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Abstract 

Gene editing is the process of generating targeted changes in the genome of an organism or cell. 

Changes can be imprecise insertions or deletions (indels) which generate null alleles and permit 

loss of function studies. Alternatively, an exogenous donor can be provided which allows precise 

changes to be copied into the genome. Precise editing can be used to advance scientific 

understanding by generating cell lines with specific mutations. Furthermore, precise editing has 

therapeutic potential: pathogenic mutations in patient’s cells can be reversed or compensatory 

mutations can be introduced. 

The relatively low efficiency of precise editing limits applicability of genome editing and increases 

the burden of labour on the researcher. In this thesis, I describe my efforts to improve the efficiency 

of editing and enrich for correctly edited cells. I study the impact of published methods shown to 

improve efficiency of editing. I then develop two potential FACS-based methods to enrich for 

correctly edited cells. Firstly, I attempt to use molecular beacons to directly recognise sequence 

changes in mRNA, and find that, despite promising in vitro results, the beacons are highly non-

specific within cells. I then develop a transient Cas9-based circuit to detect the presence of a 

genomically-integrated crRNA. This crRNA-expression system can be incorporated beside the 

intended edit, using an ssODN donor of less than 200 base pairs. Finally, I find that using the 

transient Cas9-based circuit, I can enrich for precisely edited HEK293T cells by 20-40 fold, achieving 

final editing efficiencies of 20-60% alleles. 
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Chapter 1: Introduction 

1.1 Motivation 

After recent advances in gene editing technology there has been a rush of interest in using genome 

engineering to introduce precise edits into cells, both for therapeutic endeavours and basic science. 

However, the efficiency of this process is limiting. The aim of the research presented in this thesis is 

to develop solutions to this problem by either improving the probability of incorporating correct edits 

or enriching for correctly edited cells within a heterogenous population. 

1.2 Genome Engineering 

Genetic Engineering is the process of adding new elements or removing or altering existing elements 

to the genomes of cells. Scientists have been attempting these processes since the 1970s. Originally, 

this process involved delivering donor DNA in the form of plasmids, containing transgenes flanked by 

homologous sequences to the intended target region, into cells1–4. In a small proportion of cells 

(typically 1 in 103 to 109), transgenes are spontaneously incorporated into the host’s genome by the 

DNA repair process, homologous recombination (HR). This phenomenon was useful as it allowed the 

creation of transgenic organisms as disease models, for example the creation of transgenic mice 

through genetic engineering of mouse ES cells5. However, the process of creating a transgenic cell line 

or organism was inefficient and laborious. The genetic engineering process was improved massively 

on the discovery that site-directed nucleases could be used to create a double strand break in the 

targeted region, and native repair machinery co-opted to incorporate the foreign DNA as part of the 

repair process6–8. This process, referred to as homology directed repair or HDR, is distinct from the 

natural repair process, HR. Site-directed nucleases increase the efficiency of targeted payload 

integration by 102-106 fold.  

In addition to improving the efficiency of sequence knock-ins, the use of site-specific nucleases for 

genome engineering presented an alternative method of gene disruption: gene knockout via indel 
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(insertion and deletion) formation9. Indels are formed when random errors occur in the native repair 

process, non-homologous end joining (NHEJ). In roughly 2/3 of cases, indels cause frameshift mutations 

which cause nonsense-mediated decay of mRNA transcripts and gives a loss of function phenotype10. 

Mistakes in the NHEJ repair process occur at approximately 1 in 1000 DSBs (provided breaks are blunt 

ended) but eventually transpire during multiple cycles of cutting and re-ligation at the nuclease target 

site11. 

Despite the utility of NHEJ in loss of function studies, it presents a problem when attempting to 

incorporate precise edits into the genomes of mammalian cells. In the presence of a site directed 

nuclease and homologous donor DNA, repair processes are far more likely to produce NHEJ-based 

indels than precise HDR-mediated edits12. Therefore, a clear understanding of these complex repair 

processes is important to enable their manipulation for distinct gene editing purposes. 

1.3 DNA Repair Pathways 

Eukaryotic cells invest a great deal of resources in maintaining genome integrity and faithful genetic 

replication13. Perhaps the greatest threat to genome integrity are double strand breaks in DNA, which 

if unresolved can cause severe chromosomal rearrangements14. When repairing DSBs, mammalian 

cells have two broad pathways to choose from. The major DNA repair pathway, NHEJ, is active through 

all phases of the cell cycle and results in quick, efficient religation of the two blunt DNA ends with no 

need for template-based DNA synthesis15. However, as previously discussed, repetitive cycles of 

targeted nuclease-induced DNA cleavage, are eventually terminated by mutation of the target 

sequence due to indel formation11.  

DSBs are rapidly recognised due to conformational changes in DNA, initiating a cascade of interactions 

which results in chromatin relaxation and recruitment of Mre11, a protein in the MRN complex 

(Mre11, Rad50, Nbs1)16,17. The MRN complex has multiple functions in DSB repair. It is thought to act 

as a scaffold to recruit other factors involved in DNA repair and is important in tethering the broken 

ends of DNA17. This recognition and repair initiation process is common to both the main pathways of 
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Figure 1.1 DSB Repair Pathways. DSBs are repaired through fast acting NHEJ or slower HR. In NHEJ blunt ends are recognised by Ku70/800 

and DNA-Pkcs. The LigIV complex is recruited and blunt ends are religated. Alternatively, in HR, ends resection by CtIP prevents NHEJ and 

results in homologous recombination. This can be achieved through faithful, Rad51 dependent methods, or deleterious, Rad51-

independent methods (SSA). Rad51 mediates strand invasion of the 3’ overhang into the sister chromatid (or other homologous 

sequence), and synthesis proceeds using this template. The strand is then either displaced, to be used as a template for the second strand, 

SDSA, or the second strand is also synthesized using the sister chromatid (DSBR). In SSA, homologous repeat sequences are identified and 

anneal through an unknown mechanism. Flaps are trimmed and nicks sealed. This process results in large deletions. 
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repair, however, depending on which factors are first recruited to by the MRN complex, the pathways 

diverge (fig 1.1)18. In NHEJ, the Ku70/80 complex, which binds broken DNA ends, is the secondary 

responder19. Ku70/80 then recruits the Ligase IV complex and broken ends are rapidly and efficiently 

re-ligated20. 

The second DSB repair pathway, HR, is a much slower process involving coordinated sequences of 

complex events, which are limited by the cell cycle, presence of homologous templates, and other 

factors, some of which remain unclear21. During HR the damaged strands are resected and 

resynthesized using a homologous DNA template. HR is dependent on the presence of this 

homologous donor template, which is often the sister chromatid but can also be from a homologous 

chromosome or homologous repeat region. Use of the homologous chromosome or homologous 

repeat regions for repair of DSBs can lead to loss of heterozygosity and spontaneous mutations, 

respectively22. Thus, during G2 and S phase, when sister chromatids are synthesised, HR is permitted, 

via the targeted cyclin dependent kinase (CDK)-dependent phosphorylation and activation of the 5’-

3’ endonuclease CtIP23,24. CtIP is recruited to DSBs by the MRN complex and initiates the pivotal step 

of HR, 5’-3’ end resection, a process that creates long 3’ single stranded tails which cannot be 

substrates for NHEJ-mediated ligation25.  

CtIP-mediated, 5’-3’ resection is common to all forms of HR. In precise, Rad51-dependent HR, the 

exposed single stranded regions are bound and protected by RPA, before being sequentially replaced: 

first by Rad52, and then by Rad5126,27. Rad51 mediates strand invasion of the 3’ single stranded tails 

into a homologous template28,29. Canonical HR then proceeds through one of three pathways: Double 

strand break repair (DSBR), Synthesis Dependent Strand Annealing (SDSA), and Break Induced 

Replication (BIR), which occurs specifically at replication forks. For all three cases, template-

dependent synthesis of the damaged strand occurs. In DSBR, synthesis of the second 3’ tail using the 

invaded chromatid is initiated (fig 1.1). This results in a double Holliday junction intermediate between 

the damaged and invaded chromatids, which can be resolved with or without crossing over4. In 
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contrast, in SDSA, only one strand is synthesised using the invaded chromatid as a template30. The 

second strand is then synthesized using the first strand as a template, and resulting flaps are trimmed 

prior to ligation. The third pathway, BIR occurs only as a result of a stalled replication fork and thus 

involves only one blunt end31. Here, after 3’ strand invasion, synthesis of both the leading (3’ tail) and 

lagging (resected 5’ end) strands continues until either it re-joins a second replication fork or it reaches 

the end of the chromosome.  

Interstrand crosslinks (ICLs) are also repaired through a DSB intermediate, HR-based pathway, known 

as the Fanconi Anaemia (FA) pathway32. ICLs typically cause stalling of replication forks and thus lead 

to genetic instability; mutations in the FA pathway are commonly associated with cancer33. The FA 

pathway model begins with recognition of the ICL site with two stalled convergent replication forks by 

FANCM and recruitment of the FA complex. The FA pathway then feeds into the above HR pathways 

with controlled DSB formation, followed by repair of the DSB via Rad51-dependent HR.   

The previously mentioned HR mechanisms are faithful and error free, provided a sister chromatid is 

used as a template. However, initiation of HR does not require DNA to have been replicated, only the 

presence of CtIP for 5’-3’ resection34. Other intrachromosomal DSB repair pathways which do not 

require the sister chromatid often lead to loss of genetic information. These pathways include single 

strand annealing (SSA) and an alternative to NHEJ, alternate end joining (ALT-EJ, also referred to as 

microhomology mediated end joining or MMEJ). SSA and ALT-EJ are similar in that they both involve 

repair of DSBs using homologous repeat regions, 5’-3’ DNA resection, non-homologous 3’ flap 

trimming, single-stranded annealing of homologous regions, DNA-polymerase mediated gap filling, 

and finally re-ligation of the DNA backbone35,36. Thus, both SSA and ALT-EJ are likely to lead to loss of 

some genetic information caused by deletion of the non-homologous sequence between repeats. 

Both processes, unlike non-deleterious HR mechanisms, are independent of Rad51, suggesting they 

do not involve strand invasion. In SSA, Rad52 has been found to be required for annealing of the 

complementary ssDNA regions37. The major differences between SSA and ALT-EJ lie in the size of the 
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homologous regions required, the length of resected 3’ tails, and the key proteins involved. In SSA, 

the size of homologous repeat and length of 3’ tails are typically much longer than in ALT-EJ. In S. 

Cerevisiae deletions caused by SSA can be over 25kb38. 

In contrast, single strand breaks (SSBs) are far less deleterious than DSBs, as damaged DNA does not 

become physically separated, thus danger of translocations and loss of genetic information is much 

reduced. However, repair of SSBs is important as they are the most common lesions arising in cells39. 

SSBs occur as results of direct damage from oxidation and from mistakes at replication forks, as well 

as indirectly as intermediates in other repair processes. SSBs are gaps in the phosphodiester backbone, 

usually accompanied by loss of a nucleotide and sometimes accompanied by loss of several 

nucleotides. Once detected SSBs undergo end processing to produce 3’P and 5’OH groups. Single 

nucleotide gaps are sealed by Pol β and longer nucleotide gaps (2-12nt) are filled by Pol δ and/or Pol 

ε. Flaps are then removed and the broken backbone resealed by Lig340. 

Alternatively the 3’ end of an SSB may also become a substrate for HR41. This process has been shown 

to occur in vertebrates at the IgG variable (V) regions in chicken cells, and aids hypermutation42. The 

free 3’ end invades the duplex containing the inactive pseudo-V regions and primes DNA synthesis 

against this template. The resulting complex is thought to form a single Holliday junction but evidence 

is still inconclusive43–45. 

Overall, repair of both SSBs and DSBs is complex and interwoven. Prior to their use in gene editing, 

site-directed nucleases were instrumental in the dissection of the mechanics and dynamics of these 

repair processes and they remain invaluable tools.  

1.4 Site directed Nucleases 

Site-directed nucleases have evolved over time to better suit the needs of researchers. In the following 

section I introduce the most commonly used nucleases and discuss the advantages and disadvantages 

they provide for as gene editors.  



13 
 

1.4.1 Protein-based site-directed nucleases 

The first site-directed nucleases used for targeted genome engineering consisted of proteins with DNA 

binding domains and nuclease domains. The first of these pioneer nucleases to be used in this manner 

were the naturally occurring meganucleases. Meganucleases are a family of restriction enzyme with 

long 14-40 bp recognition sequences, the most well-known of which is I-SceI, originally found in S 

Cerevisiae6–8 (fig 1.2.A). The long recognition sequences of meganucleases imparts a high degree of 

Figure 1.2 Gene Editors. Labelled 

Diagrams of: the Meganuclease, I-

SceI (A); ZFN (B); TALEN (C); 

SpCas9 (D); Cpf1 (E); Base Editor 

(F); Prime Editor (G). (H) Diagram 

of the CRISPR locus and CRISPR 

family tree. Types for Class 1 are 

not shown separately. 
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specificity and therefore precision to these site-directed nucleases, but it also limits their applicability. 

The probability of a gene of interest containing a meganuclease recognition sequence is extremely 

low. Meganucleases can be artificially evolved through a process of randomised mutation and 

selection, to increase the diversity of target DNA sequences available46. However, this process is 

laborious and expensive.  

Therefore, a more versatile alternative: the zinc finger nucleases (ZFNs), were developed.  ZFNs are 

synthetic site directed nucleases formed by the fusion of zinc finger DNA binding domains to 

endonucleases (fig 1.2.B). Zinc finger domains are the most common DNA binding domains in 

eukaryotic cells47. Their DNA-binding specificity is imparted by finger region amino acids in each 

domain which make contact with DNA bases through the major groove of the double helix48. Each 

individual zinc finger targets a 3 bp sequence of DNA. Within a single ZFN, 3-6 zinc finger DNA binding 

domains are combined into arrays, targeting DNA stretches of 9-18 bp. The nuclease domain of ZFNs 

is typically the type II restriction enzyme FokI, which functions as a homodimer. Thus, ZFNs usually 

function as pairs, with three zinc finger DNA binding domains fused to each individual FokI domain, 

which function to bring the nucleases into proximity at the target site for cleavage. 

 This modular approach to target specificity means ZFNs are initially simpler to engineer than the 

meganucleases. However, specificity of each zinc finger is also subject to context specific variations 

from the surrounding DNA sequence and neighbouring zinc fingers. Thus, modularly designed ZFNs 

often achieve imperfect targeting and require further protein engineering and selection mechanisms 

to improve specificity49.  

Transcription activator like effector nucleases (TALENs) are a similar form of synthetic site directed 

nucleases to ZFNs, formed from fusion of the TAL effector DNA binding domains to the FokI nuclease 

domain (fig 1.2.C). TAL effector (TALE) domains were originally found in Xanthomonas bacteria and 

consist of homologous sequences 33-34 amino acids in length50. Each TALE has divergent amino acids 

at its 12th and 13th position, the repeat variable dinucleotide (RVD). Choice of this dinucleotide imparts 
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nucleotide specificity to each TALE51. Like ZFNs, 3 or more individual TALEs combine with a single FokI, 

and each TALEN acts as part of a pair, nicking opposing strands of the double helix to cleave DNA. 

Unlike ZFNs, the specificity of each TALE is much less liable to be influenced by the surrounding 

sequence context, thus they are more reliable to design and require less engineering. However, 

TALENs are highly repetitive due to the homology of individual TALEs. This makes these sequences 

difficult to clone, as they are likely to undergo recombination in the bacteria used for plasmid 

propagation52,53.  

In conclusion, protein guided targeted nucleases are incredibly valuable and have made huge 

advancements in the field, however, their use is limited as they require intensive protein engineering. 

1.4.2 CRISPR/Cas9  

The discovery of RNA-guided nucleases, i.e. the CRISPR (clustered regularly interspaced short 

palindromic repeats) system, and their adaptation for genome editing, provided an alternative to the 

purely protein guided targeted nucleases54–56.The CRISPR system removed the need for protein 

engineering to give the nucleases specific-targeting capabilities, instead relying on complementary 

base-pairing of the target sequence with a guide RNA. This massively improved the accessibility of 

genome editing, resulting in a wave of interest in the area.  

1.4.2.1 Discovery of the CRISPR system 

CRISPR elements were first discovered in 1987 as a sequence of interest in the E. Coli genome54. They 

were initially characterised as an array of short (30-40 bp) partially palindromic repeats separated by 

variant ‘spacer’ sequences and were hence named, cluster of regularly interspaced palindromic 

repeats (CRISPR). These sequences were not homologous to known sequences, but similar arrays were 

found to be common across many bacterial and archaeal genomes57. Further investigation determined 

the spacer sequences were comprised of sequences found in viral genomes and plasmid DNA, leading 

to the hypothesis that the CRISPR arrays were involved in an adaptive immune response utilising 

Watson-Crick base pairing, similar to RNAi in eukaryotes58. 
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The CRISPR system was further elucidated with the discovery of CRISPR-associated (CAS) proteins, 

which were used to classify the system into two classes, subdivided into six types(fig 1.2.H)59,60. These 

six types all utilise a guide RNA known as the CRISPR RNA (crRNA) transcribed from a single palindromic 

repeat and spacer sequence to target invading viral or plasmid material. However, they differ in the 

protein effectors which complex with the crRNA and enact the immune response. The rich diversity of 

mechanisms of action and effector proteins in the CRISPR immune system is likely due to an 

evolutionary arms race with pathogenic invading viruses61. 

Class 1, comprised of the subtypes I, III, and IV, includes immune systems with multiprotein effector 

complexes or cascades60. This complexity makes the Class 1 systems less useful for genome 

engineering. Whereas, Class 2 systems contain a single effector protein62. Class 2 systems are further 

subdivided into Type II, V, and VI, based on the nuclease domains of their effector protein. Type II 

effector proteins, i.e. Cas9, contain two single stranded DNA cutting domains: RuvC and HNH, allowing 

efficient production of DSBs in DNA63–65. Type V effector proteins also produce DSBs in DNA, albeit 

using two RuvC domains and with a single RNA component (crRNA)66. In contrast, Type VI effector 

proteins cleave single stranded RNA (ssRNA) using two HEPN domains67. 

1.4.2.2 The Type II CRISPR System 

The Type II CRISPR system is naturally comprised of: the Cas9 effector protein; the DNA-targeting 

crRNA; a trans-activating CRISPR RNA (tracrRNA) which hybridises with the crRNA and Cas9 to produce 

a targeted nuclease68; the Cas1, Cas2 and Cas4 proteins involved in integrating foreign spacer 

elements into the CRISPR locus of the bacterial genome69.  

Type II CRISPR systems, along with the majority of other CRISPR systems, require a 2-6 bp protospacer 

adjacent motif (PAM) within the DNA sequence which interacts with the Cas9 protein58,70. The PAM 

sequence both increases specificity and, most importantly, prevents self-cleavage of the CRISPR locus 

in the bacterial genome by its own immune response. However, the PAM also imposes a limitation on 

which sequences are eligible for Cas9-targeting. 
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Different Cas orthologues from different species differ in size, PAM sequence, and cleavage location 

in the spacer. For example, the 1368 residue Streptococcus Pyogenes (Sp)Cas9 has a relatively simple 

PAM, NGG, found roughly every 8-12bp55. Therefore, despite its large size SpCas9 is a popular genome 

editing tool. The smaller, 1053 residue Staphylococcus aureus (Sa)Cas9 is also commonly used in 

situations where size is limiting, despite it’s more restrictive PAM, NNGRRT71. Cas9 variants have also 

been engineered to recognise simpler PAMs to increase the range of loci accessible for editing72,73. 

The diversity of the CRISPR family provides a wealth of proteins which can be co-opted for different 

purposes in synthetic biology and genome editing. 

1.4.2 Developments of the CRISPR system for gene editing 

The first step towards producing the Cas9 system commonly used today was the development of the 

crRNA-tracrRNA fusion for SpCas9 by Doudna and Charpentier, known as the single guide RNA 

(sgRNA), which they then used to edit the bacterial genome55. Soon after this development, a codon-

optimised SpCas9 was successfully developed which was used to edit the genome of mammalian 

cells56,74. A two-component ribonucleoprotein (RNP) comprised of the SpCas9 nuclease and the 

targeting single guide RNA (sgRNA) is now the most commonly used gene editing tool used by 

researchers (fig1.2.D).  

These papers also showed how Cas9 could be multiplexed with more than one sgRNA to edit different 

loci simultaneously. The separation of the nuclease and targeting functions into components that are 

able to assemble within cells allows multiple RNPs to form, each guided by different sgRNAs74,75. 

Therefore, several sgRNAs can be used: either to investigate phenotypes caused by multiple mutations 

or to produce layered effects in synthetic circuits56,76–79. Additionally, the simplicity of sgRNA 

production means this system can be used very effectively in genome wide screens80–82.  

Beyond the Cas9 proteins utilised in these pioneering studies, researchers have also taken advantage 

of other natural and engineered effector variants. In 2015, two variants of the type V effector 

nuclease, Cpf1, also became co-opted for gene editing in human cells (fig 1.2.E)83. Cpf1, also known as 



18 
 

Cas12a,  which requires no tracrRNA, exhibits T rich 5’ PAMs and produces DSBs with staggered ends83. 

Cpf1 has a few potential advantages compared to Cas9. Firstly, the smaller size of its crRNA (~42 bp) 

compared to the longer sgRNA (~100 bp) may be preferable for delivery. Secondly, when editing AT 

rich genomes it may be preferable to use a T rich PAM than a G rich PAM. Finally, a direct comparison 

of SpCas9 with Cpf1 suggests that Cpf1 generally gives higher rates of HDR when using non-target 

strand ssODNs84. 

 One of the key issues limiting the application of CRISPR systems, is their relative non-specificity when 

compared with ZFNs and TALENs85. Off-target cleavage activity has been found to occur in sequences 

with up to 5 bp mismatches to the sgRNA in the PAM-distal region of the spacer86–89. Multiple 

techniques have been used and additional techniques developed to accurately identify probable off 

target sites71,86,90–92. One simple technique found to improve the specificity of Cas9 is truncation of the 

spacer sequence to 17-19 nt93. This reduces the energy in the sgRNA:DNA duplex, restricting the 

interaction of Cas9 with mismatched sequences. Limiting the time that the active Cas9 and sgRNA 

complex spend within the nucleus also reduces non-specific cutting. This principle has been 

demonstrated by exchanging plasmid delivered Cas9 for the more rapidly degrading protein Cas9; and 

by using exogenous small molecules or light to activate Cas9 for specific lengths of time94–96. 

Researchers also rationally designed Cas9 to reduce the strength of non-specific electrostatic contacts 

between the protein and DNA, and found that this significantly reduced the occurrence of off-target 

editing whilst maintaining on-target editing efficiency97,98. The probability of off target indels is 

massively reduced if two sgRNAs are required to introduce DSBs. Cas9 nickases, where either the RuvC 

or HNH nuclease domain is inactive, used with two sgRNAs which target opposite strands in close 

proximity have been used to prove this principle88,99. Additionally, catalytically inactive dead Cas9 

(dCas9) fused to FokI can be used in a similar manner to reduce the probability of off-target editing100. 

However, using paired guides requires that the locus of interest contains two suitably positioned PAMs 

with efficient sgRNAs. 
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The CRISPR toolset has revolutionised gene editing as a tool for biochemical analysis. However, as with 

other genome editing nucleases, use of Cas9 to produce donor-specific precise edits is inefficient, and 

more often results in NHEJ-induced indels101,102. Despite this, the increased convenience of CRISPR has 

meant technology in this area has developed rapidly with innovative solutions to this problem. In 

Section 1.6, I discuss solutions to this problem which involve shifting the balance of the cellular repair 

processes towards HDR. However, I will briefly discuss here developments from the Liu lab, which 

provide an alternative strategy to increase the efficiency of Cas9-based precise edits. Base-editors, a 

fusion of dCas9 and either cytosine or adenosine deaminase, achieve precise editing by modifying DNA 

bases without inducing DSBs(fig 1.2.F)103,104. Base editors massively reduce the probability of indels; 

however, they can still cause off-target base changes and unintended changes to bases within a 5 bp 

window of the targeted edit. Additionally, base editors are unable to make precise insertions or 

deletions. 

Furthermore, a more recent development from the Liu lab can generate both precise modifications 

and small insertions. Prime editors are composed of RNPs with a Nickase:reverse transcriptase fusion 

and an sgRNA with an appended donor template(fig 1.2.G)105. Following Cas9 nicking, the RNA donor 

anneals to the broken single stranded end, which primes extension of the DNA against the RNA 

template by the reverse transcriptase. The single strand opposite the break is then displaced by the 

newly synthesized strand and flaps are trimmed. For short inserts, prime editors have a higher editing 

efficiency and reduced off-target effects compared to Cas9. However, the efficacy of prime editing for 

larger insertions is currently unknown.  

These new gene editors are particularly advantageous as they remove the need for deleterious DSBs. 

However, the (currently) more commonly used gene editors require DSBs to edit efficiently, thus, it is 

important for researchers to understand the mechanisms underlying the appropriation of DSB repair 

for gene editing. 

