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Abstract/Summary 

 The ability to alter DNA methylation states is instrumental for studying the 

functional role of methyl-cytosine (5mC) in the genome. Traditional approaches to 

study 5mC function has relied on chemical inhibition and genetic manipulation of 

DNA methyltransferases to alter 5mC levels across the genome. These techniques 

however, lacks target specificity and cause undesired global changes in the 5mC 

profile. Consequently, these approaches are unable to accurately assign functions of 

5mC in the genome. This PhD research therefore aimed to develop highly specific 

molecular tools to achieve targeted alteration of 5mC states at key genomic features 

of interest, so that the roles and functions of 5mC in various genomic context can be 

studied. To achieve this aim, fusion constructs comprised of TALE (Transcriptional 

activator-like effectors) or catalytically inactive CRISPR/Cas9 (Clustered regularly 

interspaced palindromic repeats) to DNA methyl-transferase 3A (DNMT3A) were 

generated. Although a successful proof of concept has been demonstrated for both 

fusion constructs, the single fusion epigenome editing tool had limited efficiencies and 

the Cas9-DNMT3A fusion causes significant non-specific induction of 5mC at non-

targeted loci (Chapter 3).   

  To improve on the efficiencies and specificities of the single fusion epigenome 

editing tools, the SunTag (Super Nova Tag) array approach was adapted (Chapter 4). 

The modular nature of the SunTag system was instrumental for the fine tuning of the 

epigenome editing tool specificity and efficiency. Indeed, both the TALE- and Cas9-

SunTag system was found to induce high levels of 5mC at the target locus with 

negligible non-specific activity detected at non-target loci controls. After thorough 

optimizations and experimentations, the Cas9-based SunTag fusion (Epi-Cas9-

SunTag) was found to be superior over the TALE-based fusion due to its ease of 

multiplexing and broader activity range (Chapter 4). The optimized Epi-Cas9-

SunTag system was thereafter applied to study of the role of 5mC in modulating 

transcriptional activity of early developmental gene in Zebrafish (Chapter 5), and 

regulation of methylation sensitive insulator protein CTCF binding landscape 

(Chapter 6).  
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To date, the roles and function of 5mC have been largely assigned through 

comparative analyses of methylome maps and transcriptomic data. However, the 

correlation between 5mC states and transcriptional activity arising from such analyses 

is associative. The Epi-Cas9-SunTag system was therefore applied to test whether 

targeted alteration of 5mC states at promoter region could affect the transcriptional 

activity of its cognate gene. In Chapter 5, the Epi-Cas9-SunTag system was applied 

to induce DNA methylation at the promoter region of ntla (no tail), an early 

developmental gene that is involved in the formation of tail structures in zebrafish, in 

zebrafish embryos. Despite a successful proof of concept in cultured cells, no DNA 

methylation was induced at the gene promoter. Furthermore, adult zebrafish from both 

control and treatment groups displayed mutant phenotype lacking tail structures, 

indicating that the system has caused transcriptional interference of ntla that is 

independent of 5mC state. This observation highlights the potential issue of 

confounding results arising from epigenome editing experiments. Whilst the exact 

reasons for the lack of 5mC induction were unknown, it is hypothesized that the lack 

of DNMT3L in Zebrafish might have affected the ability of DNMT3A to deposit 5mC. 

Further discussions of the results are presented in Chapter 5. The 5mC state of CG 

sites present within transcription factor (TF) binding motif can shape the binding 

landscape of a given methylation sensitive TF. The best characterized methylation 

sensitive TF is the CTCF insulator protein and its differential binding with respect to 

5mC state has been exemplified in the imprinting of the Igf2/H19 locus. Likewise, the 

comparative analysis between methylome maps and TF binding profile only provides 

associative information. Hence, in Chapter 6, the Epi-Cas9-SunTag system was 

applied to test whether changes in 5mC state at CTCF binding site could affect CTCF 

binding. Using chromatin immuno-precipitation followed by bisulfite sequencing, a 

technique which provides both CTCF occupancy and the 5mC state of the bound DNA 

fragment, all candidate CTCF sites tested in this PhD research was found to be binding 

directly to methylated DNA. The results obtained is in contrast with the widely 

accepted anti-correlation between 5mC and CTCF occupancy, and further suggest that 

5mC might be a specialized mechanism that fine tune selective CTCF occupancy 

rather than a general mechanism that define CTCF binding. Further discussion of the 

results is presented in Chapter 6.  
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Finally, this PhD research concludes that the Epi-Cas9-SunTag system is 

versatile and powerful molecular tool for investigating and dissecting the functional 

roles of 5mC in the genome. Further discussion on the limitations, suggested 

improvements, and potential applications of the system is presented in Chapter 7.  
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1.1  DNA methylation and the Epigenome 

Deoxyribonucleic acid (DNA) is the genetic material and blueprint of life; 

within it, intricate sets of instructions specifying organismal development are encoded. 

Almost every nucleated cell of a multi-cellular organism possesses an identical DNA 

sequence, yet despite having the same set of genetic instructions, a diversity of cell 

types with unique gene expression activities and distinct cellular functions are 

generated as an organism develops. This phenomenon clearly indicates that more 

information is present in the genome beyond the DNA sequence. Both DNA and its 

associated histone proteins can be covalently modified throughout development, for 

instance, histone proteins can be phosphorylated, acetylated or methylated1. In the 

same way as punctuation marks can alter the meaning of sentences without changing 

any words, the chemical modifications on both DNA and histone proteins alter the 

interpretation of genetic instructions by the cell, causing different sets genes to be 

expressed or silenced during development without changing the underlying DNA 

sequence. These interactions are stable and persist through cell division and therefore, 

epigenetics could be collectively defined as the study of heritable changes in gene 

expression which occurs through mechanisms that do not alter DNA sequence2-4. 

These reversible modifications are established and maintained by myriad enzymes and 

chromatin remodelling complexes and are thought to provide an additional layer of 

regulation in shaping the transcriptional landscape. This thesis focuses on the roles 

and functions of DNA methylation in the mammalian genome, and the development 

of tools to precisely alter and probe the function of DNA methylation.  

Methylation of the fifth position of cytosine (5mC) is the best described 

epigenetic mechanism to date, and has been found to play major roles in development, 

silencing of repetitive elements, X-chromosome inactivation and genome imprinting5,6. 

In the mammalian genome, 5mC is predominantly present in the symmetrical CG 

context and is estimated to occur at ~70% of CG dinucleotides in the genome5. The 

distribution of 5mC is uniform throughout the genome, and while the vast majority of 

CG sites are methylated, regions of the genome with high CG density  called CG 

islands are frequently maintained in an unmethylated state and are often found in gene 

regulatory regions7. Due to the spontaneous deamination of methylcytosines, this 

phenomenon is thought to be a protective mechanism to safe guard against genetic 

mutation8. Although symmetrical CG methylation is the most common form of DNA 
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methylation, low levels of 5mC in non-CG contexts, that is cytosine methylation 

preceding any other nucleotide than a guanine, has also been recently described in 

pluripotent cells, neural tissues and in plants9-13. However, the potential role of non-

CG methylation in genome regulation of mammals has not yet been elucidated.  

5mC is deposited and maintained by a family of highly conserved enzymes. 

They are DNA methyltransferase-1 (DNMT1), DNMT3A and DNMT3B, and are all 

essential for normal development14,15. DNMT1 preferentially methylates hemi-

methylated DNA and is involved in the maintenance of 5mC during DNA replication, 

faithfully copying 5mC patterns from parental strand to daughter strand, whereas 

DNMT3A and DNMT3B have preference for unmethylated CG and perform de novo 

methylation16. De novo 5mC is assisted by DNMT 3-like (DNMT3L), a paralogue of 

the DNMT3 family which lacks catalytic activity, through cooperative binding where 

it enhances and regulate DNMT3A/B activity in vivo17. With point to note, the 

regulation of de novo methylation through DNMT3L-DNMT3A cooperative 

interaction is not universal. This is because DNMT3L is not ubiquitously expressed 

and is limited to gonocytes during early development and secondly, de novo 

methylation implicated in neuronal plasticity, memory formation and maturation of 

human and mouse adult brain does not involve DNMT3L18,19. 

Aberrant changes in 5mC profile have been implicated in myriad disorders 

including developmental defects, neurological diseases, immune-related diseases and 

notably cancer6,20,21. Global reduction of 5mC due to mutations of DNMTs is 

embryonic lethal, and the complete lack 5mC is not viable in cultured fibroblasts and 

cancer cells22,23. Surprisingly, mouse ES (embryonic stem) cells lacking functional 

copies of all three DNMTs is viable, whereas only DNMT1 knockout is not viable in 

human ES cells24,25. Although stem cell identity is not affected with global loss DNA 

methylation, these 5mC-free ES cells were unable to silence pluripotency factors 

efficiently and differentiate to mature cell types6,25. These examples highlight the 

importance of 5mC and the DNA methylation machinery for viability, development, 

differentiation, and cell identity. 
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1.2  Functional roles of DNA methylation  

5mC has been widely described as a repressive epigenetic mark that is 

correlated with transcriptional repression. Some of the first evidence in support of the 

repressive function of 5mC had stemmed from transfections experiments where in 

vitro methylated DNA introduced into oocytes or cultured mammalian cells was 

transcriptionally silent, in contrast to unmethylated DNA of the same sequence26,27. 

This was further reinforced by knockout studies of DNMTs, which demonstrated that 

global depletion of 5mC levels was correlated with aberrant transcriptional 

reactivation of repetitive elements in developing mouse embryo and the inability of 

ES cells to silence pluripotency factors efficiently for differentiation 6,28. Although 

these early in vivo studies had provided many important insights, they do not provide 

information with regards to the localizations of 5mC. Recent rapid advances in 

sequencing technologies has allowed comprehensive profiling of 5mC at single base 

resolution throughout entire genomes, yielding comprehensive maps of the DNA 

methylome10,12,13. Analyses of DNA methylome maps had challenged the general 

perceived repressive function of 5mC and, suggests that the function of 5mC might 

differ depending on the genomic context by which it was deposited.  

1.3  Genomic sites of DNA methylation 

To fully explore the roles and functions of 5mC, it is necessary to consider the 

distribution and localizations of this epigenomic modification throughout the genome. 

As described earlier in Section 1.1, the vast majority of CG sites within the genome, 

with the exception of CG islands, are statically maintained in a methylated state. 

However, whole genome bisulfite sequencing (WGBS) has revealed that genomic 

features such as CG island promoter, enhancer elements, repetitive elements and gene 

bodies do become differentially methylated during differentiation, development, or in 

diseased state9,10,19,29 (Figure 1.1). These different genomic features have varying 

CpG densities and distinct 5mC patterns, and together with protein complexes that 

interacts with methylated cytosines, are thought be determining factors in shaping the 

functional role of 5mC at a particular genomic feature. Comprehensive studies 

examining the role of 5mC in various genomic features in the mammalian genome are 

reviewed in the following subsections. 
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Figure 1.1. Distribution of DNA methylation in the mammalian genome. A) CG 

island; genomic regions with high CG density that are often found in gene promoter 

regions and are generally maintained in an unmethylated state. B) Repetitive elements 

such retrotransposons, Alu-elements and satellite repeats in centromeres are 

maintained in methylated state to ensure element repression and genome stability. C-

D) Active enhancer elements are typically occupied by TFs and are maintained in an 

unmethylated state. The role of 5mC at insulator elements and non-CGI-promoters are 

not well known. Additionally, there has been recent implications of intron-exon 

boundary methylation in contributing to alternative splicing.  
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1.3.1  Role of DNA methylation at promoter CG islands 

CG islands (CGI) are stretches of DNA (between 100-200 bp) with high CpG 

density (>40%) that frequently overlap with gene promoters and are maintained in an 

unmethylated state30 (Figure 1.1-A). Active genes with unmethylated CGI are often 

marked with tri-methylation of histone H3 at lysine 4 (H3K4me3), a histone post 

translation modification (PTM) associated with active transcription, and are depleted 

of nucleosome at their promoter regions31. The absence of nucleosome reflects an 

“opened” or accessible chromatin configuration that is positively correlated with 

transcriptional activity32. Although most CGIs are unmethylated, some CGIs do 

become methylated during development and are correlated with robust transcriptional 

silencing, for example in X-Chromosome inactivation in females, genome imprinting 

and the silencing of germline specific genes in somatic cells6,33,34. Early biochemical 

studies revealed that DNA methylation-mediated repression are thought to occur 

through two main mechanisms; i) the inhibition of transcription factors binding to 

methylated sequences, and ii) the binding of proteins with a high affinity for 

methylated DNA and their subsequent recruitment of transcriptional repressor 

complexes that mediate chromatin condensation and silence transcription (Figure 1.2).   

