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Abstract 
Introduction: CRISPR/Cas9 is a bacterial defence system which evolved to 

cleave and deactivate bacteriophage DNA. The elements involved in the 

CRISPR/Cas9 system may be modified for gene therapy. CRISPR/Cas9 

consists of two components, a single guide RNA (sgRNA) and a Cas9 protein. 

The sgRNA allows for sequence-specific binding. “Active” Cas9 creates a 

double-stranded break in the target region while the “deactivated” form can 

inhibit transcription. CRISPR/Cas9 can be packaged within adeno-associated 

viral vectors, which opens the possibility of using CRISPR/Cas9 to target 

mutations in the retina. We examine several optimizations to the AAV-

CRISPR/Cas9 system in vitro in HEK293-eGFP cells.   

Materials and Methods: We compare the effects of sgRNA orientation in both 

active SaCas9 constructs and deactivated SaCas9 constructs with the KRAB 

repressor (dSaCas9-KRAB). We also examine the cleavage ability of GeoCas9.  

Results: There was no difference in Cas9 and sgRNA levels between the in cis 

and in trans SaCas9 constructs. We also found no difference in Cas9 levels, 

sgRNA levels, and target knock-down between the cis and trans orientations of 

the dSaCas9-KRAB constructs. For GeoCas9, we found that DNA cleavage 

levels were undetectable, despite confirmed expression of both sgRNA and 

GeoCas9 protein.  

Conclusion: When delivering CRISPR/Cas9 in an AAV-based expression 

cassette, the efficacy appears unrelated to the orientation of the sgRNA (in cis 

or in trans) relative to the Cas9 gene. Furthermore, GeoCas9 may not be as 

efficacious as SaCas9, since it was unable to cleave DNA detectably in similar 

experiments. 
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1.1 CRISPR/Cas 

Discovery 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 

the CRISPR-associated proteins (Cas) are part of a naturally-occurring bacterial 

and archaeal adaptive immune system designed to protect against 

bacteriophages. CRISPR/Cas was first characterized by Francisco Mojica in 1993, 

who noticed short repetitive palindromic sequences separated by DNA spacers in 

Haloferax mediterranei, an archaeal microbe.1 Mojica soon discovered similar 

patterns in many other microbes, and termed them clustered regularly interspaced 

palindromic repeats (CRISPR).2–4 CRISPR-associated (cas) genes were found to 

be located near the CRISPR sequences but the function of both CRISPR and the 

cas genes at that time was unknown.3 Using bioinformatics analysis, Mojica 

determined that the DNA spacer sequences matched regions of viral genomes, 

specifically of bacteriophages.5 This finding led him to postulate that CRISPR/Cas 

represented an adaptive immune system within bacteria designed to help fight 

bacteriophage infections.5  

Experimental evidence of CRISPR’s role in the bacterial immune system 

was first uncovered by Philippe Horvath. Horvath had been trying to find a way to 

protect dairy products against bacteriophage infections.6 Since Streptococcus 

thermophilus is commonly-used to make yogurt and cheese, Horvath focused his 

experiments on this bacterium. Horvath and colleagues showed that the 

Streptococcus thermophilus CRISPR system integrates bacteriophage DNA into 

the CRISPR locus and that a higher number of copies of phage-derived sequences 

conferred greater immunity against infections.7  
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The mechanisms of the CRISPR/Cas system were slowly coming to light. It 

was found that in Escherichia coli, the spacer DNA regions are transcribed into 

RNA—also known as CRISPR RNAs (crRNAs).8 Trans-activating RNA (tracrRNA) 

was subsequently discovered, which binds to the crRNA; together, the crRNA and 

tracrRNA help guide Cas9 to the target DNA region.9 Garneau et al. 2010 

determined that when Cas9 proteins bind to viral DNA, they create double-

stranded breaks.10   

Mechanisms of Type I, II, and III CRISPR/Cas Systems 

The CRISPR/Cas9 system was initially organized into three types (I, II, and 

III) based on an understanding of the molecular mechanisms governing its 

interaction with viral DNA (Figure 1.1). The function of these CRISPR/Cas systems 

can be broken down into three steps: spacer adaptation, expression, and 

interference.11  

Spacer adaptation is conserved amongst the three types of CRISPR/Cas 

and occurs during the first infection by a bacteriophage. In this step, the viral 

genetic material is digested and incorporated into the spacer DNA region by Cas1 

and Cas2 enzymes.12,13  

The next step is expression, which occurs after the CRISPR locus is 

transcribed into mRNA. In type I systems, the CRISPR mRNA sequence first forms 

a hairpin secondary structure and then Cas6e and Cas6f cut the spacer/CRISPR 

complexes.11,14,15 These spacer/CRISPR complexes are the crRNA. In type II 

systems, tracrRNA is bound to the CRISPR repeats and the 

CRISPR/tracrRNA/spacer sequences are cut by Cas9 and RNaseIII.9 In type III 

systems, a Cas6 homolog cleaves the mRNA.16  
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The third step is interference, which occurs after the CRISPR/Cas system 

binds to the target viral DNA. Type I and II systems require a protospacer adjacent 

motif (PAM) for binding, which is a 2-6 bp sequence within the viral genome 

located near the target binding region.17–20  The PAM site increases targeting 

specificity and ensures that the Cas binds to only viral DNA and not endogenous 

bacterial DNA. In class I systems, the crRNA associates with a Cas protein. The 

crRNA/Cas complex then binds to the viral genetic material. After binding, a 

cascade of Cas enzymes is activated, which ultimately results in Cas3 cutting the 

viral genetic material.8 In type II systems, the crRNA is associated with Cas9. Upon 

binding to the target region, the HNH and RuvC domains of Cas9 create a double 

stranded break.18 Type III systems do not require a PAM sequence.21 Much like 

type I systems, the type III systems rely on an activated complex of proteins to 

destroy the viral genetic material.22,23 Several other types of CRISPR/Cas systems 

have subsequently been discovered after the initial description of type I, II, and III 

systems.24 
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Figure 1.1 Mechanisms of Type I, II, and III CRISPR/Cas Systems 
The figure above outlines the mechanisms of the three original CRIPSR/Cas 
systems. 
Acquisition: After infection with a phage, Cas1 and Cas2 enzymes incorporate 
the phage proto-spacer DNA into the CRISPR locus as CRISPR spacers. 
Expression: The CRISPR locus, along with the acquired spacers, is transcribed 
into the pre-crRNA. In type I systems, the CRISPR-associated complex for 
antiviral defence (Cascade) cleaves the pre-crRNA. In type II systems, the 
tracrRNA binds to the crRNA. Subsequently, RNaseII cleaves the crRNA-
tracrRNA repeats in the presence of Cas9. In type III systems, Cas6 and either 
Csm or Cmr are responsible for pre-crRNA cleavage and processing. 
Interference: In type I systems, the crRNA-Cascade complex binds to target DNA 
and the Cas3 is responsible for cleaving viral DNA. In type II systems, the Cas9 
is guided to and cleaves viral DNA. Both type I and II systems require a PAM 
sequence in the viral DNA as well as crRNA complementarity for binding. In type 
III systems, either viral DNA or RNA is targeted by a crRNA bound to an enzyme. 
Type III systems do not rely on a PAM sequence for binding. 
Image illustrated by Kella Vansgness.  
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initially focused on modifying type II systems for use in synthetic biology. Gasiunas 

et al. 2012 determined that the crRNA, which is normally approximately 30 bp long, 

could be reduced to 20 bp and still produce efficient editing.25 This group also 

determined that changing the crRNA could allow different target regions to be cut 

by the Cas9 protein.25 Charpentier and Doudna simplified the CRISPR/Cas9 

system by fusing the crRNA and tracrRNA into a single guide RNA (sgRNA).18 In 

2013, the Zhang laboratory was the first to show CRISPR/Cas9 editing in 

eukaryotic cells.26 This group was also the first to package the CRISPR/Cas9 

components into adeno-associated viral vectors for delivery into cells.27,28  

Mechanism of Repair of Double-Stranded Breaks by CRISPR/Cas9  

The mechanism of DNA repair is the same for both wild-type and 

engineered CRISPR systems. Once a double-stranded break is created by the 

Cas9 enzyme, there are two main types of repair mechanisms that may occur: 

non-homologous end joining (NHEJ) and homology-directed repair (HDR) (Figure 

1.2). In NHEJ, the cell repairs the double-stranded break by ligating the two break 

ends together, a process that can randomly introduce insertions and deletions 

(indels).29 These indels may be completely benign, and simply deactivate a certain 

gene. They may, however, create deleterious gain-of-function mutations. In HDR, 

the double-stranded break is repaired with the aid of a DNA template.30 This 

template can either be the endogenous sister chromosome, which is present in the 

late S and G2 phase of the cell cycle, or it can be exogenous donor DNA.31,32 

While HDR is a relatively error-free process, and can thus be used to correct a 

mutated gene, its use is limited to the S and G2 phases of the cell cycle.  
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One innovation in CRISPR/Cas9 gene therapy is homology-independent 

targeted integration (HITI).33 Mature differentiated cells that are not undergoing cell 

division, like photoreceptors, have difficulty performing homology-directed repair. 

These post-mitotic cells, however, have efficient NHEJ. In HITI, the target site is 

cut using CRISPR/Cas9 and a DNA template is supplied, in excess, in the hopes 

that this ectopic DNA will be directly inserted into the cut site during NHEJ repair.33 

HITI repair has been applied to correct the Mertk mutation in Royal College of 

Surgeons rats, which are animal models for retinal degeneration.33 Treated rats 

had increased Mertk mRNA levels, better outer nuclear layer (ONL) preservation, 

and improved ERG b wave responses compared to the untreated controls.33  

Off-Target Editing 

 CRISPR/Cas9 has the potential to induce off-target editing. Off-target 

effects broadly fall into two categories: those that occur in regions with great 

similarity to the target, which can be addressed by PCR of predicted off-target 

sites, and those that occur in regions that are dissimilar to the target, which can be 

determined by whole genome sequencing.34  

There are several methods to assess off-target editing. Generally, in silico 

predictions are used first. There are many algorithms available to researchers, and 

they represent a cost-effective and efficient tool to evaluate CRISPR/Cas9 

editing.35–39 PCR can subsequently be performed on the predicted regions to 

determine if off-target editing has occurred. However, these in silico programs may 

yield very broad results, sometimes predicting hundreds or thousands of possible 

off-target sites. In the case of numerous predictions, it can be very difficult to 

perform PCR on all of the possible sites.  



 22 

Another approach is to use in vitro genome-wide assays. In most of these 

assays, cell-free genomic DNA is cleaved by CRISPR/Cas9 and software is then 

used to detect double-stranded breaks. In vitro assays can be very sensitive, 

detecting sites with editing rates of less than 0.1%.40 Several commonly-used in 

vitro assays include Digenome-seq, CIRCLE,-Seq, and SITE-Seq.40–42  

Cell-based assays, in which CRISPR/Cas9-induced DNA cleavage is 

detected in cells, can also be helpful. Cell-based assays have the advantage of 

testing CRISPR/Cas9 off-target editing in chosen cell types and under specific 

experimental conditions. Examples of these assays include GUIDE-Seq, LAM-

HTGTS, and BLISS.43–45 

Although there is no gold standard for determining off-target effects, 

combining several methodologies is a robust way to uncover where off-target 

editing may occur. For example, Maeder et al. 2019 used three methods to assess 

possible off-target sites of a CRISPR/Cas9-based treatment for Leber Congenital 

Amaurosis 10 (LCA10): in silico prediction, Digenome-Seq, and GUIDE-Seq.46 This 

CRISPR/Cas9 therapy for LCA10 is now being investigated in a clinical trial.   

Deactivated CRISPR/Cas9 for Transcriptional Repression 

There is concern about off-target cleavage by the CRISPR/Cas9 system 

due to non-specific binding of the sgRNAs. While “active,” cutting, versions of the 

CRISPR/Cas9 are certainly an important tool, an alternative option to cutting DNA 

may simply be to repress transcription of the target region.47 Transcriptional 

repression can be achieved by using “deactivated” Cas9 proteins (dCas9).47 While 

off-target effects may still occur when using the deactivated Cas9 proteins due to 
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non-specific binding of the sgRNA, the results are in theory less likely to be 

deleterious as there is no permanent change to the DNA sequence.  

While dCas9 alone can affect transcription by interfering with transcription 

factor and RNA Polymerase II binding, this effect can be enhanced by fusing 

dCas9 to a repressor protein.47 One of the most widely-used repressors is the 

Krüppel-associated box (KRAB).48,49 KRAB modifies histones, thus reducing 

chromatin accessibility, and recruits additional co-repressor proteins like KRAB-

box-associated protein-1 (KAP-1) and heterochromatin protein (HP1).50–53 DCas9 

can also be combined with DNA methyltransferases, like DNMT3A and MQ1, to 

reduce transcription.54–56 To enhance gene transcription, dCas9 can be fused with 

activators like VP64-P65-Rta, synergistic activation mediator (SAM) complex, and 

SunTag.57–62   
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Figure 1.2. Schematic of CRISPR/Cas9 Editing 
The sgRNA, which is comprised of the crRNA and tracrRNA components, is 
attached to the Cas9 protein (top). The sgRNA and protospacer adjacent motif 
(PAM) site allow for specific binding of the CRISPR/Cas9 system to the target DNA 
strand.  
After binding, the Cas9 protein creates a double-stranded break in the DNA. In the 
absence of a template, non-homologous end joining will create indels (left side). If 
there is a repair template present, then homology-directed repair can occur and the  
double-stranded break will be repaired based on the sequence in the template 
(right side).  
Deactivated CRISPR/Cas9 can be associated with a repressor (bottom left) to 
decrease transcription or an activator (bottom right) to increase transcription.  
Image illustrated by Kella Vansgness. 
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1.2 Retinal Degeneration 

A CRISPR/Cas9 system delivered to cells within an AAV may be helpful in 

treating retinal degenerations, most of which have a known genetic mechanism. 

Retinal degeneration occurs when parts of the retina dysfunction, largely due to 

genetic and/or environmental factors. There are many types of retinal 

degeneration, and two major ones are age-related macular degeneration and 

hereditary retinal dystrophies, which involved multiple and single genes, 

respectively. 

Age-Related Macular Degeneration (AMD) 

AMD is a leading cause of blindness in the developed world.63,64 It is 

predicted that AMD will affect 196 million people worldwide by the year 2020 and 

288 million by the year 2040.65 At the moment, although abnormal blood vessel 

growth can be treated, there is no cure for the underlying disease process. 

Clinically, AMD may present with progressive distortion of central vision, 

decreasing visual acuity, and central scotomas. There are two main forms of the 

disease: “wet” and “dry.” The dry form of the disease, which accounts for 

approximately 80% of AMD, is characterized by drusen, retinal pigment epithelium 

abnormalities, hyperpigmentation, and atrophy.66,67 The wet form of AMD is 

characterized by neovascularization and frequently develops as a complication of 

the dry form.66,67 While AMD is a polygenic disease with some environmental 

influences, certain targets have been identified for therapy including the 

complement system and vascular endothelial growth factor.68–73 
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Inherited Retinal Degenerations 

 Inherited retinal degenerations (IRDs) comprise a group of inherited single 

gene disorders that cause blindness by affecting primarily the light-sensing 

photoreceptors in the eye and/or the retinal pigment epithelium (RPE) cells. 

Combined, inherited retinal degenerations have a prevalence of about one in 1490, 

affecting approximately two million people worldwide.74,75 The vast majority of 

inherited retinal dystrophies are monogenic, meaning that they are caused by one 

mutation in one gene. Approximately 256 genes are known to contribute to retinal 

degeneration; within these genes, over 12,000 disease-causing mutations have 

been identified.76–78 These diseases can have autosomal recessive, autosomal 

dominant, mitochondrial, or X-linked inheritance patterns. Because there are many 

possible genetic defects that can cause retinal degeneration, the range of 

phenotypic presentations of inherited retinal dystrophies is diverse. Current 

approaches to management include correcting refractive error with glasses, 

managing macular oedema, using low-vision aids, and performing cataract 

surgery, if necessary. While these treatments may help patients, there is still no 

cure for this group of diseases. 

1.3 Retinal Gene Therapy  

The eye has several advantages that make it suitable for receiving gene 

therapy. The blood-retina barrier, along with certain properties of the retinal cells, 

create an immune privileged environment; the immune response against foreign 

substrates, like gene therapy vectors, is thus relatively attenuated.79 The blood-

retinal barrier also prevents systemic distribution of substrates delivered to the eye, 

reducing the risk of systemic side effects.80 Furthermore, because retinal cells do 
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not divide after birth, there are no new cells being created and a single treatment 

could thus be curative.80 Tools like optical coherence tomography (OCT), fundus 

autofluorescence imaging, and microperimetry make it easy to assess and observe 

disease progression and efficacy of therapeutic intervention.81 In diseases that 

affect both eyes equally, the eye without therapeutic intervention can serve as a 

control to evaluate the efficacy of new treatments.  

To date, retinal gene therapy has largely involved gene augmentation. With 

this technique, a gene is packaged inside of a viral vector, usually an adeno-

associated virus (AAV).82 The virus transduces the target cells, and in this fashion 

delivers the gene. Numerous clinical trials have been initiated to treat retinal 

diseases with gene replacement therapy. 

Leber Congenital Amaurousis Type 2 (LCA2) 

In 2017, Luxturna (voretigene neparovovec/AAV2-hRPE65v2; Spark 

Therapeutics, Philadelphia, PA, USA) became the first gene therapy to gain 

approval from the Food and Drug Administration. Luxturna is indicated for biallelic 

RPE65 mutation-associated retinal dystrophy, like Leber Congenital Amaurousis 

Type 2 (LCA2). RPE65 encodes retinoid isomerase, an enzyme that is essential in 

the visual cycle for converting all-trans retinal into the 11-cis isomer in retinal 

pigment epithelium cells. Clinically, LCA2 usually manifests as severe vision loss in 

infants and young children.  

The earliest clinical trials, in which several different vectors containing 

RPE65 were administered, showed that the therapies were well-tolerated and 

resulted in some improvement in vision.83–89 The most successful vector, which 

was the basis for the Luxturna therapy, was administered by Maguire et al. 2008.90 
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This vector contained RPE65 in AAV2 combined with a surfactant to reduce vector 

loss during injection.90 The three patients who initially received it showed 

improvement of pupillary light reflex and visual acuity six weeks after injection.90 A 

follow-up of up to two years show that the 12 patients who were treated with this 

vector had sustained improvement in vision, including pupillary light response, and 

visual acuity.91 Injections of the vector into the contralateral eye were well-tolerated 

and resulted in increased retinal function during the three year follow-up period.92 A 

Phase III trial was initiated in 2017, in which bilateral subretinal injections of the 

vector were administered.93 The success of this trial lead to FDA approval of 

Luxturna as a therapy for retinal degenerations caused by biallelic RPE65 

mutations.93,94  

Choroideremia 

Choroideremia is an X-linked retinal degeneration caused by mutations in 

Rab-escort protein 1 (REP-1), which is important for vesicle trafficking in retinal 

cells. Choroideremia has a prevalence of 1:50,000 and initially manifests as 

peripheral vision loss and night blindness, with eventual loss of visual acuity later 

in the disease course. Several clinical trials are investigating the therapeutic 

potential of delivering the Rab escort protein-1 gene in a type 2 adeno-associated 

viral vector. The University of Oxford and Nightstar Therapeutics (NCT01461213) 

have published results from a Phase I/II clinical trial, in which AAV2-REP-1 was 

injected subretinally into patients with choroideremia.95–97 The two year follow-up 

showed that all 14 patients in the cohort had improvement of visual acuity in the 

treated eye.97 The median visual acuity gain was 4.5 letters in the treated eye while 

the untreated control eye had a 1.5 letter loss.97 Six patients experienced 
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improvement of more than one line in the treated eye.97 Similar results with this 

vector have been reported from clinical trials in Edmonton, Canada; Miami, Florida, 

USA; and Tubingen, Germany.98–100 Currently, recruitment for Phase II and III 

clinical trials is underway (NCT03507686, NCT03496012, NCT02407678) and a 

long-term follow up of patients with gene therapy (NCT03584165) is in progress. 

Spark Therapeutics has developed another gene therapy vector for choroideremia, 

and a clinical trial is currently in progress. 

