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ABSTRACT 

 

Single base mutations can be repaired by introducing single stranded DNA 

oligonucleotides (ssODN) into a target cell. The frequency at which this occurs is 

dependent on several of factors: the length of ssODN, the position of the cell in its 

proliferative cycle, and the presence of double-stranded DNA breaks in the host 

genome. Genome editing offers a promising strategy for gene repair and correction by 

overcoming difficulties associated with lack of precision. CRISPR/Cas has increased 

the pace and lowered the cost of research, allowing the genetic manipulation even in 

organisms that have historically been difficult to modify. Furthermore, the 

combinatorial approach uniting ssODNs and CRISPR/Cas9 has emerged as a feasible 

therapeutic approach. In the work presented in this dissertation I focused on the 

mechanism and application of gene editing utilizing CRISPR systems. I tested 

combinatorial approach of utilizing CRISPR/Cas9 system along with ssODN to 

promote single base pair correction and demonstrate it is now possible to direct single 

nucleotide exchange in efficient manner. We find that both insertions and deletions 

accompany single base repair as result from allelic analysis of clonally expanded cell 

populations. CRISPR/Cas9 and single-stranded oligonucleotide donor DNA molecules 

working in tandem can lead to the precise repair of the point mutation in the eGFP 

gene, and led to propose a new model for the repair of point mutations, a process we 

have termed ExACT. The relationship between transfection efficiency and gene 

editing activity was tested and analyzed based on experimental and visual data and 



   

 

 xxi 

found that there is no direct correlation between efficient cellular uptake and genome 

modification directed by an RNP. By understanding the mechanisms by which 

CRISPR/Cas executes gene editing in human cells, a more efficacious and potential 

approach to drug development could be undertaken.  The application of the CRISPR 

gene editing system in two different approaches to study pediatric Leukemia was 

explored. (1) pediatric patient specific ALL chromosomal translocation 

(4:11)(q21:q23) was re-created by utilizing the CRISPR/Cas9 system in HEK293 

cells. This led to the development of a convenient platform for rapid modeling of 

cancer-related genetic mutations in vitro. (2) Implemented the use of a novel gene 

editing approach to create expression vectors that harbor patient specific mutations 

that were tested against TKI.  We have developed a diagnostic system to monitor the 

impact of mutant FLT3 ITDs on the progression of oncogenesis and to evaluate the 

efficacy of novel AML drugs. 
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 Chapter 1

INTRODUCTION  

Gene Editing 

Targeted gene alteration is a molecular strategy that aims to modify the 

genome at a precise predetermined site. This genome engineering approach could 

correct single base mutations responsible for genetic diseases. The traditional 

approach to gene therapy requires a virus to deliver a functional copy of a gene, which 

would compensate for the lack of activity from the dysfunctional gene. This approach 

has not been as successful in its early attempts since it was not regulated properly, 

often causing random insertions generally disrupting other genes and often driving the 

cells toward oncogenesis [1,2]. The current gene-editing concept involves using single 

stranded DNA oligonucleotides to direct a nucleotide exchange at a precise genomic 

site [3].  Therefore, single base mutations have the potential to be  repaired by 

introducing single stranded DNA oligonucleotides (ssODN) into a target cell [3–5]. 

The frequency of this corrective activity is dependent on a set of factors: the length of 

ssODN, the position of the cell in its proliferative cycle [6,7], and double-stranded 

DNA breaks in the host genome [8,9].  

Three major agents are used to catalyze specific double stranded DNA breaks: 

Zinc-Finger Nucleases (ZFNs), Clustered Regularly Interspersed Short Palindromic 

Repeats (CRISPR)/Cas9 and Transcription Activator-Like Effector Nucleases 

(TALENs),(see Figure 1) [10–15]. All three technologies catalyze double strand 
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cleavage of chromosomal DNA in a site-specific manner, triggering endogenous DNA 

repair systems to engage in targeted genome modification. ZFNs are programmable 

nucleases composed of a FokI non-specific DNA cleavage catalytic domain and a 

zinc-finger protein DNA-binding domain. TALENs are proteins with a TALE binding 

domain and the same FokI nuclease domain [16–18]. CRISPR/Cas relies on a guide 

RNA and the Cas nuclease that will cleave DNA upon target recognition and 

activation[19]. These so-called “programmable nucleases” [20] could enable more 

efficient use of the double stranded break as a stimulatory factor in reactions designed 

to correct single base mutations. Each of these nucleases has it unique advantages and 

limitations summarized in Table 1.    

Two distinct pathways repair double stranded breaks: error prone non-

homologous end joining (NHEJ) or Homology Directed Repair (HDR) (see Figure 2). 

Shortly after the cleavage the cell attempts to repair the damage through NHEJ unless 

a suitable donor is present. If no donor is present, the gene may be rendered inactive 

through deletions and/or frame-shift mutations (others called indels) at the site of the 

break; events that can lead to knockout of the gene. If a suitable donor is present 

(ssODN for example), the cell may repair the damage through the HDR repair 

pathway. The donor serves as a template to guide the repair and generate specific 

nucleotide exchange. 

Gene Editing and Genetic Disorders 

Gene editing can generate inheritable nucleotide changes and as such could be 

used in the treatment of genetic disorders caused by point mutations. Sickle cell 

anemia occurs in approximately 1 out of every 500 African American births and 1 out 

of every 36,000 Hispanic American births; over 2 million Americans have sickle cell 



   

 

 3 

trait.  At the genetic level, a mutation in the second position of the sixth codon in the 

β-globin gene(s) represents the genotype of SCD. The mutant codon encodes Glutamic 

acid (GAG) instead of the normal Valine (GTG) and results in the production of 

hemoglobin Hb
S
 which differs from the normal Hb

A
 in that it tends to polymerize into 

long strands that deform the erythrocyte [21].  Hydroxyurea and chronic transfusions 

are treatments; these therapies are wrought with short and long term side effects that 

limit efficacy[22,23]. Gene editing aims to correct the single base mutation, changing 

the sixth codon to Glutamic Acid and permitting the cells to produce Hb
A 

[21,24].  

Promising results in the study of other genetic disorders caused by point 

mutations such as Tyrosinemia with gene editing approaches demonstrate the 

possibility of gene editing as a clinical therapy for this genetic disorders and others in 

a near future.  Hao et al.[25] corrected the point mutation that causes a Tyrosinemia in 

an essential gene involved in liver metabolism using a mouse model system [25].  

Adult mice carrying the mutated form of the FAH enzyme, were treated with delivered 

RNA guide strands, the Cas9 gene and a 199-nucleotide DNA repair template that 

includes the correct sequence of the mutated FAH gene [25]. Other diseases that could 

be treated using a gene editing approach include: AIDs, Hemophilia, Huntington’s 

Diseases and Combined Immunodeficiency Syndrome [26,27]. Genome editing offers 

a promising strategy to overcome difficulties associated with lack of precision when 

inserting new genetic material and the potential effects of viral vectors that have 

limited the success of in vivo gene therapy.  However, in the recent years gene therapy 

there has been successful in correcting an inherited eye genetic mutation that leads to 

blindness [28]. By 2017 it became the third gene therapy approved by the FDA for use 
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in the U.S. for children and adults with retinal dystrophy due to a mutation of the 

RPE65 gene [29].  

The CRISPR-Cas9 system is being employed to edit the CFTR gene to repair 

mutations that lead to cystic fibrosis and in the dystrophin gene, where mutations lead 

to Duchenne and Becker muscular dystrophy[30]. Epigenomic editing is a potential 

strategy for diseases of epigenetic dysregulation, such as cancers. This could be 

achieved using a Cas9 protein modified to deliver an epigenetic modification to a 

target site rather than to cut the genome[31]. Cas9 might also be altered, or related 

enzymes may be employed, to cleave different forms of RNA, with potential 

application to the removal of infectious RNA viruses (e.g. rotavirus, Ebola and Zika) 

or in the recognition of eukaryotic RNA carrying modifications such as 

methylation[32,33]. 

Single stranded oligonucleotide (ssODN) Directed Gene Editing 

Single-stranded oligonucleotides (ssODNs) are short, single stranded DNA 

synthetic molecules, produced by solid-phase chemical synthesis of any specified 

sequence and length. It was one of the first tools used for gene editing. The ssODN is 

designed in a way that it is complementary to the target gene at all bases except one, 

which creates a mismatch at the base intended to be changed [34]. Single stranded 

DNA is highly susceptible to intracellular degradation; shorter ssODNs are highly 

susceptible to nulcleolytic degradation. Phosphorothioate linkages are often used 

between the terminal 5’ and 3’ to protect the ssODNs from nucleolytic degradation. 

common for bases ends to have 3 phosphorothioate bonds [34]. Different lengths of 

ssODNs (35 to 150 bases) have been used for gene editing experiments.  
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Another parameter that may vary in the design of the ssODN is the strand to 

which it will be complementary too, transcribed strand (T) or non-transcribed (NT). A 

strand bias has been attributed to the increased accessibility of the non-transcribed 

(NT) strand for ssODN annealing during transcription having a beneficial role on 

ssODN-mediated gene targeting [34]. Most successful studies use NT ssODNs [35–

37]. These reaction parameters must be considered when designing the best conditions 

for obtaining high correction efficiencies. Single base changes directed by ssODNs 

have been reported at frequencies ranging from 0.3% and 1% routinely [3–5].  

Previous data reveals that double-stranded breaks introduced by including anti-

cancer drugs in the reactions, enhances the frequency of this repair. The anti-cancer 

drugs are typically DNA breakage more often at the replication forks, which can 

activate the DNA repair mechanisms [8,9,38]. Pre-treatment of cells, targeted for gene 

editing by ssODNs, with camptothecin (CPT) enhanced gene editing activity 5-10 fold 

[39].  These double stranded breaks were not site specific, so they could disrupt 

normal cell function by random cleavage (thus limiting their potential for clinical 

application). Although the double stranded breaks are not specific, they enhance gene 

editing activity by providing an entry point for the ssODN to align in homologous 

register with the target region (see Figure 3). Some have suggested that once aligned 

the ssODN could provide a 3’OH for extension and act as a “quasi Okazaki fragment” 

[3,37]. During elongation phased DNA replication in gene editing directed by ssODNs 

can be divided into three distinct phases [3,4]. First, initiation, involves the alignment 

of the ssODN in homologous register with the target site. Next, the step of correction 

comprises the actual nucleotide exchange at the single mismatch base and last, 

recovery is the phase in which the cell resumes its normal metabolic activities [37].  
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Impact of Cell Cycle on Gene Editing 

The importance of the cell cycle stage for gene editing has been demonstrated 

repeatedly [6,37,38,40–42] . Studies have centered on the effect of S phase when the 

cells are undergoing DNA replication and the chromatin is in a non-condensed state. 

This chromatin structure may permit unfolding allowing the gene to be more 

accessible to interact with the ssODN searching for homology. A model has emerged 

in which reversal of genotype takes place most often through incorporating the ssODN 

into a newly synthesized DNA strand [3]. This incorporation appears possible when 

DNA replication takes place during the gene editing reaction [3,6,7,38]. The 

mechanism of action involves the incorporation of the ssODN into a growing 

replication fork [4,5,12] (see Figure 3), which probably disrupts the chromatin 

structure, reduces steric hindrance and permits ssODN access to the target site.  

In past studies, the level of ssODN required to activate the reaction is so high 

that the corrected cells cease to proliferate; a phenomenon termed, Reduced 

Proliferation Phenotype (RPP) [37]. It has also been reported that gene correction 

takes place most effectively during mid S phase: synchronized and released cells 

(~4hrs) are most amenable (Figure 4). These observations establish the importance of 

DNA replication in the gene editing reaction [3,6,7,38]. The level of gene repair is 

enhanced dramatically when cells are targeted during S phase and, specifically, when 

slowed in their progression through S phase [38,40,41]. Gene editing directed by a 72-

mer (NT), a 72bp ssODN that hybridizes to the non-transcribed strand, takes place at 

an approximate level of 0.7% targeting unsynchronized cells [37]. When synchronized 

and released cells are targeted, the correction frequencies approach 2% [38,43]. 

Synchronization and release of these cells enables higher levels of targeting since 

more cells are traversing through S phase, which may shift the balance toward HR or 
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HDR and away from NHEJ. Double stranded DNA breakage (random) arrests cell 

cycle progression and elevates gene-editing frequency significantly. The large number 

of free single stranded ends from ssODNs induces the activation of the DNA damage 

response pathway and RPP begins.  

Gene Editing Model System  

HCT 116-19 cells are a well-established gene editing model system used to 

elucidate the mechanism of action [21,34,40] . This cell line (HCT 116-19) is derived 

from human colorectal carcinoma with a single copy of the mutant eGFP gene 

integrated into the genome. This model system enables the correlation between 

genotypic and phenotypic changes with functional protein activity. The integrated 

single copy eGFP gene (illustrated in Figure 5) contains a nonsense mutation at 

position +67, which results in the expression of nonfunctional eGFP. The eGFP gene 

was mutated near the 5’ end of the coding sequence creating a stop codon (TAG) in 

place of a tyrosine (TAC).  The presence of the stop codon (TAG) truncates the 

production of eGFP resulting in the absence of green fluoresce in the cell. This system 

is an established model for analyzing the mechanism of gene editing in human cells 

[21,34,37,40,44,45].  

In most applications, 72NT ssODN has been used in optimization studies for 

delivery and the response of cell and genomic DNA in the gene editing reaction [46].  

Once the reaction or the repair of the TAGTAC has been facilitated, the population 

of cells is analyzed by Flow Cytometry or Fluorescence-activated cell sorting (FACS) 

and the percentage of live green fluorescent cells within that population is presented as 

a frequency of gene correction. Sorted eGFP
+
 cells are easily quantified and genotype 

can be verified by direct DNA sequencing. Thus, genotype and phenotype, expression 
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of a functional protein, is assessed in a valid, simple way, a critical component of 

reaction optimization or characterization studies.  

Transcription Activator Like-Effector Nuclease (TALEN)  

Transcription Activator-Like Effectors (TALEs) are naturally occurring 

proteins found in pathogenic bacteria Xanthomanas.  TALEs consist of DNA binding 

domains composed of 33-35 amino acids each recognizing a single base of DNA. 

Their specificity is enabled by two hyper-variable amino acids at positions 12 and 13 

positions, known as repeat variable di-residues (RVD) and notated as NI, NG, HD, 

and NN, which specifically recognize Adenine, Thymine, Cytosine and Guanine. 

Single base recognition by TALEs gives them greater flexibility in design than the 

Zinc Finger proteins, which bind to DNA in triplets recognizing codons (Figure 6).  

TALEs have been fused with the nuclease FokI, a type IIS restriction enzyme 

structured by a separable DNA-binding domain and a nuclease domain. The nuclease 

domain from Fok1 is fused to the carboxyl termini of the TALE protein and this fusion 

protein is known as Transcription Activator-Like Effector Nuclease (TALEN). 

TALENs will only cut when dimerized, and dimerization will occur only when two 

TALEN arms or subunits that recognize a specific sequence in the genome associate. 

Each arm binds to one of the two strands of DNA; the Left arm (L) is the TALEN 

subunit the will bind 5’-3’ strand and the Right arm (R) is the TALEN that will bind to 

the 3’-5’ strand. TALEN arms bound to their respective target sites must have a spacer 

of 13-30 bases for an effective dimerization.  The spacer region is the distance 

between the site where Fok1 binds and where the last RVD binds to on each TALEN 

arm. The cut sites are predicted to occur at the center of the spacer region for each 

TALEN pair. While unnecessary the preferred specific sequence recognized by each 
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arm is best proceeded by a thymine.  The flexibility for the design of custom TALENs 

allows for the creation of a site-specific endonuclease that can act anywhere the 

genome.  

TALENs were designed as a tool as site-specific endonucleases for selective 

genome engineering.  The site-specific cleavage creates a double strand break in the 

chromosomal DNA acting together with ssODN to execute gene editing (Figure 7).  

First, a precise entry point for the ssODN, which can function as primer through the 

incorporation with the 3’ end serving as a “quasi Okazaki fragment” is created by the 

break. Second, the 5’ site undergoes error-prone NHEJ as the preferred pathway to 

repair double stranded breaks. The site-specific chromosomal double strand break 

increases the efficiency of genome modification. Current activity involving TALENs 

center on the generation of gene knockouts in cells or animals [47]. But the 

combination of TALENs and ssODNs to direct gene editing does show great promise 

particularly because this combination increases correction efficiencies [20,48–52]. 

Recently, Yang et al. [20] published an elegant study focusing on cleavage/target site 

location and several reaction parameters including ssODN length. They found that 

proximal cleavage within 50-100 bases of the target base produced the highest level of 

gene editing and there is an optimal length for the ssODN in driving the reaction.  

TALENs may help the gene editing reaction take place by reducing steric 

hindrance of the chromatin structure blocking access of the ssODN to the target 

sequence and providing an entry point for the ssODN to begin the search for 

homology. The formation of a plectonemic joint is enabled between one end of the 

duplex and the ssODN permitting alignment in a homologous register. TALENs also 

reduce the level of ssODNs needed for nucleotide exchange, eliminating the onset of 
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the RPP [37]. The site specific double stranded break increases the efficiency of the 

gene editing reaction by lowering the levels of ssODN required to direct gene editing. 

As such, these conditions decrease the possibility of activation of the DNA damage 

response pathway eliminating the factors that induce the cells to go through a RPP. 

Liu et al. [53] suggest that the ssODNs may reduce the number of NHEJ events 

tipping the balance away from the potentially mutagenic activity of NHEJ. The 

efficiency of gene editing has been dependent on including both TALEN arms, the 

specific ssODN designed to align with the target site and an optimized 

TALEN:ssODN (µg/µg) ratio in the reaction. TALENs appear to be dose dependent 

with imbalanced levels of TALEN and ssODN leading to a decrease in the reaction 

efficiency [37]. 

 Clustered Regularly Interspace Short Palindromic Repeats Associated with Cas9 

While TALENs have been effective, the design, construction and effective 

expression of these molecules in mammalian cells is challenging. This ease-of-use 

issue has enabled the rapid development and acceptance of a new technology, a new 

tool for gene editing; Clustered, regularly interspace, short palindromic repeats 

(CRISPR) molecules associated with Cas9 endonucleases (CRISPR/Cas9). This 

system functions naturally in the adaptive immunity pathway of bacteria. Through 

repurposing, CRISPR/Cas9 has emerged as the preferred system to catalyze site-

specific DNA cleavage [12,13,54–57]. Cas9 assembles with a designed crRNA to 

create a complex that can cut at any desired site in a chromosome. A protospacer 

adjacent motif (PAM) is required for Cas9 binding, the target must be upstream of a 

5’-NGG-3’ site (with SpCas9). A major advantage of CRISPR/Cas9 is the simplicity 

with which the vectors expressing the reaction components can be created and utilized. 
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While there are some notable sequence restrictions, i.e. the proto-spacer adjacent motif 

(PAM), these RNA- guided engineered nucleases (RGENs) have become main stream 

in this field. Once present in mammalian cells, the Cas9/gRNA complex migrates to 

the nucleus and scans the genome for the PAM sequence. When the Cas9/gRNA binds 

to a PAM, it then partly unwinds the DNA upstream of the PAM; if the target region 

of the gRNA can bind with a 20:20 match, the Cas9 nuclease then cuts both strands of 

DNA 3 bp upstream of the PAM[58]. Once Cas9/gRNA has created a DSB, the same 

DNA repair pathways exploited by ZFNs and TALENs are activated.  

In response cells employ one of two pathways to repair the damage: either 

through non-homologous end joining (NHEJ) or homology-directed repair (HDR) 

(Figure 2) [17]. NHEJ can occur through canonical NHEJ (C-NHEJ), which ligates the 

broken ends back together. There is an alternative end joining pathway (alt-NHEJ), in 

which one strand of the DNA on either side of the break is resected to repair the lesion 

[59,60]. Both of these repair methods are error-prone, meaning that the lesion is 

repaired imperfectly, resulting in insertions or deletions. If there is a nearby DNA 

molecule with homology to the region around the double-strand break, then the 

homologous DNA can be a template to repair the break through the homology-

directed repair (HDR) pathway.   

CRISPR-directed Genome Editing 

CRISPR-directed genome editing has far been in scientific research. However, 

the potential applications of these techniques are much wider than just research. Given 

that genome editing has the potential to alter any DNA sequence, whether in a 

bacterium, plant, animal or human, CRISPR/Cas has an almost limitless range. Areas 

of research and possible applications include: 
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o Crops and livestock (e.g. increasing yield, introducing resistance to disease 

and pests, tolerance of different environmental conditions) [61,62] 

o Industrial biotechnology (e.g. developing ‘third generation’ biofuels and 

producing chemicals, materials and pharmaceuticals) [63,64] 

o Biomedicine (e.g. pharmaceutical development, xenotransplantation, gene and 

cell-based therapies, control of insect-borne diseases) [64,65] 

o Reproduction (e.g. preventing the inheritance of a disease trait) [66,67] 

 

CRISPR- Cas9 system, have increased the pace and lowered the cost of 

research, expanding the possibilities and allowing the genetic manipulation of cells 

and organisms that have historically been difficult to modify[68]. A major challenge is 

changing a DNA sequence to define gene function, rather than to delete the gene 

function which results in total dysfunction [69,70]. Global research and development 

companies have used CRISPR/Cas 9 for novel drug screening and to treat several life-

threatening medical conditions, including Sickle-Cell Anemia and cancer. The first 

trials involve injecting genetically modified cells directly into tissues or taking cells 

out, engineering them in the lab, and replacing them [71,72]. Cell based therapies 

involve transfusion or transplantation of cell populations edited expanded and 

prepared in the laboratory. Genome editing techniques can generate cell lines with 

specific characteristics to provide disease models and investigate underlying 

pathology, and to screen potential medicines by evaluating their toxicity before they 

are considered for humans. Many animal models are highly inbred, offering near 

defined genetic backgrounds for analysis of the consequences of specific mutation. A 

longstanding limitation with certain human cells (e.g. induced pluripotent stem cells – 
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iPS cells) or outbred animals used to model disease is that the healthy controls (to 

which the disease model is compared) may have multiple genetic differences 

compared to the disease model[73]. Combined with other technologies (e.g. iPS cell 

production), genome editing can develop cells whose genetic background is identical 

(isogenic) to that of the disease model. Editing isogenic genomes introduces a change 

so the cell line differs only regarding that specific change. This gives greater certainty 

about the effect of the precise, known difference between the disease variant and the 

control. CRISPR gene editing will make it more likely that research will diversify into 

modelling a greater variety of diseases, including individually ‘rare’ diseases [74,75]. 

These are a growing focus as more disease-causing mutations are discovered, which 

are potentially more tractable to the available technology than complex polygenic 

diseases [76,77]. A prospect is the development of ‘personalized’ mutant animals that 

model a disease variant affecting a particular human family or individual [78–80].   

Greater use of genome editing in various biological systems can also be 

expected to lead to greater understanding and refinement of the technique. In genome 

editing, a new generation of Cas9 protein has been engineered to be so efficient that 

no off- target cutting is detectable across the whole genome [81,82]. The technique has 

also been extended for the use to overcome limitations to the visualization of multiple 

genomic loci by using ‘nuclease-dead’ Cas9 to bind to cells with up to seven distinct 

fluorescent markers. This allows researchers to track the location of genes in a 

chromosome in living cells, which is important in understanding what happens (and 

what can go wrong) in cellular development [83]
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Figure 1. Gene Editing Tools and Technologies.  

Schematic representation of the three major agents are currently used to catalyze specific double stranded DNA breaks: 

Zinc-Finger Nucleases (ZFNs), Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR)/Cas9 and 

Transcription Activator-Like Effector Nucleases (TALENs) as well as the initial tool to carry out gene editing the single-

stranded oligodeoxynulceotide (ssODN). Adapted from: [84].  
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Table 1. Comparison of different programmable nucleases 

 

Variable ZFN TALEN CRISPR 

DNA-recognition moiety Protein Protein RNA 

Target site size 18-36 30-40 22 

Nuclease FokI Fok1 Cas 

Nuclease recognition site - - PAM 

Cytotoxicity Variable to high Low Low 

Design complexity Highly complex Complex Low 

Construction Time 3-6 months 1 month 2-7 days 

Multiplexing capability Low Low High 
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Figure 2. DNA Repair Pathways for Gene Editing with Programmable Nucleases.  

Nuclease-induced double strand breaks (DSBs) can lead to sequence insertion, nucleotide correction or change (red box) 

through homology-directed repair (HDR) in the presence of a donor DNA or a single-stranded oligodeoxynulceotide 
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(ssODN), both of which contain homology arms. DSBs can also be repaired through error-prone non-homologous end 

joining (NHEJ), which does not require donor DNA or ssODN and consequently often leads to small insertions and 

deletions (indels). Source: [17]. 

 

 

 

 
 

Figure 3. Replication Dependent Model.  
SsODN serves as a primer for DNA synthesis during replication and becomes integrated into the newly synthesized DNA 

strand. Adapted from: [5] 
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Figure 4. Cell Cycle Synchronization.  
The frequency of gene editing can be raised if the cells targeted are progressing 

through S phase. An unsynchronized cell population contains cells at multiple stages 

of the cell cycle. A 24hrs drug treatment stalls all the cells at the G1/S phase border; it 

is this step that synchronizes the cell population. Releasing the cells for 4 hours after 

washing out the drug permits the cells to progress through S phase and it is at this time 

that they are targeted to raise the gene editing frequency.
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Figure 5. HCT 116-19 Gene Editing Model System.  
The wild type and mutated eGFP gene segments with the target codon located in the center of the sequences are displayed in 

green and red respectively. The integration vector used to insert a single copy of the gene driven by a CMV promoter in 

HCT116 cells is showed in the middle. The population of cells that have undergone the gene editing reaction are analyzed 

by Flow Cytometry or Fluorescence-activated cell sorting (FACS) and the percentage of live green fluorescent cells within 

that population is presented as a frequency of gene correction. Adapted from: [37]  
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Figure 6.  TALEN Binding Site Model.  

The TALEN pair induces a double stranded break preceding the mutant codon. RVDs are shown as color coded binding 

blocks next to their respective base, yellow NI: A, green NG:T, blue HD: C and red NN: G. Fok1 domains are represented 

by the black and are positions at the predicted cut site. Source: [37].  
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Figure 7. Gene Editing Combining TALENS and ssODNs.  