1.5 Repair Pathways and Targeted Nucleases 
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Repair of targeted nuclease induced DSBs using double stranded donor DNA has been shown to occur 

through the Rad51-dependent non-deleterious HR mechanisms106,107,108. However, double stranded 

exogenous donor repair, either with linear dsDNA or plasmids, has been shown to be relatively 

inefficient109. For SNPs, small insertions and deletions, single stranded template repair (SSTR) using 

single stranded oligo donors (ssODNs), has been shown to be more efficient110–112.  

However, the repair pathway through which SSTR acts is poorly characterised. Most evidence suggests 

SSTR acts through a pathway similar to SSA, as repair with exogenous ssODNs is Rad51-independent 

and Rad52 and CtIP dependent37.  Additionally, supressing Rad51 has been shown to enhance SSTR, 

whereas overexpression decreases SSTR37,106,107. Storici et al found that only the SSA domain of Rad52 

was required for SSTR and proposed a mechanism for the resolution of DSBs from single stranded 

Figure 1.3 Homology Directed Repair with double stranded 

or single stranded donors. HDR with dsDNA proceeds 

through Rad51 dependent HR as described in Figure 1.2. 

HDR with ssODNs is thought to occur through the following 

rad51-independent model: CtIP mediates 5’-3’ resection, 

the single stranded DNA anneals to the complementary 3’ 

overhang and is synthesized on this template. The ssODN is 

then exchanged for the second 3’ overhang which is 

synthesized against the first strands. Overhanging flaps are 

then trimmed, and nicks sealed. 

HR as in Figure 1.1 
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templates37. The proposed mechanism for SSTR via the SSA pathway involves Rad52-mediated 

annealing of one resected 3’ tail and the ssODN, followed by elongation of the 3’ tail against the 

exogenous template (fig 1.3). Strand exchange then occurs, where the elongated 3’ tail dissociates 

from the ssODN and anneals to the second 3’ tail. The second 3’ tail is then synthesized against this 

template, before flap trimming and ligation37. However, in human cells, efficient SSA-mediated repair 

is thought to require over 200 bp of homology, but many researchers have achieved efficient SSTR 

with only 100 bp of homology113,114.   

This mechanism is further supported by experiments which show the asymmetric nature of editing 

efficiency115. Kan et al found that efficiency of edit incorporation from ssODNs exhibited a gaussian 

like distribution biased strongly in the 3’ direction as the distance of the edit from the break site 

increased. This supports the mechanism shown in figure 1.3 where the ssODN anneals to the 3’ ssDNA 

tail, and templates 5’-3’ synthesis. Therefore, sequence alterations on the donor-targeting 3’ end of 

the cut site are far more likely to be incorporated than those on the 5’ side. 

Richardson et al have shown that the FA pathway has some role in SSTR, as multiple components of 

the FA pathway are required for Cas9-induced SSTR but not Cas9-induced NHEJ116. They also showed 

that FANCD2 was enriched at Cas9 DSBs. The specific mechanisms underlying FA involvement are not 

clear. However, as SSTR is Rad51-independent, resolution of DSBs and incorporation of precise edits 

must proceed through a different pathway.  

Pathways involved in repair of SSBs generated by nickases have also been co-opted for precise genome 

editing, a process known as ‘Nick-HDR’. This process is lower efficiency than HDR, but advantageous 

as nicks are not a substrate for NHEJ and show generate a much lower rate of indels117. Nick-HDR 

mirrors HDR, in that when a double stranded donor is provided HDR is Rad51-dependent, and when a 

single stranded donor is provided, repair is Rad51-independent106,118–120. Nick-HDR with ssODNs is 

thought to act through different pathways depending on whether the donor is complementary to the 

nicked or intact strand106,118. If the donor is complementary to the intact strand, it displaces the 5’ and 
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3’ flaps on either side of the nick and anneals to the intact strand. The flaps are then trimmed, and 

nicks sealed, so that the donor DNA is incorporated into the genome. The genome edits can then be 

copied to the intact strand via mismatch repair. Alternatively, ssODNs complementary to the nicked 

strand initiate repair by annealing to the 3’ flap of the SSB. Extension of the 3’ flap proceeds using the 

ssODN, followed by 5’ flap trimming, nick sealing and mismatch repair. In this manner, changes to the 

3’ side of the nicked strand cannot be introduced using a donor complementary to the nicked strand. 

Researchers have also found that RNAs can be used to template DSB repair, in both yeast and human 

cells, albeit at a much lower efficiency than ssDNA templated repair121,122. Repair of DSBs can also be 

achieved with an endogenous RNA, and is thought to be a mechanism which originally operated during 

transcription: utilising nascent RNA to remedy DSBs in the transcribed DNA123. 

Specific knowledge of the proteins and processes involved in each step of DSB repair in different 

nuclear contexts, cellular backgrounds and with different donor templates, will be helpful to 

researchers trying to improve the efficiency of HDR. Currently, it is not clear exactly how SSTR 

operates.  

1.5  Methods for improving HDR efficiency 

Delivery of an exogenous donor does not guarantee incorporation of the intended edit as the DSB is 

repaired, in fact in mammalian cells, repair by NHEJ is the much more efficient pathway124. Therefore, 

many researchers have focused on attempting to improve the efficiency of HDR (Table 1.1). In order 

to do this, we must first understand what barriers are limiting efficiency. These barriers appear 

throughout the editing process: from delivery of editing machinery, to sgRNA cutting, to DSB repair.   

NHEJ repair and the eventual formation of indels, disrupt Cas9 cutting so the correct edit can no longer 

be inserted11. Therefore, the interplay between the alternative DSB repair pathways is crucial in 

achieving precise gene editing as opposed to gene knockout and many methods focus on biasing repair 

away from NHEJ. However, the extent of involvement of different repair pathways in gene editing is 

poorly understood and varies between cell lines, loci and with different synthetic donor types.  
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Principle Method Gene 
Editor 

Donor HDR 
Efficiency 
increase 

Cell line (s) Author 

Donor availability 
and effective 
concentration 

Modified ss 
oligos 

Cas9, 
TALEN 
(plasmids) 

ssODN 4-10 fold U2OS, RPE1 Renaud et al 
(2016) 

Asymmetric 
Donors 

Cas9 RNP ssODN ~60% 
absolute 

HEK293 Richardson et 
al, 2016 

sgRNA aptamer 
+ biotinylated 
ssODN 

Cas9 RNP ssODN 3-4 fold HPSCs, 
HEK293 

Carlson-
Stevermer et al 
(2017) 

Covalent linkage 
of donor and 
Cas9  

Cas9 RNP ssODN 24 fold HEK293T Savic et al 
(2018) 

Covalent linkage 
of donor to Cas9  

Cas9 RNP ssODN 30 fold HEK293T Aird et al 
(2018) 

G2-specific Cas9-Geminin Cas9 
(plasmid) 

plasmid < 2 fold HEK293T Gutschner et 
al, 2016 

Block in G2 
(Nocodazole) 

Cas9 RNP ssODN 2-5 fold HEK293T, 
fibroblasts, 
H9 ES cells 

Lin et al (2014) 

Block in G2/M 
(ABT) 

TALENs, 
ZFNs, Cas9 
(plasmids) 

plasmid 3-6 fold hPSCs Yang et al 
(2016) 

NHEJ inhibition Ligase IV 
inhibtion by 
SCR7 

Cas9 
(genome-
integrated) 

plasmid 19 fold Mammalian 
cells / 
mouse 
embryos 

Maruyama et 
al (2015) 

siRNA of NHEJ 
Components, 
SCR7, Viral 
inhibitors 

Cas9 
(plasmid) 

plasmid 

 

4-5 fold HEK293, 
NHI3T3 

Chu et al 
(2015) 

DNA-Pkc 
inhibition 

Cas9 
(plasmid) 

ssODN 2 fold HEK293 Robert et al 
(2015) 

Table 1.1 Summary of common methods to improve the efficiency of HDR. 

http://www.nature.com/nbt/journal/vaop/ncurrent/full/nbt.3190.html
http://www.nature.com/nbt/journal/vaop/ncurrent/full/nbt.3190.html
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NHEJ occurs independently of cell-cycle stage, compared to SSA and HR, which are all restricted to the 

S/G2 phases of the cell cycle125. SSA is thought to be the predominant method of DSB repair when 

using ssODN donors, although evidence for this is inconclusive126. Thus, some methods for improving 

the efficiency of HDR focus on optimising the timing of editing machinery expression using cell-cycle 

inhibitors94,127 or cell-cycle specific protein degradation domains128. However, cell-cycle inhibitors, like 

nocodazole, are associated with apoptotic cell death and their usage may be incompatible with some 

forms of gene editing129–131.  

Furthermore, the addition of extra domains onto Cas9 increases plasmid size, hindering delivery, and 

reduces flexibility in the type of Cas9 used (i.e. RNP, modified Cas9 alternatives, etc). 

While the cell cycle restricts availability of HR repair proteins, availability of synthetic donors can be 

affected by ineffective delivery, nuclease degradation, and the cytotoxicity of transfected DNA. 

Therefore, there is a fine balance to be struck between maximising donor availability and optimising 

cell viability; this equilibrium inevitably varies between different cell types. To increase donor 

availability, Renaud et al used nuclease-resistant ssODNs with phosphorothioate-modified ends and 

found that they increased gene editing efficiency by up to four times in two cell lines and three animal 

models110. Phosphorothioate-modified oligonucleotides have been shown to have toxic effects in 

human cells, however, these effects seem to be cell-type specific132. 

A 2016 paper from the Corn lab  found that use of asymmetric donors could improve efficiency of 

gene editing by up to three times by exploiting the mechanics of the Cas9-DNA interaction114. They 

found that the PAM-distal, non-target strand is released first from the Cas9-DSB complex. This 

knowledge enabled them to enhance the effective concentration of the template molecule by using 

donors which annealed more effectively to this strand of the DSB. 

The effective concentration of donor DNA in the vicinity of the DSB can be more directly increased 

through tethering of the ssODN to the guided nuclease133.  Spatial and temporal colocalization of the 

donor and DSB increases the probability of repair via HDR instead of NHEJ. For Cas9, this can be 
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achieved by tethering of the ssODN to either the sgRNA or the Cas9 protein, by using RNA aptamers, 

SNAP-tags, biotin-avidin fusions, and phosphotyrosine bonds134–137.  

The above barriers all feed into the same basic dichotomy: the choice between HR and NHEJ. In 

mammalian cells, the balance favours NHEJ, while in yeast HR is preferred124,138. In practical terms, the 

choice relies on whether the NHEJ or HR machinery has preferential access to the DSB to initiate their 

pathway. Thus, repair pathway choice can be swayed directly towards HDR by inhibiting NHEJ. This 

has been done by inhibiting or knocking down NHEJ-specific proteins, such as Ku70/Ku80, DNA-PKcs, 

or DNA Ligase IV101,102,139,140.  The ligation stage of NHEJ can be inhibited by SCR7, a DNA ligase IV 

inhibitor. This abrogation of the NHEJ repair process has been shown to improve the efficiency of gene 

editing at multiple loci in multiple cell types. In contrast, the small molecule RS-1 can be used to 

enhance the probability of HR by improving the propensity of RAD51 to bind to DNA141. Other small 

molecules, L755507, a β3 adrenergic receptor agonist, and Brefeldin-A, an inhibitor of protein 

transport from the endoplasmic reticulum to the Golgi apparatus, also enhance HDR142. L755507 and 

Brefeldin-A were identified as part of a large screen and their mechanism of action remains unclear. 

Another way to sway the balance towards HR may be to use targeted nucleases to generate DSB 

substrates which are more suited to repair by HR than repair by NHEJ. This can be achieved using 

paired nickases to generate staggered double strand breaks with single stranded overhangs99,143–146. 

Paired nickases have mostly been found to be useful because of their dramatic reduction of off-target 

mutations, compared to individual Cas9 approaches. However, although double nicking has been 

found to produce reasonable levels of HDR, in general it has not been found to be more efficient than 

wild type Cas9147. This could be due to the reduced on-target DSB-production efficiency of paired 

nickases compared to wild type Cas9, as paired nickases compound the inefficiencies of both sgRNAs. 

Surprisingly, it was found that gene editing producing 3’ single stranded overhangs, reminiscent of the 

resected intermediate generated during HR, resulted in less effective HDR than paired nickases which 

generated 5’ overhangs143. However, they did find that the ratio of HDR:NHEJ was much higher for 
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nickases generating 3’ single stranded overhangs than 5’ single stranded overhangs. Thus, the 

discrepancy here could be due to an overall reduction in cutting efficiency. Therefore, it seems that 

the paired nickase approach may be useful to minimise off-targets and indels, but not to explicitly 

improve the efficiency of HDR. Additionally, there is evidence that location of target DNA within 

different nuclear domains affects its accessibility to different repair pathway machinery148,149.  

One of the greatest factors for determining efficiency of gene editing, is efficiency of sgRNA cutting. 

sgRNA cutting efficiency can vary greatly for sgRNAs even when in close proximity, possibly due to 

inherent sgRNA-target interactions, guide structure, or due to nucleosome inhibition of Cas9 

cutting150. Therefore, it is important to use both in silico-based sgRNA prediction software, and to test 

multiple sgRNAs for a single locus.  

1.6 Selecting for Correctly Edited Cells 

In mammalian cells, it is probable that the efficiency of HDR will always be limited due to cell-cycle 

restrictions and prevalence of NHEJ. In most cases, edited cells are phenotypically indistinguishable 

from unedited or incorrectly edited cells. However, it is possible to substantially increase the 

proportion of correctly edited cells in a population by using various enrichment techniques. Enriching 

for correctly edited cells improves efficiency and reduces labour when using gene editing to produce 

a new cell line and increases the efficacy of treatment when editing cells for therapeutic purposes. 

The most common enrichment methods are briefly summarised in Table 1.2. 

The first, most basic method to enrich correctly edited cells, is to use transfection positive markers, 

for example a secondary plasmid expressing fluorescent proteins or antibiotic resistance genes. This 

method is particularly relevant when attempting to edit primary cells or other cells with limited 

transfectability. FACS and antibiotic selection can then be used respectively, to enrich for transfected 

cells more likely to contain the editing machinery99,151.  

A more sophisticated version of this technique is to use a self-cleaving peptide between the targeted 

nuclease and selective marker to enable expression positive enrichment152. A prime example of this 
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are the px458 and px459 plasmids developed by the Zhang lab to enable synchronised expression of 

Cas9 and either GFP or puromycin resistance alongside Cas9 expression153. Additionally, Cas9 RNPs 

have been fluorescently labelled, by tagging with either a fluorescent dye or fusion to a fluorescent 

protein154,155. This allows FACS for nuclease positive cells when using RNPs instead of plasmids.  

However, presence of the nuclease within the cell does not guarantee presence of the donor template. 

Double stranded donors can be delivered as a plasmid expressing a selectable marker, but many 

researchers now prefer to use ssODNs. Lee et al developed modified single stranded donors tagged 

with fluorescent dye which allowed donor positive cells to be sorted by FACS, increasing the 

proportion of correctly edited cells by ~80-100%156. 

Nevertheless, although cells receive and/or express editing components, it does not ensure that active 

targeted nuclease complexes are formed. Researchers have developed extrachromosomal surrogate 

reporters to sort cells based on nuclease activity157. These surrogate reporters typically encode a 

fluorescent reporter sequence and a nuclease target site identical to the editing target site. They come 

in two main forms: NHEJ-based and SSA-based. NHEJ based reporters normally encode a transfection 

positive control, a nuclease target site, and a frameshift fluorescent protein158. In nuclease-active cells, 

indels at the nuclease target site will shift the frameshifted protein into the correct reading frame in 

one third of cases, resulting in expression. However, sensitivity here is relatively low as only one third 

of reporters edited will have the correct frameshift. Ramakrishna et al, improved the sensitivity of 

NHEJ-based reporters by using a dual frameshift cassette, with two GFP sequences in different 

frames159.  

The second surrogate reporter type is SSA-based and consists of a non-functional reporter interrupted 

by two long direct repeats and a nuclease target sequence160,161. Nuclease-induced DSB repair by SSA 

results in deletion of one of the direct repeats and reformation of the functional reporter. Results are 

contested on whether SSA or NHEJ-based reporters are more sensitive in enriching for nuclease active 

cells, but this may be because different cell lines and constructs were used in each study162,163. 
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However, editing of plasmids and reporters, does not accurately simulate editing in the genome, as it 

disregards the impact of chromatin. It is not certain that editing of a reporter within a cell, will mean 

that the cells genome is also edited. Some genes are exceptional, in that they are of interest to the 

genome editing field and editing them provides a detectable phenotype. One prime example is the 

editing of CCR5 and CXCR4, both of which are surface markers, whose knockout provides resistance 

to HIV164. NHEJ-based knockdown of CCR5 and/or CXCR4 can be selected for by fluorophore or 

magnetic bead-tagged antibody detection and cell sorting165,166. 

Table 1.2 A summary of common editing enrichment methods. Where no enrichment value is given, the scope 

of the experiments was not set up to directly measure this. 

Principle Method 
Enriching 
for: 

Enrichment Cell Line(s) Author 

Expression 
positive cells 

Self-cleaving peptide All editing N/A 
HEK293FT, 
HUES9 

Ran et al, 
2013 

Fluorophore-labelled 
sgRNA 

All editing < 2 fold 
Jurkat, 
hiPSCs, 
CD34+ 

Nasri et al, 
2019 

Fluorescent protein 
Cas9 fusion 

All editing N/A 
Zebrafish 
embryos 

Burger et al, 
2016 

Donor positive 
cells 

Fluorescently-labelled 
ssODN 

HDR < 2 fold 
HEK293, 
K562, Mouse 
Myoblasts 

Lee et al, 
2017 

Nuclease 
active cells 

NHEJ-based surrogate 
reporter 

NHEJ 3-4 fold HEK293T 
Ramakrishna 
et al, 2014 

SSA-based surrogate 
reporter 

All editing N/A 
HEK293T, 
MCF-7 

Zhou et al, 
2016 

Endogenous 
Reporters 

Targeting cell-surface 
antigens 

NHEJ N/A 
HEK293T, 
TZM-bl 

Liu et al, 
2017 

Co-targeting of loci NHEJ N/A 
Schwann cell 
line, CD34+ 

Moriarity et 
al, 2014 

Coincident insertion HDR 8-10 fold K562 
Agudelo et 
al, 2017 

Integration of 
Selection 
Cassettes 

Puromycin selection 
and PiggyBac-
mediated excision 

HDR 
 
N/A 

iPSCs 
Xie et al, 
2014 

Puromycin selection 
and PiggyBac-
mediated excision 

HDR N/A hPSCs 
Yusa et al, 
2013 

GFP insertion and 
FACS and Cre-
mediated excision 

HDR N/A HEK293 
Kühn et al, 
2015 
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 Not all gene editing targets present convenient phenotype changes. However, editing of one locus 

greatly enhances the probability of editing at a second independent locus167. Thus, co-targeting of a 

locus of interest and a second endogenous marker locus, followed by sorting on the edited marker 

phenotype results in enrichment of cells with an edited locus of interest167,168.  

HDR-based editing can be enriched for in a similar manner169. Coincident insertion of two HDR-driven 

edits was found to be common in mouse ES cells170. The difficulty here is that most endogenous marker 

genes are selective when they are knocked out171,172. Therefore, distinguishing HDR competent cells 

from NHEJ governed cells is complicated. This problem was elegantly solved by Agudelo et al by 

targeted cutting within an intron of the ATPA1 gene, thus, indels were likely silent and HDR-driven 

edits made precise changes in the exon to produce a non-functional protein169. Selecting cells for 

ouabain resistance, imparted by ATPA1 knockout, gave a 10-fold enrichment of cells with a correctly 

edited second independent locus.  

Despite this innovative approach, the above techniques are still best suited to enriching for knockout 

cells. Enrichment of large knock-ins with plasmid or linear dsDNA donors is typically achieved by 

inserting selectable marker genes as cassettes alongside the edit of interest. This method sensitively 

and precisely enriches for correctly edited cells173,174. However, the presence of selectable marker 

genes may affect cells in unpredictable ways and make them unsuitable for therapeutic applications.  

Therefore, selection cassettes can be excised using methods like the Cre/LoxP system, the Piggybac 

transposase and even a second round of targeted nuclease editing175–177. Excision of the selection 

cassette can be selected for by negative selection, for example the loss of the conditional lethal 

marker, thymidine kinase. Excision of Cre/LoxP sites leaves a scar, whereas both the Piggybac and 

Nuclease editing can be scarless. Thus, these techniques are suitable for dsDNA donor editing in cells 

robust enough to withstand two selection steps. However, cassettes of these size cannot be 

introduced with ssODNs, and these techniques still involve integration of large cassettes into the 

genome, which may have unforeseen effects on cell behaviour. 
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1.7 Therapeutic Potential of Genome Engineering 

Gene editing is a powerful tool both in the lab and in the clinic, but what specifically is its potential 

and what has already been achieved with these tools for human therapeutics? Gene editing-based 

treatments have been in multiple clinical trials since 2015 and may, in the future, have a great impact 

on reducing the burden of human diseases. 

When considering gene editing it is important to make the distinction between somatic and germline 

editing. Somatic editing involves editing adult cells, and any genetic alterations cannot be passed on 

to offspring. Germline editing, on the other hand, typically involves editing embryos, making changes 

which affect sex cells and are therefore hereditary. Germline editing is, therefore, a much greater 

ethical issue due to the permanent changes it makes in the gene pool. In addition, many diseases 

which could be cured through germline editing can be more effectively solved by pre-implantation 

embryo screening. Recently, Ma et al attempted to mutate the CCR5 gene in the germline, in an effort 

to produce HIV-resistant humans178. This was achieved by direct injection of RNPs and sperm into 

human oocytes and culminated in the birth of twin girls, one with mosaicism, who is still vulnerable 

to HIV infection, and the other who is CCR5null homozygous. 

Somatic editing has the potential to cure or reduce the symptoms of patients suffering from a number 

of diseases, without making permanent changes to the gene pool. Currently, researchers are focused 

on mendelian diseases as these are the best characterised and simplest to engineer. Research is also 

focused on serious diseases for which there is little alternative treatment, as the potential harm of off-

target mutations caused by targeted nucleases is still unknown. One of the advantages of gene editing 

over current donor-based methods is the much-reduced probability of autoimmune rejection, as the 

patient’s own cells can be used. 

On the frontline of potential targets are blood disorders, as hematopoietic stem cells are relatively 

easy to isolate from the bone marrow, and, thus, editing can be accomplished ex vivo. In 2014, the 

first clinical trial of ZFN-edited CD4+ T-Cells was undergone in persons infected with HIV179. In 2019, 
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phase 1 and 2 clinical trials began for a CRISPR-based treatment against β-thalassemia and sickle cell 

disease (SCD), which used Cas9 to upregulate the expression of foetal haemoglobin180. 

 However, there is also potential to edit cells in vivo. Currently in vivo targets consist mainly of the liver 

and retina, as these are relatively easily targeted by viral vectors181,182. A phase I clinical trial in a 

patient with Hunter’s disease, a metabolic liver disease, was completed in 2018181, and preliminary 

results are reassuring. Phase I and II clinical trials are also underway for a CRISPR-based treatment for 

Lens Congenital Amaurosis, a degenerative retinal disease which leads to blindness183. Development 

of precise tissue-targeting viral vectors will advance the scope of in vivo editing. 

One of the most exciting prospects of gene editing is the use of chimeric antigen receptor (CAR) T cells 

to fight cancers. Two clinical trials began in 2018 to test the efficacy of CAR T cells on both mesothelin 

positive solid tumours and multiple myelomas184,185. 

Ultimately, the future of gene editing is exciting for both its applications to human disease and for 

science in general. The therapeutic potential can be increased by improving the efficiency of gene 

editing and further developing methods to select for currently edited cells. 
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Chapter 2: Materials and Methods 

Oligonucleotide sequences and maps of plasmids are provided in the appendix of this thesis. 

Oligonucleotides were purchased from Integrated DNA technologies (lyophilised with standard 

desalting) and resuspended in Nuclease-Free Water (Ambion©) to 100uM. Antibodies were 

purchased from Biolegend and enzymes were purchased form New England Biolabs unless otherwise 

stated. 

2.1 Cloning 

Enzymes used for cloning were purchased from New England Biolabs, except for BpiI (Thermo Fisher) 

and were used according to manufacturer’s instructions. 

sgRNA plasmids were produced using the pSpcas9(BB)-2A-GFP (px458) plasmid (addgene: 48138) from 

Dr Feng Zhang’s lab, following the Zhang lab protocol186.  

Plasmids for CCR5 expression in S2 cells (pAC-360-Syn21-CCR5-P10, pAC-360-Syn21-CCR5-D32-P10) 

and HEK293T Cells (pll3.7_bi_dir_CCR5_dECFP, pll3.7_bi_dir_CCR5-D32_dECFP, pll3.7_bi_dir_CCR5-

insert_dECFP) were kindly provided by Markus Toegel. The CTS1-dEYFP reporter was also cloned by 

Markus Toegel. 

