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Abstract 

Genome engineering is a rapidly evolving area of study. One driver of the 

breakneck speed with which the field is moving forward is the application of 

CRISPR/Cas9.  Since its introduction in 2013, CRISPR/Cas9 has completely changed the 

ease and utility of genome engineering and has revolutionized the field. The use of 

CRISPR/Cas9 to directly edit genes, increase or decrease gene expression, or even image 

genomic loci is widely accepted and extensively used in models ranging from bacteria to 

mammals. The recent development of second-generation CRISPR editing tools has 

opened even more doors into how the human genome can be manipulated. Past methods 

to introduce a single-base substitution into genomes involved creating a double-strand 

break and taking advantage of the cellular repair pathway homologous recombination to 

incorporate a donor plasmid into the genomic sequence. These methods are inefficient 

and can result in introduction of the donor template into numerous unrelated loci 

throughout the genome, unwanted insertions or deletions, or chromosomal translocations. 

Base editing unlocks a method to introduce single-base substitutions without the need for 

a donor template or the creation of a double-strand break. By fusing rat APOBEC1, a 

natural cytosine deaminase, to Cas9 nickase and uracil DNA glycosylase inhibitor, the 

Liu lab was the first to create an RNA-guided base editor that can change target cytosines 

to thymines. In just a year and a half, significant improvements have been made on this 

front, including making the original base editor more efficient and specific and even 

introducing editors with the power to mutate adenosines to guanosines.  
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 Despite the advancements constantly being made to this technology, there is still 

room for improvement. The current base editors such as BE3 can edit unintended 

cytosines in the target sequence at high rates. In addition, the combination of the nickase 

activity of Cas9 and the abasic site created after deamination of the target cytosine can 

create a pseudo double-strand break resulting in creation of unwanted insertions or 

deletions. Finally, targeting at endogenous loci continues to hover between 30% and 

80%, depending on the method used and model genome being targeted. Targeting rates 

could benefit from growth, especially as this technology is being considered for 

therapeutic applications.  

A bottleneck in the process of developing new and improved base editing 

technology is the time and effort that is required to quantify editing efficiencies. Most 

studies use next-generation sequencing to quantify editing rates. The preparation of 

samples and quality control required can take up to six weeks. If using a core at a larger 

university or research institution there is additional time spent waiting in a queue to use a 

sequencing instrument. The field is in need of a rapid method to quantify base editing in 

real time that is transferable to multiple cellular systems. Here I report two bicistronic, 

fluorescence-based systems for the quantification of base editing activity. By changing a 

5’-TT-3’ dinucleotide motif to a 5’-TC-3’ dinucleotide motif in eGFP or mCherry, I 

simultaneously ablate fluorescence and create an APOBEC-preferred mutational hotspot. 

When the cytosine is reverted back to a thymine, fluorescence is restored. This tight off-

to-on system allows for real-time quantification of base editing activity through 

fluorescence microscopy or flow-cytometry.  



 

 v 

After creating a novel base editing reporter system, I hypothesized that I could use 

the newly designed assay to create more efficient and specific base editors. Using 

members of the human APOBEC3 family of enzymes, I created a suite of novel base 

editors. These base editors have advantages over rat APOBEC1-based editors in that the 

structure of many APOBEC3s are known, allowing for easier structure-guided evolution 

to improve their editing activity. As a proof of concept, I used this knowledge to evolve 

APOBEC3H haplotype II into a more efficient base editor by making only a few amino 

acid substitution mutations. In addition, we were able to create base editors using 

APOBEC3A and the catalytic domain of APOBEC3B that surpass BE3 in editing 

efficiency.  Taken together, these data contribute positively to the genome engineering 

field and open new doors for continuing development of this technology.
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CHAPTER 1 

 

 

INTRODUCTION TO GENOME ENGINEERING 
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A Brief History of Genome Engineering 

Genome engineering with restriction enzymes 

The ability to manipulate the genome, a process termed genome editing or 

genome engineering, is extremely important and useful for research. Altering genes in 

their genomic context can give otherwise unparalleled insight into gene function, 

regulation, and downstream effects. For centuries, the way that information is stored and 

passed on in cells has been a puzzle that scientists have been trying to solve. From the 

observations made by Charles Darwin in The Origin of Species in 1859 (1) to Gregor 

Mendel’s experiments using pea plants to propose the laws of heredity in 1866 (2) to the 

rediscovery of Mendel’s laws in 1900, to the discovery of the structure of DNA by 

Watson and Crick in 1953 (3), scientists have constantly strived to better understand the 

make-up of the basic units of heredity (now known in humans as the human genome).  

 The human genome is comprised of over 3 billion base pairs and over 20,000 

human genes. Learning about the function of human genes holds great promise for 

academic research, and also for applications in biotechnology and genetic therapies. 

Insights into editing the genome began with the discovery of restriction enzymes (4-7), 

proteins that normally function as an immune defense in bacteria. These enzymes have 

strict, specific sequence preferences where they bind and cut double-stranded DNA 

(dsDNA). First purified from Escherichia coli by Matt Meselson and Bob Yuan in 1968 

(7), the specificity to which these enzymes cleaved DNA wouldn’t be discovered until 

1970 when it was observed that an enzyme termed endonuclease R cleaved T7 DNA into 

precise, constant fragments (5). This discovery had nearly immediate implications in 
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helping to map DNA sequences. In 1973, restriction enzymes were used to map the SV40 

genome (8), an application that would move quickly from small viral genomes in a 

laboratory setting to use on human genomes in a forensics setting (9).  

In addition to mapping DNA sequences, restriction enzymes proved useful in 

testing the functionality of genes. A portion of the SV40 genome that inferred 

temperature-sensitivity was discovered in restriction digest experiments (10). More 

importantly, it was soon realized that restriction enzymes could be used to functionally 

test genes by deleting regions or entire genes from already-mapped sequences (11). From 

the first crucial experiments performed on SV40, the use of restriction enzymes provided 

the foundational knowledge that led to DNA mapping, Sanger sequencing, recombinant 

DNA manipulation, and eventually to genome engineering. 

 

Genome engineering and homologous recombination 

While manipulation of DNA in vitro was a huge advance, the manipulation of 

DNA in a cellular system quickly became the next important goal. Although preceded by 

studies in yeast, breakthrough studies came in 1985 and 1986 from Smithies and 

Capecchi showing that recombinant DNA could be inserted into targeted areas of 

mammalian genomes via a process called homologous recombination (12, 13). Plasmids 

with homology to specific areas of the genome but containing changes to the target gene 

were linearized with restriction enzymes and introduced to cells via microinjection into 

the nucleus (13, 14) or electroporation (12). To select for cells that harbored the plasmid 

sequence, a neo resistance cassette was introduced, as well. Rates of incorporation of the 
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linearized plasmid were measured by counting the drug resistant colonies and were 

verified using Southern blot analysis. These studies were the first of their kind 

demonstrating targeted alteration of the human genome, and would give insights into 

testing functionality of human genes, correcting genetic mutations that exist in the human 

genome, and would even lead to the first modification of mouse germline cells (15). 

While this technique was one of the first tools in a rapidly evolving genome editing 

toolbox, many setbacks were noted as more and more researchers adopted this method. 

First, the rate of integration at the intended target site was extremely low and varied 

greatly depending on the method used to introduce the DNA template [reviewed in (16)]. 

The most common form of introduction was electroporation, as it was cheap, rapid, 

worked for multiple cell types, and resulted in a higher rate of single copy insertion of the 

DNA template instead of a tandem array (17). One disadvantage of introducing DNA via 

electroporation is the low efficiency; only 1 in 102 to 107 cells harbor the intended 

integration of the DNA template (15, 17). In addition, this method varied in different cell 

types and utilized multiple methods to estimate gene editing as time went on, making it 

hard to compare editing efficiencies across research labs. Finally, the formation of 

concatamers and rate of integration of the DNA template into random, unrelated loci is 

very high, often exceeding the rate of integration in the target locus (18). These 

disadvantages led researchers to pursue other methods of gene targeting that were more 

specific and more efficient. 

 

Genome engineering and recombinant adeno-associated virus 
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The next major leap in genome engineering technology wouldn’t appear until 

1998 with a discovery made by Russell and Hirata from the University of Washington 

(19). It had been noted previously that adeno-associated virus (AAV) 2 could be used to 

transduce mammalian cells at random points of integration via the DNA repair pathway 

of non-homologous end joining (20, 21). AAV viruses are single-stranded DNA viruses 

whose genome is around 4.7 kilobases in length (22). First discovered as a contaminant in 

purifications of adenoviruses, AAV infection is dependent on helper functions that either 

come from a co-infection with helper viruses, such as adenovirus or herpes simplex virus, 

or from DNA damaging agents (22). To make this method more convenient and eliminate 

the need for simultaneous infection of cells with multiple viruses, two separate research 

groups were able to clone the necessary helper genes from adenovirus onto a separate 

plasmid from the AAV genome and enabled scientists to generate recombinant AAV 

(rAAV) from a simple transfection protocol rather than a co-infection (23, 24).   

With the production of AAV made simpler by replacing co-infection of target 

cells with an easier transfection protocol, David Russell and Roli Hirata were the first to 

show that gene targeting vectors could be delivered via rAAV transduction in 1998 (19). 

The levels of homologous integration with rAAV obtained were commonly around 1%, 

three-fold higher than those seen when incorporating templates via homologous 

recombination alone (19). Editing rates were observed at over 1000 times higher when 

measuring neo correction in HSN039 cells (19). AAV-mediated gene targeting is done 

using an AAV genome vector. Short arms on either side of the genome are cloned to be 

homologous to the target region within the genome (25). Between the homology arms, 
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drug cassettes (such as the neo selection markers inserted by Russell and Hirata (19)), 

point mutations, and other modifications ranging from simple promoters to entire genes 

can be inserted into the human genome at rates between 1 and 70% after drug selection 

(25). This stark increase in targeting efficiency can be attributed to the single-stranded 

nature of rAAV, resulting in induction in homologous recombination of up to three orders 

of magnitude when compared to relying on a naked fragment of DNA (19, 26).  

Following this scientific breakthrough, the Russell lab went on to display the 

utility of rAAV-mediated genome editing by correcting multiple types of mutations in 

retroviral reporters that were integrated randomly into the human genome (27, 28). These 

mutations were mostly small insertion or deletion mutations, usually 1 to 3 base pairs in 

size, but also included larger frameshift mutations. While all different types of mutations 

could be corrected in the lentiviral reporters, different targeting efficiencies were 

observed between the AAV constructs (27, 28). In 2001, the Russell lab was able to 

introduce multiple types of base substitutions at the human HPRT gene and at a retroviral 

reporter harboring the AP gene at a targeting frequency of up to 0.17%, expanding the 

suite of mutations that AAV-mediated gene editing was able to produce (29).  

Furthering the AAV technology, the Russell lab performed some of the first 

experiments that solidified the possibility of using rAAV gene editing methods in gene 

therapies. In 2002, Hirata and Russell were able to introduce an entire neomycin 

phosphotransferase cassette into the human HPRT gene in normal human fibroblasts and 

found that this form of gene editing was actually more efficient than introducing smaller 

insertions or deletions (25). In 2003, the Baltimore lab followed this information with the 
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discovery that introducing double-strand breaks using a gene-specific endonuclease can 

increase rAAV-mediated targeting by over 100-fold and allow researchers to use a lower 

multiplicity of infection (MOI) when transducing cell populations (30). 

The first use of rAAV for creating isogenic knockout cell lines came in 2004 from 

Manu Kohli and Bert Vogelstein (31). The researchers created a novel, four-step system 

to more easily assemble rAAV gene targeting constructs, a method that is still used by 

researchers today. These novel rAAV targeting plasmids contain two loxP sites, allowing 

the deletion of specific sequences in the genome following Cre treatment (31). Instead of 

deleting sequences using the insertion of neo cassettes into exonic sequences of a gene, 

they instead framed the region of interest with homology arms, treated with Cre 

recombinase, and removed the region between homology arms. They tested this 

technology on FHIT and CCR5 genes and observed targeting rates of around 0.4 – 13% 

in five different human cell lines (31). Several other groups used and expanded on this 

technology, introducing the pSEPT plasmid to increase targeting efficiency by biasing 

rAAV integration toward active promoters(32), optimized protocols for different, 

difficult to edit cell lines (i.e. stem cells) (33), as well as time needed to observe a 

phenotype (34). The ability to select for cells that were successfully infected with the 

generated rAAV constructs also aided in the process of making isogenic, clonal cell lines 

that harbored the intended mutation (31-34). 

Since its development, rAAV systems have been used in a variety of techniques 

including epitope tagging of endogenous proteins (35, 36), use in multiple animal models 

to investigate gene function and provide therapies (37-39), and even as the basis of the 
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first genetic therapy to gain the Food and Drug Administration’s (FDA) approval in the 

Unites States (40). However, this technique still harbors some drawbacks. First, the small 

size of (r)AAV particles limits the packaging capacity to 4.7 kilobases of DNA and 

therefore larger genes are not able to be delivered with this method. Second, as AAV is 

an integrating vector, it carries the risk of insertional mutagenesis. Third, it is difficult to 

produce high-titer AAV virus, possibly limiting the potential for this method in clinical 

trials. And finally, there is the possibility that if used in clinical trials, AAV can illicit an 

immune response from patients [pros and cons reviewed in (41)]. 

 

Double-stranded DNA breaks in genome engineering 

While early genome engineering tools such as restriction enzymes, homologous 

recombination, and AAV-based technologies were being developed, it was discovered 

that introducing specific double-stranded breaks (DSB) into DNA greatly increased the 

efficiency of successful targeting. It was first noticed that homologous regions in the 

genome can recombine when induction of DNA damage with various chemical agents 

initiated the recombination of sister chromatids (42-46). With the advancement of 

homologous recombination as a genome engineering tool, researchers noticed that 

making DSBs greatly increased the incorporation of plasmids carrying regions of 

homology to the cut site (47, 48). In these early studies, researchers took advantage of a 

rare endonuclease I-SceI that has an 18 base pair recognition site to make specific cuts in 

the genome (49-51). The use of I-SceI and other “meganucleases” had drawbacks in that 

the large recognition and cleavage sites rarely occur in the human genome, making the 
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possibility that a cut site exists in the target locus low. To remedy this, researchers began 

engineering naturally occurring meganucleases to have different recognition sites, 

diversifying the sequences available for induction of DSBs and increasing the number of 

target sites in the genome (52-54). 

More importantly, a major drawback of using restriction enzymes to increase 

editing efficiency was the low rate of incorporation of the editing template. Much of the 

time, researchers observed that DNA breaks were repaired by fusing the two broken ends 

together, skipping the incorporation of their donor DNA editing template. The repair 

pathway responsible for this phenomenon is non-homologous end joining (NHEJ). NHEJ 

is a rapid process that occurs primarily in the G0, G1, and G2 phases of the cell cycle to 

rapidly repair DSBs and protect genome integrity (55, 56). In this process, a dimer 

comprised of Ku70 and Ku80 recognize and bind to the DNA ends generated during the 

DSB within seconds of DSB generation (57-59). Next, DNA-dependent protein kinase 

catalytic subunit’s (DNA-PKcs) is recruited to the Ku-bound DNA ends [reviewed in 

(60)] along with other factors like X-ray cross complementing protein 4 (XRCC4) (59, 

61), Artemis (62), DNA Ligase IV (63), XRCC4-like factor (XLF) (64), and Aprataxin-

and-PNK-like factor (APLF) (65). Together, these factors process the DNA ends so they 

are ready for ligation by DNA Ligase IV (63, 66). When DNA is ligated, the NHEJ 

complex dissociates from the DNA, and the DSB is repaired (Figure 1 left).  

 Because of the rapid manner in which it is carried out, NHEJ is known to be 

prone to errors; small insertions and deletions have been shown to form at the site of the 

NHEJ-repaired DSB (67). However, the cell has another pathway to repair DSBs that is 
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largely error-free and takes advantage of large stretches of DNA homology. Homologous 

recombination (HR) results error-free repair of DSBs through the use of a homologous 

DNA sequence, usually in the form of a sister chromatid (68). For this reason, HR is 

primarily active during the S and G2 phases of the cell cycle (68). After the generation of 

a DSB, the 5’ end of the DNA is resected by the MRN complex and CtIP to create a 3’ 

single stranded section of DNA (69-71). Following end resection, Replication Protein A 

(RPA) binds the single-stranded portion of DNA, removing secondary structures from the 

strand and stabilizing it (72, 73). In mammalian cells, RPA recruits BRCA2 which aids in 

simultaneously removing RPA and helping to bring RAD51 to the newly-formed single 

strand to form what is called a “RAD51 filament” (74, 75). Invasion of the template 

strand of DNA by the dynamic RAD51 filament appears to occur through random 

collisions, and it is estimated that 100 base pairs are required for strand invasion and D-

loop formation to occur (76, 77). The invaded strand primes DNA synthesis and the 

strand is elongated and ligated, resulting in the incorporation of the DNA template 

sequence to the broken DNA strand and error-free repair (Figure 1 right).  

 The degree to which each pathway is utilized for DSB repair depends on multiple 

factors. As mentioned previously, the utilization of each pathway is dependent on cell 

cycle. Most of this is due to the fact that DNA end resection is tightly regulated 

throughout the cell cycle; NHEJ does not require end resection while HR is reliant upon 

end resection (78, 79). In studies performed in yeast using IR irradiation, end resection 

and HR events are rare during the G1 phase of the cell cycle, making NHEJ the primary 

path to repair DSBs (78, 79). Due to the presence of a sister chromatid during the S and 
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G2 phase, end resection and HR are activated; however, so is NHEJ. There is competition 

between these two recombination pathways, and binding factors from one pathway can 

inhibit the other (i.e., Ku binding inhibits HR activity and vice versa) (80-82). The 

pathway chosen by the cell depends in large part on the phase of the cell cycle and the 

type of DSB that needs repair. For example, repair of stalled replication forks is usually 

performed by HR while DSBs that need rapid repair will utilize the NHEJ pathway (78, 

80, 83, 84). Cell-cycle dependent regulation of DSB repair can be carried out through 

mechanisms other than end resection; factors such as BRCA2 can be regulated through 

interactions with cyclin-dependent kinases (CDKs), reducing its ability to aid in the 

formation of the RAD51 filament and hindering the HR process (85).  

