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Abstract 
 
DNA hypermethylation of gene promoter regions has long been associated with transcriptional 
repression. Furthermore, the establishment of dense promoter methylation within tumour-
suppressor genes has been widely-characterised as a prominent hallmark of oncogenesis. The 
presence of dense DNA methylation, concentrated to promoter region CpG islands, is known 
to recruit methyl-CpG binding domain proteins (MBDs) and transcriptional repressors which 
manipulate the local chromatin environment to downregulate transcriptional activity. 
 
However, there is an accumulating body of evidence which now suggests, in some specific 
contexts, that promoter hypermethylation is also associated with high or increased levels of 
active gene expression. Recent research has uncovered this phenomenon in the context of 

cutaneous melanoma. Early B-cell factor 3 (EBF3) has been identified as a putative ‘epigenetic 
driver’ of metastasis in melanoma, associated with an increase in aggressive phenotypic 
behaviour. Interestingly, EBF3 acquires substantial promoter DNA methylation during the 
transition to metastasis, which is associated with a corresponding increase in gene expression. 
Moreover, when treated with a global demethylating agent, EBF3 expression was subsequently 
reduced. 
 
Unfortunately, investigations using global demethylation inhibitors do not conclusively 
demonstrate that promoter-specific methylation gain is responsible for a change in gene 
expression. However, with the recent emergence of Clustered, Regularly Interspaced Short 
Palindromic Repeats (CRISPR)-based epigenetic editing technologies, there is now scope for 
more targeted investigation into this relationship. 
 
Here, I have constructed a CRISPR-based targeting system to investigate the EBF3 promoter 
region in more detail. The CRISPR construct is fused to the SUperNova Tagging (SunTag) 
protein scaffold, which allows for the recruitment of effector proteins to induce active 
demethylation at the target locus. In this case, the effector protein is a catalytic domain derived 

from the human ten-eleven translocation 1 (TET1) dioxygenase. 
 
Directed by locus-specific guide-RNA (gRNA) molecules, this system was used to induce site-
specific active demethylation within the target promoter region of EBF3, in human melanoma 
cell lines. Methylation changes across this target locus have been evaluated using Combined 
Bisulfite Restriction Assay (CoBRA) and methylation-specific Illumina MiSeq sequencing. 



 iv 

Variable levels of targeted demethylation have been observed, of up to 58.8% absolute 
methylation difference between edited and control samples. 
 
In generating a modifiable, RNA-guided construct for site-specific DNA methylation editing, 
this work has laid a strong platform for further investigation into the direct relationship between 

DNA methylation and gene expression with regards to both EBF3, and a limitless range of 
additional contexts in future. 
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Chapter 1: Introduction 
 
1.1 DNA Methylation in Development, Ageing, and Disease 
The field of epigenetics was first defined by C.H Waddington as “the branch of biology which 
studies the causal interactions between genes and their products, which bring the phenotype 
into being” (1). Since its coining in 1942, the term epigenetics has evolved significantly to 
accommodate the plethora of biological phenomena which modulate gene expression and 

cellular phenotype, without direct modification of the DNA sequence itself. In particular, the 
molecular mechanisms which govern overall chromatin structure, and subsequently 
transcriptional regulation, are at the forefront of modern epigenetic research (2). DNA 
methylation; non-coding RNAs; and the covalent modification of histone proteins are some of 
the most well-characterised epigenetic regulatory marks, acting along with numerous other 
complementary mechanisms to adjust and maintain appropriate gene expression (3). Epigenetic 
mechanisms provide a mitotically heritable yet dynamic regulatory system to facilitate the 
complex patterning which drives normal human development, from zygote to multi-cellular 
adult (3, 4). This section will focus on DNA methylation as an essential epigenetic regulator, 
with an emphasis on the variable roles and importance of DNA methylation across numerous 
biological contexts, including development; ageing; and disease. 
 

1.1.1 5-methylcytosine: Features, Functions and Distribution 

DNA methylation in mammals refers to the addition of a methyl group to the fifth position of 
the cytosine (C) pyrimidine ring, generating a 5-methylcytosine (5mC) residue (Figure 1.1) (4, 
5). 5mC residues are found almost exclusively in the context of CpG (cytosine-guanine) 
dinucleotides, and are typically symmetrical across opposing DNA strands due to the 
palindromic nature of CpG sites (4). CpH methylation (H = A, T, or C) is rarely described in 
humans, and the relevance of its function has yet to be established (6). Interestingly, human and 

other mammalian genomes exhibit a global depletion of CpG dinucleotides as compared to 
expected. It is probable that this is a protective response to the inherent mutagenic potential of 
5mC, which is predisposed to cytosine to thymine mutation via spontaneous or enzymatic 
deamination. This apparent disadvantage, however, is offset by the extensive regulatory 
potential offered by DNA methylation (4, 7, 8). The human genome is characterised by a 
bimodal distribution of DNA methylation, where the majority of CpG sites are sparsely 
distributed, and 60-80% of which tend to be methylated. In contrast, a subset of less than 10% 
of all CpGs are densely localised to short regions known as CpG islands, which are often low 
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in methylation and are prevalent within the promoter regions of important regulatory genes (4, 
6).  
 
The significance of DNA methylation in the epigenetic regulation of gene expression is well-
documented, but methylation also plays a central role within a variety of other contexts, 

including X-inactivation; the maintenance of genomic stability; and imprinting (9). Throughout 
this wide range of attributed functions, DNA methylation confers an element of added plasticity 
and dynamism to genetic regulation, whilst retaining the capacity for stable propagation of a 
specific epigenotype during cell replication. As the underlying DNA sequence remains identical 
within all cells of a multicellular organism, the epigenetic profile is a major contributor to the 
alternative phenotypes which define specific cell lineages (10).  
 
In a similar vein, DNA methylation contributes to the innate biological robustness which 
prevents natural or induced genetic variations from significantly impacting phenotype. The 
term “canalisation” defines this phenomenon, and is critical to normal development and the 
maintenance of disease-free physiology (11). 
 
DNA methylation is typically associated with gene silencing, whereby the presence of 5-mC 
residues downregulates transcriptional activity via inducing local chromatin conformational 
change; the prevention of transcriptional activator binding; or promoting the binding of methyl-
CpG-binding domain (MBD) proteins. Hence, the promoter regions of silent genes are 
predominantly methylated under normal physiological conditions (3, 12). In contrast, the 
promoter CpG islands of numerous housekeeping and tumour suppressor genes are commonly 

hypomethylated to facilitate active gene transcription. Optimum- or eu-methylation of a 
previously hypomethylated gene promoter is associated with optimal chromatin conformation 
and the recruitment of regulatory proteins required for transcriptional activation (3, 4, 10). 
 

1.1.2 Establishment and Regulation of the DNA Methylome 

The establishment, maintenance and erasure of DNA methylation patterns is governed by a 
variety of enzymatically-driven regulatory pathways. Each pathway is crucial in providing a 
dynamic yet stable system for optimal regulatory control (4, 10). 
 

1.1.2.1 Establishment and Inheritance of DNA Methylation 

DNA methyltransferase (DNMT) enzymes are essential for the establishment of methylation 
patterns, and stable propagation via mitosis. Three major methyltransferases are described in 
mammals: DNMT1, DNMT3A, and DNMT3B; each of which are critical for development 
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(Figure 1.1). Additionally, DNMT3L is an associated member of the DNMT3 family, which 
stimulates DNMT3A and DNMT3B activity in the context of maternal genomic imprinting, but 
lacks the conserved methyltransferase catalytic domain (3, 10, 13-15). 

 
Figure 1.1. Regulation of the DNA Methylome is Controlled by DNMT Enzymes. Shown is the basic action 
of different DNMT enzymes. The action of DNMT1 (top) is shown close to the replication fork, where it catalyses 
the methylation of already hemimethylated DNA to retain established methylation patterns during replication. S-
adenosyl-L-methionine (SAM) acts as a donor of the required methyl group, and is converted to S-adenosyl 
homocysteine (SAH). UHFR1 is shown as an important co-factor. The de novo methyltransferases, DNMT3A and 
DNMT3B, are shown catalysing the establishment of new DNA methylation at previously unmethylated CpG 
sites. SAM again is shown as the methyl group donor for the conversion of cytosine to 5mC. 
 
DNMT1 is the major enzyme involved in DNA methylation maintenance, and is constitutively 
expressed in dividing cells (4). Direct interactions with proliferating cell nuclear antigen 
(PCNA) and UHRF1 recruit the DNMT1 enzyme to hemimethylated DNA during mitosis, 
allowing for the retention of established methylation in both daughter cells. Core PCNA-
UHRF1-DNMT1 interactions are supported and stabilised by a wider complex of chromatin-
associated enzymes, offering an extensive and intricate regulatory network that allows for 
precise control over global methylation inheritance (10). 
 
DNMT3A and DNMT3B, also referred to as the de novo methyltransferase enzymes, are 

essential for the initial establishment of DNA methylation, particularly during early 
development (10). Both enzymes methylate without preference for hemimethylated DNA, 
unlike DNMT1. They therefore act independently of replication, and are capable of methylating 
previously unmethylated DNA (10). The activity of both these methyltransferases is reduced 
significantly upon the differentiation of embryonic stem cells, remaining comparatively low in 
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adult somatic tissues. DNMT3A is ubiquitously expressed across all tissues, whilst DNMT3B 
only displays appreciable expression within the testes, thyroid, and bone marrow (14).  
 
DNMT enzymes utilise the methyl-group donor S-adenosyl-L-methionine as a co-substrate in 
the methylation of cytosine to 5mC. The final product of this reaction is S-adenosyl 

homocysteine (14, 16). 
 

1.1.2.2 Active and Passive Demethylation Pathways 

The erasure of DNA methylation can occur via passive or active demethylation pathways 
(Figure 1.2). Passive demethylation simply refers to the absence of re-methylation during 
replication, which results in the subsequent loss of 5mC residues. This may occur due to a 
number of factors, including compromised DNMT function, or the absence of essential 
cofactors such as SAM (17). Contrastingly, active demethylation processes are replication-

independent, involving enzymatic conversion of the 5mC residue followed by base excision 
repair (BER) (17). Two enzymatic pathways have been described thus far in the context of 
human active demethylation: oxidation and deamination (18, 19). 
 
The oxidation pathway is mediated by the ten-eleven translocation (TET) family of 
dioxygenase enzymes (18). TET1, TET2 and TET3 comprise the TET subfamily of Fe2+ and 

a-ketoglutarate-dependent dioxygenases, which catalyse the oxidation of 5mC to generate 

numerous successive intermediates in the active demethylation pathway (18). 5mC can undergo 
hydroxylation to produce 5-hydroxymethylcytosine (5hmC), which may be further oxidised to 
5-formylcytosine (5fC), and in turn, 5-carboxylcytosine (5caC). Of these intermediates, 5fC 
and 5caC are recognised and excised by the BER protein thymine DNA glycosylase (TDG), 
and subsequently replaced with an unmethylated cytosine nucleotide via the BER pathway (4, 
18, 19). Additionally, TET-mediated oxidation of 5mC to 5hmC contributes to the passive loss 
of DNA methylation through subsequent rounds of replication, as the Dnmt1 enzyme displays 
low affinity for hemi-hydroxymethylated DNA (19). 
 
In a similar manner, the deamination pathway involves enzymatic conversion of 5mC and 
5hmC residues to thymine and 5-hydroxymethyluracil, respectively. Deamination is catalysed 
by members of the activation-induced deaminase (AID) and apolipoprotein B mRNA-editing 
enzyme complex (APOBEC) family. Thymine and 5hmU intermediates are then subject to 
BER, similarly mediated by uracil-DNA glycosylase (UDG) family enzymes such as TDG (3, 

18, 19). However, the biological significance of the AID/APOBEC pathway in human active 
demethylation is thought to be modest in comparison to TET-mediated methylation removal. 
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This is based on numerous observations regarding the activity of AID/APOBEC enzymes on 
the modified cytosine residues 5mC and 5hmC. AID/APOBEC enzymes display preferential 
deamination activity on unmodified cytosine itself, and though 5mC deamination does occur, 
it does so with comparatively decreased efficiency (20). 
 

 
 
Figure 1.2. Pathways Involved in Active and Passive Demethylation. (A) The process of passive demethylation, 
which occurs during cell replication. DNA methylation is passively lost through replication, where DNMT1 is 
unable to catalyse the methylation of hemimethylated DNA. This can be due to numerous factors, including direct 
impairment of DNMT1, or insufficient presence of required co-factors. (B) Active demethylation has been 
described via two distinct pathways: oxidation and deamination. The oxidation pathway utilises stepwise oxidation 
of 5mC by TET dioxygenases, coupled with BER. The deamination pathway relies on AID and APOBEC enzymes 
coupled with BER as shown. However, its relevance in mammalian biology appears to be minor in comparison. 
 
The processes involved in active DNA demethylation have been only recently elucidated, and 
the finer intricacies of these pathways may yet remain undiscovered. However, it is now widely 
accepted that active demethylation in mammals is an important process observed across 
multiple biological contexts, and is crucial for maintaining normal cell physiology (6, 21). 
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1.1.3 DNA Methylation Reprogramming in Normal Development 

Epigenetic mechanisms have a critical role in orchestrating normal human development, with 
chromatin dynamics, histone modifications, and DNA methylation changes each comprising 
crucial elements of the developmental regulatory network. Global resetting and reprogramming 
of the DNA methylome, in particular, forms an essential component of early development in 
the contexts of pre-implantation embryogenesis and gametogenesis, respectively (22, 23). 
 

1.1.3.1 Remodelling the Epigenome in Embryogenesis 

Global erasure of the DNA methylome first occurs in the pre-implantation zygote, morula, and 
blastula (22). Resetting of the inherited maternal and paternal epigenomes is essential to 
facilitate the erasure of acquired epigenetic changes, and to ensure totipotency of the embryo, 
as required for development. The major wave of demethylation is complete by the two-cell 
stage in humans, beginning with rapid, active demethylation of the paternal genome. The 
maternal genome, contrastingly, undergoes a slower, passive methylation loss across several 
embryonic cell divisions (22-24). Active demethylation of the paternal genome is thought to be 
largely attributed to TET3-mediated oxidation, whilst replication-dependent demethylation of 
the maternal genome is associated with the absence of DNMT1 activity (23). 
 
Following fusion of the gametes at fertilisation, current evidence suggests that the global DNA 
methylation level of the human embryo displays a significant decrease from 54% in the sperm 
and 48% in the oocyte, respectively, to 41% in the zygote. A further decrease to 32% occurs by 

the two-cell stage, whilst the lowest DNA methylation level of approximately 29% is reached 
as the inner cell mass is formed (22). Despite extensive global losses of 5mC throughout the 
pre-implantation period, certain differentially methylated loci appear to be protected from 
demethylation. In particular, transposable elements and regions associated with genomic 
imprinting tend to remain differentially methylated throughout pre-implantation development 
(24). On the contrary, CpG islands, enhancer elements, exons, and CpG-rich promoter regions 
display the most significant hypomethylation throughout early embryonic development (22).  
 
Around the time that the developing embryo undergoes implantation into the uterine wall, re-
establishment of the DNA methylome begins (24). A wave of de novo methylation, mediated 
by DNMT3A and DNMT3B methyltransferases, acts to regenerate the characteristic bimodal 
methylation landscape of adult somatic tissues as development progresses (24). DNMT3B 
expression, in particular, is significantly upregulated in this early developmental window, and 
is thought to be the major driver of de novo methylation in this context (25). 
 



 7 

Furthermore, as embryogenesis reaches the post-implantation period, additional changes to this 
remodelled epigenome occur in a tissue-specific manner, resulting in the establishment of 
distinct cell lineages. Each lineage undergoes progressive differentiation and loss of totipotency 
as the embryo continues to develop. The composition of each unique epigenetic landscape is a 
major determinant of cell lineage fate, including not only the DNA methylome, but also the 

associated histone modifications, chromatin alterations, and other transcriptional regulators 
which govern tissue-specific gene expression (23, 24). Resetting and remodelling of the 
epigenetic landscape is, therefore, a crucial and complex component of the vast regulatory 
network governing human development. 
 

1.1.3.2 Biparental DNA Methylome Remodelling in Gametogenesis 

Following epigenetic remodelling in the pre-implantation embryo, human primordial germ cells 
(hPGCs) undergo a second wave of global methylation erasure as an essential early stage in 

gametogenesis (23). hPGCs are derived from the epiblast of the post-implantation embryo, and 
will differentiate to form the gametes of the mature adult (23). Both maternal and paternal 
gametic epigenomes are inherited during fertilisation, each of which displays a unique 
epigenetic profile as a result of genomic imprinting (26). In order for gametogenesis to be 
successful in the developing embryo, the imprinted biparental epigenome must be reset and re-
established to mirror that of the sex-transmitting parent. Again, this process is characterised by 
global DNA demethylation, alongside concurrent chromatin reorganisation, genomic imprint 
erasure, and X reactivation (26). 
 
Initial demethylation in the pre-implantation embryo restores the naïve pluripotency of the 
gametic epigenetic profile, whilst the second wave of epigenetic reprogramming in the post-
implantation phase aims to re-establish full germline potency in the developing hPGCs (26). 
Resetting of the DNA methylome in hPGCs is driven by a unique genetic regulatory network 
established by the expression of the SOX17 transcription factor and the downstream regulator 
BLIMP1 (26, 27). This human germline transcriptional program is distinct from that observed 
in mouse models, which do not display characteristic SOX17 involvement (26). SOX17 is 
recognised as the key driver of hPGC specification, whilst BLIMP1 is known to strongly 
modulate TET activity and DNA methyltransferase function in the context of both mouse and 

human PGC development (26-28). In hPGCs, methylome erasure and concurrent chromatin 
remodelling occurs from week four to week nine of embryonic development (26). Upregulation 
of SOX17 and BLIMP1 initiates global demethylation via the repression of maintenance and 
de novo methylation pathways, and the potentiation of TET hydroxylase activity. More 
specifically, the expression of de novo methyltransferases DNMT3A and DNMT3B is 
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significantly decreased in hPGCs, along with the repression of UHRF1, which is essential for 
DNMT1 function. TET1 and TET2 expression is contrastingly enriched. Consequently, 
comprehensive removal of the DNA methylome is observed as developing hPGCs migrate 
towards the genital ridge, including the characteristic erasure of sex-specific genomic imprints, 
and reactivation of the X chromosome in females. (23, 26-28). 

 
Once the hPGC epigenome is erased, de novo methylation is re-established to reflect the sex of 
the developing embryo. Male- or female-specific patterns are established, each characterised 
by unique levels of DNA methylation and differing imprinted regions (29). Interestingly, sperm 
tend to display high levels of total methylation of around 85%, whilst oocytes remain only 
moderately methylated at end-point, displaying approximately 30% global DNA methylation 
(29). 
 

1.1.4 Changes in DNA Methylation with Ageing 

Termed “epigenetic drift”, the epigenome of an individual is subject to the progressive 
accumulation of aberrant changes with age (16). DNA methylation, in particular, is one of the 
most well-characterised epigenetic modifications susceptible to such changes over time. 
Alterations in the DNA methylome are non-directional, involving both hypermethylation and 
hypomethylation events, and occur as part of the normal ageing process (16). Age-related 
changes tend to be unique to an individual, resulting in a population-level divergence of 
methylomes in the elderly population (16, 30). The unique nature of epigenetic changes with 
age are the result of numerous individual factors, including environmental exposures, genetic 
predispositions, and other stochastic influences (16, 30, 31). 
 

Despite the individual nature of age-related methylation changes, characteristic epigenetic 
biomarkers of ageing have also been identified. These biomarkers are termed the “epigenetic 
clock”, and are often reflective of factors such as sex, ethnicity, demography, or pathology (32). 
Notably, specific epigenetic defects have been identified across a number of age-related 
pathologies, including Alzheimer disease, type-2 diabetes, and cancer (31). 
 
There are numerous examples of factors which influence the DNA methylation landscape of an 
individual over their lifespan. Environmental, dietary and lifestyle influences all have the 
capacity to impact the epigenetic landscape, whether it be via modulation of the SAM/SAH 
ratio, DNMT function, or a multitude of other contributing factors. For example, lifetime 
cigarette smoking and other toxin exposures have been shown to be associated with aberrant 
promoter methylation in critical tumour-suppressor and age-related genes (16, 33). 
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Contrastingly, physical activity and antioxidant intake may be associated with the prevention 
of negative DNA methylation change and accelerated-ageing phenotypes (16). 
 
Overall, ageing is an important factor which significantly impacts the DNA methylome of an 
individual. Therefore, we often observe strong associations between epigenetic change over 

time and the development of age-related pathologies such as cancer. 

 

1.1.5 Dysregulation of DNA Methylation as a Hallmark of Cancer 
The progressive accumulation of genetic and epigenetic defects is recognised as the major 

driver of neoplastic change and tumour development (34). It comes as no surprise, therefore, 
that aberrant changes to the epigenome have been extensively identified over the past several 
decades as hallmark indicators of cancer development and progression. Characteristic 
epigenetic motifs are observed across a wide range of cancer types, and often impact the 
transcriptional function of genes within key regulatory networks (34, 35). 
 

1.1.5.1 General Tumour Development 

The progression of normal tissue towards tumour cell development is driven largely by the 

accumulation of aberrant genetic and epigenetic modifications. Genetic and epigenetic 
aberrations are contributed to by numerous individual factors, including inherited 
predispositions and lifetime environmental exposures (35-37).  
 
Tumour development and progression is also characterised by a number of hallmark phenotypic 
changes, including resistance to apoptosis, sustained proliferation, the induction of 
angiogenesis, cell immortality, immune evasion, and the capacity to invade surrounding tissues 
(34). Each of these characteristics is conferred by differential expression of tumour-suppressor 
and oncogenes in neoplastic cells, acquired as the tumour develops and replicates. Tumour-
suppressor and oncogenes are typically critical components of gene regulatory networks, often 
essential to key cellular processes such as proliferation and apoptosis (34). 
 
In order to achieve differential expression of the particular genes which drive tumour 
progression, and ultimately metastasis, significant changes to the transcriptional regulation of 
these genes must occur. Though this may occur via direct mutation of the genetic sequence, 
epigenetic aberrations also comprise a major component of transcriptional control. As such, 
numerous epigenetic changes have been characterised as necessary components of successful 
tumour progression and metastasis (35-37). 
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1.1.5.2 Characteristic Changes in DNA Methylation 

Broadly, in comparison to normal tissues, the DNA methylation landscape of cancers is 

characterised by a global loss of methylation across the genome, paired with site-specific 
promoter hypermethylation (38-40).  
 
Genome-wide hypomethylation occurs predominantly in the context of repetitive DNA 
sequences and other gene-poor areas of the genome. This methylation loss is associated with 
chromosomal instability, loss of genomic imprinting, and the reactivation of transposable 
elements; each of which contribute to the aberrant gene expression patterns observed in tumour 
development and progression (38, 40). 
 
Dense hypermethylation commonly occurs within the promoter region CpG islands of tumour-
suppressor genes which are often crucial to maintaining normal cell function. Dense 
methylation at these promoter regions induce transcriptional silencing, generally via preventing 
the access of transcriptional machinery to the gene promoter (40). Often, this transcriptional 
inactivation occurs within genes involved in cell cycle process, apoptotic pathways, DNA 
repair, or other critical pathways which under normal physiological conditions would prevent 
neoplastic change (40). Though less recognised as a hallmark of the tumour genomic landscape, 
the loss of promoter methylation within oncogenes can also play a role in tumour development 

through facilitating the transcription of genes which deregulate cellular pathways. Such 
modifications of the promoter methylation landscape in important regulatory genes are even 
thought in many cases to predate the classical transformation events in tumour development, 
including mutation and genomic instability (38). 
 
The bimodal landscape characterised in tumour cells is therefore recognised as an essential 
component of cancer development and progression, and though variability in which genes are 
affected will be present between, and even within, different cancer types, this overall pattern is 
largely conserved. 
 

1.1.5.3 Progression to Metastasis 

The extent of global hypomethylation and promoter hypermethylation appears to increase with 
progression to metastasis, exaggerating the bimodal nature of the tumour DNA methylome (40). 
This is unsurprising, as we expect the transition towards a metastogenic phenotype requires 
more extensive genomic instability and dysregulation of  normal cellular pathways. Further, in 
order for successful metastasis to occur, tumour cells must acquire numerous capabilities to 
allow for spread and invasion into distant tissues. Often this will necessitate adaptations such 
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as increased invasive capacity, stimulation of angiogenesis, and a shift in cellular metabolism. 
In the same manner as we expect these changes to a more restrained degree in the developing 
neoplasm, progression to metastasis simply requires the gain of characteristics which permit 
tumour spread to regions other than the primary source (38-41). 
 

Recently, emerging research has postulated a more specific role for site-specific DNA 
methylation changes to act as ‘epigenetic drivers’, facilitating the transition from primary 
tumour to metastasis (41). This research suggests that specific modifications to the DNA 
methylome, particularly in transcriptional control regions, may be responsible for altering the 
transcriptional status of certain genes which are crucial for progression to metastasis. It is 
postulated that the dynamic potential of epigenetic changes such as DNA methylation may 
allow for the simpler, and less permanent, acquisition of particular phenotypes required for 
metastasis (41, 42). The concept of epigenetic drivers, and the potential role of these in the 
context of metastasis, will be explored further in the following sections. 
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1.2 The Current Dogma of DNA Methylation 
This section details the current consensus regarding DNA methylation as an epigenetic 
regulator of transcription and subsequent gene expression. 
 

1.2.1 Promoter DNA Methylation and Repressed Gene Expression 

As described in Section 1.1.1, the presence of dense DNA methylation within the gene promoter 
is typically associated with transcriptional silencing. Historically, the vast majority of studies 
have found that hypermethylation of gene promoter regions, particularly those containing CpG 

islands, results in the repression of active transcription and gene expression (3, 12, 43).  
 
DNA methylation itself influences the transcriptional activity of a particular gene through the 
recruitment of MBD proteins and transcriptional repressors, which induce changes to the local 
chromatin configuration. These changes subsequently downregulate transcription through 
preventing access to transcriptional machinery, or modulating interactions with other gene-
regulatory elements (43, 44). This is a well-studied mechanism of transcriptional silencing 
which has acquired a strong body of evidence over the past few decades. 
 

1.2.2 Gene Body Methylation to Prevent Non-Specific Transcription 

Though not as widely-studied as promoter methylation, DNA methylation of regions within the 
gene body has also been characterised. The majority of gene bodies are relatively CpG poor. 
Interestingly, however, gene body methylation is positively-correlated with expression, such 
that dense methylation in these regions is common in actively transcribed genes (6). 
 
Initially, it was postulated that dense, non-promoter methylation prevents the non-specific 
expression of repetitive DNA sequences, which are abundant throughout the gene body. It is 
well known that gene body methylation is associated with active gene transcription, and so 
current evidence supports the notion that gene body methylation may allow for transcription of 
the host gene, whilst simultaneously silencing expression of repetitive elements (6, 45, 46). In 

addition, marked transitions between levels of DNA methylation have been identified at exon-
intron boundaries, possibly suggesting an alternative role for gene body methylation in the 
regulation of gene splicing (6). Further research into the function of the DNA methylation 
within these regions is still required in order to fully elucidate its potential roles in a 
transcriptional context. 
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1.3 Challenging the DNA Methylation Dogma 
The following section serves to challenge the current dogma of promoter DNA methylation as 
a transcriptional silencing mechanism, highlighting numerous examples where the high 
promoter methylation has been associated with increased or high levels of gene expression. 
 

1.3.1 Promoter Hypermethylation and High Gene Expression 

 
Table 1.1. Current Publications showing Hypermethylation and High Gene Expression. 

Gene Cancer Type Cell Line(s) Description Reference 
EBF3 Melanoma WM115; 

WM266-4; 
Hs688(A).T; 
Hs688(B).T 

Increased EBF3 
expression in metastatic 
versus primary cell lines, 
associated with increased 

promoter methylation 

(41) 

MGMT Melanoma TCGA-SKCM 
Dataset 

High promoter 
methylation associated  
high mRNA expression 

(47) 

HOXD12 Melanoma TCGA-SKCM 
Dataset 

High promoter 
methylation associated  
high mRNA expression 

(47) 

GATA4 Melanoma TCGA-SKCM 
Dataset 

High promoter 
methylation associated  
high mRNA expression 

(47) 

WT1 Acute Myeloid 
Leukaemia 

KG1A Alternative promoter 
AWT1 hypermethylation is 
associated with increased 

mRNA level 

(48) 

hTERT Multiple Multiple Hypermethylation of 
hTERT was correlated 

with increased expression 
in tumour cell lines and 

tissue samples as 
compared to normal 

tissues 

(49-53) 

TIMP2 Cervical Caski Upregulation of TIMP2 
despite promoter 
hypermethylation 

(54) 

 
Notwithstanding the substantial body of evidence correlating high levels of promoter 
methylation with transcriptional silencing, an increasing number of examples now identify 
contexts in which this observation does not appear to hold true. Table 1.1 details several 
published examples where in the context of different cancer types, high levels of promoter 
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methylation appear to correlate with active transcription. These examples suggest that in 
specific contexts, high levels of DNA methylation may in fact facilitate an increase in 
transcriptional activity.  
 

1.3.2 EBF3 as a Target for Further Investigation 

Early B-cell Factor 3 (EBF3) is described by Chatterjee et al (2017) as a potential epigenetic 
driver of metastasis in the context of melanoma cancer, which displays a pattern of increased 

messenger RNA (mRNA) expression associated with high promoter methylation (41). General 
information regarding the EBF3 gene and its biological significance is further detailed in 
Section 1.5.2. 
 
EBF3 displayed significant hypermethylation across a 58 bp fragment of the EBF3 promoter 
region in matched primary and metastatic melanoma cell lines. This also correlated with an 
increase in EBF3 mRNA levels, inferring an increase in gene expression (41). 
 
Furthermore, both primary and metastatic cell lines were treated with the global demethylation 
agent decitabine (5-aza-2′-deoxycytidine) (41). Decitabine is a cytosine nucleoside analogue 
which induces global DNA demethylation via irreversible binding to DNMT enzymes, 
preventing DNMT function (55, 56). When treated with decitabine, EBF3 mRNA levels 
decreased, suggesting that loss of methylation resulted in diminished EBF3 expression. 
Additionally, siRNA (single-interference RNA) knockdown of EBF3 was associated with a 
decrease in aggressive phenotypic behaviour such as proliferation, migration, and invasion 
(41). 
 

EBF3 in the context of melanoma, therefore, provides a promising model for elucidating the 
mechanisms which underpin the paradoxical phenomenon of hypermethylation associated with 
increased transcriptional activity. 
 

1.3.3 Proposed Mechanisms of Facilitating Transcription 

This section describes several potential mechanisms via which hypermethylation of a particular 
gene promoter region may facilitate an increase in gene expression. 
 

1.3.3.1 Prevention of Repressive Transcription Factor Binding 

Transcription factors positively or negatively regulate the transcriptional activity of particular 
genes, helping to establish and maintain cell-specific expression profiles. However, 

transcription factor expression is in itself heavily regulated by complex networks of both 
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upstream gene-regulatory programs and post-translational modification events (57). 
Importantly, epigenetic factors such as DNA methylation and subsequent chromatin 
remodelling often dictate the accessibility of transcription factor proteins to the gene promoter 
for modulating transcription. 
 

Transcriptional repressors serve to negatively regulate transcription. For example, polycomb 
group proteins (PcG) interact with histone tails to epigenetically induce chromatin compaction 
and prevent the access of transcriptional machinery, thereby resulting in the stable repression 
of gene expression (57-59). Current understanding suggests that transcriptional repressor 
proteins are associated with the presence of dense promoter DNA methylation. However, it 
may be possible that in specific contexts, the presence of significant hypermethylation could 
act as a means of preventing transcriptional repressor binding, whilst simultaneously facilitating 
active gene transcription. 
 

