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Abstract 

Arginase 1 deficiency, a urea cycle disorder resulting from an inability of the body to convert 

arginine into urea, results in hyperargininemia and sporadic episodes of hyperammonemia. 

Arginase 1 deficiency can lead to a range of developmental disorders and progressive spastic 

diplegia in children, and current therapeutic options are limited. Clustered regularly interspaced 

short palindromic repeat (CRISPR) /CRISPR associated protein (Cas) 9 gene editing systems 

serve as a novel means of treating genetic disorders such as Arginase 1 (ARG1) deficiency, and 

must be thoroughly examined to determine their curative capabilities. In these experiments 

numerous guide RNAs and CRISPR/Cas9 systems targeting the ARG1 gene were designed and 

observed by heteroduplex assay for their targeting capabilities and cleavage efficiencies in 

multiple cell lines.  

The CRISPR/Cas9 system utilized in these experiments, along with a panel of guide RNAs 

targeting various locations in the arginase 1 gene, successfully produced targeted cleavage in 

HEK293, MCF7, A549, K562, HeLa, and HepG2 cells; however, targeted cleavage in human 

dermal fibroblasts, blood outgrowth endothelial cells, and induced pluripotent stem cells was not 

observed. Additionally, a CRISPR/Cas system involving partially inactivated Cas9 was capable 

of producing targeted DNA cleavage in intron 1 of ARG1, while a Cas protein termed Cpf1 was 

incapable of producing targeted cleavage.  

These results indicate a complex set of variables determining the CRISPR/Cas9 systems’ 

capabilities in the cell lines and primary cells tested. By examining epigenetic factors and 

alternative CRISPR/Cas9 gene targeting systems, the CRISPR/Cas9 system can be more 

thoroughly considered in its ability to act as a means towards editing the genome of arginase 1-

deficient individuals.
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1. Introduction 

1.1. Urea Cycle Disorders and Arginase 1 Deficiency 

1.1.1. The Urea Cycle 

As mammals consume and digest foods containing nitrogen, the nitrogenous compounds are 

converted into waste products that must be biochemically managed prior to excretion from the 

body. The urea cycle is the biochemical pathway that is primarily responsible for the conversion 

of nitrogenous waste into urea, which can subsequently be excreted in the urine. The urea cycle 

consists of six major catalytic processes that are carried out primarily in the liver by the enzymes 

N-Acetylglutamate synthase (NAGS), carbamoyl phosphate synthetase-I (CPS1), ornithine 

transcarbamylase (OTC), argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL), and 

arginase (ARG) as detailed in Figure 1. Occurring in the liver, primarily in periportal hepatocytes 

(Häussinger et al. 1992), and possibly enterocytes in some mammals (Wu et al. 1995), the urea 

cycle involves efficient spatial organization and shuttling of intermediates from enzyme to 

enzyme (Cheung et al. 1989). This high level of urea cycle enzyme activity (Beliveau et al. 1993) 

effectively manages the high levels of nitrogenous waste and impedes buildup of ammonia in the 

blood.  

1.1.2. Urea Cycle Disorders 

Defects in essential urea cycle enzymes can result in a class of genetic disorders known as urea 

cycle disorders (UCDs), and are listed as follows: NAGS Deficiency, CPS1 Deficiency, OTC 

Deficiency, ASS Deficiency, Citrin Deficiency, ASL Deficiency, ARG Deficiency, and Ornithine 

Translocase Deficiency (Lanpher et al. 1993).  These disorders can occur in approximately one in 
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Figure 1-1. The Urea Cycle.  
A schematic of the enzymatic reactions involved in the urea cycle with a focus on the conversion 
of arginine to urea by ARG1. NAGS: N-Acetyl glutamate synthase, CPS1: Carbamoyl phosphate 
synthetase-I 
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every 35,000 births and severe UCDs can lead to the immediate buildup of ammonia levels in the 

blood within days of birth, resulting in cerebral edema, seizures, lethargy, and coma (Summar et 

al. 2001).  

Milder UCDs can present with similar symptoms later in life, including loss of appetite, 

vomiting, lethargy, and behavioral abnormalities (Gardeitchik et al. 2012), and can result in acute 

hyperammonemic episodes and subsequently cause irreversible neuronal damage (Mathias et al. 

2001).  

In both severe and mild cases of UCDs, the treatment of acute hyperammonemic episodes is a 

priority and can be accomplished by dialysis, nitrogen-scavenging drugs, and in certain cases 

direct infusion of urea cycle intermediates (Lanpher et al, 1993). Long-term management of the 

disease primarily focuses on careful dietary management of protein, along with nitrogen-

scavenging drugs such as sodium phenylacetate and sodium benzoate (Lanpher et al, 1993) 

during acute periods of hyperammonemia, in order to reduce the levels of ammonia in the blood. 

Liver transplantation is currently the most successful means towards preventing further 

hyperammonemic events in severe cases of UCDs, although patients receiving liver transplants 

have higher levels of cognitive and motor delays than other liver transplant recipients (Perito et 

al. 2014).  

1.1.3. ARG1 in the Urea Cycle 

ARG is responsible for the last step of the urea cycle and functions to hydrolyze arginine into 

urea and ornithine in the cytosol of the cell. Unique among the urea cycle enzymes, ARG exists 

as two separate isozymes in mammals: ARG1 and ARG2, which are encoded by separate genes, 

contain 61 % sequence homology (Iyer et al. 1998), and are localized in separate tissues and in 
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different locations within the cell. ARG1 is primarily hepatic, despite being present in the cytosol 

of a wide variety of cells such as leukocytes, skin cells, and uterine cells in mice (Yu et al. 2003), 

and neutrophils (Waddington et al. 1998), macrophages, and others in humans (Zhang et al. 

2001). ARG2, while expressed primarily in kidney and skeletal muscle, is constitutively 

expressed and localized to the mitochondria (Morris et al. 1997).  

The ARG1 gene in humans is located on chromosome 6, contains 8 exons and 7 introns, and 

codes for a 37 kDa protein, which assembles to a 105 kDa homotrimeric metalloprotein (Kanyo 

et al. 1996). Each ARG1 subunit contains a highly conserved manganese binding catalytic site 

that may aid in the nucleophilic attack of a hydroxide ion at the substrate guanidinium group of 

arginine to catalyze the formation of urea and ornithine (Cama et al. 2003). 

1.1.4. Non-Urea Cycle Functions of ARG1 

Aside from ARG1’s essential role in the urea cycle, ARG1’s ability to transform arginine and 

produce ornithine has far-reaching and pleiotropic effects. The depletion of cellular arginine 

levels by ARG1 plays a role in limiting nitric oxide (NO) synthesis as arginine is a substrate for 

the NO producing enzyme, NO synthase. While cellular levels of ARG1 are generally much 

higher than necessary for optimal production of nitric oxide (Bode-Böger et al. 2007), infusion of 

ARG1 has been shown to reduce NO synthesis, and it is likely that ARG1 plays a role in this 

complex interaction between arginine and nitric oxide synthesis (Wijnands et al. 2014).  

The interaction between arginine levels and NO synthesis has implicated depletion of arginine by 

ARG as a potential factor in cardiovascular health, as inhibition of ARG has been shown to 

improve cardiovascular health in diseases such as coronary artery disease, type-2 diabetes, 

hypertension, and others (Caldwell et al. 2015). 
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Figure 1-2. The ARG1 Enzyme.  
A) 3D structure of residues 5-318 of native unliganded human ARG1 enzyme in complex with a 
Mn2+ Cofactor. Mn2+ is represented as a cyan sphere. Highlighted residues R21, T134, D234, 
G235, and R308 are the sites of the most commonly occurring mutations in cases of ARG1 
deficiency. (Adapted from Sin et al. 2015, protein databank ID: 2PHA) B) Representation of the 
biochemical reaction taking place in the ARG1 catalytic site. Adapted from Gluza & Kafarski, 
2013. 
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ARG1 also plays a large role in immune system function and the immune system’s role in cancer, 

ARG1 can alter cellular expression and characteristics of myeloid-derived suppressor cells 

(MDSC) and macrophages. MDSCs in the tumour microenvironment overexpressing ARG1 

cause the depletion of arginine and the buildup of ornithine, which has been shown to reduce the 

effectiveness of T cell-mediated tumour suppression (Raber et al. 2012). Overexpression of 

ARG1 in macrophages may be caused by Ron receptor kinase activation and appears to be a 

factor in tumour growth (Morris et al. 2011). Additionally, ARG1 is commonly present in mouse 

M2 polarized macrophages, important cells in wound healing that can aid in tumour growth, 

implicating it as a factor in M2 macrophage polarization. (Popovic et al. 2007). While the M1 

and M2 classification system is not used in describing human macrophage dynamics, ARG1 may 

play a role in human macrophage immune function. 

ARG1 also plays a role in airway hyperresponsiveness where overexpression of ARG1 has been 

seen in chronic asthmatic patients and mouse models of acute airway inflammation (North et al. 

2009), and inhibition of ARG1 can decrease IL13-mediated airway hyperresponsiveness (Yang et 

al. 2006). While moderate overexpression of the enzyme may have a negative impact, high doses 

of arginine can reduce levels of TH2 cytokines, eotaxin, TGF-β1, and ovalbumin-specific IgE, 

and therefore attenuate murine airway hyperresponsiveness (Mabalirajan et al. 2010). 

1.1.5. ARG1 Deficiency Genetic Characteristics 

ARG1 deficiency is one of the most rare of the UCDs, occurring in only one in approximately 

950,000 births in the USA and Europe (Summar et al. 2013) with over 40 mutations described 

(Sin et al. 2015). ARG1 deficiency is inherited in an autosomal recessive manner, with 

approximately half of the known incidences of ARG1 deficiency being compound heterozygous 
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for mutations, and half being homozygous for specific mutations (Sin et al. 2015). Nonsense and 

missense mutations found in ARG1 deficiency tend to be spread evenly throughout the eight 

exons and the exon-intron splice boundaries, although the missense mutations are slightly 

centralized around highly conserved regions in the ARG1 gene, some of which are highlighted in 

Figure 1-2A (Carvalho et al. 2012). In silico attempts to link the structural implications of 

mutations in the ARG1 gene and the phenotypes seen in patients have found that mutations in 

ARG1 can affect the stability of the enzyme by compromising residues at the active site, 

introducing tertiary structure folding defects, or causing incorrect translation due to frameshift 

mutations (Ash et al. 1998). 

1.1.6. ARG1 Deficiency Clinical Characteristics 

ARG1 Deficiency is categorized as one of the milder urea cycle disorders, with ARG1-deficient 

patients presenting normally at birth, but developing neurological and developmental symptoms 

at two to four years of age. Notable differences between ARG1 deficiency and other UCDs 

include spastic diplegia and progressive spastic paraplegia along with hyperargininemia that is 

accompanied by occasional episodes of hyperammonemia (Crombez & Cedarbaum, 2005). 

ARG1 deficiency also manifests with seizures of varying degrees in some patients, ranging from 

simple and complex partial seizures and absence seizures, to tonic-clonic seizures and 

generalized tonic-clonic status epilepticus (Wong et al. 1993).  

ARG1 deficiency treatment is similar to treatment of other UCDs, but with a focus on treating the 

hyperammonemic episodes and controlling symptoms through the use of diet and lifestyle 

management and nitrogen scavenging drugs (Lanpher et al. 1993). Developing alternative 

methods of treating ARG1 deficiency would greatly improve the quality of life of those affected. 
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1.2. Genetic Disease Treatment Strategies and Technologies 

Personalized medicine has become a central thrust in directing medicine and medical research 

and is primarily based upon the notion that each patient can be stratified based on their 

underlying biology and disease state rather than being treated as a set of symptoms. In this 

therapeutic model, the treatments must be tailored to each individual according to their predicted 

and actual response and disease risk. With regards to ARG1 deficiency, personalized medicine 

would refer to the notion that the underlying genetic cause must be targeted rather than treating 

the symptoms and hyperammonemic episodes. 

Recent advances in human genetics, including the completion of the human genome project and 

novel biotechnologies that expedite and simplify genetic research have brought genetic research 

to the forefront of the medical sciences and provide insight into the possibilities of genetic 

interventions as therapeutic alternatives. 

1.2.1. Gene Therapy 

A prominent experimental technique regarding genetic treatment of diseases is gene therapy. 

