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 ABSTRACT  

 The development of the CRISPR/Cas9 gene editing system has driven renewed 

interest in the field of gene therapy. However, despite recent advancements, barriers to 

clinical gene therapies remain. My research aims to address some of these barriers.  

 The first topic of this thesis is the identification of gene editing loci (GELs), 

genomic regions where genetic information can be safely incorporated. Targeting these 

sites will improve gene editing safety and efficacy. Here, I demonstrate the functionality 

of targeting a proto-GEL on human chromosome 15 and discuss a script to identify novel 

GELs.  

 The second topic focuses on the efficiency of gene insertion by DNA repair. I 

show that translesion DNA polymerase eta is important in the homology-directed repair 

pathway, which could help improve gene editing outcomes. I also reveal a potentially 

novel role of this enzyme in another aspect of genome maintenance, highlighting the dual 

nature of HDR-affecting enzymes.   
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CHAPTER 1: INTRODUCTION 

This chapter contains material (sections 1.1, 1.3.1, 1.3.2, 1.4) originally published in: 

 

ñKratzer K, Getz LJ, et al. 2021. Addressing the dark matter of gene therapy: technical 

and ethical barriers to clinical application. Human Genetics. DOI: 10.1007/s00439-021-

02272-5.ò 

 

1.1 History of gene therapy  

The foundation of modern gene therapy was laid in the early to mid-twentieth 

century, when researchers discovered the phenomena of bacterial transformation and 

transduction, demonstrating that cell phenotypes can be altered by the introduction of 

exogenous genetic material 1ï4. Scientists later learned to employ enzymes to recombine 

DNA into novel configurations. However, recombinant DNA research was temporarily 

put on hold in the 1970s after safety concerns were raised. These were summarily 

mitigated by review of the technology in 1975 5ï8, reopening the door for research on 

recombinant DNA that would beget future gene therapy attempts.  
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Figure 1. Timeline of important discoveries and events in the field of gene therapy. 

Key events in the history of gene therapy are presented between 1900 and 2020. ADA-

SCID adenosine deaminase-severe combined immunodeficiency, LCA Leber congenital 

amaurosis, LPLD lipoprotein lipase deficiency, SPV Shope papilloma virus. From 

Kratzer et al. 2021.   
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By this time, the first proto-gene therapy approaches were being tested. One was 

the use of infection with the Shope papilloma virus (SPV) to treat hyperargininemia, a 

liver urea cycle disorder characterized by elevated serum arginine, as the virus was 

believed to encode an arginase enzyme 3,9. Despite the negative outcome of this trial ï 

sequencing later revealed that the SPV genome did not encode an arginase ï early 

discoveries and experiments paved the way for virus-based delivery of gene replacement 

and the gene therapy boom of the 1990s 3. In 1990, the first gene therapy trial was 

launched to treat adenosine deaminase (ADA) deficiency, a form of severe combined 

immunodeficiency (SCID) 3. This gene replacement approach involved removing 

diseased T-cells, correcting them ex vivo using a retrovirus to deliver a copy of the 

functional ADA gene, and infusing them back into the patient 10. Although the therapy 

was effective at partially restoring the patientôs immune system and allowed her to 

develop normally, this effect was temporary; today, she requires regular enzyme 

replacement therapy 3,11. Despite the incomplete success, this remains a landmark event 

in gene therapy by demonstrating the potential efficacy of gene replacement and paving 

the way for future trials 11. 

Soon after, an infamous trial was conducted to treat a young man named Jesse 

Gelsinger who had a mild form of the rare disease ornithine transcarbamylase (OTC) 

deficiency. This genetic disorder prevents the breakdown of ammonia, which can build 

up and cause brain damage, organ failure, and death in severe cases 3,12,13. The 

controversy of this trial arises from the recruitment, treatment, and subsequent death of 

Gelsinger, as it was the first death directly attributed to gene therapy 3,10,12ï14. The 

backlash to the OTC gene replacement trial was swift. Rather than the cautious optimism 
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which had surrounded the field since 1975, the future of gene therapy was in doubt. A 

second meeting was held in 2000 to discuss the future of gene therapies 12. There were 

calls for a complete halt to gene therapy, and human trials were suspended in the United 

States 12,13. Ultimately, stricter policies were set, including a decade-long self-imposed 

global moratorium 12. 

A major requirement for safe and effective gene therapy is the availability of 

precision gene editing tools. These tools began to emerge in the late 1990s with the 

development of programmable endonucleases designed to generate site-specific DNA 

double-strand breaks (DSBs) such as zinc finger nucleases (ZFNs) 15ï18 and transcription 

activator-like (TAL)  effector nucleases (TALENs) 19,20 (Fig. 2). ZFNs, which fuse an 

adaptable zinc finger DNA binding protein with a Flavobacterium okeanokoites (FokI) 

endonuclease catalytic domain (Fig. 2), were one of the first systems used for targeted 

gene editing 21,22. Similarly to ZFNs, TALENs consist of FokI fused to multiple repetitive 

TAL effector domains to facilitate site-specific DNA cleavage and subsequent gene 

editing via DSB repair (Fig. 2). However, the size and repetitive nature of TALENs 

makes them less suitable for viral vector delivery, and both ZFNs and TALENs are more 

labour-intensive and expensive to design and build, hampering their versatility compared 

to the clustered regularly interspaced short palindromic repeats (CRISPR) gene editing 

system 22ï25. These programmable endonucleases bind as dimers to DNA to facilitate site-

specific DNA recognition and induction of a DSB, which is then resolved by the cellôs 

own DNA repair machinery, resulting in targeted gene editing (Fig. 2).  

Following induction of a DSB, one of two endogenous DNA repair mechanisms 

may occur, producing different gene editing outcomes: non-homologous end joining 
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(NHEJ) or homology-directed repair (HDR) (Fig. 2). The predominant pathway 

throughout the majority of the cell cycle, NHEJ repairs broken DNA strands with no 

requirement for homology, causing random insertion/deletion (indel) mutations that are 

capable of disrupting a gene 26. In brief, the DSB is rapidly recognized and bound by the 

Ku70/80 heterodimer, which stabilizes the broken ends and recruits a variety of NHEJ 

factors including the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) 27ï30. 

Binding of DNA-PKcs causes rotation of Ku70/80 away from the DSB 31, enabling 

loading of other repair factors promoted by p53-binding protein 1 (53BP1) 32, as required 

by the severity of the DNA damage 33ï38. DNA polymerases of the X family including ɛ 

and ɚ fill any gaps left by end processing 39. Regardless of the factors recruited in the 

preceding steps, the broken strands are resected to create blunt ends which are finally 

ligated by ligase IV 40, inevitably altering genetic information at the break site (Fig. 2).  

When a targeted break is repaired by NHEJ, this deliberate disruption can 

knockout (KO) a gene of interest. Alternatively, HDR relies on a homologous template 

normally sourced from undamaged sister chromatids for error-free repair, and thus is 

primarily restricted to late S and G2 stages of the cell cycle when a homologous sequence 

is present 41,42. Less efficient but more accurate than NHEJ, the HDR pathway can be co-

opted for gene editing when a repair template is provided that includes a new sequence of 

interest in addition to homology to the break site. Incorporation of this template through 

the mechanism of homologous recombination (HR) results in precise insertion of novel 

genetic material 43 (Fig. 2).  

Just as in NHEJ, a variety of repair proteins and factors are involved in HR. The 

DSB is initially recognized by Ataxia telangiectasia mutated (ATM) kinase and a 
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complex of meiotic recombination 11 (MRE11), RAD50, and Nijmegen breakage 

syndrome 1 (NBS1) proteins, termed the MRN complex. The MRN complex tethers the 

ends of the DSB and initiates 5ô end processing 44ï46. Additionally, MRN recruits the 

carboxy-terminal binding protein-interacting protein (CtIP) responsible for end resection, 

resulting in 3ô overhangs 47. These single stranded sections of DNA (ssDNA) seem to be 

the defining feature of DSB repair pathway choice since factors necessary for NHEJ are 

unable to assemble on ssDNA 48. Once pathway choice is determined, the initial end 

resection is extended by DNA replication ATP-dependent helicase-like homolog 

(DNA2), exonuclease 1 (EXO1), and Bloom Syndrome helicase (BLM) 47. 53BP1 and 

the Ku70/80 heterodimer inhibit the HR pathway by preventing accumulation of breast 

cancer 1, early onset (BRCA1) and stabilizing the break site against the formation of 

unstable ssDNA structures, respectively 47,48. In HR, replication protein A (RPA) coats 

the ssDNA to promote stability and protect against degradation. ATM Rad3-related 

(ATR) kinase is subsequently activated by RPA and, together with ATM, phosphorylates 

BRCA1 49. BRCA1 likely serves many important roles in HR. It seems to promote the 

most high-fidelity pathway available, acting antagonistically with 53BP1 at DNA ends of 

a DSB when a homologous sequence is available for HR 50. BRCA1 facilitates the 

recruitment of BRCA2 through direct interaction with the partner and localizer of 

BRCA2 (PALB2) 47,51, and in turn, BRCA2 recruits the recombinase protein homolog of 

bacterial RecA (RAD51). RAD51 replaces RPA to coat and protect the ssDNA filaments, 

and BRCA1 promotes RAD51-mediated strand invasion and homologous pairing with 

the donor strand, resulting in displacement (D-) loop formation 47,48,51. The D-loop is 

resolved and DNA repair is achieved through one of three sub-HR pathways: double-
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strand break repair (DSBR), synthesis-dependent strand annealing (SDSA), or break-

induced replication (BIR) 48. 

Reliance on these endogenous mechanisms for gene editing necessitates a deeper 

understanding of the repair factors and processes. However, much remains to be 

elucidated, including the broad role of BRCA1, and the function of Fanconi anemia (FA) 

and translesion synthesis (TLS) proteins in HR (further discussed in Section 4).   
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9 

Figure 2. Gene editing platforms harness programmable nucleases and endogenous 

DNA repair.  The three major gene editing systems (ZFNs, TALENs, CRISPR/Cas9) 

employ nucleases coupled with DNA-recognizing motifs to create targeted DSBs. ZFNs 

and TALENs are based on the fusion of a nonspecific cleavage FokI domain to a site-

specific DNA binding protein domain, while CRISPR/Cas9 pairs the bacterial enzyme 

Cas9 with gRNA complementary to the target site. After site recognition, DSBs are 

induced at targeted sites and repaired by one of two major cellular repair pathways, 

resulting in gene editing.  

In G1 phase of the cell cycle, the cell undergoes the highly efficient but more mutagenic 

NHEJ pathway. The Ku70/80 heterodimer binds the broken ends of DNA, followed by 

DNA-PKcs. Various end processing enzymes are recruited to the site, followed by final 

ligation by LIG4. In S/G2 phases when homologous sister chromatids are available, or 

when a homologous donor sequence is provided, BRCA1 restricts NHEJ in favour of HR. 

ATM and the MRN complex initially bind, sensing the break site. End resection occurs, 

resulting in long stretches of ssDNA that are repaired using an undamaged template 

strand. Green arrows denote promotion while red lines indicate inhibition.  

ZFN zinc finger nuclease, TALEN transcription activator-like effector nucleases, 

CRISPR clustered regularly interspaced short palindromic repeats, Cas9 CRISPR-

associated protein 9, gRNA guide RNA, PAM protospacer-adjacent motif, DSB double-

stranded break, NHEJ non-homologous end-joining, HR homologous recombination, 

G1/2 growth phase 1/2, S synthesis phase, BRCA1/2 breast cancer 1/2, early onset, 

DNA-PKcs DNA-dependent protein kinase catalytic subunit, 53BP1 p53 binding protein 

1, XLF XRCC4-like factor, XRCC4 X-ray repair cross-complementing protein 4, LIG4 

DNA ligase 4 (V), PAXX paralog of XRCC4 and XLF, ATM Ataxia telangiectasia 

mutated, MRN meiotic recombination 11 (MRE11), RAD50, and Nijmegen breakage 

syndrome 1 (NBS1) complex, CtIP carboxy-terminal binding protein-interacting protein, 

RPA, ATR ATM Rad3-related kinase, Ph phosphorylation, PALB2 partner and localizer 

of BRCA2, RAD51 recombinase protein homolog of bacterial RecA.  

Created with BioRender.com.  
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1.2 CRISPR/Cas9 and the resurgence of gene editing  

A resurgence of interest in the field of gene editing occurred in 2012 with the 

application of CRISPR-associated protein 9 (Cas9). By isolating this protein from 

Streptococcus pyogenes and providing ñprogrammableò RNAs to direct the endonuclease 

activity, a simple and precise genome editing system was created 52. While this system 

was quickly named Scienceôs Breakthrough of the Year in 2015 and went on to spur 

numerous gene therapy trials, CRISPR sequences were discovered serendipitously in 

1987, though their function was not yet known 53. CRISPR/Cas systems are a form of 

prokaryotic adaptive immunity whereby the short palindromic repeats in a host genome 

flank the bacteriophage sequences acquired from a previous infection 25. These foreign 

sequences are processed by Cas enzymes into CRISPR RNA (crRNA), and the resulting 

complex recognizes and cleaves nucleic acids complementary to the crRNA, termed 

ñprotospacersò 52,54. Therefore, upon re-infection by a recognized bacteriophage, the 

crRNA-Cas protein complex pairs to the complementary viral sequence for targeted 

destruction.  

In the specific CRISPR system harnessed for gene editing in 2012, Cas9 proteins 

require a double-stranded RNA (dsRNA) structure of crRNA bound to a complementary 

approximately 100 nucleotide long trans-activating crRNA (tracrRNA) 52. Cleavage 

occurs at sites determined by (a) base pairing between crRNA and the target sequence, 

and (b) a trinucleotide (NGG) protospacer adjacent motif (PAM) near the target region, 

identified by the PAM-interacting (PI) domain of the Cas enzyme (Fig. 2) 43,52. The 

application of this system came from the discovery that an easily customizable gRNA 

molecule with partially double-stranded secondary structure could be used in place of the 
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crRNA-tracrRNA duplex 52. The approximately 20 nucleotide long targeting segment of 

the gRNA can pair with complementary DNA not only in viral genomes, but in any target 

organism, and together with provided Cas9 enzymes, trigger cutting of the DNA at a site 

adjacent to a PAM sequence 43. Subsequent repair of the DSB results in gene editing as 

with previous engineered nucleases (Fig. 2).  

