM AAV2-REP1 
(BIIB111) 

Subretinal 3 2026 NightstaRx Ltd. 
(Biogen Inc.) 

NCT03584165 

4D-R100AAV-
CHM 
(4D-110) 

Intravitreal 1 
2027 4D Molecular 

Therapeutics NCT04483440 

Achromatopsia 

CNGA3 

rAAV.hCNGA3 Subretinal 1/2 2027 STZ eyetrial NCT02610582 
rAAV2tYF-PR1.7-
hCNGA3 (AGTC-
402) 

Subretinal 1/2 2026 Applied Genetic 
Technologies 
Corp (Beacon 
Therapeutics) 

NCT02935517 

CNGB3 rAAV2tYF-PR1.7-
hCNGB3 (AGTC-
401) 

Subretinal 1/2 2026 NCT02599922 

Leber’s 
Hereditary 
Optic 
Neuropathy 

ND4 

scAAV2-
P1ND4v2 Intravitreal 1 2024 Byron Lam NCT02161380 

rAAV2/2-ND4 
(GS010) Intravitreal 3 2024 GenSight 

Biologics NCT03293524 

rAAV2-ND4 
(NFS-01) 

Intravitreal 2/3 2025 Huazhong 
University of 
Science and 
Technology 

NCT03153293 
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rAAV2-ND4 
(NR082) 

Intravitreal 1/2 2029 Neurophth 
Therapeutics Inc 

NCT05293626 
2/3 2028 NCT04912843 

ND1 rAAV2-ND1 
(NFS-02) 1/2 2029 NCT05820152 

X-linked 
juvenile 
retinoschisis 

RS1 

AAV8-
scRS/IRBPhRS IVT 1/2 2025 VegaVect, Inc. NCT02317887 

AAV-RS1 
(JWK002) 

Subretinal 1 2029 Genevector 
Biotechnology 
Co., Ltd 

NCT06345898 

LX103 Intravitreal Obs. 2028 Innostellar 
Biotherapeutics 

NCT05814952 

AAV.SPR-hGRK1-
hRS1syn (ATSN-
201) 

Subretinal 1/2 2029 Atsena 
Therapeutics Inc. 

NCT05878860 

rAAV-hRS1 (ZM-
01) 

Intravitreal 1 2027 Zhongmou 
Therapeutics 

NCT06066008 

AAV-RS1 
(IVB102) 

Intravitreal 1 2029 InnoVec 
Biotherapeutics 
Inc. 

NCT06289452 

Stargardt 
Disease 

RORA AAV5-hRORA 
(OCU410ST) 

Subretinal 1/2 2025 Ocugen NCT05956626 

ABCA4 Dual AAV-ABCA4 
(JWK006) 

Subretinal 1/2 2029 West China 
Hospital 

NCT06300476 

 

* Use an active Cas9 system, not gene supplementation.
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1.4.2 – Gene Therapy Beyond the Eye 
 
Outside of ophthalmology, new gene therapy treatments continue to advance research and 

possible therapeutic interventions. Since the approval of Luxturna, several other treatments 

which deliver a functional copy of a disease-causing mutation have been approved123. Vyjuvek 

delivers a functional copy of the COL7A1 gene, which is mutated in dystrophic epidermis 

bullosa124. Zolgensma has been approved to deliver a functional copy of SMN via AAV9 to patients 

with spinal muscular atrophy125. Roctavian delivers a functional copy of the F8 gene restoring 

production of Factor VIII in patients with severe Hemophilia A126. For patients with Hemophilia 

B, Hemgenix uses AAV5 to deliver a functional F9 gene, increasing the activity of Factor IX127 while 

Beqvez uses AAVrh74 to deliver F9128,129. Elevidys is approved for treatment of Duchenne 

muscular dystrophy, delivering a micro-dystrophin gene via AAVrh74130,131.  

 

Mechanisms beyond gene replacement have also begun to reach clinical trials outside of the eye, 

with the development of a gene-therapy based treatment for non-muscle invasive bladder 

cancer. Intravesicular administration of Astiladrin delivers interferon-a2b via a replication-

deficient recombinant adenovirus132. Transfected uroepithelial cells then produce IFN-a2b, 

activating apoptosis and death of cancerous cells133. 

 

The FDA recently approved the first cell-based gene therapy, Zynteglo, to treat transfusion 

dependent beta-thalassemia (TDT). The treatment consists of an infusion of CD34+ 

hematopoietic stem cells and progenitor cells (HSPCs) previously transduced with the B-globin 

gene via lentiviral delivery. Results of the trial demonstrated transfusion independence in both 
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adult and pediatric patients134. The same company, Bluebird Bio, used a similar strategy to 

develop Lyfgenia to treat sickle cell disease (SCD) via delivery of a functional B-globin gene135 and 

Skysona for treatment of cerebral adrenoleukodystrophy patients with an ABCD1 mutation136. 

Other approved cell-based gene therapies include Lenmeldy for treatment of metachromatic 

leukodystrophy with ARSA genetic mutations137. 

 

Excitingly, beyond replacing genes through HSPCs, the DNA of HSPCs have been edited via the 

CRISPR-Cas9 system. Vertex Pharmaceuticals and CRISPR Therapeutics developed a gene editing 

therapy, Casgevy, to treat SCD and TDT. By electroporating HSPCs with a Cas9 system targeted 

to BCL11A prior to patient infusion, levels of fetal hemoglobin rose enough in participants to 

maintain transfusion independence and eliminate vaso-occlusive events138,139. While follow-up is 

necessary to elucidate all effects of these approved cell-based gene therapies, the development 

and approval marks an exciting time for gene editing applications.  

 

As of April 2024, no other gene editing therapies have been approved, but many investigative 

therapies remain in clinical trials. Great strides have been made in gene therapy with the approval 

and success of gene replacement and cellular-based strategies like those discussed above. Use of 

gene editing therapies such as targeted gene knockout, base editing, prime editing, or epigenetic 

regulation will no doubt be of tremendous therapeutic value in correcting disease-causing 

mutations. 
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1.5 Thesis Aims 
 
As genetic diagnosis and gene therapy technologies advance, it is critical to identify disease 

causing mutations that may be amenable to gene supplementation therapy and/or gene editing 

strategies. Several cone specific genes have been identified in IRDs that may be amenable to gene 

editing via a CRISPR-Cas9 system. This thesis broadly focuses on targeting photoreceptors of a 

transgenic mouse line using AAV and investigating the use of CRISPR-SaCas9 to target a cone 

specific gene in-vivo. 

 

1.) Assess vector and delivery optimization of AAV5 in combination with a ubiquitous vs. 

photoreceptor-specific promoter in a mouse model which expresses EGFP under a cone-specific 

promoter (CGFP model). 

2.) Investigate in-vivo knockdown of EGFP in EGFP-expressing photoreceptors using an active 

Cas9 system. 

3.) In-vitro screening of sgRNA candidates which target the red-opsin gene (OPN1LW) for 

epigenetic repression applications. 
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Chapter 2: Methods & Materials 

2.1 Molecular 
 
2.1.1 – PCR 
 
PCR was carried out using KOD HotStart DNA Polymerase Master Mix, unless stated otherwise, 

using manufacturer’s instructions. Briefly, 12.5uL KOD Master Mix, 10-50ng of template DNA, 

0.5uM primers, and brought to a total volume of 20uL with molecular grade water and run on a 

SimpliAmp or BioRad thermocycler. General PCR conditions for KOD HotStart Polymerase are 

outlined in Table 2.1. PCR products were visualized using gel electrophoresis to determine size 

and check for unspecific products or contaminants.  

 

Custom primers (Sigma-Aldrich or Integrated DNA Technologies) were designed to amplify a 

region of interest and sequences can be found in the appendix. Primers were designed to be 17-

21bp in length, GC content 40-60%, melting temperature (Tm) between 55-65 °C and within 2°C 

of each other for pairs, with no more than 3 subsequent base pair repeats. 

 

2.1.2 – PCR Purification 
 
PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) using manufacturer’s 

instructions. Briefly, PCR products were mixed with binder buffer. DNA was captured via a silica-

gel membrane column, washed, and eluted using provided elution buffer. DNA yield was 

measured via nanodrop technology.  

 

 



   
 

   
 

48 

Table 2.1 General PCR conditions for KOD HotStart DNA Polymerase  

Step  Temperature (°C)  Time  Number of Cycles  
Polymerase Activation  95°C  2 minutes  1  
Denaturing  95°C  20 seconds  

35-40  

Annealing  Lowest Primer Tm  10 seconds  
Extension  70°C  10 seconds/kb (<500bp 

amplicon)  
15 seconds/kb (500-
1000bp amplicon)  
20 seconds/kb (1-3kb 
amplicon)  
25 seconds/kb (>3kb 
amplicon)  

Final Extension  70°C  5 minutes  1  
  
 

2.1.3 – Gel Electrophoresis  
 
1-2% agarose gels were made using agarose (Sigma-Aldrich) diluted in Tris/Acetate/EDTA (TAE) 

buffer (ThermoFischer) and GelRed Nucleic Acid Stain (Biotium). Gels were run with a Quick-Load 

1kb (New England Biolabs) or Quick-Load 100bp (New England Biolabs) ladder in a tank 

containing TAE for 1-2 hours at a voltage between 100-120V. Bands were visualized, and gels 

imaged on a UV transilluminator (NuGenius by SYNGENE). 

 

2.1.4 – Gel Extraction 
 
DNA bands were extracted using the QIAquick Gel Extraction Kit (Qiagen) using manufacturer’s 

instructions. Briefly, Individual DNA bands were visualized and carefully isolated under UVblue 

light. Bands were dissolved in buffer at 97°C. DNA was captured via a silica-gel membrane 

column, washed, and eluted using provided elution buffer. DNA yield was measured via nanodrop 

technology.  
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2.1.5 – Genomic DNA Extraction 
 
Genomic DNA (gDNA) was extracted using the QIamp Mini Kit (Qiagen) following manufacturer’s 

instructions for a given tissue type. Cell pellets were thawed and resuspended in PBS, followed 

by lysis using proteinase K for 10 minutes. Retinal tissue was mechanically disrupted using a tissue 

homogenizer and resuspended in PBS, followed by 1 hour lysis using proteinase K, vortexing 

every 20 minutes. In all instances, gDNA was captured via a silica-gel membrane column, washed, 

and eluted using provided elution buffer. gDNA yield was measured via nanodrop technology.  

 

2.1.6 – Restriction Enzyme Digest 
 
All plasmids were digested using commercially available restriction enzymes (New England 

Biolabs), using manufacturer’s instructions. Where appropriate, plasmids were 

dephosphorylated using shrimp alkaline phosphatase (rSAP) (New England Biolabs). Digested 

products were visualized using gel electrophoresis (section 2.1.3), extracted (section 2.1.4), and 

purified (section 2.1.2. Single and no-enzyme controls were run in parallel to confirm enzyme 

activity. 

 

Table 2.2 Restriction enzyme digests performed on each plasmid  

Plasmid  Enzymes for plasmid cloning  Enzyme for oligonucleotide 
insertion  

ITR Confirmation  

pCAG-DsRed  HindIII, BglII      
  
XmaI  
  

phGRK1-DsRed  HindIII, BglII    
phGRK1-SaCas9    BsaI  
pEFS-SaCas9    BsaI  
pEFS-dSaCas9    BsaI  
pPsiCHECK2    NheI    
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2.1.7 – sgRNA Annealing and Phosphorylation 
 
Custom oligonucleotides were phosphorylated in a 1:1 ratio of forward:reverse using T4 PNK 

(New England Biolabs) following manufacturer’s instructions. The reaction was denatured at 37°C 

for 20 minutes and annealed by incubating at 95°C for 4 minutes before stepwise cooling to 25°C 

over 45 minutes using thermocycler (SimpliAmp; ThermoFisher).  

 

2.1.8 – Plasmid Ligation 
 
A linearized backbone and insert were ligated at a ratio of 1:8 (Backbone:Insert) for 12 hours at 

room temperature using T4 DNA Ligase (New England Biolabs) in 10x T4 DNA Ligase buffer (New 

England Biolabs). Ligase-deficient and backbone only control reactions were run in parallel to 

assess self-ligation.  

 

2.1.9 – Plasmid Amplification and Isolation 
 
Ligation products were transformed into XL10-Gold Ultracompetent Cells (Agilent Technologies) 

following the manufacturers protocol. Cultures were then spread onto Luria Broth (LB)-Agar 

culture plates prepared with 100Pg/mL ampicillin (Sigma-Aldrich) and incubated at 37°C 

overnight.  

 

For screening of successfully ligated plasmids, individual bacterial colonies were picked and 

cultured in LB. The culture broth was centrifuged to obtain bacterial cell pellets, and plasmids 

isolated using the Zyppy Plasmid Miniprep Kit (Zymo Research). For AAV production and 
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transfection experiments, endotoxin-free plasmid preparations were created using the 

NucleoBond Xtra Maxi Endotoxin-Free (Takara Bio).  

 

2.1.10 – PCR Cloning 
 
To create the hGRK1-DsRed plasmid, a CAG-DsRed plasmid (Gift from Michelle McClements) was 

digested using HindIII and BglII and dephosphorylated using rSAP. The resulting product was 

visualized with gel electrophoresis. The backbone fragment containing DsRed was extracted and 

purified. The hGRK1 sequence of a hGRK1-SaCas9 plasmid (Gift from Ariel Kantor) was PCR 

amplified with primers designed to add HindIII and BglII overhangs to the 5’ and 3’ end, 

respectively. The PCR product was visualized by gel electrophoresis to confirm expected band 

size and digested with HindII and BglII before PCR purification. The resulting DsRed backbone and 

hGRK1 insert were ligated using T4 DNA Ligase in a 1:7 (backbone:insert) ratio. The process is 

outlined in Figure 2.1. The ligation product was transformed into XL10-Gold Ultracompetent 

Cells, spread onto LB-Agar plates with ampicillin, and allowed to grow at 37°C overnight. 

Individual colonies were selected and cultured in LB before miniprep and Sanger sequencing. 
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Figure 2.1 Overview of PCR Cloning  

Overview of PCR based cloning to change CAG promoter to hGRK1 promoter in DsRed backbone. pCAG-

DsRed digested with HindIII and BglII. hGRK1 promoter PCR amplified using primers adding HindIII and 

BglII restriction enzyme sites. PCR product digested with HindIII and BglII. Digested DsRed backbone and 

digested hGRK1 PCR product ligated to produce phGRK1-DsRed.  

  

2.1.11 – Cloning sgRNAs into plasmids 
 
sgRNAs were cloned into parent plasmids which contained the sgRNA scaffold. The sgRNA was 

ordered as two separate oligonucleotides with BsaI restriction enzyme overhangs on the 5’ and 

3’ ends. The oligonucleotides were phosphorylated and annealed (section 2.1.7). The parent 

plasmid was digested with BsaI (section 2.1.6), a small amount was visualized with gel 

electrophoresis to confirm digestion, while the rest was PCR purified (section 2.1.2). The purified 

digested plasmid and annealed sgRNA were ligated with T4 ligase (section 2.1.8) at an  

insert:ligation ratio of 8:1. The ligation product was transformed into XL10 Gold Ultracompetent 

Cells (Agilent Technologies) and expanded using miniprep (section 2.1.9). Miniprep products 
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were sent for sanger sequencing to confirm sgRNA insertion (section 2.1.12) and ITR presence 

was confirmed with XmaI restriction enzyme digest (section 2.1.6). If proceeding with AAV 

production or a high concentration was needed, the plasmid was Maxiprepped (section 2.1.9). 

 

2.1.12 – Sanger Sequencing 
 
All sequencing was performed through GENEWIZ by Azenta. Samples were purified before being 

diluted to 10-50ng/uL with molecular grade water. Samples were sent either premixed of 

predefined following manufacturer’s instructions. 
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2.2 Cell and Tissue Culture 
 
2.2.1 – Subculturing HEK293T Cell Line 
 
Cryopreserved human embryonic kidney 293 cells (HEK293T cells, GenTarget Inc, USA), were 

resuscitated and cultured in complete medium created from High-Glucose Dubecco Modified 

Eagle Medium (DMEM) (Gibco) with L-glutamine, supplemented with 10% foetal bovine serum 

(FBS) (Gibco) and 1% penicillin-streptomycin (P/S) (Sigma-Aldrich). Cells were cultured at 37°C in 

a 5% CO2 humidified incubator (ThermoElectron). Cells were passaged every 3-5 days prior to 

reaching confluency. 

 

2.2.2 – Plasmid Transfection of Cultured Cells 
 
See section 2.2.8 for details of transfection for Dual Luciferase Assay and section 2.2.9 for details 

of transfection for TIDE analysis. 

 

2.2.3 – HEK293T Cell Pelleting 
 
Cells were pelleted for downstream applications such as gDNA extraction. In this instance, media 

was removed from wells and cells were washed with sterile PBS. Cells were dissociated using 

TrypLE Express Enzyme (Gibco) and neutralized with complete medium. The cell suspension was 

transferred to an Eppendorf tube on ice before being spun at 3000xg for 10 minutes at 4°C. The 

supernatant was removed, and the cell pellet was resuspended with 500uL of sterile PBS before 

being centrifuged at 3000xg for 10 minutes at 4°C. The supernatant was removed, and cell pellets 

were stored at –80°C.  
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2.2.4 – Subculturing CGFP Fibroblasts 
 
Cryopreserved CGFP derived fibroblasts from skin biopsies (Gift from Dr. Maria Kaukonen, 

Univeristy of Oxford) were resuscitated and cultured in complete medium made of High-Glucose 

DMEM supplemented with 1% L-glutamine, 20% FBS (Gibco) filtered through a 0.22-micron filter, 

1% GlutaMAX (Gibco), and 1% P/S (Sigma-Aldrich). This medium will be referred to as skin 

medium for the remainder of this thesis. Cells were cultured on 100mm plates at 37°C in a 5% 

CO2 humidified incubator. Cells were passaged every 3-5 days prior to reaching confluency. 

 

2.2.5 – Electroporation of Mouse Fibroblast Cells 
 
Confluent 100mm plates were dissociated with TrypLE Express Enzyme (Gibco) and neutralized 

with skin medium before mechanical disruption of cell adhesions with a 1000uL sterile pipette 

tip. An aliquot of the cell suspension was mixed with equal part trypan blue and counted (TC20 

Automated Cell Counter, BioRad). The remainder of the suspension was placed into a 15mL falcon 

tube and centrifuged at 500xg for 5 minutes at 20°C. Supernatant was removed and the cell pellet 

was resuspended in R-Buffer (Invitrogen™ Neon™ Transfection System) to reach a density of 

1x105 cells/10uL. Per each reaction, 1x105 cells were combined with 300-900ng of plasmid DNA 

and electroporated using settings in Table 2.3. After electroporation, cells were seeded into a 24-

well or 6-well plate with 500uL of skin media in each well. Cells were left between 3-14 days and 

media was changed at day 3 post-transfection to remove cell debris following electroporation. 

Plates were imaged using EVOS microscope (section 2.2.7). 
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Table 2.3 Electroporation parameters for CGFP Fibroblasts  

Voltage  Time  Pulses  
1650V  10ms  3  
  

2.2.6 – Fibroblast Cell Pelleting 
 
Media was removed from wells and cells were washed with 500 uL sterile PBS. Cells were 

dissociated using TrypLE Express Enzyme (Gibco) and neutralized with skin medium before 

mechanical disruption with a sterile pipette tip. The cell suspension was transferred to an 

Eppendorf tube on ice before being spun at 3000xg for 10 minutes at 4°C. The supernatant was 

removed, and the cell pellet was resuspended with 500uL of sterile PBS before being centrifuged 

at 3000xg for 10 minutes at 4°C. The supernatant was removed, and cell pellets were stored at –

80°C. 

 

2.2.7 – EVOS Imaging 
 
HEK293T cells and CGFP fibroblasts were imaged using the EVOS FL Auto 2 Cell Imaging System 

(ThermoFischer) to elucidate the presence of EGFP, auto-fluorescence, cell health, and cell 

structure. Gain of individual channels (green, brightfield) were adjusted so that no saturation is 

visible with maximum signal gained with off-set function sometimes used to minimize 

background noise. Images were acquired with 10x and 4x objectives and exported as .tiff files for 

analysis using ImageJ. 
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2.2.8 – Dual Luciferase Assay 
 
The dual luciferase assay (DLA) was used to screen the efficiency of sgRNA candidates for CRISPRi 

applications. This method relies on emission of two different luciferase genes under the control 

of 2 different promoters to quantitatively measure gene expression, Figure 2.2. For sgRNA 

screening, the region of interest is cloned into the PsiCHECK2 plasmid (Promega) using NheI 

restriction sites, upstream of the Renilla gene. In this case, regions of the OPN1LW gene were 

cloned into the vector (section 2.1.11) and correct insertion and direction confirmed by sanger 

sequencing. sgRNA candidates targeting the OPN1LW gene were cloned into pEFS-

dSaCas9.KRAB-MeCP2 (section 2.1.11) and insertion was verified by sanger sequencing. If the 

sgRNA candidate binds the region of interest, transcription of Renilla luciferase should be 

disrupted relative to Firefly luciferase expression. 

 

Confluent HEK293T cells were diluted in phenol red-free complete medium supplemented with 

10% FBS and 1% P/S. and seeded in a 96 well plate Corning White Polystyrene Microplate (Sigma-

Aldrich) at a density of 4.5E+5 cells/mL. 100uL of the cell suspension was added to each well and 

left for 24 hours until approximately 80% confluent. Of note, wells along the plate edge were not 

used to avoid interference with luciferase measurement readings. 24-hours post-seeding, wells 

were transfected using TransIT-LT1 transfection reagent (MirusBio), OptiMEM reduced serum 

media (ThermoFischer), 300ng pEFS-dSaCas9.KRAB-MeCP2 DNA, and 500ng of PsiCHECK2 

plasmid DNA. Cells were transfected with one of the 3 test parameters in Table 2.4. 48-hours 

post-transfection, Renilla and Firefly luciferase expression were measured using the Dual-Glo 

Luciferase Assay (Promega) following manufacturer instructions. Quantitative luciferase 



   
 

   
 

58 

expression was measured on a FLUOstar Omega plate reader and results were exported to Excel 

for analysis. Normalized Renilla luciferase expression in test samples was compared to 

normalized Renilla expression of corresponding positive control. 

 

Table 2.4 Dual luciferase assay test conditions 

Positive Control (Max Renilla)  Negative Control (No Renilla)  SgRNA Screen  
PsiCHECK2 w/ OPN1LW region  
+  
pEFS-dSaCas9 w/ nontargeting 
gRNA  

pEFS-dSaCas9 w/ OPN1LW 
sgRNA candidate  

PsiCHECK2 w/ OPN1LW region  
+  
pEFS-dSaCas9 w/ OPN1LW 
sgRNA candidate  

  

 

 Figure 2.2 Map of parent plasmids used in dual luciferase assay 

A) Map of PsiCHECK2 plasmid (Promega) with NheI restriction enzyme site used to clone in OPN1LW gene 

regions. B) Map of pEFS-dSaCas9.KRAB-MeCP2 with BsaI restriction enzyme sites used to clone in sgRNA 

candidates. 
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2.2.9 – Tracking of Indels via Decomposition (TIDE) Analysis 
 
TIDE analysis was developed as a method to determine the editing efficiency of genome-editing 

methods, such as CRISPR, within the DNA of a pool of cells140. The traces of edited DNA are 

compared to untransfected controls and estimates the number of insertions or deletions (indels) 

in a sample. Briefly, cells were harvested, transfected, or electroporated and left for an 

appropriate amount of time before being pelleted. gDNA was extracted and the region of interest 

PCR amplified using primers 200bp upstream and 500bp downstream of the expected cut site. 

Purified PCR products were sent for sanger sequencing using the forward primer. Chromatogram 

files of samples were uploaded into TIDE software alongside sequence data of unmodified DNA. 

Decomposition was assessed and the window adjusted as necessary to produce clean reads. 

 

2.2.9.1 - Neural Retina Harvesting 
 
Details of neural retina cell harvesting for TIDE analysis can be found in section 2.5.3. 

 

2.2.9.2 - HEK293T Transfection 
 
Confluent HEK293T cells were diluted in complete medium and seeded in a 12 well plate at a 

density of 1E+5 cells/well. Approximately 24 hours post-seeding when cells were ~80% confluent, 

wells were transfected using TransIT-LT1 transfection reagent (MirusBio), OptiMEM reduced 

serum media (ThermoFischer), and 500ng of pEFS-SaCas9 with OPN1LW sgRNA. 48-hours post-

transfection, media was changed to complete medium with 2% FBS and 1% P/S. 
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2.2.9.3 - CGFP Fibroblast Electroporation 
 
Details can be found in section 2.2.5. Briefly, 1x105 CGFP fibroblast cells were electroporated 

using 600-900ng of pEFS-SaCas9 with OPN1LW sgRNA with settings in Table 2.3. Following 

electroporation, cells were seeded into a 24-well or 6-well plate with 500uL of skin media in each 

well. Cells were left between 7-14 days and media was changed at day 3 post-transfection to 

remove cell debris following electroporation. Plates were imaged using EVOS microscope 

(section 2.2.7) to confirm successful electroporation. 

 

2.2.10 – Interference of CRISPR Edits (ICE) Analysis 
 
ICE Analysis is a software developed by Synthego, which quantifies overall editing efficiency and 

identifies the types of edits present in a sample exposed to CRISPR. Similar to TIDE, analysis is 

done on sanger sequencing results of samples exposed to the relevant CRISPR system. Resulting 

chromatogram files of sequencing data as prepared in section 2.2.9 were uploaded into ICE 

software alongside sequencing data of unmodified DNA and a specified sgRNA to assess the 

editing efficiencies and types of edits induced. 
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2.3 AAV5 Production 
 
2.3.1 – Transfection 
 
HEK293T cells were resuscitated from cryopreservation and allowed to equilibrate before 

proceeding with AAV5 production (section 2.2.1). Cells were expanded from T75 to T175 to 

Hyperflasks (Corning) so that for each virus to be produced, two Hyperflasks (Corning) were 

seeded. Cells were expanded into Hyperflasks in complete medium (DMEM High Glucose, 10% 

FBS, 2mM L-Glutamine, 50,000 units penicillin, 100ug/mL streptomycin) and allowed to grow for 

72 hours. 

 

Cells were transfected using the TransIT-VirusGEN transfection reagent (MirusBio) with a total of 

500ug of DNA split between pDP5 (Plasmid Factory, Germany) and plasmid of interest and 

incubated for 72 hours at 37°C. Plasmid DNA amounts were calculated to deliver an equal molar 

ratio of each plasmid (Table 2.5). pDP5 contains the helper, rep2, and cap5 genes needed for AAV 

generation. Transgene plasmids were purified with NucleoBond Xtra Maxi Endotoxin-Free 

(Takara Bio) (section 2.1.9) and digested with XmaI (section 2.1.6) to confirm presence of ITRs 

prior to transfection. At time of transfection, medium was changed to DMEM high glucose, 2% 

FBS, 2mM L-Glutamine, 50,000 units penicillin, 100ug/mL streptomycin. 
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Table 2.5 Plasmid concentrations for AAV transfection to deliver equal molar ratio  

 Plasmid  Size (kb)  Amount/Transfection (ug)  
1 pPD5 (AAV5 Backbone) 21.8  405 

phGRK1-DsRed 5.1 95 
2 pPD5 (AAV5 Backbone) 21.8 376 

pCAG-DsRed 7.2 124 
3 pPD5 (AAV5 Backbone) 21.8 378 

phGRK1-SaCas9-F10 7.1 122 
phGRK1-SaCas9 NT 7.1 122 

  

2.3.2 – Harvesting and Lysing 
 
Transfected cells were left in the Hyperflasks for 72 hours then detached by physical disruption 

and centrifuged for 10 minutes at 1200g at 20°C in 500mL plastic centrifuge bottles. The 

supernatant was removed, and the cell pellet was resuspended with lysis buffer (1M Trizma base, 

150mM NaCl, pH 8.5) and a Mini EDTA-free protease inhibitor pellet (Roche). Cells were frozen 

at –80°C for 1 hour then thawed at 37°C for 15 minutes. The freeze/thaw cycle was repeated for 

3 complete cycles. On the final thaw, 5uL Benzonase (50U/mL) (Merck) was added to the lysate 

and incubated at 37°C for 45 minutes, shaking every 15 minutes. Following incubation, the lysate 

was centrifuged at 3,700g for 20 minutes at 20°C while iodixanol gradients were prepared (Table 

2.6).  