 

Figure 1.2. Molecular mechanisms of DNA methylation mediated gene repression. 

A) Eviction of a 5mC sensitive transcription factor after gains in 5mC at its binding 

motif, subsequently causing reduced transcriptional activity. B) Binding of proteins 

that have a high affinity for methylated cytosine, and subsequent recruitment of co-

repressor complexes to reinforce gene silencing. Note, other transcriptional repression 
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mechanisms, such as nucleosome occupancy, is not illustrated or described in this 

section.  

In the first model, transcription factors (TF) with binding motif containing 

CpG sites could be incompatible with binding to methylated CpGs, thus the 

methylation of CpG sites at these motifs could inhibit their occupancy (Figure 1.2-A). 

Examples of such TFs include CCCTC-binding factor (CTCF), nuclear respiratory 

factor 1 (NRF1) and N-myc35-37. The best described example of 5mC regulated TF 

occupancy and gene expression is the imprinting of H19-Igf2 locus33,38. The imprint 

control region (ICR) of the H19-Igf2 locus is unmethylated in the maternal copy which 

allows CTCF to bind at the ICR and prevent the H19 enhancer from activating Igf2 

promoter. In contrast, the paternal copy is methylated and CTCF is unable to bind to 

the paternal ICR, allowing the H19 enhancer to interact and activate Igf2 promoter, 

resulting in subsequent paternal specific expression of Igf2.  

In the second model, methyl-CpG binding proteins (MeCP2, MBDs) are 

families of DNA binding proteins that exhibit high affinity for methylation 

CpGs39,40(Figure 1.2-B). Binding of MBDs to methylated CG sites mediates strong 

repression through their transcription repressor domains (TRD), and in addition 

MeCP2 and MBD2 have also been found to interact with co-repressor complexes 

containing histone deacetylases (HDACs)41,42. The recruitment of HDACs to regions 

bound by MBD2 leads to deacetylation of histone tails, promoting the local 

condensation of chromatin that prevents access of the transcriptional machinery, 

further reinforcing gene silencing. Additionally, gene silencing is associated with the 

presence of repressive PTMs such as H3K9me3 and the promoters of silenced genes 

are occupied by nucleosomes43. These studies provided evidences that link 5mC and 

chromatin remodelling complexes to transcriptional regulation, suggesting an 

interplay between 5mC and histone PTMs (reviewed Section 1.3.4).  

Although most CGIs tend co-localize with gene promoters and are situated 

upstream of transcription start sites (TSS), some CGIs have been found to be located 

in intergenic regions and within gene bodies44. Although the functions of these CGIs 

are unknown, a study had suggested that these CGIs might represent previously 

unannotated promoter regions whose transcriptional activity might play a role during 

development45,46. These CGIs are termed “orphan CGIs”, and unlike typical CGI 
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found near TSS, these intergenic CGIs are frequently maintained in the methylated 

state. As these methylated intergenic CGIs can exist within gene bodies, recent studies 

had also suggested that they might be implicated in alternative splicing of mRNA 

transcripts. Accumulated evidences in support of 5mC involvement in fine tuning 

alternative splicing are reviewed in Section 1.3.2 

1.3.2  Role of DNA methylation at non-CG island promoters and gene 

bodies 

Many studies have focussed upon the function of 5mC at CGIs, and hence very 

little is known about the functions of 5mC at non-CGIs promoters and at gene bodies 

(Figure 1.1-C, D). Initial analyses of 5mC at non-CGI promoters yielded 

contradictory conclusions with regards to its role in transcriptional regulation. For 

example, one study that performed genome-wide characterization of 5mC levels and 

RNA-polymerase II occupancy suggested that DNA hyper-methylation at promoter 

with low CpG density does not lead to gene repression, while in another study the 

authors showed that 5mC at these non-CGI promoters establishes nucleosome 

occupancy at promoter and silences the transcription of the associated gene47,48. 

However, it is worth noting that different approaches may be used to calculate 

promoter CG density and classify CGIs, and that chemical inhibition or knockout of 

DNMTs likely causes widespread secondary effects that might have partly contributed 

to the contradictory conclusions. Thus, the repressive role of 5mC at non-CGI 

promoters remains an ongoing matter of debate.  

Gene bodies are characterized with varying CpG density and are thought to be 

extensively methylated to prevent spurious transcription of cryptic promoters and to 

silence repetitive elements that might be present49. The high mutagenic potential of 

methylcytosines, through spontaneous deamination has been reported to contribute to 

the pathogenesis of cancer through generation of exonic mutations50. Analyses of 

transcription activity and gene body methylation have yielded an interesting paradox; 

despite strongly correlating with gene repression, 5mC within gene bodies has been 

shown to associate with active transcription51,52. This emphasizes that the function of 

5mC varies in different genomic context. Indeed, there is mounting evidences that 

differences in intron-exon boundary methylation levels might be implicated in 

alternative splicing of transcribed genes53. WGBS analyses have revealed that the level 
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of 5mC is higher in exons when compared to its respective flanking introns, and 

consistent with data from repressed CGIs, methylated exons exhibits nucleosome 

occupancy43. These signatures are thought to potentially define exons and fine tune 

RNA-Pol II elongations rates, modulating the activity of the splicing machinery in 

regulating alternative splicing 53,54.  

The first evidence demonstrating the involvement of 5mC and alternative 

splicing was the inclusion of a CD45 alternative exon in peripheral lymphocytes when 

the unmethylated exon is bound by CTCF 55. This effect was reversed when the 

alternative exon was methylated as the peripheral lymphocytes differentiates 

terminally, and when CTCF was depleted using RNA interference (RNAi). 

Mechanistically, at the locus analyzed, CTCF binding was inhibited by 5mC, and 

hence methylated exons were permissive for rapid transcription of the pre-mRNA by 

the transcriptional machinery, resulting in associated exclusion of exons in the absence 

of CTCF binding and Pol II pausing55. In a second mechanism, methylated alternative 

exons could be bound by the transcriptional repressor MeCP2, which promotes the 

inclusion of the exon in the final transcript. Binding of MeCP2 is thought to decrease 

the elongation rate of the transcription machinery by either forming protein complexes 

that reduce the efficiency of RNA Pol II elongation or by mediating local chromatin 

condensation through the activity of HDACs that are recruited56. Both these examples 

involve protein recruitment to alternative exons and interfere with transcription 

elongation rates to achieve alternative splicing. As detailed above, methylated exons 

are organized around nucleosomes and are marked with H3K9me3. A recent study has 

found that H3K9me3 at gene bodies is recognized and bound by heterochromatin 

protein 1 (HP1), which forms an adaptor system for splicing factor recruitment by 

HP1-interacting proteins at these methylated regions57. Considering other organisms 

that lacks 5mC, these mechanisms are thought to fine tune alternative splicing in 

higher eukaryotes as opposed to being the main regulatory pathway.   

 

 



10 
 

1.3.3  Role of DNA methylation at CpG poor regulatory regions  

Enhancers and insulators are distal cis-acting elements that fine tunes 

transcriptional activity. WGBS of several ES cell lines and brain tissue had revealed 

that these CpG poor regions have variable levels of 5mC10,19. Although it remains 

unclear if 5mC is instructive at insulator elements, they appear to assume a repressive 

role at enhancers. In support of a repressive role, the methylation of CGs sites within 

enhancers controlling lymphocyte developmental genes resulted in greatly reduced 

transcriptional activation in contrast to unmethylated DNA of identical sequence in in 

vitro reporter assays58. In a similar mechanism described in Section 1.3.1, methylated 

enhancer elements can prevent 5mC sensitive transcription factors (TF), such as NRF1, 

from binding and causing subsequent transcriptional activation37. Consistently, active 

enhancers have low levels of 5mC when the gene(s) they regulate are transcriptionally 

active10,19,59. This is further supported with the observation of active DNA 

demethylation at enhancers of genes controlling vertebrate body plan development by 

TET (Ten-eleven translocation) dioxygenases in zebrafish, Xenopus tropicalis and 

mouse60. The TET proteins are a family of enzymes that mediate active DNA 

demethylation though iterative oxidation of 5mC to 5-hydroxymethylcytosine (5hmC), 

5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)61. 5caC is recognized and 

cleaved by thymine DNA glycosylase (TDG), after which an unmethylated cytosine 

is subsequently inserted by the base excision repair machinery62. Active demethylation 

by TET proteins at these developmental enhancers was required to achieve a normal 

level of chromatin accessibility as assessed with transposase-accessible chromatin 

sequencing (ATAC-Seq), and coincided with transcription of developmental genes 

specifying body plan formation, further supporting a regulatory role for 5mC at these 

enhancers 60,63.      

However, TFs such as CTCF and REST has been shown to bind directly to 

methylated enhancers and, in turn, induce DNA demethylation and subsequent 

transcriptional activation of neighbouring gene59,64. Critically, transcriptional 

activation and reduction in 5mC occurs downstream of TF binding which argue 

against a repressive role of 5mC at enhancers.  These studies however, relied on 

genetic deletions of TFs, DNMTs and artificial insertion of genomic sequences which 

might introduced secondary effects that could confound experimental conclusions.  
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The roles of 5mC at insulators are complex and insufficiently characterized. 

The most studied examples were genomic regions bound by the CTCF repressor, 

particularly the imprint control region (ICR) of the Igf2/H19 locus. In two separate 

studies, using both gel shift and enhancer-reporter assays, it has been shown that CTCF 

binding activity is abolished, and the CTCF mediated transcriptional repression or 

enhancer blocking activity is lost when CpG sites within the ICR are artificially 

methylated33,38. These two studies thus provided key evidences of CTCF sensitivity 

towards methylated CpGs within its binding motif. Although the role of 5mC in 

regulating CTCF occupancy has been exemplified in the imprinting Igf2-H1933,38, 

recent study has shown global depletion of 5mC through genetic deletion and chemical 

inhibition of DNMTs did not frequently allow for new CTCF binding events, 

suggesting that selective CTCF occupancy regulation by 5mC might not be as 

universal as previously thought65. Furthermore, CTCF has been shown to directly bind 

to methylated enhancers and mediate DNA demethylation in vitro64. Nonetheless, 

several CTCF binding sites were concordantly re-occupied in two different cell lines 

upon genome-wide removal of 5mC achieved with two different methods of 5mC 

depletion65. These observations suggest that there are other unknown regulatory 

elements or sequence elements acting in concert with 5mC to regulate the selective 

binding of CTCF. Indeed, the recognition motif of CTCF is highly heterogeneous and 

of the multiple potential CTCF binding sites present at H19 ICR, only one site showed 

5mC mediated mono-allelic expression of Igf2-H1966. It is important to note that these 

studies had relied on artificial insertion of DNA sequences, genetic manipulation, and 

chemical inhibition of DNMTs which causes extensive secondary effects and 

potentially confounds experimental conclusion. Therefore, more work utilizing highly 

specific methodology such as epigenome editing to alter 5mC states is required to 

investigate the role of 5mC at insulator elements and their involvement in methylation 

sensitive transcription factor binding. 
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1.3.4  Cross talk between 5mC and histone modifications  

It has become evident that both 5mC and histone modification pathways are 

highly dependent on each other to establish specific patterns of gene expression during 

development. The recruitment of HDACs and histone lysine methyltransferases 

(HMTs) to methylated regions bound by MBDs provided first evidence in 

demonstrating an interplay between 5mC, histone PTMs and chromatin 

remodelling41,42,67. Large scale interrogation of histone PTMs has further revealed that 

histone methylation is indeed highly interconnected with 5mC patterns68,69.  