The CRISPR/Cas9 system has been further expanded to address additional 

challenges. In these augmented systems, one or both DSB-causing active sites on the Cas 

nuclease are deactivated, resulting in a broader Cas-based toolkit. Deactivation is caused 

by engineering point mutations to substitute an alanine amino acid into the active sites of 

the RuvC (D10A) or HNH (H840A) domains (Fig. 3A) 55. When only one catalytic site 

remains active, Cas becomes a nickase (Cas9n), an enzyme with the same DNA-targeting 

abilities as the wildtype, but the restricted ability to cleave only a single strand of DNA 

(ssDNA). The Cas9n system has improved specificity due to the requirement for two 

binding-and-cutting events to co-occur, 40 ï 130 nucleotides apart, on each strand of 

DNA before a DSB is created (Fig. 3B). While the gRNA for WT Cas9 ideally targets a 

single unique site in the genome, many sequences will have partial homology to 

additional sites, leading to the risk of off-target effects (see Sections 1.4.2 and 1.4.3 for 

further discussion). Requiring two distinct gRNAs to successfully target their associated 

Cas9n greatly reduces off-target effects by 50- to 1500-fold, though at the expense of 

efficiency 56.   
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Figure 3. Variants of Cas9 for an expanded cell biology toolkit. A. The domains of S. 

pyogenes Cas9. Note that the active site of the HNH domain is responsible for cleavage 

of the target strand, while that of the RuvC domain cleaves the non-target strand. These 

domains are flexible and adopt transient conformations; the static gRNA-bound phase is 

shown here. B. Mechanism of paired nickases with two gRNAs to initiate a DSB. Two 

D10A nickases with mutated RuvC domains are shown. C. Tools based on dCas9 for 

base editing, transcription regulation, and nucleic acid visualization. D. Cas9n fused to a 

reverse transcriptase to form a prime editing system. The enzyme creates a nick, allowing 

RT to occur using the template with a single base mutation (red). The resulting unedited 

5ô flap of endogenous DNA is degraded, and the mutation is incorporated via cellular 

ligation and repair mechanisms. Cas9 CRISPR-associated protein 9, dCas9 catalytically 

dead Cas9 protein, REC recognition lobe, NUC nuclease lobe, HNH histidine-

asparagine-histidine endonuclease domain, RuvC endonuclease domain named for 

homology to Escherichia coli RuvC crossover junction protein, PI PAM-interacting 

domain, BH bridge helix, DSB double-stranded break, gRNA guide RNA, PAM 

protospacer-adjacent motif, TS transcription, GFP green fluorescent protein, RT reverse 

transcriptase, pegRNA prime editing guide RNA, FEN1 flap endonuclease 1, MMR 

mismatch repair. Created with BioRender.com.  
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Mutating both RuvC and HNH active domains of WT Cas9 removes all catalytic 

activity, resulting in a catalytically dead protein (dCas9) 56. Rather than cutting DNA, 

these systems take advantage of the targetable nature of the ribonucleoprotein complex to 

fuse additional proteins to dCas9 for homology-mediated delivery to a sequence of 

interest (Fig. 3C). A fused deaminase enzyme results in a base editor system, which 

allows for targeted deamination of a single DNA base ï effectively changing the 

sequence of DNA without requiring induction of a potentially pathogenic DSB 25. 

Cytidine deaminases coupled to dCas9 mutate cytosine to uridine in DNA, which is 

converted to thymidine by DNA repair mechanisms such as mismatch repair (MMR) or 

base excision repair (BER) 57,58. Another method of achieving transition mutations is 

using an adenine base editor, which employs an adenine deaminase to achieve A-T to G-

C conversion through the deamination of adenine to inosine, which is read as guanine by 

DNA polymerases 59. Base editors therefore allow for targeted, precision editing without 

inducing potentially mutagenic DSBs, opening the door to corrective gene editing for 

point-mutation caused diseases. 

A similar adaptation of the CRISPR system uses Cas9n rather than dCas9, 

resulting in the prime editing (PE) system. For PE, a reverse transcriptase (RT) enzyme is 

fused to the nickase which carries a multifunctional prime editing guide RNA (pegRNA) 

(Fig. 3D). This complex binds the target and creates a nick upstream of the PAM 

sequence, releasing a 3ô flap which binds to the primer binding site (PBS) of the pegRNA 

60ï62. The RT extends this flap by copying the pegRNA template, and the edited 3ô flap 

ultimately displaces the unedited 5ô flap, which is removed by the endogenous flap 

endonuclease 1 (Fen1) 60ï62. After ligation, the resulting double stranded DNA contains a 
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mismatch, which is repaired by MMR to either reflect the desired mutation or return to 

the original sequence. If the latter occurs, the PE complex can bind and start the process 

again. The advantage of this system is the ability to introduce desired base pair changes, 

unlimited by the action of available deaminases, and without causing potentially 

pathogenic DSBs.   

Variants of dCas9 have even been employed for approaches beyond gene editing 

(Fig. 3C). In these methods, the CRISPR system is used as a modifiable nucleic acid 

binding platform. The CRISPR interference (CRISPRi) system causes a targetable steric 

block to transcription (TS), repressing a gene of interest 63. By fusing TS activator (e.g., 

VP64) or repressor domains (e.g., KRAB) to dCas9, the system can further enhance or 

reduce gene expression, respectively 64. The addition of acetyltransferases and 

demethylases facilitates epigenome modifications 65ï67, paving the way for the treatment 

of epigenetic conditions 25,68. An RNA editing platform was developed from another 

member of the Cas family, the protein Cas13, which can be further diversified with the 

fusion of additional modification proteins 69. Finally, the fusion of fluorescent proteins to 

Cas9 enables visualization of 3D DNA and chromatin structure, including the labelling of 

up to six distinct loci 70,71.  

In addition to the development of novel tools based on Cas9, synthetic biology 

has further refined the CRISPR/Cas9 system by modifying recognition and PAM-

interacting sites to remove bulk, create high-fidelity enzymes, alter PAM recognition, or 

facilitate editing of multiple genomic sites 55,72. The rapid advancement of a diverse range 

of genetic engineering tools has therefore expedited gene therapy and clinical trial 

progression, with some already available to patients.  
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1.3 Current gene therapies  

1.3.1 Ex vivo gene therapy 

In ex vivo gene therapy, cells are extracted, modified in vitro, and reintroduced to 

the patient (Fig. 4). This approach enables verification of on-target edits and thus has a 

more acceptable safety profile than in vivo gene therapy. Heritable blood disorders that 

benefit from gene replacement are ideal candidates for gene therapy. Hemophilia, a 

heritable blood clotting defect, can be treated by viral-mediated supplementation of the 

deficient clotting protein factor VIII , although there is also interest in direct editing 

strategies to correct the mutated gene 73. As of the time of writing, over 45 gene therapy 

treatments are being developed for hemophilia 74, with several in late-stage clinical trials 

(see the 2022 pipeline report for detailed profiles: https://www.delveinsight.com/sample-

request/hemophilia-a-pipeline-insight-

2020?utm_source=cision&utm_medium=pressrelease&utm_campaign=kupr). 

Hemoglobinopathies such as beta-thalassemia and sickle cell anemia are defects in 

mature hemoglobin caused by various mutations on the ɓ-globin chain-encoding gene 

HBB 75. Disruption of the BCL11A locus, which encodes a transcription factor (TF) that 

suppresses fetal hemoglobin, has been shown to promote hemoglobin production by 

hematopoietic stem cells (HSCs), potentially providing an effective treatment for 

heritable hemoglobinopathies 76,77. Editing the HBB locus itself can permanently correct 

the mutation; promising results were seen in preliminary in vitro experiments 78ï81, and 

clinical trials are currently underway 82,83.  

https://www.delveinsight.com/sample-request/hemophilia-a-pipeline-insight-2020?utm_source=cision&utm_medium=pressrelease&utm_campaign=kupr
https://www.delveinsight.com/sample-request/hemophilia-a-pipeline-insight-2020?utm_source=cision&utm_medium=pressrelease&utm_campaign=kupr
https://www.delveinsight.com/sample-request/hemophilia-a-pipeline-insight-2020?utm_source=cision&utm_medium=pressrelease&utm_campaign=kupr
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Figure 4. Overview of gene therapy approaches. In ex vivo gene therapy (left), patient 

cells (target tissue, stem cells, or immune cells) are extracted, modified by a gene editing 

tool which can be delivered to the cells by various transfection methods, and ultimately 

reintroduced to the patient. Alternatively, therapeutic agents may be directly delivered in 

vivo using viral vectors such as AAV, liposomes, or nanoparticles (right). In vivo gene 

therapy may involve direct introduction of a functional gene copy, but gene editing 

approaches pose greater potential risk to the patient from unintended on- and off-target 

effects or the initiation of an immune response. Ex vivo approaches allow gene editing 

side effects to be addressed prior to reintroduction, can prevent rejection or pathogenic 

immune response, and can employ methods such as modified RNAs or electroporation 

that would be less effective or impractical in vivo. AAV adeno-associated virus, RNA 

ribonucleic acid. Adapted from Kratzer et al. 2021. Created with BioRender.com.  
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Other types of diseases well-suited to ex vivo gene therapy are those that fall 

under the umbrella of severe combined immunodeficiency (SCID), a group of disorders 

caused by various mutations that affect the function of immune cells including thymus 

lymphocytes (T cells), bursa lymphocytes (B cells), and natural killer (NK) cells, and can 

lead to life-threatening infections. The potential for a genetic-based treatment for these 

diseases was recognized prior to 1990 (Fig. 1) and the first attempt was partially 

successful (see Section 1.1 for further detail). In a following clinical trial for the 

treatment of X-linked SCID (X-SCID), which was otherwise successful, four of ten 

patients developed leukemia due to insertional mutagenesis by the retroviral vector used 

for ex vivo gene delivery to endogenous HSCs which were then infused back into the 

patients 84,85. However, modern approaches have improved the safety of delivery systems, 

and various medical products for the gene-based treatment of SCID disorders are in 

clinical trials with promising preliminary results or have been approved 86. With the 

development of CRISPR and an ever-expanding toolbox of CRISPR-based editing tools 

(see Section 1.2), there is evidence that base editing can revert mutation status to rescue 

normal T cell activity 87. Though more trials are required, promising results hint at a 

future where SCID patients no longer require expensive and painful bone marrow 

transplants for treatment.  

A third branch of candidate diseases that benefit from ex vivo gene editing are 

blood cancers such as lymphomas, leukemias, and multiple myelomas that can be treated 

by chimeric antigen receptor (CAR) -T cell therapy. Using this method, gene editing is 

employed not to correct a pathogenic mutation, but as an immunotherapy to engineer 

patientsô immune cells to target their cancers. Follow-up studies of patients who went 



 

18 

into remission show long-term stability and persistence of the CAR-T cell population 88, 

with six CAR-T cell therapies currently approved and in use for cancer treatment 89. Ex 

vivo gene therapy approaches (Fig. 4) are therefore becoming well established as 

alternative means of disease treatment.  

 

1.3.2 In vivo gene therapy 

 In vivo gene therapy directly introduces genetic material or modifies patient DNA. 

This approach carries significantly more risk due to unintended off-target effects. 

However, with improvement in the efficiency and efficacy of current gene editing tools, 

there are certain disease scenarios where in vivo gene therapy may be the preferred 

treatment method. These include monogenic, multiorgan diseases, or those with a self-

contained scope of effect; namely, heritable disorders of the eye.  

 Mutation on any of 18 different genes causes Leber congenital amaurosis (LCA), 

a group of inherited retinal disorders that causes vision loss and is collectively the most 

common cause of inherited blindness. Mutations in the RPE65 gene cause LCA type 2 

(LCA2), as the RPE65 enzyme is required to regenerate the visual pigment necessary for 

rod and cone vision 90. In 2017, Luxturna, a one-time injection to deliver a functional 

copy of RPE65 to treat biallelic LCA type 2, was approved as the first gene therapy 

treatment for an inherited retinal disease 91. Another promising in vivo gene therapy, 

EDIT-101, is undergoing Phase I/II clinical trials in patients with LCA10, another form 

of heritable vision loss caused by mutations in the CEP290 gene 92. In contrast to 

previously established supplementation forms of gene delivery, EDIT-101 is the first to 

use CRISPR to edit the genetic code directly inside the human body by targeting the 
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disease-causing point mutation in IVS26, the intron of CEP290 that creates a cryptic 

splice site resulting in a truncated non-functional CEP290 protein 92,93.  

 Genetic engineering using CRISPR or related tools in vivo is still rare in clinical 

trials due to a greater degree of uncertainty. Instead, direct gene replacement treatments 

via viral vectors have become increasingly available in the last decade for various 

monogenic disorders. The first gene therapy was made commercially available in 2013, 

when Glybera was approved to treat the rare genetic disorder lipoprotein lipase 

deficiency (LPLD) through viral vector delivery of the lipoprotein lipase (LPL) gene 75. 

However, after treatment of only 31 people worldwide, the drug was withdrawn due to 

high cost and commercial failure 94ï96. In 2019, Zolgensma debuted to treat the 

previously incurable disease spinal muscular atrophy, and quickly gained notoriety as the 

worldôs most expensive drug 97.  

A disease for which in vivo gene therapy has been attempted, but with limited success 

in patients, is cystic fibrosis (CF). CF is caused by mutations in the CFTR gene which 

encodes the cystic fibrosis transmembrane regulator (CFTR) protein, a chloride channel 

that affects multiple organ systems, most notably the lungs 98. Impaired CFTR transport 

of chloride ions in the lungs dysregulates salt and fluid homeostasis and promotes a pro-

inflammatory environment through recurring infections and chronic lung damage, leading 

to organ failure and death 43,98. Due to the multiorgan nature of CF, and as the most 

common fatal genetic disorder, this monogenic disease has been an intriguing candidate 

for gene therapy 99. However, clinical trials have thus far been disappointing. Due to a 

variety of factors including the difficulty in targeting the affected organs and that a full-

size functional copy of the CFTR gene is too large for most delivery systems for gene 
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replacement to be successful, only one Phase I/II clinical trial was in place and has since 

been discontinued 99,100. However, a potential breakthrough emerged with the expansion 

of the CRISPR toolbox, as prime editing has been shown to successfully correct mutated 

CFTR in patient-derived organoids 101. Despite the promise of this technology, further 

optimization and technological development is needed in order to achieve success in 

future in vivo clinical gene therapy for CF, as well as many other diseases. 

 

1.3.3 Breaking a faulty gene 

In many disease scenarios, it may be simpler to disable the mutated gene and 

prevent the production of faulty protein altogether rather than attempting to edit or 

correct the mutation. This approach is especially attractive for diseases with a single 

genetic cause such as Huntingtonôs disease; a rare, fatal, autosomal dominant 

neurodegenerative disorder caused by mutations in the cytosine-adenine-guanine (CAG) 

trinucleotide repeat region of the HTT gene 102,103. HTT encodes a protein which plays an 

important yet undefined role in neurons 104,105. When the CAG repeat extends past a 

certain length, the pathogenically elongated protein is degraded into fragments which 

form toxic aggregates on neurons 103. The resulting neural dysfunction leads to total 

physical and mental deterioration prior to death. With no treatment for Huntingtonôs, 

gene therapy is an attractive method to potentially halt the devastating effects of the 

disease. In 2021, two clinical trials that employed antisense oligonucleotides targeting 

HTT were halted early due to negative results 106. Data from ongoing 2022 Phase I/II 

trials of AMT-130, a microRNA delivered via an adeno-associated viral (AAV) vector 

directly to the brain to prevent the translation of huntington protein, are promising 107,108. 
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However, AMT-130 non-selectively targets both mutated and normal copies of HTT, as 

did the two previous therapies. Ongoing clinical trials are needed to ensure the safety and 

functionality of an HTT-knockdown therapy for Huntingtonôs disease.  