Gene therapy involves the use of transgenes to provide cells with genetic information that can 

replace faulty genes to combat a diseased cell state (Bouard et al. 2009). Viral vectors that have 

the pathogenic and essential viral genes reorganized and replaced with therapeutic genes (Kay et 

al. 2001) and altered tropism (Douglas et al. 1996) are currently the primary means of inducing 

optimal transgene expression. As gene therapy has progressed into the clinic, it has been 

successful in treating cases of adenosine deaminase severe combined immunodeficiency 

(Cavazzana-Calvo et al. 2000) (Aiuti et al. 2002) (Aiuti et al. 2009), ß-Thalassemia (Kaiser, 

2009), and inherited blindness (Bainbridge et al. 2008) (Maguire et al. 2009). 
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Despite these successes, viral vectors can have harmful effects on infected cells and their 

genomes. The viral coat protein can cause an inflammatory response (Thomas et al. 2001) and an 

immune-mediated response can render the therapy ineffective altogether (Barcia et al. 2006). 

Insertional mutagenesis can lead to oncogenesis in patients through inactivation of tumour 

suppressor genes or activation of oncogenes, which may be linked to cases of cancer occurring in 

gene therapy trials (Hacein-Bey-Abina et al. 2003). These complications, along with diminished 

transgene expression over time, make gene therapy less than ideal for many genetic deficiencies, 

which are commonly chronic. Gene editing therefore serves as a preferable alternative to gene 

therapy as a means to directly target the underlying mutation. 

1.2.2. Gene Editing  

Gene editing is a novel alternative to gene therapy that can circumvent some of the downfalls of 

gene therapy and provide an alternate solution to patients with genetic diseases. Gene editing is a 

process involving the alteration of the host cells genome through the use of a targeted nuclease 

such as a zinc finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN), or 

RNA-guided endonucleases (RGEN) such as the CRISPR/Cas9 system, in combination with a 

DNA repair pathway. These techniques can result in targeted knockout mutations that alter 

genetic information in cells or can result in repairing faulty genes and replace disease-causing 

genes with genes encoding functional protein products.  

When compared to gene therapy, gene editing tends to have longer lasting effects with a lower 

likelihood of immunological side effects. Despite this, gene editing is a novel technology and 

must be further optimized to adequately produce highly efficient and specific genetic alterations 

(Cox et al. 2015). 
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1.2.3. Early Gene Editing Technologies 

Early gene editing methodologies primarily involved the use of ZFNs and TALENs to produce 

targeted mutations in the genome. Both ZFNs and TALENs are synthetic proteins that consist of 

a DNA-binding domain and a cleavage domain containing FokI. The ZFN DNA-binding domain 

consists of a repetitive series of zinc fingers that are designed to recognize a specific sequence of 

three nucleotides (Wolfe et al. 2000). By designing three to six zinc fingers in the ZFN DNA-

binding domain the ZFN can be made specific enough to only target a single site without binding 

elsewhere in the genome (Urnov et al. 2010). Similarly, the TALEN DNA-binding domain 

consists of an array of repeated 33-35 amino acids along with TALE-derived carboxy and amino 

terminal domains. Each repeat module contains specific residues at position 12 and 13 to 

determine the nucleotide that is recognized, and a sufficiently long array can lead to effective 

DNA-targeting specificity (Joung & Sander, 2013). Despite different DNA-binding domains, 

both ZFNs and TALENs utilize the FokI nuclease cleavage domain to produce double-stranded 

breaks (DSBs). FokI, originally derived from Flavobacterium	okeanokoites, is a restriction 

endonuclease that cleaves DNA once it is bound and dimerized (Bitinaite et al. 1998). By 

attaching the FokI enzyme to the DNA-binding domains of ZFN and TALENs the bound DNA 

can be efficiently cleaved, leading to DSBs at the target site as determined through the specific 

design of the ZFN or TALEN-binding domain peptide sequence.  

1.2.4. DNA Double-Stranded Break Repair 

Along with the DNA cleavage, DNA repair is an essential step in the gene editing process and 

generally proceeds by one of two pathways: non-homologous end joining (NHEJ) or homology-

directed repair (HDR). 
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1.2.4.1. Non-Homologous End Joining 

NHEJ occurs in the absence of a DNA repair template and occurs in four main stages: DNA DSB 

recognition and NHEJ complex assembly, stabilization of the DNA ends, processing of the DNA 

ends, and ligation of the DNA ends (Davis & Chen, 2013). DSB recognition begins with the high 

affinity binding of the Ku70 and Ku80 heterodimer to the DNA ends which acts as a scaffold for 

the remainder of the NHEJ factor complex (Mari et al. 2006). Upon Ku heterodimer binding to 

the DNA DSB, many factors are recruited to stabilize the NHEJ complex such as DNA-

dependent protein kinase, catalytic subunit (DNA-PKcs), X-ray repair complementing defective 

repair in Chinese hamster cells 4 (XRCC4), and many other factors are recruited to stabilize the 

NHEJ complex (Yano et al. 2009). To further stabilize the DNA end structure, XRCC4 along 

with XRCC4-like factor (XLF) forms a filament to bridge the two DNA ends and prepare the 

complex for processing (Andres et al. 2012). Once the DNA is stabilized and bridged, a number 

of proteins have been linked to processing and resecting the DNA ends into a ligatable state, 

including Ku, Artemis, polynucleotide kinase 3’ phosphatase (PNKP), and Werner syndrome 

ATP-dependent helicase (WRN). PNKP is responsible for adding and removing phosphate 

residues (Bernstein et al. 2005), Ku excises abasic sites (Roberts et al. 2010) and Artemis and 

WRN are responsible for resection of DNA ends into blunt ends that can be ligated together 

(Povirk et al. 2007). Finally, the Ku-XRCC4 complex recruits and stimulates the activity of DNA 

Ligase IV (LIG4) to ligate the two processed DNA ends together (Grawunder et al. 1997). This 

process is present to ensure that the DSBs do not persist in the DNA, but does little to maintain or 

restore the integrity of the compromised genetic code. This DNA repair mechanism can be 

utilized to induce insertion or deletion mutations (indels) at the site of the DSB; however, to 

repair the DNA without a high frequency of indels, HDR must be used. 
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1.2.4.2. Homology-Directed Repair 

When compared to NHEJ’s straightforward method of stabilizing and ligating the DNA DSB, 

HDR provides a much more complex and powerful method of producing precise repairs or 

alterations in the targeted DNA. HDR is capable of utilizing a repair template that facilitates 

repair of the damaged DNA without the presence of indels. Rad51 acts as the central facilitating 

protein involved in initiating HDR through the production of a single-stranded DNA filament and 

subsequently a heteroduplex DNA complex (D-Loop) (Sung et al. 2003). Once the D-loop is 

formed, Rad51 incorporates both the donor strand and the cleaved strand of DNA into a double-

stranded DNA filament prior to dissociating and allowing for DNA synthesis to begin (Krogh & 

Symington, 2004). The DNA can then be repaired through DSB repair, which incorporates the 

opposite strand to form a double Holliday Junction, followed by either synthesis dependent strand 

annealing or break-induced replication (Krogh & Symington, 2004). Synthesis-dependent strand-

annealing involves a short length of synthesis in the D-loop structure and the subsequent 

displacement and gap repair of the cleaved DNA strand (Nassif et al. 1994). Break-induced 

replication involves the D-loop forming a replication fork and synthesizing the remainder of the 

chromosome (Malkova et al. 1996). These processes for inducing homologous recombination all 

result in the compromised DNA DSB being repaired without the production of deleterious indels, 

and are therefore extremely useful in gene editing experiments. Additionally, while in a natural 

context the template DNA is the complementary DNA strand, in gene editing experiments any 

relevant sequence of DNA with homology to the sequence surrounding the DSB can be 

introduced to the cell and can function as a repair template in the HDR pathway. By combining 

the ability to produce targeted DSBs with the cell’s natural ability to utilize available 
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complementary DNA to repair the genome, targeted DNA alterations and repairs can be produced 

in the target cell’s genome.  

1.3. CRISPR/Cas9 

The combined utilization of the clustered regularly interspaced short palindromic repeat 

(CRISPR)/CRISPR-associated protein 9 (Cas9) system with genetic repair programs has paved 

the way for a revolution in gene editing and genome engineering. The ability to bring together 

proteins, RNA, and DNA in a targeted manner is unique to CRISPR/Cas9 systems, and allows for 

the development of a wide variety of breakthrough technologies and exciting applications. The 

CRISPR/Cas9 system has found its main functionality as a means of producing targeted DSBs in 

a host cell’s genome, allowing for NHEJ or HDR-mediated strategies to induce specific 

therapeutically relevant alterations in the DNA. 

1.3.1. CRISPR/Cas9 Development 

The CRISPR/Cas9 system is currently the most popular tool used in gene editing experiments 

due to its relative ease of use and low startup cost. The CRISPR/Cas9 system was first discovered 

in bacterial cells as a form of adaptive immunity to certain pathogenic DNA sequences. The 

CRISPR locus of a bacterial genome contains a series of repeat and spacer sequences. As the 

bacteria digests phage and foreign plasmid DNA, the foreign DNA is incorporated as spacer 

sequences. The CRISPR locus is then transcribed as a whole and cleaved into separate CRISPR 

RNAs (crRNAs). Each crRNA recognizes a distinct genetic sequence derived from phage DNA, 

and recruits a trans-activating crRNA (tracrRNA) and a class II Cas protein to a site containing 

sequence homology to the crRNA and a protospacer adjacent motif (PAM). The class II Cas  
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 Figure 1.3. DNA Repair Pathways.  
A schematic of the two main DNA repair pathways that can occur in cells upon DNA DSBs. 
Adapted from Brochier & Langley, 2013. MRN: Mre11 – Rad50 – NBS1 complex, CTIP: C-
terminal binding peptide interacting protein, RPA: Replication protein A, BRCA: Breast cancer 
gene. 

Template	DNA	
Sequence	Iden0ty	

Error-Prone	Repaired	
DNA	Sequence	
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Figure 1-4. The CRISPR/Cas System in Bacteria Acts as a Form of Adaptive Immunity.  
Stage 1 refers to the infection and subsequent cleavage of invading viral DNA. The cleaved DNA 
is then inserted into the CRISPR locus as a spacer sequence. Stage 2 refers to the transcription 
and processing of the CRISPR locus into pre-crRNAs and subsequently crRNAs that can be used 
along with tracrRNAs to target homologous DNA sequence. Stage 3 refers to the use of these 
crRNAs with tracrRNAs and Cas proteins to produce targeted cleavage of invading 
bacteriophage DNA, rendering the virus ineffective. Doudna laboratory website. 
(http://rna.berkeley.edu/crispr.html) 
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protein then cleaves the DNA and renders the invading DNA incapable of expression (Jinek et al. 

2012). 

1.3.2. CRISPR/Cas9 Function 

Targeted DNA cleavage by the CRISPR/Cas9 system is being utilized in mammalian cells to 

target host cell genomic DNA (gDNA) through the introduction of two main components: 

synthetic guide RNA (gRNA) sequence and a modified form of Streptococcus pyogenes Cas9 

(SpCas9), a class II Cas capable of cleaving DNA. The 20-ribonucleotide gRNA sequence 

recognizes a target sequence in the host cell’s genome by traditional Watson-Crick pairing and 

contains crRNA and tracrRNA sequences to aid in the recruitment of the Cas9 protein. SpCas9 

contains two cleavage domains, HNH and RuvC, and is recruited to cleave the genome by the 

gRNA and the 5’-NGG-3’ PAM sequence as shown in Figure 1-5. After cleavage, the Cas9 

protein releases the target DNA and HDR or NHEJ can occur. This targeted DNA cleavage and 

repair has been successfully carried out in a variety of organisms including zebrafish (Hwang et 

al. 2013), yeast (DiCarlo et al. 2013), tobacco (Li J. et al. 2013), mice (Cong et al. 2013), rats (Li 

D. et al. 2013), rabbits (Yang et al. 2014), bacteria (Jiang et al. 2013), human cells (Cong et al. 

2013), and many others (Sander & Joung, 2014).   

Along with the variety of organisms that are capable of undergoing CRISPR/Cas9-mediated gene 

editing, the CRISPR/Cas9 system can alter the genome in a variety of distinct ways. The simplest 

gene editing methodologies generally begin with a single DSB induced in the DNA. In the 

absence of a repair template this DNA undergoes NHEJ and is therefore likely to be mutated. 