Leber Hereditary Optic Neuropathy (LHON) 

Leber Hereditary Optic Neuropathy is a mitochondrially-inherited disease 

that is characterized by painless vision loss. It is caused by mutations in NADH 

dehydrogenase subunit 4 complex I (ND4), which is a part of the electron transport 

chain. The mitochondria, however, cannot be transduced by adeno-associated 

viral vectors; to circumvent this issue, Wan et al. 2016 used a nuclear version of 

the ND4 gene, which was then packaged within a rAAV2 for intravitreal delivery to 

nine patients with LHON.101 The therapy was well-tolerated and six of the nine 

patients had improved visual acuity by at least 0.3 log MAR in the treated eye nine 

months after injection.101 It is not known whether this improvement in vision is due 

to the gene therapy vector or the simply to the nature of LHON, which may at times 

spontaneously improve.102,103  

Age-Related Macular Degeneration 

While VEGF inhibitors have been a mainstay of wet AMD treatment for 

many years, the requirement for frequent injections can be burdensome. With gene 
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therapy, the goal is to continuously express a VEGF inhibitor, thus obviating the 

need for repeated therapeutic intervention.  

Several clinical trials have demonstrated the efficacy of AAV-based gene 

therapy to treat AMD. Soluble fms-like tyrosine kinase-1 (sFLT-1) is a naturally 

occurring anti-angiogenic factor that can be delivered to the retina through gene 

therapy. Phase I and IIa studies of sFLT-1 packaged in rAAV and delivered 

through subretinal injection have shown the safety and efficacy of this 

therapy.104,105 57% patients who received the viral vectors had maintenance or 

improvement of visual acuity while only 36% in the control group did during the 52 

week follow-up period.105 There were no major adverse events associated with the 

injections.104,105 

Another approach to managing AMD has been through delivery of 

endostatin and angiostatin (Retino-Stat®) in a lentiviral Equine Infectious Anemia 

Virus (EIAV) vector. Endostatin and angiostatin have anti-angiogenic properties 

and are thus thought to reduce the neovascularization seen in AMD. A dose 

response study investigating lentiviral delivery of Retino-Stat® showed that the 

therapy was well-tolerated and that patients had long-term expression of 

endostatin and angiostatin (two patients for more than four years). 106 

While the use of anti-angiogenic therapies is beneficial for wet AMD, the dry 

form of the disease, which is more prevalent, requires another approach. Because 

overactivation of the complement system is seen in patients with dry AMD, 

Gyroscope Therapeutics use a vector modelled on the AAV.REP1 vector used in 

choroideremia trials to inhibit the complement system. A clinical trial using this 

vector was started in early 2019 (NCT03846193).  
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Retinitis Pigmentosa 

The most prevalent inherited retinal dystrophy is retinitis pigmentosa, which 

affects approximately 1 in 4000 people.74,75 Clinically, retinitis pigmentosa 

manifests with night blindness and progressive visual field loss. There are many 

mutations that can cause retinitis pigmentosa, and the common end result is a 

degeneration of first the rod and then the cone photoreceptor cells. Retinitis 

pigmentosa can be inherited in an autosomal recessive, autosomal dominant, 

multigenic, mitochondrial, or X-linked fashion.  

The most common cause of X-linked retinitis pigmentosa is a mutation in 

the Retinitis pigmentosa GTPase regulator (RPGR) gene.107 X-linked RPGR 

mutations cause a severe phenotype, characterized by early-onset vision loss 

which ultimately leads to legal blindness by middle age. Three phase I/II clinical 

trials testing X-linked RPGR treatment are currently underway. Biogen Inc. 

(formerly Nightstar Therapeutics) is delivering a human codon-optimized full-length 

RPGFORF15 sequence driven by a human rhodopsin kinase promotor within an 

AAV8 vector.108 Codon optimization is a strategy that can increase gene 

transcription and stabilize certain coding regions that are prone to mutation. 

Applied Genetic Technologies Corporation is also delivering a human codon-

optimized RPGRORF15 sequence driven by the human rhodopsin kinase promoter, 

but is instead using mutated forms of AAV2 as the delivery vector. A third clinical 

trial, sponsored by MeiraGTx, is using a non-codon optimized RPGR sequence 

delivered in a wild-type AAV2/5 capsid. The results of all three trials will be 

available soon.  
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Mutations in the Mer tyrosine kinase (MERTK), which causes autosomal 

recessive retinitis pigmentosa, have also been targeted by gene replacement 

therapy. MERTK is essential for phagocytosis of photoreceptor outer segments by 

the retinal pigment epithelium cells. A phase I clinical trial commenced in 2011 to 

determine the safety of delivering recombinant AAV2 expressing human MERTK to 

patients.  

Other diseases 

Clinical trials to treat Achromatopsia, X-linked retinoschisis, Stargardt 

disease, and Usher syndrome (the latter two using an equine lentivirus) are 

currently in progress, with results expected in the near future.  

The Shortcomings of Gene Replacement Therapy 

 
While gene augmentation is suitable for loss-of-function mutations, in which 

a normal copy of the gene is missing from the cells, it cannot be used to replace a 

large gene or treat dominant mutations that require knock-down of a pathogenic 

protein. Genes that exceed the viral vector coding capacity of ~4.7 kb are 

considered “large.” Dominant diseases exert an effect on the retina in two forms: 

either through a dominant negative effect or through gain-of-function. The 

dominant negative effect occurs when a mutated copy of a gene prevents the 

normal function of the wild-type copy. Gain-of-function mutations, on the other 

hand, give the gene a novel, deleterious, effect. A promising approach to treat 

diseases in which a large gene is affected or in which there is a dominant mutation 

is to use gene editing. This strategy can correct a pathogenic mutation at the DNA 

level. 
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Before the discovery of CRISPR/Cas9, zinc-finger nucleases (ZFN) and 

transcription activator-like effector nucleases (TALEN) represented the two main 

methods for editing DNA. ZFNs, however, have low efficiency while TALENs are 

difficult to deliver into cells.82,109,110 Furthermore, because both ZFNs and TALENs 

rely on specific protein-DNA binding, modification of proteins is required for each 

target, which can be an arduous process. Using CRISPR/Cas9, which instead 

functions through specific RNA-DNA interactions, only requires changes to the 

sgRNA while the Cas9 protein remains unchanged. The relative simplicity of 

making sgRNA modifications, along with higher efficiency and ease of delivery, 

make CRISPR/Cas9 a promising tool to correct mutations.  

The main delivery methods for CRISPR/Cas9 are ribonucleoproteins, 

electroporation, and AAVs. Ribonucleoproteins, however, have not been 

successfully delivered to the neuroretina and electroporation is best for use in 

mitotic cells, and not post-mitotic cells like those of the retina.111,112 AAVs are an 

attractive vehicle for CRISPR/Cas9 because they have been used successfully 

and safely for gene therapy in vivo in humans. They also have low immunogenicity 

and can exhibit tropism for a variety of tissue types.113–116 Because AAV has a 

small packaging capacity of ~4.7 kb, the commonly-used SpCas9 from 

Streptococcus pyogenes, which is 4.2 kb in size, cannot be incorporated into AAV 

along with AAV’s essential regulatory elements.28 Smaller Cas9 orthologs that can 

readily fit into an AAV, like the 3.2 kb SaCas9 from Staphylococcus aureus, could 

be used instead.27 
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1.4 In Vivo Applications of CRISPR/Cas9 to Treat Retinal Disease 

The potential efficacy of CRISPR/Cas9 to treat retinal degenerations has 

been demonstrated in animal models for several types of retinal diseases. Proof-

of-concept in vivo is important before approving clinical trials using CRISPR/Cas9 

(Table 1). 

Retinitis Pigmentosa  

Out of the over 200 genes associated with retinitis pigmentosa, at least 20 

of them cause an autosomal dominant form of the disease.77 These are more 

prevalent as only one abnormal allele is needed for pathogenicity. Mutations in the 

rhodopsin (RHO) gene are the most common causes of autosomal dominant 

retinitis pigmentosa, and over 150 mutations in RHO have been identified.77,117 

Rhodopsin, which is expressed in the rod photoreceptors cells, is an essential 

component of the visual cycle and is present in large amounts in the retina; it 

makes up approximately 90% of the total protein in rod outer segments (OS).118 

The p.Pro23His (P23H) mutation in RHO is one of the most-studied causes of 

autosomal dominant RP.117,119,120 This mutation leads to improper folding of 

rhodopsin. The misfolded protein is tagged for degradation by the ubiquitin 

proteosome.121 The high number of ubiquitinated rhodopsin overwhelms the 

proteasome machinery, eventually causing a build-up of misfolded protein.121 The 

misfolded protein is toxic and eventually leads to cell death via the unfolded protein 

response (UPR). This is an example of a toxic effect caused by an autosomal 

dominant mutation. Furthermore, wild-type rhodopsin created from the non-

mutated allele can sometimes become entrapped in the mutated protein; because 
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the mutant is tagged for degradation, the attached wild-type protein is also broken 

down.122,123 This is an example of a dominant negative effect.  

CRISPR/Cas9 has been applied in animal models to treat P23H RP. 

Knockdown of exon 1 of the rho gene in transgenic mice carrying the P23H 

mutation was achieved using a CRISPR/Cas9 system with two sgRNAs, each 

targeting a different end of the exon.124 One advantage of this approach is that it is 

not mutation specific, allowing it to target a wide range of mutations within exon 

1.125 The desired 24 bp deletion was present in 16% of analysed cells and a 

significant reduction in mutant P23H protein was observed.124 Tsai et al. 2018 

refined this protocol by using an “ablate-and-replace” system in which 

CRISPR/Cas9 with two sgRNAs targeting exon 1 was injected along with a wild-

type copy of the rho gene.125 Compared to eyes with rho supplementation alone, 

eyes that received both rho and the dual sgRNA CRISPR/Cas9 demonstrated a 17 

to 36% increase in outer nuclear layer (ONL) thickness and improved preservation 

of a and b waves on electroretinography (ERG) three months after injection.125  

Allele-specific editing of mutations in the rhodopsin gene has been achieved 

by several groups. Bakondi et al. 2016 targeted the rho gene in transgenic S334ter 

rats.126 The S334ter mutation results in a novel PAM site not present on the wild-

type allele, so a sgRNA that recognizes only the mutant PAM site was used.126 

Bakondi et al. 2016 had cleavage efficiencies of 33% and 36% in two rats, rescue 

of the photoreceptor phenotype, and a 53% higher visual acuity at post-natal day 

39 compared to controls injected with non-targeting sgRNA.126 Selective allele 

targeting was also achieved by Giannelli et al. 2018, who used the VQR variant of 

SpCas9, and a sgRNA that recognized a novel PAM site created by the P23H rho 

mutation.127 Increased preservation of OS and ONL length was seen three months 
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after therapy in treated eyes compared to contralateral untreated eyes.127 ERG 

readings at this time point showed rescue of a and b waves in treated eyes 

compared to non-treated controls.127 Li et al. 2018 induced allele-specific editing in 

mice harbouring the P23H mutation by using a truncated 17 base pair crRNA along 

with a SpCas9 variant called VRQR.128 The ONL thickness was significantly 

increased in retinas at five weeks post-therapy compared to untreated controls. 

MRNA transcripts of wild-type rhodopsin were increased and mutant P23H was 

decreased in treated heterozygous mice compared to the untreated controls.128  

Another mutation that has been targeted by CRISPR/Cas9 is PDE6B, which 

is a cause of recessive retinitis pigmentosa. Homology-directed repair has been 

successfully used to treat Pde6b mutations. Wu et al. 2016 performed the first 

homology-directed repair in live mouse retinas by injecting rd1 mouse zygotes with 

a CRISPR/Cas9 system targeting the Pde6b gene and a single-stranded donor 

oligonucleotide to direct repair after DNA cleavage.129 Mice with mutations in the 

Pde6b gene are preclinical models for retinitis pigmentosa and their mutation is 

analogous to the human PDE6B mutation. In this study, seven out of 11 mice had 

double stranded DNA cleavage, four out of 11 had homology-directed repair, and 

two mice had precise incorporation of the donor sequence in 35.7% and 18.8% of 

somatic cells, respectively.129 At post-natal day 30, ERG responses from the two 

mice with donor template incorporation were comparable to those of wild-type 

mice.129 Cai et al. 2019 targeted the Pde6b mutation by combining SpCas9/sgRNA 

with recombinase A (RecA), an enzyme derived from Escherichia coli that 

increases HDR efficiency.130 This system relies on the wild-type allele to act as a 

template to repair the mutant allele. Although HDR is generally difficult to achieve 

in post-mitotic retinal cells, this CRISPR/RecA system was able to correct the 
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Pde6b mutation in rd1 mice, restore wild-type Pde6b protein expression, reduce 

photoreceptor degeneration, and improve visual function.130 

Leber Congenital Amaurousis Type 10 (LCA10) 

Another disease that has been targeted with CRISPR/Cas9 therapy is Leber 

Congenital Amaurousis Type 10 (LCA10), an autosomal recessive condition 

caused by mutations in the CEP290 gene. CEP290 encodes a protein that is 

important for normal structure and function of the photoreceptor cilia.131,132 The 

most common cause of LCA10 is an adenine to guanine point mutation in intro 26 

(IVS26, c.2991+1655A>G) of the CEP290 gene.133,134 This mutation creates a 

novel splice site, which causes the inclusion of an additional 128 base pair exon 

after RNA processing.133 This new exon contains a premature stop codon, 

resulting in a truncated mRNA transcript that is prone to nonsense-mediated 

decay.133  

Ruan et al. 2017 achieved deletion of mouse intro 25, which is homologous 

to intron 26 in humans, using SpCas9 and two guide RNAs, each flanking the 

target region.135 The Cas9 and guide RNAs were delivered into wild-type mice 

using dual AAV5 vectors, one containing the guide RNAs and another containing 

the Cas9. Wild-type mice were used for this study because there are no suitable 

animal models for LCA10. Four weeks after therapy, next generation sequencing 

of four treated retinas revealed a successful editing rate of 7.5-26.4%.135  

Maeder et al. 2019 successfully used a similar dual guide RNA approach 

but with the shorter SaCas9 instead of SpCas9.46 They were able to deliver the 

CRISPR/Cas9 system in one AAV5 vector instead of two.46 Maeder et al. 2019 
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achieved editing in humanized CEP290 knock-in mice and in non-human primates 

(Figure 1.3). A productive editing rate of 60.8±30.2% was observed in mouse 

retinas and a 27.9±20.7% rate was seen in non-human primates.46 Productive 

edits are those that remove the aberrant splice site. In mice, the observed edits 

persisted up to nine months after injection.46 Recently, a clinical trial lead by EDitas 

Medicine has been approved to test this therapy, “EDIT-101,” in human patients 

with LCA10. While CRISPR/Cas9 is already being used in clinical trials to treat 

sickle cell disease, beta thalassemia, and certain types of cancers, the EDitas 

clinical trials represent the first attempt to directly target mutations in vivo instead 

of using CRISPR/Cas9 to correct mutations ex vivo.  
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Figure 1.3. CEP290 Gene with IVS26 Mutation and CEP290 Gene Corrected 
Using EDIT-101 Gene Therapy (EDitas) 
The left side of the figure shows the CEP290 gene with the LCA10-causing 
IVS26 mutation. This mutation introduces a cryptic splice site, which results in 
the inclusion of a 128 base pair cryptic exon (“X”) in the processed mRNA. This 
mRNA is translated into a non-functional protein. The EDIT-101 CRISPR/Cas9 
gene therapy, shown on the right, removes the IVS26 mutation and allows for 
proper splicing to occur.  
Image illustrated by Kella Vansgness. 
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Kim E et al. 2017 used a smaller Cas9 ortholog, cjCas9, packaged in AAV9 

to target either Vegfa or Hif1a, which are associated with choroidal 

neovascularization in AMD.139 Indels at both targets were observed in the retina 

and the retinal pigmented epithelium (20±5% and 22±3% for Vegfa and 58±12% 

and 31±2% for Hif1a, respectively).139 The Vegfa- and Hif1a- targeting 

CRISPR/Cas9 systems reduced laser-induced choroidal neovascularization by 

24±4 and 20±4 % respectively.139 The Hifa-targeting system did not cause any 

retinal toxicity 14 months after injection based on histological and 

electroretinographic findings.140 

Several studies have described SpCas9-based treatments for AMD. Kim K 

et al. 2017 showed that ribonucleoproteins of SpCas9 with a guide RNA targeting 

Vegfa were able to induce indels in 25±3% of retinal pigment epithelium cells three 

days after injection and significantly reduce choroidal neovascularization in the 

treated area.112 Holmgaard et al. 2017 achieved an in vivo editing efficiency of up 

to 84% in C57BL/6J mice with subretinal delivery of lentivirus coding for SpCas9 

and sgRNA targeting Vegfa in retinal pigment epithelium cells.141 Huang et al. 2017 

delivered CRISPR/Cas9 using recombinant AAV1, which was found preferentially 

to transduce pathological endothelial cells.142 They used a sgRNA that targets 

Vegfr2.142  In mouse models of oxygen-induced retinopathy, there was a 2% rate of 

indels and a 30% reduction in Vegfr2 protein compared to controls.142  The 

CRISPR/Cas9 system decreased choroidal neovascularization in mice with laser-

induced injury compared to controls.142  

Koo et al. 2018 used the LbCpf1 ribonuclease delivered intravitreally in AAV 

to target Vegfa and Hif1a genes in mice.143 LpCpf1 does not require a tracrRNA 

and relies simply on the crRNA and PAM site for targeting.143 Mice with laser-
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induced choroidal neovascularization six weeks after injection of the CRISPR 

system had reduced choroidal neovascularization area (42±4 % for Vegfa-targeting 

and 34±5% for Hif1a-targeting) compared to controls injected with aflibercept, the 

standard of therapy.143 These results show the long-lasting effects of LbCpf1 to 

inhibit neovascularization unlike aflibercept, which has a shorter half-life.143 

Furthermore, VEGFA protein levels in the RPE were reduced compared to 

controls. No significant difference in scotopic and photopic responses on ERG was 

observed at this time point.143  

Mutation-Independent Approaches 

Because of the heterogeneity of inherited retinal disease, one approach is to 

target common pathways of degeneration in order to restore retinal function. 

Knocking down the neural retinal leucine zipper (Nrl), a transcription factor that is 

important for normal rod photoreceptor function, causes mature rods to exhibit 

characteristics of cones and ultimately improves retinal function. This may, for 

example, be a viable option for many mutations that cause retinitis 

pigmentosa.144,145 Yu et al. 2017 used a dual AAV8 vector approach to deliver 

SpCas9 and sgRNA targeting Nrl into the subretinal space of Crxp-Nrl mice, which 

have only rod-like photoreceptors.144 After therapeutic intervention, some 

photoreceptors developed a cone-like morphology.144 Injection of this 

CRISPR/Cas9 system into three different mouse models of retinal disease slowed 

rod degeneration and improved cone function.144 Similar findings of improved rod 

and cone preservation were seen after using CRISPR/Cas9 to knock down Nrl or 

Nr2e3.145 
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The successful use of CRISPR/Cas9 for gene editing in vivo shows that it is a 

promising tool to treat patients with a variety of retinal degenerative diseases. 

Optimization of CRISPR/Cas9 is an important step before it is applied in the 

treatment of retinal disease. The aims of the thesis are therefore the investigate 

further factors that my influence the efficacy of CRISPR/Cas9 for gene therapy. 
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Table 1. Summary of In Vivo Cas9 Applications to Treat Retinal Disease 
Study Disease Gene 

Target 
Approach Result 

Suzuki et 
al. 201633 

Retinitis 
Pigmentosa 

Mertk Insertion of exon 2 
using HITI repair. 
Dual AAV delivery of 
SpCas9 to RCS rats. 

Increased Mertk mRNA 
levels; ONL preservation; 
improved ERG b wave 
responses.  

Latella et 
al. 2016124 

Retinitis 
Pigmentosa 

Exon 1 
of Rho 
gene 
carrying 
P23H 
mutation 

Electroporation of 
SpCas9 and two 
sgRNAs plasmids 
targeting different 
ends of exon into 
P23H Rho 
transgenic mice. 

Desired 24 bp deletion was 
present in 16% of analysed 
cells; reduction in mutated 
protein. 

Tsai et al. 
2018125 

Retinitis 
Pigmentosa 

Exon 1 
of Rho 
gene 

Dual AAV delivery of 
two sgRNAs 
targeting different 
ends of exon 1, wild-
type copy of Rho 
gene, and human 
codon-optimised 
SpCas9 to mice with 
human Rho mutation 
knock-in. 

17-36% increase in ONL 
thickness; improved 
preservation of a and b 
waves 3 months after 
injection. 

Bakondi et 
al. 2016126 

Retinitis 
Pigmentosa 

S334ter 
Rho 
mutation  

Electroporation of 
SpCas9/sgRNA 
plasmids in S334ter-
3 rats for allele-
specific editing. 

33-36% cleavage efficiency in 
two rats; rescue of 
photoreceptor phenotype; 
53% higher visual acuity at 
PND 29.  