In another example of breaking a gene that poses a problem, two independent 

studies have recently shown that in vitro CRISPR-mediated disruption of human 

immunodeficiency virus (HIV) sequences can eliminate the virus from infected cells 

109,110. As a retrovirus, HIV integrates into the genome of immune cells, causing 

progressive immune failure termed acquired immunodeficiency syndrome (AIDS) 111. 

Though AIDS was once seen as a terminal disease, it must be noted that modern 

antiretroviral therapy can allow individuals with HIV to live normal, healthy lives with 

virtually zero chance of transmitting the infection 112ï114. However, the potential to 

eliminate the virus from the genome using gene therapy remains intriguing. By using the 

CRISPR system paired with gRNAs targeting either multiple exons 110 or long terminal 

repeat (LTR) regions 109 of HIV, researchers were able to excise the viral sequence from 

the genome of infected cells with no detected off-target effects 110, though the viral 

sequences were able to persist and potentially display residual activity unless multiple 

targets were cleaved 109. These proof-of-concept studies demonstrate the feasibility of a 

CRISPR-mediated cure for HIV, though work remains to ensure safety and adequate 

delivery of the therapy to patients.   
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1.3.4 Harnessing new therapeutic applications of human gene editing beyond genetic 

diseases 

The broad appeal of gene therapy approaches is even being explored in the 

context of non-genetic diseases. Type 1 diabetes (T1D) is an autoimmune disorder which 

can be caused by various factors and is characterized by the inability of pancreatic ɓ-cells 

to produce insulin 115,116. Insulin is a hormone required for the entry of glucose into cells 

to provide energy; without insulin, consumed glucose accumulates, and high blood 

glucose leads to serious long-term complications 116,117. Current treatment for T1D 

involves continuous blood glucose monitoring and daily insulin shots, therefore a 

potential cure mediated by genetic engineering of the defective ɓ-cells is appealing. Pre-

clinical trials have shown promising results for gene therapies that correct insulin 

deficiency 118,119, promote ɓ-cell replacement outcomes 120,121, modulate the immune 

response to ɓ-cells transplant 122,123, or promote insulin production by non-ɓ-cells 124ï126.  

Genetic engineering to combat disease is not limited to editing human cells. 

Pathogens such as bacteria can be targeted by CRISPR/Cas9 gene editing approaches; 

indeed, the CRISPR system naturally occurred in prokaryotes prior to being harnessed as 

a gene editing tool (see Section 1.2). With the growing concern of antibiotic resistance, 

the use of bacteria-targeting viruses to combat bacterial infections ï phage therapy ï is 

increasing in popularity as an alternative to standard antibiotic treatment 127. 

Bacteriophages can be genetically modified ex vivo prior to introduction to the patient to 

improve their effectivity against infectious bacteria. For example, this approach may 

prove superior in treating chronic urinary tract infections 128, the current treatment of 

which is typically a continuous antibiotic regiment 129. 
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The pre-clinical and clinical trials discussed here are merely a sample of the gene 

therapies currently in development. There is immense promise in personalized genetic 

cures for a plethora of diseases, many of which currently have inadequate treatment 

options; however, there are still barriers to address before gene therapy becomes a widely 

accessible clinical option.  

 

1.4 Addressing barriers to clinical gene editing 

1.4.1 Delivery systems 

A number of technical hurdles still stand in the way of the widespread application 

of gene therapy and medical gene editing. One common obstacle is the delivery of the 

therapeutic components to target cells. Viral vectors remain at the forefront of the field 

for their relative ease of manufacturing and innate ability to target cells 75,130,131, although 

due to potential immunologic and oncogenic adverse effects, other delivery methods and 

vectors are being developed 130ï133. Synthetic systems overcome the potential problems 

associated with modified viruses as delivery vehicles such as immune response, 

undesired integration into the genome, and small carrying capacity 130ï132,134ï136 (Table 1). 

Work is also being done to improve viral vector design 137, with improvements achieved 

by capsid optimization 138, oversized adeno-associated virus (AAV) gene delivery 135, and 

dual vector systems 130,135,139. Ongoing efforts to improve vector design will enhance the 

safety and efficacy of gene therapy delivery.   
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Table 1. Advantages and disadvantages of gene delivery systems.  

 Advantages Disadvantages 

Viral 

vectors 

Adenovirus High efficiency in vitro and in 

vivo 
 

Transduces different tissues 

and cell types 
 

Effective in proliferating and 

non-proliferating cells 
 

Stable in various solvents and 

simple to purify 
 

Large insert size (36kb) 
 

High titres 
 

Episomal 
 

Transient expression 
 

Requires packaging cell line 
 

Induces 

immune/inflammatory 

response  
 

No genomic targeting  

Adeno-

associated virus 

Integration into host genome 

at AAVS1 SHS 
 

Robust transcription and 

sustained expression 
 

Effective in proliferating and 

non-proliferating cells 

Possible insertional 

mutagenesis 
 

Requires packaging cell line 
 

No directed genomic targeting 
 

Tedious to scale to 

therapeutically relevant titre 
 

Small insert size (5kb) 
 

Herpes simplex 

virus 

Efficient transduction in vivo 
 

Neuronal tropism 
 

Latent, long-term expression 
 

Large insert size (40-50kb) 

 

Transient expression 
 

Cytotoxic  
 

Requires packaging cell line 
 

No genomic targeting  
 

Tedious to scale to 

therapeutically relevant titre 
 

Retrovirus 

(e.g., lentivirus)  

Integration into host genome 

via RT 
 

Sustained expression  
 

Transduces different tissues 

and cell types 
 

Medium insert size (8-12kb) 
 

High titres 

Low efficiency  
 

Possible insertional 

mutagenesis  
 

Requires packaging cell line 
 

No genomic targeting 
 

Tedious to manufacture stock 
 

Safety concerns (HIV) 
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  Advantages Disadvantages 

Non-viral 

physical 

methods 

Electroporation Improved uptake of naked 

DNA ex vivo and in vivo 
 

Low immunogenic profile 
 

Optimized transfection 

efficiency and cell survival for 

various cell types 
 

No gene size limit  
 

Gene expression is constrained 

to treatment area 
 

Limited in vivo application to 

accessible organs 
 

High electric density at needle 

tip of electrode may cause 

tissue damage 
 

Expression is not targetable  

Sonoporation Improved uptake of naked 

DNA ex vivo and in vivo 
 

Non-invasive 
 

Low immunogenic profile 
 

Able to reach internal organs 

without surgical intervention 
 

Improves permeability of 

blood-brain barrier 
 

Microbubbles can be further 

engineered 
 

Limited load capacity 

 

Short circulation half-life of 

microbubbles 
 

May damage surrounding 

tissue 
 

Expression is not targetable  

Particle 

bombardment 

No gene size limit 
 

Simple production of metal 

particles 
 

Nontoxic components of inert 

gas and heavy metal particles 

Limited in vivo application to 

accessible organs 
 

Higher immune response than 

microinjection 
 

Potential tissue damage 
 

Gene expression is short term 

and low 
 

Expression is not targetable 
 

Microinjection  May be combined with other 

methods for improved gene 

uptake 
 

Gene delivery may be 

physically targeted to cellular 

region 
 

No gene size limit 
 

Low toxicity and 

immunogenic response 
 

Requires expensive equipment 

and high degree of skill 
 

Low transfection rate  
 

Inefficient procedure injects 

one cell at a time 
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  Advantages Disadvantages 

Non-viral 

physical 

methods 

Hydrodynamics Improved uptake of naked 

DNA ex vivo and in vivo 
 

Enhanced transduction 

efficiency when coupled with 

viral vectors 
 

Targetable to any organ via 

vein/capillary or local 

injection 

Overload of fluid can cause 

tissue damage and cardiac 

failure  
 

Invasive procedure 
 

Effectiveness and tolerability 

depend on animal physiology  
 

Requires precise control of 

injection volume 
 

Non-viral 

chemical 

methods 

and 

synthetic 

vectors 

Liposome Effective ex vivo and in vivo  
 

Effective at low doses 
 

Easily formulated and 

produced 
 

No biological damage or 

immunological response 
 

No risk of insertional 

mutagenesis   
 

Easily modifiable  
 

No gene size limit 
 

Short-term gene expression  
 

Less effective than viral 

vectors in vivo  
 

 

Nanoparticle Effective ex vivo and in vivo  
 

No biological damage or 

immunological response 
 

No risk of insertional 

mutagenesis   
 

Easily modifiable  
 

No gene size limit 
 

Deliverable directly to the 

nucleus, avoiding cellular 

degradation 
 

Short-term gene expression  
 

Less effective than viral 

vectors in vivo  

 

Polymer Wide array of natural and 

synthetic polymers available 

for various applications 
 

Biodegradable polymers 

improve safety compared to 

viral vectors 
 

No risk of insertional 

mutagenesis  
 

Short-term gene expression  
 

Less effective than viral 

vectors in vivo  
 

Tedious design and selection 

process 
 

Small carrying capacity 
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Due to their innate ability to infect and deliver encapsulated material to cells, viruses 

were the first vectors employed for gene therapy delivery vehicles. They are simple to 

administer via injection or inhalation methods but due to diffusion, high titres are 

required for an effective treatment. Additional obstacles, such as potential patient 

reactions to viral vectors, prompted the development of alternative gene delivery 

methods. Physical approaches apply a force to increase cell membrane permeability and 

promote gene transfer; however, these forces can cause tissue damage. Chemical methods 

utilize synthetic and naturally occurring non-viral vectors, drastically reducing the risk of 

initiating a dangerous immune response to the therapy. HIV human immunodeficiency 

virus; SHS safe harbour site; RT reverse transcription.   
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1.4.2 Genomic targets for safe gene insertion 

While much progress has been made improving the targeting precision of Cas-

based systems to reduce the risk of off-target effects (Fig. 3), an often-overlooked 

potential problem is unintended on-target effects. Cas-induced mutations may be 

harnessed therapeutically but undesirable mutations at the target site can be detrimental 

133. In addition, targeting a gene for insertion of a therapeutic segment of DNA, even if 

done with minimal or no potential for off-target cleavage, can potentially affect the 

transcription of that gene or genes in the vicinity of the edited locus. Our current lack of 

knowledge about the function and regulation of many genes and intergenic regions, some 

of which may be considered óunimportantô and therefore ósafeô to target (e.g., CCR5), 

could lead to unintended consequences in a particular cell or tissue type that relies on the 

function(s) of these and co-regulated loci. This is concerning, potentially when 

considering genetic interventions that alter DNA in multiple tissues or the germline. Two 

possible solutions are (a) increasing the comprehensiveness of current genome annotation 

data and (b) restricting targeting efforts to safe harbour sites (SHS), regions in the 

genome where novel genetic information can be predictably incorporated without altering 

host genome function.  

 

1.4.3 Overcoming inefficiency of homologous recombination for precision gene insertion  

A final technical hurdle to widely available gene therapy is the relatively low 

efficiency of HR compared to NHEJ and the potential effect of homeology, the degree of 

mismatches between two similar DNA sequences 140,141, on the efficiency of HDR. 

Mismatches within four to 13 base pairs of the PAM sequence 142,143, required for precise 
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localization of CRISPR-mediated gene editing (Fig. 3A), can reduce Cas target 

specificity and promote error during HDR. Natural genetic variation between individuals 

could therefore alter the specificity of CRISPR/Cas-based therapies 144. Other factors 

such as cell cycle stage, overexpression of BRCA1 mutants, the presence of 

oligonucleotides homologous to the insert sequence, and increased ratios of gRNA to 

donor sequence can also affect HDR efficiency and thus both the application and 

precision of gene editing 26,145ï147. The NHEJ repair pathway is active throughout the cell 

cycle; conversely, as a repair mechanism that requires the presence of a template 

sequence, HR is primarily restricted to S/G2 phase 42,148. HR is therefore typically limited 

to cycling cells, complicating gene editing strategies in tissues with little to no cellular 

turnover such as the brain 42,43,149,150. Much remains to be understood regarding safely 

improving the rate of HDR for gene editing purposes.   
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1.5 Overview 

In this thesis, I explain the barriers still present to widespread clinical gene 

therapy and present the results of my studies aimed at improving the safety and efficacy 

of CRISPR/Cas-mediated gene editing. As discussed above, sites used for gene insertion 

have been classically termed ñsafe harbour sitesò but most, if not all, are found within 

genes and have not been thoroughly tested for safety in all developmental and tissue 

contexts. Therefore, I discuss the use of the term gene editing loci (GELs) as an 

alternative name for these sites and explore these regions as permissible sites for gene 

insertion by developing a toolkit designed to target genes of interest to a proto-GEL on 

human chromosome 15 (GEL15). I show how available human genome data can be 

searched within criteria frameworks for novel GELs. Additionally, I explore the issue of 

efficiency in CRISPR-mediated HDR for gene insertion and show a novel role for 

translesion polymerase eta (ɖ) in this process. I created cell lines to study this enzyme 

and further examined the diversity of its functions, providing evidence of a role for Polɖ 

in other aspects of genome maintenance beyond HDR. Collectively, these findings 

explore aspects of genomic targeting and DNA repair that may improve gene editing 

safety and efficacy.  
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CHAPTER 2: METHODS 

2.1 Identification of genomic sites for gene insertion  

 We previously identified and targeted an intergenic region on human chromosome 

15 (GRCh37.p.13 primary assembly chr15:74696007-74698086) for gene insertion based 

upon visual scanning of the genetic structure according to the UCSC Genome Browser 

146,151. This site was chosen for its proximity to the study gene of interest, the 

promyelocytic leukemia (PML) gene, and apparent open chromatin structure based upon 

methylation annotation tracks. At the time of discovery of the GEL15 site, there were no 

known nearby genes. Further interest in the use of safe harbour sites as targets for gene 

insertion prompted more detailed characterization of the GEL15 site. An updated scan 

was performed using criteria based on 152 (Table 2). External searches were performed 

using COSMIC (Tate et al., 2018; https://cancer.sanger.ac.uk) and NCBI 154. 
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Table 2. Criteria and corresponding data sources for identification of genomic 

regions amenable to gene insertion.  

 Criterion  Data Source 

Safety  >300kb from any cancer-related mutation COSMIC database 
 

>150kb from any 5ô gene end Genes and gene predictions: UCSC Genes 
 

Intergenic region (not located within gene) * Genes and gene predictions: UCSC Genes 
 

>300kb from functional small RNA Genes and gene predictions: sno/miRNA 
 

Functional 

silence 

>50kb from any site of origin Regulation: UW  

Repli-seq: Peaks 
 

>50kb from any ultra-conserved element Regulation: VISTA Enhancers 
 

Low transcriptional activity (no mRNA ± 

25kb) 

mRNA and EST: Human mRNAs 
 

Accessibility Not in copy number variable region Repeats: Segmental Dups 
 

In open chromatin (DHS signal ± 1kb) Regulation: ENC Dnase/FAIRE: Open 

Chrom Synth 
 

Targetable by CRISPR/Cas9 (<30 Efficiency) Genes and gene predictions: CRISPR 

Targets 
 

Uniqueness Single copy in human genome NCBI BLAST search output 

UCSC Genome Browser assembly hg19. Italic data sources are not tracks in the UCSC 

Genome Browser. *Not included as a criterion for the GEL identification code (Section 

3.2.2). Adapted from 152.  
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2.2 Plasmid reagents and construction 

All plasmids used and/or generated in this study are listed in Table 3.  