These mutations, whether they are missense, nonsense, or frameshift, have the potential to 

knockout the gene and render the protein product nonfunctional or nonexistent (Shalem et al. 
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2014). Following a DSB in the presence of a repair template, the DNA is capable of undergoing 

HDR and the repair template with homologous ends at the site of the DSB is copied into the 

target cell’s genome. HDR allows for the introduction of precise changes in the genome that can 

range from point mutations or small insertions with single-stranded oligo deoxynucleotide 

(ssODN) DNA repair guides (Davis & Maizels, 2014) to the insertion of 1-2 kb and larger 

sequences of DNA, using homology-arm DNA repair guides (Li et al. 2014). The ability to 

knockout or alter targeted genes in vitro and in vivo after CRISPR/Cas9-mediated cleavage 

proves to be extremely useful in the development and study of cellular and animal models of 

disease. 

While the CRISPR/Cas9 system is extremely useful in its ability to create targeted DSBs, the 

gRNA’s propensity for targeting DNA sequences that are minimally dissimilar to the designed 

DNA target poses a challenge as off-target DSB-mediated mutations can critically disrupt 

essential genes. Deep sequencing of genes that share a high level of sequence identity to the 

target sequence has shown that off-target mutations can occur due to the tendency of the gRNA 

to tolerate sequences with only a few differences to the ideal target sequence. However, careful 

design and selection of the gRNA and its target sequence can reduce the amount of off-target 

effects to insignificant levels (Cho et al. 2014). Doench et al. (2014) conducted a study on gRNA 

design to determine the optimal gRNA sequences for highly active gRNAs that produce fewer 

off-target mutations. Additionally, whole genome sequencing studies have shown that randomly 

distributed mutations can occur at low frequencies throughout the genome, regardless of gRNA 

sequence (Veres et al. 2014). Off-target mutations due to unwanted Cas9 cleavage have been 

found in germline gene editing protocols in human tripronuclear zygotes and are a main hurdle  
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Figure 1-5. The CRISPR/Cas9 System Adapted for Eukaryotic Cellular Systems. 
Representation of the CRISPR/Cas9 system in complex with a gRNA sequence at a DNA target 
region. Adapted from Kim & Kim, 2014 
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that must be overcome in transitioning the CRISPR/Cas9 system towards therapeutic applications 

(Liang et al. 2015). 

1.3.3. Alternative CRISPR/Cas9 Applications  

The creation of a single DSB is the most commonly utilized function of the CRISPR/Cas9 

system. However, by providing multiple gRNAs targeting different locations in the genome, the 

CRISPR/Cas9 system is capable of producing large-scale deletion and inversion mutations (Xiao 

et al. 2013). In addition, the CRISPR/Cas9 system can be modified and optimized for a wide 

variety of applications. Truncating the gRNA has been shown to decrease the prevalence of off-

target effects due to Cas9 cleavage, while maintaining the cleavage efficiency present when using 

full-length gRNA sequences (Fu et al. 2014).  

A partially inactivated form of the Cas9 protein that cleaves only a single strand, known as a 

Cas9 nickase (Cas9n), is capable of creating paired or isolated nicks in the DNA. Cas9n enzymes 

are generally used in tandem to produce staggered DSBs (Shen et al. 2014). By requiring both 

Cas9n proteins to target proximal sequences to produce a double-nick-induced DSB, off-target 

effects are less likely to be deleterious, but are simply single target nicks that can be repaired by 

DNA mismatch repair machinery (Cho et al. 2014). Paired Cas9n DSBs undergo a higher rate of 

HDR when compared to Cas9-mediated DSBs (Ran et al. 2013), and isolated unpaired DNA 

nicking with a single Cas9n enzyme is capable of activating an alternative HDR pathway capable 

of gene editing pathways that are independent of RAD51 and BRCA2 for activation (Davis & 

Maizels, 2014).  

The generation of Cas9n involves the inactivation of a single catalytic domain of the Cas9 protein 

by a single DNA point mutation, while certain novel breakthroughs have involved the 
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inactivation of both the HNH and RuvC catalytic domains, rendering the Cas9 protein 

catalytically incapable of DNA cleavage. The inactivated Cas9 (dCas9) can effectively target the 

DNA at a site of interest due to gRNA-mediated Cas9 recruitment, while fusion with additional 

proteins endows the dCas9 with a particular function. dCas9 can be fused with transcriptional 

repressors such as Krüppel associated box (KRAB), transcriptional activators such as herpes 

simplex viral protein (VP) 64, fluorescent proteins such as green fluorescent protein (GFP), and 

cleavage domains such as FokI (Zlotorynski, 2015). dCas9 fused to the KRAB domain has been 

shown to effectively silence transcription at the site of interest and provides a less permanent 

means of affecting protein expression than traditional gene editing experiments (Gilbert et al. 

2013). Although dCas9 fused to VP64 is capable of activating transcription, targeting multiple 

locations in the target gene is necessary to produce meaningful upregulation of expression in 

studies to this point (Maeder et al. 2013). Similarly, dCas9 fused to GFP is capable of visualizing 

aspects of the genome when multiple gRNAs target a single locus in the host cell’s DNA (Chen 

et al. 2013). dCas9 fused to FokI has been shown to successfully cleave targeted endogenous 

DNA in host cell genomes (Wyvekens et al. 2015). Additionally, similar to Cas9n, by requiring 

dual gRNA recognition DNA targeted by dCas9 fused to FokI is more likely to undergo DSBs 

exclusively at the designed target site without the presence of Cas9n’s off-target single-stranded 

DNA breaks elsewhere in the genome (Tsai et al. 2014). 

1.3.4. Alternative CRISPR-Related Genes  

In addition to modifying the SpCas9, seeking out alternative species and their Cas proteins can 

improve CRISPR-mediated gene editing efficiency and flexibility of use. While class I CRISPR 

effectors require multiple proteins to mediate DNA cleavage, class II CRISPR effectors only 

require a single protein such as Cas9 in order to produce a DSB and are therefore strong 



	 21	

candidates for alternative RNA-guided endonucleases. Zetsche et al. (2015) found a novel class II 

CRISPR effector termed CRISPR from Prevotella and Francisella 1 (Cpf1) that acts in a similar 

fashion to Cas9. Both Cas9 and Cpf1 proteins are RGENs, however Cpf1 has a few differences 

and advantages over the traditional Cas9-mediated system of gene targeting. Some differences 

include Cpf1 occurring naturally with only a single crRNA rather than a crRNA and tracrRNA, 

having a T-rich rather than G-rich PAM motif, and the ability to induce a DSB with a 4-5-

nucleotide overhang rather than blunt DNA ends. Cpf1 from Francisella novicida is also a 

smaller protein than Cas9 and requires a smaller RNA guide, which can allow for slightly easier 

incorporation into cells and organisms. Cpf1 acts as the first of many alternative class II Cas 

proteins that can increase the adaptability and flexibility of CRISPR/Cas-mediated gene editing 

systems (Zetsche et al. 2015).		

1.3.5. CRISPR/Cas9 Gene Editing Applications 

The vast array of technologies and techniques previously described has led to a recent surge in 

gene editing experimentation. In vivo studies of a mouse model of tyrosinemia due to a 

fumarylacetoacetate hydrolase (FAH) mutation have shown that hydrodynamic injection of Cas9, 

a gRNA, and a repair template was capable of correcting the mutant gene in 0.1 % of cells and 

rescuing the disease phenotype (Yin et al. 2014). The CRISPR/Cas9 system has been exploited to 

provide resistance to human immunodeficiency virus (HIV) in induced pluripotent stem cells 

(iPSCs) stably expressing Cas9 and multiple gRNAs targeting the HIV genome, or by knocking 

out the CXCR4 gene that acts as a means for HIV-1 to gain entry into the host CD4+ T cells (Hou 

et al. 2015).  
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Table 1-1. A Comparison of Primary Characteristics of Gene Editing and Alternative 
CRISPR Technologies. 

 
Cleavage 
Enzyme 

Cleavage 
Efficiency 

Targeting 
Specificity 

Primary Characteristics 

ZFN Medium High - First targeted nuclease studied 
- Uses paired FokI nuclease domains 
- Requires extensive protein engineering 

TALEN Medium High - Uses TALE repeat motifs for specificity 
- Uses paired FokI nuclease domains 

Cas9 Very High Medium - Most popular gene editing enzyme 
- First RGEN studied 
- Optimal gRNA design can improve specificity 

Cas9n High High - Paired nucleases necessitate adjacent and 
complementary PAM sequences 
- Off-target binding less likely to damage DNA 

dCas9 None Medium - Inactivated Cas protein is fused to proteins with 
various useful functions  
- Allows for temporary DNA modification 

dCas9-FokI High High -Paired nucleases necessitate adjacent and 
complementary PAM sequences 
- DNA is unaffected without both enzymes present 

Cpf1 Unknown High - Staggered DSBs implicate alternate  
DNA-repair pathway preference 
- Currently the most novel RNA-guided 
endonuclease 
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These studies, along with many others, demonstrate the powerful capabilities of CRISPR/Cas9 

systems in treating complex diseases that have previously been incurable. These powerful gene 

editing techniques must therefore be fully understood to more successfully produce the desired 

alterations in host genomes. 

1.4. Project Rationale, Aims, and Hypothesis 

The novel CRISPR/Cas9 system can act as the basis for the design of a gene editing therapeutic 

strategy for ARG1 deficiency. By targeting and altering ARG1 in patient cells, mutated sequences 

of ARG1 can be reverted to a wild-type (WT) genotype and the disease phenotype can be altered. 

Cells from three separate patients containing mutations in the ARG1 gene (Table 1-2) have been 

collected to attempt to revert the mutated alleles.  Designing individual gene editing strategies for 

each mutation is an option but may be impractical due to timeframe and cost-based limitations. It 

is therefore preferable to develop a single gene editing strategy that can be thoroughly assessed 

and optimized that would effectively repair over 90 % of known mutations seen in ARG1 alleles 

(Sin et al. 2015). To accomplish this gene repair, targeting intron 1 of the ARG1 gene with the 

CRISPR/Cas9 system and subsequently incorporating a repair cassette via HDR as indicated in 

Figure 1-6 could restore ARG1 function in cells with mutated ARG1. 

This project aims to produce targeted DSBs at intron 1 of ARG1 with the CRISPR/Cas9 system. 

Upon validation of the designed CRISPR/Cas9 system this project aims to produce DSBs in 

patient cells at the target site. It is hypothesized that the CRISPR/Cas9 system will prove capable 

of producing DSBs at intron 1 of ARG1 in all cells tested due to consistent success seen in the 

literature supporting the functionality of the CRISPR/Cas9 system. Through experimentation in a 

variety of cell lines, and with a panel of gRNAs, the capabilities of the CRISPR/Cas9 system in 
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Table 1-2. Genotype and Phenotype of the Patients Studied. 
 

Patient	 Mutation	 Predicted	ARG1	Function	 Patient	Phenotype	

Patient	1	 DNA:	c.	292G!A	
(exon	3) 
Protein:	p.	G98S	

Mutation	of	highly	
conserved	G98	likely	alters	
ARG1	function	based	on	
SIFT,	PolyPhen-2	
algorithms	

21	y.o.	♀;	controlled	seizures;	some	
spastic	diplegia	and	abnormal 
gait	

Patient	2	 DNA:	c.	61C!T	
(exon	2) 
Protein:	p.	R21X	

“severe”	truncation	
mutations	commonly	
impair	ARG1	function	

17	y.o.	♂;	episodes	of	
hyperammonemia,	seizures,	
developmental	delay,	non-verbal,	
and	spastic	diplegia	

Patient	3	 DNA:	c.	695A!T	
(exon	7) 
Protein:	D232V	

Missense	mutation	at	Mn
2+
	

binding	site	should	render	
ARG1	catalytically	inactive	

5	y.o.	♂;	no	spasticity	observed	yet	
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Figure 1-6. Schematic of a Gene Editing Experiment Workflow Involving the Replacement of 
Mutated ARG1 With Functional ARG1 cDNA Sequence.  