Giannelli et 
al. 2018127 

Retinitis 
Pigmentosa 

P23H 
Rho 
mutation 
 

Electroporation of 
plasmids or dual 
AAV delivery of 
SpCas9 VQR and 
sgRNA for allele-
specific editing of 
P23H knock-in mice. 

Increased OS preservation 
and ONL length at 3 months; 
rescue of a and b waves on 
ERG. 

Li et al. 
2018128 

Retinitis 
Pigmentosa 

P23H 
Rho 
mutation 

Electroporation of 
SpCas9/sgRNA 
plasmids for allele-
specific editing in 
Rho-P23H mice. 

Significant increase in ONL 
thickness 5 weeks after 
therapy; increased mRNA 
transcript in treated eyes.  

Wu et al. 
2016129 

Retinitis 
Pigmentosa 

Pde6b Injection of sgRNA 
plasmid, SpCas9 
protein, and single-
stranded 
oligonucleotide to 
induce homology-
directed repair in rd1 
mice. 

7/11 mice had dsDNA 
cleavage; 4/11 had HDR 
repair; 2/11 had precise 
incorporation of donor 
sequence in 35.7% and 
18.8% of somatic cells and 
normal ERG responses at 
PND 30.   

Cai et al. 
2019130 

Retinitis 
Pigmentosa 

Pde6b Electroporation of 
SpCas9, sgRNA, 
ssDNA template, 
and RecA to induce 
homology-directed 
repair in mice with 
the Pde6b rd1 
mutation. 

Correction of Pde6b 
mutation; restoration of 
Pde6b protein expression; 
reduction in PR degeneration; 
improvement in visual 
function.  
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Ruan et al. 
2017135 

LCA10 CEP290 Dual AAV delivery of 
SpCas9 and two 
sgRNAs flanking the 
target region to 
delete intron 25 in 
wild-type mice. 

Successful editing rate of 7.5-
26.4%. 

Maeder et 
al. 201946 

LCA10 CEP290 Single AAV delivery 
of SaCas9 and two 
sgRNAs flanking 
target region to 
delete a mutated 
region in humanized 
CEP290 knock-in 
mice and non-
human primates. 

Productive editing rate of 
60.8±30.2% in mouse retinas 
and 27.9±20.7% in non-
human primates.  

 

Kim E et al. 
2017 and 
Jo et al. 
2019139,140 

AMD Vegfa 
and 
Hif1a 

Single AAV delivery 
of CjCas9 and 
sgRNA to C57BL/6J 
mice. 

Indels in retina and RPE 
(20±5% and 22±3% for Vegfa 
and 58±12% and 31±2% for 
Hif1a, respectively); reduction 
in CNV; no retinal toxicity 14 
months after injection from 
Hif1a -targeting system.  

Kim K et al. 
2017112 

AMD Vegfa Subretinal injections 
of SpCas9 RNP in 
C57BL/6J mice. 

Indels in 25±3%RPE cells 3 
days after injection; reduction 
in CNV.  

Holmgaard 
et al. 
2017141 

AMD Vegfa Lentiviral delivery of 
SpCas9 in C57BL/6J 
mice. 

In vivo editing efficiency up to 
84% in RPE cells. 

Huang et 
al. 2017142 

AMD Vegfr2 Dual AAV delivery of 
SpCas9/sgRNA to 
C57BL/6J mice. 

2% indel rate and 30% 
reduction in Vegfr2 protein in 
mice with oxygen-induced 
retinopathy; decrease in CNV 
in mice with laser-induced 
injury. 

Koo et al. 
2018143 

AMD Vegfa 
and 
Hif1a 

LbCpf1 delivered in 
AAV to C57BL/6J 
mice. 

Reduction in CNV (42±4% for 
Vegfa target and 34±5% for 
Hif1a target); reduction in 
VEGFA protein levels in RPE. 

Yu et al. 
2017144 

Retinitis 
Pigmentosa 
(mutation-
independent) 

Nrl Dual AAV8 delivery 
of SpCas9 and 
sgRNA  to mice. 

Development of cone-like 
morphology in PR; slowing of 
rod degeneration; improved 
cone function. 

Zhu et al. 
2017145 

Retinitis 
Pigmentosa 
(mutation-
independent) 

Nrl or 
Nr2e3 

Dual AAV delivery of 
SpCas9/sgRNA to 
mice. 

Development of cone-like 
morphology in PR; restored 
visual function.   
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1.5 Aims 

1. Including the sgRNA and the Cas9 on the same AAV construct 

requires two independent sets of transcriptional riboprotein 

assemblies in very close proximity to one another to read DNA. This 

raises the question as to whether having the Cas9 and sgRNA on 

separate plus and minus DNA strands (forward/in cis and reverse/in 

trans) might improve editing rates. The first aim of this thesis is to 

determine the effects of orientation of the sgRNA and its associated 

promoter in SaCas9 and dSaCas-KRAB constructs in a plasmid in 

vitro. 

2. Although SaCas9 is effective in vivo, its use in gene editing is 

restricted by its specific PAM site. Exploring other Cas9 proteins that 

have different PAM requirements would expand editing possibilities. 

The second aim of this thesis is to determine the feasibility of using a 

novel Cas9 protein, GeoCas9, for editing HEK293-eGFP cells in 

vitro. 
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2 Materials and Methods 
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2.1 Polymerase Chain Reaction (PCR) 

 PCR is used to make many copies of a target DNA region. Two primers 

(Sigma-Aldrich) flanking the target DNA region were designed in silico, following 

the guidelines below:   

• Primers should be 18-25 bp long, so they are short enough to efficiently 

bind to the DNA template but long enough to ensure specificity of binding to 

the target region.  

• The melting temperature (Tm)=40-65°C. Tm indicates the stability of primer 

binding to the DNA template. Both the forward and reverse primer should 

have a similar melting temperature. 

• The GC content should be ~50% 

• The last five bases at the 3' end of the primer should have G and C bases. 

Having more G and C bases at the 3’ end helps increase the strength and 

specificity of primer binding. G and C bases form three hydrogen bonds as 

opposed to A and T, which form two hydrogen bonds. 

• Ideally, primers should not form secondary structures or dimers. If they do,  

then the Tm of the secondary structures should be ≤35°C. 

• Long “runs,” which are repeats of the same base pair (e.g. GGGG), and 

“dinucleotide repeats” (e.g. ATATA) should be avoided. Both of these types 

of sequences make it difficult for the primer to bind to the correct region.  

• If the amplicon will subsequently be digested with restriction enzymes, there 

should be a leader sequence present at the 5’ end of the primer. A leader 

sequence consists 2-6 random base pairs, which are incorporated into the 

final PCR product and increase restriction digest efficiency. 
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To reduce contamination by aerosolized PCR products from previous experiments, 

the bench surface and pipettes were treated with 10% bleach for 10 minutes and 

then cleaned with 70% IMS before setting up the PCR reaction. Aliquots of PCR 

grade water were UV treated for 10 minutes. KOD Hot Start DNA polymerase, 10X 

Buffer for KOD Hot Start DNA polymerase, 25 mM MgSO4, and dNTPs (2 mM 

each) were used for the PCR reaction, per the manufacturer’s protocol (Novagen, 

EMD Chemicals, Merck, UK). KOD Hot Start DNA Polymerase is a high fidelity 

KOD DNA Polymerase with 3’ to 5’ exonuclease activity. Briefly, each reaction had 

a final volume of 20 µL or 50 µL and contained:  

Reagent Amount in µL 
10X Buffer for KOD Hot Start DNA Polymerase 5 
25 mM MgSO4 3 
dNTPs (2 mM each) 5 
PCR grade water X 
Sense (5') Primer (10 µM) 
 

1.5 

Anti-Sense (3') Primer (10 µM) 
 

1.5 

Template DNA Y 
KOD Hot Start DNA polymerase 1 

 

 The thermocycler conditions were: 

Step Amplicon 
<500 bp 

Amplicon 
500-1000 bp 

Amplicon 
1000-3000 bp 

Amplicon  
>3000 bp 

1. Polymerase 
Activation 

95 °C for 2 
min 
 

95 °C for 2 
min 

95 °C for 2 
min 

95 °C for 2 
min 

2. Denaturation 95 °C for  
20 s 
 

95 °C for  
20 s 

95 °C for  
20 s 

95 °C for 
20 s 

3. Annealing Lowest 
primer Tm for 
10 s 

Lowest 
primer Tm for 
10 s 

Lowest  
primer Tm for 
10 s 

Lowest  
primer Tm for  
10 s 
 

4. Extension 70 °C for  
10 s/kb 
 

70 °C for  
15 s/kb 

70 °C for  
20 s/kb 

70 °C for  
25 s/kb 

Repeat steps 2-4 for 20-40 cycles. 
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2.2 Restriction Digest 

 Restriction endonuclease digestion of PCR amplicons and plasmid vectors 

was performed for sticky end cloning. Reactions contained 1 µL of each restriction 

enzyme, 5 µL of either CutSmart buffer or 3:1 buffer, 500-1000 ng of DNA, and 

PCR grade water in a total reaction volume of 50 µL (New England Biolabs, UK). 

Samples were incubated in a water bath at the appropriate working temperature for 

the restriction enzymes for a period of 15 min to 1 hour. The restriction enzymes 

were subsequently heat inactivated when possible, per the manufacturer’s 

instructions. When necessary, digested plasmid vectors were dephosphorylated 

with 1 µL of shrimp alkaline phosphatase (New England Biolabs, UK). 

For samples in which two or more fragments >100 bp in length each were 

created, the full sample volume was loaded onto an agarose gel for gel 

electrophoresis separation of the DNA bands. The desired band was identified and 

then excised and purified using the QIAquick gel extraction kit, per the 

manufacturer’s instructions (Qiagen, UK). Samples with only one product >100 bp 

in length were purified using the QIAquick PCR purification kit, per the 

manufacturer’s protocol (Qiagen, UK).   

2.3 Gel Electrophoresis 

 PCR products and DNA fragments digested with restriction enzymes were 

separated and visualized on agarose gels. Each gel consisted of 200 mL 

tris/acetate/EDTA (TAE) buffer (Thermo Fisher, UK), 2-3 g of agarose, and 10 µL 

ethidium bromide. Samples were mixed with 6x Gel Loading Dye (New England 

Biolabs) and loaded onto the gel. Appropriate DNA ladders were also loaded onto 
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the gel in order to help determine the length of the samples 1kb DNA ladder 

(UltraRanger, Norgen, UK) for samples >1 kb and 100 bp DNA ladder 

(PCRRanger, Norgen, UK) for samples <1 kb. Each gel was submerged in TAE 

buffer in a gel electrophoresis tank. A voltage of 100-150 V was applied for a 

period of 30 minutes to 2 hours. The gel was then removed from the tank and DNA 

bands were visualized on an ultraviolet (UV) transilluminator (U:Genious, Syngene, 

UK).  

2.4 Annealing and Phosphorylation of Oligonucleotides 

Complementary oligonucleotides were annealed and phosphorylated for 

subsequent ligation into digested vectors. 25 pmol of each oligonucleotide was 

mixed with 2 µL of 10x reaction buffer A for T4 PNK (Thermo Fisher Scientific), 2 

µL of 10 mM ATP (New England Biolabs), and 1 µL of T4 PNK (Thermo Fisher 

Scientific) in a 20 µL reaction. The samples were placed on the thermocycler under 

the following conditions.  

Step Temperature Time Note 

1.  37°C  
 

20 minutes  

2.  75°C  10 minutes  

3.  95°C  
 

4 minutes  

4.  95°C  1 minute  

5.  -1.5°C 1 minute 47 cycles to reach 
25°C  

6.  4°C Storage  

 

Samples were then PCR purified using a QIAquick PCR purification kit, per 

the manufacturer’s protocol (Qiagen, UK). The concentration and purity of each 
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sample was determined using the NanoDrop 1000 Spectrophotometer (Thermo 

Scientific, Northumberland, UK).  

2.5 Ligation 

 Ligation of DNA fragments to create the desired plasmids was achieved 

using reactions with 1 µL of T4 DNA Ligase (New England Biolabs), 1 µL of 10x T4 

DNA Ligase buffer (New England Biolabs), and PCR grade water in a total reaction 

volume of 10 µL. Different insert:vector ratios were used, depending on the size of 

each component. Insert mass was calculated using the NEBioCalculator 

(https://nebiocalculator.neb.com/#!/ligation). Samples were incubated at room 

temperature overnight. These ligated plasmids were subsequently transformed into 

XL-10 Ultracompetent E. coli cells (Strategene, USA). Controls for the ligation 

reaction included:  

1. A no insert control (N), in which the vector plasmid is incubated with ligase 

but without insert. Positive bacterial colony growth after transformation 

indicates re-ligation of the vector on itself or contamination by undigested 

vector.  

2. A ligase control (L+), in which a linearized plasmid is incubated with ligase. 

Presence of bacterial colonies after transformation indicates that the ligase 

enzyme is successfully able to catalyse the ligation reaction. 

3. A no ligase control (L-), in which digested vector is not treated with ligase. 

Bacterial colony growth after transformation indicates presence of 

incompletely digested vector plasmids.  
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2.6 Transformation 

 In order to create plasmid DNA libraries, plasmids were transformed into 

XL-10 Ultracompetent E. coli cells (Strategene, USA). These cells have the Hte 

phenotype, which increases their transformation efficiency. They also do not 

contain any known restriction enzymes [Δ(mcrA)183 Δ (mcrCB-hsdSMR-mrr)173]. 

They lack endonuclease (endA), which enhances the quality of plasmid DNA, and 

are deficient in recombination (recA), which improves the stability of plasmids. 

Transformation was carried out per the manufacturer’s protocol, with some 

modification, as follows: 

1. 15 mL falcon tubes were pre-chilled on ice. 

2. 50 µL of XL-10 Ultracompetent E. coli cells were added into each tube. 

3. 3 µL of β-Mercaptoethanol was added to each tube. β-Mercaptoethanol can 

improve transformation efficiency.  

4. Cells were gently mixed with a pipette every 2 minutes for 10 minutes total. 

5. ~1 ng of DNA was added (~4 uL of ligated plasmid). 1 µL of the positive 

control pUC18 plasmid included in the kit was always added to one tube in 

order to confirm the success of the transformation protocol.  

6. Cells were incubated on ice for 30 minutes. 

7. Each tube was heat pulsed in a water bath at 42°C and then chilled on ice 

for 2 minutes. 

8. 450 µL of SOC broth was added to each tube.  

9. The tubes were incubated at 37°C and 250 rpm for 1 hour.  

10. 200 µL of the transformation mixture was placed onto LB agar plates 

containing ampicillin. Because all transformed plasmids have an ampicillin 
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resistance gene, only the bacteria with the desired plasmid will be able to 

grow on these plates.   

11. Plates were incubated at 37°C for at least 17 hours. Plates were then stored 

at 4°C.  

12. Success of the transformation reaction was determined by observing colony 

growth on the positive control (pUC18) plate. 

2.7 Plasmid Isolation 

Plasmids were isolated using the Zyppy Plasmid Miniprep Kit (Zymo 

Research Corp) and the EndoFree Plasmid Maxi Kit (Qiagen, UK). 

Miniprep 

After transformation of plasmid DNA, bacterial colonies were picked from LB 

agar plates using an autoclaved cocktail stick or a sterile filtered 1000 µL pipette 

tip, and placed into a sterile falcon tube containing 3 mL of autoclaved luria broth 

and 100 µg/mL of ampicillin. These picked colonies were incubated in a shaker set 

to a temperature of 37°C and 250 rpm for 16-18 hours. Plasmids were isolated 

from the incubated culture using a Zyppy Plasmid Miniprep Kit (Zymo Research 

Corp), per the manufacturer’s instructions, and eluted into 30 µL of Zyppy Elution 

Buffer. Plasmid concentration and quality was determined using a NanoDrop 1000 

Spectrophotometer (Thermo Scientific, Northumberland, UK). Plasmids were then 

stored at -20°C. To confirm that the plasmids had been successfully ligated, 

miniprepped plasmids were tested with restriction digest and/or commercial 

Sanger sequencing of the ligated region (Eurofins Genomics, EU or Source 

Bioscience, UK).  
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Maxiprep 

Once the correct DNA sequence was confirmed, colonies were either 

transformed again or were picked directly from the luria broth (LB) agar plates 

used for the miniprep preparation. Picked colonies were placed into a sterile falcon 

tube containing 3 mL of autoclaved luria broth and 100 µg/mL of ampicillin to make 

a starter culture. These cultures were incubated at 37°C or, for plasmids containing 

the KRAB sequence, at 30°C in a shaker set to 250 rpm for 8 hours. 400 µL of the 

starter culture was then added to 200 mL of autoclaved luria broth with 400 µL of 

100 µg/mL ampicillin in a 1 L beaker and incubated for 16-18 hours (overnight) at 

either 37°C or 30°C in a shaker set to 250 rpm. If necessary, 250 µL of this 

overnight culture was combined with 250 µL of 50% glycerol and stored at -80°C 

for future use. These glycerol stocks could be used to make a starter culture for 

subsequent plasmid preparations. Plasmids were then isolated from the remaining 

overnight culture using an endotoxin-free maxiprep kit (EndoFree Plasmid Maxi Kit, 

Qiagen, UK) and then precipitated using PureLink HiPure Precipitator Modules, per 

the manufacturers’ protocol (Thermo Fisher Scientific). Plasmids were eluted in 

750 µL of TE Buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA) (Qiagen, UK) and the 

correct DNA sequence was confirmed using commercial Sanger sequencing 

(Eurofins Genomics, EU or Source Bioscience, UK).  

2.8 Cell Culture 

 Cell culture was conducted in Class II sterile positive pressure fume hoods 

using aseptic technique. All culture media [Dulbecco’s Modified Eagle Medium 

supplemented with 10% foetal bovine serum (FBS), 2 nM L-glutamine, 100 U/mL 
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penicillin, 1000 ug/mL streptomycin, 1% non-essential amino acids, and phenol red 

pH indicator (Gibco, Thermo Fisher Scientific, UK)] and PBS were pre-warmed in a 

37°C water bath. In vitro experiments were conducted on the immortal Human 

Embryonic Kidney 293 cell line that stably expresses enhanced green fluorescent 

protein (HEK293-eGFP). Cells were maintained in a tissue culture incubator at 

37°C with 5% CO2.  

Resuscitation of Cells 

HEK293-eGFP cells in cryovials were stored in liquid nitrogen. The vials 

were thawed in a 37°C water bath for approximately 1-2 minutes. A p1000 pipette 

was used to mix and transfer the entire contents of the vial to a 15 mL falcon tube 

with 3 mL of pre-warmed media. This cell suspension was then spun for 5 minutes 

at 300xg. The supernatant was removed and 2 mL of pre-warmed media was used 

to resuspend the pellet. The total cell suspension was then seeded into a T25 flask 

with 4 mL of pre-warmed media. Cells were passaged at least three times before 

being used in experiments.  

Passage 

 Cells were passaged into T75 flasks two times per week when they were 

70-90% confluent. For this procedure, old tissue culture medium was removed and 

discarded. Cells were then washed with 5 mL of pre-warmed PBS. 3 mL of 

TrypLETM Express solution (Gibco, Thermo Fisher Scientific, UK) was applied and 

the flask was incubated at 37°C in the tissue culture incubator. The flasks were 

then removed from the incubator and gently tapped to help dissociate the cells. 7 
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mL of pre-warmed media was added to each flask; this mixture was pipetted up 

and down to ensure the formation of a single cell suspension. 1 mL of this cell 

suspension was added into a new T75 flask with 10 mL of pre-warmed media. The 

new T75 flasks were then stored in the tissue culture incubator. The remaining cell 

suspension was either discarded or used for seeding.  

Seeding 

 The cell suspension created during passaging was seeded onto tissue 

culture plates. First, the concentration of cells in the suspension was determined 

either through counting cells on a haemocytometer or by using a TC20 Automated 

Cell Counter (Bio-Rad). For counting on the haemocytometer, 10 µL of cell 

suspension was diluted 1:2 in 10% trypan blue. 10 µL of this mixture was loaded 

onto a haemocytometer and the live cell count was used to estimate the 

concentration. For the TC20 Automated Cell Counter (Bio-Rad), 10 µL of cell 

suspension was diluted 1:2 in trypan blue (neat). 10 µL of this mixture was loaded 

onto the slide and inserted into the cell counter.  

 Based on the determined concentration, the appropriate amount of pre-

warmed media was added to dilute the cell suspension to 5x105 cells/mL. 24-well 

or 12-well tissue culture plates were seeded with 0.5 mL and 1 mL of this 

suspension, respectively. The plates were then stored in the tissue culture 

incubator.  
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2.9 Transfection 

 When HEK293-eGFP cells were ~70-90% confluent, which usually occurred   

24 hours after seeding, they were transfected with plasmid DNA. TransIT® LT-1 

reagent (Mirus Bio, USA) and Opti-MEMTM serum-free culture media (Thermo 

Fisher Scientific, UK) were brought to room temperature prior to transfection. 