 

2.3.3 – Isolation of AAV Particles 
 
Isolation of AAV5 was achieved using iodixanol gradient ultracentrifugation. The iodixanol 

preparations were layered in OptiSeal tubes (VWR) and the AAV lysate was carefully layered on 

top of the fractions (Figure 2.3). Of note, one 15mL AAV lysate requires 2 iodixanol gradients. Any 

remaining space in the OptiSeal tube was filled to the top using lysis buffer. The OptiSeal tubes 
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were sealed and placed in a 70 Ti rotor in an Optima XW-90 ultracentrifuge (Beckman Coulter) 

and spun at 59,000rpm for 90 minutes at 20°C. Following centrifugation, the AAV particles diffuse 

between the interface of the 60% and 40% iodixanol fractions (Figure 2.3). AAV was aspirated by 

piercing the OptiSeal tubes with an 18g needle attached to a 5 mL syringe, with attention not to 

disturb the 25% fraction with proteinaceous material – this was transferred to a sterile falcon 

tube and stored at 4°C for a maximum of 12 hours. 

 

Table 2.6 Preparations for two iodixanol gradients  

Fraction  Iodixanol  
(Sigma)  

5M NaCl  5X PBS-MK  H2O  Phenol Red 
(Sigma)  

Volume Added 
to Each Tube  

15%  4ml  3.2ml  3.2ml  5.6ml  -  7.2 mL  
25%  5ml  -  2.4ml  4.6ml  20μl  4.8mL  
40%  6.7ml  -  2ml  1.3ml  -  4mL  
60%  10ml  -  -  -  20μl  4mL  
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Figure 2.3 Iodixanol gradients 

A) Iodixanol gradient before ultracentrifugation showing distinct layers with AAV lysate above fractions. 

B) Iodixanol gradient after ultracentrifugation. AAV is isolated in the 40% fraction and is annotated with a 

vertical white line. C) Iodixanol gradient after AAV aspiration with preservation of the interface between 

40% and 25% fractions. 

  

2.3.4 – AAV Purification and Concentration 
 
An Amicon Ultra Filter 100K (Merck) was equilibrated by adding 5mL of PBS to the filter and 

centrifuging at 3,000g for 15 minutes at 20°C. PBS was added to the collected iodixanol fraction 

from section 2.3.3 to make the total volume 15mL – this volume was mixed by pipetting up and 

down and added to the equilibrated filter. The sample was centrifuged at 3,000g at 20°C until the 

volume was reduced to 500uL. After discarding flow through, 15mL of PBS was added to the filter 

and centrifuged at 3,000g at 20°C until the volume was reduced to 500uL. This step was repeated 

3 times. On the final wash, the volume was reduced to 250uL, leaving purified AAV. 10uL aliquots 

of purified AAV were prepared and stored at –80°C. The filter was washed with 500uL PBS leaving 

AAV wash - 100uL aliquots of AAV wash were prepared and stored in -80°C. Table 2.9 lists all AAV 

vectors and titers produced throughout the MSc (Res) project.  
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2.3.5 – Viral Titer 
 
Purified AAV vectors were digested with DNAse at 37°C for 30 minutes before heating to 95°C for 

10 minutes. Vital titer was measured with SYBR Green based quantitative PCR (qPCR) (BioRad) 

using primers against hGRK1 or DsRed (Table 2.7). Purified and digested AAV vectors were diluted 

1:10 and 1:100 before mixing with primers and SYBR Green. A standard curve against the 

linearized parent backbone was used as a control. The standard curve was made from 1:10 serial 

dilutions of the linearized parent backbone, ranging from 0.0001ng/uL to 1ng/uL. Samples were 

loaded onto a RT-PCR machine (CFX Connect Optics Module, BioRad) and run under conditions 

in table 2.8, followed by melt curve analysis. All reactions were performed in triplicate. Viral 

genome copy number was determined for each AAV sample based on copy number within the 

standard curve. 

 

Table 2.7 qPCR primers used for viral titer  

Name  Sequence  Region Amplified  
GRK1 F1  CTGAATTCGGTACCGGGCC  

hGRK1 Promoter  
GRK1 R1 CGAAGGCAGCGCGCAGC  
RFP qPCR F1  CGACTACAAGAAGCTGTCC  

DsRed 

RFP qPCR R1 AAGTTCACGCCGATGAAC  
RFP qPCR F2  CCGTAATGCAGAAGAAG  
RFP qPCR R2 GTAGATGGACTTGAACTC  
RFP qPCR F3  CGTAATGCAGAAGAAGAC  
RFP qPCR R3 TAGATGGACTTGAACTCC  
  
Table 2.8 qPCR conditions 

Step  Temperature (°C)  Time  Number of Cycles  
Polymerase Activation  95°C  3 minutes  1  
Denaturing  95°C  10 seconds  

40  
Annealing/Extension 55-62°C  30 seconds  
Melt Curve  60-95°C with 0.5°C increments 5 seconds /temp 1  
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2.3.6 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
 
SDS-PAGE was performed to assess AAV purity and confirm correct protein synthesis via presence 

of the three viral capsid proteins, VP1 (87 kDa), VP2 (72 kDa), and VP3 (62 kDa). 10uL purified 

AAV was mixed with 5uL protein loading buffer and 10uL PBS. This was denatured at 95°C for 10 

minutes before loading onto a 10% TGX gel (BioRad) alongside a protein ladder. The gel was run 

in Tris/Glycine/SDS running buffer (National Diagnostics) at 100V for 105 minutes. The gel was 

briefly washed in distilled water then stained using Biosafe G-250 Coomasie Blue (BioRad) for 2-

5 hours and washed once more in distilled water before imaging on LICOR Odyssey FC Imager. 
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Figure 2.4 SDS-PAGE of all AAV vectors 

Biosafe G-250 Coomasie Blue (BioRad) stained SDS-PAGE gel of all viruses produced. VP1 (87 kDa), VP2 

(72 kDa), VP3 (62 kDa) present in all viral preps. Lane 1 loaded with unlabeled protein ladder (was loaded 

to test use), lane 2 loaded with BLUeye prestain protein ladder (Sigma), lane 3 loaded with Precision Plus 

Protein Kaleidoscope Prestained Protein Standards (BioRad). 

 

Table 2.9 All AAV produced throughout MSc (Res) with viral titer 

Name  Virus  Viral Titer (gc/mL) 
V1  AAV5-CAG-DsRed  1.1x1012 

V2  AAV5-hGRK1-DsRed  4.1x1012 

V3  AAV5-hGRK1-SaCas9-F10 5.2x1012 

V4  AAV5-hGRK1-SaCas9 NT  2.5x1011 

V5  AAV5-hGRK1-SaCas9 NT  3.4x1012 

V6  AAV5-hGRK1-SaCas9-F10 1.6x1013 
V7  AAV5-hGRK1-DsRed 1.5x1013 
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2.4 In Vivo 
 
UK Home Office Project License PP3038118 and Personal License I41398566 (Ellen Rhodes) were 

used throughout this thesis. All animal procedures were conducted in accordance with the 

Associated for Research and Vision & Ophthalmology (ARVO) statements on the care and use of 

animals in ophthalmic research.  

 

2.4.1 – Genotyping 
 
CGFP mice were ear clipped and crude DNA was isolated from tissue using alkaline (NaOH) based 

extraction method. Briefly, 75uL NaOH (10mM) was added to tissue and heated at 98°C for 2 

hours using a thermocycler. Samples were vortexed and spun down. 75uL HCl (10mM) was 

added, and solution was mixed and spun down. Supernatant was removed and stored at –20°C 

unless being used immediately for PCR. Isolated crude DNA was PCR amplified using primers in 

the EGFP region (see appendix) and products were run on an 1.5% agarose gel to identify EGFP 

positive mice.  

 

2.4.2 – Anesthesia 
 
For subretinal injections and in vivo imaging of mice eyes, general anesthesia was induced by a 

single intraperitoneal injection of ketamine (Narketan, Vetoquinol, UK, final concentration 

8mg/ml) and xylazine (Rompun, Byer, final concentration 1mg/ml) at a dose of 0.1ml/10g BW. 

Reversal was achieved by a subcutaneous injection of atipamezole (Antisedan, Zoetis, final 

concentration 0.2mg/ml) at a dose of 0.1ml/10g BW.  
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2.4.3 – Pupil Dilation 
 
Pupils of mice eyes were dilated to facilitate retinal visualization for injections and in vivo 

imaging. Dilation was achieved using 1% tropicamide followed by 2.5% phenylephrine 

hydrochloride (Bausch & Lomb), allowing each drop to absorb for 5 minutes.  

 

2.4.4 – Subretinal Injections 
 
All subretinal injections throughout this thesis were performed with the generous help of Dr. 

Ahmed Salman. Details of injections as follows. Mice were anesthetized and pupils dilated as 

stated in section 2.4.3. Proxymetacaine hydrochloride 0.5% (Bausch & Lomb) drops were used as 

a topical anesthetic. The head of the mouse was positioned in a custom foam stabilizer to 

facilitate fundus visualization. The superior rectus muscle was held using toothed titanium 

forceps (WPI) to stabilize the globe. Anterior chamber paracentesis was delivered in the 

inferonasal region using a 33g needle (TSK Laboratory) to prevent reflux on subsequent subretinal 

injection. The cornea was immersed in Viscotears (Alcon Laboratories Ltd) and a 6mm glass 

coverslip was placed over the cornea. The coverslip was adjusted to maximize fundus 

visualization under the operating microscope (Leica Biosystems). A 10uL Nanofil glass syringe 

(Precision Instruments) with a 35g needle (WPI) was flushed with sterile PBS then loaded with 

1.5uL of AAV vector or PBS. The globe was stabilized again by grasping the superior rectus. The 

needle was advanced to the superior retina and inserted into the subretinal space. To avoid 

bypassing the subretinal space, vectors were injected as soon as the needle bevel was visualized 

under the microscope. Critical steps can be seen in Figure 2.5. The needle was retracted, the 

coverslip removed, and a Chlorampenicol 0.5% (Bausch & Lomb) antibiotic drop placed on the 
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cornea. The globe was covered in Viscotears and the mouse allowed to recover after 

administration of anesthetic reversal agent. Extent of retinal detachment was visualized and 

rated 1 to 5 based on subretinal bleb size, as well as presence of hemorrhage, or any additional 

abnormalities. 

 

Figure 2.5 Delivery of superior subretinal injection 

Panel 1 showing superior rectus being held with bevel of injection needle in subretinal space. Panel 2 

showing injection needle positioned in subretinal space after release of the superior rectus to facilitate 

plunger depression. Panel 3 showing superior subretinal bleb achieved from injection.  

  

2.4.5 – Confocal-Scanning-Laser Ophthalmoscopy and Optical Coherence Tomography 
 
Mice were anesthetized and pupils dilated. Retinal images were taken using a SpectralisTM 

microscope (Heidelberg Engineering, Germany) with a 55° lens. Contact lenses (3.2mm diameter, 

Cantor and Nissel) were centered over dilated pupils of mice using 0.3% Hypermellose coupling 

fluid (Blumont Healthcare Ltd). Mice were placed on a platform and the pupil aligned with the 

camera lens. 

 

 



   
 

   
 

71 

Confocal Scanning Laser Ophthalmoscopy (cSLO) 
 
cSLO images were captured using SpectralisTM microscope (Heidelberg Engineering, Germany). 

Images were taken with either infrared or fluorescent channels with automatic normalization 

function turned off to avoid light compensation/saturation. Automatic real-time (ART) 

functionality was used which allows tracking of the eye and creates an average composite image 

from 20 images. First, the photoreceptor layer was identified by greatest near infrared 

reflectance mode (NIR) with the optic nerve located in the center of images. Subsequent cSLO 

images were all taken in this focal plane: fundus autofluorescence (FAF), blue autofluorescence 

(BAF), green autofluorescence (GAF), and infrared autofluorescence (IRAF). FAF images were 

taken at maximum exposure. BAF allows visualization of EGFP using a 486nm blue diode 

excitation laser and 500-700nm bandpass filter. Similarly, GAF allows visualization of DsRed using 

a 788nm green diode excitation laser and LP568 or 530nm barrier filter. BAF and GAF images 

were taken at decreasing sensitivity settings from 100% to 50%. IRAF uses a 820nm diode laser 

and was imaged at maximum exposure. 

 

Optical Coherence Tomography (OCT) 
 
OCT images were taken directly after cSLO imaging and captured 16 radially oriented cross-

sectional B scans of the retina. ART was used to average 25 individual B scans for each of the 16 

captured images. Photoreceptor layer (measured from the bottom of the outer nuclear layer 

(ONL) to the top of the retinal pigment epithelium (RPE)) measurements were taken 3000um 

from the center of the optic nerve using a built-in function in the Heidelberg software to overlay 

the EDTRS grid for standardization. Three measurements were taken for both the superior and 
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inferior regions of the retina and averaged (Figure 2.6). In injected eyes, superior measurements 

represent areas within the subretinal bleb while the inferior measurements are un-transduced. 

 

2.4.6 – Mean Grey Fluorescence Measurements of cSLO Images 
 
Mean grey fluorescence of BAF cSLO images was assessed using ImageJ to quantify EGFP protein 

expression. Images were first exposed to a Gaussian blur to smooth the pixels. Next, a semicircle 

area of either the superior or inferior retina was defined. Both the superior and inferior retinal 

areas were analyzed for each sample allowing for avoidance of the optic nerve head. Finally, the 

mean grey fluorescence was measured and data exported to GraphPad Prism for statistical 

analysis. .Tif files were batch processed with ImageJ and run with the macros found in appendix 

8.4. 

 

Figure 2.7 Defined areas for mean grey fluorescence measurements 

Example of BAF cSLO image with superior (left) and inferior (right) semicircular regions used for MGF. 
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Figure 2.6 Example of OCT Measurements 

A) Example of cSLO image demonstrating location of the 16 radial B scans. The ETDRS overlay is seen in 

yellow and is centered on the optic disc. The intersection of the B scan and outer yellow line is used to 

standardize measurement location at 3000uM from center of the optic disc. Measurements from scans 1, 

2, and 16 are averaged to represent superior photoreceptor layer thickness. Measurements from scans 8-

10 are averaged to represent the inferior photoreceptor layer thickness. B) Zoomed in area of B scan 2. 

Vertical green line 3000uM from center of optic disc. Vertical yellow line is an example photoreceptor 

layer measurement. Retinal layer identification: RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; 

IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; 

ELM, external limiting membrane; EZ, ellipsoid zone; PRL, photoreceptor layer; RPE, retinal pigment 

epithelium. 
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2.5 Tissue Analysis 
 
2.5.1 – Enucleation and Tissue Collection 
 
Eyes were extracted after dual confirmation of death. The superior rectus muscle was isolated to 

preserve dorsal-ventral directionality. The muscle was grasped using forceps and the surrounding 

tissue was dissected using scissors. After extraction, the eye was fixed in 4% Paraformaldehyde 

(PFA) (ThermoFischer) for 10 minutes. The eye was then placed in 0.01M sterile PBS and a 30g 

needle was used to create an opening between the iris and sclera. Dissection scissors were gently 

guided into the opening and the cornea and associated structures were circumferentially cut 

away from the posterior eye cup. The lens was gently removed to prevent retinal detachment.  

 

If proceeding to IHC, the posterior eye cup was post-fixed in 4% PFA for 30 minutes at 4°C, rinsed 

in 0.01M sterile PBS at 4°C, and progressively placed in an increasing sucrose series (5%, 10%, 

20%, 30%) at 4°C for approximately 2 hours at each concentration. Following the sucrose series, 

the eye cup was placed in optimal cutting temperature (OCT) compound (VWR), flash frozen with 

isopentane on dry ice, and stored at -80° C prior to cryosectioning.  

 

If isolating the neural retina, an edge of the sclera was grasped using 2 pairs of forceps and a 

lateral motion was used to disrupt the RPE without disturbing the retina. The retina was isolated, 

flash frozen in an Eppendorf tube on dry ice, and stored at -80°C.  
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2.5.2 – DNA Extraction 
 
See section 2.1.4 for details of DNA extraction from retinae.  

 

2.5.3 – Tracking of Indels via Decomposition (TIDE) Analysis 
 
See section 2.2.9 for additional details. To assess editing efficiency of active Cas9 systems, TIDE 

software was used. Primers were designed to amplify an area 200bp before and 500bp after the 

expected cut site. After gDNA extraction from retinae, PCR amplification, and purification, 

samples were sent for sanger sequencing. Chromatograms were uploaded into TIDE software 

alongside a control sample with no predicted editing. Quantified editing efficiency and the major 

types of small insertions and deletions was provided by the software. 

 

2.5.4 – Immunohistochemistry 
 
Frozen eye cups were cut with a Leica cryostat at –20°C into 12um sections and placed on 

SuperFrost slides (VWR International). Slides were allowed to dry at room temperature then 

placed in -20°C overnight before staining. Frozen slides were allowed to dry at room temperature 

and marked with a hydrophobic pen. Slides were washed with 1xPBS, permeabilized with 0.1% 

Triton, and blocked with 5% bovine serum albumin (BSA) and 5% appropriate serum (Donkey or 

Goat serum) in 0.1% Triton. The slides were incubated with the appropriate primary antibody in 

blocking solution for 16 hours, washed three times in 0.1% Triton and incubated with an 

appropriate secondary antibody for 1 hour in dark conditions. 1:1000 Hoescht was used as a 

nuclear stain and left to sit for 5 minutes before washing with 1xPBS. Slides were mounted 
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(Invitrogen™ SlowFade™ Gold Antifade Mountant) and stored at 4°C before confocal imaging. 

Details of primary and secondary antibodies can be found in Table 2.9. 

 

Table 2.9 List of Primary and Secondary Antibodies  

Type  Antibody  Host  Dilution  

Primary  Anti-Cone Arrestin  
AB15282, Millipore  Rabbit  1:500  

  HA-Tag Antibody  
NB600-362, Novus Biologicals  Goat  1:400  

  Living Colors® DsRed Polyclonal Antibody  
632496, Takara  Rabbit  1:500  

Secondary  
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 647  
A-31573, ThermoFischer  

Donkey  1:500  

  
Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 568   
A-11057, ThermoFischer  

Donkey  1:500  

  

2.5.5 – Confocal Microscopy 
 
Confocal microscopy was performed using the LSM-710 confocal microscope using Zen software 

(Zeiss) and the FLUOVIEW FV3000 confocal laser scanning microscope using associated FV3000 

software (Olympus). Exposure of individual channels was optimized using power, gain, and offset 

before image acquisition. All images were taken at a size of 1024x1024 pixels. 10x, 40x, and 63x 

objectives were used. Z-stack images were taken at an optimal thickness as determined by each 

software program. Images from the LSM-710 were exported as .lsm files and images from the 

FV3000 exported as .oir files. Both file types were processed using FIJI ImageJ software (NIH). Z-

stack images were merged at maximum intensity.  
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2.6 Statistics 
 
GraphPad Prism (v9) was used for all statistical analysis and graph production. All data are shown 

as the mean ± SEM, unless otherwise stated. For comparisons involving two groups with one 

independent variable a one-way ANOVA was applied, with Tukey’s post-test used for multiple 

comparison testing of significant differences between groups. For analysis of more than two 

groups with more than two independent variables, a two-way ANOVA was applied, with Sidak’s 

post-test for multiple comparison test used to test significance between groups. Throughout this 

thesis, p values <0.05 were considered statistically significant. 
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Chapter 3: Pilot in-vivo study of AAV5 packaged delivery 
to the CGFP mouse retina 

3.1 Introduction 
 
Transgenic models are a valuable tool to test preclinical gene therapy and gene editing 

approaches. In typical experimental flow, new strategies are tested in relevant in-vitro models, 

followed by in-vivo studies, culminating with clinical trials. There are few suitable animal models 

to study cone photoreceptors141. Within the mouse retina, only ~2.8% of photoreceptors are 

estimated to be cones142. Nonetheless, murine disease models and transgenic lines continue to 

be vital for preclinical studies due to their relative ease in breeding and ability to induce desired 

mutations. The transgenic CGFP mouse model, which will be used throughout this thesis, was 

engineered to express EGFP in medium-wave sensitive (MWS) cone photoreceptors under the 

control of the human OPN1 cone-specific promoter143. In this model, the small subpopulation of 

EGFP expressing cones allows visualization of individual cone cells using cSLO imaging, with a 

higher density of fluorescent cones present in the dorsal retina144. The ability to visualize 

individual cone cells is particularly important in evaluating cone-specific targeting with a given 

CRIPSR-Cas system. 

 

In many retinal degenerative diseases, rod photoreceptors degenerate followed by cone 

degradation145. Effective gene editing and gene therapy approaches focused on retinal 

degeneration require precise targeting of specific cell types. Due to the fluorescent nature of the 

cones in the CGFP mouse line, it represents a suitable model to test cone photoreceptor targeting 

using AAV-based delivery, in mice.  To begin testing this, dosing limitations of AAV5 and broad 
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transduction patterns of vectors in the CGFP mouse were first explored. A construct was 

engineered to express the DsRed reporter gene under the control of the ubiquitous 

cytomegalovirus enhancer fused to chicken beta-actin (CAG) promoter or the human rhodopsin 

kinase (hGRK1) promoter, which is known to be active in photoreceptors146, and packaged into 

adeno-associated virus serotype 5 (AAV5). AAV5 was chosen to package the transgene due to the 

serotype’s well-studied photoreceptor tropism147–149. Similarly, the hGRK1 promoter 

demonstrates species conservation150 and has shown successful photoreceptor transduction in 

mice49,151 as well as NHP152 and canine153 animal models. The selection of AAV serotype and 

promoter is vital to limit expression to target cells and minimize off-target effects. 

 

The combination of AAV5 and the hGRK1 promoter has been shown to successfully transduce 

photoreceptors in NHP152 and humans. Editas Medicine has an ongoing clinical trial with a CRISPR 

based treatment for Leber Congenital Amaurosis (LCA) which utilizes the same combination of 

AAV5 and the hGRK1 promoter, showing successful transduction of photoreceptors120. Additional 

studies in retinal organoids further support the use of this combination with AAV5 demonstrating 

rod and cone transduction154,155. 

 

To evaluate photoreceptor transduction patterns and dosing limitations in the CGFP mouse, the 

hGRK1-DsRed and CAG-DsRed vectors were packaged into AAV5 particles and subretinally 

injected into eyes of CGFP mice. Expression of EGFP and DsRed proteins were assessed in-vivo 

with cSLO imaging and ex-vivo tissue analysis. This initial study provides the foundation for the 

remainder of this thesis focused on murine cone targeting for future CRISPR-based therapies. 
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3.2 Materials and Methods 
 
3.2.1 – Plasmid Cloning 
 
Protocols for plasmid cloning are outlined in Chapter 2. Both plasmids used throughout this 

chapter contain the red fluorescent protein, DsRed. Expression of DsRed is controlled via the CAG 

promoter in one (CAG-DsRed) or the hGRK1 promoter in the other (hGRK1-DsRed). The hGRK1-

DsRed plasmid was made using PCR-based cloning, detailed in section 2.1.10. Both CAG-DsRed 

and hGRK1-DsRed were sequenced using Sanger Sequencing prior to AAV production and 

produced with endotoxin free kits. 

 

3.2.2 – Cell Culture and AAV Production 
 
Details of AAV production can be found in section 2.3. Briefly, CAG-DsRed and hGRK1-DsRed 

plasmids were individually transfected alongside pDP5 and TransIT-VirusGEN into hyperflasks 

seeded with HEK293T cells. ITRs were verified with XmaI restriction enzyme digest prior to 

transfection. Transfected cells were harvested and lysed to obtain maximum viral particle yield 

prior to isolation of AAV particles using iodixanol gradient. AAV5-CAG-DsRed and AAV5-hGRK1-

DsRed were purified using ultrafiltration and stored at -80°C. Both viruses were titrated to obtain 

maximum yield using qPCR and AAV purity assessed by SDS-PAGE prior to in-vivo use. 

 

3.2.3 – In-Vivo Analysis 
 
Details of in-vivo work can be found in section 2.4. In all cases, CGFP mice were genotyped to 

identify EGFP positive subjects for in-vivo work. Following anesthesia and pupil dilation, 6-week-
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old mice underwent subretinal injections of either AAV vector or PBS. Details of injections 

completed throughout this chapter can be found in Table 3.1. 

 

Following subretinal injections, mice were left for 3-6 weeks and imaged periodically using 

cSLO/OCT. cSLO/OCT images were taken to assess for and retinal toxicity and photoreceptor layer 

(PRL) thickness, respectively. PRL measurements were taken as described in section 2.4.5. 

 

Table 3.1 Details of DsRed Experiments 

Dose (genome copies/mL) Injection Group Number of Eyes 
 
5x1011 

Non-Injected 3 
PBS 4 
AAV5-CAG-DsRed 8 
AAV5-hGRK1-DsRed 7 

1x1012 

 
PBS 9 
AAV5-hGRK1-DsRed 9 

 

3.2.4 – Tissue Analysis 
 
Details of IHC can be found in section 2.5.4. Briefly, posterior eye cups were isolated following 

the final imaging session for each study. The eye cups were taken through an increasing 

concentration sucrose series prior to fixation in OCT. The eye cups were cut into 12uM slices on 

a Leica Cryostat and left to dry on superfrost slides. Slides were stained using Hoescht to identify 

nuclei and Anti-cone arrestin to identify cone cells. Finally, slides were imaged using the LSM-710 

confocal microscope to look for endogenous EGFP expression, DsRed expression, cone arrestin 

staining, and Hoescht staining. Generated images were exported as .lsm files and analyzed on 

ImageJ. 
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3.2.5 – Statistical Analysis 
 
PRL measurements were taken described in section 2.4.5. Briefly, the PRL thickness of 3 OCT 

scans in the superior central retina were averaged to a single measurement. The same was done 

for the inferior retina. Individual values on graphs in this chapter represent the average of 3 

measurements of a single retinal area. The effect of injection on PRL thickness was analyzed using 

a two-way ANOVA with multiple comparison correction. 
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3.3 Results 
 
3.3.1 – Cloning and AAV Production 
 
To test the ability of the CAG and hGRK1 promoters to drive the expression of a fluorescent 

protein in-vivo, the hGRK1 sequence was inserted upstream of the full-length DsRed sequence, 

so DsRed is expressed under the control of the hGRK1 promoter. An overview of the PCR based 

cloning is detailed in Figure 2.1. PCR based cloning was used to isolate the hGRK1 promoter from 

a plasmid (Figure 3.1 – A) which was then inserted into the DsRed parent plasmid (Figure 3.1 – 

B). The CAG-DsRed plasmid was digested with HindIII and BglII and confirmed with gel 

electrophoresis (Figure 3.2 - A). The fragment containing DsRed was isolated and purified prior 

to ligation with the hGRK1 fragment. The hGRK1 promoter was PCR amplified using primers that 

added the restriction enzyme sites HindIII and BglII to the 3’ and 5’ end of the promoter, 

respectively (Figure 3.2 - B). The resulting PCR fragment was then isolated via gel electrophoresis 

and purification before restriction enzyme digest with HindIII and BglII to generate sticky ends. 

The resulting hGRK1 PCR product and the DsRed backbone were ligated. The sequence of CAG-

DsRed and the generated hGRK1-DsRed plasmids were verified with sanger sequencing following 

endotoxin-free purification. The full sequence of the plasmids can be found in the appendix. 

 

Three AAV vectors were produced: AAV5-CAG-DsRed (V1) and AAV5-hGRK1-DsRed (V2, V7). All 

vectors underwent restriction enzyme digest with XmaI to confirm presence of ITRs and plasmids 

were fully sequenced prior to virus production (Figure 3.2 - C). Following AAV production, viruses 

were analyzed with SDS-PAGE, verifying correct viral capsid protein generation (Figure 2.4). 
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Figure 3.1 Maps of plasmids used to generate hGRK1-DsRed 

A) Plasmid map of hGRK1-GFP. hGRK1 promoter shown with primers used to amplify hGRK1 region adding 

the restriction enzyme sites HindIII to the 3’ end and BglII to the 5’ end. B) Circular plasmid map of CAG-

DsRed with BglII and HindIII sites used to isolate DsRed backbone. XmaI sites also shown. C) Circular map 

of generated hGRK1-DsRed plasmid with BglII, HindIII, and XmaI restriction enzyme sites shown. 
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Figure 3.2 Cloning and AAV Production of GRK1-DsRed and CAG-DsRed 

A) UV exposure image of agarose gel with CAG-DsRed plasmid digested with HindIII and BglII restriction 

enzymes with expected bands at 4.86 kb and 2.36 kb, respectively. B) UV exposure image of agarose gel 

loaded with PCR product of hGRK1 region with expected band at 238 bp. C) UV exposure image of agarose 

gels loaded with CAG-DsRed and hGRK1-DsRed plasmids after restriction enzyme digest with XmaI. CAG-

DsRed bands expected at 6.07 kb and 1.14 kb, hGRK1-DsRed bands expected at 3.89 kb and 1.14 kb. 