As the DNA methylation machinery have no inherent sequence specificity 

other than CpG dinucleotides14, both histone PTMs and protein complexes that deposit 

these modifications have been shown to affect 5mC deposition. For example, the 

catalytic activity of H3K9 methyltransferase Suv39h1/2 is required for the 

establishment of 5mC at pericentric heterochromatin through the enzymatic placement 

of H3K9me370. This interaction is mediated by HP1, which recognizes H3K9me3 

through its chromodomain and in turn recruits DNMT3A/B via direct interactions to 

deposit 5mC. Similarly, DNMT3A/B could also be recruited to genomic sites 

harbouring H3K36me3 through their PWWP (Pro-Trp-Trp-Pro) domain and establish 

de novo 5mC71. H3K36me3 correlates with active transcription and are enriched in 

gene bodies particularly in methylated exons, and is speculated to regulate alternative 

splicing, however a molecular mechanism has yet to be documented69.  Histone PTMs 

could also play a role in excluding 5mC. For example, trimethylation of lysine 4 on 

histone H3 (H3K4me3) is a prominent histone PTM marking active promoters and is 

mutually exclusive from 5mC72. The exclusion of 5mC at genomic sites marked 

H3K4me3 with could be explained by interactions between DNMT3A/B and 

DNMT3L. DNMT3L was found to interact specifically with unmethylated lysine 4 of 

histone H3 through its PHD (plant homeodomain)-like domain and this interaction is 

inhibited when H3-lysine 4 residue is methylated, suggesting that H3K4me3 might 

play a role in blocking 5mC by inhibiting DNMT3L interaction and subsequent non-

activation of DNMT3A/B73.  
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Although it is tempting to assume a facile relationship for all these 

observations, knockout studies showed that the interactions of histone PTM and 5mC 

are complicated and are likely to involve other unknown factors. For example, 

although it was shown that deposition of de novo 5mC could recruit HMTs through 

interactions with MBDs and play a role in specifying H3K9me3 placement, the 

distribution of H3K9 methylation was largely unaffected in mouse ES lacking all 

DNMTs74. Furthermore, knockouts of MeCP2 in mouse model does not appear to 

hinder HMT recruitment, as there were no obvious defects in H3K9me3 deposition at 

pericentric heterochromatin regions75. Taken together, these observations suggest that 

although 5mC and MeCP2 might play a role in specifying H3K9me3, it is likely 

context dependant and cannot be accounted by a simple pathway where MBDs recruits 

HMTs to chromatin. Similarly, knockout of HMT Setd2 in human bronchial epithelial 

and colorectal cancer cells resulted in widespread loss of H3K36me3, and despite the 

depletion of this histone PTM, 5mC profile at gene bodies remained largely unaffected, 

suggesting that other factors might be in play to recruit DNMT3A/B to gene bodies76. 

Even though the requirement of unmethylated lysine (H3K4me0) for establishing de 

novo methylation with DNMT3L-DNMT3A/B is recapitulated in Drosophila, which 

lacks 5mC, the expression of DNMT3L is limited to germ cells and early 

developmental stages in mammal, implying that regulation of DNMT3A/B by 

DNMT3L is not universal and are likely to involve other factors77,78. Consistently, 

DNMT3L is lowly expressed in human and mouse brain tissue, and is likely not 

involved in de novo methylation events implicated in memory formation and cognitive 

functions during neurodevelopment18,19.   

In summary, the interactions between mediators of 5mC and histone PTM is 

complex and incompletely understood, and indicate that the functions of these 

epigenomic modifications are likely to be dependent upon genomic context. For 

example, the stable silencing of repetitive elements at the pericentric heterochromatin 

requires the enzymatic placement of H3K9me3 by HMT Suv39h1/2, where 

subsequently HP1 binds to H3K9me3 and recruits DNMT3A/B to establish 5mC79. 

The interactions of HP1, DNMT3A and H3K9me3 at exons however, has been 

reported to mediate alternative splicing57. Further investigations through deliberate 

and precise alteration of individual epigenomic modifications in different genomic 
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contexts is required to dissect the highly complex interactions between 5mC and 

histone PTMs. 

1.3.5  Known, unknowns and caveats of DNA methylation   

A key goal in epigenetic research is to decipher the precise roles and function 

of these covalent modifications. It is now clear that 5mC is associated with the long-

term silencing of repetitive elements, genome imprinting and X-chromosome 

inactivation. Despite the abundance evidence of 5mC mediating repression at CGI, the 

timing of events and causality of 5mC remains poorly described. That is, does 5mC 

always mediate and initiate repression or is the methylation a result of the 

transcriptional silencing? Evidences from recent studies had suggested a role of gene 

body methylation in fine tuning alternative splicing and a potential regulatory role at 

CpG poor enhancer regions55-57,60. The roles of 5mC at non-CGI promoter and 

insulator elements however, remains poorly understood.  

To date, the roles and function of 5mC have been largely assigned through 

comparative analyses of methylome maps and gene expression data, biochemical 

approaches, in vitro reporter assays, and genetic alterations in model organisms or cell 

cultures. Although DNA methylome and transcriptomic data are important data to 

highlight the potential interactions between these cellular processes, these techniques 

only provide associative information with regards to 5mC patterns and transcriptional 

activity. Moreover, the genetic perturbation and chemical inhibition of DNMTs causes 

widespread changes in 5mC patterns throughout the genome, making it challenging to 

accurately assign functional role(s) of 5mC. Furthermore, deletions of DNMTs in 

animal models are embryonic lethal15,80. The aforementioned techniques lack target 

selectivity and are unable to establish the causal relationships between 5mC, 

chromatin state, and transcription in specific genomic contexts. Thus, novel 

techniques need to be developed to effectively and specifically alter 5mC patterns 

precisely at desired genomic locations without confounding secondary effects. 
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1.4  Research objectives   

As reviewed earlier, the causality of 5mC in the genome has yet to be 

adequately defined and could vary with different genomic contexts, while traditional 

methods make it difficult to dissect the roles of 5mC because they lack target 

selectivity. Therefore, my PhD research aimed to investigate causal role of 5mC in 

specific genomic contexts by directly altering 5mC states at regions of interest by 

developing and utilizing new epigenome editing systems81. The basic approach is to 

fuse catalytic domains of epigenetics writers to reprogrammable DNA binding 

proteins to achieve site specific erasure or addition of epigenetic modifications 

(Figure 1.3). The objectives of this research could therefore be broadly divided into 2 

main tasks; firstly, to develop novel molecular tools for site specific alteration of 5mC 

states and secondly, to apply these tools for testing the causal effects of changes in 

5mC states in the genome in various biological settings. 

 

 

Figure 1.3. Basic concept of epigenome editing. Targeted alternation of epigenome 

modifications by fusing effector domains of “writers” to reprogrammable DNA 

binding protein to investigate causal role of respective epigenomic modification.  
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1.4.1  Epigenome editing -Targeted de novo DNA methylation    

 In this research, the catalytic domain of DNMT3A would be fused to 

reprogrammable DNA binding domains (DBD) to achieve targeted de novo 5mC at 

genomic regions of interest. These fusion constructs are referred to as “Epi-modifiers”, 

and presently, there are three widely used customizable DBDs; i) zinc-fingers (ZF) 

proteins, ii) transcription activator-like effectors (TALE), and iii) the clustered 

regularly interspaced short palindromic repeat (CRISPR) associated protein-9 

(CRISPR-Cas9). The strengths and limitations of each reprogrammable DBDs are 

discussed below.  

The Cys2His2 type ZF represents a family of highly abundant TFs that function 

through the recognition of specific DNA sequences in the eukaryotic genome. 

Advances in structural based studies of this ZF has led to the discovery of a highly-

conserved linker sequence, which enabled construction of synthetic ZF arrays that 

could be reprogrammed to recognize specific DNA sequences82. Following this 

discovery, several proofs of concept experiments showed that ZF-fusions can be 

targeted to regions of interest with a variety of different effector domains (including 

DNMT3A, reviewed on Section 1.2.2)83-86. Although ZFs are highly amenable to 

customization in targeting specific sequences and delivering different effector 

domains, they are laborious to construct and have high assembly failure rates87. In 

addition, recent studies had also found that these ZFs exhibited significant widespread 

non-specific activity, making it an undesirable choice for tools that aim to achieve 

highly specific modification of the epigenome88,89. TALEs were first identified as 

virulence factors secreted by plant pathogen Xanthomonas, mimicking host 

transcription factors to cause aberrant transcriptional activation of host genes90. These 

effectors contained a central domain of tandem conserved 33–35-amino-acid repeats, 

where each repeat unit recognizes a single base pair of DNA through two repeat-

variable di-residues (RVDs)91. The recognition specificity of these RVDs have been 

solved, and since then several studies had fused TALEs to various effectors to 

repurpose them for genome editing, transcriptional regulation, alterations of histone 

PTMs and induction of de novo 5mC (reviewed on Section 1.2.2) 83,92-94. Unlike ZF, 

which are assembled in fixed triplets, TALEs are assembled iteratively with the 

desired single repeat unit, which has the advantage of greater design flexibility over 

the ZFs. However, due to the highly repetitive nature of these domains, the molecular 
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cloning work to assemble TALEs can be extremely challenging and additionally, 

TALE binding exhibits sensitivity to methylated cytosine95. Furthermore, a different 

TALE DBD needs to be synthesized for each distinct DNA target sequence. 

CRISPR is an adaptive immunity system against invading bacteriophages or 

mobile genetic elements that are widespread in both bacteria and archaea96. The type 

II CRISPR system consists of a Cas9 nuclease and arrays of CRISPR RNAs (crRNA) 

which upon maturation directs Cas9 to DNA sequences complementary to the crRNA, 

leading to targeted degradation foreign DNA (Figure 1.4)97. The endonuclease 

activity of Cas9 from Streptococcus pyogenes has an absolute requirement of a proto-

spacer adjacent motif (PAM) sequence (NGG) downstream of the variable region and, 

double strand DNA cleavage occurs 3 bases upstream of the PAM site97,98. Maturation 

of crRNA involves processing by RNaseIII and CRISPR processing systems, and the 

subsequent base pairing with trans-activating crRNA forms the Cas9 recognition 

handle. Due to the simplicity of this RNA guided system, several research groups 

speculated that it could to function in eukaryotic cells to induce double stranded breaks 

in genomic DNA for genome editing. Indeed, the first proof of concept genome editing 

in mammalian cells was demonstrated using chimeric short guide RNA (sgRNAs)97,99. 