Most circuit component plasmids (CTS1-EYFP reporter + tracrRNA, MCP-P65-HSF1, dCas9-VP64, U6-

placeholder-crRNA, hutRNAgln-CTS1-crRNA) were kindly provided by David Knapp. Other circuit 

component plasmids were obtained from addgene: piRFP670 (addgene: 45457), and px330 (addgene: 

42230). Additional spacer length variant plasmids were cloned into the p385 backbone digested using 

NheI and EcoRI, using annealed oligo pairs with appropriate single stranded overhangs. Antarctic 

phosphatase was used to dephosphorylate the digested vector before it was gel purified using the 

QIAquick Gel Extraction Kit (Qiagen). Oligo pair sequences are listed in the appendices and they were 

annealed and phosphorylated using T4 PNK. Inserts and vector were ligated for 30 min at room 

temperature using T4 DNA ligase, before transformation into Subcloning Efficiency DH5α Competent 
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Cells (Thermo Fisher) via heat shock. Plasmid DNA was purified using the QiaPrep Spin Miniprep Kit 

(Qiagen) according to manufacturer’s instructions. Cloned plasmids were verified by Sanger 

sequencing (Eurofins Genomics). 

2.2 Cell culture  

Human cells were incubated in standard sterile cell culture conditions at 37°C in 95% air/100% 

humidity. Cell lines were mycoplasma tested post-thaw, prior to experimental procedures, and every 

3 months. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (thermo 

fisher) with 10% FBS (Thermo Fisher). HUDEP-2 cells were kindly provided by the Higgs Lab and were 

cultured according to the expansion protocol from the Orkin and Bauer labs187. CD34+ mobilised 

peripheral blood cells were kindly provided by the Milne Lab, under HTA regulations, and cultured in 

expansion phase according to the protocol from the Porteus lab, in 300 ng/ml SCF (Peprotech), 100 

ng/ml TPO (Peprotech), 300 ng/ml Flt3 ligand (Peprotech) and 60 ng/ml IL3 (Peprotech) albeit with 

serum-free StemSpan (Stem Cell Tech) in place of GMP SCGM188,189. OCI-AML5 cells (both wild-type 

and GFP) were gifted from Connie Eaves through David Knapp and were expanded in RPMI 1640 

(Thermo Fisher) supplemented with 10% FBS. CD4+ T cell clonal lines were produced and expanded, 

with HTA approval, by Giogio Napolitani, Jili Chen and Hilary Shepherd and irradiated LG2 feeder cells 

were provided by Jili Chen. T cells were cultured and expanded according to the cited protocol, 

although 10 IU/ml IL-7 (Peprotech) was added alongside IL-2 (Peprotech) when cells were fed190. S2 

cells were received from Markus Toegel and were incubated in 100% air at 26°C, in Schneider’s 

Drosophila Medium (Thermo Fisher) containing 10% heat-inactivated FBS. 

2.3 CRISPR-Cas9 gene editing of HUDEP-2 and CD34+ Cells 

2.3.1 MCS-R2 sgRNA and ssODN Design 

sgRNA were designed using CRISPRko from the Broad Institute 

(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design)191. Donors were designed 

to be centred on the Cas9 cut site and homology arm lengths were measured from this point outwards. 
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The insert barcode sequence was designed to have minimal similarity to the surrounding area to 

minimise qPCR aberrations and to incorporate a BamHI site to evaluate HDR efficiency by restriction 

digest. 

2.3.2 HUDEP-2 CRISPR-Cas9 genome editing 

HUDEP-2 cells were electroporated using the Nucleofector 2b Device (Lonza) with the Human CD34+ 

Cell Nucleofector Kit (Lonza) using the U-08 program. Cells were electroporated with 2.5 μg px458-

sgRNA and 200 pmol ssODN. 

2.3.3 SCR7 and RS-1  

SCR7 pyrazine (HPLC) and RS-1 (HPLC) were purchased from Sigma-Aldrich, resuspended in DMSO 

(Thermo Fisher) and stored at -20°C. In relevant experiments SCR7 and RS-1 were added to the post-

nucleofection media at the specified concentrations. 

2.3.4 Sony Cell Sorting of HUDEP-2 Cells 

72 hours post nucleofection, HUDEP-2 cells were sorted on GFP expression using the SH800Z Cell 

Sorter and 100 μm sorting chip (Sony). Cells were gated using SSC-A/FSC-A, single cells were gated 

using FSC-H/FSC-A, viable cells were gated using DAPI/FSC-A and transfected GFP expressing cells were 

sorted using GFP/FSC-A (fig 2.1). Untransfected cells were used to set the sorting gates. Cells were 

sorted into FACS Buffer in 1.5mL NoStick tubes (SSIbio) ready for pelleting and gDNA extraction. 

 

 

Figure 2.1 Gating Strategy for Sony SH800 cell sorting of GFP positive HUDEP2 cells. 
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2.3.5 CD34+ Cell CRISPR-Cas9 genome editing 

48 hours post-thaw, CD34+ cells were electroporated using the Nucleofector 4D System (Lonza) with 

the P3 Primary Cell 4D-NucleofectorTM X Kit S (Lonza) using program CA-137. sgRNAs were purchased 

from Synthego and resuspended in nuclease-free TE to a concentration of 5 μg/μL. CD34+ cells were 

edited using 5 μg Engen Spy Cas9 NLS (New England Biolabs), 2.5 μg sgRNA and 60 pmol ssODN 

according to the protocol from the Porteus lab189. gDNA was harvested 48 hours after electroporation.  

2.4 Genomic DNA extraction 

Cells were harvested, pelleted and resuspended in 100 μL Lysis Buffer. Cells were incubated overnight 

in lysis mix at room temperature. gDNA was precipitated by addition of 10 μL 8 M LiCl with 100 μL 

isopropanol and incubation for 1 hour at -20°C. Sample were then centrifuged at 20000g for 30min to 

remove the supernatant and then washed with 70% ethanol. gDNA was resuspended in nuclease free 

water (Ambion) and quantified using the Qubit high sensitivity dsDNA kit (Thermo Fisher). 

Concentration of gDNA was adjusted to 20-30 ng/μL. 

2.5 sgRNA Efficiency evaluation using T7 Endonuclease 1 and TIDE software 

2.5.1 T7E1 Assay  

The R2 locus was amplified from the gDNA using the Phusion High Fidelilty Master Mix with GC Buffer 

(Thermo Fisher) and the primers (R2 fwd 2 and R2 rev 2) specified in the appendix. 20-30 ng of gDNA 

and 250 nmol of each primer were included in each reaction mix. The following cycling conditions 

were used: initial denaturation (98°C for 30sec), 30 amplification cycles (98°C for 10sec, 70°C for 20sec, 

72°C for 30sec), and final extension (72°C for 5min). Size and purity of the locus was evaluated by 

agarose gel electrophoresis on a 1% agarose gel with GelRed Nucleic Acid Gel Stain (Biotium) using 

Bio-Rad Gel Doc XR+ system. The PCR product was then purified using the MinElute PCR purification 

kit (Qiagen). 
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The PCR product was then melted by heating to 95°C for 5 minutes and reannealed by cooling to 25°C 

at a rate of 4°C/min. 60 ng of DNA was then incubated with T7 endonuclease 1 at 37° in NEB Buffer 2 

to cleave heteroduplexes. DNA was then run on a 1% agarose gel with GelRed Nucleic Acid Gel Stain 

(Biotium) to evaluate band size and brightness. Gels were imaged using Bio-Rad Gel Doc XR+ system, 

ensuring no image saturation, and band brightness was quantified on ImageJ. 

2.5.2 TIDE Assay 

The PCR product was sequenced by Eurofins Genomics overnight sequencing service. Samples were 

submitted according to the Eurofins sample submission guide. The .ab1 files received were then 

evaluated using the TIDE software(TIDE: Easy quantitative assessment of genome editing experiments 

by sequence trace decomposition, https://www.tide.deskgen.com)192,193. The sequenced PCR product 

from untransfected cells was used as a baseline to measure the sgRNA-transfected cells against. 

2.6 Quantification of Editing efficiency 

2.6.1 Editing Evaluation by BamHI Restriction Digest 

60 ng of the R2 PCR product was digested by BamHI in NEB CutSmart Buffer according to 

manufacturer’s instructions. The product was then run on a 1% agarose gel with GelRed Nucleic Acid 

Gel Stain (Biotium) and imaged with the Bio-Rad Gel Doc XR+ system ensuring no image saturation by 

optimising exposure time. Band brightness was then quantified using ImageJ analysis software. 

2.6.2 Editing Evaluation by HDR Barcode RT-qPCR 

qPCR was performed on a CFX384 real-time thermocycler (BioRad) with SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad). qPCR Control region primers and the forward test region primer were 

designed using Primer3 (http://primer3.ut.ee/). The Control Region was selected as it was 6kb from 

the MCS-R2 editing site, but also in an intron of NPRL3. Thus, it was hoped the genomic context was 

similar but that it would not be affected by sgRNA-cutting at the editing site. 

http://primer3.ut.ee/
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qPCR primer efficiency was evaluated using an 8 point serial dilution series with a dilution factor of 3. 

Ct values were plotted against Log Copy Number on GraphPad Prism and the software was used to 

calculate the slope of the linear regression curve. The primer efficiency (E) was calculated using the 

following calculation: 

E = -1 + 10(-1/slope) 

Three technical replicates were performed for each biological sample. Editing efficiency was calculated 

using the following equation: 2^-(Ct test – Ct control). 

2.6.3 Editing Evaluation by Next Generation Sequencing 

To create amplicon libraries compatible with the illumina sequencing machines, the R2 region was 

first amplified from gDNA using primers with additional adaptor sequences (R2 fwd 2 seq and R2 rev 

2 seq). The initial PCR product was gel-purified using QIAquick Gel Extraction Kit (Qiagen) and diluted 

50x before being amplified by a second PCR to append TruSeq index sequences and adaptors to each 

amplicon. A dual barcoding strategy was used to identify each biological sample using a unique 

combination of forward and reverse index primers (for details see appendices). These PCRs used 

Phusion High-Fidelity PCR Master Mix with GC Buffer and the following cycling conditions: initial 

denaturation (98 °C for 30 s), 13 amplification cycles (98°C for 10 s, 62°C for 10 s, 72°C for 10 s) and 

final extension (72°C for 5 min). Agencourt AMPure XP beads (0.75X, Beckman Coulter) at a ratio of 

0.75 beads:DNA were used to purify the amplicon libraries which were then quantified using the Qubit 

dsDNA HS Assay Kit (Thermo Fisher). The samples were sequences using a 150bp PE v2 sequencing kit 

on the MiSeq (Illumina). 

Next generation sequencing data were analysed using R (version 3.4.2). Fastq files were filtered for q 

scores of greater than 20 and reads were mapped to the human genome using the Burrows Wheeler 

alignment tool (bwa mem) and unmapped reads were filtered out. Adapter sequences were trimmed 

using trimLRPatterns, Biostrings package (version 2.44.2). Correctly edited reads were quantified by 

searching the filtered reads using the matchpattern function with max.mismatch of 2 for the Barcode 
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insert, Biostrings package (version 2.44.2). The editing efficiency was determined by dividing these 

correctly edited reads by the total number of locus reads.  

2.7 Significance tests 

Significance of efficiency of variant editing conditions compared to standard conditions were 

evaluated using the Dunnett test in GraphPad Prism.  

For the ON:OFF ratio of molecular beacons, significance was calculated using t-tests with the Holms-

sidak method with α = 0.05. The null hypothesis assumed the target would have no effect on beacon 

fluorescence and thus the ON:OFF ratio would have a value of 1.  

2.8 Molecular Beacon Handling and Design 

2.8.1 Beacon Synthesis 

GFP_7-21-0 was taken from the following paper194, and manufactured by IDT with standard and 

phosphorothioate modified DNA bases (Na+ salt exchange, HPLC purification)194. Henceforth beacons 

were synthesized by Afaf El-Sagheer in Tom Brown’s group, University of Oxford, or by ADTBio. 

2.8.2 Beacon Handling and Storage 

Beacons were resuspended in Nuclease-Free Water and aliquoted into 10 μL aliquots for short term 

storage at -20°C or 100 μL aliquots for long term storage at -80°C. Beacons were kept in foil covered 

boxes and exposure to light was minimised. 

2.8.3 GFP Beacon Design 

GFP Beacons (5-19-0, 4-19-0, 5-11-8) were designed manually using RNAfold to search for low-

structure areas in the GFP mRNA. 5’ stem sequences were added as appropriate. Internal DABCYL 

quenchers must be attached to a Thymine base, thus, it was ensured that for the wyvern beacon, 5-

11-8, there was an appropriately placed T. 

2.7.4 Wyvern Beacon Design 
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 CCR5 Wyvern Molecular Beacons were designed using an R script created by David Knapp. The major 

constraint on beacon sequences was a T for the internal DABCYL quencher. The R script scanned the 

inverse CCR5 sequence for Ts identified those with a surrounding sequence which would fold 

appropriately with the of an exogenous 5’ stem. Varying Beacon structures outlined in Table 2.1 were 

inputted into the script. The script scanned either the entire CCR5 (for CCR5 control region) or the 

region directly bridging the CCR5 D32, searching for complementary sequences with a high probability 

of folding into the given structure. Beacons were then selected from the output sequences. The 

control region was selected from the available beacon regions using RNAup program (Vienna RNA 

webservice) to quantify beacon folding with CCR5 mRNA and selecting the best candidates. The CCR5 

WT sequence had a more restricted potential sequence space (the 32 base CCR5 deletion), so was 

designed by eye in a similar way to the GFP beacons. 

 

2.8.4 In Silico Analysis of Beacon Properties 

RNA properties, were examined In Silico using the ViennaRNA Web Services 

(http://rna.tbi.univie.ac.at/): RNAcofold to evaluate the free energy of beacon target interaction, 

beacon ensemble diversity and frequency of structure, and RNAup to evaluate accessibility of the 

target mRNA. 

DNA properties (for GFP_7-21-0) were examined using DNA folding form in mfold 

(http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form).  

Structural Notation Stem (nt) Loop (nt) Tail (nt) 

(((((..........)))))......... 5 10 10 

(((((...............)))))............... 5 15 15 

(((((....................))))).................... 5 20 20 

((((..........))))........... 4 10 11 

(((((............)))))............... 5 12 15 

Table 2.1 Input structures for the Molecular Beacon design script. 

http://rna.tbi.univie.ac.at/
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Prior to use in experiments (both in vitro and in vivo), beacons were refolded using an annealing 

protocol. Beacons were diluted to 5 μM in 1x annealing buffer (1x PBS, 10mM MgCl2) and refolded by 

heating to 85°C for 5 minutes and then by cooling to 25°C at a rate of 4°C/min. Beacons were then 

kept on ice in the dark until use. 

2.8.5 Unique Landing Pad Design 

The unique landing pad sequence was designed using an R Script created by David Knapp. Using the 

RNAfold package RNAInverse the script searched for the ‘ideal’ beacon structure: 

(((((...............)))))............... or 5-15-15. The script was constrained with the parameters that it must 

start with an A and have an U in the correct position for the internal DABCYL quencher. The script 

outputted 10 billion sequences which were then filtered to remove sequences with a GC content 

outside the ideal 50-60% and to remove sequences which were present in the human transcriptome 

(Hsapiens.UCSC.hg19.knownGene) with up to 12 mismatches. The remaining sequences were then 

refolded with the additional stop sequences, in all three reading frames, and XhoI restriction sequence 

(CTCGAG) in varying arrangements. Sequences where less than 35 bases were unstructured were 

removed. The remaining filtered sequences were inspected and the sequence with the highest 

probability of correct folding was selected. 

2.9 In Vitro Molecular Beacon analysis 

Beacons were diluted to 0.5 μM in 1x annealing buffer and then DNA or RNA targets were added at a 

concentration of 2.5 μM to a final volume of 25 μL. 20 μL of the beacon:target mix was added to a 384 

well black, µClear, medium-binding microplate (Greiner Bio-One) and incubated in the dark for 10 min. 

Fluorescence intensity was analysed on a ClarioStar Microplate Reader (BGS). The machine was 

calibrated to 90% of maximum using 0.2 μM Rhodamine Dye (for TAMRA measurements) and 0.5 μM 

AF647 Goat anti-mouse IgG antibody (biolegend) (for AF647 measurements). For experiments with 

cellular RNA, cellular RNA was added to a final concentration of 6.5 μg/μL. 
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ON:OFF ratios were calculated by dividing the beacon fluorescence intensity with the target by the 

beacon fluorescence intensity without the target. Short DNA targets were ordered from IDT.  

2.9.1 Long RNA Target production using In Vitro Transcription 

Long RNA was produced from a template dsDNA PCR product manufactured using Phusion High 

Fidelilty Master Mix with GC buffer. The T7 promoter was appended and sequences were amplified 

from plasmids using the following primers, for GFP and CCR5 variants respectively: T7-EGFP fwd and 

EGFP-PA rev, T7 CCR5 pAC360 fwd and CCR5 PA rev. The mMessage mMachine T7 transcription kit 

(Thermo Fisher) was then used to produce full length mRNA, as per the manufacturer’s instructions 

using an overnight incubation step at 37°C. DNA template was digested by addition of 1 μL of Turbo 

DNase per reaction and incubation for 15 min. RNA was precipitated by addition of 30 μL of Nuclease 

Free Water and 30 μL of 7.5 M LiCl per reaction, vortexing and incubating at -20°C for 30 min. The RNA 

was then pelleted by centrifuging at 20000g for 30 min at -4°C. The supernatant was removed and the 

pellet was washed twice with 70% ethanol, then dried and resuspended in nuclease free TE buffer. 

Long RNA was quantified using the Nanodrop 2000 Spectrophotometer (Thermo Fisher). 

2.9.2 Short RNA Target production using In Vitro Transcription 

Short RNA was produced with the MEGAscript T7 transcription kit (Thermo Fisher) from annealed 

template DNA oligos – T7 promoter F and respective T7 reverse oligos (sequences in appendix). 2 μM 

stock solution of annealed template oligos were produced by addition of 1 μL of each 100 μM oligo to 

48 μL nuclease free water. The stock solution was then melted by heating to 95°C for 5 minutes and 

then annealed by cooling to 25°C at a rate of 4°C/min. 1 μL of this stock solution was then added to 

the MEGAscript reaction mix following the manufacturer’s instructions. The IVT reaction was 

incubated at 37°C overnight. DNA template was digested by addition of 1 μL of turbo DNase per 

reaction and incubation for 15 min. The RNA was then extracted using phenol-chloroform 

precipitation. 1 μL of glycogen (to aid in pelleting of short RNA), 111 μL of nuclease free water and 15 

μL of ammonium acetate stop solution were added to each IVT reaction and vortexed. 150 μL of Acid 
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Phenol Chloroform 5:1 (Ambion) was then added and vortexed. The phases were separated by 

centrifuging at 1000g for 5 min at 4°C. The supernatant phase was then removed and vortexed with 

150 μL isopropanol to precipitate RNA, before incubation at -20°C for 1 hour. The RNA was pelleted 

by centrifuging at 20000g for 30 min at 4°C. The supernatant was removed, and the pellet washed 

twice with 70% ethanol and dried, before resuspension in nuclease free TE buffer. Short RNA was 

quantified using the Qubit™ RNA HS Assay Kit (Thermo Fisher). 

2.9.3 Long ssDNA Target production using Lambda Exonuclease 

The long ssDNA production protocol was kindly provided by Yavor Bozhilov. dsDNA templates were 

produced by amplifying DNA with 5’Phosphorylated forward and 5’Phosphorothioated reverse 

primers using Phusion High Fidelilty Master Mix with GC Buffer. PCR reactions were scaled up 50x 20 

μL to produce ~50 μg dsDNA template, which were purified using the Qiagen PCR Purification kit. The 

5’phosphorylated strand was then digested using lambda exonuclease (NEB) in lambda nuclease 

buffer according to manufacturer’s instructions at 37°C for 1 hour. The single stranded DNA was then 

purified using the Qiagen Gel extraction kit and minElute columns (using QG buffer instead of the PCR 

purification PB buffer). 1% Agarose gel electrophoresis with GelRed Nucleic Acid Gel Stain (Biotium) 

was then used to visualise the ssDNA to check the size and purity. To denature ssDNA, samples were 

diluted in RNA loading dye (2x) (NEB) and heated to 95°C for 2 min prior to loading on gel. 

2.10 CCR5 and Landing Pad Plasmid Transfection 

2.10.1 S2 cell TransIT-2020 transfection 

S2 cell transfection was shared between myself and Markus Toegel. 24 hours before transfection 

1x106 S2 cells were seeded in 2ml Drosophila Schneider’s medium with 10% heat-inactivated FBS in a 

6 well plate. Cells were all transfected with 1 μg pmCerulean and then 1 μg of either pAC-360-Syn21-

CCR5-D32-P10 or pAC-360-Syn21-CCR5-P10. Plasmids were mixed with H2O to a final volume of 47 μL 

in sterile conditions. 3 μL room temperature TransIT-2020 (MirusBio) was then added and mixed by 
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flicking gently. The DNA:Transit2020 mix was incubated at room temperature for 40 minutes before 

transferring dropwise onto cells incubating in 1 ml  Drosophila Schneider’s medium with 2% heat-

inactivated FBS. 4 hours post-transfection media was topped up with 1ml of Drosophila Schneider’s 

medium with 10% heat-inactivated FBS. Beacons were electroporated into cells 48 hours post-

transfection. 

2.10.2 HEK293T PEI transfection 

24 hours before transfection 5x104 HEK293T cells were seeded in 1 ml DMEM + 10% FBS in a 12 well 

plate. Cells were transfected with 0.25 μg of either pll3.7_bi_dir_CCR5_dECFP, pll3.7_bi_dir_CCR5-

D32_dECFP, or pll3.7_bi_dir_CCR5-insert_dECFP. The plasmids were mixed in sterile conditions with 

Gibco Opti-MEM (Thermo Fisher) to a final volume of 48.5 μL and then vortexed with 1.5 μL 1 μg/μL 

polyethylenimine (PEI). The plasmid:PEI mix was incubated at room temperature for 20-30 min before 

being transferred dropwise onto cells incubated in DMEM + 2% FBS. 4 hours post-transfection, 

transfection media was removed and replaced with DMEM + 10% FBS. Beacons were electroporated 

into cells 48 hours post-transfection. 

2.11 Molecular Beacon Electroporation 

Prior to electroporation, beacons were refolded according to the above protocol and stored on ice in 

the dark until use. Beacons were electroporated into cells using the Neon Transfection System and 10 

μL Neon Transfection kit (Thermo Fisher) according to the manufacturer’s instructions.  

For experiments in OCI-AML5 cells with GFP beacons, GFP and WT cells were counted and mixed in 

equal ratios prior to cell pelleting. For experiments in S2 cells, T cell clones, and HEK293T cells, cells 

were not mixed prior to pelleting. For each sample 2.2x105 cells were pelleted and washed with PBS, 

then resuspended in Neon Buffer with 100 nM Beacon and electroporated according to the conditions 

stated in the Table 2.2. Cells were immediately ejected into warm FACS buffer and incubated at 37°C 

for 20 min. Viability dye (specified in table below) was then added to the cells and they were stored 
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on ice in the dark whilst analysed by flow cytometry. Cells were filtered with 70 μM cell strainers prior 

to flow cytometry analysis. 

Cell Line Buffer Voltage (mV) Pulse  Time (ms) Viability Dye 

OCI-AML5 R 1700 1 20 DAPI 

S2 R 1700 1 20 Zombie Dye-NIR 

T cell clones T 1600 3 10 DAPI 

HEK293T R 1150 2 20 PI 

2.11.1 CCR5 Antibody Staining 

For CCR5 beacon experiments, T cell clones and S2 cells were stained for CCR5 expression prior to 

neon electroporation. Cells were washed once with PBS, then stained in PBS for 15 min on ice with 

AF647 anti-human CD195 (CCR5) at a dilution of 1:100. After staining, cells were washed twice with 

FACS buffer and electroporated as normal. 

2.11.2 In Vivo Molecular Beacon Anaylsis by Flow Cytometry 

Unless otherwise stated, all flow-cytometry experiments were performed on the BD LSR Fortessa 

Analyser. For flow cytometry analysis, David Knapp assisted with machine set up and running, and 

compensation. Untransfected, unelectroporated or unstained cells were used to set analysis gates. 

Cells were gated using SSC-A/FSC-A, single cells were gated using FSC-H/FSC-A, and viable cells were 

gated using Viability Dye (specified in Table 2.2)/FSC-A. CCR5 positive cells were gated using 

AF647/FSC-A (fig 2.2). Flow cytometry data was analysed using FlowJo v10.6.1.  

 

Table 2.2: Neon Electroporation Conditions and Viability Dye for each cell line. 

Figure 2.2 Gating strategy for CCR5-Ab AF647 stained S2 cells 
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2.12 CCR5 expression analysis in T cell clones 

T cell clone RNA was extracted within 24 hours of the respective beacon electroporation and CCR5 

expression was analysed. 