1.3.3.2 Expression from an Alternative Promoter 

A gene promoter refers to the region(s) of a particular gene, at which transcription can be 
initiated by the binding of an RNA polymerase (60). Eukaryotic RNA polymerase II is 
responsible for the transcription of mRNA, and interacts with numerous transcription factors to 
successfully recognise gene promoter regions (60). 
 
Often, genes have multiple different promoters and multiple sites of transcriptional initiation. 
This allows for transcription of a particular gene to occur under a range of different conditions. 
For example, the presence of an alternative promoter region may allow for ubiquitous 
expression of a particular gene in different tissues, despite a lack of transcription factors which 
are required for transcription from the original promoter. Similarly, transcription from 
alternative promoters within the same gene may respond to different extracellular signals, yet 
generate the exact same protein (60-62).  
 
As exemplified, the function of one or more alternative promoters within a gene can vary 
significantly. The prospect of an alternative promoter regulating transcription in the event of 
hypermethylation of the known promoter region is certainly possible, and should be considered 

when evaluating the findings of the publications shown in Table 1.1. 
 

1.3.3.3 Enhancer Elements Modulating Expression 

The third, and final, mechanism proposed here for how hypermethylation of a promoter may 
be increasing gene expression is via interaction with enhancer elements.  
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Enhancer elements are cis-regulatory modules which potentiate the transcriptional activity of 
specific genes through interaction with associated transcription factors. Multiple enhancers and 
transcription factors may interact to modulate the transcriptional function of a single gene, 
creating complex regulatory networks (63). Enhancer element function itself can often be 

modified via interaction with signalling molecules, epigenetic marks, and the local chromatin 
environment (63-66). For example, DNA methylation changes may modulate the chromatin 
configuration to allow, or prevent, interactions between enhancer elements and a target gene. 
 
Enhancer elements, therefore, provide another potential mechanism to explain the association 
between hypermethylation and high gene expression, possibly through some form of 
methylation-dependent interaction. 
 

1.3.4 Requirement for Interrogation with Locus-Specific Editing 

As summarised in the previous sections, the association between promoter hypermethylation 
and subsequent high gene expression has so far only been further interrogated using global 
modification of the methylation landscape. As such, no directly causal association can be drawn 
between transcriptional regulation, and the methylation status of a specific locus. 
 
In order to directly assess the consequences of a locus-specific methylation change, a selective 
and targeted approach is required. Over the following section, I describe the brief history and 
current landscape of targeted technologies for epigenomic editing, and further detail a system 
which will form the basis of the work performed throughout the remainder of this thesis. 
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1.4 The Current Landscape of Targeted Epigenetic Editing 
Since elucidating the importance of DNA methylation changes in gene regulation and disease, 
developing avenues for manipulating the epigenome have been at the forefront of efforts in the 
field of epigenetics. Until recently, however, the development of effective editing technologies 
to target a specific region of the genome in isolation has proved difficult (67). Fortunately, the 
recent emergence of (Clustered, Regularly Interspaced Short Palindromic Repeats) CRISPR-

based gene-editing systems has provided a platform for significant advancement in the accuracy 
and specificity of both genomic and epigenomic manipulation (67, 68). The following sections 
briefly outline the history of epigenomic editing technologies, and the contribution of CRISPR-
based tools to the recent advancements in DNA methylation-editing. 
 

1.4.1 Existing Technologies for Epigenetic Editing 

For decades, the concept of precise and targeted manipulation of the genome has been heavily 
sought after, driving a huge number of discoveries within the fields of genetics and molecular 
biology. The potential for targeted editing of the epigenome first entered the realm of possibility 
as genomic-editing technologies advanced from restriction enzyme- and gene integration-based 
techniques, towards the use of DNA-binding proteins (67-69).  
 
Eukaryotic zinc-finger (ZNF) proteins were the first DNA-binding proteins to be utilised in this 
manner, representing the beginning of a new era in genomic and epigenomic manipulation (67). 
ZNF modules are small protein motifs which recognise and bind a 3 bp DNA sequence, and are 
regulated by zinc ions. Different ZNF modules are able to be used in combination to target 
specific genomic sequences, based on their respective affinities for a particular 3 bp sequence. 
ZNF DNA binding domains are therefore commonly fused with a nuclease or other effector 
protein, to mediate a site-specific genetic or epigenetic response (67, 70-72). 
 

Transcription activator-like effector proteins (TALEs), isolated from the Xanthomonas 
bacteria, next emerged as another alternative for targeted editing (67). Like ZNF proteins, 
TALEs allow for customisable, sequence-specific DNA binding. However, TALEs have the 
capacity to bind individual bases at a target locus. Again, similarly to ZNF-based tools, TALEs 
fused with specific effector proteins have the capacity to induce a particular effector response 
at a select target locus (67, 73). 
 
Though ZNF- and TALE-based technologies have laid a platform for genomic and epigenomic 
editing at a single-locus, targeting each respective site within the genome requires complete re-
design and re-engineering of a new set of proteins. Hence, these techniques can prove difficult 
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and rather laborious. In comparison, the emergence of CRISPR-based technologies provides 
much simpler and easily-targetable systems, which provide an equal or greater level of editing 
efficacy than these existing options (67). 
 

1.4.2 The Emergence of CRISPR-Based Technologies 

As described above, the emergence of CRISPR-based technologies has revolutionised targeted 
editing of the epigenome. The following sections describe the basis of the CRISPR-Cas9 

system, and how it has since been applied in the context of site-specific editing of DNA 
methylation. 
 

1.4.2.1 CRISPR-Cas9 

CRISPR and CRISPR-associated (Cas) proteins compose the prokaryotic CRISPR-Cas system, 
which provides an adaptive immune response against invading exogenous elements (74). 
CRISPR loci are comprised of a clustered set of Cas genes, along with a CRISPR array of 
identical repeat sequences interspersed with variable “spacer” sequences. Spacers correspond 

to foreign genetic elements (protospacers), and are required for future immune response. As an 
adaptive immune response system in prokaryotes, spacer sequences are acquired by specific 
Cas enzymes from exogenous protospacers, following invasion by foreign genetic elements. 
Spacers are then installed into the prokaryotic CRISPR locus, and facilitate function of the 
CRISPR-based immune response in the event of re-invasion by the same exogenous elements 
(74, 75). The composition of the CRISPR array with intercalated repeats and spacer sequences, 
allows for self- and non-self-recognition during an adaptive immune response (74, 75). 
 
At present, multiple different CRISPR immune response systems have been identified, which 
vary between different prokaryotes. Of these, each system is stratified into three major 
classifications: type I, type II, and type III systems (74). Each of these broad classifications 
reflect the basic mechanism by which the respective CRISPR systems function, and each 
contains numerous CRISPR subtypes with minor unique variations (74). 
In type II CRISPR systems, as used within this project, a CRISPR RNA (crRNA) and trans-
activating CRISPR RNA (tracrRNA) are synthesised, which direct the Cas9 nuclease to induce 
degradation of foreign elements (Figure 1.3) (75, 76). 



 19 

 

 
Figure 1.3. Overview of Type II S.pyogenes CRISPR-Cas Adaptive Immune Response. Shown is a schematic 
overview of the type II CRISPR system utilised by S.pyogenes. Foreign protospacer DNA from invading 
exogenous elements is acquired by Cas enzymes and inserted as a spacer sequence into the CRISPR array between 
identical repeats. When this foreign element invades the cell again, it is recognised by the CRISPR system, which 
transcribes and expresses the corresponding tracrRNA and crRNA for targeting, along with the Cas9 nuclease. 
The Cas9 module binds to the invading element, guided by tracrRNA and crRNA, and induces double-stranded 
cleavage of the foreign DNA as an adaptive immune response. 
 
Mature crRNAs comprise a 20-nucleotide spacer sequence unique to an invading pathogen, 
along with an adjacent repeat sequence (74). The mature crRNA hybridises with the transcribed 

tracrRNA, which allows for binding to foreign protospacer elements and the recruitment of 
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Cas9 machinery (74). In the application of this system for editing DNA methylation, a single 
guide-RNA (gRNA or sgRNA) serves the purpose of the endogenous crRNA and tracrRNA, 
acting as a chimeric fusion of these two RNA components (76). This gRNA molecule is easily 
modifiable to target any locus of interest by modifying the 20 bp spacer component. The type 
II CRISPR system used in this project is derived from Streptococcus pyogenes. This particular 

system requires that any targetable gRNA sequence immediately precedes a 5’-NGG-3’ 
protospacer-adjacent motif (PAM) (77). PAM recognition is essential for ATP-independent 
strand separation, and for gRNA complexing with target genetic elements (77). Therefore, 
dCas9 can be targeted to any region with an adjacent PAM site, simply via altering the 20 bp 
gRNA target sequence (76).  
 
When utilising the CRISPR-Cas9 for epigenetic editing purposes, no cleavage of the target 
DNA sequence is desired. As such, the Cas9 nuclease is deactivated to remove any catalytic 
activity (dCas9 or catalytically dead Cas9), and is optimised for human codons (76). Mutation 
of both the HNH and RuvC-like domains of the Cas9 coding sequence removes catalytic 
activity and results in the generation of a targetable DNA binding protein. This is achieved by 
single-amino acid substitutions converting Asp10 to Ala10 (aspartic acid to alanine), and His840 
to Ala840 (histidine to alanine) (75). 
 

1.4.2.2 CRISPR-dCas9-Enzyme Fusion Proteins 

CRISPR-dCas9-Enzyme fusion proteins represent the first group of CRISPR-based tools for 
selective editing of DNA methylation at a target locus (67). Such a system utilises the CRISPR-
dCas9 machinery, as discussed in section 1.4.2.1 above, fused to an effector protein capable of 
modulating DNA methylation. For example, CRISPR-dCas9 is commonly fused to the catalytic 
domain of the enzyme DNMT3A for targeted editing in eukaryotes. CRISPR-dCas9-DNMT3A 
stimulates de novo deposition of DNA methylation at a specific site, often with the goal of 
inducing transcriptional repression. As such, targeted recruitment of other repressive epigenetic 
modules such as DNMT3L or PcG proteins, is sometimes used in combination with the 
CRISPR-dCas9-DNMT3A construct to increase the efficiency and robustness of the system. 
Similarly, the use of CRISPR-dCas9 fused to TET dioxygenase enzymes has been used to 
induce the active removal of methylation at target loci (67). 

 
Despite the use of a unique, programmable 20 bp gRNA sequence, CRISPR-dCas9-Enzyme 
fusion proteins, along with ZNF- and TALE-based tools, tend to show substantial levels of off-
target activity (69). Off-target regions affected by CRISPR-dCas9-Enzyme action commonly 
display a reasonable level of homology with the gRNA target sequence, and so to a certain 
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extent, can be predicted. However, the effect of these off-target binding events is difficult to 
quantify, particularly in terms of any subsequent transcriptional changes which may occur (69). 
Consequently, the reduction of non-specific and undesired activity has been a focus of recent 
improvements in CRISPR-based editing tools, as exemplified by the development of the 
SUperNova Tagging (SunTag) system described below. 

 

1.4.2.3 The SunTag System 

Developed by Tanenbaum et al (2014), SunTag refers to a repeating peptide array with the 
capacity to recruit multiple copies of an antibody-fusion protein (78). In the context of CRISPR-
based applications, the CRISPR-dCas9 construct is fused to the SunTag protein scaffold. The 
protein scaffold is comprised of optimally spaced epitopes derived from the yeast transcription 
factor GCN4, capable of binding tightly to the corresponding anti-GCN4 short-chain variable 
fragment (scFv) antibody (78, 79). The variant used in this work utilises ten copies of the GCN4 

epitope separated by five-amino-acid linkers (Gly-Ser-Gly-Ser-Gly or glycine-serine-glycine-
serine-glycine), allowing for the multimerisation of up to ten scFv-GCN4-tagged effector 
proteins to the CRISPR-dCas9 construct (80). 
 
 
 

 
 
Figure 1.4. Schematic of the SunTag System Protein Scaffold. Shown is a schematic of CRISPR-dCas9 fused 
to the SunTag protein scaffold. Also detailed is the arrangement of GCN4 epitopes comprising the SunTag system, 
each separated by a Gly-Ser-Gly-Ser-Gly five-amino-acid linker. The SunTag scaffold in total is comprised of ten 
repeating GCN4 epitopes interspersed with amino-acid linkers. 
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1.4.3 CRISPR-dCas9-SunTag System 

The CRISPR-dCas9-SunTag (dCas9-SunTag) system for epigenetic editing represents a 
significant improvement in both the efficacy and specificity of CRISPR-based technologies for 
targeted epigenomic manipulation. Since its first application as a mechanism of DNA 
methylation editing (Morita et al, 2016) (80), the dCas9-SunTag construct has now been 
described in numerous studies, in a variety of methylation-related contexts (80-85). 
 
Encouragingly, many studies have now shown that CRISPR-dCas9-SunTag-based systems 
have minimal effects on the global methylome and transcriptome, particularly in comparison to 
tools which do not utilise the SunTag construct (81, 85). Huang et al (2017) (81), and Pflueger 
et al (2018) (85), have both described direct comparison of a dCas9-DNMT3A fusion construct, 
to a dCas9-SunTag-based equivalent. Huang et al, compared the global off-target effects of 
both dCas9-DNMT3A, and dCas9-SunTag in conjunction with scFv-DNMT3A using reduced 

representation bisulfite sequencing (RRBS) and RNA-seq (81). RRBS results concluded that 
use of the dCas9-SunTag plus scFv-DNMT3A system did not affect genome-wide methylation 
status in this study; whilst RNA-seq analysis suggested that dCas9-SunTag plus scFv-
DNMT3A also had minimal effects on the global transcriptome. In comparison, the use of 
dCas9-DNMT3ACD (using only the catalytic domain of DNMT3A) resulted in significant off-
target methylation (81). Pflueger et al, similarly, investigated the global off-target impacts of 
dCas9-SunTag plus scFv-DNMT3A using chromatin immunoprecipitation sequencing (ChIP-
seq), in combination with Illumina EPIC target solution capture bisulfite sequencing (TSC-bs-
seq). ChIP-seq indicated that the SunTag-based methylation system showed highly-specific 
binding affinity for the on-target sequence; whilst TSC-bs-seq showed very low off-target 
impacts compared to the use of dCas9-DNMT3A fusion proteins (85). 
 
In addition to significant improvements in on-target specificity and reductions in off-target 
activity, the efficiency of DNA demethylation at target loci using dCas9-SunTag-based 
machinery has been shown to be comparable (81), or even greater in many contexts. Morita et 
al (80), for example, have demonstrated a level of demethylation greater than 90% across 
multiple genic loci. Also, direct comparison of transfected cell lines displayed 38% 

demethylation using a SunTag-based demethylation system, versus <20% with dCas9-
TET1CD (80). Overall, the introduction of the SunTag component to CRISPR-dCas9-based 
epigenetic editing tools has led to significant improvements in specificity and function, 
resulting in substantial advancement in the applicability of these tools to future investigation of 
epigenetic function. 
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1.4.4 Recent Applications of Targeted Epigenetic Editing 

Each of the current publications describing the use of CRISPR-based tools for the manipulation 
of DNA methylation are summarised in Table 1.2. 
 
Table 1.2. Publications using CRISPR-Based Methylation-Editing Tools.1 

Group Editing Tool(s) Used Reference 

Vojta et al (2016) dCas9-DNMT3A (86) 

McDonald et al (2016) dCas9-DNMT3A (87) 

Choudhury et al (2016) dCas9-TET1 (88) 

Liu et al (2016) dCas9-DNMT3A 
dCas9-TET1 

(89) 

Amabile et al (2016) dCas9-DNMT3A-DNMT3L (90) 

Xu et al (2016) dCas9-TET1 (91) 

Morita et al (2016) dCas9-SunTag, scFv-DNMT3A (80) 

Stepper et al (2016) dCas9-DNMT3A 
dCas9-DNMT3A-DNMT3L 

(92) 

Lei et al (2017) dCas9-M.SssI2 (93) 

Xiong et al (2017) dCas9-M.SssI2 (94) 

Saunderson et al (2017) dCas9-DNMT3A-DNMT3L (95) 

Okada et al (2017) dCas9-TET1 (96) 

Huang et al (2017) dCas9-DNMT3A 
dCas9-SunTag, scFv-DNMT3A 

(81) 

Liu et al (2018) dCas9-TET1 (97) 

Gallego-Bartolomé et al (2018) dCas9-SunTag, scFv-TET1 (82) 

Marx et al (2018) dCas9-SunTag, scFv-TET1 (83) 

Pflueger et al (2018) dCas9-DNMT3A 
dCas9-SunTag, scFv-DNMT3A 

(85) 

Xu et al (2018) dCas9-TET3 (98) 

Morita et al (2018) dCas9-SunTag, scFv-TET1 (84) 
1Publications are ordered by date published. Some studies have used tools which contain either the entire DNMT 
or TET protein; whilst others have used only the catalytic domain (CD). However, this is not specified in the table 
above. 2M.SssI here refers to a cytosine methyltransferase isolated from Spiroplasma bacteria (commonly isolated 
from strain MQ1). 
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1.5 The Role of DNA Methylation in Cutaneous Melanoma 
Cutaneous melanoma is a melanocyte-derived malignancy, characterised by aggressive 
phenotypic behaviour, and responsible for 65-75% of all skin cancer-related mortality (99-101). 
Melanoma is characterised by a large disparity in clinical outcome, heavily correlated with the 
stage of disease at diagnosis. From 2013-2017, in the United States of America, survival at five-
years post-diagnosis was very high (99%) for patients with early diagnosis and full resection of 

a primary tumour (101). However, five-year survival rate for those diagnosed with late-stage, 
metastatic melanoma was very low (20%) (101). As such, it is of high importance that further 
investigation is made into the processes underlying the progression of melanoma towards 
metastasis, in order to address this significant disparity and develop new treatment options to 
help improve patient outcomes. Recently, the introduction of epigenetic drivers as a proposed 
mechanism of progression to metastasis in melanoma is a promising concept which warrants 
further exploration (41, 42). 
 

1.5.1 Characteristics of the Methylation Landscape in Melanoma 

Characteristic of all cancer types, the general methylation landscape of melanoma displays a 
bimodal pattern of genome-wide hypomethylation, paired with dense promoter 
hypermethylation at a range of genic loci (12, 102). Numerous promoter regions have been 
identified which display characteristic hypermethylation, commonly associated with the 
transcriptional repression of key tumour-suppressor genes which are critical to melanoma 
development and progression (41, 102-104). A subset of genes critical to melanocyte lineage 
differentiation pathways have been described as having transcriptional associations with 
promoter DNA methylation changes, including RASSF1; MITF; SOX10; and PAX3 (41, 102, 
105). 
 
Though there is a natural level of variation in the methylation landscape between different 

melanoma tumours, the epigenetic landscape between primary and metastatic tumour pairs is 
largely conserved. Therefore, it appears possible that epigenetic differences between primary 
and metastatic cell lines provide an ideal model for the identification of any epigenetic 
regulatory changes which may be responsible for driving progression to metastasis (41). 
 

1.5.2 A Potential Epigenetic Driver of Melanoma Metastasis 

Described in Section 1.3.2, the gene EBF3 has been proposed by Chatterjee et al (2017) as a 
potential epigenetic driver of melanoma metastasis (41). EBF3 is located on human 
chromosome 10q26.3 and is part of the early B-cell factor family of DNA-binding transcription 
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factors, characterised by an atypical zinc-finger and helix-loop-helix domain (106, 107). 
Functionally, EBF3 has not been studied in extensive detail, however, it has known roles in the 
differentiation and migration of multiple cell types. In particular, EBF3 has been shown to play 
a role in mammalian neurogenesis (106, 107). Intriguingly, melanocytes are derived from 
neural crest precursors during development, and as such, the postulated association between 

aberrant EBF3 regulation and melanoma progression may reflect a shift towards a more 
developmentally naïve phenotype which offers a selective advantage towards metastatic 
progression. EBF3 has also been identified as a putative tumour-suppressor in brain, breast, 
colorectal, gastric, liver and bone tumours, along with acute myeloid leukaemia, where it is 
known to aid in maintaining cell cycle arrest and apoptotic pathways whilst repressing 
inappropriate cell survival and proliferation (41, 106-109). EBF3 is depicted in Figure 1.5, as 
derived from the UCSC Genome Browser Database. 

 
Figure 1.5. EBF3 Gene Schematic from UCSC Genome Browser Database. The EBF3 gene (blue) from human 
reference sequence GRCh37/hg19 is shown on chromosome 10q26.3. The sixteen exons which comprise the two 
major EBF3 isoforms are shown as blocks, whilst intronic regions are shown as a blue line with directional arrows. 
The transcription start site (TSS) is labelled at position chr10:131,762,105, and the direction of transcription is 
shown. The known EBF3 promoter region is shown in red, spanning from chr10:131,747,593-131,763,801. In 
addition, known interactions between the TSS and regulatory elements are shown in orange. Interactions are shown 
with three enhancer elements and one other regulatory element within the span of the EBF3 sequence. All known 
TSS, promoter, and interaction information is derived from the GeneHancer database (GeneCards) (110). 
 
In contrast to these previous findings, Chatterjee et al (2017) described hypermethylation of the 

EBF3 promoter locus in metastatic melanoma cell lines, as compared to paired, primary cell 
lines (41). This hypermethylation was discovered using reduced representation bisulfite 
sequencing (RRBS), and was across a 58 bp fragment of the EBF3 promoter region containing 
nine CpG sites. Remarkably, this hypermethylation was associated with an increase in 
transcriptional activity, which subsequently decreased when the locus was demethylated with 
the small molecule inhibitor decitabine. This finding is contrary to the accepted dogma 
regarding promoter methylation and gene silencing, and postulates an alternative role for DNA 
methylation as a transcriptional activator in this context. It also proposes that EBF3 may act as 
an important driver of progression to metastasis in melanoma (41). 

EBF3 TSS 
(chr10:131,762,105) 

Known EBF3 Promoter 
Transcription Start Site (TSS) 

Known Enhancer Element (High Confidence) 
Known Enhancer Element (Medium Confidence) 



 26 

1.6 Aims and Significance of this Project 
This project aims to develop a dCas9-SunTag based system to interrogate, in particular, the 
nine CpG sites of the EBF3 promoter region discovered by Chatterjee et al (2017) (41). The 
major aims are detailed as follows: 
 

1. Design and construct a dCas9-SunTag-based system for the targeted editing of DNA 

methylation at a specific locus, with a particular focus on targeted demethylation using 
the catalytic domain of the human TET1 protein. 

 
2. Design locus-specific gRNA sequences to effectively target a specific 58 bp region of 

the human EBF3 gene promoter containing nine CpG sites, whilst minimising any 
genome-wide off-target effects. 

 
3. Successfully transfect several human melanoma cell lines with a targeted demethylation 

system to induce site-specific loss of DNA methylation at the target EBF3 locus. 
 

4. Use fluorescence-activated cell sorting (FACS) to generate a pure population of cells 
which have been successfully transfected with the methylation-editing system. 

 
5. Perform combined bisulfite restriction assay (CoBRA) and methylation-specific 

Illumina MiSeq sequencing analysis of the target locus to evaluate the DNA methylation 
profile of transfectant samples. 

 
Completion of the above objectives will provide a platform for elucidating the molecular 
mechanisms underlying the association between hypermethylation and high gene expression in 
this context. It may also aid in establishing the potential role of EBF3 as a driver of melanoma 
metastasis. Additionally, the design, construction and optimisation of a site-specific tool for 
targeted editing of DNA methylation will be invaluable in further research efforts within the 
field of epigenetics. 
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Chapter 2: Construction of a CRISPR-Based System 
for Targeted DNA Methylation Editing 

 

2.1 Introduction 

2.1.1 Components of the CRISPR-dCas9-SunTag System 

Conceptually, the CRISPR-dCas9-SunTag model expands upon existing CRISPR-based 
methylation editing constructs, aiming to provide a more accurate and efficient platform for 
targeted editing, whilst minimising off-target effects. In comparison to simpler systems 
developed for epigenomic editing, CRISPR-dCas9-SunTag requires three major components to 
function. The addition of a third element provides an added layer of complexity, offering the 
potential to significantly improve the specificity and efficacy of the system (78, 81, 85, 111). 
 
The three components of the SunTag system are shown in Figure 2.1A. First, is the dCas9-
SunTag construct. This is composed of the S. pyogenes CRISPR protein coding sequence, with 
a deactivated Cas9 nuclease domain. Deactivation of the Cas9 nuclease removes the capacity 

of the system to directly cleave DNA, resulting in a targetable construct with no catalytic 
activity of its own (75). Fused to the CRISPR-dCas9 protein is the SunTag component, 
comprising ten copies of the GCN4 peptide v4 domain, which is a peptide capable of binding 
the scFv antibody (78). Here, our dCas9-SunTag construct is expressed from the widely-used 
simian virus 40 (SV40) gene promoter. In addition, this construct is tagged with a monomeric 
blue fluorescent protein (mTagBFP). Secondly, the gRNA construct that comprises an sgRNA 
scaffold sequence, which is identical between gRNA constructs, fused to a unique gRNA 
sequence. Each unique gRNA sequence corresponds to a specific region within the genome and 
serves to target the dCas9-SunTag machinery to this particular location (76). Our gRNA 
constructs used in this project are expressed from an upstream U6 promoter, commonly used 
in the expression of small RNA molecules (112). Further, all gRNA constructs are tagged with 
a far-red fluorescent protein (TagRFP657). Thirdly, the scFv-TET1CD construct is comprised 
of the catalytic domain of the human TET1 protein fused to the scFv antibody domain, and a 
superfolder green fluorescent protein (sfGFP) as shown. scFv allows binding of the scFv-
TET1CD construct to dCas9-SunTag, whilst TET1CD is critical to actively modify target 5mC 
residues (78, 81). This construct is also expressed from an upstream SV40 promoter. 
 
In combination, the sgRNA construct targets the dCas9-SunTag protein to a specific genomic 

locus. The scFv domain of scFv-TET1CD constructs then form antibody-peptide complexes 
with the GCN4 peptides of the SunTag component. Once bound, TET1CD proteins interact 
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with the surrounding region, catalysing active demethylation of adjacent 5mC residues via 
stepwise oxidation, which promotes base excision repair and replacement with unmodified 
cytosine (Figure 2.1B). 
 
 

 
Figure 2.1. Graphical Overview of the CRISPR-dCas9-SunTag Targeted Methylation-Editing System. (A) 
Depicted are the three components required for selective demethylation of a target locus: the CRISPR-dCas9 
protein fused to ten copies of the GCN4 peptide v4 domain (SunTag); a unique gRNA sequence (red) fused to the 
sgRNA plasmid construct; and the TET1 protein catalytic domain fused to a superfolder green fluorescent protein 
(GFP) and the scFv antibody domain. (B) The action of the methylation-editing system is illustrated. The sgRNA 
construct binds to the target DNA sequence within the genome. The CRISPR-dCas9-SunTag protein can then 
recognise and bind to the sgRNA at the target locus. The scFv domain of scFv-GFP-TET1CD proteins next form 
antibody-peptide complexes with the GCN4 peptide of the bound CRISPR-dCas9-SunTag system, allowing 
multiple copies of TET1CD to access the target locus and initiate active demethylation of surrounding 5mC 
residues. Schematic adapted from Huang et al (2017) (81). 
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For the purposes of this project, a total of eleven plasmid constructs were sourced or created 
for targeted methylation editing of the EBF3 locus, each of which are detailed throughout the 
remainder of this chapter. These include the CRISPR-dCas9-SunTag construct; along with six 
gRNA plasmids; and four methylation-editing constructs, each containing a different protein 
required for editing DNA methylation. An example of the methylation-editing system utilising 

the scFv-TET1CD construct is depicted in Figure 2.1. 
 

2.1.2 Targeting the EBF3 Gene Promoter 

Criteria for the selection of EBF3, and in particular the promoter region of EBF3, for this project 
are as detailed in Chapter 1, Section 1.3.2. For accurate and specific targeting of a certain 
genomic locus, gRNA sequences must be designed with a number of considerations in mind.  

 

2.1.2.1 Selection of Target Location 

Firstly, location of the target sequence is the primary concern for gRNA design. The target 
sequence must be positioned such that the CRISPR-dCas9-SunTag machinery has sufficient 
access to the target 5mC residues to facilitate active methylation change. Whilst attempting to 
induce methylation of a target locus using a DNMT3A-dCas9-based SunTag editing system, 
Stepper et al (2016) observed that the most extensive changes in DNA methylation occurred 
approximately 25 bp upstream, and 40 bp downstream, of the PAM site (92). 
 
The PAM site refers to a 2-6 bp sequence adjacent to the target gRNA sequence, which must 
be recognised by the Cas9 nuclease for successful targeting and binding of the CRISPR-Cas9 
construct. PAM sequences are unique to each prokaryotic variant of the CRISPR system, 
however, the S. pyogenes Cas9 nuclease used in this project recognises a short NGG (N = A, 

C, G or T) PAM (113). Requirement for an adjacent PAM at the 3’ end of the target sequence 
is an important limitation of target sequence selection, as regions not containing a PAM in close 
proximity may be unable to be targeted using this system. Fortunately, the short NGG PAM 
sequences required for the particular system used here are abundant throughout the human 
genome, and so this requirement has not significantly limited sequence selection in this work. 
 
Additional to the locations of peak methylation change, Stepper et al also identified that 20-30 
bp of the dCas9 binding site was protected against any change in methylation, due to 
mechanical obstruction of DNMT3A activity by the CRISPR-dCas9 machinery itself (92).  
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These physical characteristics and limitations of CRISPR-based epigenomic editing systems 
are important considerations in the gRNA design process, particularly where the aim is to 
perform editing of a very specific and targeted nature. 
 

2.1.2.2 Evaluation of Potential Target gRNA Sequences 

Following selection of the appropriate target region, sequences must also be evaluated for 
specificity. gRNA sequences are commonly 20 nucleotides in length, homologous to the target 
locus. However, each individual sequence is incredibly variable in terms of the efficacy of 
CRISPR recruitment and off-target activity. As such, it is important to consider the 
characteristics of each particular candidate gRNA before use. Fortunately, the emergence of 
numerous gRNA design tools over recent years has simplified the process of candidate gRNA 
sequence evaluation.  
 

For example, the CRISPR.MIT.EDU Design Tool (http://crispr.mit.edu; Zhang Laboratory, 
MIT; 2013) software was used to assist with gRNA selection in this project. Tools such as this 
aim to streamline the gRNA selection process, appraising important features such as on-target 
specificity, and assessing potential off-target loci. CRISPR.MIT.EDU utilises an algorithm 
experimentally-derived by Hsu et al (2013) in order to predict the effects of a gRNA on any 
potential off-target region (114). Numerous considerations are factored into such an algorithm, 
including the number of mismatches between the two sequences; the absolute position of any 
mismatch within the off-target sequence; and the steric effects of any neighbouring mismatches 
which may influence the interactions between gRNA and genomic DNA. Assessment of these 
factors allows the software to assign each candidate gRNA an aggregate score which reflects 
the suitability of the gRNA for targeting a specific locus. 
 
In combination with selecting an appropriate sequence location, evaluating each gRNA 
therefore allows for the selection of the most accurate and effective system for editing of a 
target region. 
 