TALENs produce a specific double stranded break at a specific site near the target 

base intended to be edited. The ssODN has a specific entry point and can serve as a 

template in homology directed repair (HDR). 

 

 

 
 

Figure 8. Schematic of the CRISPR/Cas9 Binding Site Model.  

The Protospacer Adjacent Motif (PAM) NGG bases of the target DNA strand are 

shown in Red. If the target DNA is complementary to the guide RNA strand, the two 
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strands will base pair. This will allow the target DNA to unzip, as the bases flip up and 

bind the guide RNA. Complete annealing of the guide RNA to the target DNA allows 

the HNH and RuvC nucleases to cleave their respective strands. 
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  Chapter 2

REGULATION OF GENE EDTITING ACTIVITY DIRECTED BY SINGLE-

STRANDED OLIGONUCLEOTIDES AND CRISPR/CAS9 SYSTEM 

Introduction 

Single base mutations can be repaired by introducing single stranded DNA 

oligonucleotides (ssODN) into a target cell [3–5]. The frequency of this corrective 

activity is dependent on a set of factors: the length and polarity of ssODN [44], the 

position of the cell in its proliferative cycle [6,7], and the presence of double-stranded 

DNA breaks in the host genome [8,9]. The design, construction and effective 

expression of nucleases that can produce site-specific double-stranded DNA breaks in 

mammalian cells is challenging. Overcoming these limitations has been the 

predominant reason the rapid development and acceptance of a new tool for gene 

editing; Clustered, Regularly Interspace, Short Palindromic Repeats (CRISPR) 

molecules associated with Cas9 endonucleases (CRISPR/Cas9).  

We tested the ease-of-use of the CRISPR/Cas9 system for its combinatorial 

capacity to promote site directed gene editing with ssODNs under previously 

determined optimal reaction parameters. This was done by evaluating the 

CRISPR/Cas9-driven activity at the same genetic sites successfully edited or repaired 

previously by the combinatorial approach of TALENs and ssODNs [44]. Editing 

activity was detected in reactions utilizing the CRISPR/Cas9 constructs than TALENs 

at several specific sites but both appear to be influenced by similar reaction 

parameters. First, ssODNs that hybridize to the non-transcribed strand direct a higher 
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level of gene repair than those that hybridize to the transcribed strand. Second, 

cleavage must be proximal to the targeted mutant base to enable higher levels of gene 

editing. Third, DNA cleavage enables a higher level of gene editing activity as 

compared to single-stranded DNA nicks, created by modified Cas9 (Nickases). Fourth, 

the hybridization potential and free energy levels of ssODNs that are complementary 

to the guide RNA sequences of CRISPRs were calculated.  This study determined a 

correlation between free energy potential and the capacity of single-stranded 

oligonucleotides to inhibit specific DNA cleavage activity, indirectly reducing gene 

editing activity. 

Methods and materials 

Cell Line and Culture Conditions 

HCT116 cells were acquired from ATCC (American Type Cell Culture, 

Manassas, VA). The HCT116-19 was created by integrating a pEGFP-N3 vector 

(Clontech, Palo Alto, CA) containing a mutated eGFP gene. The mutated eGFP gene 

has a nonsense mutation at position +67 resulting in a nonfunctional eGFP 

protein[85]. For these experiments, HCT116 (-19) cells were cultured in McCoy’s 5A 

Modified medium (Thermo Scientific, Pittsburgh, PA) supplemented with 10% fetal 

bovine serum, 2mM L-Glutamine, and 1% Penicillin/Streptomycin. Cells were 

maintained at 37°C and 5% CO2. Custom designed oligonucleotides, 72NT, 72T and 

72NT PM were synthesized from IDT (Integrated DNA Technologies, Coralville, IA). 

CRISPR Design and Construction  

The mutant eGFP gene sequence was entered into the Zhang Lab’s online 

generator (http:// crispr.mit.edu/) and the five CRISPR guide sequences which bind 
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upstream and downstream with close proximity to target (TAG = 0) were chosen. The 

CRISPRs were constructed using standard cloning methods following the latest oligo 

annealing and backbone cloning protocol with single-step digestion-ligation[54]. The 

five CRISPR guide sequences were cloned into the pX330 backbone vector (Addgene 

plasmid 42230), a human codon-optimized SpCas9 and chimeric guide RNA 

expression plasmid, and into pX460 backbone vector (Addgene plasmid 48873) which 

is a D10A nickase mutant human codon-optimized SpCas9 and chimeric guide RNA 

expression plasmid. pX458 (Addgene plasmid 48138) was a gift from Feng Zhang and 

is a human codon optimized pSpCas9 and chimeric guide RNA expression plasmid 

with a 2A- eGFP. All plasmids were purchased through Addgene 

(https://www.addgene.org). Following construction, clones were verified by DNA 

sequencing by Genewiz Incorporated (South Plain- field, NJ). 

Transfection of HCT116-19 Cells and Experimental Approach  

For experiments utilizing synchronized cells, HCT116-19 cells were seeded at 

2.5 x 10
6
 cells in a 100mm dish and synchronized with 6μM aphidicolin for 24 hours 

before targeting. Cells were released for 4 hours before trypsinization and transfection 

by washing with PBS (-/-) and adding complete growth media. Synchronized and 

unsynchronized HCT116-19 cells were simultaneously transfected at a concentration 

of 5 x 10
5
 cells/100µl in 4mm gap cuvette (BioEx- press, Kaysville, UT). Single-

stranded oligonucleotides and CRISPR or Nickase plasmid constructs were 

electroporated (250V, LV, 13ms pulse length, 2 pulses, 1s interval) using a Bio- Rad 

Gene Pulser X Cell Electroporation System (Bio-Rad Laboratories, Hercules, CA). 

Cells were then recovered in 6-well plates with complete growth media at 37°C for 48 

hours before analysis. 
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Analysis of Guide RNA and DNA Oligo Hybridization 

 Each guide RNA sequence and the 72NT oligo sequence were aligned and 

analyzed for base pairing and maximum ΔG values utilizing Oligo Analyzer 3.1 

(https://www.idtdna.com/ analyzer/Applications/OligoAnalyzer/). The ΔG is 

calculated by the longest stretch of complementary bases between the DNA and RNA 

structures the maximum ΔG value is determined as the free energy of the RNA 

sequence binding to its complement. 

Analysis of Gene Edited Cells and Transfection Efficiency 

Fluorescence (eGFP+) was measured by a Guava Easy Cyte 5HT Flow 

Cytometer (Millipore, Temecula, CA). Cells were harvested by trypsinization, washed 

once with 1x PBS (-/-) and re-suspended in buffer (0.5% BSA, 2mM EDTA, 2μg/mL 

Propidium Iodide (PI) in PBS-/-). Propidium iodide was used to measure cell viability 

viable cells stain negative for PI (uptake). Correction efficiency was calculated as the 

percentage of the total live eGFP positive cells over the total live cells in each sample. 

Error bars are produced from two sets of data points generated over two separate 

experiments using basic calculations of Standard Error. Statistical significance was 

performed by using two-sample unequal variance students T-test distribution to 

compare the value. p<0.05 Sequence confirmation of ssODN/CRISPR edited cells was 

carried out by fluorescence-activated cell sorting of eGFP+ cells using a BD 

FACSAria II sorter- 488nm (100mw) (BD Biosciences, San Jose, CA). 1.35µg 72NT 

and 2µg CRISPR 2C transfected cells were sorted at 72 hours post electroporation. 

Immediately, DNA was isolated from each sample was using the DNeasy Blood and 

Tissue kit (Qiagen, Hilden, Germany). The targeted site was amplified via PCR using 

forward primer, 5’CTGGACGGCGACGTAAACGGC and reverse primer, 5’ ACC 
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ATGTGATCGCGCTTCTCG. PCR cleanup was performed using the QIAquick. PCR 

purification kit (Qiagen, Hilden, Germany) and the purified samples were sent for 

sequencing to Gene- wiz Incorporated (South Plainfield, NJ). Unsynchronized 

HCT116-19 cells were harvested and electroporated at a concentration of 

5x10
5
cells/100µl with 2µg of the indicated CRISPR/Cas9 (2C, 3C, 5C and empty 

pX458 vector) plus 1.35µg of either 72NT or 72 PM. Following electroporation, 

transfection efficiency is determined after 24 hours of incubation by the percentage of 

total viable eGFP+ cells in the population. The normalized correction efficiency was 

determined after 48 hours of incubation as the percentage of total viable eGFP+ cells 

in the population divided by the transfection efficiency. 

RFLP Analysis of CRISPR/Cas9 Cleavage Activity  

HCT116-19 test samples were electroporated at a concentration of 5 x 10
5
 

cells/100µl in 4mm gap cuvette (BioExpress, Kaysville, UT) with 2µg of 

CRISPR/Cas9 constructs 2C and 3C and 2µg 2C + 1.35µg 72NT PM and 2µg 3C + 

1.35µg 72NT PM. Cells were then recovered in 6-well plates with complete growth 

media at 37°C for 72 hours. DNA was isolated using the Blood and Tissue DNeasy kit 

(Qiagen, Hilden, Germany). RFLP analysis was performed on 181bp amplicons that 

were created using forward primer, 5’GAGGGCGATGCCACCTACG GC and reverse 

primer, 5’GGACGTAGCCTTCGGGCATGGC. PCR samples were purified using the 

QIAquick PCR purification kit (Qiagen, Hilden, Germany) and treated with the AvrII 

restriction enzyme following the manufactures protocol. Digested samples were 

loaded along with NEB 2-log DNA ladder (NEB, Ipswich, MA) into a 2% TBE 

agarose gel for analysis. SYBR Gold (Invitrogen, Carlsbad, CA) was used to stain the 

gel and images were acquired by the Gel Doc EZ System (BioRad, Hercules, CA) to 
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create an electrophoregram. Using Bio Rad’s Image Lab software, automated lane 

detection was performed, followed by selecting bands. Using the software, the 

concentration of each band represented by a peak on the electrophoregram was 

derived from the area of each peak as a percent of the total lane peak area. 

SURVEYOR Analysis of CRISPR/Cas9 Cleavage Activity  

HCT116-19 cells were electroporated at a concentration of 5 x 10
5
 cells/100µl 

in 4mm gap cuvette (BioExpress, Kaysville, UT) with 2µg of each CRISPR/Cas9 

construct. Cells were then re- covered in 6-well plates with complete growth media at 

37°C for 72 hours. Genomic DNA was extracted and purified using the DNeasy Blood 

and Tissue kit (Qiagen) following the manufacturer’s protocol. The genomic region 

surrounding the mutant eGFP gene locus targeted by each gRNA and an untreated 

sample was PCR amplified using Phusion High-Fidelity PCR Master Mix with HF 

Buffer (Thermo Scientific). 200ng of each PCR product was mixed with 200ng of 

PCR product from the untreated sample and subjected to a heteroduplex formation: 

95°C for 10 minutes, 95°C to 85°C with a ramp rate of -2°C/s, 85°C for 1 minute to 

75°C at-.1°C/s, 75°C for 1 minute to 65°C at-.1°C/s, 65°C for 1 minute to 55°C at-

.1°C/s, 55°C for 1 minute to 45°C at-.1°C/s, 45°C for 1 minute to 35°C to 25°C at-

.1°C/s, 25°C for 1 minute. After duplex formation products were treated with 

SURVEYOR Nuclease S and SURVEYOR Enhancer S (IDT Technologies) for 30 

minutes at 42°C, gel electrophoresed and stained with SYBR Safe DNA stain (Life 

Technologies). Gels were imaged with a Gel Doc EZ Imager (Bio-Rad) and 

densitometry was performed by measuring the area under the curves of each band, 

using the Image Lab software (Bio-Rad). Calculations were based on the following 

formula: 
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% cleaved= sum of cleaved products/sum of cleavage products + parent band  

Results 

What are the parameters for CRISPR/Cas9 systems with ssODNs for gene editing? 

The ease-of-use of the CRISPR/Cas9 system for its combinatorial capacity to 

promote site directed gene editing with ssODNs under previously determined optimal 

reaction parameters was tested  by evaluating the CRISPR/Cas9-driven activity at the 

same genetic sites successfully edited or repaired previously by the combinatorial 

approach of TALENs and ssODNs [44].  

The CRISPR and Nickase constructs and single-stranded oligonucleotides 

were designed to target the mutated eGFP gene in HCT 116 cells (Figure 9A). Cells 

were transfected through electroporation with a specific CRISPR /Cas9 construct or 

the Nickase construct and single-stranded ssODNs. The specific design and locations 

of all the CRISPR/Cas9 complex cleavage and the appropriate, specific single-

stranded oligonucleotides used in targeting are presented in Figure 9B and Figure 10. 

Each arrow indicates the position of cleavage by the appropriate CRISPR/Cas9 with 

the guide RNA sequences depicted in blue. The guide RNA sequence is also aligned 

above or below based on its complementarity to the gene. Above and below the target 

sequence are the 72-base long single-stranded oligonucleotides used in the reaction 

(72T, 72NT and 72NT-PM). The 72NT ssODN is complementary to the top (NT) 

strand and therefore complementary to a guide RNA sequence that hybridizes to the 

bottom/T strand. 72T has the opposite polarity being complimentary to the bottom or 

T strand as shown in Figure 9B. CRISPRs 2C and 3C were designed to cut at the same 

site with a difference in the strand each guide RNA is complimentary to. Since 
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complimentary guide sequences can hybridize to the single-stranded oligonucleotide 

with opposite polarity, but bearing complementarity, the guide and ssODN were 

aligned to calculate the free energy measurements of the heterodimer formation. This 

data is useful to better hypothesize the expected efficiency of the gene editing reaction 

at the target site for all combinations of interest.  3C has a ΔG of hybridization of        

-37.6 kcal/mole and thus has a significant probability of becoming annealed whereas 

2C and 5C have ΔGs of -10 kcal/mole (Figure 11). 4C has a ΔG of approximately -12 

kcal/mole because there are only six bases in common whereas the guide sequence in 

CRISPR 3C is completely complementary therefore it is expected to anneal 

completely to the ssODN.  

Experiments where a DSB has been introduced by a programmed nuclease, 

TALENs, the cleavage 5’ (upstream) relative to the target nucleotide (here the G of 

TAG) was the optimal site for increasing gene editing activity. However when the 

DSB was introduced  3’ to the target base the gene editing activity is reduced [44]. 

This 5’ cleavage for optimal gene editing was tested using the different CRISPR 

constructs described above. Cells were synchronized for 24 hours and then released 

for four hours before electroporation. Synchronized and unsynchronized cells were 

electroporated with ssODNs and the appropriate CRISPR/Cas9 complex. After 48–72 

hours of recovery, the cells were analyzed by flow cytometry to measure the 

correction of the eGFP gene (Figure 12) and by RFLP to confirm specific 

CRISPR/Cas9 cleavage activity at the target site (Figure 13). In Figure 12 the left side 

bar graphs the 72NT was used combined with each individual CRISPR/Cas9 

complexes. Gene editing levels vary widely among the five complexes used in the 

experiment. CRISPR 2C and 5C promote maximum activity. This is due to their 
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proximal cleavage to the targeted G nucleotide. 5C cleaves one base 3’ to the targeted 

base and 2C cleaves 3 bases up-stream. The CRISPR/Cas9 3C does show some gene 

editing activity but at lower levels although its cut site is the same as the 2C construct 

just annealing on opposite strands. On the right side of the graph, the 72T ssODN that 

hybridizes to the transcribed strand of the gene was used combined with the same 

CRISPR/Cas9 complexes used in the previous set. Consistent with previous data 

[5,6,34,36,44,86–90] the 72T enables a lower level of gene editing activity, 

independent of the CRISPR/Cas9 complex used. In accordance to the optimal 

parameters for gene editing the CRISPR/Cas9 complexes that cleaved near the 

targeted nucleotide exhibit the highest level of gene editing activity. When distal cuts 

sites to the target base were produced by either CRISPR 4C or 1C, no gene editing 

was achieved independent of which ssODN is used.  

Another parameter that has been identified to enhance the gene editing reaction 

in the presence of a DSB and ssODN is the cell cycle stage in which the cells are 

positioned at the time of targeting. When cells are synchronized at the G1/S border 

and released for four hours before the introduction of the editing tools the frequency of 

HDR is higher in comparison to unsynchronized cells that have undergone the same 

gene editing reaction  [7,36,40,86,91–93]. To examine the effect of cell 

synchronization and release on CRISPR/Cas9 targeting, driven by ssODNs, cells were 

synchronized at the G1/S border for 24 hours and then released for four hours before 

CRISPR/Cas9 complexes 2C, 3C and 5C and the 72NT ssODN were introduced. Gene 

editing efficiency was measured 48 hours post electroporation. The results compiled in 

Table 2, support the need to have the cells synchronized and released prior to the 

addition of the gene editing reaction components, in this case CRISPR/Cas9 complex 
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and ssODN, in order to achieve enhanced optimal levels of gene editing. The results in 

Table 2 indicate that the CRISPR/Cas9 complex, 3C, catalysis gene editing events at a 

4 to 5-fold lower frequency than its counterpart CRISPR/Cas9 complex 2C. The guide 

sequence of 2C anneals to the NT strand of the eGFP gene. In contrast the guide 

sequence of 3C anneals to the T strand (see Figure 9B). As described before the 72 NT 

is complementary to the guide sequence of 3C but is not complimentary to the guide 

sequence of 2C. Thus, in agreement with the data in Figure 10 where the maximum Δ 

G of 3C and the 72 NT ssODN is -37.6, the low frequency of gene editing activity is 

most likely due to the annealing of the guide sequence of 3C with the 72 NT ssODN 

due to its complementarity. 

To better determine the hybridization of the 3C guide RNA to the 72 NT 

ssODN and its effect on the gene editing efficiency outcome, a reaction utilizing the 

2C and 3C CRISPR/Cas9 complexes in the presence or absence of a perfect match 

single-stranded oligonucleotide complementary to the non-transcribed strand (72 NT– 

PM) was tested. The 72 NT–PM is complementary to the NT strand as the 72 NT 

ssODN with the difference of not containing a mismatch to the mutant eGFP. The use 

of the matched oligonucleotide will prevent the loss of the site for the restriction 

enzyme AvrII that would be modified by the in the presence of the 72NT ssODN. 

After 72 hours of reaction time, genomic DNA was isolated and a 181 base pair 

fragment, spanning the target site, was amplified by PCR. The amplified fragment was 

digested by the restriction enzyme AvrII which cleaves at the target region and thus 

can be an indicator of double strand DNA cleavage activity[44]. The resultant mixture 

of DNA fragments were electrophoresed through agarose gel and the results are 

presented in Figure 13A. The uncut fragment migrates to a position consistent with its 



   

 

 33 

size of 181 bases whereas the AvrII-treated DNA is cleaved to completion (90 and 91 

bases, respectively). In the reactions containing either 2C or 3C in the absence of the 

ssODN the results show high levels of CRISPR/Cas9 cleavage activity. Densitometry 

tracing place the level of resistant bands at 33% for 2C and 32% for 3C respectively. 

In the presence of the 72 NT–PM ssODN the reaction mixture with the 2C complex, 

the level of cleavage activity remains identical to reaction mixtures that included only 

2C. A barely detectable level of a resistant band is seen in reaction mixtures which 

contain 3C and 72 NT–PM. These results follow the notion that the 72 NT ssODN 

used in the gene editing reactions is hybridizing to the 3C CRISPR/Cas9 complex 

inhibiting its potential to cut at the target site. In contrast the 2C guide RNA will not 

hybridize to the 72 NT ssODN given its lack of complementarity, maintaining its full 

capacity to full fill the gene editing reaction observed by its high gene editing 

efficiency (Figure 12).  To further test the CRISPR/Cas9 activity the SURVEYOR 

cleavage assay[94] was also performed (Figure 13B). All five CRISPR/Cas9 

constructs tested showed to have DNA brake activity by showing cleavage.  The 

purpose of this  assay was not to develop correlations between the level of gene 

editing and DNA cleavage since this assay is sensitive to some variability and activity 

can depend on background signals when polymorphisms are present in the target 

genome[95]. The SURVEYOR assay was employed to support as an indicator of the 

CRISPR/Cas9 general cleavage activity of the expression constructs.  

While CRISPR/Cas9 complexes can induce efficient cleavage and promote 

enhanced levels of gene editing, directed by single-stranded oligonucleotides, concern 

has been raised that intact CRISPR/Cas9 molecules promote high levels of off-site 

mutagenesis.  In response a significant effort has been put into constructing a variation 
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of the CRISPR/Cas9 developed into single Nickase enzymes that cleave only one 

strand of the dsDNA, which have been reported to reduce off-site mutagenesis[54,96]. 

To test the Nickase activity in the catalysis of gene editing on the mutant eGFP gene 

complexes consisting of a CRISPR/Cas9 in which only one nuclease domain was 

functional were used. The single strand cut is depicted and described in Fig 9B. In the 

top panel of Figure 14, the red arrows indicate the position of an individual Nickase 

(N) cleavage. The 4N cleaves upstream from the target base but on the T strand 

whereas Nickase 3N cleaves the T strand, but only a few bases up- stream from the 

target base. 2N, 5N and 1N cleave the NT strand alone at the indicated positions. Each 

of these Nickase complexes were in combination of the 72 NT ssODN and the level of 

correction efficiency monitored by FACS at 48hrs. In line with the previous data 

described above the cleavage proximal to the target site provides the highest level of 

gene editing activity. Cleavage at distal sites promotes lower activity. However, the 

editing efficiency is 10 to 15-fold lower in the presence of a nick, dsb induced by the 

complete CRISPR/Cas9 complex is used. Although the intended use of the Nickase is 

to avoid potential off-site mutagenesis, the level of gene editing using ssODN is 

greatly diminished when a single-strand cut on only one of the two strands of the DNA 

is made. To further study the potential of Nickase enzymatic activity these were used 

to reconstitute the dsb by combining two complexes. Interestingly, the combination of 

Nickase did not promote sufficient activity to resurrect the same level of gene editing 

efficiency as produced by the intact CRISPR/Cas9 complexes. Most of these 

combinations seen in Figure 15, including 3N/5N, where some gene editing activity 

was able to be measured in reactions that produced a dsb at or 5’ to the target base 

which are key parameters for efficient gene editing to occur. It is possible, as 
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described above; Thus some combinations do not work due to the 3N and 4N guide 

RNA sequences that can be hybridize to the ssODN, impeding their function, while 

synergistic activity is observed when 2N and 5N are used.  

In previous work the boundaries of efficient gene editing directed by TALENs 

and single-stranded oligonucleotides have been defined as a region spanning the target 

nucleotide [44]. It has also been established that moderate gene editing (approximately 

1%) diminishes upstream when the distance is expanded from -8 /-9 to -28 

respectively. The distance downstream appears to be more restricted with editing 

levels reduced between +6\+7 and +8\+10[44]. Although data set is admittedly low, 

significant levels of gene editing at position -4 (upstream) are observed while no 

activity is seen at position -33 (upstream). The data generated in the present work is 

overlaid with the previous TALEN/ssODN data (Figure 16) while statistical analysis is 

presented in Table 3. In direct comparison, CRISPR/Cas9 complexes that act at 

proximal regions also approximate the highest level of activity as the levels promoted 

by the TALEN and ssODN combination that act in the same region. Both targeted 

nucleases support the notion that creating a dsb near the targeted nucleotide, destined 

for change, promotes the highest level of gene editing activity. When the mutant eGFP 

gene editing system for studying the mechanism of action was developed, the gene 

correction frequency was defined as the percent of eGFP+ cells within the entire 

viable population of cells treated[3,39,40]. The rationale was that this frequency will 

more adequately represent correction presumably attainable in primary cells, where it 

will not be practical to only select transfected cells to measure actual correction levels. 

An alternative for calculating gene editing frequencies based on the percent of cells 

that actually receive the CRISPR/Cas9 construct is by utilizing a CRISPR/Cas9 
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plasmid that exhibits fluorescence, hence transfected cells can be identified. Table 4, 

compiles the gene editing efficiencies for the three most active CRISPR/Cas9 

complexes (vectors lacking the eGFP marker) that best catalyze gene editing adjusted 

to the transfection levels of the pX458 eGFP expression CRISPR construct in the 

presence of the 72NT oligonucleotide. The transfection efficiency was based on the 

number of cells exhibiting fluorescence. An obvious increase in correction frequency 

is observed even in unsynchronized cells, which is the true target population type for 

in vivo human therapeutic application. To confirm gene editing at the genomic level, 

we isolated eGFP positive cells were isolated by cell sorting followed by submitted the 

direct DNA sequence analysis of the samples. A typical and reproducible sequence 

result is presented in Figure 17. The upper panel represents a DNA sequence from a 

control mutant eGFP gene while the lower panel represents the DNA sequence of a 

corrected cell from the sorted population. The TAG to TAC base conversion is readily 

observable to be complete and thus these data confirm and correlate the observed 

phenotype with genotypic analysis. 

Discussion 

Single-stranded oligonucleotides and CRISPR/Cas9 complexes can be used in 

combination to direct nucleotide exchange in a precise and efficient fashion. The 

mutant eGFP gene was used as the target for gene editing reactions because it enables 

genotypic and phenotypic readout. The system provides a framework upon which 

mechanistic studies to define reaction parameters can be built. Introducing an 

expression construct containing a CRISPR/ Cas9 cleavage system and the appropriate 

single-stranded oligonucleotide leads to the correction of the mutant eGFP gene in the 

production of functional fluorescent protein. CRISPR/Cas9 complexes that vary in 
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position of cleavage, within the mutant eGFP gene, were found to produce a wide 

range of editing activities. Using an ssODN that is complementary to the NT strand in 

the editing reaction promotes a higher level of correction compared to the T strand. 

Such strand bias has been identified in many previous reports[6,34,36,44,86–90]. 

Synchronization at the G1/S border with subsequent release produces an enriched 

population of cells undergoing DNA replication. This manipulation of the cell 

population produces a more amenable environment for gene editing 

activity[6,38,41,97]. The phenomenon of strand bias, however is complex and likely 

to be determined or influenced by the strand serving as the template for lagging strand 

synthesis rather than the transcription template. The data from early studies led to the 

fundamental model outlined in 2007[3] expanded upon and reconfirmed in 2011[5]. 