Table 3. Plasmids used and/or generated in this study.  

Plasmid Description Resistance Source 

pBlueScript II SK 

(+)  

Empty cloning vector Amp Addgene 

#1946 
 

Clover-LMNA 

donor 

Clover-tagged LMNA CRISPR 

donor for HDR assay 
 

Amp 155*  

px330-LMNA 

gRNA 

Lamin Cas9/gRNA for HDR 

assay 
 

Amp 155*  

iRFP Expression of far-red protein for 

transfection control 

Kan/Neo Addgene 

#31857 
 

Clover-J1 Clover expression for flow 

cytometry single colour control 
 

Amp Addgene 

#40259 

AiO-Puro All -in-one expression of 

Cas9n(D10A) and a gRNA pair 

with puromycin resistance gene 
 

Amp Addgene 

#74630 

pGIPZ Empty lentiviral vector with 

puromycin resistance gene 
 

Amp Addgene 

GEL15-Cas9n-

gRNA_1 

Intermediate GEL15 

Cas9n/gRNA1 in AiO-Puro 
 

Amp This study 

GEL15-Cas9n-

gRNA 

Final Cas9n and gRNA pair to 

target GEL15 
 

Amp This study  

pEGFP-Puro Intermediate GEL15 Puro 

payload inserted into pEGFP-N1 
 

Kan/Neo This study 

pEGFP-2A-Puro Intermediate GEL15 EGFP-2A-

Puro payload inserted into 

pEGFP-N1 
 

Kan/Neo This study  

GEL15-MCS Final GEL15 HAs flanking MCS 

for programmable targeting into 

GEL15  
 

Amp This study 

GEL15-Puro Final GEL15 HAs flanking 

puromycin resistance gene 
 

Amp This study ï  

in progress 

GEL15-EGFP-N1 Final GEL15 HAs flanking 

EGFP with C-terminal MCS 
 

Amp This study 

GEL15-EGFP-C1 Final GEL15 HAs flanking 

EGFP with N-terminal MCS 

Amp This study 
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Plasmid Description Resistance Source 

GEL15-EGFP-2A-

Puro 

Final GEL15 HAs flanking 

EGFP-2A-Puro construct  
 

Amp This study 

GEL15-EGFP-N1-

POLH 

Final GEL15 HAs flanking 

EGFP-N1 tagged polymerase eta  
 

Amp This study  

pEGFP-N1 C-terminal GFP tagged protein 

expression 
 

Kan/Neo Addgene 

#2491 

pEGFP-C1 N-terminal GFP tagged protein 

expression 

Kan/Neo Addgene 

#2487 
 

pEGFP-N1-POLH1 N-terminal GFP tagged 

polymerase eta expression 
 

Kan/Neo J-Y. MassonỜ 

AiO-Puro-POLH_1 Intermediate POLH 

Cas9n/gRNA1 in AiO-Puro 
 

Amp This study  

AiO-Puro-POLH2 Final Cas9n and gRNA pair 

designed to target exon 3 of 

POLH for puromycin-selectable 

knockout 
 

Amp This study  

pBABE-Puro Empty vector with selectable 

puromycin resistance 
 

Amp Addgene 

#1764 

L1-neo-TET Expression of hL1.3 with intron 

disrupting neo gene 

Amp Addgene 

#51284 

Intermediate as well as final constructs are noted. 1See Appendix B Figure 1 for a full 

plasmid map. *Dalhousie University, ỜUniversité Laval. Amp ampicillin, Neo/Kan 

neomycin/kanamycin, HAs homology arms, MCS multiple cloning site, gRNA guide 

RNA, Cas9n nickase, hL1 human LINE-1.  
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2.2.1 Generation of GEL15 donor construct 

 The Ruby-LMNA donor vector constructed by Pinder et al. (2015) in the pCR2.1-

TOPO backbone (Thermo Fisher Scientific) was digested at HindIII  and XhoI restriction 

sites to remove the insert and allow for later insertion of the chr15 homology arm ï 

multiple cloning site ï homology arm (HA-MCS-HA) construct (Fig. 5A).   

The two chr15 homology arm (HA) sequences were previously designed by 

Attwood et al. (2020) from whole-genome U2OS DNA in the pCR2.1-TOPO backbone 

(Thermo Fisher Scientific) (Fig. 5B) and were amplified for the purposes of this study 

using polymerase chain reaction (PCR) (Fig. 5C). The 3ô and 5ô HAs were amplified with 

the addition of a restriction site (XhoI or HindIII, respectively) and the MCS sequence 

which was: PacI-BlpI-MluI -SacI-Eco53kI encoded by 5ô- TTA ATT AAG CTC AGC 

ACG CGT GAG CTC ATT AAT. The PCR master mix was: 34uL dH2O, 10uL 5x HF 

buffer (Thermo Fisher Scientific), 1uL 10mM dNTPs, 1uL each forward and reverse 

primers (Table 6), 2uL backbone, and 1uL Phusion polymerase (Thermo Fisher 

Scientific). The PCR protocol was performed as follows:  

 

Table 4. Step 1 PCR thermocycler profile.  

 Temp (C) Time Cycles 

Initial Denaturation 98 1min 1 

Denaturation 98 10s 

35 Annealing 58 30s 

Extension 72 25s 

Final Extension 72  3min 1 

Hold 12 Ð 1 
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 The resulting intermediates were two HA-MCS fragments with restriction enzyme 

sites compatible with the linearized Ruby-LMNA donor described above. The fragments 

were gel isolated and extracted (QIAGEN, Hilden, Germany) prior to overlap extension 

PCR to create the HA-MCS-HA fragment. The master mix was: 33uL dH2O, 10uL 5x HF 

buffer, 1uL 10mM dNTPs, 1uL 5ôHA_F primer, 1uL 3ôHA_R primer, 2uL 5ôHA-MCS 

fragment (16ng/uL), 1uL 3ôHA-MCS fragment (30ng/uL), and 1uL Phusion polymerase 

(Thermo Fisher Scientific). The PCR protocol was as follows:  

 

Table 5. Step 2 overlap extension PCR thermocycler profile.  

 Temp (C) Time Cycles 

Initial Denaturation 98 1min 1 

Denaturation 98 10s 

25 Annealing 60 30s 

Extension 72 20s 

Final Extension 72 3min 1 

Hold 12 Ð 1 

 

 

 The resulting intermediate was the HA-MCS-HA fragment with compatible 

restriction enzyme sites on either side. This fragment was digested with XhoI and 

HindIII , PCR purified (QIAGEN, Hilden, Germany), and cloned into XhoI/HindIII-

digested Ruby-LMNA donor backbone to create the GEL15 MCS donor plasmid. Clones 

confirmed to have the correct insert size by diagnostic restriction enzyme digest were 

sent for sequencing by Plasmidsaurus.com.   
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Figure 5. Design of the GEL15 donor construct. A. Representative map of GEL15 

MCS donor plasmid. M13_R and M13_F are universal primers. B. Reference sequence of 

an intergenic region on chromosome 15 (hg19 chr15:74696007-74698086). Underlined 

text denotes the region of the PCR amplicon from wild-type U2OS genomic DNA that 

was verified through Sanger sequencing by Attwood et al. (2020). Adapted from 146. C. 

PCR and overlap extension PCR strategy to create two HA-MCS intermediates (Step 1), 

then a HA-MCS-HA fragment (Step 2) with compatible restriction sites for digestion and 

insertion into backbone. Coloured regions of primers denote homology, black denotes 

additional sequence. HA homology arm, MCS multiple cloning site. Created with 

BioRender.com.  
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2.2.2 Generation of chromosome 15 targeted reporter constructs in the GEL15-MCS 

donor 

Five reporter gene payloads were created for insertion into and verification of the 

GEL15-MCS vector (Table 3). All primers are detailed in Table 6. For GEL15-Puro, the 

puromycin resistance cassette was first amplified from pGIPZ (Addgene #2918) using the 

Puro F/R primers to add sites for EcoRI and NotI, PCR purified, and subsequently ligated 

into the pEGFP-N1 vector that had been linearized with these restriction enzymes. A 

similar two-step process was employed to create the dual reporter GEL15-EGFP-2A-Puro 

vector. The polycistronic expression cassette 2A-Puro was amplified from AiO-Puro 

(Addgene #74630) using 2A-Puro F/R to add sites for EcoRI and KpnI, which was then 

purified and ligated into the MCS of pEGFP-N1. Clones were selected for further 

processing based on correct insert size band dropout from diagnostic restriction enzyme 

digests.  

All payload intermediates in pEGFP vectors were amplified using EGFP F/R 

primers to insert PacI and SacI sites. After digestion and purification using the QIAquick 

PCR purification kit (QIAGEN, Hilden, Germany), payloads were ligated into the 

complementarily linearized GEL15-MCS construct. Ligation reactions were prepared as 

follows: 2 uL 10x T4 DNA ligase buffer (Thermo Fisher Scientific), 50 ng linearized 

vector DNA, insert DNA at a 3:1 molar ratio (http://nebiocalculator.neb.com/#!/ligation), 

1 uL T4 DNA ligase (Thermo Fisher Scientific), and dH2O up to 20 uL. The mixture was 

incubated for 10 min at room temp to allow ligation of sticky ends, then heat inactivated 

at 65° for 10 min. Half of the ligation reaction (10 uL) was chilled on ice and transformed 

into 90 uL MAX Efficiency DH5Ŭ competent cells (Thermo Fisher Scientific).  

http://nebiocalculator.neb.com/#!/ligation
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The mixture was stirred gently with a sterile pipette tip and incubated on ice for 

30 min prior to a 42° heat shock for 60 sec. Following Ó2 min incubation on ice, 

transformed competent cells were incubated in 500 uL LB media, shaking, at 37° for 45 ï 

60 min. Cultures were then plated on LB agar plates supplemented with the appropriate 

antibiotic for selection and incubated at 37° overnight. The next day, individual colonies 

were picked with a sterile toothpick and inoculated into LB media supplemented with the 

appropriate antibiotic to be incubated shaking at 37° overnight. Cultures were then mini- 

or midi-prepped using the applicable kit (QIAGEN, Hilden, Germany) for DNA 

extraction and purification. Constructs were sequence verified and mapped by 

Plasmidsaurus.com. 

 

2.3 Primer and oligonucleotide reagents 

 All primers and oligonucleotides were ordered from Integrated DNA 

Technologies (IDT; Coralville, USA) and resuspended to 100 uM in nuclease-free water.  

Primers were designed, as described above, to PCR amplify intermediates and reporter 

constructs for GEL15 targeting (Table 6), and for reverse transcription quantitative-PCR 

(RT-qPCR) validation of POLH clonal cell lines (Table 7, see Section 2.6).   
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Table 6. Primers used for cloning in this study.  

Primer  Function Sequence (5ôï3ô) 

5ôHA F Amplify GEL15  

5ô HA with added 

MCS and HindIII 

site 

CATTAGAAGCTTGGCTCTGATGACCACC 

5ôHA R ATTAATGAGCTCACGCGTGCTGAGCTTAATTAAAGG 

AATAGGCTGGGATC 

   

3ôHA F Amplify GEL15  

3ô HA with added 

MCS and XhoI site 

TTAATTAAGCTCAGCACGCGTGAGCTCATTAATGTT 

CTCCCTGAGCCTG 

3ôHA R TTGCACCTCGAGGACTGGCCCTGTGAGT 

   

EGFP F Amplify CMV-

[protein/MCS]-

EGFP-

[protein/MCS]-

PolyA out of 

pEGFP-N1 or -C1 

CATTAGTTAATTAAATAGTAATCAATTACGGGGTC 

EGFP R_SacI TTGCACGAGCTCTAAGATACATTGATGAGTTTGGAC 

EGFP R_MluI TTGCACACGCGTTAAGATACATTGATGAGTTTGGAC 

   

Puro F Amplify Puromycin 

resistance cassette 

out of pGIPZ 

CATTAGGAATTCACCATGGCCACCGAGTACAAG 

Puro R GTGCAACGCCGGCGTCAGGCACCGGGCTTG 

   

2A-Puro 

F_EcoRI 

Amplify 2A-Puro out 

of AiO-Puro 

CATTAGGAATTCTTAAAAGGCCGGCGGC 

2A-Puro R CATTAGGGTACCTCAGGCACCGGGCTTG 

5ô primer extensions that do not match template are underlined, added restriction sites are 

bolded, Kozak consensus sequences are italicized. Multiple cloning site (MCS) indicated 

in blue.   
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Table 7. Primers used for RT-qPCR analysis.  

Primer  Target Sequence (5ôï3ô) 

POLH 1 F POLH E2-3  TCATGGAAGGGTGGTGGAATA 

POLH 1 R 

 

TGAGGTTAGCTTTCCCACGG 

POLH 5 F POLH E11 ATCCAGACAGAATGGTCTCCT 

POLH 5 R 

 

GGTAACTGGCACCTTTGGCA 

POLH 6 F AATCCAGACAGAATGGTCTCCT 

POLH 6 R TGCTCAAGAAGCTGGTGATGT 

E2-3 POLH exon 2 ï exon 3 junction. E11 POLH exon 11.  

 

Oligonucleotides were designed to create sgRNAs for targeting Cas9n(D10A) to 

either the GEL15 site or exon 3 of POLH (Table 8). Single-stranded oligonucleotides 

were annealed to form double-stranded gRNAs for insertion into AiO-Puro (Addgene 

#74630) as follows:  2 ug each oligonucleotide in 48 uL annealing buffer (10 mM Tris, 

pH 7.5-8.0, 50 mM NaCl, 1 mM EDTA) were incubated at 100°C for 5 min. 

Oligonucleotides were allowed to gradually cool to room temperature for 45 min to allow 

for annealing to occur, after which they were stored at -20°C.   
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Table 8. CRISPR gRNA oligonucleotide sequences.  

CRISPR gRNA Oligonucleotide sequence (5ôï3ô) 

AiO Chr15 gRNA1AX ACCGGTCACTGGCAACTGGGAGCT 

AiO Chr15 gRNA1AY AAACAGCTCCCAGTTGCCAGTGAC 

  

AiO Chr15 gRNA1BX ACCGAACAGCCTGGAAATTAACTG 

AiO Chr15 gRNA1BY AAACCAGTTAATTTCCAGGCTGTT 

  

AiO koPOLH gRNA1 

m2AX  

ACCGAACTCACTGCAATTATTCTA 

AiO koPOLH gRNA1 

m2AY 

AAACTAGAATAATTGCAGTGAGTT 

 

  

AiO koPOLH gRNA2 

m2BX 

ACCGTTGGAGTCACTAGAAGTATG 

AiO koPOLH gRNA2 

m2BY 

AAACCATACTTCTAGTGACTCCAA 

 

5ô primer extensions that do not match template are underlined. 