2.1.3 Aim 

The major aim of the work described in this chapter is to successfully assemble each of the 
functional components of the CRISPR-dCas9-SunTag system. In the context of this project, 
there are three broad aspects to address. First, the acquisition and preparation of the dCas9-

SunTag construct. Secondly, the construction of multiple methylation-editing constructs 
required for epigenetic manipulation of the target locus. Finally, the design and construction of 
several locus-specific gRNA for selective targeting of the EBF3 gene promoter.  



 31 

Here, I describe the construction of each component required for editing a selected region of 
the DNA methylome using the SunTag system, with an initial focus on targeted demethylation 
of the EBF3 promoter region. 
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2.2 Materials and Methods 

2.2.1 Guide RNA Design  

Six gRNA sequences were selected to target the previously-identified 58 bp segment of the 
EBF3 promoter region, ranging from chr10:131,763,530-131,763,587, as per human reference 
genome GRCh37/hg19 (Table 2.1). The six sequences can be divided into three distinct pairs, 
which correspond to three sub-regions of the EBF3 promoter (Figure 2.2). Each of these three 
pairs comprises a gRNA targeted to the sense strand, and another to the antisense strand as 
shown. 

Figure 2.2. gRNA Sequences Designed to Target the EBF3 Promoter. Each designed gRNA sequence is 
mapped to its respective chromosomal location within the EBF3 promoter region. The nucleotide sequence above 
includes both the sense and antisense strands, ranging from position chr10:131,763,450 to chr10:131,763,697 as 
denoted. The target region, chr10:131,763,530-131,763,587, is highlighted (red). All chromosomal positions are 
assigned based on the human GRCh37/hg19 reference sequence. gRNA_472- and gRNA_472- comprise the first 
pair of gRNAs, and are positioned just upstream of the target region. The second gRNA pair, gRNA_519- and 
gRNA_541+ both overlap the 58 bp target region. Finally, gRNA_661- and gRNA_662+ are located just 
downstream of this locus. 
 

chr10:131,763,450

AGACCGCCCTGGAGCCAACTGCTCCAAAAACCAAGCGGACGCCGCGGGCGCTGTGGCCCGGC
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TCTGGCGGGACCTCGGTTGACGAGGTTTTTGGTTCGCCTGCGGCGCCCGCGACACCGGGCCG

CCTCGGAGCCGCCGGACCCGGGTGAGCGCGCGGCGCGCGGCTTCCCGACCTGGTTTCTAGGA
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
GGAGCCTCGGCGGCCTGGGCCCACTCGCGCGCCGCGCGCCGAAGGGCTGGACCAAAGATCCT

ATCGGGAGGGCAGCCGGGCGCGGGCAGACTGTGGGCCCCGCGGCCCAGCTCCTGTAGCCGGG
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TAGCCCTCCCGTCGGCCCGCGCCCGTCTGACACCCGGGGCGCCGGGTCGAGGACATCGGCCC

ACTCCGCGCCCAGGAGCGCGGCCCGCCCAAAGGACGTCTGCGCGACACGGAGCAGAGACCCA
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TGAGGCGCGGGTCCTCGCGCCGGGCGGGTTTCCTGCAGACGCGCTGTGCCTCGTCTCTGGGT

chr10:131,763,697

gRNA_474+

gRNA_472-

gRNA_541+

gRNA_519-

gRNA_662+

gRNA_661-
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Considerations for gRNA location are as detailed in Section 2.1.2.1. Each 20 bp gRNA target 
sequence was designed using CRISPR.MIT.EDU Design Tool software, as described in Section 
2.1.2.2. This online programme allowed for the prediction of potential off-target regions which 
may be affected by the use of a particular gRNA, including those which correspond to genic 
loci. Subsequently, potential gRNA target sequences were ranked based on an aggregate quality 

score, which reflects the on-target specificity, and likelihood of off-target activity from each 
gRNA (Table 2.2). Scores of greater than 50/100 are considered to be potentially reliable 
candidates for CRISPR-targeting (114). Therefore, the six gRNA sequences selected in this 
instance satisfied a number of criteria, including favourable chromosomal location for editing 
of the target locus; and low predicted levels of off-target activity. 
 
Table 2.1. gRNA Target and Corresponding PAM Sequences for the EBF3 Promoter. 

Name Target Sequence PAM 

gRNA_472- CGCGGCGTCCGCTTGGTTTT TGG 

gRNA_474+ AAAAACCAAGCGGACGCCGC GGG 

gRNA_519- GCGCGCTCACCCGGGTCCGG CGG 

gRNA_541+ CGGCGCGCGGCTTCCCGACC TGG 

gRNA_661- CGTGTCGCGCAGACGTCCTT TGG 

gRNA_662+ CAAAGGACGTCTGCGCGACA CGG 

 
Table 2.2. gRNA Chromosomal Location, Off-Target Predictions and Quality Score. 

Name Location1 Predicted Off-Targets2 Score3 

gRNA_472- chr10:-131763472 24 (6 in genes) 94 

gRNA_474+ chr10:+131763474 42 (10 in genes) 94 

gRNA_519- chr10:-131763519 97 (43 in genes) 81 

gRNA_541+ chr10:+131763541 83 (38 in genes) 87 

gRNA_661- chr10:-131763661 8 (1 in genes) 98 

gRNA_662+ chr10:+131763662 32 (6 in genes) 96 
1For each gRNA, chromosomal position within the EBF3 promoter is listed as per the human 
Ch37/hg19 reference sequence. Sense (+) or antisense (-) strand position is also denoted. 2Also 
listed is the number of predicted off-target regions associated with each sequence, including the 
number of these which lie within known gene-coding regions. 3Quality scores for each candidate 
gRNA sequence are as shown. 

 
Once the gRNA target regions were selected, forward and reverse oligonucleotides (denoted 
FgRNA and RgRNA) were designed, containing the 20 bp on-target and complementary 
sequences, respectively. FgRNA sequences were designed with an additional 5’ guanine 
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residue at the beginning of the guide sequence, if not already present, to serve as a 
transcriptional initiation site for the U6 promoter which drives gRNA expression within the 
final construct. In order to ensure that gRNA sequences would be cloned in-frame into the 
pLKO5.sgRNA.EFS.tRFP657 vector, a CACC sequence overhang was added to the FgRNA, 
and an AAAC overhang was added to the RgRNA, respectively (as detailed in Table 2.3). Each 

oligonucleotide was ordered from Integrated DNA Technologies (IDT) with pre-
phosphorylated ends, removing the requirement for phosphorylation prior to ligation during the 
gRNA construction process. 
 
Table 2.3. FgRNA and RgRNA Oligonucleotides Ordered for gRNA Construction.1 

Name Sequence 

FgRNA_472- CACCGCGCGGCGTCCGCTTGGTTTT 

RgRNA_472- AAACAAAACCAAGCGGACGCCGCGC 

FgRNA_474+ CACCGAAAAACCAAGCGGACGCCGC 

RgRNA_474+ AAACGCGGCGTCCGCTTGGTTTTTC 

FgRNA_519- CACCGGCGCGCTCACCCGGGTCCGG 

RgRNA_519- AAACCCGGACCCGGGTGAGCGCGCC 

FgRNA_541+ CACCGCGGCGCGCGGCTTCCCGACC 

RgRNA_541+ AAACGGTCGGGAAGCCGCGCGCCGC 

FgRNA_661- CACCGCGTGTCGCGCAGACGTCCTT 

RgRNA_661- AAACAAGGACGTCTGCGCGACACGC 

FgRNA_662+ CACCGCAAAGGACGTCTGCGCGACA 

RgRNA_662+ AAACTGTCGCGCAGACGTCCTTTGC 
1Sequences for each respective FgRNA and RgRNA are as shown. Additional 5’ guanine residues are highlighted 
(red) within each FgRNA sequence. Overhang sequences are shown in bold. 
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2.2.2 Plasmid Construction 

The following section details the processes used to generate each plasmid construct involved in 
selective methylation editing of the EBF3 locus. Based on the recommendations of Huang et 
al. (2017) (81), the dCas9-SunTag, scFv-sfGFP, and sgRNA-TagRFP657 vectors (catalogue 
#60903, 60904, and 57824 respectively) were sourced from Addgene (78, 115). Additionally, 
four plasmids containing target proteins for methylation editing (Fuw-dCas9-TET1CD, Fuw-
dCas9-TET1CD_IM, Fuw-dCas9-DNMT3A, and Fuw-dCas9-DNMT3A_IM) were also 
obtained from Addgene (catalogue #84475, 84479, 84476, and 84478 respectively) (89). Each 
plasmid is detailed in Table 2.4 below. 
 
Table 2.4. List of Plasmids used for CRISPR-dCas9-SunTag System Construction. 

Plasmid 
Catalogue 

# 
Antibiotic 
Resistance 

E. coli1 

Strain 

pLKO5.sgRNA.EFS.tRFP657 57824 Ampicillin Stbl3 

pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP 60903 Ampicillin Stbl3 

pHRdSV40-scFv-GCN4-sfGFP-VP64-GB1-NLS 60904 Ampicillin Stbl3 

Fuw-dCas9-TET1CD 84475 Ampicillin NEB Stable 

Fuw-dCas9-DNMT3A 84476 Ampicillin NEB Stable 

Fuw-dCas9-DNMT3A_IM 84478 Ampicillin NEB Stable 

Fuw-dCas9-TET1CD_IM 84479 Ampicillin NEB Stable 
1E. coli: Escherichia coli. 

 

2.2.2.1 Methylation-Editing Plasmid General Construction Protocol 

A total of four different plasmid constructs were produced, each containing a different variant 

coding for a DNA methylation-modifying protein: the catalytic domain of the human TET1 
dioxygenase (TET1CD); an inactivated variant of the TET1 catalytic domain (TET1CD_IM); 
the active human DNMT3A protein (DNMT3A); and an inactive variant of the DNMT3A 
protein (DNMT3A_IM). pHRdSV40-scFv-GCN4-sfGFP-TET1CD-NLS (scFv-TET1CD) was 
created with the aim of being used to selectively demethylate a target locus, for which the 
pHRdSV40-scFv-GCN4-sfGFP-TET1CD_IM-NLS (scFv-TET1CD_IM) construct serves as a 
negative control. Similarly, the aim of the pHRdSV40-scFv-GCN4-sfGFP-DNMT3A-NLS 
(scFv-DNMT3A) construct is to actively methylate a target locus, whilst pHRdSV40-scFv-
GCN4-sfGFP-DNMT3A_IM-NLS (scFv-DNMT3A_IM) acts as a negative control. Each of 
the negative control plasmids were targeted to the same genomic region to ensure that any  
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Figure 2.3. Schematic Overview of the Methylation-Editing Plasmid Construction Protocol. This schematic 
provides an overview of the methylation-editing plasmid construction protocol, beginning with the two original 
plasmids Fuw-dCas9-Insert and scFv-sfGFP. From Fuw-dCas9-Insert, the insert is amplified and cloned into 
pCR4-TOPO for confirmatory sequencing. scFv-sfGFP is restriction digested to linearise the vector prior to 
cloning. The insert is then removed from pCR4-TOPO and cloned in-frame into the scFv vector to give the final 
scFv-Insert construct. 
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direct effects of transfection were accounted for when assessing the function of the methylation-
editing systems. The overall construction protocol is summarised in Figure 2.3. 
 

2.2.2.1.1 Primer Design and Target Fragment Amplification  

For each methylation-modifying protein coding gene, a pair of primers were designed (Table 
2.5) to amplify the respective coding sequence, with the addition of adjacent RsrII and SpeI 
restriction sites for cloning in-frame into the scFv-sfGFP vector. RsrII and SpeI endonucleases 
recognise the sequence 5’-CGGWCCG-3’ (where W = A, T, C or G) and 5’-ACTAGT-3’, 
respectively. For example, the TET1CD fragment was first PCR amplified from Fuw-dCas9-
TET1CD using TET1CD_for and TET1CD_rev primers, containing additional 5’ RsrII and 
SpeI restriction sites, respectively. 
 
Table 2.5. Primers for PCR Amplification of Target Inserts from Original Plasmids.1 

Name Sequence 

TET1CD_for AGTACCGGACCGGTCTGCCCACCTGCAGCTGTCTTGATCG 

TET1CD_rev AGTACACTAGTTGAGACCCAATGGTTATAGGGC 

DNMT3A_for AGTACCGGACCGGTCCCGCCATGCCCTCCAGCGG  

DNMT3A_IM_for AGTACCGGACCGAACCACGACCAGGAATTTGACCC 

DNMT3A_rev AGTACACTAGTTGACACACACGCAAAATACTCCTTCAGC 
1Illumina adaptor sequences are highlighted in bold; restriction sites are underlined. 

 
PCR amplification was performed using KAPA HiFi DNA Polymerase (KAPA Biosystems) in 
a 20 µL total reaction volume (Table 2.6). Successful amplification of each target fragment was 
achieved using a touch-down PCR protocol, which involves progressively decreasing the 
annealing temperature, each cycle, over a set range of temperatures (Table 2.7). 
 
Table 2.6. PCR Reaction Reagents for Target Insert Amplification.  

Reagent Volume 

Kapa HiFi Polymerase (2x Master Mix) 10.0 µL 

Forward Primer (10 µM) 1.0 µL 

Reverse Primer (10 µM) 1.0 µL 

MQ H2O 7.0 µL 

1 pg/µL Plasmid DNA 1.0 µL 

Total 20.0 µL 
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Table 2.7. Touch-Down PCR Protocol for Target Insert Amplification.  

Protocol 

Step 1 95 ºC 2 min 

Step 2 94 ºC 30 sec 

Step 3 65 ºC -> 55 ºC (-0.5 ºC/cycle) 30 sec 

Step 4 72 ºC 3 min 

Step 5 GOTO Step 2 Repeat x 19 

Step 6 94 ºC 30 sec 

Step 7 55 ºC 30 sec 

Step 8 72 ºC 3 min 

Step 9 GOTO Step 6 Repeat x 9 

Step 10 72 ºC 5 min 

Step 11 12 ºC Infinite Hold 

 
Target fragments from PCR were purified using Agencourt AMPure XP magnetic beads 
(Beckman Coulter) to remove any residual primers and PCR residues, as per the manufacturer’s 
instructions. Samples were eluted in 20 µL Tris-EDTA (TE) buffer. Confirmation of successful 
amplification was performed before and after purification, by electrophoresis on 2% agarose 
gel (as shown Figure 2.4, Section 2.3.1.1). 
 

2.2.2.1.2 TOPO-TA Cloning and Sanger Sequencing 

The purified target insert was next cloned into a pCR-4-TOPO-TA vector for confirmatory 
sequencing prior to further cloning. For successful TA cloning into the pTOPO vector, purified 
PCR product required the addition of adenosine residues to the 3’ blunt-end of the fragment, or 
“A-tailing”. A-tailing was performed using FastStart Taq Polymerase (Roche), incubated for 4 
min at 95 ºC to heat-activate the Taq polymerase, followed by 15 min at 72 ºC (reaction reagents 
listed in Table 2.8). 
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Table 2.8. Reagents used for Target Insert A-Tailing. 

Reagent Volume 

10x FastStart Buffer 2.0 µL 

MgCl2 1.2 µL 

dNTPs 1.0 µL 

FastStart Taq Polymerase 0.2 µL 

MQ H2O 5.6 µL 

Purified PCR Product 10.0 µL 

Total 20.0 µL 

 
TOPO cloning and transformation was then performed as per the manufacturer’s protocol, using 
the TOPO TA Cloning Kit for Sequencing, with One Shot TOP10 Chemically Competent E. 
coli (Invitrogen). After transformation into TOP10 competent E. coli, clones were streaked onto 
lysogeny broth (LB) agar with ampicillin selection for propagation overnight at 37 ºC. Single, 
isolated colonies were selected and PCR-screened for the presence of an insert using M13/pUC 
Forward (M13F) and M13/pUC Reverse (M13R) primers (Invitrogen) 
(CCCAGTCACGACGTTGTAAAACG and AGCGGATAACAATTTCACACAGG, 
respectively), visualised by electrophoresis on 1% agarose gel. M13F and M13R primers 
correspond to sites flanking the insert cloning site within the pCR4-TOPO-TA vector. Plasmid 
DNA was introduced into each reaction by direct inoculation of the respective colony into the 
reagent mix. PCR reagents are detailed in Table 2.9, and amplification conditions in Table 2.10 
below. 
 
Table 2.9. Reagents used for pTOPO-Insert PCR Screening. 

Reagent Volume 

10x FastStart Buffer 1.0 µL 

MgCl2 0.6 µL 

dNTPs 0.5 µL 

M13F Primer (10 µM) 0.5 µL 

M13R Primer (10 µM) 0.5 µL 

FastStart Taq Polymerase 0.1 µL 

MQ H2O 6.8 µL 

Total 10.0 µL 
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Table 2.10. PCR Screening Protocol for pTOPO-Insert Clones. 

Protocol 

Step 1 95 ºC 4 min 

Step 2 94 ºC 30 sec 

Step 3 50 ºC 30 sec 

Step 4 72 ºC 3 min 

Step 5 GOTO Step 2 Repeat x 34 

Step 6 72 ºC 5 min 

Step 7 12 ºC Infinite Hold 

 
Clones determined to contain an insert of the correct size by PCR screening were then further 
propagated in LB broth with 100 µg/mL ampicillin selection overnight at 37 ºC, shaken at 200 
rpm. Plasmid DNA was subsequently purified using Zyppy Plasmid Miniprep Kit (Zymo 
Research), as per the manufacturer’s protocol. Capillary Sanger sequencing was performed on 
purified DNA by Genetic Analysis Services, University of Otago, using multiple primers 
designed to each unique insert sequence (listed in Appendix A). Each sample for sequencing 
was prepared as per recommendations by Genetic Analysis Services for the submission of 
premixed samples. Sequencing results were processed using Nucleobytes 4Peaks software, and 
aligned to the original sequence for validation.  
 
DNA from one successfully validated clone was digested using RsrII and SpeI endonucleases 
to liberate the confirmed insert. Restriction digestion was performed overnight at 37 ºC in a 
total volume of 110 µL; reaction reagents are detailed in Table 2.11. Results of each restriction 
digest were visualised by electrophoresis on agarose gel (as detailed Figure 2.5, Section 
2.3.1.2).  
 
Table 2.11. Reagents used for RsrII/SpeI Restriction Digest. 

Reagent Volume1 Volume2 

CutSmartä Buffer 10.0 µL 2.0 µL 

RsrII Enzyme 5.0 µL 0.5 µL 

SpeI Enzyme 5.0 µL 0.5 µL 

MQ H2O 65.0 µL 12.0 µL 

Plasmid DNA 25.0 µL 5.0 µL 

Total 110.0 µl 20.0 µl 

1Volume used for the restriction digestion and subsequent fragment extraction detailed here. 2Volume used for 
screening of the pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP plasmid, as detailed in Section 2.2.2.2. 
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Following restriction digest, each insert was separated from other digestion products by 
electrophoresis on 1% agarose gel, electrophoresed at 100 V for 60 min. Electrophoresed 
product was physically removed from the agarose gel, and purified using Zymoclean Gel DNA 
Recovery Kit (Zymo Research), as per the manufacturer’s protocol. 
 

2.2.2.1.3 Vector Preparation and Insert Cloning 

Similarly, the pHRdSV40-scFv-GCN4-sfGFP-VP64-GB1-NLS vector was prepared by 
digestion with RsrII and SpeI restriction enzymes overnight at 37 ºC (as per Table 2.11), 
removing the VP64 and GB1 domains to result in a linearised vector with RsrII and SpeI 
overhangs (Figure 2.6, Section 2.3.1.3). Following restriction digest, the scFv-sfGFP vector 
was separated from other digestion products by electrophoresis, and purified from the agarose 
gel as described in Section 2.2.2.1.2.  
 

The purified target insert was then ligated into the scFv-sfGFP vector at room temperature 
overnight, using T4 DNA Ligase (New England Biolabs; NEB) (reaction reagents listed Table 
2.12). Ligated scFv-sfGFP-Insert product was transformed into TOP10 competent E. coli for 
propagation on LB agar with 100 µg/mL ampicillin selection (as per Section 2.2.2.1.2), 
incubated overnight at 37 ºC. 
 
Table 2.12. Reagents used for Ligation of each Target insert into the scFv-sfGFP Vector. 

Reagent Volume 

10x T4 DNA Ligase Reaction Buffer 1.0 µl 

T4 DNA Ligase 0.5 µl 

MQ H2O 6.0 µl 

Vector DNA 2.0 µl 

Insert DNA 1.0 µl 

Total 10.5 µl 

 

2.2.2.1.4 Diagnostic PCR-Screening and SalI Restriction Digest 

Single, isolated colonies were again selected from LB agar culture, and PCR-screened for the 
target insert using the original target-tagged primers (e.g. TET1CD_for and TET1CD_rev), 
visualised on 1% agarose gel (Figure 2.7, Section 2.3.1.4). Successfully screened clones were 
then further propagated in LB broth with 100 µg/mL ampicillin selection overnight at 37 ºC, 
shaken at 200 rpm. Plasmid DNA was again purified from LB broth culture using Zyppy 
Plasmid Miniprep Kit (Zymo Research), as per the manufacturer’s protocol. Purified plasmid 
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DNA was screened using a diagnostic SalI restriction digest, visualised on 1% agarose gel 
(Figure 2.8, Section 2.3.1.4). SalI digest was performed overnight at 37 ºC. Reagents are listed 
in Table 2.13. 
 
Table 2.13. Reagents using for SalI diagnostic Restriction Digest of scFv-Insert Clones. 

Reagent Volume 

NEBufferä 3.1 2.0 µL 

SalI Enzyme 0.5 µL 

MQ H2O 13.0 µL 

Plasmid DNA 5.0 µL 

Total 20.5 µL 

 

2.2.2.1.5 Sanger Sequencing, Final Screening and DNA Preparation 

A single, validated clone for each construct was then re-sequenced for confirmation by Genetic 
Analysis Services, University of Otago, as previously described in Section 2.2.2.1.2. The 

confirmed clone was then further propagated in 200 mL LB broth with 100 µg/mL ampicillin 
selection. Cultured overnight at 37 ºC, shaken at 200 rpm. 200 mL overnight culture was then 
purified using PureLink Fast Low-Endotoxin Maxi Plasmid Purification Kit (Invitrogen), as 
per manufacturer’s protocol. Each purified pHRdSV40-scFv-GCN4-sfGFP-Insert-NLS 
construct was lastly screened with a series of restriction digests (NcoI, SalI, and RsrII/SpeI; 
Figure 2.9) for confirmation before being stored at 4 ºC, ready for transfection. Restriction 
digest reactions were performed at 37 ºC overnight, reagents for the NcoI reaction are listed in 
Table 2.14 (for RsrII/SpeI (20 µL reaction volume) and SalI reagents, refer to Tables 2.11 and 
2.13 respectively). 
 
Table 2.14. Reagents used for NcoI Restriction Digest.  

Reagent Volume 

NEBufferä 3.1 2.0 µL 

NcoI Enzyme 0.5 µL 

MQ H2O 13.0 µL 

Plasmid DNA 5.0 µL 

Total 20.5 µL 
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2.2.2.2 pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP Plasmid Preparation 

The pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP plasmid construct (dCas9-SunTag; Addgene 
catalogue #60903), sourced from Addgene, was propagated within Stbl13 competent E.coli on 
LB agar with 100 µg/mL ampicillin selection, cultured overnight at 37 ºC. A single colony was 
selected for inoculation of LB broth with 100 µg/mL ampicillin selection, cultured overnight at 
37 ºC, shaken at 200 rpm. Plasmid DNA was purified from overnight culture using Zyppy 
Plasmid Miniprep Kit (Zymo Research), as per the manufacturer’s protocol. Purified plasmid 
DNA was screened using a diagnostic RsrII restriction digest, visualised on 1% agarose gel. 
Restriction digestion was performed in a total volume of 20 µL (for reagents, refer to Table 
2.11, Section 2.2.2.1.2). 
 
Following confirmation, the correct clone was propagated in 200 mL LB broth with 100 µg/mL 
ampicillin selection overnight, incubated at 37 ºC, and shaken at 200 rpm. Overnight culture 

was purified using PureLink Fast Low-Endotoxin Maxi Plasmid Purification Kit (Invitrogen), 
as per the manufacturer’s protocol. Purified pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP was 
finally screened with an RsrII restriction digest (Figure 2.10, Section 2.3.2) for confirmation, 
before being stored at 4 ºC, ready for transfection. 
 

2.2.2.3 Guide RNA Plasmid Construction 

An individual gRNA plasmid construct was produced for each of the six gRNA sequences 
designed to the EBF3 target locus. Each gRNA construct allows the CRISPR-dCas9-SunTag 
system to be targeted to a unique section of the EBF3 promoter (as listed in Table 2.2).  

 

2.2.2.3.1 Vector Preparation 

The pLKO5-sgRNA-EFS-tRFP657 vector was restriction digested overnight using BsmBI, 
incubated at 55 ºC (reagents detailed in Table 2.15). The free plasmid ends were then 
dephosphorylated by adding 2 µL of Shrimp Alkaline Phosphatase (rSAP) (NEB) directly to 
the digested product, incubated at 37 ºC for 30 min followed by 65 ºC for 5 min for rSAP 
inactivation. Dephosphorylated vector was purified using the DNA Clean and Concentrator-5 
Kit (Zymo Research), as per manufacturer’s protocol. 
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Table 2.15. BsmBI Restriction Digest of the pLKO5-sgRNA-EFS-tRFP657 Vector. 

Reagents Volume 

NEBufferä 3.1 10.0 µL 

BsmBI Enzyme 2.0 µL 

MQ H2O 68.0 µL 

Plasmid DNA 25.0 µL 

Total 105.0 µL 

 

2.2.2.3.2 Guide RNA Annealing 

The six pairs of forward and reverse oligonucleotides (refer Table 2.3, Section 2.2.1) were 
annealed to form an oligonucleotide duplex. All were pre-phosphorylated. Each annealed pair 
generated a target gRNA sequence, with overhangs suitable for ligation into the pLKO5-
sgRNA-EFS-tRFP657 vector. Reagents and conditions for the annealing reaction are detailed 
in Table 2.16 and Table 2.17, respectively. 
 

Table 2.16. Reagents used for gRNA Oligonucleotide Annealing. 

Reagent Volume 

Sense Oligo (100 µM) 1.0 µL 

Antisense Oligo (100 µM) 1.0 µL 

T4 DNA Ligase Buffer 1.0 µL 

MQ H2O 7.0 µL 

Total 10.0 µL 

 
Table 2.17. Protocol for gRNA Oligonucleotide Annealing. 

Protocol 

Step 1 95 ºC 2:30 min 

Step 2 -1.0 ºC/cycle 10 sec 

Step 3 GOTO Step 2 x72 

Step 4 22 ºC Infinite Hold 
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2.2.2.3.3 Ligation and Transformation 

Each oligonucleotide duplex was diluted 1:500, then ligated into the digested pLKO5-sgRNA-
EFS-tRFP657 vector at room temperature overnight. Ligation was performed using T4 DNA 
Ligase, incubated overnight at room temperature overnight (for reagent details, refer Table 2.18 
below). Each ligated construct contains an individual gRNA sequence adjacent to the U6 
promoter and sgRNA domain. Ligated plasmid constructs were then transformed into TOP10 
competent E.coli and propagated on LB agar with 100 µg/mL ampicillin selection, incubated 
overnight at 37 ºC. 
 
Table 2.18. Reagents used for Ligation of gRNA Sequences into the sgRNA Vector. 

Reagent Volume 

10x T4 DNA Ligase Reaction Buffer 0.5 µL 

T4 DNA Ligase 0.5 µL 

MQ H2O 1.0 µL 

Vector DNA 2.0 µL 

gRNA Duplex (1:500 Dilution) 1.0 µL 

Total 5.0 µL 

 

2.2.2.3.4 Clone Selection and Sanger Sequencing 

Single, isolated colonies were selected from overnight cultures for each of the six final 
constructs, and were used to inoculate LB broth with 100 µg/mL ampicillin selection, cultured 
overnight at 37 ºC, shaken at 200 rpm. Plasmid DNA for each was then purified using Zyppy 

Plasmid Miniprep Kit (Zymo Research), as per the manufacturer’s protocol. Capillary Sanger 
sequencing was performed on purified DNA by Genetic Analysis Services, University of 
Otago, using a single primer designed to the adjacent U6 promoter (pLKO_U6_SEQ_fw; 5’ 
TTTGCTGTACTTTCTATAGTG 3’). Sequencing results were processed using Nucleobytes 
4Peaks software (Figure 2.11, Section 2.3.3), and aligned to the original sequence for 
validation. 
 

2.2.2.3.5 Diagnostic PCR-Screening and DNA Preparation 

A confirmed clone for each gRNA was then propagated in 200 mL LB broth with 100 µg/mL 

ampicillin selection, cultured overnight at 37 ºC, shaken at 200 rpm. Overnight culture for each 
was purified using the PureLink Fast Low-Endotoxin Maxi Plasmid Purification Kit 
(Invitrogen), as per manufacturer’s protocol. Each purified gRNA construct was finally PCR-
screened using the pLKO_U6_SEQ_fw and respective RgRNA primer for confirmation, before 
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being stored at 4 ºC, ready for transfection. Reagents and conditions for the gRNA PCR-
screening reactions are detailed in Table 2.19 and Table 2.20 respectively. 
 
Table 2.19. Reagents used for PCR Screening of gRNA Constructs. 

Reagent Volume 

Kapa HiFi Polymerase 10.0 µL 

pLKO_U6_SEQ_fw Primer (10 µM) 1.0 µL 

Respective Reverse Primer (10 µM) 1.0 µL 

MQ H2O 7.0 µL 

gRNA Construct DNA 1.0 µL 

Total 20.0 µL 

 
Table 2.20. Protocol used for PCR Screening of gRNA Constructs. 

Protocol 

Step 1 95 ºC 2 min 

Step 2 94 ºC 30 sec 

Step 3 60 ºC -> 50 ºC (-0.5 ºC/cycle) 30 sec 

Step 4 72 ºC 3 min 

Step 5 GOTO Step 2 Repeat x 19 

Step 6 94 ºC 30 sec 

Step 7 55 ºC 30 sec 

Step 8 72 ºC 3 min 

Step 9 GOTO Step 6 Repeat x 9 

Step 10 72 ºC 5 min 

Step 11 12 ºC Infinite Hold 
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2.3 Results 
Contained within this section are the results of subsequent rounds of screening, performed 
during construction of these methylation-editing system plasmids. Each screening method 
served to confirm that plasmid construction was successful at every stage. 
 

2.3.1 Methylation-Editing Construct Screening 

2.3.1.1 Confirmation of Target Insert PCR Amplification 

Amplified target fragments from PCR (as detailed in Section 2.2.2.1.1) were electrophoresed 
on a 2% agarose gel for visualisation (Figure 2.4). Confirmation was performed both prior to, 
and following, bead-purification of each PCR product. Discrimination of each target fragment 
was performed based on expected size. Expected sizes for each of the TET1CD, TET1CD_IM, 
DNMT3A, and DNMT3A_IM fragments were 2,182 bp, 2,182 bp, 2,761 bp, and 929 bp 
respectively, following amplification with RsrII/SpeI-containing primers. TET1CD_IM, 
DNMT3A, and DNMT3A_IM amplification is confirmed in Figure 2.4. TET1CD amplification 
was confirmed in the same manner. 
 