 

3.3.2 – Subretinal injections of AAV5-CAG-DsRed and AAV5-hGRK1-DsRed at 5x1011 gc/mL in 
CGFP mice 
 
Initially, transduction patterns of photoreceptors in the CGFP mouse were explored via 

expression of DsRed under the control of the universal promoter (CAG) or photoreceptor-specific 

promoter (hGRK1). Confocal scanning laser ophthalmoscopy (cSLO) with different fluorescent 
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channels allowed individual visualization of green and red fluorescence in the mouse retina in-

vivo following subretinal injections. A viral dose of 5x1011 gc/mL was chosen as the initial dose 

for subretinal injections based on prior AAV-based experiments within the MacLaren lab. 

 

3-weeks post-injection, cSLO imaging of AAV5-CAG-DsRed injected mice demonstrated robust 

retinal transduction based on imaging with the green autofluorescence (GAF) channel, which 

detected red fluorescence extending past the superior subretinal bleb into the inferior aspect of 

the retina (Figure 3.3). This vector also showed evidence of widespread toxicity on infrared 

autofluorescence (IRAF) images, with hyperfluorescent areas representing areas of cell death and 

inflammation (Figure 3.3). Areas of cell death were limited to areas of the retina transduced with 

the viral vector. Imaging 6-weeks post-injection showed continued red fluorescence on GAF 

imaging and retinal toxicity evidenced by IRAF imaging (Figure 3.3). The area transduced by AAV5-

CAG-DsRed appears unchanged between 3 and 6-weeks post-injection. 
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Figure 3.3 cSLO imaging of CGFP retinas following subretinal injection of AAV5-CAG-DsRed at 

5x1011 gc/mL 

Representative fundus auto-fluorescence (FAF), blue auto-fluorescence (BAF), green auto-fluorescence 

(GAF), and infrared auto-fluorescence (IRAF), images of CGFP mice (n=4) at 3 and 6-weeks post-injection 

of AAV5-CAG-DsRed at a viral dose of 5x1011 gc/mL. All images centered around optic nerve with area of 

subretinal bleb in superior aspect. Green arrows highlight EGFP expressing cone cells in inferior retina of 

rows 3 and 4. 

 

Optical coherence tomography (OCT) scans were taken to assess retinal health and structure and 

to quantify PRL thickness. At 3-weeks post-injection, there was significant PRL thinning in the 

superior and inferior aspect of AAV5-CAG-DsRed injected eyes although there was more thinning 

superiorly (Figure 3.4, A-B). Thinning in the superior retinae of AAV5-CAG-DsRed injected eyes 

was widely variable, with some retinae demonstrating almost complete loss of the photoreceptor 

layer at 3 and 6-weeks post-injection. Thinning spreading into the inferior retina was observed in 
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one subject (Figure 3.4, red arrow). PRL measurements 6-weeks post-injection did not show a 

significant difference based on injection or location (Figure 3.4, C). At this timepoint, only two 

measurements were taken for the PBS injected branch, which could decrease the injection effect 

seen. OCT scans demonstrate subretinal deposits in the superior (rows 1-4) and inferior (row 2) 

retinae at 3 and 6-weeks post-injection (blue arrows). 

Figure 3.4 OCT scans and photoreceptor layer measurements of CGFP retinas following 

subretinal injection of AAV5-CAG-DsRed at 5x1011 gc/mL 

A) Representative OCT scans centered around optic nerve of CGFP mice (n=4) at 3 and 6-weeks post-

injection of AAV5-CAG-DsRed at a viral dose of 5x1011 gc/mL. The vertical green arrow represents area of 
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scan shown on right column with the inferior retina (INF) on the left and superior retina (SUP) on the right. 

Row 2 demonstrates additional thinning of photoreceptor layer in inferior retina (red arrow). Examples of 

subretinal deposits shown with blue arrows. B) PRL thickness measurements from OCT scans for AAV5-

CAG-DsRed (n=7) and PBS (n=6) injected cohorts 3-weeks post-injection in the superior retina (subretinal 

injection site) and inferior retina (noninjected site). Individual values represent mean of 3 PRL thickness 

measurements ±SEM. Two-way ANOVA compared PRL thickness vs. injection and location: Injection effect 

F(1,22)=29.08 p<0.0001, location effect F(1,22)=7.677 p=0.0111, interaction effect F(1,22)=2.130 

p=0.1586. Sidak’s multiple comparisons showed a significant difference in PRL thickness for AAV5-CAG-

DsRed vs. PBS injected eyes in superior p=0.0001 and inferior p=0.0264 retina. C) Photoreceptor thickness 

measurements from OCT scans of AAV5-CAG-DsRed (n=5) and PBS (n=2) injected cohorts 6-weeks post-

injection in the superior and inferior retina. Individual values represent mean of 3 PRL thickness 

measurements ±SEM. Two-way ANOVA did not show any significant effect of injection or location. Sidak’s 

multiple comparisons did not show a significant difference in PRL thickness between injection type in each 

location. 

 

AAV5-hGRK1-DsRed injected eyes were also imaged 3 and 6-weeks post-injection. Robust DsRed 

expression was observed once again, with some extension into the inferior retina. At 6-weeks 

post-injection DsRed expression persisted, with some subjects demonstrating extension of the 

transduced area at 6-weeks post-injection compared to 3-weeks post-injection (Figure 3.5, blue 

arrows). Notably, IRAF imaging did not demonstrate retinal toxicity at 3-weeks post-injection. 

However, in one subject IRAF imaging 6-weeks post-injection did show hyperfluorescent areas in 

the superior retina (Figure 3.5, red arrow). 
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Figure 3.5 cSLO imaging of CGFP retinas following subretinal injection of AAV5-hGRK1-DsRed 

at 5x1011 gc/mL 

Representative SLO scans of FAF, BAF, GAF, and IRAF images of CGFP mice (n=3) at 3 and 6-weeks post-

injection of AAV5-hGRK1-DsRed at a viral dose of 5x1011 gc/mL. All images centered around optic nerve 

with area of subretinal bleb in superior aspect. Green arrows highlight EGFP expressing cone cells in 

inferior retina. Blue arrows highlight extension of red fluorescence in inferior retina. Red arrow highlights 

hyperfluorescent areas concentrated in superior retina. 

 

OCT scans were also performed at 3 and 6-weeks post-injection for the AAV5-hGRK1-DsRed 

injected eyes. 3-weeks post-injection, there was significant PRL thinning in the superior retina 

(Figure 3.6, A-B). While PRL thinning was observed, the absolute degree in AAV5-hGRK1-DsRed 

injected retinae at 3-weeks post-injection was less than the thinning seen in AAV5-CAG-DsRed 

injected eyes (Figure 3.7). Some thinning in the superior retina is expected from surgical trauma. 

6-weeks post-injection, PRL thinning persisted. Once again, PRL measurements 6-weeks post-

injection were skewed by low subject number for PBS injected eyes (Figure 3.6, C). Notably, unlike 
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AAV5-CAG-DsRed injected retinae (Figure 3.4, blue arrows), no subretinal deposits are seen in 

OCT scans of AAV5-hGRK1-DsRed injected retinae at 3 or 6-weeks post-injection (Figure 3.6, A). 

 

Figure 3.6 OCT scans and photoreceptor layer measurements of CGFP retinas following 

subretinal injection of AAV5-hGRK1-DsRed at 5x1011 gc/mL 

A) Representative OCT scans centered around optic nerve of CGFP mice (n=3) 3 and 6-weeks post-injection 

of AAV5-hGRK1-DsRed at a viral dose of 5x1011 gc/mL. The vertical green arrow represents area of scan 

shown on right column with the inferior retina (INF) on the left and superior retina (SUP) on the right. B) 

PRL thickness measurements from OCT scans for AAV5-hGRK1-DsRed (n=7) and PBS (n=6) injected cohorts 

3-weeks post-injection in the superior and inferior retina. Individual values represent mean of 3 PRL 

thickness measurements ±SEM. Two-way ANOVA compared PRL thickness vs. injection and location: 

Injection effect F(1,22)=25.46 p<0.0001, location effect F(1,22)=35.50  p<0.0001, interaction effect 

F(1,22)=7.783 p=0.0107. Sidak’s multiple comparisons showed a significant difference in PRL thickness for 
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AAV5-hGRK1-DsRed vs. PBS injected eyes in superior retina p<0.0001 and no difference in inferior retina 

p=0.2341. C) Photoreceptor thickness measurements from OCT scans for AAV5-hGRK1-DsRed (n=5) and 

PBS (n=2) injected cohorts 6-weeks post-injection in the superior and inferior retina. Individual values 

represent mean of 3 PRL thickness measurements ±SEM. Two-way ANOVA did not show any significant 

effect of injection or location. Sidak’s multiple comparisons did not show a significant difference in PRL 

thickness between injection type in each location. 

 

To better elucidate the effect each injection type had on PRL thickness, the three different 

injection types were compared 3-weeks post-injection (Figure 3.7). Two-way ANOVA showed 

there was a significant effect on PRL thickness based on injection and location. Additionally, 

multiple comparisons allowed direct comparison between injection groups within a location. 

AAV5-CAG-DsRed caused the most thinning overall in both the superior and inferior retina and 

was significantly thinned compared to AAV5-hGRK1-DsRed and PBS in both retinal locations. 

AAV5-hGRK1-DsRed caused significant thinning in the superior retina when compared to PBS, but 

was not observed in the inferior region, suggesting significant PRL thinning in the region of the 

subretinal bleb with sparing outside of the injection site (Figure 3.7). 
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Figure 3.7 Mean PRL thickness 3-Weeks post-injection of AAV5-CAG-DsRed, AAV5-hGRK1-

DsRed, or PBS 

Mean PRL thickness of superior and inferior retina regions in each injection group 3-weeks post-injection. 

Mean CAG superior: 68.61 uM. Mean CAG inferior: 97.28 uM. Mean hGRK1 superior: 93.07 uM. Mean 

hGRK1 inferior: 117.61 uM. Mean PBS superior: 115.06 uM. Mean PBS inferior: 123.94 uM. Bars represent 

mean ±SEM. Two-way ANOVA compared PRL thickness vs. injection and location: Injection effect F(2, 

34)=20.59 p<0.0001, location effect F(1,34)=19.79  p<0.0001, interaction effect F(2, 34)=1.601 p=0.2165. 

Tukey’s multiple comparisons showed several significant differences in PRL thickness in superior retina: 

CAG vs. hGRK1 p=0.0075, CAG vs. PBS <0.0001, hGRK1 vs. PBS p=0.0281 and inferior retina: CAG vs. hGRK1 

p=0.0449, CAG vs. PBS p=0.009. No difference was seen in the inferior retina between hGRK1 vs. PBS 

p=0.7190. 

 

Immunohistochemistry (IHC) analysis was performed on AAV5-hGRK1-DsRed injected eyes to 

broadly identify transduction patterns of cells which expressed the DsRed protein. Cone cells 

were stained with anti-cone arrestin while endogenous expression of DsRed and EGFP were 

imaged without antibody staining as the AAV vector and cone cells of CGFP mice express DsRed 
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and EGFP, respectively. IHC analysis showed robust transduction of photoreceptors (Figure 3.8, 

3.9). 

 

 

Figure 3.8: Immunohistochemistry of 3 retinal sections following subretinal injection of AAV5-

hGRK1-DsRed at 5x1011 gc/mL 

Confocal images of IHC slides. Retinal layers labeled as outer segment (OS), outer nuclear layer (ONL), 

outer plexiform layer (OPL) and inner plexiform layer (IPL). Rows represent 3 individual eyes injected with 

AAV5-hGRK1-DsRed 6-weeks following subretinal injection. Cone cells stained with cone arrestin (CA) in 

cyan. Cells expressing DsRed are represented in red channel. Endogenous EGFP expressing cone cells in 

green channel. The final column represents merged images. DsRed shows variable but robust transduction 

of rod photoreceptors. Little evidence of colocalization of cone markers (CA or EGFP) with DsRed in 

merged images was seen. Scale bar = 20uM. 
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Figure 3.9: Zoomed merge images of IHC of retinal sections from Figure 3.8 

Confocal images of IHC slides. Rows represent 3 individual eyes injected with AAV5-hGRK1-DsRed 6-weeks 

following subretinal injection. Cone cells stained with cone arrestin (CA) in cyan. Cells expressing DsRed 

are represented in red channel. Endogenous EGFP expressing cone cells in green channel. Scale bar = 

20uM. 
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3.3.3 – Dose escalation response of subretinal injections of AAV5-hGRK1-DsRed at 1x1012 
gc/mL 
 
Since subretinal injection of AAV5-hGRK1-DsRed at a viral dose of 5x1011 gc/mL demonstrated 

less retinal thinning, the viral dose was titrated up to further assess dosing limitations in the CGFP 

mouse retina. Due to the toxicity of the AAV5-CAG-DsRed vector at the initial (low) dose, it was 

not feasible to test a higher dose of this vector. For the next arm of this study, AAV5-hGRK1-

DsRed was subretinally injected at a higher viral dose of 1x1012 gc/mL. 

 

cSLO images and OCT scans were taken 5-weeks post-injection. The 5-week timepoint was 

chosen as the prior experiment established DsRed expression peaks around 5-weeks post-

injection before plateauing. GAF images show varied transduction of superior portions of the 

mouse retina (Figure 3.10, blue arrows). In the majority of subjects, the area transduced was less 

pronounced than in retinae injected at the initial lower dose. BAF imaging shows preservation of 

EGFP positive cone cells. IRAF imaging does not show evidence of hyperfluorescent areas 

throughout the retina, suggesting no photoreceptor death or toxicity (Figure 3.10). 
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Figure 3.10 cSLO imaging of CGFP retinas following subretinal injection of AAV5-hGRK1-DsRed 

at 1x1012 gc/mL 

Representative cSLO images of fundus auto-fluorescence (FAF), blue auto-fluorescence (BAF), green auto-

fluorescence (GAF), and infrared auto-fluorescence (IRAF), images of CGFP mice (n=3) 5-weeks post-

injection of AAV5-hGRK1-DsRed at a viral dose of 1x1012 gc/mL. All images centered around optic nerve 

with area of subretinal bleb in superior aspect. FAF images show preservation of green fluorescence 

(white), representing cone cells with EGFP. BAF images show bleed through of red fluorescence into blue 

channel in row 1, with evidence of EGFP expressing cone cells in all subjects. GAF images show red 

fluorescence in superior retina of rows 1 and 2 (blue arrows). IRAF images without hyperfluorescent areas 

throughout retina. 

 

PRL thickness measured on OCT scans 5-weeks post-injection demonstrates lack of AAV5-hGRK1-

DsRed vector toxicity at a dose of 1x1012 gc/mL with no significant difference in superior or 
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inferior PRL measurements compared to PBS injected retinae (Figure 3.11). Additionally, there is 

a lack of surgical related trauma as evidenced by preservation of PRL thickness between hGRK1 

injected eyes and PBS injected eyes. There were no observed areas of hyperfluorescent 

subretinal deposits on OCT imaging (Figure 3.11). 

 

Figure 3.11 OCT scans and photoreceptor layer measurements of CGFP retinas following 

subretinal injection of AAV5-hGRK1-DsRed at 1x1012 gc/mL 

A) Representative OCT scans centered around optic nerve of CGFP mice (n=3) 5-weeks post-injection of 

AAV5-hGRK1-DsRed at a viral dose of 1x1012 gc/mL. The vertical green arrow represents area of scan 

shown on right column with the inferior retina (INF) on the left and superior retina (SUP) on the right. All 

rows show preservation of superior and inferior photoreceptor layer 5-weeks post-injection. B) PRL 

thickness measurements from OCT scans for AAV5-hGRK1-DsRed (n=6) and PBS (n=6) injected cohorts 5-

weeks post-injection in the superior and inferior retina. Individual values represent mean of 3 PRL 

thickness measurements ±SEM. Two-way ANOVA compared PRL thickness vs. injection and location: 

Injection effect F(1,20)=0.3107 p=0.5834, location effect F(1,20)=15.62 p=0.0008, interaction effect 

F(1,20)=0.01027 p=0.9203. Sidak’s multiple comparisons showed no significant difference in PRL thickness 

for AAV5-hGRK1-DsRed vs. PBS injected eyes in superior or inferior retina. 

 

 



   
 

   
 

99 

3.4 Discussion 
 
3.4.1 – CAG and hGRK1 promoters drive DsRed expression in photoreceptors 
 
One of the aims of this thesis was to explore the possibility of targeting photoreceptors in the 

CGFP mouse retina using AAV. The expression of EGFP within a subpopulation of cone cells makes 

the CGFP mouse an attractive candidate for CRISPR-based experiments, which will be 

investigated further throughout the remainder of this thesis.  

 

The ubiquitous CAG promoter and the photoreceptor specific hGRK1 promoter were first 

assessed in their ability to drive DsRed expression in the CGFP mouse retina following subretinal 

injection. Both CAG and hGRK1 drove expression of DsRed in photoreceptors in the CGFP mouse 

model at a dose of 5x1011 gc/mL. At this dose, CAG injected eyes consistently showed DsRed 

fluorescence in the mouse retina on cSLO imaging. If successful transduction occurred, red 

fluorescence should be expected in the superior aspect of the retina at the site of AAV vector 

injection (subretinal bleb). Indeed, CAG injected retinae showed red fluorescence in the superior 

retina extending into inferior regions, suggesting the ability of the CAG vector to extend 

transgene expression beyond the subretinal bleb. Several studies have demonstrated AAV 

packaged expression beyond the subretinal bleb in-vivo153. cSLO imaging of hGRK1 injected mice 

retinae similarly showed DsRed fluorescence within the superior retina with some extension into 

inferior retinal regions. In the higher dose branch of AAV5-hGRK1-DsRed injected at 1x1012 

gc/mL, DsRed fluoresence was again observed in the superior retina on cSLO imaging. IHC analysis 

showed robust expression of DsRed in photoreceptors of both vectors at a viral dose of 5x1011 

gc/mL, supporting the results of cSLO imaging.  
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3.4.2 – Retinal Damage and Toxicity 
 
The AAV5-CAG-DsRed vector caused significant retinal damage and toxicity across subjects when 

subretinally injected at a dose of 5x1011 gc/mL.  In contrast, eyes injected with AAV5-hGRK1-

DsRed at the same dose and the higher dose of 1x1012 gc/mL did not show pronounced areas of 

retinal damage or toxicity. Similarly, across experiments, eyes injected with the same volume of 

sterile PBS did not have evidence of retinal toxicity or damage. Taken together, this suggests the 

AAV5-CAG-DsRed vector alone caused toxicity and damage to retinae of the CGFP mice.  

 

PRL measurements from OCT scans post-injection showed thinning of the superior retina among 

both vector groups at a dose of 5x1011 gc/mL. PRL thinning was most pronounced in AAV5-CAG-

DsRed injected retinae, with some subjects showing complete PRL disruption. While there was 

PRL thinning 3-weeks post-injection in AAV5-hGRK1-DsRed injected retinae, the level of thinning 

in the superior retina was decreased, with a mean thickness of 93.07uM among hGRK1 injected 

eyes, vs. a mean thickness of 68.61uM among CAG injected eyes. Significant thinning was 

observed 3-weeks post-injection between CAG vs. hGRK1 injected eyes in both the superior 

retina (injection site) and inferior retina (noninjected), suggesting AAV5-CAG-DsRed caused 

significant PRL thinning throughout the retina. PBS injections across groups caused minimal 

thinning in the superior retina, with a mean thickness of 92.8% of matched inferior 

measurements. Some thinning in the superior retina, generally below 10%, is expected as a post-

injection change due to surgical trauma. At a viral dose of 1x1012 gc/mL the AAV5-hGRK1-DsRed 

injected retinae showed no significant PRL thinning in the superior retina. Due to the thinning 

seen in the lower dose, this was somewhat unexpected. However, the AAV vector injected 
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throughout the higher dose experiment was from a different AAV batch production so 

differences in vector production could have led to decreased toxicity when injected at a higher 

dose. 

 

Within AAV production various factors can influence the toxicity of a vector. Endotoxin, a 

lipopolysaccharide (LPS) found on the external membranes of gram-negative bacteria, is a 

common contaminant of AAV. While we reduce the likelihood of endotoxin introduction by using 

an endotoxin-free kit to prepare plasmid DNA, the use of aseptic technique with proper 

sterilization, and AAV purification via ultracentrifugation, it is possible the AAV5-CAG-DsRed 

vector was contaminated, leading to retinal toxicity. Methods to purify AAV samples from 

endotoxin often led to a decreased viral titer. However, Kondratova et. al have tested a method 

of endotoxin removal that leads to high levels of viral titer recovery156. For AAV5 they report up 

to 96% recovery of viral titer after LPS decontamination. The purification and concentration 

method used for AAV vectors produced throughout this thesis is similar. However, in the above 

paper a detergent is added to the PBS washes to help dissociate LPS micelles. While the addition 

of a detergent could add additional protection from endotoxin, it is unlikely there was a high level 

in samples as AAV5-CAG-DsRed and AAV5-hGRK1-DsRed were initially produced side by side 

under identical conditions. A limulus amebocyte lysate assay (LAL assay) could be performed to 

test levels of endotoxin in the AAV vectors. 

 

We also consider variability in viral titer measurements leading to imprecise doses being injected. 

There are a variety of ways an AAV vector titer is achieved. These include physical titer, infectious 
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titer, and the ratio of full to empty viral capsids. qPCR is widely used and accepted as a method 

for physical titer and quantifies the concentration of viral genomes in a sample. This method of 

viral titration was used throughout this thesis and is the method used for preclinical dosing. 

Titering by qPCR relies on a standard curve, most often generated from plasmid DNA157. When 

titering the DsRed vectors, a variety of primer pairs were designed and tested to establish a 

reliable standard curve. Primers targeting DsRed and a portion of the hGRK1 promoter were 

chosen as they could be used to titer multiple AAV vectors. The polyA tail of AAV is commonly 

used as a target157 , however, a unique target was available and used in this case. When 

generating a standard curve, a primer pair against hGRK1 produced the highest efficiency and 

was subsequently used for all AAV titers which contained the hGRK1 promoter. Primers against 

DsRed did not produce equal amplification efficiencies compared to those against hGRK1. Due to 

time limitations with in-vivo work, the AAV5-CAG-DsRed was titered with the primer pairs against 

DsRed. The lower efficiency of the standard curve may have underestimated the titer of the 

AAV5-CAG-DsRed, and the dose injected was higher than calculated. 

 

Droplet digital PCR (ddPCR) has been shown to have decreased variability158 and does not rely on 

a standard curve. Dobnik et. al demonstrated the ability to titer AAV samples with ddPCR using 

established qPCR methods, suggesting relative ease in transitioning to this method158. While 

ddPCR is emerging as a more reliable and accurate method to titer AAV vectors, ddPCR is less 

accessible and has a higher cost. Wang et. al suggested a qPCR method which uses an AAV 

reference in place of transgene DNA as the standard. In their paper, they propose the use of 

relative potency, comparing an AAV sample to a known AAV reference standard159. They also 
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suggest use of a “non-digested” AAV sample which produced titers comparable to those 

generated from ddPCR159,160. Due to the importance of a correct viral titer for dosing, the use of 

alternative methods to titer the AAV vectors should be investigated. 

 

Finally, physical titer does not discern the ratio of empty to full viral capsid particles. Scanning 

electron microscopy (SEM) is used to determine the ratio of empty to full particles but is not 

routinely used. It is possible that the ratio was significantly different between AAV vectors leading 

to differences in infectivity. While AAV5-CAG-DsRed and AAV5-hGRK1-DsRed were made side by 

side, variation in production and cell health is possible. SEM would also show presence of 

fragmented genomes or damaged viral capsids, both of which would decrease the infectious titer. 

 

Reasons for such widespread damage in the CGFP mouse may also be due to an excess of 

fluorescent proteins with both EGFP and DsRed expressed in photoreceptors. A phenotype study 

done on the CGFP mouse demonstrated EGFP expression alone did not cause the dominant cone 

degeneration seen in the model144. Another study similarly demonstrated GFP was not toxic to 

the rat retina161. It is therefore possible that expression of the DsRed protein under a universal 

promoter is toxic. 

 

3.4.3 – Dose Response 
 
Both AAV5-CAG-DsRed and AAV5-hGRK1-DsRed were initially subretinally injected into CGFP 

mice eyes at a viral dose of 5x1011 gc/mL. At this dose both vectors produced robust DsRed 

expression on cSLO imaging and on IHC in photoreceptors. The AAV5-CAG-DsRed caused 
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significant damage and toxicity, as discussed above, while the AAV5-hGRK1-DsRed caused less 

PRL thinning without evidence of retinal damage on cSLO imaging. A lower viral dose of AAV5-

CAG-DsRed should be tested to further characterize dosing limitations of this vector in murine 

photoreceptors. However, due to time constraints of the MSc, results from the hGRK1 vector 

suggested the initial dose was safe and therefore this vector was prioritized going forward. AAV5-

hGRK1-DsRed vector was reproduced and injected at a higher dose of 1x1012 gc/mL. Interestingly, 

at the higher viral dose less DsRed expression was seen on cSLO imaging. This could be due to a 

variety of factors including incorrect titering leading to a lower dose injected or a difference in 

subretinal injection technique. Since all subretinal injections were performed by Dr. Ahmed 

Salman, it is unlikely there was a significant difference in injection technique between cohorts. 

Once again, due to the variability in viral titer measurement, it is most likely the vector was 

injected at an incorrect dose. Methods to obtain a reliable titer between samples will be vital 

moving forward for any future experiments with these vectors or the CGFP mouse line. 

 

At both doses, the AAV5-hGRK1-DsRed vector did not show evidence of subretinal inflammation 

on OCT scans. However, there was significant PRL thinning in the superior aspect of retinae 

injected at the lower dose while there was no difference in high dose injected retinae. It is 

possible the second batch of AAV made of this vector was “cleaner”, leading to decreased 

inflammatory response, or the titer was incorrect, leading to a lower dose injected. 
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3.5 Conclusions 
 
This chapter represents an in-vivo pilot study to evaluate the efficacy of encapsulating a 

photoreceptor specific promoter (hGRK1) in AAV5 to transduce the retina in the CGFP mouse 

line. The results of this chapter demonstrate successful promoter switching by plasmid cloning, 

AAV production, and in-vivo techniques, which establish important first steps for the remainder 

of this thesis. In-vivo results show the ability of both the CAG and hGRK1 promoters to drive 

expression of DsRed in photoreceptors in the CGFP mouse line. Retinal toxicity and damage 

within the CAG branch of this chapter highlight the importance of promoter choice and careful 

AAV production and titering. 
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Chapter 4: In-vivo disruption of cone-specific EGFP with 
a CRISPR-SaCas9 system 

4.1 Introduction 
 
While cone photoreceptor cells account for a small percentage of the retina, their function is vital 

to human vision. Cone cells are responsible for photic, color, high-acuity, and central vision141. 

The canonical visual cycle has been well established and relies of retinal pigment epithelium (RPE) 

cells to recycle chromophore to both photoreceptor cell types, rods and cones162. The function 

of cone cells which allow species to see in bright light conditions suggests there is rapid recycling 

of chromophore163. To maintain the high activity of cone cells, research suggests a cone-specific 

visual cycle in addition to the canonical pathway163. Humans possess trichromatic vision due to 

three distinct cone opsin proteins: long-wavelength (L), medium-wavelength (M), and short-

wavelength (S). The different cone opsins are sensitive to different frequency photons141 allowing 

for color discrimination. 

 

Mice are dichromatic, possessing the M and S cone opsins in a dorsal-ventral gradient within the 

retina with a higher concentration of M-opsin dorsally and S-opsin ventrally164–166. In the CGFP 

mouse model, it has been demonstrated that there is a higher concentration of EGFP expression 

cone cells dorsally144. While mice have a small population of cone photoreceptors, they remain 

an important animal model for development of potential treatments for inherited retinal 

disorders (IRDs) involving cones. Studies looking at gene replacement therapies for 

achromatopsia, an ocular disorder mediated by cone opsin dysfunction, have shown the 

feasibility of AAV based delivery to cone cells in mice despite the low cell population9,17,167–170. 
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The cone dystrophies (COD) and cone-rod dystrophies (CORD) are hallmarked by degeneration 

of cone photoreceptors, often followed by rods4. Within COD/CORDs, the disorders inherited in 

an autosomal dominant fashion may be amenable to gene-editing using the CRISPR-Cas9 system. 

Allele-specific and complete knockout targets of CRISPR-based therapies to treat COD/CORDs are 

discussed in detail in Chapter 1 of this thesis. 