These models are based on the foundational assumption that replication activity can 

modulate the mechanics of gene editing and the extent to which gene editing takes 

place when driven by single-stranded DNA. Lin et al[93] produced elegant data with 

CRISPRs suggesting that HDR is also occurring as the cells transit S-phase and 

possibly into G2, aligning with this notion. Ran et al (2013)[98] showed that when 

single-stranded or double-stranded donor DNA was introduced into a targeted 

genomic site, with the objective of DNA insertion, no strand bias was observed.  

The objective of the experimental design throughout this work was to fix or 

repair a single base mutation without the need of the insertion of a donor fragment. 

This approach leads the reaction to be more dependent on DNA replication as well as 

a restriction on strand preference, as stated above. Different objectives using CRISPR 

and various donor DNA templates could take alternative routes and be governed by 

different reaction requirements. In example, Davis and Maizels [99] reported HDR is 



   

 

 38 

more active on the transcribed strand as compared to the non-transcribed strand in 

their system. These data were obtained from experiments in which the outcome of 

HDR reaction was measured after being initiated by a nick on one of the two DNA 

strands. There was no indication as to which of these two strands served as a template 

for lagging strand synthesis, a key aspect of the strand bias phenomena observed in the 

gene editing reactions presented through our lab. In this and previous work, the same 

strand bias independent of DNA cleavage activity promoted by programmable 

nucleases is observed.  

CRISPR/Cas9 complexes that cleave at proximal positions relative to the target 

base are more efficient in promoting the reaction, directed by ssODN. This result 

aligns with recent data from our lab and others [20,44,49] that suggest the double 

strand break enables integration of the oligonucleotide more efficiently at the proper 

site. Using modified CRISPR/Cas9 complexes, redesigned as single-strand 

endonucleases (Nickases), showed to promote gene editing activity but at a level 

roughly 90% less than the wild type Cas9 enzyme for applications involving single 

nucleotide exchange. The combination of two Nickases (double nicking) does not 

recapitulate the level of gene editing activity seen with the intact complex. The 

activity from the combination of 2N and 5N reveal an interesting data set. Since these 

two Nickases act on the same DNA strand, creating a gap that is large enough to 

promote hybridization of the ssODN. The single stranded character of such gapped 

DNA molecules can engage single-stranded DNA if the complementarity zone can be 

maintained for a certain period. By double nicking on the same strand, a long enough 

section of complimentary DNA may be available for productive annealing of the 

ssODN. However, gene editing execution is most efficient in the presence of a dsb 
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produced by a functional CRISPR/Cas9 complex. The offset lengths in Figure 15 

represent the distance in base pairs between the PAM-distal (5’) ends of the guide 

sequences of a pair of guide RNAs as defined by Ran et al. (2013)[96]. Following this 

convention, the enzymes used in this study range from +33bp to -96bp, producing 

nicks in a way which result in 3’ overhangs. It has been reported that only sgRNA 

pairs creating 5’ overhangs with offsets greater than -8bp between the guide sequences 

mediated detectable indels[96]. The detected levels of correction could be due to the 

result of indel formation.  

The differing levels of gene editing activity promoted by CRISPR/Cas9 

complex 2C in comparison to 3C are striking. Both cleave the gene at the same site, 5’ 

upstream to the target base, and yet nucleotide exchange promoted by 2C occurs at a 

level 5-fold higher than the nucleotide exchange promoted by 3C. The difference in 

the constructs lies in their hybridization potential of the guide RNA sequence with the 

72 NT ssODN. The free energy of pairing of 3C with 72 NT was much lower than that 

of 2C. The entire guide sequence of 3C can hybridized with a section of 72 NT. On the 

contrary the 2C CRISPR/Cas9 complex and 72 NT share the same polarity, therefore 

they cannot hybridize productively. This observation is reflected in the higher-level 

ΔG as seen in Figure 10. This suggests that the 72 NT ssODN is titrating the guide 

RNA sequence of 3C, reducing the overall effectiveness of 3C in binding properly to 

the target site and promoting efficient DNA cleavage. This hypothesis was directly 

tested and the data are presented in Figure 12A. Efficient cleavage activity of 2C and 

3C should be easily identified by losing a restriction site in the DNA through the 

creation of a deleted DNA sequence. Here, the recognition site for AvrII would be lost 

if the DNA had been modified at or near the cleavage site. If 72 NT was titrating the 
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guide RNA of either 2C or 3C, it would reduce AvrII cleavage since CRISPR/Cas9 

complex activity would have been inhibited by 72 NT. The results indicate that 72 NT 

inhibited only the cleavage activity of 3C, supporting the presented hypothesis. While 

the majority of CRISPR/Cas9 activity is directed toward gene knockout, when this 

genetic tool is used combined with single-stranded oligonucleotides, to direct single 

nucleotide exchange, several additional reaction parameters need to be considered. 

With the objective to enable single base repair, the data in the study suggest gene 

editing to be most effective with cleavage 5’ or at a proximal position relative to the 

mutant bases intended to be corrected. These data align completely with published 

work when the combination of TALENs and single-stranded DNA oligonucleotides 

was used to direct gene correction[44,49].  

Consistent with many other reports, oligonucleotides that are complementary 

to the NT strand of the gene are most effective in promoting gene editing[36,86]. 

There are several theories as to why such strand bias is observed[35,53,100], the non-

transcribed strand of the target gene is also the lagging strand in DNA replication 

facilitating the incorporation of the oligonucleotide more easily into the growing 

replication fork[86]. When programmable nucleases are used to promote gene editing, 

the creation of an entry point, proximal to the target base, may provide a significant 

advantage in the gene editing reaction.  

The work here has permitted us to identify an important difference in using 

TALENs versus RGEN technologies in gene editing. Since TALENs comprise binding 

domains coupled to a functional nuclease, the single-stranded oligonucleotide used to 

direct the nucleotide exchange will not affect TALEN cleavage nor TALEN activity 

since there is no guide RNA. With the data analyzed in this study, a series of 
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guidelines to assure efficient nucleotide exchange and gene correction can be 

developed. First, the oligonucleotide should be complementary to the non-transcribed 

strand of the gene. Second, the cleavage by the programmable nuclease should be 

within 20 to 50 bases, preferably upstream, of the nucleotide designated for change. 

Third, the nuclease system should be designed so the guide RNA sequence is of the 

same polarity as the non-transcribed strand to avoid hybridization to the single-

stranded oligonucleotide which, usually will be complementary to the non-transcribed 

strand. And fourth, double-stranded DNA cleavage is more efficient than single-

stranded cleavage in providing an amenable target (entry point) for gene editing by 

single-stranded oligonucleotides.
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Figure 9. Experimental Design and Mutant eGFP Gene Editing System.  
(A) CRISPR/Cas9 constructs were designed and built following published guidelines and protocols[98]. Unsynchronized or 

synchronized and released cells were transfected via electroporation with CRISPR/Cas9 construct and ssODNs and allowed 

to recover before analysis. Gene editing was assessed by flow cytometry and CRISPR/Cas9 activity was measured by RFLP 

using restriction enzyme AvrII. (B) A segment of the mutant eGFP gene is shown with the three ssODNs, 72NT, 72T and 

72NT PM respectively aligned above or below their respective binding sites. Phosphorothioate modified and protected ends 
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are denoted with *. The five arbitrarily named (1C-5C) custom CRISPR/ Cas9s RNA guide sequences are depicted in blue 

with their predicted cleavage sites shown by the red arrows. The effected codon is shown in bold with the mutant base to be 

edited in red. The base driving the gene editing conversion is shown in green.  
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Figure 10. Summary of Constructed CRISPR/Cas9 gRNAs.  
Each designed guide RNA was generated from the crispr.mit.edu online algorithm. CRISPR # designates the gRNA name 

used in this study. Score represents the likelihood of the gRNA binding and causing unwanted mutations (score of 100 is the 

best possible gRNA). Possible off-target effects are the total number of individual loci across the genome that could be 

cleaved with the number of those within in genes (exons) listed in the following column. RNA guide binding strand denotes 

which stand the guide RNA will target (NT = non-transcribed, T = transcribed). Cut site is where the gRNA will direct the 

DSB break to be made relative to TAG = 0. CRISPR binding element shows the segment of the eGFP gene that the guide 

will bind with the actual bound strand in bold. Oligos used for construction with correct linkages are shown in the final 

column. 

 

CRISPR # Score
Potential off 

Targets
# in

genes

RNA 
Guide

Binding

Strand

Cut 
Site

CRISPR Binding 
Element(5’-3)

OLIGOs

1C 87 82 28 NT +30
CGACCACATGAAGCAGCACG

GCTGGTGTACTTCGTCGTGC

5’CACC G CGTGCTGCTTCATGTGGTCG

C GCACGACGAAGTACACCAGC CAAA

2C 87 80 13 NT -4 GACCTAGGGCGTGCAGTGCT
CTGGATCCCGCACGTCACGA

5’CACC G AGCACTGCACGCCCTAGGTC
C TCGTGACGTGCGGGATCCAG CAAA

3C 78 101 9 T -4 CTCGTGACCACCCTGACCTA
GAGCACTGGTGGGACTGGAT

5’CACC G CTCGTGACCACCCTGACCTA
3’ C GAGCACTGGTGGGACTGGAT CAAA

4C 72 197 54 T -33 CCGGCAAGCTGCCCGTGCCC
GGCCGTTCGACGGGCACGGG

5’CACC G CCGGCAAGCTGCCCGTGCCC
C GGCCGTTCGACGGGCACGGG CAAA

5C 81 139 27 NT +2 AGGGCGTGCAGTGCTTCAGC
TCCCGCACGTCACGAAGTCG

5’CACC   GCTGAAGCACTGCACGCCCT
3’       CGACTTCGTGACGTGCGGGA CAAA
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Figure 11. Free Energy Heterodimer Values for CRISPR Guide RNA and ssODN Combinations.  
Each gRNA sequence was aligned and analyzed for base pairing and maximum free energy (ΔG) values utilizing the IDT 

heterodimer calculator and measured in kcals/mole. The highest ΔG value for each gRNA/ 72NT ssODN pairing is shown. 

Solid lines represent the longest stretch of direct base pairing while dotted lines represent additional complimentary bases 

(not calculated in ΔG). A more negative ΔG value represents a stronger binding capacity. 
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Figure 12. CRISPR/Cas9 and ssODN Gene Editing Activity.  

Unsynchronized HCT116-19 cells were harvested and electroporated at a concentration of 5x10
5
cells/100µl with 2µg of the 

indicated CRISPR/Cas9 plus 1.35µg of either 72NT or 72T. Following electroporation, cells were allowed to incubate for 

48 hours and correction efficiency was determined by the percentage of total viable eGFP+ cells in the population. 1C– 5C 

CRISPR/Cas9 complexes and are listed left to right relative to their cut site. The numbers below indicate the average 

correction efficiency. Error bars represent standard error. 
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Table 2. S-Phase Increases CRISPR/Cas9 and ssODN Directed Gene Editing 

 

CRISPR/Cas9 
Unsynchronized Cells 

CE(%) ± SD 

Synchronized Cells 

CE(%) ± SD 
P-value 

2C 3.13 ± 0.55 4.59 ± 1.39 0.3013 

3C 0.74 ± 0.11 0.92 ± 0.03 0.1552 

5C 1.67 ± 0.10 5.62 ± 0.23 *0.0019 

 

HCT116-19 cells were seeded at 2.5x10
6
 cells in a 100mm dish and synchronized for 

24 hours with 6µM aphidicolin then released for 4 hours. Synchronized and 

unsynchronized cells were electroporated at a concentration of 5x10
5
 cells/100µl with 

CRISPR/Cas9 and 72NT ssODN under the standard reaction conditions. Following 

electroporation, cells were seeded in 6-well plates and allowed to recover for 48 hours 

before flow cytometry analysis was carried out. Correction efficiency (%) was 

determined by the number of viable eGFP+ cells. Each sample set was performed in 

duplicate and ± represent calculated standard deviation per sample. The 

unsynchronized data is the same shown in Figure 11. Statistical analysis was 

performed using two-sample unequal variance students T-test distribution to compare 

the value of correction efficiency between synchronized and un-synchronized cells 

when treated with CRISPR/Cas9. *p<0.05 
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Figure 13. CRISPR/Cas9 Cleavage Activity. 

 (A) 2% TBE agarose gel analysis of cleavage products generated by 2C and 3C 

CRISPR/Cas9 complexes at the eGFP gene target site. AvrII restriction enzyme was 

used to digest the amplified region of the eGFP gene. 2C/-, CRISPR 2C with no 

ssODN; 2C/+, CRISPR 2C with 72NT etc. Untreated 181bp (U) and Untreated + 

AvrII 181bp PCR products were used as internal controls with AvrII digested 2C, 3C 

and 2C + 72NT PM and 3C 72NT PM 181bp PCR samples. Densitometry was 

performed on all samples and percent cleavage (181bp band) is indicated below each 

sample. (B) SURVEYOR assay comparing the cleavage efficacy of each gRNA as the 

percent of indel formation. Arrowheads indicate parental bands and cleaved products.
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Figure 14. Gene Editing Activity with CRISPR/Cas9 Nickases and ssODNs.  

Unsynchronized HCT116-19 cells were electroporated at a concentration of 5x10
5
 cells/100µl with 2µg of the indicated 

CRISPR/Cas9 Nickase (1N, 2N, 3N, 4N, 5N) plus 1.35µg of 72NT. Following electroporation, cells were allowed to 

incubate for 48 hours. Correction efficiency was determined by the percentage of total viable eGFP+ cells in the population 

as described previously. Each treatment was performed in duplicate and error bars represent standard error.  
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Figure 15. Double Nicking Nuclease Array of Gene Editing.  
Unsynchronized HCT116-19 cells were electroporated with 1ug of each of the indicated combinations of CRISPR/Cas9 

nickases (1N, 2N, 3N, 4N, 5N) plus 1.35µg of 72NT. Offsets denoted with a star (*) represent nicking pairs which induce 

nicks on the same strand. Following electroporation, cells were allowed to incubate for 48 hours. Correction efficiency was 

determined by the percentage of total viable eGFP+ cells in the population as described previously. Each treatment was 

performed in duplicate and error bars represent standard error.  
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Figure 16. Activity Profile of Gene Editing catalyzed by TALENs, CRISPRs or Nickases at the target eGFP gene.  
ssODN directed gene editing activity utilizing TALENs, CRISPR/Cas9s or CRISRP/Cas9 nickases was compiled and 

plotted within the region of the target eGFP gene. Cytosine of the corrected tyrosine codon is designated as base 0. TALEN 

data was derived from previous work[44]. Statistical analysis was performed using two-sample unequal variance students T-

test distribution. *p<0.05 (see Table 2) 
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Table 3. Comparing Activity of Gene Editing catalyzed by TALENs, CRISPRs or 

Nickases at the target eGFP gene 

 

TALEN CRISPR/Nickase P-value (0.05) 

-4 3C *0.0198 

-4 2C *0.0517 

-4 3N 0.2941 

-4 2N 0.0628 

-4 5C *0.0106 

-4 5N *0.0473 

 

Significance was determined using a T-test to compare the TALEN value to the 

CRISPR/Nickase value for each set presented in the table. A * was marked on graph 

to show those that were statistically significant 

 

Table 4. Normalized Correction Efficiencies 

 

CRISPR/Cas9 Dose ssODN 
Transfection 

(%) 

Normalized 

Correction 

Efficiency (%) 

SE 

pX458 2µg - 67.92 - 1.28 

pX458 2µg 1.35µg 72 PM 45.96 - 0.42 

2C 2µg 1.35µg 72NT 45.96 6.81 0.39 

3C 2µg 1.35µg 72NT 45.96 1.49 0.08 

5C 2µg 1.35µg 72NT 45.96 4.04 0.07 

 

Unsynchronized HCT116-19 cells were harvested and electroporated at a 

concentration of 5x10
5
cells/100µl with 2ug of the indicated CRISPR/Cas9 (2C, 3C, 

5C and empty pX458 vector) plus 1.35µg of either 72NT or 72 PM. Following 

electroporation, transfection efficiency was determined after 24 hours of incubation by 

the percentage of total viable eGFP+ cells in the population. The normalized 

correction efficiency was determined after 48 hours of incubation as the percentage of 

total viable eGFP+ cells in the population divided by the transfection efficiency. 

Standard Error was calculated from two sets of data points generated over two 

separate experiments.
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Figure 17. Sequence confirmation of ssODN/CRISPR edited cells.  
Unsynchronized HCT116-19 cells were electroporated under the following conditions; 2µg CRISPR 2C and 1.35µg 72NT 

at 5x10
5 
cells/100µl. Cells were then sorted for GFP+ at 72 hours post electroporation. Immediately following cell sorting, 

DNA was isolated and the region surrounding the target base was amplified via PCR. Samples were submitted to Genewiz 

(South Plainfield, NJ) for sequencing analysis. 
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 Chapter 3

ANALYSES OF POINT MUTATION REPAIR AND ALLELIC 

HETEROGENEITY GENERATED BY CRISPR/CAS9 AND SINGLE- 

STRANDED DNA OLIGONUCLEOTIDES 

Introduction 

CRISPR/Cas9 executes double-stranded DNA cleavage efficiently, closure of 

the broken chromosomes is dynamic, as varying degrees of heterogeneity of the 

cleavage products appear to accompany the emergence of a corrected base. Therefore, 

it has been of interest to analyze allelic variance surrounding the target site. In this 

study, the objective was to examine how successful single base gene editing correlates 

with CRISPR/Cas9 cleavage activity in a reaction where the goal was to correct a 

single base mutation in a well-established model gene editing system where both 

genotypic and phenotypic readout have been validated [101]. The product of 

CRISPR/Cas9 activity is often a heterogeneous population of chromosomal ends 

created through DNA resection promoted by non-homologous end joining (NHEJ), 

therefore the relationship between point mutation repair and DNA cleavage activity 

needs to be defined. DNA cleavage assays have often used as a benchmark to measure 

the level of successful gene editing in mammalian cells, especially regarding genetic 

knockout.  These correlations are likely to be valid for studies where the goal is to 

disable the gene.  In this study the hypothesis that gene editing of a single base 

mutation could be accompanied by variable DNA changes at the target site is tested by 

utilizing ssODNs to coordinately execute gene editing while reducing the 
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heterogeneity of chromosomal ends generated by CRISPR/Cas9 cleavage. Still more 

studies are needed to understand the heterogeneous mix of sequence alterations 

surrounding the target site as a result of the combinatorial action of oligonucleotide 

and CRISPR/Cas9. 

 

Methods and materials 

Cell Line and Culture Conditions  

HCT116 cells were acquired from ATCC (American Type Cell Culture, 

Manassas, VA). The HCT116-19 was created by integrating a pEGFP-N3 vector 

(Clontech, Palo Alto, CA) containing a mutated eGFP gene. The mutated eGFP gene 

has a nonsense mutation at position +67 resulting in a nonfunctional eGFP 

protein[85]. For these experiments, HCT116 (-19) cells were cultured in McCoy’s 5A 

Modified medium (Thermo Scientific, Pittsburgh, PA) supplemented with 10% fetal 

bovine serum, 2mM L-Glutamine, and 1% Penicillin/Streptomycin. Cells were 

maintained at 37°C and 5% CO2. The eGFP targeting custom designed 72-mer 

oligonucleotide was synthesized by IDT (Integrated DNA Technologies, Coralville, 

IA).  

CRISPR Design and Construction 

The guide RNA and CRISPR/Cas9 for the eGFP system used for gene editing 

in this system was described previously[101]. CRISPR/Cas9 were constructed using 

standard cloning methods following the latest oligo annealing and backbone cloning 

protocol with single-step digestion-ligation[54]. The eGFP target gRNA was cloned 

into pX330 backbone vector (Addgene plasmid 42230), a human codon-optimized 
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SpCas9 and chimeric guide RNA expression plasmid. The pX330 was purchased 

through Addgene (https://www.addgene.org). Following construction, clones were 

verified by DNA sequencing by Genewiz Incorporated (South Plainfield, NJ). 

Experimental Strategy 

For experiments utilizing synchronized cells, HCT116-19 cells were seeded at 

2.5 × 10
6
 cells in a 100 mm dish and synchronized with 6 μM aphidicolin for 24 hours 

before targeting. Cells were released for 4 hours before transfection by washing with 

PBS (− /−) and adding complete growth media. Synchronized and unsynchronized 

HCT116-19 cells were simultaneously transfected at a concentration of 5 × 10
5
 

cells/100 μL in 4 mm gap cuvette (BioExpress, Kaysville, UT). 0.6 μM of single-

stranded oligonucleotide and/or the appropriate dose of pX330 constructs were 

electroporated (250 V, LV, 13 ms pulse length, 2 pulses, 1 s interval) using a Bio-Rad 

Gene Pulser XCellTM Electroporation System (Bio-Rad Laboratories, Hercules, CA). 

Cells were then recovered in 6-well plates with complete growth media at 37 °C for 

24–48 hours before analysis.  

Analysis of Gene Edited Cells 

HCT116-19 cell fluorescence (eGFP+) was measured by a Guava EasyCyte 

5HT Flow Cytometer (Millipore, Temecula, CA). Cells were harvested by 

trypsinization, washed once with 1x PBS (− /−) and resuspended in buffer (0.5% BSA, 

2 mM EDTA, 2 μg/mL Propidium Iodide (PI) in PBS (− /−)). Propidium iodide was 

used to measure cell viability viable cells stain negative for PI (uptake). Correction 

efficiency was calculated as the percentage of the total live eGFP positive cells over 

the total live cells in each sample.  
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SURVEYOR Analysis of CRISPR/Cas9 Cleavage Activity 

 HCT116-19 cells were electroporated at a concentration of 5 × 10
5
 cells/100μl 

in 4 mm gap cuvette (BioExpress, Kaysville, UT) with pX330 or pX330 and 1.35μg of 

the 72 mer ssODN. Cells were then recovered in 6-well plates with complete growth 

media at 37 °C for 72 hours. DNA was isolated using the Blood and Tissue DNeasy 

kit (Qiagen, Hilden, Germany). The Surveyor assay was performed on 605 bp 

amplicons that were created using forward primer, 5′ 

CTGGACGGCGACGTAAACGGC and reverse primer, 5′ 

ACCATGTGATCGCGCTTCTCG. PCR samples were purified using the QIAquick 

PCR purification kit (Qiagen, Hilden, Germany). 200 ng of each PCR product was 

mixed with 200 ng of PCR product from the untreated sample and subjected to a 

heteroduplex formation: 95 °C for 10 minutes, 95 °C to 85 °C with a ramp rate of − 2 

°C/s, 85 °C for 1 minute to 75 °C at − 0.1 °C/s, 75 °C for 1 minute to 65 °C at − 0.1 

°C/s, 65 °C for 1 minute to 55 °C at − 0.1 °C/s, 55 °C for 1 minute to 45 °C at − 0.1 

°C/s, 45 °C for 1 minute to 35 °C to 25 °C at − 0.1 °C/s, 25 °C for 1 minute. After 

duplex formation products were treated with SURVEYOR Nuclease S and 

SURVEYOR Enhancer S (IDT Technologies) for 30 minutes at 42 °C, gel 

electrophoresed and stained with SYBR Safe DNA stain (Life Technologies). Gels 

were imaged with a Gel Doc EZ Imager (Bio-Rad) and densitometry was performed 

by measuring the area under the curves of each band, using the Image Lab software 

(Bio-Rad). Calculations were based on the following formulas: 

𝑰𝒏𝒅𝒆𝒍 % = 𝟏𝟎𝟎 × (𝟏 − (𝟏 −
𝒃 + 𝒄

𝒂 + 𝒃 + 𝒄
)

𝟏
𝟐

) 

𝑎 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎 𝑡ℎ𝑒 𝑢𝑛𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑝𝑎𝑟𝑒𝑛𝑡) 

𝑏 + 𝑐 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑙𝑒𝑣𝑒𝑎𝑔𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 
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Cell Cycle Analysis 

For experiments utilizing synchronized cells, HCT116-19 cells were seeded at 

2.5 x 10
6
 cells in a 100mm dish and synchronized with 6μM aphidicolin for 24 hours. 

Cells were released for 4 hours prior to trypsinization and transfection by washing 

with PBS (-/-) and adding complete growth media. Synchronized and unsynchronized 

HCT116-19 cells were simultaneously transfected at a concentration of 5 x 10
5
 

cells/100µl in 4mm gap cuvette (BioExpress, Kaysville, UT). Single-stranded 

oligonucleotide and/or CRISPR plasmid constructs were electroporated at the 

indicated concentration (250V, LV, 13ms pulse length, 2 pulses, 1s interval) using a 

Bio- Rad Gene Pulser XCell Electroporation System (Bio-Rad Laboratories, Hercules, 

CA). Cells were then recovered in 6-well plates with complete growth media at 37°C 

for 24 hours. For cell cycle analysis, cells were harvested and washed in PBS. They 

were then spun at 450g for 5 minutes, re-suspended in 500µl cold PBS and fixed by 

adding 5ml of 70% cold ethanol while vertexing followed by an overnight incubation 

at 4°C. After fixation, the cells were centrifuged for 5 minutes at 450g, washed once 

with PBS and then re-suspended in 200µl of PBS and 200 µl of pre-warmed Guava ® 

Cell Cycle Reagent. The cells were incubated away from light at 37°C for 30min 

followed by analysis through flow cytometry. DNA content was analyzed by a Guava 

EasyCyte 5HT Flow Cytometer (Millipore, Temecula, CA) using the Guava EasyCyte 

Cell Cycle Software Module. Cell cycle modeling was performed and the percent of 

cells in G0–G1, S and G2-M phase was calculated using Modfit (Verity Software 

House, Topsham, ME.). Cell cycle modeling was performed using the auto analysis 

feature of the Modfit software.  
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Results 

What are the on-target effects of gene editing with CRISPR/ Cas9 and ssODNs?  

The variability of DNA changes at the target site as an outcome of gene editing 

of a single base mutation was tested by utilizing ssODNs to coordinately execute gene 

editing while reducing the heterogeneity of chromosomal ends generated by 

CRISPR/Cas9 cleavage.  