Figure 2.4. Agarose Gel Image Confirming Target Insert PCR Amplification. (A) Visualisation of PCR 
product from target insert amplification, prior to purification. The first lane contains 5 µL of 1 kb Plus DNA Ladder 
(Invitrogen) for sizing reference. 1 kb Plus DNA Ladder in all cases is made up to 0.5 µg/mL for ethidium bromide 
staining as recommended. PCR product from each of the samples DNMT3A, TET1CD_IM and DNMT3A_IM is 
shown alongside a paired negative control sample for each, respectively. Correct fragments for each sample are 
indicated by an arrow. (B) Visualisation of PCR product from target insert amplification, following purification. 
The first lane contains 5 µL of 1 kb Plus DNA Ladder for sizing reference. Purified PCR product from each of the 
samples DNMT3A, TET1CD_IM and DNMT3A_IM is shown. Correct fragments for each sample are indicated 
by an arrow. 
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Figure 2.4A displays amplified DNMT3A, TET1CD_IM, and DNMT3A_IM fragments prior 
to purification, each of which appears to show a correct fragment, sized consistently with the 
expected value (2,761 bp, 2,182 bp, and 929 bp respectively). Furthermore, an additional, 
smaller fragment was present in the DNMT3A sample, approximately 2,300 bp in size. Each 
sample was paired with a negative control reaction, prepared using Milli-Q (MQ) H2O in place 

of plasmid DNA. No product was evident in any of the negative control samples, suggesting 
that no contamination was present. 
 
Similarly, Figure 2.4B displays the DNMT3A, TET1CD_IM, and DNMT3A_IM fragments 
following purification. Each fragment is again consistent with the expected sizes of 2,761 bp, 
2,182 bp, and 929 bp respectively.  
 
An additional fragment continued to be present in the DNMT3A sample, which was likely to 
be an unwanted product of PCR amplification. However, successive rounds of sample 
screening, including full Sanger sequencing of each target fragment ensured that any incorrect 
fragments were not incorporated into the final construct.  
 

2.3.1.2 PCR Screen of pTOPO-Insert Clones 

Screening using PCR-based methods was first performed to evaluate pTOPO-Insert clones 
cultured on LB agar (as detailed in Section 2.2.2.1.2). PCR amplification aimed to identify 
clones expressing the pCR4-TOPO-TA sequencing vector containing the respective target 
insert from PCR amplification. pTOPO-Insert clones were PCR-amplified using M13F and 
M13R primers, which amplify from the pTOPO cloning vector either side of the cloning site.  
 
If the correct insert is present within each pTOPO-Insert clone, the amplified PCR fragment 
will be the size of the respective insert, plus 185 bp from the pCR4-TOPO-TA vector. 
Therefore, expected product sizes were 2,367 bp; 2,367 bp; 2,946 bp and 1,114 bp for pTOPO-
TET1CD; pTOPO-TET1CD_IM; pTOPO-DNMT3A and pTOPO-DNMT3A_IM respectively. 
 
From a total of ninety-one screened clones, sixty-seven contained the correct-sized insert for 
each of the pTOPO-TET1CD (n = 5); pTOPO-TET1CD_IM (n = 31); pTOPO-DNMT3A (n = 

13) and pTOPO-DNMT3A_IM (n = 18) plasmids, respectively. A total of five correctly-sized 
clones for each plasmid were selected for further screening (as detailed in Section 2.2.2.1.2). 
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2.3.1.3 Confirmation of pTOPO-Insert RsrII/SpeI Restriction Digest 

Restriction digest of pTOPO-Insert clones (pTOPO-TET1CD; pTOPO-TET1CD_IM; pTOPO-

DNMT3A and pTOPO-DNMT3A_IM) with RsrII and SpeI restriction enzymes was performed 
in order to liberate each respective insert (TET1CD; TET1CD_IM; DNMT3A and 
DNMT3A_IM) (as detailed in Section 2.2.2.1.2. Following digestion, successful liberation of 
each insert was confirmed by electrophoresis and visualisation on 1% agarose gel (Figure 2.5). 
Expected insert sizes were 2,169 bp; 2,169 bp; 2,748 bp and 916 bp respectively. No image was 
available for pTOPO-TET1CD, but the same pattern as for pTOPO-TET1CD_IM was observed 
on 1% agarose gel. 

Figure 2.5. Agarose Gel Image Confirming RsrII/SpeI Restriction Digest of each TOPO-Insert Construct. 
Each of the pTOPO-DNMT3A; pTOPO-DNMT3A_IM and pTOPO-TET1CD_IM samples, partially-digested by 
RsrII and SpeI, are shown. The first lane contains 5 µL of 1 kb Plus DNA Ladder for sizing reference. Bands of 
expected size are observed for each respective sample, confirming each pTOPO-Insert construct as correct. The 
liberated insert from each respective sample is highlighted with an arrow. 
 
Additionally, the pCR4-TOPO-TA vector itself contains one RsrII, and one SpeI restriction 
site. Therefore, alongside the insert fragment, it was expected that the pCR4-TOPO-TA vector 
would also be digested and visualised as two fragments of 2,415 bp and 1,541 bp respectively. 
Consistent with expected, bands of approximately 2,415 bp and 1,541 bp are present within 
each sample. Moreover, each sample contains a fragment of the expected insert size, 
respectively, indicating successful liberation of each target insert from the TOPO vector. All 
larger bands present within the respective samples are the result of un- or partially-digested 
TOPO-Insert DNA, which has been electrophoresed to varying extents based on its 
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conformation (i.e. linearised, supercoiled etc.). Though interpretation of this result is 
complicated by the presence of un- and partially-digested product, the identity of the target 
fragments were confirmed as correct with subsequent sequencing and screening. 
 

2.3.1.4 Confirmation of scFv Vector RsrII/SpeI Restriction Digest 

Restriction digest of the scFv vector was performed with RsrII and SpeI restriction enzymes, 
in order to linearise the vector for in-frame cloning of each target insert (as detailed in Section 
2.2.2.1.3). Confirmation of successful restriction digestion was performed by electrophoresis 
of digested product on 1% agarose gel (Figure 2.6). Expected fragment sizes of the digested 
scFv vector are 9,691 bp for the linearised vector, and 393 bp for the excised VP64-GB1 
fragment. Sizes here include respective RsrII and SpeI overhangs. 

Figure 2.6. Agarose Gel Image Confirming RsrII/SpeI Restriction Digest of the scFv Vector. RsrII/SpeI 
restriction digest of the scFv vector was visualised as shown. The first lane contains 5 µL of 1 kb Plus DNA Ladder 
for sizing reference. A band representative of the successfully linearised scFv vector is present as expected (arrow), 
confirming the construct as correct. 
 
Figure 2.6 shows a single large band of approximately 9,691 bp, consistent with the expected 
size of the linearised scFv vector. It must be noted that no band is visible of approximately 393 
bp in size, due to the significant size discrepancy between the two products. Here, each product 
electrophoresed on agarose gel is visualised by binding ethidium bromide. The larger the size 
of a particular DNA product, the more ethidium bromide it will bind during electrophoresis. 
Therefore, the relative intensity of a substantially smaller product will be much lower. Hence, 

in this case, we would not expect the 393 bp fragment to be visible due to its low relative 
intensity. 
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2.3.1.5 Diagnostic Screening of scFv-Insert Clones 

Isolated scFv-Insert clones, cultured on LB agar, were initially screened using PCR 

amplification (as detailed in Section 2.2.2.1.4) to ensure the presence of the correct insert. 
Amplified product was visualised on 1% agarose gel for confirmation, as shown in Figure 2.7. 
Expected amplification product sizes are again that of the correct digested insert (2,748 bp; 
2,169 bp; 2,169 bp and 916 bp, for DNMT3A; TET1CD; TET1CD_IM and DNMT3A_IM 
respectively).  

 
Figure 2.7. Agarose Gel Image Confirming scFv-Insert Clones by PCR Screening. PCR product for each 
screened scFv-Insert clone is visualised as shown. The first lane contains 5 µL of 1 kb Plus DNA Ladder for sizing 
reference. A total of fifty clones were screened from scFv-DNMT3A (n = 20); scFv-DNMT3A_IM (n = 10); scFv-
TET1CD (n = 15) and scFv-TET1CD_IM (n = 5). Successful clones (n = 31) are denoted with an *. Clones 
containing correctly-sized PCR product (as indicated by a red arrow) were considered suitable for further 
screening. 
 
Clones containing the correct insert display bands of strong amplification product, of a size 
consistent with expected for each respective insert. Of these, several for each different insert 

were further propagated, and screened using a diagnostic SalI restriction digest (detailed 
Section 2.2.2.1.4). Digested product was again visualised by electrophoresis on agarose gel 
(Figure 2.8). 
 
Shown in Figure 2.8 are the scFv-Insert clones, confirmed as correct by diagnostic SalI 
restriction digest. The scFv vector itself contains two SalI restriction sites (5’-GTCGAC-3’) 
which flank the insert cloning site. Consequently, for each correct clone, it was expected that 
SalI restriction digestion would liberate a fragment of each respective insert size plus 204 bp. 
Hence, a 2,952 bp; 1,120 bp; 2,373 bp and 2,373 bp fragment would be observed for scFv-
DNMT3A; scFv-DNMT3A_IM; scFv-TET1CD and scFv-TET1CD_IM respectively.  
 

DNMT3A DNMT3A_IM 

DNMT3A_IM TET1CD TET1CD_IM 
* * * * * * * * 

* * * * * * * * * * * * * * * 

* * * * * * * * 
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Figure 2.8. Agarose Gel Image Confirming Correct scFv-Insert Clones by Diagnostic SalI Restriction 
Digest. Partially SalI restriction-digested product is shown for three clones of scFv-DNMT3A; scFv-
DNMT3A_IM and scFv-TET1CD, and two clones of scFv-TET1CD_IM, respectively. The first lane contains 5 
µL of 1 kb Plus DNA Ladder for sizing reference. The bands shown for each clone are consistent with expected, 
successfully confirming the identity of each respective clone. Expected digestion products for each plasmid are 
highlighted with an arrow on one respective clone. 
 

Each of the correct clones shown above only display partial digestion by SalI, as indicated by 
the strong bands of uncut plasmid DNA, greater than 10.0 kb in size. Uncut DNA has remained 
largely unseparated from the digested scFv vector, which runs at approximately 9,480 bp as 
expected. However, for each sample, a band of approximately insert size plus 204 bp is also 
present, consistent with expected findings. 
 
An additional SalI restriction site is present within both the cloned-in TET1CD and 
TET1CD_IM fragments, 714 bp from the 5’ end. As such, from a partial restriction digest with 
the SalI endonuclease, the scFv-TET1CD and scFv-TET1CD_IM constructs would be digested 
further, generating two additional fragments of 1,534 bp and 839 bp. Again, consistent with the 
expected fragment sizing, the scFv-TET1CD and scFv-TET1CD_IM clones shown in Figure 
2.8 display observable fragments of approximately 2,373 bp; 1,534 bp and 839 bp in size. 
 

2.3.1.6 Final Screen of scFv-Insert Constructs 

Purified DNA from each of the confirmed scFv-Insert constructs underwent a final screening 
process prior to use for transfection. Each construct was interrogated using a panel of restriction 
enzyme digests as described in Section 2.2.2.1.5. Digested DNA was visualised on agarose gel 
(Figure 2.9). Figure 2.9 also shows plasmid maps of the scFv-Insert constructs, demonstrating 
the approximate position of each restriction enzyme cut site. 
 
For the scFv-TET1CD and scFv-TET1CD_IM constructs, the NcoI enzyme cuts at four sites 
(5’-CCATGG-3’), each of which are located within the scFv vector component. As a result, 
NcoI digestion of these constructs is expected to produce four linear fragments of 4,519 bp; 
3,803 bp; 3,358 bp and 173 bp. Each of the 4,519 bp; 3,803 bp and 3,358 bp fragments are 

DNMT3A DNMT3A_IM TET1CD TET1CD_IM 

2.0 kb 3.0 kb 
1.0 kb 
2.0 kb 

1.0 kb 
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clearly visible within the scFv-TET1CD sample, showing accurate sizing and separation. The 
173 bp fragment is not present in this sample as the gel has electrophoresed too far. Despite 
this, the remaining bands are consistent with expected for this particular restriction digest. In 
contrast, the scFv-TET1CD_IM sample shows a faint band approximately 173 bp in size. 
However, separation of the three larger bands is poor, but of consistent size with expected. 

Therefore, this construct was also considered to be correctly digested by NcoI. 
 
NcoI restriction digest of the scFv-DNMT3A and scFv-DNMT3A_IM constructs was also 
consistent with expected findings. The scFv-DNMT3A construct contains a total of six NcoI  
restriction sites. Consequently, complete digestion as shown in Figure 2.9 results in the 
generation of six fragments of 4,519 bp; 3,358 bp; 2,049 bp; 1,815 bp; 518 bp and 173 bp 
respectively. Insufficient duration of electrophoresis has here resulted in poor separation of the 
4,519 bp and 3,358 bp, and 2,049 bp and 1,815 bp fragment pairs. Despite this, all bands appear 
to be present as expected. The scFv-DNMT3A_IM construct is digested by NcoI at a total of 
five different sites, resulting in the production five fragments. Similar to scFv-DNMT3A, 
fragments of 4,519 bp; 3,358 bp; 518 bp and 173 bp are all expected, along with an additional 
band of 2,032 bp. Here, the bands at 4,519 bp and 3,358 bp show good separation and accurate 
sizing. Fragments are present as expected at 2,032 bp and 518 bp, however, the 173 bp fragment 
has run off the end of the gel, and so cannot be visualised here. Regardless, these results suggest 
that NcoI screening has been successful for both scFv-DNMT3A and scFv-DNMT3A_IM. 
 
SalI restriction digestion of each completed construct provides a repeat of the diagnostic 
screening performed in Figure 2.8, Section 2.3.1.4. As such, the expected results are as detailed 

in this section. In Figure 2.9, both scFv-TET1CD and scFv-TET1CD_IM each display three 
bands of 9,480 bp; 1,534 bp; and 839 bp as expected. Additionally, due to incomplete digestion, 
each also displays a fragment of 2,373bp. scFv-DNMT3A and scFv-DNMT3A_IM also each 
display a large band of 9,480 bp. Additionally, scFv-DNMT3A shows a fragment of 2,952 bp 
and scFv-DNMT3A_IM of 1,120 bp as expected. 
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Figure 2.9. Agarose Gel Image of Final Confirmation of Correct scFv-Insert Constructs using NcoI, SalI, 
and RsrII/SpeI Restriction Digests. (A) scFv-TET1CD (B) scFv-TET1CD_IM (C) scFv-DNMT3A (D) scFv-
DNMT3A_IM. Product from final confirmatory restriction digest screening is visualised for each construct, prior 
to use for transfection. Plasmid maps are shown for each construct, with restriction enzyme cut sites as denoted. 
Restriction digests were performed using each of the restriction endonucleases NcoI, SalI, and RsrII/SpeI, for each 
respective construct. The first lane of each contains 5 µL of 1 kb Plus DNA Ladder for sizing reference. Bands for 
each respective construct and restriction digest are present as expected, successfully confirming each of the final 
scFv-DNMT3A; scFv-DNMT3A_IM; scFv-TET1CD and scFv-TET1CD_IM constructs as correct and suitable 
for use in transfection experiments. 
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Diagnostic RsrII/SpeI restriction digestion serves to liberate the original insert cloned into the 
scFv vector. Therefore, expected fragment sizes are a large band of 9,684 bp representing the 
scFv component, and another of each respective insert size (as described in Section 2.2.2.1.5). 
As expected, scFv-TET1CD and scFv-TET1CD_IM each display an insert size of 2,169 bp; 
scFv-DNMT3A of 2,761 bp; and scFv-DNMT3A_IM of 916 bp. 

 
In total, final sizes for each of the scFv-TET1CD; scFv-TET1CD_IM; scFv-DNMT3A and 
scFv-DNMT3A_IM constructs are 11,853 bp; 11,583 bp; 12,432 bp and 10,600 bp respectively. 
Overall, these results suggested that each construct could be confirmed as correct and are 
therefore appropriate for use in transfection. 
 

2.3.2 dCas9-SunTag Construct Screening 

Purified DNA from the pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP (dCas9-SunTag) plasmid 
construct (sourced from Addgene), was screened using an RsrII restriction digest prior to use 
for transfection (as detailed in Section 2.2.2.2). The dCas9-SunTag construct is 14,551 bp in 
size and contains two RsrII restriction sites. Digestion of the dCas9-SunTag plasmid with the 
RsrII endonuclease was expected to generate two linear fragments of 13,786 bp and 771 bp, 
respectively, including RsrII overhangs. Digested product from RsrII restriction digest was 
electrophoresed on 1% agarose gel for visualisation as shown below in Figure 2.10. 

Figure 2.10. Agarose Gel Image Confirming the Correct pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP 
Construct by Diagnostic RsrII Restriction Digest. Product RsrII restriction digest of the pHRdSV40-dCas9-
10xGCN4_v4-P2A-BFP is shown. The first lane contains 5 µL of 1 kb Plus DNA Ladder for sizing reference. 
Two linear bands are present, consistent with expected, thereby confirming the pHRdSV40-dCas9-10xGCN4_v4-
P2A-BFP construct as correct and suitable for use in transfection experiments. Each fragment is highlighted with 
an arrow. 
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As shown, two fragments have been generated from the restriction digestion reaction. The 
larger band appears to be greater than 10.0 kb in size, whilst the smaller band appears to be 
approximately 771 bp. The size of both fragments is consistent with expected findings, thereby 
confirming the presence of the correct dCas9-SunTag construct. 
 

2.3.3 gRNA Construct Screening 
For initial confirmation of successful cloning, two clones of each gRNA construct were sent 

for sequencing as described in Section 2.2.2.3.4. Figure 2.11, below, displays confirmed 
sequencing results for a single clone from each of the gRNA constructs. As shown, the inserted 
gRNA sequence is correct for each clone. 

 
Figure 2.11. Sanger Sequencing Results Confirming each Correct gRNA Sequence. Highlighted in this figure 
is each confirmed gRNA sequence that was cloned into each respective gRNA construct. Each of the sequences 
highlighted were correctly aligned to the original sequence with complete homology (zero mismatches). The 
original cloned sequence is shown below each respective sequencing result for reference. Sanger sequencing 
results were analysed using Nucleobytes 4Peaks software. 
 
 

gRNA_472- gRNA_474+ 

gRNA_519- gRNA_541+ 

gRNA_661- gRNA_662+ 

Reference Sequence: CACCGCGCGGCGTCCGCTTGGTTTT Reference Sequence: CACCGAAAAACCAAGCGGACGCCGC  

Reference Sequence: CACCGGCGCGCTCACCCGGGTCCGG Reference Sequence: CACCGCGGCGCGCGGCTTCCCGACC  

Reference Sequence: CACCGCGTGTCGCGCAGACGTCCTT   Reference Sequence: CACCGCAAAGGACGTCTGCGCGACA   

Jim Smith
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Purified DNA from each of the six gRNA constructs was then screened by PCR amplification 
prior to transfection (as described in Section 2.2.2.3.5). Due to the position of the U6 promoter 
region within the gRNA construct, the region to be amplified for each gRNA was 364 bp in 
length. Amplified product was electrophoresed on 1% agarose gel for visualisation. Successful 
amplification was confirmed for each of the six gRNA constructs, all of which generated a 

unique product of 364 bp as expected. Therefore, each gRNA construct was confirmed as 
correct and ready for use in transfection. The total size of each final gRNA plasmid is 7,401 kb. 
 
Overall, this chapter summarises successful, confirmed construction of all components of the 
CRISPR-dCas9-SunTag system for methylation editing. 
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2.4 Statement of Contribution 
I have performed each of the experiments and subsequent analysis detailed within this chapter 
myself. Technical advice was provided throughout by Rob Weeks (Department of Pathology, 
University of Otago). Guidance and project direction was provided by Dr Aniruddha Chatterjee 
(Department of Pathology, University of Otago). 
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Chapter 3: Transfection of a DNA Methylation-
Editing System into Human Melanoma Cell Lines 

 

3.1 Introduction 
This chapter details the principles, techniques, and protocols used in cell culture and 
transfection experiments throughout this project. 
 

3.1.2 Principles of Transfection 

Transfection refers to genetic modification of a cell via the introduction of foreign nucleic acids. 
Transfection of DNA into a host cell is a widely-used and effective technique to assess the 
function of an introduced genetic construct (116). There are multiple methods which can be 

used to perform such transfection, the efficacy of which will vary based on numerous host-cell 
factors, and the characteristics of the transfected material.  
 
In the following sections, I describe the comparison of two common transfection methods to 
introduce a CRISPR-dCas9-SunTag methylation-editing system into human melanoma cell 
lines. 
 

3.1.2.1 Cationic Lipid-Based Transfection 

The first of the transfection systems assessed was the Lipofectamine 3000 Reagent (Invitrogen), 
which is an example of cationic lipid-based transfection. Positively-charged liposomes interact 
with the phosphate backbone of nucleic acids to form complexes in a ‘beads on a string’ 
arrangement. These DNA-lipid complexes can then interact with the negatively-charged plasma 
membrane of target cells, facilitating the uptake of DNA via endocytosis (117). Unlike physical 
transfection methods, lipid-based transfection does not physically alter the structure of the cell 
in order to promote nucleic acid uptake. However, the reagent itself exhibits varying levels of 
cytotoxicity across different cell types, which may influence the transfection efficiency and 
viability of transfected cells. 
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3.1.2.2 Electroporation 

Secondly, electroporation using the Neon Transfection System 10 µL Kit (Invitrogen) was the 

other transfection method assessed in this project. Electroporation methods expose cells to a 
pulsed electric field, creating pores in the plasma membrane to facilitate DNA transfection into 
the cell (118). As this method directly alters the physical structure of the cell, it is an example 
of physical transfection, in contrast to a lipid-based approach. As with all transfection 
approaches, electroporation will cause variable levels of cytotoxicity based on cell type, and 
the conditions used. 
 

3.1.3 Transient versus Stable Transfection 

Transient transfection in this context refers to the transfection of plasmid DNA into target cells 
at a single time point or window. This allows for cellular uptake of the transfected material, and 
subsequent expression by the host. However, without selection pressure for the host to maintain 
expression of the introduced material long-term, expression is often lost across cell replications 
in the post-transfection period.  
 
Contrastingly, generating ‘stable’ cell lines in this context refers to the culturing of a transfected 
cell line, which stably expresses the DNA of one or more transfected plasmids. Stably-
expressing cells, unlike transiently-transfected cells, will have integrated transfected DNA into 
their genome and retain continued, stable expression of encoded proteins. 
 

The generation of a stable cell line requires that the expression of transfected DNA is selected 
for in some manner, following integration into the host genome. Most simply, this can be 
achieved via antibiotic selection. If the plasmid confers an antibiotic resistance gene which is 
required for cell survival, it will be integrated into the host cell genome, and expression will be 
retained. Hence, by treating the target cells with an antibiotic to which they are susceptible, 
stable expression of transfected plasmid DNA can be stimulated (119, 120). 
 
Transient transfection has the benefit of being far less labour-intensive and complex than the 
process of creating stably-expressing cell lines. However, in the context of induced active 
demethylation, any observable effects are likely to be comparatively modest due to a significant 
disparity in expression time. 
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3.1.4 Considerations for Stable Transfection 

3.1.4.1 Plasmid Linearisation 

For transfected plasmid DNA to be successfully integrated into the host cell genome, it must 
first be linearised. Early in the post-transfection period, plasmid DNA which enters the cell 

nucleus will be linearised by the action of endo- and exonucleases (119). However, cell-
mediated linearisation of transfected DNA may result in compromise of the plasmid sequence, 
potentially resulting in loss of active protein function, promoter function, or fluorescence. Any 
of these complications may impact expression of the desired protein and result in experiment 
failure. Therefore, in order to increase the efficiency of stable transfection, and to minimise the 
risk of expression failure, DNA may be linearised prior to transfection using restriction 
endonucleases (119). 
 

3.1.4.2 Expression Variability of Integrated DNA 

Once linearised, and if adequately selected for, transfected DNA is able to be integrated into 
the host genome for continued expression. Genomic integration of a transfected, linear DNA 
sequence occurs via non-homologous recombination (NHR) (119). NHR provides a pathway 
for chromosomal integration through non-homologous end-joining at chromosomal DNA sites 
affected by double-stranded breaks (121, 122).  
 
This integration, however, occurs in a largely random fashion within the host genome, 
untargeted to any particular chromosomal region (123, 124). Consequently, the expression of 
integrated DNA and subsequent protein production will be heavily dependent on the location 
of the genome to which it integrates, termed the “position effect” (119). The expression 
characteristics of adjacent genomic regions therefore play a large role in determining the 
success of integrated DNA expression. Integration into regions of inactive heterochromatin will 
result in incredibly modest or even a complete lack of expression. In comparison, high 
transgene expression can be achieved if integrated into a region of active euchromatin (119, 
125). Epigenetic influences and chromatin remodelling changes can also significantly impact 
stable transgene expression. In additional, expression level may also be impacted by non-host 
factors such as the strength of the integrated promoter, and vector copy number (124). 
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3.1.4.3 Co-Transfection for Antibiotic Selection 

The use of antibiotic selection as a mechanism for stable plasmid retention in the host cell 

requires the presence of an antibiotic selectable marker for which the host is susceptible. In the 
context of mammalian cell selection, antibiotics such as neomycin, hygromycin, or puromycin 
are commonly used to facilitate retention of transfected nucleic acids (125, 126). Unfortunately, 
in the context of this project, none of the transfected plasmid DNA constructs contained any 
form of antibiotic resistance marker suitable for selection in mammalian cells. Therefore, a co-
transfection method of selection was required. 
 

3.1.5 Effects of Mild Heat-Shock on Transfection Efficiency 

First described by Takai and Ohmori (1992) (127), the use of mild heat-shock is a potential 
mechanism for improving  transfection efficiency in mammalian cells. However, the existing 
evidence behind the use of this technique is somewhat limited, with no confirmed mechanism 
yet described. Additionally, the results of mild heat-shock on transfection efficiency in 
mammalian cells appear to be largely cell line-dependent. Regardless, improvements in single-
plasmid transfection efficiencies of up to 70% were observed using a protocol of heat-shock at 
42 ºC for 10 min, 4-hours post-transfection (128). Therefore, mild heat-shock was trialled 
within this project as mechanism for improving transfection efficiency in some cell lines. 
 

3.1.6 Principles of FACS 

3.1.6.1 Flow Cytometry and FACS 

Flow cytometry is an effective technique which allows for assessment of the optical and 
fluorescent characteristics of single cells, as they flow in a laminar fashion past a single 
interrogation point (129, 130). As cells flow single file through the fluid stream, they are 
interrogated by a laser beam, causing light to scatter. The scatter of light at two distinct angles 
(denoted forward-scatter and side-scatter) allows assessment of cell size and internal 
complexity, respectively. Along with the capacity to simultaneously measure one or more 
fluorescent signals, this allows for the accurate identification and separation of particular cell 
populations (129, 131). 
 
Fluorescent-labelling of input cells is a commonly-used technique to identify particular cells, 
or cell-characteristics within a cell population. Such methods are also a key component of 

FACS, which uses flow cytometry to sort a heterogenous mixture of cells into distinct 
populations. Fluorescent-labelling of a particular cell, or cell component, can be achieved by a 
number of methods, including staining with a fluorescent antibody, or expression of a 
fluorophore-tagged protein (129-132). In the context of this project, each of the three major 
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transfected plasmids (dCas9-SunTag, scFv-, and sgRNA) expressed proteins which were 
tagged with a different fluorophore: mTagBFP, sfGFP, or TagRFP657, respectively. Each 
fluorophore is expressed from the same promoter as the active protein, resulting in the synthesis 
of fluorophore-tagged proteins that can be identified by flow cytometry. Therefore, by using 
different combinations of laser inputs and light filters, cells which express one or more specific 

fluorophores can be identified and sorted into pure, single-, double- or triple-positive 
populations for analysis. Consequently, this allowed for identification of cells which had 
successfully been transfected with any plasmid combination, and cell sorting to generate pure 
populations of plasmid-expressing cells only. 
 

3.1.6.2 Staining for Live-Dead Discrimination 

Numerous live-dead cell stains are available for the purpose of flow cytometry and FACS, each 
of which has unique spectral properties. The aim of using live-dead staining is to discriminate 

between live, healthy cells, and dead or apoptosing cells. It is essential to distinguish between 
these cellular states when performing flow cytometry, as dying and dead cells have a tendency 
to become autofluorescent as they apoptose, which may prevent accurate cell-sorting and 
analysis.  
 
Here, we use LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen). This particular 
stain reacts with free amine residues on the cell surface to produce a fluorescent signal. In 
apoptosing or dead cells, which have a compromised cell membrane, the dye is able to also 
react with intracellular free amines. This generates a much stronger fluorescent signal, allowing 
for simple discrimination between the live, dying and dead cell populations during flow 
cytometry analysis. 
 

3.1.7 Aim 

The aim of the work within this chapter is to successfully generate both transient and stable 
transfectants, transfected with each of the required components of the CRISPR-dCas9-SunTag 
methylation-editing system. 
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3.2 Materials and Methods 

3.2.1 Cell Lines 

A total of three human melanoma cell lines were used in this project. Two cell lines were 
obtained from America Type Culture Collection (Manassas, VA) in October 2013: WM115 
(ATCC® CRL-1675™), and WM266-4 (ATCC® CRL-1676™). Both were received with ATCC 
certificates of analysis and authentication. One further melanoma cell line, NZM40, was 
generously provided by Professor Baguley (University of Auckland) in May 2015, and has been 
recently tested and authenticated. 

 

3.2.1.1 Cell Line Selection 

Each of the three candidate cell lines were selected based on a combination of recently 
published and unpublished DNA methylation data, and corresponding EBF3 expression data 
(Chatterjee Group, University of Otago) (41). The primary focus of experiments in the initial 
stages was to perform targeted demethylation of the EBF3 locus. It was hypothesised that this 
decrease in methylation would be associated with decreased EBF3 expression, contrary to 
current dogma regarding DNA methylation as a gene silencing mechanism. Therefore, cell lines 

were selected based on methylation and expression characteristics best-suited to investigate this 
hypothesis. An additional five human melanoma cell lines (Hs688(A).T; NZM11; EH-Pre; JR-
Pre; and JR-Post) were also identified as potential candidates for investigation, however, these 
have not been pursued at this stage. 
 

3.2.1.1.1 Response to Decitabine Treatment 

One of the three primary criteria used to identify potential candidate melanoma cell lines was 
their response when treated with the global demethylation agent, decitabine. As described in 
Chapter 1, Section 1.3.2, decitabine results in inhibition of the DNMT enzymes to promote the 

global loss of DNA methylation (55, 56). As reported by Chatterjee et al (2017), particular 
melanoma cell lines, including WM115 and WM266-4, experienced a decrease in EBF3 mRNA 
levels when treated with decitabine, suggesting a decrease in EBF3 gene expression. WM266-
4, in particular, displayed a relatively large and statistically significant expression change (41). 
Further, unpublished RNA-Seq experiments (data not shown) (performed by Antonio Ahn, 
Department of Pathology, University of Otago)  identified that numerous other human 
melanoma cell lines responded in a similar manner, including NZM40; EH-Pre; JR-Pre; and 
JR-Post. As the hypothesis investigated in this project centres on elucidating the role of high 
methylation as a transcriptional activator in some contexts, these cell lines were therefore 
considered preferable candidates. 



 65 

3.2.1.1.2 Baseline Levels of DNA Methylation 

Secondly, the baseline levels of DNA methylation within our established EBF3 promoter target 

region were an important consideration in cell line selection, due to the fact that the primary 
focus of this initial work was to induce selective demethylation of the target locus. Therefore, 
to see any substantial level of demethylation, cell lines would require a reasonably high level 
of DNA methylation to begin with. Baseline levels of DNA methylation across our target 
region, for each of my selected cell lines, are detailed in Table 3.1 below. 
 
Table 3.1. Average Baseline DNA Methylation Levels for Candidate Cell Lines.  

