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Abstract 

Phosphatase and tensin homolog (PTEN) is a key inhibitor of cell survival, 

growth, differentiation and migration that plays a significant role in diverse 

disease contexts. PTEN expression is lost in many tumours through large 

chromosomal deletions, somatic mutations, transcriptional repression and 

epigenetic silencing, and contributes to cancer initiation, progression, 

metastasis and drug resistance. However, PTEN is strongly expressed in 

central nervous system (CNS) neurons, and inhibits their ability to survive 

and regenerate axons to restore functional connections after traumatic brain 

or spinal cord injury, stroke or neurodegenerative disease. This PhD research 

aimed to develop genetic and epigenetic editing tools to restore expression of 

PTEN in cancer cells where it was transcriptionally repressed or mutated, 

and to silence PTEN expression in CNS neurons. Targeted transcriptional 

activation, repression and genetic editing of PTEN were conducted with the 

system of Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) and CRISPR-associated protein 9 (Cas9). 

PTEN expression is commonly lost in metastatic melanoma and triple 

negative breast cancer (TNBC). In melanomas with BRAF V600 mutation, 

transcriptional repression of PTEN can contribute to intrinsic and acquired 

resistance to B-Raf inhibitors due to the possibility of escape through 

phosphoinositide 3-kinase (PI3K)/AKT pathway activation. Loss of PTEN 

expression is also associated with basal- and stem-like phenotypes in TNBC. 

The first aim of this PhD was to reactivate PTEN expression in BRAF-mutant 

melanoma and TNBC cell lines in which PTEN was transcriptionally 

repressed relative to normal cells. Dead Cas9 (dCas9) protein was fused to 
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the tripartite transcriptional activation domain VP64-p65-Rta (VPR) and 

directed to the PTEN proximal promoter with single guide RNAs (sgRNAs). 

The dCas9-VPR system specifically activated PTEN expression, resulting in 

inhibition of proteins in downstream oncogenic signalling pathways, 

including AKT, mammalian target of rapamycin (mTOR) and mitogen-

activated protein kinase (MAPK). PTEN activation also inhibited the 

migration of BRAF V600E-mutant melanoma cells, and reduced colony 

formation when delivered in combination with the B-Raf inhibitor 

dabrafenib, the dual PI3K/mTOR inhibitor dactolisib, and with simultaneous 

B-Raf and PI3K/mTOR inhibition. PTEN activation with CRISPR/dCas9 has 

the potential to be combined with existing chemotherapeutics to inhibit 

migration and reduce drug resistance mechanisms in advanced melanoma 

and other aggressive cancers. 

As well as transcriptional repression, somatic PTEN mutations occur 

frequently in a variety of tumour types, including TNBC. The second aim of 

this PhD was to repair a single base pair deletion in PTEN that caused a loss 

of PTEN function in a TNBC cell line. Cas9 and sgRNA were designed to 

induce a DNA double-strand break in close proximity to the PTEN mutation, 

with a DNA donor template carrying the corrected sequence to be 

incorporated into the genome by homology-directed repair (HDR). CRISPR 

components were delivered either as plasmid DNA or ribonucleoproteins. 

Successful correction of the PTEN mutation in the treated cell population was 

confirmed by PCR screening, however the generation of single cell-derived 

clonal lines was unsuccessful, possibly due to the low frequency of HDR in 

the cell population, and to the survival and proliferation disadvantage of 
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PTEN-repaired cells. The challenges involved in the use of CRISPR/Cas9 

HDR to correct mutations in cancer are discussed in detail in Chapter 3. 

Genetic deletion, short hairpin RNA (shRNA) knockdown and 

pharmacological inhibition of PTEN have been shown to improve neuronal 

survival and axon regeneration after CNS injury. The final aim of this PhD 

was to repress PTEN in CNS neurons with dCas9 fused to the transcriptional 

repressor Krüppel-associated box (KRAB). KRAB induces gene silencing 

through the recruitment of histone methyltransferases and histone 

deacetylases that promote heterochromatin formation at regulatory regions. 

dCas9-KRAB was directed to the PTEN proximal promoter or 5’ untranslated 

region, and induced PTEN repression in preliminary model cell types and in 

human neurons derived from induced pluripotent stem cells. PTEN 

repression was associated with increased H3K9 trimethylation and reduced 

H3K9 acetylation at the PTEN promoter. The dCas9-KRAB system repressed 

PTEN to a greater extent than a combination of four shRNAs targeting the 

PTEN transcript, suggesting this system has therapeutic potential for 

improving CNS regeneration after injury. Overall, this PhD research 

demonstrates a range of genetic and epigenetic editing strategies targeting 

PTEN for the treatment of cancer and CNS regenerative failure. Future 

applications and challenges associated with these approaches are reviewed in 

Chapter 5. 
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General introduction and literature review 
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1.1 Introduction 

PTEN is a highly influential tumour suppressor gene (TSG) that inhibits cell 

survival, cell cycle progression, growth and migration (1). PTEN is commonly 

lost in cancer by somatic mutations, genomic deletion, epigenetic silencing, 

transcriptional repression and post-transcriptional mechanisms, and can 

contribute to tumourigenesis, cancer progression and drug resistance (2). 

Restoration of PTEN expression where it has been lost by mutation or 

transcriptional repression could provide a novel means to treat aggressive 

cancers, and offer further insights into the role of this TSG in cancer 

development. Although the function of PTEN as a canonical tumour 

suppressor is well established, PTEN also plays a defining role in other 

disease contexts. The functional deficits caused by traumatic brain and spinal 

cord injury, stroke and neurodegenerative disease all arise from the inability 

of neurons in the mature mammalian central nervous system (CNS) to 

survive and regenerate axons after they have been damaged (3, 4). PTEN is 

highly expressed in CNS neurons, and PTEN deletion is an effective means to 

improve the response of CNS neurons to injury in preclinical models (5). 

However, the most efficient and translational method of PTEN repression for 

the treatment of CNS trauma is not yet established.  

This PhD research involved activating PTEN transcription in melanoma and 

triple negative breast cancer (TNBC) where it was expressed at low levels, 

correcting a PTEN mutation that caused loss of normal PTEN function in 

TNBC, and repressing PTEN mRNA expression in CNS neurons. This work 

utilised a recently developed genetic and epigenetic editing tool, the 

Clustered Regularly Interspaced Short Palindromic Repeats 
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(CRISPR)/CRISPR-associated protein 9 (Cas9) system. CRISPR systems 

function as an adaptive immune system in bacteria and archaea that destroy 

invading viruses and plasmids (6, 7). In 2012, Cas9 enzyme from S. pyogenes 

was isolated and was shown to be adaptable for programmable gene editing 

in mammalian cells (8, 9). Gene editing applications of CRISPR/Cas9 require 

two primary components—the endonuclease Cas9, which cleaves double-

stranded DNA, and a guide RNA (gRNA) molecule, which forms a complex 

with Cas9 and directs it to the intended target site by complementary base 

pairing with the DNA. The gRNA molecule consists of either a chimera of 

CRISPR RNA (crRNA) and transactivating CRISPR RNA (tracrRNA) 

molecules, as found in the bacterial CRISPR/Cas9 system, or of a chimeric 

single guide RNA (sgRNA), in which the crRNA and tracrRNA are joined in a 

single molecule. Cas9-mediated DNA double-strand breaks can be repaired 

by non-homologous end joining, resulting in random insertions and deletions 

that lead to functional gene knockout (8, 9). Alternatively, a DNA donor 

molecule can be provided to serve as a template for homology-directed repair 

(HDR), allowing for gene knock-in and precise sequence modifications to 

endogenous DNA (8, 9). The catalytic domains in Cas9 have also been 

mutated to form a protein that is directed by the sgRNA to a particular target 

sequence without cleaving the DNA (10-12). Effector proteins can be fused to 

this ‘dead’ Cas9 (dCas9) to perform functions such as gene activation, 

repression and epigenetic editing. 

This chapter reviews the literature that is relevant to the experimental work 

described in the thesis, beginning with the importance of PTEN in 

physiological and pathological states. Section 1.2.1 outlines the structure and 
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function of PTEN, its role in cell signalling, and its influence on diverse 

functions such as apoptosis, translation, motility, cell cycle checkpoints, DNA 

damage repair and metabolism. Section 1.2.2 explains how PTEN levels can 

be regulated or disrupted by mutation, transcriptional repression, epigenetic 

mechanisms, PTEN-targeting micro-RNAs, the PTEN pseudogene, post-

translational modifications and protein-protein interactions. Section 1.2.3 

summarises the significance of PTEN in cancer, including the contribution of 

small reductions in PTEN level to cancer susceptibility, how PTEN loss 

impacts the progression and drug resistance of multiple cancer types, and 

treatments for PTEN-deficient tumours. Section 1.2.4 discusses the problem 

of CNS regenerative failure, and how genomic deletion, short hairpin RNA 

(shRNA) knockdown and pharmacological inhibition of PTEN have been 

shown to improve the survival and axon regeneration of neurons in CNS 

injury models. 

Sections 1.3 and 1.4 provide an overview of the discovery and mechanism of 

the CRISPR/Cas9 system and its adaptation for genetic and epigenetic 

editing in eukaryotic cells. Section 1.3 is a review of the impact of CRISPR 

systems in cancer research, for modelling, screening, and the development of 

personalised cancer therapies. This section is particularly relevant to 

Chapters 2 and 3, in which epigenetic and genetic editing were used to 

restore PTEN function in cancer cells where it had been lost by 

transcriptional repression or mutation. Section 1.4 provides further insight 

into the use of CRISPR systems for epigenetic editing, and demonstrates the 

revolutionary impact of CRISPR systems in this field in comparison to 

previously available gene editing platforms. This section explains the 
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techniques for transcriptional activation and repression that are applied in 

experimental Chapters 2 and 4. In Section 1.5, the aims of the PhD research 

are outlined and the contents of the rest of the thesis are summarised. 
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1.2 Phosphatase and tensin homolog (PTEN) 

1.2.1 PTEN structure and function in cell signalling pathways 

PTEN (phosphatase and tensin homolog), also known as MMAC1 (mutated 

in multiple advanced cancers 1) and TEP1 (TGFB-regulated and epithelial 

cell-enriched phosphatase 1), is located on chromosome 10q23.3, contains 10 

exons and encodes a 47 kD protein with 403 amino acids (13, 14). PTEN is a 

dual lipid and protein phosphatase. Exons 1 to 6 of PTEN encode the N-

terminal phosphatidylinositol diphosphate (PIP2) binding domain and 

phosphatase domain (Figure 1.1). An enlarged active site in the phosphatase 

domain contains the catalytic core of the protein. The C-terminal region of 

PTEN consists of the C2 domain that binds to phospholipid membranes, the 

C-terminal tail that contributes to protein stability, and the PDZ binding 

motif that interacts with phosphorylation sites on a wide range of targets (13-

16). PTEN inhibits a diverse set of cellular functions including survival, 

protein synthesis, proliferation, migration, invasion, cell cycle progression 

and genomic instability (1).  

 
 

 

Figure 1.1. PTEN domain structure and post-translational modification sites. Residues 
at the boundary of each domain are numbered. Grey circles are a simplified representation 
of the location of common post-translational modifications that affect PTEN function. ub: 
ubiquitination; ox: oxidation; ac: acetylation; p: phosphorylation; sumo: sumoylation. Details 
of the effect of these modifications on PTEN function are provided in Section 1.2.2.4. 
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PTEN-related signalling pathways are illustrated in Figure 1.2. The canonical 

enzymatic activity of PTEN is the dephosphorylation of lipids, specifically 

phosphoinositides. Growth factor receptor tyrosine kinase (RTK) and G-

protein coupled receptor (GPCR) binding triggers phosphoinositide 3-kinase 

(PI3K) to convert phosphatidylinositol 3,4-diphosphate (PIP2) to the second 

messenger phosphatidylinositol 3,4,5-triphosphate (PIP3) (Figure 1.2) (16). 

The protein AKT binds to PIP3, unmasking the AKT kinase domain for 

activation by phosphorylation on threonine 308 by phosphoinositide-

dependent kinase 1 (PDK1), and on serine 473 by the mammalian target of 

rapamycin complex 2 (mTORC2) (17). Once activated, AKT goes on to have a 

cascade of effects, phosphorylating and inactivating many targets with the 

overall result of enhancing cell survival, growth, proliferation and motility 

(Figure 1.2; discussed in further detail in this section). PTEN works in direct 

opposition to PI3K by cleaving the D3 phosphate on PIP3 and PIP2, 

converting them to PI(4,5)P2 and PI(4)P, respectively (18). By antagonising 

PI3K activity and reducing levels of PIP3, PTEN prevents AKT being bound to 

PIP3 and activated by phosphorylation, thereby inhibiting AKT-mediated 

downstream effects (19). 

PTEN also has important functions independent of lipid dephosphorylation. 

PTEN dephosphorylates tyrosine, serine and threonine residues on 

phosphopeptides (2, 14). PTEN was shown to dephosphorylate and inactivate 

the SH2-phosphotyrosine-binding adaptor protein Shc and focal adhesion 

kinase (FAK) at the intracellular surface of RTK and integrin receptors, to 

reduce cell motility and migration (20, 21). Since this finding, the protein 

phosphatase activity of PTEN has been implicated in multiple functions such 
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as the inhibition of cell cycle progression and maintenance of stem cell self-

renewal (22, 23). The effects of PTEN protein phosphatase activity are 

discussed in further detail later in this section.  

 
 
Figure 1.2. PTEN signalling pathways and regulatory mechanisms. Activation of RTKs, 
GPCRs or integrin receptors recruits PI3K to convert PIP2 to the second messenger PIP3. 
PTEN works in direct opposition to PI3K, dephosphorylating PIP3 to PIP2. AKT binds to PIP3 
and is activated by phosphorylation on threonine (T)308 by PDK1 and serine (S)473 by 
mTORC2. AKT phosphorylates and inactivates many downstream targets, including TSC2, 
which works via RHEB, mTORC1, 4E-BP1 and S6K to upregulate protein synthesis for cell 
growth. AKT also inactivates GSK-3 to increase proliferation and cytoskeleton 
rearrangement, and the FOXO family of transcription factors to increase proliferation and 
survival. As well as AKT, PIP3 activates proteins from the Rho family of GTPases, CDC42 
and Rac1, to promote cytoskeleton rearrangement and motility. Cell motility is also 
enhanced by integrin binding, which activates Pxn and BCAR1 via FAK. PTEN 
dephosphorylates FAK to repress this pathway. PTEN inhibits the Ras/Raf/MEK/MAPK 
pathway through dephosphorylation of the adaptor protein Src on integrins and RTKs. 
PTEN has phosphatase-independent functions, including binding to p53 in the nucleus to 
prevent p53 being bound by MDM2, ubiquitinated and transported to the cytoplasm for 
degradation. PTEN nuclear import is enhanced by sumoylation (sumo) and mono-
ubiquitination (mono-ub). Nuclear PTEN enhances DNA double-strand break repair and 
centromere stability via Rad51 and CENP-C. Poly-ubiquitinated PTEN (poly-ub) is degraded 
in the cytoplasm. PTEN can be modified by phosphorylation (p) or oxidation (ox), both of 
which change its conformation to cause functional inactivation. PTEN acetylation (ac) can 
increase the interaction of PTEN with protein substrates. The PTEN-Long isoform is 
secreted to have tumour suppressive functions in surrounding cells, while PTEN-α 
associates preferentially with the mitochondrial membrane to regulate metabolism. PTEN 
levels can be increased by PTENP1 acting as a decoy for PTEN-targeting microRNAs. 
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Although the main localisation of PTEN protein is cytoplasmic or membrane-

bound, PTEN can be imported to the nucleus by diffusion and active 

transport (24, 25). PTEN nuclear import is promoted by certain post-

translational modifications, and nuclear PTEN plays a role in maintaining 

chromosomal stability and DNA repair through phosphatase-independent 

mechanisms (26-30). Sections 1.2.1.1 to 1.2.1.6 summarise the effect of PTEN 

on key cellular functions. 

1.2.1.1 Protein synthesis 

PTEN exerts its primary inhibitory influence on protein synthesis and cell 

growth through AKT/mTOR pathway inhibition. AKT phosphorylates and 

inhibits tuberous sclerosis complex protein 2 (TSC2), an upstream inhibitor 

of the small GTPase Ras homolog enriched in the brain (RHEB) (Figure 1.2). 

RHEB activates mTOR complex 1 (mTORC1), so the net effect of AKT 

activation is increased mTORC1 activity (31, 32). mTORC1 phosphorylates 

substrates involved in the regulation of protein translation and ribosome 

biogenesis, notably ribosomal protein S6K and eukaryotic translation 

initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1), to increase cell 

growth (33-35). By preventing PIP3 accumulation, PTEN limits mTORC1 

activity and reduces the rate of protein translation and cell growth. 

1.2.1.2 Apoptosis 

PTEN also promotes apoptotic mechanisms through AKT repression. AKT 

phosphorylates and sequestrates the FOXO family of transcription factors, to 

inhibit the FOXO-dependent transcription of pro-apoptotic proteins such 

BIM and Fas ligand (17, 36). In addition, AKT directly phosphorylates and 

inactivates the pro-apoptotic protein BAD, and possibly also Caspase-9 (37, 
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38). AKT can also activate the anti-apoptotic transcription factor nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) and associated 

pathways (39). All of these effects are inhibited by PTEN-mediated AKT 

inactivation. Nuclear PTEN may also promote apoptosis, by mechanisms that 

are uncertain but do not appear to involve lipid dephosphorylation (25). 

1.2.1.3 Cell cycle regulation 

Cell cycle progression and cell proliferation are promoted by the PI3K/AKT 

pathway and inhibited by PTEN. AKT phosphorylates glycogen synthase 

kinase 3 (GSK-3), inhibiting its degradation of proteins such as c-Myc, c-Jun 

and cyclin D1 that are required for the transition from G1 to S phase (40, 41). 

As well as mediating apoptosis, FOXO transcription factors activate cell cycle 

regulators such as p27 (42). These regulatory proteins are inhibited by AKT 

phosphorylation of the FOXO family. AKT-mediated sequestration of 

checkpoint kinase 1 (CHK1) also causes compromised cell cycle checkpoints 

and accumulation of DNA double-strand breaks (43). PTEN counteracts 

these effects and induces G1 arrest through AKT inhibition (44, 45). PTEN 

also has lipid-independent nuclear functions, including induction of cell cycle 

regulation in response to DNA damage (30, 46, 47). In addition, PTEN’s 

protein phosphatase activity mediates cell cycle progression by upregulating 

cyclin D1 (44).  

1.2.1.4 Repair of DNA damage and chromosome stability 

Nuclear PTEN plays an important role in DNA damage repair and 

maintenance of chromosome stability. PTEN can be ubiquitinated by neural 

precursor cell expressed, developmentally downregulated 4-1 (NEDD4-1) 

(28). Polyubiquitinated PTEN is degraded in the cytoplasm, however 
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monoubiquitinated PTEN is transported into the nucleus, where it is 

subsequently deubiquitinated (Figure 1.2) (26-28). Nuclear import of PTEN 

is also promoted by small ubiquitin-like modifier (sumo)-ylation (30). In the 

nucleus, the C-terminal domains of PTEN interact with centromere protein C 

(CENP-C) to maintain centromere stability, and with members of the Rad51 

protein family to regulate DNA double-strand break repair (29). The PTEN 

C-terminus is also involved in maintaining heterochromatin structure (48). 

1.2.1.5 Migration 

PTEN influences cell polarity and motility through both PIP3-dependent and 

-independent mechanisms (49). PIP3 recruits members of the Rho family of 

small GTPases, Ras-related C3 botulinum toxin substrate 1 (Rac1) and cell 

division control protein 42 homolog (CDC42). These proteins trigger actin 

rearrangement to promote cell motility and invasiveness, and are inhibited 

by PTEN’s dephosphorylation of PIP3 (50). Additionally, Rac and CDC42 are 

inactivated by GSK-3, and PTEN-mediated AKT suppression increases GSK-3 

activity (31, 51-53). There is also evidence that PTEN establishes a segregated 

pool of PIP2 to compartmentalise PIP2-binding proteins to the apical 

membrane, thereby maintaining apical-basal polarity in epithelial cells and 

preventing epithelial to mesenchymal transition (EMT) (54). In addition, 

PTEN modulates cell migration through integrin receptor pathways. Integrin 

binding activates FAK, which recruits paxillin (Pxn) and breast cancer anti-

estrogen resistance protein 1 (BCAR1), enhancing random orientation of the 

actin cytoskeleton and increasing focal contacts (Figure 1.2) (20, 21). The 

adaptor protein Shc on integrins and RTKs also promotes cell motility 

through the Ras/mitogen-activated protein kinase (MAPK) pathway. As 
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mentioned previously, PTEN dephosphorylates FAK and Shc to inhibit 

cytoskeleton rearrangement, cell motility and invasion (20, 21). 

1.2.1.6 Metabolism 

Another function of PTEN is inhibition of the metabolic effects of AKT 

pathway activation. AKT has been shown to increase glucose uptake through 

the cell membrane in response to insulin, possibly by mTORC1-mediated 

upregulation of glucose transporter 1 (Glut1) and related proteins (32, 55). 

AKT-dependent inhibition of GSK-3 also stimulates glycogen synthesis (56). 

As well as inhibiting these effects, PTEN has a longer isoform expressed from 

a non-canonical (CUG) translation initiation site, named PTENα, that is 

thought to be preferentially associated with the mitochondrial inner 

membrane and regulate metabolism (Figure 1.2) (57). 

1.2.2 Mechanisms of functional PTEN loss 

PTEN is subject to germline and somatic mutations, genomic deletions, and 

regulation by transcription factors and epigenetic mechanisms. PTEN mRNA 

levels are altered in response to micro-RNA targeting and expression of the 

PTEN pseudogene PTENP1. In addition, PTEN is influenced by post-

translational modifications and protein-protein interactions that affect its 

cellular localisation, activity and stability. These factors are discussed in 

Sections 1.2.2.1 to 1.2.2.5. 

1.2.2.1 PTEN mutations and deletions 

Germline PTEN mutations have been linked to several dominant inherited 

disorders, including Cowden disease (58, 59), Lhermitte-Duclos disease, 

Bannayan-Zonana syndrome (60), Proteus syndrome and Proteus-like 

syndrome (61). These disorders have together been classified as PTEN 
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harmatoma tumour syndrome (PHTS), and cause the formation of 

widespread benign tumours throughout the body, particularly in the skin, 

mouth, thyroid, breast and intestine. Affected individuals have a high risk for 

breast, thyroid, cerebellar and endometrial cancers, as well as mental 

retardation. Germline PTEN mutations are also associated with increased 

rates of autism and epilepsy (62-64). 

Somatic PTEN mutations occur frequently in many forms of cancer, 

including endometrial carcinoma, glioblastoma, lymphoma, melanoma, and 

prostate, breast and thyroid carcinoma (65-69). Although the distribution of 

these mutations is mostly sporadic, there are mutational hotspots at arginine 

residues 130, 173 and 233 (2). Most PTEN mutations are both lipid- and 

protein-phosphatase inactive (13). The majority of somatic PTEN mutations 

affect the function of the phosphatase domain, while approximately 40% 

involve the C2 subdomain (13, 16). Seventy percent of these somatic 

mutations are frameshift, nonsense or splicing mutations that produce a 

truncated PTEN protein (69). Somatic missense mutations also occur, 50% of 

which occur in the phosphatase core motif, and 90% of which affect lipid 

phosphatase activity (13).  

Individuals with monoallelic PTEN mutations can eventually lose the 

remaining intact allele, often through the deletion of a large chromosomal 

region (67, 70). Such loss of heterozygosity (LOH) has been documented in a 

number of cancers, including brain, prostate, and uterine cancer (69). 

Interestingly, many cancers show co-incidence of PTEN mutations and 

mutations of the genes encoding PI3K, and these mutations appear to have 

been independently selected for (16). This provides evidence that while the 
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lipid phosphatase activity of PTEN is very important, PTEN loss confers 

additional selection advantages independent of its effect on the PI3K/AKT 

pathway. The role of PTEN mutations and PTEN function in cancer is 

discussed in further detail in Section 1.2.3. 

1.2.2.2 Transcriptional and epigenetic PTEN regulation 

A number of transcription factors are known to repress PTEN expression, 

including c-Jun, zinc finger protein SNAI1, NF-κB, inhibitor of DNA-binding 

1 (ID1) and specificity protein 1 (Sp1) (71-74). PTEN expression is increased 

by the transcription factors early growth response protein 1 (EGR1) and p53, 

and ID1 and SNAI1 repress PTEN by preventing p53 binding at the PTEN 

promoter (75, 76). PTEN also has multiple transcription start sites. The 

transcript initiated from one of these produces PTEN-Long, a PTEN isoform 

with approximately 170 additional amino acids that is secreted from cells and 

can enter other cells for tumour suppressive effects (77).  

PTEN expression is also regulated epigenetically, with silencing of PTEN by 

promoter DNA methylation reported in glioma, breast cancer, colorectal 

cancer, non-small-cell lung cancer (NSCLC), endometrial carcinoma, gastric 

cancer and melanoma (78-85). In some cancer types, promoter DNA 

methylation may exceed PTEN mutations as the main mechanism by which 

PTEN expression is lost. In addition to DNA methylation, PTEN is subject to 

repression via histone modifications and chromatin remodelling. Sp1 has 

been shown to repress PTEN through the recruitment of histone deacetylases 

(HDACs) (74). The transcription factor Sal-like protein 4 (SALL4) also 

reduces PTEN expression by recruiting the nucleosome remodelling and 

deacetylase (NuRD) complex to the PTEN promoter (86).  
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1.2.2.3 PTEN-targeting micro-RNAs and the PTEN pseudogene 

Micro-RNAs (miRNAs) bind to the coding or 3’ untranslated regions of 

mRNA transcripts and recruit protein complexes that prevent translation or 

decrease transcript stability (87). miRNAs play a key role in regulating PTEN 

levels. PTEN-targeting miRNAs include miRNA-19a/b, miRNA-21, miRNA-

29a, miRNA-32, miRNA-93, miRNA-144, miRNA-214, miRNA-221, miRNA-

222 and miRNA-494 (88-96). Aberrant expression of individual PTEN-

targeting miRNAs has been associated with many different cancer subtypes, 

however increased miRNA-21 activity is a common characteristic that has 

been implicated in PTEN silencing across many types of tumours (2). 

A highly conserved and highly homologous PTEN pseudogene, PTENP1, may 

serve as a decoy for PTEN-targeting miRNAs. This pseudogene, located on 

chromosome 9p13.3, only deviates from the coding sequence of PTEN by 18 

nucleotides, however a missense mutation prevents its translation into a 

functional protein (87, 97, 98). The PTENP1 transcript competes with PTEN 

mRNA for miRNA targeting, possessing perfectly-conserved matches for 

PTEN-targeting miRNA binding sites (87). The high similarity between the 5’ 

untranslated regions (UTRs) of the two genes has led to some reports that 

mistakenly identified PTENP1 promoter DNA methylation as PTEN promoter 

methylation (99-101). In addition to PTENP1, other endogenous protein-

coding mRNAs can also compete for miRNA binding with PTEN (102). 

1.2.2.4 Post-translational PTEN modifications 

Post-translational modifications including oxidation, acetylation, 

phosphorylation, ubiquitination and sumoylation affect PTEN function by 

modifying its conformation, stability, binding properties and subcellular 
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localisation (103). PTEN can be acetylated in the PDZ binding motif, which 

increases the strength of its interactions with PDZ domain-containing 

proteins (104). Reactive oxygen species and H2O2 reduce PTEN phosphatase 

activity through oxidation of cysteine residue 124 in the PTEN active site 

(105-108). As mentioned previously, polyubiquitination of PTEN in the C2 

domain results in its degradation in the cytoplasm, while monoubiquitination 

or (sumo)ylation promote its nuclear import (26-30). Ubiquitination of 

PTEN at lysine 13 also promotes its secretion in exosomes, which has been 

shown to result in tumour-suppressive effects in surrounding cells (109). 

Phosphorylation of the PTEN C-terminal tail increases PTEN stability by 

providing protection from cleavage by caspase-3, but also inactivates the 

protein due to conformational change (110-112). It was recently shown that 

PTEN could auto-dephosphorylate its own C-terminal region to increase its 

lipid phosphatase activity (113, 114). 

1.2.2.5 Protein-protein interactions 

There are several proteins that interact with PTEN to regulate its function. 

Some have a tumour suppressive effect by binding to PTEN and increasing its 

stability, including E-cadherin, membrane-associated guanylate kinase 

inverted 2 (MAGI-2), and the p85 subunit of PI3K, which is mutated in some 

cancers (115-117). Others, including Parkinson protein 7 (PARK7), PIP3-

dependent Rac exchange factor 2a (P-REX2a), shank-interacting protein-like 

1 (SIPL1) and α-mannosidase 2C1 (MAN2C1), bind to PTEN and inhibit its 

protein phosphatase activity (118-121).  

PTEN and p53 exhibit particularly important interactions. Mouse double 

minute 2 homolog (MDM2) can bind to p53, preventing p53 interacting with 
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the DNA and activating p53 ubiquitination and transport from the nucleus to 

the cytoplasm for degradation (122). Nuclear PTEN binds to p53 and protects 

it from degradation, thereby increasing p53-mediated upregulation of PTEN 

transcription. PTEN also interacts with the p300-CREB-binding protein 

(CBP) co-activator family in the nucleus to acetylate p53 in response to DNA 

damage (123, 124). Interestingly, p53 acetylation subsequently strengthens 

its binding interaction with PTEN (123). 

1.2.3 PTEN in cancer 

PTEN expression is commonly lost in cancer, and PTEN and related 

signalling pathways represent important therapeutic targets. As discussed in 

Section 1.2.2.1, many tumours exhibit PTEN mutations, to the extent that 

PTEN is sometimes referred to as the second-most frequently mutated TSG 

in human cancer after TP53 (13, 16). The spectrum of PTEN loss in cancer 

through somatic mutations and deletions is summarised in Table 1.1. While 

PTEN loss can be a driving event, in other cases it occurs later and 

contributes to tumour progression in combination with additional oncogenic 

alterations (125-129). Complete loss of PTEN expression is more common in 

advanced cancers and metastases, and is associated with poor prognosis (14, 

87, 130, 131). 
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Table 1.1. Frequency of PTEN genetic alterations across cancer types. Adapted from 
Dillon et al. (2). For each cancer type, the percentage of primary tumours with PTEN 
somatic mutation or deletion is shown. Brackets contain the number of cases with PTEN 
alteration in comparison to the total number of cases examined. Genomic sequence data 
from The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov/) were interrogated 
using the cBioPortal for Cancer Genomics (132). 
 
Cancer Type % PTEN mutation or deletion 
Bladder 4.1% (4/97) (133) 
Lower grade glioma 5.3% (9/169) (TCGA) 
Cervical 13.9% (5/36) (TCGA) 
Colorectal 6.3% (14/221) (134, 135) 
Glioblastoma multiforme 41.9% (99/236) (136) 
Head and neck SCC 2.6% (8/302) (TCGA) 
Renal clear cell 3.4% (10/290) (TCGA) 
Renal papillary 3% (3/100) (TCGA) 
Lung adenocarcinoma 3.9% (5/129) (137, 138) 
Lung SCC 11.2% (20/179) (139) 
Ovarian 7.3% (23/316) (140) 
Prostate 13.6% (14/103) (141) 
Breast 7.5% (57/760) (142-145) 
Sarcoma 2.9% (6/207) (146) 
Melanoma 12.4% (28/225) (TCGA) 
Stomach 11.3% (13/115) (TCGA) 
Thyroid 1.9% (6/318) (TCGA) 
Endometrial 66.3% (159/240) (147) 
 
 
1.2.3.1 Influence of reduction in PTEN levels on cancer susceptibility 

Somatic PTEN mutations can be either monoallelic or biallelic. In some 

cases, PTEN loss conforms to Knudson’s classic two-hit hypothesis, where 

sequential disruptions to both alleles of a TSG are required for cancer 

initiation (148). LOH at the PTEN locus is common in certain cancers, 

particularly glioblastoma and endometrial cancer (70). In other cases, 

monoallelic PTEN loss contributes to tumourigenesis in absence of LOH. 

PTEN has thus been described as haploinsufficient, and even partial changes 

in PTEN level or ‘dose’ have the potential to affect cancer development and 

prognosis (23, 70, 125, 149). Monoallelic PTEN mutations, without LOH, are 
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commonly seen in human cancers at presentation, particularly breast 

tumours, gliomas, colon, lung and prostate cancers (13). As further evidence 

of PTEN haploinsufficiency, mice heterozygous for PTEN display impaired 

apoptosis and growth advantage, and have a higher rate of prostate, thyroid, 

colon, lymphatic, breast and endometrial cancer (14, 150, 151). 

As discussed in Section 1.2.2, there are a range of mechanisms other than 

genomic deletions and mutations that can affect cellular PTEN levels. PTEN 

disruption via epigenetic silencing (74, 78-86), transcriptional repression 

(72-75), PTEN-targeting miRNAs (88-96), post-translational modifications 

(27, 103, 152) and protein-protein interactions (116-121) have all been 

observed in cancer. These mechanisms of PTEN loss can co-occur with PTEN 

mutations (16). Intra-tumour heterogeneity of PTEN mutations and other 

mechanisms of PTEN disruption has also been observed, and different 

regions of a tumour can display distinct alterations that each lead to 

functional PTEN loss (153, 154). 

1.2.3.2 Treating PTEN-deficient cancers 

Traditionally, it has been easier to derive therapies for oncogenic gain-of-

function alterations, and those targeting the loss of TSGs have proven more 

difficult to develop. Treating PTEN-deficient tumours with RTK inhibitors is 

often ineffective, as PTEN loss drives resistance to drugs targeting receptors 

upstream of PTEN. PTEN deficiency has been shown to increase resistance to 

anti-oestrogen therapies in oestrogen receptor-positive (ER+) breast cancer, 

to epidermal growth factor receptor (EGFR) inhibitors in NSCLC, 

glioblastoma, colorectal and head and neck cancer, to Notch receptor 
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inhibitors in melanoma, and to insulin-like growth factor 1 receptor (IGF-1R) 

and insulin receptor inhibitors (155-158).  

Most treatments for PTEN-deficient cancers target PI3K or downstream 

proteins, however it is now clear that PTEN has many tumour-suppressive 

functions independent of PI3K-AKT pathway inhibition (2). While PTEN 

deficiency has been shown to impart increased sensitivity to PI3K/AKT 

inhibitors in some preclinical studies, this has not been consistently 

replicated clinically (159-165). Interestingly, PTEN-deficient cancers may rely 

on the p110β isoform of Class IA PI3K to drive PI3K/AKT signalling, while 

cells with wildtype PTEN predominantly rely on other isoforms (166). This 

has prompted the development of p110β-specific inhibitors, which have 

shown potential for the treatment of cancers that lack PTEN (167-169). PTEN 

loss can also interact with other oncogenic alterations to impact drug 

response, for example conferring intrinsic and acquired resistance to 

inhibitors of the protein kinase B-Raf in BRAF V600-mutant melanoma and 

colorectal cancer (170-174). Further details relating to the characteristics and 

treatment of PTEN-deficient melanoma and triple negative breast cancer are 

provided in Chapters 2 and 3.  

There may be additional therapeutic options for PTEN-deficient cancers 

other than inhibitors that target RTKs or the PI3K/AKT/mTOR pathway. As 

discussed in Section 1.2.1, nuclear PTEN enhances the repair of DNA double-

strand breaks. When PTEN function is disrupted, cells rely on polyadenosine 

diphosphate ribose polymerase (PARP) for DNA repair, meaning PTEN-

deficient cells may be sensitive to PARP inhibitors (175-177). Additionally, 

inhibition of nemo-like kinase (NLK), polo-like kinase 4 (PLK4) or 
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monopolar spindle 1 (MPS1) may be lethal when combined with PTEN loss, 

and these could be targeted in cancers lacking PTEN (178).  

In addition, findings that PTEN can be transported outside the cell and have 

tumour suppressive effects suggest that PTEN itself could be administered as 

a cancer therapy (77, 109). PTEN was introduced by adenovirus to a NSCLC 

cell line with PTEN promoter methylation, and was found to sensitise cells to 

subsequent radiotherapy treatment (179). Non-viral aerosol delivery of PTEN 

cDNA also reduced lung cancer proliferation in mice (180). It has been 

suggested that PTENP1 mRNA be delivered to cancer cells to sequester 

PTEN-targeting miRNAs, or demethylating agents be administered to reverse 

PTEN promoter methylation (2). Artificial transcription factors (ATFs) could 

be used to increase PTEN expression where it is transcriptionally or 

epigenetically repressed, as a more specific alternative to genome-wide 

demethylating drugs (181). Finally, drugs could be designed to inhibit 

transcription factors, PTEN binding partners or factors that regulate PTEN 

post-translational modifications in an effort to reverse loss of PTEN function 

(2).  

1.2.4 PTEN in the central nervous system (CNS) 

Much work has focused on the loss of PTEN and its contribution to cancer 

development. However, PTEN also plays a critical role in influencing the 

response of the CNS to injury. CNS neurons in adult mammals do not 

spontaneously regenerate axons after they have been damaged. Any trauma 

that disconnects axons from their targets, including brain and spinal cord 

injury, stroke and some neurodegenerative diseases, thus causes loss of CNS 

function that cannot be recovered. CNS regenerative failure results from a 
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combination of factors, including the inhibitory CNS environment, the lack of 

trophic support available to injured neurons, and factors that are intrinsic to 

CNS neurons themselves that limit the capacity for survival and axon growth 

after damage. These are outlined in the sections below. 

1.2.4.1 CNS regenerative failure 

Even when they survive axotomy, mature CNS neurons cannot regrow an 

axon to restore the connection with their target. In contrast, damaged 

peripheral nervous system (PNS) axons will readily regenerate long distances 

and form functional connections (182, 183). It was demonstrated decades ago 

that retinal ganglion cells (RGCs), the CNS-derived projection neurons of the 

retina, are able to regenerate axons after optic nerve (ON) transection 

through a peripheral nerve graft transplanted onto the back of the cut ON 

(184, 185). This points to the fact that the PNS provides a permissive 

environment for axon regrowth, unlike the inhibitory environment of the 

CNS. Multiple inhibitory factors are found in CNS myelin (186-188). CNS 

injury results in the formation of an astroglial scar, which contains 

chondroitin sulfate proteoglycans (CSPGs) that also inhibit neurite 

outgrowth (3, 189-191). Myelin-associated inhibitors and CSPGs activate 

small GTPases, including Ras homolog gene family, member A (RhoA), which 

in turn activates Rho-associated coiled-coil containing protein kinase 

(ROCK), triggering growth cone collapse (52, 188, 192-194). CNS 

regeneration after injury is improved with RhoA or ROCK inhibition (195-

199). 

In addition, PNS glia release neurotrophins, cytokines, and adhesion 

molecules after injury to support neurons and encourage axon regrowth (182, 
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183). Release of these trophic factors after damage to the CNS is limited. 

Exogenous administration of supportive factors can improve axon 

regeneration following injury to some extent (197-200). Externally 

administered neurotrophins and cytokines both promote neuronal survival 

after injury, and cytokines also enhance long-distance axon regeneration 

(201-203). In addition, the delivery of some neurotrophins triggers collateral 

aborisation and terminal differentiation, which are required for target 

innervation and synaptogenesis (204). Adeno-associated viral (AAV) vectors 

can be used for long-term supply of trophic factors to injured neurons (205, 

206). Recombinant AAV (rAAV) vectors persist predominantly as episomes 

in vivo with relatively rare instances of integration into the host genome, and 

AAV cassettes can be packaged into a variety of AAV serotype capsids that 

exhibit tropism for particular tissues and cell types (207).  