 2.12.1 RNA extraction and Reverse Transcription 

RNA was extracted from 2.5x105 cells using the ChargeSwitch Total RNA Cell Kit (Thermo Fisher) 

according to the manufacturer’s instructions, albeit using 0.25x volumes (25 μL magnetic beads and 

50 μL binding buffer). cDNA was produced using the Quantitect Reverse Transcription Kit (Qiagen), 

following the manufacturer’s instructions and using 1 μg RNA. cDNA was then diluted 1:5 in nuclease 

free water and used for RT-qPCR.   

2.12.2 CCR5 RT-qPCR 

RT-qPCR was performed on a CFX384 real-time thermocycler (BioRad) with SsoAdvanced Universal 

SYBR Green Supermix. Housekeeping GUSB qPCR primers and CCR5 primers were designed using 

Primer3 (http://primer3.ut.ee) (see appendix for qPCR primer sequences: GUSB Fwd 1 and GUSB rev 

1, CCR5-D32-F1 and CCR5-D32-R2). qPCR primer efficiency was evaluated as discussed above in 

Section 2.6.2. 

Three technical replicates were performed for each biological sample.  

2.13 Qiazol RNA extraction 

Concentrated whole cell RNA for molecular beacon background RNA in vitro experiments was 

extracted from 3x107 HEK293T cells using QIAzol Lysis Reagents (Qiagen). Cells were trypsinized and 

resuspended in DMEM + 10% FBS, then pelleted and weighed. Cells were resuspended in 1 ml of 

QIAzol lysis Reagent was added per 100mg tissue and incubated at room temperature for 5 min. 0.2 

ml of Chloroform was added per 1 ml of QIAzol lysis reagent and tubes were vortexed vigorously, 

before further incubation at room temperature for 3 min. The upper aqueous phase was taken and 

vortexed with 0.5 ml isopropanol per 1ml QIAzol lysis reagent.  Tubes were then incubated at room 
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temperature for 10 min, before centrifugation at 12000 g for 10min at 4°C to pellet the precipitated 

RNA. RNA pellets were washed twice with 70% ethanol before drying and resuspending in 50 μL 

nuclease free water. RNA was quantified using the Nanodrop 2000 Spectrophotometer (Thermo 

Fisher). 

2.14 Circuit optimisation experiments 

2.14.1 Plasmids used in circuit experiments 

Experiment Mix Plasmids in Mix Sample Specific Plasmids 

Spacer Length 
variants 

Cas9 px330 (no guide) 

MCP-P65-HSF1 

piRFP670  

CTS1-EYFP_tracrRNA 

U6_placeholder-crRNA 

20 bp CTS1 crRNA 

15 bp CTS1 crRNA 

14 bp CTS1 crRNA 

13 bp CTS1 crRNA 

12 bp CTS1 crRNA 

11 bp CTS1 crRNA 

10 bp CTS1 crRNA 

dCas9 dCas9 

MCP-P65-HSF1 

piRFP670  

CTS1-EYFP_tracrRNA 

U6_placeholder-crRNA 

20 bp CTS1 crRNA 

15 bp CTS1 crRNA 

14 bp CTS1 crRNA 

13 bp CTS1 crRNA 

12 bp CTS1 crRNA 

11 bp CTS1 crRNA 

10 bp CTS1 crRNA 

Cas9 Activator 
Variants 

Cas9 px330 (no guide) 

MCP-P65-HSF1 

piRFP670  

CTS1-EYFP_tracrRNA 

U6_placeholder-crRNA 

20 bp CTS1 crRNA 

11 bp CTS1 crRNA 

 

dCas9 dCas9 

MCP-P65-HSF1 

piRFP670  

CTS1-EYFP_tracrRNA 

U6_placeholder-crRNA 

20 bp CTS1 crRNA 

11 bp CTS1 crRNA 

 

SAM dCas9-VP64 

MCP-P65-HSF1 

piRFP670  

CTS1-EYFP_tracrRNA 

U6_placeholder-crRNA 

20 bp CTS1 crRNA 

11 bp CTS1 crRNA 

 

VPR dCas9-VP64-p65-RTA 

MCP-P65-HSF1 

piRFP670  

CTS1-EYFP_tracrRNA 

U6_placeholder-crRNA 

20 bp CTS1 crRNA 

11 bp CTS1 crRNA 
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sgRNA exchange Reporter  CTS1-EYFP_tracrRNA 

piRFP670  

MCP-P65-HSF1 

CTS2-ECFP reporter 

CTS1 sgRNA-Cas9 (RNP – not 

plasmid) 

11 bp CTS2 crRNA 

Time Course  Negative 

Control 

piRFP670  

MCP-P65-HSF1 

dCas9-VP64 

CTS1-EYFP_tracrRNA 

 

Circuit piRFP670  

MCP-P65-HSF1 

dCas9-VP64 

11 bp CTS1 crRNA 

CTS1-EYFP_tracrRNA 

 

Editing Detection Positive 

Control 

piRFP670  

MCP-P65-HSF1 

dCas9-VP64 

CTS1-EYFP_tracrRNA 

11 bp CTS1 crRNA 

 

Circuit piRFP670  

MCP-P65-HSF1 

dCas9-VP64 

CTS1-EYFP_tracrRNA 

Cas9 (protein) 

Cas9 + BRCA1 sgRNA (RNP) 

BRCA1-CTS1 donor 

Table 2.3 Plasmid Mastermixes and sample-specific plasmids and RNPs for each experiment. 

2.14.2 Transfection of circuit components into HEK293T cells  

Cells were seeded and circuit components were transfected with PEI as described in section 2.10.2. 

Equimolar amounts of each plasmid (specifics in Table 2.3) were mixed prior to optimum and PEI 

addition so each plasmid had a final concentration of 0.1 nM in the 250 μL transfection media. Cells 

were harvested using trypsin, washed with PBS and resuspended in FACS buffer with DAPI for flow 

cytometry analysis. 

Untransfected cells were used to set analysis gates. Cells were gated using SSC-A/FSC-A, single cells 

were gated using FSC-H/FSC-A, viable cells were gated using DAPI/FSC-A, transfected and reporter-

active cells were gated using iRFP670/EYFP. Flow cytometry data was analysed using FlowJo v10.6.1. 

2.14.3 sgRNA exchange experiments 

2.14.3.1 CTS1-sgRNA production by IVT 
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The 11 bp CTS1 sgRNA was amplified and T7 promoter added using the Phusion High-Fidelity PCR 

Master Mix with GC Buffer (NEB) and T7-CTS1 fwd and sgRNA rev primers (sequences in appendices), 

according to the PCR protocol in section 2.6.3. The PCR product was purified using the MinElute PCR 

purification kit (Qiagen) and quantified using the Nanodrop 2000 Spectrophotometer (Thermo Fisher). 

1 μg of PCR product was added to the T7 MEGAscript reaction mix following the manufacturer’s 

instructions. The IVT reaction was incubated at 37°C overnight. DNA template was digested by 

addition of 1 μL of turbo DNase per reaction and incubation for 15 min. RNA was purified according 

to the phenol-chloroform precipitation described in section 2.9.2. 

2.14.3.2 sgRNA experimental scheme 

On day 1 plasmid-encoded components (Reporter mix - Table 2.3) were transfected as described in 

section 2.10.2 and 2.14.1. On day 2, CTS1 sgRNA-Cas9 RNPS were electroporated into cells using the 

Neon Transfection System and 10 μL Neon Transfection kit (Thermo Fisher). 5 μg Engen Spy Cas9 NLS 

(New England Biolabs), 2.5 μg 11 bp CTS1 sgRNA were mixed and incubated at room temperature for 

20 min. Transfected cells from day 1 were harvested with trypsin and counted. 2x105 cells for each 

sample were aliquoted, pelleted, washed with PBS, re-pelleted and resuspended in 12 μL Neon Buffer 

R. Cells were then mixed with the RNP and electroporated using the program 1150mV, 2 zaps, 20ms, 

according to the manufacturer’s instructions. On day 4, cells were harvested as described in section 

2.14.1 and analysed by flowcytometry. 

Untransfected cells were used to set analysis gates. Cells were gated using SSC-A/FSC-A, single cells 

were gated using FSC-H/FSC-A, viable cells were gated using PI/FSC-A, CTS1-EYFP and CTS2-ECFP 

reporter-active cells were gated using EYFP/ECFP. Flow cytometry data was analysed using FlowJo 

v10.6.1. 

2.14.4 Time Course Experiments 

Circuit plasmids (see Table 2.3) were transfected into HEK293T cells as described in section 2.10.2 and 

2.14.1. Plasmid, optimum and PEI transfection mixes were scaled up to 13x master mixes for 
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transfecting 12 wells for 6 time points each for dividing cells and non-dividing cells. 4 hours post 

transfection, media in dividing wells was exchanged for 500 μL DMEM + 10% FBS. Media in non-

dividing wells was topped up with 250 μL DMEM + 2% FBS. Wells with dividing cells were trypsinized 

and diluted 1 in 4 on days 3 and 6. Media in non-dividing wells was replaced on days 3 and 6. Cells 

were harvested and analysed by flow cytometry as in section 2.14.1 within a time margin of 1-2 hours 

of the following time points post transfection: 1 day, 2 days, 3 days, 4 days, 6 days, 8 days.  

Time course graphs were plotted as % total viable cells that are EYFP positive against time using 

GraphPad Prism. Lines of best fit were calculated using non-linear regression, where x was linear and 

y was logarithmic, and confidence intervals of 95% are shown on the graphs.  

2.15 Detection of Editing using Circuit system 

2.15.1 Sequential electroporation of editing and circuit components 

2.15.1.1 Delivery of editing components 

HEK293T cells were split on Day 0 and electroporated with editing components on Day 1, to ensure 

cells would be dividing rapidly when editing components were delivered. Plasmids were 

electroporated into cells using the Neon Transfection System and 10 μL Neon Transfection kit (Thermo 

Fisher). 500 ng px459, with or without BRCA-1 sgRNA (addgene #62988), or Cpf1 plasmid (addgene 

#69988), with or without Cpf1 crRNA plasmid (modified addgene #78957 with BRCA-1 crRNA) (spacer 

sequences in appendices) were mixed together with 50 pmol BRCA1-CTS1crRNA oligo donor, prior to 

electroporation. Cells were harvested with trypsin and counted. 1x105 cells for each sample were 

aliquoted, pelleted, washed with PBS, re-pelleted and resuspended in 12 μL Neon Buffer R. Cells were 

then mixed with the plasmid:donor mixes and electroporated using the program 1150mV, 2 zaps, 

20ms, according to the manufacturer’s instructions. Post electroporation cells were incubated in 1 ml 

warm DMEM + 10% FBS in a 12 wells plate. 

2.15.1.2 Delivery of Circuit components 
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3 days post editing component electroporation, cells were harvested, counted and 2x105 cells were 

electroporated again with circuit detection components (see Table 2.3). Equimolar concentrations of 

plasmids with a combined mass of 750 ng were used and cells were electroporated as above in section 

2.15.1.1. 3 days post electroporation cells were harvested and FACS was performed. An aliquot of cells 

was taken prior to sorting and placed on ice until gDNA extraction as described in section 2.15.3.1. 

2.15.2 Bulk Sorting of Edited Cells using Circuit System 

FACS was performed on the BD FACSAria™ Fusion (BD Biosciences) by Kevin Clark. Untransfected cells 

were used to set analysis gates for cells, single cells and viable cells (fig 2.3). Positive control cells were 

used to set the gate for iRFP670. Negative control cells were used to set the gates for EYFP. Cells were 

gated using SSC-A/FSC-A, single cells were gated using FSC-H/FSC-A, viable cells were gated using 

DAPI/FSC-A, transfected and reporter-active cells were gated using iRFP670/EYFP. Cells were sorted 

on the ‘high purity’ setting into PBS + 2% FBS. 200000 iRFP670+ EYFP- cells were sorted for each 

sample. All iRFP670+ EYFP+ cells were sorted for each sample (500-2000 cells). 

 

2.15.3 Editing Analysis of Sorted Cells 

2.15.3.1 gDNA extraction and PCR of BRCA-1 locus 

Unsorted, EYFP-, and EYFP+ cells were pelleted by centrifuging at 300g for 5 min. Cell pellets were 

resuspended in gDNA extraction buffer (50 μM Tris-HCl pH 8, 1 μM EDTA pH 8, 0.5% Tween-20, and 

16 U/mL freshly added Proteinase K (NEB)). Unsorted and EYFP- cell pellets were resuspended in 100 

μL gDNA extraction buffer and EYFP+ pellets were resuspended in 20 μL gDNA extraction buffer, prior 

Figure 2.3 Gating strategy on BD FACSAria Fusion for bulk sorting of iRFP670+ EYFP- and iRFP670+ EYFP+ cells. 
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to being incubated for 60 min at 37°C. Samples were then incubated at 95°C for 10 min. 1 μL of gDNA 

and 0.5 μM BRCA1 forward and reverse primers (sequences in appendices) were added to a final 

volume of 50 μL Phusion High-Fidelity PCR Master Mix with GC Buffer (NEB) and the following cycling 

conditions: initial denaturation (98 °C for 30 s), 33 amplification cycles (98 °C for 10 s, 64 °C for 12 s, 

72 °C for 12 s) and final extension (72 °C for 5 min). PCR products were run on a 1% agarose gel with 

GelRed Nucleic Acid Gel Stain (Biotium) beside a 100 bp DNA ladder (NEB) to verify correct product 

amplification. PCR products were then purified using the MinElute PCR purification kit (Qiagen) and 

quantified using the Nanodrop 2000 Spectrophotometer (Thermo Fisher). 

2.15.3.2 TIDE analysis of sorted cells 

The PCR product was sequenced by Eurofins Genomics overnight sequencing service. Samples were 

submitted according to the Eurofins sample submission guide. The .ab1 files received were then 

evaluated using the TIDE software(TIDE: Easy quantitative assessment of genome editing experiments 

by sequence trace decomposition, https://www.tide.deskgen.com)192,193. The sequenced PCR product 

from untransfected cells was used as a baseline to measure the sorted cells against. 

2.15.3.3 Agarose Gel analysis of sorted cells 

50ng of PCR product was visualised on a 1% agarose gel with GelRed Nucleic Acid Gel Stain (Biotium) 

beside a 100 bp DNA ladder (NEB). ~330 bp (edited) and 230 bp (unedited) bands were quantified 

using imageJ analysis software and HDR percentages were calculated by dividing volume of ~330 bp 

bands, by total volume of both bands for each sample.  

2.15.4 Simultaneous Delivery of Editing and Circuit Components  

Components were delivered exactly as in the second stage of 2.15.1.2, except prior to electroporation 

the Cas9 (IDT) and BRCA-1 sgRNA (synthego) RNP was added to the circuit component mix. 0.5 μL Cas9 

(62 μM) and 0.5 μL BRCA-1 sgRNA (125 μM) were premixed at RT for 10 minutes before mixing with 

plasmids and donor. Flow cytometry proceeded as in 2.15.2. 
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Chapter 3: Evaluating published methods of improving editing efficiency in 

HUDEP-2 and CD34+ cells 

3.1  Introduction 

In this chapter I describe my efforts to evaluate current methods for improving efficiency of HDR. To 

do this I focus on a single therapeutically relevant locus, the MCS-R2 enhancer, in two different cell 

types: HUDEP-2 and CD34+ cells.  

3.1.1 Methods for improving the efficiency of gene editing 

As discussed in the introductory chapter, the extent of involvement of different repair pathways in 

gene editing is poorly understood and varies between cell lines, loci and with different synthetic donor 

types. Therefore, for simplicity, in this chapter I focus on editing in only the MCS-R2 locus with short 

oligo (ssODN) donors (100-200 nt).  

I attempted to evaluate the effect on editing on four of the most commonly used methods discussed 

in section 1.4: SCR7, the DNA Ligase IV inhibitor101,102,195; RS-1, the Rad51 stimulator107,196;  

phosphorothioate modified ssODNs110; and asymmetric ssODNs114. There is a high degree of variance 

Figure 3.1. MCS-R2 sgRNA design. (A) Schematic depicting MCS-R2 (grey) within intron 5 of NPRL3 (blue) relative to the alpha 

globin genes (HBA1 and HBA2 in pink). (B) Enlarged diagram of MCS-R2. Transcription factor binding sites for TAL1 (blue), 

GATA1 (green), NFE2 (pink and yellow), and KLF1 (orange) are shown. (C) 100 bp central sequence of MCS-R2. sgRNA 

sequences are shown as blue arrows pointing 5’-3’. PAM sequences are coloured red. 
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in the success of these different methods across different papers, different cell types, and different 

loci. I attempted to systematically compare their efficacy to improve the efficiency of gene editing. 

3.1.2 HUDEP-2 cells as a model for CD34+ cells

To test these different methods, I selected the MCS-R2 locus: a potential therapeutic target for the 

treatment of β-thalassemia. The proposed method for treatment of thalassemia patients involves 

harvesting the patient’s bone marrow, sorting for the CD34+ cells, editing these cells to delete regions 

of the MCS-R2 enhancer, and transplant these edited cells back into the patient197. CD34+ cells are 

notoriously difficult and expensive to culture. Therefore, I completed my initial optimisation 

experiments in an immortalised CD34+ cell line, HUDEP-2198.  

HUDEP-2 cells were produced by lentiviral insertion of the HPV16-E6 and -E7 proteins, which drive 

immortality199. They were originally created as an in vitro source of red blood cells, as they can 

differentiate into reticulocytes. However, since then they have been used extensively to study blood 

diseases, e.g. sideroblastic anaemia, β-thalassemia, and sickle-cell disease, and have proven to be a 

good stand-in for CD34+ cells in these instances200,201. 

In this chapter, I describe our efforts to improve the efficiency of gene editing at the MCS-R2 locus, 

evaluating my results through a combination of NGS, RT-qPCR and restriction digest. 

 

3.2 Results 

3.2.1 Testing sgRNAs 

I first designed six sgRNAs which spanned the central 100 bp of MCS-R2, covering the central four 

transcription factor binding sites (fig 3.1.A)202. To do this I used the CRISPRko tool from the Broad 

Institute (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design)191. As efficiency 

of Cas9 cutting varies greatly, even for sgRNAs in close proximity150, I endeavoured to both use in silico-

based sgRNA prediction software, and to functionally test multiple sgRNAs for a single locus. I selected 
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sgRNAs from the resulting list ensuring I selected sgRNAs targeting both the forward and reverse 

strand with relatively different sequences (fig 3.1.B). I hypothesized that this would give me the best 

chance of finding an effective sgRNA.   

To test the cutting efficiency of the MCS-R2-targeting sgRNAs, I first delivered a plasmid expressing 

the sgRNA and Cas9 into HUDEP-2 cells via electroporation (fig. 3.2.A). I used the Zhang lab plasmid 

Figure 3.2 Evaluating sgRNA efficiency. (A) Schematic depicting the protocol used for editing, processing and analysing 

HUDEP-2 cells. (B) Typical agarose gel of the MCS-R2 amplicon, ± T7E1, for cells transfected with each sgRNA. (C) 

Quantification of T7E1 digestion for three biologicsl replicates. (D) Plot of Indel Frequency calculated using TIDE software for 

three biological replicates of each sgRNA. (E) Graph showing the Indel frequency calculated by TIDE vs the indel frequency 

calculated by T7E1 assay for each biological replicate. 
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pX458 which expresses Cas9 and GFP simultaneously using a T2A self-cleaving peptide. This enabled 

me to sort Cas9-expressing cells on GFP expression. 72 hours after electroporation, I sorted the cells 

and amplified the R2 locus from the extracted gDNA. I evaluated the sgRNA cutting efficiency using 

both the T7 endonuclease 1 (T7E1) assay, which cleaves DNA heteroduplexes, and TIDE software, 

which quantifies editing using sanger sequencing trace decomposition (fig. 3.2.B). TIDE and T7E1 

measurements were highly correlated with an R2 value of 0.76 (fig 3.2.E). sgRNA cutting efficiency 

varied greatly from ~15% for R2sg6 and ~60% for R2sg1 (fig 3.2.C, 3.2.D). Thus, for editing experiments, 

I decided to use the sgRNA R2sg1. 

 

3.2.2 Effect of Different Donors on Editing Efficiency 

I wanted to evaluate the effect of different donor templates on the efficiency of editing. I designed 

five different oligo donors, the first of which, R2 D 45-45 T, was the standard DNA donor, with two 45 

bp arms, homologous to the target strand and, therefore, complementary to the non-target strand 

(fig 3.3.A).  The subsequent four donors I designed to mimic the format of published donor templates, 

described above, which had been shown to improve the efficiency of editing114,126. I then quantified 

and compared the editing efficiency of these donors, to see if these published findings were relevant 

in HUDEP-2 cells at the MCS-R2 locus. 

Following the findings of Richardson et al, I designed two asymmetric donors with a longer homology 

arm on the PAM-distal side, which were complementary to the non-target strand114. The most 

successful donors found in this paper had arms of 91 nt and 36 nt, and 26 nt and 71 nt, respectively. I 

attempted to mirror these findings by testing one donor with 90 nt and 30 nt arms, (R2 D 90-30), and 

one donor with 15 nt and 75 nt arms, (R2 D 75-15).  

I also wanted to test the hypothesis that target strand-homologous ssODNs were more effective than 

nontarget strand-homologous ssODNs114. Thus, I included the nontarget strand homologous R2 D 45-

45 NT ssODN: a reverse complement of R2 D 45-45 T.  



56 
 

Figure 3.3. Donor Design and Analysis Protocol (A) Schematic depicting the MCS-R2 locus, R2sg1 (pink) and R2 

donors (green) in the context of human chromosome 16. The red arrow shows the cut site. Phosphorothioated 

bases are coloured red. (B) Diagram showing the sequence of events between electroporation of cells and gDNA 

extraction. (C) The Editing Evaluation Methods. The R2 locus is shown in blue and the insert in green. The BamHI 

restriction site is coloured red. R2 amplification primers are purple and qPCR primers are pink. 
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My final donor, R2 D 45-45 PS, was identical to R2 D 45-45 T, except at both the 3’ and 5’ ends the 

final 3 nucleotides were phosphorothioate modified.  

In order to rapidly and efficiently quantify editing efficiency, I included a 20 bp barcode insert 

sequence in the donor templates (fig. 3.3.C). The insert sequence has a dual purpose: it acts as a 

specific binding site for a reverse qPCR primer; and it includes a BamHI restriction site to allow analysis 

by restriction digest. Therefore, I was able to quantify editing efficiency rapidly through two parallel 

methods. I also initially compared editing efficiency quantified via restriction digest and qPCR to 

editing efficiency quantified using next generation sequencing (NGS), to determine if these two 

methods produced accurate results (fig 3.5.D). I designed the insert sequence to have low homology 

to the surrounding MCS-R2 sequence, in order to reduce non-specific qPCR primer binding to the 

surrounding area. However, the low homology and relatively large size of the insert (20 bp) could 

potentially reduce editing efficiency.   

I delivered the oligo donor and plasmid-encoded sgRNA and Cas9 into HUDEP-2 cells via 

electroporation (fig 3.3.B). 72 hours later, I sorted cells on GFP expression and extracted gDNA for 

analysis (for detailed methods and sorting gates see section 2.3.4). I amplified the MCS-R2 locus from 

the gDNA, digested with BamHI and analysed agarose gel band absorption. BamHI digestion of 

correctly edited bands gave two bands of ~200 bp and ~300 bp, respectively, whereas, unedited bands 

were 500 bp. I calculated editing efficiency by dividing the combined emission of both digested bands 

by the total emission of all three bands.  

Alternatively, gDNA was used directly in qPCR. The reverse primer was specific to the insert sequence, 

while the forward primer bound outside of the edited region. I used control primers, positioned in the 

MCS-R3 enhancer in the 7th intron of NPRL3203, to normalise for initial DNA input (fig 3.5.A and 3.5.B). 

I hypothesized that this control region was likely in a very similar genomic context to MCS-R2 but was 
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Figure 3.4 Evaluating editing efficiency of different donor templates using restriction digest. (A and C) Example of a typical 

agarose gel showing the products of the MCS-R2 amplicon ± BamHI (A) and T7E1 (C). Undigested and digested bands are 

labelled with arrows. sgRNA and Donor used for editing are shown in the table above the gel. (B and D) Band absorption 

quantification for A and C. Each point represents an individual biological replicate. Error bars show SD. Bars show mean. 

Grey dashed line represents the mean efficiency of editing with R2 D 45-45 T. * represent significance as compared to 

editing with R2 D 45-45 T. * P ≤ 0.05. ** P ≤ 0.01. (E and F) Graphs showing the editing efficiency from B plotted against 

the sgRNA cutting efficiency from D for each individual replicate. Plots are separated into symmetric donors (E) and 

asymmetric donors (F). 
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far enough away that it would not be influenced or altered by editing at the MCS-R2 locus.   

I found that editing with modified, asymmetric, and non-template donors did not significantly improve 

editing efficiency, as measured by all three methods. In fact, when quantified using the restriction 

digest (RD) method, both asymmetric donors (R2 D 75-15 and R2 D 90-30) significantly reduced the 

editing efficiency by over 50% (fig 3.4.A and 3.4.B). However, when I quantified editing efficiency by 

qPCR and NGS, I found that although a drop in efficiency was visible for R2 D 75-15, neither modified, 

asymmetric, or non-template donors produced a significant change from R2 D 45-45 T (fig 3.5.C and 

3.5.E).  