Cell Line Average DNA Methylation Level 

WM115 61.8% 

WM266-4 91.8% 

NZM40 45.9% 

 

Average baseline DNA methylation values were obtained from unpublished RRBS data 
(Chatterjee Group, University of Otago). As shown, WM266-4 displays very high levels of 
baseline DNA methylation, and was therefore ranked as the principal candidate for targeted 
demethylation. As WM115 is the primary, paired sample for the secondary metastatic cell line 
WM266-4, and also displays a reasonable level of methylation, it was selected as the second 
candidate cell line. NZM40 displays sufficient levels of methylation to be of interest as a target 

for demethylation, and shows favourable culture characteristics, such as rapid growth. 
 

3.2.1.1.3 Differences in Target Region and Surrounding Methylation 

Finally, unpublished data (Chatterjee Group, 2017) has also identified that the EBF3 target 
region described here, in particular, may act as a transcriptional control region in some manner. 
The presence of substantial methylation level differences between our target region and the 
surrounding promoter landscape support this hypothesis. As shown in Figure 3.1 below, 
sizeable differences in the average level of DNA methylation have been previously evidenced 
between these two groups, across each of our selected cell lines WM115, WM266-4, and 

NZM40. 
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Figure 3.1. EBF3 Promoter Average DNA Methylation Level. Average DNA methylation level values are 
shown, as determined by methylation-specific Illumina MiSeq sequencing, for each of the cell lines WM115, 
WM266-4, and NZM40. Methylation levels have been assessed for a 285 bp amplicon of the EBF3 gene promoter, 
totalling thirty-four CpG sites. The first of each pair of values (blue) represents the methylation status of the nine 
CpG dinucleotides within the 58 bp target region identified by Chatterjee et al (2017) (41). The second value 
(orange) represents the average level of DNA methylation at the other twenty-five CpG sites surrounding this 
target region, within the 285 bp amplicon. Each of these three cell lines display a substantial level of 
hypermethylation in the 58 bp target region, as compared to the remainder of the amplicon (26.5-37.9%). In this 
context, this provides evidence of a role for this particular 58 bp fragment as a transcriptional control region for 
EBF3 expression. 
 
Based on the combination of these three principal concerns for cell line selection, and cell 

culture characteristics, WM115, WM266-4, and NZM40 have been chosen as the three 
candidate cell lines most appropriate for initial methylation-editing experiments, with a 
particular focus on targeted demethylation of the target locus. 
 

3.2.1.2 Cell Culture Conditions 

Cell lines WM115 and WM266-4 were cultured in Minimum Essential Media-Alpha (MEM-

a) (Invitrogen) supplemented with 1% penicillin-streptomycin (Gibco, NY, USA) and 10% 

foetal calf serum (FCS). NZM40 was cultured in MEM-a media, supplemented with 5% FCS, 

1% penicillin-streptomycin and 0.1% insulin-transferrin-selenium (Roche). All cell lines used 
were cultured under standard conditions (5% CO2, 21% O2, 37 ºC, humidified atmosphere). 
 
For the storage of cell stocks, cells were stored in 1 mL of their respective culture medium, plus 
5% sterile-filtered DMSO (dimethyl sulfoxide) to prevent ice-crystal formation during freezing. 
Cells remained frozen in liquid nitrogen storage until required. 
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3.2.1.3 Cell Culture Protocol 

In general, for any respective cell line, a single 1 mL frozen stock would be thawed from liquid 

nitrogen storage, and seeded in a 75 cm2 cell culture flask (Greiner Bio One), in a total volume 
of 15 mL of respective culture medium. Cells were grown under standard culture conditions 
until they reached >85% confluency. 
 
All cell lines used are adherent human melanoma cell lines, and so trypsinisation was required 
during cell passage. Trypsinisation involves the treatment of adherent cells with the proteolytic 
enzyme trypsin, which dissociates cells from the culture vessel (133). Here, 0.05% trypsin was 
used, incubated for 3-5 min. Once trypsinised, cells were passaged to a 175 cm2 cell culture 
flask in a total volume of 24 mL culture medium. Once they reached >85% confluency, cells 
were either used for transfection experiments or frozen down for storage in liquid nitrogen. 
Times from seeding to passage, and to reach >85% confluency in a 175 cm2 flask varied by cell 
line, tending to range from four to eight days in total. 
 

3.2.2 Optimisation of Transfection 

Multiple optimisation experiments were performed in order to achieve maximal transfection 
efficiency and cell viability. Due to significant time and resource constraints, independent 
replicates of the majority of optimisation experiments were not performed. 
 

3.2.2.1 Lipofection versus Electroporation 

To optimise transfection efficiency, both lipid-based and physical transfection methods were 
first compared for the melanoma cell line NZM40. NZM40 was selected for initial optimisation 
experiments due to its rapid and reliable growth in culture. The positive control plasmid, 
pEGFP-C1, was transfected for this optimisation experiment. Transfection efficiency for each 
well was monitored by using an inverted microscope to visualise the enhanced green fluorescent 
protein (eGFP) fluorescence expressed by this plasmid. Assessment was performed at 24-hour 
intervals, up to and including 96-hours post-transfection. 
 
Lipid-based transfection experiments were carried out using the Lipofectamine 3000 Reagent 

(Invitrogen), with minor alterations to the manufacturer’s protocol as detailed. A reverse 
transfection protocol was used for transfection in all optimisation experiments, with 8 µL; 6 
µL; 4 µL; 2 µL and 1 µL respective volumes of Lipofectamine 3000 reagent being used for 
initial optimisation. A reverse transfection protocol involves adding the reagents prior to the 
cells. This was recommended by Antonio Ahn (Department of Pathology, University of Otago) 
following previous successful transfections using the same cell lines (data not shown). 
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Electroporation parameters were based on optimal conditions for the MeWo adherent 
melanoma cell line (pulse voltage: 1,600 V; pulse width: 10 ms; number of pulses: 3), as 
suggested by the manufacturer, using the 10 µL Neon Kit. 
 
A separate well of a 6-well plastic cell culture plate (Greiner Bio One) was used for all 

transfection reactions. For each reaction, 750 ng of pEGFP-C1 DNA was transfected into 
approximately 2.5 x 105 NZM40 cells per well, which were counted using a haemocytometer. 
Cells were incubated for 96-hours post-transfection under standard conditions. No changes 
were made to culture medium throughout. Results are detailed in Section 3.3.1.1. 
 

3.2.2.2 Initial Screen of Cell Viability and Transfection Efficiency 

After determining lipofection as the preferred transfection method, and assessing the optimal 
Lipofectamine 3000 volume for maximal transfection efficiency (as detailed in Section 3.3.1.1), 

optimisation was extended to cell line WM266-4. An initial assessment of cell viability and 
transfection efficiency was performed to establish baseline efficacy of the determined 
transfection conditions. Transfectants were analysed using flow cytometry, performed by Dr. 
Michelle Wilson (Department of Microbiology, University of Otago). Methodologies for flow 
cytometry analysis and further data processing are detailed in Section 3.2.4.  
 
For each transfection reaction, approximately 2.5 x 105 WM266-4 cells, 8 µL Lipofectamine 
3000 reagent and 5 µL P3000 reagent were used per well. Multiple different plasmids, and 
plasmid combinations, were transfected in each reaction to a total of 2400 ng. Single-plasmid 
transfections included the dCas9; scFv-TET1CD; and gRNA_519- plasmids alone. Additional 
plasmid combinations were also transfected, including: dCas9, scFv-TET1CD, gRNA_519-; 
dCas9, scFv-TET1CD_IM, gRNA_519-; dCas9, scFv-TET1CD, all 6 x gRNAs; and finally, 
dCas9, scFv-TET1CD_IM, all 6 x gRNAs. Cells were incubated for 72-hours post-transfection 
under standard conditions. No changes were made to culture medium throughout. Results are 
detailed in Section 3.3.1.2.  
 

3.2.2.3 Exposure Time to Transfection Reagents 

As a result of very low cell viability observed during initial assessment, the effect of exposure 
time to the transfection reagents was assessed for each of the three cell lines. In previous 
optimisation, cells had been exposed to transfection reagents for a total of 72-96 hours. 
 
To assess optimal reagent exposure time here, each cell line was transfected with the single 
plasmid gRNA_519-. Initially, each cell line was assessed using exposure to transfection 
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reagents for 4-hours; 6-hours; 8-hours; and 12-hours. After these respective time periods, 
transfection reagents were removed and replaced with fresh culture medium. Following the 
results of exposure time for NZM40, optimisation was extended for this cell line to include 24-
hours and 36-hours. 
 

For each transfection reaction, approximately 5.0 x 105 cells were used. This was increased 
from previous experiments due to low cell viability. 8 µL Lipofectamine 3000 reagent and 5 
µL P3000 reagent were used per well. Transfectants were again analysed using flow cytometry, 
performed by Dr. Michelle Wilson (Department of Microbiology, University of Otago). Results 
are detailed in Section 3.3.1.3. 
 

3.2.2.4 Amount of Transfected DNA 

Once optimal exposure time for transfection reagents had been established, total DNA input for 

each transfection reaction was established. Each cell line was assessed using a combination of 
three combined plasmid constructs, dCas9-SunTag; scFv-TET1CD; and gRNA_519-. Each 
plasmid DNA combination contained a 1:1:1 ratio of the three respective constructs. Total DNA 
amounts varied between 750 ng; 900 ng; 1200 ng; 1500 ng; 1800 ng; and 2400 ng. 
 
For each transfection reaction, approximately 5.0 x 105 cells, 8 µL Lipofectamine 3000 reagent, 
and 5 µL P3000 reagent were used per well. Exposure time to transfection reagents was 
individualised to each respective cell line, based on the results of optimisation (detailed Section 
3.3.1.3) (WM115: 6-hours; WM266-4: 6-hours; NZM40: 12-hours).  Transfectants were again 
analysed using flow cytometry, performed by Dr. Michelle Wilson (Department of 
Microbiology, University of Otago). Results are detailed in Section 3.3.1.4. 
 

3.2.2.5 Effect of Mild Heat-Shock 

As discussed in Section 3.1.5, mild heat-shock is a previously-described method for enhancing 
the efficiency of lipofection, in some cell lines (127, 128). Due to the low absolute numbers of 
cells successfully transfected with all three constructs, mild heat-shock was trialled as a 
mechanism for increasing transfection efficiency in NZM40 and WM266-4 cell lines. 
 
Based on previous research (127, 128), optimal conditions for mild heat-shocking had been 
determined to be 42 ºC for 10 min, 4-hours post-transfection, by immersing transfection plates 
in a water bath. 
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Here, heat-shock was performed 4-hours post-transfection, in a pre-heated water bath 
maintained at 42 ºC. Culture plates were sealed with Parafilm (Bemis NA, WI, USA) and then 
enclosed within a zip-lock plastic bag to maintain sterility, before being submerged for a 10min 
incubation. After heat-shocking, plates were un-sealed and sprayed with 70% ethanol before 
incubation under standard conditions. 

 
The effects of mild heat-shocking were assessed in conjunction with the optimisation of DNA 
input, and reagent exposure time. Heat-shocked transfectants were again analysed using flow 
cytometry, performed by Dr. Michelle Wilson (Department of Microbiology, University of 
Otago). Results are detailed in Section 3.3.1.5. 
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3.2.3 Optimised Transient Transfection Protocol 

Optimised transfection conditions were unique to each respective cell line. Detailed below is 
the general protocol used. 
 

3.2.3.1 Transfection Plan 

Two different transient transfection plans were used to interrogate the transient function of the 
CRISPR-dCas9-SunTag demethylation system (detailed Figure 3.2), for each of the cell lines 
WM115, WM266-4, and NZM40. Transfection reactions were performed in duplicate as 
shown, and a total of three independent replicates of each transfection were performed for each 
respective cell line. 
 

3.2.3.2 DNA Preparation  

Based on the results of optimisation, and to maintain some consistency between cell lines, 1500 
ng was determined as the optimal total amount of DNA per transfection reaction (as detailed 
Section 3.3.1.4). For transfection of the CRISPR-dCas9-SunTag demethylation system, 1:1:1 
ratios of each construct was combined in a total volume of 6 µL, prior to transfection. As such, 
500 ng of each construct (dCas9-SunTag, scFv, and gRNA) was used per reaction, at a 
concentration of 250 ng/µL. When multiple gRNA constructs were used, 500 ng was the 
cumulative total of gRNA DNA used per reaction (i.e. 250 ng each of gRNA_472- and 
gRNA_474+). 

 

3.2.3.3 Transfection 

Following the preparation of DNA combinations to be transfected, a DNA-lipid complex was 
produced. 5 µL P3000 reagent (Invitrogen) was first diluted in 125 µL Opti-MEM Serum Free 
Medium (Invitrogen), which was then added to each respective DNA combination. 8 µL of 
Lipofectamine 3000 reagent (Invitrogen) was then also diluted in 125 µL Opti-MEM Serum 
Free Medium and added to the DNA-lipid combination. Each respective combination was then 
incubated for 15-20 min at room temperature, allowing the formation of DNA-lipid complexes. 
Following incubation, each respective DNA-lipid complex was added to a separate well of a 6-

well plate. Approximately 5.0 x 105 cells, trypsinised and resuspended in 3 mL of respective 
culture medium, were subsequently added to each well containing DNA-lipid complex. Each 
6-well plate was then incubated under standard conditions. 
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Figure 3.2. Transient Transfection Plans. (A) Transient Transfection using a Single gRNA per well. This 
experiment was designed to interrogate the function of each of the six specific gRNA designed in Chapter 2, 
Section 2.1.2, in combination with the dCas9-SunTag (dCas9) and scFv-TET1CD components of the methylation-
editing system. As can be seen, Plate #1 and Plate #2 contain the scFv-TET1CD construct, along with dCas9 and 
each of the six gRNA separately. Each transfection is performed in duplicate as shown. Plate #3 and Plate #4 are 
similarly arranged, but provide negative controls for the Plate #1 and #2 samples, by using the inactive scFv-
TET1CD_IM (scFv-T_IM) construct in place of scFv-TET1CD. (B) Transient Transfection using gRNA 
Combinations. These transfections were planned to assess the effects of specific gRNA combinations on the levels 
of methylation change (discussed further in Chapter 4 and Chapter 5). Combinations are based on the three pairs 
of gRNA targeted to the same locus (Chapter 2, Section 2.1.2): gRNA_472- and gRNA_474+; gRNA_519- and 
gRNA_541+; gRNA_661- and gRNA_662+. Each of these combinations are again performed in duplicate. Plate 
#1 uses these in combination with scFv-TET1CD and dCas9, whilst Plate #2 provides the respective negative 
control samples. Plate #3 contains a combination of all six gRNA constructs, with scFv-TET1CD and dCas9 in 
triplicate, along with a respective negative control sample using scFv-T_IM, also in triplicate. 

B 

A 
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3.2.3.4 Mild Heat-Shock 

For cell lines NZM40 and WM266-4, mild heat-shock for 10 min at 42 ºC, 4-hours post-

transfection, was shown to increase both transfection efficiency and cell viability (as detailed 
Section 3.3.1.5). Heat-shocking of these cell lines was performed as per Section 3.2.2.5. 
 
Cell line WM115 was not subject to mild heat-shocking, as absolute numbers of triple-positive 
transfectants for this cell line were sufficient without the need for further optimisation. 
 

3.2.3.5 Cell Recovery and Maintenance 

Following the optimal respective exposure period, transfection reagents were removed from 

each well of transfected cells to allow cells to recover. Cells were washed with DPBS 
(Dulbecco’s Phosphate Buffered Saline) to remove any residual reagents, and 3 mL of fresh, 
respective culture medium was added prior to re-incubation under standard conditions. Culture 
medium was replaced as required between reagent removal and preparation for FACS. Cells 
were prepared for FACS at 72-hours post-transfection. 
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3.2.4 FACS and Flow Cytometry Protocol 

3.2.4.1 Transfectant Preparation for FACS 

At 72-hours post-transfection, cells from each well were trypsinised and resuspended in 250 
µL sterile autoMACS buffer (1 x DPBS, plus 1% FCS and 2 mM EDTA (ethylene-diamine-

tetra-acetic acid)). Cells were stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit 
to exclude dead cells during flow sorting. Each sample was flow-sorted into a pure cell 
population using the BD FACSAria Fusion (BD Biosciences), performed by Dr Michelle 
Wilson (Department of Microbiology, University of Otago). Pure cell populations for each 
transfection reaction were sorted based on positivity for all transfected plasmids, as indicated 
by the presence of each respective fluorophore (mTagBFP, sfGFP, and/or TagRFP657). 
 

 
 
Figure 3.3. Establishment of FACS Gating using an NZM40 Negative Control Sample. The example shown 
here illustrates the process of gating based on a negative control sample. In particular, the negative control sample 
allows for identification of the true live population, as shown here, without the additional stress of transfected 
DNA. In this example the distinct live population is very evident, along with smaller but distinct populations of 
apoptosing, and dead cells, respectively. Additionally, the use of a control sample which is negative for each of 
the transfected fluorophores used in this work, allows the gating to accurately reflect the true threshold of 
fluorescence required for a cell to be deemed ‘positive’. As labelled, the TagRFP657 fluorophore is fluorescent in 
the allophycocyanin (APC) channel, mTagBFP in the 4,6-diamidino-2-phenylindole (DAPI) channel, and sfGFP 
in the fluorescein isothiocyanate (FITC) channel. 

Total Cell Population Live Cell Population 

Gating for Fluorophore-Positive Cells 
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For each of the cell lines WM115, WM266-4, and NZM40, a negative control sample was 
included. This negative control sample contained the same approximate number of seeded cells, 
and was exposed to the same transfection reagents as transfectant samples. However, no DNA 
was used during preparation. These negative control samples were used to establish accurate 
gating for each respective cell population. An example of the gating established using these 

negative control samples is shown in Figure 3.3 above, using the cell line NZM40. 
 

3.2.4.2 FlowJo Analysis and Further Processing 

Analysis of all flow cytometry output data was performed using FlowJoÒ 10.4.2 software 

(FlowJo, LLC). Data output in the form of .fcs files were uploaded to the FlowJo platform. 
Using FlowJo, each FACS result was analysed to assess cell viability and transfection 
efficiency with gating and compensation kept consistent between all cell lines and samples. An 
example of the gating analysis, and the compensation matrix used are shown in Figure 3.4 
below. The further processing and generation of figures was performed using Prism Version 
8.0.0 Software (GraphPad).  
 

Using the FlowJo platform, cell data from FACS was analysed to determine cell viability and 
transfection efficiency values for each sample. Cells were first gated based on side-scatter area 
(SSC-A) and forward-scatter area (FSC-A) to exclude any unwanted debris. Next, cells were 
gated on FSC-A versus APC-Cy7-A, the channel in which the live-dead dye used here is 
fluorescent. This allowed for isolation of the live cell population, and determination of 
percentage cell viability for each respective sample. The live cell population was then 
sequentially gated based on positivity for each of the three respective fluorophores, 
TagRFP657, mTagBFP, and sfGFP. TagRFP657 is fluorescent in the APC channel, mTagBFP 
in the DAPI channel, and sfGFP in FITC as shown. Percentage transfection efficiency was 
calculated as the fraction of triple-positive cells within the live cell population. 
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Figure 3.4. FlowJo Analysis Pipeline for Gating and Compensation of Transfectant Samples. (A) Sequential 
gating workflow used for FlowJo analysis of data from FACS. Gating in SSC-A versus FSC-A was first used to 
determine the true cell population and to exclude debris. The live cell population was then gated to exclude 
apoptosing and dead cells. Finally, sequential gating of the live cell population was performed to identify cells 
positive for each of the three fluorophores as shown. As labelled, the TagRFP657 fluorophore is fluorescent in the 
APC channel, mTagBFP in the DAPI channel, and sfGFP in the FITC channel. (B) Compensation matrix used for 
cell sorting. Values were experimentally determined by the BD FACSAria Fusion flow cytometer, and account 
for the percentage of spectral overlap between each of the fluorophores used.  
 
 
 
 

A 

B 
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3.2.5 Stable Transfection and Cell Line Maintenance 

3.2.5.1 pBABE-puro Plasmid Preparation 

Due to the absence of a mammalian-selective antibiotic resistance marker within the constructs 
produced for methylation-editing, it was necessary to co-transfect the pBABE-puro plasmid in 

order to generate stably-expressing cell lines. pBABE-puro was generously provided by Dr 
Nicholas Fleming (Department of Pathology, University of Otago). pBABE-puro confers 
resistance to both ampicillin and the mammalian-selectable marker puromycin. 
 

3.2.5.1.1 Culture and Purification from Glycerol Stock 

pBABE-puro was first inoculated onto an LB agar plate containing 100 µg/mL ampicillin from 
a glycerol stock, and incubated at 37 ºC overnight. Following overnight incubation, a single 
colony was selected to inoculate 2 mL LB broth with 100 µg/mL ampicillin selection, which 

was then propagated at 37 ºC overnight, shaken at 200 rpm. Plasmid DNA was purified from 
overnight culture using the Zyppy Plasmid Miniprep Kit (Zymo Research), as per the 
manufacturer’s protocol.  
 

3.2.5.1.2 Diagnostic Restriction Digest and DNA Preparation 

Purified pBABE-puro DNA was confirmed using two separate 20 µL diagnostic restriction 
digests, RsrII/SpeI, and XbaI/ClaI, visualised on a 1% agarose gel (as shown Section 3.3.3.1). 
Reaction conditions are detailed in Table 2.11 (Chapter 2, Section 2.2.2.1.2) and 3.2, 

respectively. Following confirmation, a correct pBABE-puro clone was inoculated into 200 mL 
LB broth with 100 µg/mL ampicillin selection and incubated at 37 ºC overnight, shaken at 200 
rpm. Plasmid DNA was purified using the PureLink Fast Low-Endotoxin Maxi Plasmid 
Purification Kit, as per the manufacturer’s protocol, and stored at 4 ºC, ready for transfection. 
 
Table 3.2. Reagents used for XbaI/ClaI Restriction Digest. 

Reagent Volume 

CutSmartä Buffer 2.0 µL 

XbaI Enzyme 0.5 µL 

ClaI Enzyme 0.5 µL 

MQ H2O 12.0 µL 

Plasmid DNA 5.0 µL 

Total 20.0 µL 
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3.2.5.2 Titration of Puromycin Concentration Protocol 

In order to identify the minimum concentration of puromycin required to produce a pure 

population of stable, puromycin-resistant cells, a kill curve was produced using the NZM40 
melanoma cell line. Two 6-well cell culture plates were used, containing approximately 2.5 x 
105 cells per well. Each respective well also contained a different dilution of puromycin, in a 
total of 3 mL culture medium. Dilutions of puromycin ranged from 0.5-10.0 µg/mL, as 
recommended for antibiotic selection of mammalian cells within two to ten days (134). 
 
Each respective well was replaced with fresh culture medium plus puromycin after 48-hours 
and 96-hours to ensure antibiotic efficacy was maintained. 
 

3.2.5.3 Stable Transfection Protocol 

3.2.5.3.1 Co-Transfection Plan 

In order to generate stable cell lines with puromycin selection, the pBABE-puro selection 
plasmid was co-transfected with each plasmid combination of interest. All DNA to be used for 
stable transfection was linearised prior to transfection using restriction endonucleases (NEB). 
dCas9, scFv-TET1CD, scFv-TET1CD_IM, and pBABE-puro were linearised using HpaI, 
PshAI, PshAI, and NotI, respectively. All gRNA plasmids were linearised using AvrII. Each of 
these endonucleases cuts the respective plasmid only once, as far as possible from important 

coding sequences. Restriction digestion reactions were performed overnight at 37 ºC. General 
reaction reagents used are detailed in Table 3.3. Linearised DNA was then purified using DNA 
Clean and Concentrator-5 Kit (Zymo Research), as per the manufacturer’s protocol. 
 
Table 3.3. Reagents used for Plasmid Linearisation. 

Reagent Volume/Amount 

Respective Buffer1 15.0 µL 

Respective Enzyme 10.0 µL 

MQ H2O <125.0 µL 

Plasmid DNA2 5.0 µg 

Total 150.0 µL 
1Respective buffer used for each enzyme are as follows: HpaI, PshAI, and AvrII  are digested in CutSmartä 
Buffer; NotI is digested in NEBufferä 3.1. 25.0 µg of plasmid DNA was linearised per reaction, regardless of 
DNA concentration. The total reaction volume was then made up to 150.0 µL using MQ H2O as required. 
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DNA combinations of the selection plasmid and plasmid of interest were produced prior to 
transfection in the optimal ratio of approximately 1:10 respectively. Hence, 150 ng of pBABE-
puro DNA was added to each DNA combination for transfection. Optimal ratios are based upon 
previously published values of 1:5 to 1:10 (135). Stable transfectants were only generated for 
the cell line WM266-4. 

 

3.2.5.3.2 Transfection Set-Up and Initial Selection 

Transfection of each DNA combination was performed as detailed in Section 3.2.3. 
Approximately 5.0 x 105 cells were used per well, incubated under standard conditions. Mild 
heat-shock was not performed. After 6-hours exposure time, transfection medium was removed, 
and replaced with 3 mL fresh culture medium. At 24-hours post-transfection, 1.0 µg/mL 
puromycin was added to begin antibiotic selection.  

 

3.2.5.3.3 FACS Selection 

At 72-hours post-transfection, cells were prepared for FACS, including live-dead staining, as 
per Section 3.2.4.1. Cell sorting was again performed by Dr Michelle Wilson, using the BD 
FACSAria Fusion. Pure populations of sorted cells were then re-seeded in a 96-well cell culture 
plate, added to 150 µL of culture medium per well. 
 

3.2.5.4 Stable Cell Line Maintenance Protocol 

Antibiotic selection was maintained by replacing culture medium containing 1.0 µg/mL 
puromycin at 66-hours and 114-hours after the initiation of selection (72-hours and 120-hours 
post-transfection, respectively). Selection with 1.0 µg/mL puromycin was continued for 
approximately six weeks, with culture medium replaced every two to three days. Low-level 
maintenance of selection pressure was continued beyond six weeks using 0.5 µg/mL 
puromycin. 
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3.3 Results 

3.3.1 Optimisation of Transfection 

The results of all optimisation experiments for transfection are detailed in this section. It should 
be noted that the goal of optimisation was not necessarily to identify the most comprehensive 
and effective method for transfection of our editing constructs, but rather to achieve sufficient 
levels of successful transfection for further work, whilst expending minimal time and resources 
in the optimisation process. As such, biological replicates have not been performed for the vast 
majority of optimisation experiments, and accordingly, no statistical analysis of optimisation 

data was considered appropriate. 
 

3.3.1.1 Lipofection versus Electroporation 

Four different dilutions of Lipofectamine 3000 were compared against a single electroporated 
transfection reaction. Transfection efficiency for each well was estimated every 24-hours, up 
to 96-hours post-transfection, using an inverted microscope to visualise the eGFP fluorescence 
expressed by the plasmid pEGFP-C1 (as detailed in Section 3.2.2.1). Results of these 
transfections are shown in Figure 3.5. 

 
From these results, it appears that the cell line NZM40 displays maximal eGFP fluorescence 
using 8 µL of Lipofectamine 3000 reagent per reaction, after 24-hours of exposure. eGFP 
fluorescence here serves as a surrogate measure for transfection efficiency.  
 
At 24-hours post-transfection, a dose-dependent correlation between increasing eGFP 
fluorescence and increasing Lipofectamine 3000 concentration is evident, with the strongest 
fluorescence, 8 µL Lipofectamine 3000, reflecting an estimated 40% transfection efficiency. 
 
For all wells, progressively increasing levels of cell death were observed between 24- and 96-
hours, though this was not formally quantified. 
 
Electroporation resulted in poor transfection efficiency at all time points, and therefore, 
lipofection was determined to be the preferred method of transfection for all further 
experiments. 
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Figure 3.5. Confirmation of Optimal Lipofectamine 3000 Concentration by Fluorescent Microscopy. Paired 
images assessing sfGFP fluorescence as a surrogate for transfection efficiency in the cell line NZM40 are shown 
for each respective sample as labelled, at each 24-hour time point. All were taken using an inverted microscope, 
of the same microscope frame: one using standard white light microscopy, and the other using an appropriate filter 
to visualise sfGFP fluorescence. From each image, approximate percentage transfection efficiency was estimated, 
with maximal levels of transfection observed in the 8 µL Lipofectamine sample at 24-hours post-transfection. 

24-hours Post-Transfection 

48-hours Post-Transfection 

96-hours Post-Transfection 

72-hours Post-Transfection 

8 µL Lipofectamine 4 µL Lipofectamine 2 µL Lipofectamine 1 µL Lipofectamine Electroporation 6 µL Lipofectamine 

8 µL Lipofectamine 4 µL Lipofectamine 2 µL Lipofectamine 1 µL Lipofectamine Electroporation 6 µL Lipofectamine 

8 µL Lipofectamine 4 µL Lipofectamine 2 µL Lipofectamine 1 µL Lipofectamine Electroporation 6 µL Lipofectamine 

8 µL Lipofectamine 4 µL Lipofectamine 2 µL Lipofectamine 1 µL Lipofectamine Electroporation 6 µL Lipofectamine 
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3.3.1.2 Initial Cell Viability and Transfection Efficiency 

As detailed in Section 3.2.2.2, an initial assessment of cell viability and transfection efficiency 

was performed for the cell line WM266-4. All transfection efficiencies are reported as a 
percentage of the number of viable cells within each respective population. All cell viabilities 
are reported as the percentage of viable cells within each respective cell population. For both, 
all values are  rounded to three significant figures. 
 
For each of the single-plasmid transfectants, transfection efficiency was 0.44%; 16.2%; and 
1.76% for scFv-TET1CD; gRNA_519-; and dCas9, respectively. Corresponding cell viability 
levels were 67.1%; 66.2%; and 78.0%, respectively. 
 
For multiple-plasmid transfections, transfection efficiency was 0.00% for all transfectants, 
except for dCas9, scFv-TET1CD, gRNA_519-, which had a transfection efficiency of 0.06%, 
reflecting a single triple-positive cell within a live population of n = 1,712. Cell viability was 
consistent across each of these samples, ranging from 94.8-97.4%, though absolute cell number 
was relatively low for all samples. 
 

3.3.1.3 Optimised Exposure Time to Transfection Reagents 

Exposure time to transfection reagents was assessed for all three cell lines, as described in 
Section 3.2.2.3. Results are detailed in Figure 3.6. 
 
For cell lines WM115 and WM266-4, optimal transfection efficiency (of 6.48% and 35.3%, 
respectively) was observed using a reagent exposure time of 6-hours, following which, reagents 
were removed and replaced with fresh culture medium. NZM40, however, required expansion 
of the optimisation experiment to include 24- and 36-hour time points. Peak transfection 
efficiency of 12.2% was observed for the NZM40 cell line at 12-hours post-transfection as 
shown. 
 

Cell viability for each cell line remained relatively consistent across all exposure times. 
Additionally, percentage viability was high across all samples and cell lines, ranging between 
70.3% (WM115, 4-hours exposure time), and 97.3% (WM266-4, 6-hours exposure time). 
 



 83 

 
Figure 3.6. Optimal Transfection Reagent Exposure Time for Maximal Transfection Efficiency. Assessment 
of transfection reagent exposure time (hours) is shown for each of the cell lines WM115, WM266-4, and NZM40. 
Percentage transfection efficiency and cell viability are calculated for each time point from collected flow 
cytometry data. Only gRNA_519- was transfected in each respective sample. 
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3.3.1.4 Optimised DNA Input 

Optimal total DNA input for each transfection reaction was assessed for each of the cell lines 

WM115, WM266-4, and NZM40, as detailed in Section 3.2.2.4.  