Although providing a more permissive growth environment and increasing 

external trophic support results in some improvement in CNS regenerative 

capability, this effect is still very limited. There is also an intrinsic loss of 

growth ability in mature CNS neurons that prevents them from regenerating 

axons, even with improvements to external factors (208-214). Regeneration-

associated genes that are activated in the PNS after injury display limited 

upregulation in the CNS (213-215). These include c-Jun, activating 

transcription factor-3 (ATF-3), SRY-box containing gene 11 (Sox11), small 

proline-repeat protein 1A (SPRR1A) and growth-associated protein-43 (GAP-

43). Increasing the expression of these genes in damaged CNS neurons, as 

well as the transcription factors cyclic AMP response element-binding 
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protein (CREB) and nuclear factor of activated T-cells (NFAT), is another 

strategy for enhancing axon regeneration (53, 189, 216).  

The PI3K/mTOR pathway also plays a crucial role in regulating the growth of 

damaged neurons. As described in Section 1.2.1.1, mTORC1 phosphorylates 

S6K and 4E-BP1 to regulate protein synthesis, which is necessary for growth 

cone formation and axon extension (217). mTOR activity is downregulated 

over the course of development in CNS neurons, and appears to be further 

reduced following injury (218, 219). In contrast, dorsal root ganglion neurons 

in the PNS maintain mTOR activity into adulthood (218). As well as mTOR, 

other components of the PI3K/AKT pathway modulate axon growth. PI3K 

directly regulates cytoskeleton formation, orienting polarised assembly of 

actin filaments and microtubules in the axon terminal during axon 

elongation (53). GSK-3 also inactivates Rac1 and CDC42, inhibiting 

microtubule assembly (31, 51-53). By inactivating GSK-3, AKT promotes 

neurite outgrowth, branching and axon extension. 

1.2.4.2 PTEN repression to promote CNS regeneration 

As the main negative regulator of the PI3K/AKT/mTOR pathway, PTEN 

plays a significant role in inhibiting CNS axon regeneration. Dramatic 

improvements in axon regeneration after injury were observed with 

conditional genomic deletion of PTEN in CNS neurons in rodent models 

(218-222). This strategy reduced mTOR downregulation following injury, and 

resulted in increased RGC and corticospinal neuron survival and long-

distance axon regeneration (218-220). In another example, dopamine 

neurons from mice with conditional PTEN deletion were transplanted into 

Parkinson’s disease model mice, and showed superior survival and axon 
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regeneration to wildtype neurons (223). Although these studies involved pre-

injury knockdown of PTEN, other studies have shown axon regeneration was 

significantly improved when PTEN deletion was performed shortly after 

spinal cord injury, or even up to one year later (221, 222).  

While the majority of regeneration in these studies was attributable to mTOR 

activation, part of the effect of PTEN deletion was mTOR-independent. 

Conditional deletion of TSC1 also resulted in regenerative improvements, 

although not as dramatically as PTEN deletion, suggesting the involvement of 

other factors downstream of PTEN such as PI3K and GSK-3 (218, 219). PTEN 

deletion has also been shown to cooperate with deletion of other growth-

suppressing genes. Suppressor of cytokine signalling 3 (SOCS3) is a key 

negative regulator of the signal transducer and activator of transcription 

(STAT) pathway. PTEN/STAT3 co-deletion improved CNS regeneration to an 

even greater extent than PTEN deletion alone (220, 224). Additionally, PTEN 

deletion combined with overexpression of constitutively active B-Raf 

synergistically enhanced regeneration of damaged RGC axons (225). Gene 

therapy targeting elsewhere in the PI3K/AKT pathway can also be effective. 

Post-injury expression of a constitutively active form of RHEB, along with 

astroglial scar inhibition, was shown to promote the sprouting and 

regeneration of axons beyond a complete spinal cord injury (226).  

The translational potential of conditional genetic PTEN deletion is limited, 

which has prompted the development of other methods of PTEN knockdown. 

PTEN-targeting shRNAs have been administered by AAV to the damaged 

spinal cord and ON in rodent CNS injury models. PTEN knockdown resulted 

in robust axon regeneration, synapse formation and some degree of 
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improvement in motor function (227, 228). These studies provide evidence 

that regenerating PTEN-deleted axons establish functional connections with 

their targets. However, PTEN-deleted axons have been shown to have great 

variability in whether they extend down the contralateral or ipsilateral side of 

the spinal cord, suggesting there may be some defects in the connections 

formed following PTEN inhibition that need to be explored further (229). 

There are also pharmacological methods of PTEN suppression, including 

bisperoxovanadium (bpV) compounds, which are inhibitors of protein 

tyrosine phosphatases (PTPs). bpV treatment has been shown to improve 

neuronal survival, enhance axon outgrowth and allow some functional 

recovery in preclinical models of spinal cord injury, oxygen-glucose 

deprivation and ischemia (230-232). However, these compounds may 

present the possibility of non-specific effects. Although bpVs exhibit some 

selectivity for PTEN, they also block other PTPs at higher doses. Selective 

antagonist peptides have recently been developed for PTEN inhibition (233). 

However, both bpV compounds and peptides have the drawback that the 

resulting PTEN repression is not long-lasting and cannot be restricted to 

specific cell types in the CNS, unlike AAV gene therapy (207). 

There is the possibility that permanent PTEN knockout could have long-term 

side effects, given the important tumour-suppressive role of PTEN (234). It 

has been claimed that PTEN deletion does not induce spontaneous axon 

growth in absence of an injury signal (218), however conditional PTEN 

deletion in corticospinal neurons of adult mice was shown to cause 

progressive growth of axons, dendrites and cell bodies, although this effect 

was not associated with functional impairments (235). In other studies,
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neurons exhibited hypertrophy but no other pathology up to 18 months after 

PTEN deletion (234, 236). However, the incidence of cancer or other 

problems long-term is not yet fully established. Repression of PTEN may not 

be safe or desirable past the point that axons have regenerated and formed 

functional connections. Any potential CNS injury treatment targeting PTEN 

should take this into account, for example through the use of inducible AAV 

vectors (207).  

1.2.5 PTEN summary 

Section 1.2 has outlined the importance of PTEN signalling in many basic 

cellular functions, along with the mechanisms by which PTEN levels and 

functional activity can be modulated. PTEN loss plays a defining role in the 

initiation, progression and drug resistance of many cancers, while PTEN 

repression in CNS neurons is one of the most effective ways to improve 

survival and axon regeneration after injury. This PhD project was concerned 

with the development of strategies to reactivate or restore PTEN function in 

PTEN-deficient cancers, and to effectively repress PTEN expression in CNS 

neurons. The tool selected to accomplish these aims was the CRISPR/Cas9 

system, which provides a flexible method to specifically edit, activate and 

repress endogenous genes. Sections 1.3 and 1.4 review the discovery and 

mechanism of the CRISPR system, its adaptation for programmable genetic 

and epigenetic editing in mammalian cells, its application in cancer research 

and how it compares to previously available gene editing technology.  
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1.3 Hallmarks of cancer: The CRISPR generation 

Section 1.3 is presented as a review article that has been published as: 
Moses, C., Garcia-Bloj, B., Harvey, A. R. & Blancafort, P. Hallmarks of 
cancer: The CRISPR generation. Eur J Cancer 93, 10-18 (2018). 
 
See front pages for author contributions and declarations. 
 
The discovery and adaptation of the CRISPR/Cas9 system has had dramatic 

implications for cancer research. Section 1.3 describes the mechanism of the 

CRISPR system and how it has been repurposed for gene editing, 

transcriptional activation and repression, and epigenetic editing. Chapters 2, 

3 and 4 of the thesis contain experiments using each of these approaches. 

Explanation of how CRISPR/Cas9 has been applied to model, screen and 

treat cancer is provided, and challenges related to the application of CRISPR 

systems in cancer research are addressed.  
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1.3.1 Abstract 

The hallmarks of cancer were proposed as a logical framework to guide 

research efforts that aim to understand the molecular mechanisms and derive 

treatments for this highly complex disease. Recent technological advances, 

including comprehensive sequencing of different cancer subtypes, have 

illuminated how genetic and epigenetic alterations are associated with 

specific hallmarks of cancer. However, as these associations are purely 

descriptive, one particularly exciting development is the emergence of 

genome editing technologies, which enable rapid generation of precise 

genetic and epigenetic modifications to assess the consequences of these 

perturbations on the cancer phenotype. The most recently developed of these 

tools, the system of Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR), consists of an RNA-guided endonuclease that can be 

repurposed to edit both genome and epigenome with high specificity, and 

facilitates the functional interrogation of multiple loci in parallel. This system 

has the potential to dramatically accelerate progress in cancer research, 

whether by modelling the genesis and progression of cancer in vitro and in 

vivo, screening for novel therapeutic targets, conducting functional 

genomics/epigenomics, or generating targeted cancer therapies. Here we 

discuss CRISPR research on each of the ten hallmarks of cancer, outline 

potential barriers for its clinical implementation, and speculate on the 

advances it may allow in cancer research in the near future. 
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1.3.2 Introduction 

Cancer is a complex, heterogeneous, and highly dynamic disease with 

multiple evolving molecular constituents. Dissecting the underlying events 

driving the genesis and progression of cancer remains a major challenge for 

researchers and clinicians. In 2000, Hanahan and Weinberg (237) suggested 

a comprehensive logical framework for the functional study of cancer. They 

described six capabilities acquired during tumourigenesis and tumour 

development—sustaining proliferative signalling, evading growth 

suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis and activating invasion and metastasis.  

Since then, technological developments have led to significant advances in 

understanding cancer hallmarks. Hanahan and Weinberg extended their 

original six hallmarks to encompass the “next generation” of hallmarks in 

2011 (238). They identified two characteristics that enabled cancer 

development and progression—inflammation, and genomic instability and 

mutation. The deregulation of cellular energetics and avoidance of immune 

destruction were also recognised as ‘emerging’ cancer hallmarks. 

Additionally, Hanahan and Weinberg highlighted the extensive cellular 

heterogeneity of tumours. Aside from cancer cells themselves, non-

immortalised stromal cells were acknowledged to encompass part of a 

complex tumour microenvironment, contributing to cancer progression. 

In the years since these seminal reviews, cancer genetics has progressed 

remarkably, with further development of comprehensive sequencing 

techniques to profile genetic mutations associated with certain hallmark 

capabilities and clinical outcomes (239). The landscape of mutations in 
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cancer has been integrated with transcriptome, epigenome, and metabolome 

maps (240, 241), and single-cell profiling has provided further insights into 

tumour heterogeneity and clonal evolution (242, 243). However, until 

recently it has been difficult to probe the insights gained from next-

generation sequencing, due to a lack of molecular tools to provoke specific 

genetic and epigenetic mutations and assess their resulting contribution to 

the disease phenotype. 

The field of genome engineering experienced a revolutionary advancement 

with the discovery and adaptation of the system of Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated 

(Cas) proteins (6-9). Gene editing technology had existed for more than two 

decades in the form of zinc fingers (ZFs) (244), and more recently 

transcription activator-like effectors (TALEs) (245). However, these protein-

based DNA-binding domains had to be customised de novo for each DNA 

target, which was expensive and inefficient. In addition, ZFs displayed 

widespread binding at unintended sites throughout the genome, limiting 

their clinical applicability (246). In contrast, the RNA-guided CRISPR 

platform was much easier to tailor to any desired target sequence, facilitating 

cheap, high-throughput and multiplex genetic and epigenetic editing.  

In this review we first outline the molecular components of CRISPR systems. 

We then focus on key applications of CRISPR research that have advanced 

our understanding of the ten cancer hallmarks (237, 238) (Figure 1.3). 

CRISPR systems have expedited the creation of complex cancer model 

systems and facilitated genome-wide screens for oncogenic drivers or 

therapeutic targets by gene knockout, activation and repression. In addition, 
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CRISPR has opened the door to a new generation of cancer treatments that 

directly modify the genome, transcriptome and epigenome with high 

selectivity. Finally, we comment on potential obstacles to the implementation 

of CRISPR technology in cancer research and in the clinic. 

 

 
 
 
 
Figure 1.3. CRISPR technology and the hallmarks of cancer. Hanahan and Weinberg 
(237, 238) proposed a collection of hallmarks (numbered 1-10) that characterise the cancer 
phenotype. CRISPR has been exploited to investigate all of these hallmarks, whether by 
modelling, screening, genetic or epigenetic editing. A key example of relevant CRISPR 
research is described for each cancer hallmark.  
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Figure 1.4. Components and mechanism of the CRISPR-Cas9 system. The CRISPR 
system from S. pyogenes has been adapted for efficient gene editing (A), as well as for a 
range of other applications that do not result in changes to the host DNA sequence (B). A: 
The endonuclease Cas9 is directed to a target site in the genomic DNA by the single guide 
(sg)RNA (the target recognition sequence of the sgRNA is shown in orange). The sgRNA-
Cas9 complex binds to a complementary DNA region upstream of the protospacer-adjacent 
motif (PAM) sequence, NGG (where N is any nucleotide). The nuclease domains of Cas9 
cleave both DNA strands approximately 3 base pairs upstream of the PAM. Repair of the 
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DNA double-strand break can occur by non-homologous end joining (NHEJ), which often 
leads to random insertions or deletions (indels), knocking out the gene of interest, or by 
homology-directed repair (HDR), in which a donor DNA template is provided with regions of 
homology to the DNA either side of the cut site, leading to the incorporation or knock-in of 
the donor sequence into the host’s genomic DNA. B: Mutation of the nuclease domains in 
Cas9 yields a nuclease-null or ‘dead’ Cas9 (dCas9) that binds DNA at a sequence specified 
by the sgRNA, without cleaving the DNA strand. dCas9 can be fused to a range of effector 
domains that allow functions such as the initiation or repression of gene transcription (VPR), 
editing of epigenetic marks including DNA methylation and histone modifications (TET1), 
and fluorescent tagging to visualise endogenous gene regions (GFP). 
 
 

1.3.3 CRISPR-Cas systems: Prokaryotic immune system turned 
gene editing tool 

CRISPR systems in prokaryotes had been studied since the 1990s (247, 248). 

However, key publications in 2012 demonstrated that a CRISPR system in 

Streptococcus pyogenes could be repurposed for highly efficient DNA 

editing, thus opening a new era of technological advances in the field of 

genome engineering (6, 7). CRISPR systems represent an acquired immune 

defence mechanism in bacteria and archaea that recognises and destroys 

DNA and RNA from invading viruses and plasmids (249-251). In the case of 

the S. pyogenes CRISPR system, the nuclease Cas9 is the protein responsible 

for cleaving foreign nucleic acids (Figure 1.4). 

Cas9 is guided to the target DNA sequence by a complex of two short RNA 

molecules, CRISPR RNA (crRNA) and transactivating CRISPR RNA 

(tracrRNA) (6). Each crRNA is complementary to a different fragment of viral 

or plasmid DNA of approximately 20 base pairs (252). For genome 

engineering purposes, crRNA and tracrRNA were combined into a chimeric 

single guide RNA (sgRNA) that was easier to design and synthesise than the 

crRNA-tracrRNA complex (6). For recognition by Cas9, the target DNA 

sequence must also lie immediately upstream of the protospacer adjacent 

motif (PAM) sequence NGG (where N is any nucleotide). Cas9 protein, 
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delivered with custom sgRNAs, constituted a programmable nuclease that 

could be directed to any PAM-adjacent site within the genome to create a 

double-strand break. 

It was soon shown that CRISPR-Cas9 enabled efficient editing of endogenous 

genes in mammalian cells (8, 9). Cas9-mediated double-strand breaks could 

be utilised for gene editing via two mechanisms (Figure 1.4). Firstly, when the 

DNA strand was repaired by the inherently error-prone non-homologous end 

joining pathway, random insertions and deletions often resulted, leading to 

functional gene knockout (8, 9). Alternatively, a donor DNA template could 

be provided containing sequence homology to regions upstream and 

downstream of the double-strand break. This resulted in the utilization of the 

homology-directed repair (HDR) pathway, which faithfully incorporated the 

sequence from the foreign donor DNA into the host DNA of a subset of the 

targeted cells, allowing for precise gene knock-in or other directed sequence 

alterations (8, 9). 

The potential of the S. pyogenes CRISPR system was expanded with the 

mutation of residues in Cas9 to create a nuclease-null or ‘dead’ (d)Cas9 

protein (10-12) (Figure 1.4), which retained the DNA-binding specificity of 

wildtype Cas9, without causing a DNA double-strand break. dCas9 could be 

engineered with a variety of effector proteins to regulate transcription, edit 

epigenetic marks, or tag endogenous gene loci without altering the host DNA 

sequence (11, 12, 246, 253-256). 

CRISPR sgRNAs were much easier and cheaper to design and synthesise than 

previously available protein-based DNA-binding domains, making CRISPR 

far more amenable to high-throughput applications (246, 257, 258). Since the 
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discovery and adaptation of the pioneering S. pyogenes CRISPR system, 

many CRISPR variants from other species have also been utilised for gene 

editing (259), and some of these may eventually prove to have advantages 

over Cas9 in terms of specificity or ease of delivery (260-263). The following 

sections describe key publications in which the highly versatile CRISPR 

platform has been harnessed to further our knowledge of the cancer 

hallmarks. 

1.3.4 Modelling cancer hallmarks 

To validate the functional significance of cancer-associated mutations in 

preclinical models in vivo has traditionally required the generation of 

genetically engineered mouse models (264, 265). CRISPR provides an 

alternative which is more rapid and inexpensive to implement, and can 

model complex and multi-step genetic alterations driving the aberrant cancer 

phenotype (266). CRISPR was first employed to model somatic cancer-

causing mutations in adult animals with targeted knockout of the tumour 

suppressor genes PTEN and p53 in the liver of wildtype mice (267). CRISPR 

knockout of single or multiple tumour suppressor genes has since been 

implemented to model a wide range of cancers, including lung, pancreatic, 

and brain cancer (268, 269). As well as gene knockouts, point mutations have 

been generated with CRISPR HDR to model oncogenic activating mutations 

in KRAS and CTNNB1 (267, 270, 271). 

In particular, the cancer hallmark of sustaining proliferative signalling has 

been extensively investigated by CRISPR modelling (237, 238). In one 

example, CRISPR editing was conducted to model constitutive activation of 

multiple oncogenic pathways in gastric cancer (271) (Figure 1.3, Hallmark 1). 
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Tumour suppressor genes APC, p53 and SMAD4 were knocked out (either 

individually or in combination) in human intestinal stem cell organoids, and 

CRISPR-HDR was employed to produce an activating KRAS G12D mutation. 

Edited cells were selected by removing the relevant growth factor from the 

culture media, phenocopying the growth factor independence that occurs 

with progression from benign polyps through to gastric cancer-initiating 

cells. Importantly, quadruple mutant cells formed invasive carcinomas when 

injected as tumour xenografts in mice. 

Another of Hanahan and Weinberg’s cancer hallmarks that has been explored 

by CRISPR modelling is genome instability and mutation (238). Mutation or 

epigenetic silencing of genes that prevent, sense and repair DNA damage can 

result in the accumulation of additional mutations, including chromosomal 

amplifications, deletions and rearrangements (238). CRISPR has proven 

highly valuable in modelling oncogenic driver mutations (272), as well as 

complex genetic abnormalities such as the chromosomal rearrangement of 

the EML4 and ALK genes (273). An additional consequence of loss of 

genomic stability is increased intra-tumour genetic heterogeneity, as cells 

undergo repeated cycles of mutation, selection and expansion (238). To study 

this phenomenon, silent DNA ‘barcodes’ coupled to a mutation of interest 

were inserted into non-small-cell lung cancer, colon cancer, neuroblastoma 

and breast cancer cells by CRISPR HDR (272) (Figure 1.3, Hallmark 8). 

These cells were injected into immunocompromised mice, and next-

generation sequencing facilitated the tracking of the relative proportion of 

each barcode in the tumour population in response to chemotherapy, 

providing a unique means to monitor molecular tumour evolution.  
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A cancer hallmark closely related to the lack of genomic stability is the 

capacity for replicative immortality, achieved when cancer cells overcome the 

process of telomere shortening in order to become immortal (237). To 

visualise the dynamics of telomere length, gain and loss in living cells, 

sgRNAs were designed to recruit dCas9 fused to green fluorescent protein 

(GFP) to repetitive elements in telomeres (255) (Figure 1.3, Hallmark 4). The 

length of telomeres detected by CRISPR correlated well with the results of 

fluorescence in situ hybridization, an established method to detect specific 

DNA sequences on chromosomes, with the added capability that CRISPR-

tagged regions could be visualised in living cells as they underwent processes 

of replication. These examples illustrate how CRISPR provides a versatile and 

efficient gene editing system to study cancer genesis and development in both 

cells and animal models, and is now established as an indispensible tool in 

the field. 

1.3.5 High-throughput screening for cancer-related genes 

Generating sgRNAs to target novel DNA sequences is relatively 

straightforward and cost-effective in comparison to the de novo construction 

of protein-based ZF and TALE DNA-binding domains (257, 258). This has 

facilitated the rapid implementation of genome-scale sgRNA libraries for the 

purpose of genetic screens. Loss-of-function CRISPR knockout screens have 

identified genes driving or participating in all of the ten cancer hallmarks, 

notably for the discovery of drug resistance mechanisms in melanoma and 

leukaemia cell lines with pooled libraries of up to 73,000 unique sgRNAs 

(274, 275). An advantage of this approach to genomic screening is that 

CRISPR knockout completely disrupts gene expression, in contrast to the 
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partial knockdown often achieved with RNA interference (RNAi), and 

CRISPR may also produce significantly fewer off-target effects (275).  

Another CRISPR knockout screen was conducted to identify previously 

unknown oncogenic drivers that played a specific role in metastasis rather 

than primary tumour formation (276) (Figure 1.3, Hallmark 6). A library of 

sgRNAs targeting over 20,000 protein-coding genes was delivered to non-

small-cell lung cancer cells, which were then transplanted into the flanks of 

immunocompromised mice. sgRNAs that were enriched in the resulting lung 

metastases were selected for follow-up validation with multiple individual 

sgRNAs in vivo. This study provided an initial example of the efficacy of 

CRISPR genomic screens, which could be extended to other metastasis target 

organs or cancer subtypes. Custom CRISPR libraries focused on subsets of 

genes relevant to a particular signalling pathway or phenotype are also 

available. For example, a metabolism-focused sgRNA library mediated 

screening for targets involved in the deregulation of cellular energetics (277) 

(Figure 1.3, Hallmark 10).  

An additional attraction to CRISPR-based screens is that they are far more 

versatile than RNAi, allowing not only gene knockout or loss-of-function 

strategies, but also transcriptional activation, repression or epigenetic editing 

with dCas9 (254, 278). In vivo CRISPR activation and repression library 

screens have identified novel regulators of tumour growth and response to 

chemotherapy, such as the candidate tumour suppressor gene CHEK2 (279). 

Overall, the ability to more easily conduct genome-wide knockout, activation 

or repression screens to study cancer phenotypes has advanced the field 

significantly. 
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1.3.6 Editing the DNA for cancer therapy 

In addition to modelling and screening, genome editing approaches have 

enormous potential to be developed for targeted, locus-specific cancer 

treatments. In one instance, the human papilloma virus (HPV) genes E6 and 

E7, which contribute to the hallmark of resisting cell death by disrupting 

normal cell cycle and tumour suppressor function, were knocked out with 

CRISPR to induce apoptosis and inhibit growth in cervical cancer cell lines 

(280) (Figure 1.3, Hallmark 9). Another example involved targeting the F1H1 

gene, which regulates the response to hypoxia and angiogenesis in non-small-

cell lung cancer cells (281) (Figure 1.3, Hallmark 7). Deleting microRNA 

binding sites in the 5’ and 3’ untranslated regions (UTRs) of F1H1 resulted in 

derepression of the transcript and reversal of the vascular abnormalities that 

characterise this cancer hallmark.  

Beyond knocking out genes, CRISPR-based HDR offers the ability to create 

defined modifications in a genetic sequence, presenting enticing prospects for 

the correction of high susceptibility traits or oncogenic alterations. A 

frameshift mutation in the tumour suppressor gene APC and an oncogenic 

ALK-F1174L activating mutation have been repaired by CRISPR-HDR in 

colon cancer cells and neuroblastoma cells, respectively (272). CRISPR-HDR 

has also restored expression of a gene related to tyrosinemia in adult animals 

(282). However, the efficiency of CRISPR-induced HDR in vivo is very low, 

presenting a significant barrier for therapeutic genome editing in the context 

of cancer. 

An area in which CRISPR has shown impressive results is in cancer 

immunotherapy, to oppose the cancer hallmark of evading immune 
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destruction (237, 238). Modified chimeric antigen receptor (CAR) T-cells 

have been generated for improved cancer targeting and destruction, and have 

entered into clinical trials (283). However, CRISPR has expanded the 

possibilities for T-cell modification as it is far easier to implement than 

previous gene editing platforms. Knock-in genome modifications in T-cells 

have been reliably generated with Cas9-sgRNA ribonucleoprotein complexes 

(284) (Figure 1.3, Hallmark 3), and CRISPR-based CAR T-cell Phase I clinical 

trials have recently been approved in the USA and China. Based on the rate of 

progress in this area of research, CRISPR-engineered CAR T-cells may well 

become the first Cas9-based therapy available in the clinic. 

1.3.7 Reprogramming the cancer transcriptome and epigenome 

Prior to the advent of CRISPR, artificial transcription factors (ATFs), in the 

form of ZFs and TALEs engineered with transcriptional activator or repressor 

molecules, had been developed to activate tumour suppressor genes and 

silence oncogenes for cancer therapy (285-291). Many of the activators and 

repressors from these earlier tools were quickly adapted for fusion with 

dCas9 (10-12). Subsequently, more potent dCas9-based transcriptional 

regulators were developed, such as the tripartite activator VPR (VP64, p65, 

Rta) (253), and the Synergistic Activation Mediator (SAM) system, in which 

activator proteins were recruited to aptamers on the sgRNA (256). These 

tools have since been exploited for potent reactivation of hypermethylated 

tumour suppressor genes to overcome the hallmark of growth suppressor 

evasion in gastric, breast and lung cancer cell lines (292) (Figure 1.3, 

Hallmark 2). 
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ZFs have also been used to reprogram the epigenome of cancer cells by fusion 

with epigenetic editing domains (293, 294), providing an alternative to small 

molecule epigenetic modifying drugs which can have unintended genome-

wide effects (181). dCas9 has provided an epigenetic editing platform with 

greater specificity than ZFs (246), which has been employed for the targeted 

demethylation of the BRCA1 promoter with the DNA demethylase domain 

TET1 in cultured breast and cervical cancer cells (295). CRISPR epigenome 

editing has also been exploited to repress inflammatory cytokine receptors 

TNFR1 and IL1R1 in human adipose-derived stem cells in vitro (296), with 

potential future applications for treating the hallmark of tumour-promoting 

inflammation that characterises many cancers (Figure 1.3, Hallmark 5). 

There is now a comprehensive selection of epigenetic modifiers available for 

rewriting epigenetic marks with CRISPR (246). These systems have great 

potential for both functional cancer epigenomics, and for the development of 

cancer treatments that directly edit epigenetic modifications in tumours. 

1.3.8 Potential barriers to the use of CRISPR-Cas systems in 
cancer research 

CRISPR systems offer great promise for cancer discovery and treatment, but 

there are several issues related to their application that will need to be 

overcome. One key concern is the specificity of CRISPR editing. Reports into 

the frequency of off-target sgRNA binding have varied widely, ranging from 

very few off-targets to thousands (297-300). However, actual editing by Cas9 

usually occurs at only a small percentage of these binding sites (299, 300). 

sgRNA target sequences can be chosen using online software to help 

minimise the likelihood of widespread binding and associated off-target 

editing (298, 301, 302), and high specificity variants of Cas9 (303, 304) or 



44 

CRISPR systems from other species (259-263) may be a way to address this 

issue. 

For therapeutic applications of CRISPR, there are additional drawbacks. 

CRISPR editing, especially by HDR, can often occur at low frequency in the 

cell population (282). Viable therapeutic options also require the 

development of safe, targeted and efficient methods for delivery in vivo. 

Delivery by adeno-associated virus (AAV) is challenging due to limited 

packaging capacity and the large size of S. pyogenes Cas9, although AAV can 

accommodate smaller CRISPR variants (305). An attractive alternative is to 

deliver the CRISPR system via nanoparticles in a “hit-and-run” approach 

(282, 306-308). Additionally, the use of Cas9-sgRNA ribonucleoproteins, 

rather than plasmid DNA, avoids the risk of plasmid integration into the host 

genome, and reduces the potential for off-target effects that occur with 

sustained expression of CRISPR editing components (284, 309, 310). 

Concerns about CRISPR specificity, editing efficiency and viable non-toxic 

delivery methods are all reasons why ex vivo approaches such as cancer 

immunotherapy are progressing rapidly (284), as editing can be conducted 

and validated prior to transplantation of cells back to the patient. 

1.3.9 Conclusion 

With a deeper understanding of the molecular aberrations associated with 

cancer onset, progression and metastasis comes a need for technology to 

functionally interrogate these variations. CRISPR-Cas systems that enable 

researchers to model complex, multigenic alterations and conduct high-

throughput screens for disease drivers and drug targets will undoubtedly play 

a major role in cancer research in the coming years. Moreover, repurposing 
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this tool to modulate the genome and epigenome of cancer cells and their 

surroundings offers the possibility of new and exciting cancer therapies. 

Although challenges in the application of this platform remain, CRISPR-Cas 

systems are now established as an important tool to aid in combating this 

evasive and resilient disease. 
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1.4 Zinc Fingers, TALEs and CRISPR systems: A 
comparison of tools for epigenome editing 

Section 1.4 is presented as a book chapter that has been published as: 
Waryah, C. B.*, Moses, C.*, Arooj, M. & Blancafort, P. Zinc Fingers, TALEs, 
and CRISPR Systems: A Comparison of Tools for Epigenome Editing. 
Methods Mol Biol 1767, 19-63 (2018).  
 
*Charlene Babra Waryah and Colette Moses contributed equally to this 
work. 
 
See front pages for author contributions and declarations. 
 
Section 1.4 focuses on the different platforms available for epigenetic editing 

and transcriptional regulation. Comparing the CRISPR system to previously 

available gene editing technology emphasises the breakthrough that CRISPR 

has constituted in this field. This section also provides further details 

regarding the discovery and mechanism of the CRISPR system, with 

emphasis on the structural basis of target recognition by sgRNA and dCas9. A 

comprehensive review of the epigenetic editing applications of dCas9 is 

provided, which also serves to introduce the activation and repression 

domains used in Chapters 2 and 4 of the thesis.  
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Abstract

The completion of genome, epigenome and transcriptome mapping in 

multiple cell types has created a demand for precision biomolecular tools that 

allow researchers to functionally manipulate DNA, reconfigure chromatin 

structure and ultimately reshape gene expression patterns. Epigenetic editing 

tools provide the ability to interrogate the relationship between epigenetic 

modifications and gene expression. Importantly, this information can be 

exploited to reprogram cell fate for both basic research and therapeutic 

applications. Three different molecular platforms for epigenetic editing have 

been developed: zinc finger proteins (ZFs), transcription activator-like 

effectors (TALEs), and the system of Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR) and CRISPR-associated (Cas) proteins. These 

platforms serve as custom DNA-binding domains (DBDs), which are fused to 

epigenetic modifying domains to manipulate epigenetic marks at specific 

sites in the genome. The addition and/or removal of epigenetic modifications 

reconfigures local chromatin structure, with the potential to provoke long-

lasting changes in gene transcription. Here we summarise the molecular 

structure and mechanism of action of ZF, TALE and CRISPR platforms, and 

describe their applications for the locus-specific manipulation of the 

epigenome. The advantages and disadvantages of each platform will be 

discussed with regards to genomic specificity, potency in regulating gene 

expression and reprogramming cell phenotypes, as well as ease of design, 

construction and delivery. Finally, we outline potential applications for these 

tools in molecular biology and biomedicine, and identify possible barriers to 

their future clinical implementation.  
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Epigenome editing using artificial DNA-binding domains

The rapidly expanding body of epigenetics research has demonstrated how 

biological processes are dictated not only by the genetic code, but also by 

factors that affect how the genetic code is utilised. The term epigenetics was 

first coined in 1942 by Conrad Waddington (311), and has come to be 

commonly interpreted as the study of “mitotically or meiotically heritable 

changes in gene expression that occur without directly altering the 

underlying DNA sequence” (312). These changes consist primarily in covalent 

chemical modifications to the DNA and to the histone proteins that package 

DNA, which are together referred to as chromatin. The fundamental subunit 

of chromatin is the nucleosome, consisting of a length of 146 DNA base pairs 

(bp) wrapped twice around a highly conserved histone octamer, containing 

two molecules each of histone (H) 2A, H2B, H3 and H4 (313, 314).  

Chromatin adopts at least two distinct states, originally identified 

cytologically by their intensity of staining—heterochromatin stains intensely, 

and represents condensed DNA, while euchromatin is not readily stainable 

and appears lighter, and consists of less tightly packaged DNA. Euchromatic 

regions are made up of genes that are actively transcribed, while 

heterochromatic regions are inaccessible for the transcription machinery, 

and are generally associated with silenced genes. Biochemical modifications 

to the histone proteins and DNA are underlying factors that reconfigure 

chromatin structure to influence gene expression patterns (315). The 

structure of chromatin in specific cell types is both context-dependent and 

dynamically regulated, and thus highly plastic. The development of 

techniques to map epigenetic modifications has expanded our knowledge of 
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the distribution of these marks genome-wide, the associations between 

different types of marks, and their functional role in cell type-specific gene 

regulation (316-323).  

1.4.2.1 Epigenetic regulation of gene expression 

A well-characterised mechanism of epigenetic regulation is DNA 

methylation, namely the addition of methyl groups to cytosine or adenine 

residues (324, 325). Most DNA methylation in higher eukaryotes occurs at 

cytosine residues, in mammals predominantly at CpG dinucleotides. 5-

methylcytosine (5mC) was the first type of DNA methylation to be 

discovered, and has been mapped across the mammalian genome with high 

resolution. Regulatory regions with a high frequency of CpGs, known as CpG 

islands (CGIs), are lowly methylated in promoters of actively transcribed 

genes, prompting the idea that 5mC might have an association with gene 

repression (326-330). A possible mechanism for the conferral of repression 

by 5mC is recruitment of methyl-CpG binding domains (MBDs), proteins 

which recognise and bind to symmetrically methylated CpG dinucleotides 

and recruit cofactors that can facilitate transcriptional repression (331). 

The addition and removal of DNA methylation is dynamically controlled by a 

range of enzymes. The de novo DNA methyltransferases (DNMTs) DNMT3A 

and DNMT3B establish methylation patterns in combination with DNMT3L, 

which are then propagated by methylation maintenance machinery, 

including DNMT1 (332-334). DNA demethylation can be passive, when a 

methyl mark fails to be reproduced after DNA replication, but also active, via 

the activity of ten-eleven translocation (TET) enzymes, which oxidise 5mC 

through sequential steps triggering a base excision repair process ultimately 
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leading to unmethylated cytosine (335, 336). The multiple steps of active 

DNA demethylation produce other methylation variants, 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC) (335, 336). Readers of 5hmC and other 

intermediates have been identified, suggesting that these function as distinct 

epigenetic marks as well (337). The exact role of DNA methylation and its 

relationship to gene expression is still not completely understood. Although 

methylation of CGIs in gene promoters is associated with transcriptional 

repression, DNA methylation at other regions of the genome could serve 

varying functions, such as regulating alternative splicing in intergenic 

sequences (338), or transposable element suppression (339). CpH 

methylation (H representing an A, C or T nucleotide) has also been 

documented in human genome-wide methylation profiles (329, 340, 341) 

and could have independent functions from CpG methylation. 

In addition to DNA methylation, there are a multitude of chemical 

modifications to histone proteins, the most studied of which are 

modifications to the histone tails that protrude from the core nucleosome. 

These include methylation, acetylation, phosphorylation, ADP ribosylation, 

ubiquitination, sumoylation and deamination (342, 343). Particular histone 

tail modifications are associated with either heterochromatin or 

euchromatin, and can identify regulatory regions such as active transcription 

start sites or enhancers (318, 344). These modifications are laid down and 

removed by chromatin modifying enzymes, and are recognised by chromatin 

readers that recruit other chromatin modifying enzymes to alter chromatin 

structure (342, 343). However, histone modifications that occur on the 
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histone globular domain, particularly the lateral surface of the histone 

octamer, close to the DNA, can regulate chromatin structure and nucleosome 

dynamics more directly by affecting histone-DNA or histone-histone 

interactions (345-348). These histone core modifications are less well 

studied. They include classic histone marks such as acetylation, methylation 

and phosphorylation, and other novel modifications such as citrullination, 

propionylation and butyrylation (346). The large repertoire of histone 

modifications may act combinatorially, the complexity of which is yet to be 

fully understood (349-351), and it is now established that the pathways 

involved in establishment of DNA methylation and histone post-translational 

modifications are highly interrelated (343, 352, 353).  

In addition to DNA and histone modifications, variant histone proteins and 

non-histone chromatin proteins can affect chromatin structure (354). Non-

coding RNAs, including long non-coding RNAs (lncRNAs) and microRNAs, 

add to the complexity of gene expression regulation (355, 356) and display 

crosstalk with chromatin modifying pathways. For instance, evidence is 

emerging that small noncoding RNAs, pre-messenger RNAs and lncRNAs 

can all recruit histone modifying enzymes, alter chromatin accessibility and 

regulate alternative splicing (357). Higher-order nuclear organization also 

plays a role in epigenetic regulation, and the three-dimensional chromatin 

landscape can now be mapped to identify interactions between regulatory 

regions (358).  

These complex and diverse epigenetic mechanisms interact to ensure the 

correct gene expression profile of each cell during its lifespan. However, 

dysregulation of epigenetic processes has been reported extensively in 
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pathological states such as cancer and neurodegenerative diseases (359, 

360). Since epigenetic modifications are held to be both heritable and 

reversible, they are attractive therapeutic targets to revert the aberrant 

epigenetic state found in diseased cells, and normalise gene expression in a 

lasting manner (361, 362). There is the potential to exploit a significant 

number of known epigenetic editing enzymes that catalyse the addition and 

removal of epigenetic marks, including DNA methyltransferases and 

demethyltransferases, histone acetyltransferases and deacetyltransferases, 

histone methyltransferases and demethyltransferases, and chromatin 

remodelling complexes. These enzymes themselves are frequently subject to 

mutations or altered expression in diseased cells (363, 364).  

1.4.2.2 Epigenetic rewriting 

The development of artificial DNA-binding domains (DBDs) that can be 

designed to recognise virtually any endogenous DNA sequence, and their 

linkage to epigenetic modifiers, has laid the conceptual foundation for 

targeted epigenome engineering (365). Depending on the specific epigenetic 

modifier or combination of modifiers linked to the DBD, epigenetic editing 

leads to targeted alteration of the range of epigenetic marks at a particular 

genomic locus, potentially changing gene expression at will with long-lasting 

effects (366, 367). Beyond the correction of aberrant epigenetic states in 

disease, epigenome editing has a wide variety of applications, for example 

studying the influence of particular epigenetic marks on gene expression, and 

directing cells towards specific lineages for cell and tissue engineering. 

A wide range of effector domains have been engineered in complex with 

DBDs and exploited for gene expression modulation and epigenome 
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engineering. Some of these domains are derived from epigenetic modifiers 

themselves and thus have an intrinsic enzymatic activity. In contrast, other 

effector domains are unable to write or erase epigenetic marks directly, but 

rather recruit downstream epigenetic effectors. For example, oligomers of the 

herpes simplex viral protein 16 (VP16) are potent transcriptional activators, 

and trigger changes to the epigenome via the recruitment of cofactors such as 

histone acetyltransferases (HATs) (368). Fusion proteins that combine such 

transcriptional modulation domains with designed DBDs are termed artificial 

transcription factors (ATFs). The Krüppel-associated box (KRAB) domain is 

an effector domain that operates by recruiting heterochromatin complexes 

that initiate histone methylation and deacetylation (369). Due to their 

mechanism of action, ATFs and other effector domains that function as 

recruiters of downstream epigenetic modifiers generally have a transient 

effect on the epigenetic state and gene expression (257). In contrast, bona 

fide epigenetic editors have more potential for a sustained editing effect that 

persists over cell divisions in the absence of continued effector expression. In 

this review we discuss both types of effector domains—those that alter the 

epigenome by recruiting cofactors, and those that do so through direct 

enzymatic activity.  