With the invention of sgRNAs, a variety of catalytically inactive Cas9 (dCas9) effector 

fusions have recently been applied to achieve transcriptional regulation, and targeted 

epigenome (reviewed on Section 1.2.2) and genome editing100-103. The reprogramming 

of Cas9 simply require the use of different sgRNAs to target region of interest, and the 

sgRNA design process is straightforward and non-laborious unlike TALEs and ZFs 

where a new assembly is required for each target site. Another key advantage of the 

Cas9 system is the ability to multiplex sgRNA to achieve parallel targeting of Cas9 to 

multiple loci by simultaneous use of multiple distinct gRNAs. Furthermore, the 

binding activity of Cas9 is unaffected by 5mC104. Although non-specific activity has 

been reported for Cas9 nuclease, careful titration Cas9 and sgRNAs expression levels, 

high fidelity mutants, and sgRNA design can minimize these off-target activities while 

maintaining good on-target effects105,106.  
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In my PhD research, I aimed to generate proteins comprising of dCas9- and 

TALE- DBDs fused to the catalytic domain of DNMT3A to achieve epigenome 

editing (Figure 1.5). The catalytic domain of DNMT3A was used in place of the full-

length protein to prevent any possible cross interactions with other epigenetic 

mediators that could potentially confound the experiments. Although fusions of both 

DBDs to DNMT3A has now subsequently been demonstrated (Section 1.2.2), a direct 

comparison of between these system’s performance in terms of specificity and 

magnitude of 5mC induction is lacking because these studies were conducted on 

different cell lines and genomic loci. In addition to investigating the causal role of 

5mC in the genome, data generated from this PhD in comparing these systems would 

also provide a valuable resource for the scientific community for future work. 

Furthermore, most epigenome editing studies to date have not closely examined the 

specificity of the effects throughout the genome, leaving a critical aspect of these tools 

largely unexplored to date. 

 

 

 

 

 



19 
 

 

Figure 1.4. Type II CRIPSR system from Streptococcus pyogenes. Schematic 

overview of the type II CRISPR operon from Streptococcus pyogenes. The type II 

CRISPR operon is comprised of Cas9, CRISPR processing enzymes, spacer sequences 

(CRISPR array), and an anti-strand trans-activating CRISPR RNA (tracrRNA). When 

activated, the Cas9 endonuclease is co-transcribed with the CRISPR processing 

enzymes and two RNA species; the pre-CRISPR RNA (pre-crRNA) and tracrRNA. 

Both pre-crRNA and tracrRNA is further processed by RNaseIII and CRISPR 

processing enzymes to form the mature sgRNA complex (crRNA:tracRNA) which 

contains a Cas9 recognition secondary structure. Finally, Cas9 recognizes and binds 

to the mature sgRNA complex and is directed to foreign DNA sequences that is 

complementary to spacer sequence, leading to the targeted degradation of foreign 

DNA.  
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Figure 1.5. Epigenome editing with CRISPR/Cas9 and TALE based system. 

Application of the epi-modifier system to investigate causal role of 5mC in regulating 

gene transcription and occupancy of methylation sensitive transcription factors. 
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1.4.2  Current progress in the development of epigenome editing 

systems  

Research work for this PhD has begun in 2013, and since then several other 

groups have published similar research with varying approaches. A review and 

comparison of these studies are presented in the following section.   

1.4.2.1  Current targeted de novo methylation studies 

The first documented attempt of targeted 5mC using ZF based fusion was 

conducted by Bestor et al where the authors had fused ZF to M.SssI CpG 

methyltransferase to alter 5mC states at synthetic oligonucleotides107. Although Bestor 

et al has demonstrated a successful proof of concept in inducing targeted 5mC, the 

molecular tool was not applied to study the role of 5mC in a defined biological context, 

and the characterization of the fusion protein specificity was additionally lacking. 

More recently, Rivenbark et al had fused the catalytic domain of the de novo 

methyltransferase-3A (DNMT3A CD) to ZF artificial transcription factors targeting 

Sox2 and Maspin oncogene in breast cancer cells (MCF7)86. The authors were able 

induce 5mC at these loci and reported that this mediated downregulation of these 

oncogenes. The downregulation of these oncogenes was also associated with impaired 

abilities of the MCF7 cells to migrate in soft agar assays86. Although this study 

provided an elegant proof of concept for targeted de novo methylation and targeted 

epigenetic therapy in cancer cells, the authors did not survey for presence of any non-

specific activities of the ZF-DNMT3A fusion. Indeed, a subsequent follow-up study 

had found that these ZFs are highly non-specific with widespread binding at multiple 

non-target promoters89. Although the off-target analysis had used ZF-SKD (Kruppel 

Associated Box) transcriptional repressor fusion, the SKD domains were fused to the 

same ZFs and the assessment of non-specific methylation of ZF-DNMT3A with 

WGBS showed similar widespread non-specific activity (personal communication, Dr 

Ethan Ford and Dr Ryan Lister, unpublished data).  
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Recently, several studies involving TALE and Cas9 fusions to DNMT3A has 

been reported94,108-110. A driving motivation of epigenome editing is to decipher roles 

of epigenomic modifications in specific contexts without the confounding secondary 

effects from knockouts or chemical inhibition. However, a thorough and 

comprehensive off-target analysis in these studies is lacking. In the TALE-fusion 

study, although the authors demonstrated that induction of 5mC at CDKN2A promoter 

reduced its expression and increased proliferation rates of primary fibroblast cells, 

they only survey non-specific activities of the construct by measuring 5mC at 

neighbouring genes and a single random gene on another chromosome94. This off-

target analysis is clearly insufficient and it is very likely that the authors are missing 

out many other potential non-specific activities that might be present.  

Similarly, in the dCas9-DNMT3A fusion studies, one group (McDonald et al) 

had used enzyme linked immunosorbent assay (ELISA) to measure bulk levels of 5mC 

in various experimental conditions to estimate off-target activities of their construct108. 

Although the authors conclude that there is no significant off-target caused by the 

construct, this method of measurement is extremely imprecise, and strong indications 

of non-specific activities were evident in their data (Figure 2B, 3B)108. In another study, 

Vojta et al had sequenced LINE (long interspersed nuclear elements) elements to 

survey for potential off-target activities109. LINE elements are a group of highly 

repetitive retrotransposon which are silenced and repressed by 5mC to maintain 

genome stability111. These regions are highly methylated and therefore this method 

may not be sensitive enough to reflect subtle changes in 5mC caused by non-specific 

activities of the constructs.  

Despite having constructed the dCas9-DNMT3A catalytic mutant fusion 

protein, Liu et al had used scrambled sgRNAs, that is, random non-targeting sgRNAs, 

to control for the catalytic activity of DNMT3A while investigating the role of 5mC 

in transcriptional repression110.  The use of scrambled sgRNA however, is not an 

appropriate catalytic control for DNMT3A as opposed to the catalytic mutant of 

DNMT3A at the target site as this merely directs the construct to random parts of the 

genome. Indeed, their off-target analysis with chromatin immuno-precipitation 

sequencing (ChIP-Seq) and bisulfite Sanger sequencing reveals the presence of non-

specific activities at other parts of the genome (10-30 off-target sites depending on 

sgRNA transfected), supporting that the catalytic activity of DNMT3A is directed 
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away from target site (Figure 2B, S3)110. Nonetheless, the authors have demonstrated 

a successful proof of concept and achieved silencing of the reporter system upon 

induction of 5mC at the promoter region. However, the authors are required to validate 

this observation by repeating the experiment with the use of dCas9-DNMT3A-mutant 

to rule out that the transcriptional repression at their artificial locus might be mediated 

by CRISPR interference100.  

In a final study by Ambile et al, the authors have reported a powerful approach 

to induce stable silencing of a reporter construct in K562 cells, by simultaneously 

targeting the promoter region of the reporter gene with a combination of three effectors; 

the Kruppel-associated box containing zinc-finger proteins transcriptional repressor 

(KRAB), DNMT3A, and DNMT3L that was separately fused to either dCas9 or 

TALEs112. The authors have reasoned that the targeting of multiple effector domains 

to gene regulatory regions might mimic the sequential assembly of epigenetic 

silencing complexes that instruct stable repression of retroviral elements during early 

development. Indeed, the authors have successfully induced the stable repression of 

genes of interest in a time course experiment using this combinatorial approach. The 

authors further note that H3K9me3, a histone post-translational modification that is 

associated with gene repression, accumulates at the induced silenced genes. 

Furthermore, the authors show that silencing can only be relieved by the targeted 

recruitment of TET1 and chemical inhibition of DNMTs, but not artificial gene 

reactivation methods using dCas9-transcriptional activators fusion (dCas9-VP64)112. 

The research work conducted by Ambile et al supports the repressive role of 5mC at 

promoter regions, and highlights the synergistic effect between 5mC and histone 

PTMs to achieve stable gene repression.  

To assess the specificity of the system used in the study, Ambile et al has 

conducted a methylated DNA immunoprecipitation sequencing (MeDIP-Seq) to 

identify non-specific induction of 5mC genome wide, and transcriptome profiling 

using RNA sequencing to identify global aberrant gene expression changes. The 

authors have concluded that the system is highly specific as only one site gained non-

specific methylation across the genome, and the transcripts with altered expression in 

transfected cells did not occur on the computationally predicted off-target sites for the 

TALEs and sgRNA used in the study. However, bioinformatic off-target prediction 

tool, whilst useful, is unable to accurately predict all non-specific binding events 
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caused by Cas9. Furthermore, MeDIP enrichment is biased towards CG dense regions, 

and hence, the induction of non-specific methylation at genomic regions with low CG 

density caused by the system are potentially not detected113. Therefore, the authors are 

required to complement their existing data with ChIP-Sequencing to accurately 

identify any potential non-specific binding events caused by their constructs to 

conclude on the specificity of their system.    

In summary, these studies utilizing fusions of reprogrammable DNA binding 

proteins and DNMT3A CD have demonstrated a proof of concept in altering 5mC 

states at sites of interest. However, in some cases, the controls used were not 

appropriate and the surveillance of non-specific activity by these fusion constructs 

were inadequate. In addition, low resolution sequencing method such as MeDIP-Seq 

was used to identify non-specific gains of 5mC genome-wide. Thus, in addition to the 

continual optimizations and improvements of the constructs generated in this PhD, a 

major focus would also be placed on fine tuning of construct specificity, and 

comprehensive interrogation of non-specific activities. 
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1.4.3  Use of epimodifier systems to investigate the causal role of 5mC. 

 In this research, I aimed to apply the developed epi-modifier tools as described 

in section 1.2.1 to investigate role of 5mC in the following biological settings; i) The 

role of 5mC in the transcriptional regulation of gene expression during zebrafish 

development (Figure 1.6), and ii) the role of 5mC in controlling occupancy of 

methylation sensitive transcription factors (Figure 1.7). Below, I will briefly justify 

the rationale for choosing these specific biological processes. 

The expressions of early embryonic genes are dynamic and are highly 

regulated during various developmental stages. For example, ntla is involved in 

transcriptional regulation of genes required for the formation of the notochord and tail 

structure during zebrafish development114. The expression of this gene is restricted to 

mid-gastrulation and is silenced at 24h post fertilization (24hpf), coinciding with the 

appearance of 5mC at the promoter region60,115. I aimed to use the epimodifier tools to 

directly alter 5mC profiles at the ntla promoter to test whether induced 5mC is 

sufficient for transcriptional repression (Chapter 5). Zebrafish is an excellent model 

organism to test the role of 5mC in transcriptional regulation as compared to 

immortalized cancer cell culture models because genes might be subjected to aberrant 

regulatory mechanism in these cells. Additionally, zebrafish has a relatively short 

development cycle and perturbations to ntla produces a prominent phenotype which 

makes screening straightforward116.  
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Figure 1.6. Correlation of transcriptional repression and 5mC of early embryonic 

genes during zebrafish development. Hypothetical example illustrating the co-

occurrence of 5mC at regulatory region and subsequent down regulation of early 

developmental gene as organism develops.  

  Transcription factors (TF) are important regulators of transcriptional activity, 

and advances in structural biology has been instrumental in describing the mechanisms 

of sequence specific recognition of TFs and elucidation of their binding motifs117. 