 

Chapter 3 demonstrated evidence of transduction of rod and cone photoreceptors using a 

combination of the hGRK1 promoter and AAV5-packaged delivery. To explore the potential of a 

future CRISPR-based genome editing system being applied in cone photoreceptors, I continued 

to investigate cone cell targeting with a Cas9 endonuclease vector. 

 

Binding of the Cas9 endonuclease results in a double-stranded break (DSB) in the DNA at a site 

complementary to the designed single-guide RNA (sgRNA)171. In this manner, if appropriately 

designed, delivered, and expressed, the CRISPR-Cas9 system can achieve targeted DNA editing. 

To evaluate use of a CRISPR-Cas9 system in cone cells, a hGRK1-SaCas9 plasmid with an EGFP 

targeting sgRNA was packaged into AAV5 particles and subretinally injected into the eyes of CGFP 

mice. EGFP expression was assessed both in-vivo using cSLO imaging and ex-vivo using tissue 

analysis. To monitor retinal health and response to injection, cSLO imaging and OCT scans were 

performed. Finally, DNA editing within the neural retinal cell population was assessed via tracking 

of indels by decomposition (TIDE) analysis. This chapter represents one of the first attempts of 

DNA editing within cone photoreceptors of mice using a CRISPR-Cas9 system delivered via AAV. 
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4.2 Materials and Methods 

4.2.1 – Plasmid Cloning 
 
Protocols for plasmid cloning are outlined in Chapter 2. The hGRK1-SaCas9 plasmid was a gift 

from Ariel Kantor. To insert the EGFP targeting sgRNA (F10), the hGRK1-SaCas9 plasmid was 

linearized using BsaI restriction enzyme digest and confirmed on gel electrophoresis. The 

oligonucleotides containing the EGFP sequence for targeting were annealed and phosphorylated 

prior to ligation with the linearized hGRK1-SaCas9 plasmid using T4 ligase. The unmodified 

plasmid was used as a non-targeting control. Both the unmodified hGRK1-SaCas9 and hGRK1-

SaCas9-F10 plasmids were sequenced using Sanger Sequencing prior to AAV production and 

produced with endotoxin free kits. 

 

4.2.2 – Cell Culture and AAV Production 
 
AAV production is described in section 2.3. Briefly, hGRK1-SaCas9 and hGRK1-SaCas9-F10 were 

individually transfected alongside pDP5 and TransIT-VirusGEN into hyperflasks seeded with 

HEK293T cells. ITRs were verified with XmaI restriction enzyme digest prior to transfection. 

Transfected cells were harvested and lysed to obtain maximum viral particle yield prior to 

isolation of AAV particles using iodixanol gradient. AAV5-hGRK1-SaCas9 and AAV5-hGRK1-

SaCas9-F10 were purified using ultrafiltration and stored at -80°C. All viruses were titrated using 

qPCR and AAV purity assessed by SDS-PAGE prior to in-vivo use. 
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4.2.3 – TIDE Analysis 
 
TIDE analysis is discussed in section 2.2.9. Briefly, genomic DNA (gDNA) of retinal cells of CGFP 

mice injected with AAV was isolated. Target sequences were PCR amplified and sanger 

sequenced prior to analysis with TIDE software. 

 

4.2.4 – Sequencing the opsin locus control region and EGFP 
 
The opsin locus control region (OPSIN-LCR) and EGFP sequence of the CGFP mouse genome was 

fully sequenced prior to sgRNA design for this chapter and for epigenetic applications discussed 

in Chapter 5. The neural retinae of CGFP mice were isolated as described in section 2.5.1 and 

gDNA was isolated as described in section 2.1.5. KOD HotStart Polymerase was used to PCR 

amplify ~2kb regions of the OPSIN LCR-EGFP sequence. Primers were designed every ~700bp to 

cover overlaps between regions, allowing sequencing of the full 7.2kb segment containing the 

OPSIN-LCR and EGFP regions. Following PCR amplification, products were confirmed using gel 

electrophoresis (2.1.3) and PCR purified (2.1.2) before being sent for Sanger sequencing (2.1.12). 

Following sequencing, .ab1 files were imported into the software, Geneious Prime, and aligned 

to a reference sequence of the predicted OPSIN-LCR (Gene ID: 107604627) and EGFP genomes. 

 

4.2.5 – In-Vivo Analysis 
 
Details of in-vivo work can be found in section 2.4. For all experiments, CGFP mice were 

genotyped to identify EGFP positive subjects for in-vivo work. Additionally for this chapter, all 

EGFP positive mice identified by genotyping were anesthetized and pupils were dilated for cSLO 

imaging prior to subretinal injections. 6-week-old CGFP mice underwent subretinal injections of 
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either AAV vector or PBS. Details of injections completed throughout this chapter can be found 

in Table 4.1. 

 

Following subretinal injections, mice were left for 5-9 weeks and imaged periodically using 

cSLO/OCT. cSLO images were taken to assess EGFP expression and retinal toxicity. OCT scans 

allowed visualization of the individual retinal layers and measurement of the photoreceptor layer 

(PRL) thickness. PRL measurements were taken as described in section 2.4.5. Mean grey 

fluorescence of cSLO images was performed as described in section 2.4.6. 

 

Table 4.1 - Details of SaCas9 in-vivo Experiments 

Dose (genome copies/mL) Injection Group Number of Eyes 
 
5x1011 

Non-Injected 3 
PBS 15 
AAV5-hGRK1-SaCas9 10 
AAV5-hGRK1-SaCas9-F10  9 

5x1012 PBS 11 
AAV5-hGRK1-SaCas9-F10 11 

1x1013 PBS 9 
AAV5-hGRK1-SaCas9-F10 9 

 

4.2.6 – Tissue Analysis with Immunohistochemistry 
 
Details of IHC can be found in section 2.5.4. Briefly, posterior eye cups were harvested following 

the final imaging session for each study. The fixed eye cups were taken through a series of 

increasing sucrose concentration prior to embedding in OCT. The eye cups were cryosectioned 

into 12uM slices on a Leica Cryostat and left to dry on superfrost slides. Slides were stained with 

Anti-cone arrestin to identify cone cells, and Anti-Hemagglutinin (HA) tag to localize the AAV5-
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hGRK1-SaCas9 vector. Hoescht was used for nuclear counter-staining. Finally, slides were imaged 

using the LSM-710 confocal microscope (section 2.5.5). Generated images were exported as .lsm 

files and analyzed on ImageJ. 

 

4.2.7 – Statistical Analysis 

All statistical analyses and graphs were produced using Graphpad Prism (v9). 

 

Mean Grey Fluorescence 

Following analysis via ImageJ as described in section 2.4.6, mean grey fluorescence (MGF) values 

of cSLO images were entered into GraphPad prism for analysis.  Mixed-effects analysis or Two-

way ANOVA with Sidak’s multiple comparisons compared MGF vs. injection and time. 

 

Immunohistochemistry Analysis 

The number of cones and EGFP positive cones were counted in ImageJ for three retinae injected 

with AAV5-hGRK1-SaCas9-F10. For each retina, three regions of the superior (injection site) and 

three regions of the inferior (noninjected site) retina were counted. A ratio of EGFP positive cones 

relative to total cones was calculated. Two-way ANOVA analyzed the effect of viral dose and location 

on the ratio of EGFP positive cones relative to total cones. 
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4.3 Results 

4.3.1 – Sequencing the CGFP mouse 

Before sgRNA design and selection, the opsin locus control region (OPSIN-LCR) and EGFP regions 

of the CGFP mouse genome needed to be sequence verified. Due to difficulty amplifying the 

7.2kb region, the region was split into six ~2kb segments. Primers were designed to amplify each 

of six segments of the OPSIN-LCR-EGFP region. The segments were PCR amplified before 

confirmation with gel electrophoresis (Figure 4.1, A). Sequencing primers were designed every 

~700bp to allow overlap between sequencing reads (Figure 4.1, B). The full sequence of the 

OPSIN-LCR and EGFP region can be found in the appendix. 

 

Figure 4.1 Sequencing the OPSIN-LCR and EGFP region 

A) UV exposure image of agarose gel with gradient PCR at 55°C, 60°C, and 65°C for segment 1 followed by 

segments 2-6 and a negative control. All segment bands expected at ~2kb. B) Sequencing trace 

highlighting overlap between segment 3 and segment 4 within the OPSIN-LCR with alignment to predicted 

genome sequence (Gene ID: 107604627). 
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4.3.2 – Cloning and AAV production 

To test an active Cas9 system in the CGFP mouse, a previously screened sgRNA candidate which 

targets EGFP was chosen. For the remainder of this thesis, this sgRNA will be referred to as F10. 

In her thesis, Dr. Caroline Peddle screened multiple EGFP targeting sgRNA candidates and 

demonstrated efficient in-vivo EGFP disruption in the NRL-EGFP172 (RGFP) mouse model using 

sgRNA F10173. The EGFP sequence of the RGFP and CGFP mice lines were confirmed to be identical 

via Sanger Sequencing, supporting in-vivo use of F10 in the CGFP line. 

 

F10 was cloned into the hGRK1-SaCas9 plasmid and verified by sanger sequencing prior to AAV 

production (Figure 4.2). Four batches of AAV were produced: AAV5-hGRK1-SaCas9 (V4 and V5) 

and AAV5-hGRK1-SaCas9-F10 (V3 and V6). The unmodified hGRK1-SaCas9 plasmid was used as a 

non-targeting active Cas9 counterpart. All viral preps were titered (Table 2.9) and SDS-PAGE 

analysis was performed (Figure 2.4, A-B) – Described in section 2.3. All vectors underwent 

restriction enzyme digest with XmaI to confirm presence of ITRs and plasmids were fully 

sequenced prior to virus production (Figure 4.2, C). 
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Figure 4.2 Generating active SaCas9 plasmids for AAV production 

A) UV exposure image of agarose gel of hGRK1-SaCas9 after BsaI restriction enzyme digest (lanes 2-5), 

XmaI restriction enzyme digest (lane 6), and undigested plasmid. BsaI band expected at 7kb. XmaI bands 

expected at 4kb and 2.7kb. B) Sanger sequencing trace shows insertion of F10 sgRNA into hGRK1-SaCas9 

with alignment to predicted genome sequence. C) UV exposure image of agarose gel of hGRK1-SaCas9-

F10 after XmaI restriction enzyme digest (lanes 2-16) and undigested plasmid (lane 17). XmaI bands 

expected at 4kb and 2.7kb. 

 

4.3.3 – Retinal toxicity with increasing AAV dose 

We were interested in AAV5 dosing limitations in the CGFP mouse model; therefore, three viral 

doses were tested for subretinal injections: 5x1011 gc/mL (low), 5x1012 gc/mL (mid), and 1x1013 

gc/mL (high). Subretinal injections of the vectors were initially dosed at 5x1011 gc/mL based on 

data from the previous chapter and prior work in the MacLaren lab. Due to viral titers achieved 

and limitations in EGFP positive subject numbers, all doses were tested using the EGFP targeting 
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vector, AAV5-hGRK1-SaCas9-F10. To assess retinal health and vector toxicity, OCT scans, PRL 

measurements, and IRAF cSLO images were performed. 

 

Low Dose 

When injected at the low dose, OCT scans showed significant PRL thinning in the superior retina 

of eyes injected with AAV5-hGRK1-SaCas9-F10 5-weeks post-injection when compared to PBS 

injected eyes (Figure 4.3, A-B). Some thinning was observed In PBS injected eyes; however, this 

was within the expected range (1-10%) of PRL thinning due to the traumatic nature of subretinal 

injections. No retinal toxicity (hyperfluoresence) was seen on IRAF images of cSLO imaging 5-

weeks post-injection of the EGFP targeting vector (Figure 4.6, A). 
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Figure 4.3 OCT and PRL analysis following subretinal injection of AAV5-hGRK1-SaCas9-F10 at 

5x1011 gc/mL 

A) Representative OCT scans centered around optic nerve of CGFP mice (n=3) at baseline and 5-weeks 

post-injection of AAV5-hGRK1-SaCas9-F10 at a viral dose of 5x1011 gc/mL. The vertical green arrow 

represents area of scan shown on right column. The inferior (INF) aspect of the retina is marked on the 

left with the superior (SUP) aspect of the retina on the right. B) Photoreceptor layer thickness 

measurements from OCT scans for PBS and AAV5-hGRK1-SaCas9-F10 (SaCa9) injected cohorts at baseline 

(n=3) and 5-weeks post-injection (n=9) in the superior retina (subretinal injection site) and inferior retina 

(noninjected site). Individual values represent mean of 3 PRL thickness measurements ±SEM. Two-way 

ANOVA at baseline showed no significant difference in photoreceptor layer thickness due to retinal 

location or injection group. 5-weeks post-injection, two-way ANOVA showed a significant difference in 

PRL thickness for SaCas9: Injection effect F(1, 32)=7.242 p=0.0112, location effect F(1, 32)=28.64 

p<0.0001, interaction effect F(1, 32)=3.850 p=0.0585. Sidak’s multiple comparisons test showed a 

significant difference in the superior retina between SaCas9 and PBS injections, p=0.0049. 
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Mid Dose 

OCT scans and associated PRL measurements of retinae injected with a mid-dose showed 

significant thinning in the superior retina of SaCas9 injected eyes when compared to PBS injected 

eyes (Figure 4.4, A-B). However, IRAF imaging did not show evidence of retinal toxicity on cSLO 

images 5-weeks post-injection (Figure 4.8, A). 
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Figure 4.4 OCT and PRL analysis following subretinal injection of AAV5-hGRK1-SaCas9-F10 at 

5x1012 gc/mL 

A) Representative OCT scans centered around optic nerve of CGFP mice (n=3) at baseline and 5-weeks 

post-injection of AAV5-hGRK1-SaCas9-F10 at a viral dose of 5x1012 gc/mL. The vertical green arrow 

represents area of scan shown on right column. The inferior (INF) aspect of the retina is marked on the 

left with the superior (SUP) aspect of the retina on the right. B) Photoreceptor thickness measurements 

from OCT scans for AAV5-hGRK1-SaCas9-F10 (n=10) and PBS (n=10) injected cohorts at baseline (n=10) 

and 5-weeks post-injection (n=9) in the superior retina (subretinal injection site) and inferior retina 

(noninjected site). Individual values represent mean of 3 PRL thickness measurements ±SEM. Two-way 

ANOVA at baseline showed no significant difference in photoreceptor layer thickness due to retinal 

location or injection group. 5-weeks post-injection, two-way ANOVA showed a significant difference in 

PRL thickness: Injection effect F(1, 33)=10.84 p=0.0024, location effect F(1, 33)=49.74 p<0.0001, 

interaction effect F(1, 33)=5.097 p=0.0307. Sidak’s multiple comparisons test showed a significant 

difference in the superior retina between SaCas9 and PBS injections, p=0.0010. 
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High Dose 

When injected at the high dose OCT scans showed post-injection thinning in the superior retina 

(Figure 4.5, A-B) with evidence of subretinal blebs (green arrows) representing macrophages 18,19 

. An example of pronounced PRL thinning in the superior retina is shown in Figure 4.10, B, with 

red bars highlighting the PRL. PRL measurements at all time points post-injection show significant 

thinning in the superior retina compared to PBS injected eyes with progression of thinning as 

time post-injection increased (Figure 4.10, C). There was no significant difference in inferior PRL 

thickness between PBS vs. SaCas9 injected eyes at any timepoint, however, similar to the superior 

retina, there was progression of PRL thinning as time post-injection increased (Appendix 8.2). 

There was marked retinal toxicity on IRAF imaging 5-weeks post-injection as evidenced by the 

widespread hyperfluorescent areas (Figure 4.10, red arrows). This cell death and inflammation 

persisted on cSLO imaging at 7 and 9-weeks post-injection. 
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Figure 4.5 OCT and PRL analysis following subretinal injection of AAV5-hGRK1-SaCas9-F10 at 

1x1013 gc/mL 

A) Representative OCT scans centered around optic nerve of CGFP mice (n=4) at baseline, 5-weeks, 7-

weeks, and 9-weeks post-injection of AAV5-hGRK1-SaCas9-F10 at a viral dose of 1x1013 gc/mL. The vertical 

green arrow represents area of scan shown on right column. The inferior (INF) aspect of the retina is 

marked on the left with the superior (SUP) aspect of the retina on the right. All scans show thinning of the 

photoreceptor layer in the superior aspect of the retina at post-injection timepoints. B) Zoomed in OCT 

scan demonstrating photoreceptor layer thinning in superior aspect (right) vs. inferior aspect (left). C) 

Photoreceptor thickness measurements of the superior retina from OCT scans for AAV5-hGRK1-SaCas9-

F10 and PBS injected cohorts at baseline, 5-weeks, 7-weeks, and 9-weeks post-injection (n=7). Individual 

values represent mean of 3 PRL thickness measurements ±SEM. Two-way ANOVA showed a significant 

difference in PRL thickness: Injection effect F(1, 12)=78.22 p<0.0001, time effect F(1.535, 18.42)=89.18 

p<0.0001, subject effect F(12, 36)=6.318 p<0.0001, interaction effect F(3, 36)=62.42 p<0.0001. Sidak’s 

multiple comparisons test showed a significant change in PRL between PBS vs. SaCas9 injection at 5-weeks 

(p=0.0006), 7-weeks (p=0.0008), and 9-weeks (p<0.001) post-injection. 
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4.3.4 – Active SaCas9 system disrupts EGFP in-vivo 

Due to the importance of EGFP visualization to assess EGFP disruption over time, all mice used 

for in-vivo work in this chapter were imaged with cSLO imaging at baseline and at various 

timepoints, beginning 5-weeks following subretinal injection. IHC analysis was also performed to 

assess retinal morphology and presence of EGFP positive cone photoreceptors. 

 

Low Dose 

The first cohort of mice received subretinal injections at a viral dose of 5x1011 gc/mL. At baseline, 

fundus autofluorescence (FAF) and blue autofluorescence (BAF) images demonstrate EGFP 

expressing cone cells (individual white dots) and IRAF images show no hyperfluorescent areas, 

which can represent areas of cell death or inflammation (Figure 4.6, A). 5-weeks after subretinal 

injections IRAF images continue to show no hyperfluorescent areas indicating no cell death or 

inflammation was present 5-weeks following injection (Figure 4.6, A). 5-weeks post-injection, FAF 

and BAF continue to show EGFP expressing cone cells. However, in the superior retina (injection 

site) of some subjects there is decreased green fluorescence on BAF imaging (green arrows) 

which may indicate EGFP disruption in cone cells (Figure 4.6, A, rows 1-2). To quantify EGFP 

expression within the injection site, cSLO images were used to calculate mean grey fluorescence 

(MGF) of the superior retina. Contrary to visual inspection of EGFP on cSLO images, at 5-weeks 

post-injection there was no difference in MGF of the superior retina compared to baseline for 

retinae injected with either PBS or low dose AAV5-hGRK1-SaCas9-F10 (Figure 4.6, B). 
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A nontargeting AAV5-hGRK1-SaCas9 vector was also tested in the low dose branch. Baseline 

images once again show EGFP expressing cone cells on FAF and BAF without hyperfluorescent 

areas on IRAF. At 5-weeks post-injection, FAF and BAF images show continued EGFP expression 

in cones, as expected (Figure 4.6, C). One subject (row 3) demonstrated hyperfluorescent areas 

on IRAF imaging (Figure 4.6, red arrow) suggesting cell death or inflammation as a result of 

surgical trauma from subretinal injection. Unfortunately, due to limitations in subject number, 

only 3 mice injected with the nontargeting vector were imaged at baseline and 5-weeks post-

injection. MGF analysis of the 3 retinae show no difference between PBS vs. SaCas9 injected eyes 

between time points, corroborating the continued EGFP expression seen on cSLO (Figure 4.6, D). 

 

IHC of low dose retinae show robust anti-HA staining, a marker for AAV5-hGRK1-SaCas9-F10 

within the subretinal bleb with normal cone cell morphology visualized via anti-cone arrestin 

staining (Figure 4.7). No colocalization of anti-HA and anti-cone arrestin staining was observed 

(Figure 4.7). 
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Figure 4.6 cSLO imaging and MGF of CGFP retinas following subretinal injection of AAV5-

hGRK1-SaCas9-F10 or AAV5-hGRK1-SaCas9 at 5x1011 gc/mL 

A) Representative fundus auto-fluorescence (FAF), blue auto-fluorescence (BAF), and infrared auto-

fluorescence (IRAF), images of CGFP mice (n=3) at baseline and 5-weeks post-injection of AAV5-hGRK1-

SaCas9-F10 at a viral dose of 5x1011 gc/mL. All images centered around optic nerve with area of subretinal 

bleb in superior aspect. Green arrows highlight area of interest. B) Mean grey fluorescence of superior 

retina at baseline and 5-weeks post-injection of PBS vs. AAV5-hGRK1-SaCas9-F10 (n=9). Bars represent 

mean ±SEM. Mixed-effects analysis compared MGF vs. injection and time: Injection effect F(1,29)=0.5167 

p=0.4780, time effect F(1,29)=0.2414 p=0.6269, interaction effect F(1,29)=0.2262 p=0.6379. Sidak’s 

multiple comparisons showed no difference in MGF at 5-weeks compared to baseline for either PBS or 

SaCas9 injection groups. C) Representative FAF, BAF, and IRAF images of CGFP mice (n=3) at baseline and 

5-weeks post-injection of AAV5-hGRK1-SaCas9 at a viral dose of 5x1011 gc/mL. All images centered around 

optic nerve with area of subretinal bleb in superior aspect. Red arrow highlights area of 
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hyperfluorescence. D) Mean grey fluorescence of superior retina at baseline and 5-weeks post-injection 

of PBS vs. AAV5-hGRK1-SaCas9 (n=3). Bars represent mean ±SEM. Mixed-effects analysis compared MGF 

vs. injection and type: Injection effect F(1,23)=0.6450 p=0.4301, time effect F(1,23)=0.9688 p=0.3352, 

interaction effect F(1,23)=0.002122 p=0.9637. Sidak’s multiple comparisons showed no difference in MGF 

at 5-weeks compared to baseline for either PBS or NT injection groups. 
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Figure 4.7 IHC analysis following subretinal injection of AAV5-hGRK1-SaCas9-F10 at 5x1011 gc/mL 

Confocal image of representative IHC section of low dose injected retina within the subretinal bleb (lower row) and outside of bleb (noninjected, 

upper row) stained with DAPI, anti-HA, and anti-cone arrestin. Retinal layers labeled as outer segment (OS), outer nuclear layer (ONL), outer 

plexiform layer (OPL) and inner nuclear layer (INL). Scale bar=20uM. 
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Mid Dose 

Next, a viral dose of 5x1012 gc/mL was subretinally injected as the mid-level dose of the study 

arm. In keeping with prior findings, baseline images showed EGFP expressing cone cells 

throughout the retina in FAF and BAF modes while IRAF did not show areas of hyperfluoresence 

(Figure 4.8, A). 5-weeks post-injection BAF images showed decreased green fluorescence 

throughout the retina in some subjects (Figure 4.8, A row 1 and 2) and only in the superior aspect 

of others (green arrow). While interpretation of cSLO images is subjective, results of MGF analysis 

show decreased MGF 5-weeks post-injection of mid dose of AAV5-hGRK1-SaCas9-F10, suggesting 

EGFP disruption (Figure 4.8, B). Importantly, IRAF images post-injection do not have areas of 

hyperfluoresence suggesting no significant cell death or inflammation is present 5-weeks 

following subretinal injections (Figure 4.8, A). 

 

IHC of the subretinal bleb showed preservation of retinal layers with normal cone cell 

morphology (Figure 4.9). In noninjected areas distinct retinal layers were present with increased 

thickness of the ONL compared to areas within the subretinal bleb. Within the subretinal bleb, 

photoreceptor transduction was observed via anti-HA staining with some colocalization of anti-

HA and anti-cone arrestin (Figure 4.9). 
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Figure 4.8 cSLO imaging and MGF of CGFP retinas following subretinal injection of AAV5-

hGRK1-SaCas9-F10 at 5x1012 gc/mL 

A) Representative FAF, BAF, and IRAF images of CGFP mice (n=3) at baseline and 5-weeks post-injection 

of AAV5-hGRK1-SaCas9-F10 at a viral dose of 5x1012 gc/mL. All images centered around optic nerve with 

area of subretinal bleb in superior aspect. Green arrow highlights decreased fluorescence in superior 

retina. B) Mean grey fluorescence of superior retina at baseline and 5-weeks post-injection of PBS vs. 

AAV5-hGRK1-SaCas9-F10 (n=11). Bars represent mean ±SEM. Two-way ANOVA compared MGF to 

injection and time: Injection effect F(1,20)=0.02950 p=0.8654, time effect F(1,20)=5.764 p=0.0262, 

interaction effect F(1,20)=4.861 p=0.0393. Sidak’s multiple comparisons showed a significant difference 

in MGF at 5-weeks compared to baseline for SaCas9 group, p=0.0079, and no difference in PBS group, 

p=0.9881. 
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Figure 4.9 IHC following subretinal injection of AAV5-hGRK1-SaCas9-F10 at 5x1012 gc/mL 

Confocal image of representative IHC section of mid dose injected retina within the subretinal bleb (lower row) and outside of bleb (noninjected, 

upper row) stained with DAPI, anti-HA, and anti-cone arrestin. Zoom in of cone photoreceptors highlighted by arrows. Retinal layers labeled as 

outer segment (OS), outer nuclear layer (ONL), outer plexiform layer (OPL) and inner nuclear layer (INL). Scale bar=20uM. 
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High Dose 

For the final, high-dose, arm of the study subretinal injections of AAV5-hGRK1-SaCas9-F10 were 

dosed at 1x1013 gc/mL. Mice were followed for up to 9-weeks post-injection to assess for changes 

in EGFP expression. Baseline images were similar to prior study arms (Figure 4.10, A). 5-weeks 

post-injection, BAF images showed decreased green fluorescence in the superior aspect of the 

retina of all subjects (Figure 4.10, rows 1-4) with some extension into the inferior retina (green 

arrow). Decreased green fluorescence observed in BAF imaging persisted to 7 and 9-weeks post-

injection, with progression into the inferior retina in one subject (Figure 4.10, blue arrow). At high 

dose, there was evidence of cell death or inflammation on IRAF imaging in some subjects (red 

arrows) which persisted to 7 and 9-weeks post-injection. (Figure 4.10, A). MGF showed decreased 

EGFP expression at all timepoints following subretinal injection without progression (Figure 4.10, 

B). 

 

IHC demonstrated robust photoreceptor transduction with evidence of colocalization of anti-HA 

and anti-cone arrestin, supporting cone transduction, but confirms significant retinal disruption, 

with some retinae showing complete obliteration of the ONL (Figure 4.11 A-B). 
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Figure 4.10 cSLO imaging and MGF of CGFP retinas following subretinal injection of AAV5-

hGRK1-SaCas9-F10 at 1x1013 gc/mL 

A) Representative fundus auto-fluorescence (FAF), blue auto-fluorescence (BAF), and infrared auto-

fluorescence (IRAF), images of CGFP mice (n=4) at baseline, 5-weeks post-injection, 7-weeks post-

injection, and 9-weeks post-injection of AAV5-hGRK1-SaCas9-F10 at a viral dose of 1x1013 gc/mL. All 

images centered around optic nerve with area of subretinal bleb in superior aspect. Green arrow shows 

decreased fluorescence in inferior retina of one subject. Red arrows highlight hyperfluorescent areas on 

IRAF imaging. Blue arrow highlights progression of decreased fluorescence on BAF image at 7-weeks post-

injection. B) Mean grey fluorescence of superior retina at baseline and 5, 7, and 9-weeks post-injection of 

AAV5-SaCas9-F10 at high dose (n=9). One-way ANOVA compared mean grey fluorescence across 

timepoints F (3, 29)=11.33, p<0.0001. Tukey’s multiple comparison test showed a significant difference 

between baseline and all timepoints following injection: baseline vs. 5-weeks p=0.0002, baseline vs. 7-

weeks p=0.0004, baseline vs. 9-weeks p=0.0007. There was no difference between post-injection time. 
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Figure 4.11 OCT and PRL analysis following subretinal injection of AAV5-hGRK1-SaCas9-F10 at 1x1013 gc/mL 

A) Confocal image of representative IHC section of high dose injected retina within the subretinal bleb (lower row) and outside of bleb (noninjected, 

upper row) stained with DAPI, anti-HA, and anti-cone arrestin. Retinal layers labeled as outer segment (OS), outer nuclear layer (ONL), outer 

plexiform layer (OPL) and inner nuclear layer (INL). Scale bar=20uM. B) Confocal image of representative IHC section of high dose highlighting ONL 

thinning. Scale bar=20uM.
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4.3.5 – Dose Response 

While PRL thinning was observed across doses, there was a significant difference between PRL 

measurements in the superior aspect of the retina when injected at a high dose vs. all other 

injection conditions (Figure 4.12, A). The mean superior retinal PRL thickness at 5-weeks post-

injection was 110.6uM for PBS, 99.41uM for low dose, 97.93uM for mid dose, and 75uM for high 

dose (Figure 4.12, A). There was no significant difference on pairwise comparison between any 

other injection groups, suggesting the PRL thinning observed in low and mid dose groups, retains 

an acceptable PRL thickness following subretinal injection of AAV5-hGRK1-SaCas9-F10. 