TransIT® LT-1 was briefly vortexed. A master mix of TransIT® LT-1 and Opti-

MEMTM serum-free culture media was created, per the manufacturer’s instructions 

(3 µL TransIT® LT-1/1 ug DNA; 50 µL serum-free culture media/1.9 cm2 well 

surface area), and incubated at room temperature for 5 minutes. This master mix 

was then added to the plasmid DNA and incubated at room temperature for 15-20 

minutes. The TransIT® LT-1: serum-free culture media: DNA complexes were then 

added to each well in a drop-wise fashion and the tissue culture plate was rocked 

back and forth to ensure even distribution of plasmid DNA. The plates were 

returned to the tissue culture incubator.  

2.10  Harvesting 

 Cells were harvested on ice 48 hours after transfection. For 24 well plates, 

wells were washed with 500 µL of chilled PBS. 500 µL of chilled PBS was then 

added to each well and pipetted up and down to create a cell suspension. This 

suspension was transferred to a 1.5 mL Eppendorf tube. 500 µL of chilled PBS 

was used to wash each well again and was added to the appropriate 1.5 mL 

Eppendorf tube. The tubes were spun at 500xg for 10 minutes at 4°C. The 

supernatant was removed and the pellet was resuspended in 500 µL of chilled 

PBS. The tubes were spun at 500 g for 10 minutes at 4°C. The supernatant was 

removed and the pellets were stored at -80°C.  
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 For cells harvested from 12-well plates, the procedure described above was 

used. The only modification is that a volume of 1000 µL of PBS was used instead 

of 500 µL for all steps except the second wash with PBS, in which a volume of 500 

µL was used.  

2.11  DNA and RNA Extraction 

 DNA was extracted from harvested cells using the QIAamp DNA Minikit and 

RNA was extracted from harvested cells using the Qiagen miRNeasy Mini Kit, per 

the manufacturer’s protocols (Qiagen, UK). Extracted DNA was eluted in Buffer AE 

and RNA in RNase-free water. DNA and RNA concentration and purity were 

determined using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, 

Northumberland, UK). DNA samples were stored at -20°C while RNA was stored at 

-80°C.  

2.12 Complementary DNA (cDNA) Synthesis 

cDNA synthesis from RNA is necessary because DNA is much more stable 

than RNA and can be used for further experiments such as quantitative real time 

PCR. 1 µg of RNA extracted from cells was used for cDNA synthesis with the 

SuperScript III kit (Invitrogen, UK), per the manufacturer’s protocol. Oligo DTs, 

which anneal to poly(A) tails of eukaryotic mRNA, were used to copy Cas9 RNA 

(SaCas9, dSaCas9, and GeoCas9). Because the sgRNA component does not 

contain a poly(A) tail, gene specific primers were used to amplify the sgRNAs. 

Each primer was designed to bind to the sgRNA scaffold.  
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2.13  Real time quantitative polymerase chain reaction (qPCR) 

 qPCR is used to quantify gene expression levels from cDNA. The TaqMan 

qPCR assay was used for all experiments to quantify cDNA levels (Thermo Fisher 

Scientific). TaqMan probes for Cas9 and sgRNA detection were designed using 

the custom TaqMan Assay Design Tool 

(https://www.thermofisher.com/order/custom-genomic-products/tools/gene-

expression/). TaqMan probes for quantification of reference “housekeeping” genes 

ACTB and GAPDH were purchased (Thermo Fisher Scientific).  

To reduce contamination by aerosolized plasmid DNA from previous 

experiments, the bench surface and pipettes were treated with 10% bleach for 10 

minutes and then cleaned with 70% industrial methylated spirit before setting up 

the PCR reaction. Aliquots of PCR grade water were UV treated for 10 minutes. 

The reagents used were TaqMan™ Fast Universal Master Mix (2X) (Thermo 

Fisher Scientific), Betaine (5M) (Sigma Aldrich), and the specific TaqMan probes 

(Thermo Fisher Scientific). Experimental cDNA was diluted 1:10. For the standard 

curves, serial ten-fold dilutions of the cDNA template or plasmid DNA were 

created. All samples were set up in triplicate. When appropriate, “no template” 

controls, in which PCR grade water was used in place of cDNA, were included to 

show the level of background nucleic acid contamination. A “no reverse 

transcriptase” control was included to determine the amount of DNA contamination 

in the original RNA sample. The assays were set up on ice in 96-well hard-shell 

qPCR plates, with the following components in each reaction.  
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Component Amount in µL 
TaqMan Master Mix 10 
Taqman Assay (20x) 1 
Betaine 5M (only for sgRNA quantification) 4 
PCR grade water (ACTB, GFP, and Cas9 reactions) 7 

PCR grade water (sgRNA reactions) 3 
cDNA 2 

 

qPCR plates were loaded onto the CFX ConnectTM real time PCR detection 

thermal cycler (Bio-Rad, UK) and the following conditions were used: 

Step Temp (°C) Time Cycles 
Heat activation 95 20s 

 

Denaturation 95 3s 40x 
Annealing and Extension 60 30s 

 

 

Analysis of qPCR results was conducted as follows146: 

1. The arithmetic mean of each triplicate was calculated to determine the 

Ct(sample) and Ct(housekeeping).  

2. All of the values determined in step 1 were transformed to a non-log scale 

using 2-Ct. This is the R0 value.  

3. In the cases where two “housekeeping” genes were used, R0(HKMean) was 

determined where  R0(HKMean)= Geometric mean of R0(HK1) and R0(HK2).  

4. R0(sample)/R0(HK) was calculated for the experiments in which one 

housekeeping gene was used. R0(sample)/R0(HKMEAN) was calculated for the 

experiments in which two housekeeping genes were used. 

5. Analysis was performed on the values determined in step 4.  
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6. For the graphs of the qPCR data: 

a. A reference sample was chosen and the R0(reference) was calculated. 

The R0(reference) is the arithmetic mean of the R0(sample) values from the 

reference. 

b. The fold change was determined by dividing the R0(sample) values 

determined in step 2 by the R0(reference) determined in step 6a. 

c. The qPCR graph contains the values determined in step 6b.  
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3 Comparison of a CRISPR/Cas9 System 
Arranged in cis or in trans on an AAV 

Transgene 
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3.1 Introduction  

Intracellular Cas9 and sgRNA levels  

Optimizing Cas9 and sgRNA levels in cells is a crucial step to improving 

gene editing and reducing off-target effects of CRISPR/Cas9 systems. It has been 

shown that editing efficiency improves and specificity decreases when higher 

doses of sgRNA and SpCas9 plasmid DNA at a 1:1 molar ratio are used in 

HEK293FT cells.37 While low concentrations of Cas9 and sgRNA may not be 

effective, it appears that high concentrations should also be avoided because they 

can increase the likelihood of off-target editing.147,148  

Varying the ratios of sgRNA and Cas9 can further improve efficiency. In 

Drosophila, maximum editing occurs with mid-range sgRNA doses while altering 

Cas9 levels does not greatly change on-target editing efficiency.149 One study 

found that changing the ratio of AAV-delivered sgRNA:Cas9 from 1:1 to 10:1 

resulted in a 10-fold increase in editing efficiency in vivo in mice with a mutation in 

the Duchenne muscular dystrophy gene.150 While low sgRNA doses may not 

produce efficient editing, it is important to note that delivering too much sgRNA 

may be deleterious since elevated levels of exogenous RNA are known to be fatal 

in mice.151  

Although we do not yet know the ideal sgRNA and Cas9 doses for the 

treatment of retinal degenerative disease, it is still essential to investigate factors 

that influence sgRNA and Cas9 expression levels in the cell. One important 

element that may influence transcription of the CRISPR/Cas9 elements is promoter 

orientation, mainly through the mechanisms of transcriptional interference, DNA 

topology-induced transcriptional regulation, and antisense RNA interference.   
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Mechanisms that Affect Transcription from Multiple Promoters  

3.1.1.1 Transcriptional Interference 
 

RNA polymerases are responsible for transcribing DNA into RNA; they 

initiate transcription by binding to DNA regions known as promoters. 

Transcriptional interference occurs when one transcribing RNA polymerase directly 

impedes another transcribing RNA polymerase.152 Transcriptional interference can 

occur between two promoters that are in cis, in trans, or divergent (facing away 

from each other) (Figure 3.1). The mechanisms of transcriptional interference are 

listed below:  

• Sitting Duck: In the sitting duck model, there is a “strong” promoter located 

upstream and convergent to a “weak” promoter.152  RNA polymerases 

rapidly transcribe DNA from the strong promoter but are slow to initiate 

transcription from the weak promoter. When the RNA polymerases are 

bound to the weak promoter but have not yet started transcription, they are 

considered to be “sitting duck.” These sitting duck RNA polymerases can 

easily be dislodged by the RNA polymerases arriving from the strong 

upstream promoter.153  

• Collision: Collision between two RNA polymerases was first described by 

Prescott and Proudfoot, who observed this phenomenon in Saccharomyces 

cerevisiae.154–157 Sometimes the collided RNA polymerases bypass each 

other and in other cases, they bind and form stable complexes.158,159  

• Occlusion: In the occlusion model, one transcribing RNA polymerase unit 

prevents binding of a second RNA polymerase to a downstream promoter 

as it is passing over this downstream promoter.160  
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• Promoter competition: Promoter competition occurs when one RNA 

polymerase unit has the ability to bind to two or more promoters.152  These 

promoters are thus in competition for the same RNA polymerase. Promoter 

competition occurs when promoters overlap, are located close to each 

other, or share the same enhancer site.152 

• Roadblock: The roadblock mechanism occurs when a protein binds to a 

promoter and prevents RNA polymerase from initiating transcription.152 

 

Figure 3.1 Examples of Cis (forward) and Trans (reverse) Promoter 
Orientations 
Top: The Cas9 driven by the CMV promoter is oriented in cis to the sgRNA driven 
by the U6 promoter.  
Bottom: The Cas9 driven by the CMV promoter is oriented in trans to the sgRNA 
driven by the U6 promoter. 
Image illustrated by Kella Vansgness. 
 

In theory, transcriptional interference may influence the efficacy of 

CRISPR/Cas9 gene therapy. The CRISPR/Cas9 system can be delivered into 
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target cells as a transgene, which is a single-stranded DNA molecule contained 

within an adeno-associated virus (AAV) vector. This transgene contains a 

polymerase III promoter that drives the transcription of the sgRNA and a 

polymerase II promoter that drives Cas9 expression. Transcriptional interference 

between these two promoters can alter the total amount of sgRNA and Cas9 that is 

produced from the transgene, which may in turn affect the efficiency of the 

CRISPR/Cas9 gene editing system.  

3.1.1.2 DNA Topology 
 

DNA topology may influence transcription from different promoters. RNA 

polymerases induce torque on the DNA strand during transcription; this torsional 

force can be propagated along the DNA both up- and down-stream of the RNA 

polymerase machinery.161–163 The forces generated by RNA polymerases can 

change the three-dimensional conformation of DNA, which can in turn influence the 

initiation and rate of transcription from adjacent promoters.161–163 

Because the Cas9 and sgRNA components are transcribed by different RNA 

polymerases simultaneously, it is possible that one transcribing RNA polymerase 

may influence transcription by the other RNA polymerase by affecting the topology 

of the adjacent DNA.  

3.1.1.3 Antisense RNA Interference 
 

For constructs arranged in trans, in addition to the effects of transcriptional 

interference, antisense RNA interference may occur; in this case, an antisense 

RNA transcript binds to its complementary RNA sequence, thus promoting sense 

RNA decay or preventing the complementary sequence from being translated into 
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protein.154,164 For sgRNA and Cas9 genes oriented in trans, antisense RNA 

interference may affect total levels of sgRNA, Cas9, or both. 

Effects of Promoter Orientation on Transcription 

The effects of promoter orientation on transcription are variable, and seem 

to differ based on the specific system that is being assessed. Under certain 

conditions, promoters oriented in cis reduce transcription the most. Kholod and 

Mustelin 2001 tested artificial constructs containing GFP and luciferase, each 

driven by a promoter of similar strength, in plant protoplasts.165 When genes were 

oriented in cis, expression of the downstream gene was reduced by 80%.165 For 

constructs in trans, the expression of the upstream gene was reduced 53%.165 

Divergent promoters produced no change in gene expression nor was any 

interference seen on the upstream gene for orientations in cis.  

Another study found that promoters oriented in trans have the largest effect 

on expression. Eszterhas et al. 2002 tested different orientations of two reporter 

genes, GFP and YFP, in two different genomic regions of mouse erythroleukemia 

cells.166  Both reporters were driven by CMV promoters and contained strong 

polyadenylation transcriptional termination signals. Eszterhas et al. 2002 found that 

constructs in trans produced the greatest reduction in transcription.166  

In some systems, it appears that promoter orientation has no effect on gene 

transcription. Bae et al. 2008 tested the effects of in cis, in trans, and divergent 

orientations of XYL1 and XYL2 genes in plasmids expressed in Saccharomyces 

cerevisiae but did not find any significant differences in gene expression between 

the three orientations.167 
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3.2 Aims 

The aim of this chapter is to assess the effects of U6.sgRNA orientation on 

sgRNA and Cas9 levels in Staphylococcus aureus Cas9 constructs and to test the 

effects of U6.sgRNA orientation on sgRNA, Cas9, and eGFP expression in 

deactivated Staphylococcus aureus Cas9-KRAB constructs (Figure 3.2). 

 

Figure 3.2. Schematic of of Forward/Cis (top) and Reverse/Trans (bottom) 
Orientation of U6.sgRNA in CRISPR/Cas9 Plasmids 
The CMV.Cas9 is transcribed by RNA Polymerase II (grey) and the U6.sgRNA is 
transcribed by RNA Polymerase III (green).  
Image illustrated by Kella Vansgness. 
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3.3 Materials and Methods 

All plasmids used in this study are described in Table 2, and plasmid maps 

can be found in Figure 3.4 and Figure 3.5. 

Table 2. List of Plasmids Used in U6.sgRNA Orientation Study 
Plasmid 
Code 

Cas9 Repressor Puromycin 
Resistance 

sgRNA 
Target 

sgRNA 
Orientation 

RHO-F SaCas9 - No Rhodopsin Forward (in cis) 

RHO-R SaCas9 - No Rhodopsin Reverse (in trans) 

VEGFA-F SaCas9 - No VEGFA Forward (in cis) 

VEGFA-R SaCas9 - No VEGFA Reverse (in trans) 

NTC-F dSaCas9 KRAB Yes Non-targeting 
control 

Forward (in cis) 

NTC-R dSaCas9 KRAB Yes Non-targeting 
control 

Reverse (in trans) 

13-F dSaCas9 KRAB Yes eGFP Forward (in cis) 

13-R dSaCas9 KRAB Yes eGFP Reverse (in trans) 

15-F dSaCas9 KRAB Yes eGFP Forward (in cis) 

15-R dSaCas9 KRAB Yes eGFP Reverse (in trans) 

 

Cloning dSaCas9-KRAB with U6.sgRNA in Trans (NTC-R, 13-R, 15-R) 

Plasmids NTC-F, 13-F, and 15-F, which were previously designed, were 

used as templates for PCR amplification of the U6.sgRNA region with primers 

NotI_hU6_F2 and KpnI_hU6_R1 (Table 5, Appendix). Sequences 13 and 15 target 

enhanced green fluorescent protein (eGFP) in HEK293-eGFP cells and NTC is a 

non-targeting control (Table 4, Appendix). All three sgRNA variants are preceded 

by a U6 promoter sequence. A plasmid containing dSaCas9, a KRAB repressor, 

puromycin resistance, and ampicillin resistance genes was used as a vector for 

insertion of these three sgRNA variants. The cloning strategy is outlined in Figure 

3.3.  
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Figure 3.3. Schematic of Plasmid Cloning Strategy 
1. The U6.sgRNA (yellow region in donor plasmid) was PCR amplified with 

primers that added KpnI and NotI restriction sites (red areas) onto the ends 
of the PCR product.  

2. Both the vector plasmid and the PCR amplified U6.sgRNA were digested 
with KpnI and NotI restriction enzymes. 

3. The digested vector and U6.sgRNA were ligated to produce the final 
product.  
Image illustrated by Kella Vansgness. 

After PCR amplification of the U6.sgRNA (Figure 7.1, Appendix), a small 

aliquot of the PCR product was tested for appropriate size and amplification using 

gel electrophoresis. Once the correct size of the amplicons was confirmed, the 

remaining product was PCR purified, as outlined in chapter 2.  

Subsequently, both the PCR purified U6.sgRNA and the vector plasmid 

were digested with KpnI and NotI restriction enzymes (Figure 7.2, Appendix). The 

digested U6.sgRNA was PCR purified again while the digested vector plasmid was 

loaded onto a 1% agarose gel for electrophoresis and the appropriately-sized 

fragment was gel extracted. The digested U6.sgRNA and plasmid vector were 
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ligated using 30 ng of the vector plasmid and a 10:1 ratio of U6.sgRNA 

insert:vector following the protocol outlined in chapter 2 (Figures 7.3 and 7.4, 

Appendix).  

All plasmids (NTC-F, NTC-R, 13-F, 13-R, 15-F, and 15-R) were transformed 

into E.coli cells and plated onto LB agar plates with ampicillin. Colonies were 

subsequently selected for miniprep. Miniprepped plasmids were sequenced to 

confirm correct orientation of the U6.sgRNA region. These miniprepped colonies 

were either re-transformed or colonies were selected from the original LB agar 

ampicillin plates for maxiprep (Figure 7.5, Appendix). Restriction digests using the 

KpnI and NotI enzymes were performed prior to sequencing to confirm the 

presence of the restriction sites. Plasmids were also subjected to restriction digest 

with the XmaI enzyme in order to confirm the presence of inverted terminal repeats 

(ITRs) (Figure 7.6, Appendix). ITRs are difficult to sequence as they form strong 

secondary structures. Maxiprepped plasmids were then fully sequenced prior to 

being used in vitro.  

In Vitro Testing of Plasmids for the DSaCas9-KRAB Study 

HEK293-eGFP cells were seeded onto 24 well plates (Corning) (Figure 7.7, 

Appendix). Plasmids were transfected 24 hours after seeding, as described in 

chapter 2. Twenty-four hours after transfection, the cells were treated with 

puromycin in order to select for cells that had successfully been transfected with 

the plasmid. Cells were harvested 48 hours after puromycin treatment, as 

described in chapter 2. 
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RNA Extraction, CDNA Synthesis, and QPCR 

Harvested cell pellets were used for RNA extraction and subsequent cDNA 

synthesis with primer sgRNA_R1 (Table 7, Appendix). For qPCR, a single 

reference gene, beta-actin (ACTB), was used for normalization for the dSaCas9-

KRAB study. Two reference genes, ACTB and GAPDH, were used in the SaCas9 

study. The sequences of the TaqMan Probes for the sgRNA and the SaCas9 can 

be found in Table 9 of the Appendix. Two-way analysis of variance (ANOVA) with 

Sidak’s post-test for multiple comparisons was performed. The independent 

variables were: orientation of U6.sgRNA (forward v reverse) and sgRNA identity 

(NTC, 13, 15, RHO, or VEGFA). A p-value ≤ 0.05 was deemed to be significant.  

For the SaCas9 study, a total of six biological replicates were included. Two 

replicates were completely removed from analysis: one of the VEGFA-F-

transfected replicates due to failure of the RNA extraction and one of the VEGFA-

R-transfected replicates due to failure of the cDNA synthesis reaction. The 

dSaCas9-KRAB study had a total of eight biological replicates. One replicate was 

completely removed from the analysis because of highly variable ACTB values 

(standard deviation >0.3), which precluded analysis of eGFP, sgRNA, and Cas9 

levels. Another was removed from only the sgRNA analysis due to highly variable 

sgRNA levels (standard deviation >0.3).  
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Figure 3.4 Plasmid Maps for the SaCas9 Study 
The plasmid map on the top depicts the structure of plasmids RHO-F and VEGFA-
F. The plasmid map on the bottom depicts the structure of plasmids RHO-R and 
VEGFA-R.  
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Figure 3.5 Plasmid Maps for the DSaCas9-KRAB Study 
The plasmid map on the top depicts the structure of plasmids NTC-F, 13-F, and 
15-F. The plasmid map on the bottom depicts the structure of plasmids NTC-R, 13-
R and 15-R.  
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3.4 Results 

Standard Curves for SgRNA and SaCas9 Taqman Probes in HEK293-eGFP 

Cells Transfected with RHO-R and VEGFA-R Plasmids 

Taqman qPCR probe efficiency was tested using the standard curve 

method. The RHO-R and VEGFA-R plasmids were used for these experiments. 