Although multiple potential binding sites may exist for a given TF, genome-wide 

studies using methods such as ChIP-seq have revealed that only selected sites are 

occupied at a given time, suggesting that other factors might regulate their selective 

binding. One such factor is 5mC in regulating occupancy of methylation sensitive TFs 

such as CTCF and NRF137,65. Research on investigating methylation sensitive TF 

occupancy had relied on artificial DNA constructs harbouring binding sites of TFs of 

interest, treatment of DNMT inhibitors and knockouts to conclude on their sensitivity 

to 5mC. The artificial insertion of DNA sequences in the genome might not faithfully 

recapitulate actual biological response while knockouts and chemical inhibition of 

DNMTs no target selectivity. The techniques used potentially causes confounding 

secondary effects and is therefore unable to address the role of 5mC in regulating TF 

occupancy at enhancer and insulator elements. Effective epimodifier tools could be 

applied to directly alter 5mC profiles at CTCF binding sites and test whether 5mC 

status changes could affect CTCF occupancy (Figure 1.7). More details with regards 

to experimental design and approach are detailed in Chapter 6. 



27 
 

 

Figure 1.7. De novo DNA methylation at 5mC sensitive TF binding sites. 

Schematic overview of aim 2 where the epimodifier system is applied to investigate 

role of 5mC in controlling methylation sensitive transcription factor occupancy.  
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1.5  Summary 

 This PhD research aimed to develop effective and highly specific epimodifiers 

to achieve targeted alteration of 5mC states at regions of interest, and to test the broad 

applicability of the epimodifiers to modulate occupancy of 5mC sensitive TF, and to 

alter transcription activity of developmental genes in vivo. The research work 

conducted during my PhD is organised as follows;  

• Chapter 2 details the materials and methods used in this project.  

• Chapter 3 highlights the performance and limitation of single fusion 

epimodifiers.   

• Chapter 4 highlights the redesign and optimization of the epimodifiers to 

achieve a greater magnitude induction of 5mC that is highly specific at regions 

of interest.  

• Chapter 5 describes the application of optimized Epi-modifier in vivo to 

investigate role of 5mC in transcriptional regulation using a zebrafish model.  

• Chapter 6 details the application of epi-modifiers in cultured cells to modulate 

the occupancy of the transcriptional repressor CTCF.  

• Chapter 7 concludes and discuss the findings and challenges faced in this PhD 

project.  
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2.1  Molecular DNA cloning 

 This section details techniques used in construction of expression vectors 

encoding dCas9- and TALE- based plasmids.  

2.1.1  Serapure purification 

 Serapure solid phase reversible immobilization (SPRI) beads was prepared 

using protocol as described by Rohland et al (Appendix, Section A1)118. Briefly, 1 

mL of Sera-mag Speed Beads (Cat no: 65152105050250, GE healthcare Life Sciences) 

was transferred to a fresh 1.7 mL tube before incubating on a DynaMag 2 Rare-earth 

magnet-stand (Cat no: 12321D, Thermo-Fisher Scientific) for 5-minutes. After the 

beads are drawn to the magnet, the supernatant was discarded and the beads was 

washed with 1 mL of TE buffer (10mM Tris-Cl pH 8.0, 1mM EDTA pH 8.0) by 

pipetting. The tube was returned to magnetic stand and the supernatant was discarded 

completely and this wash step was repeated once more for a total of two-washes. After 

the last wash step, cleaned serapure beads were re-suspended in 1 mL of TE buffer. 1 

mL of cleaned sera-mag beads was subsequently transferred to 49 mL of polyethylene 

8000 glycol (PEG) solution (10mM Tris-Cl pH 8.0, 1mM EDTA pH 8.0, 1M NaCI, 

18% (w/v) PEG8000, 0.05% (v/v) Tween-20). The sera-mag beads-PEG solution is then 

complete and is subsequently referred to as serapure beads.  

 To purify nucleic acids using serapure beads, the stock solution was first mixed 

thoroughly by vortexing. Required amounts of serapure beads was added to sample 

and was mixed thoroughly by pipetting. The reaction is incubated at room temperature 

for 15-minutes before placing on a magnetic rack for 5-minutes to allow all beads to 

be drawn towards the magnet. The supernatant is then carefully removed without 

disturbing the beads and 700 µL of freshly prepared 70% (v/v) ethanol (cat no: 

FSBBP2818-4, Thermofisher scientific) was added to beads for 30-seconds to wash 

bound DNA. Care was taken to remove all ethanol completely and this wash step was 

repeated once more for a total of two washes. Next, the tube was removed from the 

magnetic rack and the serapure beads were re-suspended in desired amount of elution 

buffer by pipetting. Re-suspended beads were incubated at room temperature for 3-

minutes before returning to the magnetic rack. Finally, after all serapure beads were 

drawn to towards the magnet, the supernatant now containing purified DNA/RNA was 

carefully transferred a fresh microfuge tube.  
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2.1.2  Gibson assembly 

 Plasmids encoding Cas9 were ordered from plasmid depository Addgene 

(https://www.addgene.org) as deposited by Mali et al99 (Appendix, Table 1). 

Oligonucleotides to create the catalytic mutant of Cas9 (dCas9, D10A, H840A) were 

designed and ordered from Integrated DNA Technologies (IDT, 

https://www.idtdna.com) (Appendix, Table A2). Regions of the Gibson assembly 

primer that prime the PCR reaction had an annealing temperature of 72oC while the 

overhanging junction is minimally 20 nucleotides in length. Expression plasmids for 

dCas9 based system were assembled through a combination of PCR and Gibson 

assembly119.  

Briefly, DNA sequences required for Gibson assembly were amplified using 

NEB Q5 Hotstart polymerase following manufacturer’s instructions (Cat no: M0491L, 

NEB). The resulting PCR products were purified using 1 volume of homemade 

serapure beads (Section 2.1.1) and was subsequently quantified using a 

spectrophotometer (ND 1000, Thermo scientific). Purified PCR products were diluted 

to 50 femtomole (fmol) in Tris-Cl buffer pH 8.0 (TE/10) and equimolar amounts of 

each amplicon were pooled and mixed with homemade 2X Gibson assembly mix 

(Appendix, Section A2). The Gibson assembly reaction was incubated at 50oC for 1 

hour on a heat block. Next, the reaction was digested with 10U of restriction enzyme 

DpnI (Cat no: R0176L, NEB) at 37oC for 0.5 hour to remove parental plasmids. The 

assembled product was purified with 1 volume of homemade serapure beads and was 

eluted in 10 µL of TE/10. 5 µL of purified Gibson assembly was finally used to 

transform homemade electro-competent E.coli cells (Appendix, Section A3). 

Bacterial culture was incubated at 37oC for 10-12-hours before picking singles 

colonies for miniprep (Section 2.1.3). Diagnostic restriction digests were performed 

to screen for potential correct clones. Candidate clones were subsequently verified by 

sequencing using commercially available services. A list of all plasmids constructed 

in this project is detailed in Appendix Section A4.  
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2.1.3  Iterative Capped assembly (ICA) for TALE repeat domains 

 ICA was conducted following protocol described by Briggs et al with slight 

modifications120. Plasmid template encoding each TALE repeat (RVD plasmid) as 

constructed by Sanjana et al were ordered from Addgene95(Appendix, Table A1). 

Individual TALE monomers were first prepared by PCR amplification with NEB Q5 

Hotstart polymerase (Cat no: M0491L, NEB) using primers designed by Briggs et al 

from each respective RVD plasmid120 (Appendix, Table A3). PCR products were 

purified with 1 volume of serapure beads (Section 2.1.1) before digesting with 10 units 

of BsmBI (Cat no: R0580S, NEB) at 55oC for 1-hour following manufacturer’s 

instructions. Digested product was subsequently gel purified using ISOLATE II Gel 

kit (Cat no: BIO-52060, Bioline) to prevent contamination of undigested products. A 

final serapure purification was performed on the gel extracted monomers before 

quantifying them on a spectrophotometer. The biotinylated initiator oligo and capping 

oligos were annealed by mixing equimolar amounts of each single stranded oligo and 

heating to 95oC and then ramping down to 25oC at 0.1oC/s. Annealed initiator oligo 

was diluted to 10nM and individual TALE monomer were diluted to 25nM before 

mixing with each respective capping oligo at 20nM.  

To begin the ligation process, 10 µL of streptavidin M-270 Dynabeads (Cat no: 65305, 

Thermofisher Scientific) was washed with 200 µL of bind and wash buffer-1 (BWB-

1) (10mM Tris-Cl, pH 8.0, 1M NaCl, 2mM EDTA, pH 8.0, 0.2% Tween-20) by 

pipetting in a 0.2 mL tube. The tube was then placed on a 96 well magnetic rack (Cat 

no: 12311D, Thermo-Fisher Scientific) for 1-minute and the supernatant was carefully 

removed. This wash step was repeated twice. 10 µL of biotinylated initiator oligo and 

10 µL of 2X BWB (10mM Tris-Cl, pH 8.0, 2M NaCl, 2mM EDTA, pH 8.0, 0.2% 

Tween-20) was subsequently added to cleaned Dynabeads. The reaction was mixed 

thoroughly by pipetting and the initiator oligo was allowed to bind to the Dynabeads 

by incubating at room temperature for 15-minutes on a tube rotator (30 rpm). The tube 

was returned to the magnetic rack for 1-minute and the supernatant was carefully 

discarded. The reaction was subsequently washed once with 200 µL BWB-1 and once 

with 200 µL of BWB-2 (10mM Tris-Cl, pH 8.0, 2mM EDTA, pH 8.0, 0.2% Tween-

20) to remove any unbound initiator oligos. 
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Following on, 4.5 µL of TALE monomer mix (25nM monomer and 20nM 

capping oligo), 5 µL T7 ligase buffer and 0.5 µL T7 ligase (3000 Units/ µL) (Cat no: 

M0318L, NEB) was added to the beads. The ligation reaction was mixed by pipetting 

and incubated at room temperature for 3-minutes on a tube rotator (30 rpm) before 

returning to the magnetic stand. The supernatant was discarded carefully and the 

reaction was washed with 200 µL of BWB-1 and 200 µL of BWB-2 to remove 

unligated monomers. The beads are then ready for the next monomer and the ligation 

steps are repeated until the entire TALE repeat domain is assembled. After the last 

wash with 200 µL BWB-2, the reaction is resuspended 44 µL of dH2O, 5 µL of NEB 

Cutsmart buffer and 1 µL of BsaI-HF (Cat no: R3535L, NEB). The restriction digest 

was incubated on a tube rotator (30 rpm) at 37oC for 1-hour to release the assembled 

TALE from the Dynabeads. After incubation, the supernatant was transferred to a 

fresh 0.2 mL tube before incubating at 65oC for 20-minutes to heat-inactivate the BsaI. 

The assembled TALE domains are then purified with 1 volume of serapure beads 

(Section 2.1.1) and was eluted in 10 µL TE/10 buffer (10mM Tris, 0.1nM EDTA pH 

8.0). 

1 µg of destination vector (Appendix Section A4, plasmid 8) was digested 

with 10U of BsmBI (Cat no: R0580L, NEB) and 10U of rSAP (Cat no: M0371L, NEB) 

in a 50 µL reaction for 1-hour at 37oC. The linearized and phosphatased vector was 

purified with 1 volume of serapure beads (Section 2.1.1) and was eluted in 20 µL of 

TE/10 buffer. The destination vector was normalized to 30 ng/µL with TE buffer. 9 

µL of purified TALE domain was then ligated to 0.5 µL of destination vector (15ng) 

using quick ligation kit (Cat no: M2200L, NEB) in a 20 µL reaction (10 µL Quick 

ligase buffer, 0.5 µL Quick ligase). The ligation reaction was incubated at room 

temperature for 5-minutes before purification with 1 volume of serapure beads 

(Section 2.1.1). The ligated product was eluted in 10 µL of TE/10 buffer. 5 µL of 

ligated product was used to transform homemade electro-competent E.Coli cells 

(Appendix, Section A3). Due to the repetitive nature of the TALE domains, 

transformed bacterial culture was instead grown at 30oC to prevent mutations. 