Repair of a single point mutation in mutant eGFP gene has been executed by 

the combined action of a specifically designed ssODN and the appropriate 

CRISPR/Cas9 system in cells that are either unsynchronized or synchronized and 

released [4,101–103] (as shown in Figure 18A). Figure 18 B illustrates the alignment 

of the ssODN with the mutant eGFP gene. The gene editing activity was evaluated by 

the combined action of the ssODN, and a CRISPR/Cas9 system designed for the same 

target[101,102] and CRISPR/Cas9 cleavage activity was concurrently measured using 

the well-known Surveyor endonuclease assay[104]. Since this is a reporter gene, off-

target effects are minimized, yet in Table 5 the top ten predicted off target sites are 

presented. The 72 base ssODN (72-mer) and the CRISPR/Cas9 expression construct 

were introduced by electroporation and the corrected eGFP expression measured 48 

hours later by FACS. The amount of ssODN was fixed and the level of CRISPR/Cas9 

expression construct was increased in a stepwise fashion.  

Figure 19 illustrates the level of gene editing activity obtained from a 

population of cells either treated in an unsynchronized state or synchronized and 

released before the addition of the ssODN and CRISPR/Cas9. Gene editing activity is 

dose-dependent, exhibiting higher levels when synchronized and released cells are 

targeted as compared to cells targeted in the unsynchronized state. Consistent with 
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previous findings, synchronization and release increases the percentage of cells 

transiting S phase during DNA addition, a reaction condition shown to increase the 

frequency of gene editing [6,38,40,92,103]. Activity is predictably reduced when 

higher levels of the expression constructs are added due to extensive DNA cleavage 

activity and cellular toxicity [37,101]. The optimal length of ssODN molecules for 

gene editing in the eGFP system was confirmed; ranging within 50–100 bases 

[40,103] (see inset in Figure 19).  

Next, the Surveyor endonuclease was used to determine the DNA cleavage 

activity generated through the action of the CRISPR/Cas9 system at dosages that 

support significant levels of gene editing. The data are presented in Figure 20 and 

Figure 21. The Surveyor assay detected CRISPR/Cas9 activity in the absence of the 

ssODN; a predictable rise in activity was observed as a function of the amount of 

expression vector present in the reaction. When cleavage activity is measured in 

reaction mixtures with the ssODN, the Surveyor endonuclease activity is increased 

(orange line vs yellow line), particularly at the two doses where gene editing activity is 

near maximal. While this may appear to be counterintuitive, the 

Surveyor endonuclease assay prefers DNA duplexes with small but definitive indels. 

DNA duplexes bear small insertions, deletions or single base changes which are more 

appropriate as substrates for cleavage [104]. This may suggest a significant degree of 

heterogeneity at the target site in conjunction with point mutation repair or perhaps 

independent of it. A similar observation was made by Schumann et al. using a T7 

Endonuclease I (T7E1) recognition assay to measure CRISPR/Cas9 cleavage activity 

[105]. In that system, however, the objective was different; to insert a segment of 

DNA. The correlation between the extent of single base gene editing and 
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heterogeneity detected by the Surveyor assay prompted us to examine the DNA 

sequence both at and surrounding the target site, as a function of point mutation repair. 

This led to the testable hypothesis that point mutation repair could come with 

various degrees of onsite mutagenesis, resulting in a population of heterogeneous re-

ligated DNA ends, the resection products.  

The Kmiec lab and others [8,91,92,106,107] have reported previously that the 

process of single base gene editing in mammalian cells leads to small but detectable 

slowing of the progression of targeted cells through S phase, perhaps due to the 

activation of the DNA damage response pathway. Interestingly this collateral effect 

enhances gene editing activity as the longer period of time spent in S phase 

coordinately extends the open conformation of the chromatin thereby increasing 

accessibility of the target for the oligonucleotide; otherwise the cells exhibit a standard 

cell cycle profile. The profile of the targeted cell population under conditions that 

exhibit both significant levels of gene editing activity as well as CRISPR/Cas9 

cleavage activity was analyzed next. Interest was centered on S phase events to 

determine if there would be an extension of S phase induced by the presence of 

CRISPR/Cas9 at increasing concentrations of plasmid. Analysis was given to the three 

specific parameters associated with S phase:  diploid (%), percent of all events that are 

associated with a single cycling population; diploid: S phase (%), percent of all cells in 

the diploid cycle; and Total S Phase (%) (Average S Phase), the sum of all S Phase 

areas as a percentage of the total area for cycling cells of all populations. Debris (%) 

was also analyzed to determine the quality of the analyzed data. As seen in Table 6 

(see also Figure 22), no significant damage to cell cycle progression is observed but an 

increase in the number of cells progressing through S phase is seen when all of the 
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reaction components are present.  Some increase in the amount of debris generated 

under these conditions is also apparent which may be due chromosomal degradation as 

a function of repetitive cleavage activity. 

Discussion 

 This study investigated the relationship between DNA cleavage activities, as 

measured by two established assays, and a gene editing reaction wherein an ssODN 

and CRISPR/Cas9 jointly execute single base repair. This reaction differs from the 

broadly used approach where single-stranded DNA is used as a template for DNA 

insertion. The presence of the ssODN enhances the activity of the Surveyor 

endonuclease assay by increasing the size of the population of suitable cleavage 

substrates but reduces the activity of AvrII in the RFLP assay by catalyzing single 

base exchange through the destruction of the restriction site. These data suggest that 

positive (or negative) correlations between DNA cleavage and gene editing should be 

made cautiously, since these relationships are dependent on the type of genetic or 

biochemical readout used to measure respective activities. The data are in general 

agreement with observations reported by Schumann et al. [105] although the 

mechanism by which gene editing takes place is likely quite different since the  

approach of the presented study involved genetic surgery [3,86,108–110] and not 

DNA addition through insertion.  This difference is most apparent in the restriction on 

the polarity of the oligonucleotide used to direct single base exchange and gene repair.   

While other strategies are being tested to improve the efficiency of precise genome 

editing by inhibiting NHEJ [111], our data suggest that ssODN themselves might also 

be useful in reducing the heterogeneity of DNA ends created through the activity of 

RNA-guided engineered nucleases and nonhomologous end joining. Taken together, 
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these results indicate that single point mutation repair, catalyzed by the combination of 

a single-stranded oligonucleotide and a specific CRISPR/Cas9, can generate a 

population of cells with corrected alleles and a heterogeneous mix of sequence 

alterations at or surrounding the target site. These results could also suggest that onsite 

mutagenesis in gene editing systems where point mutation repair is the objective, 

could affect the translation of the technology into a more relevant clinical setting, 

perhaps for Sickle Cell Disease. The importance of these data will affect gene editing 

studies with a central focus of identifying and analyzing converted cells but not 

evaluating the population of cells not displaying the desired phenotype; the 

uncorrected population. Deep sequencing of offsite mutagenesis remains a central 

focus of most analytical approaches for gene editing, but our data suggest that onsite 

mutagenesis may be significant. The repair of a point mutation can be facilitated by 

combined activity of a single-stranded oligonucleotide and a CRISPR/Cas9 system. 

While the mechanism of action of combinatorial gene editing remains to be elucidated, 

the regulatory circuitry of nucleotide exchange executed by oligonucleotides alone has 

been largely defined. The appropriate CRISPR/Cas9 system leads to an enhancement 

in the frequency of gene editing directed by single-stranded DNA oligonucleotides. 

Still more studies need to be put in place to further understand the heterogeneous mix 

of sequence alterations at or surrounding the target site as a result of the combinatorial 

use of oligonucleotide and a specific CRISPR/Cas9 to correct a point base mutation.
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Figure 18. Experimental Design for HCT116-19 Gene Editing.  

(A) Experimental workflow. HCT116-19 cells are either unsynchronized or synchronized and released, then transfected 

with a CRISPR/Cas9 expression vector (pX330) with or without ssODN, then after 48 hours analyzed for gene editing 

activity and Surveyor endonuclease digestion. (B) Gene editing model system and ssODNs. The wild-type and mutated 

eGFP gene segments with the target codon located in the center of the sequences are displayed in green and red, 

respectively. The nucleotide targeted for exchange is emphasized in bold and underlined. The gRNA and protospacer 

adjacent motif (PAM) shown indicate the CRISPR/Cas9 target site and the location of the resulting double-stranded break 

(DSB). The phosphorothioate modified, end protected 72-mer which is used to target the mutated eGFP gene is shown.
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Table 5. Top 10 Potential Predicted Off-target sites of the mutant eGFP Targeting gRNA in the Human Genome 

 

Mutant eGFP targeting gRNA - AGCACTGCACGCCCTAGGTCAGG 

Top 10 potential genome-wide off-target sites 

Sequence Score Mismatches UCSC gene Locus 

AGCACTGCCCGCCCTAGGCCAGG 1.7 2MMs [9:19] NM_001199642 chr3:+123071187 

AGCTCTGCAGGCCCTAGGTGGAG 1.3 3MMs [4:10:20]  chr11:-795678 

AGAGCTGCCTGCCCTAGGTCTAG 0.8 4MMs [3:4:9:10]  chr1:-6697733 

AGCTCTGCACTACCTAGGTCAAG 0.7 3MMs [4:11:12]  chr5:+141485541 

AACAGTGCATGCCCTAGGTACAG 0.6 4MMs [2:5:10:20]  chr1:+89214834 

TGCACTGCAAGCCCTCGGTCAAG 0.5 3MMs [1:10:16] NM_030576 chr17:-61773589 

AGAAATGCCCTCCCTAGGTCCAG 0.5 4MMs [3:5:9:11] NM_207404 chr3:+42958472 

AGCCCTGGATGCCCTAGGCCAAG 0.5 4MMs [4:8:10:19]  chr4:-4374838 

AGCCCTGCACGCCCTAGGGAAAG 0.4 3MMs [4:19:20] NM_139027 chr9:-136323253 

AGCCCTGCCTGCCCTAGGTGGAG 0.4 4MMs [4:9:10:20]  chr9:-137677669 

 

The top 10 potential off-target sites are listed with the off-target sequence, off-target hit scores, the number of mismatches 

and their location in the seed sequence, the UCSC gene IDs (if off-target occurs in a gene), and the genomic locus of the 

off-target site. 
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Figure 19. Gene editing dose curve using in synchronized and unsynchronized cells.  
Synchronized (blue) and unsynchronized (orange) HCT116-19 cells were electroporated with 0.1–10.0 μg of pX330 and 

1.35 μg of 72mer. After a 48-hour recovery period, gene editing activity was measured using a Guava Easy Cyte 5HT Flow 

Cytometer. Gene editing is displayed as correction efficiency (%), determined by the number of viable eGFP positive cells 

.100µg .250µg .500µg 1µg 2µg 3µg 5µg 10µg

Synchronized 0.02 0.24 0.11 1.99 2.02 3.85 4.77 3.42

Unsynchronized 0.07 0.06 0.17 0.53 0.62 0.74 1.03 0.65
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divided by the total number of viable cells in the population. Each treatment was performed in triplicate and standard error 

is illustrated with accompanying bars. Statistical analysis was performed using two sample unequal variance students T-test 

distribution to compare the value of correction efficiency between synchronized and un-synchronized cells when treated 

with CRISPR/Cas9. *p < 0.05. Inset. Correction efficiency using varying lengths of ssODN at equimolar concentrations 

with 5 ug of pX330, 48 hours after electroporation. 
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Figure 20. Correlation between CRISPR/Cas9 cleavage and gene editing activity.  
Synchronized and released HCT116-19 cells were electroporated with 0–10μg of pX330 and with (+ ODN) or without (− 

ODN) 1.35μg of 72-mer. CRISPR/Cas9 cleavage activity measured by Surveyor endonuclease assay (orange and yellow) as 

well as gene editing (dark green and light green) activity measured by FACS are shown. Standard error is represented by the 

bars on each data point. 

0

1

2

3

4

5

6

0

5

10

15

20

25

0µg 1µg 2µg 3µg 5µg 10µg

G
e

n
e

 E
d

it
in

g 
%

In
d

e
l %

CRISPR Dose

Gene Editing vs CRISPR Activity

SURVEYOR -ODN

SURVEYOR +ODN

FACS -ODN

FACS +ODN

Figure 3

CRISPR Dose SURVEYOR -ODN SURVEYOR +ODN FACS -ODN FACS +ODN FACS Error

0µg 0 0 0 0 0

1µg 9.5 15.7 0.0 2.0 0.77

2µg 7.9 15.6 0.0 2.0 0.19

3µg 8.1 20.9 0.0 3.8 0.29

5µg 13.1 16.9 0.0 4.8 1.04

10µg 20.0 17 0.0 3.4 0.15

0

1

2

3

4

5

6

0

5

10

15

20

25

0µg 1µg 2µg 3µg 5µg 10µg

G
e

n
e

 E
d

it
in

g 
%

In
d

e
l %

CRISPR Dose

Gene Editing vs CRISPR Activity

SURVEYOR -ODN

SURVEYOR +ODN

FACS -ODN

FACS +ODN

Figure 3

CRISPR Dose SURVEYOR -ODN SURVEYOR +ODN FACS -ODN FACS +ODN FACS Error

0µg 0 0 0 0 0

1µg 9.5 15.7 0.0 2.0 0.77

2µg 7.9 15.6 0.0 2.0 0.19

3µg 8.1 20.9 0.0 3.8 0.29

5µg 13.1 16.9 0.0 4.8 1.04

10µg 20.0 17 0.0 3.4 0.15

6
8
 

 



   

 

 69 

 

 
Figure 21. Surveyor Analysis.  

(A) Surveyor analysis of synchronized HCT116-19 cells that were transfected with 

increasing concentrations of pX330 containing the eGFP targeting gRNA. Cleavage 

products are indicated by the small arrows. (B) Surveyor analysis of synchronized 

HCT116-19 cells that were transfected with increasing concentrations of pX330 

containing the eGFP targeting gRNA and 1.35µg of the 72-mer ssODN or 2µg of pX330 

with a 72-mer scrambled oligo. Cleavage products are indicated by the small arrows.  
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Table 6. Cell Cycle Analysis 

 

Cell Cycle Analysis 

Treatment Diploid (%) 
Diploid: 
S phase 

(%) 

Total 
S phase 

(%) 

Debris 
(%) 

Unsynchronized 100 41.59 41.59 17.24 
Synchronized  

Un-treated 90.44 32.52 29.41 11.66 

72-mer ssODN 98.09 29.85 29.28 12.18 
72-mer ssODN/ 
CRISPR-Cas9 97.90 35.80 35.04 19.38 

 

HCT116-19 cells were synchronized and released in culturing medium. Synchronized 

and unsynchronized HCT116-19 cells were transfected with 72-mer and 

CRISPR/Cas9 plasmid construct px330. Cells were allowed to recover in complete 

growth media for 24hr. Cell cycle profiles represent the DNA content distributions of 

the cells at 24hr post transfection. Cell cycle modeling was performed using the Auto 

analysis feature of the Modfit software. S phase events were recorded for three 

specific parameters associated with s-phase. The diploid (%), percent of all events that 

are associated with a single cycling population. Diploid: S phase (%), percent of all 

cells in the diploid cycle. And, Total S Phase (%) (Average S Phase), the sum of all S 

Phase areas as a percentage of the total area. The Debris (%) was also analyzed to 

determine the quality of the analyzed data. 
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Figure 22. Cell Cycle profiles of gene editing reactions.  

HCT116-19 cells were synchronized and released in culture medium. Synchronized 

and unsynchronized HCT116-19 cells were transfected with 72-mer and 

CRISPR/Cas9 plasmid construct px330. Cells were allowed to recover in complete 

growth media for 24hr. Cell Cycle profiles represent the DNA content distributions of 

the cells at 24hr post transfection with modeling performed using the Auto analysis 

feature of the Modfit software. S phase extension was by Diploid (%), Diploid: S 

phase (%), Total S Phase (%) (Average S Phase), and Debris (%) was also analyzed to 

determine the quality of the analyzed data. 
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 Chapter 4

INSERTIONAL MUTAGENESIS BY CRISPR/CAS9 RIBONUCLEOPROTEIN 

GENE EDITING IN CELLS TARGETED FOR POINT MUTATION REPAIR 

DIRECTED BY SHORT SINGLE-STRANDED DNA OLIGONUCLEOTIDES 

Introduction 

CRISPR/Cas9 and single-stranded DNA oligonucleotides (ssODNs) have been 

used to direct the repair of a single base mutation in human genes. This study 

examines a method designed to increase the precision of RNA guided genome editing 

in human cells by utilizing a CRISPR/Cas9 ribonucleoprotein (RNP) complex to 

initiate DNA cleavage. It is of great interest to better understand the outcomes of gene 

editing when employed by different technologies and delivery methods, i.e. RNP vs. 

plasmid. The RNP is assembled in vitro and induces a double stranded break at a 

specific site surrounding the mutant base designated for correction by the ssODN. 

Significant gene correction activity is promoted by the RNP and single-stranded DNA 

oligonucleotide validated by genotypic and phenotypic readout. This was achieved in 

the presence of all gene editing components. The genotype of individually sorted, 

corrected and uncorrected clonally expanded cell populations for the mutagenic 

footprint left by the action of gene editing tools was examined in detail. While the 

DNA sequence of the corrected population is exact with no adjacent sequence 

modification, the uncorrected population exhibits heterogeneous mutagenicity with a 

wide variety of deletions and insertions surrounding the target site. This type of DNA 

aberration was designated as on-site mutagenicity. Analyses of two clonal populations 
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bearing specific DNA insertions surrounding the target site, indicate that point 

mutation repair has occurred at the level of the gene. The phenotype, however, is not 

rescued because a section of the single-stranded oligonucleotide has been inserted 

altering the reading frame and generating truncated proteins. These data illustrate the 

importance of analyzing mutagenicity in uncorrected cells. These results also form the 

basis of a simple model and standardized methodology for point mutation repair 

directed by a short single-stranded DNA oligonucleotide and CRISPR/Cas9 

ribonucleoprotein complex. 

Methods and materials 

Cell Line and Culture Conditions 

HCT116 cells were acquired from ATCC (American Type Cell Culture, 

Manassas, VA). The HCT116-19 was created by integrating a pEGFP-N3 vector 

(Clontech, Palo Alto, CA) containing a mutated eGFP gene. The mutated eGFP gene 

has a nonsense mutation at position +67 resulting in a nonfunctional eGFP 

protein[85]. For these experiments, HCT116 (-19) cells were cultured in McCoy’s 5A 

Modified medium (Thermo Scientific, Pittsburgh, PA) supplemented with 10% fetal 

bovine serum, 2mM L-Glutamine, and 1% Penicillin/Streptomycin. Cells were 

maintained at 37°C and 5% CO2. The eGFP targeting custom designed 72-mer 

oligonucleotide was synthesized by IDT (Integrated DNA Technologies, Coralville, 

IA). 

CRISPR/Cas9 RNP Design and Complexing 

 The mutant eGFP gene sequence was entered into the Zhang Lab’s online 

generator (http:// crispr.mit.edu/) and the CRISPR guide sequences which binds with 
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close proximity to target (TAG = 0) was chosen. crRNA, tracrRNA and Cas9 protein 

were kind gifts from Integrated DNA Technologies (Coralville, Iowa) and stored and 

utilized according to their suggestions. RNP assembly was performed by mixing RNA 

oligos (crRNA and tracrRNA) in equimolar concentrations to a final duplex 

concentration of45μM. For the RNA to duplex the mix was heated at 95˚C for 5 

minutes and allowed to cool to room temperature (15–25˚C). For each sample 

crRNA:tracrRNA (45μM working solution) and Cas9 protein (60μM stock solution) 

were diluted in their respective buffers to a final volume of 5μL each to achieve the 

desired treatment concentration. Prior to mixing with cells crRNA:tracrRNA duplex 

and Cas9 protein we mixed and set to incubate at room temperature for 15 minutes. 

The same annealing conditions and reactions were carried out in the assembly of the 

mutant eGFP or B-globin gene crRNA RNP. 

Experimental Strategy  

For all experiments, HCT 116–19 cells were synchronized for 24 hours with 

Aphidicholin at the G1/S border prior to introducing the Cas9 ribonucleoprotein 

(RNP) complex or CRISPR/ Cas9 generated from an expression construct. The 

CRISPR expression plasmid was constructed using standard cloning methods 

following the latest oligo annealing and backbone cloning protocol with single-step 

digestion-ligation. The CRISPR guide sequences were cloned into the pX330 

backbone vector (Addgene plasmid 42230), a human codon-optimized SpCas9 and 

chimeric guide RNA expression plasmid. Single-stranded DNA oligonucleotides used 

in this study are 72 base pairs in length and designed as depicted in Figure 23. RNP 

assembly was performed by mixing RNA oligos (crRNA and tracrRNA) in equimolar 

concentrations to a final duplex concentration of 45μM. For the RNA to duplex the 
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mix was heated at 95˚C for 5 minutes and allowed to cool to room temperature (15–

25˚C). For each sample crRNA:tracrRNA (45μM working solution) and Cas9 protein 

(60μM stock solution) were diluted in their respective buffers to a final volume of 5μL 

each to achieve the desired treatment concentration (24-120pmol). Prior to mixing 

with cells crRNA:tracrRNA duplex and Cas9 protein we mixed and set to incubate at 

room temperature for 15 minutes. Electroporation transfection was performed by 

mixing cells at concentration of 5x10
5 

cells/100 microliters along with the RNP and 

ssODNs in a 4mm gap cuvette (BioExpress, Kaysville, UT) (250V, LV, 13ms pulse 

length, 2 pulses, 1s interval) using a Bio-Rad Gene PulserTM XCell Electroporation 

System (Bio-Rad Laboratories, Hercules, CA). Cells were then recovered in 6-well 

plates with complete growth media at 37˚C for 72 hours prior to analysis. 

Analysis of Gene Edited Cells and Transfection Efficiency  

HCT 116–19 cell fluorescence (eGFP+) was measured by a BD FACSAria II 

(BD Biosciences, San Jose, CA). Cells were harvested by trypsinization, washed once 

with 1x PBS (-/-) and resus- pended in buffer (0.5% BSA, 2mM EDTA, 2μg/mL 

Propidium Iodide in PBS -/-). Propidium iodide was used to measure cell viability as 

such, viable cells stain negative for PI (uptake). Correction efficiency was calculated 

as the percentage of the total live eGFP positive cells over the total live cells in each 

sample. Error bars are produced from three sets of data points generated over three 

separate experiments using basic calculations of Standard Error. 

RNP in Vitro Activity  

Cellular gDNA was isolated from pellets of 1 x 10
6
 untreated HCT 116–19 

cells using Qiagen DNAEasy Blood and Tissue Kit (Cat. ID 69506, Valencia, CA). 
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PCR was performed using AmpliTaq (Thermo-Scientific, Waltham, MA) on 200ng of 

isolated gDNA, with amplification parameters optimized for an amplicon size of 

605bp with forward primer 5’-CTGGACGGCGACGTAAACGGC-3’and reverse 

primer, 5’-ACCATGTGATCGCGCTTCTCG-3’. Amplicon size was verified on 1% 

agarose gel and PCR samples were cleaned up using the QIAquick PCR purification 

kit (Qiagen, Hilden, Germany). After purification, 300ng of PCR sample was 

combined with Buffer 3.1 and 25pmols or 50pmols of RNP complex. The mix was 

incubated for 40 minutes at 37˚C then 1 microliter of proteinase K was added to the 

mix and incubated for 15 minutes. Samples were loaded along with NEB 2-log DNA 

ladder (NEB, Ipswich, MA) and analyzed on a 2% TBE agarose gel. Cellular gDNA 

was isolated from pellets of 1–2 x 10
6
 K562 cells using the Qiagen DNEasy Blood and 

Tissue Kit (Cat. ID 69506, Valencia, CA). PCR was performed using Phusion High-

Fidelity PCR Master Mix with HF Buffer (Thermo-Scientific, Waltham, MA) on 

isolated gDNA, with amplification parameters optimized for an amplicon size of 

345bp with forward primer 5’- TCCTAAGCCAGTGCCAGAAGAG -3’ and reverse 

Primer 5’- CTATTGGTCTCCTTAAACCT-3'. Amplicon size was verified on 1% 

agarose gel. PCR samples were cleaned up using the QIAquick PCR purification kit 

(Qiagen, Hilden, Germany) and treated with DdeI restriction enzyme (NEB, Ipswich, 

MA) following the manufacturer’s protocol or RNP following the method described 

above. Digested samples were loaded along with NEB 2-log DNA ladder (NEB, 

Ipswich, MA) and analyzed on a 2% TBE agarose gel. 

DNA Sequence Analysis 

Synchronized and released HCT 116–19 cells were harvested and 

electroporated at a concentration of 5 x 10
5
 cells/100µLwith RNP complex at 
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100pmols and 72NT ODN at 2.0 µM. Following electroporation, cells were placed in 

6-well plates and allowed to recover for 72 hours. Cells were then individually sorted 

by a BD FACSAria II sorter-488nm (100mw) (BD Biosciences, San Jose, CA) for 

eGFP+/- into 96-well plates. Cells were expanded over 6 weeks and harvested. 

Cellular gDNA was isolated using Qiagen DNEasy Blood and Tissue Kit (Cat. ID 

69506, Valencia, CA) and the region surrounding the target base was amplified via 

PCR (718bp, forward primer 5’-ATGGTGAGCAAGGGCGAGGA-3’ and reverse 

primer 5’-ACTTGTACAGCTCGTCCATGC-3’). Samples were submitted to Eton 

Bio Incorporated (Union, NJ) for sequencing analysis. 

Results 

Can the precision of RNA guided genome editing in human cells be increased? 