Three main types of customizable DBDs have been employed for precise 

epigenome engineering. The earliest epigenome editing platform to be 

developed were the zinc finger proteins (ZFs), adapted from a large family of 

eukaryotic transcription factors (TFs) (244, 370, 371). Transcription 

activator-like effectors (TALEs) were subsequently isolated from bacterial 

plant pathogens, offering an alternative DBD for genome and epigenome 
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editing (245). With the later development of the system of Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-

associated (Cas) proteins, which is far easier to design and implement than 

protein-based DBDs, progress in the field of epigenome editing dramatically 

accelerated (372). The interactions of ZF, TALE and CRISPR-dCas9 with 

their DNA targets are represented in Figure 1.5, and examples of these DBDs 

engineered with epigenetic modifying domains are shown in Figure 1.6. Here 

we outline the structure, mechanism of binding to DNA, and methods of 

construction of each of these DBD platforms, and then discuss important 

examples of how these tools have been implemented for directed epigenome 

editing with a variety of effector domains. Finally, we provide a side-by-side 

comparison of the strengths and weaknesses of each DBD, and speculate on 

their likely roles in future epigenetic editing applications. 
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Figure 1.5. Structure of zinc finger, TALE and CRISPR-dCas9. A (top): 3ZF protein 
Zif268 (green) in complex with DNA (grey) (PDB ID: 1AAY). Inset shows ZF2 of Zif268, with 
interactions of residues -1, 2, 3 and 6 indicated. Interactions with the bases of the DNA 
recognition triplet are represented in black dotted lines. Residue 2 (Asp) stabilises the ZF 
interaction. An interaction between the ZF and the phosphodiester backbone of the DNA is 
represented in a red dotted line. Zn2+ ion is shown in blue. B (middle): TALE dHax3 (blue) in 
complex with DNA (grey) (PDB ID: 4OSH). Inset shows TALE repeat-variable diresidues 
(RVDs) labelled in red, and corresponding DNA bases labelled in grey. C (bottom): 
Nuclease-null dCas9 protein from Streptococcus pyogenes (purple) with designed sgRNA 
(orange) in complex with DNA (grey) (PDB ID: 4UN5). Inset shows the interaction between 
the sgRNA and DNA, with the sgRNA 20 base pair guide sequence (purple), the sgRNA 
scaffold (orange), and NGG protospacer adjacent motif (PAM) sequence (blue). 
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Figure 1.6. Zinc finger, TALE and CRISPR-dCas9 engineered with epigenetic editing 
domains. Model of 3ZF protein Zif268 (green) (PDB ID: 1AAY), TALE dHax3 (blue) (PDB ID: 
4OSH), and SpdCas9 (purple) (PDB ID: 4UN5), linked to DNMT3A (A, top; PDB ID: 4QBR) 
and KRAB (B, bottom; PDB ID: 2EM5). DNMT3A catalyses the addition of DNA methylation 
directly, whereas KRAB recruits co-factor KAP1, resulting in downstream activation of HP1, 
SETDB1 and NuRD complex for chromatin remodelling, H3K9 methylation and histone 
deacetylation. 
 
 

1.4.3 The pioneer DNA-binding domain: Zinc Fingers (ZFs) 

Technology surrounding epigenome editing has advanced rapidly in the past 

few decades. For many years, ZFs were the DBD of choice for epigenetic 

editing applications. ZFs were first discovered in 1985, when the Klug 

laboratory identified a protein that contained 7 to 11 zinc ions, with a linear 

arrangement of quasi-independent domains that could bind DNA (373). 

These repetitive Cys2His2 (C2H2) domains, comprised of 28 to 30 amino 

acids (374, 375), are now known to belong to an abundant superfamily of 

eukaryotic TFs, with approximately 700 ZFs in the human proteome (370, 

371). In the C2H2 family, each finger contains a zinc ion that is coordinated 

by four conserved residues, two cysteine and two histidine, and further folded 
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into one -helix and two antiparallel -strands (376). Multiple fingers are 

joined by short and highly conserved linkers to form multi-ZF proteins (377). 

ZFs are small, simple and versatile binding domains that bind DNA with very 

high affinity (378), but are also capable of recognising RNA and DNA-RNA 

hybrids (379). In the following sections, we will summarise the DNA-binding 

mechanism of ZFs, and efforts to customise these domains to bind 

heterologous DNA sequences for epigenome engineering applications.  

1.4.3.1 Mode of ZF protein binding to DNA 

The affinity and specificity with which C2H2 ZFs bind double-stranded DNA 

in vitro has been studied extensively, with the aid of model systems provided 

by naturally occurring 3ZF TFs such as Zif268 and SP1 (377, 380, 381). These 

are the most well-characterised of all ZF proteins, and were eventually 

adapted to generate designed ZFs for selection (discussed in further detail in 

the next section). The ZF -helix binds the B-DNA major groove in a co-

planar orientation. The N-terminal end of the -helix is in close proximity to 

the DNA, facilitating hydrogen bonding with the bases (Figure 1.5) (377, 380-

383). In contrast, the C-terminus of the helix is more distally located from the 

bases, permitting only electrostatic interactions with the phosphodiester 

backbone of the DNA. 

Generally, each finger recognises a specific 3 base pair (bp) DNA “subsite” or 

“recognition triplet”. Residues -1, 3 and 6 of the -helix bind to the 5’, middle 

and 3’ base pair of the triplet, respectively (Figure 1.5). However, ZF binding 

properties can vary, and some ZFs have been shown to recognise a 4 bp target 

sequence (382, 384). In finger 2 of Zif268, position 2 of the -helix (typically 

Aspartic acid) forms a bridge with Arginine at position -1, and also makes an 
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important cross-strand contact with the flanking base of the complementary 

strand of the previous triplet (Figure 1.5). These interactions are imperative 

to the binding stability and specificity of the finger (377, 380, 382, 385, 386). 

Additionally, stacking interactions between side chains of the ZF and the 

bases of the DNA are important for stabilising binding (387).  

Initial studies of 3ZF proteins implied a simple and modular logic of target 

recognition by multi-ZF proteins, where each individual finger recognised an 

immediately adjacent DNA triplet, and fingers could be selected and 

combined independently (377, 380). However, investigations into more 

complex 5ZF proteins showed that ZFs are not completely modular, and their 

DNA-binding properties can be context-dependent (388, 389). In some 

cases, not all fingers within multi-ZF proteins contribute to DNA 

recognition—some fingers either interact only with the DNA backbone, or do 

not interact with the DNA at all (388, 389). These findings complicated the 

construction of artificial DBDs using fundamental ZF units, and necessitated 

the development of methods to select for designed multi-ZF proteins that are 

able to bind a given DNA target.  

1.4.3.2 Selection of individual ZFs and generation of multi-finger proteins 

In order to bind multiple DNA triplets, ZF units must first be designed to 

bind any of the 64 possible 5’-NNN-3’ triplets (where N represents any 

nucleotide). One of the methods used to generate highly specific ZFs was 

phage display, first developed in the mid-1990s (390-395). In these 

experiments, large ZF libraries were constructed, starting with a given ZF 

(often from Zif268 or SP1) and randomising the positions of the residues in 

the -helix that govern DNA recognition. ZF libraries were then displayed on 
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phage, and in vitro biopanning methods were used to enrich for phage-3ZF 

fusions that bound with high affinity to the biotinylated duplex DNA “bait” 

ligand (396). Using this approach, ZFs were selected for the recognition of 5’-

ANN-3’, 5’-CNN-3’, 5’-GNN-3’ and 5’-TNN-3’ families of DNA sequences. ZFs 

were found to bind G-rich sequences with high affinity and specificity, 

whereas selecting ZFs to bind TNN or pyrimidine-rich subsites was far more 

challenging (393). This is primarily due to the limited number of accessible 

base-pair contacts available in the major groove for specific ZF recognition in 

these target sequences. 

After individual fingers have been selected in vitro, they must be assembled 

to create a designed multi-ZF protein that recognises a longer target DNA 

sequence. Such ZF arrays usually consist of 3 to 6 individual ZFs that bind a 

target site of between 9 and 18 bp. One of the methods used for generation of 

programmed ZF arrays is modular assembly by helix grafting (397, 398). This 

strategy is dependent on the assumption that each finger recognises a 3 bp 

subsite in a quasi-independent manner. However, as described previously, 

the binding mechanism of multi-ZF proteins is complex, and some ZFs have 

been shown to recognise 4 bp if adjacent fingers have recognition sites that 

overlap by 1 nucleotide (382, 384). To overcome this limitation, several 

strategies for the selection of multi-ZF arrays have been developed, including 

sequential phage display and yeast two-hybrid screenings (381, 390-392, 

399, 400). 

To date, extensive work in epigenome editing has utilised polydactyl 6ZF 

proteins recognising 18 bp target sequences (401, 402). Polydactyl ZF 

proteins can be generated in silico with simple web-based programs, such as 
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“Zinc Finger Tools”, developed by the Barbas lab (403). Assembly methods of 

polydactyl ZFs have been published utilising the Zinc Finger Consortium: 

Modular Assembly Kit (404), and more recently the Oligomerized Pool 

Engineering (OPEN) (405) and the SuperZiF System (406), both of which are 

more robust and efficient than modular assembly, particularly for the 

creation of libraries. Lastly, while most designed ZFs were derived from 

Zif268 or SP1 backbones, C2H2 ZFs selected from endogenous repertoires 

using yeast two-hybrid screens have also been reported (407). 

1.4.3.3 ZF-based artificial transcription factors and epigenetic regulators 

Generally, multi-ZF proteins do not possess regulatory properties in the 

absence of an effector domain. To edit the epigenome, ZF arrays directed 

against endogenous promoters or enhancers must be linked to effector 

domains that either have intrinsic enzymatic activity or recruit additional 

epigenetic modifiers (Figure 1.6). Several DBD-effector fusions are typically 

generated per target gene, and the construction of three alternative ZF 

proteins per region of interest often yields at least one protein with regulatory 

potential (244, 408, 409). Designed ZFs, like their natural TF counterparts, 

bind most efficiently in accessible DNA regions, therefore information 

regarding TF binding sites, nucleosome positioning and DNase I sensitivity 

assists in selecting ZF target sequences (322, 323). 

1.4.3.3.1 Gene activation 

A wide range of epigenetic modifying domains have now been employed in 

conjunction with polydactyl ZF DBDs (401, 402), although the earliest work 

using designed ZFs in an endogenous setting was as ATFs. For example, the 

first generation of ZFs coupled to VP16 or the VP16 tetramer VP64 activated 
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many endogenous genes, and these ATFs were able to partially overcome the 

aberrant epigenetic silencing of tumour suppressor genes highly methylated 

in cancer (285-288, 410-416). Cotransfection of ZFs linked to the p65 

activation domain and ZFs linked to VP64 was found to be synergistic, 

increasing the levels of activation as compared to individual ZFs with only 

one of these effector domains (412). ZF ATFs also displayed synergism with 

the DNA demethylating agent 5-aza-2’-deoxycytidine (5-aza) and other 

epigenetic drugs (287, 288). However, in some instances DNA methylation, 

repressive histone marks, and nucleosome positioning imposed a barrier for 

effective transactivation, possibly by reducing target site accessibility for the 

DBDs (287, 288).  

Extending the capacity of ZF DBDs beyond basic transactivation, ZFs have 

also been engineered in combination with TET enzymes, which catalyse the 

oxidation of 5mC to 5hmC, a key step in the removal of the methyl mark from 

CpG dinucleotides (417, 418). The catalytic domains of TET family members 

(TET1, 2 and 3) were fused to ZFs and targeted to the hypermethylated 

promoters of ICAM-1 and EPCAM, where ZF-VP64 proteins had previously 

been used for transcriptional reactivation (418). Where demethylation could 

only previously be studied on a global scale with demethylation drugs such as 

5-aza, the ZF-TET system provided a way to induce methylation in a precise 

and controlled manner. Importantly, ZF-TET2 showed significant 

demethylation at both targeted promoters, and also modestly but 

significantly increased transcript expression of ICAM-1. TET1 demethylated 

to a lesser extent, while TET3 showed no demethylation at the target sites. 

TET3 was the largest of the effectors tested, which resulted in lower levels of 



63 

expression and could have limited its access to condensed chromatin. 

Interestingly, significant demethylation at two particular CpGs (within the ZF 

target site) was also observed when the ZF was delivered without any effector 

domain, possibly resulting from passive demethylation due to the ZF 

competing for binding with DNMT1 (418). ZF-TET2 constructs were later 

exploited for the demethylation and reactivation of silenced tumor 

suppressor genes in cervical cancer lines (416, 419). 

In addition to DNA demethylation, ZFs have shown potential in editing 

histone modifications for gene activation. ZFs were linked to the highly 

conserved HAT core domain of the human E1-associated protein p300, which 

acetylates histones at proximal promoters or enhancers (420). ZFs coupled to 

p300 core were able to activate the targeted genes to similar levels as ZF-

VP64, indicating that H3K27 acetylation is sufficient for transcription 

initiation. However, dCas9-p300 core displayed more robust editing and 

activation than either ZFs or TALEs linked to the same effector domain (420) 

(see CRISPR section for further discussion of dCas9-p300 core). Fusion of 

DBDs to p300 core resulted in significantly higher gene expression induction 

than the full-length p300 protein, possibly due to structural properties that 

affect the interaction of the protein with cofactors (420). This result 

suggested that truncating epigenetic editing enzymes might be a useful 

strategy for engineering more compact and potent epigenetic regulators.  

1.4.3.3.2 Gene repression 

ZFs have been extensively exploited for locus-specific gene repression via 

epigenetic editing. ZFs were engineered with DNMTs in an effort to achieve 

long-lasting repression using “hit and run” approaches (421). The first 
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engineered epigenetic effector was a fusion of Zif268 to the DNMT M.SssI, 

which successfully methylated a CpG island upstream of the ZF binding site 

(422). The catalytic domains of mouse Dnmt3a and Dnmt3b were fused to 

ZFs and achieved the first example of targeted DNA methylation in human 

cells (423). Later, the EpCAM promoter was targeted with ZFs linked to the 

DNMT3A catalytic domain, and transient delivery of the editing constructs 

resulted in transcriptional repression of approximately 30% (424). 

Combining ZFs with a complex of DNMT3A and DNMT3L achieved more 

pronounced levels of DNA methylation than DNMT3A alone (425).  

Beyond DNA methylation, ZFs have been linked to the histone 

methyltransferases (HMTs) G9A and SUV39H1 (426). Delivery of these 

fusion proteins resulted in increased H3K9 methylation at the VEGF-A 

promoter, along with repression at mRNA and protein level. Combining the 

ZF-HMTs with ZFs linked to the histone deacetylase (HDAC) recruiter v-

ErbA increased repression further, whereas the combined delivery of 

multiple ZFs with the same effector domain did not (426). This suggests an 

enhancement of repression by combining HDAC and HMT activities. ZF-G9A 

also induced H3K9me2 at the HER2/neu promoter, leading to 

transcriptional downregulation (427). 

The KRAB repressor domain also recruits HDACs, albeit indirectly via KAP1 

(Fig. 2) (369, 428). KRAB has been engineered with ZFs to repress 

endogenous genes such as ErbB-2 (410), SOX2 (289), EpCAM (290) and 

HER2/neu (427). Some reports suggested KRAB reduces H3 acetylation at 

the target promoter (427), while others found that KRAB induces repression 

without any measurable change in histone modifications (429). Naturally 



65 

occurring KRAB-ZF proteins establish a wide range of transcriptional 

repression through heterochromatin spreading (428), which could be an 

advantage in certain epigenetic editing applications, but could also modulate 

the specificity of designed KRAB-ZF proteins. 

Long-term stable gene repression in cancer cells has been addressed by 

delivering ZF-DNMT3A and ZF-KRAB fusions with doxycycline (dox)-

inducible lentiviruses (293). DNMT3A constructs mediated gene silencing 

and reduced cell proliferation even after expression of the constructs was 

cleared, whereas the silencing achieved by KRAB returned to normal levels 

soon after expression ceased, indicating DNA methylation by DNMT3A may 

result in lasting epigenetic memory, while the repression mediated by KRAB 

may not (294). However, others have found that methylation and silencing by 

either ZF-DNMTs or ZF-HMTs is not stably maintained once the expression 

of the editing constructs ceases (430). Co-expression of multiple epigenetic 

enzymes, both initiating and reinforcing DNA methylation (e.g. via histone 

post-translational modifications), may be necessary to maintain the stability 

of gene silencing over cell generations. 

1.4.3.4 Considerations for epigenome editing with ZF DBDs  

The extensive reports on artificial ZF proteins have demonstrated the 

advantages of these DBDs. Their small size allows for easy delivery, high rates 

of expression, and the capacity to induce epigenetic editing in a wide variety 

of chromatin contexts, including regions of hypermethylated DNA (288, 290, 

416, 418, 431-433). ZF ATFs targeting VEGF for the treatment of diabetic 

neuropathy had entered phase II clinical trials, however showed lack of 

therapeutic effect as compared to placebo (434). ZFs have proven effective in 
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the treatment of HIV by delivery to autologous T-cells and haematopoietic 

stem cells (435, 436), and are now entering clinical trials for the treatment of 

haemophilia B, Hurler syndrome and Hunter syndrome (437). 

A significant issue, especially for ZF ATFs or epigenetic editors potentially 

entering clinical trials, is the possibility of off-target effects due to binding 

promiscuity. Chromatin immunoprecipitation followed by next-generation 

sequencing (ChIP-seq) has shown that although ZFs preferentially bind to the 

intended genomic target, there is also widespread binding at potentially 

thousands of off-target sites (416, 419, 427, 429). These non-cognate sites are 

most frequently found in promoter regions, and usually exhibit significant 

sequence similarity to the intended target (419, 429). The addition of effector 

domains can alter ZF binding distributions, for example the addition of a 

KRAB domain to ZF DBDs increased off-target binding overall, particularly 

in non-promoter regions (429). ZF nucleases have also been shown to cleave 

off-target sites with up to 8 mismatches to the intended 24 bp target (438, 

439). However, whole-genome expression microarray data has shown that 

selective regulation of a single genomic target is possible with ZF DBDs in 

some cases (433, 440). 

One of the molecular explanations for non-cognate recognition by ZFs is 

intrinsic to their mode of binding DNA, in which positions -1, 3 and 6 of the 

-helical domain permit the accommodation of multiple residues (402, 403). 

Thus the degenerate nature of the ZF recognition code may facilitate target 

site versatility. Unpredicted effects resulting from the assembly of multiple 

ZFs represent another significant limitation of this platform. Interactions 

between neighbouring fingers may influence the consensus binding 
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specificity of the polydactyl ZF protein, and in some cases, N- and C-

terminally positioned fingers may have little or no contribution to binding 

specificity (441, 442). Analysis of off-target sequences has suggested 

unintended ZF binding can be due to interaction of target sites with subsets 

of the fingers in the multi-ZF protein (429). The binding affinity of ZFs may 

also be dependent on other factors, such as linker phosphorylation (443).  

Various yeast- and bacterial-based selection methods have been developed to 

identify ZFs with minimal off-target activity, including multi-ZF screening 

that accounts for the impact of inter-finger interactions on DNA-binding 

specificity (399, 444, 445). Protein complementation strategies have also 

been used to minimise non-specific effects, in which effector domains are 

split into two separate components and engineered with ZFs targeting 

adjacent regions (446-448). 

Overall, it is possible that in nature, ZF proteins are evolved to bind more 

than one target site for potent gene regulation and phenotype switching. This 

has been demonstrated by phenotypic library screenings of polydactyl ZF 

proteins in vivo, which often resulted in activation of multiple genes (431, 

449, 450). Most of the work involving designed ZF proteins is performed by 

ectopic overexpression, which can also promote recognition of non-cognate 

sites. It is likely that the expression of ZF proteins in natural systems is 

spatio-temporally regulated in the context of more complex transcriptional 

networks, resulting in highly controlled changes in gene expression and 

phenotype specification (244, 373, 451). Concerns regarding ZF specificity 

have posed the most significant barrier to their ongoing use in the field. 

Nevertheless, lessons learned from these pioneering DBDs have allowed for 
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more efficient implementation of subsequent epigenome editing platforms, 

with potentially more specific DNA-recognition capacities.  

1.4.4 Transcription activator-like effectors (TALEs): the second 
generation of modular DNA-binding domains 

An alternative customizable DBD for epigenome editing arose from the 

characterization of the TALE Type III family of effectors in bacterial plant 

pathogens Xanthomonas oryzae pv. oryzae and Xanthomonas oryzae pv. 

oryzicola (452-454). TALE proteins are secreted by Xanthomonas bacteria 

and translocate directly into the plant cell, where they act as TFs that 

recognise and activate host genes to support bacterial growth or release from 

the plant (452, 455-457). TALEs found in nature contain an acidic 

transcriptional activation domain and nuclear localization sequences at the 

C-terminus, as well as a DBD which can been adapted for genome and 

epigenome editing applications (458, 459). The structure of this DBD is 

discussed further in the following sections. 

1.4.4.1 Mode of TALE binding to DNA 

TALEs from Xanthomonas have a modular DNA-binding domain that can be 

adjusted to target virtually any DNA sequence of interest (458, 459). The 

DBD of natural TALEs consists of 7 to 34 tandem repeats, each composed of 

33-35 amino acids (452, 460). Each repeat binds to one nucleotide in the 

major groove of the DNA. These repeats are highly conserved, except at the 

hypervariable positions 12 and 13, which together are termed the repeat-

variable diresidue (RVD) and determine the base preference of the repeat 

(Figure 1.5) (458, 460). 
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The TALE DNA-binding “code” was deciphered by bioinformatic analyses 

(458, 459) and further consolidated by elucidating the crystal structure of 

TALEs binding DNA (461, 462). In contrast to ZFs, where each helix 

recognises 3 bp of the DNA, there is a 1:1 interaction between each TALE 

RVD and a single nucleotide. RVDs composed of NI, HD, NG and NN 

residues bind with high specificity to A, C, T and G/A nucleotides, 

respectively (462, 463), although the NH RVD has now been shown to bind G 

nucleotides with higher specificity than NN (291, 464). TALE repeats bind 

most efficiently when there is a 5’ T as the first targeted nucleotide (458, 

459). If the 5’ T is substituted with A, C or G, the binding affinity and targeted 

gene activation was significantly reduced for naturally occurring TALEs, 

however such a substitution only slightly reduced the regulatory potential of 

designed TALEs (465).  

Although it was initially assumed that each TALE repeat functions as an 

independent binding module, there is now evidence that this is not always 

the case. The specific binding properties of a given RVD can vary depending 

on the total number of repeats in the TALE, the position of the repeat within 

the TALE array, and the identity of neighbouring repeats (12, 465-468), and 

some types of RVD exhibit stronger binding than others (469). Nevertheless, 

the base preferences of TALE RVDs and the mode of TALE binding to DNA 

can still be seen as more modular than that of ZFs. 

1.4.4.2 Assembly of multi-repeat TALE arrays  

The simple cipher governing TALE-DNA recognition has allowed the 

engineering of artificial TALE DBDs to target almost any specific DNA 

sequence of interest, by combining repeats specific to each base pair (459, 
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470). Thus, the more modular nature of TALEs simplifies the design of novel 

DBDs, in contrast to ZFs, in which interactions between fingers can 

complicate target recognition properties. The structure of the TALE dHax3 

binding to DNA is illustrated in Figure 1.5. 

Several reported TALE repeat assembly methods are derived from the Golden 

Gate cloning strategy (220, 471-474), where customizable assembly of 

multiple DNA fragments is achieved in a single reaction (475, 476). While 

these methods have been largely successful, there are limitations on the 

number of ligations that can be performed per reaction. Recently, high 

throughput TALE assembly methods such as the fast ligation-based 

automatable solid-phase high-throughput (FLASH) system (470), iterative 

capped assembly (477) and an integrated chip screening method (478) have 

been developed. A variety of assembly kits and methods for generating 

custom-engineered TALEs are available commercially and online (472, 474, 

479-486).  

1.4.4.3 TALE-based artificial transcription factors and epigenetic 
regulators 

Like ZFs, TALEs must be fused to epigenetic regulators for epigenetic editing 

applications. Single TALEs have the capacity for epigenetic and 

transcriptional regulation, although improved effects are often observed by 

directing multiple TALE DBDs per gene or target (292, 487-489). Targeting 

TALEs to DNase I hypersensitive sites may be even more important than for 

ZFs, because there are some indications that the ability of TALEs to bind 

condensed chromatin is limited (discussed further in this section) (463, 487, 

490-492). 
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1.4.4.3.1 Gene activation 

TALEs have been linked to various effector domains for upregulation of 

endogenous genes, the most simple of which are transcriptional activators 

such as VP16 (490) and VP64 (220). The combination of multiple TALEs 

engineered with VP64 or the p65 activation domain to target a single gene 

has been shown to trigger stronger transcriptional reactivation than 

individual TALE fusions (292, 487, 488, 493), reinforcing the principle 

established from ZF ATFs that designing multiple DBDs per target works 

synergistically to increase potency. TALE-VP64 complexes have been 

engineered with the light-sensitive cryptochrome 2 protein to enable optical 

control of gene activation in the brains of freely behaving mice in vivo (494).  

In an example of epigenetic editing for gene activation, TALEs were 

combined with the catalytic domain of human TET1 protein previously 

described, and targeted to three endogenous genes (493). Up to 11 TALEs 

were designed for each gene and delivered individually, to ascertain whether 

the position of the TALE target site in relation to specific methylated CpGs 

affected the capacity for demethylation. TALEs induced demethylation most 

strongly at CpGs within a 30 bp window of the target site, however some 

TALE-TET1 constructs demethylated CpGs up to 200 bp away. Interestingly, 

gene expression was significantly impacted by demethylation of certain CpGs, 

but not by others. Combining two of the most potent TALEs had an even 

stronger demethylation effect, consistent with the synergism observed in 

previous activation studies. However, the level of CpG demethylation and the 

reactivation of gene expression declined as cells continued to be cultured, 

indicating that epigenetic editing was not maintained in the absence of TALE 

expression. TALE-TET1 (as well as TALE-DNMT3A) constructs have recently 
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been delivered in a light-inducible system to successfully edit DNA 

methylation in neural stem cells (495). 

1.4.4.3.2 Gene repression 

In addition to gene activation, TALEs have been exploited for epigenetic 

editing to induce target gene repression. TALEs in complex with KRAB and 

the mSin interaction domain (SID) were able to repress the oncogene SOX2 

when directed to the proximal promoter, with TALE-SID found to be slightly 

more effective (291). SID is derived from the N-terminal transcriptional 

repression domain of Mad proteins (496). In the same way that repeats of the 

VP16 domain can be combined to yield greater transcriptional activation, the 

repressor SID4X, consisting of four concatenated SID proteins, induced 

greater repression than was previously reported with the single TALE-SID 

construct (494). TALE-SID4X proteins reduced H3K9 acetylation and 

induced transcriptional repression in a light-inducible system in vivo (494). 

This study also identified a set of repressive histone modifying domains that 

were able to reduce gene expression in vitro via editing of H3K9me1, 

H4K20me3, H3K27me3, H3K9ac and H4K8ac. 

The lysine-specific demethylase LSD1 is an alternative epigenetic editing 

enzyme that has been applied for gene repression with TALEs (489). LSD1 

catalyses H3K4 and H3K9 demethylation, and interacts with other chromatin 

modifying enzymes such as HDACs (497, 498). When directed to active gene 

enhancers marked by H3K4me1, H3K4me2 and H3K27ac, TALE-LSD1 

constructs significantly and substantially reduced both H3K4me2 and 

H3K27ac (489). This suggested that LSD1 achieved gene silencing through 
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multiple epigenetic mechanisms, possibly due to its direct enzymatic activity 

and/or to the downstream activity of its binding partners.  

1.4.4.4 Considerations for epigenome editing with TALE DBDs  

For the most part, monomeric TALE DNA binding has been shown to be 

highly specific to the cognate target site (489, 499). One study demonstrated 

no detectable TALE binding at off-target sites, even those with one or two 

mismatches from the recognition motif (489). Another study identified 

between 4 and 31 off-target binding sites in ChIP-seq when groups of 4 

TALEs were delivered simultaneously (to mimic the approach often used in 

activation or epigenetic editing applications) (499). However, the strongest 

signal was found at the intended target site and there were no associated 

changes in gene expression at off-target sites as assessed by RNA-seq. Certain 

individual TALEs contributed more to off-target binding than others (499). 

However, TALE nucleases have exhibited low but detectable levels of off-

target cleavage both in vitro and in vivo (467, 468, 500, 501), suggesting the 

potential for non-specific activity is still of concern for TALE applications. 

Tools have been developed to assess the propensity of a given TALE for off-

target effects (502), however most are based on the assumption that the 

specificity and binding strength of individual RVDs is context-independent. 

As mentioned previously, RVDs can be influenced by factors such as the 

location of the repeat within the TALE array, overall length of the TALE 

protein, and identity of surrounding repeats (12, 465-468). Although 

individual repeats in longer TALEs are more tolerant of mismatches, longer 

TALEs (e.g. between 15 and 19 repeats) are more specific in a genomic 

context (468, 503). N-terminal repeats are more sensitive to mismatches (12, 
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465-467). A tool designed to predict TALE specificity given these variables 

has been developed (466). Novel TALE RVDs have also been designed to 

extend the natural RVD repertoire, for improved binding specificity that 

significantly reduced off-target cleavage of TALE nucleases (504).  

There have been varying findings on the extent to which TALE binding is 

affected by the chromatin microenvironment at the target site (491). The 

RVD corresponding to unmethylated cytosine does not efficiently bind to 

methylated cytosine, prompting the identification of RVDs with greater 

affinity for 5mC (463, 492). Some studies have suggested TALE binding is 

severely reduced in the presence of DNA hypermethylation. Designer TALE-

VP16 fusions targeting Oct4 were able to bind efficiently and upregulate gene 

expression in embryonic stem cells (ESCs), however failed in ESC-derived 

neural stem cells, due to DNA hypermethylation at the target promoter 

(490). In this context, demethylation and activation of the target gene 

required simultaneous administration of TALE constructs with the HDAC 

inhibitor valproic acid and DNMT inhibitor 5-aza (490). A negative 

correlation between the frequency of CpGs in the target site and efficiency of 

TALEN-mediated genome editing was also observed in zebrafish, possibly 

due to impaired binding at methylated CpGs (491). However, TALEs have 

also successfully targeted regions with high levels of DNA methylation such 

as telomeres and centromeres (147), and successfully bound to regions of 

condensed chromatin, subsequently increasing DNase I hypersensitivity 

around the binding sites (488, 499).  

The modular nature of TALEs simplifies the design of proteins for novel 

target sites, and methods for large-scale and rapid TALE assembly made 
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them the preferred choice for high throughput studies over ZFs (220, 470). 

However, a significant limitation of TALEs is that their large number of 

tandem repeats presents difficulties for cloning and plasmid work, as well as 

lentiviral delivery, as they are prone to deletions and recombination (505). 

Alternative strategies for delivery with lentiviruses have been developed by 

minimising the number of tandem repeats (506), and adenoviruses have 

been used successfully as a delivery method for TALEs (505), however this 

still presents a major drawback for their widespread use. Shortly after the 

development of TALE-based epigenetic editors, the development of CRISPR 

technology presented an alternative DBD that began to capture the majority 

of attention in the field. 

1.4.5 A new era in epigenome editing: Clustered regularly 
interspaced palindromic repeats (CRISPR)/CRISPR-
associated (Cas) systems 

The discovery of CRISPR and CRISPR-associated (Cas) systems has been one 

of the most impactful events for epigenome editing, as well as genome editing 

generally. CRISPR sequences were first identified in Escherichia coli in 1987 

(248), although at that time their function remained obscure. CRISPR/Cas 

genes were soon observed in a wide variety of prokaryotic genomes (247, 

507). It was later shown that CRISPR/Cas systems function as an adaptive 

immune system, providing bacteria and archaea acquired resistance against 

viruses and plasmids (249-251, 508, 509). During invasion, small fragments 

of invading nucleic acids, termed proto-spacers, are integrated into the host 

genome as spacers in CRISPR arrays. The entire CRISPR array is transcribed 

into a single primary transcript, which is then processed such that each 

spacer becomes a separate CRISPR RNA (crRNA) (252). crRNAs recognise 
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their complementary sequence in the invader nucleic acid and direct Cas 

endonucleases to cleave the DNA or RNA element (510). 

1.4.5.1 Mode of CRISPR/Cas protein binding to DNA 

Two classes and five types of CRISPR/Cas systems have been identified so far 

(259). In 2012, the DNA-binding and recognition mechanism of a Type II 

CRISPR system in Streptococcus pyogenes (Sp) was elucidated, with 

dramatic implications for the future of genome and epigenome editing (6, 7). 

In this system, which is by far the most widely used, a mature targeting 

crRNA and a transactivating CRISPR RNA (tracrRNA) are base paired 

forming the guide RNA (gRNA) and direct SpCas9 to complementary target 

DNA sites, located upstream of a protospacer adjacent motif (PAM), the 

trinucleotide NGG (where N is any nucleotide). Target recognition is 

governed by simple complementary base pairing between the crRNA and one 

of the DNA strands, in contrast to the protein-DNA interaction of previously 

developed DBDs. The crRNA and tracrRNA could be re-engineered to create 

a chimeric single guide RNA (sgRNA) that recognises 18-20 bp target 

sequences for genome and epigenome editing purposes (6). The interaction 

of sgRNA and SpdCas9 with the DNA target is shown in Figure 1.5. 

Upon target recognition, SpCas9 cleaves the nucleic acid. SpCas9 is 

composed of a target recognition lobe that binds the gRNA and DNA, and a 

nuclease lobe which contains two nuclease domains and a carboxyl-terminal 

domain that recognises the PAM (511). The PAM is a feature that allows 

scanning of DNA by SpCas9 for potential target sites, as the presence of a 

PAM sequence is necessary for both target recognition and cleavage (512). 

DNA strand separation and RNA-DNA interaction both begin at the PAM, 
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and PAM interaction triggers catalytic activity (512). The HNH nuclease 

domain of SpCas9 cleaves the complementary DNA strand, while the RuvC-

like nuclease domain cleaves the non-complementary strand (6), creating a 

double-strand break approximately 3 bp upstream of the PAM.  

Soon after the elucidation of the mechanism of the Type II SpCas9 system, it 

was demonstrated that SpCas9 could edit endogenous human genes, by 

utilising Cas9-mediated double strand breaks for gene disruption by non-

homologous end joining (NHEJ), or for precise changes induced through 

homology-directed repair (HDR) (9, 513). However, editing DNA is only part 

of the potential that CRISPR offers. The adaptation of SpCas9 to a nuclease 

deficient Cas9 (dCas9) protein was the first step in the development of 

CRISPR as an epigenome editing platform. 

1.4.5.2 Generation of deactivated Cas9 and sgRNAs for genome editing 

The application of CRISPR to purposes other than genome editing began with 

the mutation of the Cas9 nuclease domains to create a catalytically inactive 

Cas9 (dCas9) protein with no endonuclease activity (6, 10, 12, 514). SpdCas9 

offered a suitable DBD for epigenome editing applications, which has since 

been engineered with a variety of effector domains (discussed in detail in the 

following section). The advantage of this system is that for each novel target, 

the sgRNA can be easily adapted and delivered with the same SpdCas9 

protein, vastly reducing the time, money and skill required to implement the 

technology. 

To generate novel sgRNAs for use with SpdCas9, target sequences are 

selected by identifying NGG PAM sites in the genome that are adjacent to 

highly specific 20 bp sequences. There are several software tools that have 
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been designed to assist with target site selection, many of which provide 

assessments of the specificity and efficiency of each candidate site (157, 158, 

298, 515-522). After target sequences have been selected, the generation of 

new sgRNA-expressing constructs usually requires only short 

oligonucleotides carrying the crRNA recognition sequence, which can be 

cheaply obtained through a commercial oligonucleotide synthesis service, 

followed by one simple cloning step.  

For applications requiring multiple sgRNAs to be expressed from a single 

construct, there are several cloning protocols and vectors available (523-527). 

Alternatively, sgRNAs can be produced by in vitro transcription and 

delivered directly as RNA rather than as DNA, along with purified Cas9 or 

dCas9 protein (284, 309, 310). sgRNAs vary in efficiency and thus it is often 

advisable to test multiple sgRNAs for each editing application and select the 

most efficient. As many sgRNAs can be delivered simultaneously, library 

screening is much more feasible than for protein-based DBDs (256, 528, 

529). Additionally, chemical modifications to the RNA molecule are able to 

improve the stability of gRNAs once transfected (530). 

1.4.5.3 CRISPR-based artificial transcription factors and epigenetic 
regulators 

Due to their ease of design and synthesis, CRISPR/Cas systems have been 

rapidly adapted to a wide variety of epigenetic editing applications. The 

majority of work performed in this field so far has employed SpdCas9 (all 

further references to dCas9 refer to the Streptococcus pyogenes variant, 

unless otherwise indicated). However, CRISPR systems from different 

species are increasingly being utilised for genome editing (260-263). Some of 

the advantages offered by these alternative CRISPR systems are different 
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PAM requirements for more flexibility in targeting, or smaller protein sizes 

for delivery in vectors with limited packaging capacity (305). These proteins 

will likely be extended to epigenome editing applications in the future. An 

example of the structure of SpdCas9 engineered with epigenetic effector 

domains is shown in Figure 1.6. 

1.4.5.3.1 Gene activation 

Some of the earliest examples using dCas9 for epigenetic editing were fusions 

with conventional transcriptional activators such as VP64 (531-533), p65 

(533) or a subunit of RNA polymerase (534). The focus of this work was on 

transcriptional upregulation, rather than any associated effects on the 

epigenome, however it established principles of sgRNA targeting that are 

similar to those that had been found previously with ZFs and TALEs. In most 

cases, sgRNAs were targeted to DNase I hypersensitive regions in the 

proximal promoter of target genes, and in all the activation studies 

performed, multiple sgRNAs targeted to a single gene worked synergistically 

to increase the level of transcriptional activation (531-533). Interestingly, 

varying the particular orientation of dCas9 and effector domain yielded 

different degrees of activation, suggesting the design of the protein fusion is 

important (533). dCas9 was capable of simultaneous activation of multiple 

targets, similar to its capacity for multiplexing in genome editing (535). 

However, there were several indications that dCas9-VP64 did not perform as 

strongly for activation as TALE-VP64 fusions targeted to the same loci (488, 

536). TALEs induced greater levels of p300 HAT recruitment and H3K27ac 

at the target enhancer than dCas9, possibly due to the steric hindrance 

created by dCas9 binding interfering with native TF binding (536). 
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Initial efforts to improve the activation capacity of dCas9-based ATFs focused 

on combining a greater number of VP16 repeats, creating activators such as 

VP160 (535), VP192 (537), and VP64-dCas9-BFP-VP64 (538). A further 

improvement came with the development of dCas9-VPR, a tripartite activator 

consisting of VP64, p65, and Rta (253). VPR was the most effective construct 

among a range of multi-part activation domains designed to mimic the 

natural recruitment process of transcriptional activation. The particular 

domain order was varied and the best combination selected. The very high 

levels of activation achieved by dCas9-VPR allowed delivery of a single 

sgRNA for successful upregulation of the target gene (253), and VPR has also 

been used effectively in vivo in Drosophila (539). 