The understanding of mechanisms used by the cell have aided in moving the 

genome engineering world forward and have given insight into ways to tweak these 

pathways and skew repair more toward NHEJ for the formation of insertions or deletions 

(indels) in the DNA (86) or more toward HR for the incorporation of donor templates. 

Furthermore, researchers needed a way to overcome the sequence specificity of 

restriction enzymes and meganucleases to introduce DSBs in a more targeted manner and 

open up the possibility of introducing mutations at nearly any genomic site. REFS HERE 

 

Leveraging the power of DSBs with zinc-finger nucleases and TALENs 

 A breakthrough in genome engineering came with the discovery of zinc-finger 

nucleases (ZFN), targeted nucleases that could be programmed to create a DSB at nearly 

any sequence of interest in the genome [reviewed in (87)]. First discovered in Xenopus 
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laevis oocytes, zinc-finger proteins are made up of protein motifs that recognize specific 

sequences in DNA (88, 89). Each motif recognizes a three base-pair sequence, and 

altering residues within these motifs causes systematic changes in recognition sequence 

(90, 91). The modular zinc-finger motifs can be assembled into larger complexes with 

wider areas of sequence recognition, giving unprecedented DNA binding specificity in 

the genome. Soon after this discovery, researchers fused zinc-finger complexes to one 

domain of the FokI endonuclease, creating one of the first programmable nucleases (92). 

The choice to use FokI was deliberate; it is a type of endonuclease that has distinct and 

separate DNA binding and catalytic DNA cleavage sites (93). As a result, researchers 

were able to remove the DNA recognition domain from the nuclease and utilize only the 

DNA cleavage domain to create ZFNs. In addition, FokI requires homodimerization to 

become active. Designing two ZFNs around the intended target site brings two monomers 

together, resulting in a DSB at a very specific site. This breakthrough gave researchers 

the ability to edit nearly any 18-21 base pair site in the genome (94) and was also shown 

to increase the rate of incorporation of exogenous DNA templates through homologous 

recombination to nearly 20% (95-97). Such higher frequencies of precise genome 

engineering opened doors to potential therapeutic applications that had previously been 

thought impossible. However, the sequence recognition mechanism of ZFNs poses a 

challenge when trying to introduce specific changes via homologous recombination. With 

the 3 base-pair recognition mechanism, ZFNs made with publicly available reagents can 

only target sites every 200 base pairs on average (98). When targeting a very specific 

region in the genome, ZFN recognition sequences may not be available.  
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 Following the breakthrough of ZFNs, a new technology utilizing transcription 

activator-like effector (TALE) proteins broke onto the genome engineering scene. TALE 

proteins naturally occur in Xanthomonas, a plant bacteria, and contain DNA binding 

domains that recognize single nucleotides. This mechanism gives more flexibility for 

sequence targeting than was found with ZFNs (99, 100). Each DNA binding domain is 

made up of 33-35 amino acid regions, but specificity for a particular nucleotide is 

conferred through two amino acids at the 12 and 13 positions called the repeat-variable 

diresidues (RVD) (101, 102). The individual DNA binding motifs can be pieced together 

to form larger complexes that recognize longer DNA sequences, similar to what was 

previously done with ZFNs. An advantage over ZFNs, TALE DNA binding sequences 

can be over 18 base-pairs in length; ZFN binding sequences are usually 9-18 base pairs 

(103). The first enzymes to be fused to TALE proteins were the FokI nucleases used 

previously with ZFNs to form TALE nucleases (TALENs), done by researchers at the 

University of Minnesota (104). This design was further optimized to increase the 

specificity and efficiency of editing, resulting in gene editing at rates of up to 25% (105, 

106). Soon after, transcriptional activators such as VP16 or VP64 (106, 107), 

transcriptional repressors such as SID (108) and site-specific recombinases (109) were 

fused to TALEs to create a suite of genome modifying tools that are applicable to a 

variety of different organisms.  

 One large drawback in both the ZFN and TALEN gene editing technology is the 

large amount of time and effort that it takes to assemble and validate each gene editing 

construct. This can hinder their use in many applications, such as large genetic screens, as 
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well as prevent adoption by basic research labs. For these reasons, there are several 

methods that have been designed to aid in rapid assembly of ZFNs and TALENs: Golden 

Gate cloning (110), ligation-dependent cloning (111), and Fast Ligation-based 

Automatable Solid-phase High-throughput (FLASH) assembly (112). Several complete 

libraries are also available for purchase. Another disadvantage of the ZFN and TALEN 

technology is the potential for off-target effects. While off-target effects of TALENs are 

observed less than with ZFNs, studies done using both forms of gene editing have 

identified several off-target mutations in loci with sequences similar to the target site 

(105, 113-115). Finally, another drawback of these technologies is their size. cDNA 

encoding a TALEN is 3 kilobases long on average and 1 kilobase long for a ZFN, making 

it more difficult to deliver and express pairs of nucleases. In addition, the large size and 

repetitive nature of the coding sequence of TALENs can make it difficult to insert into a 

viral vector, limiting some therapeutic applications of this technology (116). To 

overcome this, researchers have diversified the coding sequence of TALENs in hopes of 

using the technology in difficult-to-transfect cell types (117). However, an easier to 

assemble method that was easier to deliver was still an ultimate goal. 

 

The CRISPR Renaissance 

Discovery of CRISPR/Cas9 

 While the discovery of ZFNs and TALENs changed the world of genome 

engineering and made the alteration of genes easier than it had previously been, targeting 

different sites in the genome required assembly and validation of an entirely new set of 
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proteins. This process was labor intensive, high cost, and time consuming; even Golden 

Gate cloning of new TALEN constructs can take up to one week. Researchers were still 

in need of a genome engineering method that was rapid to assemble, flexible on sequence 

recognition, and displayed versatility in genome engineering applications. The discovery 

and application of CRISPR/Cas9 would not only meet all of these criteria, but would go 

above and beyond. This discovery has triggered a revolution in the field of genome 

engineering that is still rapidly accelerating today and shows no hint of slowing down.  

 The clustered, repeat regions of CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats) were first observed in 1987 in Escherichia coli and were postulated 

to be involved in mRNA stabilization (118). It wasn’t until the completion of the human 

genome project and sequencing of many organismal genomes that researchers realized 

the repeat regions were present in many eubacteria and archaea and were nearly always 

adjacent to conserved genes called CRISPR associated genes (Cas) (119, 120). The 

sequences separating the repeats were eventually recognized to belong to viruses and 

other pathogens, and pathogens whose genome sequences were incorporated into the 

repetitive arrays were not able to infect the bacteria or archaea carrying them (121-123). 

While this evidence pointed to CRISPR acting as an immune system, key experiments 

performed in 2007 convincingly displayed that this was in fact the case. Researchers 

showed that Streptococcus thermophilus incorporated new spacers derived from the 

genome of phages that they were challenged with. Each incorporated spacer provides 

sequence specificity for the activity of the defensive Cas enzymes, directing them toward 
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invading pathogens (124). Interest in further understanding this primitive immune system 

exploded, including a search to elucidate the underlying mechanism. 

 Within a year of discovering the archaic adaptive immune system, the publication 

flood gates opened as scientists made several more important discoveries on the 

prokaryotic immunity process.  First it was shown that Cas enzymes are guided to 

invading pathogens by short CRISPR RNAs (crRNA) that are transcribed from spacer 

sequences (125). Analysis of spacers from S. thermophilus exposed to phage infection 

showed size consistency between the phage sequences incorporated into the CRISPR 

arrays (termed proto-spacers) and that a specific sequence downstream of proto-spacers 

(proto-spacer adjacent motif or PAM) is important for conveying phage resistance (126). 

In addition, after testing several variants of Cas enzymes, it was demonstrated that only 

Cas9 has DNA specific catalytic activity (127). Furthermore, the Charpentier group 

elucidated the mechanism behind the maturation of the crRNA and was the first to report 

a second short RNA sequence necessary for CRISPR-mediated immunity in 

Streptococcus pyogenes called the tracrRNA (128). While the crRNA is responsible for 

the guiding function of the RNA, the tracrRNA is responsible for the recruitment of Cas9 

protein. Both short RNAs are required for the formation and function of Cas9 

ribonucleoproteins, and together form the guide RNA (gRNA). Finally, and very 

importantly for future applications of the technology, the Siksnys group from Lithuania 

demonstrated that this targeting mechanism was versatile and could be transferred from 

one bacteria (S. thermophilus) to another (E. coli) (129). These discoveries not only 
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provided a greater mechanistic understanding of the CRISPR/Cas system, but also paved 

the way for CRISPR’s use as a biotechnology tool. 

 It wasn’t until 2012, 25 years after the initial observation of CRISPR, that 

CRISPR/Cas9 was utilized to target specific DNA sequences. The Doudna and Siksnys 

groups demonstrated the ability to choose a target sequence and engineer a crRNA that is 

able to guide Cas9 to any sequence of interest (130, 131). These researchers also 

condensed the tracrRNA and crRNA activities into a chimeric RNA termed the single 

guide RNA (sgRNA) (130, 131). In addition, these studies helped to define specific 

domains of the Cas9 protein that were responsible for creating a DSB and how these 

domains could be manipulated to cause nicks in plasmid DNA instead of full DSB (130, 

131). 

 Breakthrough studies came in 2013 from several different research groups 

showing that the CRISPR/Cas9 technology was not only applicable in different bacterial 

strains, but could be transferred to eukaryotic cells. Jennifer Doudna’s group was the first 

to report the use of CRISPR/Cas9 in human cells (132). To test this, the scientists co-

expressed human codon optimized Cas9 with a sgRNA targeting the human clathrin light 

chain (CLTA), a gene that had been previously targeted by ZFN and TALEN technology 

(132). Cas9 was driven off of a CMV promoter and the sgRNA was driven off of a 

human U6 RNA Polymerase III promoter, and expression was confirmed using western 

blotting and northern blotting, respectively (132). To test for the ability to create targeted 

DSBs, Cas9 and an sgRNA were expressed in HEK293T cells and probed for indel 

formation using a Surveyor nuclease assay. This assay works by annealing DNA targeted 
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by CRISPR/Cas9 with wild-type DNA. If there are any differences in the targeted DNA, 

it will create a bulge when annealed with wild-type DNA. A CELII nuclease 

(commercialized under the name Surveyor) cleaves at these mismatches, and the 

differences in size are detectable with agarose gel electrophoresis (133). With a ZFN 

targeting the CTLA gene as a positive control, DSB formation was seen using 

CRISPR/Cas9, a result that would change the entire genome engineering field. Within a 

month, this result was followed with studies from the Zhang and Church labs showing 

CRISPR/Cas9-mediated editing at EMXI and AAVSI loci (134, 135). These studies also 

demonstrated the utility of the CRISPR/Cas9 system to increase rates of HR-mediated 

incorporation of donor templates by either using Cas9 as a nickase (134) or a nuclease 

(135). For the first time, a genome engineering technology satisfied the criteria of having 

flexible, customized targeting sites, being easy to assemble, and having the versatility to 

be used in multiple organisms. Since its adoption as a programmable nuclease in 2012, 

over 9000 articles have been published using CRISPR/Cas9, a number that continues to 

grow year after year (136).  

 

The evolution of CRISPR/Cas9 technology 

 To effectively hinder many types of pathogens and mobile genetic elements, two 

main classes of CRISPR systems exist. Within Class 1, type I and type III CRISPR 

systems reside; within Class 2, type II, IV, V, and VI CRISPR systems exist [reviewed in 

(137)]. The most widely used and accepted system for genome engineering is the type II 

CRISPR system from S. pyogenes, mainly due to the relaxed PAM requirements that 
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expand the possible target sites in the genome. Currently, over ten different Cas9 

orthologs have been repurposed for eukaryotic genome engineering, including 

Francisella novicida Cas9 (FnCas9) with a 5’-YG-3’ PAM (138), CRISPR from 

Prevotella and Franscisella (Cpf1) which utilizes a single crRNA to create staggered-end 

DSBs downstream of target sequences adjacent to T-rich PAMs (128, 139), and Cas13 

from Leptotrichia wadei which can be used to create DSBs in RNA (140). Cas9 orthologs 

from Neisseria meningitides (NmCas9), Staphylococcus aureus (SaCas9), and 

Campylocbacter jejuni (CjCas9) are smaller variants of SpCas9 (984 -1082 amino acids 

versus 1366 amino acids in SpCas9) and are tempting for use in applications where a 

smaller Cas9 would be beneficial (e.g. lentiviral delivery) (141-143). These variants 

come with tradeoffs; while they may be smaller in size, they recognize complex PAMs, 

limiting the target sites they can be used for in the human genome.  

As an ideal variant of CRISPR/Cas may not exist naturally, researchers are using 

standard molecular biology approaches to improve upon existing technology. 

Improvements focus on three main areas: reducing size of the nuclease, increasing the 

targeting capabilities of the Cas9 variants, and reducing off-target effects (136). Attempts 

to reduce the size of Cas nucleases have been largely unsuccessful; as mentioned 

previously, a tradeoff usually exists between the size of the nuclease and requirements for 

PAM sequences. Most small orthologs of Cas9 or small Cas9 variants require highly 

specific PAMs, reducing the amount of targetable sequences in the genome (141-143) . 

To increase targeting capabilities of Cas9, several unbiased strategies have been used to 

re-engineer Cas9 variants to recognize alternative PAMs (144, 145). To do this, the Joung 
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lab mutagenized the PAM interacting (PI) residues of SpCas9 and SaCas9 and screened 

for variants with altered PAM preferences (144, 145). They identified variants able to 

target PAMs with 5’-NAG-3’, 5’-NGA-3’, and 5’-NNNRRT-3’ sequences, broadening 

the targeting range of the CRISPR/Cas9 technology. Finally, for potential use in 

therapeutics and for efficient targeting, the largest issue to solve is target specificity of 

Cas9. Utilizing high-throughput methods (i.e. eGFP disruption or high-throughput 

sequencing) to measure the efficiency of gene editing, it was demonstrated that 

mismatches are tolerated at nearly any position in the sgRNA, although mismatches 

nearest to the PAM are tolerated the least (146-148). Further studies using chromatin 

immunoprecipitation and high-throughput sequencing (ChIP-seq) with catalytically dead 

Cas9 (dCas9) confirmed this, demonstrating that off-targets are enriched in regions with 

open chromatin (149, 150). These studies also showed that most off-targets sites have 

PAM sequences and the seed region conserved. The number of off-target cleavage or 

binding sites were between 10 and 1000 sites in the human genome, depending on the 

sgRNA used. 

 To address the issue of specificity, researchers have taken three main approaches: 

structure guided optimization of Cas9, alternative targeting strategies, and altering the 

sgRNA. The solved structure of Cas9 (151) has guided rationals for improving Cas9 

specificity, and several studies have created point mutations that interrupt non-specific 

Cas9 interactions with the DNA phosphate backbone. This high-fidelity Cas9 variant 

(termed SpCas9-HF1) contains four point mutations at residues that make direct 

hydrogen bonds with the DNA backbone. By interrupting this non-specific interaction, 
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SpCas9-HF1 retains enough activity to interact with DNA and cleave at the intended 

target site, but loses the ability to robustly interact with off-target DNA, decreasing off-

target effects when measured by high-throughput sequencing or eGFP disruption (152, 

153).  

Another strategy to improve CRISPR/Cas9 specificity is to alter the targeting 

method. It has been demonstrated that off-target effects can be reduced when delivering 

Cas9 ribonucleotide protein (RNP) complexes instead of plasmid DNA due to the more 

transient nature of Cas9 RNPs (154, 155). When comparing mutations made at the 

intended target site to mutations made at predicted off-target sites in human cells when 

using plasmid or RNP delivery of Cas9, delivering RNPs reduced off-target effects by 

almost 7-fold in some instances (154). While decreasing off-target effects, utilizing RNP 

delivery maintains high on-target activity. In addition to altering the delivery method of 

Cas9, using separate, tandem sgRNAs and either a Cas9 nickase (Cas9n) (156) or dCas9 

fused to FokI (fCas9) reduces off-target effects substantially (157, 158). Similar to gene 

targeting via TALENs or ZFNs, two separate constructs are made and targeted to 

adjacent sites in the genome where Cas9n makes two single-strand DNA breaks or FokI 

dimerizes and makes a DSB. When comparing these two methods, fCas9 has slightly 

lower on-target efficiency and requires much more stringent spacing requirements for 

efficient targeting (157). However, these stringent spacing requirements do have positive 

effects in that they reduce the amount of off-target editing. fCas9 shows a 4-fold 

reduction in off-target editing when compared to paired Cas9n (157).  
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Finally, studies have been done to investigate the role of the sgRNA on targeting 

specificity. Surprisingly, both increasing sgRNA length as well as truncating sgRNAs 

have been shown to increase target specificity (159, 160). By adding two additional 

guanine residues to the 5’ end of the 20 nucleotide (nt) sgRNA, off-target effects are 

greatly reduced (159). However, these sgRNAs showed decreased activity at the intended 

target site and oftentimes are processed back to the original 20 nt length (161). 

Conversely, removing 2-3 nt from the 5’ end of the gRNA can decrease off-target effects 

without sacrificing activity at the intended target site (160). When annealing occurs 

between the sgRNA and the target DNA, mismatches are tolerated toward the 5’ end of 

the sgRNA. This allows for leniency in specificity and an increase in off-target activity 

which can be reduced by removing residues from the 5’ end and shortening the sgRNA.   