Theoretical workflow for editing ARG1 in order to isolate cells expressing a WT copy of ARG1 
cDNA, not to scale. The workflow involves the use of CRISPR/Cas9 cleavage in combination 
with a targeting vector containing homology to ARG1 on either end of the cleavage site to induce 
HDR. Cells that have incorporated the repair vector sequence will express both puromycin 
resistance and herpes simplex virus thymidine kinase due to the presence of a promoter and a 
linker sequence. Puromycin selection is then imposed on the cell population to select for cells 
that successfully underwent HDR. The cells are then treated with piggyBac Transposase to 
remove the DNA between the two piggyBac inverted terminal repeat sequences. Gancyclovir 
treatment of the cells is then used to select for cells that successfully had the piggyBac sequences 
removed. Cells that survive the puromycin and gancyclovir selection steps would have only the 
splice acceptor site, the ARG1 cDNA for exons 2-8, and the polyadenylation signal remaining 
within intron 1 of ARG1. The presence of this genetic sequence would cause the final cell 
population to express functional ARG1 cDNA in the place of their endogenous mutated ARG1. 
PB-ITR: piggyBac inverted terminal repeat, PGK-P: Phosphoglycerate kinase promoter, PuroR: 
Puromycin resistance gene, T2A: Teschovirus-2A linker sequence, HSV-TK: Herpes simplex 
virus truncated thymidine kinase, SA: Splice acceptor site, pA: Polyadenylation signal. 
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cleaving the ARG1 gene can be more thoroughly explored and appropriate protocols and systems 

can be designed for gene editing experiments in ARG1-deficient patient cells. 
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2. Methods 

2.1.  In Silico Analysis of gRNA Sequences 

Targets for the CRISPR/Cas9 system were designed to have minimal likelihood of off-target 

cleavage with the use of various online CRISPR design tools. Initial design of gRNA targets was 

carried out with the aid of the Massachusetts Institute of Technology (MIT) CRISPR design tool 

(http://crispr.mit.edu). The sequence of intron 1 of ARG1 was input into the system and the 

design tool scanned the sequence for possible gRNA target regions that were determined via the 

presence of PAM sites. The tool then scanned the entire genome for the presence of sequences 

similar to each gRNA target site and scored the potential gRNA targets by the likelihood of off-

target effects to occur, as determined by the total number of mismatches, the position of the 

mismatch in the 20bp gRNA sequence, and the distance between the mismatches (Hsu et al. 

2013). The highest scoring gRNA sequence was selected for use in CRISPR/Cas9 experiments. 

Additionally, some gRNA targets were selected using the Benchling design tool 

(https://benchling.com/editor), which uses the same off-target scoring algorithm, as well as an 

on-target scoring algorithm that indicates the likelihood of the proposed gRNA to target the 

genome based on results from Doench et al (2014). gRNAs were chosen based on high scores for 

both on-target and off-target analysis. 

2.2. gRNA Cloning 

Once the appropriate gRNA target locations were selected, DNA oligos were synthesized and 

cloned into the pX330 plasmid (Addgene #42230) and pX461 plasmid (Addgene #48140) 

according to the “Zhang Lab General Cloning Protocol” found at www.addgene.org/crispr/zhang 

(Cong et al. 2013) (Figure 2-1). Plasmids were then transformed into DH5α competent cells	
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Table	2-1.	gRNA	Primer	Sequences	and	Characteristics.	

gRNA	 Primer	Sequences	 On-
Target	
Score	

Off-
Target	
Score	

Heteroduplex	
Assay	
Cleavage	
Bands	(bp)	

gRNA1	 5’-CACCGCTCCACCGACTTTCTAAGC-3’ 

5’-AAACGCTTAGAAAGTCGGTGGAGC-3’	

14.4	 45.3	 163/315	

gRNA2	 5’-CACCGCTTTTGCCCAATCGTTCCCT-3’ 

5’-AAACAGGGAACGATTGGGCAAAAGC-3’	

72.6	 42.3	 179/302	

gRNA3	 5’-CACCGTTATGTGAGTACATGCACGT-3’ 

5’-AAACACGTGCATGTACTCACATAAC-3’	

56.7	 74.6	 129/352	

gRNA4	 5’-CACCGTTATGTGCCTCACTTGGAAG-3’ 

5’-AAACCTTCCAAGTGAGGCACATAAC-3’	

72.9	 64.8	 153/545	

gRNA5	 5’-CACCGAAGAAAATCCTACTGCGGGT-3’ 

5’-AAACACCCGCAGTAGGATTTTCTTC-3’	

39.1	 82.8	 196/502	

Cas9n1	 5’-CACCGGCCCAGCTTAGAAAGTCGG-3’ 

5’-AAACCCGACTTTCTAAGCTGGGCC-3’	

61.2	 44.8	 165/284	

Cas9n2	 5’-CACCGCCTAAATGGCCACAAGTATA-3’ 

5’-AAACTATACTTGTGGCCATTTAGGC-3'	

51.2	 42.6	 165/284	

CRISPR1A	 5’-CACCGAAGAACGGAAGAATCAGCC-3’ 

5’-AAACGGCTGATTCTTCCGTTCTTC-3’	

57.3	 39.3	 83/224	

CRISPR3	 5’-CACCGCTACTGGCACACCAGTCGT-3’ 

5’-AAACACGACTGGTGTGCCAGTAGC-3'	

51.4	 84.7	 92/352	
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 20 bp gRNA sequences are underlined. On-Target scoring refers to the Benchling program’s 
scoring system with a score of 100 being the ideal gRNA sequence. Off-Target scoring refers to 
the MIT CRISPR Design Tool’s scoring system with a score of 100 being least likely to produce 
off-target mutations elsewhere in the genome due to gRNA sequence similarity. The 
heteroduplex assay cleavage band sizes refer to the sizes of the products of Surveyor nuclease-
mediated cleavage at the gRNA target site in the PCR amplicon. 
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 (Life Tech) and incubated for 16 hours (h) at 37 ˚C on Ampicillin (Amp) +/agar plates. Colonies 

were picked and incubated in 3 mL of Amp+/ Lysogeny Broth (LB) liquid media for 16 h and 

were subsequently subjected to plasmid preparation with the GeneJet plasmid miniprep kit 

(Thermo Scientific). Purified plasmid DNA was digested with SphI or EcoRI (New England 

Biolabs) for 1 h at 37 ˚C to test for the presence of the plasmid and the diagnostic restriction sites 

that showed cutting in the test digest were subsequently sequenced to check for successful clones. 

Plasmid clones that had been sequence-confirmed to contain the correct gRNA were then grown 

in 300 mL of Amp+/LB liquid media and the plasmid DNA was purified with the Hipure plasmid 

maxiprep kit (Life Tech) 

2.3. Cell Culture 

All cells were grown at 37 ˚C in 5 % CO2. Human embryonic kidney (HEK) 293, MCF7, HeLa, 

A549, HepG2, K562, human dermal fibroblasts (HDF), blood outgrowth endothelial cells 

(BOECs) and iPSCs were used in these experiments. HEK293, MCF7, and HeLa cells were 

grown in Dulbecco’s Modified Eagle Medium (DMEM) (Hyclone) containing 10 % fetal bovine 

serum (FBS) (Gibco), and 1 % Penicillin/Streptomycin (P/S) (Wisent); A549, HepG2, and K562 

cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Wisent) containing 

10 % FBS (Gibco) and 1 % P/S for all experiments; HDFs were grown in DMEM (Hyclone) 

containing 15 % FBS (Gibco), 1 % P/S (Wisent), and 1 ng/mL basic fibroblast growth factor 

(bFGF) (Peprotech); BOECs were grown in endothelial cell growth medium 2 (EGM2) media 

with supplements(Lonza) and 10 % FBS (Gibco) added; and iPSCs were grown in human 

embryonic stem cell medium according to a protocol from Hockemeyer et al. (2008) [knockout 

(KO) DMEM, 5 % knockout serum replacement (KOSR), 15 % FBS (Gibco), 1 % P/S (Wisent), 

1 % non-essential amino acids (NEAA) (Gibco), 1 % GlutaMAX (Gibco), 0.18 % β 
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Figure 2-1. gRNA Design and Plasmid Information.  
A) This schematic shows the genetic elements present in the pX330 and pX461 plasmids that are 
necessary for gRNA and Cas9/Cas9n expression in the nucleus. The open reading frame contains 
the U6 promoter, the gRNA sequence site, The chicken beta-actin hybrid (CBh) enhancer, a 
humanized SpCas9 (hSpCas9) or hSpCas9n flanked by nuclear localization signals (NLS) on 
either end and a bovine growth hormone polyadenylation signal (bGHpA) in order to express 
both gRNA and Cas9/Cas9n sequence. The 20 bp guide sequence insertion site is shown with the 
BbsI restriction enzyme site indicated by red arrows and the gRNA scaffold region highlighted in 
red. B) The pX330/pX461, and pY010 plasmid maps were recreated with the Snapgene software. 
The px461 plasmid contains a Cas9n sequence in the place of the Cas9 sequence, and an 
additional GFP sequence after the Cas9n sequence. These plasmids were donated by the Feng 
Zhang laboratory (McGovern Broad Massachusetts Institute of Technology) P: Promoter, O: 
Operator, E: Enhancer, CBA: Chicken β actin, Ori: Origen of replication fork, AAV2 ITR: 
adeno-associated virus 2 ITR, AmpR: ampicillin resistance gene, T2A: teschovirus 1-2A linker, 
CMV: cytomegalovirus, HA: human influenza hemagglutinin, SV40: simian vacuolating virus 
40, Neo/KanR neomycin and Kanamycin resistance genes, CAP: catabolite activator protein. 
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Mercaptoethanol (Gibco), 10 ng/mL bFGF (Peprotech)]. MCF7 cells were generously provided 

by Dr. Shetuan Zhang (Queen’s University Department of Biomedical and Molecular Sciences), 

HeLa and A549 cells by Dr. Susan Cole (Queen’s University Department of Pathology and 

Molecular Medicine), K562 cells by Dr. Martin Petkovich (Queen’s University Department of 

Pathology and Molecular Medicine), and BOECs by Dr. Paula James (Queen's University 

Department of Pathology and Molecular Medicine). HEK293, HepG2, HDF and iPSCs were 

thawed from frozen stocks at 37 ˚C and immediately centrifuged at 200g for 5 minutes (min). 

The supernatant was then aspirated and the cells were resuspended in their respective growth 

media in T75 flasks (Thermo Fisher Scientific) for HEK293, HepG2 and HDFs, and in 2/12 wells 

for iPSCs (Thermo Fisher Scientific). All cell lines except for iPSCs and BOECs were cultured in 

T75 flasks (Thermo Fisher Scientific) while iPSCs were cultured continuously in 12 well dishes 

(Thermo Fisher Scientific) and BOECs were cultured in 10 cm tissue culture dishes (Thermo 

Fisher Scientific). HDFs and iPSCs were plated on dishes coated with 0.1 % Gelatin (Millipore) 

for ≥1 hour prior to removal. BOECs were thawed from frozen stocks at 37 ˚C and immediately 

centrifuged at 500g for 5 minutes. The supernatant was then aspirated and the cells were 

resuspended in growth media. 10 cm tissue culture dishes (Thermo Fisher Scientific) were coated 

with Collagen Type I (Corning) for 24 h at 37 ˚C and the remaining collagen was subsequently 

aspirated and plates were washed with 10 mL Hank’s buffered salt solution (HBSS) (Gibco) prior 

to adding BOECs.  

HEK293, MCF7, HeLa, A549, HepG2, HDF, and BOECs were passaged at ~75-90 % confluency 

by washing once with phosphate buffered saline (PBS) (Hyclone) and subsequently incubating 

cells in 1 mL of 0.25 % trypsin for 5-15 min (until cells detached) at 37 ˚C. Cells were then 
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washed with ~5-10 mL of growth media, centrifuged at 200g for 5 min, resuspended in 10 mL of 

growth media, and then plated at ratios between 1:4 and 1:10. 

2.4. Transfection 

All transfections were carried out in 6-well plates (Thermo Fisher Scientific) except for iPSCs 

which underwent transfection in 12-well plates (Thermo Fisher Scientific). All cells were imaged 

24-72 h post-transfection, counted for GFP fluorescing cells and total cells for determining 

transfection efficiency, and genomic DNA (gDNA) was collected 48-72 h post-transfection with 

the GeneJet genomic DNA purification kit (Thermo Scientific).  

2.4.1. Lipofection 

Lipofection was carried out for HEK293, MCF7, HeLa, A549, HepG2, K562, and iPSCs 

(Thermo Fisher Scientific). All cells except for iPSCs were counted on a haemocytometer and 

plated at 100,000 cells per well 24 h prior to transfection. iPSCs that were previously growing on 

12-well plates (Thermo Fisher Scientific) underwent transfection approximately three days prior 

to confluency. Lipofection was conducted according to Lipofectamine 3000 (Thermo Fisher 

Scientific) manufacturer protocols 

(https://tools.thermofisher.com/content/sfs/manuals/lipofectamine3000_protocol.pdf) with 2.5 µg 

plasmid DNA and 0.25 µg pmaxGFP (Lonza) in 6-well dishes, and 1.875 µg maxiprepped DNA 

and 0.25 µg pmaxGFP (Lonza) in iPSC transfections.  