For the RHO-R plasmid, the efficiency of the sgRNA Taqman probe was 78.4% 

and the R2 was 0.983 (Figure 3.6). The efficiency of the SaCas9 Taqman probe in 

cells transfected with this plasmid was 79.0% and the R2 was 0.999. For the 

VEGFA-R plasmid, the efficiency of the sgRNA Taqman probe was 86.1% and the 

R2 was 0.997. The efficiency of the SaCas9 Taqman probe was 91.1% and the R2 

was 0.998 (Figure 3.6). 
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Figure 3.6. Standard Curves for SgRNA and SaCas9 Taqman Probes in 
HEK293-eGFP Cells Transfected with RHO-R and VEGFA-R Plasmids 
Top left: Standard Curve for sgRNA probes in cells transfected with RHO-R 
plasmids. Efficiency=78.4%. R2=0.983.  
Top right: Standard Curve for sgRNA probes in cells transfected with VEGFA-R 
plasmids. Efficiency=79.0%. R2=0.999.  
Bottom left: Standard Curve for SaCas9 probes in cells transfected with RHO-R 
RHO plasmids. Efficiency=86.1%. R2=0.997. 
Bottom right: Standard Curve for SaCas9 probes in cells transfected with VEGFA-
R plasmids. Efficiency=91.1%. R2=0.998. 
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U6.sgRNA Orientation Does Not Affect Cas9 and SgRNA Levels in HEK293-

eGFP Cells Transfected with SaCas9 Plasmids  

The gene expression levels of SaCas9 and sgRNA were determined for the 

RHO-F, RHO-R, VEGFA-F, and VEGFA-R plasmids. The sgRNA identity did not 

significantly affect Cas9 expression levels (FIdentity (1,18) = 0.03987, p = 0.8440). 

Sidak-adjusted comparisons revealed no significant effect of U6.sgRNA orientation 

on Cas9 expression (FOrientation (1,18) = 6.816, p = 0.0177; Sidak adjusted 

pRHO=0.1338; Sidak-adjusted pVEGFA=0.1781). There was also no significant 

interaction effect between sgRNA identity and orientation on Cas9 expression 

(FInteraction (1,18) = 3.510e-005, p = 0.99531) (Figure 3.7).  

The sgRNA identity and orientation did not significantly affect sgRNA 

expression levels (FIdentity (1,18) = 1.220, p = 0.2839; FOrientation (1,18)=0.8046, 

p=0.3816). There was also no significant interaction between sgRNA identity and 

orientation on Cas9 expression effect (FInteraction= (1,18) = 0.04430, p = 0.8357)  

(Figure 3.8).  
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Figure 3.7. U6.sgRNA Orientation Does Not Affect Cas9 Expression in 
HEK293-eGFP Cells Transfected with SaCas9 Plasmids 
The x-axis denotes the transfected plasmid. The y-axis shows SaCas9 gene 
expression relative to the average SaCas9 expression of cells transfected with 
RHO-F. The edges of each box extend from the 25th to 75th percentiles. The line 
within each box denotes the median. Error bars extend from the 5th to 95th  
percentiles. There is no significant difference in SaCas9 expression between any 
of the transfected samples. n=6 for RHO and n=5 for VEGFA.  
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Figure 3.8. U6.sgRNA Orientation Does Not Affect sgRNA Expression in 
HEK293-eGFP Cells Transfected with SaCas9 Plasmids  
The x-axis denotes the transfected plasmid. The y-axis shows sgRNA gene 
expression relative to the average sgRNA expression of cells transfected with 
RHO-F. The edges of each box extend from the 25th to 75th percentiles. The line 
within each box denotes the median. Error bars extend from the 5th to 95th  
percentiles. There is no significant difference in sgRNA expression between any of 
the transfected samples. n=6 for RHO and n=5 for VEGFA. 
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U6.sgRNA Orientation Has No Effect on Cas9, sgRNA, and EGFP Levels in 

HEK293-eGFP Cells Transfected with EGFP-targeting DSaCas9-KRAB 

Plasmids 

The gene expression levels of dSaCas9, sgRNA, and eGFP were 

determined for the non-targeting (NTC-F and NTC-R) and eGFP-targeting 

plasmids (13-F, 13-R, 15-F, and 15-R).  

dSaCas9 expression was not significantly affected by sgRNA identity or 

U6.sgRNA orientation (FIdentity (2,36) = 1.073, p =0.3528; FOrientation (1,36) = 3.713, p 

= 0.0619). There was also no significant interaction effect of sgRNA identity and 

U6.sgRNA orientation on dSaCas9 expression (FInteraction (2,36) = 0.01433, p 

=0.9858).  

We found no significant effect of sgRNA identity or orientation on sgRNA 

expression levels, and no significant interaction effect was observed (FIdentity 

(2,30)=3.068, p=0.0613; FOrientation (1,30)=0.1086 , p=0.7440; FInteraction 

(2,30)=0.5832, p=0.5643).  

Furthermore, we did not observe any effect of sgRNA identity or orientation 

on eGFP expression (FIdentity (2,36)=0.3197, p=0.7284; FOrientation (1,36)=0.5038, 

p=0.4824). There was also no interaction effect of sgRNA identity and orientation 

on eGFP levels FInteraction (2,36)=0.05462, p=0.9469) (Figures 3.9, 3.10, and 3.11).  
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Figure 3.9. U6.sgRNA Orientation Does Not Affect Cas9 Expression in 
HEK293-eGFP Cells Transfected with DSaCas9-KRAB Plasmids   
The x-axis denotes the transfected plasmid. The y-axis shows dSaCas9 gene 
expression relative to the average dSaCas9 expression of cells transfected with 
NTC-F. The edges of each box extend from the 25th to 75th percentiles. The line 
within each box denotes the median. Error bars extend from the 5th to 95th  
percentiles. There is no significant difference in dSaCas9 expression between any 
of the transfected samples. n=7 for all samples. 
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Figure 3.10. U6.sgRNA Orientation Does Not Affect SgRNA Expression in 
HEK293-eGFP Cells Transfected with DSaCas9-KRAB Plasmids 
The x-axis denotes the transfected plasmid. The y-axis shows sgRNA gene 
expression relative to the average sgRNA expression of cells transfected with 
NTC-F. The edges of each box extend from the 25th to 75th percentiles. The line 
within each box denotes the median. Error bars extend from the 5th to 95th  
percentiles. There is no significant difference in sgRNA expression between any of 
the transfected samples. n=6 for all samples. 
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Figure 3.11. U6.sgRNA Orientation Does Not Affect EGFP Knock-Down in 
HEK293-eGFP Cells Transfected with DSaCas9-KRAB Plasmids 
The x-axis denotes the transfected plasmid. The y-axis shows eGFP gene 
expression relative to the average eGFP expression of the untransfected control. 
The edges of each box extend from the 25th to 75th percentiles. The line within 
each box denotes the median. Error bars extend from the 5th to 95th percentiles. 
There is no significant difference in eGFP expression between any of the 
transfected samples. n=7 for all samples. 
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3.5 Discussion 

 
The data presented here show that U6.sgRNA promoter orientation has no 

significant effect on Cas9 and sgRNA transcription from both active 

Staphylococcus aureus Cas9 and deactivated Staphylococcus aureus Cas9.KRAB 

CRISPR constructs. Furthermore, U6.sgRNA orientation does not affect eGFP 

transcription from deactivated Staphylococcus aureus Cas9-KRAB CRISPR 

constructs.  

QPCR Normalization 

Reference gene expression levels can be variable, and use of one 

reference gene may introduce bias.168,169 It is possible that by including only one 

reference gene for the dSaCas9-KRAB qPCR analysis, any differences in gene 

expression levels between the two U6.sgRNA promoter orientations were masked. 

However, this outcome is unlikely because the reference gene levels were stable 

across samples, indicating that the different conditions tested did not affect 

reference gene expression; therefore, it is appropriate to use the single reference 

gene for analysis. Furthermore, it is important to note that even with the use of one 

reference gene, large differences in expression levels would be apparent. We are 

investigating factors that make a clinically-relevant difference in CRISPR/Cas9 

efficiency; we do not believe that any small changes in gene expression level 

would translate to a clinically meaningful effect in vivo.  

EGFP Expression 

The lack of eGFP knock-down by eGFP-targeting constructs compared to 

the non-targeting controls (NTC-F and NTC-R) in our dSaCas9-KRAB plasmids is 
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not surprising given previous findings in our laboratory. It is likely that the HEK293-

eGFP reporter cell line used has many copies of the eGFP gene, so very high 

amounts of gene disruption would be required to see any difference on qPCR. Our 

lack of significant eGFP reduction is partially why we chose to focus on the 

rhodopsin and VEGFA genes for the active SaCas9 study. These two genes are 

also clinically relevant and a validated guide RNA sequence for VEGFA was 

available.170  

Factors Influencing Transcription 

3.5.1.1 Charge of RNA Polymerases 
 

One factor that may affect transcription is the charge of the RNA 

Polymerases. RNA polymerases are highly negatively charged and may repel each 

other if they are too close.171,172 It is possible that in our constructs, the RNA 

Polymerase III and RNA Polymerase II are located too far apart to significantly 

repel each other and cause transcriptional interference.171,172 The main difference 

between the SaCas9 and dSaCas9-KRAB constructs is that the dSaCas9-KRAB 

constructs contain an additional 312 bp KRAB sequence. Despite being 312 bp 

shorter than the dSaCas9-KRAB plasmids, the SaCas9 constructs did not 

experience electrostatic RNA polymerase repulsion.  

3.5.1.2 Three-Dimensional Structure of Plasmids 
 

The specific sequence of the plasmid is known to affect it’s three-

dimensional conformation, which may in turn influence transcription.   

DNA normally exists in the B-conformation, which is the double helix first 

proposed by Watson and Crick. Plasmid DNA, however, may adopt several non-B 

DNA conformations, which include left-handed Z-DNA, intramolecular triplex H-
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DNA, cruiciforms, and R-loops.173 These conformations are in part influenced by 

the DNA sequence and can affect the process of transcription.166,173,174 

Furthermore, transcription by RNA polymerases influences the topology of 

the surrounding DNA by causing torque.161–163 Thus, it is theoretically possible that 

the interplay between U6.sgRNA orientation and plasmid sequence, specifically 

presence and absence of a 312 bp KRAB element, may influence transcription by 

affecting the three-dimensional structure of the plasmid. This does not appear to 

be the case in our study, as we did not observe any difference in Cas9 and sgRNA 

levels between two different U6.sgRNA orientations in plasmids that do (dSaCas9-

KRAB) and do not (SaCas9) contain KRAB.   

3.5.1.3 Termination of Transcription  
 

One mechanism that may contribute to transcriptional interference is 

ineffective termination of transcription from one promoter, which allows for read-

through of the RNA Polymerase. This read-through causes transcriptional 

interference by collision or occlusion at the second promoter. Either RNA 

Polymerase II or III can experience weak termination of transcription.  

RNA Polymerase II, which initiates transcription from the CMV promoter, 

relies on certain motifs to promote polyadenylation and transcriptional termination. 

Some of these motifs, like the SV40 late polyA and the rbGlob polyA, are more 

efficient because they contain enhancer elements while others, like the BGH 

contained in our plasmids, may be weaker.175,176 It appears that in our constructs, 

the BGH signal is sufficient because we did not observe any reduction in 

transcription from the U6 promoter, which would be expected for in cis constructs if 

read-through were to occur from the CMV promoter.  
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Weak termination of transcription can also occur from RNA Polymerase III, 

which normally transcribes the U6.sgRNA and usually relies on poly-T residues on 

the non-template strand for termination. Human RNA Polymerase III requires at 

least four sequential thymidine residues, and termination efficiency increases with 

longer poly-T residues.177,178 The strength of the poly-T sequence is not only 

dependent on its length but also on the surrounding sequences and on the ability 

of the transcribed RNA to from a hairpin secondary structure.179–181 In our 

constructs, there is a five nucleotide thymidine sequence immediately following the 

sgRNA to facilitate termination. If this sequence is not strong enough to terminate 

RNA Polymerase III, read-through will occur. This effect would possibly be more 

pronounced in the SaCas9 constructs than in the dSaCas9-KRAB constructs 

because the 312 bp KRAB sequence contains an additional five nucleotide poly-T 

sequence, which may further act as a transcriptional terminator. We did not 

observe any evidence of read-through from the U6 promoter in either the SaCas9 

or the dSaCas9-KRAB plasmids, as we did not see differences in transcription of 

Cas9 levels between forward and reverse U6.sgRNA constructs.  

Antisense RNA Interference 

Another consideration, one that applies specifically to constructs oriented in 

trans, is the effect of antisense RNA interference. RNA Polymerase III read-

through can cause antisense RNA transcripts of Cas9 to interfere with Cas9 

transcripts produced by RNA Polymerase II, and thus promote degradation of 

Cas9 RNA.182,183 We did not see any evidence of antisense RNA interference in 

our study in either the SaCas9 or the dSaCas9-KRAB constructs.  
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Conclusion 

Based on our results, it appears that the orientation of the U6.sgRNA does 

not cause transcriptional interference in the constructs was we studied. Our 

observations are consistent with previous reports on promoter configuration, in 

which the amount of transcriptional interference varies depending on the genes 

being studied.   
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4 Investigation of GeoCas9 as an Alternative 
CRISPR/Cas9 System for an AAV Vector  
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4.1 Introduction  

PAM Site Variation 

 One limitation of SaCas9 is the PAM sequence (5’-NNGRRT-3’ or 5’-

NNGRR-3’), which restricts CRISPR/Cas9 editing to certain regions of the DNA.27 

Exploring the potential of other Cas9 proteins with different PAM sequences would 

be beneficial in creating an arsenal of CRISPR/Cas9 systems that can target a 

wide range of DNA sequences. The GeoCas9, with a PAM sequence is that 5’-

NNNNCRAA-3’, is one such alternative, where N represents any base pair and R 

represents adenine or guanine. GeoCas9 is derived from Geobacillus 

stearothermophilus, a bacterium that inhabits ocean sediments and hot springs. 

GeoCas9 is 3.2 kb in size, so it is small enough to fit within the ~4.7 kb coding 

capacity of AAV for delivery into the retina (Figure 4.1).184 Furthermore, GeoCas9 

RNP has increased stability in blood plasma, a feature that may be beneficial if 

CRISPR/Cas9 systems were ever to be delivered into the eye in this form.184  

Immunology of CRISPR/Cas9 

Another potential benefit of GeoCas9 is that it may reduce the risk of an 

immune response. Currently, the potential immunological risks of CRISPR/Cas9 

therapy are largely unknown. There have been conflicting reports of 

CRISPR/Cas9’s ability to activate the immune system. Several experiments in 

mice have shown that CRISPR/Cas9 can induce an immune response. It is not 

certain, however, exactly which component of the therapy is responsible for the 

observed effect; possibilities include the delivery vector and the Cas9 protein.  

 There is evidence that CRISPR/Cas9 therapies delivered in adenoviral 

vectors, lentiviral vectors, or through electroporation can activate the immune 
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system.185–188 These immunologic changes are not observed when SpCas9 is 

delivered to mice as a naked DNA construct, implicating the vectors and not the 

CRISPR/Cas9 as the cause of the immune response.189 CRISPR/Cas9 systems 

delivered in adeno-associated vectors (AAV), which are much less immunogenic, 

appear to be well-tolerated. In the eye, particularly, AAV-SpCas9 did not induce 

any immune response for up to four weeks after delivery, although the SpCas9 had 

self-limiting expression.135 AAV-SaCas9 and AAV-CjCas9 have not caused any 

adverse immunological events in the eye for up to nine months after injection.139,144  

Other in vivo studies have found no evidence of morphological and physiological 

abnormalities in cells expressing Cas9 from AAV.144,190  

However, even with an AAV delivery system, there is still some concern that 

the Cas9 proteins may induce an immune response. Cas9-specific T cells and anti-

Cas9 antibodies have been identified in mice injected with AAV-SpCas9-sgRNA 

constructs. 188  These mice also developed lymph node enlargement and an 

increase in myeloid cells.188 Despite evidence of immune system activation, the 

AAV-Cas9-sgRNA constructs did not cause extensive tissue damage and the 

proliferated T cells appeared to be immature and inactive.188  

 Another reason for caution with CRISPR/Cas9 therapies is that humans 

may have a pre-existing immune response to the commonly-used Cas9 proteins, 

SpCas9 and SaCas9. SpCas9 and SaCas9 are derived from Streptococcus 

pyogenes and Staphylococcus aureus, two bacteria that have frequently caused 

disease during human evolution. Varying levels of pre-existing immunity to Cas9 

proteins have recently been identified. Simhadri et al. 2018 observed that out of 

200 individual human serum samples, 10% had anti-SpCas9 antibodies and 2.5% 

had anti-SaCas9 antibodies.191 Charlesworth et al. 2019 found a prevalence of 
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78% and 58% for SpCas9 and SaCas9 antibodies, respectively, in a cohort of 125 

patients.192 Furthermore, Charlesworth et al. 2019 tested 18 donors for T cells and 

observed that 78% and 68% of subjects had specific reactive T cells against 

SpCas9 and SaCas9, respectively. Wagner et al. 2018 examined the peripheral 

blood of 48 subjects and found that 46 of them had specific effector T cell 

activation by SpCas9 components.193 Some of the effector T cells were of the T 

regulatory subtype, which may act to temper the immune response to SpCas9.193 

Despite the evidence of both reactive and regulatory T cells in the peripheral blood 

of these patients, the immunological impact of this T cell repertoire in vivo is 

unknown.193 

 Using a Cas9 protein derived from bacteria that do not cause disease in 

humans is a potential strategy to reduce the risk of an immune response. Unlike 

Streptococcus pyogenes and Staphylococcus aureus, Geobacillus 

stearothermophilus, from which GeoCas9 is derived, is not known to cause 

disease in humans. The risk of pre-existing antibodies and T cells to GeoCas9 is in 

theory quite low. Furthermore, a deactivated GeoCas9 protein could possibly be 

immunologically safer than dSpCas9 and dSaCas9. Deactivated Cas9 proteins 

must be continuously expressed for a sustained therapeutic effect. This prolonged 

Cas9 expression, however, increases the risk of an immune response; therefore, 

using a less immunogenic Cas9 protein would be advantageous. In this study, we 

investigate the editing potential of GeoCas9, which may be a suitable alternative to 

SpCas9 and SaCas9 for gene therapy.  
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Figure 4.1 Image of Geobacillus Stearothermophilus Bacteria 
Geobacillus Stearothermophilus is a gram positive spore-forming rod-shaped 
bacterium that inhabits hot springs and ocean sediments and can grow at 
temperatures between 35°C and 75°C.194  
Figure adopted from Novik et al 2018.  
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4.2 Aims 

The aim of this chapter is to assess whether the 3.2 kb GeoCas9, whose 

PAM site differs from that of SaCas9, can cleave DNA when delivered to HEK293-

eGFP cells through plasmid transfection. Furthermore, the potential 

immunogenicity of GeoCas9 will be assessed using in silico modelling.  
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4.3 Materials and Methods 

A dual plasmid approach was used to deliver the GeoCas9 components to 

HEK293-eGFP cells. One plasmid contained a CMV promoter driving GeoCas9 

expression while the other contained a U6 promoter driving sgRNA expression. A 

summary of the plasmids used in this study can be found in Table 3 and plasmid 

maps are in Figures 4.2 and 4.3. 

Table 3. List of Plasmids Used in GeoCas9 Study 
Plasmid Code Cas9 Ampicillin 

Resistance 
6x Histidine 
Tag Present 

sgRNA Target 

Geo GeoCas9 Yes - - 

Geo-6x His GeoCas9 Yes Yes - 

NTC - Yes - Non-targeting 
control  

G1 - Yes - eGFP 

G2 - Yes - eGFP 

G3 - Yes - eGFP 

G4 - Yes - eGFP 

RHO - Yes - Rhodopsin 

VEGFA - Yes - VEGFA 

SaNTC SaCas9 Yes - Non-targeting 
control (NTC) 

SaVEGFA SaCas9 Yes - VEGFA  
ABCA4-6xHis   Yes  

 

Cloning of GeoCas9 Plasmids 

The PX404 Campylobacter jejuni Cas9 plasmid (#68338, Addgene) was 

used as a vector for insertion of the GeoCas9 coding sequence from the pET-

MBP-NLS-Geo_st plasmid (#87703, Addgene).  