 
Figure 3.7. Optimal DNA Input for Maximal Transfection Efficiency. Assessment of total DNA input (ng) is 
shown for each of the cell lines WM115, WM266-4, and NZM40. Percentage transfection efficiency and cell 
viability are calculated for each time point from collected flow cytometry data. A combination of three plasmids 
was transfected in each sample, as detailed in the respective legends. 
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Each was assessed using a DNA combination of the plasmids dCas9-SunTag; scFv-TET1CD; 
and gRNA_519-, in a ratio of 1:1:1. For WM266-4, an equivalent DNA combination of dCas9-
SunTag; scFv-TET1CD; and gRNA_662+ was also used in an independent experiment. Results 
are shown in Figure 3.7. 
 

As observed in Figure 3.7, optimal transfection efficiency of 1.00%, 2.92% and 3.32%, 
respectively, is observed at 1500 ng for cell lines WM266-4 (dCas9, scFv-TET1CD, 
gRNA_519-; dCas9, scFv-TET1CD, gRNA_662+)  and NZM40. For WM115, the optimal total 
DNA input at which peak transfection efficiency (3.34%) is observed, is 1800 ng. Cell viability 
appears to decrease in a somewhat linear fashion with increasing total DNA input as shown.  
 

3.3.1.5 Effect of Mild Heat-Shock 

The effects of mild heat-shock at 42 ºC for 10 min, 4-hours post-transfection, was assessed for 

the cell lines WM266-4 and NZM40. Results are displayed in Figure 3.8.  

 
Figure 3.8. Effect of Mild Heat-Shock on Transfection Efficiency and Cell Viability in WM266-4 and 
NZM40. Assessment of mild heat-shock is shown for each of the cell lines WM266-4 and NZM40. Percentage 
transfection efficiency and cell viability are calculated for each time point from collected flow cytometry data. 
Error bars for both heat-shocked and non-heat-shocked samples show SEM for each respective sample. Variable 
numbers of data points were available for analysis of WM266-4 (n = 3) and NZM40 (n = 6). 
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As shown in Figure 3.8, both cell lines display an increase in transfection efficiency in heat-
shocked versus non-heat-shocked samples. However, statistical significance could not be 
calculated due to the lack of independent replicates.  
 
WM266-4 shows an increase from an average of 0.08% transfection efficiency in non-heat-

shocked samples, to 0.17% in heat-shocked samples. Despite this relatively large increase in 
transfection efficiency, cell viability is consistent across both non- and heat-shocked samples, 
which show an average of 91.8% and 90.0% cell viability respectively. 
 
NZM40 displays a similar increase in transfection efficiency, from 1.94% in non-heat-shocked 
to 3.61% in heat-shocked samples, on average. Again, cell viability is relatively consistent, 
from 54.8% to 61.4% in non-heat-shocked and heat-shocked samples, respectively. 
 
Overall, though not confirmed using independent replicates and statistical analysis, it appeared 
that mild heat-shock at 42 ºC for 10 min, 4-hours post-transfection resulted in a relatively large 
increase in percentage transfection efficiency, without a substantial effect on cell viability. 
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3.3.2 Transient Transfection 

Transient transfections were performed as per the optimised protocol detailed in Section 3.2.3. 
This section details the resulting impact of single-gRNA and combined-gRNA transfection on 
the transfection efficiency and cell viability of each respective cell line. 
 

3.3.2.1 Single-gRNA Transfection 

Single-gRNA transfections here refer to the use of a single gRNA construct only, in 
combination with the scFv and dCas9 components of the methylation-editing system. For each 
cell line, single-gRNA transfections were performed as detailed in Figure 3.2A. Transfection 
efficiency and cell viability results of each single-gRNA transfection are detailed in Figure 3.9.  

 
Figure 3.9. Transfection Efficiency and Cell Viability of Single-gRNA Transfection Combinations. As 
shown, mean transfection efficiency and cell viability have been calculated for each single-gRNA transfectant 
combination. Mean data values for each of the three cell lines WM115, WM266-4, and NZM40 have been 
combined here. Data for each gRNA in combination with dCas9, scFv-TET1CD or dCas9, scFv-TET1CD_IM 
have also been combined for analysis. Error bars show SEM for each respective sample. 
 
As shown in Figure 3.9, combined cell viability remains very consistent with the use of differing 
gRNA constructs, whereas transfection efficiency appears to display some variability. 
Statistical analysis of each of these respective groups was performed using one-way analysis of 
variance (ANOVA) testing with multiple comparisons. One-way ANOVA allows for 
comparison of the means of two or more independent groups, whilst Tukey’s multiple 
comparisons test was used to compare the mean of each respective group (i.e. gRNA_472-) 
with the mean of every other group. For both transfection efficiency and cell viability, no 
statistically significant (P-value <0.05) difference was observed between any two means. One-

way ANOVA analyses demonstrated a P-value of 0.333 and 0.117 for transfection efficiency 
and cell viability groups, respectively. These results suggest that any variance in transfection 
efficiency and cell viability when using different gRNA constructs is likely to be due to chance, 
and unlikely to be reflective of a true difference in gRNA function. 

gRNA_4
72

-

gRNA_4
74

+

gRNA_5
19

-

gRNA_5
41

+

gRNA_6
61

-

gRNA_6
62

+
0.0

0.2

0.4

0.6

0.8

1.0

1.2

%
 T

ra
ns

fe
ct

io
n 

E
ff

ic
ie

nc
y

gRNA_4
72

-

gRNA_4
74

+

gRNA_5
19

-

gRNA_5
41

+

gRNA_6
61

-

gRNA_6
62

+
0

25

50

75

100

%
 C

el
l V

ia
bi

lit
y



 88 

3.3.2.2 Combined-gRNA Transfection 

Combined-gRNA transfection here refers to the use of the scFv and dCas9 constructs, in 

conjunction with a combination of multiple gRNA constructs. Details of the gRNA 
combinations used in these experiments are as detailed in Figure 3.2B. The results of each 
combined-gRNA transfection are as detailed in Figure 3.10. 
 

 
Figure 3.10. Transfection Efficiency and Cell Viability of Combined-gRNA Transfection Combinations. 
Mean transfection efficiency and cell viability have been calculated for each combined-gRNA transfectant 
combination. Mean data values for each of the three cell lines WM115, WM266-4, and NZM40 have been 
combined here. Data for each gRNA combination used in conjunction with dCas9, scFv-TET1CD or dCas9, scFv-
TET1CD_IM has also been combined for analysis. Error bars show SEM for each respective sample. 
 

Here, again, variance between the different gRNA combinations is analysed statistically using 
one-way ANOVA and Tukey’s multiple comparison testing. One-way ANOVA analysis of 
transfection efficiency between these groups displayed no statistically significant difference 
between the means (P-value = 0.370). P-values for multiple comparisons testing were also 
>0.05 for each mean comparison. Similarly, no statistically significant differences were 
observed between means for each of the percentage cell viability groups. One-way ANOVA 
analysis gave a P-value of 0.797. Again, these results suggest that any variance in transfection 
efficiency and cell viability when using different gRNA combinations is likely due to chance, 
and not reflect a true difference in gRNA function. 
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3.3.3 Stable Cell Lines 

3.3.3.1 Confirmation of pBABE-puro using Restriction Digest 

The identity of the pBABE-puro (5,086 bp) selection plasmid was confirmed using two 
diagnostic restriction digests, as detailed in Section 3.2.5.1.2. A labelled plasmid map showing 

the approximate location of each restriction site is shown in Figure 3.11. The results of 
RsrII/SpeI, and XbaI/ClaI restriction digests, respectively, are as shown in Figure 3.12.  
 

 
Figure 3.11. Plasmid Map of pBABE-puro with Labelled Restriction Sites. A map of the pBABE-puro plasmid 
is shown, with approximate restriction sites labelled for the endonucleases RsrII, SpeI, ClaI, and XbaI. Also shown 
is the relative position of the puromycin resistance module, and the SV40 promoter from which this resistance 
gene is expressed. 
 

RsrII/SpeI restriction digest of the pBABE-puro plasmid would be expected to produce two 
fragments, one of 3,826 bp, and another of 1,260 bp in size. The pBABE-puro construct 
contains a single RsrII and SpeI restriction site, respectively. From Figure 3.12A, partial 
digestion of pBABE-puro is evident. Both the expected bands of 3,826 bp and 1,260 bp are 
present, along with a band of approximately 5,086 bp, indicative of undigested pBABE-puro 
DNA. 
 
In contrast, pBABE-puro contains a single ClaI (5’-ATCGAT-3’), and two XbaI (5’-TCTAGA-
3’) restriction sites. As a result, XbaI/ClaI restriction digest of pBABE-puro would be expected 
to result in the generation of three separate fragments, of 2,514 bp; 2,231 bp; and 341 bp, 
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respectively. Figure 3.12B again shows only partial digestion of the pBABE-puro plasmid. A 
large band of approximately 5,086 bp is again present, indicating undigested plasmid. 
Additionally, the two bands of 2,514 bp and 2,231 bp appear present but poorly separated by 
electrophoresis. A band of approximately 341 bp is also present. 
 

Both restriction digests were performed in triplicate as shown, all of which are correct. From 
these results, the identity of pBABE-puro was successfully confirmed, indicating that DNA was 
correct and suitable for co-transfection. 
 

 
Figure 3.12. Agarose Gel Image Confirming pBABE-puro by Restriction Digest. (A) RsrII/SpeI restriction 
digest confirming the identity of the pBABE-puro plasmid. 5 µL of 1 kb Plus DNA Ladder is used in lane one for 
sizing reference. (B) XbaI/ClaI restriction digest confirming the identity of the pBABE-puro plasmid. 5 µL of 1 
kb Plus DNA Ladder is again used in lane one for sizing reference. Expected digestion products are indicated by 
an arrow. 
 

3.3.3.2 Optimal Puromycin Concentration for Transfectant Selection 

Varying dilutions of puromycin were used to assess the cell line NZM40 as discussed in Section 
3.2.5.2. Dilutions ranged from 0.5 to 10.0 µg/mL of puromycin, and cells were monitored for 
death every 24-hours. After seven days, complete cell death was displayed in all wells with 
>1.0 µg/mL puromycin. Therefore, this was determined to be the minimum concentration at 
which complete cell death would occur using the NZM40 cell line. It was assumed that this 
concentration of puromycin would also be suitable for selection of other melanoma cell lines, 
including WM266-4, over a period of seven days. 
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3.3.3.3 Absolute Numbers of FACS-Sorted Stable Transfectants 

A total of five stable cell lines were generated using the cell line WM266-4. Absolute cell 

numbers collected from FACS are detailed in Table 3.4.  
 
Table 3.4. Absolute Numbers of Cells Collected from Stable Transfection. 

Plasmid Combination Cells Collected 

scFv-TET1CD, dCas9 37 

scFv-TET1CD_IM, dCas9 70 

scFv-TET1CD, dCas9, gRNA_519- 54 

scFv-TET1CD, dCas9, gRNA_662+ 42 

scFv-TET1CD, dCas9, gRNA_519- 40 

 
Though cell numbers were very low for each transfection, this total number of cells were seeded 
in a 96-well plate for further selection and propagation, as detailed in Section 3.2.5.3. 
 

3.3.3.4 Confirmation of sfGFP Fluorescence in Stable Cell Lines 

Following ten days of selection after FACS, each stable cell line was imaged using an inverted 

microscope to confirm the presence of sfGFP fluorescence (Figure 3.13). 
 
As shown in Figure 3.13, at ten days post-FACS, stable cell lines contained a majority of cells 
which displayed strong sfGFP fluorescence. This is indicative of successful selection and 
genome integration of the scFv constructs in each of these cell lines. From these results, it was 
assumed that all transfected plasmids had been selected for and retained. Though not visualised 
in Figure 3.13, stable transfectants containing combinations scFv-TET1CD, dCas9, 
gRNA_662+ and scFv-TET1CD, dCas9, gRNA_519- displayed similar sfGFP fluorescence 
upon imaging. 
 
Due to significant time restraints, further analysis and transfection using these stable cell lines 
was beyond the scope of this project. However, stably-expressing cell lines will provide a 
valuable resource for further investigation of this methylation-editing system. 
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Figure 3.13. Confirmation of sfGFP Fluorescence in Stable Transfectants. Paired images of scFv-TET1CD, 
dCas9; scFv-TET1CD_IM, dCas9; and scFv-TET1CD, dCas9, gRNA_519- stable cell lines were taken using an 
inverted microscope. Images are of the same microscope frame, one using standard white light, and the other using 
an appropriate filter to visualise sfGFP fluorescence. 
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3.4 Statement of Contribution 
Swapnoleena Sen (PhD Candidate, Chatterjee Laboratory, University of Otago) assisted in 
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Chapter 4: Evaluating DNA Methylation at the EBF3 
Promoter 

 
4.1 Introduction 

4.1.1 Principles of Bisulfite Conversion 

Bisulfite conversion is a widely-used and effective technique for elucidating the methylation 
status of cytosine residues within the genome, at single-nucleotide resolution (136). The 
conversion process involves treatment of genomic DNA with sodium bisulfite, promoting the 
hydrolytic deamination of unmethylated cytosine residues to uracil (U). In contrast, 5mC is 
essentially resistant to bisulfite treatment and will remain unconverted (136-138). 

Consequently, comparison of unconverted versus bisulfite-converted DNA will allow for 
analysis of methylation status at any cytosine residue. 

 

4.1.2 CoBRA 

A combined bisulfite restriction assay, CoBRA, utilises restriction enzymes to distinguish 
between methylated and unmethylated PCR amplification products. CoBRA provides a simple 
and efficient, quantitative technique for the rapid screening of DNA methylation at target CpG 
sites. The CoBRA technique requires that DNA is first bisulfite-converted, and then the target 
fragment is PCR-amplified using bisulfite-specific primers. The amplified fragment is then 
restriction digested using one or more restriction enzymes which will differentiate between 
methylated and unmethylated cytosine at a specific site (139, 140). 
 

4.1.3 Methylation-Specific Sequencing using Illumina MiSeq 

The Illumina MiSeq system is a next-generation sequencing platform which allows for high-
throughput analysis of multiple genes within a single run. The emergence of such massive 
parallel sequencing platforms has led to significant advancements in the depth of coverage and 
overall sequencing efficiency achievable in the modern era (141-144). The MiSeq platform, in 
conjunction with bisulfite conversion of genomic DNA, allows for efficient and detailed 
analysis of the DNA methylome. 
 
As a targeted sequencing technique, MiSeq requires the selection of a specific genomic locus 
for interrogation. Each selected amplicon must be limited to under 500 bp in length, as the 
MiSeq platform uses paired-end sequencing to generate two reads of up to 250 bp, one from 

each of the forward and reverse ends of the amplicon, respectively. Paired reads can be joined 
bioinformatically post-sequencing to cover the entire amplimer (145, 146). Additionally, 
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optimal bisulfite-converted amplicon length is between 250 bp and 400 bp, as larger amplimers 
may be difficult to amplify due to the fragmentation of DNA during bisulfite treatment. As 
methylation-specific MiSeq sequencing is performed here, primer sequences flanking the target 
region are also designed to avoid overlap with CpG dinucleotides (147).  
 

Here, I describe the design and methylation-specific sequencing of a single 285 bp amplicon 
located within the promoter region of the gene EBF3.  
 

4.1.4 Aim 

The aim of the work in this chapter was to assess the DNA methylation status of the EBF3 gene 
promoter, with and without the introduction of a system designed for targeted demethylation of 
this particular locus. This was performed initially by CoBRA assay, and then via Illumina 
MiSeq sequencing. 
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4.2 Methods and Materials 

4.2.1 CoBRA Design for the EBF3 Promoter Target Region 

A CoBRA was designed to assess the methylation status of the EBF3 promoter region, pre- and 
post- targeted methylation-editing. Specifically, the assay was used to assess CpG 17 located 
in the 285 bp target region described in Section 4.2.2.1 below. This CpG site corresponds to the 
sequence CCGA within the EBF3 promoter, which will be converted to either TTGA or TCGA 
after bisulfite treatment and PCR amplification, dependent on the methylation status of the 
internal cytosine residue. 

 

The sequence TCGA is recognised by the restriction endonuclease TaqaI, as depicted in Figure 

4.1. Bisulfite conversion of a CCGA sequence with a methylated internal cytosine residue will 

generate the TCGA sequence, as 5mC will remain unconverted. Therefore, if this particular 

CpG site is methylated in genomic DNA, restriction digest with TaqaI will result in recognition 

and cleavage of the amplified fragment at CpG 17. Cleavage will generate two separate 

fragments, of approximately 116 bp and 205 bp respectively. Contrastingly, if the internal 
cytosine is unmethylated, no cleavage will occur as the TTGA sequence generated will not be 

recognised by TaqaI. Hence, a lack of methylation will result in an unchanged 321 bp (includes 

Illumina adaptors sequences, as detailed in Section 4.2.2.1) target fragment. Both edited and 
unedited DNA samples are also run alongside an unconverted DNA sample, which provides an 
undigested fragment for size reference. 
 
In the context of this project, CoBRA was used as a rapid screening technique in order to assess 
a change in methylation between edited and unedited melanoma cell line DNA samples. The 
specific CpG dinucleotide targeted by this assay was shown to be highly methylated across the 
majority of melanoma cell lines used, based on unpublished data from Chatterjee Group, 
University of Otago. Therefore, DNA from cell line samples edited with the TET1CD-based 
demethylase system were expected to display a more unmethylated pattern in comparison to 
unedited DNA.  
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4.2.2 CoBRA Assay Protocol 

 

 
Figure 4.1. EBF3 Promoter Region CoBRA Assay Protocol. (A) The 285 bp EBF3 amplicon sequence is 
shown, including the position of EBF3_993_F and EBF3_993_R primers. The TCGA sequence is highlighted 
(bold), which will be generated during bisulfite conversion if CpG 17 is methylated. The sites of endonuclease 
activity are highlighted using red arrowheads. As shown, this amplicon contains a total of thirty-four CpG sites. 
(B) Provides a schematic overview of the CoBRA protocol used here, highlighting the difference between 
methylation and unmethylation during bisulfite conversion. The sites of endonuclease activity are highlighted 
using red arrowheads. 

GGAGCCAACTGCTCCAAAAACCAAGCGGACGCCGCGGGCGCTGTGGCCCGGCCCTCGGAGCC

||||::||:||:|::|||||::|||++||++:++++||++:|||||::++|:::|++|||:+

GGAGTTAATTGTTTTAAAAATTAAGCGGACGTCGCGGGCGTTGTGGTTCGGTTTTCGGAGTC

GCCGGACCCGGGTGAGCGCGCGGCGCGCGGCTTCCCGACCTGGTTTCTAGGAATCGGGAGGG

+:++||::++||||||++++++|++++++|:||::++|::||||||:|||||||++||||||

GTCGGATTCGGGTGAGCGCGCGGCGCGCGGTTTTTCGATTTGGTTTTTAGGAATCGGGAGGG
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TAGTCGGGCGCGGGTAGATTGTGGGTTTCGCGGTTTAGTTTTTGTAGTCGGGATTTCGCGTT

CAGGAGCGCGGCCCGCCCAAAGGACGTCTGCGCGACACGGAGCAGAGACCCAGGGGACGACC

:|||||++++|::++:::||||||++|:||++++|:|++|||:|||||:::||||||++|::

TAGGAGCGCGGTTCGTTTAAAGGACGTTTGCGCGATACGGAGTAGAGATTTAGGGGACGATT

AGGAACTGTCCTAGGCACTTCCCTGCCAAGAGAAATC

|||||:|||::||||:|:||:::||::|||||||||:

AGGAATTGTTTTAGGTATTTTTTTGTTAAGAGAAATT

EBF3_993_F

EBF3_993_R

++ CpG Dinucleotide

: Non-CpG Cytosine

A 

B 

UUGA
AACT

UCGA
AGCT

Methylated
Unmethylated

CCGA
GGCT

CCGA
GGCT

TTGA
AACT

TTGA
AACTT

AGC

CGA
T

TCGA
AGCT

Bisulfite Conversion

Taqa I Restriction Digest

PCR Amplification

N
H

N

NH2

O

CH3

5mC

N
H

N

NH2

O

CH3

5mC

N
H

N

NH2

O

C

N
H

HN

O

O

U

EBF3_993_F EBF3_993_R EBF3_993_F EBF3_993_R



 98 

4.2.2.1 Primer Design 

A single set of bisulfite-specific primers were designed using the MethPrimer online tool (137) 

(Figure 4.2). The primer pair of EBF3_993_F and EBF3_993_R (Table 4.1) was designed to 
amplify a 285 bp section of the EBF3 promoter region (chr10:131,763,460-131,763,744), 
which includes the locus targeted with methylation-editing constructs (as detailed in Chapter 2, 
Section 2.2.1). As these primers were originally designed for MiSeq sequencing, Illumina 
universal adaptor sequences were added to the 5’ terminus of each primer, respectively. In 
addition, to ensure the amplicon was also suitable for methylation-specific sequencing, primers 
were designed to regions containing no CpG sites. 

 
Figure 4.2. MethPrimer Result for Bisulfite-Specific Primer Design for the EBF3 Promoter. Displayed is the 
MethPrimer schematic for designing bisulfite-specific primers to the EBF3 gene promoter region. This 2022 bp 
input sequence was identified from the human reference genome GRCh37/hg19 (chr10:131,762,548-131,764,569) 
using UCSC Genome Browser (https://genome.ucsc.edu/). Primer pair labelled F1, R1 corresponds to 
EBF3_993_F and EBF3_993_R, respectively. Criteria for this MethPrimer search required that primers correspond 
to a CpG island of  >100 bp in length; have a GC percentage of >50.0%; and an Observed/Expected CpG site ratio 
of >0.6. 
 
Table 4.1. Bisulfite-Specific Primers Designed to the EBF3 Promoter. 

Name Primer ( 5' -- > 3')1 

EBF3_993_F ACGACGCTCTTCCGATCTGGAGTTAATTGTTTTAAAAATTAAG 

EBF3_993_R CGTGTGCTCTTCCGATCTCTCTTAACAAAAAAATACCTAAAAC 
1Illumina adaptor sequences are highlighted (bold). 
 

4.2.2.2 DNA Extraction and Bisulfite Conversion 

Due to the low cell numbers acquired following transfection and FACS, DNA extraction and 
bisulfite conversion were performed using EZ DNA Methylation-Direct Kit (Zymo Research), 
as per the manufacturer’s protocol. This system allows for sequential extraction of genomic 
DNA and bisulfite conversion, without the requirement for purification at an intermediate step, 
maximising yield from minimal cell input. Purified, bisulfite-converted DNA for each 
respective sample was eluted in 20 µL of provided M-Elution Buffer (Zymo Research). 
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4.2.2.3 PCR Amplification and Purification 

PCR amplification for each sample was performed using KAPA HiFi DNA Polymerase in a 

total reaction volume of 50 µL. Primer pair EBF3_993_F and EBF3_993_R were used to 
amplify a 285 bp fragment of the EBF3 promoter region, using a touch-down PCR amplification 
protocol. Full list of reagents and PCR reaction conditions are detailed in Table 4.2 and 4.3, 
respectively. 
 
Table 4.2. PCR Reaction Reagents for EBF3 Promoter Amplification.  

Reagent Volume 

Kapa HiFi Polymerase (2x Ready Mix) 25.0 µL 

EBF3_993_F (10 µM) 2.5 µL 

EBF3_993_R (10 µM) 2.5 µL 

MQ H2O 15.0 µL 

Bisulfite-Converted DNA 5.0 µL 

Total 50.0 µL 

 
Table 4.3. Touch-Down PCR Protocol for EBF3 Promoter Amplification. 

Protocol 

Step 1 95 ºC 3 min 

Step 2 95 ºC 30 sec 

Step 3 60 ºC -> 55 ºC (-0.5 ºC/cycle) 30 sec 

Step 4 72 ºC 30 sec 

Step 5 GOTO Step 2 Repeat x 9 

Step 6 94 ºC 30 sec 

Step 7 50 ºC 30 sec 

Step 8 72 ºC 30 sec 

Step 9 GOTO Step 6 Repeat x 34 

Step 10 72 ºC 5 min 

Step 11 12 ºC Infinite Hold 

 
Amplified product for each respective sample was purified using AMPure XP magnetic beads, 
as per the manufacturer’s protocol. A 1:1 ratio of beads to product was used for appropriate 
size selection of the target amplicon. 
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4.2.2.4 Restriction Digest and Gel Visualisation 

For each purified PCR product, a TaqaI restriction digest was performed. Each sample was 

digested for 30 min at 65 ºC, in a total reaction volume of 20 µL (detailed in Table 4.4). 
 

Table 4.4. Reagents used for CoBRA TaqaI Restriction Digest. 

Reagent Volume 

CutSmartä Buffer 2.0 µL 

TaqaI Enzyme 0.5 µL 

MQ H2O 12.5 µL 

Bisulfite-Converted PCR Product 5.0 µL 

Total 20.0 µL 

 
Amplification product was visualised on 1% agarose gel, electrophoresed at 100 V for 35 min. 

Corresponding edited and unedited samples were visualised alongside a mock TaqaI digest 

containing no DNA as a negative control sample. Results are shown in Section 4.3.1. 
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4.2.3 Illumina MiSeq Sequencing Protocol 

 
Figure 4.3. Overview of the Methylation-Specific MiSeq Sequencing Sample Preparation Protocol. Shown 
is a schematic overview of the methylation-specific MiSeq sequencing process described here to interrogate a 285 
bp amplicon from the EBF3 gene promoter region. Genomic DNA is first extracted and bisulfite converted. The 
target region is then amplified using bisulfite-specific primers tagged with Illumina adaptor sequences. Amplified 
product from independent samples are then indexed, each with a unique pair of Illumina index sequences (I5 and 
I7) tagged with P5 and P7 flow cell binding sites, respectively. Samples can then be multiplexed and sequenced 
as a combined sample library. 
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4.2.3.1 Sample Preparation for MiSeq Sequencing 

4.2.3.1.1 Primer Design 

As detailed in Section 4.1.3.1, a single set of bisulfite-specific primers were designed using the 
MethPrimer online tool (137). Primer pair EBF3_993_F and EBF3_993_R were designed to 
target a 285 bp region of the EBF3 promoter, including the locus targeted with methylation-
editing constructs. Illumina universal adaptor sequences were also added to the 5’ terminus of 
each primer respectively (as detailed Table 4.1). 

 

4.2.3.1.2 DNA Extraction and Bisulfite Conversion 

As per Section 4.2.2.2, DNA extraction and bisulfite conversion were performed using EZ DNA 
Methylation-Direct Kit (Zymo Research), as per the manufacturer’s protocol. 
 

4.2.3.1.4 Amplicon-Specific PCR 

As per Section 4.2.2.3, PCR amplification for each sample was performed using KAPA HiFi 
DNA Polymerase in a total reaction volume of 50 µL. Primer pair EBF3_993_F and 
EBF3_993_R were used to amplify a 321 bp amplicon located within the EBF3 promoter 
region. A touch-down PCR amplification protocol was again used. Full list of reagents and PCR 
reaction conditions are detailed in Table 4.2 and 4.3, respectively. Successful amplification, 

and the absence of contamination was confirmed by visualisation on a 1% agarose gel (Figure 
4.4). 
 
Amplified product was then purified using AMPure XP magnetic beads to remove any excess 
reagents and residual primers. Each purified product was quantified using the Qubit High 
Sensitivity 1x dsDNA Kit (Invitrogen) in conjunction with the Qubit Fluorometer 4 
(Invitrogen). Each respective sample was then diluted to 1 ng/µL concentration. 
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Figure 4.4. Agarose Gel Image Confirming Successful Amplicon-Specific PCR. Shown is an example of 
confirmed amplicon-specific PCR. Included in lane one is 5 µL 1 kb Plus DNA Ladder for sizing reference. 
Successful amplification product is 321 bp in size (indicated by red arrow). Samples which have failed to amplify 
are circled (red). These were discarded prior to purification. A negative control sample was included in lane nine, 
containing no DNA. No amplification product is present in this negative control sample, indicating an absence of 
contamination. Primer dimers are evident in small amounts within each sample. This is a consequence of primer 
dimerisation during PCR amplification, and will be removed via sample purification. 
 

4.2.3.1.5 Sample Indexing 

Each respective sample was indexed with a pair of unique Illumina forward and reverse adaptor 
sequences via a second round of PCR. Illumina forward and reverse adaptor sequences contain 
both a unique index sequence, and a P5 or P7 sequence for paired-end sequencing. Successful 
sample indexing was confirmed by visualisation on 1% agarose gel as shown (Figure 4.5). 
Product after indexing will be 418 bp in size. 

 

 
Figure 4.5. Agarose Gel Image Confirming Successful Sample Indexing. Shown is an example of confirmed 
sample indexing prior to MiSeq sequencing. Included in lane one is 5 µL 1 kb Plus DNA Ladder for sizing 
reference. Included in lane thirteen is a 321 bp purified sample from amplicon-specific PCR (1st Round PCR) 
(indicated by yellow arrow). This is included to visualise the increase in product size during sample indexing. 
Successful sample indexing is therefore indicated via an increase in product size to 418 bp, as shown by the red 
arrow. An absence of product, as exemplified in lane five (circled), indicates failure of second-round PCR. Failed 
samples were excluded from the final MiSeq library. 
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4.2.3.1.6 Library Multiplexing and Bioanalyser Assessment 

Indexed samples were multiplexed into a single, combined library. Here, 3 µL of each second-

round PCR product were pooled for purification. Purification of this final library was performed 
using AMPure XP beads, as per the manufacturer’s protocol. The combined library was again 
quantified using the Qubit High Sensitivity dsDNA Kit as previously described, and then 
diluted to 1 ng/µL for Bioanalyser assessment. 
 
A quantitative and qualitative assessment of the final prepared library was performed using a 
Bioanalyser 2100 High Sensitivity DNA Assay (Figure 4.6), prior to MiSeq sequencing. 
 

Figure 4.6. Bioanalyser 2100 Electropherogram Assessment of the Pooled EBF3 Library. The above example 
shows a compiled MiSeq library containing forty-seven transfectant and non-transfectant samples. For our EBF3 
amplicon, we expect a product of 418 bp in size. Here, the product appears to be slightly smaller than this, assessed 
to be an average of 403 bp in size. Regardless, we observe a single product, which appears to be relatively pure, 
and approximately of our desired size. 
 

4.2.3.1.7 Illumina MiSeq Sequencing 

The final, multiplexed library was sequenced on the Illumina MiSeq sequencer, performed by 
Dr Robert Day (Department of Biochemistry, University of Otago). Sequencing data from each 
respective sample was then demultiplexed based on Illumina index sequences and made 
available for analysis. 
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4.2.3.2 Analysis of MiSeq Sequencing Data 

This section details the stages involved in processing raw MiSeq sequencing data into a useable 

output. The bioinformatic approach described here was based on an existing framework 
established by the Morison Laboratory Group (Department of Pathology, University of Otago) 
for DNA methylation analysis. Excluding further processing (Section 4.2.3.2.5), each of the 
steps described below were set up to perform automatically using macOS Mojave. The full 
script with annotations is included in Appendix B. 
 

4.2.3.2.1 PEAR (Paired-End reAd mergeR) 

The first stage in this data processing pipeline is the joining of paired-end sequencing reads 

using PEAR. Illumina high-throughput sequencing technologies have a large output of paired 
reads, where sequencing of the same target DNA fragment has been performed from both the 
forward and reverse ends (Read 1/R1 and Read 2/R2, respectively) . PEAR, designed by Zhang 
et al (2014) (148), allows for the joining of corresponding reads from each end, combining the 
two to span the entire sequenced amplicon. This method improves sequence accuracy by 
comparing base-calling quality scores for overlapping regions, and ensures that the most 
accurate sequence is retained after merging. PEAR has the capacity to cope with paired reads 
of variable length, comparing all possible read overlaps, and also uses statistical testing to 
minimise the likelihood of falsely-positive read merging (148). 
 