 

Mean grey fluorescence was measured to assess for in-vivo changes in EGFP expression. At 5-

weeks post-injection, there was a significant difference in measurements across doses (Figure 

4.12, B). Additionally, there was a significant decrease in mean grey fluorescence between low 

dose vs. mid and high, but no difference between mid and high. This result suggests EGFP 

disruption is comparable between mid and high doses. 

 

Retinal sections from each dose were processed and stained for IHC analysis (Figure 4.12). As the 

AAV5 vector had a hemagglutinin tag, this was stained against as a marker for expression of the 

transgenes within the AAV5 (cyan). Cone cells were identified with anti-cone arrestin (red). 

Endogenous EGFP was imaged without an antibody (green). For mid and high doses, individual 

sections within the subretinal bleb and outside of the injection site (noninjected) were analyzed 

to determine the number of EGFP positive cones and the number of cones stained with cone 

arrestin. All cones should stain with cone arrestin, so a decrease in ratio of EGFP expressing 
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cones/total cones, is a way to assess EGFP disruption via the SaCas9 vector (arrow). Indeed, 

analysis showed a significant decrease in the ratio based on dose and location (Figure 4.12, C). 

Within the mid dose, a number of cone cells expressing EGFP remained, although the ratio 

decreased. This contrasts with the high dose, sections, where no slides analyzed contained any 

EGFP positive cones, despite the presence of morphologically healthy cone cells (Figure 4.12, D). 

 

When analyzing the retinal sections, the edge of the subretinal bleb (injection site) was noted to 

show a stark drop of EGFP expressing cones with all high dose sections, some mid dose, and no 

low dose. Representative retinal sections from each dose are shown in Figure 4.13. The presence 

of EGFP positive cones outside of the subretinal bleb followed by absence of EGFP expressing 

cones within the subretinal bleb of mid and high dose retinae suggest EGFP disruption due to the 

SaCas9 system, changes in expression profiles in cone photoreceptors due to toxicity, or 

potentially a combination of the two. 

 

Taken together, the results of the dose response analyses demonstrate evidence of EGFP 

disruption in-vivo and ex-vivo without evidence of pronounced retinal thinning, though changes 

to the retinal structure were observed, via injection of AAV5-hGRK1-SaCas9-F10 at a dose of 

5x1012 gc/mL.
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Figure 4.12 Dose Response Analyses 

A) Superior photoreceptor layer measurements across doses 5-weeks post-injection, n=9 (PBS, low, mid) n=7 (high). One-way ANOVA showed a significant 

difference in PRL thickness according to dose (F=12.61, p<0.0001). Tukey’s multiple comparisons test showed significant differences in PRL thickness between 

the following groups: PBS and high (p<0.0001), low and high (p=0.0013), and mid and high (p=0.0026). There was no significant difference of superior PRL 

thickness between eyes injected with PBS vs. low or mid dose. B) Mean grey fluorescence across doses 5-weeks post-injection. One-way ANOVA compared mean 

grey fluorescence across low, mid, and high doses (treatment) F (2, 24)=6.226 p=0.0066. Tukey’s multiple comparison test showed significant difference between low 

vs. mid p=0.0190 and low vs. high p=0.0114. There was no difference between mid vs. high p=0.9205. C) Ratio of EGFP positive cones relative to total cones on IHC 

analysis. Two-way ANOVA analyzed the effect of viral dose and location on the ratio of EGFP positive cones relative to total cones: Dose effect F(1, 32)=146.4 p<0.0001, 

Location effect F(1, 32)=111.2 p<0.0001, Interaction effect F(1, 32)=19.67 p=0.0001. D) Confocal image of representative IHC sections within subretinal bleb of mid and 

high dose stained with anti-HA and anti-cone arrestin. Arrow highlights cone stained with anti-cone arrestin without EGFP. Retinal layers labeled as outer segment 

(OS), outer nuclear layer (ONL), outer plexiform layer (OPL) and inner nuclear layer (INL). Scale bar=20uM.
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Figure 4.13 Subretinal Bleb Edge 

Confocal images of representative IHC sections of subretinal bleb edge of retinae injected with low, mid, or high doses of AAV5-hGRK1-SaCas9-F10 stained 

with anti-HA and anti-cone arrestin. Retinal layers labeled as outer segment (OS), outer nuclear layer (ONL), outer plexiform layer (OPL) and inner 

nuclear layer (INL). Scale bar=20uM.
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4.3.6 – Assessing DNA Editing 

Tracking of indels by decomposition (TIDE) analysis allows an estimation of the editing efficiency 

of genome-editing tools, such as an active CRISPR-Cas9 system, within the DNA of a pool of 

cells140. The entire neural retinae of mice injected with the low dose of AAV5-hGRK1-SaCas9-F10, 

AAV5-hGRK1-SaCas9, or PBS were isolated and gDNA was extracted before PCR amplification 

using primers designed to amplify the region containing the predicted SaCas9 cut site. The 

purified PCR products were sent for Sanger sequencing and sequencing chromatograms were 

uploaded into TIDE software for analysis. TIDE analysis showed low editing efficiencies from 

retinae injected with low dose SaCas9-EGFP targeting, nontargeting, or PBS vectors. Editing 

efficiencies were between 1.2-2.6% for PBS injected eyes, 1.8-2.5%, for eyes injected with the 

nontargeting gRNA vector, and 1.7-2.1% for eyes injected with the EGFP targeting vector. Due to 

time constraints, samples from the mid and high dose branches were not assessed for DNA 

editing via TIDE. 
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4.4 Discussion 

4.4.1 – EGFP Disruption 

This chapter investigated in-vivo use of an active SaCas9 system under the control of the hGRK1 

promoter and packaged via AAV5 to assess EGFP disruption within cone cells of the CGFP mouse. 

In-vivo cSLO imaging allowed real-time visualization of EGFP expression via blue autofluorescence 

(BAF) in the retinae of CGFP mice. To quantify the fluorescence of EGFP expressing cone cells, 

mean grey fluorescence (MGF) of BAF images was calculated. The mid and high doses of AAV5-

hGRK1-SaCas9-F10 caused a 64% and 58% decrease, respectively, in mean grey fluorescence in 

the superior region of the retina, where the subretinal injection was performed. The decrease in 

MGF suggests there are fewer EGFP expressing cones at 5-weeks post-injection compared to 

baseline, representing EGFP disruption within cone cells. The EGFP targeting sgRNA, F10, was 

chosen for in-vivo application from previous studies in the MacLaren lab which demonstrated 

decreased EGFP expression as measured by 36% decrease in MGF in a mouse model which 

expresses EGFP in rod photoreceptors173. Indeed, the results of MGF analysis in this chapter 

support the broad use of F10 for EGFP targeted in-vivo applications and use of AAV5-hGRK1-

SaCas9-F10 to disrupt EGFP expression in-vivo in the CGFP mouse line. 

 

While it is likely that EGFP disruption occurred due to SaCas9 activity, the decrease in EGFP 

expression could also represent cell death or a change in cone expression profiles following 

transduction. If enough cone cells initially expressing EGFP were damaged, it is possible the 

decrease in MGF is attributable to cell death. This could be especially true in the high dose branch, 

where marked photoreceptor layer thinning was observed on OCT scans, PRL measurements, and 
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IHC analysis. However, the decrease in MGF observed in high dose injected retinas was similar to 

mid dose, where the general retinal structure was preserved despite some indications of 

morphological changes apparent in some retinal sections, suggesting cell death alone is not 

responsible for decreased EGFP expressing cone cells. 

 

Additionally, variation in cSLO images could affect visualization of EGFP expressing cone cells. 

While all efforts were made to minimize variation in imaging sessions by using a standardized 

protocol and a sole person responsible for imaging, in-vivo imaging is a difficult skill to master. 

Use of near infrared reflectance mode to locate the outer retinal allowed precise identification 

of the focal plane in which all images were taken176,177. There is a natural cone-gradient in the 

CGFP mouse, with higher numbers of EGFP expressing cone cells in the dorsal retina144, aligning 

with the superior aspect of all images in this thesis. When performing the MGF analysis, it was 

noted that the inferior portion of the retina had consistently lower fluorescence, keeping with 

the previously published EGFP gradient144. Due to the observed gradient in the CGFP model, it 

was not possible to normalize MGF values to the inferior retinal portion to control for eye-specific 

factors. While there is inevitably some variation in cSLO imaging, all measures were taken to 

reach the same focal plane in each imaging session. With minimal variation, the observed 

decrease in MGF suggests SaCas9 mediated disruption of EGFP. 

 

IHC analysis was also performed to assess EGFP knockout. Retinal sections from mid and high 

dose branches were analyzed to quantify the number of EGFP expressing cone cells and the 

number of cells stained with anti-cone arrestin, a cone cell marker, as a measure of the total cone 
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cell population. Within areas of the subretinal bleb, where the AAV5 was injected, there was a 

decrease in the ratio of EGFP positive cone cells/total cone cells compared to noninjected areas 

of the retina, further supporting knockout of EGFP due to the SaCas9 system. Within the 

subretinal bleb of high dose retinal sections, the number of EGFP positive cone cells dropped 

drastically, frequently displaying no cone cells with EGFP expression. While this may suggest 

death of cone cells within the bleb, if cell death alone was the cause of this, one would not expect 

to see the presence of any cone cells in the region. However, in areas without EGFP expression, 

morphologically healthy cone cells are present. For this reason, results of IHC analysis suggest 

disruption of EGFP within cone cells via subretinal injection of AAV5-hGRK1-SaCas9-F10 at mid 

and high doses with maintenance of the cone cell population.  

 

4.4.2 – DNA Editing 

Within a simple CRISPR-Cas9 system, the main outcome aims to cause double stranded breaks 

(DSBs) in a specified region of DNA. The DSBs are subsequently repaired following two major 

pathways, nonhomologous end joining (NHEJ) and homology directed repair (HDR)178,179. The 

majority of DSBs are repaired via NHEJ, which is particularly error prone, causing the formation 

of insertions or deletions (indels)180,181. The presence of indels generated by an active CRISPR-

Cas9 system can be assessed by PCR amplification of the targeted DNA region. Various software 

programs are available to predict the formation of indels within a DNA sample via sanger 

sequencing traces. The most used programs to detect editing include Tracking of Indels via 

Decomposition (TIDE)140 and Synthego Interference of CRISPR Edits (ICE)182. Both TIDE and ICE 

have demonstrated their ability to assess indels in-vitro producing results comparable to next 
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generation sequencing (NGS), the gold standard for CRISPR studies. A paper sought to compare 

the different software programs, including TIDE and ICE, to detect indel formation in in-vivo 

somatic cells, a similar cell population to that of this chapter. In doing so, Brockman et. al., found 

high variability of indel frequency, size, and number between programs when analyzing the same 

in-vivo sample183. 

 

In this chapter, TIDE analysis was performed on sequencing results of retinal cells following 

subretinal injection of low dose (5x1011 gc/mL) AAV5-hGRK1-SaCas9-F10 or AAV5-hGRK1-SaCas9. 

TIDE analysis revealed low editing efficiencies for both the EGFP targeting and nontargeting 

SaCa9, as well as PBS injected retinae. The low editing efficiencies and variability within sample 

repeats led to low confidence in TIDE software to detect in-vivo EGFP disruption. This was 

especially true following results of MGF and IHC analysis demonstrating decreased EGFP 

expression in the mid and high dose branches. Due to time constraints of the MSc, only the low 

dose branch of this chapter was analyzed via TIDE. With evidence of EGFP disruption in results of 

MGF/IHC analyses, it is possible DNA editing would have been detected via TIDE for retinae 

injected at these doses. 

 

Within the CGFP mouse EGFP expression is driven by the OPN1LW promoter, limiting its 

expression to cone photoreceptors. However, the sequence of EGFP under the OPN1LW 

promoter is present in all retinal cells. As the entire neural retina was isolated for TIDE analysis 

in this chapter and the hGRK1 promoter targets both rod and cone cells, it could be argued that 

DNA editing should be detected if enough cells were edited. As only retinae from the low dose 
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were analyzed via TIDE, it is possible that there was lower photoreceptor transduction, and the 

level of editing was below the threshold for indel detection. It is also possible that the SaCas9 

system disrupted the DNA of a subset of photoreceptors, however, the number of edited cells 

was so dilute it was again below the threshold of detection. 

 

It is also possible Cas9 was not successfully expressed in photoreceptors. However, IHC analysis 

of all doses demonstrate staining via an anti-HA tag antibody. The HA tag is a commonly used 

epitope tag and was placed within the SaCas9 plasmid. The presence of the HA tag does not 

guarantee Cas9 expression, however, it does show successful transduction of the plasmid via 

AAV5 to the photoreceptors of CGFP mice. There is no reason to suggest retinal cells in the CGFP 

mice are abnormal prior to subretinal injections of AAV5, so if all cellular machinery is functional, 

the Cas9 packaged in AAV5 should be expressed following successful delivery to the 

photoreceptors. 

 

Other methods to detect the presence of indels following exposure to the CRISPR-Cas9 system 

were considered. The gold standard in genome editing experiments is next generation 

sequencing (NGS), which provides quantitative and qualitative analysis of indel formation. While 

NGS is one of the most sensitive methods of indel detection, it comes at a high financial and labor 

cost. For the timeline and experimental design of the MSc, NGS was not considered as a feasible 

method for indel detection. Subcloning is a lower cost option and another method to assess indel 

formation which was explored in Chapter 5 of this thesis. 
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Without concrete evidence of DNA editing, one must consider the possibility there was a problem 

at any point in experimental flow, including vector production. The inverted terminal repeats 

(ITRs) of AAV are known to be required for AAV replication, packaging, and vector persistence184. 

Without the ITRs, AAV would be nonfunctional. Due to the high GC content and highly stable 

secondary structure of ITRs, they are prone to spontaneous deletions and errors during 

replication185. As this is a known problem, methods including use of XL10 Gold Cells for 

propagation were implored for vector production. Following plasmid cloning, ITRs were 

confirmed prior to AAV5 production via restriction enzyme digest using XmaI and gel 

electrophoresis. Since the XmaI restriction enzyme digest produced the expected bands, it is 

unlikely the ITR regions were missing. However, it is possible that small deletions or point 

mutations within the ITR regions were undetected. AAV5-hGRK1-SaCas9 and AAV5-hGRK1-

SaCas9-F10 plasmids were also sent for standard sanger sequencing prior to AAV5 production. 

Once again, the high GC content and secondary structure of the ITR regions make it difficult to 

read through during sequencing. Specialized sequencing methods to read through these regions 

have been developed by the sequencing service, Azenta UK, the company used for all sequencing 

in this thesis and could be used in the future to confirm full ITR presence and lack of mutations 

within the region. 

 

Perhaps the most feasible method to elucidate if editing occurred in photoreceptors of the CGFP 

mouse would be to include a fluorescent reporter in vector design, allowing only transduced cells 

to be isolated via fluorescence-activated cell sorting (FACS) and analyzed for indel formation. 

FACS is a specialized form of flow cytometry, where a mixture of cells can be separated based on 
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cell specific surface markers. For the application of this thesis chapter, whole mice retinae could 

be sorted into subpopulations of cells including rod and cone photoreceptors. FACS is an 

attractive candidate to evaluate cone targeting. However, it also has drawbacks within this 

experimental setting. Within the mouse retina only 2.8% of photoreceptors are cone cells142. To 

have a cell suspension with enough cone photoreceptors to be detected via flow cytometry, 

many retinae would be required. This would significantly increase the number of mice needed, 

vector produced and could increase variability within subretinal injections. Additionally, 

mechanisms regulating cell death are activated as soon as perfusion ceases, so minimization of 

dissection time would need to be greatly optimized to capture viable cells. While FACs alone 

would not be able to differentiate between editing in rods vs. cones, as the hGRK1 targets all 

photoreceptors, the fact that the AAV5 vector colocalizes with cone cells in any extent, suggests 

that if editing is seen, this would be occurring in both rod and cone photoreceptors. Other in-vivo 

ophthalmologic CRISPR studies have utilized a fluorescent protein in vector design to allow 

selection of only transduced cells via FACS. By only selecting transduced cells for analysis, the 

dilatory effect of unedited cells is decreased. Using FACS, Yu et. al showed indel formation of 

11.95% within the EGFP locus following subretinal injection of a SpCas9 system targeting EGFP186. 

In a different study targeting GUCY2D, which causes a gain of function mutation in cone-rod 

dystrophy 6 (CORD6), the authors showed 28.7% indel formation following subretinal injection 

of wildtype mice using a dual vector system and FACS analysis31. Another study targeting a 

GUCY2D mutation in rod photoreceptors isolated the entire neural retina to assess DNA editing, 

similar to what was done throughout this thesis. In their paper, the authors showed indel 

formation up to 8.45% and 20.1% in the low and high dose branches using UDiTaS analysis32. 
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While the authors also used the hGRK1 promoter to drive SaCas9 expression, prior studies and 

the data in this thesis support robust transduction of rods, making the targeting of GUCY2D 

within rods, a potentially more accessible target than the EGFP in cone cells of the CGFP mouse. 

While it is possible to detect editing using the entire neural retina, FACS greatly increases the 

ability to assess indel formation and would be of great value to assess editing in cone 

photoreceptors, which constitute such a small fraction of all cells in the retina. 

 

Despite no evidence of DNA editing via TIDE within the low-dose branch, in-vivo and ex-vivo tissue 

analyses suggest DNA disruption of EGFP at mid and high doses of AAV5-hGRK1-SaCas9-F10. 

Results of TIDE analysis for the mid and high dose branches would provide more clarity on the 

level of DNA editing and indel formation following exposure to the active SaCas9 system. 

 

4.4.3 – Dose Response 

Three viral doses of AAV5-hGRK1-SaCas9-F10 were subretinally injected into eyes of 6-week-old 

CGFP mice: low (5x1011 gc/mL), mid (5x1012 gc/mL), and high (1x1013 gc/mL). The response to the 

subretinal injection was monitored via cSLO imaging and MGF measurements, OCT scans and PRL 

measurements, and IHC analysis. For dose response analyses, doses were compared between 

branches 5-weeks post-injection. Results of the dose study suggest use of a viral dose of AAV5 

between 5x1012 and 1x1013 gc/mL. 

 

At high dose, several experimental measures suggest the viral load was too high with evidence 

of retinal toxicity. This is particularly true when looking at OCT scans and PRL measurements. In 
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the high dose branch, there was severe thinning noted on OCT with significant thinning in the 

PRL when compared to all doses. Additionally, widespread areas of cell death and inflammation 

were seen on cSLO IRAF images within the area of the subretinal bleb. A study looking at 

subretinal injections in mice reported that at 5-weeks post-injection, the area of retinal 

detachment was reattached and stable, but photoreceptor damage was still present187. 

Unfortunately, the study did not comment on when photoreceptor damage was fully repaired. 

However, within the high dose branch of this chapter, the hyperfluorescent areas persisted 

through 9-weeks, suggesting no rescue of retinal photoreceptors up to that time point. While the 

high dose appeared to cause the most EGFP disruption, especially in IHC demonstrating no EGFP 

expression, the impact of photoreceptor damage or death cannot be ignored. 

 

On the other hand, the mid dose caused EGFP knockout in cone cells without significant retinal 

toxicity. PRL thinning was observed in all doses, however, the level of thinning in the mid dose 

was comparable to the low dose and PBS injected eyes. Some thinning is expected following 

subretinal injection due to the traumatic nature of the injection and is consistent with previous 

data and data from PBS injected eyes187,188. The fact that thinning was not significantly lowered 

compared to PBS or low dose measurements, support the use of a viral dose of 5x1012 gc/mL of 

AAV5 as safe within the CGFP mouse. Additionally, a study using subretinal injection to deliver a 

copy of CNGB1, a rod specific gene implicated in retinitis pigmentosa, packaged in AAV5 to a 

knockout mouse model found the ideal dose to be 1012 gc/mL. At this dose, the authors were 

able to show successful expression of CNGB1 with rescue/reactivation of the CNGA1 protein, 

alongside return of function of the rod CNG channels and rod functionality189. Taken together, 
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these results suggest that within the mouse retina, it is possible that an ideal dose to target 

photoreceptors using AAV5 lies around 1012 gc/mL. 

 

4.4.4 – Improving Cone Targeting 

One of the main areas of interest of this thesis was CRISPR-Cas9 editing of a cone specific gene 

via the photoreceptor specific promoter, hGRK1, and AAV5 packaged delivery. All aspects of the 

gene editing system were chosen based on photoreceptor specificity and targeting. While the 

combination has been largely successful in rod transduction, the results of this chapter highlight 

some of the unique challenges of targeting cones in-vivo. 

 

Use of a cone specific promoter vs. the photoreceptor specific hGRK1 promoter to drive 

expression of SaCas9 was considered. Studies on gene therapy for achromatopsia have identified 

a variety of cone specific promoters that could be investigated for use in the CGFP mouse. The 

promoters include the L-opsin promoters169 (PR2.1) and S-opsin promoter190,191. In a subsequent 

study, modifications to the PR2.1 promoter identified a shortened 1.7kb version which drove 

expression of transgenes in cone cells of primates and mice192. It is possible that switching the 

promoter to a cone specific subtype could yield more efficient transduction in the CGFP mouse 

retina and should be investigated. 

 

Another method to assess CRISPR-based gene editing therapies within cone photoreceptors is 

the use of a different in-vivo model. Like the CGFP mouse, a mouse line has been established 

which expresses GFP under the control of Chrnb4 promoter193. The Chrnb4-GFP mouse has a 
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unique advantage in that GFP is expressed in all cone subtypes. However, the levels of GFP are 

below the threshold to be imaged in-vivo and visualization has only been shown with an anti-GFP 

antibody, greatly limiting the in-vivo application of the Chrbb4-GFP mouse line194. Building on the 

CGFP mouse, which expresses EGFP under the L-opsin promoter (OPN1LW), Liu et. al developed 

a mouse model additionally missing both copies of the Nrl gene195. Knockout of the Nrl gene has 

previously been shown to cause a cone-enriched retina, as the Nrl gene is crucial for rod cell 

development196. The novel mouse line generated by Liu et. al demonstrated increased EGFP 

positive cones and S-opsin in the dorsal region of the retina when compared to CGFP mice. 

Together, this suggests the OPN1LW-EGFp-Nrl-/- has increased S-opsin cones and a higher 

proportion of cone cells expressing EGFP. The increase in cone cell population in this model could 

be of particular interest to the aims of this thesis to test cone photoreceptor targeting and use 

of a CRISPR-SaCas9 system to knockout a cone specific gene. 

 

A worthwhile method to assess EGFP disruption more accurately within cone cells would be RT-

qPCR. Within CRISPR-based studies, it is common to utilize RT-qPCR to quantify mRNA levels of 

targets of interest. For the current study, levels of EGFP mRNA would be particularly useful in 

measuring the success of EGFP disruption via SaCas9. Levels of other targets of interest including 

the sgRNA and SaCas9 itself, would further elucidate dose response and help quantify levels 

needed for cone cell transduction. By incorporating RT-qPCR into the experimental workflow, 

this would allow for an experimental design optimized to verify EGFP disruption at multiple levels: 

DNA via indel detection, mRNA via RT-qPCR, and protein via in-vivo imaging and ex-vivo tissue 

analysis. 
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4.5 Conclusions 

This chapter explored the use of an active SaCas9 system within photoreceptors of mice using 

AAV5 packaged delivery and the photoreceptor specific, hGRK1 promoter. In-vivo cSLO imaging 

and MGF measurements showed evidence of EGFP disruption within cone cells which was 

corroborated with evidence of EGFP disruption in IHC analysis. The use of an active CRISPR-Cas9 

system within cone cells of CGFP mice validates the CGFP mouse line as a valuable animal model 

to test the use of gene editing strategies for IRDs involving cone photoreceptors. The combination 

of the hGRK1 promoter and AAV5 packaged delivery is also validated as a combination to deliver 

gene editing therapies such as CRISPR-Cas9 to photoreceptors of mice. Finally, the dose response 

branch of this chapter suggests irreversible retinal thinning and toxicity when AAV5 is subretinally 

injected at a viral dose of 1x1013 gc/mL, with a safe dose between 5x1011 gc/mL and 5x1012 gc/mL. 

At a dose of 5x1012 gc/mL, there is evidence of EGFP disruption via the SaCas9 system with some 

observed changes to retinal structure. 
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Chapter 5: In-vitro sgRNA screening for epigenetic 
dSaCas9 repression 

5.1 Introduction 

Since the discovery of CRISPR-Cas9 as a genome editing system, the toolbox of CRISPR-Cas9 based 

editing methods has rapidly expanded. Aside from direct DNA editing using the Cas endonuclease 

family, techniques which target epigenetic mechanisms have evolved, including CRISPR 

activation (CRISPRa) and CRISPR interference (CRISPRi). These methods act at the transcriptional 

level to activate or silence transcription of genes, respectively197. Like an active CRISPR-Cas gene 

editing system, the specificity of CRISPRa and CRISPRi are based on the sgRNA design, allowing 

precise allele-specific targeting. As such, researchers have shown the ability to selectively 

activate or repress gene transcription within bacteria or human cells95,98. 

 

Within the ocular system, many IRDs are inherited in an autosomal dominant pattern and cause 

gain-of-function mutations. While these mutations may be amenable to gene editing via an active 

CRISPR-Cas9 system to knockout the gene, this results in a permanent change to the genome. 

The use of CRISPRi to cause gene silencing is an attractive alternative to traditional CRISPR-Cas9 

DNA editing due to reversibility, the potential to titrate gene silencing effects, decreased off 

target effects, and the absence of double-stranded DNA breaks99,101. 

 

The basic components of a CRISPRi system are a catalytically inactive “dead” Cas9 protein (dCas9) 

which is unable to cleave DNA, a sgRNA, and a PAM site98. While dCas9 alone is able to sterically 
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interfere with transcription, the addition of transcriptional regulators has been shown to increase 

effects of gene silencing94,95,98. Yeo et al. engineered an enhanced CRISPRi system by fusing dCas9 

to two transcriptional regulators, Kruppel-associated box (KRAB) and methyl CpG binding protein 

2 (MeCP2)97. A previous member of the MacLaren lab, Dr. Ariel Kantor, developed a similar 

CRISPRi system including the repressor domains KRAB and MeCP2, which will be used throughout 

this chapter. 

 

Continuing to build on the use of the CGFP mouse line as a preclinical in-vivo model to test gene 

editing techniques, use of CRISPRi was evaluated in-vitro against a cone-specific target. As 

previously described, within the CGFP mouse genome, EGFP is fused downstream of the opsin 

locus control region (OPSIN-LCR), which contains the red pigment gene (OPN1LW). In this 

chapter, several sgRNA candidates which target the red-opsin promoter locus were screened in-

vitro using a dual luciferase assay (DLA) and a fibroblast cell line derived from the CGFP mouse. 

A protocol for electroporation and maintenance of the fibroblast cell line was also established 

prior to sgRNA candidate screening. 
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5.2 Materials and Methods 

5.2.1 – Plasmid Cloning 

Protocols for plasmid cloning are outlined in Chapter 2. Briefly, ~50bp regions of the OPSIN-LCR 

were cloned into PsiCHECK2 vector for use in the dual luciferase assay (DLA). sgRNA candidates 

targeting OPN1LW were cloned into the EFS-dSaCas9.KRAB-MeCP2 vector. A nontargeting EFS-

dSaCas9.KRAB-MeCP2 was also amplified and isolated for the DLA. 

 

For sgRNA screening in the CGFP fibroblast cell line, OPN1LW targeting sgRNA candidates were 

cloned into EFS-SaCas9. A nontargeting EFS-SaCas9 plasmid was also amplified and isolated. 

 

Finally, the EGFP targeting sgRNA, F10, used throughout Chapter 4, was cloned into EFS-SaCas9 

for use in the CGFP fibroblast cell line. 

 

5.2.2 – Cell Culture 

General methods of subculturing and harvesting of the HEK293T and CGFP Fibroblast cell lines 

can be found in section 2.2. 