Gene editing using CRISPR/Cas9 and ssODNs aims to rescue a mutated eGFP 

by converting the G base to a C and restoring the normal tyrosine codon (TAC) (see 

Figure 23). For this study a specific combination of CRISPR/Cas9 and ssODN that has 

been shown previously to be optimal for RGEN-directed correction was used 

(described in Figure 23)[101]. In the experiments reported herein,  the 72NT 

oligonucleotide was used since previous data have established that targeting the non-

transcribed strand at this ssODN length leads to a higher level of gene editing[44]. In 

addition, the use of the complementary oligonucleotide, targeting the transcribed 

strand, leads to artefactual annealing to the sgRNA component of the CRISPR/Cas9 

complex, reducing overall activity[101]. Successful correction of the point mutation 

leads to the production of a functional eGFP which can be detected and quantified by 

FACS. In previous studies, both components (sgRNA and Cas9) were generated from 
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a plasmid expression vector[101]. In this study, however, the CRISPR/Cas9 were used 

as a ribonucleoprotein complex that is preassembled prior to introduction into the 

cells. Figure 24A provides a schematic of the RNP assembly process. The crRNA and 

the tracrRNA are identical in sequence to the longer sgRNA used previously although 

they are used as separate RNA molecules in this protocol. The crRNA and tracrRNA 

are reannealed by mixing RNA oligos (crRNA and tracrRNA) in equimolar 

concentrations with subsequent addition of purified Cas9 protein. To measure inherent 

activity of the RNP with regard to its capacity to cleave DNA, an in-vitro reaction was 

carried out to assess the capacity of this particular RNP complex to induce double 

strand DNA cleavage in a specific fragment of DNA. The fragment was created by 

PCR amplification across the mutant eGFP target site generating a 605 base pair 

template containing the target site for the RNP. The preassembled RNP was mixed 

with this fragment at various concentrations for 40 minutes followed by 

deproteinization by Proteinase K. The digestion fragments were visualized after gel 

electrophoresis and the data are presented in Figure 24B.  As predicted, the RNP 

efficiently catalyzes double strand DNA cleavage of the specific fragment but not of a 

fragment lacking the target site. These results support the notion that the RNP 

complex assembled under these reaction conditions contains the appropriate level of 

activity and specificity for inducing double strand DNA cleavage. For the cell-based 

gene editing reaction, the RNP was combined with 72NT at a prescribed molar ratio of 

1:2.5 and immediately electroporated into HCT 116–19 cells. Cells are allowed to 

incubate for 72 hours after which time they are processed for FACS analysis.  A dose 

curve was carried out with increasing concentrations of the preassembled RNP, while 

maintaining a constant ratio of ssODN (72NT) to RNP. The data are presented in 
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Figure 25A and exhibit a steady increase in correction efficiency, rising steadily from 

the initial level of 24 pmols of RNP to a high level when 120 pmols are used in the 

reaction. In contrast, single agent gene editing using only the 72NT produces a much 

lower level of gene editing, as previously reported (see inset Figure 25A)[3,5]. These 

data suggest that the RNP particle used in combination with the 72NT oligonucleotide 

can promote gene correction at a level approaching 10 to 12% reproducibly. The next 

experiment addresses the question of the importance of each reaction component. A 

complete reaction mixture containing 100pmol of RNP complex and 2.0μM of 72NT 

respectively was utilized. As shown in Figure 25B, elimination of one or two of the 

essential reaction components eliminates gene editing activity completely. In addition, 

a complete reaction mixture for activity after replacing the specific RNP complex with 

one that targets the beta globin gene was also tested. No reproducible levels of gene 

editing were observed emphasizing the requirement for the specific RNP particle 

coupled to the single-stranded oligonucleotide to direct correction of the point 

mutation in the eGFP gene. The reaction mixture containing all of the relevant 

components, however, promotes correction efficiency of approximately 10%, 

consistent with the previous data (Figure 25A). This level of gene editing directed by 

the RNP/72NT complex can therefore produce a sufficient level of eGFP positive cells 

separated from eGFP negative cells to enable robust single cell sorting by FACS and 

subsequent clonal expansion. Figure 26A presents a side scatter plot of a complete 

gene editing reaction on a population of HCT 116–19 cells. The segmented plot 

illustrates a distinct percentage of cells in the P2 quadrant, representing eGFP positive 

cells that can be distributed as individual cells into a single well of a 96 well plate. In a 

similar fashion, uncorrected cells from the population displayed in quadrant P3 can 
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also be isolated. Figure 26B displays the experimental flow following transfection and 

sorting, enrichment and finally clonal expansion prior to DNA harvesting, extraction 

and sequence analysis. Using this experimental strategy, it was possible to interrogate 

the allelic composition of corrected and uncorrected single cells specifically 

measuring the degree of DNA heterogeneity, or on-site mutagenesis, accompanying 

successful and unsuccessful gene editing activity. After sorting, isolation and 

expansion of corrected and uncorrected single cells, the DNA sequence of multiple 

clones was analyzed using direct Sanger sequencing following PCR amplification of a 

718bp long PCR fragment. As shown in Figure 27A, precise conversion of the TAG 

codon, to TAC, (light blue highlighted area) confirms phenotypic expression in the 

eGFP positive clones, at the DNA level. Sixteen eGFP positive clones were expanded 

in the same fashion and all contained the converted DNA sequence as presented in 

Figure 27A. No sequence alterations or onsite mutagenesis was observed within the 

718 base pair DNA region in these experiments. The DNA sequence readout found in 

all the clones is provided in the lower half of the figure to show that no contaminating 

or background sequence is present, indicating that single cell clonal expansion from 

the corrected population was successful. Figure 27B illustrates the genotypic analyses 

of 17 eGFP-negative clonally expanded cells, selected at random from the sorted, 

uncorrected population. In eight of the seventeen clones, the TAG codon remains 

intact and no sequence variation is observed within the region examined. In the other 

nine clone’s insertion immediately downstream from the targeted base are present. 

These results demonstrate that onsite mutagenesis occurs during RNP/ssODN gene 

editing reactions in cells that fail to achieve the desired phenotype. This led to the 

examination of the genotype of the two clones containing DNA insertions, neither of 
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which exhibit a change in phenotype as judged by the absence of green fluorescence. 

These two clones are instructive not only for what they tell us about the potential for 

on-site mutagenesis but also what they tell us about a mechanism for DNA insertion 

driven by single-stranded DNA. In Figure 27C, the DNA sequence of the uncorrected 

clone containing a 15 base pair insertion is presented. Here it is illustrated how this 

insertion created a new frameshift generating the corrected TAC tyrosine codon and 

concomitantly creating a new TAG, stop codon. Thus, this clone appears to have been 

corrected at the targeted base but that correction is not reflected in a phenotypic 

change. As such, the insertion expands the gene by five codons. In the same fashion, a 

second clone containing a 24 base pair segment, inserted at the identical position, is 

also displayed in Figure 27C. In this case, 8 new codons, preceding the newly created 

stop codon, have now become inserted. Thus, CRISPR/Cas9 single-stranded 

oligonucleotide gene editing can generate a novel stretch of amino acids that are not 

encoded by the targeted gene. The DNA insertion matches, in perfect register, a 

section of the single-stranded oligonucleotide when placed in this reading frame. Thus, 

these data suggest that sections of the oligonucleotide can be inserted into the target 

gene, resulting with the simultaneous correction of the examined on-site onsite 

mutagenesis consisting of both deletion and insertion mutations of varying lengths. 

This mutagenic activity ranged from a one base pair deletion surrounding the target 

site to a 19 pair deletion to a 24 base pair point mutation and the generation of a 

mutagenic footprint (see Figure 28). The degree of mutagenesis observed in the 

uncorrected population is broad, signaling the importance of analyzing a 

representative sample of the entire population of cells targeted for genetic alteration. 
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Discussion 

Collateral mutagenesis, generated by the action the CRISPR/Cas9 gene editing 

tool, has been a central focus of both advocates and critics of this technology. 

Sophisticated molecular cloning approaches to refute, diminish or downplay the 

degree of off-site mutagenesis have been offered by many of the leading laboratories 

in the field[13,112,113]. But, in many cases, results rely in large part on proving a 

negative. In fact, it is debatable as to whether or not off-site mutagenesis can be 

completely eliminated as a potential side reaction in therapeutic gene editing. More 

recently, focus has been placed on the potential of onsite mutagenesis, an outcome of 

the normal activity of RGENs. The inherent response of a cell to repair the double 

strand break through the process of non-homologous end joining is at the core of the 

current genetic revolution, partially inspired by RGENs, that have made the generation 

of gene knockouts in many eukaryotic cell types a routine lab procedure. In contrast, 

onsite mutagenesis becomes more relevant when the objective of the gene editing 

protocol is not to disable but rather to repair a gene bearing a point mutation, and 

eventually, to direct seamless insertion of a fragment of donor DNA. Most of the 

studies focused on onsite genetic heterogeneity, examine genes for which there is 

complex readout, as in the case of human stem cells, often requiring drug selection to 

identify the targeted cells[114]. Primary cells and even transformed cells can respond 

negatively to selective pressures when challenged with either chemo-toxins or 

antibiotics. The Kmiec laboratory examined onsite mutagenesis as a function of single 

base gene editing, the repair of a point mutation in human cells[115]. While a native 

gene, human HBB, has been utilized here to validate these initial findings, it is 

essential to employ a reproducible, robust model system that has a long history of 

validated readout that can measure phenotype, protein function and genotype without 
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exogenous manipulation. In this study the model system in which a mutated eGFP 

gene, integrated as a single copy into HCT 116 cells[85], is targeted for repair by the 

combination of a CRISPR/Cas9 RNP and a specific single-stranded DNA 

oligonucleotide. Successful conversion of the point mutation transforms a stop codon 

to a tyrosine codon enabling translation and expression of functional eGFP. Because 

the cells can be cloned and examined as uniquely expanded populations, allelic 

analysis of gene editing activity in both corrected and uncorrected populations is 

simple. Here it is revealed how the combination of the RNP complex and a 72-mer 

directs gene repair of the point mutation in an efficient and reproducible fashion. 

Keeping the molecular ratio of the RNP and the single-strand DNA oligonucleotide 

constant but raising the total amount in the reaction induces a dose-dependent 

response which begins to plateau above 10%; at an 8 to 10-fold higher level than when 

the ssODN is used as the sole gene editing agent. All of the appropriate reaction 

components are required for successful point mutation repair and the separation of the 

corrected and uncorrected cells can be achieved in a straightforward fashion. The 

rationale for using the RNP is that the active components of the CRISPR/Cas9 system 

will be delivered to the nucleus at approximately the same time facilitating a more 

constant initialization of the gene editing reaction. Previously, a plasmid expression 

system was used in which Cas9 is expressed from the same plasmid as the sgRNA. In 

the presented study, point mutation repair driven by the combination of the RNP and 

the ssODN is confirmed. With regard to the examination of DNA heterogeneity in 

corrected and uncorrected population of cells, identified by FACS as being corrected, 

exhibit precise single base repair at the target site. No genetic alteration was observed 

in the cells from the corrected population for a proximal distance of 718 bases. In 
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addition, there weren’t any observations of nucleotide changes that would result in a 

conservative change in amino acid sequence still enabling expression of alternative 

wild type eGFP. 

 The clonal expansion of a population of cells that did not exhibit phenotypic 

correction generated a panel of genetic alterations ranging from uncorrected, yet 

intact, to a cell line bearing a 19 base deletion surrounding the target site to the 

insertion of 24 bases surrounding the target site respectively. Of the 17 clones tested, 

eight had no change to the mutant DNA sequence, perhaps indicating that the RNP 

complex had not reached the target site in those cells or had induced a double strand 

break which was properly and efficiently repaired with or without the aid of the 

single-stranded oligonucleotide.  

A wide range of DNA sequence deletions were observed starting with a single 

base deletion and ending with a 19 base deletion, heterogeneity that surrounds the 

nucleotide targeted for gene repair. No other sequence alterations outside of the target 

site were observed, again within the proximal 718 bases. The one clone harboring a 15 

base insertion, appears to have arisen through a duplication of the adjacent 15 bases 

located 5’ to the target site, as well as a 24 base insertion that appears to have come 

from the same DNA source. Our results indicate that onsite mutagenesis clearly occurs 

in the uncorrected population of cells, exhibiting a wide range of indel formation. 

Interestingly, a similar phenomenon has been observed in a separate series of studies 

wherein in the objective was to induce a single base change in the genome of K562 

cells [115]. In that system, however, it was not possible to examine the impact on 

phenotypic changes and thus this model system expands and confirms those studies, 
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demonstrating on-site heterogeneity as a function of gene editing reactions that include 

single-stranded DNA oligonucleotides.  

The data collected in this study aligns with associated studies that examine the 

insertion of a longer fragment of DNA at a precise site. Merkel et al[114] recently 

published an elegant study in which indel formation was observed at the target site 

catalyzed by intact CRISPR/Cas9, as well as associated single or dual Nickases. Taken 

together, these results expand upon data from earlier work in which the objective was 

to modify the target site excessively without introducing unwarranted 

changes[13,105,113]; all of these studies reported site alteration. 

 The specific interest herein is not to develop a strategy to insert a large 

fragment of DNA, but rather to use a short piece of donor DNA, a short single-

stranded oligonucleotide, to perform genetic surgery as a way to repair single point 

mutations. Over the course of the last 15 years the Kmiec lab and others have 

established the mechanism and regulation of short oligo induced gene 

editing[4,5,38,40,86,116]. More recent studies have shown that oligonucleotides of 

length between 49 and 72 bases respectively can direct single base repair as the sole 

agent of the gene editing reaction or in combination with both TALENs and 

CRISPR/Cas9[13,37]. Thus, while the mechanism of action of single base repair, 

directed by these oligonucleotides of restricted length, may differ from the mechanism 

by which DNA fragment or gene insertion takes place, it is now apparent that the same 

type of allelic analysis should be performed on at least a sample of both corrected and 

uncorrected targeted cells generated from both approaches. It is therefore critical that 

studies are conducted in reliable, robust and validated testing systems to explore the 

degree of collateral damage directed by CRISPR/Cas9 to more fully understand the 
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remarkable power of this gene editing tool especially in light of its therapeutic 

potential.  

Homologous recombination was not observed in any events from distal sites, 

wherein genetic information is provided by adjacent chromosomes to aid in the repair 

of the fragmented DNA. The DNA sequence of the insertion clones, however, enables 

a continuation of the reading frame through several codons until a stop codon is 

generated so additional genetic information was proved in some fashion. Both 

insertion clones contain the exact corrected point mutation but do not score as eGFP+ 

because the inserted DNA creates a stop codon 15 or 24 bases downstream from the 

targeted nucleotide respectively. This is an interesting example of how double strand 

DNA breakage can provide a site for DNA insertion of exogenous or repetitive 

segments as the cell responds to chromosomal damage. These data provide insight into 

the overall mechanism by which short oligonucleotides and the RNP execute the 

repair of a point mutation in a mammalian cell and enable the development of a model 

that explains our results. Figure 28 displays a model that is believed to explain the 

generation of cells bearing only a corrected genotype, as well as cells bearing both 

corrected genotype and phenotype.  

A number of sophisticated models have been put forward to explain the 

insertion of exogenous DNA templates for the repair of single base mutations in gene 

editing reactions[99,115,117]. These models are based on a process known as 

Homology Directed Repair (HDR) and likely help explain the results in many of the 

studies wherein the objective was to insert longer pieces of DNA. In their important 

study, Paquet et al[118] developed a gene editing methodology, known as CORRECT, 

for introducing mono- and bi-allelic sequence changes. These workers were successful 
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in elevating the accuracy of HDR through the incorporation of blocking mutations that 

modify the interaction between CRISPR/Cas9 and the PAM sites resulting in scar-less 

genome editing. As a group, these approaches and the models that are generated by 

them are somewhat complex because they involve specific enzymatic activities and 

sophisticated reengineering of some of the reaction components.  

The model presented here is much simpler as it has been based on the well-

accepted and standard model of Double Strand Break Repair[118–120]. When a 

double strand break occurs in a mammalian chromosome (in the case of gene editing, 

induced by CRISPR/Cas9 activity), activated exonucleases recognize the break and 

resect the broken ends to varying degrees, a biochemical reaction that takes place 

regardless of whether the break is designated for repair through the process of 

homologous recombination or nonhomologous end joining. In the case of homologous 

recombination however, usually occurring during S-phase of the cell cycle[121,122], 

proteins involved in DNA recombinational repair load onto the broken ends. 

Subsequently, a sister chromatid provides the DNA template to enable the broken 

strand to once again be made whole through the process of gap filling by DNA 

replication. Since crossover of one strand of DNA from the sister chromatin provides 

the template, its original partner strand is displaced and becomes the template for gap 

filling through DNA replication, albeit in the opposite polarity. Thus, the gap created 

by the original double strand break is repaired through the utilization of an exogenous 

piece of DNA that serves as a source of genetic information and the template for 

replication activity and gap filling. This general concept can help explain the 

appearance of these two insertional mutants and may also explain previous data 
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including the overall reaction of how single-stranded oligonucleotides direct point 

mutation repair in mammalian cells[3,5,116,123].  

The RNP particle, as illustrated in Figure 28, Panel A, interacts at the target 

site and catalyzes a double strand break leaving two 3’ hydroxyl ends available for 

extension by the DNA replication machinery. Non-homologous end joining activity 

then resects the broken ends and the degree of this resection varies from clone to clone 

(Panel B). The clones expanded from the uncorrected population support the fact that 

varying degrees of resection take place (see Figure 28B) because DNA insertions of 

15 and 24 baes were found. As illustrated in Panel C, the oligonucleotide (red) pairs 

stably with the target gene via sequence complementarity, bridging the gap in the top 

strand. The binding is more stable upstream since the ssODN aligns in homologous 

register using perfect complementarity. Downstream from the break site, the base 

pairing must be incomplete because the data reveals a duplication of adjacent 

sequences. The partial binding downstream from the resected site is, in fact, 

energetically favorable based on calculations of free energy (approximately ΔG of -

2.6). In our system, the oligonucleotide has been designed to be complementary to the 

non-transcribed strand and thus we can depict the polarity of pairing partners with 

confidence. As illustrated in Panel D and as a result of resection, a free 3’ hydroxyl 

end on the top strand is now available for extension by DNA replication. In this simple 

model, the oligonucleotide acts as a template for the replication machinery to fill in the 

gap in the upper strand. For these two clones, the single-stranded oligonucleotide used 

in the gene editing reaction contains a G residue at its center because it is designed to 

create a single base mismatch with the G residue in the gene and promote mismatch 

repair. This strategy is based on work on single agent gene editing wherein the 
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objective is not DNA insertion but rather nucleotide exchange through the process of 

mismatch repair or by incorporation of the oligonucleotide into a growing replication 

fork (see models in references [3–5]). In contrast to some other models of gene 

editing[99,115,117,118], the sequencing data acquired here indicate that the 

oligonucleotide itself does not insert directly because, if this had happened, then the 

base at that position, identified in the genomic sequence (Figure 28C), would have 

been a G, not a C. After serving as a template for replication, the oligonucleotide 

dissociates (Panel D) and DNA replication is initiated on the opposite strand and in the 

opposite direction by utilizing the free hydroxyl group for extension as illustrated in 

Panel E. This variant of gene editing was termed, EXACT, for EXcision And 

Corrective Therapy; it may also be the general mechanism by which point mutations 

are repaired in gene editing reactions as directed by short oligonucleotides and double 

strand DNA breaks at the target site.  

In principle though, these results do align with the conclusions of Schumann et 

al[105] and others[99,117] in that the activity of the CRISPR/Cas9 system provides a 

framework for the repair of resected regions of genomic DNA. Importantly, however, 

no fragment insertions were observed for point mutation repair because none of the 

clones examined in this study contained the G nucleotide at the target site. Since 

double strand DNA breaks are widely recognized as being both dangerous to cell 

viability and highly recombinogenic, it is likely that multiple pathways are used to 

regenerate a contiguous chromosome. The mechanism of repair may be dictated by the 

type and structure of donor DNA available at the site of damage. 

The analysis of corrected and uncorrected cells reveals both the precision of 

gene editing and the development of genetic lesions, when indels are created in 
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uncorrected cells in the DNA sequence surrounding the target site. Through the above 

presented work it was possible to outline and develop the specific methodology used 

to analyze this combinatorial approach to the gene editing of a point mutation, coupled 

with a detailed experimental strategy to measuring indel formation at the target site. 

This protocol outlines a foundational approach and workflow for investigations aimed 

at developing CRISPR/Cas9-based gene editing for human therapy. The conclusion of 

this work is that on-site mutagenesis takes place as a result of CRISPR/Cas9 activity 

during the process of point mutation repair. This work puts in place a standardized 

methodology (see Appendix A) to identify the degree of mutagenesis[124]. While an 

enormous amount of attention has been paid to the analysis and mapping of off-site 

mutagenesis, it is likely that a heterogeneous mutation created at the target site will 

have a greater effect on the success or failure of gene editing in the clinical arena. 

Additional technologies or modified Cas9 proteins may be required to improve the 

precision of the homology-directed repair of inborn errors in mammalian cells [81]. 

Some of these technologies include the use of auxiliary oligonucleotides to act as a 

bridge, holding the chromosomal ends together and avoiding the destructive action of 

NHEJ. Defining the degree of heterogeneity at the target site as a result of gene editing 

activity is and must be an important part of any protocol designed for therapeutic 

intervention.
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Figure 23. Model system for gene editing of the mutant eGFP gene.   
The appropriate segments of the wild-type and mutated eGFP gene with the targeted codon, located in the center of the 

sequence, are displayed in green and red. The nucleotide targeted for exchange is bolded and underlined. The highlighted 

bases in blue represent the 2C CRISPR protospacer sequence and the orange bases highlight the PAM site. The 

oligonucleotide used in these experiments is 72 bases in length bearing phosphorothioate modified linkages at the three 

terminal bases; the 72-mer targets the non- transcribed (NT) strand (72NT). 

CRISPR Protospacer (5’-3’)

2C AGCACTGCACGCCCTAGGTC

Mutant eGFP gene sequence: 

5’ TCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTA GGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTT ‘3 NT

3’ AGACGTGGTGGCCGTTCGACGGGCACGGGACCGGGTGGGAGCACTGGTG GGACTGGATCCCGCACGTCACGAAGTCGGCGATGGGGCTGGTGTACTTCGTCGTGCTGAAGAA ‘5 T

72mer(NT): 

3’ C*A*C*GGGACCGGGTGGGAGCACTGGTGGGACTGGATGCCGCACGTCACGAAGTCGGCGATGGGGCTGGTG*T*A*C 5’

2C

Wild Type eGFP gene sequence: 

5’ TCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTA CGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTT ‘3 NT

3’ AGACGTGGTGGCCGTTCGACGGGCACGGGACCGGGTGGGAGCACTGGTGGGACTGGAT GCCGCACGTCACGAAGTCGGCGATGGGGCTGGTGTACTTCGTCGTGCTGAAGAA ‘5 T
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Figure 24. CRISPR/Cas9 Ribonucleoprotein Gene Editing of the mutant eGFP gene.  

(A) CRISPR/Cas9 Ribonucleoprotein Assembly Reaction.  

crRNA provides target specificity (20 bases, red section) corresponding to the 2C protospacer sequence and an interaction 

domain (blue) with the tracrRNA (green). crRNA and tracrRNA are annealed in equimolar concentrations. Cas9 protein 

(gray) is added to complete RNP assembly. Guide RNAs (gRNAs) direct and activate the Cas9 endonuclease which then 

Figure 2B

U
nt

re
at

ed

25
pm

ol
s 

RN
P

50
pm

ol
s 

R
N

P

U
nt

re
at

ed

25
pm

ol
s 

RN
P

D
de

I

605bp

143bp

462bp

500bp

300bp

100bp

U
nt

re
at

ed

HCT116(-19) Cells K562 Cells

B 

9
3

 

 



   

 

 94 

cleaves the target DNA. The lower section of the figure shows the 2C seed sequence and the tracrRNA sequence. (B) In 

vitroRNP Digestion. Genomic DNA was isolated from untreated HCT 116–19 cells and PCR used to generate an amplicon 

of size 605bp, which surrounds the sequence of the integrated mutant eGFP gene. The amplicon was combined with 

25pmols and 50pmols of RNP complex respectively and incubated for 40 minutes at 37˚C. In the complete reaction, two 

products were generated with sizes consistent with fragments predicted from the specific cut site designed for the RNP 

complex. As a control, the RNP complex was incubated with an amplicon generated from the HBB gene 345 base pairs in 

length from cell line K562. A control digest was performed on the 345 base amplicon with the restriction enzyme DdeI. 
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Figure 25. CRISPR/Cas9 Ribonucleoprotein Gene Editing of eGFP.  

(A). Gene editing is dose dependent when directed by RNP and the ssODN.  

Synchronized and released HCT 116–19 cells were electroporated with 24–120 pmol CRISPR/Cas9 RNP and 0.6–3.0 μM 

of 72mer. After a 72-hour recovery period, gene editing activity was measured using a FACSAria II flow cytometer. Gene 

editing is displayed as correction efficiency (%), determined by the number of viable eGFP positive cells divided by the 

total number of viable cells in the population. Each treatment was performed in triplicate and standard error is illustrated 

with accompanying bars. Inset: Single agent gene editing. Gene editing activity directed by the single-stranded 
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oligonucleotide (72NT) in the absence of the RNP complex under identical conditions is presented as a function of 

increasing concentration. (B) Gene editing activity is dependent on all components being present in the reaction 

mixture. Synchronized and released HCT 116–19 cells were electroporated with 100pmol of the crRNA, Cas9 Protein, 

tracrRNA and 2.0 μM of the 72NT, as a complete reaction. Identical mixtures, lacking the indicated reaction component, 

were carried out in parallel. In one specific reaction mixture, the RNP specific for the beta globin gene replaced the RNP 

specific for the eGFP gene (far right bar). After a 72 hour recovery period, gene editing activity was measured using a 

FACSAria II flow cytometer. Gene editing is displayed as correction efficiency (%), determined by the number of viable 

eGFP positive cells divided by the total number of viable cells in the population. Each treatment was performed in triplicate 

and standard error is illustrated with accompanying bars.  
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Figure 26. Experimental Design.  

(A) FACSAria II plots of gene editing activity in HCT 116–19 cells.  
HCT 116–19 cells synchronized for 24 hours at the G1/S border and released were electroporated with 100 pmol of RNP 

complex and 2.0 μM of the 72NT ssODN. After 72 hours, the cells were analyzed using FACS and single cells were sorted 

individually into 96-well plates. Two distinct populations were collected. The population of live, green cells (labeled as P2 

on the FACS plot) as well as the population of live, non-green cells (labeled as P3) were segregated into separate clonal 

expansion plates. (B) Experimental strategy isolation of single cell clones. Cells exhibiting eGFP expression were scored 

positive and sorted using a FACSAria II flow cytometer as single cells into individual wells for clonal expansion. Cells 

lacking eGFP expression isolated and sorted in a similar fashion and expanded under the same conditions. DNA was then 

isolated and the eGFP gene was amplified and subjected to Sanger sequencing to analyze gene editing activity surrounding 

the target site. 
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Figure 27. CRISPR/Cas9 Ribonucleoprotein Gene Editing Allelic Analysis.   