Standard minipreps (Section 2.1.3) and diagnostic restriction digestion was performed 

to screen for positive clones which are subsequently sequence verified using 

commercial services.    
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2.1.4  Mini-preparation of Plasmid DNA 

 Plasmid minipreps were carried out using homemade alkaline lysis solutions. 

Single colonies were inoculated in 2 mL of LB broth containing appropriate antibiotic 

and grown overnight in a 37oC incubator with shaking (200rpm). 1.5 mL of overnight 

bacterial culture was collected in 1.7 mL tubes by centrifugation at 5000xg for 3-

minutes. The supernatant was discarded and the bacterial pellet was resuspended in 

resuspension buffer (50 mM Tris-Cl, 10mM EDTA, pH 8.0, Astral Scientific) by 

vortexing. Next, lysis buffer (0.2M NaOH, 1% (w/v) SDS, Sigma-Aldrich) (final 

concentration: 0.1M NaOH, 0.5% (w/v) SDS) was added to the bacterial suspension 

and the contents were mixed by inverting the 1.7 mL tubes several times. Lysis was 

carried out in room temperature for 5-minutes and was stopped by adding 

neutralization buffer (3M KCH3COO, pH 5.5, Sigma-Aldrich) (final concentration: 

1.2M) and 5M LiCl (Cat no: AM0416-500G, Astral Scientific) (final concentration: 

1.2M) to precipitate genomic DNA, RNA and proteins. The contents were thoroughly 

mixed by inverting several times and was centrifuged at maximum speed (21,000xg) 

for 10-minutes. 600 µL of the resulting supernatant was transferred to a fresh 1.7 mL 

tube containing 420 µL of iso-propanol (Cat no: BP26324, VWR). The solution was 

vortexed thoroughly and was centrifuged at maximum speed (21,000xg) for 10-

minutes to pellet plasmid DNA. Care was taken to remove all supernatant completely 

and 500 µL of 70% (v/v) ethanol (cat no: FSBBP2818-4, Thermofisher scientific) was 

added to the DNA pellet. The tube was inverted several times to wash DNA pellet and 

was centrifuged at maximum speed (21,000xg) for 5-minutes. Care was taken to 

remove all the ethanol completely and finally, 50 µL of TE/10 with RNase A (Cat no: 

19101, Qiagen) was added to resuspend DNA pellet. The resuspended plasmid DNA 

were either subjected to diagnostic restriction analysis or store at -20oC freezer until 

required. 
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2.1.5  Midi-preparation of Plasmid DNA 

 Plasmid midipreps were carried out using NucleoBond Xtra Midi kit (cat no: 

740410.100, Scientifix) following manufacturer’s instructions. Briefly, 100 mL 

bacteria culture was grown in LB containing appropriate antibiotic overnight in a 37oC 

incubator with shaking (200rpm). The culture was collected by centrifugation at 

7000xg for 5-minutes. The supernatant was discarded and the bacterial pellet was 

resuspended by vortexing in 8 mL of resuspension buffer containing RNAse A. 8 mL 

of lysis buffer was added to bacterial suspension and mixed by inverting several times 

before incubating at room temperature for 5-minutes. A nucleobond column was 

subsequently prepared by adding 12 mL of equilibration buffer to the filter unit. 8 mL 

of neutralization buffer was added to precipitate genomic DNA, RNA and proteins. 

The contents were mixed gently by inverting the tubes several times before pouring 

into the nucleobond column filter. Precipitated genomic DNA, RNA and protein were 

collected in the filter unit while the plasmid DNA is bound to the silica column as it 

flows through. After the entire contents have flown through the column, the filter unit 

is washed once 5 mL of equilibration buffer to flush remaining plasmid DNA to the 

column. The filter unit was discarded and the silica column was washed once with 10 

mL of wash buffer and plasmid DNA was eluted from the column with 5 mL of elution 

buffer. Next, 3.5 mL of isopropanol (Cat no: BP26324, VWR) was added to the eluate 

to precipitate DNA. The solution was vortexed thoroughly and plasmid DNA was 

pelleted by centrifugation at max speed (20,000xg) for 10-minutes. The supernatant 

was discarded and the DNA pellet was wash once with 700 µL of 70% (v/v) ethanol 

(cat no: FSBBP2818-4, Thermofisher scientific). Finally, the cleaned DNA pellet was 

resuspended in 50 µL of TE buffer. 
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2.1.6  Plasmid DNA sterilization 

 Plasmid DNA was sterilized prior to mammalian cell transfection experiments. 

300 µL of miniprep/midiprep plasmid DNA were transferred into a fresh 1.7 mL tube. 

0.1 volume (30 µL) of 3M Sodium Acetate solution pH 5.5 (Cat no: AM9740, Life 

Technologies) was added to the plasmid DNA and mixed by pipetting. 2.5 volumes 

(825 µL) of absolute ethanol (Cat no: FSBBP2818-4, Thermofisher scientific) was 

added and the solution mixed several times by inverting. Next, DNA was pelleted by 

centrifugation at maximum speed (20,000xg) for 10 minutes. Care was taken to 

remove all supernatant completely and the resulting DNA pellet was washed with once 

with 700 µL of 70% (v/v) ethanol. The tube was inverted several times before 

centrifuging at maximum speed (20,000g) for 5-minutes. The ethanol was removed 

completely in a laminar flow hood and the DNA pellet is finally resuspended in sterile 

0.22 micron filtered TE/10 buffer. 
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2.1.7  In vitro transcription 

 In vitro transcription was carried out using Megascript T7 or SP6 transcription 

kit (Cat no: AM1330, AM1334, Thermofisher Scientific) following the 

manufacturer’s instructions. For short guide RNAs (sgRNA), the respective oligos 

(Appendix, Table A4) were annealed and extended using Q5 Hotstart polymerase 

(Cat no: M0491L, NEB) to generate template DNA for transcription, following the 

protocol by Gagnon et al121. The resultant annealed oligo templates (120bp) were 

purified with 2 volumes of serapure beads (Section 2.1.1) and were eluted in 20 µL of 

TE/10 buffer. To transcribe sgRNAs, 80 ng of annealed oligos (1 pmol) was added 

into reaction mixture containing 2 µL of each nucleotide (75 mM ATP, UTP, GTP, 

CTP), 2 µL of 10X reaction buffer, 2 µL of T7 RNA polymerase and nuclease free 

water. The reaction was mixed by pipetting and was incubated at 37oC overnight for 

optimal yield. Transcribed sgRNA were subsequently extracted with 1 volume of 

phenol-chloroform (Cat no: P2069-100mL, Sigma-Aldrich) before precipitation with 

0.1 volume of 3M sodium acetate pH 5.5 and 2.5 volumes of absolute ethanol. The 

sgRNA was pelleted by centrifugation at max speed (20,000g) for 10-minutes at 4oC.  

The supernatant was carefully discarded and the pellet was washed once with 700 µL 

of 70% (v/v) ethanol before resuspending in 10 µL nuclease free water and stored in -

80oC freezer until required.     

 For transcription of Cas9-systems (Appendix Section A4, plasmid 10-12), 

capped mRNA synthesis transcription was performed to increase the stability of the 

mRNA transcript in the host systems. Briefly, 1 µg of purified linearized plasmid 

template was added to the reaction mixture containing 2 µL of stock 50 mM nucleotide 

solutions (ATP, CTP, UTP), 2 µL of GTP at 10 mM, 1.3 µL of RNA cap structure 

analogue (Cat no: S1404S, NEB) at 60mM (ratio of Cap analogue to GTP of 5:1), 2 

µL of 10X reaction buffer, and 2 µL of SP6 RNA polymerase. The reaction was mixed 

by pipetting and was incubated at 37oC for 4-hours. Transcription was stopped by 

adding 1 µL of turboDNase to digest DNA template 37oC for 15-minutes. Similarly, 

transcribed capped mRNAs were purified using phenol-chloroform extraction 

followed by ethanol precipitation as detailed above. The mRNA was re-suspended in 

10 µL nuclease free water and stored in the -80oC freezer until required.   
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2.2  Mammalian cell culture 

 This section details experimental procedures with regards to cell culture 

maintenance, passaging and transfections. This project used both the MCF7 breast 

cancer and HeLa cervical cancer cell line for the development and testing of the epi-

modifier constructs. 

2.2.1  Mammalian cell culture maintenance 

 Both MCF7 and HeLa cells were cultured in a humidified cell culture incubator 

at 37oC with 5% (v/v) CO2. The MCF7 cells were maintained using MEM (Minimum 

Essential medium) alpha (Cat no: 12571071, Life technologies) supplemented with 

10% (v/v) fetal bovine serum (FBS) (Cat no: HYCSV3017603, Integrated Sciences), 

1X (v/v) 5.5% Sodium bicarbonate (Cat No: 25080094, Life technologies) and 1X 

(v/v) Glutamax (Cat no: 35050061, Life technologies) while HeLa and 293-T cells 

were cultured with DMEM (Dulbecco's Modified Eagle Medium) supplemented with 

10% (v/v) FBS and 1X (v/v) Glutamax.  

2.2.2  Lentiviral transduction 

 Lentiviruses were produced via calcium phosphate mediated transfection of 

293-T cells. 293-T cells were seeded a day prior such that they would be 30-40% 

confluent on the day of transfection. Plasmids encoding insert, virulence gene (gag, 

Pol) and lentiviral coat were added in following ratio 1µg: 0.75µg: 0.35µg in 500 µL 

of sterile 0.25M CaCl2 and was vortexed thoroughly to mix. Next, 500 µL of 2X BBS 

buffer (50mM BES, 1.5mM Na2HPO4, 280mM NaCl, pH 6.96) was added to the 

solution and was vortexed thoroughly to mix. The transfection mixture was incubated 

at room temperature for 20-minutes to allow calcium phosphate precipitation to form. 

Plasmid DNA was co-precipitated during this process and the salt-DNA crystals 

facilitated binding to cell membrane where the DNA is subsequently taken up by the 

293 T-cells through endocytosis. Transfection mixture was then added dropwise to 

293-T cells and was swirled to ensure even distribution before returning to the 

incubator. Virion particles were harvested 48-hours later and was filter sterilized using 

0.45µ filter (Cat no:831826, Sarstedt). Finally, host cells were transduced by adding 

virus containing media with 8 µg/mL polybrene (Cat no: 107689-10G, Sigma-Aldrich). 

Further analysis to screen for reporter genes (fluorescence or antibiotic selection) were 

conducted to determine if transduction was successful.    
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2.2.3  Cell culture Transfection 

Transfections were carried out using FuGENE HD (Cat no: E2311, Promega) 

following manufacturer’s instructions. Briefly, the MCF7 or HeLa cells were seeded 

24-hours prior in either 6-wells culture plate (Cat No: FAL353046, In-vitro 

Technologies) or 15 cm culture dishes (Cat no: COR430599, In-vitro Technologies) 

such that the culture would be ~80% confluent on the day of transfection. Sterile 

plasmid DNA was mixed with FuGENE HD at a 1:3 ratio in 100 µL of Opti-MEM 

(Reduced Serum Minimum Essential medium, Cat no: 31985062, Life technologies). 