4.2.3.2.2 FastQC Quality Assessment 

After paired-end joining, merged sequencing reads are then assessed for quality by FastQC 
(Babraham Bioinformatics). FastQC provides a quality assessment of multiple parameters for 
each respective merged read, including per base- and per-sequence quality scores. This 
assessment allows for simple visualisation of read quality, and ensures that poor quality 
sequencing outputs can be identified and removed from analysis. An example of per-base 
sequence quality output from FastQC is shown in Figure 4.7. 

 

4.2.3.2.3 Trim Galore! Adaptor Trimming 

Trim Galore! (Version 0.5.0, Babraham Bioinformatics) was next performed to remove any 
remaining Illumina adaptor sequences from the ends of each merged read. The Trim Galore! 
tool is a Perl wrapper around Cutadapt and FastQC, which allows adaptor trimming based on 
the first 13 bp of Illumina standard adaptors. After trimming, FastQC is run again for quality 
assessment. 
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Figure 4.7. FastQC Per-Base Sequence Quality Assessment. Quality scores are calculated as ‘Phred’ scores, 
which predict the accuracy of base calling within raw sequencing data. FastQC, as shown in this example, uses 
calculated Phred scores to assess the quality of each individual base sequenced. This series of box and whisker 
plots displays the mean Phred score (blue line); median Phred score (red line); and interquartile range (yellow 
box). A Phred score of 30 reflects a 99.9% likelihood of correct base calling (i.e. 1 in 1000 bases will be called in 
error). 
 

4.2.3.2.4 FASTX-Toolkit 

FASTX-Toolkit (Hannon Lab, 2014) comprises a collection of command line tools which are 
used for the processing of NGS data in FASTQ or FASTA format. Here, adaptor-trimmed reads 
are first converted from FASTQ to FASTA format using FASTQ to FASTA Converter, as 
required for BiQ Analyser HT processing.  
 

Next, FASTX Barcode Splitter is used to identify and demultiplex sequences based on the 
respective primer sequence used for initial amplification. This is of particular importance when 
sequencing multiple amplicons, as it allows for alignment of sequenced reads to the correct 
genomic reference sequence at a later stage. Here, as only a single amplicon is being 
investigated, this step is not essential. Regardless, it was performed to ensure that all reads 
progressing to BiQ Analyser HT are true EBF3 amplimers, discarding any incorrect products 
which may be present. The Barcode Splitter tool requires an input file containing the first 10bp 
of the EBF3_993_F primer sequence, or ‘barcode’, to match each correct read. Up to two 
mismatches between the barcode and read sequence are tolerated. Unmatched reads will be 
discarded, whilst the correctly-matched reads will be uploaded to BiQ Analyser HT. 
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4.2.3.2.5 BiQ Analyser HT 

The BiQ Analyser HT package (149) utilises sequencing input in FASTA format, aligning 

processed reads to a specified genomic reference sequence. After aligning sequenced reads to 
the appropriate reference sequence, BiQ Analyser HT establishes binary methylation data 
(methylated or unmethylated) for each aligned read. This is output in a number of different 
formats, exemplified in Figure 4.8 below. 

 
Figure 4.8. Output Data from BiQ Analyser HT Processing. (A) results.tsv file summarising the results of 
sequence alignment for a particular demultiplexed sample in BiQ Analyser HT. This provides all information for 
a particular read following alignment, and calculates multiple parameters to assess the success of read alignment. 
The binary methylation output is also shown (1 = methylated; 0 = unmethylated; x =  unaligned). As shown, the 
first three reads in this example have completely misaligned, and these will be manually discarded in further 
analyses. (B) Methylation heatmap output visually displaying binary methylation data across each sequenced read. 
Each row represents an individual sequencing read, whilst each column reflects a different CpG within the 
sequence as labelled. Methylated CpG sites are labelled red; unmethylated sites in blue; and unaligned in white. 
(C) Pearl necklace plots, again visualising methylation data per CpG site. However, rather than separated reads, 
these plots illustrate the average methylation level at each CpG, across all sequenced reads for that sample. Note 
that the pearl necklace plot shown in (C) does not correspond directly to the data shown in (B). This is because the 
heatmap shown in (B) only shows a portion of the total data set to provide an example of a methylation heatmap. 
 

 

 

A 

C 

B 
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4.2.3.2.6 Further Processing 

Following BiQ Analyser HT analysis, the macOS Terminal script then runs two final 

commands using the results.tsv file for each respective sample. This is first used to create a 
methylation.txt file for each sample, containing only the binary methylation sequence. Finally, 
a combined BiQ_results.txt file is produced, which collates each respective results.tsv file into 
a single file for all samples within the respective sequencing run. For further statistical analyses 
and the generation of figures, methylation.txt files for each respective sample were uploaded to 
Prism 8.0.0 (GraphPad). 
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4.3 Results 

4.3.1 CoBRA Analysis 

A successful CoBRA assay was performed on a panel of paired, transfectant- and non-
transfectant samples from the cell lines WM115, WM266-4, and NZM40, as shown in Figure 
4.9 below. 

Figure 4.9. CoBRA to assess DNA Methylation Differences between Edited and Unedited Samples. As 
shown,  paired normal and transfectant samples have been compared for each of WM115, WM266-4, and NZM40, 
using a TaqaI-based CoBRA assay. Included in lane one of each image is 5 µL 1 kb Plus DNA Ladder for sizing 
reference. A 321 bp band indicative of unmethylation at CpG 17 is highlighted using a blue arrow. Two bands 
reflecting methylation at this CpG are indicated using red arrows. 
 

DNA methylation at CpG 17 of the EBF3 target region is indicated by successful TaqaI 

digestion, resulting in two products of approximately 205 bp and 116 bp, respectively. In 
contrast, undigested product of 321 bp is indicative of unmethylation. Hence, the comparison 

of the level of TaqaI digestion between paired samples allows for the simple assessment of 

methylation level between these samples. 
 
Transfectant samples from this panel had been transiently transfected with a combination of 
scFv-TET1CD, dCas9-SunTag, and gRNA_519- constructs, designed to selectively 
demethylate the particular segment of the EBF3 locus interrogated by this CoBRA assay. Non-
transfectant samples here refer to cells which have not been transfected at any stage. 

 
Baseline levels of DNA methylation for NZM40, WM266-4, and WM115 non-transfectant 
samples had been previously identified by RRBS analysis to be approximately 46%, 92%, and 
62%, respectively, within this region (unpublished data, Chatterjee Laboratory, 2017). 
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Therefore, it was expected that approximately 46%, 92%, and 62% of each respective non-

transfectant sample would be digested by the TaqaI enzyme, and this appears consistent with 

the findings displayed in Figure 4.9 above. 
 
Notably, each of the transfectant samples appear to display a higher relative level of 
unmethylated product, as compared to their respective non-transfectant pair. This would 
suggest that transfection with these particular constructs has resulted in demethylation of this 
specific locus, within at least a portion of the transfected and sorted cells. 

 
The absence of product in the mock restriction digest indicates that no contamination is present 
within the reagents used for restriction digestion. 
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4.3.2 Illumina MiSeq Sequencing 

This section includes all results from methylation-specific MiSeq sequencing of the EBF3 
promoter. Sequencing was performed on a total of ninety-nine samples, across two separate 
MiSeq runs. The first MiSeq run was performed with a library comprising forty-seven samples. 
Quality for this run was very good, as were final read numbers for each sample. The quality of 
the second run was, however, relatively poor. Only nineteen of fifty-two loaded samples were 
successfully sequenced, and these samples gave much lower high-quality read numbers. 
Overall, sixty-six samples were successfully sequenced (WM115: n = 12, WM266-4: n = 22, 
NZM40: n = 32). Of the sixty-six samples successfully sequenced, both an active, edited sample 
and corresponding inactive control were available for only fourteen different samples. Hence, 
only these samples (WM266-4: n = 5, NZM40: n = 9) were analysed to establish the efficacy 
of methylation-editing. 
 

4.3.2.1 Baseline DNA Methylation in Non-Edited Cell Line Samples 

 
Figure 4.10. Baseline Average DNA Methylation per CpG for Non-Transfectant Samples. Mean levels of 
DNA methylation are shown for each CpG site within the EBF3 amplicon, for each the cell lines WM266-4 and 
NZM40. Replicates are compared from independent sequencing runs, performed in December 2017 and December 
2018, respectively. Values indicated using pink bars correspond to the nine CpG sites which are found within the 
58 bp region originally described by Chatterjee et al (2017) (41). Those indicated using green bars correspond to 
the other CpG sites found within the remainder of the EBF3 amplicon. 
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Baseline levels of DNA methylation within the EBF3 amplimer were first assessed using non-
transfected samples from each of the cell lines WM266-4 and NZM40. Only a single replicate 
was performed for each. Results are shown in Figure 4.10, compared against unpublished, 
independent MiSeq sequencing data for the same EBF3 amplicon, performed in December 2017 
(Chatterjee Group, University of Otago).  

 
From the most recent MiSeq results, the mean level of DNA methylation for WM266-4 was 
79.6% across the 58 bp target region, and 56.4% over the entire amplicon. NZM40 showed 
60.0% within the target region, and 40.9% over the entire amplicon, respectively.  
 

4.3.2.2 Reproducibility of Methylation-Specific MiSeq Sequencing 

 
Figure 4.11. Bland-Altman (BA) Plot Assessing Reproducibility between MiSeq Sequencing Runs. The 
above BA plot compares the means for each CpG site within the baseline WM266-4 and NZM40 datasets, 
performed in December 2017 and December 2018, respectively. BA analysis compares paired data values. Here, 
paired data refers to the mean DNA methylation value for a particular CpG site, compared to the mean DNA 
methylation value of that same CpG site, within the same cell line, for MiSeq data from 2017 versus 2018. Each 
data point shown, therefore, represents the correlation between per CpG data values between 2017 and 2018 MiSeq 
datasets, across the sixty-eight CpG sites analysed (WM266-4: n = 34; NZM40: n = 34). Rather than the direct 
means, however, a BA analysis plots the difference between the respective means on the y-axis, versus the average 
of the two respective means on the x-axis. As such, the tightness of any respective value to the x-axis reflects how 
closely the means of the two replicates mirror one another (i.e. the difference); whilst the position of any value 
along the x-axis simply reflects the average of the two means. The two dotted lines indicate the upper and lower 
95% limits of agreement, which are -0.07656 and 0.1023, respectively. 
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As observed in Figure 4.10, the per CpG pattern of mean DNA methylation appears to be 
remarkably consistent between independent MiSeq sequencing runs, for our methylation-
specific analysis of EBF3. Figure 4.11 shows a Bland-Altman (BA) statistical analysis of the 
reproducibility of MiSeq data between these two runs. 
 

From our BA analysis, we observe that all of the per CpG site mean DNA methylation values 
are very tight to the x-axis, indicating a very small difference between the means for any of the 
data points shown. This is confirmed by a bias value of 0.01289, which represents the average 
of the differences plotted. As our bias value is very close to zero, this indicates that there is no 
systematic bias between our independent sequencing runs. 95% limits of agreement of -0.07656 
to 0.1023 shown here indicate that we would expect any future sequencing runs to produce 
results that lie between -0.07656 to 0.1023 mean DNA methylation difference per CpG site, 
approximately 95% of the time. These limits of agreement are very narrow, indicating that the 
two runs are effectively equivalent. Additionally, the data shown here does not appear to trend 
in a particular direction or show a change in variance as the average increases, suggesting 
consistency between these independent sequencing runs regardless of DNA methylation level. 
Overall, these results indicate that our methylation-specific MiSeq sequencing assay for the 
EBF3 amplicon appears to be remarkably reproducible, which gives confidence that this 
method is a suitable assessment for methylation-editing experiments. 
 

4.3.2.3 Comparison of Edited and Unedited WM266-4 Transfectants 

Data from a total of five paired inactive control and methylation-edited samples was available 
for cell line WM266-4. Results comparing each respective pair, along with baseline DNA 
methylation levels, are shown in Figure 4.12. For each combination pair, differences in average 
DNA methylation levels are assessed across both the entire EBF3 amplicon (285 bp, thirty-four 
CpG sites), and the 58 bp target region (nine CpG sites). 
 
No statistical analyses have been performed on any of the cell lines assessed in this project, as 
insufficient numbers of independent replicates were available. As such, no meaningful 
conclusions could have been drawn from any statistical comparisons.  
 

Figure 4.12 shows baseline DNA methylation values for WM266-4, compared against each 
respective inactive control and edited transfectant sample. Samples which show a greater than 
10.0% difference in mean DNA methylation have been labelled as shown. 



 114 

 
Figure 4.12. Comparison of Mean DNA Methylation Levels between Baseline, Inactive Control, and Edited 
Samples for WM266-4 Single-gRNA Combinations. Mean DNA methylation levels are compared across 
baseline, inactive, and edited samples for the cell line WM266-4. Each group is compared for the entire amplicon, 
and 58 bp target region. All of these are compared for each respective single-gRNA combination as labelled. If 
more than one replicate was available for a particular sample, standard deviation (SD) is shown using error bars, 
and the number of independent replicates is labelled. Mean methylation change between inactive control and edited 
groups is shown if greater than 10.0%. 
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A 10.0% cutoff value has been selected based on the results of the BA analysis performed in 
Section 4.3.2.2. As the 95% limits of agreement range from -0.07656 to 0.1023, we would 

expect 95% of true values to lie within ±0.8943 (or 8.94%) between replicate sequencing runs. 

Hence, we expect that any difference greater than 8.94%, or more stringently, 10.0%, is unlikely 
to be due to chance. 
 
For this cell line, few replicates were available for the majority of samples, and those which did 
have replicates were rather variable. This is reflected in the wide SD error bars as shown, which 

suggest that though some change in the mean methylation level may be present in these 
samples, more independent replicates will be required before the function of this methylation-
editing system can be confirmed in this cell line. Baseline methylation levels are shown to be 
relatively consistent with inactive control samples in each combination. 
 

4.3.2.4 Comparison of Edited and Unedited NZM40 Transfectants 

Data from a total of nine paired inactive control and methylation-edited samples was available 
for cell line NZM40. Results comparing each respective pair, along with baseline DNA 

methylation levels, are shown in Figure 4.13, and Figure 4.14. For each combination pair, 
differences in average DNA methylation levels are assessed across both the entire EBF3 
amplicon and the 58 bp target region, in the same manner as for WM266-4. 
 
Figure 4.13 shows the mean methylation levels between baseline, inactive, and edited single-
gRNA samples from the cell line NZM40. Baseline and inactive values for each group are 
relatively similar for each respective combination as expected. Except for gRNA_661-, which 
shows a substantial difference between the two values. Reasons for this are discussed in more 
detail in Chapter 5. Here, again, a mean methylation change of >10.0% between inactive control 
and edited samples has been labelled.  
 
gRNA_474+ and gRNA_472- are the only NZM40 single-gRNA combinations which have 
shown an appreciable level of demethylation. Again, these results are promising, but as only a 
single replicate was performed for each of the edited samples, no margin of error could be 
calculated. For gRNA_472- in particular, each edited sample displays near complete 
unmethylation. Further discussion regarding the significance and implications of this result is 
undertaken in the following sections. 
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Figure 4.13. Comparison of Mean DNA Methylation Levels between Baseline, Inactive Control, and Edited 
Samples for NZM40 Single-gRNA Combinations. Mean DNA methylation levels are compared across baseline, 
inactive, and edited samples for the cell line NZM40. Each group is compared for the entire amplicon, and 58 bp 
target region. All of these are compared for each respective single-gRNA combination as labelled. If more than 
one replicate was available for a particular sample, SD is shown using error bars, and the number of independent 
replicates is labelled. Mean methylation change between inactive control and edited groups is shown if greater 
than 10.0%. 
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Figure 4.14 Comparison of Mean DNA Methylation Levels between Baseline, Inactive Control, and Edited 
Samples for NZM40 Combined-gRNA Combinations. Mean DNA methylation levels are compared across 
baseline, inactive, and edited samples for the cell line NZM40. Each group is compared for the entire amplicon, 
and 58 bp target region. All of these are compared for each respective combined-gRNA combination as labelled. 
If more than one replicate was available for a particular sample, SD is shown using error bars, and the number of 
independent replicates is labelled. Mean methylation change between inactive control and edited groups is shown 
if greater than 10.0%. 
 
For NZM40, paired combined-gRNA samples were also available for analysis (Figure 4.14). 
Again, in Figure 4.14, the only mean DNA methylation difference >10.0% was observed using 
gRNA_472- and gRNA_474+, this time in combination. However, as shown, these results were 
very difficult to interpret due to the wide range of SD in the inactive control samples, along 
with the substantial difference between baseline and inactive control mean methylation levels. 
Once again, repetition of these experiments to gain independent replicate data will be required 
to form any concrete conclusions regarding the function of this targeted demethylation system.  
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4.3.2.5 Effects of Cell and Replicate Numbers on MiSeq Sequencing 

 
Figure 4.15. Average DNA Methylation Level Per CpG Site for NZM40 Transfectants using gRNA_472-. 
The mean DNA methylation level per CpG site is shown using a bar graph for each of the three NZM40 samples 
as shown. The nine CpG sites which lie within the 58 bp target region are indicated in pink, whilst the other CpG 
sites within the EBF3 amplicon are indicated in green. The corresponding heatmap image is shown for each 
sample. Each column represents a separate CpG site within the EBF3 amplicon (1-34), whilst each row represents 
an individual sequencing read. Methylated sites are shown in red, whilst unmethylated sites are shown in blue, and 
uncalled sites in white. 
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From the results shown in Sections 4.3.2.3 and 4.3.2.4, it is evident that whilst some samples 
show promising levels of demethylation, multiple independent replicates are required before 
further conclusions can be drawn. Furthermore, it appears that not only low replicate numbers, 
but also low numbers of input cells for MiSeq sequencing may have impacted the results shown. 
This is evidenced by the examples shown in Figure 4.15.  

 
Here, we observe the single-gRNA transfectant samples using gRNA_472-, for the cell line 
NZM40. First, the baseline (2018) DNA methylation level is shown. The heatmap for this 
baseline sample is composed of a large number of total reads (n = 2,483), with the pattern of 
methylation showing a reasonable amount of variance. Reads are weighted during BiQ 
Analyser HT processing, such that reads with higher levels of methylation will be shown at a 
higher position within the heatmap. As such, reads displaying an identical pattern of 
methylation (i.e. identical at all CpG sites), will be grouped together within each heatmap. 
Therefore, the rather variable methylation pattern between each read shown in the baseline 
methylation heatmap suggests that sequencing was performed on a relatively heterogenous cell 
population with a large number of total cells. This is preferable as it gives a more reliable 
representation of the methylation pattern within the entire tumour cell population. 
 
In contrast, both the inactive control (dCas9, scFv-TET1CD_IM, gRNA_472-) and edited 
(dCas9, scFv-TET1CD, gRNA_472-) samples were sequenced using DNA derived from very 
low cell numbers after FACS (n = 441, and n = 70, respectively), but still show high numbers 
of sequenced reads. Furthermore, an unquantified proportion of cell DNA is almost certainly 
lost during DNA extraction and bisulfite conversion. As the methylation-specific sequencing 

used here is based on PCR amplification, samples with small cell input numbers will naturally 
be prone to the amplification of the exact same DNA, and therefore, the exact same pattern of 
DNA methylation. This is exemplified in the inactive control sample shown above, where we 
observe large groups of reads which all contain an identical pattern of methylation. It seems 
likely, that for a number of these reads, they are simply the result of the same DNA being 
amplified from the exact same cell, rather than distinct cells displaying an identical methylation 
pattern at this locus. Similarly, in the edited sample, which shows near-complete unmethylation, 
it would seem probable that this methylation pattern has been amplified from only a small 
number of individual cells. Therefore, without the addition of independent replicate samples, it 
may be difficult to form an accurate understanding of the true methylation landscape within 
these transfectant groups. The further implications and biases resulting from low cell input and 
replicate numbers is more extensively detailed in Chapter 5, Section 5.1.7.3. Per CpG mean 
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methylation levels and heatmap outputs (as per Figure 4.15) for all paired samples are shown 
in Appendix C. 
 

4.3.2.6 Comparison of gRNA for Construct Targeting 

As described in Chapter 2, Section 2.2.1, gRNA sequences were designed as three distinct pairs, 
with one gRNA from each of these pairs targeted to either the sense or antisense strand of the 
EBF3 promoter region.  
 
The purpose of designing three pairs of gRNAs, homologous to distinct regions of the EBF3 
promoter (upstream of, downstream of, and corresponding to the 58 bp target region), was to 
observe which location resulted in the most extensive effect within the target region. Similarly, 
the aim of designing gRNA to target the two complementary DNA strands at a particular 
genomic region was to establish whether targeting one strand over the other would modify the 

function of this methylation-editing system in any way. 
 
From the results discussed in previous sections, it appears difficult to conclude whether the 
function of any particular gRNA was significantly more efficacious. However, based on the 
limited sequencing data I currently have, gRNA_472- and gRNA_474+ appear to show 
promise, particularly in the context of the cell line NZM40. Again, with these results, it is also 
unclear at this stage what effect the direct binding of this methylation-editing machinery to the 
target sequence may be exerting on the final sequencing output. There is no evidence at this 
stage that targeting the sense or antisense strand, specifically, has a significant impact on the 
efficacy of demethylation at this locus. 
 
Overall, this chapter details the manner in which DNA methylation was evaluated for a select 
region of the EBF3 promoter. Subsequently, results of these investigations are also reported. 
For further discussion of the results detailed within this chapter refer to Chapter 5, Section 5.1. 
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4.4 Statement of Contribution 
Swapnoleena Sen assisted in the preparation of samples for both CoBRA and MiSeq 
sequencing. The shell script framework for the processing of MiSeq sequencing data using 
macOS terminal, along with assistance in establishing an appropriate analysis pipeline, was 
provided by Rob Weeks. All further analysis and processing of data, including figure 
generation, I have performed myself with guidance from Rob Weeks and Dr Aniruddha 

Chatterjee. 
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Chapter 5: Discussion, Conclusions and Future 
Direction 

 

5.1 Discussion and Future Direction 

5.1.1 System Design for Targeted DNA Methylation-Editing 

Here, I was able to successfully acquire and construct the three components required for a site-
specific demethylation system, as described in Chapter 2. The system produced was rigorously 
screened at each stage of construction to ensure that the final components were correct and 
suitable for targeted demethylation. 
 
Our demethylation system utilised a dCas9-SunTag scaffold, which recruited scFv-TET1CD 
proteins for active demethylation, and which was targeted to the genome using unique gRNA 
constructs. Here, I used the original dCas9-SunTag construct, as designed by Tanenbaum et al 
(2014) (78). The SunTag component of this construct is comprised of ten consecutive copies of 
the GCN4 epitope, interspaced by five-amino-acid linkers (Gly-Ser-Gly-Ser-Gly). 

Interestingly, investigation by Morita et al (2016) (80) explored the effect of amino-acid linker 
length on the efficacy of demethylation using a TET1CD-based CRISPR-dCas9-SunTag 
system. Their findings suggested that increasing the amino acid linker length to twenty-two 
amino acids between epitopes resulted in optimal levels of site-specific demethylation at target 
loci, when compared to five- or forty-three-amino-acid repeats, with five being the least 
efficacious. In order to reduce overall construct size when increasing the linker length to 
twenty-two amino acids, the number of GCN4 epitope repeats was reduced to only five (80). 
This construct is now publicly available via Addgene (#82560). Therefore, replacing our 
current dCas9-SunTag construct with a construct utilising twenty-two amino acid linkers may 
be a valuable method of improving the efficacy of our demethylation system. At the very least, 
comparison of this dCas9-SunTag with our current construct is an important future 
investigation to ensure that we maximise our capacity for site-specific epigenetic editing. 
 

5.1.2 Alternative Methods for gRNA Design 

Alongside dCas9-SunTag and scFv-TET1CD function, gRNA design has a large impact on the 
efficiency of targeted demethylation. The reasons for this are not always clear, however, a 
widening range of tools are now available for the prediction of gRNA function. Here, we used 
the CRISPR.MIT.EDU Design Tool (http://crispr.mit.edu), developed by the Zhang 
Laboratory, MIT (2013) (114). More recently, several newer tools have been developed, each 
with multiple claims as to why their discovery algorithm is more appropriate (150-153). Thus, 
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there is potential value in using multiple different tools for gRNA design, where cross-
referencing of the different prediction algorithms may help to more accurately predict the 
function of any unique gRNA sequence. This is a strategy already employed by some research 
groups (87). This would, in theory, allow for more accurate assessment of a particular sequence, 
and potentially give superior insight into the on- and off-target functions of the corresponding 

gRNA. As such, this may be an important consideration when designing gRNAs to different 
loci in future. 
 

5.1.3 Transfection with our Methylation-Editing System 

5.1.3.1 Transfection Optimisation 

Several experiments were performed in order to optimise transfection of a methylation-editing 
system into human melanoma cell lines (as per Chapter 3). 
 
A recurring issue within the optimisation experiments undertaken in this project was the lack 
of independent replicates performed at each stage. Unfortunately, this was a natural outcome 

of this project, where time was minimal, and the major goals of the project centered around 
further analysis of transfected samples rather than achieving optimal levels of transfection. For 
greater confidence, at least three independent replicates would ideally be performed for each of 
the optimisation experiments. 
 

5.1.3.1.1 Comparison of Lipofectamine and Electroporation 

First, both lipofection and electroporation transfection techniques were assessed using a 
pEGFP-C1 positive control plasmid (Chapter 3, Section 3.3.1.1). Maximal transfection 
efficiency was achieved using 8 µL Lipofectamine 3000 at 24-hours post-transfection, as 

assessed via the level of eGFP fluorescence observed using an inverted microscope. Only the 
cell line NZM40 was assessed, and a single replicate was performed.  
 
8 µL of Lipofectamine 3000 was the highest concentration assessed. It is probable that the 
higher volume of Lipofectamine resulted in a larger degree of cationic liposome binding to 
pEGFP-C1 plasmids. With higher levels of DNA-lipid complex formation, I would 
consequently expect a larger amount of plasmid to enter the target cells. As such, it is 
unsurprising that higher levels of this transfected plasmid were expressed after 24-hours, when 
compared to the use of lower Lipofectamine volumes. However, the toxic effects of using a 
higher Lipofectamine volume were not quantified in this investigation, which may be an 
important factor in the overall efficacy of this transfection system.  
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To more comprehensively assess the optimal method of transfection, fluorescence could be 
quantified using flow cytometry to give a more accurate surrogate for transfection efficiency. 
This would also allow us to optimise using our methylation-editing system rather than the 
pEGFP-C1 positive control, which would be more relevant to further optimisation experiments 
as differences in plasmid size and other factors may affect the optimisation results.  

Simultaneously, the effect of each method on cell viability in the post-transfection period could 
also be quantified. In the interest of accuracy, this optimisation could also be performed for 
each respective cell line independently, as optimal transfection conditions will often vary 
between cell lines.  
 
To properly investigate the efficacy of electroporation as a transfection method in this context, 
a full and extensive optimisation process could be performed. However, this was outside of the 
time and resource constraints for this particular project. 
 

5.1.3.1.2 Transfection Reagent Exposure Time 

Due to extensive cell death in the early transfection attempts, exposure time of each cell line to 
the transfection reagents was optimised (Chapter 3, Section 3.3.1.3). Initially, cells were 
exposed to transfection reagents for the entire 72-hour transfection period, which resulted in 
high levels of cell death and poor transfection efficiency. 
 
Optimisation uncovered a clear optimal exposure time for each respective cell line (WM115 
and WM266-4: 6-hours; and NZM40: 12-hours) where transfection efficiency peaked. Cell 
viability, interestingly, remained consistent across exposure times. Hence, though only a single 
independent replicate was available for each cell line, I am confident in these results based on 
the obvious peak in transfection efficiency at optimal exposure time, which decreases over time 
in both directions (as highlighted in Figure 3.6). 
 

5.1.3.1.3 DNA Input Amount 

Often in the context of transfection, DNA itself is a major contributor to the cytotoxicity of the 
transfection process. This can be a consequence of DNA preparation quality, the nature of the 
protein which is subsequently expressed, or the resilience of the host cell. In any case, titration 
of the DNA input amount should be performed to ensure that maximal transfection efficiency 
can be achieved without a significant concession in cell viability. 
 
Here, optimal DNA input was optimised for each respective melanoma cell line (Chapter 3, 
Section 3.3.1.4). Only a single replicate was performed for cell lines WM115 and NZM40. Two 
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replicates were performed for WM266-4, with different gRNAs. A clear trend in transfection 
efficiency was shown for all replicates, and this general trend appeared consistent between 
WM266-4 replicates. 
 

5.1.3.2 Investigation of Mild Heat-Shock 

The effects of mild heat-shock at 42 ºC for 10 min, 4-hours post-transfection was assessed for 
cell lines WM266-4 and NZM40 (Chapter 3, Section 3.3.1.5). The protocol of 42 ºC for 10 min, 
4-hours post-transfection was previously optimised by Pipes et al (2005) for melanoma cell line 
samples (128). 
 
Though multiple data points were available for each cell line (WM266-4: n = 3; NZM40: n = 
6), no statistical comparisons could be performed as sufficient independent replicates were not 
performed. However, the results available suggest that this mild heat-shock protocol is a 

potentially simple method of increasing transfection efficiency, without impacting the viability 
of transfected cells. 
 
In order to fully establish the effects of mild heat-shock in the context of mammalian cell 
transfection, a full panel of optimisation experiments need to be performed, including multiple 
independent replicates with varying heat-shock conditions.  
 
Current literature fails to address a number of important questions regarding heat-shock as a 
mechanism of improving transfection efficiency. It is unclear at this stage whether the effects 
of heat-shock will differ when using multiple co-transfected plasmids as opposed to a single 
plasmid, as previous studies have not utilised multiple plasmids (127, 128). Furthermore, the 
mechanisms underlying how mild heat-shock may potentiate the transfection process are poorly 
understood and require detailed investigation. Also important, is the question of whether the 
effects of heat-shock are limited to improving transfection efficiency, or whether such stress 
will possibly alter other cellular processes which may bias experimental outcomes of interest. 
 
As a future direction, detailed assessment of these questions would be a valuable undertaking 
in order to elucidate whether this technique could be applied as a simple method to improve 

transfection experiments, across a wide range of contexts. With regards to this particular 
project, such a technique may be a valuable way of improving relatively poor levels of triple-
plasmid co-transfection. 
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5.1.3.3 Factors Influencing Transient Transfection 

Alongside the optimisation experiments which have been performed, several additional factors 

which influence transfection may warrant further attention. 
 
The size of the plasmid to be transfected is a potentially important factor which can impact 
transfection. Though plasmid size appears to have no direct effect on the physiochemical 
properties of lipofection, larger plasmid molecules are limited in their ability to reach the 
nucleus (154, 155). Transit through the cytoplasm is slower for larger plasmids, meaning that 
they are more susceptible to intracellular degradation (154, 155). As the plasmids used in this 
project are variable in size, this may explain some of the differences in transfection efficiency 
between plasmids in the same transfectant sample. Unsurprisingly, the scFv-TET1CD (11,853 
kb) and dCas9 (14,551 kb) plasmids tended to show lower transfection efficiencies than gRNA 
plasmids (7,401 kb). When considering the design of similar methylation-editing systems in 
future, it would be potentially beneficial to minimise the size of each component, thereby 
maximising transfectability. Alternatively, if plasmid size is a major issue, utilising a delivery 
system such as lentivirus as opposed to lipofection may be a more appropriate method to ensure 
effective transfection. 
 