Additionally, incorporating ligand-responsive self-cleaving catalytic RNAs (aptazymes) 

into sgRNAs allows for further control over nuclease-mediated targeting (162). Similar to 

inducible proteins, adding a small molecule to aptazyme-containing sgRNAs results in a 

fully functional sgRNA and initiation of editing. 

On top of evolving the CRISPR/Cas9 editing system to be easier and more 

efficient to use, scientists are constantly looking for further applications of the editing 

system, adding to the overall genome engineering toolbox. Due to its ease of use and 

versatility, the applications of CRISPR/Cas9 have exploded in just a few short years and 

have now surpassed DNA editing to include a variety of chromatin and epigenetic 

modifying functions. Most immediately after demonstration of CRISPR/Cas9 as a 

targetable endonuclease, researchers began using the system to directly manipulate the 
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expression of genes. The first example of this is CRISPR interference (CRISPRi) (163). 

In this system, dCas9 is guided to the target DNA sequence where it tightly binds and 

impedes the function of transcription factors or RNA polymerase II (163). This results in 

knockdown of the intended gene at rates of up to 60%. To improve knockdown 

efficiencies, researchers have fused genetic repressors, most notably Kruppel-associated 

Box (KRAB), to dCas9, resulting in decreases in gene expression by up to 80% (164). 

KRAB functions by increasing H3K9me3 levels at the promoters of genes, decreasing 

access to chromatin by transcription factors (165). A similar strategy has also been 

applied to increase gene expression by recruiting transcription factors to gene promoters. 

In this application, dCas9 is fused to VP64, VP16, VP48, or VPR, trans-activating factors 

from viral sources, to induce the expression of genes by up to 13-fold (156, 166-169).  

Moving forward more broadly, CRISPR/Cas9 has opened up the ability to directly 

modify the epigenome. While there are many tiers to epigenetic regulation, methylation, 

histone modifications, and non-coding RNAs (ncRNAs) are some of the most well-

described and understood. DNA methylation was one of the first to be discovered; it’s 

role in gene expression was reviewed as early as 1975 (170). Since then, the context of 

DNA methylation, the enzymes that catalyze methylation (DNA methyltransferase; 

DNMT), and the downstream implications of aberrant DNA methylation have been well-

described and reviewed (171-173). With misregulated methylation being implicated in 

many pathogenic diseases, the FDA has approved small molecules targeting methylation 

and DNMT, including azacitidine and decitabine for cancer treatment (174). One 

downside of these small-molecule DNMT inhibitors is the global effects these have on 
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methylation. For this reason, a method to target methylation at specific loci is needed. To 

solve this issue, researchers have used dCas9 to both deposit methylation marks as well 

as to remove already-in-place DNA methylation. To deposit DNA methylation marks at a 

specific locus, dCas9 has been fused to the catalytic domain of DNMT3A in eukaryotes 

or MQ3, a prokaryotic DNA methyltransferase (175-178). This method can have off-

target effects, however; studies carried out in a mouse embryonic stem cell model that 

lacks DNMT showed methylation “footprints” at loci that were unrelated to the target site 

and independent of the method of delivery (179). To manipulate gene expression through 

removal of methylation marks, researchers fused ten-eleven translocation (TET) proteins 

to dCas9. TET proteins play an important role in organismal development by regulating 

expression of genes involved in cell lineage specification through the demethylation of 

CpG motifs [reviewed in (180)]. This method results in up to 90% demethylation of 

targeted loci and an increase in RNA expression of targeted genes (175, 181, 182). The 

off-target effects of this method have yet to be investigated. 

A suite of other epigenetic modifiers has been created using CRISPR/Cas9 

technology. Using CRISPR/Cas9 to alter histone modification is a booming area of 

research. Fusions of dCas9 to LSD1, a histone demethylase, have been used to alter 

genetic expression (183). Alternatively, dCas9 fused to P300, a histone acetyl transferase, 

have been used to increase histone acetylation levels and change expression of genes 

(184). To activate expression of silenced genes, PRDM9 methyltransferase has been 

fused to dCas9 to increase local H3K4me3 modifications, a well-described marker of 

active gene promoters (185). Better understanding of how to manipulate the epigenome 
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with CRISPR/Cas9 platforms provides an indispensable tool for studying epigenetic 

markers and gaining an even deeper understanding of the role that they play in cell 

biology and genetics. It also provides a method to carry out groundbreaking and exciting 

applications that have never before been possible, such as changing a cell’s lineage, 

carrying out high-throughput epigenetic screens, and even reversing HIV latency (186). 

However, the link between epigenetic markers and their downstream effects must be 

further elucidated before moving this technology into therapeutic applications. As some 

studies have shown, introduction of a marker such as methylation isn’t necessarily 

mirrored in gene expression, suggesting a further regulatory mechanism than just a 

simple epigenetic mark (179).  

Other exciting applications such as live cell imaging of specific genetic loci (187) 

and chromatin structural engineering have also been adapted for use with CRISPR/Cas9 

platforms (188). These have been well-documented and reviewed, and are constantly 

evolving to be more specific and robust (136, 189-191). One important application that 

has been immeasurably improved since the introduction of CRISPR/Cas9 gene editing is 

the high-throughput genetic screen. For the first time, scientists can easily and rapidly 

screen for phenotypes that arise after the alteration of a large number of genes. Generally, 

a screen is carried out in the cell type of interest that is stably expressing Cas9, usually 

delivered through a lentiviral construct with a drug selection or fluorescent marker. A 

pool of sgRNAs is delivered, usually through lentiviral transduction at a low MOI to 

ensure that each cell only harbors a single sgRNA. Each gene is targeted by multiple 

sgRNAs to ensure robustness in the screen. If a gene is essential for a given function, 
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such as cell viability, the cells harboring sgRNAs to that gene will be depleted over time. 

As the sgRNA sequences are embedded in the cellular genome through transduction, 

next-generation sequencing can be used to quantify the abundance of each sgRNA in a 

cell population and give a readout of genes that are involved in important cellular 

processes (192, 193). 

This approach has been taken to screen for a variety of genetic factors in a 

number of important processes. In 2015, studies from the Sabatini and Moffat groups 

published in Science and Cell respectively used CRISPR-based genetic screens to 

identify genes that are essential in the human genome (194, 195) . Multiple cell types 

were transduced with sgRNA libraries targeting nearly every gene in the human genome 

to different extents. Samples are taken from pools at day 0, various timepoints throughout 

the experiment, and on the last day of the experiment (usually around day 18-20).  The 

sgRNA pool from day 0 and day 20 are compared to evaluate which sgRNAs are 

depleted, pointing to genes that are broadly involved in cell viability. While the exact 

number of genes identified in each screen differs, possibly due to the use of different 

cellular models, the correlation between genes identified is high, pointing to the 

reliability and efficiency of this technique. These screens were confirmed using gene-trap 

screening methods, again displaying the reliability of the data (194, 196). 

CRISPR-based genetic screens have been used in identifying genes playing a role 

in a variety of complex cellular functions. Genes involved in HIV infection (197), cell 

growth and proliferation in cancers (198, 199), metabolic processes (200), primary  
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immune cell regulation (201), and gene regulation (202) have been identified using 

CRISPR/Cas9 applications such as CRISPRi or CRISPRa. While it is important to 

validate candidate genes, CRISPR screens can give unprecedented insight into regulation 

of processes at resolutions that were never achievable before.  

 

The future of CRISPR/Cas  

 Saying that CRISPR-based technologies have revolutionized the field of genome 

engineering is an understatement. In the few short years since its application as a gene 

editing tool, the uses of this technology are constantly growing and changing. New ideas 

and ways to manipulate the system are constantly flooding the CRISPR scene, and 

potential therapeutic applications are immeasurable. However, the rapid forward 

movement of the field brings with it technical and ethical challenges that must be 

addressed before these therapeutic applications can be reached. Technical challenges 

include delivery of the large Cas nucleases into hard-to-transfect cells and organisms, the 

expansion of the technology to deliver precise and robust modifications at any site in the 

genome, and the potential immunogenicity that could arise from the use of CRISPR/Cas 

in humans. Ethical concerns include powerful outcomes such as genetic drive, the process 

by which a genetic modification introduced into a population can quickly take over the 

entire population in a non-Mendelian fashion. Genetic drive has been observed in 

engineered mosquito populations resistant to malaria (203, 204). CRISPR/Cas will 

undoubtedly continue to evolve and grow in its popularity and power, and these 
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challenges will need to be addressed to make certain the full potential of this technology 

is being harnessed to better health, research, and humankind. 

 

The second-generation of CRISPR/Cas9 genome engineering: base editing 

Developing single-base editors using cytosine deaminases 

 CRISPR/Cas9 as a genome engineering tool is still one of the most powerful and 

influential discoveries made in the biological sciences. The use and assembly is rapid and 

straightforward, and the ability to create DSBs at intended targets is robust. However, 

some applications of CRISPR technology have room for improvement, one of the largest 

being the introduction of precise and specific mutations at a given target site. To use 

CRISPR/Cas9 to introduce specific mutations requires the HR pathway, which is 

notoriously inefficient in eukaryotic cells (as discussed in prior sections above) (49, 205). 

Incorporation of donor plasmids often occurs in only a small subset of the cells (~30-

60%), and the template that is required to introduce the intended mutation can oftentimes 

incorporate into unrelated areas of the genome (205, 206). In addition, HR competes with 

NHEJ to repair DSBs, and more often than not the outcome results in indel formation 

rather than incorporation of the donor template.  

 The therapeutic applications of CRISPR/Cas9 are broad, but many genetic 

diseases can be corrected through a single base mutation rather than a disruption of the 

gene. For this reason, researchers set their sights on creating a base editing version of the 

CRISPR/Cas9 system. These systems make use of known mutational proteins, Cas9 

variants, and inhibition of enzymes involved in DNA repair pathways to create robust and 
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precise single-base changes. The changes can be made without DSBs, reducing the 

likelihood of potentially detrimental indels, and without a donor template, reducing the 

chances of non-specific incorporation. 

 To address the need for a method to change a single DNA base, the Liu lab from 

Harvard University created a groundbreaking new technology by introducing the first 

base editor (207) . This invention utilized a cytosine deaminase (rat APOBEC1; rA1) to 

create mutational changes. The APOBECs are enzymes that catalyze the conversion of a 

cytosine to a uracil by removing an amino group from the C4 position of the cytosine. 

Subsequent DNA replication or repair results in fixation of the uracil lesions as a thymine 

mutation (i.e. C/G to T/A; Figure 2). A1 and related polynucleotide cytosine deaminases 

utilize a zinc ion to carry out the deamination reaction, resulting in the release of 

ammonia and uracil as products (208). Uracil has base-pairing properties of thymine, and 

after DNA replication or repair, the uracil is paired with an adenine and replaced by a 

thymine (described in detail below). To find the most successful base editor, cytosine 

deaminases were utilized from humans [human Activation Induced Deaminase (hAID) 

and human APOBEC3G (hA3G)], rats (rat APOBEC), or sea lampreys [Petromyzon 

marius Cytosine Deaminase 1 (PmCDA1)] and fused to catalytically inactive dCas9. Of 

these, rA1 was found to have the highest activity, and optimization experiments found 

that fusing rA1 to the N-terminus of dCas9 through a 16-amino acid XTEN linker gave a 

5 nt window for deamination and the highest retention of deamination activity (207). This 

rA1-XTEN-dCas9 construct was the first generation base editor (BE1), and was able to 
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deaminate cytosines between positions 4 and 8 within the target sequence at rates of up to 

7.7% in cellular systems such as HEK293T, U20S, HCC1594, and astrocytes (207).  

In an attempt to increase base editing by inhibiting faithful correction of the 

generated uracil lesion through base excision repair (BER), uracil DNA glycosylase 

inhibitor (UGI) was fused to the C-terminus of dCas9 creating rA1-XTEN-dCas9-UGI, 

the second-generation base editor (BE2) (207). The introduction of UGI improved editing 

efficiencies by 3-fold on average in human cells (207). BER is the primary pathway that 

is utilized by the cell to correct small base lesions that typically result from oxidation, 

deamination, or methylation of nucleotides (209). When a nucleotide is damaged, it 

creates a small bulge in the DNA backbone, recruiting a DNA glycosylase to the site of 

damage. There are over 10 distinct DNA glycosylases that participate in human BER and 

respond to particular nucleotide lesions; for uracil lesions the most common glycosylase 

of choice is uracil DNA glycosylase (UNG2 or UDG) (209). UDG recognizes and 

removes the incorrect uracil base, leaving an abasic site in the DNA which is then nicked 

by AP-endonuclease 1 (APE1) (209, 210). The nicking of the damaged strand results in a 

3’ hydroxyl (3’ OH) which is a substrate for DNA polymerase b (210). Finally, the gap is 

filled in with the base that pairs correctly with the opposite strand, and the nick is sealed 

by DNA ligase (Figure 2) (210).  

Excision of DNA uracils by UNG2 can be inhibited by UGI, an 83-residue protein 

discovered in Bacillus subtilis (211). In this case, mismatch repair (MMR) can serve as 

an alternative pathway to repair the damaged nucleotide (212). In this non-canonical 

application of the MMR pathway, MSH2 and MSH6 form a heterodimer that recognizes 
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the mismatched nucleotides and another heterodimer formed by MLH1 and PMS2 access 

the mismatch-containing strand (213). Proliferating cellular nuclear antigen (PCNA) 

mediates this reaction and helps to recruit EXO1, a nuclease that excises the DNA 3’ to 

5’ (213). Excision continues past the mismatch and exposes a tract of ssDNA, which is 

used as template for DNA polymerases, such as the error-prone DNA polymerase h. This 

resuls in cytosine to thymine transition and cytosine to guanine transversion mutations in 

lieu of faithful repair (Figure 2).  

With the addition of UGI to subvert BER at the site of cytosine deamination, BE2 

editing levels in cellular systems rose 3-fold from 7.7% to up to 20% (207). To even 

further improve editing efficiencies, Liu and colleagues mutated dCas9 to restore activity 

of the HNH domain, resulting in Cas9 nickase activity and the third-generation base 

editor (BE3) (207). The rA1-XTEN-Cas9n-UGI BE3 construct nicks the strand of DNA 

opposite the cytosine that is being deaminated, inducing MMR and encouraging the 

repair of the mismatch with the newly formed uracil as a template. When tested in a 

HEK293T, BE3 was able to produce editing rates of up to 37%, demonstrating that the 

CRISPR/Cas9 system can be used to create single-nucleotide mutations in human cells 

and sparking research into second generation base editors.  

While proving to be efficient and easy-to-use, the new BE3 technology had some 

drawbacks. First, a slight frequency of indels were formed with all three base editing 

generations: BE1 and BE2 had rates of indel formation less than 0.1% of the time, 

whereas BE3 has had frequencies of indel formation ranging between 0.1% and 15% 

depending on the system (207, 214-216). As is common with CRISPR technology, off-
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target effects were a concern. To this end, off-target effects were analyzed at 34 known 

Cas9 off-target sites in the genome, and detectable base editing was found at more than 

half of these sites for BE3 (207). Finally, BE3 was non-specific and showed high rates of 

editing to any cytosine that was located within the 5 nt editing window, making it 

difficult to edit a single specific cytosine (207).  

Near the same time as BE3 was reported, the Kondo group developed another 

base editor taking advantage of a separate deaminase, PmCDA1, a hAID ortholog from 

the sea lamprey (217). Several variations of the dCas9-PmCDA1 system were tested, 

including no fusion of dCas9 and PmCDA1, direct fusion of dCas9 and PmCDA1, and 

fusion of dCas9 and PmCDA1 through the use of Src 3 homology (SH3) domain attached 

to the C-terminus of dCas9 and a SH3 interaction domain (SHL) attached to the C-

terminus of PmCDA1 (217). While all constructs performed efficiently, the dCas9 and 

PmCDA fused through the use of SH3/SHL domains was most effective, and was named 

the Target-AID system (217). The window for editing using Target-AID is further 

upstream from the PAM with highest C-to-T conversion happening at the -18 position. 

Similar to the observations made by Liu and colleagues, introducing Cas9n to Target-

AID increased the conversion of target cytosines to thymines, reaching editing 

efficiencies of up to 35% versus 1% when targeted with dCas9-PmCDA1-UGI (217). 

Similar to what was seen with BE3, Target-AID displayed non-specific base 

editing. When analyzing six potential off-target sites identified using CCtop, Target-AID 

using Cas9n showed off-target edits at a frequency of 0-1.5% (217). This rate was 

reduced significantly by using dCas9 in Target-AID, although the on-target editing 
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efficiency also decreases greatly in this instance (217). In addition, indel formation 

increased with the use of Cas9n with the majority of mutations actually being deletions 

(217). Despite their drawbacks, these studies together have paved the way for base 

editing as a field, and provided a platform to create specific and efficient nucleotide 

changes without the need for DSBs. 

 

Improved DNA cytosine base-editors 

 When aiming to improve upon the first base editors, researchers raced to find the 

most efficient base editor with the highest conversion of cytosine to thymine. Stemming 

directly from BE3, the Liu group has introduced the fourth-generation of base editors, 

BE4 (218). BE4 contains a longer linker between rA1 (32 amino acids in BE4 vs 16 

amino acids in BE3) and two copies of UGI to further bias toward incorrect nucleotide 

repair via BER (218). In addition, fusion of the Gam protein from the Mu bacteriophage 

protects against indels that are formed form the pseudo-DSB made by the simultaneous 

nicking activity of Cas9n and the nick formed on the edited strand during the BER/MMR 

repair process (218). It does this by binding to the free ends of the DNA and protecting 

them from DNA exonuclases (219). BE4 has resulted in editing frequencies in cellular 

systems of up to 60% while also decreasing indel formation by 2-fold, effectively 

outcompeting Target-AID and BE3 (218).  