The total amount of input plasmid, volume of transfection reagent and Opti-MEM 

were scaled accordingly depending on the size of transfection vessel used per 

manufacturer’s instructions. The transfection mix was vortexed and allowed to 

incubate at room temperature for 10 minutes before adding dropwise to the culture. 

Cells were gently swirled to ensure even distribution of transfection mix before 

returning to the incubator. The transfected cells were screened for expression of 

reporter gene (GFP or mCherry) at the 48-hour time point and was followed with 

puromycin selection (2 µg/mL, Cat: A1113803, Life technologies) for another 48-

hours to enrich for positively transfected cells. Surviving cells were subsequently 

rinsed twice with either 2- or 10 mL of Dulbeccos’s phosphate buffered saline (DPBS, 

Cat :14190250, Life technologies) before harvesting using a rubber policeman (Cat: 

Z168688-12EA, Sigma-Aldrich).               

2.2.4  Immunofluorescence on cultured cells 

 Circular glass coverslips (18mm diameter, cat no: G405, ProSciTech) were 

sterilized with 70% (v/v) ethanol in a laminar flow hood. Sterilized cover glasses are 

carefully transferred using sterile forceps into 6-well culture plate and was 

subsequently washed twice with 2 mL of DPBS (Cat :14190250, Life technologies). 

2 mL of trypsinized MCF7 or HeLa cells was added to each coverslip and was rocked 

to ensure even distribution before returning to the incubator. After overnight 

incubation, transfections of desired plasmids were conducted following the 

manufacturer’s instructions as described above. 48-hours post transfection, cell culture 

media was discarded and each coverslip was washed twice with 2 mL of DPBS to 

remove dead cells. DPBS was discarded and cells was cross-linked by incubating for 
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20-minutes at room temperature with 2 mL of 1X PBS containing 4% (w/v) para-

formaldehyde (cat: P6148-500G, Sigma-Aldrich). 

Cross-linking of cells was conducted in a chemical hood. The formaldehyde 

solution was discarded and each coverslip was washed with 2 mL of 1X PBS before 

adding 2 mL of blocking buffer (5% (v/v) Goat serum, 0.3% (v/v) Triton X-100 in 1X 

PBS; 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, pH 7.4). The coverslip was 

incubated at room temperature for 1-hour with blocking buffer to permeabilize cell 

membrane. During incubation, primary antibody (α-HA, cat no:901502, BioLegend or 

α-Ty1, cat no: SAB4800032-50UG, Sigma-Aldrich) was diluted 2000-fold in antibody 

dilution buffer (2.5% (v/v) Goat serum, 0.2% (v/v) Triton-X100 in 1X PBS pH7.4) 

and was kept on ice. 50 µL of diluted primary antibody was pipetted onto clean 

parafilm for every sample. The coverslips were carefully placed onto primary antibody 

solution spotted on parafilm, ensuring the correct surface with cells was in contact 

with the diluted antibody. All coverslips were incubated overnight at 4oC in a 

humidified chamber.  

After incubation, the coverslips were transferred carefully from the parafilm to 

a non-sterile 6-well plate with cell-surface facing up. Coverslips were then washed in 

2 mL of 1X PBS with a 5-minute incubation per wash. The secondary antibody (Goat 

Anti-mouse IgG (H+L) CF594 cat: 20111, Biotium) was diluted 500-fold in antibody 

dilution buffer (2.5% (v/v) Goat serum, 0.2% (v/v) Triton-X100 in 1X PBS pH7.4). 

Similarly, 50 µL was pipetted onto a clean parafilm for each sample and coverslips 

were carefully transferred with cell-surface facing the antibody solution. Next, cells 

were incubated with the secondary antibody for 1.5-hours at room temperature before 

washing three-times for 5-minutes each with 2 mL of 1X PBS. Finally, washed 

coverslips were placed on clean microscope slides (Cat no: G310, ProSciTech) with 

10 µL of mounting medium containing DAPI stain (Cat no: 23002, Biotium). 

Microscope slides were imaged using a fluorescence microscope (Cat no: BX61, 

Olympus) to visualize the red (CF594) fluorophore and DAPI staining.   
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2.3  Short guide RNA and Bisulfite PCR amplicon design 

 This section details the design process for sgRNAs plasmids and BS-PCR 

amplicon to candidate loci. 

2.3.1  Short guide RNA design and construction 

 The DNA sequence surrounding the locus of interest was downloaded from the 

UCSC genome browser and split into bins of 250bp with a 50bp overlap between each 

bin122. These bins were subsequently submitted to an online CRISPR design tool 

which identifies potential binding sites present within input sequence, and candidate 

guides with high confidence scores and no predicted off-target binding site were 

chosen106. sgRNAs were synthesized following previously published protocol99. 

Briefly, the identified guide sequence was incorporated into a Gibson assembly oligo 

and ordered from Integrated DNA Technologies. 1 µL of 100 µM forward and reverse 

oligo was annealed and extended to form 100bp double stranded DNA fragment using 

Q5 hot start high fidelity DNA polymerase (NEB, M0493L) and was purified with 2-

volumes of serapure beads (Section 2.1.1) before analysing on 1.5 % (w/v) agarose 

gel (Cat no: BIOD0012-500G, Astral Scientific). 1 µg of sgRNA expression vector 

(pEf1a-GFP-sgRNA, Appendix, Table 3) was digested with 10 units of AflII (Cat no: 

R0520S, NEB) and 10 units of rSAP (Cat: M0371L, NEB) at 37oC for 1-hour before 

purification with 1-volume of serapure beads (Section 2.1.1). Finally, 1 µL of 250 

fmol of annealed sgRNA fragment and 1 µL 50 fmol of linearized, phosphatase treated 

expression vector was mixed in 3 µL of nuclease free water and 5 µL of 2X Gibson 

assembly mix and was incubated at 50oC for 1-hour. Gibson assembled plasmid was 

purified with 1-volume of serapure beads (Section 2.1.1) and was eluted in 10 µL of 

TE buffer where 5 µL was used to transform homemade competent cells. Standard 

miniprep and restriction digest diagnostic screening was conducted as detailed in 

section 2.1.3 to identify correct clones.   
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2.3.2  BS-PCR amplicon design 

Tiling bisulfite PCR (BS-PCR) amplicons covering candidate loci were 

designed using the online web tool MethPrimer, using stringent parameters123PCR 

product size was limited to between 150-300bp and a primer length of between 20-30 

nucleotides long, and must not have contained CG sites within the annealing sequence. 

This is because the CG site could be methylated by the construct, causing the 

downstream PCR reaction to fail as the methylated CG remains as cytosine instead of 

thymine after bisulfite conversion. Quality checks on the BS-PCR primers specificity 

were carried out using an online tool (http://bisearch.enzim.hu/) that aligns primers 

against a simulated bisulfite treated human genome sequence124. BS-PCR primer pairs 

that result in highly specific in silico PCR product were ordered from Integrated DNA 

Technologies (Appendix, Table A5). 

Bisulfite conversion was conducted on extracted HeLa or MCF7 genomic 

DNA using the EZ DNA-Methylation-Gold kit (Cat no: D5006, Zymo) following 

manufacturer’s instructions. 450ng (20 µL) of genomic DNA was mixed 130 µL CT 

reagent by pipetting before placing on thermocycle with following program; 98oC for 

10-minutes followed by 64oC for 2.5-hours. Bisulfite treated DNA was subsequently 

bound to a spin column containing 600 µL of M-Binding buffer by centrifugation at 

maximum speed for 30-seconds. 100 µL of M-Wash buffer was added to the spin 

column to wash the DNA and was centrifuged at max speed for 30-seconds before 

adding 200 µL of M-Desulphonation buffer. Desulphonation was allowed to proceed 

at room temperature for 20-minutes before washing twice with 200 µL of M-Wash 

buffer. Finally, bisulfite converted DNA was eluted in 20 µL M-elution buffer. BS-

PCR was carried out using the 2X EPIK PCR mastermix (Cat: BIO-66026, Bioline) 

or 2X MyTaq (Cat no: BIO-25041, Bioline) with slight modifications to the 

manufacturer’s protocol.  Gradient PCRs were conducted using 2 µL of bisulfite 

converted DNA, 0.4 µL of 10 µM BS-PCR primer pair, 1.6 µL of nuclease free water 

and 5 µL of 2X EPIK mix. PCRs were conducted with an annealing temperature 

ranging from 50-65oC with and without supplementation of MgCl2 (final 

concentration 1mM) to determine optimal annealing temperature and condition for 

each primer pair. Quality inspection of all PCR products were carried out using 

standard agarose gel electrophoresis. 
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2.4  Sequencing library preparation 

 This section details steps involved in preparing targeted-BS-PCR-Seq, ChIP-

Seq and ChIP-BS-Seq libraries.  

2.4.1  Targeted BS-PCR-Seq library preparation 

 Transfected HeLa or MCF7 cells were harvested as described in Section 2.2.3 

and genomic DNA was extracted using ISOLATE II Genomic DNA Kit (Cat: BIO-

52067, Bioline) following manufacturer’s instructions. Harvested cells were 

resuspended in 200 µL of lysis buffer GL, 25 µL proteinase-K and 200 µL of lysis 

buffer G3 in a 1.7 mL tube.  The suspension was mixed by inverting several times 

before incubating at 70oC for 15-minutes on a heat block. 210 µL absolute ethanol was 

added to the reaction and was mixed thoroughly by vortexing. The reaction was then 

transferred to an ISOLATEII spin column and was centrifuged at max speed for 1-

minute to bind DNA. The flow through was discarded and bound DNA was washed 

once 500 µL of wash buffer GW-1 and once with 600 µL of wash buffer GW-2. 

Residual ethanol from the wash buffer was removed by centrifuging the spin column 

at max speed for 1-minute. Finally, the spin column was transferred to a fresh 1.7 mL 

tube where 100 µL of pre-heated (70 oC) elution buffer was added. The elution buffer 

was incubated on the column for 1-minute before centrifuging at max speed for 1-

minute to elute DNA. 

The extracted genomic DNA was subsequently quantified using Qubit dsDNA 

HS kit (Cat: Q32853, Life technologies) following manufacturer’s instructions. 450ng 

of input DNA (containing 10% unmethylated λ DNA, Cat no: D1521, Promega) was 

used for bisulfite conversion using EZ DNA Methylation-GOLD kit (Cat: D5006, 

Zymo Research). The unmethylated λ DNA is used to estimate bisulfite treatment non-

conversion rates as established previously10. Bisulfite conversion and BS-PCR was 

carried out following the manufacturer’s instructions as described in Section 2.3.2. 

After quality inspection of all amplicons by agarose gel electrophoresis, PCR 

amplicons for each experimental condition were pooled together. Pooled PCR 

products were purified with 1.4 volumes of serapure beads (Section 2.1.1) and eluted 

in 20 µL of TE/10 buffer before quantification with Qubit dsDNA HS (Cat: Q32853, 

Life technologies). Whenever possible, all purified pooled PCR product was used as 

input, with a minimum of 300 ng, for library preparation. 
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The library preparation protocol begins with the addition and removal of 5’ 

and 3’ phosphoryl groups from PCR products using T4 polynucleotide kinase (PNK) 

(Cat: M0201L, NEB). The phosphorylation reaction was set up as follows; pooled 

PCR product, 15µL of 2X NEB quick ligation buffer (Cat: M2200L, NEB), 5U of T4 

PNK and deionized water (dH2O) was mixed in 30µL reaction and was incubated at 

37oC for 30-minutes on a thermocycler (T1000, Biorad). Following on, 1.25µL of 10 

µM barcoded Y-shaped sequencing adapter (Appendix, Table A6) was added per 

300ng of input PCR products and adapter ligation was carried out mixing 0.25 µL of 

quick ligase (Cat: M2200L, NEB) to the reaction mix and was incubated at room 

temperature for 20-minutes. The ligation reaction was stopped by adding 1.25 µL of 

0.5M EDTA (pH 8.0) and adapter ligated libraries were purified with 0.4-volumes of 

serapure beads (Section 2.1.1) and eluted in 15 µL TE/10 buffer. 