The unique RNA-based recognition of the CRISPR system allowed for the 

engineering of protein-interacting RNA aptamers in the sgRNA to increase 

the efficacy of transcriptional upregulation. Aptamer loops, designed to be 

recognised by the MS2 bacteriophage coat protein, were engineered in the 

sgRNA, and an MS2-VP64 protein fusion was also created (12). The modified 

sgRNA, dCas9, and MS2-VP64 complex were delivered to cells, resulting in 

recruitment of MS2-VP64 to the sgRNA at the target site (rather than VP64 

being directly linked to dCas9). Extending this principle, the Synergistic 

Activation Mediator (SAM) system used sgRNAs engineered with minimal 

hairpin aptamer loops on the tetraloop and stem loop 2, delivered with 

dCas9-VP64 and an MS2-p65-HSF1 fusion protein to be recruited to the 

loops on the sgRNA (256). Similarly to dCas9-VPR, this system induced very 

high activation even with one sgRNA for each target gene, enabling a highly 

effective genome-wide activation screen. The MS2-p65-HSF1 complex has 
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also been delivered in conjunction with dCas9-VPR (rather than with dCas9-

VP64 as in the original SAM system), to achieve greater levels of activation 

(292). 

Another variation on CRISPR activation was achieved with the SUperNova 

tagging (SunTag) system, which consisted of 10 repeats of the GCN4 peptide 

separated by short linkers, linked to dCas9 (540). The peptides recruited 

single-chain variable fragments (scFVs) fused to VP64, allowing up to 10 

copies of the VP64 effector to be directed to a single dCas9 for stronger 

transactivation. The mechanism behind the SunTag system was extended by 

fusing the scFVs to TET1 hydroxylase enzymes rather than VP64, to induce 

DNA demethylation at the target region instead of transcriptional activation 

(541). Longer amino acid linkers gave improved activation with the TET1 

system, possibly due to reduced steric hindrance between each scFV-GFP-

TET1 protein. This approach led to pronounced demethylation of CGIs and 

subsequent transcriptional upregulation both in vitro, and in mouse fetuses 

in vivo. The SunTag-TET1 system produced over 90% CpG demethylation 

within 100 bp from the target site, whereas previously, TALEs engineered 

with TET1 only demethylated CpGs within a 30 bp window (493). dCas9 has 

also been engineered with a single copy of TET1 and used for targeted 

demethylation of genes such as BRCA1 (295), and BDNF (542), and for in 

vivo epigenetic editing following lentiviral delivery to mice (542). These 

authors reported that dCas9-TET1 was more effective than TALEs targeting 

the same locus (493, 542). 

As mentioned previously, the HAT p300 core induced H3K27 acetylation 

when directed to proximal promoters and enhancers by dCas9 (420). dCas9-
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p300 core was able to activate gene expression when directed to enhancers, 

whereas dCas9-VP64 was not. dCas9-p300 core displayed better editing 

capabilities that either ZF or TALE DBDs with the same effector. 

Interestingly, delivering dCas9-p300 core with multiple sgRNAs for a single 

regulatory region did not have a synergistic effect, and dCas9-p300 core did 

not display synergy with TALE-p300 core or dCas9-VP64. Moreover, some 

target sites in this study did not respond as strongly to dCas9-p300 core. This 

was not related to histone accessibility, but was possibly due to competition 

at the sgRNA binding site by other factors. 

Gene activation using CRISPR has been achieved through the targeted 

induction of histone methylation as well as histone acetylation. The SET 

domain of the HMT PRDM9 catalyses H3K4me3, a mark which is found at 

the transcription start site of active genes, and prevents DNMT binding 

(543). dCas9-PRDM9 and ZF-PRDM9 fusions initiated H3K4me3 at the 

target site and increased levels of transcription, whereas dCas9-VP64 

increased transcription but did not affect the deposition of H3K4me3. This 

indicated that alteration of the histone mark was responsible for gene 

expression changes, not vice versa. The HMT DOT1L was also linked to 

dCas9 to deposit H3K79me2. Codelivery of dCas9-PRDM9 and dCas9-DOT1L 

resulted in more potent and long-lasting epigenetic editing than either of the 

constructs alone. 

1.4.5.3.2 Gene repression 

CRISPR systems have been extensively exploited for gene repression. dCas9 

has been shown to repress gene expression when directed to the proximal 

promoter in the absence of an effector domain to interfere with transcription 
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initiation and elongation (10, 534), however more potent repression has been 

obtained with the fusion of dCas9 to repressor domains such as KRAB (Fig. 

2) (533, 536). dCas9-KRAB targeted to an enhancer region induced 

H3K9me3, reduced chromatin accessibility of the enhancer and 

corresponding promoter, and silenced gene expression of multiple targets 

related to the enhancer in a highly specific manner (544). However, because 

the epigenetic editing constructs were delivered by lentiviral vectors and not 

transiently, these results provided little evidence whether the epigenetic 

changes that occurred were heritable. dCas9-KRAB has been reported to 

repress more effectively than TALE-KRAB fusion proteins, due to increased 

steric hindrance created by dCas9 at the binding site (536).  

The mechanism of repression of dCas9-KRAB was contrasted to that of the 

histone demethylase LSD1, which catalyses the removal of H3K4me2 at 

enhancers (545). KRAB and LSD1 were engineered with Neisseria 

meningitidis (Nm) dCas9 and directed to gene enhancers. NmdCas9-LSD1 

initiated loss of H3K4me2 and a corresponding reduction in H3K27ac at the 

enhancer, and did not alter epigenetic marks at the promoter. NmdCas9-

KRAB targeted to the enhancer also reduced H3K27ac at the enhancer, but 

showed additional deposition of H3K27me3 and H3K9me3 at the proximal 

promoter, suggesting KRAB-mediated downregulation is the result of 

promoter silencing, not decommissioning of the enhancer. NmdCas9-LSD1 

had no effect when directed to proximal promoters, whereas NmdCas9-

KRAB targeted to the proximal promoter reduced gene expression, indicating 

the mode of action of LSD1 was enhancer-specific. Gene repression has also 

been achieved with dCas9 via induction of histone methylation. Recently, it 
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was found that while dCas9-KRAB (and several other effectors) could induce 

temporary silencing of the SPDEF gene, only the fusion of dCas9 with the 

HMT G9A could produce mitotically stable repression (546).  

dCas9 DBDs have been applied for DNA methylation with the DNMT3A 

effector domain, extending the work already performed with ZFs and TALEs 

(Fig. 2). dCas9-DNMT3A delivered with a single sgRNA methylated a 35 bp 

window, centred 27 bp downstream of the PAM (547). Multiple sgRNAs were 

used to target a larger region of the promoter, which decreased expression of 

target genes IL6ST and BACH2. The methylation achieved with transient 

expression of the dCas9-DNMT3A construct was not stable, and returned to 

baseline level by 20 days after transfection. dCas9 with DNMT3A was also 

applied to induce methylation of the promoter of the CTCF gene (542). CTCF 

regulates chromatin architecture, and methylation of this target altered gene 

loops that contribute to topologically associating domains. dCas9-DNMT3A 

was more effective than TALE-DNMT3A constructs targeting the same gene 

(506, 542). More recently, a dCas9-DNMT3A-DNMT3L fusion achieved DNA 

methylation approximately 4-5 times stronger than DNMT3A alone, leading 

to spreading of methylation over entire CpG islands (548). 

These studies reflected previous findings that the results of epigenetic editing 

often do not persist after the expression of the editing constructs ceases (430, 

547). However, the combined delivery of dCas9-DNMT3L, dCas9-DNMT3A 

and dCas9-KRAB induced long-term DNA methylation and corresponding 

gene silencing with only transient expression of the effector domains (549). 

The research team was inspired by the silencing of endogenous retroviruses, 

which is accomplished through the cooperation of KRAB-ZFPs, de novo 
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DNMTs 3A and 3B, and the catalytically inactive cofactor DNMT3L. When 

delivered to the proximal promoter or enhancer, the three constructs 

increased DNA methylation and H3K9me3, and decreased H3K4me3. Long 

term editing required targeting both histone modifications and DNA 

methylation. The associated gene silencing was reversed by treatment with 5-

aza or dCas9-TET1, but remained resistant to dCas9-VP160 and dCas9-p300 

activators. 

1.4.5.4 Considerations for epigenome editing with CRISPR DBDs  

The main advantage of the CRISPR system is the ease of producing new 

sgRNAs, as opposed to the time and expertise required to create new protein-

based DBDs. This offers enormous flexibility in targeting potential, and could 

be seen as the reason CRISPR technology has been adopted so rapidly in 

comparison to TALEs and ZFs.  

There are varying reports on the specificity of the S. pyogenes CRISPR 

system. Numbers of non-cognate sgRNA binding sites identified by ChIP 

range from less than 10 to thousands, depending on the study and the 

specific sgRNA (297-300). However, Cas9 nuclease only appears to induce 

indels at these non-cognate sites with a very low frequency (less than 1%) 

(299, 300). In epigenome editing applications, even when a substantial 

number of off-target binding sites are identified, associated changes in gene 

transcription, epigenetic marks and chromatin accessibility are usually 

confined to the intended target in a highly specific manner (12, 256, 420, 

489, 499, 532, 533, 541, 542, 549).  

Cas9 is sensitive to the number and positioning of mismatches, and 

mismatches closest to the PAM most severely impact the propensity for 
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binding (298). There are various algorithms for choosing target sites that are 

likely to minimise off-target effects (298, 301, 302). Genome editing 

specificity can also be improved by titrating the amount of sgRNA and Cas9 

protein delivered for each application (298, 550). Several groups have 

released versions of SpCas9 in which residues that normally make non-

specific contacts with the DNA are mutated, creating Cas9 proteins with no 

detectable off-target effects that nevertheless maintain high on-target activity 

(303, 304). To our knowledge these high-specificity variants have not yet 

been combined with mutations to abolish the catalytic activity of the protein, 

however it is likely that this approach will be used in future dCas9 variants to 

allow for further reduction of off-target effects in epigenetic editing.  

There are also Cas proteins other than the conventional SpCas9 that may 

possess superior editing specificity. For example, Cpf1 is a Cas protein that 

utilises crRNAs and recognises a 5’ TTN PAM (262). Cpf1 proteins isolated 

from Acidaminococcus sp. and Lachnospiraceae sp. have been used for 

genome editing, and have proven to be highly specific (260, 263). DNase-

dead Cpf1 (ddCpf1) has also been used for gene repression in the absence of 

an effector domain (551, 552). An advantage to the use of Cpf1 is that this 

system requires only a short crRNA (rather than a crRNA and tracrRNA 

complex) and possesses RNase activity to process its own precursor crRNA, 

so multiple crRNAs can be delivered to cells in a single array (553). The 

diversity of CRISPR systems represents a wealth of untapped biological 

potential that is only beginning to be explored (259). 
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1.4.6 Side by side: how do the platforms compare? 

CRISPR has received the majority of attention and efforts in the field of 

genome and epigenome engineering in recent years. However, it is highly 

worthwhile to compare CRISPR to previously developed technologies. 

Studying ZFs and TALEs will prove instructive for future work with CRISPR, 

and can help us better understand the underlying mechanisms of epigenetic 

editing. There are also certain applications where TALEs and ZFs hold 

advantages over CRISPR systems. A summary of the main advantages and 

disadvantages of these epigenome editing platforms is provided in Table 1.1. 

1.4.6.1 Targeting specificity 

A significant issue of concern in epigenetic editing is the specificity of each 

platform, which can be investigated using a range of approaches. ChIP-seq 

has been used to profile the binding locations of DBD platforms (300, 429, 

499, 542); ChIP-seq, methylation assays and DNase-seq have been used to 

monitor changes in epigenetic marks or chromatin accessibility induced by 

each platform (489, 499, 541, 542, 549); and RNA-seq has been used to 

profile genome-wide transcriptional regulation associated with epigenetic 

editing (12, 256, 420, 499, 532, 533, 541, 542, 549). One variable that is not 

often accounted for when comparing the targeting specificity of different 

DBDs is the expression level of the protein of interest. High concentrations of 

Cas9, sgRNAs and ZF nucleases have been shown to produce greater levels of 

off-target binding and cleavage (298, 550), as the intended target site is 

rapidly saturated and occupancy at near-cognate sites is increased.  
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Table 1.1. Comparison of the features of ZF, TALE and CRISPR epigenome editing 
platforms. 
  

ZFs TALEs CRISPR 

Origin Eukaryotic transcription 
factors 

Plant pathogens Bacterial immune 
system 

Type of 
recognition 

Protein-DNA (or protein-
RNA) 

Protein-DNA RNA-DNA 

1:3—each ZF domain 
recognises a 3 bp 
subsite (although 
binding properties of 
ZFs can be 
unpredictable) 

1:1—repeat-variable 
dipeptide (RVD) in each 
TALE repeat binds to 1 
bp 

1:1—complementary 
base pairing between 
gRNA and DNA target 

Size Each finger is 20-30 
amino acids 

Each TALE repeat is 
33-35 amino acids 

SpCas9/dCas9 is 
approximately 1400 
amino acids, other Cas 
proteins vary Most editing 

applications use 6ZF 
proteins 

Most editing 
applications use 
approximately 20 
repeats 

Assembly 
methods 

Individual fingers are 
selected and then 
combined using 
methods such as 
modular assembly 

TALE repeats are 
assembled using golden 
gate cloning methods, 
FLASH assembly or 
iterative capped 
assembly 

Novel sgRNAs are 
easily cloned from 20 bp 
oligonucleotides or 
produced by in vitro 
transcription 

Specificity High frequency of off-
target binding 

Low frequency of off-
target binding 

Varying reports on 
frequency of off-target 
binding 

Specificity can be 
improved with 
sequential phage 
display or yeast two-
hybrid screens 

 Off-target effects can be 
reduced to undetectable 
levels with high-
specificity SpCas9 
variants 

Influence of 
chromatin 
micro-
environment 

Can bind condensed 
chromatin and 
hypermethylated DNA 

Binding may be 
impaired in regions of 
condensed chromatin 

Studies suggest that 
SpCas9 can bind 
condensed chromatin 
and hypermethylated 
DNA 

 Alternative RVD 
available to specifically 
recognise 5-
methylcytosine 

Other reports show 
ability to target 
hypermethylated CpG 
islands is limited 



89 

 
ZFs TALEs CRISPR 

Flexibility and 
potential for 
multiplexing 

Protein DBD must be 
custom-designed and 
built for each new target 

Protein DBD must be 
custom-designed and 
built for each new 
target; repetitive 
structure can cause 
cloning problems 

Process of sgRNA 
design and cloning 
(including generation of 
libraries) is simple and 
efficient 

 Some potential for high-
throughput synthesis by 
FLASH assembly 

Allows simultaneous 
editing of multiple 
marks, or combined 
genome and epigenome 
editing 

Ease of 
delivery 

Can be accommodated 
even in vectors with 
limited packaging 
capacity 

Requires greater 
capacity vectors 

Requires greater 
capacity vectors 

Creates difficulties for 
lentiviral delivery due to 
large numbers of 
tandem repeats 

AAV cannot 
accommodate SpCas9 
and requires use of 
smaller Cas proteins 

   Can be delivered as 
ribonucleoprotein (RNP) 
complexes 

 

As discussed previously, ZFs exhibit widespread off-target binding 

throughout the genome (416, 419, 427, 429). There are fewer studies of the 

genome-wide binding specificity of TALEs, however those that have been 

performed show low levels of binding at off-target sites (489, 499). There are 

some claims that CRISPR exhibits similar levels of genome-wide off-target 

binding as seen for ZFs, however there are many that show a far greater level 

of specificity for this platform (297-300, 499). Importantly, in most cases 

DBDs bind off-targets without inducing any effect on gene expression or 

epigenetic state at these sites (12, 256, 419, 420, 429, 489, 499, 532, 533, 541, 

542, 549). The use of alternative CRISPR proteins such as Cpf1 (260, 263, 

551, 552) or high-specificity SpCas9 variants (303, 304) for epigenetic editing 

may soon make CRISPR systems the preferred choice for minimising off-

target effects. 
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For all of the platforms, the selected target sequence is critical in determining 

editing specificity. Off-target binding occurs preferentially at sites that share 

most similarities with the cognate recognition sequence, and some sgRNAs, 

TALEs or ZFs exhibit far more widespread activity than others (12, 429, 465-

468). In silico target selection tools are available that take into account the 

known determinants of specificity for ZFs (403), TALEs (466) and CRISPR 

gRNAs (157, 158, 298, 515-522). However, these do not always accurately 

predict outcomes in vitro or in vivo, and for ZFs in particular, selection 

methods remain essential to minimise off-target effects (399, 444, 445). 

For genome editing, off-target sites that fall in known coding regions are of 

most concern. In contrast, when conducting epigenetic editing, off-targets 

that fall in regulatory regions pose the most risk of altering the epigenetic 

landscape and having a significant effect on gene expression. Algorithms and 

software programs designed to maximise specificity and efficiency of DBDs 

(particularly sgRNAs) are designed mainly with genome editing outcomes in 

mind. So far, there are no design tools that automatically identify whether a 

given ZF, TALE or sgRNA falls in known regulatory regions. The creation of 

these bioinformatic tools would be helpful in increasing the ease of designing 

epigenetic editing experiments. As more becomes known about the ideal 

target sites and effector domains for different types of epigenetic editing, 

target site selection algorithms could be integrated with epigenomic and 

regulatory databases for a unified epigenome editing design platform. 

1.4.6.2 Potency and longevity of editing  

It is very difficult to compare the potency of different DBDs for epigenome 

editing because of the wide range of target genes and effectors that have been 
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employed. To complicate the issue further, the same gene can have a vastly 

different chromatin context across cell lines, and thus respond differently to 

epigenome editing tools. There has been a range of reports comparing 

different DBD platforms, with varying findings as to which is superior. For 

example, TALE-VP64 fusions performed better than dCas9-VP64 fusions for 

gene activation (488, 536), and recruited more p300 resulting in enhanced 

H3K27ac. dCas9 might create more steric hindrance than TALEs, interfering 

with native TF binding and thus achieving less overall gene activation than 

TALEs (536). This property could give dCas9-based DBDs an advantage in 

situations where gene repression is desired, in line with evidence that dCas9-

KRAB is more potent than TALE-KRAB proteins (536). dCas9-TET1 and 

dCas9-DNMT3A also have a stronger epigenetic editing effect than TALEs 

with these effector domains at the same loci (493, 506, 542). However, 

dCas9-p300 displayed more robust editing and gene activation than either 

ZF or TALE p300 fusions (420).  

Why some target sites work better with certain DBD or effector combinations 

is still not completely clear. It is highly likely that variation in expression 

levels of particular editing constructs has an important impact on the potency 

of the epigenetic and gene expression changes observed, as well as on the 

specificity of editing, as mentioned previously. For this reason, it is important 

to account for protein expression levels when comparing different platforms. 

Additionally, the order and orientation of effector domains in relation to the 

DBD is a factor that may influence potency of the resulting fusion proteins. 

This has been observed for dCas9-VP64 and KRAB (533), as well as second-

generation activation domains such as dCas9-VPR (253). When using the 
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SunTag system, increasing the length of the peptide linkers between the array 

of TET1 effector domains enhanced the efficiency of demethylation (541).  

One way to increase potency for the majority of epigenetic editing platforms 

is through the use of multiple effector domains that act through different 

epigenetic pathways, creating a synergistic effect. Many of the next-

generation CRISPR transcriptional activators work by this principle, for 

example dCas9-VPR (253) and the SAM system (256), but the strategy of 

combining multiple effector domains to enhance epigenetic editing has been 

applied for many years with ZFs (412, 425, 426). Synergistic effects have been 

observed by targeting multiple sites with the same DBD and effector domain, 

the same DBD with different effector domains, and different DBDs with the 

same effector domain (292, 487, 488).  

Although there is some evidence that ZF-DNMT3A constructs can achieve 

heritable epigenetic editing in inducible lentiviral systems (293), several 

groups have found that the simultaneous editing of multiple epigenetic 

pathways is the most reliable way to create lasting epigenetic memory. 

Examples include the combination of HMTs PRDM1 and DOT1L for 

transcriptional activation (543), or DNMT3A, DNMT3L and KRAB for DNA 

methylation and gene silencing (549). These combinations of effectors 

recapitulate the cooperative and multifaceted nature of epigenetic initiation, 

propagation and maintenance during DNA replication. For this reason, new 

discoveries in the field of epigenetics more broadly will bring further 

opportunities for epigenetic editing. As our knowledge expands, we may be 

able to separate the interacting factors and better design platforms and 

effector domains to suit particular target sites and editing applications.  
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1.4.6.3 Ability to bind condensed chromatin 

There is evidence that ZFs, TALEs and CRISPR respond differently to the 

effects of the chromatin microenvironment at the target site, a factor that 

may impact target site selection as well as the resulting potency of editing. 

ZFs have a high binding affinity to C/G-rich sequences (554) and are able to 

access DNA and induce epigenetic editing even at hypermethylated DNA 

regions (288, 290, 416, 418, 431-433, 543). As discussed previously, there are 

conflicting reports on the ability of TALEs to bind condensed chromatin 

regions. In some instances, TALE binding is severely impaired in 

hypermethylated DNA regions (490, 491). The recognition of 5mC may also 

require a different RVD than unmethylated cytosine (463, 492). However, 

there are reports of efficient TALE binding in human pericentromeric and 

telomeric sites, and other regions with high levels of DNA methylation (147, 

499).   

Previous studies have found that dCas9 can bind and upregulate target sites 

regardless of local chromatin accessibility (298, 499, 532, 535), however in 

most instances the target sites of dCas9 were not designed in 

hypermethylated CGIs. Others have shown dCas9 binding is impaired in 

hypermethylated CGIs (300, 543) and nucleosome occupied regions (555). 

High levels of CpG methylation reduced the efficacy of epigenetic editing by 

dCas9, whereas ZFs were able to induce gene reactivation regardless of the 

methylation status of the promoter (543). Additionally, transcriptional 

upregulation by dCas9 persisted long-term in hypomethylated, but not 

hypermethylated regions (543). If dCas9 is indeed unable to access 

hypermethylated regions as well as ZFs, this is a significant drawback in their 

use in epigenetic editing, but this issue remains to be resolved.  
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1.4.6.4 Adaptability and potential for multiplexing 

Both ZFs and TALEs require the design and synthesis of a new protein DBD 

for each new target site of interest, which is labour-intensive and costly (257). 

TALEs also pose challenges in construction and delivery as their repetitive 

sequences are prone to recombination (505). CRISPR systems have become 

the preferred platform largely because it is significantly easier and cheaper to 

design, construct, validate, multiplex and run high-throughput studies with 

novel sgRNAs, rather than creating many ZFs or TALEs. Vora et al. speculate 

that constructing a TALE library targeting every protein-coding gene in the 

human genome would cost over $1 million and take 200 days (258). In 

contrast, CRISPR sgRNA libraries targeting every human protein-coding 

gene can be generated in a few weeks for as little as $5000. 

CRISPR also far outperforms both ZFs and TALEs in the opportunities for 

multiplexing and simultaneous genome and epigenome editing. RNA 

aptamer-based systems can be used for simultaneous activation and 

repression of different genes, by using different aptamers that are recognised 

by their corresponding coat proteins fused to a variety of effector domains 

(556). Since the discovery that truncated sgRNAs (16 nucleotides or less) 

allow Cas9 to bind DNA but not cleave, it has been possible to use sgRNAs of 

different lengths, and the Cas9 nuclease fused to an activator such as VPR, to 

conduct simultaneous genome editing and transcriptional regulation at 

different target sites (557, 558). 

The position of the DBD target site in relation to the transcription start site, 

specific CpGs of interest, nucleosomes, TF binding sites, enhancers or other 

regulatory features can have a significant impact on the outcome of an 



95 

epigenome editing experiment. With this in mind, platforms with more 

flexible targeting requirements offer an advantage to researchers. ZFs and 

TALEs have some limitations for target site selection—ZFs have a bias for 

GNN triplets, while TNN binding is poor (394, 559), and TALEs show 

optimal binding to target sites with T as the first nucleotide, although this is 

not essential (458, 459). SpCas9/dCas9 is strictly limited by its NGG PAM 

requirement, which can pose difficulties in targeting C/G-poor regions. 

However, there are now modified SpCas9 variants with altered PAM 

specificities (560), and Cas9 orthologs from species that utilise different PAM 

sequences, such as the 5’ TTN PAM recognised by Cpf1 proteins (260-263). 

The rate of new publications in this field strongly suggests that the CRISPR 

toolbox will continue to be extended further and offer more possibilities to 

overcome target site limitations. 

1.4.7 Summary and outlook—The promises and potential pitfalls 
of epigenome editing 

The discovery of the immense potential that lies in the epigenome, and the 

beginning of efforts to manipulate and exploit this by epigenome editing, is 

one of the most exciting developments in molecular biology in recent 

decades. With a greater variety of editing tools at our disposal, we are better 

able to investigate the causal relationship between epigenetic modifications 

and transcriptional regulation, and it is now beyond doubt that at least some 

epigenetic marks are themselves the instigators of changes to gene 

expression. Although progress has been rapid, we do not yet fully understand 

the precise influence of chromatin environment at the target site on 

epigenetic editing platforms, and how this affects the potential for and 

sustainability of epigenetic changes. The details of crosstalk between histone 
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modifications and DNA methylation are only just beginning to be uncovered. 

Improved epigenetic editors will drive the elucidation of epigenetic 

mechanisms, and detailed understanding of epigenetic mechanisms will in 

turn enable the next generation of editing tools.  

Beyond the basic scientific understanding of epigenetic processes, epigenetic 

editing may also allow us to reprogram cells in a specific and lasting manner. 

Several groups have shown transcriptional activators can direct pluripotent 

cells to particular lineages, such as myocytes (538) and neurons (253). Cell 

reprogramming is likely to be more effective and stable with advancements in 

editing technology that allow the ability to multiplex, targeting many relevant 

differentiation factors. 

Finally, there is the possibility for future therapeutic applications of 

epigenome editing. Editing the epigenome has the potential to correct disease 

phenotypes, many of which are due to misregulated epigenetic and 

transcriptional states, as well as genetic aberrations (359, 360). Epigenetic 

editing is an attractive therapeutic option, as it can be adapted to be 

temporary or long-lasting, and is potentially reversible. Importantly, 

epigenetic editing does not pose the same risks of unintended genetic 

mutations as genome editing. There are already FDA-approved epigenetic 

modifying drugs (181), but epigenetic editing could provide far greater 

benefits as the effect is limited to the target gene or genes. ZF and CRISPR 

nucleases are currently in clinical trials for cancer immunotherapy (257), 

however epigenome editing therapies are less well-advanced. A promising 

example of the potential for an epigenetic editing therapy includes 
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reactivating latent HIV-1 expression for better detection and treatment (561, 

562). 

A possible bottleneck in the development of epigenome editing therapeutics 

is the availability of methods for efficient and safe delivery. Small dCas9 

orthologs can be accommodated in the limited packaging capacity of adeno-

associated virus (AAV), also allowing space for effector domains and sgRNAs 

(305). However, the transient “hit-and-run” delivery of epigenetic editing 

tools is also appealing, presenting reduced risk of off-target effects and host 

genome integration. Nanoparticle delivery methods (282, 306-308) and the 

use of ribonucleoproteins rather than DNA (284, 309, 310) could be 

advantageous in this regard. Additionally, characterization of the potential 

immune responses to each epigenome engineering tool and effector domain 

in vivo warrants further investigation.  

Epigenetic editing is a field still in the very early stages of development, 

however with the tools now available progress is occurring at a greater rate 

than ever before. CRISPR is a revolutionary technology for selectively 

modifying the epigenome, but an understanding of alternative platforms and 

their strengths and weaknesses might assist in the ongoing efforts to fully 

exploit the many promises of epigenetic editing.  
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1.5 Aims and outline of thesis chapters 

Chapter 1 outlined the role of PTEN in cell signalling, cancer and the CNS, 

provided a summary of how CRISPR systems have been applied in cancer 

research and epigenome editing, and explained how CRISPR offers 

advantages over previously available gene editing platforms. The aim of this 

PhD project was to modify PTEN expression in cancer cells and CNS neurons 

with CRISPR/Cas9 genetic and epigenetic editing. This experimental work is 

the focus of the following three chapters. Below, the aims, hypotheses and 

potential impact of each Chapter are described. 

1.5.1 Chapter 2: Activating the PTEN tumour suppressor gene in 
BRAF-mutant melanoma and triple negative breast cancer 
with the CRISPR/dCas9 system 

Chapter 2 deals with the issue of transcriptional PTEN repression in cancer. 

As previously outlined, small changes in PTEN dose can affect cancer 

susceptibility (23, 70, 125, 149), so reactivation of PTEN expression in these 

cancers could have beneficial effects.  

1.5.1.1 Aim 

The aim of Chapter 2 was to activate PTEN transcription in BRAF-mutant 

melanoma and TNBC cell lines in which PTEN was transcriptionally 

repressed but not mutated, to inhibit the activity of downstream oncogenic 

signalling pathways, reduce the capacity for migration and increase 

sensitivity to PI3K/mTOR and B-Raf inhibitors.  
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1.5.1.2 Hypotheses 

· dCas9 fused to the transcriptional activator VPR and directed to the PTEN 

proximal promoter with sgRNAs, will significantly increase PTEN mRNA 

and protein expression in BRAF-mutant melanoma and TNBC cell lines. 

· The mRNA expression of predicted potential off-target binding sites of 

PTEN-targeting sgRNAs will not be significantly altered by delivery of the 

dCas9-VPR activation system. 

· PTEN transcriptional activation will significantly inhibit downstream 

AKT/mTOR and MAPK oncogenic signalling pathways. 

· PTEN transcriptional activation will significantly inhibit the capacity for 

migration and increase sensitivity to B-Raf and PI3K/mTOR inhibitors in 

BRAF-mutant melanoma cells. 

1.5.1.3 Impact 

The findings of Chapter 2 suggest that PTEN activation may be a novel 

approach to limit metastasis and reduce resistance to existing 

chemotherapeutic drugs in some PTEN-deficient tumours. 

1.5.2 Chapter 3: Correcting a PTEN mutation in triple negative 
breast cancer with CRISPR/Cas9-mediated homology-
directed repair 

Although transcriptional activation of PTEN may have the potential to 

improve the response of certain cancers to chemotherapy, it is not 

appropriate in tumours where PTEN is mutated. PTEN mutation is 

significantly associated with a mesenchymal and stem-like phenotype in 

TNBCs (142, 563-565), which are aggressive and prone to drug resistance 

(566-569). 
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1.5.2.1 Aim 

The aim of Chapter 3 was to employ gene editing to correct a PTEN mutation 

in the TNBC cell line BT-549, which harbours a single base pair deletion in 

PTEN causing truncation of PTEN protein.  

1.5.2.2 Hypotheses 

· Delivery of Cas9 protein, PTEN-targeting sgRNA and single-stranded 

DNA oligonucleotide (ssODN) repair template will result in HDR-

mediated correction of the PTEN single nucleotide deletion in a subset of 

BT-549 cells. 

· CRISPR-treated BT-549 cells, when seeded individually, will produce 

single-cell derived clonal lines. 

· A small number of single-cell derived clonal lines will possess the 

corrected PTEN genomic sequence and restored PTEN protein 

expression. 

· Clonal lines in which the BT-549 PTEN mutation has been corrected will 

exhibit significant inhibition of downstream oncogenic signalling 

pathways, reduced proliferation, and reduced migratory capacity.  

1.5.2.3 Impact 

The approach described in Chapter 3 could be applied to model the effect of 

TSG restoration for other genes, and suggests the possibility of a personalised 

cancer therapy in the early stages of cancer development. However, there are 

many difficulties associated with CRISPR-HDR for therapeutic gene editing 

in the context of cancer, which are discussed in detail in Chapter 3, along 

with suggestions for improvements to future studies in this area. 
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1.5.3 Chapter 4: Transcriptional repression of PTEN in human 
iPSC-derived neurons using CRISPR/dCas9 epigenetic 
editing 

Chapter 4 examines the role of PTEN in the CNS, rather than in cancer. 

Conditional deletion or shRNA knockdown of PTEN have previously been 

shown to improve the capacity of damaged CNS neurons to regrow axons 

across an injury site (218-222, 227, 228). There are also pharmacological 

methods of PTEN inhibition (230-233), however these have the potential for 

non-specific inhibition of other protein phosphatases, do not have long-

lasting effects, and do not allow for targeted PTEN repression in specific cell 

types of the brain and spinal cord. The efficacy of PTEN repression at the 

level of transcription has not yet been investigated.  

1.5.3.1 Aim 

The aim of Chapter 4 was to repress PTEN expression with CRISPR/dCas9 

epigenetic editing, in the model human embryonic kidney (HEK) 293T cell 

line, human mesenchymal precursor cells (hMPCs) and human neurons 

derived from induced pluripotent stem cells (iPSCs). 

1.5.3.2 Hypotheses 

· dCas9 fused to the KRAB repressor domain and directed to the PTEN 

proximal promoter with sgRNAs, will significantly reduce PTEN mRNA 

and protein expression in human model cell types and CNS neurons 

derived from iPSCs.  

· The mRNA expression of predicted potential off-target binding sites of 

PTEN-targeting sgRNAs will not be significantly altered by delivery of the 

dCas9-KRAB repression system. 
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· The dCas9-KRAB repression system will significantly increase H3K9 

trimethylation and reduce H3K9 acetylation at the PTEN proximal 

promoter. 

· Delivery of the dCas9-KRAB repression system to CNS neurons derived 

from iPSCs will result in activation of downstream growth associated 

AKT/mTOR pathways and significantly increased neurite outgrowth in 

vitro. 

1.5.3.3 Impact 

The results of Chapter 4 demonstrate that PTEN repression with dCas9-

KRAB could constitute a potential gene therapy to improve the regenerative 

capacity of CNS neurons after injury. 

Overall, this PhD thesis presents a range of strategies targeting PTEN for the 

treatment of cancer and CNS regenerative failure. Remaining challenges and 

uncertainties regarding the applicability of these approaches, the wider 

implications of this work, and suggestions for further research are discussed 

in Chapter 5.  
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2.1 Abstract 

PTEN expression is lost in many cancers, and small changes in PTEN dose can 

affect cancer susceptibility and prognosis. This loss of expression can occur via 

multiple mechanisms, including mutation, transcriptional repression and 

epigenetic silencing. Transcriptional PTEN repression contributes to intrinsic 

and acquired resistance to B-Raf inhibitors in BRAF-mutant melanoma. Loss 

of PTEN expression is also associated with basal- and stem-like phenotypes in 

triple negative breast cancer (TNBC). We aimed to activate PTEN expression 

in cancer cells where it was transcriptionally repressed using the CRISPR 

system, specifically dead (d) Cas9 fused to the tripartite transactivator protein 

VP64-p65-Rta (VPR), directed to the PTEN proximal promoter by single guide 

RNAs (sgRNAs). The dCas9-VPR activation system increased PTEN mRNA 

and protein levels in TNBC and melanoma cell lines, without concomitant 

transcriptional regulation at predicted off-target sgRNA binding sites. PTEN 

activation resulted in repression of downstream oncogenic signalling proteins, 

including AKT, mTOR and MAPK. BRAF V600E-mutant SK-MEL-28 

melanoma cells displayed reduced migratory potential following PTEN 

activation, and showed diminished colony formation in the presence of the B-

Raf inhibitor dabrafenib, the dual PI3K/mTOR inhibitor dactolisib, and with 

combined PI3K/mTOR and B-Raf inhibition. PTEN activation with 

CRISPR/dCas9 could constitute a novel option for the treatment of aggressive 

and drug-resistant cancers. 
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2.2 Introduction 

Phosphatase and tensin homolog (PTEN) is an important and multifunctional 

tumor suppressor gene that inhibits a broad range of cellular processes, 

including survival, cell cycle progression and migration1. Loss of PTEN activity 

contributes to the development and drug resistance of many malignancies 

associated with poor outcome1-3. Canonically, PTEN acts as an antagonist of 

the phosphoinositide 3-kinase (PI3K)/AKT pathway. By converting 

phosphatidylinositol-trisphosphate (PIP3) to phosphatidylinositol-

disphosphate (PIP2), PTEN prevents activation of AKT, inhibiting AKT-

mediated downstream effects that include cell survival, cell cycle progression, 

and regulation of transcription, translation and metabolism4. In addition, 

dephosphorylation of protein substrates by PTEN may be responsible for 

diverse functions such as inhibition of migration, induction of cell cycle arrest, 

and inhibition of stem cell self-renewal4-6. 

Loss of PTEN is a very common event in cancer development and progression. 

Somatic missense mutations, truncating mutations and deletion of large 

chromosomal regions in PTEN occur in most cancer types7. Beyond mutations, 

PTEN levels are also regulated by an array of transcriptional and post-

transcriptional mechanisms. A number of transcription factors are known to 

repress PTEN expression8-12, and epigenetic silencing of PTEN by promoter 

DNA methylation has been reported in endometrial carcinoma, breast cancer, 

colorectal cancer and melanoma, among others13-20. Many lines of evidence 

suggest that PTEN acts as a haploinsufficient tumor suppressor gene, and 

consequently even small changes in PTEN activity can influence cancer 
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development and prognosis6,21,22, which has the potential to be exploited 

therapeutically. 

PTEN expression is reduced or lost in approximately 40% of primary 

melanomas and 60% of metastases17,23,24. However, genetic PTEN alterations 

are only detected in about 10% of melanomas, and PTEN promoter DNA 

methylation and transcriptional repression may be responsible for PTEN loss 

in many of the remaining clinical cases17,24,25. In melanomas harboring V600E 

BRAF mutation, loss of PTEN expression confers intrinsic resistance to B-Raf 

inhibitors due to the possibility of “escape” through AKT pathway activation26-

31. Moreover, melanomas that initially respond to B-Raf inhibitors often 

acquire resistance over prolonged treatment, which is partly attributable to 

PTEN transcriptional silencing32-35. Combination therapies that target both 

the PI3K/AKT and Ras/Raf/mitogen-activated protein kinase (MAPK) 

pathways are being trialed to overcome B-Raf inhibitor resistance in advanced 

melanoma33,36-39. PTEN also plays an important role in the context of highly 

aggressive breast cancers, with loss of PTEN expression via PTEN promoter 

DNA methylation documented in up to 30% of sporadic breast tumors19,40,41. 

Diminished PTEN expression in breast cancer is positively correlated with 

poor prognosis, emergence of metastasis and stem cell-like maintenance and 

survival, and has been described as a signature of the aggressive basal-like 

breast cancer subtype42-46.  

Since changes in PTEN dose have a significant impact on disease severity6,21,22 

and PTEN expression can be regulated transcriptionally and epigenetically in 

absence of PTEN mutation8-20, we reasoned that transcriptional reactivation 

of PTEN expression could inhibit progression and increase drug sensitivity in 
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aggressive, PTEN-deficient cancers in which PTEN is not mutated. The 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 

CRISPR-associated protein 9 (Cas9) system, adapted from the acquired 

immune system of Streptococcus pyogenes, has provided a novel, highly 

efficient method for targeted gene activation47. CRISPR/Cas9 was initially 

employed for gene editing applications, in which the endonuclease Cas9 is 

directed to a target DNA sequence by a single guide RNA (sgRNA), whereupon 

it induces double-stranded DNA cleavage48-50. The versatility of the CRISPR 

system was expanded by mutation of the nuclease domains of Cas9 to yield a 

‘dead’ Cas9 (dCas9). dCas9 maintains the ability to be directed to a specific 

genomic location by altering the sgRNA sequence, but does not cause DNA 

double-strand breaks. Instead, dCas9 is fused to a variety of effector domains 

for transcriptional activation and repression, epigenetic editing, and a range of 

other functions, many of which have been applied in the field of cancer 

research47,51. One such effector domain consists of three mechanistically 

distinct transactivators, VP64, p65 and Rta (VPR)52. The dCas9-VPR system 

has achieved unprecedented functional reactivation of epigenetically silenced 

tumor suppressor genes53.  