 

5.2.3 – CGFP Fibroblast Electroporation 

Additional details can be found in section 2.2.5. CGFP fibroblast cells were electroporated with 

using the Invitrogen™ Neon™ Transfection System. Electroporation details of key experiments of 

this chapter are summarized in Table 2.1. 
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Table 2.1 Details of Electroporation Studies 

Plasmid DNA (ng) Time Left (days) 
pCAG-EGFP 300-900 1-7 
pCMV-EGFP 300-900 1-7 
pEFS-EGFP 300-900 1-7 
pEFS-SaCas9-OPN1LW 600 14 
pEFS-SaCas9-F10 600 14 

 

5.2.4 – HEK293T Transfections for TIDE Analysis 

Details can be found in section 2.2.9. Briefly, confluent HEK293T cells were transfected using the 

TransIT-LT1 transfection reagent (MirusBio) with 500ng of pEFS-SaCas9 with OPN1LW sgRNA. The 

cells were left for 48-hours before cell pelleting and gDNA extraction. 

 

5.2.5 – TIDE Analysis 

Details can be found in section 2.2.9. For the OPN1LW sgRNA candidate screening discussed in 

this chapter, HEK293T cells were transfected with EFS-SaCas9 plasmids each containing a unique 

sgRNA candidate. The same plasmids were electroporated into CGFP fibroblast cells for 

additional screening. The cells were pelleted, gDNA was extracted, and the region of interest was 

PCR amplified. The purified PCR product was sent for sanger sequencing and the resulting 

chromatogram files were uploaded alongside unmodified DNA into TIDE software to assess for 

decomposition. 

 

5.2.6 – ICE Analysis 

Details can be found in section 2.2.10. Samples assessed via TIDE were additionally run through 

ICE software to assess for discrepancies in editing rates or presence of indels. 
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5.2.7 – Subcloning Analysis 

Subcloning is an alternative method to detect insertions and deletions following exposure to a 

gene editing system. A region including the predicted cut site was PCR amplified using GoTaq 

DNA polymerase (Promega), which creates a 3’-A overhang. The resulting PCR product was 

ligated into the pGEM-T Easy Vector (Promega), which contains 3’-T overhangs on both sides of 

the insertion site. The ligation product was transformed into XL10-Gold cells and plated using 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) and X-gal for blue-white colony selection. Blue-

white screening allows identification of clones with the correct DNA insert. For each sample, 24 

clones with recombinant DNA were isolated, and 3 replicates were analyzed per condition. 

Following miniprep and sanger sequencing, the resulting sequence was uploaded into Geneious 

Prime and compared to the unedited plasmid. 

 

5.2.8 – Dual Luciferase Assay 

Details can be found in section 2.2.8. In this chapter, sgRNA candidates targeting OPN1LW were 

screened for CRISPRi. Each sgRNA candidate was individually cloned into the EFS-dSaCas9.KRAB-

MeCP2 plasmid. Targeted regions of OPN1LW were cloned into the PsiCHECK2 plasmid. The 

resulting plasmids were sent for sanger sequencing prior to use. Each sgRNA candidate was 

screened using the test conditions listed in Table 2.4 and luciferase expression of each was 

measured, normalized, and compared to a positive control. 
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5.2.9 – EVOS Imaging 

Details can be found in section 2.2.7. Both HEK293T and CGFP fibroblast cells were imaged using 

the EVOS FL Auto 2 Cell Imaging System to assess auto-fluorescence, cell health, and cell 

structure. For electroporation studies, the presence of EGFP expression was additionally 

elucidated. 

 

5.2.10 – Statistical Analysis 

Three independent replicates were performed per condition in the dual luciferase assay and 

samples used for TIDE analysis. GraphPad Prism (v9) was used for all statistical analysis and graph 

production. 
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5.3 Results 

5.3.1 – OPN1LW sgRNA screening with dual luciferase assay 

A dual luciferase assay (DLA) was used for primary screening of OPN1LW targeting sgRNA 

candidates. The DLA is an effective and efficient way to screen large numbers of sgRNA 

candidates for CRISPRi. This assay relies on the plasmid design of the PsiCHECK2 vector, where 

two luciferase enzymes, renilla and firefly, are under the control of two separate promoters, SV40 

and HSK-TV, respectively (Figure 5.1). In this assay, firefly luminescence should be unaffected by 

CRISPRi mechanisms and acts as an internal control to normalize luminescence readings. If 

transcriptional repression occurs via exposure to a CRISPRi system, expression of renilla luciferase 

should be affected due to the insertion location of the DNA region of interest upstream of the 

renilla transcriptional start stie, disrupting the open reading frame and preventing renilla 

transcription. To assess the transcriptional repression ability of OPN1LW targeting sgRNAs, 50bp 

regions of the OPN1LW promoter sequence complementary to the designed sgRNA candidates 

were cloned into the PsiCHECK2 plasmid. Fourteen 20bp OPN1LW sgRNA candidates were 

designed and each individually cloned into the EFS-dSaCas9.KRAB-MeCP2 plasmid (data not 

shown). 

 

Following transfection, eight sgRNA candidates produced consistent and significant repression of 

renilla luciferase (Figure 5.1). The best performing sgRNA candidates (g4, g5, g6, g8, g10, and g12) 

caused expression of renilla to decrease to approximately half of normal levels. Interestingly, 

these sgRNA candidates were located at various distances from the transcriptional start site 

(TSS). g6 and g8 are the sgRNA candidates located closest to the TSS at -191bp and -182bp, 
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respectively, while other sgRNA candidates such as g4 (-861bp) and g5 (-778bp) were located 

much further away. sgRNA candidates g5, g6, and g8 were chosen for subsequent screening 

based on the NNGRRT PAM site and different locations from the TSS. 

 

Figure 5.1 Details and results of sgRNA screening using dual luciferase assay 

A) Schematic diagram showing the location of OPN1LW targeting sgRNA candidates relative to OPN1LW 

transcriptional start site and fusion with EGFP. B) Design of PsiCHECK2 vector (top) and repressor 

construct (bottom) for dual transfection in HEK293T cells. C) Relative luciferase expression of DLA for each 

sgRNA candidate. Each data point represents the average of a technical triplicate for each biological 

replicate, error bars as mean value +/- SEM. All values normalized to samples transfected with a 

nontargeting sgRNA. One-way ANOVA with Dunnett’s multiple comparisons test identified 8 sgRNA 

candidates which significantly decreased relative luciferase expression, ****p<0.0001, ***p=0.0009, 

**p=0.007. 

 

5.3.2 – Universal promoters drive expression of EGFP in CGFP fibroblast cell line 

Following an initial sgRNA screen using the DLA, which identified 8 sgRNA candidates which 

caused significant repression of renilla, the next step was to test the sgRNAs within the genome 

of the CGFP mouse. Once again, the CGFP mouse is an elegant in-vivo model to test the use of 

CRISPR-based gene therapies. Within the OPSIN-LCR of the CGPF mouse, OPN1LW is fused to 
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EGFP. By targeting the OPN1LW region with sgRNA design, the EFS-dSaCas9.KRAB-MeCP2 

repressor construct could cause a decrease in EGFP expression if successfully designed, delivered, 

and expressed. 

 

Before proceeding with in-vivo CRISPRi studies, a fibroblast cell line derived from a skin punch of 

a CGFP mouse was used for further sgRNA screening. Dr. Maria Kaukonen, a post-doctoral 

member of the lab, established the CGFP fibroblast cell line that will be used for the remainder 

of this chapter. 

 

As the CGFP fibroblast line had not been previously used, promotor activity was first tested. Three 

ubiquitous promoters, cytomegalovirus enhancer fused to the chicken beta-actin promoter 

(CAG), cytomegalovirus (CMV), and elongation factor 1-alpha short intron-less (EFS), were chosen 

to drive expression of EGFP. Fibroblasts were electroporated using the Invitrogen™ Neon™ 

Transfection System with either pCAG-EGFP, pCMV-EGFP, or pEFS-EGFP as detailed in section 

2.2.5. Increasing plasmid DNA concentrations were also tested to assess for optimal plasmid DNA 

concentration for sgRNA screening experiments and to assess for evidence of cell toxicity. 

Fibroblasts were imaged between 48 hours  to 1-week post-electroporation. 

 

1-week post-electroporation pCMV-EGFP demonstrated the greatest number of fibroblasts 

expressing EGFP followed by pEFS-EGFP, and finally pCAG-EGFP (Figure 5.2). All plasmid DNA 

concentrations tested showed successful electroporation of fibroblasts and EGFP expression 

though 600ng provided the best balance between cell death and EGFP expression. 
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Following electroporation significant cell debris was observed in the samples (Figure 5.3, A). The 

protocol was modified to change cell media 3 days following electroporation to remove cell 

debris while allowing sufficient time for cell adhesion. Fibroblasts not exposed to electroporation 

did not show evidence of cell debris, suggesting the cell debris was due to damage caused by 

electroporation. Additionally, with the amount of cell debris initially noted, it was important to 

assess autofluorescence of the damaged cells to confirm EGFP was indeed expressed. 

Autofluorescence was assessed using the RFP channel of the EVOS imaging system and confirmed 

autofluorescence present only in cell debris, with no evidence of autofluorescence observed in 

EGFP positive fibroblasts (Figure 5.3, B). 
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Figure 5.2 EGFP expression in CGFP fibroblasts 1-week post-electroporation 

Representative BAF and brightfield images from CGFP fibroblasts 1-week post-electroporation with ubiquitous promoter plasmids (pCAG=EGFP, pCMV-EGFP, pEFS-

EGFP) and increasing DNA concentrations (300ng, 600ng, 900ng). Scale bar =275uM.
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Figure 5.3 Optimization of electroporation of CGFP fibroblasts 

A) Representative examples of brightfield images of CGFP fibroblasts showcasing varying cell debris: Left image with significant cell debris post-electroporation, 

center image with cell debris following media change 3-days post-electroporation, right image is a negative control not exposed to electroporation. B) 

Representative images using GFP channel, RFP channel, brightfield, along with merged RFP/GFP. Scale bar =275uM.



   
 

   
 

162 

5.3.3 – Evaluating on-target sgRNA efficiency in-vitro 

After demonstrating ubiquitous promoter activity in the CGFP fibroblast cell line, three of the top 

performing sgRNA candidates from the DLA were further screened using the CGFP fibroblast line. 

With confirmation of EFS activity, g5, g6, and g8 were individually cloned into pEFS-SaCas9. g17 

was also cloned into pEFS-SaCas9 and was used as a negative control, as this sgRNA did not cause 

any gene silencing in the DLA. While an active SaCas9 system differs significantly in the gene 

silencing mechanism to a dSaCas9 system, this method of sgRNA screening was pursued to assess 

sgRNA binding specifically within the CGFP genome, as this was the intended in-vivo use of the 

vector. To elucidate this, CGFP fibroblasts were electroporated with 600ng of EFS-SaCas9-

OPN1LW plasmid DNA. gDNA was extracted from the electroporated cells and the region of 

interest, including the predicted cut site, was PCR amplified before sanger sequencing. Resulting 

sequence traces were uploaded for TIDE analysis to predict editing efficiency of the active SaCas9 

system with OPN1LW targeting sgRNAs. TIDE analysis did not reliably demonstrate the presence 

of indels across experimental replicates. 

 

Due to the novelty of the CGFP fibroblast line and electroporation protocol, subcloning, an 

alternative method of measuring indels, was pursued for a subset of sgRNAs in an active SaCas9 

system. In her thesis, Dr. Caroline Peddle found that for a given sgRNA, TIDE estimated the editing 

rate 37.4% lower than subcloning analysis173. A nontargeting sgRNA and one OPN1LW targeting 

sgRNA (g6) were chosen to assess the presence of indels via subcloning. For each sample, 24 

clones were generated in triplicate for each condition. The resulting sequences were aligned to 

the unmodified CGFP sequence and assessed for the presence any insertions or deletions. 
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Subcloning analysis did not identify the presence of indels in the CGFP fibroblasts exposed to EFS-

SaCas9 or EFS-SaCas9-g6. 

 

F10, the EGFP targeting sgRNA was also probed via subcloning in to assess DNA editing in CGFP 

fibroblasts. EFS-SaCas9-F10 was electroporated and subcloning analysis did not identify the 

presence of indels. However, within the sequencing traces, two subclones of CGFP fibroblasts 

exposed to EFS-SaCas9-F10 showed increased baseline noise (red stars) within the expected 

editing window for F10, suggesting the possibility of DNA editing within the CGFP fibroblast cell 

line (Figure 5.4). 

 

Figure 5.4 Results of subcloning analysis for sgRNA F10 

Sequencing traces of two colonies from subcloning following transfection of CGFP fibroblasts with EFS-

SaCas9-F10 showing increased baseline noise (red stars) within the predicted editing window of F10. 

 

HEK293T cells were also used for OPN1LW sgRNA candidate screening following the DLA. First, 

the OPSIN-LCR region of the HEK293T cell line was sequenced. Unmodified HEK293T cells were 

pelleted and gDNA was extracted before PCR amplification and sequencing. The entire OPSIN-

LCR was sequenced as discussed in section 4.3.1. Most importantly, the sequence of the OPSIN-
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LCR was confirmed to be the identical between HEK293T cells and the CGFP mouse genome 

(Figure 5.5). 

 

Figure 5.5 Sequencing the OPSIN-LCR in HEK293T cells 

Sequencing traces of gDNA from HEK293T cells aligned to the OPSIN-LCR-EGFP fusion sequence of the 

CGFP mouse. A) Example showing region of the OPSIN-LCR in HEK293T cells with 8 sgRNA candidates 

aligned to CGFP mouse genome. B) Zoomed in sequencing traces of top image including sgRNA candidates 

g6, g8, g9, and g10 (red) with corresponding PAM sites (pink). 

 

Following sequence verification of the OPSIN-LCR, HEK293T cells were transfected with EFS-

SaCas9 with OPN1LW targeting sgRNAs. gDNA was extracted and the area of interest was PCR 

amplified before sanger sequencing. Sequencing chromatograms were uploaded to TIDE 

software proceeded by ICE software alongside the unedited sequence. Neither TIDE or ICE 

analysis demonstrated reliable evidence of DNA editing in the HEK293T cells exposed to EFS-

SaCas9-OPN1LW. 
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5.4 Discussion 

5.4.1 – Screening OPN1LW sgRNA candidates using the DLA 

This chapter sought to screen several sgRNA candidates targeting the red-opsin gene (OPN1LW) 

for CRISPR interference (CRISPRi) applications. The sgRNA candidates were screened using a 

variety of in-vitro methods including a dual luciferase assay (DLA), transfections in HEK293T cells, 

and via electroporation in CGFP fibroblast cells. 

 

The basic CRISPRi mechanism relies on the catalytically inactive “dead” SaCas9 protein (dSaCas9) 

to sterically block transcription factors from accessing the DNA. When the sgRNA is designed near 

the TSS, this prevents transcriptional initiation, while a sgRNA downstream of the TSS prevents 

transcriptional elongation94,98. The sgRNA candidates in this chapter were designed to block 

transcriptional initiation. When blocking initiation, the optimal sgRNA binding site is suggested 

between -50 to +250bp from the TSS198,199. However, a study targeting the green opsin 

(OPN1MW) with a CRISPR activation (CRISPRa) system, tested sgRNA candidates located -60 to -

260bp from the TSS and showed increased gene expression both in-vitro and in-vivo104. Based on 

the similarity in gene target, the sgRNA candidates targeting the red opsin gene in this chapter 

were all designed upstream to the TSS. 

 

Fourteen sgRNA candidates were initially designed in Geneious Prime software for use within a 

dSaCas9 system using the PAM sites NNGRRT and NNGRR(N). The NNGRRT PAM site is associated 

with higher levels of editing than the more promiscuous NNGRR(N) PAM site200. The 1kb region 

upstream of the OPN1LW TSS was probed for SaCas9 associated PAM sites. Once identified, 20bp 
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sgRNAs were designed immediately upstream to the PAM sites. Of the sgRNA candidates, four 

were associated with the more efficient NNGRRT PAM site (g3, g4, g5, g6). Indeed, the DLA 

identified significant gene repression using three of the sgRNA candidates, g4, g5, and g6. g3 did 

not show consistent gene repression across experimental replicates. Four additional sgRNA 

candidates using the NNGRR(N) PAM site also caused significant gene disruption in the DLA. 

 

Of the three sgRNA candidates which use the NNGRRT PAM site, g6 and g8 are additionally the 

candidates located nearest to the TSS at -191bp and -182bp, respectively. The location of g6 and 

g8 are similar to sgRNA locations used for OPN1MW activation in the Bohm. et. al. study, further 

supporting the importance of the location of sgRNA around -200bp from the TSS104. This is also 

somewhat in alignment with other sgRNA screening studies which identified -50 to +250bp from 

the TSS as the optimal sgRNA position198,199. Interestingly, g4 and g5, located -861bp and -778bp 

from the TSS, also caused similar levels of repression in the DLA to g6 and g8. While the location 

to the TSS is further, it is possible chromatin accessibility in that region of the OPSIN-LCR is more 

open than in intermediate sgRNA positions tested. 

 

Following screening, six additional NNGRRT PAM sites have been identified between -190 to 

+14bp of the TSS. Further sgRNA screening using a combination of the NNGRRT PAM site and 

sgRNA location closer to the TSS, could potentially produce more efficient gene repression using 

the EFS-dSaCas9.KRAB-MeCP2 repressor system. Additional considerations to optimize gene 

repression include the use of multiple sgRNAs targeting the same gene within a CRISPRi system, 
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which might increase efficiency of repression. One study by Chavez et al. reported the use of 

multiple sgRNAs led to increased gene activation in a CRISPRa system201. 

 

Overall, initial sgRNA screening with the DLA identified several OPN1LW targeting sgRNA 

candidates which caused robust gene repression. The results of this chapter support sgRNA 

design using the NNGRRT PAM site for use with dSaCas9, as well as sgRNA location -200bp from 

the TSS as the optimal distance for sgRNA design. The influence of chromatin structure at sgRNA 

binding sites may additionally play a role in repression efficiencies. Additional testing using 

multiple sgRNA candidates in combination would be worthwhile to potentially improve the 

degree of transcriptional repression achieved. 

 

5.4.2 – Use of the CGFP fibroblast cell line 

The pilot study using the CGFP fibroblast cell line evaluated ubiquitous promoter activity before 

proceeding with CRISPR-based in-vitro work. Three universal promoters, EFS, CAG, and CMV 

demonstrated the ability to drive expression of EGFP in the CGFP fibroblast line following 

electroporation. Plasmid DNA concentrations ranged from 300ng-900ng and all produced robust 

EGFP expression on live cell imaging. This initial study provides the basis for future use of EFS, 

CAG, or CMV to drive plasmid DNA expression in CGFP fibroblast cells via electroporation. 

 

While EGFP expression was relatively easy to assess with cell imaging, the effect of DNA editing 

with an active SaCas9 system in the CGFP fibroblast cells was not as clear. Within the CGFP 

fibroblast cell line, OPN1LW is not transcribed. Therefore, use of the EFS-dSaCas9.KRAB-MeCP2 
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repressor system with OPN1LW targeting sgRNAs was not possible. As an alternative, the 

OPN1LW sgRNA candidates were cloned into the EFS-SaCas9 plasmid. These active SaCas9 

plasmids were electroporated into CGFP fibroblasts using settings established in the pilot study 

to further elucidate sgRNA binding within the CGFP genome. 

 

Despite identification of multiple sgRNA candidates capable of gene repression in the DLA, TIDE 

analysis of CGFP fibroblasts following exposure to the active SaCas9 system did not show 

expected editing efficiencies. The low editing efficiencies seen with TIDE could be due to a myriad 

of reasons, some of which will be discussed below. 

 

TIDE software was developed as a method to predict the presence of insertions or deletions 

within a DNA sequencing trace after exposure to a gene editing system compared to an unedited 

sequencing trace of the same DNA region. To predict editing efficiencies, the software relies on 

the quality of both the PCR product containing the predicted cut site and the sequencing 

results140. A simple method to assess the quality of DNA following PCR amplification is to run the 

products using gel electrophoresis. Prior to all sequencing done throughout this thesis, PCR 

products were exposed to gel electrophoresis to crudely assess DNA quality. Images of the 

samples used for TIDE analysis for this chapter demonstrate clean bands, supporting a pure PCR 

product (Appendix, 8.3). Additionally, the DNA concentration of all samples intended to be PCR 

amplified were quantified immediately following gDNA isolation, and presence of contaminants 

was assessed using NanoDrop spectrophotometry. Following PCR amplification, samples were 

again assessed via NanoDrop. Based on imaging and absorption data of the isolated gDNA and 
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PCR products, it is unlikely that the quality of DNA following PCR amplification meaningfully 

contributed to the low editing efficiencies seen with TIDE analysis. 

 

The methodology and practice of sequencing is beyond the scope of this thesis, however, some 

difficulties with sequencing are commonly encountered in CRISPR-based labs. Several of the 

samples sent for TIDE in this chapter were discussed with GENEWIZ and repeated. Ideally, all 

sequencing would have been repeated, however, due to time limitations of the MSc and the 

novelty of the CGFP fibroblast line, this was not feasible. Additional optimization of transfection 

via electroporation within the CGFP cell line followed by replication of experimental conditions 

would provide clarification regarding OPN1LW sgRNA binding and activity of the tested SaCas9 

system. 

 

Beyond the limitations of TIDE, in transient transfection experiments, expression of plasmid DNA 

is dependent on the length of time the cells are left and the rate of cell division. It is therefore 

possible for the plasmid of interest to be diluted out, as it is only present in the initial cells that 

were transfected and subsequently able to express the desired proteins. Electroporation is a 

method of transient transfection; therefore, plasmid DNA does not integrate into the host 

genome and as such is limited by time and the rate of cell division. In the preliminary experiments 

comparing promoter activity within CGFP fibroblasts, results indicated maintained transgene 

expression at 1-week but were not tested up to 2-weeks as was done in the SaCas9 branch. After 

electroporation with the EFS-SaCas9 constructs, the fibroblast cells were allowed to grow for 
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varying amounts of time up to 14 days to attempt to maximize yield. To minimize sample 

variation, all samples assessed for DNA editing were left for 14 days following electroporation. 

 

While DNA editing can generally be expected to begin between 48-72 hours after transfection, 

the exact time to isolate gDNA following electroporation to assess DNA editing in fibroblasts is 

not well defined. In a study by Bajwa et al., buffalo fibroblasts were electroporated with an active 

SpCas9 system and left for 8-10 days following puromycin selection and allowed to reach 70-80% 

confluency before gDNA isolation to assess for genome editing. In this manner the authors 

showed editing efficiencies up to 26.7% via TIDE, 24% via ICE, and evidence of indels via 

subcloning202. It is possible the EFS-SaCas9 constructs were successfully electroporated into CGFP 

fibroblasts and those cells expressed the necessary CRISPR-associated proteins to generate DSBs. 

However, if the population of cells in which this occurred was quite small, in part due to the long 

time-period following electroporation, the effect of DNA editing, as predicted in TIDE analysis, 

may be underestimated. The addition of puromycin selection along with use of a fluorescent 

reporter gene within the EFS-SaCas9 plasmid would improve identification of cells successfully 

electroporated and expressing the plasmid DNA. Within this cell pool, a more accurate 

measurement of DNA editing would be possible, and the dilatory effects of non-transfected cells 

would be minimized. 

 

To attempt to elucidate the potential dilatory effect within the fibroblast cell pool, subcloning 

was performed on a subset of CGFP fibroblasts exposed to SaCas9 constructs. Subcloning analysis 

did not reveal the presence of insertions or deletions in fibroblasts transfected with EFS-SaCas9-
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F10, EFS-SaCas9-g6, or nontargeting EFS-SaCas9. While subcloning did not demonstrate the 

presence of indels, 2 sequencing traces of cells exposed to EFS-SaCas9-F10 did show increased 

baseline noise compared to unedited DNA within the expected editing window. In subcloning 

analysis, individual sequence traces are manually compared to unedited DNA. The increased 

baseline noise noted during the analysis may represent DNA editing and further supports the use 

of F10 for gene knockout in the CGFP mouse, as was discussed in Chapter 4. 

 

It is also possible that the EGFP gene which was targeted for is not accessible in the CGFP 

fibroblast line, leading to low detected editing rates. While the DNA of the CGFP fibroblasts carry 

the genetic sequence for EGFP, different cell types possess different epigenetic modifications and 

the EGFP genomic region may be inaccessible in fibroblasts vs. photoreceptor cells as was 

investigated in Chapter 4. 

 

As discussed in detail in Chapter 1, the mechanism of gene disruption between an active Cas9 

system and a catalytically inactive dCas9 system acts at different points of protein expression. A 

more accurate way to investigate the use of the dSaCas9 repressor system after sgRNA screening 

but prior to in-vivo studies would be within retinal organoids or human retinal explants. In his 

thesis, Dr. Ariel Kantor, who designed the EFS-dSaCas9.KRAB-MeCP2 plasmid used throughout 

this chapter, demonstrated high levels of gene repression in iPSc derived retinal organoids after 

exposure to the same dSaCas9 system203. Other groups have similarly utilized retinal organoids 

to investigate epigenetic modifications and shown successful gene repression204. Within 

ophthalmology, a recent study by Burnight et al., demonstrated the use of CRISPRi to repress the 
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production of the rhodopsin protein in human retinal explants and in-vivo100. Since this thesis has 

focused specifically on cone photoreceptor targeting, the use of cone-enriched retinal organoids 

could additionally be of interest. Cone-enriched retinal organoids have been developed and 

shown to possess light responses similar to the fovea of primates205–208. 

 

5.4.3 – Optimizing electroporation of CGFP fibroblasts 

Within the electroporation system there are multiple parameters that could influence the 

transfection efficiency of cells. These include voltage, the number of pulses, pulse duration, cell 

confluency, cell passage number, cell type, plasmid DNA concentration, and time left following 

electroporation. For all experiments discussed in this chapter, the following parameters were 

kept constant: voltage of 1650V, pulse number of 3, pulse duration of 10ms, cell density of 1x105 

cells/10uL, and cell type. Cell passage number, plasmid DNA concentration, and time left 

following electroporation varied by experimental condition. The initial electroporation settings 

used in this chapter were chosen based on the work of Dr. Maria Kaukonen, a previous member 

of the MacLaren lab. 

 

A study by Hyder et al. sought to optimize electroporation settings using a fluorescent reporter 

plasmid. To do this, multiple parameters were tested for use in bovine fibroblasts and 

demonstrated the highest transfection efficiencies at 400V using 10ug of supercoiled plasmid 

DNA in 3x105 cells/100uL209. While this study uses fetal bovine fibroblasts, which differ from 

dermally derived mouse fibroblasts, and does not attempt to deliver gene editing systems, it 

provides a nice framework for systemically testing different electroporation settings which could 
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be applied for CGFP fibroblasts. Perhaps more relevant to the desired delivery of CRISPR-based 

systems, the study by Bajwa et al. demonstrated electroporation of adult buffalo fibroblasts with 

an active CRISPR-Cas9 system following electroporation optimization. In their study they found 

optimal settings to be 300V with one 20ms pulse using 10ug of plasmid DNA in 1x106 

cells/100uL202. 

 

In both of the above studies, the voltage used for electroporation is significantly lower than the 

1650V used in this chapter. It is possible that lowering the voltage could cause less cell death, 

however, it is also possible the high voltage is needed to transfect the dermal fibroblasts. While 

some cell death is expected due to the traumatic and physical nature of electroporation, it is 

possible the amount of cell debris seen in this chapter was high and caused apoptotic cascades 

in healthy CGFP fibroblasts. Additionally, both studies used a higher plasmid DNA concentration 

and cell density. The initial electroporation kit tested with the CGFP fibroblasts was limited to a 

maximum cell density of 1x105. This in turn limited the plasmid DNA concentration, as some 

evidence of cell toxicity was seen with concentrations of 900ng. After multiple tests with the 

initial electroporation kit, a kit allowing cell densities up to 1x106 along with higher plasmid DNA 

concentrations was tested. Unfortunately, the new kit was only able to be used once prior to 

termination of the experimental timeframe of the MSc. It is possible that investigation of 

electroporation parameters including voltage, pulse number, pulse duration, cell density, cell 

passage number, and plasmid DNA concentration specific to the dermally derived mouse 

fibroblasts could yield higher transfection efficiencies. 

 



   
 

   
 

174 

5.5 Conclusions 

This chapter represents the in-vitro branch of a CRISPRi focused experiment. sgRNAs were 

designed, cloned, and screened to identify top candidates targeting the red-opsin gene 

(OPN1LW). Several sgRNA candidates demonstrated gene repression in a dual luciferase assay 

supporting the use of the NNGGRT PAM site and sgRNA location -200bp from the TSS. A pilot 

study using the CGFP fibroblast line demonstrated promoter activity of EFS, CAG, and CMV within 

the cell line following electroporation. An active SaCas9 system was tested in the CGFP fibroblast 

cell line highlighting the need for further optimization of the electroporation protocol to assess 

the effect of gene editing mechanisms. 
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Chapter 6: General Discussion 

6.1 Summary of Thesis Aims and Outcomes 

This thesis broadly focuses on targeting murine cone photoreceptors to investigate CRIPSR-based 

gene editing applications. Here, I will summarize the work completed on each of the aims of this 

thesis. 