 In addition to generating BE4, the Liu lab has introduced a high-fidelity version 

of BE3, deemed HF-BE3 (220). Rather than focusing on increasing the efficiency of base 

editing, HF-BE3 focuses on reducing the editing of off-target sites by making four point 
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mutations that were previously shown to reduce non-specific interactions between Cas9 

and the DNA phosphate backbone and increase specificity (152, 220). While making 

these mutations reduced on-target editing slightly when compared to BE3, editing of off-

target loci was greatly reduced when delivered via plasmid transfection (220). 

 Following in the footsteps of previous CRISPR/Cas9 research, the Liu lab 

hypothesized that delivering HF-BE3 via ribonucleotide protein (RNP) delivery would 

increase the transient nature of the editing complex and thereby decrease the off-target 

base editing (154, 155, 220). As expected, delivery of HF-BE3 via RNP further reduced 

off-target base editing, so much so that it was not detectable through high-throughput 

sequencing (220). Unexpectedly, RNP delivery of the original BE3 reduced off-targets to 

non-detectable levels and retained high levels of base conversion at the intended target 

site, outcompeting the newly developed HF-BE3 (220).  

 Instead of directly modifying the Cas9 enzyme, other researchers have taken the 

approach of utilizing Cas9 orthologs such as Cpf1 to evaluate base editing efficiencies 

and broaden the scope of this technology by broadening the PAM contexts that are 

usable. Unlike Cas9, Cpf1 recognizes T-rich PAMs (139) and is able to process its own 

sgRNAs, making it ideal for engineering multiple target sites from a single CRISPR array 

(221). In following the research carried out to create BE3, Cpf1 base editors were created 

by the Li group by fusing rA1 to catalytically inactive Lachnospiraceae bacterium Cpf1 

(dLbCpf1) and UGI (dLbCpf1-BE0) (222). The editing window spans from positions 8 to 

13 upstream of the PAM and displayed base editing levels of up to 33% (222). Indel 

formation was generally low in this context, similar to what was observed with other base 
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editors utilizing catalytically dead nucleases (222). Importantly, the off-target base 

editing levels were extremely low when using Cpf1 as a guiding nuclease, often 

occurring at less than a 1% frequency (222). In addition to Cpf1, the Cas9 homolog from 

S. aureus has been utilized to guide base editing cytosine deaminases and has displayed 

similar editing levels to those of BE3 (223). This version of Cas9 (SaCas9) has displayed 

flexibility with PAM requirements when mutated at certain residues, further loosening 

the binds of finding a correct PAM sequence and increasing the possible target sequences 

in the genome (145). 

 Moving away from modifying the guiding Cas9 or Cpf1 enzyme, other 

improvements have focused on directly altering the cytosine deaminase. These mutations 

focus on narrowing the editing window for base editing while retaining the on-target 

editing efficiencies (145). By introducing mutations into rA1 at residues predicted to 

make direct interactions with the DNA phosphate backbone it was hypothesized that 

editing efficiencies would remain, but the accessibility of the cytosine deaminase to DNA 

would decrease and as a result, so would the editing window. By making mutations 

W90Y and R126E, generating YE1-BE3, the editing window decreased by two 

nucleotides while retaining full editing efficiencies (145). When mutations W90Y and 

R132E were introduced to rA1, generating YE2-BE3, editing efficiencies decreased 

modestly and the editing window again decreased by two nucleotides (145). When 

combining all three mutations to create YEE-BE3, editing efficiencies decreased by 2.9-

fold, but editing beyond the -6 position in the sgRNA was rarely seen, suggesting an 

editing window of approximately 1 or 2 nucleotides (145). These same mutations were 
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carried out in base editors utilizing Cpf1. Similar to results seen in BE3, these mutations 

only modestly reduced editing efficiency and successfully reduced the editing window by 

three nucleotides (222).  

 These improvements upon the original base editing technology have generated a 

suite of tools for use in base editing. Researchers now have a choice of which to use 

depending on the availability of a traditional NGG PAM, how far within the sgRNA 

sequence the target cytosine lies, the flexibility on indel generation, or how tolerant the 

model system is of plasmid transfection, viral transduction, or delivery of protein 

complexes. Future enhancements are sure to expand this technology further, making base 

editing easier and more versatile than ever. 

 

DNA base editing with adenosine deaminases 

 One limitation of current base editing technology is the fact that most constructs 

have focused on utilizing cytosine deaminases as single-nucleotide editors, which 

theoretically restrict editing to half of the genome. Deaminases comprise a large family of 

enzymes, with members including adenosine aeaminases that act on RNA (ADAR), and 

guanosine deaminases. Recently, the Liu group has used protein evolution to develop a 

new class of base editors, deemed adenine base editors (ABEs) (224). When using 

adenine deaminases for base editing, the target adenine is deaminated to an inosine. 

Inosine is read as a guanine by translational and splicing enzymes, resulting in adenine to 

guanine mutations (225). Since no known enzymes deaminate adenosines in DNA, the 

authors developed a bacterial selection assay where bacteria hold antibiotic resistance 
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genes rendered inactive through specific point mutations. When base editing successfully 

created adenine to guanine mutations, the bacteria become antibiotic resistant. Since it 

shares homology with rA1, Liu and colleagues began screening with TadA, a tRNA 

adenine deaminase from E. coli (224). Using an unbiased approach, mutations were 

introduced only into the TadA portion of the TadA-Cas9 adenine base editor, and 

resulting plasmids were transformed into E. coli harboring the defective antibiotic 

resistance gene (224). Analysis of surviving colonies showed enrichment of the mutations 

A106V and D108N, residues predicted to be important in making contact with –OH 

residues in the phosphate backbone of RNA (224). When these mutations were 

incorporated into a mammalian expression construct and codon-optimized version of 

TadA, low but measurable amounts of A to G editing were observed, around 3.2% (224).  

 Improving upon this technology, the researchers used a similar unbiased 

screening approach and higher amounts of antibiotic to select for only strong adenine 

deaminases. Two new mutations, D147Y and E155V, arose from this study and when 

used in a mammalian system showed increased A to G editing, around 11% (224). 

Further improvements to TadA-dCas9 included restoring nickase activity of dCas9, 

increasing linker length to 32 amino acids instead of 16, and fusing ABE to catalytically 

inactive alkyl adenine DNA glycosylase (AAG) in an attempt to physically block active 

AAG from faithfully repairing inosine lesions (224). The most updated versions of the 

adenine base editor include TadA enzymes fused to the N-terminus of ABE to allow 

dimerization of the two evolved TadA subunits and increased final editing efficiencies up 

to 29% (224).  
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 After selection for rapid kinetics, sequence-independent adenosine deamination, 

removal of non-beneficial mutations, and further editing enrichment, a final ABE had 

editing efficiencies of up to 68% and an editing window of 3 nt. The high editing 

efficiency and small window came with a slight trade-off in indel formation; indel 

formation frequency reached up to 10% (224). Positively, off-target effects are reduced 

and out of 12 sites analyzed, only 4 showed off-target base editing.  

 ABEs expand the capabilities in the base editing field and greatly expand the 

number of pathogenic SNPs that can be reverted. This research not only generated a 

robust base editor from a bacterial protein that previously lacked all ability to edit DNA, 

but also demonstrated the possibility of using protein evolution to derive guanine or 

thymine base editors from proteins that either have other functions, or that have the 

desired function but lack the ability to catalyze a reaction on DNA substrates or fail to 

function in mammalian cells. Applying this knowledge to the base editing field will open 

doors for different types of modifications moving forward.  

 

RNA base editing 

 A potential application of base editing technology is to directly make precise 

changes in mRNA. Site-directed RNA editing (SDRE) is a promising technique, as it 

would allow for direct manipulation of biological processes without permanently altering 

the genetic information of an organism. Recently, the naturally occurring RNA base 

editor ADAR2 has been used to edit specific adenines in mRNA transcripts in several 

organisms. ADAR2 is known to bind imperfect double-stranded RNA (dsRNA) duplexes 
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to align the deaminase domain to the target adenine (226). This endogenous mechanism 

of targeting made harnessing the catalytic activity of ADAR2 for SDRE difficult. Two 

groups, the Rosenthal group at University of Puerto Rico and the Schneider lab from the 

University of Tubingen, both solved this difficult targeting strategy by removing the 

double-strand RNA binding motifs (dsRBMs) of ADAR2 and replacing them with a 

gRNA that is antisense to the intended target (227, 228). This approach makes targeting 

nearly any RNA sequence easy; targeting is solely dependent on Watson-Crick base 

pairing and the binding of the RNA guide to the target creates the dsRNA needed for 

ADAR catalytic activity (226-229). Although very similar, the two strategies use 

different methods to fuse the deaminase domain of ADAR2 to the RNA guide. The 

Rosenthal group utilized a lN peptide-boxB hairpin RNA interaction. In this technique, a 

19 nt binding site called a boxB site is inserted into the RNA guide sequence (230). This 

sequence recruits a 22-amino acid RNA-binding domain from the l bacteriophage 

antiterminator protein that is fused to the protein of interest, in this case ADAR2 (227, 

230). The Schneider group used a SNAP-tag to join the catalytic domain of ADAR2 to 

the RNA guide, making use of a strong covalent interaction between the two components 

(228). When ADAR and the RNA guide are co-transfected, relatively high editing was 

seen in E. coli cells and modest editing efficiencies were seen in mammalian cells 

(~20%) (227, 228). Off-target editing was observed at rates that matched editing at the 

intended target site, posing problems for this form of base editing (229) 

 Advances in this technology have been made, including changing the fusion 

strategy between ADAR2 and the RNA guide (229, 231), introducing mismatches into 
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the RNA guide to increase editing at adenosines in different trinucleotide contexts (232), 

adding chemical modifications to the RNA guide to broaden the editing capacity of 

ADAR2 (233), and reducing off-target effects with the assistance of a fluorescent 

reporter system (229). With current systems, editing rates of 60% have been achieved 

using high amounts of RNA guide. By titrating the RNA guide amounts down, off-target 

effects are largely abolished but comes with the cost of lower on-target editing (229). 

While the ADAR2 base editing system will undoubtedly continue to evolve, the 

discovery of RNA editing using Cas13a could be a potential strategy for sequence-

specific RNA base editing (140).  

 

Applications of base editing technology 

Therapeutics 

 Immediately after the generation of base editing technologies, the discussion of 

how this invention would affect future therapies began. It is clear to see how base editing 

could be used to correct point mutations that can cause genetic diseases. This was first 

demonstrated by Alexis Komor from the Liu lab; by using BE3 she was able to correct 

point mutations in APOE4 that are associated with Alzheimer’s disease as well as point 

mutations in TP53 in a mouse breast cancer cell line (207). The base editing technologies 

have been transferred into in vivo models, further demonstrating their potential 

applications in therapeutics. By delivering BE3 into the livers of mice through 

adenovirus, researchers were able to introduce nonsense mutations in the Pcsk9 gene 

(234).  In addition, mouse and rabbit embryos have been successfully edited, 
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reintroduced into surrogate mothers, and have resulted in offspring that were successfully 

base edited (235-237).  

 According to ClinVar, over 3,000 pathogenic T-to-C substitutions exist that could 

be corrected using a cytosine deaminase base editor. Using SpCas9 as a guiding nuclease, 

only target sites adjacent to a NGG PAM are accessible, meaning only 300-900 of the 

3000 estimated pathogenic variants could be reached (207). To solve this issue, base 

editing has been fused to many Cas9 variants as well as TALENs and ZFNs, greatly 

expanding the amount of targetable pathogenic genetic variants (238).  

While work is still being done to make base editors as versatile as possible, their 

benefits are numerous. Compared to HR-based therapeutic methods, significantly less 

indels are produced through base editing (207). In addition, off-target effects are low 

compared to using Cas9 nuclease and HR methods. These sites can be detected using 

sequencing methods (i.e. GUIDE-seq or BLESS) to gain a better profile of common off-

target sites (142, 239). More work to increase efficiency and efficacy of base-editors 

must be done before moving to human applications, but base editing as a therapeutic 

platform is showing great promise.  

CRISPR-STOP and iSTOP for functional genetic screens 

 CRISPR technology paved the way for carrying out high-throughput genetic 

screens with sgRNA libraries that are easier to assemble than other targeting nucleases. 

One downside of utilizing a fully active Cas9 nuclease is that targeting genes that are 

present in high copy numbers can trigger large amounts of DNA damage, cell death, and 

detrimental repair outcomes such as chromosomal translocations (240, 241). For these 
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reasons, using base editing to perform a genetic screen without inducing DSBs is 

appealing. To this end, researchers have developed the CRISPR-STOP and iSTOP 

methods to carry out genetic knockout screens by inducing early stop codons (242, 243). 

In each of these methods, BE3 is used to create precise C-to-T mutations at early 

arginine, glutamine, and tryptophan residues, effectively inducing nonsense mutations 

and rendering genes non-functional (242, 243). While such a screen has yet to be carried 

out, these methods are able to introduce premature stop codons to over 17,000 human 

genes and have clear advantages over CRISPRi in that they completely remove genes 

from a cellular environment (242, 243).  

Base editing and directed evolution: CRISPR-X and TAM 

 Faithful base editing opens possibilities in protein evolution that have not been 

possible before. While various molecular biology techniques such as polymerase chain 

reaction (PCR), recombination, and DNA synthesis have all been utilized to evolve 

proteins to perform functions that are better or different than their natural activity, these 

methods are error-prone and labor-intensive. Using base editing to evolve proteins by 

introducing mutations in specific regions of genes or proteins would be an easier 

alternative that eliminates the need to generate protein libraries. In addition, modifying 

the endogenous gene in a relevant cell line gives a more biologically relevant readout of 

structure-function relationships than artificially expressing variant libraries from plasmids 

or assessing protein function in a bacterial or yeast system.  

 To carry out protein evolution with base editing requires making a library of point 

mutations in a targeted region of a gene or protein, similar to the process of antibody 
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diversification performed by AID. To date, two technologies dominate this scene: 

Targeted AID-mediated Mutagenesis (TAM) (244) and CRISPR-X (245). In the TAM 

method, human AID is attached to the C-terminus of catalytically inactive Cas9. The C-

terminus of hAID, a nuclear export signal (NES) that is normally used to regulate hAID 

activity, is removed to increase retention in the nucleus and DNA editing, creating the 

base editor AIDx (244). This system can reach editing frequencies of up to 20% and, 

interestingly, results in cytosine mutations to the other three bases with only a slight bias 

for C-to-T mutations (244).  

 The other technique used to introduce localized diversity is CRISPR-X. In this 

method, dCas9 is used to recruit a hAID variant that was identified as hyperactive in a 

previous bacterial screen (246). When combined with the removal of the C-terminal NES, 

it created AID*D (245). In lieu of direct fusion, AID*D was tagged with MS2 protein that 

binds specific 19 nt RNA aptamers (247). The aptamers are incorporated into the sgRNA 

backbone, effectively recruiting AID*D to dCas9. Editing efficiencies around 20% are 

seen, and surprisingly, the position of the inflicted mutations is dependent on the 

direction of transcription (245).  

 Both methods introduced here can introduce mutations at cytosine and guanine 

residues and change them to the remaining three bases. Importantly, this opens doors to 

generate point mutations with a low frequency of indels compared to traditional protein 

evolution methods. Additionally, this allows for protein evolution in a native cellular 

system, a technique that wasn’t achievable in high-throughput previously.  
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 CRISPR/Cas9 and base editing have opened doors in research and therapeutic 

applications that were never thought possible. While this technology needs improvement 

in several areas, base editing technology an indispensable tool within the CRISPR/Cas9 

gene editing toolbox and the potential is just starting to be understood. Here I report my 

contributions to the base editing field by creating a suite of reporters that will advance 

this understanding by allowing for a rapid readout of base editing efficiencies without the 

need for time-consuming NGS. Additionally, I take advantage of the human APOBEC3 

family to create novel base editing constructs that not only out-perform the original base 

editor BE3, but also allow for structure-guided evolution to create more efficient base 

editors. These contributions have already been applied to multiple areas of the genome 

engineering field, and will lend a hand in furthering base editing and other CRISPR 

technologies. 
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Figure 1: Methods of DNA double-strand break repair. 

In the event of a DSB, mammalian cells utilize either NHEJ (left) or HR (right). In NHEJ, 

the Ku70/80 heterodimer recognizes broken ends and recruits factors such as DNA-PKcs, 

Artemis, APLF, XRCC4, and XLF to process ends for ligation. DNA Ligase IV fuses the 

DNA ends, resulting in dissociation of NHEJ machinery and the resolution of the DNA 

break. In HR, the MRN complex and CtIP resect DNA ends, resulting in ssDNA strands. 

RPA binds the strands and removes secondary structures. BRCA2 facilitates the removal of 

RPA and the recruitment of Rad51, preparing the ssDNA for strand invasion. Strands anneal 

to the DNA template and elongate, creating a Holliday Junction. Strands dissociate in the 

resolution phase and following annealing and ligation, the DSB is resolved. 
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Figure 2: Repair of APOBEC-mediated mutations in mammalian cells. 