First, the unique restriction sites KpnI and HindIII were inserted into plasmid 

#68338 to allow for subsequent sticky-end cloning of the GeoCas9. Two 
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complementary oligonucleotides coding for four consecutive restriction sites (AgeI-

KpnI-HindIII-EcorI FW and RV) were annealed and phosphorylated (Table 6 

Appendix). The PX404 Campylobacter jejuni Cas9 plasmid was then digested with 

AgeI and EcorI restriction enzymes. The digested vector was loaded onto a 1% 

agarose gel for electrophoresis and subsequent gel extraction of the appropriately-

sized band. The oligonucleotide sequences were PCR purified and diluted 1/25 in 

molecular grade water. 1 µL of this dilution was used for a ligation reaction with 10 

ng of the linearized PX404 Campylobacter jejuni Cas9 plasmid vector.  

Subsequently, the GeoCas9 coding region and nuclear localization signal 

from plasmid #87703 were PCR amplified using primers GeoCas9 KpnI FW6 and 

GeoCas9 HindIII RV5 to add KpnI and HindIII restriction sites to the 5’ and 3’ ends, 

respectively (Table 5 and Figure 7.8, Appendix). The products were PCR purified. 

Both the PCR products and the vector plasmid were digested with the KpnI and 

HindIII restriction enzymes and PCR purified. Ligations of the two sequences were 

performed using a 2:1 ratio of insert:vector and 10 ng vector in a 10 µL reaction 

(Figure 7.9, Appendix). 

Cloning of GeoCas9-6xHis Plasmids 

Two complementary oligonucleotides coding for a 6x Histidine tag (6xHis) 

with KpnI overhangs were annealed and phosphorylated (Table 5, Appendix). The 

GeoCas plasmid was subjected to digestion with the KpnI restriction enzyme. The 

6xHis-coding oligonucleotide was diluted 1/25 in molecular grade water. 1 µL of 

this dilution was used for a ligation reaction with 10 ng of the linearized GeoCas9 

plasmid vector.  
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Cloning of GeoCas9 SgRNA Plasmids  

The pU6-Cj-sgRNA plasmid (#89753, Addgene) was used as a vector for 

insertion of the “98 nt tracrRNA sgRNA” (GeoCas9 sgRNA) from Harrington et al. 

2017.184 A double-stranded oligonucleotide coding for the GeoCas9 sgRNA with 

SallI and NdeI restriction sites on the 5’ and 3’ ends, respectively, was ordered 

(GeneArtTM, Thermo Fisher; GeoCas9 sgRNA scaffold, Table 5, Appendix). Both 

the oligonucleotide and the pU6-Cj-sgRNA plasmids were digested with Sall and 

NdeI. The digested vector was loaded onto a 1% agarose gel for electrophoresis 

and subsequent gel extraction of the appropriately-sized band. Ligations were 

performed using a 3:1 ratio of insert:vector and 30 ng vector in a 10 µL reaction 

(Figure 7.10, Appendix). The resulting plasmid was termed “NTC.” 

To insert the crRNA sequences, complementary oligonucleotides coding for 

the appropriate crRNA with BsmbI restriction site overhangs were phosphorylated, 

annealed, and diluted 1/25 in molecular grade water. The “NTC” plasmid was then 

digested with the BsmbI restriction enzyme. The digested vector was loaded onto a 

1% agarose gel for electrophoresis and subsequent gel extraction of the 

appropriately-sized band. Ligations were performed with 1 µL of the diluted 

oligonucleotides and 10 ng of the digested vector (Table 4).  

Transfection of Plasmids 

HEK293-eGFP cells were seeded at a density of 5x105 cells/mL onto 24 

well plates for qPCR analysis or 12-well plates for western blot (Corning). Cells 

were transfected with either 500 ng of DNA for qPCR or 750 ng for western blot  

(1:3 ratio of GeoCas9:sgRNA) 24 hours after seeding, as described in chapter 2. 

Cells were harvested 48 hours after transfection, as described in chapter 2. 



 98 

RNA Extraction, CDNA Synthesis, and QPCR 

Harvested cell pellets were used for RNA extraction and subsequent cDNA 

synthesis using primer GeosgRNA2 for qPCR, as described in chapter 2 (Table 7, 

Appendix). Three biological replicates were used for each sample. For qPCR, a 

single reference gene, beta-actin (ACTB), was used for normalization. One-way 

analysis of variance (ANOVA) was performed. The Taqman probe sequences 

targeting GeoCas9 and GeoCas9 sgRNA are listed in Table 9 of the Appendix.  

Tracking of Indels by DEcomposition (TIDE) Analysis 

 TIDE is a bioinformatics tool that quantifies CRISPR/Cas9 editing efficiency 

by aligning an “uncut” reference Sanger sequence with a Sanger sequence from 

edited DNA.  

PCR was performed on genomic DNA samples isolated from harvested 

cells using the QIAamp DNA Minikit (Qiagen, UK). Primers pairs were designed to 

amplify a ~700 base pair region, with one primer ~200 bp away from the predicted 

CRISPR cut site and the other ~500 bp away from the predicted CRISPR cut site, 

as per the TIDE analysis protocol (Figure 7.11, Appendix). All primers used for 

TIDE analysis are listed in Table 7 of the Appendix. Amplified DNA was PCR 

purified using a QIAquick PCR purification kit, per the manufacturer’s protocol 

(Qiagen, UK) and sent for Sanger sequencing (Eurofins Genomics, EU or Source 

Bioscience, UK) using the primer 200 bp away from the cut site. Sequences were 

uploaded to the TIDE analysis website (https://tide.deskgen.com/) and editing 

efficiency was determined (example in Figure 7.12, Appendix). The SaCas9 was 

selected from the drop-down menu for the TIDE analysis settings because it was 

the only nuclease that allowed input of a 22 base pair guide RNA sequence.  
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Three biological replicates were used for TIDE analysis, except for the 

samples transfected with Geo+G3, which had four replicates. A one-way ANOVA 

with multiple comparisons was conducted. When necessary, the Benjamini-

Krieger-Yekutieli procedure was used to correct for the false discovery rate.  

Western Blot 

Western blot was performed to detect the presence of 6xHis tagged 

GeoCas9 proteins in harvested cells. Frozen cell pellets were thawed on ice. 100 

µL of lysis buffer [1 mL 10x RIPA (Merck Millipore), 8 mL PBS, protease inhibitor 

tablet (Roche), and 1 mL glycerol] was added to each pellet and cells were lysed 

with a hand-held homogenizer. Samples were then incubated on ice for 30 

minutes and centrifuged at 10,000xg at 4ºC for 20 minutes. The supernatant was 

removed and mixed with 5 µL of 5x protein loading buffer (GeneFlow, UK) in a 

total volume of 25 µL. Samples were then incubated at room temperature for 20 

minutes and subsequently loaded into wells of a 4-20% CriterionTM Tris-Glycine 

extended (TGXTM) Precast Gel (Bio-Rad, UK) alongside 5 µL of BLUeye pre-

stained protein ladder (Geneflow, UK). The gel was placed in a tank containing 

running buffer (100 mL Tris-glycine SDS [GeneFlow, UK] and 900 mL RO water) 

for sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), 

which separates the denatured proteins by size. A 100 V electric current was 

applied to the gel for a period of 1 hour and 30 minutes. For subsequent 

immunofluorescence staining of the proteins, the gel was removed from the tank 

and the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane 

using the Trans-Blot Turbo system (Bio,Rad, UK), per the manufacturer’s protocol. 

The PVDF membrane was incubated in blocking buffer (Odyssey, TBS, LI-COR, 
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NE, USA) for one hour with gentle rotation. The membrane was then incubated for 

one hour under gentle rotation with 20 mL primary antibody solution containing 

1% blocking buffer TBS-T [0.1% Tween 20 (Merck) in 1 L 1x TBS], 1:2000 mouse 

anti-GAPDH (TA802519, Origene), and 1:1000 rabbit anti-6x His tag (ab9108, 

Abcam). The membrane was then washed three times with TBS-T before being 

incubated for 30 minutes under gentle rotation with 20 mL secondary antibody 

solution containing 1:10,000 donkey anti-rabbit 800CW (926-32212, LICOR) and 

1:10,000 donkey anti-mouse 680RD (926-68072, LICOR). After addition of the 

fluorescent secondary antibodies, the membrane was kept in the dark to prevent 

photobleaching. The membrane was subsequently washed three times, dried, and 

imaged on the LICOR Odyssey Imager.  

In Silico Prediction of Binding to MHCI and MHCII 

 
The protein sequences for SaCas9 and GeoCas9 were entered into the IEDB 

3.0 server (www.iedb.org). Default settings were used to predict the ability of the 

two Cas9 proteins to bind MHCI and MHCII.   
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Figure 4.2 Plasmid Maps for Geo and Geo-6x His  
The plasmid map on the top depicts the structure of the Geo plasmid and the map 
on the bottom depicts the structure of the Geo-6x His plasmid.  
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Figure 4.3 Plasmid Map for G1, G2, G3, G4, RHO, and VEGFA 
The plasmid map depicts the structure of the G1, G2, G3, G4, RHO, and VEGFA 
plasmids.  
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4.4 Results 

Standard Curve for SgRNA and GeoCas9 Taqman Probes in Cells Transfected 

with GeoCas9 and SgRNA G3 Plasmids 

Taqman qPCR probe efficiency was tested with the standard curve method  

using cDNA derived from HEK293-eGFP cells co-transfected with the G3 and Geo 

plasmids. The efficiency of the sgRNA Taqman probe was 73.3% and the R2 was 

0.998 while the efficiency of the GeoCas9 probe was 82.2% and the R2 value was 

0.999 (Figure 4.4).  

  



 104 

 

 

 

Figure 4.4. Standard Curve for SgRNA and GeoCas9 Taqman Probes in Cells 
Transfected with GeoCas9 and SgRNA G3 Plasmids 
Top: Standard Curve for sgRNA probes in cells transfected with GeoCas9 and 
sgRNA G3 plasmids. Efficiency=73.3%. R2=0.998.  
Bottom: Standard Curve for GeoCas9 probes in cells transfected with GeoCas9 
and sgRNA G3 plasmids. Efficiency=82.2%. R2=0.999.  
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TIDE Analysis Shows No DNA Cleavage by GeoCas9 with EGFP-Targeting 

SgRNAs 

Cleavage rates were determined using TIDE analysis. The eGFP cleavage 

rates from the dual-transfected wells (Geo plasmid plus G1, G2, G3, or G4 

plasmids) were compared to those from wells transfected with only eGFP-targeting 

sgRNA (G1, G2, G3, or G4), Geo, Geo with non-targeting sgRNA plasmid (NTC), 

untransfected wells, and non-targeting sgRNA (NTC) (Figure 4.5).  

There was no significant disruption of the eGFP locus when the eGFP-

targeting sgRNA plasmids (G1, G2, G3, and G4) were dual-transfected with the 

GeoCas9 plasmid [FGeo+G1 (5,12) = 6.679, p = 0.0034; FGeo+G2(5,12) = 0.6746, p = 

0.6507; FGeo+G3(5,17) = 3.082, p = 0.0368; FGeo+G4(5,12) = 2.819, p = 0.0656]. For 

the Geo+G1 plasmid transfections, no significant difference in cutting efficiency 

was found after using the Benjamini-Krieger-Yekutieli procedure to correct for the 

false discovery rate. For the Geo+G3 plasmid transfections, multiple comparisons 

revealed no significant difference in cutting efficiency between any of the plasmid 

transfections (p>0.05).  
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Figure 4.5. TIDE Analysis Shows No DNA Cleavage by GeoCas9 with EGFP-
Targeting SgRNA 
The x-axis shows the identity of the transfected plasmid. The y-axis depicts the 
cutting efficiency as predicted by TIDE analysis. The error bars represent the 
standard error of the mean. Cells were transfected with a 1:3 ratio of 
GeoCas9:sgRNA and harvested 48 hours after transfection. sgRNA G3 was 
previously validated by Harrington et al. 2017.184 Control samples are in greyscale 
and results from cells transfected with both the GeoCas9 and eGFP-targeting 
sgRNA plasmids are shown in colour. There is no significant disruption of the 
eGFP locus by any of the tested sgRNAs. n=3 for all samples except Geo+G3, for 
which n=4.  
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TIDE Analysis Shows No DNA Cleavage by GeoCas9 with VEGFA- and RHO-

Targeting SgRNA 

Cleavage rates were determined using TIDE analysis. The VEGFA 

cleavage rates from the dual-transfected wells (Geo plasmid with VEGFA sgRNA 

plasmid) were compared to those from wells transfected with VEGFA-targeting 

SaCas9 plasmids (SaVEGF), non-targeting SaCas9 plasmids (SaNTC), VEGFA, 

Geo, Geo and non-targeting sgRNA plasmids (NTC), untransfected wells, and non-

targeting sgRNA (NTC). The VEGFA targeting efficiency of SaCas9 (62.7±4.7%) 

was significantly higher than that of GeoCas9 (0.33±0.24%) (p<0.0001). There was 

no significant difference in VEGFA targeting between Geo+VEGFA transfected 

wells and those transfected with control plasmids (p>0.05). FGeo+VEGFA(7,16)=168.8, 

p<0.0001.  

For RHO-targeting, the cleavage rates from the dual-transfected wells (Geo 

plasmid with RHO sgRNA plasmid) were compared to those from wells transfected 

with RHO, Geo, Geo and non-targeting sgRNA plasmids (NTC), untransfected 

wells, and non-targeting sgRNA (NTC). There was no significant difference in 

rhodopsin disruption between any of the experimental samples, FGeo+RHO (5,12) = 

0.7098, p = 0.6276 (Figure 4.6). 
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Figure 4.6. TIDE Analysis Shows No DNA Cleavage by GeoCas9 with VEGFA- 
and RHO-Targeting SgRNA 
The x-axis shows the identity of the transfected plasmid. The y-axis depicts the 
cutting efficiency as predicted by TIDE analysis. The error bars represent the 
standard error of the mean. Cells were transfected with a 1:3 ratio of 
GeoCas9:sgRNA or SaCas9 and harvested 48 hours after transfection. Control 
samples are in greyscale and results from cells transfected with Cas9 and 
RHO/VEGFA-targeting sgRNA plasmids are shown in colour. There is no 
significant disruption of the RHO and VEGFA loci by GeoCas9. The SaCas9 with 
the VEGFA-targeting sgRNA serves as a positive control and has a targeting 
efficiency of 62.7±4.7%. n=3 for all samples. 
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QPCR Shows SgRNA Expression in Plasmid-Transfected HEK293-eGFP Cells 

In order to confirm that the lack of cutting activity found with GeoCas9 was 

not due to failure of expression of the relevant molecular components, sgRNA 

(guide variant G3) expression after transfection with plasmids was determined 

using qPCR (Figure 4.7). There was a significant difference in sgRNA expression 

between the untransfected cells and those transfected with either G3 or Geo and 

G3 plasmids (p<0.0001). There was also a significant difference in sgRNA 

expression between cells transfected with only the Geo plasmid and those 

transfected with G3 or Geo and G3 plasmids (p<0.0001). FsgRNA(3,8)=127.9, 

p<0.0001. Hence sgRNA deficiency was not the cause of the reduced cutting 

efficacy of GeoCas9.  
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Figure 4.7 QPCR Shows SgRNA Expression in Plasmid-Transfected HEK293-
eGFP Cells 
The x-axis shows the identity of the transfected plasmid. The y-axis depicts the 
sgRNA gene expression relative to the untransfected control. The error bars 
represent the standard error of the mean. Cells were transfected with a 1:3 ratio of 
GeoCas9:sgRNA and harvested 48 hours after transfection. There is expression of 
sgRNA in the cells transfected with sgRNA alone and GeoCas9 with sgRNA. n=3 
for all samples. 
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QPCR and Western Blot Shows GeoCas9 RNA and Protein Expression in 

Plasmid-Transfected HEK293-eGFP Cells 

In order to determine whether the lack of detectable DNA cleavage was due 

to an absence of GeoCas9, GeoCas9 expression in transfected cells was 

determined using qPCR and Western Blot (Figures 4.8 and 4.9). For the qPCR 

analysis, there was a significant difference in GeoCas9 expression between the 

untransfected cells and those transfected with either Geo or Geo and G3 plasmids 

(p<0.0001). There was also a significant difference in GeoCas9 expression 

between cells transfected with only the G3 plasmid and those transfected with Geo 

or Geo and G3 plasmids (p<0.0001). FGeoCas9(3,8)=788.6, p<0.0001. 

Similarly, the level of GeoCas9 protein expression was determined by 

western blot. An antibody against the 6xHis tag was used to visualize the 

GeoCas9-6xHis protein. A ~128  kDa protein containing the 6xHis tag was present 

in cells transfected with the Geo6xHis plasmids and in cells dual transfected with 

the Geo6xHis and G3 plasmids. No fluorescence signal was detected from 

untransfected controls or from cells transfected with untagged GeoCas9 plasmids 

(Geo). Hence, both the GeoCas9 and the relevant sgRNA (G3) were confirmed to 

be expressed efficiency in the same HEK293-eGFP cell line in which SaCas9 

showed high cutting activity.  
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Figure 4.8. QPCR Shows GeoCas9 Expression in Plasmid-Transfected 
HEK293-eGFP Cells 
The x-axis shows the identity of the transfected plasmid. The y-axis depicts the 
GeoCas9 gene expression relative to the untransfected control. The error bars 
represent the standard error of the mean. Cells were transfected with a 1:3 ratio of 
GeoCas9:sgRNA and harvested 48 hours after transfection. There is expression of 
GeoCas9 in the cells transfected with GeoCas9 alone and GeoCas9 with sgRNA. 
Hence the lack of cutting efficiency with GeoCas9 cannot be explained by lack of 
Cas9 mRNA or sgRNA expression. n=3 for all samples. 
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Figure 4.9. Western Blot Shows GeoCas9 Protein Expression in Plasmid-
Transfected HEK293-eGFP Cells 
In order to confirm that the GeoCas9 protein was being translated from the mRNA 
transcripts, cells were transfected and harvested 48 hours after transfection and a 
western blot was performed on the protein lysates. Antibodies targeting a 6xHis tag 
were used for the immunofluorescence staining (red). The GeoCas9-6xHis protein 
is 128 kDa in size. There is expression of GeoCas9-6xHis in the wells transfected 
with GeoCas9-6xHis and GeoCas9-6xHis + sgRNA G3 (denoted by the white 
oval). His tagged recombinant ABCA4 protein was used as a positive control for 
the His antibody on the Western blot.  
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In Silico Prediction Reveals that GeoCas9 and SaCas9 Have Similar Ability to 

Bind to MHCI and MHCII 

The first stage in determining whether or not GeoCas9 might have 

immunological advantages over SaCas9 in terms of avoiding the innate immune 

response in human cells is to compare the three-dimensional protein structures in 

terms of their major histocompatibility complex (MHC) Class I and II binding ability. 

This was assessed in various small peptide regions from the SaCas9 and 

GeoCas9 proteins using the IEDB 3.0 server (www.iedb.org). SaCas9 and 

GeoCas9 yielded similar patterns of predicted MHCI and MHCII binding for the 

various small peptide sequences (Figure 4.10).   
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Figure 4.10. In Silico Prediction Reveals that GeoCas9 and SaCas9 Have 
Similar Ability to Bind to MHCI and MHCII  
The x-axis in each graph indicates the predicted “binding score” of small peptide 
fragments from the Cas9 proteins. A lower score denotes a higher binding ability. 
The y-axis represents the number of small peptide fragments with the predicted 
binding score. MHC=Major Histocompatibility Complex.  
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4.5 Discussion 

The potential advantages of using GeoCas9 are that it is small enough to fit 

into an AAV vector and, compared to SaCas9, it has a different PAM site. It also 

has increased stability in blood plasma compared to SpCas9 and lower potential to 

induce an immune response. We have demonstrated that plasmids encoding a 

GeoCas9 CRISPR/Cas9 system cannot edit DNA to detectable levels in HEK293-

eGFP cells. We confirmed expression of both sgRNA and GeoCas9 RNA using 

qPCR after single and dual plasmid transfection; the higher levels of RNA after 

dual plasmid delivery are likely due to the synergistic effects of co-

transfection.195,196 We also confirmed GeoCas9 protein expression using western 

blot. The lack of DNA editing may possibly be attributed to inaccessibility of the 

target DNA, defects in the sgRNA component, and inability of the GeoCas9 protein 

to cleave DNA. 

An additional in silico comparison of the two Cas9 protein structures 

predicted comparable binding of both SaCas9 and GeoCas9 in relation to Class I 

and II MHC receptors. This suggests that the immunological responses to either of 

the two proteins may be similar. 