 

1.) Assessment of vector and delivery optimization of AAV5 in combination with a ubiquitous vs. 

photoreceptor-specific promoter in a mouse model which expresses EGFP under a cone-specific 

promoter (CGFP model).  

 

Transduction of photoreceptors (rods and cones) via AAV5 packaged delivery of a fluorescent 

protein, DsRed, was assessed to elucidate vector limitations and broad transduction patterns of 

a photoreceptor specific (hGRK1) and ubiquitous (CAG) promoter. Following successful plasmid 

cloning and AAV5 production, subretinal injections of AAV5-hGRK1-DsRed or AAV5-CAG-DsRed 

were performed on the CGFP mouse model. Both vectors produced robust DsRed expression 

within photoreceptors. The CAG vector demonstrated retinal toxicity and significant 

photoreceptor layer (PRL) thinning while the hGRK1 vector transduced photoreceptors with no 

significant toxicity with PRL thinning observed only in the superior retina. With evidence of broad 

photoreceptor transduction, the combination of hGRK1 and AAV5 was validated as a logical 

choice for the next thesis aim. In addition, this aim of the thesis was critical to master in-vivo and 

in-vitro techniques that would be used throughout the remainder of the thesis. 
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2.)  Investigating in-vivo knockdown of EGFP in EGFP-expressing photoreceptors using an active 

Cas9 system. 

 

Following photoreceptor transduction driven by the hGRK1 promoter in the CGFP mouse model, 

I next sought to disrupt a cone specific reporter gene (EGFP) using an active CRISPR-SaCas9 

system. Within the CGFP mouse, EGFP is expressed in a subset of cone cells under the control of 

the cone-specific OPSIN-LCR promoter. Disruption of EGFP at the DNA level was attempted using 

AAV5-hGRK1-SaCas9 with an EGFP targeting sgRNA, F10. Three escalating doses were 

subretinally injected into the eyes of CGFP mice to elucidate a complete dosing study of AAV5 

within the mouse retina. EGFP disruption was evident with both mid and high dose, suggesting 

successful knockdown of the cone specific EGFP gene. Dose analyses demonstrated an 

acceptable safety profile of AAV5 when injected at or below 5x1012 gc/mL. 

 

3.) In-Vitro screening of sgRNA candidates which target the red-opsin gene (OPN1LW) for 

epigenetic repression applications. 

 

Finally, I undertook the main in-vitro branch of a CRISPRi focused project. For this branch of the 

thesis, the OPSIN-LCR region of the CGFP mouse was targeted for epigenetic repression using an 

inactive Cas9 gene editing approach. Various sgRNA candidates targeting the OPSIN-LCR were 

designed prior to screening using a dual-luciferase assay, transfections in HEK293T cells, and 

electroporation with CGFP derived fibroblasts. The dual luciferase assay demonstrated several 
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sgRNA candidates with significant levels of gene repression. Those sgRNA candidates were then 

screened in HEK293T cells and CGFP fibroblasts. Prior to screening, I validated the use of multiple 

ubiquitous promoters in the CGFP fibroblast line and optimized electroporation parameters. TIDE 

analysis for both HEK293T cells and CGFP fibroblast cells did not yield DNA editing in an active 

SaCas9 counterpart. Despite this, the sgRNA candidates which caused reliable gene repression 

based on the dual-luciferase assay represent possible candidates for future in-vivo epigenetic 

experiments in the CGFP mouse line. 
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6.2 Improving Cone Photoreceptor Targeting 

One of the main goals of this thesis was to assess a combination of AAV5 and the hGRK1 promoter 

to target cone photoreceptor cells of mice for gene editing applications. With this combination, 

successful transduction of cone and rod photoreceptors caused expression of a fluorescent 

protein (DsRed) within these cells. More excitingly, an active SaCas9 system caused disruption of 

a cone specific reporter gene (EGFP). These results validate the established use of hGRK1 and 

AAV5 within the field of ophthalmologic gene therapy. Importantly, this thesis validates their use 

in a murine model, the CGFP mouse, as a preclinical model poised to test different gene editing 

methodologies in cone photoreceptors. While cone transduction did occur, the level was much 

lower than rods, suggesting cone transduction is not as robust as that of rods. There are several 

potential mechanisms to explain this, some of which will be discussed below. 

 

6.2.1 – Promoter and Delivery 

Within any gene editing experiment, choice of promoter and delivery method are critical to limit 

transgene expression to the cell population of interest. Prior literature review helped inform 

promoter and AAV serotype choice for this thesis, with both hGRK1 and AAV5 demonstrating 

photoreceptor specificity across species, including non-human primates and humans152,210. Mice 

have very few cone photoreceptor cells relative to rods and subretinal AAV delivery preferentially 

transduces rods and RPE cells. Consequently, low cone transduction was seen in the CGFP mouse 

following subretinal administration of vectors of interest. 
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One of the simplest ways to attempt to improve the efficiency of cone targeting is to switch the 

promoter driving expression of the transgene or Cas9 system. As discussed in Chapter 4, cone 

specific promoters exist which could drive expression more efficiently and solely to cone cells. 

Studies focused on achromatopsia have identified the L-opsin promoter (PR2.1), a shortened 

PR2.1 promoter, and the S-opsin promoter as options for cone specific targeting169,190–192. A 

subsequent study compared various cone targeting promoters and found almost exclusive 

targeting of cone cells using an engineered chimeric IRBPe/GNAT2 promoter in mice211. While it 

is certainly worthwhile to find the most efficient manner to target cone cells for gene editing 

applications, the hGRK1 promoter remains a strong candidate for cone targeting. hGRK1 is widely 

used in ophthalmology to target both populations of photoreceptors including its use in various 

clinical trials such as EDIT-101120,212.  Like changing the promoter in a gene editing system, the 

serotype of AAV used to deliver the system can be modified. Multiple serotypes have been shown 

to transduce photoreceptors, including AAV2, AAV5, and AAV8213. I began packaging the plasmids 

used throughout this thesis in AAV8 to explore delivery via an alternative AAV serotype, however, 

time limitations did not allow in-vivo administration to assess for differences in transduction 

patterns. Once again, keeping clinical applications in mind for vector design and testing, AAV5 is 

commonly used in clinical trials and demonstrates a favorable photoreceptor expression pattern. 

Nevertheless, changing the serotype could lead to better photoreceptor transduction in the CGFP 

mouse. 

 

Alternative delivery methods to transduce photoreceptors exist, including non-viral delivery 

vehicles such as nanoparticles. Nanoparticles are attractive candidates for gene therapy delivery 
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with a well-known safety profile, increased cargo capacity compared to AAV, small size, and the 

ability to cross cell barriers214. Various in-vitro studies have demonstrated the feasibility of 

delivering the CRISPR-Cas9 system, highlighting the potential of nanoparticles214,215. Most 

recently, the Liu and Palczewski labs engineered virus like particles (eVLPs) to efficiently deliver 

Cas9, base, or prime editing systems in-vivo to photoreceptors93,216. Further in-vivo studies using 

nanoparticles will highlight the current limitations of the technology and potential use for gene 

editing delivery. 

 

6.2.2 – Dose and Toxicity 

In the first two aims of my thesis, I elucidated the transduction pattern of retinal cells based on 

the combination of the hGRK1 promoter and AAV5-based delivery. Subretinal injection of AAV5-

hGRK1-DsRed caused robust DsRed expression within the mouse retina. The specific cell types 

transduced with the vector were determined using IHC, with rod photoreceptors robustly 

expressing DsRed and some evidence of cone transduction. The results for the AAV5-hGRK1-

SaCas9 branches were largely similar, with robust rod transduction and limited cone cell 

transduction. Results of the dose escalation done in Chapter 4 suggest a viral dose of 5x1012 

gc/mL is nontoxic to the mouse retina while achieving photoreceptor transduction. 

 

The primary viral dose used for the DsRed portion of the thesis, 5x1011 gc/mL, was equivalent to 

the low dose cohort of the active SaCas9 branch. At 5x1011 gc/mL, robust rod transduction was 

observed when injected with AAV5-hGRK1-DsRed. However, when AAV5-hGRK1-SaCas9-F10 was 

injected at the same dose, no EGFP disruption within cone cells was observed. At higher doses, 
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EGFP expression within cone cells was decreased, suggesting the Cas9 machinery was 

successfully delivered and expressed within cone cells. It is possible that in the initial DsRed 

experiment and low-dose SaCas9 branch 5x1011 gc/mL was simply too low to cause efficient 

transgene expression within cone cells. 

 

Additionally, cone cells have a high rate of metabolism, putting them at increased sensitivity to 

states of oxidative stress217. Introduction of AAV is known to be immunogenic, leading to 

inflammatory states and increased cellular stress218. Since cone cells are more influenced by 

these states, it is possible cellular machinery to produce a functional protein is impacted via 

introduction of AAV and the transgene, leading to decreased expression in cone cells vs. rods. 

 

While robust transduction was observed, significant retinal toxicity was seen when AAV was 

injected at high dose and when transgene expression was driven by a ubiquitous promoter. These 

findings suggest that in addition to a high viral dose of AAV, high transgene expression may also 

be toxic to the retina. Within the CGFP mouse line, expression of EGFP alone was not found to 

cause the dominant cone degeneration144. However, expression of two fluorescent proteins 

within cone cells may be toxic to the retina. A recent study examined the effect of TdTomato, a 

fluorescent protein derived from DsRed, on the retina in a transgenic mouse line219. The authors 

showed expression of TdTomato caused retinal dysfunction with associated molecular, 

ultrastructural, and functional changes. There was significant downregulation of mitochondrial 

and retinal genes in retinae of TdTomato expressing mice219. Based on their similar origin, the 

retinal toxicity observed from DsRed expression in this thesis could be similar to TdTomato 
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associated toxicity. This is especially true when one considers the high metabolic state of cones 

and sensitivity to oxidative stress with the mitochondrial dysfunction observed with TdTomato. 

 

6.2.3 – Measuring Editing Rates 

Within CRISPR-based studies, measurement of editing efficiencies are assessed via a wide array 

of computational and molecular tools. In this thesis, formation of indels following exposure to 

active SaCas9 systems were assessed using TIDE analysis, which is used to determine the 

spectrum and frequency of mutation across the genome of PCR amplified fragments. Analyses of 

genomic DNA from exposed cell populations produced variable editing efficiencies across biologic 

and technical replicates. Some of the constraints of this method are discussed in Chapters 4 and 

5, however, analyses of editing remain necessary for any tested gene editing system. 

 

In Chapter 4, an active SaCas9 system was assessed to disrupt EGFP expression in cone 

photoreceptors. TIDE analysis did not show reliable editing efficiencies when analyzing genomic 

DNA from the entire neural retina, potentially due to the dilatory effect of untargeted cells. 

However, methods investigating EGFP expression at the protein level suggest successful DNA 

disruption was achieved. The disparity in observed EGFP disruption at the protein vs. DNA level 

highlights the need for streamlined methods of assessing DNA editing in-vitro and in-vivo. The 

addition of analysis at the mRNA level via RT-qPCR or western blot could additionally be used to 

probe the extent of EGFP disruption. Alternatively, isolation of the cone photoreceptor 

population via FACS may lead to better sensitivity in detecting editing rates as only the specific 

cell population of interest, which was targeted, is analyzed, minimizing the dilatory effect. 
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In Chapter 5, several sgRNAs were screened in-vitro for epigenetic repression applications. Initial 

screening with an established dual-luciferase assay (DLA) identified several sgRNA candidates 

which produced consistent and high levels of gene repression. However, when tested in a 

counterpart active SaCas9 system, the same sgRNA candidates did not demonstrate indel 

formation via TIDE analysis. Aside from differences between a dSaCas9 system and SaCas9 

system, DNA disruption was expected following the identification of candidates via the DLA. 

When testing these sgRNA candidates with an active SaCas9 system, a CGFP fibroblast line 

isolated from CGFP mice was used in addition to HEK293T cells. The CGFP fibroblast line was 

novel to the lab and methods to optimize electroporation efficiencies were made prior to use 

with SaCas9. Despite this, high levels of cell death occurred following electroporation, 

significantly limiting the interpretation of the effect of SaCas9. While screening the sgRNA 

candidates in an active SaCas9 system did not show efficient editing, it is possible that the sgRNA 

candidates identified by the well-established DLA could be used for in-vivo applications within 

the MacLaren lab. 
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6.3 Clinical Applications and Considerations 

Significant progress has been made in gene supplementation strategies for IRDs including 

autosomal recessive and X-linked disorders. Gene supplementation works nicely for monogenic 

diseases inherited in this manner, as delivering a functional gene copy can often lead to restored 

protein levels necessary for function. The approval of Luxturna for biallelic RPE65 associated IRDs 

represents a huge step for gene augmentation strategies. With a variety of gene replacement 

strategies in clinical trial for IRDs, the approval of additional gene therapeutics is fast 

approaching. 

 

On the other hand, for IRDs which cause a gain of function or dominant negative effect, gene 

supplementation may not be enough. To circumvent this, silencing of the mutated gene may be 

explored. One method of gene silencing is use of the CRISPR-Cas9 system, which acts at the DNA 

level to cause double-stranded breaks, leading to indel formation with effective gene silencing. 

Gene knockout using CRISPR-Cas9 has been achieved in-vivo for a wide range of genes associated 

with IRDs220. The clinical trial by Editas Medicine which uses an active CRISPR-SaCas9 system to 

disrupt a point mutation in CEP290 is one of the first clinical trials to use CRISPR in humans210. 

Demonstrating a favorable safety profile and improvement in photoreceptor function, EDIT-101 

will no doubt pave the way for future CRISPR-based therapies, not limited to the eye. 

 

With the ongoing expansion of the CRISPR toolbox with base and prime editing, the number of 

disease-causing mutations amenable to gene editing has dramatically increased. In theory, up to 

89% of disease-causing mutations identified within the human genome could be corrected with 



   
 

   
 

185 

prime editing. As the scope of gene therapy and gene editing broadens, it remains critical to 

monitor the response to treatment and continue to optimize targeted treatments for patient 

safety and benefit. 

 

6.3.1 – Off Target Effects 

Within a CRISPR-Cas9 or CRISPRi system, if the sgRNA binds at a partially homogenous sequence 

to the target region, off target effects can occur221. Downstream consequences of off target 

effects are not yet fully understood, however, changes to DNA outside of the target region raise 

concern for cell dysfunction/apoptotic mechanisms or the accumulation of mutations leading to 

malignancy. Despite an incomplete understanding of off-target effects for each gene editing 

application, several tools have been developed and implemented to minimize the potential of 

undesired editing within the genome222,223. 

 

In-silico methods provide an initial prediction of off-targets based on alignment with the intended 

subject genome or by scoring and ranking sgRNA candidates based on alignment data224. The goal 

of in-silico methods is to help identify sgRNA and PAM options which lead to the highest 

specificity of binding to the target DNA region. Because these methods do not rely on the 

complex cellular mechanisms and machinery needed to mediate gene editing, they do not 

provide a full picture of potential off-target effects. In-vitro assays including CIRCLE-seq or SITE-

seq (among many others) are classified as “cell-free” and aim to identify off-targets by identifying 

break sites based on aspects of the Cas9 system and provide a more unbiased measure of off-

target effects. Other cell-culture based in-vitro assays such as GUIDE-seq and whole genome 
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sequencing (WGS) provide analysis of potential off-target effects closest to an in-vivo study, as 

these methods analyze DNA on cells exposed to the gene editing system and thus rely on cellular 

machinery to elucidate gene-editing. In-vivo analyses of off-target effects now also exist, 

providing the most robust assessment of off-target effects as this is the best representation of 

gene editing for human applications. Finally, alongside the rapid advancement of artificial 

intelligence and computational power, machine learning and deep learning programs are being 

developed to inform on and off-target effects of gene editing systems225. 

 

Compared to the classic CRISPR-Cas9 system, other gene editing systems may pose a lower risk 

of off-target effects. While DNA editing causes permanent changes to the genome, systems like 

CRISPRi/CRISPRa which interact with the genome lead to transient changes. Modifications to 

gene editing systems may allow transient expression via small-molecule interactions, drug-

inducible promoters, or systems which self-target226–228. Additionally, early studies using base 

and prime editing show lower off-target effects compared to CRISPR-Cas9, with prime editing 

exhibiting the lowest levels of off-targets92,229. 

 

As scientific knowledge expands, designing gene editing systems with high on-target efficiency 

and low off-targets becomes more attainable. Screening various combinations of components of 

a gene editing system may be greatly aided by computational tools. While in-vitro and in-vivo 

testing with subsequent off-target analyses will continue to be of great importance in preclinical 

design to minimize unnecessary alterations to the genome. 
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6.3.2 – Immune Response 

It is well known that administration of AAV leads to an immune response, involving both the 

innate and adaptive branches of the immune system 218,230,231. Within the eye, immune response 

to subretinal administration of AAV was shown to be primarily mediated via a Type 1 immunity, 

which aims to protect the host against intracellular microbes175. This finding is not surprising, 

since AAV particles must enter the cell to deliver the packaged transgene or CRISPR-based 

system232. 

 

In addition to the immune response to AAV itself, due to the bacterial origin on the CRISPR-Cas 

system, individuals naturally possess neutralizing anti-Cas9 antibodies prior to receiving gene 

therapy. Prevalence estimates of antibodies against SaCas9 and SpCas9, two of the most widely 

used Cas9 endonucleases, is not well defined but thought to be present in the majority of the 

population233,234. Preexisting immunity to Cas9 variants may cause immune mediated destruction 

of cells targeted for gene editing. This is a significant hurdle to overcome, as killing the edited 

cells is counterproductive to the goals of gene editing. 

 

Important to applications of gene editing for IRDs, a study looking into the ocular immune 

response suggests that preexisting antibodies may present a lower risk within the eye following 

exposure to Cas9235. The eye is considered immune privileged, poised to reduce inflammation 

and protect the vital sense of vision236. Despite this immune privilege, intraocular inflammation 

occurs and can be vision threatening. Indeed, following gene therapy administration, intraocular 

inflammation has been observed and in the worst cases, has led to permanent vision loss237,238. 
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Within clinical trial data, intravitreal delivery as opposed to subretinal injection, has been 

associated with increased rates of inflammation following gene therapy239. 

 

Experimental design of gene therapy studies, including clinical trials for IRDs, attempt to mitigate 

the immune response with immunosuppression, typically achieved by administration of 

corticosteroids240. Corticosteroids are a well-studied and cost-effective method to achieve 

immunosuppression, however, other immunosuppressants remain to be fully studied for 

concurrent use with gene therapy. It is possible these other agents may hold a more favorable 

immunosuppression profile, however, the side effects of some of the more powerful 

immunosuppressants will need to be considered. 

 

Insufficient immunosuppression may contribute to intraocular inflammation following gene 

therapy administration. With multiple years since approval of Luxturna, long-term follow up in 

treated patients will inform possible long-term effects of AAV-delivered gene therapy. Recently, 

chorioretinal atrophy has been associated with treatment with Luxturna241. While the full 

mechanism of CRA remains to be elucidated, the contribution of the immune response to 

sustained gene therapy cannot be ignored. 

 

Alternative gene therapy delivery methods exist such as lentivirus, lipid nanoparticles, gold 

nanoparticles, or more recently, engineered-virus-like particles. Further studies are necessary to 

elucidate the immune response to these methods. However, it is possible that these delivery 

methods may pose a decreased risk of an immune response due to their nonviral nature 
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(excluding lentivirus). For some tissues and gene editing tools, these delivery mechanisms may 

lead to equivalent or improved transduction compared to AAV. It is no question the expanding 

repertoire of delivery methods will be of great importance as gene editing tools continue to 

develop. 

 

Once again, strategies to minimize the spatial and temporal expression of gene editing systems 

will be critical to minimize undesired editing and immune responses. Despite these aspects of 

gene editing, the rapidity of scientific discovery will no doubt lead to increased understanding 

and new methods of regulating gene editing systems. 

 

6.3.3 – Future Directions 

In-vivo testing of gene editing systems is a necessary step in the development of novel 

therapeutics. Non-human primates (NHPs) are the only animal model which possess the cone-

rich macula and large cortical visual processing area similar to humans242. For this reason, NHPs 

remain widely used for final studies of gene editing treatments prior to clinical trial. While the 

retinae of NHP are closely related to humans, care, maintenance, and testing of NHP subjects 

comes at a significant cost243. Additionally, ethical considerations prohibit use of transgenic NHP 

models, limiting pre-clinical disease models. 

 

The most used laboratory animals, mice and rats, both lack a macula. This is particularly relevant 

to this thesis, as cone photoreceptors were the target cell population of interest and only 

represent ~2.8% of the mouse retina142. Other large animals such as dogs, pigs, sheep, and cats 
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contain a central area of the retina with high photoreceptor density, including cones, but this 

area is not equivalent to the macula and fovea found in humans and NHP244. Due to the relative 

ease of conducting research with rodents, including the ability to alter the genome, it is inevitable 

that they will continue to be valuable in-vivo models in gene editing development pipelines. 

However, it is important to remember differences in retinal organization greatly limit their 

translational use. 

 

The lack of suitable animal models presents a challenge in the development of gene therapies for 

IRDs. However, the development of 3D retinal organoids (ROs) derived from human induced 

pluripotent stem cells (iPSCs) shows great promise as an adjuvant or alternative to animal 

models. Differentiation of ROs has demonstrated the presence of mature photoreceptors 

suitable to study potential therapies for IRDs245. A cone-rich retinal organoid was also induced, 

providing a novel method to test therapies targeted at cone cells205. Importantly, tropism to AAV, 

the most used gene therapy delivery method, has been established, furthering support of ROs to 

study gene therapies246. In this manner, ROs represent a physiologic in-vitro alternative to animal 

models. Additionally, the ability to isolate these cells and create organoids from patient samples 

greatly expands the modelling of IRDs and ability to test gene editing treatments. 

 

6.3.4 – Final Considerations 

The current era of gene editing is quite exciting. Preclinical studies have demonstrated the ability 

to the use various systems like CRISPR-Cas9, base-editing, prime-editing, and epigenetic 

modulators to treat various models of IRDs. This preclinical work has informed the first CRISPR-
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based clinical trial, EDIT-101, which demonstrated a favorable safety profile and evidence of 

meaningful improvement in vision in phase 1/2210. It is no doubt that as gene editing continues 

to evolve, additional clinical trials will follow. As these therapeutics continue to develop, we must 

also consider the implications patients face. 

 

As discussed above, the safety profile of CRISPR-based therapies must continue to be studied and 

improved on. This will likely occur at various stages of development. Design of the chosen editor 

systems will be important to limit off-target effects and undesired genomic editing. Limiting 

expression of the editor system may also contribute to a more favorable safety profile and 

decreased immune response. While different delivery methods may cause less immune response 

and subsequent intraocular inflammation. With a multitude of ways to improve the safety of 

these therapies, I have no doubt the field of gene editing will continue to expand. 

 

In addition to the importance of safety, the decision of when to treat remains of great discussion. 

Many of the IRDs discussed throughout this thesis are progressive, including the cone and cone-

rod dystrophies. As the disease progresses, more retinal cells are subject to dysfunction and 

disorganization4. Many of the current investigative treatments rely on the presence of functional 

retinal cells to produce a functional protein, in the case of gene augmentation, or to gain benefit 

from silencing of a mutated gene with editing systems. As such, it is possible that treating patients 

at an earlier age may provide even more benefit247,248. With the advances in next generation 

sequencing and specific IRD gene panels now readily available, screening patients for IRD related 

genes has never been easier. Further studies are needed to elucidate differences in timing of 
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treatment, but the progressive nature of many of the IRDs argue earlier treatment may preserve 

or improve vision and lead to decreased retinal degeneration. 

 

Finally, there is a significant cost associated with developing a gene therapy treatment from the 

ground up. With the advancement of computational tools, it may become possible to screen large 

combinations of gene editing components and delivery methods to create a specific and safe 

gene editor, bypassing much experimental lab work with a considerable price tag. Once 

developed, society must also consider the exorbitant cost of the gene therapy, as evidenced by 

the $425,000 price of Luxturna. The high cost is prohibitive and necessitates discussion within 

the scientific, pharmaceutical, and medical communities to ensure future gene therapies will be 

accessible to all. 
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6.4 Concluding Thoughts 

From my college courses at University of Colorado Boulder, where I first heard CRISPR technology 

described, I have been intrigued by the ability to alter the human genome. Since then, the field 

has exploded, now harboring the ability to precisely change a single nucleotide. The therapeutic 

potential of gene editing feels unlimited, and I have great hope in the development of safe and 

effective treatments for debilitating disease. As I enter the next stage of my career as a physician, 

I will carry with me fondly the scientific reasoning and skills I have gained during my time in the 

MacLaren lab. 
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Chapter 8: Appendix 
 
Figure 8.1 Normal Distribution of Superior and Inferior Retina PRL Thickness 
 

 
Q-Q Plot of superior and inferior PRL measurements (n=40) against expected normal distribution. 
Normality of data supported by D’Agonstina and Pearson test: superior p=0.4060 inferior p=0.6556, 
Anderson-Darling test: superior p=0.0593, inferior p=0.4724, and Shapiro-Wilk test: superior p=0.1709 
inferior p=0.5702. 
 
Figure 8.2 Inferior PRL Measurements of High-Dose AAV5-hGRK1-SaCas9-F10 

 

Inferior PRL thickness measurements at baseline, 5-weeks, 7-weeks, and 9-weeks post-injection of 
AAV5-hGRK1-SaCas9-F10 at a viral dose of 1x1013 gc/mL. Two-way ANOVA analyzed effect of injection 
and time post-injection on inferior photoreceptor layer thickness: Injection effect F(1, 12)=3.702, 
p=0.0784, Time effect F(1.06, 12.71)=7.550, p=0.0158, Interaction effect F(3, 36)=3.84, p=0.0175. Sidak’s 
multiple comparisons test showed no difference in PRL thickness between PBS and SaCas9 at any 
timepoint. 
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Figure 8.3 Gel electrophoresis of PCR products sent for sequencing 
 

 
 
Representative UV exposure images of gel electrophoresis of PCR products sent for sequencing for TIDE 
analysis in Chapter 5. All ladders used are 100bp DNA ladder from NEB with reference bands at 500bp 
and 1000bp. A) ~700bp region amplified from HEK293T cells transfected with EFS-SaCas9-OPN1LW 
sgRNA candidates. B) ~700bp region amplified from CGFP fibroblasts transfected with EFS-SaCas9-
OPN1LW or EFS-SaCas9-F10. 
 