(A) Allelic analysis of eGFP positive cells expanded as a clonal population. Clonally isolated and expanded eGFP 

positive samples (sixteen clones) were analyzed at the site surrounding the targeted base and DNA from each, harvested, 

purified, amplified and sequenced. Allelic analysis was carried out using Sanger sequencing, assembled using SnapGene 
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and compared to the sequence of a wild-type allele which is illustrated at the top of the figure; the cut site of the RNP 

complex is indicated as a small black arrow located on the green bar (2C crRNA). (B) Allelic analysis of eGFP negative 

cells expanded as a clonal population. Fifteen individual samples, expanded from cloned originating from the uncorrected 

population were randomly selected and analyzed for indel formation at the site surrounding the target nucleotide. As above, 

allelic analysis was carried out using Sanger sequencing and assembled SnapGene. Once again, the sequence of a wild-type 

allele at the top of the figure along with the cut site of the RNP is presented. (C) Allelic analysis of eGFP negative cells 

presenting insertions. Two individual clones from the uncorrected population displayed insertions of 15bp (top panel) and 

24bp (bottom panel), respectively. The center panel represents the mutant eGFP gene sequence with the mutant codon in 

red. The inserted bases are highlighted in orange with the corrected tyrosine codon depicted in green and the mutant stop 

codon represented by a red asterisk. The boundaries of the insertions are denoted by black bars. 
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Figure 28. A model for point mutation repair directed by an RNP complex and a short single-stranded DNA 

oligonucleotide.  
(Panels A and B); the RNP particle induces a double strand break at the target site generating two free 3’ hydroxyl ends on 

each strand of the broken DNA. (Panel C); the oligonucleotide aligns in imperfect homologous register with the non-

transcribed strand of the chromosome. The DNA replication machinery fills the gap starting from the 3’ hydroxyl end and 
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completing by ligation to the 5’ phosphate at the opposite side of the gap. The single-stranded oligonucleotide serves as a 

template for the replication process. (Panels D/E), dissociation of the single-stranded oligonucleotide allows for the newly 

synthesized DNA to act as a template for DNA replication in the opposite direction on the bottom strand followed by 

ligation. 
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 Chapter 5

HIGH LEVELS OF MAMMMALIAN CELL TRENSFORMATION IS NOT A 

VALID INDICATOR OF SUCCESSFUL GENE REPAIR DIRECTED BY 

SINGLE -STRANDED OLIGONUCLEOTIDES AND A CRISPR/CAS9 

RIBONUCLEOPROTEIN PARTICLE 

Introduction 

Combinatorial targeting with ssODNs and a properly designed CRISPR/Cas9 

RNP produces correction frequencies between 6 and 12% routinely. A key reaction 

parameter is the placement of the cleavage site within 50 bases upstream or 

downstream from the point mutation [37,101]. Yet, it is still unclear if the activity 

takes place as a function of the efficient RNP uptake into the target cells. Here, focus 

on testing and better understanding the relationship between efficient delivery of the 

CRISPR/Cas9 RNP complex into the nucleus and its correlation to gene editing 

activity. These experiments were carried out to determine if the level of transformation 

of a transformed cell line with a ribonucleoprotein (RNP) particle, through 

electroporation, can predict the degree of single base repair of a mutated eukaryotic 

gene. This will serve as a guide to design gene editing experiments in complex cell 

lines and most importantly, primary cells.   

Methods and materials 

Cell Culture Conditions 

HCT116 cells were acquired from ATCC (American Type Cell Culture, 

Manassas, VA). The HCT116-19 was created by integrating a pEGFP-N3 vector 
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(Clontech, Palo Alto, CA) containing a mutated eGFP gene. The mutated eGFP gene 

has a nonsense mutation at position +67 resulting in a nonfunctional eGFP 

protein[85]. For these experiments, HCT116 (-19) cells were cultured in McCoy’s 5A 

Modified medium (Thermo Scientific, Pittsburgh, PA) supplemented with 10% fetal 

bovine serum, 2mM L-Glutamine, and 1% Penicillin/Streptomycin. Cells were 

maintained at 37°C and 5% CO2. The eGFP targeting custom designed 72-mer 

oligonucleotide was synthesized by IDT (Integrated DNA Technologies, Coralville, 

IA). 

Assembly of Cas9 RNP Complex 

 The recombinant Cas9 protein, ATTO647-labeled tracrRNA, ATTO550-

labeled tracrRNA, HBB gene targeting custom made crRNAs (G5 and G10), 

ATTO550-labeled crRNA, and eGFP crRNA were a gift from IDT (Integrated DNA 

Technologies, Coralville, IA). The individual components were reconstituted to make 

the RNP complex at various molar ratios of protein and RNA, 1:1 crRNA and 

tracrRNA: RNP. The RNP complex was built and utilized according to the ALT-R 

CRISPR/Cas9 System transfection protocol provided on IDT’s website. 

Confocal Microscopy 

HCT116-19 cells post-electroporation were grown in Nunc Lab-Tek II 

Chambered Coverglass plates for 72 hours, rinsed with PBS and fixed with BD 

Cytofix/Cytoperm Fixation and Permeabilization Solution at 4˚C for 20 minutes. The 

fixation solution was aspirated, cells were rinsed with PBS twice, and a drop of 

ProLong Diamond Antifade Mount with DAPI (Life Technologies) was applied onto 

the cells. The treated cell samples were investigated under a ZEISS LSM880 Laser 
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Scanning Confocal Microscope at DBI. A 63x oil objective lens and four channel light 

sources (bright field transmitted light, 405nm, 488nm, and 561nm lasers) were used. 

In order to construct the 3D images of the cells, Z-stacking and 3D building functions 

of the confocal microscope system were used. The Z-stacking slice intervals were set 

as 280nm, and the pixel size was selected as1024 x 1024. An average of 4 or 8 

scanning data per light channel were acquired for each sample. The image data were 

processed to construct stationery images of 3D movies using Image J (NIH). 

Gene editing reactions 

HCT116-19 cells were targeted and analyzed as previously described [45]. The 

BioRad Gene Pulser was used to deliver the RNP and the ssODN. The eGFP targeting 

custom designed 180-mer oligonucleotide was synthesized by IDT (Integrated DNA 

Technologies, Coralville, IA). 

Results 

What influences the accuracy and efficiency of gene editing in Primary cells?  

Figure 29 displays the standard targeting model system with the G residue at 

the third position of the TAG stop codon, highlighted in red. In addition, the 72-base 

single-stranded oligonucleotide is also presented. For this study, an RNP constructed 

following manufacturer’s (IDT) annealing suggestions was utilized. The pairing of the 

two RNA components precedes the addition of the purified Cas9 protein which after 

complexation generates the complete RNP particle. These two components are 

traditionally are electroporated into HCT 116 –19 cells which bear the mutant gene 

accounting for our standard gene editing reaction. The position of the protospacer 

binding which aligns the RNP at the target site is illustrated in blue. For this particular 
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experiment, the transformation of the RNP into HCT 116 -19 cells was analyzed by 

utilizing a tracrRNA labeled with an ATTO 647 at the 5’ end, which is detected with a 

633 laser. As part of the assembled and active RNP, the uptake of the RNP into the 

cells was measured after 24 hours using various dosages ranging from 10 picomoles to 

75 picomoles respectively along with an electroporation enhancer at equimolar 

amounts. As seen in Figure 30, the RNP particle is introduced into HCT 116 -19 cells 

in a sigmoidal fashion, with a large increase seen between 20 pmol and 50 pmol 

respectively. At 75 pmol, approximately 64.2% of the cells are visibly containing the 

RNP. Analyses of RNP uptake were carried out using the BD FACS AriaII Flow 

Cytometer and the FACS DIVA software. Figure 31A is essentially a repeat of the 

previous experiment except that the length of time allowed for RNP incorporation into 

the cells has been extended to 72 hours and the electroporation enhancer was 

exchanged for a targeting 180mer ssODN to direct point mutation repair. With this 

extended timeline, a remarkably high percentage of cells, approaching 94%, appear to 

contain the RNP particle. In this case, the 10 and 20 pmol levels of transformation 

exhibit more similarity to the higher levels of RNP particles electroporated seen in this 

figure and previously in Figure 30. For this particular time point, the frequency of 

gene editing activity was coordinately measured by analyzing the restoration of 

productive and visible eGFP production. Those numbers are given in the upper right-

hand quadrant of Figure 31A and reveal a more typical sigmoidal dose curve with a 

significant increase in gene editing activity observable between 20 and 50 pmol. The 

50 and 75 pmol dosages appear to plateau suggesting that the system for gene editing 

activity has become saturated. In the gene editing system used here, significant 

success utilizing a 72-base single-stranded oligonucleotide as an effector donor DNA 
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molecule has been achieved to direct point mutation repair in these cells, while others 

have reported an increase in gene editing frequency as a function of length of the 

single-stranded oligonucleotide. This notion was tested in a series of experiments by 

exchanging the 72-mer with a 180-mer of identical, but extended equally in both 

directions, sequence. As shown in Figure 31B, and after 72 hours of incubation, we 

observed that the 180-base single-stranded oligonucleotide did not increase gene 

editing activity at the 75 pmol level. In fact, it could be argued that there is a 

discernible lowering of gene editing activity when the longer DNA oligonucleotide is 

utilized in this particular reaction mixture. Figure 32 is composite representation that 

directly compares in a side-by-side fashion, the degree of transformation and 

transfection of HCT 116 – 19 cells with a 5’ ATTO 647 fluorescent dye labeled 

tracrRNA component of the RNP particle with the gene editing activity in the form of 

a correction of a single base point mutation. As can be seen in this figure, while 

extensive levels of transformation are achieved with as little as 10 pmol of RNP 

particle using a standard electroporation protocol, significant levels of correction do 

not appear until 50 pmol of RNP are transfected into the cells. In addition, the data 

also demonstrate that an increase in the dosage of the RNP particle increases the 

degree of intensity of the labeled molecule in the cells. In other words, while a rather 

insignificant jump in transfection efficiency appears between 20 and 50 pmol, a 

significant increase in the intensity of cells bearing the RNP is observed. That point 

lies between the 20 pmol and 50 pmol where a corresponding jump in gene editing 

activity is also seen.In addition, the data also demonstrate that an increase in the 

dosage of the RNP particle increases the degree of intensity of the labeled molecule in 

the cells. Figure 33 shows that the transfection results of non-primary cell, HCT116-
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19 colon cancer cells that harbor mutated eGFP gene, targeted using CRISPR/Cas9 

RNP and ssODNs. The progression of the cell depth is revealed as the slice number of 

the Z-stacking increases. RNPs were distributed throughout the HCT116-19 cells, 

including the nucleus, with noticeable gene correction of eGFP visible in one of the 

cells in the view. The eGFP corrected cell exhibits green while the labeled RNPs are 

distributed throughout the DAPI stained nucleus, exhibiting pinkish color as the slice 

number increases, and then disappear again as the sections reach the cell bottom. 

 

Discussion 

The acclaimed genetic engineering tool, CRISPR/Cas9, will realize its full 

potential when robust and reproducible methods for delivering the package into 

primary cells are fully developed. It is widely accepted that improving the transport 

efficiency into the cell, and moreover into the nucleus, is the benchmark of success for 

generating a genetically altered genome. To establish a baseline relationship between 

delivery and successful gene editing, first a well-established gene editing system was 

utilized, in which all of the reaction components have been validated and clearly 

defined[45]. Through this study it can be concluded that while significant RNP 

delivery is achieved at low concentrations, a significant level of gene editing activity 

is realized only when the highest levels of RNP are electroporated into the cell. It was 

also shown that nuclear delivery is easily achieved in the HCT116-19 cell model 

systems. These observations lead to the hypothesis that there is no direct correlation 

between efficient cellular uptake and genome modification directed by an RNP. Taken 

together, these data suggest that gene editing activity is facilitated when a significant 

number of RNP particles have entered an individual cell and that high levels of 
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transfection frequency in the absence of highly intense individual cells bearing the 

RNP is not a sufficient nor predictable measure of the outcome of a gene editing 

reaction. The data herein reported may begin to establish the basis for carving out 

guidelines as to how best to evaluate practicality and efficiency of gene editing 

activity in cells for clinical application. 
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Figure 29. Model system for gene editing of the mutant eGFP gene with CRISPR/Cas9 Ribonucleoprotein.  

(A.) Model system for gene editing of the mutant eGFP gene. The appropriate segments of the wild-type and mutated 

eGFP gene with the targeted codon, located in the center of the sequence, are displayed in green and red. The nucleotide 

targeted for exchange is bolded and underlined. The highlighted bases in blue represent the 2C CRISPR protospacer 

sequence and the orange bases highlight the PAM site. The oligonucleotide used in these experiments is 72 bases in length 

CRISPR Protospacer (5’-3’)

2C AGCACTGCACGCCCTAGGTC

Mutant eGFP gene sequence: 

5’ TCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTA GGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTT ‘3 NT

3’ AGACGTGGTGGCCGTTCGACGGGCACGGGACCGGGTGGGAGCACTGGTG GGACTGGATCCCGCACGTCACGAAGTCGGCGATGGGGCTGGTGTACTTCGTCGTGCTGAAGAA ‘5 T

72mer(NT): 

3’ C*A*C*GGGACCGGGTGGGAGCACTGGTGGGACTGG ATGCCGCACGTCACGAAGTCGGCGATGGGGCTGGTG*T*A*C 5’

2C

Wild Type eGFP gene sequence: 

5’ TCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTA CGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTT ‘3 NT

3’ AGACGTGGTGGCCGTTCGACGGGCACGGGACCGGGTGGGAGCACTGGTGGGACTGGAT GCCGCACGTCACGAAGTCGGCGATGGGGCTGGTGTACTTCGTCGTGCTGAAGAA ‘5 T
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bearing phosphorothioate modified linkages at the three terminal bases; the 72-mer targets the non- transcribed (NT) strand 

(72NT). (B) CRISPR/Cas9 Ribonucleoprotein Assembly Reaction. crRNA provides target specificity (20 bases, red 

section) corresponding to the 2C protospacer sequence and an interaction domain (blue) with the tracrRNA (green) which 

has an ATTO 647 fluorescent dye attached to the 5’ end. crRNA and tracrRNA are annealed in equimolar concentrations. 

Cas9 protein (gray) is added to complete RNP assembly. Guide RNAs (gRNAs) direct and activate the Cas9 endonuclease 

which then cleaves the target DNA. The lower section of the figure shows the 2C seed sequence and the tracrRNA 

sequence. 
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Figure 30. Transfection of CRISPR/Cas9 RNP into HCT116 is dose dependent.  
HCT 116-19 cells were electroporated with10-75 pmol at equimolar amounts of CRISPR/Cas9 RNP and IDT enhancer. The 

tracrRNA used for these experiments has ATTO 647 fluorescent dye attached to the 5’ end. Transfection was measured at 

24 hours using a FACSAria II flow cytometer. The percent of transfection is showed in red.    
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Figure 31. Relationship between transfection and gene correction.  
(A.) Synchronized and released HCT 116-19 cells were electroporated with10-75 pmol at equimolar amounts of 

CRISPR/Cas9 RNP and 180 NT. The tracrRNA used for these experiments has ATTO 647 fluorescent dye attached to the 5’ 

end which permitted the measurement of RNP transfection. After a 72-hour recovery period, transfection and gene editing 

activity was measured using a FACSAria II flow cytometer. Quadrant 2 shows the cells that were positive for both 

correction (+eGFP) and transfection (ATTO 647 dye). Quadrant 4 shows the cells that were positive for CRISPR/ Cas9 RNP 

alone. (B) Increased length of the ssODN does not increase gene correction. Synchronized and released HCT 116-19 

cells were electroporated with 75 pmol at equimolar amounts of CRISPR/Cas9 RNP and 72mer or 180mer. The tracrRNA 

used for these experiments has ATTO 647 fluorescent dye attached to the 5’ end which permitted the measurement of RNP 

transfection. After a 72-hour recovery period, transfection and gene editing activity was measured using a FACSAria II flow 

cytometer. Quadrant 2 shows the cells that were positive for both correction (+eGFP) and transfection (ATTO 647 dye). 

Quadrant 4 shows the cells that were positive for CRISPR/ Cas9 RNP alone.  
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Figure 32. Degree of transformation and transfection of HCT 116 – 19 cells with a 5’ ATTO 647 fluorescent dye 

labeled tracrRNA. 

Synchronized and released HCT 116-19 cells were electroporated with10-75 pmol at equimolar amounts of CRISPR/Cas9 

RNP and 180 NT. The tracrRNA used for these experiments has ATTO 647 fluorescent dye attached to the 5’ end which 

permitted the measurement of RNP transfection. After a 72-hour recovery period, transfection was measured using a 

FACSAria II flow cytometer. Quadrant 3 shows the cells that were not transfected. Quadrant 4 shows the cells that were 

positive for CRISPR/ Cas9 RNP (647 fluorescent dye positive).  
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Figure 33. Representative z stack images of HCT116-19 cells transfected with ATTO550-labeled RNP complex 16 hr 

post-transfection.  
The z stack top view images show a group of cells with gradual increment of the confocal slices. The green cell in the field 

of view exhibited gene editing due to a corrected EGFP gene. Blue represents DAPI-stained nuclei, and red represents 

ATTO550-labeled RNP.
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 Chapter 6

ENGINEERING LEUKEMIC HUMAN TUMOR-ASSOCIATED 

CHROMOSOMAL TRANSLOCATION t(4;11)(q21;q23)  WITH CRISPR/CAS9 

SYSTEM 

Introduction 

Rearrangements of the MLL gene are responsible for leukemogenesis. 

Molecular events result in the fusion of an array of partner genes that lead to infant 

acute leukemia. Importantly, the types of genetic fusion through genetic pairing 

influences prognosis. For example, a t(4;11)(q21;q23) translocation involving the 

genes MLL and AF4 (alias for AFF1) detected in 50-70% of infant leukemia is the 

most aggressive with a poor outcome (0% 3yr EFS). Genome editing tools have now 

been developed that can enable a recapitulation of the initial steps of leukemogenesis 

and in this study we present a strategy to induce the t(4;11)(q21;q23) translocation 

utilizing an RNA-guided CRISPR Cas9 system in a human cell line. A specifically 

designed CRISPR/Cas9 system is utilized for the generation of chromosomal 

translocation via double stranded breaks at specific sites.  This approach will generate 

primary human cells as well as cell lines that will enable a molecular analysis of the 

events accompanying chromosomal rearrangements and a delineation of the variable 

prognosis. This new cell system will also form the basis for identification of new 

therapeutics for childhood leukemia. Genetic engineering tools are being used to help 

in the discovery of new anti-leukemic drugs by enabling the creation of modified cell 

lines that recapitulate the molecular events that precede the onset of leukemogenesis. 
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The goal of this study was to develop a genetically engineered cell line bearing a 

(4:11)(q21:q23) translocation that appears in a series of pediatric leukemias and bears 

a poor outcome. Here CRISPR-directed gene editing approach was successfully used 

to catalyze the exchange of the appropriate segments of chromosome 4 and 

chromosome 11 respectively. This cell line can now be used for the screening of 

appropriate compounds designed to inhibit leukemogenesis in children bearing this 

chromosomal translocation. We will provide the cell line to any group or individual in 

the scientific community that desires to use it for such drug discovery purposes. 

Methods and materials 

Cell Line and Culture Conditions 

HEK 293T (ATCC CRL-3216) and MV-4-11 cells (ATCC CRL-9591) were 

acquired from ATCC (American Type Cell Culture, Manassas, VA). HEK 293T cells 

were cultured in   Dulbecco’s Modified Eagle’s Medium (DMEM) (ATCC 30-2002). 

To make the complete growth medium supplemented with: 10% Fetal Bovine Serum 

(heat inactivated) (ATCC 30-2020), 2mM L-glutamine (ATCC 30-2214), and 1% 

Penicillin/Streptomycin.  MV-4-11 cells were cultured in Iscove's Modified 

Dulbecco's Medium, (ATCC 30-2005) supplemented with: 10% Fetal Bovine Serum 

(heat inactivated). Cells were maintained at 37°C and 5% CO2. 

CRISPR Design and Construction 

The KMT2a and AFF1 gene sequences were entered into the Zhang Lab’s 

online generator (http://crispr.mit.edu/) and the appropriate CRISPR guide sequence 

which binds in close proximity to the break point junction site of the t(4;11)(q21;q23)   

was chosen. The gRNA was cloned into the pX458 backbone vector (Addgene 
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plasmid 48138), a human codon optimized pSpCas9 and chimeric guide RNA 

expression plasmid with a 2A-eGFP. pX458 was purchased through Addgene 

(https://www.addgene.org). Following construction, clones were verified by DNA 

sequencing by Eton Bio Incorporated (Union, NJ). 

Transfection of HEK293 Cells and Experimental Approach 

HEK 293T Cells were transfected by CalPhos Mammalian Transfection Kit 

(Clontech Laboratories, Inc.) with endotoxin-free DNA (Qiagen, Spain) carried out in 

six-well plates (BD Biosciences, USA). The day before transfection 250,000 

HEK293T cells were seeded in each well, and under a confluence of ~70–80% the 

transfection was carried out the following day. A total amount of 5µg of plasmid DNA 

(2.5µg KMT2a and 2.5µg AFF1) was prepared, adding 12.4ml of CaCl2 (2M) in a 

final amount of 100µl of milliQ water; in parallel, 100µl of a 2X HBS solution was 

prepared and both tubes were mixed. Finally, the transfection mix was added in a 

drop-wise manner to the cells. Plates were incubated at 37°C overnight in a CO2 

incubator. Next day the medium was changed followed by 48hrs of incubation. After 

incubation, individual cells were sorted into each well of a 96-well plate with a 

FACSAria II flow cytometer (BD Biosciences, San Jose, CA).  Clones were expanded 

into larger plates as the individual clones reached confluence, with DNA isolation 

occurring when cells reached confluence in a 6-well plate (~1 x 10
6
 cells/mL). 

Translocation PCR and Sequencing 

Cellular gDNA was isolated from pellets of 1-2 x 10
6
 HEK293 cells using the 

Qiagen DNEasy Blood and Tissue Kit (Cat. ID 69506, Valencia, CA).  PCR was 

performed using AmpliTaq Gold Fast PCR Master Mix, UP (2X) (Applied 
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Biosystems, Foster City, CA) on isolated gDNA. Amplification parameters were 

optimized for both translocation outcomes. MLL-AF4 amplicon size of 944bp (FWD 

Primer:  5’- CTAAAGTAGTCGTTGCCAGCATCTGACTG -3’, REV Primer:  5’- 

GACGAGTAATGTAAGTGATGCCGGCTTTC-3') and AF4-MLL amplicon size 

764bp (FWD Primer:  5’- CAGGGAACCACTTAGGGTTTGAAAG -3’, REV 

Primer:  5’- TTTGGGATGGAGTCTAGCTCTGTTGTCC-3'). Primers were obtained 

from Integrated DNA Technologies (Coralville, IA).  Amplicon size was verified on 

1% agarose gel, and PCR products were verified by DNA sequencing by Eton Bio 

Incorporated (Union, NJ).   

RT-PCR 

For RT-PCR, total cellular RNA was isolated using TRIzol Reagent from 

Thermo-Fisher Scientific (Cat. ID103 15596026, Waltham, MA). cDNA was 

synthesized from total RNA using High Capacity RNA-to-cDNA Kit from Applied 

Biosystems (Cat. ID, Foster City, CA) following manufacturer’s protocol. Purified 

cDNA was then amplified using Amplitaq Gold Fast PCR Master Mix (Thermo-

Fisher, Waltham, MA), optimized for MLL-AF4 cDNA (FWD RT Primer: 5’- 

GAGTGAAGAAGGGAATGTCTCG -3’, REV RT Primer: 5’- 

GACTGTGGAGCACTTGGAGGT -3’, obtained from Integrated DNA Technologies, 

Coralville, IA). Amplicon size was verified on 1% agarose gel, and PCR products 

were verified by DNA sequencing by Eton Bio Incorporated (Union, NJ).   
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Results 

Can CRISPR/Cas9 system be implemented for the generation of chromosomal 

translocations?   

Previous studies have identified hot spots within the MLL and AF4 genes, 

known as breakpoint cluster regions, that are frequently the sites of chromosomal 

translocations in patients with leukemia [125]. To design CRISPR sgRNAs for the 

MLL and AF4 genes, the (4:11)(q21:q23) translocation present in the MV411 human 

cell line was chosen as a model [126,127].  MV411 are often used in human acute 

monocytic leukemia studies since this cell line was established from a 10-year-old boy 

with acute monocytic leukemia (AML FAB M5) at diagnosis[128]. The translocation 

in this cell line can be representative of the most common site of translocations in 

patients with infant leukemia [129]. SgRNAs were designed targeting intron 8 of MLL 

(KMT2A) gene and intron 4 of AF4 (AFF1) gene following published guidelines and 

protocols[54] (see Figure 34). The sgRNAs were co-expressed with Cas9 in HEK 

293T cells by Calcium Phosphate transfection. The CRISPR/Cas9 targeting system 

was harbored in an expression vector which also contained a wild-type eGFP gene so 

that HEK 293T cells successfully transfected could be discernible by FACS. The cells 

exhibiting eGFP expression were sorted using a FACS Aria II and placed into 

individual wells for single cell clonal expansion. Cells were allowed to expand for 

approximately 3–5 weeks at which time DNA was extracted from the clonal 

expansions (see Figure 35). Resultant PCR products were isolated, and genomic 

rearrangements confirmed by Sanger sequencing using primers spanning the expected 

breakpoint junction. A translocation occurring in cells expressing both MLL and AF4 

sgRNAs was detected. Sequencing of breakpoints confirmed the formation of the 

MLL-AF4 translocation event and junction types resulting from both containing short 
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deletions and insertion that likely resulted from nucleolytic processing of DNA ends 

during DSB repair were observed (see Figure 36 A-C). In addition, expression of the 

predicted MLL-AF4 fusion transcript was detected from the cDNA samples using 

primers spanning the junction between MLL exon 8 and AF4 exon 5 (see Figure 36 

D).  