 

2.4 Cell culture, cell line generation, and transfection 

2.4.1 Cell culture  

All cell lines used and generated in this study are described in Table 9. Human 

normal fibroblast NHDF (ATCC) and XPV patient-derived fibroblast GM03617 (Coriell 

Institute for Medical Research) were cultured in Alpha modified Eagleôs minimum 

essential medium (ŬMEM) (Sigma Aldrich) supplemented with 15% fetal bovine serum 

(FBS) (Thermo Fisher Scientific), 1% GlutaMAXTM (Thermo Fisher Scientific), and 1% 

penicillin/streptomycin (Thermo Fisher Scientific) at 37°C with 5% CO2. Human cancer 

cell lines used in this study, and those derived from them, were cultured in Dulbeccoôs 

modified Eagleôs minimum essential medium (DMEM) (Sigma Aldrich) supplemented 

with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% penicillin/ 

streptomycin (Thermo Fisher Scientific) at 37°C with 5% CO2. 
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For ultraviolet (UV) irradiation, media was removed from plates and replaced 

with PBS to keep cells moist. Plates were placed inside a decontaminated (70% EtOH) 

Stratagene UV Stratalinker 2400 (Agilent Genomics, Santa Clara, CA, USA) and lids 

were removed to avoid blocking radiation. Cells were irradiated (uJ x 100) or left in the 

Stratalinker for 10 sec for 0 J controls. The plates were then covered and removed from 

the Stratalinker, growth media was replaced, and cells were allowed to incubate in the 

conditions described above until fixation.  

 

2.4.2 Generation of polymerase eta knockout cell lines 

Clonal polymerase eta knockout (æPOLH) cell lines were generated from human 

osteosarcoma U2OS cells (American Type Culture Collection HTB-96) using AiO-Puro 

(Addgene #74630), modified to contain a gRNA pair targeting Cas9n(D10A) to exon 3 of 

POLH (Table 8), and linearized pBABE-Puro (Addgene #1764), which were gifts from 

Steve Jackson and Hartmut Land et al., respectively. These plasmids were used in a two-

step selection-based knockout process to insert a puromycin resistance cassette into exon 

3 of POLH, disrupting the gene with a selectable marker (Fig. 6). Cells were grown at 

low density such that single cells could be selected and grown into clonal populations. 

U2OS æPOLH clonal cell lines were cultured as described above for wildtype U2OS and 

maintained in 4 ug/mL puromycin (Table 9).    
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Figure 6. Generation of selectable POLH clonal cell lines. A. Transfection and 

selection method for cell line construction. B. DNA sequence of POLH exon 2 ï exon 3 

with Cas9n sgRNAs targeting exon 3 noted (bold italic). C. mRNA sequence of POLH 

exon 2 ï exon 3 and exon 10 ï exon 11 junctions with qPCR primers noted (bold 

underlined). Created with BioRender.com.  
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Table 9. Cell lines used and/or generated in this study.  

Cell line Selection Source 

NHDF None ATCC: PCS-201-010 

GM03617 None CIMR 

HeLa None ATCC: CCL-2 

U2OS None ATCC: HTB-96 

U2OS CRISPR æPOLH clone 1 4ug/mL puromycin This study 

U2OS CRISPR æPOLH clone 2 4ug/mL puromycin This study 

U2OS CRISPR æPOLH clone 3 4ug/mL puromycin This study 

U2OS CRISPR æPOLH clone 4 4ug/mL puromycin This study 

U2OS CRISPR æPOLH clone 5 4ug/mL puromycin This study 

U2OS CRISPR æPOLH clone 6 4ug/mL puromycin This study 

 

 

2.4.3 Transfection 

 For lipofection, wildtype (WT) and æPOLH U2OS cells were transfected with 

DNA using Lipofectamine 2000 (L2K) (Life Technologies) at a ratio of 4 ɛl L2K : 2 ɛg 

DNA. L2K and DNA were diluted separately in 200 ɛl serum-free DMEM and combined 

dropwise. After 20 min incubation at room temperature (RT), the transfection mixture 

was pipetted dropwise onto cells and allowed to incubate at 37°C with 5% CO2 

overnight. Media was changed after 24 hours to prevent excess cell death. Fibroblast cell 

lines including NHDF and GM03617 cells were transfected with an optimized ratio of 2 

ɛl L2K : 2 ɛg DNA, followed by incubation as described above. HeLa cells were 

transfected using Lipofectamine 3000 (L3K) (Life Technologies) at a ratio of 3.75 ɛl 

L3K : 2 ɛg DNA + 5 ɛl P3000 (P3K) reagent (Life Technologies). L3K and DNA/P3K 

were diluted separately in 125 ɛl Opti-MEM reduced serum media (Thermo Fisher 

Scientific) and combined dropwise. After 5 min incubation at RT, the transfection 

mixture was added to cells and allowed to incubate as described above.  
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 For electroporation, cells were transfected using the Neon transfection system 

(Life Technologies) with 100 ɛl pipette tips and the recommended settings for each cell 

type (Table 10) according to the manufacturerôs instructions. All cells were trypsinized, 

washed twice with PBS, and resuspended in Buffer R (Thermo Fisher). After 

electroporation, cells were plated in pre-warmed media supplemented with serum (10% 

or 15% FBS, as described above) but without antibiotics.  

 

Table 10. Neon electroporation settings according to cell type.  

Cell line Pulse 

voltage (v) 

Pulse  

width (ms) 

Pulse 

number 

NHDF 1400 20 2 

GM03617 1400 20 2 

HeLa 1005 35 2 

U2OS 1230 10 4 

U2OS CRISPR æPOLH clones 1230 10 4 
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2.5 Quantitative reverse-transcription PCR 

To extract RNA, confluent cells were rinsed with PBS and lysed using dropwise 

application of Trizol Reagent (Invitrogen). After a 10 min incubation at room 

temperature (RT), cell lysate was scraped into a sterile tube and incubated for a further 5 

min at RT. Lysates were mixed vigorously with chloroform to promote phase separation. 

After a second 5 min incubation at RT, lysates were spun for 15 min 12,000 xg at 4°C.  

The clear upper phase was removed without disturbing the white middle phase, combined 

with equal volume 70% EtOH, and loaded onto RNeasy MinElute spin columns (Qiagen, 

Hilden, Germany). The manufacturerôs instructions were followed, in brief: 1x Wash 

Buffer I, 15 min incubation with DNase to remove any contaminating DNA, 1x Wash 

Buffer I, 2x Wash Buffer II, elution with DEPC-treated H2O. 

cDNA was synthesized by creating a mixture of 4 uL 5x iScript RT Supermix 

(BioRad) and 1 ug RNA in a total volume of 20 uL with DEPC-treated H2O and running 

the following thermocycler profile: 25°C for 5 min, 46°C for 20 min, 95°C for 1 min. 

Primers were designed to target exon junctions at the insert site (exon 2 ï exon 3) and 

downstream of the insert site (exon 10 ï exon 11) (Fig. 6, Table 7). 4 uL of diluted cDNA 

(1:10 with RNase free dH2O) was combined with 5 uL SYBR Green Master Mix 

(BioRad) and 1 uL of diluted (1:25) F/R primer mix to a total of 20 uL. Each sample was 

run in triplicate and gene expression was determined by normalization to three reference 

genes: B2M, RAC1, and TBP. Samples were run on a CFX Connect Real-Time System 

thermocycler (Bio-Rad) with the following profile: 95°C for 30 sec, [95°C for 10 sec, 

60°C for 30 sec] 40x, melt curve 65°C to 95°C in 0.5°C increments for 5 sec. Expression 

and corrected expression standard error of mean (SEM), as calculated by Bio-Rad CFX 
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Manager (v.3.1) using WT as the relative control, were plotted using GraphPad Prism 

(v.9.3.1 471, San Diego, California USA, www.graphpad.com). 

 

2.6 Microscopy 

2.6.1 Immunofluorescence microscopy 

Cells were grown on glass coverslips then washed briefly with PBS, fixed in 2% 

PFA for 20 min, washed 2 x PBS, permeabilized with 0.5% Triton X-100 in PBS for 5 

min, and washed again 2 x PBS. Slips were blocked in 4% BSA in PBS for 20 min then 

incubated for 1 h with antibodies specific to POLH (Thermo Fisher Scientific, rabbit 

polyclonal; Santa Cruz, sc-17770, mouse monoclonal; both 1:300) and ɔH2AX (Thermo 

Fisher Scientific, 1:1000) diluted in 4% BSA. Following primary antibody incubation, 

cells were washed 3 x in PBS and incubated for 45 min with Alexa-Fluor 555 donkey 

anti-mouse and Alexa-Fluor 488 donkey anti-rabbit (Thermo Fisher Scientific) secondary 

antibodies each diluted to 1:2000 in 4% BSA. Cells were washed again in PBS for 5 min, 

incubated with 1 ug/mL of 4ô,6-diamidino-2-phenylindole (DAPI) for 10 min to visualize 

DNA, and washed for a final 5 min in PBS. Coverslips were mounted on glass 

microscope slides using Dako fluorescent mounting medium (Dako Agilent Pathology 

Solutions). Fluorescent images were captured with a BSI scientific complementary metal-

oxide-semiconductor (sCMOS) camera (Photometrics) on a custom-built Zeiss Cell 

Observer Microscope using a 1.3 NA 40X immersion oil objective lens and LED 

illumination via a Spectra light engine (Lumencor). Images were processed using only 

linear adjustments (e.g., brightness/contrast) and analyzed using Slidebook (Intelligent 

Imaging Innovations, Boulder, CO) and Adobe Photoshop CS (v.6.2).  

http://www.graphpad.com/
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2.6.2 Brightfield microscopy 

 To visualize fluorescence, cells in 6 well plates were imaged using Brightfield 

and FITC filters on an AxioZoom fluorescent macroscope equipped with ZEN Pro 2 

acquisition software (v.2.0.0.0) (Carl Zeiss Microscopy GmbH). 

 

2.7 Flow cytometry  

To fix cells for fluorescence-activated single cell sorting (FACS), cells were 

trypsinized from 9 cm plates and resuspended in PBS. After washing twice with PBS (0.3 

x g for 5min, resuspend, repeat), cells were fixed in 2% PFA for 15 minutes at room 

temperature with constant agitation. Cells were washed twice with PBS, pelleted, and 

resuspended in 300 uL PBS for analysis.  

Flow cytometry was performed using a FACSCalibur flow cytometer (BD 

Biosciences) and data analyzed using FCS Express (De Novo Software, CA, USA; 

v7.12.0007) and GraphPad Prism for Windows (v.9.3.1 471, San Diego, California USA, 

www.graphpad.com) software. Cells were first gated for intact cell population using 

forward scatter vs. side scatter plots, then gated for transfected cells that were Clover-

positive based on expression of the transfection control Far-Red protein iRFP and 

CRISPR-mediated Clover-LMNA expression, respectively. Single colour controls (iRFP 

only, Clover-J1 only) were used to determine the threshold of positive vs. negative 

populations. Data were normalized to a donor-only negative control to account for 

background signal from the Clover-LMNA donor plasmid.   
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2.8 CRISPR/Cas9-mediated homology-directed repair assay  

 A visual transfection-based reporter assay designed by Pinder et al. (2015) was 

performed as previously described. Briefly, 2x106 cells were co-transfected with Clover-

LMNA CRISPR donor and gRNA : Cas9 vector in a 1 : 3 ratio (Fig. 7), along with a 

plasmid expressing Far-Red protein as a transfection control using either Lipofectamine 

reagent or the Neon transfection system, as described above. In transfections without 

donor or gRNA : Cas9, pBlueScript II SK (pBSKII) (AddGene #212205) was used as a 

negative control. Cells were plated into 9 cm plates or 6-well plates containing a sterile 

coverslip and harvested for flow cytometry and/or IF after 72 h.  

Quantification of cells which had undergone productive HDR (HDR+) by IF, as 

observed by Clover green fluorescent nuclear lamin, was determined by manually 

counting the number of HDR+ cells in 100 transfected (iRFP+) cells per experiment. The 

means and standard errors from independent experiments were calculated and statistical 

significance was determined using unpaired nonparametric Mann-Whitney U tests or 

paired parametric t-test in GraphPad Prism (v.9.3.1 471, San Diego, California USA, 

www.graphpad.com).   
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Figure 7. Cas9-directed knock-in of Clover in the nuclear LMNA gene for 

fluorescent detection of HDR+ cells. Adapted from Pinder et al. (2015). Created with 

BioRender.com.  
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2.9 LINE -1 retrotransposition selection-based assay  

On Day 1, cells were seeded in 6-well plates such that they would be 

approximately 70% confluent the following day. After 24 h to allow for cell adherence, 

cells were co-transfected with the LINE-1 retrotransposition plasmid pJM101 155 (Fig. 8) 

and the plasmid of interest (or pBSKII as control) in a 1:1 ratio using Lipofectamine 

reagent as described in Section 2.4.3. Three days post transfection, cells were trypsinized, 

counted on a hemocytometer, and plated at a density of 2x104 cells per 9 cm dish. Cells 

were incubated for two days in growth media prior to selection with G418 (500 ug/mL). 

After 12 ï 14 days of selection, media was removed and G418 resistant (G418R) cells 

were rinsed with PBS, fixed with methanol for 15 min at room temperature, then stained 

with crystal violet for 30 min at room temperature. Excess stain was removed with 

distilled water and plates were allowed to dry overnight before fixed G418R colonies 

were counted.   
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Figure 8. Function of LINE-1 assay for quantification of retrotransposition activity. 

A neomycin resistance cassette (Neo) conferring antibiotic resistance to G418 was 

inserted within the 3ô UTR of human L1.2 in the antisense orientation and interrupted by 

intron 2 of the human Ὓ-globin gene. Transcription of the retrotransposon driven by the 

promoter, splicing of the Ὓ-globin intron, reverse transcription, and integration into the 

genome are required for successful expression of the Neo gene. After G418 selection, 

only cells that underwent successful retrotransposition will express Neo. The number of 

surviving colonies is therefore proportional to the number of retrotransposition events. 

The resulting L1.3mneol construct was subcloned to create the vector L1-neo-TET 

(Moran et al. 1996). ORF open reading frame, pDNA plasmid DNA, chrDNA 

chromosomal DNA, pCMV cytomegalovirus promoter, SVpA SV40 poly adenylation. 

Adapted from 155,156. Created with BioRender.com.  
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Colonies were counted manually within a random 2 x 2 in square, then 

extrapolated to estimate the total number of colonies per plate. The average of two counts 

was taken. The means and standard errors from independent experiments were calculated 

and statistical significance was determined using the paired t-test in GraphPad Prism 

software (v.9.3.1 471, San Diego, California USA, www.graphpad.com). Dry plates were 

scanned using a Canon CanoScan LiDE 220 photo scanner and the IJ Scan Utility app 

v.14.0 with the following settings: Photo Scan; Color Mode, Color; Paper Size, Custom 

Full Plate; Resolution, 300 dpi; Sharpen outline selected.  
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CHAPTER 3: CHARACTERIZATION OF AN INTERGENIC REGION ON HUMAN CHROMOSOME 15  

AS A PUTATIVE GENE EDITING LOCUS (GEL)  

3.1 Background 

The ability of CRISPR systems to insert sequences into the genome is contrasted 

with the potential for unintended consequences (see Section 1.4.2). Altering genetic 

sequence in this manner, regardless of whether the intention is to replace a non-functional 

pathogenic gene or introduce entirely novel information, can result in unintended 

mutation at the target site. The most commonly documented Cas9-mediated mutations are 

single-base and small indels 157,158. However, larger-scale inversions 159,160 and 

translocations 161,162 have been recorded, as well as rare subsequent events such as 

chromosome loss 163 and chromothripsis 164, the catastrophic clustering of extensive 

chromosomal rearrangements. While certain mutations may be beneficial for the 

purposes of gene knockout via NHEJ (Section 1.1), when these changes unintentionally 

affect the function of the target or nearby regions, they can also induce undesirable ñon-

target effectsò.    