Use of different donors had no observable effect on cutting efficiency of the sgRNA measured using 

the T7E1 assay (fig 3.4.C and 3.4.D). When I plotted sgRNA cutting efficiency against RD-calculated 

editing efficiency for the 3 symmetric donors (R2 D 45-45 T, R2 D 45-45 NT, R2 D 45-45 PS), I found 

they were positively correlated with an R2 value of 0.67 and a P value of < 0.01 (fig 3.4.E). However, 

when I plotted the same variables for the two asymmetric donors, I found they were not positively 

correlated (fig 3.4.F). 

 In order to determine whether the RD and qPCR methods for quantifying editing efficiency were 

sufficient to generate accurate estimates of editing efficiency, I produced pairwise comparison plots 

for each quantification method (fig 3.5.F, 3.5.G, 3.5.H). For each biological method, the editing 

efficiency calculated by one method was plotted on the y axis and for an alternate method was plotted 

on the x axis. Editing efficiency calculated by NGS was, on average, slightly lower than the value 

calculated by RD. Each method was well correlated with each other method with R2 values of 0.70 for 

RD vs NGS, 0.81 for RD vs qPCR, and 0.69 for qPCR vs NGS. I felt confident that the qPCR and RD 

methods were reasonable methods for estimating editing efficiencies and in the future used these 

methods instead of the more expensive and laborious NGS. 
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Figure 3.5 Evaluating Editing Efficiency with Different Donors using qPCR and NGS. (A) Diagram showing the positioning of 

MCS-R2 and Control qPCR primers (pink) in NPRL3. Introns are shown in blue, exons in red. The insert is shown in purple and 

the MCS-R3 region is shown in green. (B) Graph showing results of qPCR dilution series with Mean Ct value plotted against 

initial DNA copy no. (log scale) for MCS-R2 (purple) and control (green) qPCR primers. R2 values are shown for both. (C) 

Quantification of editing efficiency using qPCR for each donor. Calculated by dividing Mean (technical) Ct for control qPCR 

by Mean (technical) Ct for MCS-R2 qPCR. Each point shows a separate biological replicate. Error bars show SD. Bars show 

mean for biological replicates. Grey dashed line represents the mean editing efficiency with R2 D 45-45 T.  Significance 

calculated compared to editing efficiency with R2 D 45-45 T. * - P ≤ 0.05.  (D) NGS preparation and analysis pipeline. (E) 

Quantification of editing efficiency using NGS for each donor. Only two biological replicates shown. (F, G, H) Plots comparing 

quantification of editing efficiency by each method for the first two biological replicates.  Different colours of points indicate 

the donor used. 
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3.2.3 Effect of RS-1 and SCR7 on editing efficiency 

In this section I evaluated the effect of the small molecules, SCR7 and RS-1 (fig 3.6.A and 3.7.A), on 

editing efficiency. For each molecule I used a range of concentrations, distributed above and below 

optimum concentrations found in published data102,107. I carried out delivery of editing components as 

described previously, electroporating DNA oligo and plasmid encoded Cas9 and sgRNA into HUDEP-2 

cells (fig 3.3.B). I diluted RS-1 and SCR7 to the appropriate concentration in media, into which the cells 

were transferred 15 min after electroporation. 

I found that at the MCS-R2 locus in HUDEP-2 cells SCR7 did not cause a significant increase in editing 

efficiency at any concentration. In fact, at the highest concentration, 10 μM, SCR7 significantly 

decreased the editing efficiency as measured by using the BamHI RD method. I also found that using 

higher concentrations of SCR7 produced more variable results, possibly due to lower cell viability and 

thus smaller cell populations. When I calculated editing efficiency using the qPCR method, I found that 

SCR7 had no effect. SCR7 has previously been shown to reduce the occurrence of Cas9-induced 

indels102. My results confirmed this finding, although T7E1 cutting was only significantly reduced at 10 

μM SCR7. 

Similarly, I found that RS-1 did not significantly increase the editing efficiency when measured by both 

RD and qPCR (fig 3.7.C and 3.7.E). However, 20 μM RS-1 did significantly reduce the efficiency of sgRNA 

cutting by approximately 30%. 

Given these findings, I decided not to attempt to test either SCR7 or RS-1 in CD34+ cells. This decision 

was cemented by reports of both SCR7 and RS-1 causing toxicity in some cell lines, albeit at higher 

concentrations of RS-1 than those tested here101,204,205. Furthermore, I observed a reduction in 

viability at high concentrations of both SCR7 and RS-1 and this toxicity is reflected in the greater 

variability of editing efficiencies at these concentrations.
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Figure 3.6 Evaluating Editing Efficiency with SCR7 using RD and qPCR. (A) Molecular structure of SCR7 pyrazine and inhibition 

of ligase IV and thus the ligation stage of NHEJ. SCR7 is shown as a red circle. Damaged DNA is black. Other components are 

labelled. (B and D) Example of a typical agarose gel of MCS-R2 amplicon, ± BamHI (B) and T7E1 (D), for different concentrations 

of SCR7. (C and E) Band absorption quantification for B and D. Each point represents a biological replicate. Error bars show SD. 

Significance calculated compared to editing efficiency with R2 D 45-45 T. * - P ≤ 0.05.  ** - P ≤ 0.01. (F) Quantification of editing 

efficiency using qPCR for each concentration of SCR7. Calculated by dividing Mean (technical) Ct for control qPCR by Mean 

(technical) Ct for MCS-R2 qPCR. Each point shows a separate biological replicate. Error bars show SD. Bars show mean for 

biological replicates.  
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Figure 3.7 Evaluating Editing Efficiency with RS-1 using RD and qPCR. (A) Molecular structure of RS-1. (B) Diagram of Rad51 

filaments on damaged, resected DNA in the process of repair by HR. (C and E) Example of a typical agarose gel of MCS-R2 

amplicon, ± BamHI (C) and T7E1 (E), for different concentrations of RS-1. (D and F) Band absorption quantification for C and 

E. Each point represents a biological replicate. Error bars show SD. Significance calculated compared to editing efficiency 

with R2 D 45-45 T. ** - P ≤ 0.01. (G) Quantification of editing efficiency using qPCR for each concentration of RS-1. Calculated 

by dividing Mean (technical) Ct for control qPCR by Mean (technical) Ct for MCS-R2 qPCR. Each point shows a separate 

biological replicate. Error bars show SD. Bars show mean for biological replicates. 
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3.2.4 Effect of Different Donors on Editing Efficiency in CD34+ Cells 

I wanted to investigate whether the results I observed in HUDEP-2 cells with donor templates were 

replicated in mobilised peripheral CD34+ cells. In this section I compare the efficiency of 

phosphorothioate-modified, asymmetric and reverse oriented (NT) donor templates in CD34+ cells. 

I nucleofected CD34+ cells 48 hours post-thaw with Cas9-sgRNA ribonucleoprotein (RNP) and oligo 

donor(fig 3.8.A)189. With this method I did not include a transfection or expression control, so it was 

not possible for me to sort cells, as I had previously with the HUDEP-2 cells. 48 hours post-

nucleofection, I harvested cellular gDNA and analysed editing efficiency and sgRNA cutting efficiency 

with BamHI RD, qPCR and the T7E1 assay.  

I found when analysing using the RD assay, that most of the replicates fell below the threshold for 

detection on agarose gels. I determined the threshold for accurate detection to be ~2% editing and 

only 3 of a total 15 replicates were above this threshold. Two of these measurable replicates were 

from the phosphorothioate-modified donor and averaged ~2.3% editing efficiency. The final R2 D 90-

30 replicate (shown below fig 3.9.B and C) I quantified as ~12%. I determined this was not a PCR error 

using technical replicates. qPCR measurements confirm that the final R2 D 90-30 replicate had the 

highest editing efficiency in the third experimental replicate, however, the difference was relatively 

small and was not greater than some measurements from the second experimental replicate (fig 

3.8.D). This finding may be due to technical variability in qPCR set-up between replicates. Overall the 

qPCR data showed that none of the donors result in a significant change in editing efficiency compared 

to R2 D 45-45 T.     

The T7E1 assay revealed that sgRNA efficiency was reasonably consistent albeit much lower than in 

HUDEP-2 cells at 20-30% total cutting (fig 3.8.E and 3.8.F). I found that single nucleotide 

polymorphisms in the wild-type MCS-R2 sequence could be seen in the T7E1 assays, as three fainter 

bands at ~350, ~250 and ~150 bp, respectively. I confirmed the existence and location of these two 

SNPs by Sanger sequencing, and they did not overlap with the sgRNA sequence. These extra bands 
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Figure 3.8 Evaluating editing efficiency with different donors in CD34+ Cells. (A) Schematic showing the experimental 

procedure for editing CD34+ cells. (B and E) Example of a representative agarose gel of MCS-R2 amplicons, ± BamHI (B) and 

T7E1 (E), for each donor. Red arrows indicate bands created by T7E1 digesting single bp bulges created by SNPs. (C) Band 

absorption quantification for B. Dotted line shows limit of detection for analysis of agarose gels. Each point represents a 

biological replicate. (D) Quantification of editing efficiency using qPCR for each concentration of SCR7. Calculated by dividing 

Mean (technical) Ct for control qPCR by Mean (technical) Ct for MCS-R2 qPCR. Each point shows a separate biological 

replicate. Error bars show SD. (F) Band absorption quantification for E. Each point represents a biological replicate. Error bars 

show SD. (G) Editing efficiency calculated by RD plotted against Cutting efficiency calculated by T7E1 digest. Dotted lines 

show limit of detection for analysis of agarose gels. (H) RD-calculated editing efficiency plotted against qPCR-calculated 

editing efficiency. 
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interfered with T7E1 analysis as their emission varied between samples and they are positioned 

relatively close to the sgRNA-created bands.      

3.3 Discussion 

In this chapter, I established the following: 

1) SCR7 and RS-1 treatment does not have a significant effect on editing efficiency in HUDEP-2 cells 

at the MCS-R2 locus. 

2) Use of phosphorothioate-modified and asymmetric donor oligos does not significantly improve 

editing efficiency in HUDEP-2 or CD34+ cells at the MCS-R2 locus. 

3) qPCR and BamHI RD are reasonable but imperfect methods for measuring editing efficiency 

compared to NGS.  

 

3.3.1 HUDEP-2 cells as a model for CD34+ cells   

Although I could not directly compare editing in HUDEP-2 and CD34+, as I did not account for 

transfection efficiency, I found differences in the efficiency trends between cell types when using 

different donors. I found that while in HUDEP-2 cells, levels of editing decreased with the asymmetric 

donors. I did not see this in CD34+ cells; results were not consistent. This suggests that while HUDEP-2 

cells may be a good disease model for CD34+ cells, they are a poor model for DNA repair processes.  

A closer look at the immortalisation process that transformed CD34+ cells into the HUDEP-2 line, 

provides an explanation for this198. The HUDEP-2 cells have a tet-inducible copy of the HPV16 proteins 

E6 and E7 integrated into their genome. This singular integration helps to drive cell cycle progression 

by interacting with the following targets: HPV16-E6 is involved in targeted degradation of p53; while 

E7 binds to the retinoblastoma protein (Rb)199. p53 is a major coordinator of the DNA damage 

response and Rb, to a lesser extent, has been shown to play a central role in NHEJ repair206,207,208. As 
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mentioned above, the cell cycle is heavily intertwined with DNA repair. These factors combined mean 

that HUDEP-2 cells are likely a poor proxy for CD34+ cells in DNA repair.  

Additionally, karyotyping of HUDEP-2 cells has shown that they have a modal chromosome count of 

51, although this duplication does not include chromosome 16209. Most cultured cell lines contain 

similar duplications: HELA and K562 have a count of 66 and 67, respectively, however, these 

abnormalities probably also contribute to the differences observed. 

Given both the (relatively) high editing efficiency and the correlation between sgRNA cutting and 

editing efficiency in HUDEP-2 cells (fig 3.4.E), the limiting factor for DNA repair in these cells seems to 

be sgRNA cutting efficiency. Maybe this explains why neither the different donors nor small molecules 

result in a significant improvement in editing efficiency.  

Additionally, Cas9 and sgRNA were delivered to HUDEP-2 cells via electroporated plasmid, whereas 

for CD34+ cells they were delivered as an RNP. Thus, the time from delivery of the donor until the first 

Cas9-induced DSBs is longer in HUDEP-2 than in CD34+cells. Therefore, I would expect that in HUDEP-

2 cells compared to CD34+ cells, I would see a more significant rise in efficiency using the 

phosphorothioate-modified donor, but this was not the case. Perhaps, therefore, toxicity levels or 

degradation time of the ssODNs differ between these cell types. 

 

3.3.2 SCR7 and RS-1 in HUDEP-2 Cells 

Following results in HUDEP-2 cells and a review of recent literature, I decided not to test SCR7 and RS-

1 in CD34+ cells. The efficacy of SCR7 and RS-1 varies greatly between different studies and different 

cell lines210,211. They found that while higher concentrations of RS-1 and SCR7 decreased the efficiency 

of NHEJ, both small molecules had no significant effect on HDR efficiency. 
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In addition studies have shown that SCR7 usage is toxic, although the severity of this effect is cell type 

dependent101,212. High levels of RS-1, albeit higher levels than I tested here, have also been found to 

have toxic effects213.  

 

3.3.3 RT-qPCR and Restriction Digest as editing-assessment tools 

According to the correlation plots, the qPCR and RD methods of measuring editing efficiency were 

good but not perfect methods compared to the NGS gold standard. These differences are likely due 

to multiple different factors.  

Editing efficiency as measured using the RD method consistently overestimated editing efficiency 

when compared to NGS. I suspect this may be due to incomplete incorporation of the donor sequence 

into the genome. For detectable digestion, only the 6-nucleotide restriction site needed to be 

incorporated, whereas, when scanning the sequenced data for the HDR barcode, I only allowed for 2 

mismatches. I could test this theory by performing a second sequencing analysis where I searched only 

for the restriction site.  

This reasoning also provides an explanation for why NGS and qPCR measurements may not completely 

agree. The reverse qPCR primer for the HDR barcode insert will still have reasonable binding efficiency 

if the insert is not completely correctly incorporated. I consistently observed that the qPCR values for 

gDNA harvested from cells transfected with the scrambled sgRNA and standard donor were greater 

than those transfected with the editing sgRNA (R2sg1) and scrambled donor, although these 

differences were minimal and not found to be significant. This observation may be an indication that 

the ssODN may be able to partially prime the qPCR amplification. If this is the case, then this would 

also bias the quantification of editing efficiency by qPCR. 

In addition, I found that using ImageJ to quantify DNA abundance from gels was at times subjective 

and sometimes complicated by shadowing from extra bands (i.e. SNP bands in the T7E1 assay).  This 
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method also had the significant limitation of a relatively high detectability limit imposed by the gel 

electrophoresis imaging method. One possible way around this would be to use a different imaging 

method, for example the TapeStation automated electrophoresis system (Agilent), with a higher 

resolution.  

Despite, these limitations, I found that the RD and qPCR methods were a trustworthy alternative to 

NGS (fig 3.5). None of the methods tested in CD34+ cells were able to improve editing efficiency to a 

point where it could be consistently detected. Thus, on consultation with my supervisor, I decided that 

further optimisation of these methods would be unlikely to produce a significant outcome. We 

decided instead to formulate a method that would select for cells which were correctly edited. Many 

methods to optimise editing efficiency have diverse effects in different cell lines and different loci, and 

some cell lines are extremely reticent to editing. We theorised that instead of making incremental 

improvements to editing efficiencies, a more effective, universal technique would be to find a way to 

enrich for correctly edited cells. It is probable that a successful method able to select for correctly 

edited cells will be more universally effective than a method which improves the efficiency of editing. 

Many techniques rely on shifting the balance between the DNA repair pathways. However, this 

balance varies widely between cell types, meaning many efficiency-improving techniques are highly 

variable. Enriching for edited cells is a post-editing process and likely to produce more consistent 

results. 
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Chapter 4: A Molecular Beacon-Based Method to Enrich for Correctly Edited Cells 

3.1 Introduction 

In this chapter, I describe my efforts to select for correctly edited cells using molecular beacons. My 

goal was to identify correct mRNA produced from the edited locus, and sort cells into an enriched 

correctly edited population based on this classification. In addition, any changes apart from the 

intended edit would ideally be translationally silent. Therefore, this method would be minimally 

invasive and more palatable for the clinic. 

 

3.1.1 Molecular Beacons 

Molecular beacons are nucleic acid-based hybridisation probes, consisting of a hairpin sequence 

folded to bring fluorophore and quencher molecules, positioned at opposing ends, into close 

proximity (fig 4.1.A)214. The beacon sequence is designed to be homologous to a target molecule 

(typically RNA or DNA), unfolding and annealing to this sequence when the beacon and target come 

into contact. Unfolding of the beacon separates the fluorophore and quencher, allowing transmission 

of beacon fluorescence. The thermodynamic balance of intra-molecular stem hybridisation and inter-

molecular beacon-target hybridisation, results in beacons being finely tuned to mutations in the target 

sequence215.  

Therefore, one of the key advantages of molecular beacons is that in previous work they have been 

shown to differentiate SNPs well in vitro216. There is also evidence, although less so, that they may be 

able do so in vivo217.  In vitro, molecular beacons are mostly used as an alternative to taqman-probes 

in qPCR to give a real-time fluorescent readout of allele-specific mRNA levels. These assays have been 

used for multiple different purposes, for example: analysis of drug resistance in Mycobacterium 

tuberculosis218,219; quantification of miRNA220; and copy number estimation of mitochondrial (mt)DNA 
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in biopsy samples216. The main advantages of using this molecular beacon-based method are that it is 

rapid and specific. 

Molecular beacons have also been used in vivo in live cell imaging, allowing mRNAs to be visualised in 

a temporally and spatially specific manner, and in cell sorting, allowing different cell populations to be 

isolated. Chen et al succeeded in visualising a single modified mRNA, with a cassette of 8 target sites, 

within single cells221. Fluorescence microscopy has also been used to image β-actin222. Flow cytometry 

has been used alongside molecular beacons to simultaneously detect oct4 mRNA in stem cells223, and 

to sort successfully differentiated cardiomyocytes from human IPSCs224. 

There are some restrictions which must be considered when designing molecular beacons. Firstly, one 

must ensure that the fluorophore-quencher pair used are compatible. Secondly, many fluorophores 

(e.g. TAMRA) are quenched by guanine nucleotides, and thus, Gs should be avoided in the 

fluorophore-adjacent sequence225. Internal Dabcyl quenchers must be attached to a thymine 

nucleotide when used in a non-terminal position226. Finally, beacons should be synthesized with 

quencher, not fluorophore, at the 3’ end. Therefore, any incomplete beacons will not have 

unquenched fluorophores and will not contribute to background signal. 

 

3.1.2 Motivation 

We hoped to use molecular beacons to detect specific edits in mRNA made using the Cas9-sgRNA 

system. We planned to electroporate beacons into cells after the editing process, and then sort cells 

on beacon fluorescence using FACS. One caveat of this approach is that it works poorly on weakly 

expressed mRNA. We hypothesized that if this technique was successful, we would be able to apply it 

to non-coding and moderately/non-expressed mRNA by amplifying our target sequence using a 

minimal RNA Pol III promoter and terminator.  
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4.2 Results 

4.2.1 Detection of GFP mRNA with Molecular Beacons 

First, I wanted to test if I could detect mRNA in cells by flow cytometry using molecular beacons. I 

began by using a GFP model system, where GFP intensity is an accurate readout for mRNA expression, 

and, is therefore a good control for the efficacy of molecular beacons for detecting different levels of 

mRNA227. 

4.2.1.1 Design of GFP Molecular Beacons 

I ordered a replica of a phosphorothioate-modified GFP beacon, hereafter referred to as GFP_7-21-0 

(notation indicates “target_stem-loop-tail”), described in a paper from Tang et al228. In their paper 

they showed that, when injected into COS7 cells, the beacon was activated ~4x more in GFP-

transfected cells than untransfected cells. I wanted to determine if this beacon would work as well 

when electroporated into GFP-expressing AML5 cells. 

However, when we initially examined GFP_7-21-0 in silico, we found that while the correctly folded 

form (fig 4.1.A) was most prevalent, the second most prevalent form (fig 4.1.B) folded so that the 

quencher and fluorophore (AF647) were separated by about ~15 nucleotides. Therefore, in silico 

models suggest approximately 20% of GFP_7-21-0 would be non-specifically activated at any one time. 

This may have contributed to the background fluorescence observed by Tang et al in their paper229. 

We also realised that phosphorothioate-modified DNA-RNA hybrids have a lower Tm than unmodified 

DNA-RNA hybrids and, despite reduced sensitivity, are still substrates for RNase H-mediated 

degradation230,231.  

Therefore, we wanted to see if we could design optimised GFP beacons with a lower probability of 

mis-folded secondary forms. We first used RNAfold to find the most open and accessible regions of 

the GFP mRNA and designed our beacons to be complementary to the most accessible region. In order 

to optimise the ΔG of folded beacons, we created beacons with different stem lengths of 4 and 5 bp, 

GFP_4-19-0 and GFP_5-19-0 respectively (fig 4.1.C and 4.1.D). We decided to use 2’O 
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Methyl RNA bases to synthesize these beacons as RNA-RNA hybrids are not substrates of RNAse H and 

2’O Methyl RNA bases have been found to improve stability of RNA duplexes232.  

I also tested a new molecular beacon design, courtesy of David Knapp: the wyvern beacon or GFP_5-

11-8 (fig 4.1.E). This design stems from the hypothesis that two closed-loop, folded sequences may be 

Figure 4.1 Design and in silico analysis of GFP Beacons. Structural diagrams of folded beacons: GFP_7-21-0, correctly folded 

(A), and incorrectly folded (B), GFP_4-19-0 (C), GFP_5-19-0 (D), GFP_5-11-8 (E). DNA bases are outlined in black. 

Phosphorothioate-modified DNA bases (dashed outlines) and 2’OMethyl RNA bases (solid outlines) are outlined in red 

(uracil and thymine), yellow (guanine), green (adenine), and blue (cytosine). Quenchers glow black. Fluorophores: AF647 

and TAMRA, glow red and green respectively. (F) Graph plotting ΔG for each GFP beacon alone (black) and complexed with 

oligo target (grey). Ensemble Diversity (G) and Frequency of Structure occurrence (H) for each GFP beacon. ΔG of beacon 

binding to each position in GFP mRNA for: GFP_7-21-0 (I), GFP_5-19-0 and GFP_4-19-0 (J), and GFP_5-11-8 (K). 
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less likely to interact as there is no sequence readily available to initiate binding. Dr Knapp theorised 

that a toehold, or ‘tail’, sequence would stimulate initial interaction and unfolding in the presence of 

the target sequence233.  

4.2.1.2 In Silico Analysis  

To facilitate and justify our design choices, we collected in silico data in parallel using both RNA fold 

and mfold.  We calculated the ΔG of the folded beacon sequence and used this as a rough estimate 

for the energy needed to unfold the stem of each beacon (fig 4.1.F). We hypothesized that there would 

be a ‘Goldilocks’ stem strength where the ΔG was neither too small, which could result in non-specific 

binding, or too great, which could mean the beacon may not be able to open correctly in the presence 

of the target.  Thus, we ensured we had a reasonable ΔG range within our four beacons to aid in 

optimisation of stem strength. We also compared these values to the ΔG of the unfolded beacon 

annealed to the target sequence (fig 4.1.F). Increased ΔG of target-beacon interaction improves the 

probability of a strong true positive signal. However, increasing the length of the beacon to maximise 

the ΔG increases the possibility of off-target interactions which will produce background fluorescence 

and confound results. 

We found that GFP_5-11-8, had the highest ratio between ΔG of folded beacon and ΔG of annealed 

beacon and target (fig 4.1.F). This likely means that this beacon has a higher probability of unfolding 

in the presence of the correct target but could also mean that this beacon has a higher probability of 

non-specific binding. Overall GFP_7-21-0, as the longest sequence, had the highest ΔG of annealed 

beacon and target. GFP-5-19-0 had the highest ΔG of folded beacon and thus may be recalcitrant to 

target interaction. 

We also determined the frequency of structure (%) (incidence of the correctly folded structure within 

the pool of structures) and the ensemble diversity (average distance between base pairs within the 

pool of structures) using RNAfold (fig 4.1.G and 4.1.H). We found that GFP_7-21-0 had the highest 

ensemble diversity, which fits with the secondary misfolded structure in fig 4.1.B. GFP_5-11-8 had a 
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higher ensemble diversity than GFP_5-19-0 and GFP_4-19-0, possibly due to its flexible tail. However, 

the frequency of the correctly folded structure within the structure pool for GFP_7-21-0 and GFP_5-

11-8 (~50%) was higher than for GFP_5-19-0 and GFP_4-19-0 (~25%). But, as ensemble diversity for 

GFP_5-19-0 and GFP_4-19-0 is relatively low, it is likely that the next most common structures are 

variations of the correctly folded form. 