Base editing takes advantage of the enzymatic activity of the APOBECs. APOBEC 

deaminates cytosines in ssDNA to uracils. Most often, UDG will excise the uracils and, after 

nicking of the abasic site by APE1, DNA Polymerase and ligase replace abasic site with a 

correct cytosine (dotted line) or, more rarely, can result in a C-to-T transition. Upon 

inhibition of UDG, an althernative pathway can be used to repair a misplaced uracil created 

by APOBEC. MSH2 and MSH6 remove the mismatched uracil and EXO1 excises a portion 

of the damaged DNA strand. Error-prone DNA polymerases and DNA ligase resynthesize 

and fuse the strand with an incorrect base in place, resulting in a C-to-T transition.  
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CHAPTER 2 

 

 

A FLUORESCENT REPORTER FOR QUANTIFICATION AND ENRICHMENT 

OF DNA EDITING BY APOBEC–CAS9 OR CLEAVAGE BY CAS9 IN LIVING 

CELLS 
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SUMMARY 

Base editing is an exciting new genome engineering technology. C-to-T mutations in 

genomic DNA have been achieved using ribonucleoprotein complexes comprised of rat 

APOBEC1 single-stranded DNA deaminase, Cas9 nickase (Cas9n), uracil DNA 

glycosylase inhibitor (UGI), and guide (g)RNA. Here, we report the first real-time 

reporter system for quantification of APOBEC-mediated base editing activity in living 

mammalian cells. The reporter expresses eGFP constitutively as a marker for transfection 

or transduction, and editing restores functionality of an upstream mCherry cassette 

through the simultaneous processing of two gRNA binding regions that each contain an 

APOBEC-preferred 5 TCA target site. Using this system as both an episomal and a 

chromosomal editing reporter, we show that human APOBEC3A-Cas9n-UGI and 

APOBEC3B-Cas9n-UGI base editing complexes are more efficient than the original rat 

APOBEC1-Cas9n-UGI construct. We also demonstrate coincident enrichment of editing 

events at a heterologous chromosomal locus in reporter edited, mCherry-positive cells. 

The mCherry reporter also quantifies the double-stranded DNA cleavage activity of Cas9, 

and may therefore be adaptable for use with many different CRISPR systems. The 

combination of a rapid, fluorescence-based editing reporter system and more efficient, 

structurally defined DNA editing enzymes broadens the versatility of the rapidly 

expanding toolbox of genome editing and engineering technologies. 
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INTRODUCTION 

APOBEC enzymes are single-stranded (ss) polynucleotide cytosine deaminases. 

Human cells encode nine active family members with AID functioning in antibody DNA 

diversification, APOBEC1 in mRNA editing, and APOBEC3A-H in DNA virus and 

transposon restriction (248-251). APOBEC1 is also an efficient DNA mutator (252, 253) 

and the rat enzyme was recently combined with Cas9 and guide (g)RNA to create 

ribonucleoprotein complexes capable of editing single cytosine nucleobases and making 

site-specific C-to-T mutations in genomic DNA (207). A construct comprised of rat 

APOBEC1, Cas9 nickase (Cas9n), and uracil DNA glycosylase inhibitor (UGI) has been 

shown to yield base editing frequencies ranging from 5-50% (BE3) (207, 220, 223, 254). 

This editing complex has already been adopted by many labs and harnessed for 

biotechnology applications (154, 218, 254-259). Two orthologs, human AID and lamprey 

PmCDA1, have also been combined with Cas9n but with lower overall base editing 

efficiencies, likely due to lower intrinsic enzyme activities (217, 245, 260-262). 

PmCDA1 has also been used in plant genome engineering (260).  

A significant impediment to optimizing base editing technologies and deployment 

in limitless cell types is a lack of an efficient, real-time, rapid, and quantitative editing 

assay (ideally one that is also transferrable across species and, at least initially, 

independent of DNA sequencing to assess efficiencies). Here, we report a fluorescence-

based reporter system for quantification of real-time editing in living mammalian cells. 

We refer to the system as “ACE” because it monitors both APOBEC- and Cas9-mediated 

Editing in real-time. The reporter is a bicistronic construct with a mutated mCherry 
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cassette and a downstream eGFP gene (a constitutive indicator of reporter abundance). 

The mCherry gene was rendered inactive through a 43 base-pair insertion that introduces 

a frame-shift, thus ablating fluorescence. Restoration of fluorescence can only occur 

through APOBEC-Cas9n-UGI-mediated editing of dual APOBEC-preferred trinucleotide 

motifs, 5'-TCA-to-TUA, within the 43-base-pair insertion. Editing at these motifs 

generates uracil lesions, which are substrates for uracil excision and ssDNA cleavage by 

canonical base excision repair enzymes (UNG2 and APE1, respectively) (263, 264). 

Simultaneous cleavage of the opposing DNA strand by the Cas9 nickase then results in 

two DNA double-strand breaks that are most likely fused by non-homologous end joining 

(NHEJ) to restore mCherry fluorescence. The ratio of mCherry-positive to eGFP-positive 

cells thereby enables rapid quantification of DNA editing frequencies by fluorescence 

microscopy or flow cytometry. The ACE system was validated episomally in transient 

transfection experiments and chromosomally following stable integration of the reporter 

by lentivirus-mediated transduction. The ACE system was used to develop highly 

efficient base editing constructs based upon APOBEC3A and APOBEC3B (catalytic 

domain) that, like Cas9, are defined structurally. Additional utility of the ACE reporter 

system was shown by using it to enrich for cells with editing events at heterologous 

chromosomal sites. The success of these two applications demonstrates the power and 

utility of ACE as a rapid, fluorescence-based, DNA editing reporter system that can 

easily be adapted for applications in different systems. 
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RESULTS 

Construction and initial validation of the APOBEC- and Cas9-mediated Editing 

(ACE) reporter system  

The APOBEC- and Cas9-mediated editing reporter (ACE) system utilizes a CMV 

driven dual fluorescence reporter cassette (mCherry-T2A-eGFP) to enable expression and 

quantification of real-time editing in living mammalian cells (reporter schematic in 

Figure 3A and APOBEC editosome schematic in Figure 3B). To maximize versatility, we 

used an HIV-based proviral vector as the backbone for the system, which enables use as a 

transient multicopy plasmid-based episomal editing reporter or as a stable single-copy 

chromosomal DNA editing reporter. The eGFP fluorescence marker is used to quantify 

reporter delivery to target cells. The most important aspect of the ACE system is tight 

‘off-to-on’ gain of function fluorescence activity in which mCherry mutational 

inactivation creates an APOBEC deamination hotspot 5-TCA, and then APOBEC-

catalyzed editing is able to restore mCherry function. Eight different APOBEC 

mutational hotspots in mCherry were tested and most failed to completely ablate 

fluorescence, were not located an appropriate distance from a gRNA anchoring motif 

(PAM), and/ or did not become substrates for editing (e.g. Figure 8 and data not shown). 

 One mutant mCherry construct proved robust with no background fluorescence 

and strong mCherry-positive signal upon transient co-expression of an appropriate 

mCherry-directed gRNA and the rat APOBEC1 editosome BE3 (fluorescence 

microscopy images in Figure 3C and quantification in Figure 3D; construct schematic in 

Figure 3A and details in methods). DNA editing and restoration of mCherry fluorescence 
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requires codon 59 (#59) gRNA-mediated targeting of the APOBEC–Cas9 complex to the 

intended hotspot because a non-specific (NS) gRNA does not restore fluorescence 

activity (fluorescence microscopy images in Figure 3C and quantification in Figure 3D). 

This system is portable and capable of providing real-time readouts of editing activity in 

a variety of different mammalian cell lines (e.g. 293T in Figure 3C-D; COS-7, CHO, and 

SSM2c in Figure 9). 

  Surprisingly, DNA sequencing showed that the site directed mutagenesis 

procedure used to generate the reporter had created a 43 bp insertion within mCherry, 

which shifted it out of frame for translation. The net result was generation of two codon 

59 gRNA binding sites, each with an APOBEC-preferred editing hotspot 5’-TCA (the 

intervening region is also a potential gRNA binding site but it lacks a Cas9 PAM motif; 

Figure 3A). Combining the aforementioned genetic requirements and sequence results of 

positive editing events (detailed below), the most likely molecular mechanism for 

reversion from mCherry negative to positive is simultaneous APOBEC-mediated editing 

of codon 59 5’-TCA hotspots to 5’-TUA (and/ or flanking C’s to U’s) followed by 

cleavage of this DNA strand by the concerted action of canonical base excision repair 

enzymes (uracil excision by UNG2 and DNA cleavage by APE1), cleavage of the 

opposing DNA strand by the nickase activity of Cas9n, and repair of the resulting double-

stranded breaks by non-homologous end joining (NHEJ) (outcome depicted in Figure 3A 

and rationalized further below). Activation of the ACE reporter requires restoration of the 

full mCherry open reading frame, which at the structural level is due to fluorescence 

emission from a canonical-barrel structure (Figure 3A). An additional notable feature of 
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the ACE reporter (and a likely additional explanation for why most constructs initially 

tested negative) is the structural location of mCherry residue 59 (residue encoded 

byAPOBEC hotspot) within a flexible loop region, which is more tolerant of amino acid 

substitution and flanking mutations including small insertions and deletions (e.g. a single 

L59S amino acid substitution retains wild-type mCherry activity; Figure 8 and data not 

shown). 

 

 Application of the ACE system to create highly efficient next-generation base 

editing constructs based on human APOBEC3A and APOBEC3B 

Optimization of base editing technologies is likely to require editosomes with the 

highest possible efficiencies and structural information to guide rational improvements 

such as single nucleobase specificity [APOBEC1 and PmCDA1 have yet to yield 

structures, and the crystalized form of AID is diverged from wild-type (265)].  We 

therefore tested human APOBEC3A (A3A) and APOBEC3B (A3B) catalytic domain for 

Cas9n-directed DNA editing. These enzymes are the most efficient ssDNA C-to-U 

deaminases in human cells (266-269) and high-resolution crystal structures of both apo- 

and ssDNA-bound forms have been determined (270-273). A3A-ssDNA and A3B C-

terminal domain (A3Bctd)-ssDNA structures share a unique U-shaped bound ssDNA 

conformation and provide an atomic explanation for the intrinsic 5’-TC-3’ specificity of 

these enzymes (272, 273).  As a testament to the utility of this structural information, it 

informed a single amino acid change in a loop region adjacent to the active site of A3A 

that altered its intrinsic specificity from 5’-TC-3’ to 5’-CC-3’ (272).  Additional enzyme 
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customization may enable tailoring of these enzymes to other di-nucleotide contexts as 

well as extensions to tri-nucleotide contexts.  

A3A-Cas9n-UGI and A3Bctd-Cas9n-UGI constructs were assembled and tested 

in parallel with BE3 to directly compare editing efficiencies. These constructs were co-

transfected into 293T cells with ACE and a gRNA to direct editosomes to the insertion at 

mCherry codon 59 (#59) or a NS-gRNA (NS) as a negative control. In a single time-point 

experiment, the rat APOBEC1 editosome yielded 47% mCherry-positive cells, and both 

A3A and A3Bctd achieved 70% mCherry-positive cells (representative fluorescence 

images in Figure 4A and quantification in Figure 4B). DNA deaminase activity was 

required because catalytic glutamate mutant constructs, A3A-E72A and A3Bctd-E255A, 

were defective in ACE reporter activation (data not shown). Higher editing efficiencies 

were also observed in time course studies in 293T cells, with both A3A and A3Bctd 

editosomes achieving nearly 40% mCherry fluorescence by 24 h and maximal 

fluorescence of 70% by 72 h before declining (as expected for transient transfection with 

non-replicating plasmids; Figure 4C). Anti-Cas9 immunoblots indicated that at least 

some of the improved editing efficiencies might be due to higher expression levels of the 

A3A- and A3Bctd-Cas9n-UGI editosomes (Figure 4B immunoblot images, Figure 9B). A 

titration of A3A- and A3Bctd-Cas9n-UGI was performed to compare editing efficiencies 

of the newly developed editosomes to those of BE3 and, despite achieving similar 

expression levels (lanes 1, 5 and 9), our newly developed A3Aand A3Bctd-Cas9n-UGI 

editosomes still exhibited higher editing frequencies (Figure 4D). In addition, an intron 

was cloned into BE3 (identical to that in the A3A and A3Bctd editosome constructs), and 
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the newly created BE3 intron (BE3i) construct was tested against the ACE reporter to 

rule out intron-associated differences in protein expression (Figure 4D). As for the 

original BE3, the intron-containing derivative still had expression and DNA editing levels 

lower than those of A3A and A3Bctd editosomes. 

 

 Improved chromosomal DNA editing efficiencies using A3A and A3Bctd editosomes 

To further compare the efficiencies of these editosomes, ACE was pre-delivered 

to 293T and HeLa cells by lentiviral transduction (MOI of 1). Following stable 

introduction of the reporter, the resulting mCherry-negative/ eGFP positive pools were 

co-transfected with editosome constructs and either a gRNA directed to the insertion at 

mCherry codon 59 or a NS-gRNA as a negative control. As above, the A3A and A3Bctd 

editosomes performed better than the rat APOBEC1 editosome (Figure 5A and B). 

However, the single copy nature of the ACE system in the context of the chromosome 

caused a 10-fold reduction in the overall efficiency of each editosome. This result is to be 

expected because reversion of a single copy chromosomal reporter, which is 

chromatinized to varying degrees depending on integration position, will occur less 

frequently than editing of one of many episomal copies in a transient co-transfection 

experiment. 

To further investigate the mechanism of ACE reporter activation, DNA 

sequencing was used to ask whether editing events catalyzed by APOBEC editisomes are 

specific to the intended 5’-TCA motifs or distributed more broadly within the ssDNA 

loops created by gRNA base pairing to the duplicated target region. FACS was used to 
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enrich for mCherry-positive cells with chromosomal editing events and, single high-

fidelity PCR amplicons were cloned into a plasmid vector for Sanger sequencing (Figure 

5C). As expected, almost all clones contained editing-associated deletions that caused 

mCherry to be shifted into the correct open reading frame, which is essential for 

fluorescence restoration. Interestingly, many of the sequences had C-to-T mutations in 

flanking regions displaced by annealing of the gRNA, but not in surrounding DNA 

regions that are presumably double-stranded and protected from the single-strand specific 

DNA deaminase activity of the APOBEC enzymes. Thus, in addition to enabling 

quantification of editing efficiencies in episomes and chromosomes, the ACE system 

unexpectedly reports both on-target and target-adjacent editing events. This helps to 

explain why several other tested sites in mCherry were not amenable to being developed 

into an editing reporter system. 

 

 Canonical Cas9 DNA cleavage quantification using the ACE reporter 

The tight coupling of editing and deletion mutagenesis led us to hypothesize that 

the ACE reporter would also be capable of quantifying the double-strandedDNA 

cleavage activity of Cas9. CRISPR/ Cas9 is one of the most widely used new 

technologies in biology and medicine, and having a method to visualize its editing 

activity in real-time would be useful. To test this idea, the ACE system was 

simultaneously analyzed using A3A and A3Bctd editosomes, BE3, and Cas9 nuclease 

constructs (Figure 6). As already described, A3A and A3Bctd editosomes had editing 

levels higher than those of BE3. In addition, the Cas9 nuclease drove editing to levels 
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comparable to A3A and A3Bctd editosomes, thus expanding the utility of the ACE 

reporter system. In comparison, the Cas9 nickase alone only elicited modest reporter 

activation. 

 

Application of the ACE reporter system to enrich for editing events at heterologous 

chromosomal sites 

We next asked if the ACE system could be used to enrich for chromosomal DNA 

editing events at an unlinked genetic locus with disease relevance. ACE-transduced eGFP 

positive 293T cells were transfected with an A3A-, A3Bctd-, or rat APOBEC1 Cas9n-

UGI base editing construct and gRNAs targeting mCherry codon 59 and FANCF codon 

5. After 96 h incubation, mCherry-positive (ACE-edited) cells were purified by FACS 

and editing events at FANCF were assessed using a PCR and restriction enzyme-based 

assay (Figure 7A). Wild-type FANCF DNA amplicons are 452 bp, and restriction by PstI 

(5’-CTGCAG) results in two fragments, 192 and 260 bp, visible by agarose gel 

electrophoresis. APOBEC-mediated editing has the potential to destroy the PstI cleavage 

site and preserve the full-length fragment. The A3A and A3Bctd reactions yielded 

>10,000 mCherry positive cells for this analysis, and unfortunately the rat APOBEC1 

editosome yielded too few fluorescent cells for reliable purification (concordant with low 

frequency chromosomal editing data in Figure 5). Nevertheless, this restriction assay 

yielded clear results with FANCF editing events being highly enriched in sorted 

mCherry-positive cells in comparison to unsorted pools (Figure 7B; 290-fold and 5-fold 

for A3A and A3Bctd editosomes, respectively). Sequencing data showed that ACE-sorted 
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cells are edited at the FANCF locus and nearly all edited sequences have mutations in the 

PstI cut site (Figure 7C). These data indicated that the ACE reporter system may be 

broadly useful for isolating subpopulations of cells with heterologous chromosomal 

editing events. 

 

DISCUSSION 

We report the development of an APOBEC- and Cas9-mediated editing (ACE) 

reporter system for rapid, efficient, and quantitative fluorescent read-outs of DNA editing 

activity in living mammalian cells. The ACE reporter system is also, to our knowledge, 

the first to enable comparisons of the DNA editing efficiencies of the same isogenic 

reporter system in two different subcellular contexts – episomal high-copy conditions and 

chromosomal single-copy conditions. Standard molecular biology procedures may be 

used to adapt this system to other mammalian and non-mammalian cell types. The ACE 

reporter system may be used for a wide variety of applications, such as enrichment for 

heterologous editing events in reporter-activated cells. For example, as shown here for 

FANCF, transduction of the ACE reporter and subsequent transfection of an APOBEC 

editosome, along with gRNAs targeting mCherry codon 59 and FANCF, enabled FACS 

enrichment of mCherrypositive cells and enrichments for FANCF editing events. 

  Overall DNA editing efficiencies are also an important consideration. Here, we 

use the ACE system to validate new editosome complexes comprised of A3A and 

A3Bctd and show that these are more efficient than the previously described rat 

APOBEC1-based editosome BE3 (207).  (Figures 4, 5, and 6 ; Figure 9). Immunoblots 
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indicate that at least part of the increased efficiencies may be due to higher expression 

levels (Figures 4, 5, and 6 ; Figure 9). However, when titrations were carried out and 

similar protein expression levels were achieved, the A3A and A3Bctd editosomes still 

showed nearly twice as much editing (Figure 4D). Regardless of the full molecular 

explanation for the higher editing efficiencies demonstrated here, many applications such 

as site-directed mutation and anti-viral mutagenesis are likely to benefit from using the 

most efficient editosome complexes available. 