Accessibility of Target DNA 

Heterochromatin, which consists of DNA that is tightly bound to 

nucleosomes, may be difficult to access by CRISPR editing machinery.197,198 We 

know from successful SaCas9 editing of VEGFA that the VEGFA gene in the 

HEK293-eGFP cells is accessible to CRISPR/Cas9 systems. We therefore chose 

to compare SaCas9 and GeoCas9 disruption of the VEGFA gene as a positive 

control. Because we were examining the editing ability of two different Cas9 
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proteins with different PAM requirements, we could not use the exact same 

sgRNA. We did, however, choose sgRNAs that bind to adjacent regions of the 

target DNA. The SaCas9 constructs produced high levels of VEGFA disruption 

(69.3±0.2%) while GeoCas9 did not induce VEGFA cleavage. It therefore seems 

unlikely that our observation is due to inaccessibility of the target DNA region. 

SgRNA 

The binding of the CRISPR/Cas9 system to the target DNA could be 

affected by sgRNA sequence. Specific crRNA sequences have preferences for 

different PAM sites.199 It is possible that the crRNA sequences tested may have a 

stronger affinity for a PAM site other than 5’-NNNNCGAA-3’, which was used in 

our study.  

Furthermore, the presence of specific motifs near the crRNA sequence may 

influence editing efficiency. For our sgRNA constructs, we chose to insert two extra 

guanine base pairs at the 5’ end, before the crRNA, in order to replicate the sgRNA 

constructs from Harrington et al. 2017.184 These additional base pairs may improve 

transcriptional efficiency and reduce off-target effects.200,201 The two extra 

guanines can, however, reduce on-target efficiency.200 Cho et al. 2014 compared 

four different sgRNA-targeting sites, using either G(crRNA) or GG(crRNA) created 

through in vitro transcription.200 Two of the targets had comparable editing rates by 

the two sgRNA variants.200 The other variants had significantly lower on-target 

effects by GG(crRNA) than G(crRNA) (18% versus 47% for one locus and 6% 

versus 41% for the other).200 Despite any possible decrease in editing efficiency 

with an additional guanine, it is still clear that the CRISPR/Cas9 system was able 

to effectively cleave DNA. Furthermore, Cho et al. 2014 relied on the T7 
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endonuclease 1 (T7E1) assay to quantify cutting efficiency.200 T7E1 is known to be 

much less sensitive than the TIDE analysis method that we used.202 It is therefore 

likely that the Cho et al. 2014 study underestimated the editing efficiency of the 

CRISPR/Cas9. 

Cho et al. 2014 and Harrington et al. 2017 used in vitro transcription to 

create their sgRNAs, meaning that they relied on the T7 promoter while we used 

plasmid transfection and relied on the U6 promoter to transcribe our sgRNAs. It 

could be that the T7 and U6 promoters create a different final sgRNA product, 

which may affect sgRNA association with the GeoCas9 protein and/or the target 

DNA region.203  This has not however been noted in a multitude of other CRISPR 

studies in which U6-driven sgRNA from plasmids has been shown to be highly 

efficacious.  

GeoCas9 

GeoCas9 delivered as an RNP can efficiently cleave target DNA, including 

eGFP in HEK293-eGFP cells.184 We show that when delivered as a transfected 

plasmid, the GeoCas9 does not cleave DNA to detectable levels.  

One potential reason for reduced GeoCas9 cutting is that the optimal 

temperature for GeoCas9 activity may be higher than 37°C. Harrington et al. 2017 

have shown that GeoCas9, while still functional at 37°C, has lower activity at this 

temperature compared to SpCas9.184 In our experiments, all of our cells were 

incubated at 37°C, which may have reduced the efficiency of the GeoCas9 

enzyme. Even though the activity of GeoCas9 is lower at 37°C, it should still 

produce some detectable DNA cleavage, as seen in Harrington et al. 2017.184 
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A more plausible reason for our observations is that there are differences in 

either post-translational processing or in protein folding of the plasmid-derived 

GeoCas9 proteins when compared to the RNP used by Harrington et al. 2017.184 

Post-translational modifications can affect protein folding, function, and stability.204 

For plasmid delivery, the eukaryotic HEK293-eGFP cells must first transcribe and 

then translate the protein from the plasmid DNA template. For RNP delivery, the 

GeoCas9 proteins are first created in Escherichia coli bacteria and then eluted. 

Post-translational modifications are known to differ between cell types. 

Mammalian, plant, and insect cells all glycosylate different amino acid side chains 

while E. coli cells may not glycosylate proteins at all.204–206 Since the plasmid-

derived and RNP GeoCas9 proteins were created in different types of cells, it is 

possible that their post-translational modifications may be different. These 

modifications could certainly affect protein folding and function, and could 

potentially explain the observed difference in DNA cleavage ability. A third 

possibility is that the sgRNA and GeoCas9 components do not associate with each 

other after transcription and translation, thus preventing normal function of the 

CRISPR/Cas9 system. 

In Silico Modelling of GeoCas9 Activity 

 In addition to determining that GeoCas9 delivered as a plasmid could not 

cut DNA at detectable levels compared to SaCas9, we also used computer 

modelling to compare the two proteins in terms of major histocompatibility complex 

(MHC) recognition sites. For Class I and Class II MHC binding, both proteins had 

similar predicted structures. We do not know what these results indicate about 

GeoCas9’s ability to induce an immune response in vivo.  
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Despite its potential to bind to MHC, GeoCas9 may still be immunological 

favourable to SaCas9 because pre-existing GeoCas9-targeting antibodies and T 

cells in the adaptive immune response are less likely to be found in humans. The 

similarities between GeoCas9 and SaCas9 might however indicate that MHC 

innate immunity goes back to a common vertebrate ancestor that might have 

existed long before human evolution. Additional modelling on different Cas9 

variants might determine this further.  
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5.1 Introduction 

CRISPR/Cas9 therapy holds great promise to treat retinal degeneration. 

Thus far, only one clinical trial using CRISPR/Cas9 to treat blindness has been 

approved in principle for Phase I, but it is currently still in the enrolment phase. 

Before CRISPR/Cas9 is adopted in the clinic on a large scale, optimizing this 

technology is essential. For example, determining the appropriate dose of the 

Cas9 and sgRNA components is crucial. Furthermore, since CRISPR/Cas9 is a 

biological intervention, being cognizant of the effects of therapy on the human 

immune system is crucial. This thesis focuses on optimizing CRISPR/Cas9 for 

potential AAV gene therapy, specifically by investigating factors that affect sgRNA 

and Cas9 expression and by exploring an alternative Cas9 protein that may target 

different DNA regions and evade detection by the immune system. 

5.2 Promoter Orientation 

In the first part of our study, we used qPCR analysis to examine the effects 

of U6.sgRNA promoter orientation on Cas9 and sgRNA expression levels from 

HEK293-eGFP cells transfected with SaCas9 and dSaCas-KRAB constructs. We 

also tested the effects of promoter orientation on target gene knock-down with the 

dSaCas-KRAB constructs. We found we saw no difference in gene expression 

levels for all of our comparisons.  

Our findings are congruent with previous studies of promoter orientation on 

transcript levels, which show variable effects of orientation depending on the 

specific construct and conditions that are being assessed. Each of these vectors 

will have a unique sgRNA, one of several Cas9 proteins, and possibly additional 

elements like KRAB repressors. Therefore, it appears that for each specific 
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CRISPR/Cas9 gene therapy vector that is created, various promoter orientations 

must be individually tested. Other factors that could be investigated are the effects 

of the order of the transgenes within the construct.  

We do not yet know whether this similarity in Cas9 and sgRNA levels is 

valid when the transgene is delivered in an AAV rather than through plasmid 

transfection and if the same results would be observed in retinal cells instead of 

HEK293-eGFP tissue culture cells. The circularised AAV genome is much smaller 

than the plasmids used in this assay and steric hindrance between RNA 

polymerase assemblies may become more of an issue as transcriptional start and 

termination sites converge. The transcriptional bubble refers to the open region of 

single stranded DNA that is unzipped by RNA polymerase II at the 3’ end whilst 

simultaneously reforming the double strand at the 5’ end during transcription. The 

transcriptional bubble for RNA polymerase II in eukaryotic cells is a fairly constant 

15-18 nucleotide length.207 Less is known about RNA polymerase III which 

transcribes the sgRNA from the U6 promoter, but electron microscopy studies 

indicate a similar transcription bubble size.208 Hence it would be important at least 

to ensure that two genes in cis or in trans do not approximate closer than this as 

the two RNA polymerase enzymes are likely to collide. Identifying minimal spacing 

for regulatory elements is highly relevant to AAV gene therapy where space limits 

are critical, particularly for CRISPR due to the large Cas9 coding sequences. The 

transcriptional proteins of the nucleosome associated with the RNA polymerases 

are, however, likely to extend beyond the bubble and identifying a minimal safe 

separation zone is therefore essential in the design of any bicistronic AAV vector 

transgene. 
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Our findings are therefore relevant for cloning of transgenes for in vivo AAV 

delivery of CRISPR systems because we do not appear to have converged the 

coding sequences to the point where steric hindrance appears to be an issue. For 

the “EDIT-101” CRISPR/Cas9 therapy that is being applied to treat LCA10, Maeder 

et al. 2019 created a CRISPR/Cas9 construct with two sgRNAs driven by a U6 

promoter arranged in cis with the SaCas9.46 Based on our results, it appears that 

the configuration of sgRNA and SaCas9 in this study is efficient for gene editing 

and would not be significantly different if the U6.sgRNA and SaCas9 were oriented 

in trans.  

5.3 GeoCas9 

The second part of our study focused on testing a newly characterized Cas9 

protein, GeoCas9, which has a unique PAM site, higher stability in blood plasma, 

and a theoretically lower risk of inducing an immune response than the commonly-

used SpCas9 and SaCas9.184 We demonstrate that GeoCas9 delivered through 

plasmid transfection to HEK293-eGFP cells does not detectably disrupt target 

DNA. Furthermore, in silico modelling predicts that GeoCas9 and SaCas9 have 

similarly-structured epitopes in terms of potential MHC Class I and II interactions.  

We explored several reasons why the GeoCas9 may not be functioning as 

expected in our experimental setup. We confirmed the presence of both sgRNA 

and GeoCas9 RNA and protein. Possible reasons for lack of editing despite 

transcription and translation of the CRISPR/Cas9 machinery include defects in the 

sgRNA, GeoCas9 protein, or both.  

Exploring alternative PAM sites and sgRNA scaffold sequences in our 

constructs could have been another approach. The described PAM site for 



 125 

GeoCas9 is 5’-NNNNCRAA-3’.184 We used 5’-NNNNCGAA-3’, as it was found to 

be the most efficient by Harrington et al. 2017.184 Furthermore, of all of the sgRNA 

scaffolds tested by Harrington et al. 2017, the scaffold that we used demonstrated 

the highest editing rates.184 While the other tested PAM sites and sgRNA 

sequences were not as effective, they still did produce obvious DNA target 

disruption.184 It seems unlikely that changing the PAM and sgRNA scaffold 

sequences could result in successful editing by our system when the already 

optimized PAM and sgRNA sequences produced no editing with our protocol. The 

inability of GeoCas9 to cleave DNA in our experiments, therefore, is likely due to 

differences in delivery and production of GeoCas9 and sgRNA (i.e. plasmid versus 

ribonucleoprotein delivery).  

The in silico predictions about GeoCas9 raise the possibility that this Cas9 

may still cause an immune response. We do not know, however, how these in 

silico findings translate in vivo. If the GeoCas9 cannot effectively edit target DNA, 

exploring its immunologic profile may be unnecessary.  

5.4 Strategies for Optimizing CRISPR/Cas9 

 The aims of the work described in this thesis were to investigate two 

strategies for optimizing CRISPR/Cas9 for retinal gene therapy. The goal of 

optimization is to increase on-target editing efficiency while decreasing off-target 

effects. CRISPR/Cas9 optimization generally focuses on altering either the guide 

RNA or the Cas9.  

Delivery Method 

The delivery method can play a significant role in CRIPSR/Cas9 efficacy. 

SgRNAs transfected as plasmids cleave fewer off-target sites than do sgRNAs 
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created through in vitro transcription.203 This finding is likely due to the fact that 

some in vitro transcribed sgRNAs may be truncated; plasmid-derived sgRNAs, on 

the other hand, are more likely to be complete.203 CRISPR/Cas9 

ribonucleoproteins are even better than plasmid-derived CRISPR/Cas9 systems, 

demonstrating less off-target cleavage.209 Furthermore, ribonucleoproteins avoid 

the risk of plasmid DNA integration into the host genome.209 While 

ribonucleoproteins can successfully edit retinal pigment epithelium cells, they 

cannot be delivered safely to the neuroretina.112 

Using a Different Promoter 

One approach is to change the promoters that drive sgRNA and Cas9 

expression. In our constructs, we used the U6 promoter for sgRNA and the CMV 

promoter for Cas9 expression. RNA Polymerase III transcribes from U6 promoters 

and RNA Polymerase II transcribes from CMV promoters. A possible alternative is 

to use the H1 promoter instead of the U6 promoter for sgRNA expression. 

Compared to systems with the U6 promoter, CRISPR/Cas9 systems that rely on 

the H1 promoter result in similar on-target effects and fewer off-target effects.210 

This finding may be due to the H1 promoter being weaker than U6, thus resulting 

in a lower amount of sgRNA transcripts. 210 A single H1 promoter, which has both 

RNA Polymerase II and RNA Polymerase III activity, can also be used to express 

both the sgRNA and the Cas9.211  The advantage of using one promoter to 

express both components of the CRISPR/Cas9 system is that is reduces the size 

of the vector.211  The H1 promoter produces fewer Cas9 and sgRNA transcripts 

and higher lentiviral titres compared to the combination of U6 and CHb 

promoters.211 CRISPR/Cas9 driven by the single H1 promoter is less efficient than 
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CRISPR/Cas9 produced from U6 and CHb, resulting in 77.6% target knockdown 

versus 95.9%.211 While the editing efficiency is lower, there is likely a reduced risk 

for off-target effects. 211  

Another modification is to use RNA Polymerase II promoters to produce 

sgRNA. An advantage of RNA Polymerase II promoters is that they may allow for 

cell-specific, inducible, and temporally-controlled expression of the sgRNA.212,213 

For example, a rod-specific promoter could be used for Cas9 expression as a way 

to restrict CRISPR/Cas9 expression in only one cell type, whereas RNA 

polymerase III promoters that normally drive sgRNA expression from the U6 

promoter are ubiquitous. However, transcripts produced by RNA Polymerase II are 

normally exported to the cytoplasm and undergo modifications, which may impede 

proper sgRNA function.214  

In order to be expressed in a functional form, sgRNAs transcribed from RNA 

Polymerase II promoters must be flanked by ribonucleases. These ribonucleases 

allow for immediate cleavage of the sgRNA sequence from the transcript, 

preventing any further processing of the sgRNA.215 Csy4 binding sites are 

conducive to successful sgRNA transcription production from CMV promoters.216 

The Csy4-flanked sgRNA sequences can be placed in either exons or introns216. If 

the sgRNA is placed within an exon, the addition of a  5’ 110 bp sequence that 

forms a triple helical structure helps stabilize the transcript.216  Another approach is 

to include a hammerhead ribozyme at the 5’ end and an HDV ribozyme at the 3’ 

end of the sgRNA sequence, which allows for self-cleavage of the transcript.216 

sgRNAs can also be cleaved by Drosha and Dicer if the appropriate recognition 

sequences flank the sgRNA region.214 sgRNA linked by self-cleaving ribozymes or 
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tRNAs can be expressed from Polymerase II promoters like the muscle/heart-

specific MHCK7 promoter.217,218  

Guide RNA Modifications 

Changes to the crRNA or tracrRNA sequences can improve editing 

efficiency and reduce off-target effects. Synthetic gRNAs (known as sgRNAs) 

contain shorter crRNA and tracrRNA sequences than do endogenous bacterial 

CRISPR systems.18,219 Xu et al. 2017 found that increasing the crRNA and 

tracrRNA components to their original full length within the sgRNA can improve 

editing efficiency.219 Furthermore, increasing the length of the sgRNA at the 3’ end 

improves the efficiency of sgRNA and Cas9 binding.220  In particular, including 

triple helical structures at the 3’ end of sgRNAs may help stabilize them.221 

Extending the duplex region of the sgRNA by 5-10 base pairs and abolishing the 

poly-T transcriptional termination signal can also improve CRISPR/Cas9 

efficiency.222–224 SgRNA sequences containing a 3’ G2U1 sequence are more 

stable and have higher in vivo editing rates and no increase in off-target effects 

compared to sgRNAs without this sequence.225 The main issue with extending the 

sgRNA is that it may then be difficult to package within an AAV vector.   

There are some changes to the sgRNA that do not require extending the 

length. For example, abolishing the poly-T transcriptional termination signal can 

improve CRISPR/Cas9 efficiency for both SpCas9 and SaCas9.222–224 Additionally, 

choosing crRNA sequences with higher amounts of guanine nucleotides and fewer 

adenine nucleotides may improve stability and activity of the sgRNA.226 Guanine 

enrichment at the 5’ end may promote G-quadruplex formation, which further 

stabilizes the sgRNA.226 Choosing shorter crRNAs may also be beneficial. crRNAs 
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that are 17-19 bp long have comparable on-target cleavage to 20 bp-long crRNAs 

and have lower off-target editing rates for SpCas9.43,227 They are also more 

sensitive to single and double base pair mismatches.227  

Another strategy that allows for a shorter guide RNA is to use Cas12a 

(Cpf1) enzymes, which require only a single crRNA without a tracrRNA. Some 

additional modifications to Cpf1 can improve its editing ability. For instance, 

changing the direct repeat sequence of the FnCpf1 crRNA enhances editing rates 

and reduces off-target cleavage.228  Furthermore, including a 3’ U4AU4 overhang 

improves AsCpf1 editing in vivo.229 Extending the crRNA at the 5’ end by up to 59 

base pairs increases AsCpf1 ribonucleoprotein editing efficiency of primary mouse 

myoblasts.230 This 59 bp addition still allows the AsCpf1 guide RNA to be shorter 

than the sgRNA sequence of SpCas9 and SaCas9. 

Cas Enzyme Orthologs 

Other Cas orthologs can be used, and the main advantage is that they 

target different regions of DNA because they each have unique PAM sequence 

requirements. The SpCas9 PAM site is 5’-NGG-3’, and occurs approximately every 

8 base pairs in the human genome.18,26,37 NmCas9 recognizes the PAM site 5’-

NNNNGATT-3’, which exists every 128 base pairs.231 Because the NmCas9 PAM 

site is more complex, there is a lower likelihood of off-target binding. However, it 

appears that NmCas9 has less on-target efficiency than SpCas9, perhaps due to 

its decreased ability to unwind DNA.231 The newly-discovered ScCas9 recognizes  

5’-NNG-3’ as its PAM site; this PAM site is less restrictive than that of SpCas9, 

thus allowing ScCas9 to target more regions of DNA.232  
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The Cpf1 (Cas12a) variants are able to target AT-rich genomic regions; 

FnCpf1’s PAM site is 5’-TTN3’ while AsCpf1 and LbCpf1 recognize 5’-TTTV-

3’.233,234  Other advantages of the Cpf1 variants include that they create staggered 

double-stranded DNA breaks, which make it easier for the cell to perform 

homology-directed repair.233 Furthermore, Cpf1 variants have a much shorter 

guide RNA than SpCas9 because they rely on only a crRNA sequence instead of 

both a crRNA and tracrRNA.233 

Engineered Cas Enzymes 

Some Cas9 orthologs have been engineered to recognize different PAM 

sites or to have refined DNA binding ability. Compared to wild-type SpCas9, the 

D1135E mutant has less binding to the non-canonical 5’-NAG-‘3 PAM site and is 

thus more specific for the 5’-NGG-‘3 PAM site.235 The QQR1, EQR, VQR, VRQR, 

and VRER variants of SpCas9 recognize 5’-NAAG-3’, 5’-NGAG-3’, 5’-NGAN-3’/5’-

NGNG-3’, 5’-NGAN-3’, and 5’-NGCG-3’ PAM sites, respectively.235,236 The xCas9 

variant of SpCas9 has the broadest PAM site requirement, recognizing 5’-NG-3’, 

5’-GAA-3’ and 5’-GAT-3’.237,238 It has also higher on-target efficiency and lower off-

target cleavage than wild-type SpCas9.237 The SaCas9 KKH variant recognizes the 

PAM site 5’-NNNRRT-3’, unlike SaCas9, which requires 5’-NNGRRT-3’.170 The 

FnCas9 RHA mutant has a more relaxed PAM requirement (5’-YG-3’) compared to 

wild-type FnCas9 (5’-NGG-3’).239 The SpCas9-HF1, eSpCas9, and HypaCas9 

variants all display less off-target cleavage than wild-type SpCas9.238,240,241  

In addition to engineering Cas9 variants, improved specificity of the 

CRISPR/Cas9 system can be achieved by combining the CRISPR/Cas9 system 

with other proteins, like FokI nucleases. In order to cleave target DNA, two FokI 
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nucleases must form a dimer. Tsai et al. 2014 have fused FokI nucleases to 

deactivated Cas9 with two sgRNAs.242 The two sgRNAs bring the dCas-Foki 

proteins together, allowing the FokI subunits to dimerize and cut DNA.242 This 

system can reduce off-target effects because it requires both binding of two sgRNA 

sequences and dimerization of the FokI domains for cleavage unlike traditional 

CRISPR/Cas9 systems, which simply rely on binding of one sgRNA to target 

DNA.242 An alternative approach is to use two nickases, which each cleave one 

strand of DNA, to induce a double stranded break. Using two nickases reduces off-

target cleavage by 50-1500 fold in vitro.243 Furthermore, combining truncated 

sgRNAs with either Cas9-FokI or dCas9-Foki systems also decreases off-target 

effects.227,244 Other strategies to reduce off-target cleavage include fusing Cas9 to 

zinc finger proteins and transcription activator-like effectors.245 The main issue with 

incorporating FokI, zinc finger proteins, and transcription activator-like effectors 

into CRISPR/Cas systems is that the additional proteins may exceed the cargo 

capacity of AAV vectors. 