These in silico results provided a very rough estimate of what we might expect in vitro and allowed us 

to filter our design choices. However, there are multiple caveats to this approach. These in silico 

models are limited and cannot take into account the base modifications, like phosphorothioate and 

2’O Methyl bases, and the effect these may have on binding230,232.These models are heavily simplified 

and it is very difficult to predict how beacons will react in cells, where numerous other factors, like 

off-target binding and protein interactions, may affect beacon and target interaction. In addition, the 

GFP_7-21-0 was composed of DNA bases, and whilst most of the in-silico data for this beacon was 

collected using the DNA folding form from unafold, ensemble diversity could only be determined using 

RNAfold. Therefore, this data point should be considered sceptically.  

4.2.1.3 In Vitro Analysis 

Prior to testing beacons in cells, I used in vitro analysis to attain a more in-depth understanding of the 

specifics and dynamics of beacon interaction with different types of targets. To achieve this, I 

combined beacon with target molecules in excess, in an annealing buffer meant to mimic the ionic 

and pH conditions within cells and measured fluorescence output using a Clariostar Microplate reader. 

I used four different target types: short DNA, long RNA, short RNA and long DNA; here, short means 

the same length as the beacon and long means the same length as the full-length mRNA. I wanted to 

see the relative contribution of length, and thus complexity of folding, and type of duplex to beacon 

activation. I normalised each replicate internally by calculating the ON:OFF ratio (fluorescence with 

target/fluorescence without target). This also allowed me to compare GFP_7-21-0 with 
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Figure 4.2 In vitro Analysis of GFP Beacons. (A, C, E, G) Raw fluorescence measurements for 

each beacon with no target (blue) and with specified target (green). (B, D, F, H) ON:OFF ratio 

of Target/No Target measurements for each beacon and each specified target. Error bars show 

SD. * shows significance compared to null hypothesis. ns = not significant. * = P ≤ 0.05. ** = P 

≤ 0.01. *** = P ≤ 0.001. **** = P ≤ 0.0001. Dashed lines show an ON:OFF ratio of 1 (null value). 
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the other GFP beacons as they used different fluorophores, AF647 and TAMRA, respectively, and thus 

could not be measured in the same assay.   

I found that although GFP_7-21-0 had the highest ON:OFF ratio with the short DNA target, it 

performed poorly with all other targets (fig 4.2.B, 4.2.D, 4.2.F, 4.2.H). Unfortunately, as the other 

beacons used a different quencher-fluorophore pair, I could not compare the raw background values 

of GFP_7-12-0 with the other beacons in the off-state (fig. 4.2.A, 4.2.C, 4.2.E, 4.2.G). Therefore, it was 

difficult to determine from the in vitro data if our efforts to reduce background fluorescence from 

misfolded beacons had much effect. 

GFP_5-19-0, GFP_4-19-0 and GFP_5-11-8 showed similar ON:OFF ratios in long RNA and short DNA, 

compared to the GFP_7-21-0. This suggests that our efforts to target the beacons to more accessible 

areas of the GFP RNA were successful. GFP_4-19-0 had a noticeably lower ON:OFF ratio than GFP_5-

19-0 with most targets due to a higher off rate. I believe this background fluorescence is due to non-

specific opening of the weaker 4 bp stem. 

The wyvern beacon, GFP_5-11-8, outperformed GFP_4-19-0 and GFP_5-19-0 on both the long DNA 

and long RNA targets: with an ON:OFF ratio of ~2x greater with the long RNA target and 3.5x greater 

with the long DNA target (fig 4.2.D, 4.2.H). This result suggested that in this simplified scenario, the 

wyvern beacon may be better at accessing longer, more intricately folded targets.  

I hypothesized the long RNA results were the most relevant to the ultimate success of the beacons, as 

these would be the best indicator of how well the beacon will bind to the mRNA in cells (fig 4.2.C, 

4.2.D). Generally lower ON:OFF ratios with short RNA and long DNA targets, compared to short DNA 

and long RNA targets, may be due to the lower quality of these homemade targets produced with less 

well-established techniques.  
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4.2.1.4 In Vivo Analysis 

To test the efficacy of the beacons for detecting GFP mRNA in vivo, I used a flow-cytometry readout 

system. I delivered beacons into a mixed population containing both WT and GFP-expressing AML5 

cells. GFP protein fluorescence could be used as a control to identify cells containing GFP mRNA and 

cells with no GFP mRNA (WT). Within these two cell populations, I observed beacon fluorescence to 

see if there was a difference in beacon activation in the presence of GFP mRNA.  

Figure 4.3 In vivo analysis of GFP beacons in AML5 

cells. (A) Schematic: electroporation of beacons into 

mixed WT and GFP AML5 cells. (B) Gating strategy for 

flow cytometry analysis. (C) Flow cytometry 

histograms showing cell counts against beacon 

fluorescence for each GFP beacon. (D) MFI for beacon 

fluorophore in GFP population divided by the MFI in 

WT population. Individual points show 3 biological 

replicates. Lines show mean. Error bars show SD. * 

shows significance compared to null hypothesis. ns = 

not significant. * = P ≤ 0.05. Dashed lines show an 

ON:OFF ratio of 1 (null value). 



79 
 

For these experiments, I first mixed the two cell populations in a 1:1 ratio and then delivered the 

beacons to the cells using electroporation (fig 4.3.A). I then analysed the cells by flow cytometry, 

looking specifically at the fluorophore intensity in the two different cell populations (fig 4.3.B, 4.3.C). 

I then quantified the beacon in vivo ON:OFF ratio by dividing the fluorophore MFI in the GFP 

population (ON) by the fluorophore MFI in the WT population (OFF). I determined the significance of 

these results by comparing the data to the null hypothesis where the ON:OFF ratio is 1. 

I found that for all GFP beacons there was a marginal increase in beacon fluorescence in GFP cells (fig 

4.3.D). This increase was only significant (P < 0.05%) for GFP_4-19-0 and GFP_5-11-8 and was more 

highly variable in GFP_7-21-0. Technically GFP_5-11-8 performed best but it was clear that in order to 

be able to sort cells effectively, the beacons needed to be further optimised. 

 

4.2.2 Detection of CCR5 mRNA with Molecular Beacons 

We decided to further optimise beacon structure using an endogenous mRNA and relevant gene 

editing target. Thus, we settled on exploring the use of the wyvern beacons to detect the presence of 

the D32 mutation in CCR5 mRNA. As the D32 mutation results in loss of cell surface expression of CCR5 

protein234,235, and this loss is detectable by flow cytometry using CCR5 antibodies, we again have a 

control for detecting mutation of WT to D32 CCR5 mRNA. 

We designed beacons to detect three different regions within the D32 and WT CCR5 mRNA: a D32-

spanning region, a WT region (found only in WT CCR5), and a control region (found in both mutant 

and WT mRNA) (fig 4.4.A). The D32-spanning region inevitably included the WT sequence, which 

binding simulations predicted would not be an issue. Thus, we hoped that by measuring brightness of 

D32 or WT-specific beacons against control beacons, we would be able to normalise for variable mRNA 

expression and sort cells into D32 and WT populations. Ultimately, for this method to work, we would 

need to use compatible fluorophores with the control beacons and the D32 or WT beacons, however, 

for simplicity in the initial optimisation phase we used the same fluorophore for all beacons. 
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4.2.2.1 Design of CCR5 Molecular Beacons 

We wanted to generate a more efficient and accurate system for finding the optimal beacon for a 

designated mRNA or region of an mRNA. Thus, David Knapp created an R script to automate beacon 

Figure 4.4 Design of CCR5 Molecular Beacons. (A) Schematic: CCR5 WT and D32 Sequence and beacon placement. (B) 

Structures of CCR5 beacons. DNA bases are outlined in black. Phosphorothioate-modified DNA bases (dashed outlines) and 

2’OMethyl RNA bases (solid outlines) are outlined in red (uracil and thymine), yellow (guanine), green (adenine), and blue 

(cytosine).  
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design: where input factors included mRNA sequence, optimal beacon structure, and other structural 

restrictions. We selected output sequences on their propensity to fold correctly.  

In addition, for the control region we selected the best region by observing competitive folding of the 

candidate beacons with the CCR5 mRNA. We selected a control region outside of the area potentially 

affected by sgRNA-mediated deletions. 

We wanted to further test the effect of loop length, tail length and base modifications on beacon 

ON:OFF ratios. For the control region, where we had more flexibility of sequence and thus structure, 

we designed a longer structure (Ctrl_5-15-15) and a shorter structure (Ctrl_5-10-10) (fig.4.4B). For the 

WT and D32 regions our sequence, and thus potential structures, were much more limited. In the D32 

region, we designed one shorter structure (D32_6-10-8) and two longer structures (D32_6-11-16 and 

D32_7-11-15). The sequences of these longer structures differed by only one base pair. For the WT 

region we tested only one structure (WT_6-13-15), which was designed manually as this region was 

too short to contain multiple viable targets. We did not compare the beacon structures between 

regions as we suspected that the mRNA region targeted would have a significant effect on beacon 

efficacy. 

Furthermore, we also tested the effect of modifying the 5’ half of the beacon stem with 

phosphorothioate bases, by directly comparing D32_6-8-10 and D32_6-8-10_PS. For the stem of 

Ctrl_5-10-10 we used normal DNA bases instead of RNA 2’O methyl bases, to see if this would affect 

the ON:OFF ratio. Although, this addition provided us with more information using fewer beacons, it 

also made it more difficult to directly compare the two control beacons based on structure alone. 

 

4.2.2.2 In vitro testing of CCR5 beacons 

As with the GFP beacons, I first observed the dynamics of the CCR5 beacons in vitro using the ClarioStar 

plate reader (fig 4.5). Results again showed that beacon activation with short RNA and long DNA was 
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generally lower than with long RNA and short DNA, possibly for the reasons discussed above. These 

wyvern beacons also showed similar ON:OFF ratios in long RNA and short DNA (fig 4.5.B and fig 4.5.D). 

Furthermore, I observed similar patterns in beacon activation between different targets: Ctrl_5-10-

Figure 4.5 In vitro Analysis of CCR5 beacons. (A, C, E, G) Raw fluorescence measurements for each beacon with no target 

(blue) and with specified target (green). (B, D, F, H) ON:OFF ratio of Target/No Target measurements for each beacon and 

each specified target. Error bars show SD. * shows significance compared to null hypothesis. ns = not significant. * = P ≤ 0.05. 

** = P ≤ 0.01. *** = P ≤ 0.001. **** = P ≤ 0.0001. Dashed lines show an ON:OFF ratio of 1 (null value). 
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10, Ctrl_5-15-15 and D32_6-8-10 tended to perform better, whilst D32_6-8-10-PS and D32_6-11-16 

tended to perform worse. 

The control region beacons performed consistently better than the D32 and WT region beacons, 

perhaps because the D32 and WT regions had a much more restricted sequence space. Therefore, D32 

and WT beacons are less likely to be optimally structured. Ctrl_5-15-15 performed 10-20% better than 

Ctrl_5-10-10 on short DNA and long RNA (fig 4.5.B and fig 4.5.D). This result could be due either to the 

longer tail and loop of Ctrl_5-15-15, or to the DNA stem of Ctrl_5-10-10. However, OFF values for both 

control region beacons are similar, suggesting their stems have similar melting temperature and the 

difference in ON:OFF ratio is more likely due to the more optimal structure of Ctrl_5-15-15 (fig 4.5.A 

and fig 4.5.C). 

However, in the D32 region, the longer beacons, D32_6-11-16 and D32_7-1-15, performed 

consistently worse than the shorter D32_6-8-10. This suggests that longer beacons are not always the 

better option and for every region, several beacons may need to be trialled and optimised. In addition, 

despite being an elongation of only one nucleotide in the stem, D32_7-11-15 performed 1.5-2.5x 

worse than D32_6-11-16 with all targets except long DNA. Thus, small changes in sequence can lead 

to significant changes in beacon efficacy. 

D32_6-8-10-PS had a consistently lower ON:OFF ratio than D32_6-8-10 due to higher off values, 

suggesting that the phosphorothioate modifications contributed to a lower stem Tm and non-specific 

beacon activation.  

Despite limited in silico optimisation of the WT beacon, WT_6-15-15, it performed reasonably well 

with all targets, although consistently underperformed by 20-50% compared to Ctrl_5-15-15 and 

D32_6-8-10.  
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Figure 4.6 In vivo analysis of CCR5 beacons in S2 cells. (A) Schematic: transfection of S2 cells with CCR5 and mCer plasmids, 

followed by electroporation of beacons. (B) Gating strategy for flow cytometry analysis. (C) Flow cytometry histograms 

showing cell counts against beacon fluorescence for each CCR5 beacon. mCer only transfected cells are shown in blue, WT 

CCR5 + mCer in purple and D32 CCR5 + mCer in green. (D) MFI for beacon fluorophore in transfected population divided by 

the MFI in untransfected population. Individual points show 3 biological replicates. Lines show mean. Error bars show SD. 

Dashed line indicates the null value, 1. 
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4.2.2.3 In vivo testing of CCR5 Molecular Beacons in S2 cells  

As CCR5 is an endogenous protein which is expressed at varying levels in many human cell lines 

(http://www.proteinatlas.org), I first tested the beacons in a CCR5-free system using Drosophila S2 

cells. The advantage of S2 cells were two-fold: firstly, they provided a clean background to transfect 

either WT or D32 CCR5 copies; secondly, transfected WT CCR5 was translated, expressed and could 

be detected on the S2 cell surface (Fig 2.2).  

We transfected S2 cells with either WT CCR5 or D32 CCR5, together with an mCerulean transfection 

control (fig 4.6.A). 2 days post-transfection, we electroporated each cell population with each beacon 

and used flow cytometry to analyse the results. I gated viable cells into transfected and untransfected 

populations and recorded levels of TAMRA fluorescence in each population (fig 4.6.B and fig 4.6.C). I 

quantified beacon ON:OFF ratios by dividing TAMRA MFI in the transfected population by TAMRA MFI 

in the untransfected population. 

I found that although the ON:OFF ratios for all beacons were visibly above the null value of 1, these 

results were not significant (fig 4.6.D). In most cases the mean ON:OFF ratio for beacons was higher 

in the mCerulean only negative control, than with WT CCR5 or D32 CCR5 cells. This result could be 

explained as a flow cytometry artefact, where transfected cells have a slightly higher level of 

autofluorescence. Alternatively, it is possible that there may be an off-target binding site for the 

beacons within the mCerulean or one of the plasmids. Staining of cells showed that WT CCR5 cells 

exhibited strong CCR5 expression (fig 2.2), thus low ON:OFF ratios were likely not due to low 

expression levels of CCR5.  

Despite discouraging results in S2 cells, we decided it would be valuable to test the most promising 

beacons in a human cell line.  
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Figure 4.7 Analysis of CCR5 Beacons in T cell clones. (A) Genotyping gel of the T cell clones. Arrows indicate bands from the 

PCR products of WT and D32 CCR5, respectively. (B) qPCR data for CCR5 mRNA expression levels for the T cell clones. (C) 

CCR5 protein expression levels calculated from flow cytometry data by dividing MFI for stained cells by MFI from unstained 

cells. Each point for B and C represents a different biological replicate. For each replicate mRNA for qPCR was harvested 

within 24 hours of flow cytometry analysis. (D, E, F) Plot showing protein expression against RNA expression for each replicate 

for: all T cell clones (D), #113 and #115 only (E), and #46 only (F). Lines of best fit calculated by linear regression. R2 values 

are indicated. (G) gating strategy for flow cytometry analysis. (H) Histograms of TAMRA fluorescence in each T cell clone, for: 

untransfected cells, Ctrl_5-15-15 transfected and D32_6-8-10 transfected cells. (I) Quantification of data from (H), calculated 

by dividing TAMRA MFI from beacon-electroporated cells by TAMRA MFI from un-electroporated cells. (J) Plot showing 

beacon activation (H) against RNA expression (C) for each biological replicate. For each replicate mRNA for qPCR was 

harvested within 24 hours of flow cytometry analysis. 
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4.2.2.4 CCR5 beacons in T cells  

Editing of the D32 region in CCR5 in CD4+ T cells, to introduce D32-like indels, has been shown to 

provide resistance to HIV-1 infection236. We attempted to use the beacon to distinguish between CD4+ 

cells with and without the D32 mutation. We obtained 3 T cell clonal lines (#46, #113, #115), a kind 

gift from the Cerundolo lab (University of Oxford), which we used to carry out these experiments. 

We obtained two clonal T-cell lines heterozygous for D32 (#46 and #113) and one homozygous wild–

type line (#115). I confirmed this using a genotyping PCR (fig 4.7.A).  I also determined CCR5 mRNA 

expression levels using RT-qPCR and CCR5 protein expression levels using antibody staining and flow 

cytometry (fig 4.7.B and 4.7.C). To account for differing levels of mRNA expression at different points 

in the T cell life cycle, cells used for each corresponding qPCR and flow cytometry replicate were taken 

at the same time point. I found that at corresponding time points, mRNA and protein expression 

correlated well (fig 4.7.D) and when separated into replicates from #46 and those from #113 and #115, 

they correlated very well (fig 4.7.E and 4.7.F). This suggests that in the different T cell clones, efficiency 

of CCR5 mRNA translation into protein differs. Across the three different time points, mRNA and 

protein levels in #115 remained consistently low, whereas in both #113 and #46 CCR5 expression 

varied over time. At the first time point, 7 days post-thaw, both mRNA and protein expression level 

were low for all clonal lines (fig 4.7.B and 4.7.C). mRNA and protein expression for both #113 and #115 

was highest at 11 days post thaw. Generally, CCR5 mRNA levels were highest in #46 and lowest in 

#115. Although #115 was a homozygous WT line, no CCR5 was detectable on the cell surface, whereas 

in the two heterozygous lines, this was not the case. Thus, these three cell lines provided a varied 

foundation for exploring beacon properties.  

Due to limited cell numbers, I decided to test only the most promising beacons from the in vitro 

analyses: Ctrl_5-15-15 and D32_6-8-10. Beacon activation was determined by flow cytometry at the 

same time points as qPCR, so differences in mRNA expression could be accounted for (fig 4.7.G and 

fig 4.7.H). I calculated beacon activation by dividing TAMRA MFI in beacon-electroporated cells by the 
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baseline MFI in non-electroporated cells. There was no clean background alternative in these cell lines, 

thus, I did not account for non-specific beacon opening.  I found that despite high CCR5 mRNA 

expression levels, beacon activation in #46 cells was low (fig 4.7.I). In #113 cells, I found that beacon 

activation was highly variable, whereas in #115 cells, beacon activation was consistent. Ctrl_5-15-15 

had a higher mean activation than D32_6-8-10 in all clonal lines. This could be explained by the 

Figure 4.8 The D32 repeat. (A) Schematic depicting the repeat region in both WT and D32 sequences and showing WT and D32 

beacon homology to this repeat. (B, D) Raw fluorescence measurements for each beacon with no target (blue), with WT Target 

(purple) and D32 target (pink) for long RNA (B) and short DNA (D). (C, E) ON:OFF ratio of Target/No Target measurements for each 

beacon and WT target (purple) and D32 Target (pink) for long RNA (C) and short DNA (E). Error bars show SD. * shows significance 

compared to null hypothesis (WT and D32 targets activate beacons to the same degree). ns = not significant. * = P ≤ 0.05. ** = P ≤ 

0.01. *** = P ≤ 0.001. **** = P ≤ 0.0001. Dashed lines show an ON:OFF ratio of 1 (null value). 
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presence of more WT than D32 CCR5 mRNA or by the presence of more off target sequences for 

Ctrl_5-15-15. D32_6-8-10 was significantly activated in WT-homozygous #115 cells, suggesting that 

this beacon was non-specifically activated by either the WT CCR5 mRNA or by other off-targets. 

Disappointingly, beacon activation correlated poorly with CCR5 qPCR data from the same timepoints 

(fig 4.7.J). This suggests that both beacons tested, D32_6-8-10 and Ctrl_5-15-15, were activated non-

specifically.  

4.2.2.5 Activation of CCR5 beacons by WT and D32 mRNA  

We decided to further investigate the possibility that the WT CCR5 mRNA may be capable of non-

specifically activating the D32 beacons. Thus, we interrogated the sequence of WT CCR5 mRNA, 

looking for regions of homology to the beacon sequence. We found a 10 bp repeat with one T-G 

mismatch on either side of the D32 deletion. Therefore, when the deletion occurs the 30-40 bp 

beacon-binding region is reformed with only 1-2 mismatches (fig 4.8.A). Our in silico tests prior to 

beacon synthesis did not identify this potential problem because the mismatches for the beacons 

coincidentally occur at the 3’ base. This issue does not affect the WT beacon.  This microhomology 

repeat may also explain the origin of the D32 mutation, although I have not found any discussion of 

this in the literature. 

I tested the effect of this finding in vitro by analysing the ON:OFF ratio of the D32 and WT beacons 

with both WT and D32 mRNA (fig 4.8.B and 4.8.C). I found there was no visible difference in beacon 

activation with WT and D32 mRNA for D32_6-8-10, D32_6-8-10-PS, and D32_7-11-15. The ON:OFF 

ratio of D32_6-11-16 increased by 20% with D32 mRNA compared with WT mRNA. I found this to be 

quite surprising, as the RNA binding sequence of D32_7-11-15 and D32_6-11-16 is the same (fig 4.4.A). 

The crucial difference between these two molecular beacons was the extra base pair in the stem of 

D32_7-11-15, showing that stem melting temperature has a significant effect on ON:OFF ratio. 

 I also compared the ON:OFF ratios of D32 beacons with WT and D32 short DNA targets (fig 4.8.D and 

4.8.E) and found that there was no visible difference between beacon fluorescence with WT DNA and 
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Figure 4.9 Unique landing pad implementation. (A) Schematic showing the different forms of landing pad implementation 

for different editing scenarios. 1) Landing pad expressed as part of a highly expressed mRNA for knockout purposes (e.g. 

CCR5). 2) Landing Pad amplified from minimal Pol III promoter for moderately expressed mRNAs or non-coding regions (e.g. 

MCS-R2). 3) Landing Pad with Pol III promoter and synthetic intron for modifications in coding regions (e.g. ADA). (B) 

Sequence and structure of Landing Pad Wyvern Beacon (LWy) and Landing Pad Molecular Beacon (LMB). (C) Schematic 

showing the landing pad sequence in the CCR5 mRNA along with the stop codons and restriction site. (D) Schematic showing 

the landing pad sequence (pink) within the ADA genomic sequence along with the Pol III promoter (green) and terminator 

(red), and the synthetic intron components. 
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beacon fluorescence with no target. Therefore, it is likely that activation of D32 beacons with WT 

mRNA is due to this homologous repeat and not due to non-specific binding to other parts of the 

mRNA.   

I found the WT beacon, WT_6-13-15, was highly specific to the WT mRNA despite the 18 bp of its 

sequence which bind to both WT and D32 mRNA. One possible explanation for this is that the 

homology to D32 mRNA does not extend into the loop region of WT_6-13-15, and so may not be 

sufficient to activate the beacon. 

In conclusion, the CCR5 target region presented unforeseen problems. Our simplified in vitro tests 

show that some degree of homology is acceptable (i.e. for WT_6-13-15). However, our in vivo tests 

suggest that off-target binding events are much more common than we originally thought, and that 

any new direction would need to take this into account. 

4.2.3 A unique Landing Pad sequence for Molecular Beacons 

In response to these findings, David Knapp conceived an alternative approach which would hopefully 

allow us to reduce non-specific beacon activation and amplify signal from specific beacon activation. 

Our approach consisted of incorporating a unique ‘landing pad’ (LP) sequence alongside the intended 

edit (fig 4.9). This landing pad sequence was designed to overlap as little as possible with the known 

human transcriptome and be the ideal structure for binding molecular beacons. We designed 

variations of the incorporated landing pad cassette to make it applicable to most editing scenarios (fig 

4.9.A): 

1) Knock outs:  For simple knock out scenarios, like for the CCR5 mutation, we simply included 

the landing pad sequence alongside an 11 bp sequence containing a stop codon in each ORF. 

2) Non-coding regions: For edits in non-coding regions (e.g. MCS-R2 enhancer) or knock outs in 

mRNAs with low expression levels, we included a tRNA Pol III promoter237. Thus, with the 

addition of ~70bp sequence we could achieve high levels of short RNA expression levels. 



92 
 

3) For SNPs/Small changes in coding regions: For edits where we did not want to significantly 

alter the coding sequence (e.g. ADA), we determined that we could place the landing pad and 

Pol III promoter within a synthetic intron (fig 4.9.D). Therefore, although we would be able to 

detect the landing pad within cells, the changes would be translationally silent (except, of 

course, for the intended SNP). 

We hoped this new method could be a universal system for all editing situations, where scientists 

would have no need for designing and optimising new molecular beacons for their areas of interest. 