Discussion 

Many cancers carry recurrent chromosome translocations, which often result in 

the formation of fusion genes that are directly involved in the tumorigenic process 

[130,131]. For the precise modeling of human recurrent chromosome translocations 

and their impact on disease development the reenactment of the actual translocation in 

cells or in mice would be the closest possible recapitulation of the sequence of events 

in humans. Until now such reenactment was a daunting task as the translocation would 

require introduction of LoxP or Frt recombination sites into both translocation partners 

via homologous recombination, followed by expression of Cre or Flp recombinase to 

create DSBs that would mediate the translocation [132–134].  As shown by others 

[135–138] and here, the availability of the CRISPR-Cas9 system has paved the way to 

implementing this approach without such major technical or time investment. For 

translocation to occur both genes need to break and the disparate ends need to fuse via 

a process called non-homologous end joining [139]. The nature of an induced fusion 

site is also likely to depend on a variety of other factors, such as features specific to 

the genomic regions that are targeted, the unique properties of the cell lines that are 

used, and the levels of Cas9/sgRNAs that are expressed [138]. The ease with which 

sgRNAs can be designed and cloned makes the CRISPR system well-suited for high-

throughput screening experiments. Also, the ability to multiplex Cas9 targeting opens 
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up the possibility of studying more complex combinations of rearrangements observed 

in cancer genomes. This study proposed the use of CRISPR-Cas9 technology to 

provide a convenient platform for rapid modeling of cancer-related genetic mutations 

in vitro. The creation of this cell line will facilitate cancer research in both mechanism 

investigations and therapy testing.  Although our system currently only produced the 

unbalanced translocation product, which is present this way in some patient samples, 

this system is believed to have substantial extent to recapitulate in vitro the genetic 

and biological complexity of cancer. This will allow us to test the current and new 

drug therapies on patient mutation to further understand the effect of these specific 

mutations in the drugs mechanism of action and help us develop better drug screening 

methods.
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Figure 34. CRISPR/Cas9 Mediated Translocation.  

(A-B,D.) The translocation strategy. CRISPR/Cas9 constructs were designed and built following published guidelines and 

protocols DSBs are introduced by the sgRNAs (arrowheads) mapping to introns in KMT2A (gray) and AFF1 (Green). 

Double-strand breaks in the targeted loci were generated by transfection of HEK293A cells with a plasmid expressing the 

Cas9 gene and sgRNA. (C) The custom CRISPR/Cas9 RNA guide sequence is depicted in the box. 
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Figure 35. Experimental Overview.  
Hek293A cells were transfected using Calcium Phosphate at a concentration of 5x10

5 

cells/100ul with 2.5ug each of the indicated CRISPR/Cas9 KMT2A and AFF1. 

Following transfection, cells were allowed to incubate for 48 hours followed by single 

sorting and clonal expansion. 
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Figure 36. Identifying translocation breakpoint junctions.  
(A) PCR analysis of single cell expanded clones to identify translocation breakpoint junction. (B) PCR analysis of clone 1-

12 for the secondary translocation AF4-MLL. (C) Sequence chromatogram of the detected MLL-AF4 breakpoint junction 

from cells in which Cas9 and both KMT2A and AFF1 sgRNAs were expressed. (D) RT-PCR sequence chromatogram of the 

detected MLL-AF4 breakpoint junction transcript. 
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 Chapter 7

MODELING PEDIATRIC AML FLT3 MUTATIONS WITH CRISPR-Cas12a 

MEDIATED GENE EDITING 

Introduction 

AML is a disorder of the hematopoietic progenitor cell wherein  cells stall 

during differentiation followed by uncontrolled growth[140], through mutations found 

in FLT3, NPM1, CEBPA, RAS, c-KIT, and WT. These mutations affect many cellular 

activities, specifically cell proliferation and cell survival[141,142]. Pediatric AML is a 

rare disease with only ~500 children diagnosed each year (stjude.org). While 

prognosis has improved over the last few decades[143], relapse is still a major concern 

and it accounts for more than half of the deaths from pediatric leukemia [140,143]. 

The primary treatment for AML is chemotherapy, sometimes coupled to targeted 

therapy or stem cell transplant[143]. One of the key genes involved in AML 

pathogenesis, FLT3, is located on chromosome 13q12 and encodes a class III receptor 

tyrosine kinase that regulates hematopoiesis. This receptor is activated by binding the 

fms-related tyrosine kinase 3 ligand (FL) to its extracellular domain, which induces 

homodimer formation in the plasma membrane and to auto-phosphorylation[144]. The 

activated receptor kinase subsequently phosphorylates and activates multiple 

cytoplasmic effector molecules in pathways involved in apoptosis, proliferation, and 

differentiation of hematopoietic cells[144]. Mutations that lead to the constitutive 

activation of this receptor result in acute myeloid leukemia and acute lymphoblastic 

leukemia [144–147]. FLT3 is the most common gene mutated AML [148] and the two 
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main FLT3 mutations are internal tandem duplications (ITD) and point mutations. 

FLT3 ITDs range from ten to several hundred bases and are repeated within exon 14, 

which encodes the juxta-membrane domain (JDM)[149,150]. All duplications are “in 

frame,” with the number of nucleotides added in multiples of three; the overall reading 

frame of the protein remains unchanged. Point mutations have been found in the 

tyrosine kinase encoding domain (TKD) of the FLT3 protein in 5-7% of AML 

patients[151]. FLT3 ITD and FLT3 TKD mutations induce aberrant activation of 

FLT3 signaling, leading to proliferation [146]. AML bearing an FLT3-ITD usually 

presents with high blood blast counts and a normal karyotype; it has poor treatment 

outcomes. Libura et al.[152] found that 54% of AML, exhibiting either a MLL-PTD or 

a breakage of the MLL gene at the Topo II (Topoisomerase II) site, carry either an 

internal tandem (FLT3-ITD) or a variety of point mutations. Protein kinase activation 

can be induced by somatic mutation, a common mechanism of tumorigenesis. There is 

an initial response to treatment, but high relapse rate, short relapse-free survival (RFS) 

and diminished overall survival often follow [143,149].  

Tyrosine kinase inhibitors (TKI) are effective in the targeted treatment of 

various malignancies[153] through competitive ATP inhibition at the catalytic binding 

site of tyrosine kinase[154]. This inhibition helps regulate the growth of some types of 

cancer cells by blocking signaling for cell growth and division[147]. TKIs represent 

anticancer drugs that are designed to interfere with a specific molecular target, usually 

a protein with a critical role in tumor growth or progression (i.e.FLT3)[155]. Several 

FLT3 kinase inhibitors are now in development and although some have shown 

promise in clinical arenas, responses tend to be transient. FLT3 inhibitors are 

classified into first- and second-generation based on their specificity for FLT3, and 
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into type I and type II categories based on their interaction with FLT3. First-

generation inhibitors block multiple RTKs (receptor tyrosine kinases). A lack of 

specificity for a single RTK may enhance anti-leukemia efficacy by inhibiting targets 

downstream of FLT3 and/or in parallel signaling pathways, or other targets in AML 

cells. Second-generation FLT3 inhibitors often target FLT3, and do not have efficacy 

against targets downstream or on parallel signaling pathways. Type I inhibitors bind to 

the ATP-binding site when the receptor is active, while type II inhibitors interact with 

a hydrophobic region immediately adjacent to the ATP-binding, only accessible when 

the receptor is in the inactive conformation thereby preventing receptor activation. 

Sensitivity of the different FLT3 mutations to the diverse FLT3 inhibitors has been 

reported to be highly variable[144,156].  

Advancement in the treatment of leukemia over the last 40 years has impacted 

and transformed uniformly fatal disease into a one that is somewhat manageable. 

There are, however, a number of subtypes of pediatric and adult leukemia that evade 

treatment and continue to present poor prognosis, many of these involve FLT3 

mutations. For example, the FLT3 ITD associated with a single point mutation in the 

tyrosine kinase domain is known to induce resistance to TKI treatment. Some patients 

bear polyclonal cells that, when exposed to TKI, are selected and as such, relapse in 

both adult and pediatric leukemia cases. The major difference between the pediatric 

and adult AML is the higher proportion of the children with activating point mutations 

within the TKDs of the FLT3 gene [157]. Thus, more relevant cell-based models are 

needed to enable the discovery of new therapeutic targets through the screening of 

anti-leukemic drugs designed to reverse the negative prognosis encountered in infants 

and adults with leukemia.  
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In here I describe newly developed and innovative usage of the Clustered 

Regularly Interspersed Short Palindromic Repeats (CRISPR)/(with the associated 

nuclease, Cas12a) gene editing tool functioning as fully assembled ribonucleotide 

protein (RNP) complex to engineer FLT3 ITD mutations.  CRISPR/Cas9 has emerged 

as the preferred agent to catalyze site specific double stranded DNA cleavage, 

generating a template for non-homologous end joining [12,13,54–57,138,158] A major 

advantage in using CRISPR systems for genome editing is the simplicity with which 

the vectors expressing the CRISPR components can be created and utilized. The 

innovation in this project centers on the use of a fully synthetic ribonucleoprotein 

(RNP) with an alternative CRISPR/ Cas system [159]. Cas12a associates with crRNA 

and is able to fully engage the DNA target site without the requirement of a second 

tracrRNA[160]. Here, I use Cas12a to carry out gene editing reactions on plasmid 

DNA templates bearing the FLT3 gene in vitro. This in vitro system affords us the 

opportunity to carry out biomedical engineering and in vitro site-directed mutagenesis 

in a controlled environment that does not require PCR and is easily scalable. By 

implementing this Cas12a directed in vitro cell-free gene editing system, we re-create the 

patient specific FLT3 mutations in expression plasmids that can be further characterized 

for involvement in AML leukemogenesis, specifically in the context of differential 

sensitivity to FLT3 TKIs. In summary, we aim to (1) construct the expression plasmids 

that will express the FLT3 ITD along with a point mutation by implementing in vitro 

gene editing; (2) characterize the effect of both FLT3 ITD and point mutations (singly 

or in combination) at a cellular level and how these play a role in AML progression, 

and last (3) validate our system by showing by showing differential sensitivity of 

FLT3 mutants to FLT3 TKI inhibitors. Characterizing the effect of the FLT3 TKI on 
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proliferation and survival of the FLT3 mutant clones will give us a better 

understanding of how drug resistance evolves in some patient. 

 

Methods and materials 

CRISPR-Directed In Vitro Gene Editing  

Cell-free extracts were prepared following the technique outlined by Sansbury 

et al.[161]. RNP complexes used in in vitro reactions consisted of a purified AsCas12a 

nuclease (Integrated DNA Technologies, Coralville, IA) and a target-specific crRNA 

(Integrated DNA Technologies). In vitro DNA cleavage reaction mixtures contained 

250 ng (0.007566 lM) of FLT3 plasmid DNA (Gift from Tarlock Lab) and 10pmol of 

RNP mixed in a reaction buffer (100mM of NaCl, 20mM of Tris-HCl, 10mM of 

MgCl2, and 100µg/mL of bovine serum albumin), which was brought to a final 

volume of 20µL. Each reaction was incubated for 15 min at 37° C after which DNA 

was recovered from reaction mixtures and purified using QIAprep Spin Miniprep 

silica columns (Qiagen, Hilden, Germany). Secondary in vitro recircularization 

reactions contained DNA recovered from the initial cleavage reaction, 20µg of cell- 

free extract supplemented with Quick Ligase (New England Biolabs, Ipswich, MA), 

and a reaction buffer (20mM of Tris, 15mM of MgCl2, 0.4mM of DTT, and 1.0mM of 

adenosine triphosphate), which was brought to a final volume of 35µL. Each 

secondary reaction was incubated for 15 min at 37° C. Double-stranded donor DNA 

templates (Integrated DNA Technologies), 4.464µg was added into the secondary 

reaction mixture. DNA from the secondary in vitro recircularization reactions was 

recovered from reaction mixtures and purified using silica spin columns. Plasmid 
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DNA recovered from in vitro reactions was transformed into 50µL of DH5a 

competent E. coli (Invitrogen, Carlsbad, CA) via heat shock transformation. 

Competent cells were incubated on ice for 30min after plasmid introduction, heat 

shocked for 20 s at 42°C, placed on ice for 2min, brought to a final volume of 1mL in 

SOC media and incubated for 1 hr at 37°C, with shaking (225 rpm). Undiluted 

competent cells were plated on media containing ampicillin antibiotics and incubated 

overnight at 37°C. Single ampicillin-resistant colonies were selected, and plasmid 

DNA was isolated via a QIAprep Spin Mini- prep Kit (Qiagen). Modifications made 

to the plasmid DNA selected from bacterial colonies were evaluated via DNA 

sequencing (GeneWiz, South Plainfield, NJ). 

Cell lines and transfection 

The murine IL-3-dependent pro-B cell line, Ba/F3, was maintained in RPMI 

1640 medium (GIBCO, Rockville, MD, USA) supplemented with 10% fetal bovine 

serum (FBS, Gemini Bio- Products, Calabasas, CA, USA) and 1 ng/ml IL-3. Ba/F3 

cells were transfected with plasmid DNA by Nucleofection using the SG Cell Line 4D-

Nucleofector X Kit. BA/F3 cells were transfected with program CM-147 in 20 μl 

cuvette Strips. Transfected cells were cultured in IL-3-containing medium for 72hr 

and then selected in 1 mg/ml Puromycin (GIBCO) for a period of 7 days. The ability 

of the cells to survive in the absence of IL- 3 was determined by trypan blue exclusion. 

Cell proliferation of Ba/F3 cells 

Cells were seeded at a density of 4x10
4
/mL in the presence or absence of IL-3 

as indicated. Viable cells were counted at indicated time periods in a standard 

hemacytometer after staining with trypan blue.  
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Cytotoxicity 

 Ba/F3 or Ba/F3-derived cells were plated in quadruplicate at 1 × 10
5
 cells per 

well in 96-well plates with or without IL-3 supplement and in the presence of 

increasing concentrations of Sorafenib or Gilteritinib for 72 hours. To evaluate the 

cytotoxic effects of Sorafenib and Gilteritinib, an MTS-based assay system 

(Boehringer Mannheim, Indianapolis, IN, USA) was used. Sorafenib (S7397) and 

Gilteritinib (ASP2215) were purchased from sellecckchem.com.  

RT-PCR 

For RT-PCR, total cellular RNA was isolated using TRIzol Reagent from 

Thermo-Fisher Scientific (Cat. ID103 15596026, Waltham, MA). cDNA was 

synthesized from total RNA using High Capacity RNA-to-cDNA Kit from Applied 

Biosystems (Cat. ID, Foster City, CA) following manufacturer’s protocol. Purified 

cDNA was then amplified using Amplitaq Gold Fast PCR Master Mix (Thermo-

Fisher, Waltham, MA), optimized for FLT3 cDNA (FWD RT Primer: 5’- 

GAGTGAAGAAGGGAATGTCTCG -3’, REV RT Primer: 5’- 

GACTGTGGAGCACTTGGAGGT -3’, obtained from Integrated DNA Technologies, 

Coralville, IA). Amplicon size was verified on 1% agarose gel, and PCR products 

were verified by DNA sequencing by Eton Bio Incorporated (Union, NJ).   

Immunofluorescent Staining and Confocal Microscopy Imaging  

Baf/3 FLT3 expressing cells and un-transfected cells were fixed in 4% 

formaldehyde for 15 min at room temperature followed by rinsing three times in PBS.  

For plasma membrane staining 2.0 x10
6
 cells/ mL were incubated with 50µg/mL of 

WGA-Alexa 647 (pink) for 10 min at room temperature followed by rinsing two times 

in PBS. Cells were then permeabilized with 0.3% Triton 100-X for 10 min at room 
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temperature followed by rinsing two times in PBS. Blocking of non-specific protein-

protein interaction was performed in 5% Goat Serum and 0.1% Triton 100-X for 2hr at 

room temperature followed by rinsing two times in PBS. To satin the ER cells were 

then stained in 125ug/mL of Concanavalin A- Alexa 594 (Red) for 30min at room 

temperature followed by rinsing two times in PBS. FLT3 protein was stained by 

10ug/mL of Rabbit anti-FLT3 (ab37847) overnight at 4ºC followed by washing three 

times in 1% PBS. The secondary antibody was Goat anti-Rabbit IgG(H+L) Alexa 

Fluor 488 (green) conjugate was used at a 1/1000 dilution for 1 hr. Fixed and stained 

cells were mounted on to slides for imaging with ProLong™ Diamond Antifade 

Mountant with DAPI. The treated cell samples were investigated under a ZEISS 

LSM880 Laser Scanning Confocal Microscope at DBI. A 63x oil objective lens and 

four channel light sources (bright field transmitted light, 405nm, 488nm, and 561nm 

lasers) were used.  

Protein Structural Analysis 

Protein multiple sequence alignment was performed by utilizing the online 

webtool Clustal Omega: https://www.ebi.ac.uk/Tools/msa/clustalo/ [162,163].  The 

Phyre2 web portal was used for the modeling, prediction and analysis of all FLT3 

proteins and mutant variants 

(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) [164].  

Flow Cytometry 

Baf/3 FLT3 expressing cells and un-transfected cells were fixed in 4% 

formaldehyde for 15 min at room temperature followed by rinsing three times in PBS. 

Cells were then permeabilized with 0.3% Triton 100-X for 10 min at room 
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temperature followed by rinsing two times in PBS. Blocking of non-specific protein-

protein interaction was performed in 5% Goat Serum and 0.1% Triton 100-X for 2hr at 

room temperature followed by rinsing two times in PBS. FLT3 protein was stained by 

10ug/mL of Rabbit anti-FLT3 (ab37847) overnight at 4ºC followed by washing three 

times in 1% PBS. The secondary antibody was Goat anti-Rabbit IgG(H+L) Alexa 

Fluor 488 (green) conjugate was used at a 1/1000 dilution for 1 hr. Samples were run 

at the Center for Translational Cancer Research (CTCR) Flow Cytometry Core 

Facility at the Helen F. Graham Cancer Center & Research Institute (HFGCC&RI), 

using the BD FACSAria II flow cytometer to measure the Mean Fluorescence 

Intensity (MFI).   

Results 

Can Cas12a mediated gene editing be implemented to develop a model system to 

study pediatric AML FLT3 mutations to evaluate the progression of oncogenesis 

and efficacy of novel AML drugs? 

By implementing the Cas12a directed in vitro cell-free gene editing system, we 

intend to re-create patient specific FLT3 mutations in expression plasmids that can be 

further characterized for involvement in AML leukemogenesis, specifically in the 

context of differential sensitivity to FLT3 TKIs. 

The construction of the plasmids expressing the FLT3-ITD gene bearing 

different point mutations was carried out using a novel in vitro cell-free gene editing 

system as site-directed mutagenesis approach (Figure 37) [161]. For these experiments 

FLT3-ITD sequences, designated Patient 4 37bp ITD (P4) and the Patient 576bp ITD 

(P5) respectively, identified in pediatric AML patients, will be examined (Figure 39) 

[165]. These point mutations identified D835Y and F691L, were found in patients 
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after FLT3 inhibitor therapy [166,167] were combined with the P4 and P5 FLT3 ITD 

elements to create expressions plasmids that would not only express the FLT3 ITD of 

interest but also one of the selected point mutations (Figure 39). Given their proximity 

in Exon 14 of the FLT3 gene, the P4 ITD (37bp) and P5 ITD (76bp), replacement 

reactions were initiated by a double cut reaction of Cas12a enzyme. These cut sites 

produced a 108bp fragment that is then replaced by a 145bp fragment to produce P4 

ITD (37bp) and a 184 fragment to produce the P5 ITD (76bp) (Figure 38). In vitro 

DNA cleavage reaction mixtures contained the pMX-Puro plasmid bearing the 

FLT3wt cDNA (Figure 40) and the Cas12a RNP (see Methods and Materials). The 

DNA recovered from the initial cleavage reaction were mixed with cell-free extract 

and duplexed DNA replacement fragment containing the ITD or PM sequence. 

Modified plasmid DNA was transformed into DH5α competent E. coli via heat shock 

transformation and plated on media containing ampicillin antibiotics and incubated 

overnight. Single ampicillin resistant colonies were selected and plasmid DNA was 

evaluated for the specific modifications to the FLT3wt cDNA (Figure 41). Six 

different FLT3 mutation expression plasmids (P5, P4, D835Y, P5/D835Y, P4/D835Y, 

and P4/F691L) were successfully created with this method. These FLT3 mutations 

were then characterized for their transforming leukemic capacity.  

The length of FLT3/ITD may influence FLT3 activation by altering its 

structure and impacting the response to therapy [168,169]. To identify oncogenes 

involved in AML, specific FLT3, functional genetic screens in myeloid cells have 

been established[170]. The murine pro-B Ba/F3 cell line and 32D myeloid progenitor 

cells depend on IL-3 for growth and viability and in the absence of IL-3, these cells 

undergo cell cycle arrest and apoptosis[170]. When transformation is achieved, the 
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cells lose their IL-3 dependence[171], making IL-3 growth independence an 

appropriate measure of transformation. The methodology of plasmid transfection 

containing FLT3 ITD or TK point mutations into cytokine-dependent hematopoietic 

cell lines (Ba/F3 and 32D) have already been established[148,171–175].   

For this study, the murine IL-3-dependent pro-B cell line, Ba/F3, was used. 

Plasmids containing FLT3 ITD with or without the point mutations (P5, P4, D835Y, 

P5/D835Y, P4/D835Y, and P4/F691L) were transfected into Ba/F3 cells by 

nucleofection. To determine the efficiency of transformation, the mutated FLT3 cells 

were grown in the presence of IL-3 for three days and assayed for the following 27 

days in the absence of IL-3 (determined with the Trypan Blue Exclusion test (Figure 

42)). Throughout this study we use a “Seattle patient” FLT3 ITD (24bp) expression 

plasmid (gift from the Katherine G. Tarlock Lab, Department of Hematology-

Oncology at Seattle Children’s Hospital), as a positive transformation control.  As 

seen in Figure 42, P5, P4, P5/D835Y, P4/D835Y, and P4/F691L took approximately 

25 days to exhibit transformation. The D835Y mutation exhibited sustained 

transformation by 21 days. Un-transfected (NT) BaF/3 cells showed growth in the 

presence of IL-3 which was not sustained after 3 days without IL-3. These data helped 

confirm that transfected cells, surviving IL-3 depletion, have undergone 

transformation. The transformed Ba/F3 cells were selected in puromycin for 6 days to 

ensure the transformation was due to integration of the FLT3 cDNA expression 

cassette (Figure 40). Cell growth and viability were again determined by the Trypan 

blue exclusion (Figure 43). The transformed cells showed growth in the presence of 

Puromycin. Un-transfected BaF/3 cells cultured in the presence or absence of IL-3 

were also put under puromycin selection and did not survive.  
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The Human MV4-11 cell line [128] is commonly used for AML FLT3 assays 

[176–178] because it constitutively expresses FLT3. We confirmed mRNA expression 

by RT-PCR followed by sequencing the cDNA of the transformed cell lines with the 

P5, P4, D835Y, P5/D835Y, P4/D835Y, and P4/F691L plasmids (Figure 44). The RT-

PCR products were visualized by gel electrophoresis and he difference in band size 

due to the different sizes of the ITD were distinguished among the samples. The P5 

band is the highest (817bp) since it contains the longest ITD, 76 bp ITD. The Wt 

FLT3 and the D835Y have the same band molecular weight (739bp) since the 

difference between the two is a single base point mutation. The Seattle patient (24 

ITD) and P4 (37 bp ITD) only have a difference in size of 13 bp giving them very 

similar molecular weight bands at 765bp and 778bp respectively.  All RT-PCR 

products were sequenced to confirm the presence of the different FLT3 mutations of 

interest. The sequence results were aligned to the FLT3 WT gene sequence with the 

triangle depicting ITDs (Figure 44).  

Sequence-dependent protein conformational changes FLT3-ITD lead to 

autophosphorylation and display a constitutive intracellular localization by aberrant 

trafficking of the receptor the endoplasmic reticulum (ER) along with receptors in the 

plasma membrane [176,179–181]. To characterize our assay AML associated patient 

FLT3 mutations, the subcellular localization of the mutated proteins was established 

(Figure 45). Two main subcellular localization compartments of FLT3 (anti FLT3-

488, green) the plasma membrane were stained with WGA-Alexa 647(pink-like color 

stain) and the ER stained with ConA-Alexa 594 (Red color stain). Un-transfected 

Baf/3 cells were used as control to demonstrate that no FLT3 is expressed in these 

cells. In accordance with published data, all FLT3 ITD mutations (24 ITD, P4, P5 and 



   

 

 145 

MV4-11(30 ITD)) and ITD + Point mutations (P4/D835Y, P4/F691L and P5/D835Y) 

characterized in this study show co-localization; yellow pigment of FLT3 with the ER 

and plasma membrane. This was further tested by flow cytometry providing the MFI 

(Mean Fluorescent Intensity) ratio which quantifies the expression of the different 

FLT3 variants (Figure 46).   

To determine the effect of the FLT3 mutations on their sensitivity to TKI cells 

expressing these FLT3 mutations (P5, P4, D835Y, P5/D835Y, P4/D835Y, and 

P4/F691L) were evaluated against first generation and second generation FLT3 

inhibitors, Sorafenib and Gilterintinib respectively for their TKI sensitivity. Cell 

growth was calculated by the quantification of viable cells in proliferation through the 

MTS assay.  Based on Trypan Blue exclusion viable cells were seeded in 

quadruplicate in a 96-well microtiter plate in increasing concentrations (0-20 nM) of 

inhibitor for 72 h. Following treatment, cells were incubated for 4 h in MTS/PMS 

solution followed by recording the absorbance (Figure 47). The concentration of drug 

that inhibited absorbance by 50% (IC50) was calculated and is displayed in Table 7.  