5.5 Conclusion 

The results presented in this thesis demonstrate that the orientation of the 

U6.sgRNA within SaCas9 and dSaCas9-KRAB AAV transgene constructs does not 

affect sgRNA and Cas9 expression. Furthermore, we have shown that GeoCas9 

cannot cleave target DNA to detectable levels in vitro in HEK293-eGFP cells when 

delivered by plasmid transfection, despite previous work showing promise using 

RNP delivery. Future studies on retinal delivery of CRISPR/Cas9 can focus on 

testing the aforementioned optimizations. These experiments would be essential 

for successful translation of CRISPR/Cas9 into treatments for retinal disease.   
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Figure 7.1 Optimizing Annealing Temperature for PCR Amplification of 
U6.sgRNA 
The U6.sgRNA region was amplified using the KOD Hot Start DNA Polymerase, 
as described in chapter 2, with 30 PCR cycles using the primer pairs 
NotI_hU6_F2 and KpnI_gRNA_R1. The different annealing temperatures are 
shown above each well on the gel electrophoresis. The bands produced by the 
PCR are of the appropriate size (365 bp), when compared to the DNA ladder (L). 
There was no amplification of DNA in the no template control samples, indicating 
that there is no contamination of the PCR reagents. The annealing temperature 
did not seem to make a difference in the quality of DNA produced by the PCR. 
An annealing temperature of 55°C was chosen for all subsequent PCR 
amplifications with this primer pair. 
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Protocol # Amount of 
DNA 
Added in 
ng 

Comb 
Size 

Final DNA 
Concentration 

260/280 260/230 

1 1000 ng 10 well 5.0 2.17 0.01 

2 2000 ng 16 well 21.5 2.17 0.06 

Figure 7.2 Optimizing Digestion of the Vector Plasmid 
The vector plasmid containing dSaCas9 and KRAB was digested with the NotI and 
KpnI restriction enzymes and purified, as detailed in chapter 2. Two different 
protocols were tested. The first one used 1000 ng of vector DNA for the restriction 
digest and a 10-well agarose gel comb to create wells in the 1% agarose gel for 
gel electrophoresis. The second protocol used 2000 ng of vector DNA in the 
reaction and a 16-well comb for gel electrophoresis. Protocol #1 yielded a lower 
final DNA concentration compared to protocol #2. Both protocols resulted in similar 
260/280 and 260/230 values, which indicate purity of the sample. Having more 
initial template DNA resulted in a higher amount of DNA after gel purification. 
Using a smaller gel comb (16- versus 10-well) did not appear to change the purity 
of the final sample. 
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Figure 7.3 Optimizing Ligation of the Digested Inserts (U6.sgRNA) into the 
Digested DSaCas9-KRAB Vector (5:1 insert:vector ratio with 20 ng vector) 

For these ligations, a 5:1 insert:vector ratio was used with 20 ng vector. The ligated 
plasmids were then transformed into XL-10 Ultracompetent Escherichia coli cells 
(Strategene, USA) and placed on the above ampicillin-containing LB agar plates. 
There is no growth of bacterial colonies on the plates with inserts NTC, 13, and 15 
ligated into the vector (plates NTC-R, 13-R, and 15-R). This lack of growth is either 
due to a failure of the bacterial transformation or a failure in the ligation step.  

The transformation reaction was successful, as indicated by growth of bacterial 
colonies on the positive control plate (+control). The ligase enzyme is functioning 
properly, as indicated by presence of bacterial colonies on the plate with linearized 
plasmid incubated with ligase (L+). There is no re-circularization of the plasmid, as 
there are no bacterial colonies on the plate with digested vector and no insert (N). 
The lack of bacterial growth on plates NTC-R, 13-R, and 15-R is therefore due to a 
failure in the ligation reaction.  
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Figure 7.4 Optimizing Ligation of the Digested Inserts (U6.sgRNA) into the 
Digested DSaCas9-KRAB Vector (10:1 insert:vector ratio with 30 ng vector) 
For these ligations, a 10:1 insert:vector ratio was used with 30 ng vector. The 
ligated plasmids were then transformed into XL-10 Ultracompetent Escherichia coli 
cells (Strategene, USA) and placed on the above ampicillin-containing LB agar 
plates. There is some growth of bacterial colonies on the plates with U6.sgRNA 
inserts NTC, 13, and 15 ligated into the vector (plates NTC-R, 13-R, and 15-R). It 
appears that these inserts have been successfully ligated into the backbone. In this 
reaction, there is very little re-circularized vector, as indicated by the minimal 
colony growth on the plate with digested vector, ligase, and no insert (N). The 
ligase step is functioning properly, as indicated by bacterial growth on the plate 
with linearized plasmid incubated with ligase (L+). Increasing the ratio of insert to 
vector from 5:1 (see Figure 7.3) to 10:1 allowed for a successful ligation reaction.  
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Plasmid Starter 
Culture 
Time 
(hours) 

Temperature 
of Starter 
and 
Overnight 
Cultures 

Concentration 
in ng/uL 

260/280 260/230 

NTC-R 8 37°C 
 

27.8 1.92 1.97 

13-R 8 37°C 
 

138.0 1.92 2.27 

15-R 8 37°C 
 

75.9 1.98 2.12 

NTC-R 12 37°C 
 

593.3 2.03 2.45 

13-R 12 37°C 
 

773.3 2.07 2.41 

15-R 12 37°C 
 

741.6 2.08 2.39 

NTC-R 8 30°C 
 

1353.8 2.05 2.47 

13-R 8 30°C 
 

1489.1 2.07 2.42 

15-R 8 30°C 
 

1443.9 2.06 2.45 

Figure 7.5 Optimizing Maxiprep of Plasmids for the DSaCas9-KRAB Study 

Optimizations to the incubation time of the starter culture and the incubation 
temperature of the overnight culture for the maxiprep were required for high 
plasmid yield and high-quality sequencing results. There was a low plasmid yield 
following the standard maxiprep protocol (8 hour incubation of the starter culture at 
37°C and then inoculation of an overnight culture followed by a 12-16 hour 
incubation at 37°C). There was a higher plasmid yield following an increased 
starter culture incubation (12 hours). There was also a higher plasmid yield 
following incubation of both starter cultures (8 hours) and overnight cultures at 
30°C. The restriction digests of the above samples are shown in Figure 7.6.  
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Figure 7.6 Restriction Digests of Maxiprepped Plasmids for the DSaCas9-
KRAB Study 
Restriction digests were performed on maxiprepped samples to determine if the 
plasmids have retained the expected restriction sites. If the restriction sites are 
present, then full Sanger sequencing of the plasmid is performed.  
The top gel shows restriction digests for samples maxiprepped using a 12 hour 
starter culture and incubation at 37°C. Incubation with KpnI and NotI enzymes 
alone should create a linearized plasmid, and should thus produce one 9030 bp 
band on the agarose gel. XmaI should produce two bands, approximately 4000-
5000 bp in length. None of the restriction enzymes have created the expected 
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pattern on the agarose gel. Therefore, the sequence of the maxiprepped plasmids 
is incorrect. 
The bottom gel depicts restriction digests for samples maxiprepped using an 8 
hour starter culture and incubation at 30°C. Both KpnI and MfeI produced the 
expected linearized plasmid band that is 9030 bp long. Digests with XmaI 
produced the expected two bands, which are each approximately 4000-5000 bp in 
length.  
KpnI and “K”=plasmid digested with KpnI 
NotI and “N”= plasmid digested with NotI 
MfeI and “M”= plasmid digested with MfeI 
XmaI= plasmid digested with XmaI 
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Figure 7.7 Optimizing Seeding Density of HEK293-eGFP Cells in Corning 24-
well plates 
Different seeding densities of HEK293-eGFP cells in 24-well plates were tested.  
The above images show brightfield images at 10x of HEK293-eGFP cells seeded 
at two different densities in 24-well plates, 24 hours after seeding. Each well 
received 0.5 mL of a cell suspension that contained either 2.5x105 cells/mL or 
5x105 cells/mL. The cells should be approximately 70-80% confluent 24 hours after 
seeding for optimal plasmid transfection. The cells seeded a 5x105 cells/mL appear 
to be ~80% confluent while the cells seeded at 2.5x105 cells/mL are approximately 
30% confluent. It was therefore determined that the cells seeded at a density of 
5x105 cells/mL were more suitable for plasmid transfection.   
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Figure 7.8. Optimizing Gradient PCR to Amplify the GeoCas9 region from 
Addgene Plasmid pET-MBP-NLS-Geo_st (#87703, Addgene) 
The GeoCas9 region from pET-MBP-NLS-Geo_st plasmid (#87703, Addgene) was 
amplified using primers GeoCas9 KpnI FW6 and GeoCas9 HindIII RV5 at several 
different annealing temperatures, as indicated above the gel electrophoresis lanes. 
The PCR products were then placed on a 1% agarose for separation of the 
products at 100 V for ~1 hour. The top gel shows the amplified samples and the 
bottom gel shows the no DNA template controls.  
All annealing temperatures allowed for amplification of a ~3000 bp band, which is 
the size of the GeoCas9. There was no contamination, as indicated by the lack of 
bright bands on the no template control gel. The band amplified at 64.0°C (denoted 
by the yellow oval) was excised and gel extracted for subsequent ligation.  
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Figure 7.9 Optimizing Ligation of the Digested GeoCas9 Fragment into the 
PX404 Campylobacter jejuni Cas9 Plasmid Vector (#68338, Addgene) 
The amplified GeoCas9 fragment and the PX404 Campylobacter jejuni Cas9 
plasmid vector (#68338, Addgene) were both digested with KpnI and HindIII 
restriction enzymes. The digested fragments were then ligated with a total of 10 ng 
of PX404 Campylobacter jejuni Cas9 Plasmid Vector plasmid. Three different 
ratios of GeoCas9 fragment: PX404 Campylobacter jejuni Cas9 plasmid vector 
were used (1:1, 2:1, and 3:1). The ligated plasmids were then transformed. The 
results of the transformation are shown in the image above.  
The presence of bacterial growth on the plate with the positive control (+control) 
pUC18 plasmid shows that the transformation reactions were successful. Colonies 
for miniprep were picked from the plate with the 2:1 ratio, which was the 
experimental plate with the greatest colony growth.  
In this reaction, there is some re-circularized vector, as indicated by the colony 
growth on the plate with digested vector, ligase, and no GeoCas9 insert (N). There 
is also some undigested vector, as indicated by colony growth on the plate with 
digested vector without ligase (L-). The ligase step is functioning properly, as 
indicated by bacterial growth on the plate with linearized plasmid incubated with 
ligase (L+).  
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Figure 7.10 Optimizing Ligation of the Non-Targeting GeoCas9 SgRNA into 
the pU6-Cj-sgRNA Plasmid (#89753, Addgene) Vector 
Oligos coding for the non-targeting GeoCas9 sgRNA were ordered, annealed, and 
phosphorylated. The oligos were then ligated with 30 ng of pU6-cj-sgRNA plasmid 
(#89753, Addgene) vector that has previously been digested with the Sall and NdeI 
restriction enzymes. Two different ratios of oligo:linearized plasmid vector were 
used (3:1 and 5:1). The ligated plasmids were then transformed. The results of the 
transformation are shown in the image above.  
The presence of bacterial growth on the plate with the positive control (+control) 
pUC18 plasmid shows that the transformation reactions were successful. There 
are bacterial colonies on the plates with ligated plasmid in both the 3:1 and 5:1 
ratio. It appears that these inserts have been successfully ligated into the 
backbone. In this reaction, there is very little re-circularized vector, as indicated by 
the minimal colony growth on the plate with digested vector, ligase, and no oligo 
insert (N). There is also very little undigested vector, as indicated by minimal 
colony growth on the plate with digested vector without ligase (L-). The ligase step 
is functioning properly, as indicated by bacterial growth on the plate with linearized 
plasmid incubated with ligase (L+).  
Subsequently, crRNA oligos targeting either the eGFP gene in HEK293-eGFP 
cells, the rhodopsin gene, or the VEGFA gene were cloned into the above 
plasmids by restriction with the BsmbI restriction sites. 
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Figure 7.11 TIDE Primer Optimization 

After CRISPR/Cas9-edited DNA is extracted, the target region must be PCR 
amplified by a pair of primers to produce a ~700 bp fragment. This amplified 
fragment is then sent for Sanger sequencing and the sequence is subsequently 
used for TIDE analysis. 
The purpose of this experiment was to find the ideal annealing temperature and 
primer pair for each of the guide RNAs (N=no template control; L=ladder). 
The top panel shows PCR of the regions targeted by G1+G2 and G3. For each 
target region, two primer pairs were ordered (1 and 2). DNA was amplified at three 
different temperatures (55°C, 60°C, 65°C).  
The bottom left panel shows PCR of the region targeted by G4. For this guide 
RNA, two primer pairs were ordered (1 and 2). The DNA regions were amplified at 
three different temperatures (55°C, 60°C, 65°C).  
The bottom right panel shows PCR of the regions targeted by RHO and VEGFA. 
DNA was amplified at four different temperatures (50°C, 55°C, 60°C, 65°C) and 
the no template control (N) was amplified at 50°C.  
The chosen PCR conditions and primer pairs are indicated by the red circles.  
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Figure 7.12 TIDE Analysis of SaCas9 and GeoCas9 Editing of VEGFA 
The unedited control DNA sample and the CRISPR/Cas9 edited samples were 
sent for Sanger sequencing (top three sequences). The sequences were 
uploaded onto the TIDE analysis website (https://tide.deskgen.com/), which 
aligns the control sequence with the edited sequences in order to determine the 
editing rate of the Cas9 protein (bottom two panels). In this case, the editing rate 
of the GeoCas9 was 0.0% and the editing rate of the SaCas9 was 68.1%.  
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Table 4. List of CrRNA Sequences 
Chapter Plasmid 

Code 
sgRNA Target crRNA Sequence 

3 RHO-F Rhodopsin TGCCATTACCTGGACCAGCCG 

3 RHO-R Rhodopsin TGCCATTACCTGGACCAGCCG 

3 VEGFA-F VEGFA GGGTGAGTGAGTGTGTGCGTG 

3 VEGFA-R VEGFA GGGTGAGTGAGTGTGTGCGTG 

3 NTC-F Non-targeting 
control 

GAAGCACTGCACGCCGTAGGT 

3 NTC-R Non-targeting 
control 

GAAGCACTGCACGCCGTAGGT 

3 13-F eGFP GCTGCCGTCCTCGATGTTGTG 

3 13-R eGFP GCTGCCGTCCTCGATGTTGTG 

3 15-F eGFP CTTGTACAGCTCGTCCATGCC 

3 15-R eGFP CTTGTACAGCTCGTCCATGCC 

4 G1 eGFP CTGCTTCATGTGGTCGGGGTAG 

4 G2 eGFP CACGACTTCTTCAAGTCCGCCA 

4 G3 eGFP GATGCGGTTCACCAGGGTGTCG 

4 G4 eGFP GCCGAGAGTGATCCCGGCGGCG 

4 RHO Rhodopsin GAACCATGCCATCATGGGCGTT 

4 VEGFA VEGFA TGAGGACGTGTGTGTCTGTGTG 

4 SaNTC Non-targeting 
control 

GGAGACCACGGCAGGTCTCA 

4 SaVEGFA VEGFA GGGTGAGTGAGTGTGTGCGTG 

 
 

Table 5. List of PCR Primers 
Chapter Primer Name Primer Sequence 

3 NotI_hU6_F2 ATGCGGCCGCCCGAGGGCCTATTTCCCATG 

3 KpnI_hU6_R1 ATGGTACCCCGCAAAAATCTCGCCAACA  

4 GeoCas9 KpnI FW6 GAATAGGTACCGCCACCATGCCCAAG 

4 GeoCas9 HindIII RV5 GCAAGGAAGCTTTTAGTCACGAGTAGATTG 
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Table 6. List of Oligonucleotides 
Chapter Oligonucleotide Name Oligonucleotide Sequence 

4 AgeI-KpnI-HindIII-EcorI FW CCGGTGGTACCGATCGATTAAAGCTTG 

4 AgeI-KpnI-HindIII-EcorI RV AATTCAAGCTTTAATCGATCGGTACCA 

4 6x His tag FW CGCCACCATGCATCATCACCATCACCACGGTAC 

4 6x His tag RV CGTGGTGATGGTGATGATGCATGGTGGCGGTAC 

4 Geocas9 sgrna scaffold 
(ordered as a double stranded 
sequence) 

GACTAGGTCGACTAGTCAATAATCAATGT 

CAAAAAAAAAGGATGGGGAATGCCCGC 

CAAAAGCGGGCGACAGGCGATCCCCAAC 

GCCGCGGGTCAGTCTGCCTTAGGCAGAA 

AGCCCTTATCATAGTAACCCTGATTTCTC 

AGGGGAACTATGACGGAGACGGGTCAT 

CCCGTCTCCCCCGGTGTTTCGTCCTTTC 

CACAAGATATATAAAGCCAAGAAATCGA 

AATACTTTCAAGTTACGGTAAGCATATGCGTAGT 

 
 
 
 

Table 7. Primers for CDNA Synthesis for QPCR 
Chapter Primer Name Primer Sequence 

3 sgRNA_R1 ATCTCGCCAACAAGTTGACG 

4 GeosgRNA2 AGGATGGGGAATGC 
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Table 8. Primers for TIDE Analysis 
Chapter Primer Name Primer Sequence Plasmid 

Associated with 
Primer  

4 GeoCas9 TIDE 
Guide 1 FW 2 

GATAGCGGTTTGACTCACG G1 and G2 

4 GeoCas9 TIDE 
Guide 1 RV 2 

GCTTGTCGGCGGTGATATAG G1 and G2 

4 GeoCas9 TIDE 
Guide 3 FW 1 

CGGTGGGAGGTCTATATAAGC G3 

4 GeoCas9 TIDE 
Guide 3 RV 1 

GTGCTCAGGTAGTGGTTG G3 

4 GeoCas9 TIDE 
Guide 4 FW 2 

GTCTATATCACCGCCGACAAG G4 

4 GeoCas9 TIDE 
Guide 4 RV 2 

CAACACCACGGAATTGTC G4 

4 GeoCas9 RHO 
primer FW 1 

AGGCCTCCTCAAATCCCTCTC RHO 

4 hRHO+2699R GAGTGGGACCCAGTTCCAAG RHO 

4 VEGFA_F1 GGCTCCAACAGGTCCTCTTC VEGFA 

4 VEGFA_R1 CACCAAGGTTCACAGCCTGA VEGFA 

 

Table 9. Custom TaqMan Probe Sequences 
Chapter Primer Name Primer Sequence 

3 SA.GRNA_SCAFF_F GTTTTAGTACTCTGGAAACAGAATCTACT 

3 SA.GRNA_SCAFF_M AAACAAGGCAAAATGC 

3 SA.GRNA_SCAFF_R GCCAACAAGTTGACGAGATAAACAC 

3 SACAS9_F GCAAAGAGAACGCCAAGTACCT 

3 SACAS9_M ATCGAGAAGATCAAGCTGC 

3 SACAS9_R CACTTGCCTTCCTGCATGTC 

4 GEO.GRNA_SCAFF_F CTATGATAAGGGCTTTCTGCCTAAGG 

4 GEO.GRNA_SCAFF_M ATCGCCTGTCGCCCGC 

4 GEO.GRNA_SCAFF_R GGGAATGCCCGCCAAAA 

4 GEOCAS9_F CTGAACCCTACTGGTCACGATATTG 

4 GEOCAS9_M CACAGCTTGAACTTCA 

4 GEOCAS9_R CAGCGACCGTTCTGTTCAGA 

 