2.4.2. Nucleofection 

Nucleofection was carried out for HDFs and BOECs. Cells were harvested by trypsinization for 

5-15 min or until the cells detached, and the trypsin was immediately inactivated with growth 
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medium. Cells were centrifuged at 200g for 5 min, supernatant was aspirated, and the cell pellet 

was resuspended and counted. 106 cells were used for each nucleofection reaction and were 

resuspended in nucleofector solution containing supplement (Lonza). 3 µg DNA and 0.25 µg 

pmaxGFP (Lonza) was added to each nucleofection reaction and solutions were transferred to 0.4 

cm cuvettes. Cuvettes were placed in an Amaxa 2b nucleofector device (Lonza), and both HDFs 

and BOECs were treated with programs U-023 and M-003, respectively. After nucleofection, 500 

µL of growth media was added to the cuvettes and the cells were added dropwise to 1.5 mL of 

pre-warmed growth media. 

HDFs were also Nucleofected using the Amaxa 4D nucleofector and the P2 primary cell solution 

kit (Lonza), by similarly trypsinizing and resuspending 106 cells in 100 µL nucleofector solution 

(Lonza) and 3 µg pX330 DNA. Cells were then transferred into 100 µL nucleocuvettes and 

treated with 4D Nucleofector program DT-130. 500 µL of growth media was added immediately 

following the nucleofection program, and the cells were then added dropwise to 1.5 mL of pre-

warmed growth media.  

2.5. Heteroduplex Assay 

To determine the capabilities of the CRISPR/Cas9 system and the efficiency of the designed 

gRNAs in targeting the ARG1 gene, a heteroduplex assay was used, as visualized in Figure 2-2. 

In the absence of a repair template, CRISPR/Cas9-mediated DSBs are repaired primarily with 

NHEJ which results in indel mutations. Once the gDNA was collected from cells, DNA at intron 

1 of ARG1 surrounding the expected CRISPR/Cas9 cleavage site was PCR-amplified with 

phusion high fidelity DNA polymerase (Thermo Fisher Scientific) and gel purified with the 

Genephlow gel/PCR kit (Froggabio). gRNA1, the Cas9n gRNA pair, and Cpf1-3’s target sites 
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were PCR-amplified with primers ARG1_PCR1F and ARG1_PCR1R; gRNA2, gRNA3, and 

Cpf1-2 with ARG1_PCR2/3F and ARG1_PCR2/3R; gRNA4, gRNA5 and Cpf1-1 with primers 

ARG1_PCR4/5F and ARG1_PCR4/5R, CRISPR1 with PCR primers CRISPR1AF and 

CRISPR1AR, and CRISPR3 with PCR primers CRISPR3F and CRISPR3R. All primers used for 

PCR amplification can be seen in Table 2-2. 

PCR-amplified DNA (300ng) was then hybridized in 20 µL of 1xHF buffer (Thermo Fisher 

Scientific by melting the DNA strands at 95 ˚C for 2 min and ramping the heat down to 5 ˚C at -2 

˚C/min to create DNA mismatches of strands with indel mutations annealing with strands that 

were unedited or contained different indel mutations. These mismatches were detected by treating 

the hybridized DNA with 1 µL of both Surveyor nuclease and enhancer solution (Integrated DNA 

Technologies) for 1 h at 42 ˚C. The Surveyor nuclease enzyme recognizes and cleaves the 

mismatches in the DNA. The presence of mismatches is indicative of NHEJ-mediated repair and 

is therefore a signifier for CRISPR/Cas9-mediated cleavage. 14 µL of the Surveyor nuclease-

treated DNA was electrophoresed in 8 % polyacrylamide Gel at 70 V for 90 min, then post-

stained in ethidium bromide (Fisher Bioreagents) for 15 min on a rocker. Gels were then imaged 

under UV light in a Fluorchem 8900 Digital Imaging System (Alpha Innotech). 

 
2.6. Heteroduplex Assay Cleavage Quantification 

Estimating CRISPR/Cas9 cleavage efficiency is possible due to the robust approach involved in 

treating the entire population of transfected cells’ gDNA with the Surveyor nuclease enzyme and 

subsequently imaging the entire population of PCR amplified gDNA. Images of PAGE gels 

containing heteroduplex assay results were analyzed with the imageJ software and band  
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Table 2-2. PCR Primer Sequences Used for Determining CRISPR/Cas System 
Functionality by Heteroduplex Assay and ARG1 Expression by RT-PCR. 

Primer	 Sequence	 PCR	amplicon	

ARG1_PCR1F 
ARG1_PCR1R	

5’-GGAAAGGATTAGAGGGCAGATGAC-3’ 
5’-GACCCCTTAGTTGACACTATATTTGCT-3’	

Centre	of	ARG1	intron	1	

ARG1_PCR2/3F 
ARG1_PCR2/3R 

5’-TGTTAAGCAGGCCAAAACTTG-3’	
5’-AACAAGTAGTTTGTGCAAAAGCAG-3’	

3’	end	of	ARG1	intron	1	

ARG1_PCR4/5F 
ARG1_PCR4/5R 

5’-GGTGGTAACCTTCAGGCTTCT-3’	
5’-GTGGGTGAGAACAGTGTGGA-3’	

5’	end	of	ARG1	intron	1	

CRISPR1AF 
CRISPR1AR 

5’-CAATTGAGATCATCCTACACAG-3’ 
5’-TGGCCTTGGTTACTTCCTTTGTG-3’ 

CRISPR1A	target	site	

CRISPR3F 
CRISPR3R 

5’-GAAGCCATCAACCTTAAACTG-3’ 
5’-CTGAGAGTAGCCCTACAACAAC-3’	

CRISPR3	target	site	

RTPCR_ARG1F 
RTPCR_ARG1R	

5’-GGAGGTCTGACATACAGAGAAGG-3’ 
5’-GAGCAAGTCCGAAACAAGCC-3’	

ARG1	cDNA	

RTPCR_GAPDHF 
RTPCR_GAPDHR	

5’-GAGTCCACTGGCGTCTTCAC-3’ 
5’-GACTGTGGTCATGAGTCCTTCC-3’	

GAPDH	cDNA	
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Figure 2-2. Heteroduplex Assay.  
This figure represents the workflow of a heteroduplex assay carried out in these experiments. In 
the case that intron 1 of ARG1 is cleaved by the CRISPR/Cas9 system as shown, the NHEJ-
mediated repair that occurs will produce random indel mutations. After gDNA extraction and 
PCR amplification the DNA is hybridized through melting and immediate reannealing. Those 
indel mutations that occurred would then create mismatches in the reannealed strands that are 
recognized and cleaved by the Surveyor nuclease enzyme. Surveyor nuclease-cleaved DNA can 
then be quantitated on 8 % polyacrylamide gels. 
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intensities were calculated. NHEJ-mediated indel quantities were measured by inserting the 

cleavage band intensities into the following formulas:  

  

 

These formulas are derived from the binomial probability distribution and rely on the 

assumptions that the Surveyor nuclease cleaved all mismatches that were present in solution, the 

strands annealed randomly to one another during cooling, and the chance of a mutated strand 

reannealing with an identical strand is negligible. (Guschin et al. 2010)  

2.7. CRISPR/Cas9 Target Sequencing 

gDNA from transfected cells that was PCR amplified was subjected to 3’ adenosine tailing by 

adding 8.6 µL of purified PCR product to a solution with 0.2 mM deoxyadenosine triphosphate 

(dATP) (Thermo Scientific), 1x Thermopol reaction buffer (New England Biolabs), and 0.2 µL 

of 5 U/µL TAQ DNA Polymerase (New England Biolabs) and incubating the PCR product at 72 

˚C for 20 min. A-tailed PCR products (3µL) was mixed with 1 µL of Salt Solution (Life Tech) 1 

µL of nuclease-free H2O, and 1 µL of PCR 2.1 Topoisomerase (TOPO) vector (Life Tech) before 

being incubated at room temperature for 5 min prior to transformation into DH5α competent cells 

(Life Tech). Prior to plating DH5α cells, 40 µL of 40 mg/mL X-Gal in dimethyl sulfoxide was 

spread on each Amp+/agar plate and incubated at 37˚C for ≥ 30 min. Colonies were picked from 

the plates and grown on a shaker in 2 mL of Amp+/LB liquid media for 16 h at 37 ˚C and the 

plasmid DNA was collected with the GeneJet plasmid miniprep kit (Thermo Scientific). Plasmid 

€ 

fcut =
CleavageBand1 +CleavageBand2

CleavageBand1 +CleavageBand2 +UncleavedBand

€ 

%NHEJ =100 × (1− 1− fcut )
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DNA was test-digested with EcoRI (New England Biolabs) and samples positive for inserts were 

sequenced at the centre for applied genomics sequencing site (SickKids Hospital, Toronto).  

2.8. RT-PCR 

Cells collected by trypsinization for 5-15 min, or until cells detached, at 37 ˚C were subsequently 

treated with growth media to halt excessive trypsinization. Cells were centrifuged at 500g for 5 

min and washed with PBS and re-centrifuged. RNA extraction was preformed on the cell pellets 

with the GeneJet RNA purification kit (Thermo Scientific). RNA was then treated with 0.5 µL 1 

U/µL DNase I in 1x DNase buffer (Thermo Scientific) and concentration was measured using an 

ND 1000 Spectrophotometer (Nanodrop). RNA (≈1 µg) was reverse-transcribed to cDNA with 1 

µL of Iscript enzyme and 2 µL of 10x Iscript buffer (Bio-Rad) in a 20 µL reaction, incubated at 

25 ˚C for 5 min, 42 ˚C for 30 min, and 85 ˚C for 5 min before holding at 4 ˚C. cDNA was PCR 

amplified with primers RTPCR_ARG1F and RTPCR_ARG1R for ARG1 and with 

RTPCR_GAPDHF and RTPCR_GAPDHR for GAPDH amplifications. Reverse-transcription 

PCR (RT-PCR) reactions were electrophoresed in 2 % Agarose gels at 95 V for 35 min, and 

subsequently imaged in a Fluorchem 8900 Digital Imaging System (Alpha Innotech). 

2.9. Cpf1 gRNA Production 

gRNA primers were designed by adding the sequence for a T7 transcription start site and a 

human U6 small nuclear RNA core (hU6) promoter sequence prior to the Cpf1 crRNA sequence 

and the target-specific spacer sequence. Primers Cpf1-1 Fwd and Cpf1-1 Rev, Cpf1- 2Fwd and 

Cpf1-2 Rev, and Cpf1-3 Fwd and Cpf1-3 Rev, were then annealed by incubating 1 µL of each 10 

mM primer along with 0.5 µL T4 DNA polynucleotide kinase in 1x T4 Ligase buffer (New 

England Biolabs) at 95 ˚C for 5 min and ramping down to 25 ˚C at 5 ˚C/min. Annealed 
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oligodeoxynucleotides were quantified using a ND 1000 Spectrophotometer (Nanodrop) and 

transcribed into RNA following the Transcriptaid T7 high-yield transcription kit protocol 

(Thermo Fisher Scientific) with 1 µg of oligo DNA and a 3 h incubation period. RNA was 

purified with the Geneart precision gRNA synthesis kit (Invitrogen) and eluted in 10 µL 

Nuclease-free H2O. RNA concentration was quantified using an Agilent RNA Nanochip and 

Agilent 2100 Bioanalyzer and 625 ng of RNA was transfected along with the pY010 vector 

(Addgene #69982) (Figure 2-1) containing Cpf1 into HEK293 cells with the Lipofectamine 3000 

protocol as previously described. 
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Table 2-3. Cpf1 Primer Sequences Used in gRNA 1-3 Design. 
 