For both TKIs, a variability in the IC50 can be observed where the difference in 

mutations resulted in a variable range of sensitivity. The P5, P4, D835Y and P4/F691L 

mutations displayed higher sensitivity to the Type 1 inhibitor, Gilterintinib because of 

lower IC50 concentrations as compared to the Type 2 inhibitor, Sorafenib. Interestingly 

Wt FLT3, MV4-11(30bp ITD), P4/D835Y and P5/D835Y reveal the same IC50 

concentrations for both inhibitors. ITD length has been a studied parameter to 

determine clinical prognostic outcome of AML patients, in which the longer the ITD 

the lower the favorable prognostic [169,182]. This same parameter proved true in this 

study system; the P4 (37bp ITD) and P5 (76bp ITD) showed low sensitivity to the 
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presence of the TKI having IC50 concentrations above 10nM. To measure the effect of 

the TKI on the expression and localization of the FLT3 protein the relative expression 

was calculated using flow cytometry analysis (Figure 49) and fluorescence imaging 

(Figure 48). Interestingly FLT3 expression was increased in the presence of both TKIs 

when compared to the relative expression of the un-treated cells. The D835Y point 

mutation and the MV4-11 bearing a 30pb ITD have the most dramatic increase in 

FLT3 expression. FLT3 protein in the presence of TKI shows to shift the location of 

the protein to the plasma membrane (external localization) from the ER (internal 

localization).            

                 

 Discussion 

Inhibition of mutated FLT3 kinase activity by pharmacologic agents is an 

important therapeutic strategy for AML[148]. Most patients with AML and FLT3-

internal tandem duplications (ITD) initially show favorable responses to FLT3 

inhibitors but the development of resistance emerges with time. One of the most 

common mechanisms of resistance is the acquisition of mutations in the secondary 

FLT3 tyrosine kinase domain (TKD)[166]. For example, twelve somatic mutations 

have been identified at distinct positions within the juxta membrane domain (JMD), 

the region involved in apoptosis, proliferation and differentiation regulation. Among 

the JMD mutations, 9 are unique in pediatric cases all with significant activating 

potential (E573D/G, L576R, T582N, D586Y, Y589H, E596K/G, E598D, Y599C, 

D600G). These lead to auto phosphorylation of the receptor without the presence of 

FLT3 ligand (FL) binding[183]. Another parameter influencing FLT3 activation is the 
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length of FLT3/ITD, which causes structural alterations and altered responses to 

therapy[182].           

Somatic mutations that lead to constitutive activation of FLT3 are frequent in 

AML patients. These mutations fall into two classes, the most common being in-frame 

internal tandem duplications of variable length in the juxta-membrane region that 

disrupt the normal regulation of the kinase activity. The juxta-membrane 

autoregulatory region is important for normal regulation of the kinase activity and for 

maintaining the kinase in an inactive state in the absence of bound ligand. Upon 

tyrosine phosphorylation, it mediates interaction with the SH2 domains of numerous 

signaling partners. Amino acid region 591-943 are important for normal regulation of 

the kinase activity and for maintaining the kinase in an inactive state in the absence of 

bound ligand. In-frame internal tandem duplications (ITDs) in the juxta-membrane 

domain result in constitutive activation of the kinase. The activity of the mutant kinase 

can be stimulated further by FLT3LG binding. Likewise, point mutations in the 

activation loop of the protein kinase domain, amino acid 610-943, can also result in a 

constitutively activated kinase. To analyze how these genomic mutations, disrupt the 

protein domain we have aligned the Wt FLT3 protein quaternary structure to the one 

of all the patient mutations discussed in this study, Figure 51. The presence of the ITD 

causes highly noticeable structural changes to the FLT3 protein, which account for the 

loss of its autoinhibitory function of the juxta-membrane domain rendering the 

receptor to its active conformation without the need of the FLT3LG binding. 

Several FLT3-TKIs have been tested as monotherapy or combined with other 

chemotherapeutic agents. Sorafenib, first-generation inhibitor, is a type II FLT3 

inhibitor that also inhibits RAF, VEGF receptors (VEGFR)-1,2,3, platelet-derived 
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growth factor receptor (PDGFR)-b, KIT, and RET. It is active against FLT3 ITD, but 

not against most TKD mutations, including D835 mutations [166,184,185]. This 

inhibitor has been FDA-approved for the treatment of renal (2005), hepatocellular 

(2007), and thyroid (2013) carcinomas. Gilteritinib, a second-generation inhibitor, is a 

small molecule type I inhibitors that is currently in clinical trials. Gilteritinib has 

demonstrated inhibitory activity against FLT3 ITD as well as TKD mutations. On July 

2017, U.S. Food and Drug Administration (FDA) granted orphan-drug designation to 

Gilteritinib in patients with acute myeloid leukemia (AML)[186]. The role and timing 

of administration of these inhibitors in the sequence of AML therapy (induction, 

consolidation, maintenance) or in combination with conventional chemotherapy are 

still indecisive and unclear[187]. FTL3 inhibitors induce responses in AML patients 

with FLT3 mutations but responses are not durable, as the AML progresses in 

virtually all patients. FLT3 inhibitors may be administered with chemotherapy or after 

chemotherapy or in combinatorial regimens. Thus, the application of sensitive 

methods to detect and monitor leukemic clones with drug-resistant FLT3 mutations 

during therapy may allow individualized treatment with the currently available FLT3 

inhibitors.  The outcome of this study is the development of a model system to study 

and monitor mutant FLT3 ITD clones, more specifically, the identification of TKD-

point mutations, which may be more susceptible to FLT3 inhibitors (Figure 52).                                      
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Figure 37. In vitro gene editing experimental protocol and tools.  

Cpf1 RNP is complexed and added to the first in vitro cleavage reaction mixture with plasmid DNA. Plasmid DNA is 

recovered and added to a second in vitro re-circularizing reaction mixture with cell-free extract. After the reaction is 

complete, plasmid DNA is recovered from the reaction and transformed into competent E. coli. DNA is then isolated from 

transformed cells and sequenced to identify modifications made in vitro. Modified from Sansbury et al.[188] 
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Figure 38. FLT3 In-vitro Gene Editing Replacement Design. 

Replacement reactions were initiated by two cut site designs for the Cas12a enzyme. These cut sites produced fragment that 

would then be replaced by a double stranded DNA with the mutations of interest.  
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Figure 39. FLT3 Mutant Plasmid Construct. 

FLT3 expression plasmid template was used in the in vitro gene editing reaction to produce FLT3 mutant plasmids that 

express FLT3 ITD mutations, ITDs, point mutations or different combination of both. 

37

ID Sample Type Sequence Length

Patient 4 Diagnosis/Relapse CTTACCAAACTCTAAATTTTCTCTTGGAAACTCCCAT 37

Patient 5
Diagnosis/Relapse

/Remission
CTCTAAATTTTCTCTTGGAAACTCCCATTTGAGATCATATTCATATTCTCTGAAATCAACGTAGAAGTACTCATTA 76

Crowgey, EL, Kolb, A and Wu, CH. Development of Bioinformatics Pipeline for Analyzing Clinical Pediatric NGS Dataat

Mutation Therapy Reference Validated in vitro

F 691 L Sorafenib Baker et al. 42 Ba/F3

D 835 Y Sorafenib Baker et al. 42 Ba/F3

Annesley, CE and Brown, P (2014). The Biology and Targeting of FLT3 in Pediatric Leukemia. Front. Oncol. 4: 1–18.
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Figure 40. FLT3 Expression Plasmid.   

pMxs-IRES-Puro Retroviral vector containing the FLT3 WT cassette was used as the 

template plasmid for the in vitro gene editing.

11
Gift from Tarlock Lab
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Figure 41. In-vitro Gene Editing Sequencing Confirmation. 
Individual ampicillin resistant colonies were picked and sequenced to corroborate that the intended FLT3 mutant plasmids 

had been created by in vitro gene editing.  The sequencing results were aligned to the designed template to confirm the 

presence of the mutation (ITD) of interest. 18
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Figure 42. Baf/3 cell transformation by FLT3 Expression.  

4 x10
5 

Baf/3 cells were transfected with 2ug of plasmid DNA by Nucleofection using the 4D-Nucleofector SG Cell Line X 

Kit and CM-147 program. Cells were incubated for 72hrs post transfection in IL-3 supplemented media. At this time 2 x10
5 

cells were plated into a 6-well plate containing IL-3 supplemented media. At 4 days cells were counted and plated into 

media lacking IL-3 to select for transformed cells. Cell count was performed by trypan blue exclusion. 
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Figure 43. Puromycin selection growth curve.  

1x10
6
 cells that showed IL-3 depletion survival were cultured for 9 days in the 

presence of puromycin to further confirm the FLT3 cassette stable integration. Top 

graph was used as control to show the sensitivity of un-transfected Baf/3 cells to 

puromycin in the presence or absence of IL-3.
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Figure 44. FLT3 Expression Analysis of Transformed cells. 

RT-PCR products were analyzed through gel electrophoresis. All RT-PCR products were sequenced to confirm the presence 

of the different FLT3 mutations of interest. The sequence results were aligned to the FLT3 WT gene sequence with the 

triangle depicting were the ITDs are present.   
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Figure 45. Localization of FLT3.  
Immunofluorescence staining of Baf/3 FLT3 expressing cells and un-transfected cells.  
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Figure 46. FLT3 Expression Quantification.   
Bar graph showing the FLT3 surface expression in Baf/3 cells, harboring different FLT3 genotypes. 
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Figure 47. FLT3 Mutation Drug Sensitivity Assay.  

Relative cell growth of Ba/f3 cells expressing the indicated FLT3 mutants after 72hr 

treatment with increasing concentrations of Sorafenib or Gilteritinib. Errors bars 

represent the Standard Error (n=4)   
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Table 7. FLT3 TKI IC50 

 

 Sorafenib (nM) Giletritinib (nM) 

Wt FLT3 6.0 4.0 

MV411 (30bp ITD) 6.0 4.0 

Seatle Patient (24bpITD) 4.0 2.0 

P4 12.5 11.0 

P5 18.0 16.0 

D835Y 12.0 0.5 

P4/D835Y 7.0 7.0 

P5/D835Y 8.0 8.0 

P4/F691L 9.0 6.0 
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Figure 48. FLT3 Localization under TKI treatment. 

Immunofluorescence staining of Baf/3 FLT3 expressing cells and un-transfected cells with and without TKI treatment. 
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Figure 49. Relative FLT3 Expression in the presence of TKIs treatment.  

Bar graph showing the relative FLT3 expression in Baf/3 cells, harboring different FLT3 genotypes, with or without TKI 

treatment.  
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Figure 50. Clustal Omega Results. 
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Figure 50. Clustal Omega Results.  
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Figure 51. Mutant FLT3 Protein Structure Modeling. 
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Figure 52. Modeling Pediatric AML FLT3 Mutations Mediated by Gene Editing 
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 Chapter 8

SUMMARY AND PERSPECTUS 

Single base mutations can be repaired by introducing single stranded DNA 

oligonucleotides (ssODN) into a target cell [3–5]. The frequency at which this occurs 

is dependent on several of factors: the length of ssODN, the position of the cell in its 

proliferative cycle [6,7], and the presence of double-stranded DNA breaks in the host 

genome [8,9]. Three biomolecules used to catalyze specific double stranded DNA 

breaks: Zinc-Finger Nucleases (ZFNs), Clustered Regularly Interspersed Short 

Palindromic Repeats (CRISPR)/Cas9 and Transcription Activator-Like Effector 

Nucleases (TALENs) [10–15]. Genome editing offers a promising strategy for gene 

repair and correction by overcoming difficulties associated with lack of precision. 

CRISPR/Cas has increased the pace and lowered the cost of research, allowing the 

genetic manipulation even in organisms that have historically been difficult to modify 

[68]. Furthermore, the combinatorial approach uniting ssODNs and CRISPR/Cas9 has 

emerged as a feasible therapeutic approach [189].  

In the work presented in this dissertation I focused on the mechanism and 

application of gene editing utilizing CRISPR systems. In Chapter 2-5 the HCT 116-19 

cells ,which are a well-established gene editing model system, were used to elucidate 

the mechanism of action [21,34,40]. This model system enabled the correlation 

between genotypic and phenotypic changes with functional protein activity which are 

a critical component of reaction optimization or characterization studies.  
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In Chapter 2 I tested the combinatorial approach of utilizing CRISPR/Cas9 

system along with ssODN to promote single base pair correction. While the traditional 

endpoint for genetic engineering utilizing CRISPR/Cas9 has been to disrupt or disable 

a gene through complete knockout, as I demonstrate, it is now possible to direct single 

nucleotide exchange in efficient manner. This approach will permit gene editing to 

generate inheritable nucleotide changes at higher efficiencies and, as such, could be 

used in the treatment of genetic disorders. We explored this combinatorial approach of 

CRISPR/Cas9 and ssODN, in more detail in Chapter 3. Here the oligonucleotide was 

designed so that it invaded the target duplex with a 3′ to 5′ polarity, consistent with 

traditional reaction mechanics of homologous pairing [190–193]. A critical reaction 

intermediate, a D-loop, is resolved and the resolution directs base exchange to 

proceed. In addition, cells undergoing DNA replication, passing through S phase, were 

found to be more amenable to gene editing activity [5,7,86,107,123,194], consistent 

with the mechanism of action. The pathway of gene editing utilizes the process of 

Homology Directed Repair (HDR) [40,92,93,103].  

Since the active of CRISPR/Cas9 complex consists of RNA and protein, one 

approach is to target cells with a preformed Ribonucleoprotein (RNP) may exhibit 

nonspecific mutagenesis [105,112,195–199] (Chapter 4). While analyses of off-site 

mutagenesis occupies the attention of a majority of workers in the field, some reports 

have focused on mutagenesis at the target site [114,200]. Recently, our laboratory 

analyzed a population of cells bearing a single base change induced by the 

combination of CRISPR/Cas9 and ssODNs for altered DNA sequence of the beta 

globin gene [115]. These findings indicate that point mutation repair directed by these 

gene editing tools leave a mutagenic footprint. We find that both insertions and 
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deletions accompany single base repair as judged by allelic analysis of clonally 

expanded cell populations. These results prompted us to investigate the type of DNA 

heterogeneity created at the site of single base repair in both corrected and uncorrected 

cell populations in more detail. The data collected and analyzed in Chapter 4 confirm 

that the well-established gene editing system, provides foundational information with 

regard to the generation of genetic lesions and the process of on-site mutagenesis. 

CRISPR/Cas9 and single- stranded oligonucleotide donor DNA molecules working in 

tandem can lead to the precise repair of the point mutation in the eGFP gene. These 

observations led us to propose a new model for the repair of point mutations, a 

molecular pathway in which the donor DNA acts as a replication template for the 

repair of the mutant base, a process we have termed ExACT [45]. The targeted 

population, not exhibiting the corrected phenotype, displayed a variety of cells 

containing heterogeneous and widely ranging DNA indels surrounding the target site. 

Since no previous report has indicated that single- stranded oligonucleotides acting as 

single-agent gene-editing tools can induce indels at the target site, we concluded that 

CRISPR/Cas9 activity is responsible for these mutations. 

A robust and consensus delivery strategy that can guide investigators interested 

in studying the mechanism of CRISPR/Cas9 uptake and its subsequent action is 

lacking. Some studies outline mechanisms and formats for delivering gene editing 

tools, but none of them provide a primary quantitative analysis of efficiency of 

delivery [117,201,202]. The experimental readout is simply an indirect measure of 

gene editing activity that, in some cases, could be unrelated to the efficiency of vehicle 

transfection. The protocols and mode of vehicle delivery used for gene editing are 

often described with minimal detail that often does not provide experimental evidence 
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of uptake efficiency that would enable other workers to reproduce or improve upon the 

effective protocol. In Chapter 5 the relationship between transfection efficiency and 

gene editing activity was based on experimental and visual data evaluated. These data 

suggest that gene editing activity is facilitated when a significant number of RNP 

particles have entered an individual cell and that high levels of transfection frequency 

in the absence of highly intense individual cells bearing the RNP is not a sufficient nor 

predictable measure of the outcome of a gene editing reaction. These observations lead 

to the hypothesis that there is no direct correlation between efficient cellular uptake 

and genome modification directed by an RNP. 

By understanding the mechanisms by which CRISPR/Cas executes gene 

editing in human cells, a more efficacious and potential approach to drug development 

can be undertaken. In Chapter 6 and 7 we explore the application of the CRISPR 

gene editing system in two different approaches to study pediatric Leukemia. The first 

application, Chapter 6, pediatric patient specific ALL chromosomal translocation 

were re-created. Chromosomal translocations are a hallmark of cancer cells which 

have been shown to result from mis-repair of simultaneous double-strand breaks 

(DSBs) on two different chromosomes through NHEJ [203–206]. The evidence that 

DSBs on two different chromosomes can cause translocations came from studies in 

which recognition sites for specific nucleases were introduced into two different 

chromosomes [203]. Engineered nuclease platforms have been used to engineer 

translocations and chromosomal rearrangements  of various cancers [138,205]. We 

find that the use of CRISPR-Cas9 can provide a convenient platform for modeling of 

cancer-related genetic mutations in vitro. These studies, which model how leukemia 

might occur in humans through the generation of patient specific translocations 
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involving the endogenous genes can provide the genetic foundation for studying 

leukemogenesis. The second application, Chapter 7, presents the use of a novel gene 

editing approach to create expression vectors that harbor patient specific mutations. In 

this approach we studied a subtype of pediatric AML that evades treatment and 

presents poor prognosis, through the involvement of FLT3 mutations. Therefore, this 

type of AML needs relevant cell-based models to enable the discovery of new 

therapeutic targets through the screening of anti-leukemic drugs designed to reverse 

the negative prognosis encountered in infants and adults with leukemia. We have 

developed a diagnostic system to monitor the impact of mutant FLT3 ITDs on the 

progression of oncogenesis and to evaluate the efficacy of novel AML drugs. 
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 Appendix A

A STANDARD METHODOLOGY TO EXAMINE ON-SITE MUTAGENICITY 

AS A FUNCTION OF POINT MUTATION REPAIR CATALYZED BY 

CRISPR/CAS9 AND SSODN IN HUMAN CELLS 

 

If you only have one appendix, change the styles of the previous two 

paragraphs to Appendix - one and APPENDIX TITLE - one, respectively. 

 

DEVELOPED PROTOCOL 

The video component of this protocol can be found at 

https://www.jove.com/video/56195/ 

Cell Line and Culture Conditions 

1. Make 500 mL of medium for the culture of HCT 116 cells: McCoy's 5A 

modified medium supplemented with 10% fetal bovine serum (FBS), 2 

mM L-glutamine, and 1% penicillin (this is complete medium). 

 NOTE: Grow HCT 116-19 cells in a T-75 or T-175 flask prior to plating. When 90% 

confluent, each T-75 flask will yield 8.4 x 10
6
 cells, roughly five 10-cm plates, and 

each T-175 will yield 18.4 x 10
6
 cells, roughly fifteen 10-cm plates. 
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Harvesting Cells from the Flask 

1. Aspirate away the medium, wash with Dulbecco's Phosphate-Buffered 

Saline without calcium and magnesium (PBS) (10 mL for T-75 or 25 mL 

for T-175), and aspirate. 

2. Add trypsin dropwise to the flask using a 2-mL pipette (2 mL for T-175 

or 1 mL for T-75). Place the flask in an incubator at 37 °C and 5% CO2 

for 5 min to allow the cells to detach. 

3. Tap the flask to make sure that all cells are dislodged and then quench 

with complete medium by dispersing it over the entire surface of the flask 

(8 mL for T-175 or 4 mL T-75). 

4. Pipette up and down multiple times to break up cell clumps and transfer 

the cells to a 15-mL conical tube.  

5.  Before spinning the cells down, take 10 µL from the 15-mL conical and 

combine it with 10 µL of trypan blue to count the cells. Pellet the cells by 

spinning for 5 min at 125 x g and 16 °C. 

Counting the Cells 

1. Transfer 10 µL of the cells mixed with trypan blue to the hemocytometer. 

Count the 4 grids around the outside (each grid contains 16 squares). 

1. Take the average cell count from each set of sixteen corner 

squares.  

2. Multiply by 10,000 (10
4
).  

3. Multiply by the total volume of medium used to harvest the 

cells to correct for the dilution from the trypan blue 

addition.  

NOTE: The equation format to calculate the volume to resuspend the cells follows: 
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Plating the Cells 

1. For each 10-cm plate of cells to be synchronized, add 5 mL of complete 

medium and 6 µM of aphidicholin (12 µL of a 2.5 mM stock in 200- 

proof ethanol). 

2. Transfer 100 µL of re-suspended cell pellet, 2.5 x 10
6
 cells, to each 10-

cm plate and swirl gently to mix.  

3. Incubate the plates at 37 °C and 5% CO2 for 16-24 h to synchronize cells 

at the G1/S border. 

Releasing the Cells from Aphidicolin Synchronization 

1. 4 h prior to targeting, aspirate the medium, wash with PBS, aspirate the 

PBS, and add 5 mL of complete medium  

2. Place it back in the incubator at 37 °C and 5% CO2 for 4 h 

RNA Complexing 

1. Enter the mutant eGFP gene sequence into the Zhang Lab's online 

generator[207] (http:// crispr.mit.edu/) and choose the CRISPR guide 

sequences that bind with close proximity to the target site. Obtain the 

CRISPR guide sequences from a commercial source. 

2.  Store the CRISPR RNA (crRNA), trans-activating crRNA (tracrRNA), 

and Cas9 protein at 20 °C and use according to manufacturer 

suggestions.  

1. Mix the RNA in equimolar concentrations to 45 µM. Add 

6.75 µL of a 200 µM stock of crRNA and 6.75 µL of a 200 

µM stock of tracrRNA to a 1.5-mL centrifuge tube. Add 

16.50 µL of TE Buffer to make a final volume of 30 µL. 
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3. Heat at 95 °C for 5 min in a heat block or PCR machine.  

Caution: Hot! 

4. Allow to cool to room temperature. NOTE: If using a PCR machine, set 

the cooling to 0.2 °C/s. 

5. Perform the following steps for each sample.  

1. Dilute 2.22 µL of crRNA:tracrRNA complex in 2.78 µL of 

TE Buffer (10 mM Tris, pH 8.0 and 0.1 mM EDTA; pH 8.0) 

to a final volume of 5 µL. 

2. Dilute 1.67 µL of Cas9 Protein from a 60 µM stock in 3.33 

µL of low-serum medium to final volume of 5 µL.  

6. Mix 5 µL of Cas9 protein with 5 µL of complexed RNA 

Harvesting the Cells for Targeting 

1. Aspirate the medium, wash with 5 mL of PBS, aspirate the PBS, and add 

1 mL of pre-warmed trypsin to each 10-cm plate. Put the plates in the 

incubator at 37 °C and 5% CO2 for 5 min. 

2. Tap on the 10-cm plate to make sure all cells are dislodged and then 

quench with 4 mL of complete medium by dispersing it over the entire 

surface of the plate. 

3. Pipette up and down multiple times to break up cell clumps and transfer 

the cells to a 15-mL conical tube. 

4. Before spinning the cells down, take 10 µL from the 15-mL conical tube 

and combine it with 10 µL of trypan blue to count the cells. Pellet the 

cells by spinning for 5 min at 125 x g and room temperature. 

5. Aspirate the medium and wash with 5 mL of PBS. Pellet the cells by 

spinning at 125 x g for 5 min at room temperature. 
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Counting the Cells 

1. Transfer 10 µL of the cells mixed with trypan blue to the hemocytometer. 

Count the 4 grids around the outside (each grid contains 16 squares). 

1. Take the average cell count from each set of sixteen corner 

squares.  

2. Multiply by 10,000 (10
4
).  

3. Multiply by the total volume of medium used to harvest the 

cells to correct for the dilution from the trypan blue 

addition.  

NOTE: Following is the equation format to calculate the volume to resuspend the 

cells. Re-suspend the required number of cells in serum-free McCoy's 5A modified 

medium. 

Targeting Samples 

1. Transfer 100 µL of cell suspension (5 x 10
5
 cells) from step 8.1 to each 

electroporation 4-mm gap cuvette. Add 10 µL of RNP complex from step 

6.7 to 100 µL of cells at a 5 x 10
5
 cell density. Add ODN (2 µM) to each 

sample. NOTE: For a positive control, add 1 µL of eGFP at 1 µg/µL 

expressing plasmid  

1. Take the rack to an electroporation machine, lightly flick 

each sample, and place them in the chamber. Electroporate 

at 250 V, LV; 2 pulses, 1 s; 13 ms; unipolar pulse. 

2. Transfer the rack back to the hood. Transfer each sample to 

a well containing 2 mL of complete medium in a 6-well 

plate. Incubate at 37 °C and 5% CO2 for 72 h before 

checking for correction levels. 
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Analysis of Gene Edited Cells and Transfection Efficiency 

1. Aspirate the medium and wash the cells with 2 mL of PBS. Aspirate the 

PBS and add 500 µL of pre-warmed trypsin to each well of the 6-well 

plate. Put the plates in the incubator at 37 °C and 5% CO2 for 5 min. 

2. Tap the plate to make sure all cells are dislodged and then quench with 1 

mL of complete medium by dispersing it over the entire surface of the 

well. 

3. Pass the cells into a 1.5-mL centrifuge tube and pellet at 5,000 x g for 5 

min at room temperature. 

4. Aspirate the medium. Re-suspend the cell pellet in 500 µL of FACS 

buffer (0.5% BSA, 2 mM EDTA, and 2 µg/mL propidium iodide in 

PBS). 

5. Measure the cell fluorescence (eGFP+) by flow cytometry.  

1. Calculate the correction efficiency as the percentage of the 

total live eGFP-positive cells over the total number of live 

cells in each sample, as described in Rivera-Torres et al[45]. 

DNA Sequence Analysis 

1. Electroporate the synchronized and released HCT 116-19 cells at a 

concentration of 5 x 10
5
 cells/100 µL, with RNP complex at 100 pmols 

and 72NT ODN at 2.0 µM. 

2. Transfer the cells to 6-well plates and allow them to recover for 72 h. 

3. Sort the cells individually into 96-well plates using a FACS sorter with a 

488-nm (100 mw) laser for eGFP+/-, as described in Rivera-Torres et 

al[45]. NOTE: Not all wells will successfully grow. 
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4. Expand the cells over 6 weeks and harvest as described above. 

5. From the wells that have growth, isolate cellular gDNA using a 

commercially available DNA isolation kit and amplify the region 

surrounding the target base via PCR (718 bp; forward primer 5'-

ATGGTGAGCAAGGGCGAGGA-3' and reverse primer 5'- 

ACTTGTACAGCTCGTCCATGC-3'). 

6. Perform DNA sequencing analysis on the samples. 
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