The purity and quality of DNA after extraction can heavily influence cell toxicity and the 

efficacy of DNA-lipid complex formation. Remnant endotoxins, or lipopolysaccharides, and 
other contaminants are common by-products of DNA extraction which can significantly 
decrease transfection efficiency and cause substantial cell death (156). Residual salts from DNA 
preparation can interfere with the function of cationic lipids, which impedes the complexing 
process (157). Here, I have used the PureLink Fast Low-Endotoxin Maxi Plasmid Purification 
Kit for plasmid DNA extraction. This kit is specifically designed for high-purity DNA 
extraction with minimal endotoxin contamination. Hence, DNA purity is unlikely to have 
significantly impaired the transfection process in this project. In future, it would be beneficial 
to purify a sufficient amount of plasmid for all experiments in advance, to minimise any batch 
variations. 
 

5.1.3.4 Stable Cell Lines 

A total of five stably-expressing cell line samples were generated in this project, as detailed in 
Chapter 3, Section 3.3.3.3. Stable cell lines were co-transfected with our methylation-editing 
system and the pBABE-puro plasmid, which confers resistance to puromycin. 
 



 127 

Each plasmid was linearised prior to stable transfection. The use of linearised DNA results in 
more efficient stable transfection, as the DNA is more likely to successfully integrate into the 
host genome (155, 158). Also, by using pre-linearised plasmids, we ensure that the cut site is 
as far from the cassette of interest as possible. If uncut plasmid DNA were transfected, it would 
require linearisation within the cell prior to integration. Intracellular linearisation would be 

random in nature, and therefore, would risk impairing the desired protein if it were to affect the 
promoter, protein coding sequence, or fluorophore coding sequence. Unfortunately, linearised 
DNA is susceptible to exonuclease activity, which causes rapid degradation. Thus, the general 
transfection efficiency of linearised DNA is lower than that of uncut plasmid DNA (155, 158). 
For transient transfection, therefore, highly supercoiled plasmid DNA is preferable, which is 
not susceptible to such enzymes (155, 158). 
 
Unfortunately, due to the low starting numbers of each stable transfectant sample, I was unable 
to generate a population sufficient for further analyses within the timeframe of this project. This 
was an inevitable result of very low transfection efficiencies observed across these samples. 
However, the results of assessing sfGFP fluorescence in these cell lines at ten days post-
selection are promising, suggesting that we can in fact use this method to successfully select 
for a true population of cells which stably express our methylation-editing system. Hence, this 
work provides a strong platform for the generation of more successful stably-expressing cell 
lines, which can be used as a model for further investigation. 
 
In particular, the generation of stably-expressing cell lines will provide numerous benefits for 
this line of work. Firstly, cell lines which express dCas9, scFv-TET1CD or dCas9, scFv-

TET1CD_IM will provide an ideal model to which we can add any gRNA. In theory, the simple 
addition of a single gRNA to such a cell line could target this already-expressed demethylation 
machinery to anywhere within the genome. This would offer many advantages, including a 
likely more efficient editing system, the requirement to only transfect a single gRNA plasmid, 
and also would help elucidate whether the dCas9 or scFv- constructs have any cellular effects 
outside of those desired. Furthermore, establishing cell lines which include dCas9, scFv-
TET1CD, and also a gRNA would allow us to determine what the effects are of expressing our 
methylation-editing system over a longer period, rather than transiently. 
 
Therefore, the capacity to generate and maintain a panel of stably-expressing cell lines is an 
important future direction for this work, that will hopefully overcome many of the current issues 
with transient delivery of this methylation-editing system. 
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5.1.4 FACS and Analysis 

FACS formed an essential component of the work undertaken in this project, and the analysis 
of flow cytometry data acquired from FACS was crucial to understanding and improving my 
approach to transfection (Chapter 3). Features of the FACS procedure and potential areas for 
improvement are discussed in this section. 
 

5.1.4.1 Preparation of Cells for FACS 

The preparation process for cells, prior to FACS, is detailed in Chapter 3, Section 3.2.4. Here, 
the preparation of cells was a relatively long process, requiring trypsinization and resuspension 
in an autoMACS buffer prior to sorting.  
 
Different cell lines will display variable levels of resilience when exposed to such conditions, 
and keeping cells healthy and minimally stressed is important to ensure that the FACS process 
is as accurate as possible. Stressed cells have a tendency to become autofluorescent, which can 
interfere with identifying which cells are positive for a particular fluorophore, resulting in false-
positives in the sorted population. 
 
Several steps were taken during preparation to reduce cell stress. First, the preparation 
processing was performed as quickly as possible, and immediately before FACS. This reduces 
the timeframe in which cells are removed from their ideal culture medium and culture 
conditions. Next, by resuspending cells in autoMACS buffer rather than DPBS only, cells have 

access to some of the serum proteins required for them to thrive. Cells are also kept on ice after 
preparation, which slows the rate of apoptosis. 
 
By taking these steps, I hoped to somewhat negate any stress induced by the preparation process 
itself. However, this cannot compensate for the stresses incurred during transfection. The 
response to these stressors is individual to each cell line, and this is why we observe consistently 
different levels of cell viability between some cell lines. With future work, it may be beneficial 
to elucidate what stressors have the most significant impact on individual cell lines. Particularly 
in cell lines where cell viability is consistently low, as a significant improvement in cell viability 
will logically result in a higher number of successfully transfected cells during FACS. 
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5.1.4.2 Gating for Accurate Identification of Transfected Cells 

The use of negative control samples to establish accurate gating is described in Chapter 3, 

Section 3.2.4.1. By using a negative control sample, exposed to the same transfection reagents 
as transfected cells but without any DNA, I was able to somewhat mimic the stressors of the 
transfection process without any expression of our target fluorophore-tagged proteins. 
 
Performing the gating in this manner had a number of benefits. By using a negative control 
sample for each respective cell line and/or each respective replicate of transfections, gating 
would be individualised for that specific cell line and/or replicate set. This results in a more 
accurate gating system, as cells from the same cell line and replicate sets tend to behave in a 
similar manner. Secondly, as shown in Figure 3.3, negative control samples tend to show far 
more distinct live, stressed (or dying), and dead cell populations. As such, estimating the 
position of the true live population becomes much easier in transfectant samples. Thirdly, and 
most importantly, as the negative control samples do not express our fluorophore-tagged 
proteins, we can accurately identify the threshold fluorescence above which cells are likely to 
be true-positives. 
 
Interestingly, negative control samples which have been exposed to the transfection process but 
not DNA itself, show a substantial disparity in the percentage of live cells, as compared to 

transfectant samples. This is particularly evident in the example of NZM40, where we can see 
a cell viability of 79.8% (Figure 3.3), in comparison to an average cell viability of 23.7% in the 
corresponding transfectant samples (data not shown). This would suggest that the toxicity of 
the transfection reagents themselves are possibly of less concern than the quality of DNA used 
for transfection, at least in the context of these particular cell lines. This could be an important 
consideration in future work, suggesting that a focus on improving DNA quality in particular 
could result in a significantly more efficient transfection system. 
 

5.1.5 Variability in gRNA Transfection 

For transient transfectant samples, the variability in transfection efficiency and cell viability 
was assessed for each gRNA and gRNA combination (Chapter 3, Section 3.3.2). In total, all six 
of the gRNAs used in this project were assessed individually, along with four gRNA 
combinations. For each, one-way ANOVA analysis with Tukey’s multiple comparisons 
suggested that any variance in transfection efficiency or cell viability between individual 
gRNAs or gRNA combinations was likely to be due to chance. It also seems plausible that 
differences in the quality or purity of respective DNA preparations may attribute to some of the 
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small differences we observe in Figure 3.9 and Figure 3.10, rather than an attribute of the gRNA 
construct itself. 
 
As such, for the purposes of further experiments, I assumed that the transfectability and 
cytotoxicity of any gRNA or combination were essentially equal. This is an expected result, as 

though some gRNAs or gRNA combinations may result in different efficacies for our 
methylation-editing system, it seems improbable that simply changing the 20 bp target 
sequence would directly affect the transfectability or cytotoxicity of a particular construct. 
 

5.1.6 CoBRA Methylation Analysis 

CoBRA methylation analysis was undertaken as a rapid screening method to give us confidence 
in our methylation-editing procedure prior to in-depth MiSeq sequencing (Chapter 4, Section 
4.3.1). CoBRA was performed on paired, non-transfected (baseline) and transfected (with 
dCas9, scFv-TET1CD, gRNA_519-) samples for each cell line (WM115, WM266-4, NZM40). 
 
CoBRA analysis was able to provide information regarding the methylation status of only a 
single CpG site, CpG 17, within our EBF3 region of interest. Though this is a rather crude 
measure of whether methylation change has occurred, each of the results in Figure 4.9 appeared 
promising. Each displayed a relative increase in the proportion of unmethylated bands, 
suggesting that a portion of the previously methylated amplicons had become demethylated at 
CpG 17 of the EBF3 target region, using our TET1CD-based demethylation system. 
 
This was a promising set of results which gave me a lot of confidence in progressing to 
methylation-specific MiSeq sequencing. 

 

5.1.7 Methylation-Specific Illumina MiSeq Sequencing of EBF3 

Methylation-specific MiSeq sequencing was used to interrogate a 285 bp region of the EBF3 
gene promoter (Chapter 4, Section 4.3.2). This assay was performed to investigate the 
methylation status of multiple baseline samples, inactive control samples, and samples edited 
with our targeted demethylation system. 
 

5.1.7.1 Reproducibility of the MiSeq Sequencing Assay 

BA analysis was performed (Chapter 4, Section 4.3.2.2; Figure 4.11) in order to assess the 
reproducibility of this methylation-specific sequencing assay. Sixty-four corresponding per 
CpG mean methylation values were compared between sequencing runs performed in 

December 2017 and December 2018, respectively. The results indicated minimal levels of bias 
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between the respective runs, and a very high level of reproducibility. This gives us much 
confidence in the accuracy of our sequencing assay, and subsequently, assurance that the results 
of this assay are in fact accurate when performed on transfectant samples. 
 

5.1.7.2 Interpreting Methylation Change at the EBF3 Promoter 

As detailed in Chapter 4, Section 4.3.2, the level of methylation change was assessed between 
methylation-edited samples and corresponding inactive controls. Due to a lack of independent 
replicates for each respective sample, many samples show quite variable results, and no 
statistical analysis could be performed. Hence, for almost all samples, the most important future 
direction will be to perform a number of independent replicates to establish whether the trends 
seen here are genuine and reproducible. All changes in mean DNA methylation level are 
reported as a net absolute difference (i.e. a difference of 0.20 between 0.60 and 0.40) rather 
than relative change. 

 

5.1.7.2.1 Methylation Changes in WM266-4 

For the cell line WM266-4, only three samples displayed a mean methylation difference of 
greater than 0.10 (or 10.0%) between inactive control and edited samples, within either the 
entire 285 bp amplicon, or the 58 bp target region (refer Figure 4.12). Each demethylation 
system was only targeted by a single gRNA for this cell line. 
 
 For the cells targeted using gRNA_474+, a mean methylation decrease of 0.153 (15.3%) was 
observed across the 58 bp target region, between inactive control and edited samples. This 

difference was not replicated to the same extent across the entire fragment, however, a milder 
decrease in the edited sample was observed. This suggests that the demethylation system was 
more effective within the 58 bp target region. This finding is consistent with previous research 
using CRISPR-dCas9-SunTag-based editing systems, which suggest that methylation change 
peaks at approximately 40 bp downstream of the respective PAM site (92). Also, due to the 
genomic position of gRNA_474+ itself, it will directly overlie CpG 1-4 within our 285 bp 
amplicon. As such, it is expected that no demethylation effects are observed across these CpGs. 
Interestingly, in the inactive control sample for this dataset, the mean methylation level across 
the 58 bp region is 1.00 (100%), which is substantially higher than that of the baseline sample. 
In order to determine whether this is an accurate reflection of this inactive control sample, and 
not simply the result of amplification from a non-representative cell population, more 
independent replicates will need to be performed. 
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Similarly, using gRNA_519-, mean methylation levels were 0.184 (18.4%) lower in edited 
samples compared to inactive controls, across the 58 bp target fragment. Again, this was not 
mirrored to the same extent across the entire amplicon. Here, three independent replicates are 
available in each sample, however, the wide spread of SD suggests that there was a large amount 
of variability between these replicates. As such, it is difficult to interpret whether a true 

difference does exist or not. The results do, however, elucidate a potential problem which 
should be considered here, which is that prior to sequencing we currently have no measure of 
the level of expression for the components of our methylation-editing system. All that is known 
prior to sequencing, is that each cell within our assayed population is triple-positive for each of 
the components. We do not, though, have a quantitative measure of this protein expression. As 
such, what we may be very well observing in this example, is a wide variation in protein 
expression, and subsequently, the efficacy of our methylation system. This would explain why 
despite multiple replicates, there appears to be substantial variation as reflected in the spread of 
SDs. Perhaps for further analysis of these results, fluorescence levels determined during FACS 
could be used as a surrogate for protein expression and correlated with final methylation status 
in some manner, to establish whether this is a potential explanation for these observed findings. 
Furthermore, the more extensive difference in mean methylation across the 58 bp target region 
is contrary to expected. Based on the location of gRNA_519-, which directly overlays CpG 9-
11, it would be expected that methylation changes would be somewhat blocked across this 
region. 
 
Finally, for gRNA_662+, mean methylation levels were 0.116 (11.6%) lower in edited versus 
inactive control samples, across the entire sequenced amplicon. The mean methylation 

difference was slightly smaller across the 58 bp target region, just below the 10.0% cutoff. A 
potential reason for this is the distance of this gRNA from the target region, where it binds 74 
bp downstream. As such, it is expected that peak methylation changes may occur just 
downstream of the target region, rather than within it, resulting in a greater methylation change 
outside of this 58 bp fragment. Offsetting this are the steric effects of gRNA_662+, which 
obstructs CpG 30-33 as it binds. Hence, there does appear to be a similar mean methylation 
change across both the target region and entire amplimer. 
Though poor replicate numbers are available for the majority of samples, these results are 
promising early endorsements of our methylation-editing system using transient transfection. 
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5.1.7.2.1 Methylation Changes in NZM40 

For NZM40, data was available for samples targeted by each gRNA individually and also each 

gRNA pair in combination. Unfortunately, however, only two of these gRNAs displayed a 
mean methylation difference greater than the 10.0% threshold: gRNA_474+, and gRNA_472-
, individually (refer Figure 4.13). 
 
For gRNA_474+, a mean methylation decrease of 0.122 (12.2%) and 0.209 (20.9%) was 
observed between inactive control and edited samples, across the entire 285 bp amplimer, and 
the 58 bp target region, respectively. Again, this is an expected result. Any change across the 
entire fragment is likely to be lower due to the position of the gRNA_474+, which sterically 
hinders access to CpG 1-4, and offers optimal proximity to the 58 bp target region for peak 
methylation change. Two replicates are available for the inactive control samples, which cluster 
nicely to give a relatively tight SD range, and are relatively similar to baseline methylation 
levels as expected. Though only one replicate was available for the edited datasets, the 
substantial methylation differences are very promising. 
 
In a similar fashion, gRNA_472- displayed a mean methylation decrease of 0.424 (42.4%) and 
0.58.8 (58.8%) between inactive control and edited samples, across the entire amplimer, and 
target region, respectively. Remarkably, however, we observe in this case near-complete 

unmethylation of the entire amplicon in edited samples, where the mean methylation level in 
both the entire fragment and target region is 0.001 (0.00%). Unfortunately, only a single 
replicate was available for this dataset, which leaves questions as to whether this extensive 
demethylation is reproducible. It also poses questions regarding what other factors may be 
affecting these sequencing results, including cell input numbers, which is discussed in the 
following section. Baseline and inactive control samples again show strong concurrence and 
tight error bars. This is again a very promising result, which suggests that complete 
demethylation of a target locus may be achievable with our targeted demethylation system, 
even when delivered using transient transfection only. 
 
Unfortunately, for the remaining NZM40 samples, it appears that more replicates are required 
to draw any conclusions as margins of error tend to be relatively wide, or no changes appear to 
be evident. 
 

5.1.7.3 Effects of Low Cell Input on Sequencing Output 

One potential explanation for some of the sequencing results that have been observed, is the 
effect of very low cell input numbers. As described Chapter 4, Section 4.3.2.5, low cell input 
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numbers after FACS, and subsequent losses during MiSeq library preparation may be affecting 
the final sequencing output. 
 
Figure 4.15 uses the example of NZM40, transfected with the demethylation system guided by 
gRNA_472-. In the NZM40 baseline sample heatmap, we observe a clear but variable pattern 

of methylation across our amplicon reflective of a large, heterogenous input population. 
Contrastingly, as cell input numbers are extensively decreased after FACS in transfectant 
samples, patterns of methylation tend to cluster into distinct groups. More specifically, blocks 
of identical methylation patterns have emerged, suggesting that our sequencing may only be 
assessing the methylation status of a few distinct cells. After FACS, dCas9, scFv-TET1CD_IM, 
gRNA_472-: n = 441; dCas9, scFv-TET1CD, gRNA_472-: n = 70). Possibly, what we are 
observing may be DNA from the same few cells being amplified during PCR, creating an 
unknown level of amplification bias in our MiSeq analysis which may or may not be 
representative of the true population. However, even if this seems likely from the number of 
identical methylation patterns clustered in the Figure 4.15 heatmaps, we cannot definitively 
conclude this. As such, if we were to attempt to address this amplification bias by stratifying 
the MiSeq results into what we assume are individual cells, based on the level of homogeneity 
in their methylation pattern, we would potentially introduce additional biases through our 
assumptions that these reads ‘must’ have come from the DNA of a single cell. Consequently, 
for interpretation, samples have been treated as a heterogenous population. 
 
In particular, in the example of dCas9, scFv-TET1CD, gRNA_472-, this consideration makes 
interpretation of the result very difficult, particularly with only a single replicate available. If 

we were to make the assumption that all of the sequenced reads shown are simply amplified 
from a single, unmethylated strand of DNA, then this result carries very little value. However, 
it also seems improbable that from a population of seventy triple-positive cells, DNA from only 
a single cell would be amplified and sequenced. Thus, further investigation is required to make 
a definitive conclusion regarding these results. 
 
It is possible to overcome such an issue by using barcoded hairpins when sequencing each 
sample, which would allow for the identification of each cell independently. However, this is a 
much more resource- and labour-intensive method of sequencing, and the issue could be 
avoided altogether by generating a more substantial cell population during the transfection 
process. More independent replicates of these samples will undoubtedly also give a clearer 
picture of whether these results are truly representative of a larger population. 
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5.1.7.4 Individual gRNA Function 

The function of individual gRNAs is a major factor with any CRISPR-targeted experimental 

work, and as discussed in earlier chapters, gRNA function has a tendency to vary significantly 
(114). Hence, though the prediction of gRNA function formed a large component of the design 
process, observing the true level of function in conjunction with our editing system is also an 
important outcome of this work. 
 
The major goal of this project was to induce significant demethylation at a specific locus within 
the EBF3 gene promoter, specifically a 58 bp target region containing nine CpG sites. From the 
MiSeq sequencing results in Chapter 4, Section 4.3.2, it appears that the use of gRNA_474+ 
and gRNA_472- was able to stimulate the most substantial levels of demethylation at this locus, 
particularly in cell line NZM40. This is a relatively unsurprising result, mainly due to gRNA 
location. These gRNA are both located approximately 30 bp upstream of the target region, 
where peak methylation change is known to be observed 40 bp downstream of the PAM site 
(92). In contrast, gRNA_541+ and gRNA_519- bind within the target region and so would be 
expected to block demethylation in this region to some extent. gRNA_662+ and gRNA_661- 
are located approximately 75 bp downstream of the target region, and we would expect to see 
peak demethylation 25 bp upstream of the PAM site, approximately 50 bp from our target 
region (92). In addition, the CRISPR.MIT.EDU tool gave both gRNA_474+ and gRNA_472- 

a quality score of 94/100, which predicts very high on-target specificity and relatively low off-
target activity. For future work regarding the targeted manipulation of this specific 58 bp region, 
I would therefore recommend the use of gRNA_474+ and gRNA_472-. 
 

5.1.7.5 Sense versus Antisense-Targeted gRNA 

Targeting gRNAs to corresponding regions of both the sense and antisense strands of DNA was 
an additional feature of the design process. At present, there is little evidence describing any 
difference in function between sense- and antisense-targeted gRNA. 
 

From our limited results, it is difficult to draw any conclusions regarding sense versus antisense 
gRNAs. Further replicates may help to identify any pattern which may exist, however, at this 
stage, no consistent differences between the sense- or antisense-targeted gRNAs are evident 
from these results. As such, it seems that the proximity of gRNA sequences to the target locus 
is quite possibly a more important consideration in the gRNA design process than sense- or 
antisense-targeting. 
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5.1.7.6 Use of Multiple gRNAs in Combination 

Here, for the small number of results available, there is no evidence to suggest that the use of 

multiple gRNAs in combination, is more effective than using any one gRNA alone (Chapter 4, 
Section 4.3.2). In fact, the three gRNA combinations for which we have results, were unable to 
induce any substantial level of demethylation whatsoever (Figure 4.14). The combination of 
gRNA_474+, gRNA_472- may be an exception to this, as the results compared to baseline 
appear to be promising. However, insufficient numbers of replicates are available to conclude 
that there is any methylation difference between edited samples and inactive control. Therefore, 
with the addition of more independent replicates a trend may emerge, but at this stage, the use 
of multiple gRNAs appears redundant in this context. 
 
In contrast to these findings, previous evidence has suggested that the use of multiple gRNAs 
results in synergistic effects, particularly when targeted to different locations within the target 
region (86). Similarly, McDonald et al (2016) reported that they observed the strongest 
methylation change between pairs of gRNAs which were adjacent to one another and inwardly 
directed (87). Possibly, then, by arranging our gRNAs in a different manner (for example, 
gRNA_474+ with gRNA_661-), we may observe a similar synergistic effect as described. 

 

5.1.7.7 Expectations of Transient versus Stable Transfection 

In the context of altering methylation, we were unsure whether the transient expression of a 
target demethylation system over a 72-hour period would be sufficient to induce a measurable 
change in methylation status. This 72-hour window is clearly long enough to establish 
expression, as confirmed during FACS, however, how rapidly such a system could induce 
active demethylation was uncertain. Additionally, I was unsure whether an active change could 
be retained over time, or whether methylation would be re-established across subsequent cell 
divisions.  
 
Thankfully, I was able to demonstrate a measurable, site-specific change in the level of 
methylation in our target locus, across multiple samples in a 72-hour window. However, it 
cannot be determined from these results whether this is the strongest effect achievable with 
transient transfection. Morita et al (2016) have previously reported greater than 90% 
demethylation at target loci using a SunTag and TET1CD-based editing system in conjunction 
with transient lipofection and FACS, over a period of 48-hours (80). This suggests that it is 
very much possible to achieve consistent, and potentially more extensive levels of 
demethylation with transient transfection. Hence, there is scope to improve the function of our 
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methylation-editing system, either through making changes to the system itself, transfection 
process, or via optimising the time window for expression in our respective cell lines. 
 
Alternatively, current studies which have compared transient transfection with longer term 
expression systems, have demonstrated a substantial increase in the level of methylation change 

with longer term expression. For example, Huang et al (2017) were able to induce a 60-95% 
increase in methylation at a locus within the HOXA5 gene using lentiviral transduction of a 
dCas9-SunTag-DNMT3A system, and incubation over a 30-day period. Contrastingly, only a 
10-30% gain in methylation was observed using the same editing system over a 72-hour 
window (81). Thus, establishing stably-expressing cell lines for these editing systems may well 
be a more effective and reliable method than transient lipofection to induce measure 
methylation change. Therefore, I believe that for future work, shifting towards the generation 
of stably-expressing cell lines, using antibiotic selection or even lentiviral delivery, is a 
necessary step in maximising the reliability, reproducibility, and efficacy of these targeted 
editing systems. 
 

5.1.8 Promoter Methylation and Expression in EBF3 

The capacity to perform locus-specific editing of the EBF3 promoter has thus far gained us no 
further insight into the correlation between DNA methylation and gene expression in this 
region. I have, however, managed to lay the majority of the groundwork for investigating this 
relationship, and am certain that such insight will not remain elusive for much longer. 
 
As such, my hypotheses which may explain the observed phenomenon of promoter 
hypermethylation associated with increased gene expression still remain. From the information 

available on EBF3 from the UCSC Genome Browser and associated information sets, there 
appears to be no evidence that an alternative promoter region exists. For example, there appears 
to be no publicly available expressed sequence tags which would suggest an alternative 
transcript is generated from another TSS. Also, databases such as GeneHancer have only 
identified a single TSS and promoter region (as detailed in Figure 1.5). These findings provide 
evidence against the proposition that an alternative promoter region is regulating transcription 
in the case of EBF3 in melanoma metastasis. 
 
In contrast, the 58 bp target region of EBF3 which we have been investigating, is a known 
region for interaction with multiple transcription factors, including PcG proteins and other 
repressive marks. From UCSC Genome Browser (GRCh37/hg19), ENCODE Transcription 
Factor ChIP-seq data highlights this region as a known binding site for EZH2, CTBP2, CHD1, 
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SUZ12, and POLR2A. Similarly, as shown in Figure 1.5, the EBF3 promoter region has known 
interactions with multiple enhancer elements. 
 
Therefore, at present, I hypothesise that the relationship between EBF3 expression and 
promoter hypermethylation is most likely modulated in some manner via either interaction with 

enhancer regulatory elements, or the prevention of repressive transcription factor binding. I am 
certain that with further investigation into EBF3 expression, and correlation with targeted 
demethylation, we will soon be able to achieve further understanding into this relationship. 

 

5.1.9 Future Direction 

Though I have been able to establish a targeted demethylation system which exhibits site-
specific action, this is only provides a starting point for more in-depth investigation of promoter 
DNA methylation in the role of gene expression.  
 
The logical next direction for this work is to more reliably reproduce and quantify the level of 
targeted demethylation at this EBF3 locus with more independent replicate samples, and across 
a wider panel of cell lines. Once we have confidently established a site-specific methylation 
change in this region, the next step will be expression analysis via real-time quantitative PCR 
(RT-qPCR). By correlating a locus-specific methylation change in the EBF3 promoter with a 
subsequent change in gene expression, we can give evidence to the claims of Chatterjee et al 
(2017) (41) with regards to the relationship between promoter methylation and gene expression. 
Furthermore, if the correlation between EBF3 promoter methylation and increased expression 
is confirmed, ChIP-seq analysis can be performed to understand the concurrent chromatin 
changes associated with this relationship. 
 
In addition to further discovery into this relationship, more extensive evaluation of the 

methylation-editing system used here will be of paramount importance. This will include the 
evaluation of predicted off-target loci, and potentially a direct assessment of gRNA on-target 
function using catalytically active Cas9 and sequencing methods. 
 
More broadly, this now-established editing system can easily be modified to any particular 
genic locus or cell line, making the potential of this tool immense for further discoveries in 
molecular biology. Thus, similar investigation can now be performed into other genes and cell 
types of interest as desired. Likewise, this system is easily modified for use in conjunction with 
other compatible epigenetic effector proteins (i.e. the scFv-DNMT3A construct produced in 
Chapter 2). 



 139 

5.2 Conclusion 
Overall, I have been able to successfully construct a CRISPR-dCas9-SunTag-based system for 
the targeted demethylation of a locus within the EBF3 promoter. Furthermore, I have been able 
to successfully transfect the three components of this system into human melanoma cell lines 
and observe potential site-specific losses of DNA methylation at the target locus, achieving up 
to near-complete unmethylation. 

 
This work now provides a strong platform for the further analysis of gene expression, chromatin 
configuration, and other investigations which may elucidate the role of promoter 
hypermethylation in the transcriptional control of EBF3. 
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Appendices 
 
Appendix A: Primers for Target-Insert Sanger Sequencing 
Shown are the thirty-one primer sequences designed for sequences across each of the TET1CD, 
TET1CD_IM, DNMT3A, and DNMT3A_IM coding sequences, respectively. Primers are 
named based on the respective sequence they were designed to, whether they are in the forward 
(for) or reverse (rev) direction, and their base position within the coding sequence as shown. 

Primers denoted Tet1CD sequence across both the TET1CD and TET1CD_IM coding regions 
(TET1CD_IM is identical except for a small number of single nucleotide changes). Primers 
denoted Dnmt3a sequence across DNMT3A, whilst a smaller subset of these sequence across 
DNMT3A_IM (as DNMT3A_IM is a truncated variant of DNMT3A with an identical 
sequence). 
 

Primer Name Sequence 

Dnmt3a_for_205 CCTGCGGTGATCTCCAAGTC 

Dnmt3a_for_553 ATGCCGAGGCTCACCTTCCA 

Dnmt3a_for_834 CGATGACGAGCCAGAGTACGA 

Dnmt3a_for_1163 ACGACAGCGATGAGAGTGACA 

Dnmt3a_for_1441 TACGAGGTGCGGCAGAAGTG 

Dnmt3a_for_1718 AGGCAGCCATTAAGGAAGAC 

Dnmt3a_for_2060 TCCGCAGCGTCACACAGAAG 

Dnmt3a_for_2319 CGAGTCCAACCCTGTGATGA 

Dnmt3a_for_2463 TGGCAGGATAGCCAAGTTCA 

Dnmt3a_rev_2537 GTTGGAGACGTCAGTATAGTG 

Dnmt3a_rev_2382 GAAGTAGCGGGCCCTGTGT 

Dnmt3a_rev_2146 CGATGGAGAGGTCATTGCA 

Dnmt3a_rev_1760 CCGCACATGTAGCAGTTCCA 

Dnmt3a_rev_1432 GCTCTCTTGTGCGCTCATCA 

Dnmt3a_rev_1125 CACCTGCAGGACCTCGTAGA 

Dnmt3a_rev_940 ACCAAGACACAATGCGGCCT 

Dnmt3a_rev_632 TTCCAGCGTGCCAGCCACT 

Dnmt3a_rev_272 CCATTGGGTAATAGCTCTGA 

Tet1CD_for_181 GCTCTCATGGGTGTCCAATT 

Tet1CD_for_554 TCCAAGCTCTCCCTTACATG 
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Tet1CD_for_923 GGAAGCCAAGATCAAATCTG 

Tet1CD_for_1275 GAGGCATCTCCAGGCTTCT 

Tet1CD_for_1648 ATGAGCCTCCATCAGACGAA 

Tet1CD_for_2002 ACCAGGCAGCTAATGAAGGT 

Tet1CD_rev_2131 ACGTGTGTGAGAGCATAAGG 

Tet1CD_rev_1746 TGTGCTCACTGTCTGACCAA 

Tet1CD_rev_1404 CCGAAGGCATCGTACAGT 

Tet1CD_rev_1048 GCAAGAACCTCTGTCATCAT 

Tet1CD_rev_705 TGCTGCCAAGCCGACATTCT 

Tet1CD_rev_417 CATTGAGGGTGCATCTTCTG 

Tet1CD_rev_175 CCTTCTTTACCGGTGTACAC 

 

Appendix B: Shell Script for MiSeq Data Processing 
Shown here is the shell script used for MiSeq data processing (Chapter 4). This was modified 
from a template provided by Rob Weeks. Lines beginning with # denote annotations. 
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Appendix C: Supplementary Figures for Transfectant Pairs 
Per CpG mean methylation plots and corresponding heatmaps are shown for all WM266-4 

and NZM40 samples described in Chapter 4, Section 4.3.2. 
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