Function	 Sequence	

T7	Transcription	
Start	Site	

TAATACGACTCACTATAGGG	

U6	Handle	 CTTGTGGAAAGGACGAAACACCG	

Cpf1	5’	crRNA	 TAATTTCTACTCTTGTAGAT	

Cpf1-1	20	bp	
Spacer		

GCCCAATCGTTCCCTTGGTT	

Cpf1-2	20	bp	
Spacer	 

TGCCTGGGCACACTTATTCT	

Cpf1-3	20	bp	
Spacer	 

GTAATGTGCTCAACGTCACA	

Cpf1-1	Fwd	 TAATACGACTCACTATAGGGCTTGTGGAAAGGACGAAACACCGTAATTTCTACT
CTTGTAGATGCCCAATCGTTCCCTTGGTT	

CPF1-1	Rev	 AACCAAGGGAACGATTGGGCATCTACAAGAGTAGAAATTACGGTGTTTCGTCC
TTTCCACAAGCCCTATAGTGAGTCGTATTA	

Cpf1-2	Fwd TAATACGACTCACTATAGGGCTTGTGGAAAGGACGAAACACCGTAATTTCTACT
CTTGTAGATTGCCTGGGCACACTTATTCT	

Cpf1-2	Rev AGAATAAGTGTGCCCAGGCAATCTACAAGAGTAGAAATTACGGTGTTTCGTCCT
TTCCACAAGCCCTATAGTGAGTCGTATTA	

Cpf1-3	Fwd TAATACGACTCACTATAGGGCTTGTGGAAAGGACGAAACACCGTAATTTCTACT
CTTGTAGATGTAATGTGCTCAACGTCACA	

Cpf1-3	Rev TGTGACGTTGAGCACATTACATCTACAAGAGTAGAAATTACGGTGTTTCGTCCT
TTCCACAAGCCCTATAGTGAGTCGTATTA	

 

 The T7 transcription start site, U6 handle, Cpf1 5’ crRNA and each of Cpf1-1 to Cpf1-3’s 20 bp 
spacer sequences were concatenated to form the sequence of the forward primers, and reverse 
complemented for the sequence of the reverse primers
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3. Results 

3.1. Initial CRISPR/Cas9 System Design 

In order to produce DSBs in intron 1 of ARG1, the gRNA1 sequence was cloned in to the pX330 

vector according to the methods previously described. gRNA1 was initially chosen due to its off-

target score according to the MIT CRISPR design tool, and its target location at the centre of the 

intron.  

3.1.1. gRNA1 Cloning Confirmation  

Prior to conducting heteroduplex assays with the CRISPR/Cas9 system using gRNA1 as a target 

sequence, successful cloning of the gRNA1 sequence into the pX330 vector was ensured by 

sequencing plasmid DNA (Figure 3-1) prior to conducting heteroduplex assays.  

3.1.2. Transfection Efficiency of pX330 in HEK293 cells, HDFs, and iPSCs 

HEK293 cells, HDFs, and iPSCs were transfected with both the pX330 plasmid as well as a 

pmaxGFP vector. Cotransfection has been observed to be a reliable method for observing 

transfection efficiency, as the limiting factor in DNA uptake into the cell in the abundance of 

plasmid DNA is the extracellular state rather than variables related to each individual plasmid. If 

the cell is capable of accepting liposomes or being electrophoresed by nucleofection, then all 

plasmids used in a transfection reaction will be taken into the target cell (Xie and Tsong, 1993). 

Upon transfection, cells were imaged and counted as described previously in section 2.4. Figure 

3-2A shows high levels of transfection efficiency in HEK293 cells, with lower transfection 

efficiencies in HDFs and iPSCs, based on the relative number of GFP fluorescing cells to total 

cells in the field of view. 
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           a 

Figure 3-1. Sequence Verification of gRNA Cloning.  
A) gRNAs used in these experiments are sequence verified to have the correct sequences inserted 
into the correct location in their respective plasmids. gRNA sequences are seen in blue font. B) 
Chromatogram images further verify that the gRNA cloning was successful. 

gRNA	1:	gacgaaacaccgctccaccgac+tctaagcg++asagctakaaatarc	

gRNA	2:	gacgaaacaccgc++gcccaatcg+ccctg++agagctagaaatagc	

gRNA	3:	gacgaaacaccg+atgtgagtacatgcacgtg++asagctagaaatagc	

gRNA	4:	gacgaaacaccg+atgtgcctcac+ggaagg++ayagctagaaatagc	

gRNA	5:	gacgaaacaccgaagaaaatcctactgcgggtg++agagctagaaatagc	

Cas9n1:	gacgaaacaccggcccagc+agaaagtcggg++agagctagaaatagc	

Cas9n2:	gacgaaacaccgcctaaatggccacaagtatag++agagctagaaatagc	

CRISPR1A:	gacgaaacaccgaagaacggaagaatcagccg++agagctagaaatagc	

CRISPR3:	gacgaaacaccgctactggcacaccagtcgtg++agagctagaaatagc	

gRNA2	

gRNA3	 gRNA4	

gRNA5	

gRNA	1	

Cas9n1	

Cas9n2	

CRISPR1A	

CRISPR3	

A	

B	



	 44	

3.1.3. gRNA1 Heteroduplex Assay Results 

Heteroduplex assay results seen in Figure 3-2B indicate successful cleavage of intron 1 of ARG1 

in HEK293 cells, with minimal cleavage in HDFs, and a lack of DNA cleavage in patient-derived 

iPSCs based on band intensities. In each case, cells transfected with the pX330 vector without a 

20bp targeting sequence did not show cleavage at the target location due to the lack of Cas9 

recruitment to intron 1 of ARG1. In the HEK293 cells and HDF cells however, the presence of a 

gRNA sequence complete with a targeting sequence induced Cas9-mediated cleavage and 

subsequent NHEJ-mediated repair of the targeted DNA, as indicated by the presence of DNA 

cleavage bands at 163 and 315 bp. 

3.1.4. gRNA1 Targeted CRISPR/Cas9-Mediated Cleavage Sequence 

Confirmation 

PCR amplicons of HEK293 cell gDNA targeted by gRNA1 were sequenced according to 

methods previously described in section 2.7. Sequencing results from representative cloned DNA 

segments seen in Figure 3-2C confirm correct DNA targeting by gRNA1 in HEK293 cells. 

Deletion mutations that were seen in intron 1 of ARG1 were centered around 3 bp upstream from 

the 3’ end of the gRNA, which is where Cas9 cleaves the DNA (Mali et al. 2013). DNA 

sequencing of intron 1 of ARG1 in HDF-transfected cells was unable to confirm correct gRNA1 

targeting and subsequent NHEJ-mediated DNA repair, likely due to low-level of cleavage 

efficiency. 

3.2. CRISPR/Cas9 gRNA Panel Targeting the ARG1 Locus 

Successful gRNA-mediated cleavage in HEK293 cells shows promising results for the pX330 

CRISPR/Cas9 system; however, due to low cleavage efficiency in HDFs, a panel of gRNAs 
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Figure 3-2: CRISPR/Cas9-mediated cleavage of ARG1 Intron 1 in HEK293, HDF, and 
iPSCs.  

A) Representative images of GFP reporter plasmid transfected HEK293 cells, HDFs, and iPSCs 
illustrates their relative transfection efficiencies. B) Surveyor assay results for HEK293, HDF, 
and iPSCs targeted by gRNA1. Cleavage products for CRISPR/Cas9-mediated cleavage by 
gRNA1 targeting are expected at 163 and 315 bp. HEK293 cell Surveyor assay results indicate 
cleavage bands in cells transfected with a pX330 plasmid with the gRNA1 targeting sequence 
present. HDF Surveyor assay results indicate faint cleavage bands. iPSC results indicate no 
apparent cleavage. All cells transfected with empty vector (EV) pX330 plasmid were not 
observed to produce cleavage. C) Sequencing results for HEK293 cell DNA. Sequences are 
aligned to wild type human ARG1 sequence with the gRNA target sequence on the 
complementary strand underlined. Only representative positive results are shown. 
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targeting multiple locations throughout intron 1 of ARG1 was developed and assessed. gRNA2 

and gRNA3 are located at the 3’ end of the intron, and gRNA4 and gRNA5 are located at the 5’ 

end of the intron. All new guides were analyzed using the Benchling system as previously 

described in section 2.1. 

3.2.1. gRNA Panel Cloning Confirmation 

Newly selected gRNA sequences were cloned into the pX330 plasmid, and sequenced prior to 

use in heteroduplex assay experiments.  

3.2.2. Transfection Efficiency of gRNA Panel in HEK293 Cells and HDFs 

Transfection efficiency results in HEK293 cells are similar to those seen in section 3.1.2, due to 

the similar transfection methodologies. The Amaxa 4D Nucleofector apparatus was used for 

transfection of HDFs, improving the transfection efficiency greatly (Figure 3-3A).  

3.2.3. gRNA Panel Heteroduplex Assay Results 

Similar to results seen in HEK293 cells in section 3.1.3, all seven gRNAs used in these 

experiments were capable of cleaving intron 1 of ARG1 at their target sites (Figure 3-3B,C). This 

was seen by the presence of cleavage bands, all at their expected locations. The lack of the 129bp 

band from CRISPR/Cas9-mediated DNA cleavage by pX330 containing gRNA3 may be due to 

low cleavage efficiency combined with Surveyor nuclease 5’ exonuclease capabilities (Qiu et al. 

2004). HDFs showed a complete lack of CRISPR/Cas9 system-mediated cleavage with all seven 

gRNA target sequences (Figure 3-3B,C). The bands seen in CRISPR3 in HDFs in Figure 3-3C 

are not the correct size and were present in the empty vector negative control and are therefore 

not indicative of CRISPR/Cas9-mediated cleavage. 
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Figure 3-3. CRISPR/Cas9-mediated cleavage of ARG1 Intron 1 with a panel of CRISPR gRNAs.  
A) Representative images of GFP reporter plasmid transfected HEK293 cells and HDFs 
illustrates their relative transfection efficiencies. Transfection efficiencies are shown in Table 3-1. 
B) Surveyor assay results for HEK293 cells and HDFs targeted by gRNAs 1-5, CRISPR1A and 
CRISPR3. Red arrows indicate the presence of cleavage products. HEK293 cell Surveyor assay 
results indicate cleavage bands in cells transfected with all pX330 plasmids containing the gRNA 
targeting sequences. HDF Surveyor assay results indicate no apparent cleavage bands. All cells 
transfected with pX330 plasmid lacking a complete gRNA sequence do not produce cleavage 
bands.  
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3.3. Assessment of CRISPR/Cas9 Cleavage in Multiple Cell Lines 

Lack of success in HDFs with the panel of gRNA targeting sequences implicated the cell line 

rather than the gRNA sequences as the next likeliest explanation for the lack of CRISPR/Cas9 

system effectiveness. A panel of cell lines including MCF7, A549, K562, HepG2, and BOECs 

was tested with the panel of CRISPR/Cas9 gRNAs to explore the variability in CRISPR/Cas9 

efficiency that can be present in different cell lines. 

3.3.1. Transfection Efficiency of gRNA panel in Cell Lines and Primary Cells 

Transfection efficiency was observed in MCF7, A549, K562, HepG2, and BOECs via the 

cotransfection of a pmaxGFP vector in one of the transfection reactions in each cell line. 

Transfection efficiency was determined as described in section 2.4. Transfection efficiencies are 

shown in Table 3-1, and these values are used to calibrate the heteroduplex assay results for use 

in Figure 3-5. 

3.3.2. gRNA Panel Heteroduplex Assay Results in Cell Line Panel 

pX330 vectors encoding gRNAs 1-5 were transfected into each cell line, and heteroduplex assays 

were carried out on each transfection reaction. DNA cleavage indicative of CRISPR/Cas9-

mediated cleavage occurred to varying degrees in each cell line (Figure 3-4B). A549 and HeLa 

cell heteroduplex assay results appear to show higher levels of cleavage when compared to 

MCF7, K562, HepG2, and HEK293 cells despite inconsistent results between different gRNA 

targets. Heteroduplex assay cleavage efficiency values were calculated based on the formula seen 

in section 2.6. To account for the fact that the heteroduplex assays were carried out on gDNA 

from cells that were not transfected with perfect efficiency, the heteroduplex assay cleavage 

efficiency values were divided by the transfection efficiency values for each cell seen in  



	 49	

Table 3-1. Transfection Efficiency of the pmaxGFP Vector in Cell Lines and Primary Cells. 
 
 

Cell	Line	 Transfection	
Efficiency	
(%)	

n	

HEK293	 40	 4	

HDF	 46	 1	

MCF7	 38	 2	

A549			 10	 2	

K562	 20	 2	

HeLa	 13	 1	

HepG2	 17	 1	

BOEC	 37	 1	
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Table 3-1. By correcting for the transfection efficiency values, the efficiency of the 

CRISPR/Cas9 system in each cell line can be isolated from the effects of differential transfection 

efficiency. The data was then normalized to cleavage efficiency in HEK293 cells with gRNA1-

mediated Cas9 targeting. These final effective heteroduplex assay results are seen in Figure 3-5A. 

Additionally, effective cleavage efficiencies of each of gRNAs 1-5 were averaged across all cell 

lines, normalized to HEK293 cell cleavage efficiency with gRNA1-mediated Cas9 targeting and 

compared in Figure 3-5B. 