Significant issues requiring further work are target adjacent editing and local 

deletion outcomes, both recognized in the original BE3 study (207) and confirmed in 

subsequent work (220, 223, 255, 256).  These events appear to be confined to the DNA 

regions engaged by gRNA during the editing process as flanking double-stranded regions 

are not mutated. Target-adjacent editing events are likely due in part to the long dwell 

time of gRNA/ Cas9 complexes and also to high APOBEC editing efficiencies. A recent 

report seems to have partly overcome this issue by using less efficient base editing 

complexes (218).  Local deletions are most likely, as inferred here, due to simultaneous 

deamination of nearby cytosine bases, DNA strand breakage by the concerted activity of 

UNG2 andAPE1, opposing DNA strand breakage by the nickase activity of Cas9, and 

error-prone resealing of the broken DNA ends by NHEJ. A variety of strategies have 

been reported to minimize deletion outcomes including adding more UGI (cis or trans), 

deleting UNG2, and using the DNA end-binding protein Gam (218, 254).  However, 

despite these advances, additional work is needed to completely eliminate undesirable 

outcomes and maximize desired on-target outcomes. The ACE system described here 
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and/or future derivatives, together with further structural studies (ideally with full 

APOBEC editosome complexes), have the potential to facilitate the development of truly 

specific editing reactions and help advance base editing technologies toward clinical 

applications. 

 

MATERIALS AND METHODS 

Cell lines and culture conditions 

293T cells were maintained in DMEM (Hyclone) supplemented with 10% FBS 

(Gibco) and 0.5% penicillin/streptomycin (50 units). HeLa were maintained in RPMI 

(Hyclone) supplemented with 10% FBS (Gibco) and 0.5% penicillin/streptomycin (50 

units). 293T and HeLa cells were transfected with TransIT-LT1 (Mirus) according to the 

manufacturer’s protocol. SSM2c, CHO, and COS-7 cells were maintained in DMEM 

(Euroclone) supplemented with 10% FBS (Carlo Erba), 2 mM L-glutamine (Carlo Erba), 

and 1mMpenicillin/streptomycin (Carlo Erba). SSM2c were transfected with PEI (Sigma- 

Aldrich) according to the manufacturer’s protocol. CHO and COS-7 cells were 

transfected with Lipofectamine LTX (Invitrogen) according to the manufacturer’s 

protocol. Single time point episomal editing experiments were harvested 72 h post-

transfection, and chromosomal editing experiments were harvested 96 h post-

transfection. 

 

APOBEC- and Cas9-mediated editing reporter construct 

  The ACE system was derived from HIV-1 NL4-3 by excising the gag-pol, vif, and 



 

 62 

vpr open reading frames using SwaI and SalI restriction sites and blunt end ligation. 

vpr and the first ∼1200 bp of env were removed using SacI and PsiI restriction sites and 

blunt end ligation to retain the Rev response element (RRE). A gBlock, synthesized by 

Integrated DNA Technologies (IDT) to introduce a CMV promoter with a 3’ AgeI 

restriction site, was cloned into the nef open reading frame using BamHI and KpnI 

restriction sites. mCherry was PCR amplified using Phusion high-fidelity DNA 

polymerase (NEB) from a pcDNA3.1 expression plasmid with primers that introduce a 

3’ T2A self-cleaving peptide sequence (primers in Table 1) and cloned into a CloneJET 

PCR cloning vector (Thermo Fisher). eGFP was PCR amplified from a pcDNA3.1 

expression plasmid with primers introducing scrambled nucleotide sequences at the 

5’ and 3’ ends of the gene that retained the wild-type protein sequence (primers in Table 

1). This was done to eliminate recombination during reverse-transcription of the viral 

reporter because the 5’ and 3’ ∼ 20 nt of mCherry and eGFP are identical. The eGFP PCR 

amplicon was cloned into the mCherry-T2A cloning vector using XhoI and KpnI 

restriction sites. Finally, the single mCherry-T2A-eGFP cassette was cloned into the 

modified NL4-3 vector using AgeI and KpnI restriction sites. 8 different mCherry 

mutants were created using site-directed mutagenesis with Phusion DNA polymerase 

(NEB) (primers in Table 1 and data not shown). Functional testing of several candidate 

mCherry L59S mutants identified one that reverted to mCherry positive with BE3. 

Subsequent DNA sequencing revealed a near triplication of the site-directed mutation 

oligonucleotide sequence, equating to a net insertion of 43 bp, likely created during the 

PCR amplification step of the construction. The full sequence of this region is shown in 
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Figure 3A, which includes two flanking gRNA binding sites that each contain an 

APOBEC-preferred 5’–TCA deamination target. For comparison, another round of site-

directed mutagenesis generated a sequence-confirmed L59S mCherry single amino acid 

substitution mutant, which retained wild-type mCherry fluorescence activity (Figure 8 

and discussed further above in the Results section). 

 

Base editing constructs 

The rat APOBEC1-Cas9n-UGI-NLS construct (BE3) was provided by David Liu, 

Harvard University (207). A3A and A3Bctd cDNA sequences, each disrupted by an L1 

intron to prevent toxicity in Escherichia coli (274), were amplified using primers in Table 

1 and used to replace rat APOBEC1 in BE3 using a NotI site in the MCS and a XmaI site 

in the XTEN linker. gRNAs targeting mCherry or nonspecific (NS) sequence as a control 

(Table 1) were cloned into MLM3636, obtained from J. Keith Joung, Harvard University, 

through Addgene (Plasmid #43860), using the accompanying Joung Lab gRNA cloning 

protocol. An L1 intron was amplified from the A3Ai construct using primers in Table 1 

and cloned into the SacI site in the rat APOBEC1 region of BE3 to create the BE3i 

editing construct. 

 

Episomal DNA editing experiments 

Semi-confluent 293T, SSM2c, CHO and COS-7 cells in a six-well plate format 

were transfected with 200 ng gRNA, 400 ng ACE, and 600 ng of each base-editor [10 

min, RT with 6 ul of TransIT-LT1 (Mirus) and 200 ul of serum-free DMEM (Hyclone)]. 
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Cells were harvested at indicated time points for editing quantification by flow 

cytometry. 

 

Chromosomal DNA editing experiments 

A semi-confluent 10 cm plate of 293T cells was transfected with 8 g of an HIV-1 

Gag-Pol packaging plasmid, 1.5 g of a VSV-G expression plasmid, and 3 g of the ACE 

lentiviral reporter plasmid. Virus was harvested 48 h post-transfection, frozen at –80◦C 

for 8 h, thawed, and used to transduce target cells (MOI = 1). Forty-eight hours post-

transduction, 600 ng APOBEC–Cas9n-UGI editor and 250 ng of targeting or NS-gRNA 

were transfected into a semi-confluent six-well plate of ACE-transduced cells. Cells were 

harvested 96 h post-transfection and editing was quantified by flow-cytometry. 

In a subset of experiments, mCherry-positive cells were recovered by FACS, 

converted to genomic DNA (Gentra Puregene), and subjected to high-fidelity PCR using 

Phusion (NEB) to amplify mCherry target sequences (primers in Table 1). PCR products 

were gel-purified (GeneJET Gel Extraction Kit, Thermo Fisher Scientific) and cloned 

into a sequencing plasmid (CloneJET PCR Cloning Kit, Thermo Fisher Scientific). 

Sanger sequencing was done in 96-well format (Genewiz) using primers recommended 

with the CloneJET PCR Cloning Kit (Table 1). 

To carry out FANCF editing enrichment experiments, semi-confluent 293T cells 

transduced with ACE were co-transfected with 600 ng of A3Bctd-Cas9n-UGI and 200 ng 

of gRNA targeting both mCherry and FANCF in a six-well format. Seventy-two hours 

post-transfection, cells were harvested and FACS was used to collect cells expressing 
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mCherry. gDNA was harvested and a 452 bp fragment of FANCF was PCR amplified 

using nested primers shown in Table 1. A PstI-HF (NewEngland Biolabs) digest was 

done, and products were fractionated on an agarose gel to quantify editing efficiencies. 

 

Immunoblots 

1 x 106 cells were lysed directly into 2.5x Laemmli sample buffer, separated by a 

4–20% gradient SDS-PAGE gel, and transferred to PVDF-FL membranes (Millipore). 

Membranes were blocked in 5% milk in PBS and incubated with primary antibody 

diluted in 5% milk in PBS supplemented with 0.1% Tween20. Secondary antibodies were 

diluted in 5% milk in PBS supplemented with 0.1% Tween20 and 0.01% SDS. 

Membranes were imaged with a LICOR Odyssey instrument. Primary antibodies used in 

these experiments were rabbit anti-Cas9 (Abcam ab204448) and mouse anti-HSP90 (BD 

Transduction Laboratories 610418). Secondary antibodies used were goat anti-rabbit IR 

dye 800CW (LICOR 827-08365) and goat anti-mouse Alexa Fluor 680 (Molecular 

Probes A-21057). 
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Figure 3: A real-time fluorescent reporter for APOBEC- and Cas9-mediated 

editing. 

A) Schematic of the APOBEC- and Cas9-mediated editing (ACE) reporter in the context 

of a lentiviral construct with a CMV promoter that drives expression of a bicistronic 

message encoding mutant mCherry and wild-type eGFP. The sequence of the gRNA 

displaced DNA strand is shown below with flanking APOBEC 5'-TCA deamination 

hotspots (red), PAM sites, and 43 bp insertion labeled. See text for a description of 

editing, cleavage, and processing events required for reversion to mCherry-positive. 

Ribbon schematics of defective mCherry (gray) and functionally restored mCherry (red) 

with the flexible loop position of residue 59 shown (model based on pdb 2H5Q). 
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B) Schematic of an APOBEC-Cas9n/gRNA editosome engaging a DNA target. C-to-U 

editing occurs in the ssDNA loop displaced by gRNA annealing to target DNA.  

C) Representative images of mCherry-positive 293T cells catalyzed by BE3 and mCherry 

codon 59-directed gRNA (#59-gRNA) but not with NS-gRNA (NS, non-specific; inset 

white bar = 30 µm).  

D) Quantification of the base editing experiment in panel C (n=3; average +/- SD).  
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Figure 4: High-efficiency editing by human A3A and A3Bctd editosomes. 

A) Representative fluorescence microscopy images of ACE-activated, mCherry-positive 

293T cells catalyzed by human A3A, human A3Bctd, or rat APOBEC1/BE3 editosomes 

(mCherry codon 59-directed gRNA versus NS-gRNA; inset white bar = 30 µm). 

B) Quantification of the experiment in panel ‘A’ together with 2 independent parallel 

experiments (n=3; average +/- SD). The corresponding immunoblots of expressed 

APOBEC-Cas9n-UGI constructs are shown below (low and high exposures to help 

visualize BE3) with HSP90 as a loading control.  

C) Time course of ACE activation in 293T cells catalyzed by human A3A, human 

A3Bctd, or rat APOBEC1/BE3 editosomes (mCherry codon 59-directed gRNA versus 

NS-gRNA; n=3; mean +/- SD; error bars smaller than symbols are not shown). 

D) Titration data for 293T cells co-transfected with the ACE reporter, mCherry codon 59-

directed gRNA, and different amounts of the indicated editosome constructs (100-600 ng; 

n=3; mean +/- SD). BE3i has an intron in the rat APOBEC1 portion of the construct, 

identical to the intron required for propagation of A3A and A3Bctd constructs in E. coli 

and for expression in mammalian cells.  

 



 

 71 

 

Figure 5: Chromosomal editing by A3A and A3Bctd editosomes.  

A) Editing of single copy genomic ACE reporter by the indicated editosomes in 293T and 

HeLa cells (n=3, average +/- SD).  

B) Immunoblots corresponding to a representative experiment in panel A showing 

APOBEC-Cas9n-UGI expression levels and HSP90 as a loading control. 

C) Sanger sequencing results for the gRNA-binding region of the ACE reporter 

recovered by high-fidelity PCR of mCherry-positive 293T. Mutated nucleotides are 

depicted in red and deleted nucleotides by hyphens. The number of times each sequence 

was recovered is indicated to the right.  
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Figure 6: ACE reporter activation through Cas9 nucleolytic cleavage. 

A) Quantification of ACE reporter activation in 293T cells 72 hrs after co-transfection of 

ACE reporter, mCherry codon 59 targeting gRNA or NS-gRNA, and A3A-Cas9n-UGI, 

A3Bctd-Cas9n-UGI, rat APOBEC1-Cas9n-UGI/BE3, Cas9, or Cas9n expression 

constructs (n=3; mean +/- SD). 

B) Anti-Cas9 and anti-HSP90 immunoblots from a representative experiment reported in 

panel A. 
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Figure 7: ACE enriches for base editing events at heterologous genomic loci. 

A) Schematic of a co-transfection experiment resulting in ACE reporter activation 

(yellow shading represents mCherry and eGFP double-positive cells). FANCF and the 

PstI restriction assay used to quantify chromosomal base editing of this locus. Base 

editing events destroy the PstI cleavage site and block cleavage of the 452 bp amplicon 

into 260 and 192 bp products.  

B) Representative agarose gels images showing the results of FANCF base editing by 

A3A and A3Bctd editsomes in 293T cells. The percentage of base editing was calculated 
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by dividing the percentage of substrate band by the total of substrate and product bands 

following PstI cleavage for both unsorted and mCherry-positive cell populations.  

C) Sanger sequencing results for the gRNA-binding region of the FANCF gene, which 

was recovered by high-fidelity PCR using genomic DNA from mCherry-positive 293T. 

Mutated nucleotides are highlighted in red and deleted nucleotides are indicated by 

hyphens. The number of times each sequence was recovered is indicated to the right.  
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Figure 8: Data for selected mCherry mutant constructs.  

A) DNA and amino sequences for the codon 59 region of wild-type mCherry (L59), a 

single amino acid derivative (S59), and the ACE reporter (abbreviated depiction of full 

sequence in Figure 1A with the +43 bp insertion).  

B) Representative fluorescence microscopy images showing mCherry activity for the L59 

and L59 constructs and no mCherry activity for the ACE reporter until editing by 

gRNA59 and a functional editosome (e.g., A3A-Cas9n-UGI; inset white bar = 30 µm). 
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 Figure 9: ACE reporter activity in other cell types.  

A) Quantification of ACE reporter activation in SSM2c, COS7, and CHO cells 48 hrs 

after co-transfection of ACE reporter, mCherry codon 59 targeting gRNA or NS-gRNA, 

and A3A-Cas9nUGI, A3Bctd-Cas9n-UGI, or rat APOBEC1-Cas9n-UGI (BE3) 

constructs (n=3; mean +/- SD).  

B) Anti-Cas9 and -HSP90 immunoblots from a representative experiment reported in 

panel A. 
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Table 1: ACE oligonucleotide sequences 

Sequences of oligonucleotides used to carry out ACE experiments. 
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CHAPTER 3 

 

 

A PANEL OF eGFP REPORTERS FOR SINGLE BASE EDITING BY APOBEC-

CAS9 EDITOSOME COMPLEXES 
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SUMMARY 

 The prospect of introducing a single C-to-T change at a specific genomic location has 

become feasible with APOBEC-Cas9 editing technologies. We present a panel of eGFP 

reporters for quantification and optimization of single base editing by APOBEC-Cas9 

editosomes. Reporter utility is demonstrated by comparing activities of seven human 

APOBEC3 enzymes and rat APOBEC1 (BE3). APOBEC3A and RNA binding-defective 

variants of APOBEC3B and APOBEC3H display the highest single base editing 

efficiencies. APOBEC3B catalytic domain complexes also elicit the lowest frequencies 

of adjacent off-target events. However, unbiased deep-sequencing of edited reporters 

shows that all editosomes have some degree of local off-target editing. Thus, further 

optimization is required to generate true single base editors and the eGFP reporters 

described here have the potential to facilitate this process. 
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INTRODUCTION 

The single-stranded DNA cytosine to uracil (C-to-U) deamination activity of several 

members of the antiviral APOBEC family has been harnessed recently for site-specific 

genome engineering by incorporation into Cas9/guide (g)RNA editing complexes (207, 

217, 218, 220, 242, 243, 255, 275). An advantage of this technology over canonical Cas9 

editing is precise single base substitution mutations (C-to-T) without potentially 

detrimental intermediates and outcomes including DNA double-stranded breaks (DSBs) 

and insertion/deletion mutations (indels). Efforts to improve this technology are ongoing 

and include the utilization of different wild-type and mutant APOBEC enzymes to 

improve specificity, Cas9 nickase to promote fixation of uracil lesions as mutations and 

prevent DSB formation, and uracil DNA glycosylase inhibitor (UGI) to prevent local 

uracil base excision and repair (207, 218, 220, 254, 256, 275-278). Despite these and 

other modifications, the current generations of editosomes still frequently mutate off-

target cytosines and cause indels, which are both adverse events likely to impede 

translational goals of correcting genetic diseases (279-281) 

 All base editing studies to date require DNA sequencing to quantify ratios of 

intended/on-target and unintended/off-target events. As a complement to this technical 

necessity, we developed a mCherry restoration-of-function assay that requires APOBEC-

mediated DNA editing at two adjacent sites followed by DNA breakage and DSB repair 

by non-homologous end-joining (275). Despite enabling quantification of real-time 

APOBEC editing activity in living cells, this assay necessarily requires multiple activities 

including DSBs that are undesirable for bona fide single base editing. Here, we report the 
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development of a panel of reporter constructs in which a single on-target C-to-T editing 

event restores eGFP fluorescence and enables real-time quantification of on-target DNA 

editing. 