Here we establish the efficacy of dCas9-VPR artificial transcription factors 

(ATFs) to activate PTEN transcription to inhibit the PI3K/AKT/mTOR 

signaling axis in melanoma and TNBC cell lines. We demonstrate the utility of 

this approach as a potential therapy to treat highly aggressive tumors for which 

no effective treatment is currently available. 
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2.3 Results and discussion 

From a panel of melanoma and TNBC human cell lines (Figure 2.1A), we 

selected two human cell lines as models for reactivation of PTEN 

transcription—the melanoma cell line SK-MEL-28, and the TNBC cell line 

SUM159. These lines are PTEN wildtype but exhibited reduced levels of PTEN 

expression relative to normal human melanocytes or normal-like human 

breast epithelial cells (Figure 2.1A). SK-MEL-28 possess a BRAF V600E 

mutation and show intrinsic resistance to the B-Raf inhibitor dabrafenib, 

which is enhanced with prolonged dabrafenib treatment (1). SUM159 are a 

mesenchymal stem-like TNBC cell line (2). To reactivate PTEN expression in 

these lines, we exploited the dCas9-VPR transactivation system (Fig. 1B). We 

designed four sgRNAs targeting the PTEN proximal promoter, in a region up 

to 300 base pairs (bp) upstream of the transcription start site (TSS) of PTEN 

mRNA transcript variant 1 (Figure 2.1C). sgRNA target sites were selected for 

minimal predicted off-target activity and maximal on-target activity according 

to established algorithms (3). Four different sgRNAs were chosen, informed 

by previous studies with CRISPR-based ATFs where the combined delivery of 

three to four sgRNAs per target provided increased levels of endogenous gene 

activation (4-7).  
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Figure 2.1. PTEN is activated by the dCas9-VPR system in SK-MEL-28 melanoma and 
SUM159 TNBC cell lines. A: PTEN mRNA expression in a panel of BRAF-mutant melanoma 
and TNBC cell lines. PTEN wildtype (WT) or mutant (mut) status is indicated with clear and 
hatched bars, respectively. Data are presented as PTEN mRNA expression level relative to 
normal human melanocytes or normal-like immortalised breast epithelial cells (MCF-10A). 
SK-MEL-28 and SUM159 were selected as cell line models with wildtype but transcriptionally 
downregulated PTEN. n=3, error bars show standard error of the mean (SEM). B: Schematic 
representation of the sgRNA-dCas9-VPR complex. dCas9 is in direct C-terminal fusion with 
transactivators VP64, p65 and Rta. sgRNAs bind upstream of the PTEN transcription start 
site (TSS) to activate gene expression. C: sgRNA target sites in the PTEN proximal promoter 
region. sgRNA numbering refers to the distance in base pairs from the TSS of PTEN mRNA 
transcript variant 1. Arrows indicate whether the sgRNA targets the forward or reverse DNA 
strand. D-I: dCas9-VPR was stably expressed in SK-MEL-28 and SUM159 cell lines with no 
sgRNA, individual sgRNAs targeting the PTEN proximal promoter, or a mix of all four PTEN-
targeting sgRNAs. D, E: Fold change in PTEN mRNA expression in qRT-PCR relative to 
dCas9-VPR with no sgRNA in SK-MEL-28 (green bars, D) and SUM159 (blue bars, E). ** 
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p<0.01, *** p<0.001 (one-way ANOVA with Dunnett’s multiple comparisons test), n=3, error 
bars show SEM. F, G: Immunoblot of PTEN and GAPDH in SK-MEL-28 (F) and SUM159 (G) 
cell lines. Conditions correspond to qRT-PCR data labelled above (each blot is representative 
of two independent biological replicates). H, I: Immunofluorescence of PTEN and Hoechst-
stained cell nuclei in SK-MEL-28 (H) and SUM159 (I) cell lines. Scale bar represents 100 μm.  
 
 

2.3.1 The dCas9-VPR system specifically activates PTEN mRNA 
and protein expression 

The dCas9-VPR activation system (Figure 2.S1) was stably expressed in SK-

MEL-28 and SUM159 cell lines by lentiviral transduction and antibiotic 

selection. dCas9-VPR was delivered either with no sgRNA, with individual 

PTEN-targeting sgRNAs, or with a combination of all four sgRNAs targeting 

the PTEN proximal promoter. qRT-PCR and Western blot were performed to 

assess mRNA and protein expression (Figure 2.1D-E). In SK-MEL-28, PTEN 

expression was significantly activated by sgRNA -54 (2.34-fold increase 

relative to dCas9-VPR with no sgRNA, p<0.01) and the combination of all four 

sgRNAs (2.89-fold increase relative to dCas9-VPR with no sgRNA, p<0.001). 

In SUM159, PTEN expression was also significantly activated by sgRNA -54 

(2.27-fold increase relative to dCas9-VPR with no sgRNA, p<0.001) and the 

combination of all four sgRNAs (2.13-fold increase relative to dCas9-VPR with 

no sgRNA, p<0.001). Western blot results corresponded to the observed 

changes in mRNA expression. Immunofluorescence confirmed activation of 

PTEN in both cell lines with the delivery of either sgRNA -54 or a mix of all 

four sgRNAs (Figure 2.1H-I). 

We were concerned with the possibility of off-target gene regulation being 

induced by dCas9-VPR occupancy at non-cognate sgRNA target sites. To 

investigate this, we analysed PTEN sgRNA sequences using Cas-OFFinder 

software (8) to compile a shortlist of potential genome-wide off-target sgRNA 
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binding sites. From this list, we identified off-target sequences that were 

located in regulatory regions (promoters and enhancers) with the potential to 

modulate gene expression. Two potential off-target binding sites, each of 

which contained three mismatches to the cognate sequence of PTEN sgRNA -

54 or -241, were identified in CpG islands upstream of the genes SAMD11 and 

COL11A2, respectively. qRT-PCR was conducted to assess regulation of these 

targets by dCas9-VPR, comparing either the relevant sgRNA alone or a mix of 

four PTEN-targeting sgRNAs, to dCas9-VPR with no sgRNA as control (Figure 

2.2). There was no significant effect on COL11A2 or SAMD11 expression in 

either the SK-MEL-28 or SUM159 cell line. This is in line with previous studies 

on CRISPR ATFs and epigenetic editors that have shown that although dCas9 

binding may be detected at off-target sites, very few of these binding events are 

associated with changes to gene expression or epigenetic modifications (5, 6, 

9-18). 
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Figure 2.2. PTEN activation by dCas9-VPR does not affect expression of predicted off-
target genes. Two off-target sites with the highest genome-wide similarity to PTEN sgRNAs 
-54 (A) and -241 (C) fell in the regulatory regions of genes SAMD11 and COL11A2, 
respectively. Mismatches between cognate and off-target sequences are highlighted in red, 
protospacer-adjacent motif (PAM) sequences are underlined, and green shaded regions of 
DNA represent CpG islands. B, D: dCas9-VPR was stably expressed in SK-MEL-28 (green 
bars) and SUM159 (blue bars) cell lines with no sgRNA, PTEN sgRNA -54 (B) or -241 (D), or 
a mix of all four sgRNAs targeting the PTEN proximal promoter. Data are shown as fold 
change in PTEN and SAMD11 (B) or COL11A2 (D) mRNA expression in qRT-PCR relative to 
dCas9-VPR with no sgRNA. There was no significant effect on SAMD11 or COL11A2 
expression. ** p<0.01, *** p<0.001 (one-way ANOVA with Dunnett’s multiple comparisons 
test), n=3, error bars show SEM. 
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2.3.2 PTEN activation inhibits oncogenic signalling pathways 

After establishing that the dCas9-VPR system activated PTEN at mRNA and 

protein levels, we were interested in the impact of this activation on 

downstream oncogenic signalling pathways (Figure 2.3A). In SK-MEL-28, 

Western blot revealed a significant reduction in levels of phosphorylated 

(phospho)-AKT at serine (S)473 when dCas9-VPR was delivered with a mix of 

all four PTEN sgRNAs (0.39-fold relative to dCas9-VPR with no sgRNA, 

p<0.05), and a significant reduction in levels of phospho-AKT at threonine 

(T)308 when dCas9-VPR was delivered with either sgRNA -54 (0.36-fold 

relative to dCas9-VPR with no sgRNA, p<0.05) or mix of all four sgRNAs 

(0.39-fold relative to dCas9-VPR with no sgRNA, p<0.01) (Figure 2.3B-C). 

There was no significant difference in levels of total AKT protein between these 

conditions. 

In SUM159, there was a significant reduction in levels of phospho-AKT S473 

when dCas9-VPR was delivered with PTEN sgRNA -54 (0.47-fold relative to 

dCas9-VPR with no sgRNA, p<0.05), and a significant reduction in levels of 

phospho-AKT T308 when dCas9-VPR was delivered with either sgRNA -54 

(0.40-fold relative to dCas9-VPR with no sgRNA, p<0.01) or mix of all four 

sgRNAs (0.70-fold relative to dCas9-VPR with no sgRNA, p<0.05) (Figure 

2.3B, D). Again, there was no significant difference in total AKT protein levels 

between conditions. In addition, SUM159 cells showed a significant reduction 

in levels of phospho-mTOR S2448 when dCas9-VPR was delivered with either 

sgRNA -54 (0.41-fold relative to dCas9-VPR with no sgRNA, p<0.05) or mix of 

all four sgRNAs (0.45-fold relative to dCas9-VPR with no sgRNA, p<0.05). As 

well as inhibiting the AKT/mTOR pathway, PTEN has been shown to reduce 
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MAPK activation via dephosphorylation of the adaptor protein Shc on growth 

factor receptor tyrosine kinases and integrins (19, 20). In SUM159, there was 

a significant reduction in phospho-p44/42 MAPK with both dCas9-VPR with 

sgRNA -54 alone (0.33-fold relative to dCas9-VPR with no sgRNA, p<0.05), 

and dCas9-VPR with a mix of four PTEN sgRNAs (0.43-fold relative to dCas9-

VPR with no sgRNA, p<0.05).  

 

Figure 2.3. PTEN activation inhibits downstream AKT/mTOR and MAPK oncogenic 
signalling pathways. A: Immunoblot of proteins in AKT/mTOR and MAPK pathways in SK-
MEL-28 and SUM159 cell lines that stably express dCas9-VPR with no sgRNA, PTEN sgRNA 
-54, or a mix of four sgRNAs targeting the PTEN proximal promoter (each blot is 
representative of two independent biological replicates). B, C: Relative quantification of 
protein abundance normalised to GAPDH, relative to dCas9-VPR with no sgRNA, in SK-MEL-
28 (green bars, B) and SUM159 (blue bars, C) cell lines. * p<0.05, ** p<0.01 (one-way ANOVA 
with Dunnett’s multiple comparisons test), n=2, error bars show SEM. 
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2.3.3 PTEN activation reduces migration and proliferation of SK-
MEL-28 melanoma cells 

After validating a significant inhibition of the AKT/mTOR pathway by PTEN 

activation, we assessed the phenotypic characteristics of PTEN-activated SK-

MEL-28 cells. PTEN inhibits cell migration via PI3K/AKT pathway 

antagonism and its protein phosphatase activity (21). We used a transwell 

migration assay to assess the potential of SK-MEL-28 cells to migrate across a 

membrane toward a serum chemoattractant. We observed a significant 

reduction in the number of migrating cells when dCas9-VPR was delivered 

with either sgRNA -54 (89.9% of the number of migrating cells with dCas9-

VPR with no sgRNA, p<0.05), or with a mix of four PTEN-targeting sgRNAs 

(54.1% of the number of migrating cells with dCas9-VPR with no sgRNA, 

p<0.001) (Figure 2.4A-B). We also conducted immunofluorescence staining 

for Ki67, a commonly used marker of actively proliferating cells. We observed 

a small but significant reduction in the percentage of Ki67-positive (+) SK-

MEL-28 cells when dCas9-VPR was delivered with a mix of four PTEN sgRNAs 

(85.8% Ki67+ cells compared to 95.2% Ki67+ cells with dCas9-VPR with no 

sgRNA, p<0.05) (Figure 2.S2). 

2.3.4 PTEN activation reduces resistance of SK-MEL-28 
melanoma cells to B-Raf and PI3K/mTOR inhibitors 

Loss of PTEN expression has previously been shown to confer both innate and 

acquired resistance to B-Raf inhibitors in BRAF-mutant melanoma through 

activation of the PI3K/AKT pathway (22-31). The SK-MEL-28 cell line 

harbours wildtype but transcriptionally repressed PTEN relative to normal 

melanocytes, and exhibits both innate and acquired resistance to B-Raf 

inhibitors (1). We treated PTEN-activated SK-MEL-28 cells with dabrafenib 
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(GSK2118436), an FDA-approved B-Raf inhibitor for the treatment of patients 

with BRAF V600E mutation-positive advanced melanoma (32). With 72-hour 

dabrafenib treatment, we observed a small but significant increase in the 

maximum inhibition of cell viability in PTEN-activated SK-MEL-28 cells 

(51.5% viability for dCas9-VPR with no sgRNA, compared to 42.3% viability 

for sgRNA -54 alone and 43.0% viability for a mix of four PTEN sgRNAs, 

p<0.01) (Figure 2.S3).  

 

Figure 2.4. PTEN activation inhibits migration and confers increased sensitivity to 
combined B-Raf and PI3K/mTOR inhibition in the SK-MEL-28 melanoma cell line. 
dCas9-VPR was stably expressed in SK-MEL-28 with no sgRNA, PTEN sgRNA -54, or a mix 
of four sgRNAs targeting the PTEN proximal promoter. A-B: Representative images of 
migrating SK-MEL-28 cells are displayed (A), along with quantification of number of migrating 
cells relative to dCas9-VPR with no sgRNA (B). * p<0.05, **** p<0.0001 (one-way ANOVA with 
Dunnett’s multiple comparisons test), n=3, error bars show SEM. C-H: Long-term colony 
formation assay with SK-MEL-28 cells grown in dabrafenib (C, D), dactolisib (E, F) or 
combined dabrafenib and dactolisib (G, H) for a period of 3 weeks. Representative images of 
wells are displayed (C, E, G), along with the average number of colonies per well (relative to 
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dCas9-VPR with no sgRNA) and average colony diameter (D, F, H). * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001 (one-way ANOVA with Dunnett’s multiple comparisons test), n=3, 
error bars show SEM. 
 
 
We subsequently determined the capacity of SK-MEL-28 to form colonies in 

the presence of dabrafenib. Cells were seeded at low density and grown in 5 

nM dabrafenib over a period of three weeks. There were significantly fewer 

colonies per well on average when dCas9-VPR was delivered with sgRNA -54 

(57.8% of the number of colonies with dCas9-VPR with no sgRNA, p<0.05) or 

a mix of four PTEN sgRNAs (40.0% of the number of colonies with dCas9-VPR 

with no sgRNA, p<0.05) (Figure 2.4C-D). Average colony size was also 

significantly reduced when dCas9-VPR was expressed with sgRNA -54 or a mix 

of four PTEN sgRNAs (1.69 mm and 1.47 mm diameter, respectively, compared 

to 2.25 mm diameter for dCas9-VPR with no sgRNA, p<0.05). These results 

indicate the possibility of using PTEN activation to reduce the propensity for 

B-Raf inhibitor resistance that has been observed in many melanomas.  

We were interested in whether PTEN activation could also improve sensitivity 

to PI3K/mTOR inhibition. Dactolisib is a dual pan-PI3K/mTOR inhibitor that 

has been administered in combination with B-Raf inhibitors for the treatment 

of BRAF-mutant melanoma in preclinical studies (33). We again seeded 

PTEN-activated SK-MEL-28 cells at low density, and grew them in 5 nM 

dactolisib for three weeks. There were significantly fewer colonies per well 

when dCas9-VPR was stably expressed with sgRNA -54 (14.5% of the number 

of colonies with dCas9-VPR with no sgRNA, p<0.0001) or a mix of PTEN 

sgRNAs (17.8% of the number of colonies with dCas9-VPR with no sgRNA, 

p<0.0001) (Figure 2.4E-F). In addition, average colony diameter was 

significantly reduced when dCas9-VPR was delivered with sgRNA -54 or a mix 
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of four PTEN sgRNAs (0.59 mm and 0.53 mm diameter, respectively, 

compared to 2.0 mm diameter for dCas9-VPR with no sgRNA, p<0.01). 

Colony formation was also significantly inhibited in PTEN-activated SK-MEL-

28 cells subjected to combined B-Raf and PI3K/mTOR inhibition. There were 

fewer colonies per well on average when dCas9-VPR was delivered with sgRNA 

-54 (15.8% of the number of colonies with dCas9-VPR with no sgRNA, 

p<0.001) or a mix of PTEN sgRNAs (27.0% of the number of colonies with 

dCas9-VPR with no sgRNA, p<0.01) (Figure 2.4G-H). Again, colony size was 

significantly reduced when dCas9-VPR was delivered with either sgRNA -54 or 

a mix of PTEN sgRNAs (0.42 mm (p<0.01) and 0.51 mm (p<0.05) diameter, 

respectively, compared to 0.92 mm diameter for dCas9-VPR with no sgRNA). 

These results suggest that PTEN activation could potentially sensitise BRAF-

mutant melanoma to B-Raf and PI3K/mTOR inhibitors. 

2.3.5 Conclusions and future directions 

PTEN is a key tumor suppressor protein whose silencing promotes metastatic 

behavior and therapy resistance in highly aggressive cancers, including BRAF-

mutant metastatic melanoma and basal-like TNBCs26-35,42-46. PTEN is lost in 

these cancers not only by mutation, but also through transcriptional and 

epigenetic silencing in up to 60% of melanomas and 30% of breast 

tumors17,19,23-25,40,41. Here, we demonstrated the efficacy of the CRISPR/dCas9 

system to specifically activate PTEN expression in melanoma and TNBC cell 

lines, resulting in significant inhibition of downstream oncogenic signaling 

pathways involved in cell proliferation and migration. PTEN activation 

reduced the migratory potential of SK-MEL-28 BRAF-mutant melanoma cells 

and increased sensitivity to B-Raf and PI3K/mTOR inhibitors.  
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By dephosphorylating phosphoinositides and protein substrates on receptor 

tyrosine kinases and integrins, PTEN is a master regulator of downstream 

PI3K/AKT/mTOR and Ras/Raf/MAPK signaling pathways controlling 

survival, motility and drug resistance mechanisms4-6,71,75. As PTEN possesses 

intrinsic enzymatic activity, even small changes in functional PTEN levels in 

cancer cells can elicit profound alterations in cancer progression6,21,22. 

Although previous CRISPR activation studies have demonstrated strong 

activation of multiple loci53, the critical importance of PTEN in orchestrating 

multiple oncogenic signaling pathways may enable significant reprogramming 

of the cancer kinome and overall cancer phenotype, even with relatively 

modest levels of PTEN transcriptional activation.  

Genome-based CRISPR activation offers several advantages that could be 

harnessed for precision medicine and for the future treatment of PTEN-

deficient cancers. While the frequency of CRISPR-mediated genome editing by 

homology-directed repair can often be lower than 20%76-79, the efficiency of 

epigenetic reactivation with dCas9-VPR is highly efficient, as shown by our IF 

analyses of PTEN activation in the transduced cell population. It is also 

important to note that reactivation of PTEN could benefit patients who have 

lost one PTEN allele through mutation or deletion, by increasing transcription 

of the intact allele. Loss of a single PTEN allele is frequently observed during 

early stages of tumorigenesis80. Combining CRISPR activation of PTEN with 

conventional small molecule inhibitors could provide even more effective 

tumor inhibition and limit drug resistance, for example to PI3K/mTOR or B-

Raf inhibitors. In addition, CRISPR activation has demonstrated negligible 

off-target effects59-70, and combining CRISPR with chemotherapy could 
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potentially allow for a reduction in the drug dose and associated toxicity in 

patients.  

In both cell lines tested, the sgRNA designed against a binding site closest to 

the PTEN TSS was most effective. A mix of four sgRNAs activated PTEN 

expression slightly more than the individual most potent sgRNA in the SK-

MEL-28 cell line, however the combination of sgRNAs did not produce more 

potent activation than this individual sgRNA in SUM159. These results 

confirm that while there may still be an advantage to delivering multiple 

sgRNAs per target in some cases, a single sgRNA can often perform almost as 

well or better than a combination of sgRNAs. However, combining multiple 

sgRNAs targeting a single gene could potentially reduce the non-specific 

effects of CRISPR activation. By reducing the amount of each individual 

sgRNA delivered, off-target sites for any individual sgRNA are less likely to 

exhibit transcriptional activation. CRISPR activation also presents the future 

possibility of multiplex gene activation, through the simultaneous delivery of 

several sgRNAs each targeting a different cancer-related genes. Such an 

approach could be used to activate PTEN along with other inhibitors of 

oncogenic pathways, offering an advantage over traditional gene 

overexpression from exogenous cDNA. 

Lastly, there is potential for this system to be applied in vivo. Zinc fingers and 

transcription activator-like effectors (TALEs) have been extensively developed 

for activation of tumor suppressor genes and silencing of oncogenes for cancer 

therapy81-85, and these ATFs have achieved tumor suppression in mouse 

xenograft tumor models81-85. A “hit-and-run” approach using transient 

delivery systems rather than viruses for in vivo applications could lessen safety 
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concerns, and reduce off-target effects from sustained expression of CRISPR 

editing components. Nanoparticles have been developed to deliver CRISPR 

components as plasmid DNA, mRNA and ribonucleoproteins86-93, and 

polymeric formulations encapsulating chemotherapeutic drugs could be 

adapted to also carry the CRISPR molecular constituents for combination 

therapy94. Whether the efficiency and longevity of PTEN transcriptional 

upregulation by dCas9-VPR is sufficient to maintain the effects on the 

downstream phenotype in vivo remains to be established. Additionally, 

limitations of transient in vivo delivery methods mean that activation 

constructs are unlikely to reach all, or even a majority, of cells in the tumour. 

However, PTEN has an alternative long isoform that is preferentially 

secreted95, and ubiquitinated PTEN can be exported in exosomes96, both of 

which result in tumour suppressive effects in surrounding cells. This suggests 

the possibility of a paracrine effect of PTEN activation systems on 

neighbouring tumour cells that have not themselves received CRISPR 

activation components. PTEN transcriptional activation using the 

CRISPR/dCas9 system has the potential to reduce invasiveness and improve 

the response to existing chemotherapeutics in aggressive and currently 

incurable drug-resistant tumors. 
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2.4 Supplementary material 

2.4.1 Methods 

2.4.1.1 Cell culture 

SK-MEL-28, WM164, WM793 and WM266-4 cell lines were a gift from Peter 

Leedman and were cultured in Roswell Park Memorial Institute (RPMI)-1640 

medium without phenol red (produced by the Harry Perkins Institute of 

Medical Research; formulated to ATCC specifications), supplemented with 

10% heat-inactivated HyClone Fetal Bovine Serum (FBS; Thermo Fisher) and 

1% Antibiotic-Antimycotic (Anti-Anti; Gibco). Normal human melanocytes 

were a gift from Mel Ziman, and were cultured in Melanocyte Growth Medium 

M2 (PromoCell). SUM159 were cultured in F-12 Nutrient Mixture (Thermo 

Fisher) supplemented with 5% FBS, 0.6% 1M HEPES (Gibco), 5 μg/mL 

insulin, human recombinant, zinc solution (Gibco), 1 ug/mL Hydrocortisone 

(Merck) and 1% Anti-Anti. MCF-10A were cultured in DMEM/F-12 Medium 

(Thermo Fisher), supplemented with 5% Normal Horse Serum (Life 

Technologies), 20 ng/mL EGF Recombinant Human Protein (Gibco), 0.01 

mg/mL insulin, human recombinant, zinc solution, 500 ng/mL 

Hydrocortisone, 100 ng/mL Cholera Toxin (Sigma) and 1% Anti-Anti. BT-549, 

ZR-75-1 and MDA-MB-468 cell lines were cultured in RPMI-1640 Medium 

supplemented with 10% FBS and 1% Anti-Anti.   

2.4.1.2 sgRNA target design and off-target identification 

Candidate sgRNA sequences for PTEN activation were identified using the 

Benchling CRISPR design tool (benchling.com), which provides a score 

indicating the predicted targeting specificity and off-target binding sites of 
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each sgRNA according to established algorithms (3, 35). Only sgRNAs with a 

specificity score greater than 60 and an efficiency score greater than 30 were 

considered (3, 35). sgRNA scores are displayed in Supplementary Table 2. 47 

putative sgRNAs were available in the 250 bp immediately upstream of the 

transcription start site (TSS) of PTEN mRNA transcript variant 1. From these, 

4 sgRNAs were selected which had specificity and efficiency scores above the 

designated thresholds, and which were relatively evenly spaced across the 

target region. The four sgRNA target sequences chosen for PTEN activation 

are listed in Table 2.S1.  

Table 2.S1. sgRNA recognition sequences for PTEN activation. sgRNA numbering refers 
to start position relative to the transcription start site (TSS) of PTEN mRNA transcript variant 
1. The numbering of the start and end of each sgRNA is given according to the Genome 
Reference Consortium Human Build 38 (GRCh38). PAM: protospacer-adjacent motif; F: 
forward strand guide; R: reverse strand guide. 
 

sgRNA Recognition sequence PAM F/R Start End 
-241 AGCCTACCCTGCCTCCGGCT GGG F 87863197 87863216 
-181 GAGGATAACGAGCTAAGCCT CGG R 87863256 87863237 
-86 GCATGCCCAGTGTAGCTGCC TGG R 87863351 87863332 
-54 GCGCAGAGTCCCCAAGCCGC AGG R 87863383 87863364 

 
 
To identify potential off-target sgRNA binding sites with the potential to 

modulate gene expression, we first performed a search for genomic sequences 

that were highly similar to the 4 PTEN sgRNAs, using the software program 

Cas-OFFinder (36). We restricted the search to off-target sites with 3 

mismatches or less to the corresponding cognate sgRNA sequence. We then 

compared the location of each potential off-target site against UCSC Genome 

Browser and ENCODE data, to identify proximity to annotated NCBI RefSeq 

genes, regulatory regions, CpG islands, DNase I hypersensitive regions and TF 

binding sites, which would indicate greater potential for the dCas9-VPR 

complex to modulate gene expression. After analysing off-target sequences 
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from all 4 PTEN sgRNAs, only 3 sites were found to fall in a region up to 1 kb 

of the TSS of any gene, and none fell in annotated enhancers. These 3 off-target 

sites were located upstream of genes SAMD11, CDYL and COL11A2. Only 

SAMD11 and COL11A2 were selected for qRT-PCR analysis, as CDYL is already 

ubiquitously expressed in all tissue types analysed, so additional 

transcriptional activation was not considered as great a potential disturbance 

as for the other two genes. 

2.4.1.3 Plasmids 

The third-generation lentiviral transfer plasmid pLV_dCas9-VPR_sgRNA was 

cloned by replacing the KRAB domain from pLV_hU6-sgRNA_hUbC-dCas9-

KRAB-T2A-Puro (Addgene plasmid #71236, a gift from Charles Gersbach) (37) 

with the VPR domain from SP-dCas9-VPR (Addgene plasmid #63798, a gift 

from George Church) (38). For each sgRNA, sense and anti-sense custom DNA 

oligonucleotides (IDT) containing the recognition sequence were annealed and 

ligated into pLV_dCas9-VPR_sgRNA using T4 DNA ligase (Promega) as 

described previously (39). pLV_dCas9-VPR_sgRNA with no inserted sgRNA 

recognition sequence was used as control. The third-generation lentiviral 

packaging plasmids pMDLg/pRRE (Addgene plasmid #12251) and pRSV-Rev 

(Addgene plasmid #12253), and envelope plasmid pMD2.G (Addgene plasmid 

#12259; all gifts from Didier Trono), were used for lentiviral production.  

2.4.1.4 Transient transfection 

4 x 105 SUM159 cells were seeded in each well of a 6-well plate 24 hours prior 

to transfection, in culture medium without Anti-Anti. The next day, each well 

was transfected using 4.8 L Lipofectamine 2000 (ThermoFisher) in 250 L 

Opti-MEM (Gibco) with 2.4 g total plasmid DNA, according to the 
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manufacturer’s protocol. Transfection mix was removed after 4 hours and 

replaced with complete culture medium. RNA was collected from cells 48 

hours post-transfection. 

2.4.1.5 Lentiviral production and transduction 

All experiments were approved by the Australian Office of the Gene 

Technology Regulator (OGTR) under Notifiable Low Risk Dealing (NLRD) 

approval number 004/2017, and were conducted in the PC2 laboratory at the 

Harry Perkins Institute of Medical Research. Lentivirus was produced by 

transfection of human embryonic kidney (HEK) 293T cells with third-

generation lentiviral transfer, packaging and envelope plasmids as described 

previously (40). To select for transduced cells, puromycin dihydrochloride 

(Gibco) was added to the culture medium at a concentration of 1.25 g/mL for 

SUM159 and 0.625 g/mL for SK-MEL-28 over a period of 6 days.  

2.4.1.6 RNA extraction and reverse transcription 

RNA was isolated from transfected or transduced cells by phenol-chloroform 

extraction using QIAzol Lysis Reagent (QIAGEN). 2 g of purified total RNA 

per sample was used as template for cDNA synthesis using the High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems) with the following 

thermocycling settings: 25°C for 10 minutes, 37°C for 120 minutes, and 85°C 

for 5 minutes. 

2.4.1.7 qRT-PCR 

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed 

using TaqMan Gene Expression Assays (Applied Biosystems), listed in Table 

2.S2. The reaction was carried out in the ViiA 7 Real-Time PCR System 

(Applied Biosystems) with the following thermocycling settings: 95°C for 20 
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seconds, followed by 40 cycles of 95°C for 1 second and 60°C for 20 seconds. 

Cycle threshold (Ct) was automatically determined for each well using 

QuantStudio Real Time PCR Software (v1.1, Applied Biosystems). Relative 

quantification of gene expression was carried out according to the comparative 

( ) Ct method (41, 42) with GAPDH and GUSB as housekeeping genes. 

Table 2.S2. TaqMan Gene Expression Assays used for qRT-PCR in PTEN activation 
experiments. For each gene, the TaqMan Assay ID, targeted RefSeq transcripts, and 
reporter dye are listed. 
 
Gene Assay ID RefSeq sequence(s) Dye 
PTEN Hs02621230_s1 NM_000314.6 

NM_001304717.2 
NM_001304718.1 

FAM-MGB 

GAPDH Hs02786624_g1 NM_001256799.2 
NM_001289745.1 
NM_001289746.1 
NM_002046.5 

FAM-MGB 

GUSB Hs00939627_m1 NM_000181.3 
NM_001284290.1 
NM_001293104.1 
NM_001293105.1 

FAM-MGB 

COL11A2 Hs00899176_m1 NM_080679.2 
NM_080680.2 
NM_080681.2 

FAM-MGB 

SAMD11 Hs00942141_m1 NM_152486.2 FAM-MGB 
 
 
2.4.1.8 Protein extraction and quantification 

Protein was extracted from transduced cells using Cell Lysis Buffer (Cell 

Signaling). Samples were sonicated for 15 seconds at 10 mA, centrifuged at 

16,000 RCF for 10 minutes at 4°C, and the supernatant was transferred to a 

new tube. Protein lysates were quantified using the DC Protein Assay (Bio-

Rad). The 750 nm absorbance was detected in the PowerWave XS2 Microplate 

Spectrophotometer (BioTek). 

2.4.1.9 Western blotting 

20 g of protein per well was resolved using Mini-PROTEAN TGX Stain-Free 

Protein Gels (BioRad) at 100 V for approximately 1.5 hours. The proteins were 
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transferred from the gel to a 0.2 m PVDF membrane (Trans-Blot Turbo 

Transfer Pack, BioRad) using the TransBlot Turbo (BioRad). Membranes were 

blocked with 5% skim milk powder in tris-buffered saline with Tween-20 

(Sigma) (TBS-T) for 1 hour at room temperature with gentle shaking, then 

incubated with primary antibody diluted in TBS-T at 4°C overnight (antibodies 

are listed in Table 2.S3). The next day, membranes were washed and incubated 

with secondary antibody diluted in TBS-T for 1 hour at room temperature, then 

visualised by enhanced chemiluminescence using Luminata Crescendo 

Western HRP Substrate (Merck) with the ChemiDoc MP system (BioRad). 

Membrane pictures were processed and quantified using ImageLab Software 

(v5.2, BioRad).  

Table 2.S3. Antibodies used for Western blotting in PTEN activation experiments. For 
each antibody, the isotype, manufacturer, catalogue number, molecular weight of the antigen, 
and dilution factor used in PTEN activation experiments are listed. 
 
Antibody Isotype Manufacturer Cat. no. Molecular weight Dilution 
PTEN Rabbit IgG CST 9559 54 kDa 1/1000 
GAPDH Rabbit IgG CST 2118 37 kDa 1/5000 
AKT Rabbit IgG CST 9272 60 kDa 1/2000 
p-AKT S473 Rabbit IgG CST 4060 60 kDa 1/2000 
p-AKT T308 Rabbit IgG CST 13038 60 kDa 1/2000 
p-mTOR S2481 Rabbit IgG CST 2974 289 kDa 1/2000 
p-mTOR S2448 Rabbit IgG CST 5536 289 kDa 1/2000 
p-p44/42 MAPK Rabbit IgG CST 4370 42, 44 kDa 1/2000 
Rabbit-HRP Goat IgG Jackson 

ImmunoResearch 
111-035-
144 

— 1/10 000 

Mouse-HRP Goat IgG Jackson 
ImmunoResearch 

115-035-
003 

— 1/10 000 

 
 
2.4.1.10 Immunofluorescence 

1 x 105 cells were seeded on poly-L-lysine (Merck)-coated coverslips in 24-well 

plates. 48 hours after seeding, cells were fixed with 4% formaldehyde in 

Dulbecco's phosphate-buffered saline (DPBS) for 20 minutes at room 

temperature. Cells were blocked with 5% normal goat serum (Invitrogen) and 



171 

0.3% Triton X-100 (Sigma) in DPBS for 1 hour at room temperature, then 

incubated with primary antibodies in diluent buffer (1% BSA and 0.3% Triton 

X-100 in DPBS) overnight at 4°C. The next day, cells were washed and 

incubated with secondary antibody in diluent buffer for 2 hours at room 

temperature, protected from light. Coverslips were mounted on SuperFrost 

Ultra Plus glass slides (Menzel-Gläser) using SlowFade Diamond Antifade 

Mountant (Molecular Probes). Images were acquired with the Olympus DP71 

fluorescent microscope and DP Controller and DP Manager software 

(Olympus). Images were quantified using ImageJ software. Antibodies used 

for immunofluorescence are listed in Table 2.S4.  

Table 2.S4. Antibodies and detection reagents used for immunofluorescence in PTEN 
activation experiments. For each antibody or reagent, the isotype, manufacturer, catalogue 
number and dilution factor in PTEN activation experiments are listed. 
 
Antibody/reagent Isotype Manufacturer Cat. no. Dilution 
PTEN Rabbit IgG CST 9559 1/300 
Ki67 Mouse IgG CST 9449 1/500 
Rabbit-Alexa Fluor 594 Goat IgG  Molecular Probes R37117 1/500 
Mouse-Alexa Fluor 488 Goat IgG  Molecular Probes A-11001 1/500 
Hoechst 33342 Solution — Thermo Scientific 62249 1/10 000 

 
 
2.4.1.11 Migration assay 

2 x 104 cells were seeded in medium with 0.05% FBS in the inner chamber of 

Costar Transwell cell culture inserts (6.5 mm diameter, 8 m pore size; 

Corning). Medium with 5% FBS was added to the outer chamber as 

chemoattractant. Cells were incubated for 22 hours and then chambers were 

immersed in 0.5% crystal violet and 25% methanol for 10 minutes. Images of 

migrating cells were acquired with the Olympus DP71 fluorescent microscope 

and DP Controller and DP Manager software (Olympus). The number of 
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migrating cells per field of view in each condition was quantified using ImageJ 

software to analyse 6 separate fields of view each of the 3 replicate wells. 

2.4.1.12 Cell viability assay 

4 x 103 cells were seeded in each well of 96-well white-bottom plates (Greiner). 

24 hours later, cells were treated with dabrafenib (Selleck Chem) and/or 

dactolisib (Selleck Chem) at indicated concentrations. After 72 hours, 10 L of 

CellTiter Glo Luminescent Cell Viability Assay reagent (Promega) was added 

to each well and luminescence was measured using the EnVision 2102 

Multilabel Reader (PerkinElmer) and Wallac Environ software. 

2.4.1.13 Long-term colony formation assay 

1 x 103 cells were seeded in each well of a 6-well plate. 48 hours later, medium 

with dabrafenib and/or dactolisib (each 5 nM) or dimethylsulfoxide (DMSO) 

vehicle was added. Cells were grown for 3 weeks, replacing the medium 

containing drugs or DMSO every 3 days. Cells were fixed by immersion in 

100% methanol for 10 minutes, followed by immersion in 0.5% crystal violet 

and 25% methanol for 10 minutes. Plates were washed, dried and 

photographed, and average colony diameter (mm) and number of colonies per 

well were quantified with ImageJ software. 

2.4.1.14 Statistical analysis 

Statistical analyses were performed with Prism 7 (GraphPad Software 

Incorporated). Statistical significance was determined using one-way ANOVA 

with Dunnett’s multiple comparisons test to compare the mean of each 

experimental condition to the control condition. For all tests, differences were 

considered significant at p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 

(****). Error bars show standard error of the mean (SEM). 
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2.4.2 Supplementary figures 

 
 
 

 
 
 
Figure 2.S1. Structure of the pLV_dCas9-VPR_sgRNA construct for stable expression 
of the PTEN CRISPR activation system. sgRNA is expressed from the hU6 promoter. 
Humanised S. pyogenes dCas9-VP64-p65-Rta (VPR), in direct fusion with FLAG epitope tag 
and 2x nuclear localization signal (NLS), is expressed from the hUbc promoter, followed by 
the T2A cleavable linker and puromycin resistance gene (Puro). 5’ and 3’ long terminal repeat 
(LTR) sequences are indicated. 
 
 
 
 
 
 

 
 
 
Figure 2.S2. PTEN activation reduces proliferation in the SK-MEL-28 melanoma cell 
line. A: Immunofluorescence staining ofKi67 protein in SK-MEL-28 cells that stably express 
dCas9-VPR with no sgRNA, PTEN sgRNA -54, or a mix of four sgRNAs targeting PTEN. Scale 
bar represents 200 μm. B: Quantification of the percentage of Ki67 positive (+) cells in the 
population. * p<0.05 (one-way ANOVA with Dunnett’s multiple comparisons test), n=3, error 
bars show SEM.  
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Figure 2.S3. PTEN activation confers increased sensitivity to the B-Raf inhibitor 
dabrafenib in the SK-MEL-28 BRAF-mutant melanoma cell line. Graph shows cell viability 
after for 72-hour dabrafenib treatment in SK-MEL-28 cells stably expressing dCas9 with no 
sgRNA, PTEN sgRNA -54, or a mix of four sgRNAs targeting the PTEN proximal promoter. ** 
p<0.01, n=3, error bars show SEM. 
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3.1 Introduction 

While Chapter 2 demonstrated that reactivation of PTEN expression could be 

effective in cancer cells in which PTEN is transcriptionally repressed, there is 

also a high incidence of PTEN mutations in many tumours. The aim of 

Chapter 3 was to correct a single base pair deletion in PTEN in a triple 

negative breast cancer cell line using CRISPR/Cas9-mediated homology-

directed repair (CRISPR-HDR). Such an approach could be used to establish 

the effect of restoration of PTEN function in a range of cancer types. The 

possibility of repairing mutations in tumour suppressor genes (TSGs) with 

CRISPR-HDR has widespread application in cancer modelling, and could 

also provide personalised cancer therapies in the future. However, there are 

significant obstacles inherent in this approach that are discussed later in the 

chapter.  

3.1.1 PTEN mutations in breast cancer 

As described in Chapter 1, PTEN inhibits the PI3K/AKT pathway and a 

variety of other targets to reduce cell survival, growth, differentiation and 

migration (1). Genetic alterations that cause loss of PTEN function occur 

frequently in many forms of cancer, including endometrial carcinoma, 

glioblastoma, lymphoma, melanoma, and prostate, breast and thyroid 

carcinoma (2-6). PTEN is subject to large chromosomal deletions, as well as 

small deletions, insertions and base substitutions (6-9). The majority of these 

small-scale somatic mutations result in frameshifts, nonsense mutations or 

splicing errors that produce a truncated PTEN protein (5). While the reported 

incidence of PTEN alterations in breast cancer varies, it is estimated that 
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PTEN is mutated in between 7 and 30% of primary breast tumours (10-15). 