3.3.3. RT-PCR Assessment of ARG1 Expression in Cell Line Panel 

To assess possible explanations for differential CRISPR/Cas9 efficiency in each cell line, RT-

PCR experiments examining the ARG1 mRNA expression in each cell line were carried out with 

GAPDH as a housekeeping gene positive control. Intensity of bands resulting from PCR 

amplification of cDNA indicates ARG1 expression is present in HepG2 cells as well as minimal 

ARG1 expression in K562 cells. ARG1 expression was not seen by RT-PCR in MCF7, A549, 

HeLa, HEK293, or HDF patient (Pt) 1,2, or 3 cells 

3.4. CRISPR/Cas Alternative Systems 

With the variable and minimal successes seen throughout CRISPR/Cas9-mediated gene editing 

attempts with the pX330 vector, alternative CRISPR systems were assessed for their potential to 

produce DNA cleavage in intron 1 of ARG1. 

3.4.1. Cas9n’s Transfection Efficiencies and Cleavage Capabilities 

The pX461 vector (Figure 2-1) was cloned with sequences for gRNAs targeting the centre of 

intron 1 in ARG1 as is confirmed in Figure 3-1. These pX461 vectors containing gRNA 
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Figure 3-4. CRISPR/Cas9-mediated cleavage of ARG1 Intron 1 in a panel of cell lines.  
A) Representative images of GFP reporter plasmid transfected MCF7, A549, K562, HeLa, 
HepG2, and BOECs illustrates their relative transfection efficiencies. Transfection efficiencies 
are seen in Table 3-1. B) Surveyor assay results for MCF7, A549, K562, HeLa, HepG2 and 
BOECs targeted by gRNAs 1-5. Red arrows indicate the presence of cleavage products. MCF7, 
A549, K562, HeLa and HepG2 cells show varying degrees of success with cleavage by gRNAs 
1-5, while BOECs fail to show cleavage. All cells transfected with pX330 plasmid lacking a 
complete gRNA sequence do not produce cleavage bands.  
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Figure 3-5. Trends in cleavage efficiency among various gRNA targets and in various cell 
lines.  

A) A chart indicating the cleavage efficiency of targeting various locations of ARG1 intron 1 in 
each cell line. Cas9 cleavage is calculated based on Surveyor assay band intensities and 
subsequently correcting for transfection efficiency of each cell line. Values were normalized to 
heteroduplex assay results for HEK293 gRNA1 Cas9 cleavage efficiency B) A chart indicating 
cleavage efficiency of various gRNAs. Cas9 cleavage efficiency is calculated as an average of 
cleavage efficiencies in each cell line assessed. Values were normalized to heteroduplex assay 
results for HEK293 gRNA1 Cas9 cleavage efficiency 
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Figure 3-6. RT-PCR of ARG1 in various cell lines.  
RT-PCR results indicate ARG1 expression in HepG2 cells, and minimal ARG1 expression in 
K562 cells. Total blood RNA is a positive control for ARG1 expression. Expected band size is 
175 bp. GAPDH expression was used as a housekeeping gene to assess for quality of the cDNA 
used. Expected band size is 246 bp. 
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sequences were transfected into HEK293 and HDF cells and cleavage efficiency was assessed 

once more with heteroduplex assays. Transfection efficiency appeared to be similar to 

transfection of pX330 into both HEK293 cells and HDFs seen in Figure 3-2A with transfection 

being higher in HEK293 cells than HDFs (Figure 3-7A). Heteroduplex assay results indicate 

successful cleavage of intron 1 of ARG1 in both HEK293 cells and HDFs with the cleavage 

efficiency in HDFs being severely reduced when compared to the HEK293 cells (Figure 3-7B). 

Cells that were transfected with a pX461 vector encoding only a single gRNA and cells that were 

transfected with a pX461 vector devoid of complete gRNA sequence targeting intron 1 of ARG1 

did not appear to have any DNA cleavage as was to be expected. Sequencing results from 

representative sequences of DNA from HEK293 cells treated with both pX461 vectors are seen in 

Figure 3-7C. Deletion mutations generally encompassed a large portion of the DNA between the 

two targeted single-stranded breaks, indicating that DNA resection likely occurred as a step in the 

NHEJ pathway in these cells, thus confirming accurate DNA targeting with the CRISPR/Cas9n 

system in these experiments. 

3.4.2. Cpf1’s Transfection Efficiency and Cleavage Capability in HEK293 Cells 

The CRISPR/Cpf1 system was also assessed to test its capabilities in targeting intron 1 of ARG1 

in human cells. The pY010 vector was used along with gRNAs that were designed with the 

Benchling tool and assembled with in vitro transcription. The plasmid and gRNAs were 

transfected into HEK293 cells and analyzed via heteroduplex assay. Despite transfection 

efficiency appearing to be high (Figure 3-8A), heteroduplex assay results show an inability of the 

CRISPR/Cpf1 system to produce cleavage in intron 1 of ARG1 in the presence of both Cpf1 

vector and gRNA (Figure 3-8B). 
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Figure 3-7. CRISPR/Cas9n-mediated cleavage of ARG1 Intron 1 in HEK293 cells.  
A) Representative images of GFP reporter plasmid transfected HEK293 cells illustrates the 
transfection efficiency in these cells. B) Surveyor assay results for HEK293 cells targeted by 
paired gRNAs, a single gRNA and no gRNAs. Cleavage products for CRISPR/Cas9-mediated 
cleavage by paired gRNA targeting are seen as expected around 165 and 284 bp. All cells 
transfected with pX461 plasmid containing a single gRNA sequence or pX461 plasmid lacking a 
complete gRNA sequence do not produce cleavage bands. C) Sequencing results for HEK293 
cells targeted by dual gRNAs are shown with the gRNA target sites indicated. Sequences are 
aligned to wild type human ARG1 sequence with the gRNA sequences underlined. Only 
representative positive transfected sequences are shown. 
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Figure 3-8. CRISPR/Cpf1 unable to produce cleavage of ARG1 Intron 1 in HEK293 cells  
A) Representative images of GFP reporter plasmid transfected HEK293 cells illustrates the 
transfection efficiency in these cells. B) Surveyor assay results for HEK293 cells targeted by 
Cpf1 gRNA. HEK293 cell Surveyor assay results fail to detect cleavage of ARG1 Intron 1 by 
Cpf1. 
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4. Discussion 

These studies demonstrate a complex CRISPR/Cas9 system that can cleave DNA in certain 

cellular settings but fails to do so ubiquitously as was expected. By considering the results seen in 

these experiments, the CRISPR/Cas9 system’s capabilities and limitations can be more 

thoroughly understood. 

4.1. CRISPR/Cas9 System Function 

The CRISPR/Cas9 system used initially in this study was expressed via the pX330 plasmid, 

which is known to successfully produce CRISPR/Cas9-mediated cleavage in vitro and in vivo 

(Yin et al. 2014) and is therefore a prime candidate for use in CRISPR/Cas9 experiments. The 

pX330 plasmid contains a gRNA cloning site as well as a coding sequence for the Cas9 protein. 

By providing both sequences in a single vector, complications surrounding cotransfection 

efficiencies were circumvented; however, the option to provide increased ratios of gRNA to Cas9 

protein, as has been conducted in experiments seen in the literature, was not available as a means 

of troubleshooting low levels of transfection efficiency (Wang et al. 2013).  

The results seen in Figure 3-2 show efficient cleavage of intron 1 of ARG1 with the 

CRISPR/Cas9 system and gRNA1 in HEK293 cells but not in HDFs or iPSCs. These results 

indicate that the design and implementation of the CRISPR/Cas9 system was successful. 

However, there were a number of variables that came to light in these experiments that may have 

played a role in the success and efficiency of the CRISPR/Cas9 system used. 

At the time of the initial design of the gRNA used in the bulk of the experiments (gRNA1), the 

Benchling program that was used to check the predicted on-target efficiency of the gRNAs was 
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not yet developed, and the gRNA therefore has a relatively low on-target score. While the low 

predicted on-target score may have played a role in the cleavage efficiencies observed, the overall 

difference in cleavage efficiency between high-scoring and low-scoring gRNA sequences does 

not account for the entirety of the variability in cleavage efficiency between gRNAs (Doench et 

al. 2014).  

Another variable that likely affected the success of the CRISPR/Cas9 system is the efficiency of 

transfecting the pX330 plasmid into the cells of interest. Transfection efficiency is directly 

related to the efficiency of the CRISPR/Cas9 system in the target cells because only cells that 

were transfected could undergo DSBs, while all cells, transfected or not, were tested for cleavage 

with the heteroduplex assay methodologies used. As previously stated, the methodology carried 

out in these experiments involved cotransfection of the pX330 plasmid alongside the pmaxGFP 

plasmid to determine transfection efficiency. While it is possible that the transfection efficiencies 

observed included cells that received only pmaxGFP and ignored cells that received the pX330 

vector without incorporating and expressing a pmaxGFP plasmid, the likelihood of either of these 

events happening is quite low. The predominant result seen in the literature demonstrates that 

cotransfection happens in an all-or-none fashion in cells (Xie and Tsong, 1993), indicating that 

cells expressing GFP were very likely to have incorporated the CRISPR/Cas9 system as well. 

Accounting for the transfection efficiencies observed in Figures 3-2A and 3-3A, the cleavage that 

was seen in HEK293 cells (Figure 3-2) appeared to be highly efficient, in line with published 

findings (Cong et al. 2013). The gRNA design and cloning was successful as shown in Figure 3-1 

and the Cas9 enzyme successfully targeted the correct location of ARG1 Intron 1. Sequencing 

data seen in Figure 3-2 further validated the system by showing indels surrounding the proposed 

target location. This indicates that the failure of the CRISPR/Cas9 system to function efficiently 
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in HDF and iPSCs is unlikely to be due to the inability of the CRISPR/Cas9 system to bind to 

accessible DNA.  

An explanation for the variability between cell lines may be that the pX330 plasmid is not being 

expressed in HDFs and iPSCs. Studies in HDFs show that lentiviral vectors with an hU6 

promoter expressing the Cas9 protein were capable of inducing efficient gene editing (Kabadi et 

al. 2014). Differences between the vectors used by Kabadi et al. and the pX330 plasmid may 

account for differences in the CRISPR/Cas9 system’s functionality between the two studies. 

iPSCs have undergone much more thorough research with the pX330 plasmid and studies show 

that it is capable of producing efficient cleavage in iPSCs (Yang et al. 2016). The success of 

CRISPR/Cas9 systems containing similar plasmid designs to the pX330 plasmid indicates that 

the variability of cleavage success between cell lines may not be due to a lack of the cells’ ability 

to express the pX330 plasmid, but rather due to cell-specific effects. 

A study by Farasat et al. (2016) models variables responsible for differences observed in 

CRISPR/Cas9 cleavage efficiency, examining host cell genome size, cellular growth rate, and 

gRNA concentration. While the host cell genome size is relatively constant between the cell 

types, the difference in cell growth rate and gRNA expression levels between cell types may play 

a role in the differences seen in CRISPR/Cas9 cleavage efficiency. The model studied in their 

experiments observed that increasing gRNA concentration generally does not increase cleavage 

efficiency but rather shortens the time it takes for the cells to reach a steady state of cleaved 

DNA. The model also showed that doubling cell growth rate lowered the cleavage efficiency by 

up to twofold. This change was posited to occur due to dilution of the CRISPR/Cas9 system 

when compared to available DNA as well as faster replenishment of bound DNA sites being 

targeted by the CRISPR/Cas9 system. This model provides some insight but does not provide a 
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clear explanation behind the variability seen in the heteroduplex assay results as the growth rate 

is highest in HEK293 cells when compared to HDF and iPSCs; with 72 hours between 

transfection and gDNA extraction the cells likely reached a steady cleavage state.  

Another variable that can affect the CRISPR/Cas9 system function is chromatin accessibility due 

to epigenetic modifiers. There is some disagreement among studies that have found that DNA 

methylation status plays no role in Cas9 binding (Hsu et al. 2013), and studies that have found 

that DNA methylation and chromatin accessibility negatively correlates with Cas9 function (Wu 

et al. 2014). These contradictory findings indicate that epigenetic status of the target DNA may 

play a role in Cas9 targeting efficiency and that more research must be done in observing the role 

of the target location’s epigenetic status on Cas9 function. 

It is also possible that the primary cells tested in the experiments shown were undergoing 

cleavage at the target location but were merely undergoing HDR rather than NHEJ, with the 

homologous allele being used as a repair template. This explanation is unlikely however, because 

the rates of HDR when compared to NHEJ in the absence of supplied repair templates is 

generally quite low (Chu et al. 2015). 