  

RESULTS 

Three eGFP codons were identified where a T-to-C mutation ablates fluorescence 

and simultaneously creates a potential APOBEC editing site (L202, L138, and Y93 

depicted in insets of Fig. 10 a, c, e, respectively; Methods). One or more silent mutations 

were also purposely introduced alongside these specific changes in order to reduce the 

number of nearby editing sites, decrease the likelihood of DSBs, and optimize the PAM 

required for gRNA recognition. Each inactivated eGFP editing reporter is positioned 

downstream of a wild-type mCherry gene and a T2A site, which ensures efficient 

translation. The constitutively expressed upstream mCherry gene functions as a marker 

for assessing transfection and transduction efficiencies. Single base editing efficiencies 

are therefore quantified by dividing the fraction of eGFP and mCherry double-positive 

cells by the fraction of total mCherry-positive cells. 

We first tested reporter utility by comparing efficiencies of single base editing in 

transiently transfected 293T cells by the established rat APOBEC1 editosome (BE3) 

(207), recently reported APOBEC3A and APOBEC3B C-terminal catalytic domain(ctd)-

Cas9n-UGI complexes (282), and new editosome constructs for APOBEC3B (full-

length), APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G, and two naturally 

occurring variants of APOBEC3H (haplotype I and II) (Fig. 10). This panel spans the 
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entire seven enzyme human APOBEC3 repertoire. For each editosome complex, 

efficiencies were highest for the L202 reporter, lower for the L138 reporter, and lowest 

for the Y93 reporter (Fig. 10 a-b, c-d, and e-f, respectively). Moreover, within a given 

reporter data set, APOBEC3A and APOBEC3Bctd editosomes showed the highest 

activity, followed by APOBEC3B (full-length), rat APOBEC1, and APOBEC3H-II. All 

other editosomes showed negligible activity, which may be based in part on poor 

expression (APOBEC3D), different dinucleotide editing preference (5’-CC, 

APOBEC3G), and/or as-yet-unknown reasons. DNA sequencing was not used to analyze 

these episomal DNA editing events due to a vast excess of non-edited reporter plasmid in 

each transient transfection reaction. 

Next, chromosomal DNA editing efficiencies were compared by transiently co-

transfecting each editosome construct and an appropriate eGFP gRNA into 293T cell 

pools pre-engineered to contain a single copy of each editing reporter by lentivirus-

mediated transduction (Fig. 11, Methods). For each editosome, the overall frequencies of 

eGFP-positive cells were lower than those for transiently transfected reporters, likely due 

in part to fewer editing substrates per cell (i.e., many vs one). However, relative editing 

and reporter efficiencies were still similar with APOBEC3A and APOBECBctd editing 

more efficiently than full-length APOBEC3B, BE3, and APOBEC3H-II, and the L202 

reporter performing better than the L138 and Y93 reporters (Fig. 11 a-b). In fact, Y93 

chromosomal data are not shown because eGFP fluorescence rarely rose above 

background.  

Sanger DNA sequencing was then used to assess mutational events in FACS-



 

 84 

enriched, eGFP-positive cells. Due to enrichment by FACS (conservatively 85%), we 

anticipated finding a majority of on-target editing events and a minority of adjacent off-

target edits and indels (i.e., additional mutational events within the DNA region analyzed 

by PCR and sequencing). However, only APOBEC3Bctd showed consistently high 

frequencies of on-target editing (8/9 for L202 and 13/16 for L138; Fig. 11 c). In 

comparison, APOBEC3A showed lower than expected on-target editing events, with only 

1/6 for the L202 reporter and 9/14 for the L183 reporter (Fig. 11 c). Significant numbers 

of indels were also recovered in APOBEC3A reactions potentially due to imperfect 

FACS and/or preferential amplification of shorter DNA fragments by PCR. 

These results were confirmed and extended by deep-sequencing the portion of 

each eGFP reporter that spans the intended editing target site (Methods). First, we noted 

that the overall frequency of on-target editing events reflects the proportion of eGFP-

positive, reporter-activated cells in the overall mCherry-positive cell population (data not 

shown). Second, we used these unbiased deep-sequencing data sets to ask what 

frequencies and types of adjacent off-target base substitution mutations are observed 

alongside the on-target C-to-T editing events (Fig. 11 d). Not surprisingly, the highly 

active APOBEC3A enzyme catalyzes the highest proportion of adjacent off-target events 

in both the L202 and L138 reporters with, for instance, >50% C-to-T at the position 5 

nucleotides upstream of the intended target and high frequencies at other editing sites 

further upstream. APOBEC3A also caused mutations outside of the gRNA-targeted 

region (i.e., upstream of the single-stranded DNA in the R-loop created by gRNA 

annealing) indicating that this upstream DNA can become single-stranded at some 
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frequency through different mechanisms such as transcription or DNA replication. BE3 

editosomes also caused significant off-target events both within and upstream of the R-

loop, whereas APOBEC3Bctd editosomes caused fewer overall off-target events that 

were also mostly confined to the 5’-end of the R-loop. In all instances, relatively few off-

target mutations were observed downstream of the intended target cytosine. Similar 

observations have been made previously using BE3 at several different target sites (207, 

214, 215, 283)). 

Full-length APOBEC3B has two canonical deaminase domains, a catalytically 

active C-terminal domain and an inactive N-terminal domain known to bind RNA (268, 

284, 285). The higher base editing activity of APOBEC3Bctd in comparison to full-

length APOBEC3B suggested that RNA binding might somehow interfere with single 

base editing (e.g., a bound bulky RNA may prevent the catalytic site from accessing 

target cytosines in single-stranded DNA). To test this idea directly, we used human 

APOBEC3H-II, which was recently shown to bind RNA through a basic patch distinct 

from its DNA editing active site (286, 287). Substitution of two adjacent arginines to 

glutamates (R175E/R176E) disrupts the RNA binding activity of APOBEC3H-II and 

increases its single-stranded DNA editing activity (286). A comparison of the single base 

editing activity of APOBEC3H-II editosomes and an otherwise identical R175E/R176E 

RNA binding mutant showed that the mutant is 3.1- to 5.5-fold more active regardless of 

whether the reporter is episomal or chromosomal (Fig. 12 a-b). Sanger and MiSeq DNA 

sequencing showed similar levels of on-target editing events for each APOBEC3H 

editosome complex, but adjacent off-target events occurred at higher frequencies for the 
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hyperactive RNA binding-defective enzyme (Fig. 12 c-d). Both constructs also caused 

indels but at lower frequencies than APOBEC3A (Fig. 12 e). 

 

Discussion 

This study describes the first fluorescent reporters for real-time quantification of 

single base editing by APOBEC-Cas9 editosomes in living cells. These eGFP reporters 

enabled us to perform the first comprehensive analysis of base editing capabilities of the 

entire seven protein human APOBEC3 repertoire. A detailed understanding of why some 

APOBEC enzymes are highly efficient DNA editors (APOBEC3A and APOBEC3Bctd), 

some are intermediate (rat APOBEC1, full-length APOBEC3B and APOBEC3H-II), and 

others are poor will be important for developing optimized editors for specific 

fundamental, applied, and biomedical applications. For instance, the RNA binding 

activity of APOBEC3H is clearly inhibitory and, therefore, strategies to eliminate or 

lessen this activity without compromising DNA editing activity may be beneficial. Many 

other variables may also influence single base editing efficiencies including Cas9 on/off 

rates, Cas9 endonuclease activity, linker length/composition, construct size, overall 

editosome solubility, subcellular localization, and as-yet-unidentified cellular factors that 

interact with APOBEC3 enzymes in human cells (152, 153, 288, 289)).  

Reporter and editosome constructs described here could also be used, among 

many conceivable applications, to identify active variants of otherwise dead editosomes 

(reporter-up screen of editosome mutant libraries), variants of existing editosomes with 

increased single base selectivity (reporter-up screen with Y93 construct that currently 



 

 87 

yields modest eGFP fluorescence due to stop codon creation by adjacent off-target 

editing of codon 95), and cellular regulators of single base editing (CRISPR screens for 

reporter-up and -down mutants identifying negative and positive regulators, respectively). 

The local context of the target cytosine (5’-TCA in eGFP reporters described here) could 

also be altered to 5’-CCA, 5’-ACA, or 5’-GCA (or moved to different codon positions as 

necessary) to screen for mutant editosomes with different di- and tri-nucleotide 

preferences (e.g., 5’-TC to 5’-CC in ref. (290)). The eGFP reporters described here may 

also be easily adapted for use in a wide variety of different cellular systems (animal, 

plant, bacterial, parasite, etc.). 

 

MATERIALS AND METHODS 

 

Single base editing reporters. The dual fluorescent HIV-based parental vector was 

reported(291) (pLenti-CMV-mCherry-T2A-eGFP). Single base editing reporters were 

made by replacing wild-type eGFP with mutant eGFP PCR products made by 

overlapping extension high-fidelity PCR with Phusion DNA polymerase (NEB) using 

primers listed in Supplementary Table 1. Full-length PCR products were gel purified, 

digested with XhoI and KpnI, and ligated into a similarly cut parental vector. The 

resulting L202, L138, and Y93 single base editing reporters were confirmed by 

diagnostic restriction digestions and Sanger sequencing. 

 

APOBEC editosome constructs. The rat APOBEC1-Cas9n-UGI-NLS construct (BE3) 
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was provided by David Liu (207). APOBEC cDNA sequences were amplified using 

primers in Supplementary Table 1 and high-fidelity PCR using previously validated 

Harris lab collection plasmids as templates. GenBank accession numbers for 

APOBEC3A, APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G, and 

APOBEC3H-II are, respectively, KM266646.1, AY743217.1, NM_014508, NM_152426, 

NM_145298, NM_021822, and NM_181773 (268, 274, 286, 292). The resulting PCR 

products were cut with NotI and XmaI and used to replace rat APOBEC1 in BE3 (NotI 

site in MCS and XmaI site in XTEN linker). The gRNAs targeting L202, L138, and Y93 

in eGFP or non-specific (NS) sequence as a control were synthesized as complementary 

oligonucleotides (Supplementary Table 1) and cloned into MLM3636, obtained from J. 

Keith Joung through Addgene (plasmid #43860), using the accompanying Joung Lab 

gRNA cloning protocol.  

 

Episomal base editing experiments. Semi-confluent 293T cells in a 6-well plate format 

were transfected with 200 ng gRNA, 400 ng reporter, and 600 ng of each base editor [10 

min at RT with 6 µl of TransIT LT1 (Mirus) and 200 µl of serum-free DMEM 

(Hyclone)]. Cells were harvested following 72 hrs incubation for editing quantification 

by flow cytometry.   

 

Chromosomal base editing experiments. Semi-confluent 10 cm plates of 293T cells 

were transfected with 8 µg of an HIV-1 Gag-Pol packaging plasmid, 1.5 µg of a VSV-G 

expression plasmid, and 3 µg of each base editing reporter. Viruses were harvested 48 hrs 
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post-transfection and used to transduce target cells (MOI = 0.1). 48 hrs post-transduction 

cells were sorted to enrich for a mCherry-positive population (confirmed >85% by 

subsequent flow cytometry and fluorescence microscopy). Transduced, mCherry-positive 

cells were transfected with 800 ng APOBEC-Cas9n-UGI editor and 200 ng of targeting 

or NS-gRNA were transfected into a semi-confluent 6-well plate of reporter-transduced 

cells. Cells were harvested 72 hrs post-transfection and editing was quantified by flow 

cytometry (fraction of eGFP and mCherry double-positive cells in total mCherry-positive 

population). 

 In a subset of chromosomal editing experiments, eGFP-positive cells were 

recovered by FACS, converted to genomic DNA (Qiagen Gentra Puregene), and 

subjected to high-fidelity PCR using Phusion (NEB) to amplify eGFP target sequences. 

PCR products were gel-purified (GeneJET Gel Extraction Kit, Thermo Scientific) and 

cloned into a sequencing plasmid (CloneJET PCR Cloning Kit, Thermo Fisher). Sanger 

sequencing was done in 96-well format (Genewiz) using primers recommended with the 

CloneJET PCR Cloning Kit (Supplementary Table 1). 

 To perform MiSeq experiments, eGFP target sequences were amplified using 

primers in Supplementary Table 1 and Phusion high-fidelity DNA polymerase (NEB). 

To add diversity to the sequence library, zero, one, or two extra cytosine bases were 

added to forward and reverse primers for each amplicon. Barcodes were added to 

generate full-length Illumina amplicons. Samples were analyzed using Illumina MiSeq 

(University of Minnesota Genomics Center) 2 × 75-nucleotide paired-end reads. Reads 

were paired using FLASh(293). Data processing was performed using a locally installed 
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FASTX-Toolkit. Fastx-clipper was used to trim the 3′ constant adapter region from 

sequences, and a stand-alone script was used to trim 5′ constant regions. Trimmed 

sequences were then filtered for high-quality reads using the Fastx-quality filter. 

Sequences with a Phred quality score less than 30 (99.9% base calling accuracy) at any 

position were eliminated. Preprocessed sequences were then further analyzed using the 

FASTAptamer toolkit(294). FASTAptamer-Count was used to determine the number of 

times each sequence was sampled from the population. Each sequence was then ranked 

and sorted based on overall abundance, normalized to the total number of reads in each 

population, and directed into FASTAptamer-Enrich. FASTAptamer-Enrich calculates the 

fold enrichment ratios from a starting population to a selected population by using the 

normalized reads-per-million (RPM) values for each sequence. Sequences at abundances 

lower than 5 RPM in the A3-editosome samples were discarded. For reporter and A3-

editosome comparisons, sequences that appeared only in the A3-contianing samples (with 

an RPM value over 5), or, sequences that occurred at a frequency below 5 RPM in the 

No-editor control were included for analysis.  

 

Immunoblots. 1x106 cells were lysed directly into 2.5x Laemmli sample buffer, 

separated by 8% SDS-PAGE, and transferred to PVDF-FL membranes (Millipore). 

Membranes were blocked in 5% milk in PBS and incubated with primary antibody 

diluted in 5% milk in PBS supplemented with 0.1% Tween20. Secondary antibodies were 

diluted in 5% milk in PBS supplemented with 0.1% Tween20 and 0.01% SDS. 

Membranes were imaged with a Licor Odyssey instrument. Primary antibodies used in 
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these experiments were rabbit anti-Cas9 (Abcam ab204448) and mouse anti-HSP90 (BD 

Transduction Laboratories 610418). Secondary antibodies used were goat anti-rabbit 

IRdye 800CW (Licor 827-08365) and goat anti-mouse Alexa Fluor 680 (Molecular 

Probes A-21057). 

	

  

 

 

 



 

 92 

 

 

	



 

 93 

Figure 10: Editing efficiencies for episomal single base reporters.  

a, Quantification of APOBEC editosome activities using the eGFP L202 single base 

editing reporter in 293T cells (n=3, average ± SD). Immunoblots are shown below for a 

representative experiment. Inset shows the wild-type eGFP codon 202 region, the 

mutated L202 reporter sequence, and the editing event required to restore eGFP activity. 

b, Representative fluorescent microscopy images of 293T cells transfected with the L202 

reporter, the APOBEC3A editosome plasmid, and a gRNA-202 or a non-specific (NS) 

gRNA construct (scale bar = 20 µm). 

c-d and e-f, Quantification of APOBEC editosome activities using eGFP L138 and Y93 

single base editing reporters, respectively. Experiments as in panels a-b. 
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Figure 11: Editing efficiencies for chromosomal single base reporters.  

 

a-b,	 Quantification	 of	 APOBEC	 editosome	 activities	 for	 chromosomally	 integrated	

eGFP	L202	and	L138	single	base	editing	reporters	in	293T	cells	(n=3,	average	±	SD).		

c,	 Sanger	 sequences	 of	 the	 gRNA	binding	 regions	 of	 the	 L202	 and	L138	 reporters	

edited	 by	 APOBEC3A	 and	 APOBEC3Bctd	 editosomes	 in	 panel	 a.	 Single	 base	

substitutions	are	colored	red.	Deletions	are	represented	by	hyphens.	The	number	of	

times	each	sequence	was	recovered	is	shown	on	the	right.		

d,	Sequence	logos	summarizing	deep	sequencing	data	for	the	gRNA	binding	regions	

of	 the	 L202	 and	 L138	 reporters	 with	 on-target	 editing	 events.	 Base	 substitution	

mutations	occurring	 in	 at	 least	 5%	of	 the	 reads	 are	 shown	 in	 red.	The	L202	PAM	

mutation	is	likely	a	PCR	or	MiSeq	artifact	due	to	G/C	richness	as	it	is	also	present	in	

the	control	reactions.	

e,	 Pie	 graphs	 showing	MiSeq	 read	 proportions	with	 no	mutations	 (white),	 one	 or	

more	 single	 base	 substitutions	 (gray),	 or	 indels	 (black;	 some	 of	 which	 are	 also	

coincident	with	single	base	substitutions).		
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Figure 12: Single base editing in DNA is inhibited by RNA binding. 

a-b, L202 and L138 reporter quantification of the single base editing activity of wild-type 

APOBEC3H (haplotype II) versus a RNA binding-defective mutant (R175/6E) (n=3, 

average ± SD). Immunoblots below for a representative experiment. 

c, Sanger sequences of the gRNA binding regions of the L202 and L138 reporters edited 

by APOBEC3H editosomes in panel a. Single base substitutions are colored red. 