An approach that mitigates on-target effects is the use of safe harbour sites (SHS) 

as targets for gene insertion 75,152,165. These genomic regions, which may be genes or non-

coding loci, are permissive of gene insertion and expression. Importantly, such regions 

are free from on-target effects that might disrupt the expression of genes or regulatory 

elements in their vicinity (or their disruption does not have a pathological effect) and 

currently include the AAVS1, ROSA26, SHS231, and CCR5 loci 152. Of these, AAVS1 is 

the most commonly targeted site in basic and clinical studies, based on an integration site 

of adeno-associated virus serotype 2 in the intron between exons 1 and 2 of the 

PPP1R12C gene of chromosome 19, and thus far no adverse effects have been reported 
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152,165,166. The ROSA26 site was initially  discovered in mouse gene targeting experiments 

and an equivalent human locus has been mapped between exons 1 and 2 152,167. SHS231, 

the most recent addition to the SHS catalogue, was identified by scanning human genome 

data for nuclease accessibility and adherence to safety criteria 152. The most controversial 

of these is CCR5. This gene encodes the C-C motif chemokine receptor 5, a key receptor 

for both immune cells and the entry of HIV 168,169. As mentioned above (Section 1.3.3), 

the potential use of gene therapy to cure HIV remains appealing. A now-infamous 

experiment attempted to establish HIV resistance by disrupting the CCR5 locus 170; 

however, this locusô immune functions are implicated in defense against other viral 

infections such as influenza and West Nile which are likely to be compromised by 

mutation of this gene 171,172, throwing into question the safety of targeting this site 173. 

The additional problematic nature of this experiment arose from the in vivo germline 

editing nature of the experiment conducted in human embryos, two of which were 

eventually brought to term. The CCR5 locus therefore does not adhere to the definition of 

a safe harbour, as disruption does not have a negligible effect. Further, while ñsafe 

harbour siteò implies that targeting a particular region is inherently non-pathogenic and 

free of unintended side effects, the term SHS may be misleading due to the constantly 

evolving understanding of the human genome. Therefore, despite the common use of 

SHS to describe such a location, the term ñgene editing locusò (GEL) will be used for the 

remainder of this thesis to avoid making presumptions about the safety of targeting 

various genomic sites.  
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3.2 Results 

3.2.1 A plasmid toolkit for targeted gene insertion at a human chromosome 15 locus 

3.2.1.1 Characterization of GEL15 site 

 To expand the number of potentially useful human GELs available for targeted 

gene insertion, a previously utilized intergenic region on human chromosome 15 

(GRCh37.p.13 primary assembly chr15:74696007-74698086; Figure 5; Attwood et al., 

2020) was characterized with updated (at time of printing) genome annotation data from 

the UCSC Genome Browser 151. According to more stringent criteria based upon those 

originally outlined by Pellenz et al. (2019), the GEL15 target site (52bp at 

chr15:74697131-74697182) scores higher than the current SHS described above and 

meets the same number of criteria as the recently identified SHS231 (Table 11). 

However, updates to genome annotation since the identification of GEL15 revealed that 

this site does not adhere to two criteria: that it be > 150 kb away from a 5ô gene end, and 

that there is low transcriptional activity (no mRNA within 25 kb). Visual inspection of 

GEL15 through the UCSC Genome Browser 151 revealed that a long noncoding RNA as 

well as three protein-coding genes are located within 50 kb of GEL15: CYP11A, which 

encodes a cytochrome; SEMA7A, a multi-functional membrane-bound semaphorin; and 

UBL7, which is predicted to enable polyubiquitination-dependent protein binding activity 

(GeneCards GC15M074337, GC15M074409, GC15M090219).    
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Table 11. Criteria and data sources for the identification and functionality scoring 

of intergenic loci for gene editing.  

 AAVS1 
19:55,625,241-

55,629,351 

hROSA26 
3:9,415,082-

9,414,043 

CCR5 
3:46,414,443-

46,414,942 

SHS231 
4:58,976,613-

58,976,632 

GEL15 
15:74,697,131-

74,697,182 

 Criterion  Data Source 
 

Safety >300kb from any 

cancer-related 

mutation 

COSMIC 

database - - - + + 

>150kb from any 5ô 

gene end 

Genes and gene 

predictions: 

UCSC Genes 
- - - + - 

Intergenic region (not 

located within gene) 

*  

Genes and gene 

predictions: 

UCSC Genes 
- - - + + 

>300kb from 

functional small 

RNA 

Genes and gene 

predictions: 

sno/miRNA 
+ + + + + 

Functional 

silence 

>50kb from any site 

of origin 

Regulation: UW  

Repli-seq: Peaks + - + + + 
>50kb from any 

ultra-conserved 

element 

Regulation: 

VISTA 

Enhancers 
+ + + + + 

Low transcriptional 

activity (no mRNA ± 

25kb) 

mRNA and 

EST: Human 

mRNAs 
- - - + - 

Accessibility Not in copy number 

variable region 

Repeats: 

Segmental Dups + + + + + 
In open chromatin 

(DHS signal ± 1kb) 

Regulation: 

ENC 

Dnase/FAIRE: 

Open Chrom 

Synth 

+ - + - + 

Targetable by 

CRISPR/Cas9 (<30 

Efficiency)  

Genes and gene 

predictions: 

CRISPR Targets 
+ + + - + 

Uniqueness Single copy in human 

genome 

NCBI BLAST 

search output + + + + + 

Genomic sites were assessed for each criterion by visual inspection of the corresponding 

data source or track on the UCSC Genome Browser (assembly hg19) to the noted region 

size on either side of the coordinate. Where a buffer region is not noted, only the region 

within the coordinate was analyzed. Green + adheres to the criterion, red - does not 

adhere to the criterion. Italic data sources are not tracks in the UCSC Genome Browser. 

*Not included as a criterion for the GEL identification code (Section 3.2.2). Adapted 

from Pellenz et al. (2019).  
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3.2.1.2 Construction of GEL15 donor plasmids 

Multiple donor plasmids were constructed, including a flexible cloning site and 

various reporter constructs located between GEL15 homology arms, to characterize the 

stability, expression, and functionality of GEL15-integrated genes (see Section 2.2). 

Donor constructs based on GEL15-MCS including GEL15-EGFP-N1, -EGFP-C1, EGFP-

2A-Puro, and -EGFP-N1-POLH were validated by whole plasmid sequencing 

(Plasmidsaurus.com). Construction of GEL15-Puro is ongoing. See Appendix B Figures 

B2-7 for plasmid maps of all GEL15 constructs.  

 

3.2.1.3 Validation of GEL15 donor plasmids 

GEL15 donor constructs were additionally validated in vitro by Lipofectamine-

mediated transfection. Three donors containing fluorescent reporter genes (EGFP-N1, 

EGFP-C1, EGFP-N1-POLH) were transfected into different cell types, including WT 

U2OS, HeLa, and NHDF (Section 2.4.3). EGFP-N1 and -C1 were visualized in all three 

cell types, while EGFP-tagged Polɖ was only seen in U2OS and HeLa cells (Fig. 9). The 

number of EGFP+ cells was generally higher for the EGFP only constructs than EGFP-

N1-POLH (Fig. 10), as expected based on previous transfection experiments with the 

original pEGFP-N1 and EGFP-N1-POLH plasmids (see Section 4, Fig. 17). Contrary to 

expectations that U2OS would be most amenable to GEL15-targeted expression of all 

donors due to U2OS-based HA design (Fig. 5), the highest percentage of EGFP-N1-

POLH+ cells was observed in HeLa cells, both 24 h after transfection with donor only 

(Fig. 10A) and post HDR-mediated insertion (Fig. 10B). However, fluorescent gene 

expression was maintained in both U2OS and HeLa cells for twelve days (Fig. 11).   
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Figure 9. GEL15 donor constructs produce detectable green fluorescence in 

multiple cell types. Expression of GEL15-EGFP-N1, -C1, -POLH (left, middle, right) in 

WT U2OS, HeLa, and NHDF cells (top, middle, bottom). n = 1. A. Fluorescent 

expression 24 h post transfection with donor only. B. Fluorescent expression 3 days post 

transfection with donor + gRNA. Created with Slidebook (Intelligent Imaging 

Innovations, Boulder, CO), Adobe Photoshop CS (v.6.2), and BioRender.com.  
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Figure 10. Percentage of EGFP+ cells from transfection of EGFP GEL15 donor 

plasmids + gRNA in different cell types. Percentage determined as number of EGFP+ 

cells in 100 DAPI-stained cells, visualized by IF. n = 1. A. Cells fixed 24 hrs post-

transfection. B. Cells fixed 3 days post-transfection with gRNA. Created with GraphPad 

Prism (v.9.3.1 471, San Diego, California USA, www.graphpad.com) and 

BioRender.com.   
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Fluorescent expression of EGFP-N1 and -C1 donor constructs were highest in 

U2OS cells, with 47.5% expressing EGFP-N1 and 42.7% expressing EGFP-C1 three 

days post-transfection (Fig. 10). However, only 8.0% of U2OS cells were positive for 

EGFP-N1-POLH fluorescence after three days, compared to 30.0% in HeLa cells. HeLa 

cells had generally consistent levels of expression across the three fluorescent donors 

(~30%) while NHDFs had the lowest, with < 10% expressing either EGFP donor, and no 

cells detected expressing EGFP-N1-POLH.   
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Figure 11. GEL15 EGFP expression in U2OS and HeLa WT cells maintained in 

growth media for 12 days post co-transfection with GEl15 gRNA. Images captured at 

10x magnification with a FITC filter, so green fluorescent cells appear white. A. GEL15 

EGFP-N1. B. GEL15 EGFP-C1. C. GEL15 EGFP-N1-POLH. Images processed with 

Zen Pro (v.2.0.0.0) software and ImageJ 1.53s. n = 1. Created with BioRender.com.   
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3.2.2 A virtual toolkit for identification of novel GELs 

To ameliorate future scenarios in which a putative GEL must be manually 

scanned, we created a versatile and modular script in collaboration with Ariel Lisogorsky 

(Waterloo University) to output genome regions that adhere to our criteria (Table 2). 

Additional criteria may be modified or added as required by the user, and buffer regions 

may be edited to increase or decrease stringency. The workflow of the script is described 

in Figure 12 and the code is accessible through GitHub (https://github.com/kkratzer/gene-

editing-loci/).    
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Figure 12. Workflow of GEL identification code. Blue diamonds, UCSC tracks; green 

hexagons, output files. Adapted from Ariel Lisogorsky. Created with diagrams.net 

(JGraph 2021, https://www.diagrams.net v.15.5.2). 
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In brief, a Masterfile titled ñMASK.bedò was created using the BEDTools suite 

function ócomplementô with the corresponding UCSC Genome Browser tracks to identify 

suitable regions of the human genome according to the criteria listed in Table 2 174. This 

mask was applied to both the Open Chromatin track and a filtered CRISPR Target track 

using BEDTools óintersectô, resulting in masked BED files of both tracks. Finally, 

óintersectô was applied to these intermediate output files such that only regions of masked 

open chromatin that completely overlapped with high-scoring CRISPR targets remained 

as an output of 499 potential GEL regions. The regions are displayed visually by 

chromosome in Figure 13. 

CRISPR-accessible regions were determined by limiting GEL output to regions 

with an MIT specificity score > 50 and a Doench/Fusi efficiency > 55 176,177. The 

specificity score summarizes off-targets into a number from 0 ï 100, with lower scores 

indicating less unique sequences, while the efficiency score predicts the efficiency of 

Cas-mediated cleavage at the target site as determined by gRNA screens performed by 

Doench et al. (2014) and Sullender et al. (2015). These scores were calculated using the 

tool CRISPOR 176 and mapped to potential CRISPR PAM -NGG motif targets in the 

genome to create the CRISPR target track 176,177.   
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Figure 13. Map of current and predicted GEL sites. Magenta lines denote 

approximate locations of predicted GEL sites based on the identification script. Thick 

black bands are cytobands. Arrows indicate locations of current SHS and GELs: 

hROSA26 on chromosome 3 (black), CCR5 on chromosome 3 (white), SHS231 on 

chromosome 4, GEL15 on chromosome 15, AAVS1 on chromosome 19. Created with 

BioRender.com.  
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3.3 Discussion 

 Genome engineering techniques often employ the strategy of targeting novel 

genetic information to one of the currently known ósafe harbourô sites (SHS). These sites 

should, at minimum, allow transgene expression without pathogenically disrupting other 

regions. Identifying suitable sites for sequence insertion is an increasingly important part 

of developing safe gene therapies as well as in basic synthetic biology approaches 148,152. 

Gene editing loci (GELs) are regions in the genome where new genetic information can 

be reliably incorporated without losing host function, as per the definition of a genomic 

SHS. In addition, GELs encompass further safety criteria. A very small pool of so-called 

SHS for gene editing are currently available and in use 152. These were discovered by 

various methods including viral insertion sites (AAVS1), homology (hROSA26), and 

more recently, a genome-wide scan for areas that fit a set of first-pass criteria (SHS231). 

Here we characterized and validated a proto-GEL (GEL15) previously shown to be 

amenable to gene editing 146, and additionally identified nearly 500 novel putative sites in 

the human genome through the application of a modifiable auto-search script.  

 An intergenic region on human chromosome 15 was previously identified by 

visual analysis of UCSC Genome Browser tracks and chosen for its proximity to the 

study gene of interest 146. After successful targeting of this region by Attwood et al. 

(2020), further validation revealed the utility of the novel GEL15. We first cloned the 

Cas9n targeting vector from scratch, based upon work done by Attwood et al. (2020). 

Next, we built an all-purpose donor vector with an empty MCS between the HAs. Then, 

we inserted various payloads that could act as reporter genes into the MCS by 

digestion/ligation. The reporter donor vectors were validated by visualization of EGFP by 
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IF (Fig. 9) and by whole-plasmid sequencing from Plasmidsaurus (Appendix B Figs. 2-

7). As the homology arms of the donor vector were designed from genomic U2OS DNA 

(Fig. 5) we determined whether targeting could occur to this site in other cell types. The 

percentage of cells expressing EGFP-N1 and -C1 from GEL15 donors were highest in 

U2OS cells, as expected (Fig. 10). However, fewer U2OS cells were positive for EGFP-

N1-POLH fluorescence after three days compared to HeLa cells which had generally 

consistent levels of expression across the three fluorescent donors (~30%). NHDFs had 

the lowest, with < 10% expressing either EGFP donor and no cells detected expressing 

EGFP-N1-POLH.  