To further explore possible explanations of the variable CRISPR/Cas9 system function seen 

between HEK293 cells, HDFs and iPSCs, a panel of gRNAs was constructed. While the 

experimental aim was to cleave intron 1 of ARG1 the location of the target site within ARG1 

could play a role in CRIPSR/Cas9 system efficiency. 

 

 



	 61	

4.2. CRISPR/Cas9 gRNA Panel Targeting the ARG1 Locus 

Variability in the CRISPR/Cas9 system’s ability to cleave intron 1 of ARG1 using gRNA1 led to 

the design of gRNAs 2-5. These gRNAs were designed to cover the 5’ and 3’ ends of the intron 

while optimizing both on-target and off-target predicted efficiencies. gRNAs 2 and 3 are targeted 

to the 3’ end of the intron while gRNA4 and gRNA5 are targeted to the 5’ end of the intron, with 

gRNA1 targeting the centre of the intron. gRNA2 and gRNA4 were designed to optimize the 

predicted on-target efficiency, while gRNA3 and gRNA5 were designed with minimal predicted 

off-target cleavage as a goal. By designing gRNAs that target different locations within intron 1 

of ARG1 and with different scores for predicted on-target and off-target effects, the optimal 

gRNA design and target location could be chosen for further study.  

Figure 3-3 shows that gRNAs 2-5 appeared to have higher cleavage efficiencies than gRNA1 in 

HEK293 cells but remained unable to successfully produce efficient cleavage in HDFs despite 

high transfection efficiencies (Figure 3-3A). This lack of cleavage in HDFs with the entire panel 

of gRNAs indicates that the lack of cleavage efficiency in HDFs previously seen with gRNA1 is 

not based on the specific sequence and target location of gRNA.  

The efficiencies of each gRNA in the panel are compared in Figure 3-5B. No significant 

difference (p>0.05) in average cleavage efficiency was seen between any of the gRNAs although 

slight trending towards higher cleavage efficiency in gRNAs targeting the 5’ end of intron 1 was 

seen. Additionally, gRNA2 and gRNA4 may have slightly increased CRISPR/Cas9 cleavage 

efficiency when compared to gRNA3 and gRNA 5 respectively, which may be representative of 

the higher on-target score of these gRNAs. 
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The majority of CRISPR/Cas9 studies involve the targeting of exonic DNA sequence while the 

data regarding CRISPR/Cas9 targeting of intronic sequence are lacking. It is possible that the 

intronic sequences tested in these experiments have epigenetic modifications and chromatin 

accessibility issues leading to decreased targeting efficiency in certain cell types. Studies in 

Zebrafish targeting intronic sequences show efficient gene targeting with the CRISPR/Cas9 

system (Li et al. 2015) however, a study involving the targeting of a variety of exonic sequences 

and an intronic sequence showed much lower CRISPR/Cas9-mediated cleavage at the intronic 

target site (Merkle et al. 2015). These results indicate that the low cleavage efficiency in HDFs 

may have been due to low efficiencies in targeting of intronic sequence. 

To determine if the low cleavage efficiencies seen in primary cells are specific to intron 1 of 

ARG1, gRNAs CRISPR1A and CRISPR3, targeting exon 3 and exon 7 respectively were 

designed and cloned in to the pX330 plasmid. Figure 3-3C shows that these gRNAs were 

incapable of producing cleavage in HDFs as well despite producing efficient cleavage in 

HEK293 cells. This result indicated that the failure of the pX330 system to efficiently cleave 

DNA in HDFs is not restricted to intron 1 of ARG1. While it is possible that gRNA targeting 

outside of the ARG1 gene can produce cleavage in primary patient cells, the lack of efficient 

cleavage anywhere within the ARG1 gene in HDFs indicates that it is likely dependent on the 

CRISPR/Cas9 system’s functionality in this cell type. As a means to further understand the 

nature of the variability in CRSIPR/Cas9 system function in various cell types the gRNA panel 

was tested in a variety of different primary and cancer cell lines. 
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4.3. CRISPR/Cas9 Targeting in Cell Lines and Primary Cells 

The efficiency of the CRISPR/Cas9 system in a panel of eight different cell lines was tested to 

determine the presence of cell-specific changes in function. In these experiments human MCF7, 

A549, K562, HeLa, and HepG2 cancer cell lines were tested along with the non-cancer HEK293 

cell line, and HDF and BOEC primary cells. By testing a variety of human cell types, the nature 

of the cell-to-cell differences in CRISPR/Cas9 system efficiency could be further elucidated.  

Figures 3-3 and 3-4 show cleavage throughout intron 1 of ARG1 in MCF7, A549, K562, HeLa, 

HepG2, and HEK293 cells when targeted with the CRISPR/Cas9 system; however, cleavage by 

the CRISPR/Cas9 system was not seen in HDFs and BOECs. These results are consistent with 

previous results due to the failure of the CRISPR/Cas9 systems used to produce DSBs in primary 

cells. The consistent success of cleavage in cancer cell lines and HEK293 cells indicates that the 

system’s success is not HEK293 cell-specific and is capable of cleaving DNA in the correct 

location in a variety of different cell types. 

Figure 3-5A compares the CRISPR/Cas9 system efficiency at producing cleavage in each cell 

line at the various locations in intron 1 of ARG1 after taking into account transfection 

efficiencies. Possibly due to low n values and high variability within data sets, there are no 

differences observed; however, it can be seen that there is a broad range of CRISPR/Cas9 

cleavage efficiencies between cell lines and between the various target locations in intron 1 of 

ARG1. This variability indicates that the cell line and target location heavily influence 

CRISPR/Cas9 system efficiencies. Despite the variability seen between cell lines, there is a clear 

presence of CRISPR/Cas9 system function in cancer and non-primary cells and a clear lack of 

CRISPR/Cas9 system function in the primary cells tested. 
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The failure of the CRISPR/Cas9 system used to cleave the DNA at intron 1 of ARG1 in primary 

human cells may be due to the differences between primary cells and non-primary cells. 

Immortalized cell lines tend to have errors in cell cycle checkpoints, dysregulation of telomerase 

enzymes, and/or upregulation of oncogenes and downregulation of tumour suppressor genes 

(Maqsood et al. 2013). Additionally, cancer cells are known to have altered genomic and 

epigenomic information, leading to genetic instability and altered growth patterns (Masters, 

2000). These features that differ from primary cells may play a role in altering the cell lines’ 

ability to express the CRISPR/Cas9 system or for the system to target the correct location.  

The differences between the genomic states of each cell may also play a role in differences of 

cell-to-cell gene editing efficiencies. Studies have shown that the CRISPR/Cas9 system searches 

through the genome in euchromatic regions more efficiently than in heterochromatic regions 

(Knight et al. 2015). It is possible that the varied results seen between cell lines are representative 

of the varied epigenetic states and chromatin packing patterns in each cell line. To gain an 

estimation of the epigenetic state of the ARG1 locus in each cell line RT-PCR was performed in 

most cell lines in these studies. Due to the nature of epigenetic modifiers, it is assumed that 

transcriptionally active DNA is more euchromatic and accessible to the CRISPR/Cas9 system 

than transcriptionally inactive loci. Figure 3-6 shows that ARG1 transcription was only present in 

HepG2 cells and in a very small amount in K562 cells. In relating these results to the data from 

Figures 3-3, 3-4, and 3-5A, there is no observed association between ARG1 transcription and the 

capability of the CRISPR/Cas9 system to cleave ARG1 at intron 1.  

While the RT-PCR results do not show any relationship between genetic or epigenetic states and 

CRISPR/Cas9 system targeting, it remains a possibility that epigenetic factors affect 
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CRISPR/Cas9 system function. Further assessment of the genome and epigenome is necessary to 

fully understand the nature of these cell-to-cell differences. 

4.4. CRISPR/Cas Alternative Systems’ Cleavage Capabilities 

The CRISPR/Cas9 system used in the experiments discussed may be responsible for the lack of 

activity observed in primary cells. To determine if this is true, Cas9n and Cpf1 systems were 

tested to determine if they could produce cleavage at intron 1 of ARG1 in HDFs. Figure 3-7 

shows results using the pX461 plasmid which codes for both gRNA and Cas9n sequence. By 

providing the gRNA sequences seen in Table 2-1 in two separate pX461 plasmids, cleavage was 

observed in HEK293 cells (Figure 3-7). Lack of cleavage however, was seen by the Cas9n 

system used in HDFs.  

The failure to cleave intron 1 of ARG1 is consistent with results in Figure 3-2 and Figure 3-3, 

which tested the pX330 plasmid’s capability to produce CRISPR/Cas9-mediated cleavage, and 

supports the notion that the lack of CRISPR/Cas9-mediated cleavage in HDFs is a cell-dependent 

phenomenon. However, it is possible that due to the similarities in the enhancer, promoter and 

general design elements between the pX461 and pX330 plasmids (Figure 2-1), an error in 

transcription or translation with one of the common elements of the plasmids can explain the 

similar results. 

The CRISPR/Cpf1 system failed to produce DSBs in intron 1 of ARG1 in HEK293 cells as seen 

in Figure 3-8. This result, when compared with results seen previously in the literature in which 

the CRISPR/Cpf1 system proved capable of efficient cleavage in HEK293 cells (Zetsche et al. 

2015), indicates that the Cpf1 system may have different epigenetic requirements for producing 

DNA cleavage. It is also possible that undetected errors occurred during vital steps in the work-
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up of the system, such as erroneous in-vitro transcription, improper RNA purification, or 

inaccurate RNA quantification, as there was a complete lack of cleavage seen. While the 

methodology used in the current study was previously shown to be efficient in producing 

CRISPR/Cpf1-mediated DSBs, the lack of success in the experiments seen in Figure 3-8 may be 

the result of technical errors in gRNA design, in vitro transcription, or gRNA transfection. 

There are many alternative gene editing systems and methods of introducing the systems to the 

target cells that can be utilized in the future to determine the optimal system for editing intron 1 

of ARG1. dCas9 FokI, ZFNs, TALENs, modified gRNAs, in vitro transcribed gRNAs, 

recombinant Cas9, and stably expressed Cas9 all have chances of success, although the specific 

aspects of each that would lead to higher rates of success when compared to the systems used in 

this study is unclear. 

The experimental aim of producing CRISPR/Cas9-mediated cleavage was not realized in all cells 

assessed. However, these experiments provide a foundation of observations into the complexities 

and variables associated with CRISPR/Cas9 system targeting in intron 1 of ARG1.  
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Conclusion and Future Directions 

The CRISPR/Cas9 gene editing system is an exciting and novel biotechnology capable of 

producing targeted DSBs in target cell genomes. The current study supported the notion that the 

CRISPR/Cas9 system is capable of producing efficient cleavage in many cell types. The 

CRISPR/Cas9 systems that were studied did not have consistent success across cell types as they 

did not produce targeted DSBs in primary cells tested. This result is consistent throughout the 

ARG1 gene, with five gRNAs designed to target intron 1 of ARG1 and two gRNAs designed to 

target exons 3 and 7 of ARG1, all showing success in HEK293 cells and failure to cleave DNA 

consistently in HDFs. 

Further, the current study uncovered a pattern of successful cleavage in non-primary cells, and 

unsuccessful cleavage in primary cells, as the CRISPR/Cas9 system used proved capable of 

producing DSBs in HEK293, MCF7, A549, K562, HeLa, and HepG2 cells, while failing to 

produce DSBs in primary HDF and BOECs. These cell-to-cell differences indicate that the 

capabilities of the CRISPR/Cas9 system are dependent on either the state of the genome in each 

cell or the capability of the cell to express the plasmids provided.  

The results presented highlight the variability that can be seen when implementing novel 

technologies towards use in unique and untested environments. This project further validates the 

importance of extensive testing of CRISPR/Cas9 cleavage capabilities prior to conducting gene 

editing experiments. 

Future experiments carried out with the aim of producing targeted DSBs in intron 1 of ARG1 for 

use in gene editing experiments can be conducted with a variety of systems. Recombinant Cas9 

systems are a popular alternative to plasmid-based CRISPR systems, and these methodologies 
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circumvent the need for the host cell to express Cas9 from a transfected or transduced plasmid. 

Additionally, with the failure to produce CRISPR/Cas9-mediated cleavage in intron 1 of ARG1 

being cell-type dependent, additional primary cell types capable of being reprogrammed to iPSCs 

can be tested for CRISPR/Cas system capabilities. 

Upon producing cleavage in intron 1 of ARG1 the cells can be taken through the workflow 

described in Figure 1-6 to repair the function of ARG1 at the ARG1 locus then differentiated into 

hepatocyte-like cells. These cells can be examined for adequate urea cycle biochemistry and 

methodologies targeted for human treatment can be explored. 
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