 

4.2.3.1 Design of unique landing pad 

The unique landing pad sequence was designed using an R script created by David Knapp. The script 

identified sequences which had minimal homology to sequences in the human transcriptome and 

which folded optimally for the beacon 5-15-15 and 5-15-0 structures. The script also identified 

sequences which optimised folding with the addition of a stop codon cassette and restriction site, to 

aid editing efficiency quantifications (fig 4.9.C). 

We hypothesized that with the new landing pad sequence, which was designed to be unfolded, the 

toehold tail on the wyvern beacon may not be necessary. However, folding with the surrounding 

mRNA sequence was not taken into account, which may also have an impact. Therefore, we wanted 

to compare the performance of a wyvern beacon and a standard molecular beacon in the landing pad 

system (fig 4.9.B).  

 

4.2.3.2 In vitro testing of landing pad beacons 

For in vitro testing of the landing pad (LP) beacons, I used the CCR5 mRNA, with the landing pad stop 

cassette in place of the D32 deletion (LP CCR5), as the long RNA target. I found that the beacons 

performed very well with both short DNA and long RNA targets and that the LP molecular beacon 
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Figure 4.10 In vitro Analysis of landing pad beacons. (A, C, E, G) Raw fluorescence measurements for each beacon with no 

target (blue) and with specified target (green). (B, D, F, H) ON:OFF ratio of Target/No Target measurements for each beacon 

and each specified target. Error bars show SD. * shows significance compared to null hypothesis. ns = not significant. * = P ≤ 

0.05. ** = P ≤ 0.01. *** = P ≤ 0.001. **** = P ≤ 0.0001. Dashed lines show an ON:OFF ratio of 1 (null value). 
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(LMB) slightly outperformed the LP Wyvern Beacon (LWy) with ON:OFF ratios 10-30% greater (fig 

4.10). This difference, is possibly due to higher off values of the LWy, compared with the LMB. Both 

beacons again performed worse with long DNA targets, possibly for the reasons discussed previously.  

 

4.2.3.3 In vivo testing of Landing Pad Beacons 

I tested LP beacons in vivo using HEK293T cells transfected with plasmids expressing either: WT, D32 

or LP CCR5; and ECFP, as a transfection control, from a bidirectional promoter. 48 hours post 

Figure 4.11 in vivo testing of landing pad beacons in HEK293T cells. 

(A) Schematic showing reaction scheme for LP beacon testing in 

vivo. (B) Gating for flow cytometry analysis of LP beacons. (C) Flow 

cytometry histograms showing cell counts against beacon 

fluorescence for both beacons. (D) MFI for beacon fluorophore in 

transfected population divided by the MFI in untransfected 

population. Individual points show 3 biological replicates. Lines 

show mean. Error bars show SD. Dashed line indicates the null 

value, 1. 
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transfection, I electroporated cells with the beacons and then observed the beacon activation using 

flow cytometry. 

I found that beacon activation, calculated by dividing beacon fluorescence in transfected cells by 

beacon fluorescence in untransfected cells, was not significantly higher in LP than in WT or D32 CCR5-

transfected cells. The beacon ON:OFF ratio in all transfected cell populations was observably above 

the null hypothesis value of 1, but this again may be due to a flow cytometry artefact. The lack of a 

significant change in beacon activation between transfected and untransfected cells was vastly 

different from the ON:OFF ratio found in in vitro experiments. This suggests that despite our attempts 

to reduce this effect, the beacons are opening non-specifically in the presence of cellular RNA.  

 

 

 

Figure 4.12 In vitro testing of landing pad beacons with cellular RNA. (A) Schematic showing cRNA extraction and use in in 

vitro assays. (B) Raw fluorescence measurements for each beacon with specified target. Red points show raw values with no 

cRNA and blue points show raw values with cRNA background (C) ON:OFF ratio of Target/No Target measurements for each 

beacon and each specified target. Red points show ON:OFF ratio with no cRNA, blue points show ON:OFF ratio in cRNA 

background. Error bars show SD. * shows significance compared to null hypothesis. ns = not significant. * = P ≤ 0.05. ** = P 

≤ 0.01. *** = P ≤ 0.001. **** = P ≤ 0.0001. Dashed lines show an ON:OFF ratio of 1 (null value). 
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4.2.3.4 In vitro testing of Landing Pad Beacons with cellular RNA  

In order to more thoroughly investigate non-specific opening of beacons with cellular RNA, I 

performed more in vitro experiments where I attempted to more faithfully replicate cellular conditions 

(fig 4.12). For these experiments I performed the earlier ± target experiments, but this time in the 

presence or absence of physiological levels of cellular HEK293T RNA (for effective cellular RNA 

concentration calculations, see appendix). 

I found that in the absence of cellular RNA ON:OFF ratios were similar to those found previously with 

both long RNA and short DNA. With a cellular RNA background, I found that there was no significant 

difference between fluorescence values with no target and with an mRNA target. I found that with a 

short DNA target there was some activation of the beacons in the presence of cellular RNA, but this 

activation was 4-5x less than the activation in the absence of cellular RNA. These results suggest that 

the landing pad beacons are almost fully activated by non-specific cellular RNA, despite our attempts 

to limit off-targets within the transcriptome. 

 

4.3 Discussion 

In this chapter I established the following: 

• All beacons tested are activated non-specifically in vivo 

• Wyvern Beacons may be a preferable option to consider when optimising molecular beacons 

mRNA 

4.3.1 Wyvern Beacons 

Unfortunately, I have not been able to produce much useful data regarding the wyvern beacons in 

vivo, and therefore, my analysis of their efficacy was limited to in vitro findings. When directly 

compared (LMB vs LWy), I found that the LWy typically had higher OFF values than LMB, suggesting 

that the wyvern tail may contribute to non-specific beacon opening. However, for the GFP beacons, I 
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found that this was not the case and that the wyvern beacon gave much higher ON values. Whereas 

the LP sequence was specifically designed to be accessible, the GFP sequence represents a more 

typical mRNA. This suggests that any benefits from the wyvern beacon may be mRNA specific, and 

likely depends on the accessibility of the target region. Thus, it may be a worthwhile consideration 

when the mRNA of interest is highly structured and target region choice is limited. 

 

4.3.2 Beacon non-specificity 

It was disappointing that I was not able to show specific activation of the beacons in vivo. There are 

several possible explanations for this and consequently several possible adaptations which may lead 

to improved results. 

The GFP_7-21-0 was shown in the Tang et al paper to give 4x greater fluorescence in target cells 

compared to non-target cells228. However, in this case, the beacon was microinjected into cells and 

fluorescence levels were recorded by fluorescence microscopy. Fluorescence microscopy allows 

fluorescence levels to be separated into cytoplasmic and nuclear fluorescence and for bright-spots 

caused by aggregated beacons to be removed. Thus, artefacts caused by aggregation and nuclear 

accumulation of beacons can be removed. Delivery of beacons by both microinjection and 

electroporation is common in the literature, however, analysis of beacon fluorescence by flow 

cytometry is less common, although still present223,238,224. This suggests that it may be harder to 

produce beacons which show specificity by flow cytometry. For our purposes, fluorescence 

microscopy is not possible, and microinjection is too low throughput and damaging, thus these 

approaches would not work. 

In their 2008 paper, Chen et al experienced similar levels of non-specificity and determined it to be 

due to nuclear sequestration of molecular beacons, a phenomena also seen in other 

papers239,238,222,240,241. These papers determine that molecular beacons are sequestered in the nucleus 

within 2 minutes of delivery, regardless of delivery method, and that most non-specific fluorescence 
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comes from the nucleus. This may explain why the landing pad beacons, which were designed to have 

minimal off targets in the transcriptome, still opened non-specifically. The Qiazol RNA extraction 

method used in Figure 4.12 to gather cellular RNA, was not specific to cytoplasmic RNA, and thus non-

specificity of the beacon in vitro was shown with total cellular RNA, not cytoplasmic RNA.  

To counteract nuclear sequestration, scientists have altered molecular beacons in the following ways 

to facilitate nuclear export or block nuclear import: addition of tRNAs240; linkage with cytosolic 

proteins222; supplementing with siRNA-like domains239; and linking to quantum dots241. These 

methods, are all potential ways for us to combat these false-positive signals, should we continue 

working with molecular beacons. 

It’s also possible that our beacons may be insufficiently optimised and that usage of modified nucleic 

acids, such as LNAs, which have been shown previously to aid specificity of molecular beacons, may 

improve this situation217,242.  

I consistently observed that transfected cells, including controls, had higher beacon fluorescence 

values than non-transfected cells. There are several possible explanations for this. It may be that 

transfected cells are more susceptible to beacon electroporation, due to more penetrable 

membranes. It may also be that transfected cells have a higher intracellular RNA concentration and 

therefore more opportunity for non-specific binding. Differing electroporation efficiencies could be 

controlled for by including an unquenched fluorescent probe with the beacon mix to normalise beacon 

fluorescence against. However, for this method to work I would need to ensure the control 

fluorophore used does not have FRET interference with the beacon fluorophore or quencher. 

4.3.3 CCR5 D32 Mutation 

One of the less relevant but more interesting findings in this chapter was the microhomology repeat 

within the CCR5 D32 mutation. I initially hypothesized that this microhomology may explain the 

prevalence of this deletion in the population (~10-16% in people of European origin)243. However, on 

review of the literature, I found that the high occurrence of the D32 mutation is probably due to 



99 
 

genetic drift in the European populace, rather than multiple occurrences of the same mutation244. 

Although the first occurrence was probably due to this microhomology. 

 

4.3.4 Landing Pad 

Despite initial difficulties with non-specific activation of landing pad beacons, I believe that the idea 

of the landing pad has many benefits. Currently, using molecular beacons for in vivo purposes requires 

trialling multiple beacons and intensive optimisation. A universal molecular beacon and target 

sequence is applicable to many situations, for example, single-molecule imaging of modified mRNAs.  

It is possible that if we selected and trialled more sequences from the landing pad script, combined 

these with the nuclear-export additives, or refined the landing pad script to minimise off-targets 

within the nucleus, we would find a landing pad beacon with specificity in vivo. For detection of 

editing, the landing pad system has many advantages: it is flexible, applicable to most editing cases, 

amplifiable and translationally silent. 

However, we have found that specificity for small targeting RNA sequences often comes by 

combination with a protein partner, i.e. for the miRNA, siRNA and CRISPR systems. Therefore, we 

decided on a new approach, utilising the landing pad system in combination with a synthetic Cas9 

circuit. 
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Chapter 5: A Cas9-circuit based system for enriching for correctly edited cells 

5.1 Introduction 

The landing pad method discussed above is a translationally silent method to detect correctly edited 

cells, using signal amplifying small RNAs. These small RNA-generating constructs could be embedded 

within most Cas9-based edits undertaken with ssODNs. In Chapter 4 we found that molecular beacons 

may not be the most effective method for detecting these small RNAs. Therefore, David Knapp devised 

a new technique to identify correctly edited cells by adapting the small RNA into a crRNA. As discussed 

in section 1.4, crRNAs are small (typically 36 bp) RNA sequences that provides the specific part of the 

targeting capability of the crRNA:tracrRNA:Cas9 complex68,245,246. We could then use a transiently 

transfected Cas9-reporter circuit, specifically activated by the crRNA, to amplify the signal and 

efficiently detect crRNA-expressing correctly edited cells (fig 5.1). 

5.1.1 Cas9 Activators 

The Cas9 nuclease had been revolutionary not just because of its impact on the gene editing field but 

also due to its potential in synthetic biology. The significant appeal of Cas9 here, is not its cutting 

capacity, but its ability to specifically localise to sequences in DNA, in an easily programmable manner. 

Functional versatility of Cas9 was developed by the addition of extra modules to the RNP, with fusion 

of protein domains to the Cas9 and RNA aptamers to the sgRNA143,247–250.  Therefore, the Cas9 system 

can be used to specifically colocalise all three of the major cellular biopolymers: DNA, RNA and protein. 

This is useful both for the building of sophisticated synthetic circuits and the interrogation of cellular 

mechanisms. 

The first Cas9 fusions created involved fusing of activator or repressor domains, such as VP64 and 

KRAB, to the dCas9 protein143,247,250. The fusions were particularly useful as part of CRISPRa (activation) 

and CRISPRi (interference) screens, as they used a single regulator that could be guided to multiple 

specific locations. Other researchers appended RNA aptamers such as the MS2 loop to compatible 

regions of the sgRNA, which could then recruit MS2 fusion proteins to the Cas9 RNP143,248,249,251. Fusion 
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to the sgRNA allowed locus-differential regulation using a single Cas9 protein with multiple different 

modified guides. Evolutions of these systems produced synergistic activators, such as the SAM system 

which recruited three different activator proteins, VP64, p65 and HSF1, to the same locus249. This was 

achieved using a dCas9-VP64 fusion and MS2-p65-HSF1 fusions recruited to MS2 loops in the stem 

loop 2 and tetraloop of the sgRNA. These activating proteins were posited to each recruit different 

components of the transcription machinery and so were expected to have a synergistic activating 

effect on repressed loci. The VPR system uses a similar principle but recruits the VP64-P65-RTA 

proteins only by fusion to dCas9252. The efficacy of these different systems has not been directly 

compared, but all have been shown to work effectively in mammalian cells. 

5.1.2 Synthetic Cas9 Circuits 

dCas9-regulator fusions have become an important tool in the creation of synthetic cellular circuits. 

Many circuits involve reporter-based readout of cellular or environmental inputs, effected by some 

form of transcriptional activation or repression.  

Prior to the CRISPR revolution, ZFNs and TALENs were first used as effectors in synthetic circuits. 

However, for more complex circuits Cas9 is advantageous as it can target multiple different loci 

simultaneously. Two early examples of Cas9 for synthetic circuits showed how use of one sgRNA to 

drive expression of a second sgRNA could create regulation cascades with multiple outputs78,79. 

 

Figure 5.1 A synthetic circuit for FACS-based selection of correctly edited cells from a heterogenous population. The 

permanently integrated, crRNA combines with the transiently transfected tracrRNA and dCas9-activator to form a targeted 

activating complex which then stimulates expression of the EYFP reporter. EYFP-expressing cells can then be sorted by FACS. 
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5.1.3 Circuit Design 

Our circuit-based editing detection system relies on the permanent integration of a crRNA alongside 

the intended edit, which becomes the input for a transiently expressed Cas9 based reporter circuit (fig 

5.1). Combination of the crRNA with transient tracrRNA and dCas9-activator results in recruitment to 

target sites on the reporter sequence and expression of the reporter. The circuit output is an enhanced 

yellow fluorescent protein (EYFP) reporter, which allows reporting of correctly edited cells by FACS. 

This system has two amplification steps: amplification of the crRNA by the tRNA Pol III promoter; and 

subsequent activation of the EYFP reporter by the dCas9-activator. Therefore, we hoped it would 

produce a robust signal. In theory, both editing and circuit components can be co-delivered, although 

in practice this may be harder to achieve. As discussed for the landing pad in section 4.2.3, the crRNA 

can be made translationally silent by use of synthetic intron sequences and is relevant for most editing 

situations. 

 

5.2 Results 

5.2.1 Optimising crRNA spacer length 

Before attempting to use the circuit to detect edited cells, we first wanted to determine the inherent 

efficiency of a synthetic Cas9 circuit at detecting and reporting the presence of our chosen crRNA and 

assess potential problems with the system. We used a crRNA sequence previously developed in the 

lab which has been proven to have no known targets within the human genome, CRISPR targeting 

sequence 1 (CTS1)253. For these preliminary optimisation experiments, we expressed the CTS1 crRNA 

sequence on a plasmid using the human glutamine tRNA, which has been shown to be an efficient Pol 

III promoter237. . The crRNA scaffold we used was a homemade minimal version to further reduce the 

size of the insert. We based our tracrRNA on the modified sgRNA produced by Zalatan et al in their 

2015 paper248, which contained 3’ MS2 and F6 loops, both of which recruit the MS2 protein. These 

MS2 loops recruited the MS2-p65-HSF1 fusion proteins first described in the SAM system249. 
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Figure 5.2 Effect of spacer length on sgRNA efficiency. (A) Diagram demonstrating the problem of guide exchange between 

editing and activating guides. Targeting of the Cas9 to the YFP reporter leads to reporter destruction instead of activation. 

(B) Schematic showing transfection scheme for experiments. Active or Dead Cas9 are transfected with a YFP reporter, 

tracrRNA 2.0, and activating proteins. For each of these mixes 7 spacer length variants were tested. (C) Flow cytometry gating 

strategy. (D) Typical flow cytometry plots showing percentage activation of reporter in transfected cells for Cas9 mix and 

spacer length indicated. (E) Quantification of plots from C. Percentage of YFP positive cells in transfected iRFP670 positive 

population were calculated. For each replicate data were normalised by dividing by YFP+ % for 20 bp spacer with dCas9. The 

dotted line shows y = 1.   
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We transfected the crRNA plasmid alongside an iRFP670 transfection control and the circuit 

component plasmids, which encoded the Cas9-activator, tracrRNA, and the EYFP reporter. To reduce 

the required plasmid number, the EYFP reporter and tracrRNA were encoded on the same plasmid. 

The EYFP reporter consists of 8 repeats of the CTS1 crRNA target site, separated by 22 bp spacer 

sequences, followed by a minimal promoter sequence from the adenovirus major late promoter 

(MLP), before the Kozak and EYFP sequence. Cas9 variants and modified tracrRNA-targeted activator 

proteins were delivered on separate plasmids. Using this controlled system, we established the 

inherent efficiency or activation of the circuit by determining the percentage of EYFP-positive cells 

within the iRFP670-positive transfected population.  

One potential issue we envisaged with combining a Cas9-based editing approach and a dCas9 circuit-

based selection approach, was the potential for exchange of sgRNAs between the different Cas9 

complexes, a phenomenon which has been reported before254.  Guiding of the editing Cas9 by our 

reporter-activating sgRNA would lead to reporter destruction and subsequent circuit silencing (fig 

5.2.A). Truncation of spacer sequences to 14-15 bp has been shown to maintain targeting capacity of 

the sgRNA-Cas9 complex while abolishing the nuclease activity of the Cas9255. Truncating the crRNA 

sequence therefore has the advantage that where the CTS1 crRNA forms a complex with the editing 

Cas9, the RNP will be unable to cut and destroy the reporter but will still activate EYFP expression. 

Shortening the crRNA spacer length has the additional advantage of reducing the size of the insert 

sequence required and thus most likely increasing the efficiency of editing256. Thus, the first 

component of the circuit we chose to evaluate and optimise was the spacer length of the crRNA.     

To investigate the effect of spacer length on circuit activation, we transfected plasmids containing 

crRNA spacer length variants of 10-15 bp and 20 bp into HEK293T cells alongside one of two different 

circuit mixes (fig 5.2.B). The cutting mix was composed of plasmids expressing: an iRFP670 transfection 

control, Cas9, the tracrRNA and EYFP reporter, and MS2-P65-HSF1 fusion proteins. The dCas9 mix was 

nearly identical to this, albeit with dCas9 in place of Cas9. Three days after transfection, I evaluated 
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Figure 5.3 Optimisation of Cas9-Activator Complex. (A) Schematic showing the plasmids and components involved for each 

Cas9-Activator Variant. (B) Flow Cytometry Gating Strategy. (C) Representative flow cytometry plots showing iRFP670 

fluorescence against EYFP expression, for each Cas9-activator variant. (D and E) Quantification of plots from C for 11 bp 

spacer (D) and 20 bp spacer (E). Y axis shows percentage of EYFP positive cells in iRFP670 positive population. Three biological 

replicates are shown. Error bars show SD.  
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iRFP670 and EYFP expression with flow cytometry (fig 5.2.C and D). I then compared the percentage 

EYFP activation for each spacer length with that from the optimal combination, a 20 bp spacer and 

dCas9 mix (fig 5.2.E). 

As expected, I found that with Cas9, the 20 bp spacer had negligible EYFP activation, most likely due 

to cutting and degradation of the reporter plasmid. Surprisingly I found that EYFP activation was lower 

for spacers of length 13-15 bp than for those of length 11-12 bp with both Cas9 and dCas9. For spacer 

lengths of 11 and 12 bp I found EYFP activation with Cas9 was nearly on par to EYFP activation with 

dCas9 and was close to the maximal activation achieved by the 20bp spacer with dCas9. Thus, I settled 

on using the 11 bp spacer for future experiments. 

5.2.2 Optimising choice of Cas9-Activator Variant 

I attempted to further enhance activation of the circuit using different Cas9 activators variants. As 

described in section 5.1.2, interest in this area has led to the development of a diverse array of Cas9-

activators88,247,249,252. I compared circuit activation with four different Cas9-activator variants: Cas9 + 

tracrRNA 2.0 + MS2-P65-HSF1   (Cas9); dCas9 + tracrRNA 2.0 + MS2-P65-HSF1 (dCas9); dCas9-VP64 + 

tracrRNA 2.0 + MS2-P65-HSF1 (SAM); dCas9-VP64-P65-RTA (Cas9-VPR) (fig 5.3.A).  

 As with previous experiments, I transfected HEK293T cells with plasmids expressing the Cas9-

activator variants, an iRFP670 transfection control, the tracrRNA 2.0 and EYFP reporter, and the CTS1 

crRNA with either an 11 bp or 20 bp spacer. Three days later I analysed the cells by flow cytometry (fig 

5.3.B and C) and determined the percentage of EYFP positive cells in the transfected population (fig 

5.3.D and E). I found that using either Cas9, dCas9 or SAM-Cas9 had little effect on circuit activation, 

with 65-70% of transfected cells expressing EYFP for both the 11 and 20 bp spacer. However, I found 

that the Cas9-VPR activator consistently underperformed compared to the other activators, with only 

~30% of transfected cells expressing EYFP for both 11 and 20 bp spacers. Therefore, for future 

experiments, I settled on using SAM-Cas9. 
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Figure 5.4 sgRNA and crRNA-tracrRNA exchange in Cas9. (A) Schematic potential mechanism for exchange of sgRNA for 

crRNA-tracrRNA on Cas9 within cells (B) Schematic for experimental plan for sgRNA exchange test. ECFP and EYFP reporters, 

CTS1 sgRNA-Cas9 RNP, activating proteins and CTS2 crRNA are delivered to HEK293T cells. The yellow and blue barrels 

represent EYFP and ECFP, respectively. (C) Flow cytometry gating strategy. (D, E, F) flow cytometry plots showing EYFP and 

ECFP reporter fluorescence for: Cas9-negative control (D), crRNA-2 negative control (E), and Cas9+ and crRNA-2+ 

population. (G) Quantification of EYFP, ECFP and EYFP+ECFP, reporter positive cells from D, E and F.  
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5.2.3 Evidence of sgRNA exchange 

As discussed in section 5.2.1, it is possible that exchange of sgRNA between Cas9 and dCas9 may 

occur(fig 5.2.A)254. To minimise damage to the circuit system, I determined in section 5.2.1 that use of 

an 11 bp spacer maximises reporter targeting but minimises reporter cutting with Cas9. However, it is 

still important to know whether there is any leakage between the editing system and reporter system, 

as this may affect the desirability of this enrichment method in some instances. 

Therefore, we designed an experiment to determine whether exchange can occur between a crRNA-

tracrRNA and a sgRNA-Cas9 complex, resulting in a crRNA-tracrRNA-Cas9 complex (fig 5.4.A and 5.4.B).  

I transfected HEK293T cells with two plasmids encoding two different fluorescent reporter constructs, 

respectively: EYFP with CTS1 target sites and tracrRNA, and ECFP with CTS2 target sites. I also delivered 

a CTS1 sgRNA-Cas9 RNP and a plasmid expressing the CTS2 crRNA. I then examined expression of both 

reporters by flow cytometry (fig 5.4.C, D, E and F). I controlled for non-specific reporter activation by 

including a Cas9-negative and CTS2 crRNA-negative control.  

I found that in samples with both CTS2 crRNA and Cas9, ~5% of transfected cells activated the CTS2-

ECFP reporter and ~2% of cells activated both the CTS1-EYFP and CTS2-ECFP reporters (fig 5.4.G). In 

comparison, for both samples containing Cas9 CTS1-EYFP reporter expression was ~10% of transfected 

cells. Thus, I concluded that the likelihood of sgRNA exchange was relatively high and researchers 

looking to use this system should be aware of this. 

5.2.4 Clearance of transient circuit components from system  

One of the advantages we predicted from our circuit enrichment system is that, with the exception of 

the permanently integrated crRNA, all the components are transient. We wanted to verify that 

plasmids would indeed disappear from cells. I investigated this by observing the loss of the reporter 

plasmid from the system. To more accurately visualise plasmid, as opposed to protein, disappearance, 

I used an EYFP reporter tagged with a destabilising domain (dEYFP), which targeted the protein for 

degradation.  
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Figure 5.5 Investigating Circuit Longevity. (A) Graphic showing the experimental.scheme for this time course. (B) Flow 

Cytometry Gating Strategy. (C) Representative flow cytometry plots showing iRFP670 fluorescence against YFP 

expression, for each time point in cells in 10% FBS. (D and E) Quantification of plots from C for cells: in 10% FBS (D), and 

2% FBS (E). Y axis shows percentage of YFP positive cells in the total population. Points show three biological replicates. 