Reduction or complete loss of PTEN expression is associated with more 

advanced breast cancers than in situ breast cancers, and with poorer 

prognosis (16, 17). 

There are multiple schemes for the classification of breast cancer. Tumours 

can be categorised by receptor status, based on the presence or absence of 

oestrogen receptor (ER), progesterone receptor (PR) and human epidermal 

growth factor receptor 2 (HER2) expression detected by 

immunohistochemistry (IHC). Triple negative breast cancer (TNBC) lacks 

expression of all three receptors, and thus has limited options for targeted 

therapies. Primary TNBCs represent approximately 12-15% of all breast 

cancers, however these tumours often exhibit poor prognosis and 

chemotherapy resistance (18-21). Gene expression profiles can also be used 

to classify breast cancers into intrinsic or molecular subtypes (Table 3.1) (22, 

23). The highly aggressive basal-like breast cancer subtype generally shows 

triple negative IHC status, and is characterised by the expression of genes 

usually found in ‘basal’ or myoepithelial cells of the normal breast (24). 

While PTEN mutations have been documented across breast cancer subtypes, 

complete PTEN loss is significantly associated with ER negativity, and 

particularly TNBC (9-12). PTEN loss has been described as a signature of 

basal-like tumours, occurring frequently in both sporadic and BRCA1-

deficient hereditary basal-like breast cancers (10, 12). In some TNBCs, PTEN 

mutation may be a driving event, although analysis of clonal mutation 

frequency suggests it can also occur later in cancer progression (13).  
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Table 3.1. Characteristics of breast cancer molecular subtypes and associated 
incidence of PTEN mutations. Adapted from Dai et al. (25). For each subtype, 
immunohistochemistry (IHC) status, clinical grade, outcome, estimated prevalence (19, 20) 
and incidence of PTEN loss by genetic mutation or deletion in primary tumours (9-13) is 
indicated.  
 
Subtype IHC status Grade Outcome Prevalence PTEN mutation 

Luminal A ER+/PR+ HER2— Ki67— 1/2 Good 24% 13% (71/549; 
refs 9, 10) 

Luminal B ER+/PR+ HER2— Ki67+  
ER+/PR+ HER2+ Ki67+ 

2/3 Intermediate 
Poor 

39% 
14% 

6% (2/33; ref 9) 
24% (112/466; 
ref 10) 

HER2-
enriched 

ER— PR— HER2+ 2/3 Poor 11% 19% (91/485; 
refs 9-11)  

Basal-like ER— PR— HER2—  
basal marker+ 

3 Poor 12% 33% (186/569; 
refs 9-13) 

Normal-like ER+/PR+ HER2— Ki67— 1/2/3 Intermediate 8% Not profiled 
 
 
The high incidence and contribution of PTEN mutations to TNBC, but also to 

many other cancer types, makes PTEN a relevant model for the correction of 

an oncogenic TSG mutation with gene editing. Correction of mutations in 

TSGs could serve to model cancer initiation and progression, and may have 

therapeutic applications, pending further developments to available gene 

editing technology. Precise correction of a genetic mutation requires a gene 

editing tool that can induce specific and directed changes to a desired DNA 

sequence. 

3.1.2 Editing endogenous DNA with CRISPR-HDR 

As discussed in detail in Chapter 1, the discovery of CRISPR/Cas9 from the 

adaptive immune system of Streptococcus pyogenes and its adaptation for 

gene editing in eukaryotic cells has had significant implications for cancer 

modelling, screening and therapy (26-28). Although CRISPR/Cas9 has been 

extensively applied for the efficient generation of gene knockouts via non-

homologous end joining (NHEJ), this chapter focuses on the creation of 
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specific sequence alterations using a DNA donor incorporated into the 

genome by HDR (29, 30).  

Editing with CRISPR-HDR requires three components—the Cas9 

endonuclease, single guide RNA (sgRNA) complementary to the DNA target, 

and HDR template containing the modified DNA sequence to be incorporated 

at the double-strand break. The sgRNA is designed to induce Cas9-mediated 

cleavage in the region of the DNA sequence to be modified. Gene editing with 

CRISPR-HDR is most efficient when the double-strand break induced by the 

sgRNA is close to the HDR modification or insertion site—less than 100 base 

pairs (bp) and ideally within 10 bp (31). The HDR template contains the 

genetic modification to be incorporated at the cut site, as well as regions of 

homology to the DNA sequence either side of the cut site, which are termed 

homology arms. 

Each of these editing components can be delivered in various forms. HDR 

templates can be constructed either as double-stranded plasmid DNA, PCR 

product or single-stranded DNA oligonucleotide (ssODN) (31). Plasmid DNA 

is predominantly used for gene knock-in and larger edits, which requires 

homology arms of typically several hundred bases. Previous studies have 

shown that HDR templates in the form of ssODN are more efficient than 

double-stranded DNA for small-scale genetic modifications (31). ssODN 

HDR templates generally have an overall length of 100-200 bp, with 

homology arms approximately 50 bp, although there have been multiple 

studies investigating the optimal length of HDR template and homology arms 

(32-35). In particular, asymmetric ssODN templates, with one relatively long 

and one relatively short homology arm, may promote higher rates of HDR 
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due to the mechanism of preferential DNA strand release by Cas9 after the 

formation of a double-strand break (36). 

For transient expression, Cas9 and sgRNA can be delivered in the form of 

plasmid DNA. Plasmid delivery requires transcription of sgRNA and Cas9, 

and translation of Cas9, before gene editing can occur (Figure 3.1). An 

alternative is the delivery of in vitro-transcribed sgRNA and Cas9 mRNA, or 

ribonucleoprotein (RNP) complexes (37, 38). RNPs consist of gRNA and 

purified Cas9 protein that are pre-assembled outside the cell prior to 

transfection. RNP complexes are able to enter the nucleus and edit the DNA 

target immediately after they are transfected (Figure 3.1). 

 

 
 
 
Figure 3.1. Comparison of plasmid and RNP CRISPR/Cas9 delivery methods. After 
transfection of plasmid DNA, the plasmid must be transcribed in the nucleus, Cas9 mRNA 
must be translated in the cytoplasm, and sgRNA and Cas9 must be assembled and re-enter 
the nucleus before the DNA target can be modified. In contrast, pre-assembled RNP 
complexes can immediately enter the nucleus and modify the target DNA following 
transfection.  
 
 
RNP delivery has the advantage that Cas9, gRNA and HDR template are each 

present for editing simultaneously. In contrast, delayed expression of Cas9 

and sgRNA from plasmid DNA means that much of the ssODN HDR 
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template may have been cleared from the cell before Cas9-sgRNA complexes 

are assembled. Delivering CRISPR editing components as RNPs or Cas9 

mRNA and sgRNA has also been shown to result in more efficient on-target 

modifications with fewer off-target effects, as RNP complexes are cleared 

from the cell within hours, while plasmid DNA expression persists for days, 

leaving more time for non-cognate sgRNA recognition (37-39). Additionally, 

protein and RNA transfection can be less toxic to cells than DNA 

transfection, and presents less risk of host genome integration than plasmid 

DNA (40).  

CRISPR-HDR has previously been used to create single base pair 

modifications for cancer modelling, including activating mutations in the 

KRAS oncogene, and point mutations in the gene encoding -catenin (41-43). 

One advantage to modelling oncogenic mutations that confer a survival and 

proliferation advantage, is that successfully edited cells can be easily selected 

by removing growth factors from the culture medium. As well as modelling 

oncogenic mutations, CRISPR-HDR presents enticing prospects for the 

correction of genetic diseases, including the repair of mutations in TSGs such 

as PTEN. CRISPR-HDR using ssODN HDR templates has been employed to 

correct a frameshift mutation in the TSG APC in colon cancer, and an 

oncogenic ALK-F1174L activating mutation in neuroblastoma cells in vitro 

(44). 

Repair of a TSG with gene editing has not yet been carried out in vivo, 

however there are examples of in vivo CRISPR-based gene repair in other 

disease contexts. A gene related to tyrosinemia was corrected in adult mice 

with lipid nanoparticle delivery of Cas9 mRNA, sgRNA and ssODN HDR 
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template (45). The gene causing sickle cell disease was also repaired in 

hematopoietic stem cells using RNP complexes and an asymmetric ssODN 

template, followed by transplantation into mice (46). However, in these 

examples the efficiency of CRISPR-induced HDR was very low, with fewer 

than 5 to 10% of cells successfully corrected. Low editing efficiency in such 

studies is largely due to the strong cellular bias for the NHEJ DNA repair 

pathway over HDR, as well as limitations in the delivery efficiency of CRISPR 

system components. Although CRISPR technology continues to advance at a 

rapid rate, these issues present a significant barrier for therapeutic genome 

editing in the context of cancer, where any unrepaired cells are likely to cause 

cancer relapse. Despite limitations regarding the low frequency of successful 

editing with CRISPR-HDR, the possibility of repairing a mutation in a TSG 

such as PTEN remains an intriguing possibility. Achieving this aim would 

better elucidate the functional significance of PTEN in TNBC, and establish 

the potential of this strategy for treating PTEN-mutant cancers in the future.  
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3.2 Aims 

The aim of this chapter was to correct a PTEN mutation in a cancer cell line 

to restore its tumour suppressive function. As described previously, PTEN 

mutations are frequent in breast cancer, particularly in TNBC, and range 

from missense mutations and single base pair insertions or deletions to the 

loss of large chromosomal regions (6-9). TNBC cell lines are differentiated 

into basal A and basal B groups, with basal A being more luminal-like, and 

basal B more basal- or mesenchymal-like (47-49). The system of 

categorisation of breast cancer cell lines and how they correspond to clinical 

tumour subtypes is illustrated in Figure 3.2. The triple negative invasive 

ductal carcinoma cell line BT-549 was chosen as a model for PTEN repair. 

BT-549 has been categorised as a basal B cell line, and is representative of 

basal-like TNBCs that have been significantly associated with a higher 

frequency of PTEN mutations in the clinic (9-12). 

BT-549 harbours a homozygous single base pair deletion in exon 8 of PTEN, 

leading to a frameshift and premature termination of translation at residue 

274 in the C2 domain (Figure 3.3). Truncations in this region of PTEN cause 

misfolding of the phosphatase domain and a dramatic reduction in protein 

stability, resulting in complete disruption of PTEN function (50). The results 

of PTEN repair in this cell line are relevant to other breast cancers and also to 

many other cancer types, as similar truncating mutations of PTEN have been 

widely documented (5, 51, 52). 
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Figure 3.2. Comparison of subtyping schemes for breast tumour and breast cancer 
cell line classification. Adapted from Dai et al. (47). Breast tumours (top) are categorised 
as luminal A, luminal B, HER2+ or triple negative. In some instances, triple negative tumours 
are further classified into at least basal-like, claudin-low, and mesenchymal-like. Breast 
cancer cell lines (bottom) are categorised as luminal (generally without distinction between 
A and B), luminal HER2+, ER negative HER2+, or basal. Basal cell lines are further divided 
into basal A and basal B. Basal B cell lines such as BT-549 correspond to a triple negative 
tumour subtype with mesenchymal- or stem-like characteristics.  
 
 
Previous studies have shown that PTEN overexpression by cDNA in BT-549 

decreased AKT phosphorylation, suppressed cell growth, inhibited colony 

formation, and increased sensitivity to the genotoxic agent doxorubicin and 

the polyadenosine diphosphate ribose polymerase (PARP) inhibitor BMN673 

(53, 54). It is not yet known whether the same effect is achievable from 

endogenous levels of PTEN expression following correction of the PTEN 

mutation, rather than the non-physiological levels of PTEN expression that 

are elicited from cDNA delivery. PTEN genetic correction would be 

permanently maintained, unlike transient cDNA overexpression. This may be 

an advantage if the eventual therapeutic aim is to slow the growth of the 

tumour or sensitise it to chemotherapy over a sustained period. As PTEN can 

be secreted to have tumour suppressive effects on surrounding cells (55, 56), 

PTEN-repaired cells could potentially have a paracrine effect on 

neighbouring cells in the tumour if CRISPR-HDR was attempted in vivo. 
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Figure 3.3. PTEN single base pair deletion causes truncation of PTEN protein in the 
BT-549 TNBC cell line. A, B: PTEN DNA, mRNA and protein sequence in wildtype (A) and 
BT-549 (B). Reading frame is indicated with dotted lines and amino acid residues are 
numbered. Deletion of a single guanine at position 89720671 (Genome Reference 
Consortium Human Build 38) in BT-549 leads to a frameshift and formation of a stop codon 
(TAA) that prematurely terminates protein translation. C: Structure of PTEN protein with 
domains labelled and residues at domain boundaries numbered (PBD: PIP2 binding domain; 
PDZ: PDZ binding domain). The frameshift mutation in BT-549 terminates translation at 
residue 274 in the C2 domain.  
 
 
For PTEN repair by CRISPR-HDR, an sgRNA was designed to target in close 

proximity to the site of the single base pair deletion, and an HDR template 
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was constructed to insert the deleted nucleotide to restore the PTEN reading 

frame. The HDR template was administered in the form of ssODN, as there is 

evidence that ssODN HDR templates are more efficient for the generation of 

small-scale genetic modifications than plasmid DNA templates (31). The 

ssODN was also designed with asymmetric homology arms, which has been 

shown to promote higher rates of HDR due to the dynamics of DNA strand 

release after Cas9 cleavage (36). Full details of the CRISPR-HDR design 

strategy are provided in Section 3.3. 

Two different systems were used for Cas9 and gRNA delivery. Cas9 and 

sgRNA were first delivered as plasmid DNA. Later, the CRISPR-HDR system 

was transfected as pre-assembled gRNA-Cas9 RNP complexes, in an effort to 

limit transfection toxicity and to improve the rate of HDR. CRISPR-HDR 

components were delivered to BT-549 cells, the cell pool was screened for the 

intended sequence modification, and clonal lines were derived from single 

cells in an attempt to isolate PTEN-repaired cell populations. This study 

would provide further demonstration of the efficacy of CRISPR-HDR to 

repair a mutated TSG in cancer cells.  
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3.3 Methods 

3.3.1 Cell culture 

The BT-549 TNBC cell line was obtained from the American Type Culture 

Collection (ATCC) and cultured in Roswell Park Memorial Institute (RPMI)-

1640 medium (manufactured by the Harry Perkins Institute of Medical 

Research to ATCC specifications), supplemented with 10% HyClone Fetal 

Bovine Serum (FBS; Thermo Fisher) and 0.023 IU/mL insulin, human 

recombinant, zinc solution (Gibco). The human embryonic kidney (HEK) 

293T cell line was obtained from the ATCC and cultured in Dulbecco's 

Modified Eagle Medium (DMEM; manufactured by the Harry Perkins 

Institute of Medical Research to ATCC specifications) supplemented with 

10% heat-inactivated HyClone Fetal Bovine Serum. 1% Antibiotic-

Antimycotic (Anti-Anti; Gibco) was added to the cell culture medium except 

for 24 hours immediately prior to transfection.  

3.3.2 Sequencing PTEN mutation in BT-549 

The single base pair deletion in PTEN was validated in the BT-549 cell line 

prior to proceeding with CRISPR-HDR. Genomic DNA was extracted from 

BT-549 and the PTEN wildtype HEK 293T cell line with the QIAamp DNA 

Mini Kit (QIAGEN). The region surrounding the PTEN mutation was PCR 

amplified using Phusion Polymerase (NEB) with the following thermocycling 

conditions: 98°C for 30 seconds, followed by 35 cycles of 98°C for 30 

seconds, 61°C for 30 seconds and 72°C for 30 seconds. Primers used for 

PTEN sequencing are displayed in Table 3.2. PCR products were purified 

with the Monarch PCR Purification Kit (NEB) and Sanger sequencing was 
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performed with the same primers used for PCR, at the Australian Genome 

Research Facility (AGRF), Perth. 

Table 3.2. PCR primers for genomic PTEN amplification and sequencing. Tm: melting 
temperature, calculated according to reaction conditions for Phusion High-Fidelity DNA 
Polymerase (NEB). 
 
Primer Sequence Tm  
Forward TCAGATTGCCTTATAATAGTCTTTG 61°C 
Reverse AAAAGTATCGGTTGGCTTTG 63°C 
 

3.3.3 sgRNA target design 

Candidate sgRNA sequences were identified using the Benchling CRISPR 

design tool (benchling.com), which provides a score indicating the predicted 

targeting specificity and off-target binding sites of each sgRNA according to 

established algorithms (57). As S. pyogenes Cas9 creates a double-strand 

break 3 bp 5’ of the PAM sequence, the sgRNA target sequence selected for 

PTEN repair was predicted to cleave the DNA 16 bp from the single 

nucleotide deletion in BT-549. The PTEN repair sgRNA sequence is listed in 

Table 3.3 and illustrated in Figure 3.4.  

Table 3.3. sgRNA sequence targeting the region of PTEN mutation in BT-549. The 
numbering of the start and end of the sgRNA is given according to the Genome Reference 
Consortium Human Build 38 (GRCh38). PAM: protospacer-adjacent motif; F: forward strand 
guide; R: reverse strand guide. 
 

sgRNA Recognition sequence PAM F/R Start End 
PTEN repair GTAAATACATTCTTCATACC  AGG R 87863364 87863383 

 

3.3.4 HDR template design 

The ssODN HDR template was designed to match the reverse DNA strand, 

with a longer 5’ homology arm than 3’ homology arm, according to evidence 

that this design provides optimum HDR outcomes (36). The relationship of 

the HDR template to the PTEN mutation in BT-549 is illustrated in Figure 

3.4. The ssODN sequence was modified to prevent the template or the 
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repaired genomic sequence being targeted and cleaved by Cas9. Although 

mutating the PAM is the most reliable way to abolish sgRNA binding, in this 

case the PAM sequence could not be altered without disrupting the PTEN 

coding sequence. Instead, three different silent mutations were added to the 

sgRNA recognition sequence in the ssODN to prevent Cas9 recognition 

(Figure 3.4).  

 
 
Figure 3.4. BT-549 PTEN mutation in relation to the ssODN HDR template and primers 
for PCR screening. The top two rows of nucleotides represent the genomic PTEN 
sequence in BT-549. An asterisk indicates the site of the single base pair deletion. The 
sgRNA recognition sequence is highlighted in blue and the PAM is underlined. An arrow 
indicates the location of the Cas9-induced double-strand break, 3 bp upstream of the PAM 
and 16 bp from the mutation. The ssODN HDR template matches the sequence of the 
reverse DNA strand and has asymmetric homology arms of 90 nucleotides (nt) (5’) and 36 nt 
(3’). The nucleotide to be inserted to correct the mutation in BT-549 is highlighted in red. 
Three other nucleotides shown in bold are silent mutations designed to prevent targeting 
and cleavage of the ssODN template by Cas9. Screening for successful correction of the 
PTEN mutation was conducted by PCR, using either the mutation-specific reverse primer or 
repair-specific reverse primer shown here. The common forward primer (not shown) binds 
589 bp upstream of the HDR template. Further details of PCR screening strategy are 
provided in Section 3.3.10. 
 
 
The DNA template for HDR was obtained as a single stranded DNA 

oligonucleotide through the DNA Ultramer service (IDT) and diluted to 10 

μM in nuclease-free water prior to transfection. The sequence of the ssODN 

HDR template is listed in Table 3.4.  

Table 3.4. ssODN HDR template sequence for PTEN repair. nt: nucleotides. 
 
HDR template sequence Size 
5’-TCTGCACGCTCTATACTGCAAATGCTATCGATTTCTTGATCACATAG 
ACTTCCATTTTCTACTTTTTCTGAGGTTTCCTCTGGTCCTGGTATAAAG 
AAAGTGTTAACCCAAAAGTGAAACATTTTGTCCTAAAAAAAAAAAAA-3’ 

143 nt 
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3.3.5 Plasmids 

pSpCas9(BB)-2A-GFP (PX458; Addgene plasmid #48138), a gift from Feng 

Zhang, was used to deliver Cas9 and sgRNA. pX458 encodes S. pyogenes 

Cas9 protein under the control of the CBh promoter, along with the sgRNA 

scaffold under the control of the hU6 promoter, with adjacent BbSI sites for 

sgRNA cloning. In pX458, Cas9 is linked by the self-cleaving T2A peptide to 

enhanced green fluorescent protein (EGFP), allowing visualisation of Cas9-

expressing cells after transfection.  

The PTEN repair sgRNA was cloned into the pX458 plasmid. Sense and anti-

sense custom DNA oligonucleotides (oligos; IDT) were obtained, containing 

the 20 bp PTEN repair sgRNA target sequence. Oligos had additional 5’ 

overhangs to match the sticky ends generated by BbsI digestion of pX458, 

and were 5’ phosphorylated (Table 3.5). Oligos were reconstituted to 100 M 

in Duplex Buffer (IDT) and annealed into double-stranded DNA fragments. 

50 L sense oligo and 50 L anti-sense oligo were combined, incubated for 2 

minutes at 94°C, then allowed to cool to room temperature. 

Table 3.5. DNA oligo sequences for PTEN repair sgRNA cloning. P: phosphorylation. 
 
sgRNA Oligo Sequence 
PTEN repair Sense 

Anti-sense 
5’-P-CACC-AGCCTACCCTGCCTCCGGCT-3’ 
5’-P-AAAC-AGCCGGAGGCAGGGTAGGCT-3’ 

 
 
pX458 was digested with BbsI-HF (NEB) at 37°C for 2 hours, and then 

digested with Antarctic Phosphatase (NEB) at 37°C for 1 hour to 

dephosphorylate vector ends. Linearised plasmid DNA was purified with the 

Monarch PCR and DNA Cleanup Kit (NEB). For ligation, annealed sgRNA 

oligos were diluted to 100 nM and combined with linearised pX458 plasmid 

DNA according to the conditions in Table 3.6. A negative control reaction 
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with nuclease-free water in the place of annealed sgRNA oligos was 

performed simultaneously. Ligation reactions were incubated overnight at 

4°C. 

Table 3.6. Ligation reaction for sgRNA cloning.  
 
Component Quantity 
Annealed oligos (100 nM) 5 L 
pX458 plasmid (BbsI and AnPh digested and purified, 100 ng/μL) 1 L 
10x T4 DNA Ligase Buffer (Promega) 1 L 
T4 DNA Ligase (Promega) 1 L 
Nuclease-free water 3 L 

 
 
The next day, 2 L of the ligation reaction was transformed into ElectroMAX 

DH5a-E electrocompetent cells (Invitrogen). Electroporated cells were 

collected in Lysogeny broth (LB) and incubated at 37°C with shaking for 1 

hour, then plated onto LB agar plates with 100 μg/mL carbenicillin. Plates 

were incubated overnight, and the next day individual colonies were used to 

inoculate 4 mL LB with 100 μg/mL carbenicillin. Cultures were grown 

overnight at 37°C with shaking. The next morning, plasmid DNA purification 

was performed using the QIAprep Spin Miniprep Kit (QIAGEN). Successful 

clones were identified by restriction digest and confirmed by Sanger 

sequencing at the AGRF, Perth. pX458 plasmid with PTEN repair crRNA 

sequence inserted is hereafter referred to as pX458-PTEN. pX458 with no 

inserted crRNA sequence was used as a negative control, and is referred to as 

pX458-no sgRNA. The pEGFP-N1 plasmid (Clontech) provided an indication 

of BT-549 transfection efficiency. 

3.3.6 Ribonucleoproteins (RNPs) 

Purified Cas9 protein and gRNA for RNP delivery were sourced commercially 

(58). Alt-R SpCas9-3NLS protein (IDT) was diluted to 1 M in Cas9 Working 

Buffer (20 mM HEPES, 150 mM KCl, pH 7.5) and stored at  
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-20°C. gRNAs were created by assembling crRNA molecules, containing the 

PTEN repair target sequence, and tracrRNA molecules, containing the gRNA 

scaffold. The PTEN repair target sequence was obtained as a custom Alt-R 

CRISPR crRNA (IDT), along with Alt-R CRISPR tracrRNA (IDT) that 

contained chemical modifications to improve gRNA stability after 

transfection. To assemble the gRNA, crRNA and tracrRNA oligos were 

resuspended to 100 M in Duplex Buffer. 1 L each of crRNA and tracrRNA 

were then combined with 98 L Duplex Buffer and incubated at 95°C for 5 

minutes, then allowed to cool to room temperature and stored at -20°C. A 

negative control crRNA from the Alt-R Control Kit Human (IDT), designed to 

have no targets in the human genome, was also complexed with tracrRNA. 

gRNA-Cas9 RNPs were assembled immediately prior to each transfection 

(described in Section 3.3.7.2).  

3.3.7 Transfection 

3.3.7.1 Plasmid delivery 

For plasmid delivery, forward transfections were performed in 6-well plates. 

4 x 105 BT-549 cells were seeded in each well of a 6-well plate 24 hours prior 

to transfection, in culture medium without Anti-Anti. The next day, each well 

was transfected with 2.4 g total plasmid DNA and 5 μL of 10 μM ssODN, 

using 4.8 L Lipofectamine 2000 (ThermoFisher) in 250 L Opti-MEM 

(Gibco), according to the manufacturer’s recommended protocol. 

Transfection mix was removed after 4 hours and replaced with complete 

culture medium. Cells or genomic DNA were collected 72 hours post-

transfection. 
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3.3.7.2 RNP delivery 

For RNP delivery, reverse transfections were performed in 96-well plates. To 

assemble gRNA-Cas9 RNPs, 1.5 L of crRNA-tracrRNA complex, 1.5 L 

diluted SpCas9-3NLS and 22 L Opti-MEM was added to each well of a 96-

well plate and incubated at room temperature for 5 minutes. 1.2 L 

Lipofectamine RNAiMAX Transfection Reagent (ThermoFisher), 23.8 L 

Opti-MEM and 1.5 μL of 10 μM ssODN was added to each well, mixed 

thoroughly, and incubated at room temperature for 20 minutes. During the 

incubation, BT-549 cells were collected in complete medium and diluted to 4 

x 105 cells per mL. After 20 minutes, 100 L cell suspension was added per 

well (40 000 cells per well; final RNP concentration 10 nM). Transfection 

mix was left in the plate until cells or genomic DNA were collected 72 hours 

post-transfection. 

3.3.8 DNA extraction 

3.3.8.1 Plasmid delivery 

DNA was extracted from each well of a 6-well plate using the QIAamp DNA 

Mini Kit (QIAGEN). 72 hours after transfection, cells were detached with 

0.05% Trypsin-EDTA (ThermoFisher), collected in complete culture 

medium, pelleted and resuspended in 200 L Dulbecco's phosphate-buffered 

saline (DPBS). 20 L proteinase K (QIAGEN) was added to each sample and 

DNA was extracted according to the manufacturer’s protocol. 

3.3.8.2 RNP delivery 

DNA was extracted from each well of a 96-well plate using a modified sodium 

hydroxide extraction protocol to allow subsequent PCR screening of small 

cell samples. 72 hours after transfection, each well was washed with 100 L 
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DPBS, and 50 L 25 mM NaOH 0.2 mM EDTA was added to each well to lyse 

cells. Cell lysate was transferred to 0.2 mL PCR tubes or plates. Samples were 

incubated at 95°C for 15 minutes, then cooled to 4°C. 50 L 40 mM TrisHCl 

pH 5.5 was added to each sample to neutralise the pH of the solution, and 

samples were used immediately for PCR screening or stored for less than two 

weeks at -20°C.  

3.3.9 Repair screening PCR 

PCR primers were designed to screen the cell population for the successfully 

corrected PTEN sequence. PCR was conducted using a common forward 

primer and either a reverse primer recognising the mutated BT-549 PTEN 

sequence (mutation-specific), or a reverse primer recognising the repaired 

sequence (repair-specific) (Figure 4.4). PCR was performed using Phusion 

High-Fidelity DNA Polymerase (NEB) according to the manufacturer’s 

protocol. 100 ng of genomic DNA per 50 L reaction for plasmid-transfected 

samples, or 2 μL of cell lysate per 10 L reaction for RNP-transfected 

samples, was used for PCR with the following thermocycling conditions: 98°C 

for 30 seconds, followed by 35 cycles of 98°C for 30 seconds, 61°C for 30 

seconds and 72°C for 30 seconds. A gradient PCR was initially conducted to 

establish the optimum annealing temperature for discriminating between 

mutated and repaired sequences. The primers used for repair screening are 

listed in Table 3.7. PCR products were run on an agarose gel and images were 

acquired with the ChemiDoc MP system (BioRad) and ImageLab Software 

(v5.2, BioRad). 
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Table 3.7. PCR primers for PTEN repair screening. Product size refers to the length of 
the PCR product generated by each reverse primer with the common forward primer. Tm: 
melting temperature, calculated according to reaction conditions for Phusion High-Fidelity 
DNA Polymerase; bp: base pairs. 
 
Primer Sequence Tm  Product size (bp) 
Common forward AATCAGTAGTACTCTTTCCTACCCC 63°C — 
Repair-specific reverse CTGGTATAAAGAAAGTGTTAACCC 61°C 644 
Wildtype-specific reverse GGTATGAAGAATGTATTTACCAAAAG 61°C 647 
 

3.3.10 Fluorescence-activated cell sorting (FACS) 

pX458 encodes Cas9 and EGFP linked by the self-cleaving T2A peptide, 

allowing identification of Cas9-expressing cells. FACS to isolate EGFP-

positive (+) cells was performed 72 hours after plasmid transfection by Ji 

Kevin Li at the Harry Perkins Institute of Medical Research. BT-549 cells 

transfected with pcDNA3.1 empty vector were used as a negative control 

sample to set gates for EGFP+ cells. Ji Kevin Li also performed FACS data 

analysis. EGFP+ cells were retained after FACS, and either seeded as single 

cells (described in Section 3.3.11) or replated as a pool in a single well of a 96-

well plate.  

3.3.11 Seeding single cells by limiting dilution 

Single CRISPR-treated BT-549 cells were seeded in individual wells in 96-

well plates to generate clonal cell lines that could be screened for PTEN 

correction. Cells were collected 72 hours after transfection or immediately 

after FACS and resuspended in complete medium to a concentration of 

between 0.5 and 3 cells per 100 μL. 100 μL of cell suspension was added per 

well in 96-well plates. Multiple cell concentrations were used to account for 

variability in seeding conditions, and to ensure there would be a sufficient 

number of wells containing a single cell. Epidermal growth factor (EGF) was 

added to the cell culture medium at a concentration of 20 ng/mL. It has 
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previously been shown that EGF stimulated the AKT pathway in PTEN-

mutant breast cancer cells that had restored expression of PTEN by cDNA 

(59). EGF was administered during this stage of experiments to reduce the 

likelihood that PTEN-corrected cells would face a survival and proliferation 

disadvantage and would fail to form clonal cell lines. Two days after cells had 

been seeded, wells containing a single cell were identified visually with light 

microscopy. Cells were grown for approximately 4 weeks, exchanging the 

culture medium every 3 days, until the time that the colony filled 70% of the 

well. At this point, cells were collected from the well and one third of the cells 

were replated into a well in a new 96-well plate. The remainder were used for 

DNA extraction and PCR screening according to the protocols described in 

Section 3.3.8.2 and 3.3.9.  

3.3.12 Statistical analysis 

Statistical analyses were performed with Prism 7 (GraphPad Software 

Incorporated). For flow cytometry data, error bars show standard error of the 

mean (SEM). 
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3.4 Results 

3.4.1 Single nucleotide deletion in PTEN was validated in the 
BT-549 cell line 

Prior to carrying out CRISPR-HDR, genomic DNA was extracted from the 

BT-549 cell line and the PTEN wildtype HEK 293T cell line, and the region 

around the documented PTEN mutation in exon 8 was PCR amplified and 

Sanger sequenced. Sequencing confirmed the single base pair deletion at 

position 89720671 in BT-549 (Table 3.8). The CRISPR-HDR system was 

designed to insert this deleted nucleotide to repair the PTEN frameshift and 

truncating mutation. 

Table 3.8. Sanger sequencing confirmed the documented single base pair deletion in 
PTEN in the BT-549 cell line. Exon 8 of PTEN was amplified by PCR in HEK 293T (PTEN 
wildtype) and BT-549. A segment of the Sanger sequencing data containing the PTEN 
mutation in BT-549 is presented in FASTA format. The site of the deleted guanine (position 
89720671, GRCh38) is indicated with a hyphen, and the stop codon generated from the 
resulting frameshift mutation is underlined. 
 

Cell line Sanger sequencing result 
HEK 293T …GTTTCACTTTTGGGTAAATACATTCTTCATAC… 

BT-549 …GTTTCACTTTTGG-TAAATACATTCTTCATAC…  

 
 

3.4.2 Plasmid CRISPR-HDR components were successfully 
assembled and delivered to BT-549 cells 

The first aim of this chapter was to repair PTEN with plasmid delivery of 

Cas9 and sgRNA. The pX458-PTEN plasmid was cloned to express 

humanised S. pyogenes Cas9 under the control of CBh promoter, along with 

the PTEN repair sgRNA under the control of the hU6 promoter. pX458-no 

sgRNA and pX458-PTEN were delivered by lipofection to BT-549 cells, with 

or without with addition of the ssODN HDR template. In these plasmids, 

Cas9 was joined to enhanced green fluorescent protein (EGFP) by the T2A 
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linker, which is cleaved after transcription to generate two separate protein 

products. As EGFP-positive (+) cells also express Cas9, this allowed 

quantification of Cas9-expressing cells by fluorescence microscopy or flow 

cytometry. The pEGFP-N1 plasmid served to provide an approximate 

indication of BT-549 transfection efficiency, and pcDNA 3.1 empty vector-

transfected cells were used as an EGFP-negative control for gating flow 

cytometry. The percentage of plasmid-transfected BT-549 cells expressing 

EGFP in either the pEGFP-N1, pX458-PTEN, or pX458-PTEN + ssODN 

conditions is shown in Figure 3.6. 

 

Figure 3.6. Efficiency of transfection of PTEN repair plasmids and ssODN in the  
BT-549 cell line. A: For each condition, the percentage of EGFP+ cells detected by flow 
cytometry is shown, n=3, error bars show standard error of the mean (SEM). B: 
Fluorescence microscopy images correspond to the conditions labelled above and are 
representative of three independent biological replicates. Scale bar represents 200 μm.  
 
 
The percentage of EGFP+ cells was lower for pX458-PTEN than for  

pEGFP-N1 (18.2% and 37.2% EGFP+ cells, respectively), and was 

dramatically reduced when pX458-PTEN was delivered along with ssODN 

HDR template (1.9% EGFP+ cells). As CRISPR-HDR efficiency is known to be 
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low even with high rates of expression of the CRISPR editing components, 

this low level of Cas9 expression was a cause for concern. 

3.4.3 Successful PTEN repair was detected in the plasmid-
transfected BT-549 population with PCR screening 

Despite low expression of Cas9 from the plasmid system, genomic DNA was 

extracted from plasmid-transfected cells and used for repair screening PCR. 

PCR was conducted with a common forward primer, designed to bind 589 bp 

upstream of the HDR template, and two alternative reverse primers. One 

reverse primer was specific for the mutated PTEN sequence in BT-549 

(referred to as the mutation-specific primer), and the other was specific for 

the PTEN sequence after successful CRISPR-HDR (referred to as the repair-

specific primer; primer sequences in relation to the PTEN mutation are 

illustrated in Figure 3.4). PCR was performed on DNA extracted from the 

pX458-no sgRNA + ssODN and pX458-PTEN + ssODN conditions. For each 

DNA sample, separate PCRs with the mutation-specific reverse primer and 

the repair-specific reverse primer were carried out.  

For the mutation-specific primer reactions, both pX458-no sgRNA + ssODN 

and pX458-PTEN + ssODN conditions produced a strong band of expected 

size (644 bp). This indicated that there was a high frequency of the mutated, 

unmodified PTEN sequence in both DNA samples (Figure 3.7). However, the 

pX458-PTEN + ssODN sample also produced a very faint band of expected 

size (647 bp) in the repair-specific primer reaction, whereas the pX458-no 

sgRNA + ssODN sample did not. This was interpreted as an indication that 

there was successful PTEN repair occurring in the cell population, albeit at a 

very low frequency, in spite of low levels of Cas9 expression. 
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Figure 3.7. PCR indicating successful repair of PTEN mutation in BT-549 cells with 
plasmid delivery of the CRISPR-HDR system. Gel image shows the results of PCR with 
mutation-specific primer (M) and repair-specific primer (R), for pX458-no sgRNA + ssODN 
and pX458-PTEN + ssODN DNA samples. Both samples produced a strong band of 
expected size (644 bp) in the mutation-specific primer reaction. A very faint band of 
expected size (647 bp) was observed in the repair-specific primer reaction for the pX458-
PTEN + ssODN condition, and was not seen in the pX458-no sgRNA + ssODN condition, 
indicating the presence of the repaired PTEN sequence in the cell population at a low 
frequency. 
 
 

3.4.4 Plasmid-transfected EGFP+ single cells failed to produce 
clonal cell lines   

To increase the likelihood of generating successfully repaired clonal lines 

even with a low level of Cas9 expression, fluorescence-activated cell sorting 

(FACS) was performed to isolate EGFP+ BT-549 cells transfected with 

pX458-PTEN + ssODN and pX458-no sgRNA + ssODN. EGFP+ BT-549 cells 

from both of these conditions were seeded as single cells by limiting dilution 

into individual wells in 96-well plates. Cells from the pX458-no sgRNA + 

ssODN condition were intended to provide negative control clonal lines. 

Epidermal growth factor (EGF) was added to the to the culture medium in 

which single cells were seeded. It has previously been shown that EGF 
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stimulated activation of the AKT pathway in PTEN-null breast cancer cells 

that had PTEN expression restored by cDNA overexpression (59). EGF was 

administered during the single cell seeding and growth period to reduce the 

likelihood that PTEN-repaired cells would face a survival and proliferation 

disadvantage and would fail to form clonal cell lines. After seeding single 

cells, remaining EGFP+ cells were replated as a pool in one well of a 96-well 

plate to recover from the stress of FACS.  

In the days following seeding it became apparent that the single cells had 

failed to survive and grow in isolation. The EGFP+ cells that had been 

replated as a pool had also failed to proliferate, and showed substantial levels 

of cell death. This occurred in both the PTEN repair condition and the no 

sgRNA condition, indicating the observed phenotype was not a result of 

successful PTEN repair, but was likely due to the treatment involving plasmid 

DNA transfection, FACS and single cell isolation. 

At this point, an alternative delivery method for CRISPR-HDR was trialled. 

Purified Cas9 protein and PTEN gRNA were delivered to the cells by 

lipofection as RNP complexes (58), along with the same ssODN HDR 

template that had been used with the plasmid delivery system. RNP delivery 

has been shown to promote greater efficiency and specificity of CRISPR/Cas9 

editing (37-39), and allows for the synchronous presence of all CRISPR-HDR 

components (Cas9, gRNA and HDR template) in the cell for editing to take 

place. In addition, RNA and protein transfection may be less toxic to cells, 

and present less risk of insertional mutagenesis, than plasmid DNA (40).   
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3.4.5 Successful PTEN repair was detected in the RNP-
transfected BT-549 population with PCR screening 

RNPs were assembled by complexing Cas9 protein with the PTEN repair 

gRNA, as well as with a negative control gRNA designed to have no target 

sites in the human genome. RNP complexes were delivered to BT-549 cells 

using a specialised transfection reagent for RNA, designed to reduce cell 

toxicity. Both PTEN repair RNPs and negative control RNPs were delivered 

with and without ssODN HDR template. Cells were transfected in a 96-well 

plate format and a modified DNA extraction protocol was developed to obtain 

genomic DNA from a small cell sample (details are provided in Sections 

3.3.7.2 and 3.3.8.2). For the RNP system, there was no fluorescent reporter 

available to isolate successfully transfected cells by FACS prior to seeding 

single cells.  