Generally lower EGFP expression efficiencies observed in non-target cells cannot 

be assumed to be due to homeology between the genome and the donor HA. While the 

rate of HDR may depend on the degree of sequence similarity between target and donor, 

initial expression of the EGFP GEL15 donor plasmids was lower in non-target cell types 

compared to U2OS after only 24 h (Fig. 10), when EGFP should be optimally expressed 

post-L2K transfection (as seen in Fig. 17B), and when no site-directed insertion via HDR 

had occurred. To definitively determine if  homeology plays a role in targeting GEL15 

and other sites, the GEL15 locus should be sequenced in a variety of different cell types 

to identify any variation at the site. Donor vectors may then be redesigned with HAs 

homologous to the region of another cell type, as determined by genomic DNA isolation. 

Additionally, an interesting route of exploration would be to target a reporter gene to 

GEL15 in induced pluripotent stem cells (iPSCs) and follow gene expression post-

differentiation. Such an experiment would reveal not only the amount of time that GEL15 

expression persists (theoretically indefinitely through cellular passages), but also the 
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efficiency of targeting GEL15 in many different cell types with an identical HA 

sequence. If homeology is found to be a compounding factor in CRISPR-mediated HDR, 

this will help further refine the criteria for putative GELs. This would also have important 

implications for clinical gene editing, as well as highlight the importance of personalized 

medicine. When performing insertional mutagenesis, the target site should be sequenced 

to design the optimal donor vector for maximum insertion efficiency, and presumably, 

maximum therapeutic benefit. Future directions include comparing the targeting 

efficiency of GEL15 with other in-use SHS, though one limitation is that transfection 

efficiency depends heavily upon method used (Table 1). In addition, it may be useful to 

attempt dual targeting to multiple GELs concurrently or in a stepwise fashion, to further 

explore the flexibility and utility of these gene editing tools.  

Researchers may desire novel regions for gene insertion in addition to the 

currently accepted sites for a plethora of reasons beyond improved safety in clinical gene 

editing, including the flexibility to co-target sites for multiple subsequent or simultaneous 

edits; the ability to tag cells in a novel way; and the option to select transfected cells, 

therefore improving transfection efficiency. A selectable reporter construct, such as Puro 

or EGFP-2A-Puro, may be used as part of a co-transfection cocktail to allow for selection 

of transfected cells, thereby increasing the efficacy of a transfection-based assay.  

We therefore showed the utility of GEL15 as the newest option available in the 

CRISPR-mediated HDR gene editing toolkit. However, GEL15 does not adhere to all 

criteria (Table 2). As such, we designed a bash script code using human genome data 

available from UCSC Genome Browser tracks and the COSMIC cancer database to mask 

regions of the genome assembly that do not adhere to a set of safety, accessibility, and 
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uniqueness criteria. These criteria were built upon those proposed by Pellenz et al. 

(2019). The first group of principals that cumulatively fall under ósafetyô was adhered to 

by placing buffer regions of exclusion around known genes, functional small RNA, and 

cancer-related mutations (as determined by the COSMIC database). In Table 2, we added 

an additional criterion to differentiate between intergenic sites that are within 150 kb of a 

gene (GEL15) and sites that are directly within a gene itself (AAVS1, hROSA26, CCR5). 

However, for the script, we only included a criterion to mask all regions within 150 kb of 

known genes. This served to increase stringency and therefore safety, and also to restrict 

the output to a manageable number of putative GELs.  

The following criteria, which adhere to the concept of functional silence, ensure 

that the inserted sequence does not disrupt the expression of other genes by avoiding 

replication origins, conserved elements, and regions of mRNA expression. Despite 

avoiding known functional regions, the GELs had to be accessible. This included 

avoiding copy number variable regions, which typically increase uncertainty of Cas9 

targeting 175, as well as restricting sites to regions of open chromatin that are also 

targetable by Cas9.  

The final group of criteria falls under the category of structural accessibility. For 

ease of targeting, a putative GEL must not be located in a copy number variable region 

and should be unique in the entire genome (automatically determined by the CRISPR 

target track in the script). To allow expression of the inserted genetic material, the GEL 

must likely be in a region of open chromatin. However, SHS231 ófailsô this criterion, yet 

high targeting efficiency was observed 152. This paradox highlights the duality of the 

óopen chromatinô criterion. Despite the fact that euchromatin is more permissible to gene 
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expression, there may be yet unknown reasons why intergenic regions are endogenously 

maintained in this state. As human genome data coverage improves, we could discover 

that regions previously thought of as safe contain an encoded factor or are otherwise 

important in regulatory or structural contexts. Targeting heterochromatin may therefore 

further improve safety, and expression of exogenous sequences can be maintained by 

including insulating DNA sequences in targeting constructs 180 or epigenetically altering 

chromatin at the target site, as shown by 181. For this reason, the GEL code is modifiable 

and can be run with any desired version of the human genome assembly; however, we 

included tracks in our analysis that are only available for assembly hg19. This modality 

allows for a customizable search that can be continuously updated as datasets improve. 

Here, we offer an additional tool to achieve the current optimized outcomes for safe, 

successful gene editing.   
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CHAPTER 4: THE ROLE OF TRANSLESION POLYMERASE ETA  

IN GENOME MAINTENANCE AND CRISPR-MEDIATED GENE EDITING 

4.1 Background 

4.1.1 Polymerase eta plays dual roles in translesion synthesis and homologous 

recombination repair pathways  

 Gene editing relies on the endogenous ability of cells to repair damaged DNA. 

Due to the numerous sources and types of DNA damage, living organisms have evolved a 

plethora of DNA repair proteins, mechanisms, and pathways. For example, within 

humans, there are at least 15 known DNA polymerases 182,183, the enzymes responsible 

for synthesizing DNA polymers from nucleic acids. The Y-family of DNA polymerases 

consists of enzymes involved in a still relatively undefined type of repair called 

translesion synthesis (TLS). The four Y-family TLS polymerases can each bypass 

specific types of DNA lesions, allowing DNA synthesis or repair to proceed when 

replicative polymerases fail to bypass the lesions. Specifically, polymerase eta (Polɖ, 

encoded by POLH) is involved in the resolution of stalled replication forks and provides 

high fidelity bypass of UV damage (Fig. 14) 184ï186. Polə, which normally bypasses 

guanine lesions, and Polɘ, which indiscriminately incorporates thymine bases, can act 

together to partially fill the role of non-functional Polɖ (see Section 4.1.2), albeit with 

lower fidelity in repairing UV dimers 185,187,188. Finally, Rev1 inserts cytosine bases 

opposite lesions, although its major role seems to be indirect; it recruits other TLS 

polymerases to DNA damage sites and is involved in the inhibition of the p53 tumor 

suppressor 189, which in turn regulates expression of Polɖ and Polə 183,190.  
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Figure 14. Summary of Polɖ regulation and function. A. Polɖ regulation occurs at 

various stages of expression. The p53 tumor suppressor acts as a transcription factor to 

promote POLH transcription. The stability of the POLH mRNA transcript is positively 

regulated by PRCB1. In response to UV exposure, Polɖ expression is promoted through 

Polə and ATR activation, though Polɖ is rapidly degraded by the proteosome. MDM2 

tags Polɖ for Poly-Ub-dependent degradation and PIRH2 targets Polɖ for mono-Ub-

dependent degradation, while USP7 promotes Polɖ stability through competitive action 

with MDM2. Mono-Ub of Polɖ by RCHY1/PIRH2 is promoted by TRAIP and inhibits 

Polɖ interaction with PCNA and its ability to bypass UV lesions. B. Multiple DNA repair 

proteins interact to recruit Polɖ to DNA lesions. Mono-Ub FANCD2 recruits Polɖ to the 

mono-Ub PCNA clamp at stalled replication forks, where it co-localizes with PALB2 and 

BRCA2. BRCA1 promotes Ub-PCNA; without it, repair pathway choice proceeds to 

NER. C. The DNA replication fork stalls at DNA lesions. Ub-PCNA has increased 

affinity for the Ub-binding domain of Polɖ, causing a polymerase swap. DNA repair 

proceeds through one of two Polɖ-dependent pathways: TLS or HR.   
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 In addition to its well-established role in TLS, Polɖ has been implicated as a key 

player in the HR pathway. In TLS, Polɖ is recruited to the lesion by monoubiquitination 

of the PCNA clamp where it inserts potentially mispaired bases opposite the lesion to 

allow replication to proceed 191ï193. Polɖ quickly dissociates and another polymerase 

swap occurs, with a high fidelity polymerase, often Polŭ, taking over to resume 

replication fork progression 185,193,195ï197. Any mismatches can be repaired by NER. 

Alternatively, a stalled replication fork may regress to form a structure that can undergo 

nucleolytic cleavage 185,193. NER repairs the lesion, and the resulting DSB triggers 

recruitment of HR repair factors. Rad51, recruited to the DSB by BRCA2, promotes 

strand invasion and the formation of a D-loop intermediate structure that can be extended 

by Polɖ 185,192. Rad51 may directly recruit Polɖ, although Polɖ has also been shown to 

associate with BRCA1-dependent Fanconi anemia (FA) protein FANCD2, particularly in 

the context of recruitment to Ub-PCNA 192,194. PALB2 and BRCA2 have also been shown 

to interact directly with Polɖ and are necessary for increased D-loop extension 198. Polɖ 

extends the D-loop until crossover cutting can occur to re-establish a replication fork 185. 

Polymerase swap back to Polŭ allows high fidelity DNA replication to proceed. Despite 

this additional role of Polɖ in HR, opening the door for its involvement in other genome 

maintenance processes (see Section 4.1.3), no investigation has been done on the role of 

Polɖ in the process of CRISPR-mediated HDR.  
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4.1.2 Lack of functional translesion polymerase eta causes xeroderma pigmentosum 

variant disease 

 Xeroderma pigmentosum (XP) is a group of rare autosomal recessive disorders 

characterized by hypersensitivity to UV, solar-induced deterioration of the eyes and 

exposed skin, and a predisposition to the development of skin cancer caused by 

deficiencies in DNA repair 199ï203. Progressive neurodegeneration, including acquired 

microcephaly, occurs in approximately 25% of cases 204. Though classified as a rare 

genetic disease, XP affects 1/22,000 people in Japan, North Africa, and the Middle East, 

and typically results in a shortened lifespan 204. Seven subtypes of XP disease are due to 

mutations in various XP genes involved in the nucleotide excision repair (NER) pathway, 

an alternative UV repair mechanism to TLS (Fig. 14). The eighth subtype, termed 

xeroderma pigmentosum variant (XPV), displays the same symptoms but is due to 

decreased or dysfunctional Polɖ-mediated TLS.  

 Pathogenic mutations in POLH typically cause a truncated Polɖ protein, though 

frameshift and missense mutations are also well documented 205ï208. These mutations vary 

in their affect on protein function and are not obviously related to clinical severity 205. 

The N-terminal of Polɖ, which is usually intact in XPV, forms the active site and is 

highly conserved among Y-family polymerases; meanwhile, the C-terminal is responsible 

for nuclear localization and accumulation of Polɖ into replication foci 205,209. A truncated 

protein would therefore not be able to localize to damage sites if it escaped nonsense-

mediated decay of mRNA. In cell cultures derived from XPV patients, rates of both TLS 

and HR-mediated repair of DSBs are decreased 185,210,211, while the accumulation of 

stalled replication forks is increased compared to normal fibroblasts 212. The sensitivity of 

these cells to UV irradiation is exacerbated by low doses of caffeine 213,214. In addition, 



 

78 

tumor cells from XPV patients have altered expression levels of other TLS polymerases, 

seemingly in an effort to compensate for the lack of functional Polɖ, despite their reduced 

ability to replicate faithfully over UV lesions: Polɘ levels are increased, while expression 

of Polə and Rev1 are decreased 215. 

 

4.1.3 Polymerase eta strikes a balancing act within its many roles in genome maintenance 

 With its established roles in two distinct DNA repair pathways, Polɖ has been 

implicated in a wide variety of genome maintenance mechanisms. Due to its innate 

ability to replicate through UV-induced crosslinks, overexpression of Polɖ increases 

chemoresistance in various cancers by allowing DNA replication to proceed through 

chemotherapy-induced crosslinks such as those created by the platinum-based drug 

cisplatin 216ï220. Indeed, upregulation of TLS polymerases seen in some cancers may 

promote cancer cell survival and replication, with no normal checks on or consequences 

for the mutagenic nature of these enzymes (Table 12) 184,221,222. More work remains to be 

done to determine whether TLS polymerase upregulation is a consequence of cancer, or a 

potential cause of it.   
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Table 12. Overexpression of TLS polymerases positively correlates with breast 

cancer biomarkers.  

 Luminal A and B HER2-

enriched 

 ESR1 ESR2 PGR HER2 

POLH  *    

POLK  *  *  *   

POLI  *  *  *   

REV1 *     

Green * indicates significant (q-value < 0.05) co-occurrence of gene overexpression 

(EXP > 1 Std Dev) with markers of Luminal A/B (ESR1, ESR2, PGR) and HER2-

enriched (HER2) breast cancers. Data source: Breast Cancer Invasive Carcinoma (TCGA, 

PanCancer Atlas) accessed on Sept. 24 2020 at https://www.cbioportal.org/. 

 

Another cancer-related process that involves Polɖ is the Alternative Lengthening of 

Telomeres (ALT) pathway which maintains telomere length in cancers that lack the 

enzyme telomerase. Polɖ is efficient when replicating through repetitive regions 184,223, 

potentially partially explaining its recruitment to telomeres 224. However, Polɖ has been 

implicated directly in the HR-dependent ALT mechanism, which is predicted to use a 

sister chromatid telomere as a template for repair 224,225.  

Finally, Polɖ has also been shown to play a role in the diversification of 

immunoglobulin (Ig) genes mediated by the activation-induced cytidine deaminase 

(AID)/Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) 

family of enzymes 226. We have seen significant co-occurrence of Polɖ expression and 

some APOBEC3 members (Table 13), which are specifically known as retroelement 

inhibitors 227,228. The function of Polɖ in an APOBEC-associated hypermutation 

mechanism is even less well characterized than its role in ALT, and thus merits further 

study. However, it is known that these cytidine deaminases deaminate cytosine to uracil 
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in response to pro-inflammatory cytokine signalling, which can then function beneficially 

to (a) induce base-pair mismatches in Ig genes, thereby furthering genetic diversity and B 

cell evolution; (b) cause mutations in retroelement sequences, preventing their potentially 

pathogenic genomic integration; or, negatively, by (c) increasing genome instability and 

promoting apoptosis or cancer (Fig. 15) 227ï237. Presumably, Polɖ may be involved in the 

mutagenic repair of these APOBEC-induced mismatches or resulting DSBs, further 

diversifying Ig genes or increasing carcinogenesis in other contexts 226,230,231,238. We 

therefore sought to investigate whether Polɖ may also play a role in the restriction of 

retrotransposition, specifically of long interspersed nuclear element type 1 (LINE-1) 

retroelements using a selection-based assay. LINEs are transposable elements in the 

human genome that have the ability to self replicate. They have been pinpointed as a 

major source of evolution-driving diversity 239, making up 17 ï 20% of the human 

genome 240ï242, although LINE overactivity has been shown to cause genome instability 

and cancer 243ï245. To keep this activity in check, cells have evolved numerous 

retroelement-restricting defense mechanisms, including AID/APOBEC3 enzymes, P53, 

and HR repair factors such as BRCA1 and FA factors 157,235,237,241,242,246ï254. Due to its 

associations with both APOBECs and HR repair factors, is likely that Polɖ is also 

involved in LINE-1 repression, though at what stage of the mechanism is unknown.   
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Table 13. Expression of Polɖ significantly co-occurs with some APOBEC3 enzymes 

in breast cancer.  