 
8.4: Macro for Mean Grey Fluorescence 

Superior Retina 

{run("Gaussian Blur...", "sigma=3"); 

run("Specify...", "width=1336 height=1080 x=100 y=100 oval"); 

{run("Sup MGF");} 

run("Measure");} 

 

Inferior Retina 

{run("Gaussian Blur...", "sigma=3"); 
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run("Specify...", "width=1336 height=1080 x=100 y=356 oval"); 

{run("Inf MGF");} 

run("Measure");} 

 

Sup MGF or Inf MGF 

macro "Sup MGF" { 

      if (selectionType!=1) 

          exit("Elliptical selection required"); 

      getBoundingRect(x, y, width, height); 

      midy = y + height/2; 

      getSelectionCoordinates(sx, sy); 

      for (i=0; i<sy.length; i++) { 

          if (sy[i]>midy) sy[i] = midy; 

      } 

      makeSelection(3, sx, sy); 

  } 

 

macro "Inf MGF" { 

      if (selectionType!=1) 

          exit("Elliptical selection required"); 

      getBoundingRect(x, y, width, height); 

      midy = y + height/2; 
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      getSelectionCoordinates(sx, sy); 

      for (i=0; i<sy.length; i++) { 

          if (sy[i]>midy) sy[i] = midy; 

      } 

      makeSelection(3, sx, sy); 

  } 

 

8.5: sgRNA Sequences 

Target Name Sequence 

EGFP F10 GCCGGTGGTGCAGATGAACTT 

OPN1LW g3 CCTTGGCTTTCCTAAGCTTA 

g4 AGCTGATGGAAGCCGTGAAA 

g5 TGGAAACTGAGGCGAGGCTA 

g6 GTCACCGCCACCTTCCTGGC 

g8 ACCTTCCTGGCGGGGATGGG 

g9 AGTCACCGCCACCTTCCTGG 

g10 GGCGGACGCAGGACAGTAGA 

g11 TCAAGAGAACCACATGAGAA 

g12 CGGACATGGCTGGCCTCGCA 

g13 TCAGTCTGCCCCCCCTACAC 

g14 GCCAAAGGACCTACAGCTCA 
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g15 AAGGCTGTGAACTCAGGGCA 

g16 CTGTCTGGACACTCTGTCGA 

g17 CCTGCGAAGCGTGGGGACAC 

 

8.6: Sequencing Primers 

Plasmid/Element Name Sequence 

hGRK1-DsRed RFP-F1-1 CTCGGCCTCTAGAACTAGTG 

RFP-F1-2 CTCCTCCGAGGACGTCATC 

RFP-F2 CGGCCAAATGAATTCCCAAACC 

RFP-F3 CTTTAATCGGCCTCCTGTTTAGC 

RFP-F4 CCTCTCCGGCATGAATTTATCAG 

RFP-F5 CAACATTTCCGTGTCGCCC 

RFP-F6 CCCGTATCGTAGTTATCTACACG 

RFP-F7 CGGAACAGGAGAGCGCAC 

RFP-F8 CGCCATGCTACTTATCTACGTAG 

RFP-F9 GGGCAACGTGCTGGTTATTG 

hGRK1-SaCas9 GRK1-Cas9 Seq1 AGCCTGGTGGTTGTTTGTCC 

GRK1-Cas9 Seq2 AGAGAGGCGCCAGAAGGCTG 

GRK1-Cas9 Seq3 ACTATGAGGGACCTGGCGAG 

GRK1-Cas9 Seq4 AGGAAGAGATCGAGCAGATC 

GRK1-Cas9 Seq5 TGGAAGATCTGCTGAACAAC 
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GRK1-Cas9 Seq6 TTGCCAACGCCGATTTCATC 

GRK1-Cas9 Seq7 ACGGCAACAAACTGAACGCC 

GRK1-Cas9 Seq8 AGAAGCACCCTCAGATCATC 

GRK1-Cas9 Seq9 TGGACTATCATATGCTTACC 

GRK1-Cas9 Seq10 TCTCCTTACGCATCTGTGCG 

GRK1-Cas9 Seq11 TGCACTCTCAGTACAATCTG 

GRK1-Cas9 Seq12 ACGAGTGGGTTACATCGAAC 

GRK1-Cas9 Seq13 ACTGGATGGAGGCGGATAAAG 

GRK1-Cas9 Seq14 TTGCCGGATCAAGAGCTACC 

GRK1-Cas9 Seq15 TCTAGCTAGGTCTTGAAAGG 

hGRK1 promoter GRK1 F1 CTGAATTCGGTACCGGGCC 

CAG promoter CAG F1 CCCACGTTCTGCTTCACTCT 

EFS promoter EFS Seq ACTCTTCCTCGCTCAGCTTC 

EFS-dSaCas9 hU6-F GAGGGCCTATTTCCCATGATT 

OPSIN-LCR-EGFP SeqF1 AATGGGAGGTTCAAGGCGAG 

SeqF2 GGGCAACAGAGTGAGACTCC 

SeqF3 CTGTGATGCCCTCCTGGATC 

SeqF4 ACGTGCCACATTCACACTCT 

SeqF5 CCGCGTGGAGTCATTTAGGA 

SeqF6 CCAGGGAAGCCTCAGAGTTG 

SeqF7 CCACCCTTCCACTGTCTGTC 
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SeqF8 GCTACCATGTCCAGCCCAAT 

SeqF9 TGCTTCTACCATGTGGCCTG 

SeqF10 GAACTCAGGGCAAGGGAGAC 

SeqF11 TGGTTCCCAGCAAATCCCTC 

SeqF12 TTCTTCAAGTCCGCCATGCC 

SeqR1 TAATCTCACCCTGGCTGCTG 

SeqR2 ACATCCCAGGAAGGAGAGTG 

SeqR3 ATGAAGGGCCTAGAGTGGTC 

SeqR4 GGCTCCATCTCTGTGAAATGC 

SeqR5 GGCCCTCTCTGTGTTTATGTG 

OPN1-Reverse1 CGCATCACCTGAGGGTCAC 

OPN1-Reverse2 CTATGGAAAGCCCTGTCCC 

PsiCheck2 SV40 Eurofins TATTTATGCAGAGGCCGAGG 

PsiCheck2 R GTGCTTCTCGGAATCATAG 

 

8.7 – PCR Primers 

Purpose Name Sequence 

CGFP Genotyping EGFP forward genotype ACGTAAACGGCCACAAGTTC 

EGFP reverse genotype AAGTCGTGCTGCTTCATGTG 

OPN1 CRIPSRi TIDE F1 AGCCCTTCATTCCCTGTTATG 

TIDE F2 TTGTGCCTGCAGCAGAAGC 

TIDE F3 TGTCTGGACACTCTGTCGAC 
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TIDE R1 ACGGATGACCTGTTAGTGCC 

TIDE R2 TGGTGAAACTGCTCAGAGCCC 

TIDE R3 TTATACTGGCCTGTGGGATC 

EGFP KO EGFP F1 TGAGCAAGGGCGAGGAGC 

EGFP Reverse TTGTACAGCTCGTCCATGCCG 

KO TIDE F2 TGACCCTCAGGTGATGCGC 

TIDE Caroline F10 GTCTTGTAGTTGCCGTCGTC 

KO TIDE R2 TGTGATCGCGCTTCTCGTTG 

 

8.8 – qPCR Primers 

Target Name Sequence 

DsRed RFP qPCR F1 CGACTACAAGAAGCTGTCC 

RFP qPCR R1 AAGTTCACGCCGATGAAC 

RFP qPCR F2 CCGTAATGCAGAAGAAG 

RFP qPCR R2 GTAGATGGACTTGAACTC 

RFP qPCR F3 CGTAATGCAGAAGAAGAC 

RFP qPCR R3 TAGATGGACTTGAACTCC 

hGRK1 Promoter GRK1 F1 CTGAATTCGGTACCGGGCC 

GRK1 R1 CGAAGGCAGCGCGCAGC 

 

8.9 – OPN1LW regions for sgRNA Screening 
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Name Sequence 

Region 1 CAAGCTCACGCCTTGGCTTTCCTAAGCTTAAGGAATAAACCCAAAAGGA 

Region 2 CTGAGGAGCTGGGAGCTGATGGAAGCCGTGAAAGGGGATGTGCTCCTGGG 

Region 3 AGGGCCCGTTGGTTGGAAACTGAGGCGAGGCTACGGAGTTGGGCACTAAC 

Region 4 AGGTCATCCGTGCCCCTGCGAAGCGTGGGGACACAGGGACAGCAGAGATG 

Region 5 ACAGCAGAGATGGCCTGTCTGGACACTCTGTCGACGGGGGGCCTGTGGTTG 

Region 6 TGGTGAAGCCCAAGGCAAGGCTGTGAACTCAGGGCAAGGGAGACGTGAGC 

Region 7 ATGTGCACCCTGGCGGCCAAAGGACCTACAGCTCATGGGGGGCAAGGGGG 

Region 8 AGCAGGATGTGCGCAGTCAGTCTGCCCCCCCTACACTGGAGGAGGAGCCC 

Region 9 TCGCCCGTTTGGGCCCACGGACATGGCTGGCCTCGCAAGGAGGATCCGG 

Region 10 TAGTCTCCCTGGGCTTTCAAGAGAACCACATGAGAAAGGAGGATTCGGGC 

Region 11 TCCACCTGCCCCAAAGGCGGACGCAGGACAGTAGAAGGGAACAGAGAAC 

Region 12 AGCGGCTCCCACAGTCACCGCCACCTTCCTGGCGGGGATGGGTGGGGCGTC 

 

8.10 – Key Sequence Elements 

EGFP 

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACG

TAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTG

AAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCG

TGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG

GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAG

TTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACAT
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CCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGA

ACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACT

ACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGT

CCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCC

GGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAGCGGCCAGATCCTCGAGCAGAAGCTTATCTCT

GAGGAGGATCTGTGATAAGCTTATCTCTGAGGAGGATCTGTGATAGGATCTTTGTGAAGGAACCTTACT

TCTGTGGTGTGACATAATTGGACAAACTACCTACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTT

AAGTGTATAATGTGTTAAACTACTGATTCTAATTGTTTGTGTATTTTAGATTCCAACCTATGGAACTGATG

AATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAACCTGTTTTGCTCAGAAGAAATGCCATCTAGTG

ATGATGAGGCTACTGCTGACTCTCAACATTCTACTCCTCCAAAAAAGAAGAGGAAGGTAGAAGACCCCC

AGGACTTTCCTTCAGAATTGCTAAGTTTTTTGAGTCATGCTGTGTTTAGTAATAGAACTCTTGCTTGCTTT

GCTATTTACACCACAAAGGAAAAAGC 

OPSIN-LCR 

CATGGGGAGGGGAGCACAGACCCAGCAGGCAGGCTCTCAATGGGAGGTTCAAGGCGAGTCCCCCTCCC

ACCCACCTGCTCCCAGCTGAGAGTCCATCTGGGCCTCCGGTGGGCAACGACAAAAAATTCCATTAGGTT

GAGAAGACGTGACTGGCACTGGCTCAAAGCCAAACAAATACTTGGTGGGCCTGCTTGGAGTTTAGCTCA

CACTTTTTGATTTTCTATTCACTGAATTTCACTGCTGTAGGAACCTCATATAAATGGAATCAGATAGTTATT

TTTTTTTATGACAGGCTTTGGGGGATATATCTTTTTGAAGGCTCTTTATAACTAAACAGTAAATAGTTTAA

TTACAGTGGAAATTCTCTGGACTAGATTGTAAAGGTGGATCAGATTTGGAAATAAGACTTTTTTCAAGTC

AAAGAAGAAAAACCAATTTAAAAATACAAGGCAATGGCCGGGTGCGGTGGCTCACGCCTGTAATCCCA

GCACCTTGGGAGGCCAAGGCAGGTGGATCAGCTGAGGTCAGGAATTCGAGACCAGCCTAGCCATCATG

GTGAAACCCTGTCTCTACTAAAAATACAAAGAAAAAATTAGCCGGGCATGGTGGTGCATGCCTGTAGTC
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CCAGCTACTCAGGACACTGAGGCTGAGGAGAATTGCTTGAACCCGGGAGGCAGAGGTTGTAGTGAGCA

AAGATCGCGCCACTGCACTCCAGCCTGGGCAACAGAGTGAGACTCCACGTCAAAAAAAAAAAAAAAAA

AAGACATGTCAGAAACAAAGAAAGAAAGACATGACAGGCTCAGAATCAATGTCAACCTGGGCAAAGGT

CAGAAACGGAACAGGGACCCTTTCTTTGTGGGCAGGTTTGACATGAAAGGTTCAGCGACTTCAACTCTT

CTGATTCTTTCTTCTTGAGCCCATTTTGGTAAGTTGTGTTTTCCTAAAAGTTTGTCCATTCCATCCAAATGT

TCACATTAGTCAGGATCTGTGAAGGATGTCAATGGCTGTGAGGCGAGGGCCCCTTGCCAGTCCCCATGT

TCGTTATTTATGGATGCCTGATGCCCACAACCTCGACTTCTCAGCTGAGGGCAACTCCTCCTGTCCTCTCG

CTGCTTCCACCTAAGCCACCAGGAAATCCTGTTGACTCCACTTACAAAAGCTCTCCAGAGTCTGCTACCTC

TTACCACCCTACTGTCGCCTCCCAGACCTGGTCTCCCCGCTTCTGCCCTGGCCCCTACAGCTCGCAGACAG

CTGCCAGAGGAGTCCATCCGAATCAACTTCAGATTGCGTCACTTTTTCTTTCAAAATCCGACAAAGCTCCT

CATTCCATTCAGAGTGAGAAGGGCCCCGCCATGCAGCCTTTCCTCCTCCTATTCACCAACCCCACTCTCGC

TCCAGCCATCTTGATATCCTTGCTGGTCCTGGAGCAGGCCAGCCACGCTCTTGCCCCAGGGCCTTTGCAC

TTGCTGCCCCTCTCCTGTGATGCCCTCCTGGATCTCTGCATGGCTCCCTCCTGCCCTCCCTCCCTCGAGTCT

TTGCTCACATGTCCCCTTCTCAGAGGGGCTCACCCTGGTGCCCTTCGAAAGTGGGCATCCACTCCCTTCCC

ACCCTGGCACCCGCACCCTCCTGTCTTCCTTTTTCTGTTCTCCATCCTACTCATCTCCCCCAACTAGAAAGG

CAGCTGCAGCTGCGGAGCACGGGATCTCCATCTGCAGCTGCATCCCGGGACCTAGAACAGGTACAAAA

GTACCTAATAAGTACCCACTGAATGAATAATTGGCTGAGTTTTCTGTACCAAAGACTGAGCTAAGACTCT

TTAAAAGGATGATCTTATTTAAGCCTTACAGCAAGTAAATGTTATCCCCATCTTCCTGATGAGGACACAG

TGACCACCACGCTCAAGGACACAGAGGGTGGACGTGCCACATTCACACTCTGTGACTTAGAGCGGCTGG

ACGGGCAGGGACTTAGGAGGCCTACAGCAGCCAGGGTGAGATTATGAGGCTGAGCTGAGAATATCAA

GACTGTACCGAGTAGGGGGCCTTGGCAAGTGTGGAGAGCCCGGCAGCTGGGGCAGAGGGCGGAGTAC

GGTGTGCGTTTACGGACCTCTTCAAACGAGGTAGGAAGGTCAGAAGTCAAAAAGGGAACAAATGATGT
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TTAACCACACAAAAATGAAAATCCAATGGTTGGATATCCATTCCAAATACACAAAGGCAACGGATAAGT

GATCCGGGCCAGGCACAGAAGGCCATGCACCCGTAGGATTGCACTCAGAGCTCCCAAATGCATAGGAA

TAGAAGGGTGGGTGCAGGAGGCTGAGGGGTGGGGAAAGGGCATGGGTGTTTCATGAGGACAGAGCT

TCCGTTTCATGCAATGAAAAGAGTTTGGAGACGGATGGTGGTGACTGGACTATACACTTACACACGGTA

GCGATGGTACACTTTGTATTATGTATATTTTACCACGATCTTTTTAAAGTGTCAAAGGCAAATGGCCAAAT

GGTTCCTTGTCCTATAGCTGTAGCAGCCATCGGCTGTTAGTGACAAAGCCCCTGAGTCAAGATGACAGC

AGCCCCCATAACTCCTAATCGGCTCTCCCGCGTGGAGTCATTTAGGAGTAGTCGCATTAGAGACAAGTCC

AACATCTAATCTTCCACCCTGGCCAGGGCCCCAGCTGGCAGCGAGGGTGGGAGACTCCGGGCAGAGCA

GAGGGCGCTGACATTGGGGCCCGGCCTGGCTTGGGTCCCTCTGGCCTTTCCCCAGGGGCCCTCTTTCCTT

GGGGCTTTCTTGGGCCGCCACTGCTCCCGCTCCTCTCCCCCCATCCCACCCCCTCACCCCCTCGTTCTTCAT

ATCCTTCTCTAGTGCTCCCTCCACTTTCATCCACCCTTCTGCAAGAGTGTGGGACCACAAATGAGTTTTCA

CCTGGCCTGGGGACACACGTGCCCCCACAGGTGCTGAGTGACTTTCTAGGACAGTAATCTGCTTTAGGC

TAAAATGGGA-CTTG-ATCTTCT-GTTAGCCCT-AATCATCAATTAGCAGAGCC--GGTGAAGGTGCAGAA-

CCTACCGCCTTTCCAGGCCTCCTCCCACCTCTGCCACCTCCACTCTCCTTCCTGGGATGTGGGGGCTGGCA

CACGTGTGGCCCAGGGCATTGGTGGGATTGCACTGAGCTGGGTCATTAGCGTAATCCTGGACAAGGGC

AGACAGGGCGAGCGGAGGGCCAGCTCCGGGGCTCAGGCAAGGCTGGGGGCTTCCCCCAGACACCCCA

CTCCTCCTCTGCTGGACCCCCACTTCATAGGGCACTTCGTGTTCTCAAAGGGCTTCCAAATAGCATGGTG

GCCTTGGATGCCCAGGGAAGCCTCAGAGTTGCTTATCTCCCTCTAGACAGAAGGGGAATCTCGGTCAAG

AGGGAGAGGTCGCCCTGTTCAAGGCCACCCAGCCAGCTCATGGCGGTAATGGGACAAGGCTGGCCAGC

CATCCCACCCTCAGAAGGGACCCGGTGGGGCAGGTGATCTCAGAGGAGGCTCACTTCTGGGTCTCACAT

TCTTGGATCCTCGGATCCTCTGACTCTGGTGGGGACAGGCAGACCAAGCTCTCTTGGACCCGGGAAGAG

GGACCCTTGGAAGTCACTTGGGATTGAGTTCTAGAGTCTTGACACTGTTTCAGCAGATCTATACTTTGAA
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CCCACCTCAGGCATCTCATCCACAGAACAGGGACAGTGACCATTCCATCTTGCCAAGGAGTGCGGGGCA

CACACCATGCTGCTGGCAGCCAGGGTGGAAAGTCAAGGGGTCCCAGCTGAAGCACTGCCACAGAGGCA

GGATGCAGTCCGAGAGGGGACTTCAGAGCAGGGGCCCAAGGCCAAGGCCATCAGGGAGGTCTTTCTG

CAGGAGGGACCTCTTTAGGAGTTAGGCCCTAAAAACAAATAAGAGGAAGAAAGGCACTTGGTGGTTTT

TAGTCTATTCACGGTGCTGTGCAGCCATCACCACCATCCAGCCGCAGAACTTGTTCATCTTCCCAAACTGA

AGCTCTGGCCCCGTTCAACCCCAACTCCCCACCCCCCAGCCCCTGGCACCCACCCTTCCACTGTCTGTCTC

TATGGATTTGACCACTCTAGGCCCTTCATATAAGTGGAATTTTACAGTATTTACCCTCCTGTGACTGGCTC

ATTTCACTGAGCAATGTCCTCAAGGGTCATCCATGTTGGAGCATGTGTCAAACTTCATTTCTTTTTAAGGG

TGAATCATATTCCATCGTCTGTATAGACCACAATTTGTGTAGCTAATCATCCGTTGATGTTTGTTGATTTG

TTTGTTTGTTTTGAGACAGTCTTGCCATCAGAGCTCACTGCAGGCTCAACCTCCCAGGCTCAAGAAATCCT

CCCGCCTCTCTACCTCCCAAGTAGCTGTGACTACAGGCACCTGCGACTGTGCCCTGCTAATTTTTGTATTT

TTTGTAGAGACAGGGTCTCACTATGTTGCCCAGGCTAGTCTCGAACTCCTGGGCTCAAGTGATCCTCTCA

CCTCGGCCTCCCAAAGAACTGGGATTACAGGCATGAGCTACCATGTCCAGCCCAATTGCCCATTGATGG

GCACGGGTTGCTTCCATGTTTCAGCTGTTGTGAATCACGCTGCTGTGAACATGCGTGTGCAAACAGCCCT

TCCAGACCCTGCCTTCCATTCCTCTGGGCCTATACCCAGCAGTGCGGTTGCTGGGTCCTATGGGAATTCT

ACGTTTAACTTTTGGAGGAGCTGCCAAACTGTTTTCCACAGTGGCTGCGCCATCACAATCCAATTTTAGG

ACATTTTTATCACCCATAAAGCACTCCCTGTACCCATTAAGAAGTCATCCTCCATTTCCCTCCCTCCCCTGT

CCTGGCACCCATTCCTCTGCTTTGTGTGTCTCTGGATTGCCCTATCTAAGCATTTCACAGAGATGGAGCCA

TGCGCTCCGTGGTCTTTTGTGTCTGGCTTCGCTCACTGAGCATGCTGTTCTCCAGGTCCATCCACGTTGTA

GCGTAGGTCAGCCCTTCATTCCCTGTTATGGCCAAATGATACTCCATTGTACAGACAGGCCACTTTTTACC

CACTCATCTGCTTCTGGACTTTTGGGTTGCTTCTACCATGTGGCCTGTTGGGAACAGTGCTCTGTTTGTAT

TCATGTACGGGTTTTTGTGTGGACACACATTTTCAAGTCTCTTGGGTACACAGGTGTAGAAGTGCCAGAG
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TTGGGGAAAAAGCTCACCTTTCTAGGCTGTGAATGGGCCCTGGCAAGTCTGTGGCCAGGACTCGTCTTC

TCTTCCACATGGGGCCCCTAGCTTGGCACCTAGCACGTGGCAGGCAGCGACAGATGTTAAAAGCCATTC

TTGCTATGGGTAGCCAGGCTGGGGCTCCATGCAGCCCTGGCCTTCAGCTTGGCAGCCAGGGCCCCCTTG

TGCCTGCAGCAGAAGCCATGCTGCCAGGAGTGTAAGTGTGAGCCAGGAATGCTGGAGAATCGTGGCTC

TGAGAACAGGGACAAGAGGCCACAAGCTCACGCCTTGGCTTTCCTAAGCTTAAGGAATAAACCCAAAAG

GAGGTACCTGGAAGGAGCTGGATTTGGGGACTGAGGAGCTGGGAGCTGATGGAAGCCGTGAAAGGG

GATGTGCTCCTGGGGAGGCGCTGGGGCGGGTGGGCCGTGGAGGGGACAGGGCCCGTTGGTTGGAAA

CTGAGGCGAGGCTACGGAGTTGGGCACTAACAGGTCATCCGTGCCCCTGCGAAGCGTGGGGACACAGG

GACAGCAGAGATGGCCTGTCTGGACACTCTGTCGACGGGGGGCCTGTGGTTGGTGAAGCCCAAGGCAA

GGCTGTGAACTCAGGGCAAGGGAGACGTGAGCAGGCGCTGCCGTGGGCTGATGTGGGCACTGCATGT

GCACCCTGGCGGCCAAAGGACCTACAGCTCATGGGGGGCAAGGGGGAGGAGGGAAGCCAACAGCAG

GATGTGCGCAGTCAGTCTGCCCCCCCTACACTGGAGGAGGAGCCCCCCGGCACAAATCTCGCCCGTTTG

GGCCCACGGACATGGCTGGCCTCGCAAGGAGGATCCGGTTCCAGGCCTCGGCCCTAAATAGTCTCCCTG

GGCTTTCAAGAGAACCACATGAGAAAGGAGGATTCGGGCTCTGAGCAGTTTCACCACCCACCCCCCAGT

CTGCAAATCCTGACCCGTGGGTCCACCTGCCCCAAAGGCGGACGCAGGACAGTAGAAGGGAACAGAGA

ACACATAAACACAGAGAGGGCCACAGCGGCTCCCACAGTCACCGCCACCTTCCTGGCGGGGATGGGTG

GGGCGTCTGAGTTTGGTTCCCAGCAAATCCCTCTGAGCCGCCCTTGCGGGCTCGCCTCAGGAGCAGGGG

AGCAAGAGGTGGGAGGAGGAGGTCTAAGTCCCAGGCCCAATTAAGAGATCAGGTAGTGTAGGGTTTG

GGAGCTTTTAAGGTGAAGAGGCCCGGGCTGATCCCACAGGCCAGTATAAAGCGCCGTGACCCTCAGGT

GATGCGCCAGGGCCGGCTGCCGTCGGGGACAGGGCTTTCCATAGCC 

DsRed 
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ATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCGCATGGAGGGCTCCGTGAAC

GGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGC

TGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCCAGTACGGCT

CCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGAAGCTGTCCTTCCCCGAGGGCTTCA

AGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAG

GACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGACGGCCCCGTAATGCAGA

AGAAGACTATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGA

GATCCACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGC

CAAGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACCTCCCACAACGA

GGACTACACCATCGTGGAGCAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAG 

hGRK1 Promoter 

ATCTGAATTCGGTACCGGGCCCCAGAAGCCTGGTGGTTGTTTGTCCTTCTCAGGGGAAAAGTGAGGCGG

CCCCTTGGAGGAAGGGGCCGGGCAGAATGATCTAATCGGATTCCAAGCAGCTCAGGGGATTGTCTTTTT

CTAGCACCTTCTTGCCACTCCTAAGCGTCCTCCGTGACCCCGGCTGGGATTTAGCCTGGTGCTGTGTCAG

CCCCGGGGGAGTCGCTGCGCGCTGCCTTCG 

CAG Promoter 

GACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGA

GTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACG

TCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATT

TACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAA

TGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTAC

ATCTACGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTCCCCATCTC
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CCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGGGGCGGGGG

GGGGGGGGGGGCGCGCGCCAGGCGGGGCGGGGCGGGGCGAGGGGCGGGGCGGGGCGAGGCGGAG

AGGTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTTTATGGCGAGGCGGCGGCGGC

GGCGGCCCTATAAAAAGCGAAGCGCGCGGCGGGCG 

EFS Promoter 

GGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGC

CTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGG

GTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCA

GAACACAG 

SaCas9 

AAGCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGCGTGGGCTACGGCATCATCGACTACGA

GACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGAGGCCAACGTGGAAAACAACGAGGGC

AGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAG

AAGCTGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCC

AGAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAA

GAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAG

CAGATCAGCCGGAACAGCAAGGCCCTGGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGA

AGAAAGACGGCGAAGTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAA

ACAGCTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCT

GCTGGAAACCCGGCGGACCTACTATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCA

AAGAATGGTACGAGATGCTGATGGGCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTAC

GCCTACAACGCCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACGAGAAC
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GAGAAGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCAC

CCTGAAGCAGATCGCCAAAGAAATCCTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTGACCAGCA

CCGGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAG

ATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGCAGCGAGGAC

ATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAGATCTCTAATCTG

AAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCAC

ACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAG

CAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGAAGAGAAGCTTCATC

CAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACATCATTATCGAGCTG

GCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCAGA

CCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAGAAG

ATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTG

CTGAACAACCCCTTCAACTATGAGGTGGACCACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCA

ACAACAAGGTGCTCGTGAAGCAGGAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTG

AGCAGCAGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAA

GGGCAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGC

AGAAAGACTTCATCAACCGGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGC

GGAGCTACTTCAGAGTGAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTC

TGCGGCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCT

GATCATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGG

AAAACCAGATGTTCGAGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAA

AGAGATCTTCATCACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCACCG
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GGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAGGACGACAAGG

GCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGCTGAAAAAGCTG

ATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCTG

ATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGAACTACCT

GACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGTATTACGGCAACAAACTGA

ACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAAGC

CCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGGATGTGA

TCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAGCTGAAGAAGATC

AGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATCTGATCAAGATCAACGGCGAGCTGTATA

GAGTGATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGC

GAGTACCTGGAAAACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCA

GAGCATTAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCA

GATCATCAAAAAGGGC 

dSaCas9 

CGGAACTACATCCTGGGCCTGGCCATCGGCATCACCAGCGTGGGCTACGGCATCATCGACTACGAGACA

CGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGAGGCCAACGTGGAAAACAACGAGGGCAGGC

GGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGC

TGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAG

TGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGA

AGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAGCAGA

TCAGCCGGAACAGCAAGGCCCTGGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAA

AGACGGCGAAGTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAG
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CTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTG

GAAACCCGGCGGACCTACTATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGA

ATGGTACGAGATGCTGATGGGCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTA

CAACGCCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGA

AGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTG

AAGCAGATCGCCAAAGAAATCCTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGG

CAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAGATTAT

TGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGCAGCGAGGACATCCA

GGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAGATCTCTAATCTGAAGG

GCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCACACCA

ACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAGCAGA

AAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGAAGAGAAGCTTCATCCAGA

GCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACATCATTATCGAGCTGGCCC

GCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCAGACCAA

CGAGCGGATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAGAAGATCA

AGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTG

AACAACCCCTTCAACTATGAGGTGGACCACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACA

ACAAGGTGCTCGTGAAGCAGGAAGAAGCCAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGC

AGCAGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGG

CAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGA

AAGACTTCATCAACCGGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGA

GCTACTTCAGAGTGAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGC
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GGCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGAT

CATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGAAA

ACCAGATGTTCGAGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGA

GATCTTCATCACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCACCGGGT

GGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAGGACGACAAGGGCA

ACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGCTGAAAAAGCTGATCA

ACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCTGATTA

TGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGAACTACCTGACC

AAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGTATTACGGCAACAAACTGAACGCC

CATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAAGCCCTAC

AGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGGATGTGATCAAA

AAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAGCTGAAGAAGATCAGCAA

CCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATCTGATCAAGATCAACGGCGAGCTGTATAGAGT

GATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTA

CCTGGAAAACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCAT

TAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCAT

CAAAAAG 
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