The repair screening PCR was repeated on DNA extracted from RNP-

transfected cells, with a reverse primer specific for either the BT-549 PTEN 

mutation, or for the repaired PTEN sequence. Similar to the results obtained 

from plasmid-transfected samples, both the PTEN repair RNP and negative 

control RNP samples produced a strong band of expected size (644 bp) in the 

mutation-specific primer PCR (Figure 3.8). For the repair-specific primer 

PCR, there was a faint band of expected size (647 bp) in the PTEN repair 

RNP condition, which was not observed in the negative control RNP 

condition. This band was stronger than that observed in the pX458-PTEN + 

ssODN PCR. Additional bands were observed in these PCRs, possibly non-

specific amplification as a consequence of the alternative method of DNA 

extraction for smaller cell samples, which generated DNA samples with a 

higher level of impurities than the method used for plasmid-transfected 
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samples. As these bands were evident for the negative control RNP reactions 

as well as the PTEN repair RNP reactions, this was not interpreted as an 

effect of the CRISPR-HDR system. 

 

Figure 3.8. PCR indicating successful repair of PTEN mutation in BT-549 cells with 
RNP delivery of the CRISPR-HDR system. Gel image shows the results of PCR with 
mutation-specific primer (M) and repair-specific primer (R), for negative control RNP + 
ssODN and PTEN repair RNP + ssODN DNA samples. Both samples produced a strong 
band of expected size (644 bp) with the mutation-specific primer. A faint band of expected 
size (647 bp) was observed in the repair-specific primer reaction for the PTEN repair RNP + 
ssODN condition, and was not seen in the negative control RNP + ssODN condition, 
indicating the presence of the repaired PTEN sequence in the cell population. 
 
 

3.4.6 RNP-transfected single cells successfully generated clonal 
cell lines  

RNP-transfected BT-549 cells were seeded as single cells by limiting dilution 

into individual wells of 96-well plates. Fewer cells were seeded for the 

negative control RNP condition than for the PTEN repair RNP, as large 

numbers of negative control clonal lines were not required for screening. As 

for the plasmid system, EGF was added to the culture medium for single cell 

seeding in an attempt to maintain PTEN-corrected cells over the period of 



212 

colony formation and growth. Wells with single cells were identified two days 

after cell seeding. The majority of identified single cells grew successfully, 

and were used for DNA extraction and PCR screening for PTEN repair. 

However, some of the identified single cells proliferated slowly, and the 

resulting colonies exhibited growth arrest and cell death before there were a 

sufficient number of cells in the colony to perform DNA extraction and 

screening. The number of single cells that successfully produced clonal lines, 

compared to the number that failed to grow and survive, is shown in Table 

3.9. A total of 208 clones were derived from the PTEN repair RNP + ssODN 

condition, and 19 clones were derived from the negative control RNP + 

ssODN condition. 

Table 3.9. Number of identified single cells and successfully derived clonal cell lines 
from the PTEN repair RNP and negative control RNP conditions. 
 
Condition Single cells identified Surviving clonal lines Unsurviving clonal lines 
Negative control 21 19 (90.5%) 2 (9.5%) 
PTEN repair 258 208 (80.6%) 50 (19.4%) 
 

3.4.7 No PTEN-repaired clonal cell lines were identified  

DNA was extracted from the single cell-derived clonal lines and used for 

repair screening PCR. PCR was simultaneously conducted on DNA samples 

from the negative control RNP + ssODN cell pool and PTEN repair RNP + 

ssODN cell pool, to provide negative and positive controls. The results of PCR 

on the positive and negative control cell pools and clonal lines were visualised 

by gel electrophoresis (Figure 3.9). There was a strong band of expected size 

(644 bp) observed in the mutation-specific primer reactions for all DNA 

samples. A band of expected size (647 bp) was evident in the repair-specific 

primer reaction for the positive control, PTEN repair RNP cell pool. 

However, of the 208 clonal cell lines isolated from the PTEN repair RNP + 
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ssODN condition, none showed a band in the repair-specific primer PCR to 

indicate successful correction of the PTEN mutation. Further experiments 

attempting PTEN repair with CRISPR-HDR were not carried out due to time 

constraints. 

 
 
Figure 3.9. PCR screening for the repair of PTEN mutation in BT-549 single cell-
derived clonal lines after RNP delivery of the CRISPR-HDR system. Gel image shows 
the results of PCR with mutation-specific primer (M) and repair-specific primer (R), on DNA 
samples from the negative control RNP + ssODN cell pool, PTEN repair RNP + ssODN cell 
pool, 9 PTEN repair RNP clonal cell lines and 3 negative control RNP clonal lines. All 
reactions with the mutation-specific primer produced a strong band of expected size (644 
bp). A faint band of expected size (647 bp) was observed in the repair-specific primer 
reaction for the PTEN repair RNP + ssODN cell pool condition, and was not seen in the 
negative control RNP + ssODN condition. None of the PTEN repair RNP clonal lines 
showed a corresponding band in the repair-specific primer reaction indicating successful 
PTEN correction. This gel image is representative of the screening conducted for all clonal 
cell lines. 
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3.5 Discussion 

3.5.1 Summary of results 

The aim of this chapter was to repair a single base pair deletion in PTEN in 

the BT-549 TNBC cell line with CRISPR-HDR. Plasmid and RNP systems for 

PTEN repair were designed and delivered to BT-549 cells by lipofection, 

along with an ssODN HDR template carrying the corrected PTEN sequence 

to be incorporated at the Cas9-mediated double-strand break. Interestingly, 

for plasmid lipofection, the addition of ssODN HDR template dramatically 

reduced the level of Cas9 expression. PCR screening from genomic DNA 

indicated the presence of the repaired PTEN sequence in the plasmid-

transfected cell population, albeit at low frequency, and FACS of EGFP+ cells 

was used to isolate cells expressing Cas9. However, individual EGFP+ cells 

did not survive to produce clonal cell lines. This effect was evident in both the 

PTEN repair sgRNA and no sgRNA conditions, suggesting it was a result of 

stress from DNA transfection and FACS, rather than successful PTEN 

correction.  

CRISPR RNPs were utilised in an effort to reduce the impact of transfection 

on BT-549 cell viability. In addition, RNPs have been shown to promote 

greater CRISPR-HDR efficiency than plasmid DNA, with fewer off-target 

effects (37-39). PCR screening demonstrated successful PTEN correction 

within the RNP-transfected cell pool. The PCR product indicating PTEN 

repair was stronger than that seen in the plasmid-transfected PTEN repair 

sample, although PCR is only a semi-quantitative measure of the frequency of 

a particular sequence in the cell population. The majority of RNP-treated 
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single cells survived in isolation and proliferated to generate clonal cell lines. 

However, some single cell-derived colonies exhibited growth arrest and died 

before the point at which there was sufficient material available for DNA 

extraction and PCR screening. Of the 208 clonal cell lines derived from PTEN 

repair RNP treatment, PCR screening showed none possessed the corrected 

PTEN sequence. Experiments were ceased at this point due to time 

constraints.  

3.5.2 Improvements to CRISPR-HDR experimental methods 

Low frequency of CRISPR-HDR in the cell population is one barrier to the 

isolation of successfully edited clonal lines in gene editing experiments. There 

are various strategies that can be employed to increase the efficiency of 

CRISPR-HDR, which may have been worthwhile modifications to the work 

described here. Firstly, designing several sgRNAs and choosing the most 

active based on a mismatch cleavage assay (60, 61) would ensure high 

efficiency of double-strand break formation by sgRNA and Cas9 prior to 

proceeding with HDR. Additionally, it has been shown that ssODNs can be 

delivered efficiently with electroporation or nucleofection (62). These 

techniques could have been used in place of lipofection in these experiments 

to deliver CRISPR-HDR components, especially since there was some 

indication that the presence of the ssODN reduced the level of Cas9 

expression from the plasmid delivery system. Rates of HDR-mediated gene 

correction could have also potentially been improved by the synchronisation 

of cell cycle prior to CRISPR system delivery {Lin, 2014 #484}. 

A main improvement to this study would have been deep sequencing of the 

target DNA region following administration of the CRISPR-HDR system, to 
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validate and quantify the frequency of the intended modification in the cell 

population. PCR screening is more cost effective, but does not provide a 

quantitative measure of CRISPR-HDR efficiency. For these experiments, it 

would have been greatly beneficial to establish the frequency of PTEN repair 

before generating single cell-derived clonal lines. An alternative, highly 

accurate method of HDR quantification is the detection of the edited 

sequence with a custom fluorescent probe in droplet digital PCR (ddPCR), 

which is sensitive to single base modifications present in the cell population 

at a frequency of 0.1% (63). 

ddPCR detection was employed in an innovative strategy to increase the 

frequency of CRISPR-HDR modifications in a cell population prior to single 

cell isolation (63). The authors created single-base edits in induced 

pluripotent stem cells (iPSCs) with ssODN donors, incorporated into the 

genome by either CRISPR/Cas9 or transcription activator-like effector 

nucleases (TALENs). In order to increase the frequency of edited cells in the 

population, a multiple-round selection protocol was employed. This strategy 

was based on Sib selection methods developed in yeast, in which a population 

of cells is subdivided and then the ‘mutation-containing’ subpopulation is 

further subdivided until a rare cell type is purified (64). After gene editing, 

cells were divided into several samples and a proportion of each sample was 

used for ddPCR. The sample with the most frequent rate of successful HDR 

was subdivided, and ddPCR and selection was repeated on this new round of 

samples. The authors found that as few as three rounds of Sib selection could 

substantially increase the frequency of extremely rare edits in iPSC 

populations. As deriving clonal lines from single cells is perhaps the most 
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labour-intensive step in CRISPR-HDR experiments, this method could be an 

important improvement to the experiments described here. 

3.5.3 Selection methods to isolate successfully repaired cells 

This chapter demonstrated the difficulty of using CRISPR-HDR to repair a 

single base pair mutation in a TSG, particularly with no method of selection 

for successfully edited cells, and when successfully corrected cells also 

possess a proliferation disadvantage relative to the rest of the population. 

During these experiments, a novel method for tracking the frequency of TSG 

repair in a cell population was published (44). The authors delivered ssODN 

HDR templates for the CRISPR-mediated correction of a mutation in APC, a 

transcription factor frequently mutated in the early stages of colon cancer. As 

well as the corrected APC sequence, ssODNs contained additional silent 

mutations that formed a unique ‘barcode’, which could be quantified by next-

generation sequencing to estimate the presence and frequency of APC 

correction in the population. While the barcode was detected immediately 

after delivery of the CRISPR-HDR system, the frequency of barcoded cells 

strongly declined as cells were passaged, and reached a plateau two weeks 

after the initial editing event. It was speculated that this was due to APC-

corrected cells being replaced by non-edited cells, which possessed a survival 

and proliferation advantage. The same phenomenon may explain why PTEN-

repaired clonal lines could not be obtained here, as single cell-derived 

colonies took approximately four weeks to grow to the point at which DNA 

could be collected for PCR screening. Additional evidence for this effect was 

seen in the higher proportion of single cells that failed to survive as clonal 
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lines in the PTEN repair RNP condition, compared to the negative control 

RNP condition. 

There was an additional innovative feature of this study that simplified the 

process of identifying successfully edited cells, and provided evidence of the 

recovery of tumour suppressive function following APC repair (44). As APC is 

an antagonist of the Wnt signalling pathway, APC correction was undertaken 

in a cell line with stable integration of a Wnt-responsive GFP reporter. It was 

shown that the corrected APC barcode was highly enriched in the 10% of cells 

displaying the lowest levels of GFP, suggesting APC functional restoration 

suppressed Wnt activity. A similar approach could have potentially been used 

to investigate the effects of PTEN repair, by integration of a reporter for a 

transcription factor downstream of PTEN such as FOXO1 (65, 66). 

After seeing the difficulty in isolating repaired cells without a selection 

method in these experiments, another strategy was devised to incorporate a 

selectable marker into successfully edited cells without disrupting the PTEN 

coding sequence. A CRISPR-HDR system with two sgRNAs was designed to 

create double-strand breaks in PTEN introns 7 and 8, effectively excising the 

entire PTEN exon 8, which contains the single base pair deletion in BT-549. 

A plasmid HDR template was designed, containing the corrected PTEN exon 

8 sequence. As well as the corrected PTEN coding sequence, the HDR 

template encoded a fluorescent reporter under the control of an exogenous 

promoter, knocked-in to the intronic region. By maintaining splicing 

recognition sequences in the intron, the reporter cassette was intended to be 

spliced out after transcription, allowing FACS to isolate successfully edited 

cells without disrupting the PTEN mRNA sequence. Open reading frames 
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have previously been inserted into intronic regions with NHEJ in zebrafish 

(67, 68). Although it is not yet certain whether this approach would be 

effective, and time constraints prevented it being tested during this PhD, the 

strategy may be applied in future CRISPR-HDR editing experiments in the 

laboratory. 

Another method that may allow the selection of successfully edited cells in 

CRISPR-HDR experiments would involve the selection of a target gene that 

codes for a cell surface protein. In this scenario, an antibody could be used to 

stain living cells for the relevant protein after CRISPR editing, and positive 

cells could then be isolated by FACS. Unfortunately, PTEN is localised to the 

cytoplasm and nucleus, and staining the protein requires permeabilising the 

cells, making them non-viable. For other targets that are expressed on the 

extracellular surface, this could prove a useful approach. 

3.5.4 Alternatives to gene editing by HDR 

As HDR is highly inefficient, TSG correction might be more successful 

exploiting other DNA repair pathways or editing mechanisms. An interesting 

concept for the repair of frameshift mutations relies on the high efficiency of 

CRISPR-NHEJ. While Cas9 cleavage in absence of available HDR template 

was initially thought to result in random DNA repair outcomes, it has been 

demonstrated that the NHEJ repair outcomes at Cas9-mediated double 

strand breaks are in fact predictable (69). ‘Repair outcome’ here refers to the 

length of insertion or deletion resulting from NHEJ at a given double-strand 

break. Further, the pattern of DNA repair is determined by the gRNA 

recognition sequence, not by the genomic context, cell type or other factors. It 

has been suggested that this feature could be used to select gRNAs that are 
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likely to generate a certain repair outcome (69). In the situation of a single 

base pair deletion such as that in PTEN in BT-549, a gRNA that is prone to 

generate a one base pair insertion, or a two base pair deletion, would restore 

the PTEN reading frame. Although such an approach would likely generate a 

missense mutation around residue 274 of PTEN, this would be preferable to 

the previous truncating mutation that caused complete loss of PTEN 

function. Deleterious PTEN missense mutations are predominantly located in 

the phosphatase domain (5, 52). Since NHEJ is the most frequently utilised 

cellular DNA repair pathway, this approach could have potential in repairing 

small-scale insertions or deletions that cause frameshift muations.  

Recently, a mutation in the TSG TP53 was corrected with CRISPR base 

editing. This approach involves the fusion of cytidine deaminase or 

deoxyadenosine deaminase enzymes to dead Cas9 (dCas9), which can then be 

directed to a DNA target to catalyse C/G T/A or A/T G/C base pair 

conversions (70, 71). As this approach is only applicable for the correction of 

substitution mutations, it could not have been used to repair the single base 

pair deletion in PTEN in BT-549. However, there are single nucleotide 

substitutions in PTEN that lead to splicing errors or create a missense 

mutation, most of which affect the phosphatase core motif (5, 52). There is 

the potential to correct these mutations with base editing. Base editing may 

be more efficient than CRISPR-HDR, and does not induce undesirable 

NHEJ-mediated outcomes at the target site. This is a crucial advantage in 

targeting a TSG such as PTEN, as mutagenesis in unintended cell types could 

have disastrous implications by initiating tumour formation. For these 
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reasons, base editing could be a valuable approach to repair genetic 

mutations in future experiments.  

3.5.5 CRISPR genetic editing specificity and delivery methods 

There are additional concerns for both modelling and therapeutic 

applications of CRISPR-HDR beyond problems associated with low editing 

efficiency. One of the primary issues is the potential for off-target 

mutagenesis. Reports into the frequency of non-cognate sgRNA binding have 

varied widely, ranging from very few detected off-targets to thousands (57, 

72-74). However, actual editing by Cas9 usually occurs at only a small 

percentage of these binding sites (73, 74). In the experiments described in 

this chapter, the sgRNA target sequence was chosen using online software to 

help minimize the likelihood of widespread binding and associated off-target 

editing (57, 75, 76). The incidence of sequence modifications at predicted off-

target binding sites can be investigated by mismatch cleavage assay or DNA 

sequencing (60). There are also more comprehensive, non-biased methods to 

assess off-target cleavage genome-wide (77), but for many laboratories these 

remain cost-prohibitive. Off-target effects not profiled in this study, since 

PTEN-repaired clones were not obtained. 

Viable therapeutic options also require the development of safe, targeted and 

efficient methods for delivery of CRISPR components in vivo (78). It has 

been demonstrated that gene editing tools can be targeted to tumours via 

systemic delivery of nanoparticles (45, 79-81). Even if CRISPR-HDR systems 

can be delivered effectively and safely without inducing off-target effects, 

tumour heterogeneity may complicate attempts at TSG repair (82, 83). Such 

factors are not adequately captured in cell line models, and the efficacy of 
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CRISPR-HDR for TSG correction in the face of these impediments will need 

to be addressed in future studies. Overall, this chapter points to some of the 

difficulties involved in undertaking genetic editing for the correction of TSG 

mutations, and the importance of selecting targets for CRISPR-HDR that 

allow for efficient modification, screening and isolation of edited cells 

downstream. 
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4.1 Abstract 

After damage to the adult mammalian central nervous system (CNS), 

surviving neurons are unable to regenerate axons to restore functional 

connections with their targets. Conditional deletion of PTEN results in robust 

axon regeneration in preclinical CNS injury models, and PTEN has also been 

repressed with short hairpin RNA and pharmacological inhibitors. However, 

the efficacy of PTEN transcriptional repression in CNS neurons has not yet 

been investigated. The CRISPR/dCas9 system is a recently developed tool for 

potent, programmable gene repression. We targeted the PTEN proximal 

promoter and 5’ untranslated region with dCas9 fused to the repressor 

protein Krüppel-associated box (KRAB). Preliminary testing of this system in 

human mesenchymal precursor cells and the HEK 293T cell line showed that 

dCas9 delivered with one CRISPR guide RNA (gRNA) was sufficient to 

achieve potent PTEN repression at mRNA and protein levels, and that dCas9-

KRAB outperformed a combination of four shRNAs targeting the PTEN 

transcript. dCas9-KRAB also induced H3 methylation and deacetylation at 

the PTEN promoter, and showed no evidence of transcriptional regulation at 

predicted off-target gRNA binding sites. The dCas9-KRAB system delivered 

with a single gRNA significantly repressed PTEN in human neurons derived 

from induced pluripotent stem cells (iPSCs). PTEN silencing with 

CRISPR/dCas9 epigenetic editing may be an option for promoting axon 

regeneration and functional recovery after CNS injury.  
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4.2 Introduction 

The devastating consequences of acute brain and spinal cord injury, stroke 

and neurodegenerative disease are largely due to the failure of mature central 

nervous system (CNS) neurons to survive and effectively regrow axons after 

damage. CNS myelin, glial scar tissues and extracellular guidance cues 

contribute to an inhibitory environment that negatively impacts on axon 

regeneration (1-3). Perturbation of these extracellular inhibitory factors, 

along with exogenous administration of supportive neurotrophic factors, can 

improve axon regeneration following injury to some extent (4, 5). However, 

mature CNS neurons also have intrinsic limitations in their responsiveness to 

environmental trophic factors and associated capacity for target-independent 

survival and axon extension (6-8). 

Various transcription factors and intracellular signalling proteins have been 

implicated in this loss of intrinsic growth ability in CNS neurons (8-11). In 

particular, the phosphoinositide 3-kinase (PI3K)/mammalian target of 

rapamycin (mTOR) pathway plays a crucial role (Figure 4.1). Extracellular 

neurotrophins enhance axon growth via the activation of tyrosine receptor 

kinases (TRKs) on the cell membrane. TRK binding leads to conversion of the 

second messenger phosphatidylinositol (4,5)-disphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) by PI3K, resulting in 

downstream activation of AKT and mTOR (12). mTOR phosphorylates 

ribosomal protein S6 kinase (S6K) and eukaryotic translation initiation factor 

4E-binding protein 1 (4E-BP1) to regulate protein synthesis for growth cone 

formation and axon extension (13). mTOR activity is downregulated over the 

course of development in CNS neurons, and is further reduced following 
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injury (14, 15). PI3K also directly regulates cytoskeleton formation, orienting 

polarised assembly of actin filaments and microtubules in the axon terminal 

during axon elongation (12). In addition, activated AKT phosphorylates and 

inactivates glycogen synthase kinase-3β (GSK-3β), thereby promoting the 

necessary microtubule assembly for axon extension and branching (16, 17). 

Dramatic improvements in axon regeneration in preclinical CNS injury 

models have been obtained with deletion of PTEN (phosphatase and tensin 

homolog) (14, 15, 18-20). PTEN is a dual lipid and protein phosphatase that 

converts PIP3 to PIP2, inhibiting activation of the PI3K/mTOR pathway 

(Figure 4.1). Conditional deletion of PTEN in CNS neurons in mice prevented 

mTOR downregulation following injury and improved neuronal survival and 

long-distance axon regeneration in retinal ganglion cells (14, 18) and 

corticospinal neurons (15). Importantly, axon regeneration was significantly 

improved when PTEN deletion was performed shortly after spinal cord 

injury, or even up to one year later (19, 20). Dopamine neurons transplanted 

into Parkinson’s disease model mice also showed superior survival and axon 

regeneration with PTEN knockout (21). Although the majority of 

regeneration in these studies was attributable to mTOR activation, part of the 

effect of PTEN deletion was mTOR-independent, suggesting the involvement 

of other factors downstream of PTEN such as PI3K and GSK-3β (14, 15).  

PTEN has also been successfully inhibited with short hairpin RNA (shRNA) 

and pharmacological approaches (22-24). shRNAs targeting PTEN were 

delivered to the injured spinal cord in mice by adeno-associated virus (AAV), 

resulting in robust regeneration of corticospinal tract (CST) axons that 

formed synapses in spinal cord regions distal to the injury (22). CST axon 
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regeneration and improvements in motor function were also observed 

following simultaneous delivery of PTEN shRNA and salmon fibrin into 

spinal cord lesions in adult rats (23). Bisperoxovanadium (bpV) compounds, 

inhibitors of protein tyrosine phosphatases (PTPs), have also been used for 

pharmacological modulation of PTEN. bpV treatment was neuroprotective 

after spinal cord injury, enhanced axon outgrowth of primary cortical 

neuronal cultures following oxygen-glucose deprivation, and improved long-

term functional recovery after ischemia (25-27). Although bpV compounds 

exhibit some level of selectivity for PTEN, they also block other PTPs at 

higher concentrations, and so may present a risk of unintended non-specific 

effects.  

We were interested in whether epigenetic editing to repress PTEN at the 

transcriptional level could provide an effective alternative to other methods 

of PTEN inhibition. Recently, the mechanisms underlying the Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-

associated protein 9 (Cas9) system of Streptococcus pyogenes were 

elucidated and subsequently adapted as a novel programmable tool for gene 

editing in mammalian cells (28-30). The Cas9 endonuclease is directed to a 

target genomic location by a complementary guide RNA (gRNA) molecule, 

where it cleaves the DNA strand. Cas9-induced DNA double-strand breaks 

can be exploited for gene knockout, or targeted gene knock-in and other 

precise sequence alterations. However, we were interested in developing a 

strategy for reversible repression of PTEN, which would circumvent long-

term side effects imposed by permanent PTEN knockout (31, 32). The 

CRISPR system has been adapted for transcriptional activation, repression, 
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and epigenetic editing by mutations to the nuclease domains of Cas9 to form 

a ‘dead’ Cas9 (dCas9) protein, which binds the DNA target specified by the 

gRNA without catalysing a double-strand break. dCas9 has been fused to a 

variety of proteins, termed effector domains, that influence transcription or 

edit epigenetic marks when directed to regulatory regions by the gRNA (33). 

The Krüppel-associated box (KRAB) is an effector that originates from 

naturally occurring eukaryotic transcription factors, which has been used in 

fusion with dCas9 to achieve potent transcriptional repression (34-36). While 

KRAB does not edit epigenetic marks directly, it recruits cofactors that 

catalyse the addition and removal of histone post-translational modifications. 

Transcriptional repression by KRAB zinc finger transcription factors is 

initiated by recruitment of KRAB-associated protein 1 (KAP1), which engages 

histone deacetylases (HDACs) and histone methyltransferases (HMTs) to 

promote heterochromatin formation (Figure 4.1) (37-42). dCas9-KRAB 

fusion proteins have been shown to reduce H3K9 and H3K27 acetylation, 

increase H3K9 and H3K27 trimethylation, and reduce chromatin 

accessibility at targeted regions (43-45). These constructs have been directed 

to proximal promoters and enhancers to induce gene silencing (45-47). 

We sought to investigate whether PTEN expression could be effectively 

silenced in CNS neurons by epigenetic editing using CRISPR/dCas9-KRAB. 

The reversible repression of PTEN without permanent gene knockout is a key 

advantage of this approach, as sustained PTEN loss may result in neuronal 

hypertrophy and other abnormalities (31, 32, 48). We designed a system 

using dCas9-KRAB to repress PTEN expression, and compared the extent of 
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repression induced by the CRISPR system to that of four shRNAs targeting 

the PTEN transcript. 

 

 

Figure 4.1. Design of CRISPR and shRNA systems for PTEN repression. A: Intracellular 
signalling pathways regulating axon regeneration after CNS injury. Growth factors activate 
tyrosine receptor kinases (TRK), causing PI3K to convert PIP2 to the second messenger 
PIP3. PIP3 accumulation results in activation of the AKT/mTOR pathway and modulation of 
downstream signalling proteins GSK-Bβ, 4E-BP1 and S6K to promote axon growth. PTEN 
inhibits this pathway by converting PIP3 to PIP2, which counteracts PI3K activity, reducing 
axon growth. B: S. pyogenes dCas9 with C-terminal fusion of the KRAB repressor domain 
is directed to the DNA target site by the gRNA. KRAB recruits KAP1, which in turn engages 
the nuclease remodelling and deacetylase (NuRD) complex for histone deacetylation 
(HDAC), histone-lysine N-methyltransferase SETDB1 for histone methylation (H3K9me), and 
heterochromatin protein 1 (HP1) for chromatin remodelling. Together these effectors 
promote heterochromatin formation and transcriptional silencing. C: Location of gRNA 
target sites within the PTEN proximal promoter and 5’ untranslated region (UTR). gRNA 
numbers refer to the distance in DNA base pairs upstream or downstream of the 
transcription start site (TSS) of PTEN mRNA transcript variant 1. Arrows indicate whether 
the gRNA targets the forward or reverse DNA strand. D: Location of shRNA target sites in 
the PTEN transcript. Exon numbering refers to the number of nucleotides downstream of 
the TSS in PTEN mRNA transcript variant 1, however these shRNAs target all annotated 
PTEN transcript variants. 
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4.3 Results 

We aimed to repress PTEN in preliminary human cell line models and CNS 

neurons with a CRISPR epigenetic editing system. We selected S. pyogenes 

dCas9 with a C-terminal KRAB fusion, which has been used previously for 

endogenous gene repression (49). We designed four gRNAs—two targeting 

the Homo sapiens PTEN proximal promoter and two targeting the 5’ 

untranslated region (UTR) (Figure 4.1). gRNA target sites were selected for 

minimal predicted off-target activity and maximal on-target activity 

according to established algorithms (50). We wished to compare the extent of 

repression with dCas9-KRAB to that achieved from the delivery of four 

shRNAs targeting the PTEN transcript (Figure 4.1). Initially, we tested the 

dCas9-KRAB system and PTEN shRNAs in two model cell types—the human 

embryonic kidney (HEK) 293T cell line, and human mesenchymal precursor 

cells (hMPCs)—to establish the most effective gRNA before implementing the 

system in neurons. 

4.3.1 dCas9-KRAB represses PTEN expression in the HEK 293T 
cell line and hMPCs 

The dCas9-KRAB system and PTEN shRNAs were delivered by lentiviral 

transduction and cell populations were collected and processed without 

selection for transduced cells. dCas9-KRAB was delivered with no gRNA or 

with individual PTEN-targeting gRNAs. We also tested the combined delivery 

of the two gRNAs targeting the 5’ UTR (gRNAs +143 and +311), or a mix of all 

four gRNAs, as previous studies have shown more potent repression is 

sometimes achieved using multiple gRNAs per target gene (46). qRT-PCR 

and Western blot were performed to assess PTEN mRNA and protein 
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expression (Figure 4.2). In the HEK 293T cell line, PTEN expression was 

significantly repressed by gRNA -54 (0.66-fold, p<0.05), gRNA +143 (0.33-

fold, p<0.0001) and gRNA +311 (0.08-fold, p<0.0001) relative to empty 

vector control. PTEN was also significantly repressed by the combination of 

the two 5’ UTR gRNAs (0.11-fold, p<0.0001), and the combination of all four 

gRNAs (0.17-fold, p<0.0001). However, neither of these combinations 

reduced PTEN mRNA levels below those observed with gRNA +311 alone. 

Interestingly, dCas9-KRAB repressed PTEN to a greater extent than the four 

PTEN shRNAs (0.39-fold, p<0.0001). Delivering dCas9-KRAB with no gRNA 

did not result in any significant change in PTEN expression relative to the 

empty vector condition. The results of Western blot corresponded to the 

effect seen at mRNA level (Figure 4.2).  

A similar effect of these repression systems was observed in hMPCs (Figure 

4.2). When gRNAs were delivered individually, only gRNAs +143 (0.10-fold, 

p<0.0001) and +311 (0.01-fold, p<0.0001) showed significant repression 

compared to empty vector control. The mix of 5’ UTR-targeting gRNAs (0.04-

fold, p<0.0001) and mix of all four gRNAs (0.05-fold, p<0.0001) also 

showed significant repression relative to empty vector. The level of PTEN 

expression in qRT-PCR results was also reflected in Western blot (Figure 

4.2). The repression achieved by PTEN shRNAs in hMPCs was greater than in 

HEK 293T (0.10-fold, p<0.0001), although still not as potent as dCas9-KRAB 

with gRNA +311. Unexpectedly, dCas9-KRAB with no gRNA displayed 

significant repression of PTEN relative to the empty vector control (0.86-

fold, p<0.05). 
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Figure 4.2. PTEN is repressed by the dCas9-KRAB system and PTEN shRNAs in the 
HEK 293T cell line and human mesenchymal precursor cells (hMPCs). dCas9-KRAB 
was stably expressed with no gRNA, with individual gRNAs targeting the PTEN proximal 
promoter and 5’ untranslated region (UTR), with a mix of the 5’ UTR-targeting gRNAs, or 
with a mix of all four gRNAs. Empty vector and the combination of four shRNAs targeting 
the PTEN transcript were also stably expressed by lentiviral transduction. A, C: Fold change 
in PTEN mRNA expression in qRT-PCR relative to empty vector in the HEK 293T cell line (A) 
and hMPCs (C). * p<0.05, **** p<0.0001 (one-way ANOVA with Dunnett’s multiple 
comparisons test), n=3, error bars show standard error of the mean (SEM). B, D: 
Immunoblot of PTEN and GAPDH in HEK 293T (B) and hMPCs (D). Conditions correspond 
to qRT-PCR data labelled above; each blot is representative of two independent biological 
replicates. 
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4.3.2 dCas9-KRAB does not induce transcriptional regulation at 
predicted off-target sites 

Having established significant repression of PTEN with dCas9-KRAB, we 

investigated whether the CRISPR system was inducing off-target 

transcriptional regulation. We identified the genome-wide sites with fewest 

mismatches to any of the four PTEN gRNAs. We then examined whether any 

of these off-target sites were also located in regulatory regions (promoters 

and enhancers) with the potential to modulate gene expression. Two 

potential off-target binding sites were identified upstream of genes SAMD11 

and KLF16, both of which contained three mismatches to the cognate gRNA 

sequence (PTEN gRNAs -54 and +311, respectively; Figure 4.3). qRT-PCR 

was conducted to assess SAMD11 and KLF16 mRNA expression in HEK 293T 

cells or hMPCs stably expressing gRNA -54 or +311 individually, a mix of all 

four PTEN gRNAs, or no gRNA. No significant difference in SAMD11 or 

KLF16 expression was observed between any of the conditions in either HEK 

293T or hMPCs, indicating dCas9-KRAB was not significantly modulating 

transcription of two genes most likely to be impacted by off-target gRNA 

binding. 
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Figure 4.3. PTEN repression by dCas9-KRAB does not affect expression of predicted 
off-target genes. Two off-target sites with highest similarity to PTEN gRNAs -54 (A) and 
+311 (C) fell in the regulatory regions of genes SAMD11 and KLF16, respectively. 
Mismatches between cognate and off-target sequences are highlighted in red, NGG 
protospacer adjacent motif (PAM) sequences are underlined, yellow arrows show the 
location and direction of the off-target recognition site and green shaded regions of DNA 
represent CpG islands. B, D: dCas9-KRAB was stably expressed in HEK293T and hMPCs 
with no gRNA, PTEN gRNA -54 (B) or +311 (D), or a mix of all four gRNAs targeting the 
PTEN proximal promoter and 5’ UTR. Data are shown as fold change in PTEN and SAMD11 
(B) or KLF16 (D) mRNA expression in qRT-PCR relative to dCas9-KRAB with no gRNA. 
There was no significant effect on SAMD11 or KLF16 expression. * p<0.05, **** p<0.0001 
(one-way ANOVA with Dunnett’s multiple comparisons test), n=3, error bars show SEM. 
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4.3.3 The dCas9-KRAB system elicits histone methylation and 
deacetylation at the PTEN promoter 

dCas9-KRAB has previously been shown to recruit HDACs and HMTs 

resulting in changes to histone post-translational modifications at the target 

region (43-45). We performed chromatin immunoprecipitation (ChIP) 

against trimethylated H3K9 (H3K9me3), a histone modification commonly 

associated with heterochromatin and transcriptional repression, and 

acetylated H3K9 (H3K9ac), which is highly correlated with active promoters 

(Figure 4.4). H3K9me3 at the PTEN proximal promoter was significantly 

enriched in HEK 293T cells stably expressing dCas9-KRAB and PTEN gRNA 

+311 (0.19% of input chromatin compared to 0.08% of input chromatin with 

dCas9-KRAB with no gRNA, p<0.05). H3K9ac was also significantly 

decreased at the PTEN promoter with the expression of gRNA +311 (5.20% of 

input chromatin compared to 23.13% of input chromatin with dCas9-KRAB 

with no gRNA, p<0.0001). There were no significant differences in the 

frequency of H3K9me3 and H3K9ac at the GAPDH promoter between gRNA 

+311 and the no gRNA control condition, suggesting the epigenetic 

modifications induced by dCas9-KRAB and gRNA +311 were target gene 

specific.  
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Figure 4.4. dCas9-KRAB alters histone modifications at the PTEN proximal promoter. 
A, B: dCas9-KRAB was stably expressed in the HEK 293T cell line with gRNA +311 
targeting the PTEN 5’ UTR, or with no gRNA. ChIP with H3K9me3 (A) and H3K9ac (B) 
antibodies was performed, followed by qPCR with primers in PTEN and GAPDH promoter 
regions. Results are expressed as the percent of immunoprecipitated DNA relative to input 
chromatin, * p<0.05, **** p<0.0001 (unpaired Student’s t-test), n=3, error bars show SEM. 
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neurons as in the preliminary model cell types. However, the delivery of four 

PTEN shRNAs resulted in a small but significant reduction of PTEN mRNA 

levels (0.86-fold, p<0.05) relative to empty vector control. dCas9-KRAB with 

PTEN gRNA +311 reduced PTEN expression somewhat further (0.79-fold, 

p<0.01) relative to empty vector. These results demonstrate that the dCas9-

KRAB system can significantly repress PTEN at mRNA level in human 

neurons, although the extent of PTEN silencing in individual neurons in the 

population, as well as the possible influence on PI3K/AKT/mTOR activation 

and neurite outgrowth, remain to be established.  

 
Figure 4.5. PTEN is repressed by the dCas9-KRAB system and PTEN shRNAs in 
human iPSC-derived neurons. Neurons were transduced with dCas9-KRAB and PTEN 
gRNA +311, four shRNAs targeting PTEN, or empty vector. Data are shown as fold change 
in PTEN mRNA expression in qRT-PCR relative to empty vector. * p<0.05, ** p<0.01 (one-
way ANOVA with Dunnett’s multiple comparisons test), n=3, error bars show SEM. 
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4.4 Discussion 

Here we have demonstrated that dCas9-KRAB targeted to the PTEN 5’ UTR 

by a single gRNA potently repressed PTEN expression at mRNA and protein 

level, and resulted in increased H3K9me3 and reduced H3K9ac at the PTEN 

promoter. The dCas9-KRAB system repressed PTEN to a greater extent than 

a combination of four shRNAs targeting the PTEN transcript in preliminary 

model cell types. PTEN mRNA expression was subsequently shown to be 

significantly repressed by the CRISPR/dCas9-KRAB system in human iPSC-

derived neurons. The extent of PTEN repression in neurons was not as potent 

as for the other cell types tested. Nonetheless, as some level of functional 

recovery is possible with only few regenerating axons, repression levels in 

individual cells may be more pertinent than in the cell pool as a whole (22, 

23, 27). PTEN protein levels and neurite outgrowth could be detected 

through immunofluorescence staining of individual transduced neurons in 

vitro. However, as cultured neurons provide limited information as to 

whether dCas9-KRAB could promote axon regeneration in damaged CNS 

neurons, the CRISPR system must eventually be tested in a preclinical model 

of CNS injury. PTEN shRNAs have been shown to increase the survival and 

axon regrowth of compromised neurons in vivo (22, 23), and dCas9-KRAB 

was here shown to be equally if not more effective for PTEN repression, 

suggesting there is definite therapeutic potential for the CRISPR repression 

system.  

While these results demonstrated potent repression of the target gene in 

HEK 293T and hMPCs, off-target effects of CRISPR gRNAs are a key 

concern, especially when envisioning therapeutic applications. We found no 
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effect of the CRISPR repression system at two sites predicted as most likely to 

be affected by off-target gRNA binding, providing some indication that the 

transcriptional repression induced by dCas9-KRAB was target gene specific. 

In future studies, there is the option to investigate off-target effects more 

comprehensively by measuring transcriptional changes with RNA sequencing 

(RNA-seq), or the occupancy of dCas9-KRAB genome-wide using ChIP 

followed by next-generation sequencing (ChIP-seq). The consequences of 

non-cognate gRNA recognition may be less detrimental for transcriptional 

modulation with dCas9 than for Cas9 gene editing. Previous studies have 

shown that although dCas9 binding can be detected at off-target sites, there 

are rarely any associated changes in transcription or epigenetic state at these 

locations (46, 51-61). Potent and persistent alteration in gene expression 

likely requires maintained presence of dCas9 and effector domain at the 

binding site, whereas deleterious genetic mutations could be produced by 

Cas9 despite a very low frequency of off-target binding, and these are 

maintained permanently. The potential for unintended, non-specific effects 

remains even when dealing with alternative methods of PTEN knockdown. 

shRNA can cause off-target effects, potentially at greater rates than CRISPR 

transcriptional regulation, and pharmacological PTEN inhibitors may also 

inhibit other protein phosphatases (25-27, 62). 