Gene A Gene B q-Value Tendency 

POLH A3A 0.012 Co-occur rence 

POLH A3B <0.001 Co-occurrence 

POLH A3C 0.580 Co-occurrence 

POLH A3D 0.214 Co-occurrence 

POLH A3F 0.003 Co-occurrence 

POLH A3G 0.624 Mutual exclusivity 

POLH A3H 0.442 Mutual exclusivity 

Bold indicates significant q-value (< 0.05). Default expression values used. Data source: 

Breast Cancer Invasive Carcinoma (TCGA, PanCancer Atlas, samples with mRNA data 

(RNA Seq V2) (n = 1082) accessed on Sept. 24 2020 at https://www.cbioportal.org/.  



 

82 

 

Figure 15. Mechanism of hypermutation initiated by AID/APOBEC and repaired by 

Polɖ. Transcription by RNA polymerase II (RNA PolII) exposes a single strand DNA 

substrate for AID/APOBEC enzymatic action. After deamination of cytosine to uracil 

(callout), the mismatch is processed by one of two pathways. It can undergo replication, 

perpetuating the mutation through half of the daughter strands and potentially requiring 

Polɖ to resolve a replication fork stalled at a mutation. Alternatively, the mutated base 

and surrounding sequence are removed by base excision repair (BER) and the resulting 

gap is filled in by error-prone TLS Polɖ, resulting in a mutated patch. Created with 

BioRender.com.   



 

83 

 

Figure 16. Summary of multiple roles of Polɖ in genome maintenance through its 

dual action in the TLS and HR pathways. Created with BioRender.com.  
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4.2 Results 

4.2.1 Overexpression of EGFP-tagged polymerase eta results in low expression 

 One of the main tools used here for the study of Polɖ was the EGFP-N1-POLH 

plasmid construct gifted by Jean-Yves Masson (Université Laval). This plasmid encodes 

green fluorescent C-terminal tagged Polɖ (Appendix B Fig. 1) for visualization of the 

protein post transfection. Overexpression of Polɖ in all cell types resulted in two 

transfection phenotypes, as seen in Fig. 17A: diffuse EGFP signal throughout the nucleus 

and distinct nuclear foci. Additionally, I observed low fluorescence intensity compared to 

EGFP alone (Fig. 17A) and relatively low transfection efficiency across multiple cell 

types (Fig. 17B, C). Despite the short turnover time of endogenous Polɖ (Section 4.1.1) 

185,193, EGFP-N1-POLH-transfected cells were visualized 24 h post-transfection for 

optimal Polɖ expression, unless otherwise noted (Fig. 17B, C).  
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Figure 17. Transfection profile of EGFP-tagged Polɖ. A. Representative IF images of 

WT U2OS cells with Lipofectamine-mediated transfection of pEGFP-N1 (upper) and the 

EGFP-N1-POLH construct (lower). Maximum FITC fluorescence was set to 5000 (left) 

and 30000 (right). B. Transfection efficiency of FITC+ expression in U2OS WT cells 

transfected with Lipofectamine 2000 (left) and Neon electroporation (right) over various 

timepoints. C. Transfection efficiency of FITC+ expression in HeLa WT cells transfected 

with Lipofectamine 3000 (left) and Neon electroporation (right) over various timepoints. 

n = 1. Created with GraphPad Prism (v.9.3.1 471, San Diego, California USA, 

www.graphpad.com) and BioRender.com.   
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4.2.2 Homology-directed repair is decreased in cells deficient in polymerase eta 

4.2.2.1 Construction and validation of stable puromycin-resistant Polɖ-deficient cell lines 

 To examine novel roles of Polɖ in genome maintenance, U2OS æPOLH clonal 

cell lines were constructed as described in Section 2.4.2. In brief, the 5ô end of POLH 

exon 3 (the first exon common between the three non-pathogenic isoforms of POLH) was 

targeted by Cas9n-mediated DSB formation. The insertion of a co-transfected linearized 

PuroR-SV40 sequence by endogenous NHEJ at the break site was predicted to result in 

cells with selectable puromycin resistance and severely truncated POLH. These clonal 

cells, grown from single cell colonies and maintained in media supplemented with 4 

ug/uL puromycin, exhibited no growth defects (data not shown; as seen in 211). However, 

validating POLH KO and a lack of functional Polɖ protein production was not 

straightforward.  

 A rabbit polyclonal anti-POLH antibody (Thermo Fisher Scientific ) produced 

high background when analyzed by IF microscopy (data not shown). A mouse 

monoclonal anti-POLH antibody (Santa Cruz, sc-17770) was able to bind EGFP-tagged 

Polɖ, as shown by focal colocalization in U2OS and HeLa WT cells transfected with 

EGFP-N1-POLH and subsequently stained with anti-POLH (Fig. 18A, B). However, no 

nuclear staining of endogenous Polɖ was seen, even upon UV treatment to induce POLH 

expression (Fig. 19A) 191,195,196. There was a slightly higher intensity of anti-POLH stain 

in WT U2OS compared to æPOLH cells (Fig. 19B), but as this signal was extranuclear, it 

was likely background and not the nuclear TLS polymerase.  
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Figure 18. Validation of mouse anti-POLH antibody staining of overexpressed 

EGFP-tagged Polɖ. Anti-POLH is stained red (1:300) and nuclei are stained blue with 

DAPI, while overexpressed Polɖ is tagged green. A. U2OS WT. B. HeLa WT. Created 

with Slidebook (Intelligent Imaging Innovations, Boulder, CO), Adobe Photoshop CS 

(v.6.2), and BioRender.com.  
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Figure 19. Validation of mouse anti-POLH antibody staining of endogenous Polɖ. 

Anti-POLH is stained red (1:300) and nuclei are stained blue with DAPI. A. U2OS WT 

cells were irradiated with 0J (upper) and 100J (lower) of UV. After 30 min incubation, 

slips were fixed and stained as previously described. Double stranded DNA breaks are 

visualized with anti-ɔH2AX antibody (green). B. Untreated U2OS WT and æPOLH cells 

were stained for anti-POLH (red). Created with Slidebook (Intelligent Imaging 

Innovations, Boulder, CO), Adobe Photoshop CS (v.6.2), and BioRender.com.  
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Following failure to visualize endogenous Polɖ by IF, whole cell lysates were 

analyzed by SDS-PAGE and Western blot. All cell types (Table 9) were, through 

multiple trials, lysed using two different methods, run on both polyvinylidene difluoride 

and nitrocellulose membranes, stained with multiple anti-Polɖ antibodies, and blocked 

with both BSA and milk. No experiments produced clean, definitive bands at the 

expected molecular weight (79 kDa) (Santa Cruz, sc-17770).  

Finally, multiple quantitative PCR (qPCR) primer pairs were designed to target 

various regions of the POLH gene that are common between all three isoforms (Table 7, 

Fig. 6). Three reference genes were used to normalize expression data across all samples: 

B2M, RAC1, and TBP. Target stability values were calculated automatically by Bio-Rad 

CFX Manager (v.3.1) to be mean coefficient of variation (CV) = 0.3176 and mean M 

value = 0.8366, which are below the threshold values required for heterogenous samples 

255,256. Samples included were: U2OS WT, XPV3617, and U2OS æPOLH P2-6 (sample 

P1 was excluded due to lack of cDNA).  

Samples were initially amplified with primer pairs POLH5 and POLH6 (Table 7). 

Both primer pairs target the last and largest exon of POLH, exon 11, which is far 

downstream of the PuroR insert site in exon 3 (Fig. 6). æPOLH mutants would therefore 

be expected to have virtually no transcript at this site due to nonsense mutation 

downstream of the insertion; however, while relative gene expression was decreased in 

XPV and three æPOLH mutants relative to WT, two mutants (P2 and P5) had increased 

expression (Fig. 20A, B). This unexpected result is likely due to the presence of the SV40 

promoter in the linearized PuroR sequence and the unpredictability of NHEJ repair. 

Therefore, an additional primer pair was designed to target the junction of POLH exons 2 
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and 3 (Fig. 6, Table 7). Expression of this amplicon was decreased in all mutants and 

XPV relative to U2OS WT (Fig. 20C), as expected for successful interruption of gene 

sequence at this site.   
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Figure 20. Validation of æPOLH cell lines by qPCR. Gene expression values relative 

to U2OS WT (dark gray) are plotted from n = 3 technical replicates. A. Primer pair 5, 

downstream of the edit site. B. Primer pair 6, downstream of the edit site. C. Primer pair 

1, at the edit site. Created with GraphPad Prism (v.9.3.1 471, San Diego, California USA, 

www.graphpad.com) and BioRender.com.   
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4.2.2.2 HDR assay  

 Since Polɖ has been shown to play a role in HR-mediated repair of DSBs (Section 

4.1.1), we sought to determine whether this mutagenic TLS polymerase may also be 

involved in CRISPR-mediated HDR-dependent gene editing. To examine the role of Polɖ 

in HDR, we employed an HDR assay developed by Pinder et al. (2015) which allows 

quantification of cells that have undergone productive HDR by targeted knock-in of the 

fluorescent reporter gene Clover to the nuclear lamin A locus (Fig. 7, Section 2.8). HDR+ 

cells therefore have fluorescent nuclear lamin, allowing their quantification by IF or flow 

cytometry (Fig. 21A).  

 We first observed decreased HDR efficiency in Polɖ-deficient XPV cells 

compared to WT U2OS (p = 0.0556) and WT HeLa (p = 0.3333), as determined by the 

percentage of transfected (iRFP+) cells with green fluorescent nuclear lamin, though this 

was not statistically significant (Fig. 21B). However, conducting the assay in the six 

æPOLH U2OS cell lines compared to WT consistently showed significantly lower HDR 

efficiency by both IF and FACS (Fig. 21C, 22B), which was restored to near-WT levels 

by the addition of EGFP-N1-POLH (co-stained with red anti-POLH to differentiate 

HDR+ alone, which were not counted, and HDR+ POLH+ cells) (Fig. 21D).   



 

93 

Figure 21. Clover LMNA HDR assay by IF microscopy. HDR efficiencies are 

represented as percentage of transfected (iRFP+) cells. * p < 0.05. ** p < 0.01. n = 2 ï 7, 

as indicated by white circles. A. Representative images of HDR+ cells in U2OS WT (left) 

and HeLa WT (right). iRFP (red) acted as a transfection control. Nuclei are stained blue 

with DAPI. B. HDR efficiency of different WT cell types. C. HDR efficiencies of U2OS 

WT compared to æPOLH clonal lines P1-6. D. HDR efficiency of æPOLH P5 with and 

without addback of EGFP-N1-POLH construct, stained with 555-anti-Polɖ. Created with 

GraphPad Prism (v.9.3.1 471, San Diego, California USA, www.graphpad.com), 

Slidebook (Intelligent Imaging Innovations, Boulder, CO), Adobe Photoshop CS (v.6.2), 

and BioRender.com.  
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Figure 22. Clover LMNA  HDR assay by FACS. A. Representative dot plots of FACS 

data. Created with FCS Express (De Novo Software, CA, USA; v7.12.0007). B. HDR 

efficiency as a percentage of total cell population analyzed by FACS. n varied by 

experiment: U2OS wt (n = 3), æPOLH clone P2 (n = 2), æPOLH clones P1, P2, P4 ï P6, 

XPV3617 (n = 1). Created with GraphPad Prism for Windows (v.9.3.1 471, San Diego, 

California USA, www.graphpad.com).   
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4.2.3 A novel role for translesion polymerase eta in the repression of retrotransposition 

activity  

 Another mechanism in which Polɖ may be involved is the repression of 

retrotransposition activity, as seen with APOBEC enzymes, which are known to promote 

Ig gene diversity in cooperation with the mutagenic activity of Polɖ. To investigate this 

possibility, we used a G418 selection-based LINE-1 assay, which enables quantification 

of cells that have undergone LINE-1 retrotransposition in order to express the neomycin 

resistance G418R gene. Colonies grown from surviving cells are visualized with crystal 

violet staining (Fig. 23A). When either the pEGFP-N1 or EGFP-N1-POLH plasmids 

were co-transfected into HeLa cells with the L1-neo plasmid, approximately half as many 

colonies grew on the +POLH plates (Fig. 23A, B), indicating potential LINE-1 repression 

by Polɖ. 

 To investigate the effect of loss of Polɖ function on LINE-1 activity, the assay 

was repeated using U2OS WT and æPOLH cells. No significant difference was observed 

between cell types when examining only retrotransposition activity (Fig. 23C). However, 

when these cells were co-transfected with pEGFP-N1 or EGFP-N1-POLH, results were 

inconsistent between æPOLH cell lines, with some showing increased survival with 

EGFP (P1, P4) and others showing increased survival with POLH (P5, P6) (Fig. 23D). 

WT U2OS cells behaved similarly to WT HeLa when transfected with EGFP vs. POLH 

(Fig. 23D). Further repetition of this assay, as well as study of Polɖ in the context of 

other retro elements and APOBECs, will help elucidate the role of Polɖ in this factor of 

genome maintenance (Fig. 24).  
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Figure 23. The effect of Polɖ on the LINE-1 neomycin retrotransposition assay. 

EGFP dark gray, PolH light gray, no co-transfection white. Means and standard errors of 

means (calculated automatically by GraphPad Prism) are shown. A. Representative 

images of HeLa WT cells co-transfected with L1-neo and either EGFP-N1 (left) or 

EGFP-N1-POLH (right). B. HeLa WT cells +L1-neo +EGFP-N1 (left) or +EGFP-N1-

POLH (right). n = 3. C. U2OS WT and æPOLH cells co-transfected with L1-neo and 

pBSKII (empty vector). n varied by experiment: U2OS wt, æPOLH clones P2 ï P4 (n = 

4), æPOLH clones P1, P5 (n = 3), æPOLH clone P6 (n = 2). D. U2OS WT and æPOLH 

cells co-transfected with L1-neo and pEGFP-N1 (dark gray, left) or EGFP-N1-POLH 

(light gray, right). n = 1 ï 2. Created with GraphPad Prism for Windows (v.9.3.1 471, 

San Diego, California USA, www.graphpad.com) and BioRender.com.  
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Figure 24. Potential roles of Polɖ in the LINE -1 retrotransposition mechanism. 

Potential modes of action are noted in navy circles. A. Polɖ acts in a similar cooperative 

mechanism as in Ig diversification, by erroneously repairing AID/APOBEC-mediated 

mutations. In this scenario, the mutated transcript would be unable to produce functional 

ORF proteins. B. Polɖ has a non-enzymatic function in sterically blocking genomic 

integration, either by competition with RNaseH2 (not shown) or by stabilizing the 

ssDNA : dsDNA intermediate structure. ORF open reading frame, UTR untranslated 

region, TSD target site duplications. Created with BioRender.com.  