Deletions are represented by hyphens. The number of times each sequence was recovered 

is shown on the right.  

d, Sequence logos summarizing deep sequencing data for the gRNA binding regions of 

the L202 and L138 reporters with on-target editing events. Base substitution mutations 

occurring in at least 5% of the reads are shown in red. The L202 PAM mutation is likely 

a PCR or MiSeq artifact due to G/C richness as it is also present in the control reactions. 

e, Pie graphs showing MiSeq read proportions with no mutations (white), one or more 

single base substitutions (gray), or indels (black; some of which are also coincident with 

single base substitutions).  
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Table 2: AMBER oligonucleotide sequences  

A table of oligonucleotide sequences used for AMBER cloning and experiments.
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CHAPTER 4	

 

 

 

 

 

 

 

CONCLUSIONS AND DISCUSSION – APPLYING THE ACE AND AMBER 

SYSTEM TO IMPROVE BASE EDITING 
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DISCUSSION 

 

Rapid methods for quantifying base editing activity  

Base editing is a powerful tool that opens up significant opportunities in the 

genome engineering field. This technology has the ability to revolutionize applications 

such as protein evolution, genetic screens, and gene therapies by making specific, 

calculated mutations instead of creating potentially hazardous DNA double-stranded 

breaks (DSBs). However, this technology has several limitations that need to be 

overcome to make it as efficient and useful as possible. One large hindrance is the time 

and effort that it takes to quantify the editing efficiency of newly developed base editing 

variants. Base editing efficiencies are currently measured with sequencing methods such 

as conventional Sanger sequencing or, more often, targeted next-generation sequencing 

(NGS). Utilizing sequencing not only requires harvesting of the cells that are being 

targeted, but also uses methods such as PCR that can introduce mutations into the 

sequence being amplified. In addition, most sequencing methods require quality control 

measures that can take time, and wait times for shared instruments in a sequencing center 

or core can be lengthy (weeks to months in some cases). In a fast-expanding field of 

research, methods for evaluating the activity of new base editing technologies are needed. 

This thesis describes two rapid methods for quantifying the activity of base 

editors and nucleases that take place in live cells and are quantifiable in real-time. As 

described in Chapter 2, the APOBEC and Cas9-mediated editing (ACE) reporter is a 

bicistronic, fluorescence-based reporter that constitutively expresses eGFP as a 



 

 101 

transfection marker and uses mCherry expression as a readout of APOBEC-mediated 

base editing (275). This system is a gain-of-function reporter that utilizes two APOBEC 

target sites (5’-TCA-3’) to restore the mCherry open reading frame (ORF) upon editing, 

DNA breakage, and rejoining. Similarly, the APOBEC-mediated base editing reporter 

(AMBER) system is a fluorescence-based reporter system that expresses mCherry 

constitutively as a transfection control and uses single base substitutions in eGFP to 

simultaneously change the amino acid sequence of the protein, ablate fluorescence, and 

introduce APOBEC-preferred trinucleotide editing motifs (295). When edited, the amino 

acid sequence is restored and fluorescence returns. These systems are amenable to use in 

different mammalian cell types and can be used in either an episomal, transfection-based 

manner or a stably-integrated, transduction-based manner.  

Because the AMBER reporters rely on reversion of a single base substitution in 

eGFP, they are ideal for screening for base editors with mutational activity on nucleotides 

other than cytosines. For example, to create the adenosine base editors (ABE), protein 

evolution was used to introduce DNA editing activity to TadA, a protein that naturally 

only edits tRNA (224). As a readout, the researchers used antibiotic resistance in bacteria, 

but the fluorescence-based AMBER system is amenable to such screens in eukaryotic 

cells. To screen for adenosine base editors such as TadA, point mutations changing 

guanosine nucleotides to adenosine nucleotides can be introduced into mCherry or eGFP, 

ablating fluorescence and creating adenosine base editing reporters. Successful ABEs 

will restore fluorescence, allowing for real-time quantification and optimization of base 

editing in eukaryotic cell systems. Editors to make all possible base changes have yet to 
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be developed, but the reporters described here can be easily adapted to help achieve this 

goal. 

The pairing of the ACE and AMBER reporters can be used to provide robust 

readouts of mutational spectra introduced by base editors. While the AMBER reporters 

are useful for providing readout of on-target base editing, indel formation within the 

gRNA binding region or bystander/off-target mutations can prevent fluorescence 

restoration and limit information about unwanted editing generated by novel base editors. 

The ACE system can give accurate readouts in these regards; the ACE system is activated 

through indel formation and gives mutational profiles within cytosine runs both upstream 

and downstream of the target 5’-TCA-3’ motif that are not required for mCherry 

fluorescence. By pairing these systems, it is possible to not only evaluate the on-target 

efficiency of base editors, but also gain insights into the amount of indel formation and 

bystander/off-target mutations generated, giving a more complete look into base editing 

activity. This is demonstrated through A3A- and A3Bctd-Cas9n-UGI base editors. Using 

the AMBER system, it was demonstrated that these editors have the highest amount of 

on-target base editing when compared to existing base editors such as BE3 (295). 

However, using the ACE system, we also describe that these base editors create a higher 

amount of indels and bystander mutations (275). With this information, we rapidly 

determined that despite their high amount of activity, these base editors will require 

improvement before being used in future applications requiring single base precision 

such as gene therapy.  
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Developing novel APOBEC3 base editors through structural evolution 

The ACE and AMBER systems have been used to develop and validate new base 

editors that take advantage of the enzymatic activity of the human APOBEC3 enzymes. 

Ten new base editing variants were created and analyzed using human APOBEC3A 

(A3A), APOBEC3B (A3B), the catalytic APOBEC3B C-terminal domain (A3Bctd), 

APOBEC3C (A3C), APOBEC3D (A3D), APOBEC3F (A3F), APOBEC3G (A3G), 

APOBEC3H haplotype I (A3H-I), APOBEC3H haplotype II (A3H-II), and the 

APOBEC3H-II RNA binding mutant RR175/6EE (A3H RREE). With the exception of 

A3G, this thesis is the first to create and report these base editor variants that show 

different editing efficiencies and mutation profiles than the original BE3. Data show that 

at least two of these novel base editors (A3A-Cas9n-UGI and A3Bctd-Cas9n-UGI) have 

improved editing abilities when compared to BE3, although increased base editing 

activity comes with a rise in detrimental indel formation.  

Utilizing the human APOBEC3s as base editors has several advantages over the 

currently available rA1-based base editors or PmCDA1. First, the activity of the human 

APOBEC3s at different sequence contexts has been measured (269), and it is known that 

A3A and A3B are two of the most powerful deaminases in the APOBEC family of 

enzymes (268). In addition, it is well-documented both from in vitro deaminase assays as 

well as mutations profiles in cell lines and human cancers that A3A and A3B prefer a 5’-

TCA-3’ trinucleotide motif (268, 269, 296) while A3G prefers a 5’-CC-3’ dinucleotide 

context (297, 298).  Knowing the relative activity and target specificity of the APOBEC3 

enzymes suggests that they can be harnessed to create more specific and more efficient 
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base editors. 

Another advantage of creating novel base editors using the human APOBEC3 

enzymes is the fact that those showing base editing activity (A3A, A3Bctd, and A3H) are 

all represented by high-resolution X-ray structures (271, 272, 284, 299). PmCDA1 and 

rA1 have yet to yield structural studies. The structures of A3A, A3Bctd, and A3H (the 

former also in complex with ssDNA) give direct insights into which amino acid residues 

are important for contacting the DNA, creating the sequence context preference, and for 

the catalytic activity of the enzymes. With this knowledge at hand, it may be possible to 

evolve the base editors reported here to be more specific, prefer a different nucleotide 

context, or have higher editing efficiencies. For instance, by using the solved A3H crystal 

structure to identify two positively-charged regions of A3H responsible for RNA binding, 

our lab was able to mutate these residues and increase editing efficiencies by over 100-

fold (300). These RNA binding mutants also showed increased DNA deaminase activity, 

altered subcellular localization, and decreased HIV-1 restriction capacity (300). When 

used in base editing contexts, these mutants resulted in higher overall editing efficiencies 

with less bystander mutations than were observed with A3A, A3Bctd, or A3H-II editors.  

Interestingly, our novel base editors show different mutational spectra than 

previously reported base editors. The NGS mutational spectrum of A3H-II shows fewer 

mutations outside of the gRNA binding region than was observed with A3A and A3Bctd 

base editors, suggesting that this newly developed editor causes less off-target mutations 

and demonstrating the concept that different APOBEC proteins will perform differently 

as genome engineering tools. Despite decreased off-target effects, the amount of 



 

 105 

bystander mutations increased significantly; six different nucleotides were mutated in the 

L202 gRNA binding region and four in the L138 gRNA binding region with the A3H-II 

base editor. These differences in mutational spectra could be due to a number of different 

reasons, including the fact that A3H-II exists as a dimer when able to bind RNA (300). 

Having two A3H-II proteins present during editing (one A3H-II protein attached to Cas9 

and the other dimerizing from endogenously expressed A3H-II) could account for this 

increase in bystander mutations as well as the unusual observation of mutations occurring 

within the PAM region. This hypothesis is supported by the fact that bystander mutations 

are reduced in A3H-II RREE base editors. When RNA binding is ablated, bystander 

mutations are reduced to two nucleotides within the L202 gRNA binding region and only 

one nucleotide within the L138 gRNA binding region.  

RNA binding is a concept that has been debated within the APOBEC field for 

years (301-303); nearly all family members (AID, APOBEC1, A3A, A3B, A3D, A3F, 

A3G, and A3H) have been predicted or demonstrated to have RNA binding abilities. The 

natural function of APOBEC1 relies its ability to bind and edit RNA (304, 305) and more 

recently A3A has been shown to edit RNA targets within human cells (306). Restrictive 

APOBEC3s (A3D-H) have phenotypes such as consistent subcellular localization and the 

ability to gain access to the HIV-1 particle linked to RNA binding (307-313). Finally, 

RNAse A treatment has been shown to disrupt APOBEC-protein interactions and nearly 

all APOBEC3 purification protocols require RNAse A treatment to yield high protein 

amounts, suggesting that RNA binding also happens endogenously (300, 314-317). It 

follows, therefore, that the concept of ablating RNA binding could be transferrable to 
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A3s other than A3H and to base editors resulting from these A3-Cas9n fusions. Human 

APOBEC3B is comprised of two domains: the catalytically active C-terminal domain 

(ctd) and the inactive N-terminal domain (ntd) known to bind RNA (268, 285). Using the 

AMBER system, we show that our A3Bctd base editor is more active than its full-length 

A3B counterpart (295). This observation suggests that RNA binding may play a negative 

role in A3B-mediated base editing, perhaps similar to A3H-II. Eliminating the RNA 

binding potential of A3A, A3G, A3F, and even A3C may result in higher overall editing 

efficiencies and could even result in more specific base editors. A deeper understanding 

of the role of RNA binding in APOBEC editing enzymes will be important in the future 

for generating the next generations of base editing tools. 

 

Future uses and improvements of the APOBEC-mediated base editors 

By combining structure-guided evolution of my novel base editors with the 

ACE/AMBER reporters, future directions for this technology can include mutational 

screens to identify base editors that are more on-target, have higher editing efficiencies, 

or have potential to edit bases other than cytosines. Creating mutant libraries of 

APOBEC-Cas9 base editors can be done by systematically replacing nucleotides with the 

remaining three nucleotides through site-directed mutagenesis, introducing scanning 

point mutations, or random mutagenesis. By simultaneously introducing the mutant base 

editor library and the AMBER reporter, researchers can possibly isolate and identify 

successful base editors through fluorescence activated cell sorting (FACS) and 

sequencing. By sequencing activated reporters, it may be possible to attain a mutational 
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profile for base editor mutants and identify contenders with a narrower base editing 

window, ideally site-specific. 

Not only are the AMBER and ACE systems likely to be effective for screening 

novel base editors, they may also be suitable for identifying factors that increase or 

decrease base editing activity. A3B has been implicated as a large source of mutation in 

multiple human cancers (268, 296) and correlates with poor prognosis (318-320), 

increased therapeutic resistance (321-323), and increased metastasis in several cancer 

types (324-326). The regulation of A3B in normal and cancerous cells is poorly 

understood, and a method to help identify factors directly influencing the deaminase 

activity of A3B is needed. By increasing proteins thought to be involved with A3B 

regulation through overexpression or by removing them through knock-out or knock-

down, changes in A3B activity can be assessed through use of our A3B base editor and 

the AMBER or ACE system. In a similar fashion, it may be possible to use the AMBER 

reporter to screen for inhibitors of A3B. As a potential participant in cancer progression 

and metastasis, developing a method or compound to inhibit the activity of A3B cold be 

therapeutically relevant in several human cancers. The AMBER system is functional in 

multiple cell types, so using relevant human cancer cell lines to carry out a screen is 

possible and makes the inhibitor screen more powerful. By transducing the appropriate 

cell line with AMBER or ACE reporters, it may also be possible to perform the assays in 

volumes as small as a 96- or 384-well plate format with the potential to be optimized in 

even smaller scales. In this fashion, it is conceivable to screen entire drug or inhibitor 

libraries by simply looking for reporter activation for a qualitative readout or using high-
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throughput flow cytometry for a quantifiable readout.  

Further optimization of base editors to try to achieve single base editing is likely 

to be a continuous and iterative process, and there are several approaches that can be 

taken to improve the technologies that this thesis has presented. An important step 

moving forward with our technologies will be to experiment with the amino acid 

sequence that links the APOBECs to Cas9n. Presently, all of our constructs contain the 

same linker as BE3. This linker is a 16-amino acid XTEN linker (amino acid sequence 

SGSETPGTSESATPES) that has limited flexibility and is intended to harness the activity 

of rA1 in the original BE3 to only an editing window of around 5nt (207). More recent 

attempts at improving base editing constructs have increased the linker length to 32 

amino acids, leading to a reduction in preferential cytosine deamination within the R-loop 

(218). The increased linker length and increased flexibility due to the addition of several 

serines and glycines is hypothesized to give the APOBEC easier access to the single-

stranded DNA in the R-loop (218). While this technique has been shown to have no 

effect on base editors made using A3A (278), it is possible that giving larger, double-

domain APOBECs such as A3B, A3D, or A3G more flexibility when fused to Cas9 

would enhance their ability to bind to and edit DNA within the R-loop and increase their 

potential as base editors. 

In addition to optimizing linker length it has been shown through mutation of 

Cas9 that editing becomes more specific when non-essential interactions with DNA are 

ablated (152). This concept is transferrable to the deaminase portion of base editors, as 

well. Using the solved structure of A3A in complex with ssDNA (272), eleven residues 
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were identified that made non-specific interactions with the DNA substrate and were 

systematically altered to screen for A3A-Cas9 mutants that had the highest amount of on-

target editing (278). Similar to results seen with HF-Cas9, when non-specific or non-

essential interactions with DNA are ablated, overall editing specificity increases while 

editing activity remains intact  (278). A similar optimization could be carried out with the 

A3Bctd-Cas9n-UGI base editors; homologous residues within A3Bctd have similar 

interactions with the ssDNA substrate (e.g. N57 in A3A is homologous to N240 in 

A3Bctd) that could help reduce the high amount of bystander mutations that we have 

observed with the ACE and AMBER systems.  

Finally, the addition of more uracil DNA glycosylase (UGI) could have a drastic 

effect on the base editing efficiencies that are seen with our novel base editors. Since the 

development of BE3, enhanced base editors have included two or more copies of UGI 

fused to Cas9n (218). It has also been shown that expressing free UGI within the cellular 

system enhances base editing efficiencies (254). Following this logic, it may be possible 

to enhance the editing efficiency of our novel base editors that show an increase in 

specificity (i.e. A3H-II RR175/6EE-Cas9n-UGI). The development of the AMBER and 

ACE systems will allow for rapid evaluation of these optimizations. 

 

Achieving true single-base editing: mission impossible? 

Base editing is a powerful and rapidly expanding field. The applications of this 

technology are vast, but are always expanding with new editors that edit different bases, 

are more efficient, have smaller editing windows, and have altered editing efficiencies. A 
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bottleneck in this process is the time and effort that it takes to quantify these effects 

through NGS. The fluorescence-based gain-of-function reporters described here can be 

used to quantify multiple types of base editing in real time. This system is transferable to 

many cell types and presents promise in both base editing evolution and activity screens 

involving APOBEC proteins. While the future applications of the reporter system will 

require further optimization, the Harris lab has generated preliminary data supporting the 

use of the ACE and AMBER systems for these operations. In the meantime, their use in 

quantifying the activity of cytosine deaminase-based editors is well-documented in our 

lab and others, and can be used to improve upon current base editing technologies. 

In addition to reporting assays for quantification base editing efficiencies, I 

demonstrate the use of novel base editors that take advantage of the seven members of 

the human APOBEC3 family. Some of these editors show increased editing as compared 

to the original BE3 (A3A-Cas9 and A3Bctd-Cas9), some show similar levels (A3H-II 

RREE-Cas9 and A3B-Cas9), and others demonstrate little to no editing activity. Despite 

the higher amount of bystander mutations created by the powerful A3A-Cas9 and 

A3Bctd-Cas9, these constructs have an advantage over the use of BE3 in that they are 

utilizing enzymes with well-documented structures. Myself and others have utilized the 

solved structures to narrow base editing windows, increase activity levels, and reduce 

indel formation, demonstrating the convenience of using well-defined enzymes.  

Most contributions to the base editing field thus far, including the work described 

here, focus mainly on improving the specificity and efficiency of editing, and significant 

trade-offs are seen between these two factors. When specificity increases, decreases are 
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seen in efficiency, and vice-versa. This brings up an important question: will we ever 

achieve pure single-base editing? While base editing technology is a rapidly expanding 

field and a game-changing method of genome engineering, it is important to recognize its 

limitations. For each editing technology, there is a window of nucleotides that are edited 

at high efficiency. It’s unrealistic to expect that all sequences of interest will contain only 

a single cytosine in these regions, thereby avoiding bystander mutations. On another note, 

reducing the editing window of base editors can be have negative effects; placement of 

the target cytosine will vary depending on the position of the PAM relative to the target 

sequence and may therefore fall outside of the reduced editing window, making them un-

targetable. Despite these limitations, I believe that single-base editing of multiple 

nucleotides is an achievable, and using reporter systems such as ACE and AMBER will 

surely expedite this groundbreaking work.  
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