We found that in both preliminary cell types tested, HEK 293T and hMPCs, 

combining multiple PTEN-targeting gRNAs did not achieve greater levels of 

repression than the single most potent gRNA. This single gRNA also achieved 

significant PTEN repression in neurons. This is an encouraging finding as it 

is easier to deliver a single gRNA when moving to in vivo applications, and 
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also promotes the possibility of multiplex transcriptional regulation by 

delivering several gRNAs, each targeting a different gene (63-66). gRNA 

multiplexing is of special interest considering PTEN deletion has previously 

been shown to cooperate with deletion of other growth-suppressing genes to 

achieve even greater levels of axon regeneration. For example, co-deletion of 

PTEN and SOCS3, a key negative regulator of the signal transducer and 

activator of transcription (STAT) pathway, improved CNS regeneration to an 

even greater extent than PTEN deletion alone (18, 67). Efficient CRISPR 

multiplexing requires strategies to express dCas9 and several gRNAs from a 

single transgene (68, 69), and will be an avenue for further investigation.  

Having established that the dCas9-KRAB system is an effective method for 

PTEN repression, subsequent efforts must test this approach in vivo in a CNS 

injury model. We packaged dCas9-KRAB and gRNA in lentivirus, however 

recombinant AAV (rAAV) vectors are a safer alternative for gene therapy 

applications. rAAV DNA molecules persist predominantly as episomes in 

vivo, with relatively rare instances of integration into the host genome, and 

have been approved for clinical trials (70). The packaging limit of AAV 

complicates the accommodation of S. pyogenes dCas9, which is 4.1 kilobase 

pairs prior to the addition of promoters, effector domain, and gRNA required 

for transcriptional repression. To address this, a split AAV system has been 

used for transcriptional regulation with CRISPR in vivo (71). In addition, Cas 

proteins from other species, such as Staphylococcus aureus dCas9, are small 

enough to be accommodated in AAV for transcriptional activation and 

repression (72, 73). To eliminate the need for dCas9 and effector domain to 

be accommodated in a single rAAV vector, specialised gRNAs can also be 
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engineered with MS2 aptamers to recruit the effector domain to these sites 

on the gRNA, rather than constructing an effector domain in direct fusion 

with dCas9 (74, 75). 

PTEN repression may not be safe or desirable beyond the point of axon 

regeneration and the formation of functional connections with the target. 

There is the possibility that constitutive and permanent PTEN knockdown 

could lead to cancer development, as PTEN has well-established tumour 

suppressive functions (76). The incidence of problems associated with long-

term PTEN repression is not yet clearly established. While some studies have 

claimed PTEN deletion does not induce spontaneous axon growth in absence 

of an injury signal (14), conditional PTEN deletion in mature neurons was 

later shown to cause progressive growth of axons, dendrites and cell bodies 

(31, 32, 48). Despite evident neuronal hypertrophy, no other neuropathology 

or obvious functional impairments were found in PTEN-deleted neurons. As 

the transcriptional repression induced by dCas9-KRAB does not persist in 

absence of continued effector expression (61, 77), a promising strategy may 

be to deliver CRISPR repression systems in inducible AAV vectors (78). 

Another important question is whether expression of dCas9 and gRNAs 

elicits an immune response in the host. Recently, AAV-Cas9 was shown to 

provoke an immune response in vivo, though without causing extensive 

cellular damage (71). 

Selective antagonist peptides targeting the functional domains of PTEN have 

recently been developed, and it is so far unclear how these will compare with 

CRISPR transcriptional repression (24). Systemic administration of these 

peptides or bpV PTEN inhibitors may have unintended effects in non-
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neuronal cell types, whereas AAV tropism and cell type-specific promoters 

provide a means to limit expression of the CRISPR system to neurons (78). 

Additionally, PTEN repression induced by both peptides and bPVs is 

transient, and CNS injury treatments would likely require repeated 

administration of these compounds over a prolonged period to promote 

effective axon regeneration and functional recovery. 

It is important to note that axon growth is only the first step in restoring CNS 

function. Target innervation is a complex process delicately orchestrated by 

developmental guidance cues that are absent in the adult (79). Establishing 

synaptic maps that provide functional recovery is another hurdle to overcome 

once axon extension is achieved, and may require the exogenous delivery of 

branching-promoting factors, as well as other neurotrophins and guidance 

cues (4, 80). Rehabilitative training may also be necessary to promote 

synaptogenesis following axon regeneration. There is some evidence that 

regenerating PTEN-deleted axons establish functional connections with their 

targets (22, 23, 27). However, PTEN-deleted axons also exhibited a large 

degree of variability in laterality when extending down the spinal cord, 

suggesting there may be targeting errors by regenerating axons after PTEN 

suppression (81). Although there are many obstacles still involved in 

overcoming CNS regenerative failure, application of CRISPR/dCas9 

technology for PTEN repression may be an effective approach to combating 

its debilitating effects in the future.  
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4.5 Methods 

4.5.1 Cell culture 

The human embryonic kidney (HEK) 293T cell line was obtained from the 

American Type Culture Collection (ATCC) and cultured in Dulbecco's 

Modified Eagle Medium (DMEM; manufactured by the Harry Perkins 

Institute of Medical Research to ATCC specifications) supplemented with 

10% heat-inactivated HyClone Fetal Bovine Serum (FBS; Thermo Fisher) and 

1% Antibiotic-Antimycotic (Anti-Anti; Gibco). Human mesenchymal 

precursor cells (hMPCs) were isolated by Cell and Tissue Therapies Western 

Australia from healthy donors at Royal Perth Hospital, using Ficoll-Paque 

density centrifugation and plastic adherance in culture, and expressed MPC 

surface markers (>99% positive for CD90, CD105 and CD73; 1% positive for 

CD45, CD34, CD19, CD11b and HLA-DR). hMPCs were cultured in ATCC-

formulated Minimum Essential Medium Eagle Alpha Modification (MEM 

alpha) supplemented with 10% FBS and 1% Anti-Anti. iCell Neurons were 

obtained from Cellular Dynamics International and are a highly pure 

population of human neurons derived from iPSCs using proprietary 

differentiation and purification protocols. iCell Neurons are a mixture of 

post-mitotic neural subtypes, comprised primarily of GABAergic and 

glutamatergic neurons. Neurons were cultured in iCell Neurons Maintenance 

Medium with iCell Neurons Medium Supplement on poly-L-ornithine 

(PLO)/laminin-coated plates to promote attachment, viability and function, 

according to supplier’s instructions. 
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4.5.2 gRNA and shRNA design 

Candidate gRNA sequences for PTEN repression were identified using the 

Benchling CRISPR design tool (benchling.com), which provides a score 

indicating the predicted targeting specificity and off-target binding sites of 

each sgRNA according to established algorithms (49). gRNAs -86 and -54 

targeted the H. sapiens PTEN proximal promoter, while gRNAs +143 and 

+311 were designed to target the 5’ untranslated region (UTR) of PTEN. The 

four gRNA target sequences chosen for PTEN repression are listed in 

Supplementary Information (Table 4.S1).  

PTEN shRNAs were based on SIBR vectors in which shRNA is located in an 

intron and flanked by sequences derived from miRNA-155, an endogenous 

intronic shRNA. Four separate shRNA sequences, each targeting a different 

region of PTEN, were concatenated in a single plasmid that was then used to 

produce lentivirus. The four shRNA sequences are listed in Supplementary 

Information (Table 4.S2). shRNA +2207 contains one nucleotide mismatch 

to the H. sapiens PTEN transcript, as this shRNA vector was originally 

designed to target rat and mouse Pten. However, there were no significant 

off-target sequences for these shRNAs identified in the human transcriptome. 

4.5.3 Plasmids 

Each gRNA for PTEN repression was cloned into the pLV hU6-gRNA hUbC-

dCas9-KRAB-T2A-Puro third-generation lentiviral transfer plasmid 

(Addgene plasmid #71236, a gift from Charles Gersbach; hereafter referred to 

as pLV-KRAB). pLV-KRAB encodes humanised S. pyogenes dCas9 protein 

(with mutations in D10A and H840A) under the control of the hUbC 

promoter, along with the gRNA scaffold under the control of the hU6 
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promoter. Cloning of annealed gRNA oligonucleotides into BsmBI sites was 

carried out as described previously (82).  

pLenti-shPTEN-EGFP was cloned to express four shRNAs targeting the 

PTEN transcript. The shRNAs were sourced from pAAV-shPTEN plasmid, a 

gift from Kevin Park. A region of pAAV-shPTEN comprising the ubiquitin 

promoter, intronic sequences, knockdown cassette, and EGFP open reading 

frame was cloned into the pLenti backbone (pLenti-dCAS-VP64_Blast, 

Addgene plasmid #61425) using NEBuilder HiFi DNA Assembly Master Mix 

(NEB).  

pLenti-CMV_Blast_empty (Addgene plasmid #17486) and pLV-KRAB with 

no inserted gRNA sequence were used as controls. The third-generation 

lentiviral packaging plasmids pMDLg/pRRE (Addgene plasmid #12251) and 

pRSV-Rev (Addgene plasmid #12253), and envelope plasmid pMD2.G 

(Addgene plasmid #12259; all gifts from Didier Trono), were used for 

lentiviral production.  

4.5.4 Lentiviral production and transduction 

Experiments were approved by the Australian Office of the Gene Technology 

Regulator (OGTR) under Notifiable Low Risk Dealing (NLRD) approval 

number 004/2017, and were conducted in the PC3 laboratory at the Harry 

Perkins Institute of Medical Research. Lentivirus was produced by 

transfection of HEK 293T cells with third-generation lentiviral transfer, 

packaging and envelope plasmids as described previously (83). Lentivirus 

was added to the culture medium and exchanged for fresh culture medium 

and lentivirus after 24 hours, for a total 48-hour transduction period. 
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4.5.5 RNA extraction, reverse transcription and qRT-PCR 

RNA was extracted from transduced cells using phenol-chloroform extraction 

with QIAzol Lysis Reagent (QIAGEN) according to the manufacturer’s 

instructions. 2 g of purified total RNA for HEK 293T and hMPCs, and 250 

ng for neurons, was used as template for cDNA synthesis using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with the 

following thermocycling settings: 25°C for 10 minutes, 37°C for 120 minutes, 

and 85°C for 5 minutes.  

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed 

using TaqMan Gene Expression Assays (Applied Biosystems), listed in 

Supplementary Information (Table 4.S3). The reaction was carried out in the 

ViiA 7 Real-Time PCR System (Applied Biosystems) with the following 

thermocycling settings: 95°C for 20 seconds, followed by 40 cycles of 95°C 

for 1 second and 60°C for 20 seconds. Cycle threshold (Ct) was automatically 

determined for each well using QuantStudio Real Time PCR Software (v1.1, 

Applied Biosystems). Relative quantification of gene expression was carried 

out according to the comparative ( ) Ct method (84, 85) with GAPDH used 

as housekeeping gene. 

4.5.6 Protein extraction and quantification 

Protein was extracted from transduced cells using Cell Lysis Buffer (Cell 

Signaling). Samples were sonicated for 15 seconds at 10 mA, centrifuged at 

16,000 RCF for 10 minutes at 4°C, and the supernatant was transferred to a 

new tube. Protein lysates were quantified using the DC Protein Assay (Bio-

Rad) according to manufacturer’s instructions. The 750 nm absorbance was 

measured in PowerWave XS2 Microplate Spectrophotometer (BioTek). 
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4.5.7 Western blotting 

20 g of protein per well was resolved using Mini-PROTEAN TGX Stain-Free 

Protein Gels (BioRad) at 100 V for approximately 1.5 hours. The proteins 

were transferred from the gel to a 0.2 M PVDF membrane (Trans-Blot 

Turbo Transfer Pack, BioRad) using the TransBlot Turbo (BioRad). 

Membranes were blocked with 5% skim milk powder in tris-buffered saline 

with Tween-20 (Sigma) (TBS-T) for 1 hour at room temperature with gentle 

shaking, then incubated with primary antibody diluted in TBS-T at 4°C 

overnight (antibodies are listed in Supplementary Information, Table 4.S4). 

The next day, membranes were washed and incubated with secondary 

antibody diluted in TBS-T for 1 hour at room temperature, then visualised by 

enhanced chemiluminescence using Luminata Crescendo Western HRP 

Substrate (Merck) with the ChemiDoc MP system (BioRad). Membrane 

pictures were processed and quantified using ImageLab Software (v5.2, 

BioRad). 

4.5.8 Chromatin immunoprecipitation (ChIP)-qPCR 

ChIP was carried out as described previously (86). Samples were sonicated in 

the M220 Focused-ultrasonicator (Covaris) in 1 mL milliTUBEs (Covaris) at 

75W peak incident power, 10% duty factor and 200 cycles per burst for 9 

minutes at 7°C. Pulldown was conducted with Dynabeads Protein G 

(Invitrogen) and Tri-Methyl-Histone H3 (Lys9) and Acetyl-Histone H3 

(Lys9) rabbit monoclonal antibodies (CST, #13969 and #9649), with no 

antibody as control. 1% of input chromatin was reserved as input control. 

After phenol-chloroform-isoamyl alcohol DNA extraction, real-time 

quantitative PCR (qPCR) was performed with primers for the PTEN 



260 

promoter and GAPDH promoter, and SYBR Green Quantifast PCR Master 

Mix. PTEN primers were as described previously (87). Primers are listed in 

Supplementary Information (Table 4.S5). The reaction was carried out in the 

ViiA 7 Real-Time PCR System (Applied Biosystems) with the following 

thermocycling settings: 95°C for 5 minutes, followed by 40 cycles of 95°C for 

10 seconds and 60°C for 30 seconds. This was followed by a melt curve 

program: 95°C for 15 seconds, 60°C for 1 minute, and a ramp of 0.05°C per 

second to 95°C. Cycle threshold (Ct) was automatically determined for each 

well using QuantStudio Real Time PCR Software (v1.1, Applied Biosystems). 

Quantification was performed according to the percent input method, in 

which signals obtained from the ChIP are divided by signals obtained from 

the input sample. Percent input values for each condition were calculated 

according to the formula: 

 

where Adjusted Input Ct is the Ct obtained from the 1% input chromatin 

sample, adjusted for dilution factor, and IP Ct is the Ct obtained from the IP 

for that condition. This method corrects for variations in the amount of 

chromatin used in ChIP for each condition. 

4.5.9 Statistical analysis 

Statistical analyses were performed with Prism 7 (GraphPad Software 

Incorporated). Statistical significance of qRT-PCR and immunofluorescence 

data was determined using one-way ANOVA with Dunnett’s multiple 

comparisons test to compare the mean of each experimental condition to the 

control condition. Statistical significance of ChIP qPCR data was determined 

using Student’s t-tests. For all tests, differences were considered significant at 
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p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****). Error bars show 

standard error of the mean (SEM).  
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4.6 Supplementary information 

4.6.1 Supplementary materials and methods 

Table 4.S1. gRNA recognition sequences for PTEN repression. gRNA numbering refers 
to start position relative to the TSS of PTEN mRNA transcript variant 1. The numbering of 
the start and end of each sgRNA is given according to the Genome Reference Consortium 
Human Build 38 (GRCh38). PAM: protospacer-adjacent motif; F: forward strand guide; R: 
reverse strand guide. 
 
gRNA crRNA recognition sequence PAM F/R Start End 
-86 GAGGATAACGAGCTAAGCCT CGG R 87863256 87863237 
-54 GCGCAGAGTCCCCAAGCCGC AGG R 87863383 87863364 
+143 GCTGCGGCAGGATACGCGCT CGG F 87863580 87863599 
+311 GCGCCTGTGAGCAGCCGCGG GGG F 87863748 87863767 

 
 
Table 4.S2. shRNA recognition sequences for PTEN repression. Numbering refers to 
start position relative to the TSS of PTEN mRNA transcript variant 1 in mRNA not DNA. 
Start and end chromosome numbering refers to GRCh38. F: forward strand guide; R: 
reverse strand guide; nt: nucleotide. 
  
shRNA Recognition sequence Location in PTEN transcript 
+1059 GCAGAAACAAAAGGAGATATCA Exon 2 
+1621 GATGATGTTTGAAACTATTCCA Exon 7 
+1793 GTAGAGTTCTTCCACAAACAGA Exon 8 
+2207 GATGAAGATCAGCATTCACAAA Exon 10 (1 nt mismatch) 

 
 
Table 4.S3. TaqMan Gene Expression Assays used for qRT-PCR in PTEN repression 
experiments. For each gene, the TaqMan Assay ID, targeted RefSeq transcripts and 
reporter dye are listed. 
 
Gene Assay ID RefSeq sequence(s) Dye 
PTEN Hs02621230_s1 NM_000314.6 

NM_001304717.2 
NM_001304718.1 

FAM-MGB 

GAPDH Hs02786624_g1 NM_001256799.2 
NM_001289745.1 
NM_001289746.1 
NM_002046.5 

FAM-MGB 

SAMD11 Hs00942141_m1 NM_152486.2 FAM-MGB 
KLF16 Hs00259103_m1 NM_031918.3 FAM-MGB 
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Table 4.S4. Antibodies used for Western blotting in PTEN repression experiments. For 
each antibody, the isotype, manufacturer, catalogue number, molecular weight of the 
antigen and dilution factor in PTEN repression experiments are listed. 
 
Antibody Isotype Manufacturer Cat. no. Molecular weight Dilution 
PTEN Rabbit IgG CST 9559 54 kDa 1/1000 
GAPDH Rabbit IgG CST 2118 37 kDa 1/5000 
Rabbit-HRP Goat IgG Jackson 

ImmunoResearch 
111-035-
144 

— 1/10 000 

Mouse-HRP Goat IgG Jackson 
ImmunoResearch 

115-035-
003 

— 1/10 000 

 
 
Table 4.S5. Primers used for ChIP-qPCR of PTEN and GAPDH promoter regions.  
 
Gene Forward primer Reverse primer Product size 
PTEN ATGTGGCGGGACTCTTTATG GCGGCTCAACTCTCAAACTT 119 bp 
GAPDH TACTAGCGGTTTTACGGGCG GAGGCTGCGGGCTCAATTT 137 bp 
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This PhD project involved the use of CRISPR/Cas9 to restore the expression 

of transcriptionally repressed or mutated PTEN in cancer cells, and to 

develop a PTEN repression system that could potentially be applied to 

improve the survival and axon regeneration of CNS neurons after injury. 

Chapter 5 provides a summary of the experimental findings presented in 

Chapters 2 to 4 of the thesis. This is followed by a discussion of the merits 

and weaknesses of these approaches, with reference to alternative methods 

for modulating PTEN expression. Finally, some general considerations for 

CRISPR/Cas9-based editing of PTEN and related targets are raised, pointing 

to the way these could be addressed in future studies. 

5.1 Summary of results 

Small changes in the level of functional PTEN protein in cells have been 

shown to influence tumourigenesis, cancer progression and sensitivity to 

chemotherapy (1-3). PTEN can be transcriptionally downregulated or 

epigenetically silenced in cancer, independently of PTEN genetic mutations 

(4-16). The aim of Chapter 2 was to activate PTEN transcription in cancer cell 

lines in which PTEN was not mutated, but transcriptionally repressed relative 

to normal cells. The first model selected for PTEN activation was the BRAF 

V600E-mutant melanoma cell line SK-MEL-28, as PTEN repression has 

previously been shown to contribute to innate and acquired resistance to B-

Raf inhibitors in advanced melanoma (17-22). PTEN loss is also associated 

with basal- and stem-like phenotypes in TNBC (23-26), so the second model 

chosen was the mesenchymal TNBC cell line SUM159. Both of these cell lines 

are PTEN wildtype, but exhibited reduced levels of PTEN mRNA expression 
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in comparison to normal human melanocytes or normal-like immortalised 

breast epithelial cells.  

PTEN expression was activated at mRNA and protein levels with dCas9 fused 

to the VPR transactivator, targeted to the PTEN proximal promoter. Four 

PTEN-targeting sgRNAs were tested, as well as the combined delivery of all 

four sgRNAs, and the extent of PTEN activation achieved by the different 

sgRNAs followed a similar pattern in SK-MEL-28 and SUM159 cell lines. In 

both cases, sgRNA -54, which was positioned closest to the PTEN TSS, was 

the most effective individual sgRNA. The combination of four PTEN-

targeting sgRNAs worked slightly better than this single most potent sgRNA 

in SK-MEL-28 cells, however in SUM159, the combination of sgRNAs did not 

improve PTEN activation beyond the level seen with sgRNA -54 alone. The 

dCas9-VPR system produced no significant transcriptional regulation of 

SAMD11 or COL11A2, the two genes predicted as most likely to be affected by 

off-target sgRNA binding. PTEN activation resulted in repression of 

downstream signalling proteins. Levels of phospho-AKT S473 and T308 were 

significantly reduced in both cell lines, and SUM159 also showed a reduction 

in levels of phospho-mTOR S2448, phospho-mTOR S2481, and phospho-

p44/42 MAPK. PTEN-activated SK-MEL-28 melanoma cells also displayed 

significantly reduced migration. In addition, PTEN activation inhibited 

colony formation in SK-MEL-28 cells subjected to treatment with the B-Raf 

inhibitor dabrafenib, the dual PI3K/mTOR inhibitor dactolisib, and to 

combined B-Raf and PI3K/mTOR inhibition. As the development of 

treatments for PTEN-deficient cancers has not been straightforward, PTEN 

activation may be a therapeutic option in tumours that exhibit reduced PTEN 
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expression, and could potentially inhibit metastasis and increase sensitivity 

to chemotherapy in advanced BRAF-mutant melanoma. 

CRISPR activation may be a novel approach to treat cancers in which PTEN 

expression is transcriptionally or epigenetically repressed, however this 

strategy is not appropriate for the many tumours in which PTEN is mutated. 

Among the cancer types with frequently documented PTEN mutations is 

breast cancer (27-32). PTEN mutations are significantly associated with more 

advanced breast cancers, poor prognosis, and specifically with TNBC and a 

basal-like phenotype (27-35). The aim of Chapter 3 was to correct a PTEN 

mutation in a TNBC cell line with CRISPR-HDR. This approach would help 

to establish the role of PTEN loss and subsequent restoration in TNBC, with 

endogenous levels of PTEN re-expression rather than overexpression of 

PTEN from exogenous cDNA. There is also the possibility that CRISPR-HDR 

could constitute a form of personalised medicine in the future. However, the 

application of CRISPR-HDR for cancer treatment may be particularly 

difficult due to the low efficiency of HDR and possibility of relapse from 

cancer cells that escape CRISPR editing. The experiments described in 

Chapter 3 could provide evidence as to the current feasibility of TSG repair in 

cancer with CRISPR-HDR. 

The TNBC cell line chosen as a model for PTEN repair was BT-549, which 

harboured a single base pair deletion in PTEN, causing a frameshift and 

truncation of PTEN protein in the C2 domain. A CRISPR-HDR system was 

designed to induce a double-strand break in the vicinity of this mutation, 

with an ssODN containing the corrected PTEN sequence serving as template 

for HDR. sgRNA and Cas9 were first delivered as plasmid DNA. Interestingly, 
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the addition of ssODN significantly reduced the number of Cas9-expressing 

cells following plasmid lipofection. The successful HDR outcome was 

detected at low frequency in the cell population by PCR, however after 

plasmid DNA transfection and FACS for Cas9-expressing cells, single cells 

would not survive in isolation to generate PTEN-repaired clonal lines. BT-

549 cells were subsequently transfected with gRNA and Cas9 RNP 

complexes. PCR screening again indicated the presence of successful PTEN 

repair in the cell population, and RNP-transfected single cells survived and 

generated clonal cell lines. However, despite screening a large number of 

clonal lines, no PTEN-repaired clones were identified, possibly due to 

successful PTEN correction resulting in a cell survival and proliferation 

disadvantage. Chapter 3 demonstrated the difficulties involved in CRISPR 

editing for the correction of TSG mutations in cancer, and a range of 

suggestions for improvements to future experiments were offered. Due to the 

challenges associated with low editing efficiency, CRISPR correction of TSGs 

by HDR is unlikely to constitute a feasible cancer therapy in near future. 

Finally, Chapter 4 focused on the role of PTEN in CNS regenerative failure. 

The consequences of traumatic brain and spinal cord injury, stroke and 

certain neurodegenerative diseases are due to the inability of surviving CNS 

neurons to extend axons to restore functional connections after damage (36, 

37). Axon regeneration can be enhanced with PTEN deletion, shRNA 

knockdown or pharmacological inhibition (38-49). While shRNA knockdown 

has translational potential, PTEN deletion is not a viable clinical option. 

Pharmacological PTEN inhibitors have several disadvantages, including the 

non-specific repression of other protein tyrosine phosphatases (PTPs), the 
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transience of the resulting inhibitory effect, and the inability to restrict PTEN 

repression to a particular cell type in the CNS. The aim of Chapter 4 was to 

design a CRISPR/dCas9 system to reduce PTEN expression at the 

transcriptional level in CNS neurons, since the efficacy of such an approach 

has not yet been tested, and to compare the potency of CRISPR repression to 

shRNA knockdown of PTEN. 

dCas9 was fused to the KRAB effector domain and targeted to the PTEN 

promoter and 5’ UTR. Transcriptional repression with dCas9-KRAB was 

tested in the HEK 293T cell line and hMPCs to establish the most effective 

sgRNA before transferring the system to CNS neurons. PTEN sgRNA +311, 

which targeted the 5’ UTR, was the optimum individual sgRNA for PTEN 

repression, and also repressed PTEN to a greater extent the combined 

delivery of multiple PTEN-targeting shRNAs. Two of the genes most likely to 

be affected by off-target sgRNA binding, SAMD11 and KLF16, did not show 

any evidence of transcriptional regulation. In addition, dCas9-KRAB induced 

H3K9 deacetylation and H3K9 trimethylation at the PTEN promoter in HEK 

293T cells. The CRISPR system was subsequently shown to significantly 

repress PTEN mRNA expression in human neurons derived from iPSCs. The 

CRISPR/dCas9-KRAB PTEN repression system could potentially be 

delivered by AAV to improve the regenerative capability of CNS neurons after 

injury. 

5.2 Significance and future directions 

CRISPR is an important technology for genetic and epigenetic editing, and 

the work described in this thesis demonstrated the CRISPR/Cas9 system 

could be used to regulate PTEN expression in multiple diseases. However, the 
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significance and applicability of CRISPR editing must be compared to other 

methods that could also be used to modulate PTEN activity in these contexts. 

5.2.1 Transcriptional activation and CRISPR-HDR for the 
functional restoration of PTEN in cancer 

There are several considerations relating to the CRISPR-mediated 

reactivation of PTEN expression in cancer that need to be considered. 

Previous studies have demonstrated that transcriptional and epigenetic 

reprogramming can result in tumour suppression in preclinical cancer 

models (50-60). Although the fold increase in PTEN expression in SK-MEL-

28 and SUM159 cell lines was not as dramatic as has been previously 

demonstrated for highly methylated genes (61), PTEN activation still resulted 

in significant inhibition of downstream oncogenic signalling pathways and 

cell migration. PI3K inhibitors have previously been used to treat PTEN-

deficient cancers (62-68), however PTEN also has tumour suppressive 

functions independent of PI3K/AKT pathway inhibition, which may not be 

affected by PI3K-targeting drugs (69). Chapter 2 demonstrated that PTEN 

activation sensitised BRAF-mutant melanoma cells to PI3K/mTOR and B-

Raf inhibition. It will be important in future studies to establish whether 

there is bona fide synergy between PTEN CRISPR activation and these drugs, 

and to compare the inhibition of oncogenic signalling and migration induced 

by PTEN activation to the effect of PI3K/mTOR inhibitors on these 

phenotypes.  

Future work could also assess the impact of PTEN activation in comparison 

to that of PTEN cDNA overexpression, to establish whether there is a reason 

to prefer CRISPR activation for the restoration of PTEN in cancer. CRISPR 
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activation has been used to increase the expression of very large genes when 

the cDNA would exceed the capacity of viral vectors (70), however PTEN can 

be delivered by conventional gene therapy (71, 72). CRISPR activation does 

present the future possibility of multiplex gene activation, through the 

simultaneous delivery of several sgRNAs each targeting a different cancer-

related gene. Such an approach could be used to activate PTEN along with 

other inhibitors of oncogenic pathways. Experiments in our laboratory have 

shown that combinations of sgRNAs can simultaneously activate multiple 

TSGs (unpublished data), although this has not yet been trialled with PTEN-

targeting sgRNAs. As several sgRNAs and dCas9 can be expressed from a 

single transgene (73, 74), delivering dCas9-VPR with a group of sgRNAs 

could require less packaging capacity than multiple cDNAs. If protein-based 

delivery of activation systems is preferred to plasmid DNA, generating 

CRISPR RNPs with different in vitro-transcribed sgRNAs may be more 

straightforward than purifying and administering multiple tumour 

suppressor proteins. Future experiments will need to compare cDNA 

overexpression and CRISPR multiplexing to establish the advantages and 

disadvantages of these approaches, particularly for targeting PTEN.  

Another possible advantage of CRISPR activation is that this system could be 

adapted with alternative effector domains to create lasting, heritable 

activation of a target gene. This has been demonstrated previously, with 

dCas9 fusions with the histone acetyltransferase p300, and the histone 

methyltransferases PRDM9 and DOT1L (75, 76). It is uncertain, however, 

whether these epigenetic editing domains would achieve comparable levels of 

gene activation to the VPR transactivator. If CRISPR activation is intended to 
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kill tumour cells within a short space of time, there may not be an advantage 

to achieving heritable epigenetic editing in the cancer cells. However, if the 

therapeutic aim is long-term tumour suppression through inhibition of 

metastasis, induction of cell cycle arrest or reduction in chemoresistance, 

then lasting gene reactivation may be desirable. 

Gene editing, unlike many forms of transcriptional reactivation, has the 

advantage that it is maintained permanently in treated cells. Targeted HDR 

to restore normal TSG function at an early stage of tumourigenesis could 

eventually be an option for cancer treatment. However, as discussed in detail 

in Chapter 3, there are many roadblocks before repair of TSGs with CRISPR-

HDR could constitute a viable therapy. CRISPR-HDR is currently better 

suited to cancer modelling rather than treatment, except in cases where 

therapeutic gene editing can be conducted and verified in cells outside the 

body, such as for the production of CRISPR-edited CAR T-cells (77). 

5.2.2 CRISPR-mediated epigenetic editing for PTEN 
transcriptional repression in the CNS 

There are several advantages to the CRISPR system that was developed in 

Chapter 4 for PTEN repression in the CNS. Conditional deletion of PTEN that 

has been used in animal CNS injury models is only applicable for proof-of-

concept studies, and is not translational (38-43). The other methods available 

for PTEN repression are shRNA (44, 45), pharmacological inhibitors (46-48) 

and antagonist peptides (49). Chapter 4 showed that a single CRISPR sgRNA 

reduced levels of PTEN more than a combination of four shRNAs, providing 

evidence of the potency of the CRISPR repression strategy. These 

experiments did not compare PTEN repression with dCas9-KRAB to 
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pharmacological or peptide PTEN inhibitors, however CRISPR has some 

advantages over these methods. CRISPR repression might be more specific 

than bPV compounds, which have been shown to inhibit other PTPs as well 

as PTEN (46-48). In addition, CRISPR can be targeted to specific cell types 

with the use of particular AAV capsid serotypes and cell type-specific 

promoters (78). In contrast, pharmacological inhibitors and peptides would 

not be restricted to a particular cell type, either in the CNS or elsewhere in 

the body, and could cause unintended effects by inhibiting PTEN in non-

neuronal cells.  

In addition, pharmacological approaches for PTEN inhibition are not long 

lasting, whereas an inducible AAV vector delivering the dCas9-KRAB system 

could be used for sustained but reversible PTEN repression (78). One of the 

main appeals of epigenetic editing over gene editing in this context is to 

provide a reversible means of PTEN knockdown. Gene expression has been 

shown to return to baseline levels after the expression of dCas9-KRAB ceases 

(79, 80), while other combinations of epigenetic modifiers can induce long-

term stable gene repression (80). In PTEN repression experiments, KRAB 

was selected to reduce the possibility that future studies would demonstrate 

negative side effects from the sustained silencing of PTEN in neurons after 

the intended window for CNS regeneration has passed (81). As discussed in 

Chapter 4, sgRNA multiplexing has been applied for gene repression as well 

as activation (82-85), and could potentially be used for co-repression of 

PTEN and SOCS3 or other axon growth inhibitors to improve CNS 

regeneration further (40, 86). 
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5.2.3 Impact of variations in CRISPR sgRNA efficiency 

Prior studies have shown substantial variation in the efficiency of individual 

CRISPR sgRNAs for both gene editing and transcriptional regulation 

applications (87-89). For the PTEN activation and repression experiments 

described in this thesis, there were varying findings on the efficacy of using 

individual sgRNAs in comparison to multiple sgRNAs per target gene. For 

PTEN activation, the sgRNA targeting closest to the PTEN TSS was most 

effective. A mix of four sgRNAs activated PTEN expression slightly more than 

the individual most potent sgRNA in the SK-MEL-28 cell line, however the 

combination of sgRNAs did not produce more potent activation than this 

individual sgRNA in SUM159. The most dramatic level of PTEN repression in 

HEK 293T cells and hMPCs was obtained with an individual sgRNA targeting 

the PTEN 5’ UTR. These results confirm that while there may still be an 

advantage to delivering multiple sgRNAs per target in some cases, a single 

sgRNA can often perform almost as well or better than a combination of 

sgRNAs. This is advantageous, as an individual sgRNA will be easier to 

deliver when moving to in vivo applications. These results also demonstrate 

the importance of preliminary testing to establish optimal sgRNA target 

locations. Generally, a consistent pattern of sgRNA activity was observed 

across cell lines, however the potency of a given sgRNA was also found to 

change slightly depending on the particular cell line under investigation. 

In the gene editing experiments described in Chapter 3, only one sgRNA was 

tested for PTEN correction. It may have been preferable to design and test 

several sgRNAs to see which produced the highest on-target activity in a 

mismatch cleavage assay (90, 91). Some sgRNAs do not have high rates of on-
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target nuclease activity for reasons that are not yet known, and whether a 

given sgRNA will be effective cannot always be reliably predicted in silico 

(92). As the efficiency of CRISPR-HDR is already low, it would have been 

worthwhile to validate the activity of the PTEN repair sgRNA before 

attempting HDR and deriving clonal cell lines, and this will be carried out in 

future experiments in the laboratory. 

5.2.4 Investigating the specificity of CRISPR activation, 
repression and editing systems 

The specificity of genetic and epigenetic editing platforms is a major concern 

for both research and therapeutic applications. To assess the specificity of 

CRISPR systems, online software can be used to predict off-target sgRNA 

binding sites (93-103). These regions can then be profiled by qRT-PCR in the 

case of activation and repression studies, or by cleavage mismatch assay or 

DNA sequencing for gene editing applications (90, 91). In Chapter 2 and 

Chapter 4, the expression levels of the genes that had the highest predicted 

potential to be affected by off-target binding were assessed by qRT-PCR, and 

did not exhibit any significant transcriptional modulation. This finding was 

encouraging, however as evidence emerges that predicted off-target sites are 

often not verified experimentally (92), a greater number of candidate off-

target sites could be profiled to better ascertain the specificity of these 

systems.  

For both transcriptional regulation and editing approaches, ChIP can reveal 

the genome-wide locations of dCas9 or Cas9 binding. Previous studies have 

claimed variable frequency of genome-wide non-cognate sgRNA binding (93, 

104-106). However, Cas9 nuclease only appears to induce indels at less than 
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1% of detected off-target binding sites (105, 106). For CRISPR activation, 

repression and epigenetic editing, RNA-seq and ChIP-seq demonstrate that 

even when a substantial number of off-target dCas9 binding sites are 

identified, associated changes in gene transcription, epigenetic marks and 

chromatin accessibility are usually confined to the intended target (75, 80, 

107-114). There are additional options for non-biased identification of off-

target Cas9 cleavage sites for Cas9 gene editing experiments (115), however 

these methods were not attempted in Chapter 3 due to difficulty in deriving 

clonal cell lines with the intended on-target modification. Establishing the 

specificity of CRISPR/Cas9 editing remains a top priority, to ensure the 

reliable interpretation of experimental findings in vitro, and particularly to 

avoid the risk of unintended genome or epigenome modification in clinical 

studies. Future work will cast further light on this issue. 

5.2.5 Options for CRISPR delivery methods in future studies 

There are various methods for the delivery of CRISPR systems for PTEN 

activation, repression, or editing by HDR. The optimal delivery system 

depends on the editing strategy and disease context. For cancer treatments, 

non-viral nanoparticle delivery of CRISPR components would present 

reduced risk of insertional mutagenesis than viruses, but may be less 

efficient. The use of Cas9 mRNA or RNPs further decreases the possibility of 

host genome integration in comparison to plasmid DNA, and has also been 

shown to increase the specificity of gene editing (77, 116-122). Nanoparticles 

have been developed that encapsulate chemotherapeutic drugs, and there is 

the possibility that these could simultaneously deliver the CRISPR cargo 
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(123). However, further studies are needed to see whether such an approach 

is viable.  

In Chapter 2, the PTEN activation system was delivered by lentiviral 

transduction and antibiotic selection, which results in stable expression of 

the editing components in all of the cells in the population. For in vivo 

applications, activation constructs are unlikely to reach a majority of cells in 

the tumour. PTEN has an alternative long isoform that is preferentially 

secreted (124), and ubiquitinated PTEN can be exported in exosomes (125), 

both of which result in tumour suppressive effects in surrounding cells. This 

suggests the possibility of a paracrine effect of PTEN activation systems on 

neighbouring tumour cells that have not themselves received CRISPR 

activation components. However, the existence and strength of such an effect 

will need to be validated. Indirect evidence of this effect comes from another 

experiment in our laboratory, involving the activation of the TSG CCN6, 

which encodes a secreted protein (126). Following non-viral delivery of the 

dCas9-VPR activation system in a mouse xenograft breast cancer model, 

almost all of the cells in the tumour exhibited reduced proliferation, even 

though dCas9 was not expressed in the majority of tumour cells. Despite 

these findings, CRISPR treatments have so far been most successful for 

contexts other than cancer, in which successful targeting of a small cell 

population can have a strong and lasting impact on the disease phenotype, 

and remaining unaltered cells do not have a detrimental effect (127, 128). 

For this and other reasons, the CRISPR repression system developed in 

Chapter 4 may have strong potential for therapeutic translation. dCas9-

KRAB may not need to reach a large number of neurons in the damaged CNS 
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to achieve a beneficial effect, as the regeneration of even a limited number of 

axons has previously been shown to restore some functional capability after 

CNS injury (44, 45, 48). Having established that epigenetic editing by dCas9-

KRAB is a highly effective method for PTEN repression, the next step is to 

test the system in vivo in a preclinical CNS injury model. Lentivirus was used 

in the PTEN repression experiments in this PhD research, however AAV 

vectors are the preferable delivery method for gene therapy following CNS 

injury. AAVs remain predominantly episomal without integrating into the 

host genome, and AAV tropism allows for neuron-specific expression (78). As 

discussed in Chapter 4, the main difficulty associated with AAV CRISPR 

delivery is that S. pyogenes dCas9 exceeds the packaging limit of AAV 

vectors. This could be overcome by the delivery of Cas9 and gRNA in split 

AAV systems (129). Other Cas9 variants such as Staphylococcus aureus Cas9 

can be accommodated in AAV (130, 131), however the efficacy of PTEN 

repression with Cas proteins from other species will need to be established in 

vitro before these systems can be tested in CNS injury models.  

5.3 Conclusion 

This PhD thesis developed a range of epigenetic and genetic editing strategies 

targeting PTEN with the potential to treat CNS injury and aggressive forms of 

cancer. PTEN transcriptional activation with dCas9 could constitute a novel 

means to reduce metastasis and drug resistance mechanisms in PTEN-

deficient tumours. The ability to correct PTEN mutations at early stages of 

tumourigenesis and cancer progression would also be highly desirable, 

however CRISPR-HDR has many methodological challenges that must be 

overcome before this could be a considered a viable approach. Finally, 
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CRISPR/dCas9 epigenetic editing provides an effective method of PTEN 

repression in CNS neurons, which could assist in re-establishing functional 

connections between damaged neurons and their targets after damage to the 

CNS. In sum, this work demonstrates the significant potential benefits of 

CRISPR systems in modulating expression of PTEN as a treatment for cancer 

and CNS regenerative failure.  
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