Best fit curve calculated using non-linear regression. Shaded area shows 95% confidence levels.  
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One assumption I made here is that all plasmids would be degraded at a similar rate, which may not 

be the case according to some studies257,258. Intracellular degradation depends on the presence of 

labile sites which the plasmids used may have to a greater or lesser extent. In addition, rate of plasmid 

degradation likely varies between different cells lines and different delivery methods. Nevertheless, 

reporter loss is a reasonable proxy for determining that the circuit system is indeed transient, if not 

for determining exact kinetics of all components in individual systems. 

To observe reporter loss, I first transfected cells with the dEYFP reporter plasmid, the plasmids 

encoding SAM-Cas9 components, and the 11 bp crRNA plasmid (fig 5.5.A). I harvested and analysed 

iRFP670 and EYFP expression at subsequent time points ranging from one to eight days post 

transfection (fig 5.5.B and C). Additionally, I conducted experiments in media predicted to stimulate 

different growth rates, using different proportions of FBS. 10% FBS was predicted to drive more rapidly 

dividing cells, and 2% FBS was predicted to give slower growth rates259,260.  

Surprisingly, I found there was little difference in the plasmid clearance kinetics between cells in 10% 

and 2% FBS (fig 5.5. D and E). I do not think this was due to maintenance of the plasmid within the 

HEK293T cells as none of the plasmids used contained the SV40 replication site. I calculated plasmid 

clearance by observing the EYFP positive cells in the total population instead of in the transfected 

population, as the iRFP670 protein was also lost from cells overtime, albeit with differing kinetics. I 

observed that at the 8-day timepoint, a negligible number of cells were EYFP-positive.  

I also observed differing kinetics with the dEYFP reporter to the EYFP reporter, due to more rapid 

protein degradation. With the dEYFP reporter, I found that the proportion of EYFP positive cells was 

greatest at the 1-day timepoint and declined exponentially over time (fig 5.5.D). However, with the 

EYFP reporter I found that the greatest proportion of EYFP positive cells was found at the 2-day 

timepoint (data not shown). This is likely due to the greater accumulation of EYFP protein with the 

EYFP reporter as opposed to the dEYFP reporter. 
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5.2.5 Enriching for correctly edited cells with the circuit system 

 

Following optimisation of the circuit components, we sought to test the efficacy of our system at 

detecting correctly edited cells. We edited the BRCA-1 3’UTR in HEK293T cells, a locus our lab had 

experience in editing261. We wanted to use HEK293T cells at this stage as they are resilient and 

efficiently electroporated and transfected.  

We designed a single stranded oligo donor which would introduce the 11 bp CTS1 spacer and crRNA 

scaffold under the control of a minimal Pol III promoter. For the minimal Pol III promoter we settled 

on the Drosophila melanogaster tRNA-gly, which has been shown to promote expression of small 

RNAs at a similar level to that of the U6 promoter237. We chose to use a Drosophila tRNA instead of a 

human tRNA to reduce the likelihood of tRNA-mediated HDR within the host cell. Downstream of the 

crRNA scaffold we inserted a Pol III terminator. To reduce the likelihood of false positives, we designed 

the single stranded donor to be antisense, as the CTS1-crRNA sequence would then only be present 

within the nucleus after incorporation into the genome. We used homology arms of 45 bp, for an 

Figure 5.6 Editing the BRCA1 Locus. (A) Schematic of BRCA1 locus. The gene body is shown in blue and 3’UTR in grey. The 

sgRNA is pink, PAM coloured red, and donor shown in green. The red arrow indicates the Cas9 cut site. (B) Diagram detailing 

the correctly edited locus with tRNA promoter, CTS1 crRNA and Pol III terminator.  
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Figure 5.7 Enrichment of correctly edited cells using a Cas9 synthetic circuit. (A) Experimental scheme for editing and sorting of correctly 

edited cells. (B) Example flow cytometry plots for Cas9 and Cpf1-based editing, ± guide RNAs. (C) Percentage of YFP+ cells within the 

iRFP670+ population, for Cas9 and Cpf1-based editing, ± guide RNAs. Results are from 3 biological replicates (D) Example agarose gel of 

BRCA1 3’UTR for YFP+ cells and unsorted cells from Cas9 and Cpf1-based editing, ± guide RNAs. Both the edited (~450 bp) and wild type 

(~350 bp) bands are labelled. (E) HDR% calculated from (D) for three biological replicates. (F) Fold enrichment (HDR% in sorted/HDR% 

in unsorted) for Cas9 and Cpf1 calculated from (E). (G) Plot showing relationship between fold enrichment and unsorted HDR% for each 

sample. Line of best fit was calculated using least squares fit. Dashed lines show confidence interval 95%.. ns = not significant. * = P ≤ 

0.05. ** = P ≤ 0.01. *** = P ≤ 0.001 
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insert of 103 bp. We expected incorporation of an insert of this size to be relatively inefficient with an   

ssODN, and thus, a good test for our enrichment system. 

We hypothesized that any crossover between the editing and circuit components would be reduced 

by using the Type V effector nuclease, Cpf1. Although targeting of the Cas9 with the truncated reporter 

guide is unlikely to result in cutting, it will likely reduce reporter activation. Therefore, we decided to 

test the editing potential of Cpf1 alongside Cas9. Transfection of the editing and circuit components 

was done sequentially (fig 5.7A). First the editing components were electroporated in as plasmid-

encoded Cpf1 or Cas9 alongside the ssODN. As a control, components were delivered without the 

guide RNA, so false positive rates could be observed. Three days post-transfection, the circuit 

components, as optimised above, were electroporated into cells. After another three days, cells were 

analysed by flow cytometry (fig 5.7B). 

I determined the percentage of EYFP positive cells within the transfected iRFP670 population. I found 

that levels of EYFP+ cells in the guide RNA-negative controls was consistently much lower (0.01-0.1% 

of transfected cells) than in the sgRNA+ populations (fig 5.7C). However, EYFP-bright false positives 

were still visible on the flow cytometry plots. I found that levels of EYFP+ cells in the Cpf1 edited 

population were very consistent (~0.45% of transfected cells), whereas levels of EYFP+ cells in the Cas9 

edited population were much more variable (0.3-1.2% of transfected cells). Nevertheless, I was 

reassured by the observation that the edited cell populations consistently had a much higher 

percentage of positive cells than the negative controls. 

I then sorted the cells to isolate the iRFP670+ EYFP+ population and extracted the gDNA from both 

this population and the unsorted cells. I amplified the BRCA1 3’UTR and observed the edited and wild-

type bands on an agarose gel (fig 5.7D). I quantified HDR percentages by dividing edited band volume 

by total band volume (fig 5.7E). I found that unsorted cells had HDR percentages in the range of 1-5% 

for both Cas9- and Cpf1-edited populations. FACS-sorted Cas9-edited cells contained 20-30% HDR 
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positive alleles, whereas FACS-sorted Cpf1-edited cells contained 30-60% HDR positive alleles, 

suggesting up to 100% of cells could be heterozygous.  

Figure 3.8 Simultaneous delivery of editing and circuit components. (A) Diagram showing experimental scheme for delivery 

of editing and circuit components. (B) Flow cytometry gating strategy. (C) Representative flow plots for iRFP670(transfection 

control) and EYFP (reporter) with electroporated components shown below. 
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I calculated fold enrichment by dividing % HDR in sorted cells by % HDR in unsorted cells (fig 5.7F). I 

found that enrichment of Cas9 edited cells was reasonably consistent at 13.5-fold (± 8-fold). However, 

I found that enrichment of Cpf1 edited cells was much more variable, although typically much greater, 

at 43-fold (± 38-fold). I also plotted log enrichment against initial HDR efficiency in unsorted cells and 

found there is a negative correlation between these variables, likely due to inflation of fold estimations 

when denominators approach zero (fig 5.7.G).   

Finally, I attempted to deliver both editing and circuit components simultaneously (fig 5.8). I used an 

editing sgRNA and Cas9 RNP and ssODN, and electroporated them alongside the circuit plasmid 

components (fig 5.8.A). Three days later I observed the percentage of EYFP positive cells by flow 

cytometry (fig 5.8.B and 5.8.C). However, I found simultaneous delivery of components drastically 

reduced the percentage of EYFP+ cells in both positive control populations, and test populations (fig 

5.8.C). The percentage of false positive YFP+ cells in the ssODN-, negative population was also reduced. 

Additionally, the total percentage of iRFP+ transfected cells was reduced, suggesting that 

simultaneous delivery of editing and circuit components massively reduced transfection efficiency.  

 

5.3 Discussion 

In this chapter I have achieved the following: 

1. Synthetic Cas9 circuits can enrich for correctly edited cells by 20-40 fold 

2. Optimised circuit components including crRNA length and Cas9-activator 

3. Shown that circuit plasmids are eliminated from the system within 8 days 

5.3.1 False positives and false negatives 

Key features for a successful enrichment system are high degrees of sensitivity and accuracy, or a low 

proportion of false negatives and false positives. I initially predicted from the low percentage of EYFP+ 

cells on the guide RNA- flow cytometry plots, that false positive cells would be <10% of the final 
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population. This base-line level of expression could be due to spontaneous incorporation of the ssODN 

into the genome, resulting in reporter crRNA expression, or non-specific EYFP activation. 

However, I observed the edited bands on the gel were only 20-60% of the total band volume. Although 

this effect could be partially due to heterozygosity: a completely heterozygotic population would 

mean the maximum proportion of edited alleles would be 50%. However, a solely heterozygotic 

population is unlikely, due to the co-incident insertion effect262. From a purely heterozygous 

population with <10% false positive rate, one would expect edited bands to be 45-50% of total band 

volume. Therefore, this possibility does not completely account for the extra false positive cells 

predicted from the gel-based assay. Another possibility is that the editing sgRNA may increase the 

potential of the ssODN to integrate in off-target sites, by generating off target DSBs with some 

homology to the donor.  

It is also important to understand the sensitivity of our circuit enrichment system. The scope of these 

experiments is only deep enough to speculate on the proportion of false negatives. Enrichment of 

edited alleles after sorting is roughly 20-40 fold. Therefore, if all EYFP+ cells were true positive and 

there were no false negatives, we would expect the percentage of EYFP+ cells within the total cell 

population to be 2.5-5%. However, the percentage of EYFP+ cells in the transfected population is 0.5-

1% and in the total population is only 0.25-0.5%. Based on these numbers I predict we did not detect 

~80% of true positive cells. In optimisation experiments, ~60% of transfected cells and ~25% of total 

cells were EYFP+ when the reporter crRNA was expressed from a plasmid. This corresponds roughly 

with the numbers observed in editing and sorting experiments, meaning that this loss of sensitivity 

could be explained as a delivery issue. I had hoped that there may be some ‘transfection competent’ 

cells which were more likely to receive both editing and circuit components and so reduce the effect 

of inefficient delivery. However, without more information it is difficult to speculate on whether this 

phenomenon exists and whether it would have an impact. The major difference between the 

optimisation experiments and the editing and sorting tests, is that the reporter crRNA is expressed 
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from the genome instead of from a plasmid. Copy number is lower and thus crRNA expression is 

reduced. Furthermore, it may be that some of the edited alleles detected in the gel from the unsorted 

population (and to a lesser extent the sorted population) may be incorrectly copied, artificially 

reducing the fold change and thus causing overestimation of false negatives.  

However, it is difficult to predict the proportions of false positives and negatives and their root causes 

without more information. There are multiple experiments that will help to address these issues. Deep 

sequencing of the BRCA1 3’UTR in the unsorted, EYFP+, and EYFP- fractions will help to determine the 

proportion of false negative and false positive cells. I could identify off-target donor integration using 

a fragment PCR and NGS method, reminiscent of GUIDE-seq92. Additionally, I hope to use index sorting 

and single cell clonal analysis to map the EYFP intensity of both heterozygous and homozygous cells. I 

could also use these results to build a probability purity curve to help advise the drawing of flow 

cytometry gates. 

Additionally, a better test of the efficacy of my system would be to test the final editing efficiency 

post-enrichment against the editing efficiency of a donor with a much smaller insert. This would more 

accurately represent any advantage given by the system, as the larger insert size required to express 

the crRNA will likely reduce editing efficiency263.   

5.3.2 Activator and Editor Choice 

I observed that choice of activator had a relatively small effect on EYFP output, except in the case of 

dCas9-VPR which performed much worse. I found this interesting because dCas9-VP64 has fewer 

activators. Is it possible that in this context p65 and RTA have an inhibitory effect? dCas9-VPR was 

primarily designed to synergistically activate transcription at reticent loci252. It’s possible that for 

simple plasmid-based transcription dCas9-VP64 is sufficient and the extra transcription factors hinder 

the targeting capacity of dCas9.  

My final experiments suggest that, although I did not test it in any of the optimisation experiments, 

Cpf1 may be the superior choice of editor. Some papers have found that Cpf1 exhibits improved HDR 
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efficiency with ssODNs compared to SpCas984. However, I did not see a difference between the initial 

HDR efficiency of Cpf1 and Cas9 in unsorted cells. Instead I observed that the enrichment of edited 

alleles with Cpf1 tended to be higher with Cpf1 than Cas9. This could be due to the improved 

orthogonality with Cpf1.   

5.3.3 Timing and Delivery of Components 

One adjustment which would enhance the scope of this technique is simultaneous delivery of both 

the editing and circuit components. Sequential delivery of components is not ideal when dealing with 

cells that are difficult to culture or transfect, i.e. primary cells.  

However, early experiments show achieving enrichment with simultaneous delivery requires 

optimisation of component delivery (fig 5.8). Originally, we hypothesized this could be due to non-

productive interactions between the systems: dCas9 obstructing Cas9 cutting and vice versa. 

However, when we trialled simultaneous delivery with Cpf1 as an editor we found similar issues (data 

not shown). It may be that delivery load on the cells is too great and causes toxicity or incomplete 

delivery of all components. This hypothesis, is supported by the reduced percentage of iRFP+ cells in 

Figure 5.8.C. It is also possible that timings may not be fully optimised, and expression of the crRNA 

from the integrated site occurs when most of the reporter plasmid is already degraded.  

In summary, initial results using the circuit-based system to enrich for precisely edited cells are 

promising. However, further exploration may help us to better characterise the efficacy and increase 

the applicability of this system.   
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Chapter 6: Final conclusions and future directions 

6.1  Summary of Findings 

The ultimate goal of the work described in this thesis was to develop a method to produce cell 

populations with a high proportion of correct CRISPR-mediated edits. Such a method would be useful 

in several contexts: from increasing the therapeutic potential of gene editing, to reducing the labour 

required to produce cell lines for basic research. 

This goal can be achieved by improving efficiency of editing or by enriching for correctly edited cells. 

These two strategies occur at different points in the editing timeline. Methods which improve the 

efficiency of editing typically occur before or alongside editing, whereas, methods to enrich for edited 

cells typically occur after cells are edited. 

I began my work by investigating common methods to improve the efficiency of editing and found 

these strategies had little impact. I then shifted my focus to developing a novel, minimally invasive 

method to select for edited cells using molecular beacons. This was an attempt to directly recognise 

the desired changes in the genome, without requiring the insertion of a large reporter cassette. I found 

that the beacons were highly susceptible to off-target binding. Therefore, I developed a small RNA 

expression system to be integrated into the genome alongside the desired edit and express the beacon 

target sequence at a high level. However, I found the beacons still exhibited non-specific binding which 

obscured the identification of true-positive cells. Finally, I developed a Cas9 circuit-based enrichment 

method using an adapted form of the small RNA expression system to produce a reporter-activating 

crRNA. I established this system is capable of producing a 20-40 fold enrichment for correctly edited 

HEK293T cells with edited alleles at a frequency of 20-60% in the final population.  

6.2  Potential of circuit-based enrichment 

6.2.1 Previous work 
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The most effective methods for enriching for HDR-mediated edits detect insertion directly by 

integrating a selection cassette into the genome175–177,262. The reporter can be inserted directly into 

the target locus175–177.  Alternatively, the reporter can be integrated into a separate safe harbour locus 

and enrich correct editing at the target locus using the principle of coincident insertion262. Selection 

cassettes can then be excised using the PiggyBac transposon system, the Cre/LoxP recombinase 

system, CRISPR-mediated HDR, or Cas9-assissted MMEJ175,176,264–266. The PiggyBac system is scarless, 

provided that the cassette is inserted into a TTAA site; the Cre/Lox recombinase leaves 34 bp LoxP 

scars; and CRISPR requires a PAM sequence267,268. 

A prime example of this method was the seamless correction of β-thalassemia mutations in patient 

iPSCs176. The authors inserted a puromycin and thymidine kinase selection cassette between PiggyBac 

inverted terminal repeats (ITRs). Xie et al positively selected correctly edited cells using puromycin 

and produced clonal lines. 50% of clonal lines contained the correct insertion. Cells were then 

transiently transfected with a transposase and underwent negative selection with FIAU, which 

thymidine kinase converts into a toxic substrate. Clonal lines were produced again, 12.5% of which 

had the correct excision. The method took a total of 3 months to complete. 

A second example of selection cassette-based selection used a first round of EGFP-based selection to 

enrich for cells with a snap tag inserted at the TERT locus175. This was followed by the Cre/Lox method 

of excision to remove the EGFP selection cassette, and finally negative selection on the absence of 

EGFP. This method left LoxP site ‘scars’ after excision, but as the edit was located in the 3’ UTR and 

introduced an exogenous tag, this was not an issue. After the initial EGFP+ sort, 66% of clonal lines 

developed were true positives. After the final EGFP- sort, 100% of clonal lines had the selection 

cassette successfully removed. 

Finally, scars at the target locus can be avoided using the coincident insertion method. Shy et al 

inserted a neomycin selection cassette flanked by PiggyBac ITRs into a control site and used this 

reporter to select for EGFP insertion at a separate target site262. They found that after neomycin-
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selection, edited GFP-expressing cells were 40 ± 5% of the total population, an enrichment of ~30-

fold. They also observed an inflation of fold estimations with low initial editing efficiencies, when using 

lower concentrations of linear dsDNA donors. The editing was performed on mouse ES cells, which 

are a more relevant disease and genome editing model and more difficult to transfect than HEK293T 

cells269. Following editing, enrichment and clonal cell line analysis, PiggyBac mediated excision was 

stimulated and enriched for with negative thymidine kinase selection. However, they found that only 

1-3% of clonal lines exposed to PiggyBac became resistant to thymidine kinase selection, showing that 

PiggyBac-mediated excision is not very efficient. 

In summary, these methods produce a high frequency of correctly edited cells post-enrichment, but 

are laborious, time-consuming processes, requiring 1-3 months, and the production of multiple clonal 

lines. These methods would be inappropriate cell types which are difficult to transfect or culture, i.e. 

primary cells270. The multiple screening and enrichment steps may also be inappropriate for some cell 

types. The literature often does not directly report on the frequencies of false positives and/or false 

negative cells. However, the above methods are advantageous as they can be completely scarless, in 

the case of PiggyBac-mediated excision264. In addition, if the target locus does not have an 

appropriately positioned TTAA site for scarless editing, coincident insertion can be used by co-

targeting a separate safe-harbour site262. 

6.2.2 Advantages and limitations of circuit-based enrichment 

In comparison, my circuit-based enrichment system is a much faster process: requiring less than one 

week from editing to enriched population, or three weeks if clonal lines are required. This may be 

advantageous for cells which are difficult to culture, e.g. CD34+ cells270. In addition, circuit-based 

enrichment requires only one round of enrichment, compared to the two required to remove the 

reporter cassette using selection-excision enrichment.  
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Circuit-based editing produces enrichment folds similar to the coincident insertion enrichment values. 

In addition, loss of false negatives in the secondary selection step, may mean that circuit-based 

enrichment gives an improved absolute number of true positive cells in the final population. 

Excision efficiencies with cassette-selection methods appear to be highly variable: In Xie et al’s 2014 

study, PiggyBac-mediated excision was only successful in 12.5% of clones; whereas in Yusa et al’s 2013 

study Cre/Lox mediated excision had a 100% success rate. Therefore, with cassette-based selection 

and excision, the compromise may be between inefficient excision with PiggyBac and scarring excision 

with LoxP. However, I anticipate circuit-based enrichment to be translationally scarless without 

requiring excision. This assumption rests on the efficiency of splicing of the artificial intron. Evidence 

suggests that artificial introns are spliced efficiently in mammalian cells, however, we will need to test 

efficiency in our system271. Synthetic introns have been shown to affect transcription efficiencies of 

genes, and this alteration in gene expression may also have an unforeseen effect on cells272. 

Additionally, splice sites impose a restriction on the target sequence: an exonic 3’AG and 5’GT273. This 

limitation is similar to the TTAA of PiggyBac mediated excision. However, SpCas9 editing already 

requires an NGG PAM sequence, which fulfils half of this limitation. 

Circuit-based enrichment introduces permanent transcriptional changes within the cell, and it is 

unclear what the effects of continued expression of a crRNA may be. In this thesis I have assumed that 

expression of a small RNA is preferable to expression of proteins, but this is not definitive. Although 

protein antigens may be the primary substrates of the innate immune system, RNA sequences also 

commonly activate immune responses274.  

Circuit-based enrichment is principally limited to ssODN-based editing, as the tRNA Pol III promoter is 

active on dsDNA, regardless of genomic integration237. This limitation can be potentially avoided by 

elongating the time between the first and second transfections, so that when circuit components are 

delivered, editing components have degraded. However, this solution elongates the time that cells 

are in culture, counteracting one of the advantages of this enrichment system.  
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Both cassette-based selection and circuit-based enrichment cannot distinguish between on target and 

off target insertion. EYFP-expressing positive cells may be activated by crRNA generated from the 

targeted insertion or from a random off-targeted insertion.  

Perhaps, one of the biggest flaws of circuit-based enrichment is that large inserts have been shown to 

decrease editing efficiency263. Insertion efficiency of linear dsDNA dropped from ~50% to ~30% when 

insert sized was increased from 57 bp to 336 bp. Thus, use of circuit-based enrichment to enrich for 

cells with a correct SNP edit may be counter-productive, as it requires incorporation of a 100 bp insert. 

Alternatively, the observed negative correlation between initial editing efficiency and enrichment fold 

(fig 5.7.G), may compensate for this drop in efficiency. Where initial editing efficiencies varied greatly, 

post-enrichment editing efficiencies were much more similar (fig 5.7.E).  

Furthermore, prime-editing, the innovative new DSB-independent technique from the Liu lab, is thus 

far only able to incorporate edits of up to 30 nt105. However, this technique is still in its infancy and 

may be able to incorporate larger edits with further development. Therefore, although currently 

prime-editing is not compatible with circuit-based enrichment, this may change in the future. 

6.2.3 Development of circuit-based enrichment 

Further to the characterisation experiments discussed in section 5.3, I would like to suggest the 

following developments to improve the scope of this method.  

One important experiment to increase the relevance of this work is to show that this system still works 

when the crRNA is placed within a synthetic intron. We plan to test this in the adenosine deaminase 

(ADA) locus, a therapeutically relevant target for severe combined immune deficiency (SCID)275. 

Numerous point mutations in the coding region of ADA are associated with varying severities of 

SCID276. Addition of synthetic intron sequences expand the insert size by ~30 bp, resulting in a final 

ssODN size of ~220 bp. This increase will likely result in a drop in editing efficiency which may impact 

the efficacy of the enrichment system. In addition, I would like to confirm the correct splicing of the 

synthetic intron from the ADA gene with gel and RT-qPCR-based assays. Confirming the utility of this 



124 
 

method for translationally-scarless editing within the coding region will massively enhance the 

relevance of circuit-based enrichment. 

I wish to test the efficacy of circuit-based enrichment in primary cells. Collaborators of ours in Rod 

Dunbar’s lab, University of Auckland, have already begun to test this system in primary keratinocytes. 

They hope to use this enrichment method to improve the study and treatment of the skin disease, 

epidermolysis bullosa. However, as of yet, efficacy seems to be limited by inefficient transfection. 

Furthermore, another important question which much be answered is: can circuit-based enrichment 

be achieved using a single transfection step? This adjustment will cement circuit-based enrichment as 

an advantageous method. However, it is still unclear why simultaneous delivery of components has 

failed. I plan to vary the concentrations of components and trial alternative methods of delivery to 

determine if this can improve results. I will also attempt to use an inducible promoter for the dCas9-

activator, to see if timed expression has an impact. Finally, a minimal single plasmid expressing all 

components of the circuit system may have a positive effect.  

One of the limitations I foresee for this ssODN-dependent system, is the prohibitive size of the 

required insert. I propose that further optimisation of the tRNA Pol III promoter may help to reduce 

the size of the insert. The Pol III promoter function of tRNAs is under-researched237. It may be that the 

length of the promoter can be optimised to improve the efficiency of editing. 

To conclude, the scope of circuit-based enrichment is exciting, but more work must be done to fully 

realise this potential. Current enrichment methods are time consuming and not well suited to 

selecting for primary cells. Circuit-based enrichment has the potential to succeed in these areas where 

cassette-based enrichment falls short. Alternatively, circuit-based enrichment is an innovative 

approach to a difficult problem, and an interesting example of yet another area where the unique 

CRISPR mechanism is valuable.  
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