Prior to library amplification, a cycle quantification was carried out to 

empirically determine the optimal number of PCR cycles required. Library cycle 

quantification was set up by mixing 0.5 µL of adapter ligated library, 0.5 µL (25µM) 

homemade Illumina universal PCR primer mix (Appendix, Table A6), 4 µL dH2O 

and 5µL 2X KAPA Sybr green PCR mix (Cat: KP-KK4611, KAPA 

Biosystems/GeneWork). Cycle quantification reaction was added to a 384-well 

microtiter plate (Cat no: HSR4805K, Bio-Rad) and was cycled with following 

program; 95oC for 30-seconds, 63oC for 30-seconds and 72 oC for 30-seconds in a LC 

480 lightcycler (Roche) for 25 cycles. After the optimal number of PCR cycles was 

determined, library amplification was carried using KAPA HiFi HotStart PCR Kit 

(Cat: KP-KK2502, KAPA Biosystems) following manufacturer’s instructions with the 

same PCR cycling conditions as cycle quantification. Amplified libraries were 

purified with 1-volume of serapure bead (Section 2.1.1) and was eluted in 20 µL of 

TE buffer. 1 µL of purified library was analyzed on D1000 DNA screentape (Cat 

no:5067-5582, Agilent) using the Tape-station electrophoresis system (Cat no: 2200, 

Agilent) to check for presence of adapter dimers in the sequencing library.  
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2.4.2  Targeted BS-PCR-Seq library quantification  

Purified targeted BS-PCR libraries were diluted 1000-fold in library dilution 

buffer (10mM TRIS-Cl pH 8.0, 0.05% v/v Tween 20) in triplicates. Library 

quantification was set up by mixing the following; 2 µL of diluted libraries, 0.5 µL of 

(25µM) in-house universal sequencing primer mix (Appendix, Table A6), 2.5 µL 

dH2O and 5 µL 2X KAPA Sybr PCR mix (Cat: KP-KK4611, KAPA Biosystems). In 

addition, a total of four library standards (2, 5, 10 and 20nM) and two water blanks 

were included as positive and negative controls respectively. Thermocycling was 

conducted in a LC 480 lightcycler (Roche) with the following program; 95oC for 30-

seconds, 63oC for 30-seconds and 72 oC for 30-seconds for a total of 25-cycles. Finally, 

library concentrations were calculated by comparing cycle threshold values between 

the libraries and the standards. Quantified libraries were pooled in equimolar amounts 

and a total of 5 nM of multiplex libraries were sequenced on the MiSeq (Illumina) 

platform using the MiSeq reagent kit V3 (Cat: MS-102-3001, Illumina) following the 

manufacturer’s instructions.  

2.4.3  Targeted BS-PCR-Seq data analysis 

 Raw sequencing data were analyzed by Dr. Ford using scripts and pipelines he 

had developed. Briefly, raw sequencing data was de-multiplexed into individual 

adapter barcodes using Illumina proprietary software (bcl2fastq, Illumina). For each 

demultiplexed library, the Cutadapt package was used to remove sequencing adapters 

(AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC) and raw reads with low 

quality scores from both 5’ and 3’ ends125. Adapter trimmed reads passing quality 

filters were mapped to the human reference genome build 19 (hg19) using the BS-

Seeker2 package126. BS-Seeker2 is a bisulfite sequencing data alignment tool based 

on bowtie which maps sequencing reads using a three-letter matching approach. An 

in-silico bisulfite treated genome index was first built using BS-Seeker2 and mapping 

was carried using default parameters allowing up to four-mismatches. Methylation 

values of individual cytosines for both Watson and Crick strands were called by the 

package by dividing total ‘C’ reads by the total number cytosines mapped at the same 

locus. Finally, the average symmetrical methylation values of each CG dinucleotide 

was calculated and visualized as bar graphs on the UCSC genome browser122.  
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Symetrical mC =
(Total "C" read (Watson) +  Total "C" read (Crick))

(Total Cytosine mapped (Watson) + Total cytosine mapped (Crick))
 

 

2.4.4  ChIP-Seq library preparation 

2.4.4.1  Crosslinking with formaldehyde   

 Cells were transfected in 15 cm culture dishes (Cat: COR430599, In-Vitro 

Technologies) as described in Section 2.23. After antibiotic selection, culture media 

was discarded and cell were washed twice with 10 mL of 1X PBS (pH 7.4) before 

adding 10 mL of ChIP fixing buffer (50mM HEPES-KOH, pH 7.5, 100mM NaCI, 

1mM EDTA, pH 8.0, 0.5mM EGTA, pH 8.0, 1% (w/v) formaldehyde). Cross-linking 

was performed at room temperature with constant rocking at 10 rpm for 10-minutes. 

The reaction was stopped by adding 0.5 mL of 2.5 M glycine (Cat no: FSBG/0800/50, 

Thermo Fisher Scientific) with 5-minute incubation on rocking platform (10 rpm). 

Fixing buffer was subsequently discarded and cross-linked cells were washed twice 

with 10 mL of 1X PBS (pH 7.4). Cross-linked cells were harvested in 10 mL of fresh 

1X PBS using a rubber policeman and was transferred into a 15 mL tube. An additional 

5 mL of fresh PBS was added to culture dish to collect any remaining cells before 

pelleting them via centrifugation at 3000g for 5 minutes in a swinging bucket 

centrifuge at 4oC (Cat: 5810 R, Eppendorf).  

2.4.4.2  Chromatin preparation   

The supernatant was discarded and the cell pellet was resuspended in 15-mL 

of ice-cold lysis buffer (50mM HEPES pH 7.9, 140mM NaCI, 1mM EDTA, pH 8.0, 

10% (v/v) glycerol, 0.5 % (v/v) NP-40, 0.25% (v/v) Triton-X100) and was then 

incubated on ice for 10-minutes. Cell nuclei were collected by centrifugation at 

4000xg for 5-minutes in a swinging bucket centrifuge at 4oC (Cat: 5810 R, Eppendorf). 

The supernatant was discarded carefully before adding 10 mL of ice-cold wash buffer 

(10mM Tris-Cl pH8.0, 200mM NaCI, 1mM EDTA pH8.0, 0.5mM EGTA pH8.0) to 

the nuclei pellet. The pellet was subsequently centrifuged 4000xg for 5-minutes in a 

swinging bucket centrifuge at 4oC (Cat: 5810 R, Eppendorf). The wash buffer was 

discarded carefully and the wash step was repeated once more for a total of two-washes. 

Care was taken not to disturb the nuclei pellet and to remove wash buffer completely 

each time. Next, the nuclei pellet was resuspended carefully in 2 mL of shearing buffer 



47 
 

(10mM Tris-Cl pH 8.1, 1mM EDTA pH 8.0, 0.1% (v/v) SDS) and 1 mL was 

transferred to each Covaris TC 12 x 12 mm AFA tube (Cat no: 520081, Covaris). 

Chromatin was sheared to 100-200bp via sonication using Covaris S2 with the 

following settings: duty cycle 5%, intensity setting of 4, 200 cycles per burst, sweeping 

power mode frequency with continuous degassing for 10-minutes at 4oC.  

2.4.4.3  Chromatin immunoprecipitation 

Sheared chromatin was transferred to a fresh 15 mL tube on ice and stock 

solutions of 10% (v/v) Triton-X100 and 5M NaCI was added to sheared chromatin 

such that the final concentrations are 1% (v/v) Triton-X100 and 150mM NaCI 

respectively. The solution was mixed gently by pipetting and was transferred to a 1.7 

mL microfuge tube where cell debris was pelleted by centrifugation at max speed for 

10-minutes at 4oC. Chromatin containing supernatant was transferred to a fresh 1.7 

mL microfuge tube and 100 µL of chromatin was set aside as input control. To detect 

Epi-Cas9-SunTag or scFv-DNMT3A, 1 mL of chromatin was immunoprecipitated 

with 4 µg α-HA (Cat:901502, BioLegend) or 4 µg α-Ty1 (Cat: cat SAB4800032-

50UG, Sigma-Aldrich) antibody respectively in a fresh 1.7 mL microfuge tube. 

Immunoprecipitation was carried out overnight with constant rotation (20 rpm) on a 

tube rotator at 4oC. 

For each IP, 25 µL of Protein-A Dyanbeads (Cat no: 10001D, Thermo Fisher 

Scientific) and Protein-G Dynabeads (Cat no: 10003D, Thermo Fisher Scientific) was 

mixed in 1 mL of IP buffer (10mM Tris-Ci pH 8.0, 1mM EDTA pH 8.0, 150mM NaCI, 

1% (v/v) Triton-X100, 0.1% (v/v) SDS). Tubes were inverted several times to wash 

and equilibrate the Dynabeads and was subsequently centrifuged at 3000xg for 30-

seconds before incubating on a magnetic rack for 2-minutes. To capture fragments 

bound by the antibodies, the supernatant was carefully removed and protein-A/G 

Dynabeads were resuspended with the appropriate immunoprecipitated chromatin. 

The beads were incubated at 4oC with constant rotation (20 rpm) on a tube rotator for 

1.5-hours. Next, the tubes were centrifuged at 3000xg for 30-seconds before 

incubating on a magnetic rack for 2-minutes at room temperature. The supernatant was 

carefully removed and the beads were washed with a series of buffers as follows: twice 

with low salt buffer (20mM HEPES pH7.9, 2mM EDTA, 150mM NaCI, 1% (v/v) 

Triton X-100, 0.1% (v/v) SDS), twice with high salt buffer (20mM HEPES pH7.9, 2 
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mM EDTA, 500mM NaCI, 1% (v/v) Triton X-100, 0.1% (v/v) SDS), once with LiCL 

wash buffer (100mM Tris-Cl, 0.5 M LiCl, 1% (v/v) NP-40, 1% Sodium deoxycholate) 

and once with TE buffer (10mM Tris-Cl pH 8.1, 0.1mM EDTA pH 8.1). For each 

wash, tubes were removed from magnetic stand and the beads were resuspended with 

1 mL of respective wash buffer before returning to the magnetic stand. Care was taken 

to remove all supernatant completely after each wash.  

2.4.4.4  Reverse cross-linking 

 To elute immunoprecipitated DNA, the Dynabeads were re-suspended in 49 

µL of proteinase-K digestion buffer (20 mM HEPES pH7.9, 1mM EDTA pH8.0, 

0.5%(v/v) SDS) before adding 1 µL (20µg) of Proteinase-K (Cat no: BIO-37037, 

Bioline). The beads were mixed well by pipetting and incubated at 50oC for 15 minutes 

with occasional vortexing. To elute the DNA from the input control, 2 µL of 10% (v/v) 

SDS and 1 µL (20µg) of Proteinase-K was added to 50 µL of input and was similarly 

incubated at 50oC for 15-minutes with occasional vortexing. Proteinase-K treatment 

at this step digests the antibody and releases the antibody-bound chromatin into 

solution. After incubation for 15-minutes, the tubes were returned to the magnetic rack 

and supernatant from both input and assay was carefully transferred to a fresh tube. 

To reverse cross-linking, 3 µL of 5M NaCI and 0.5 µL (30 µg) of RNase-A (Cat no: 

19101, Qiagen) was added to each tube and incubated at 65oC for 4-hours. 1.5 µL (30 

µg) of proteinase-K was added to reverse cross-linked DNA and was incubated at 50oC 

for 1-hour to digest released protein epitopes. To purify DNA, 1-volume of well mixed 

serapure beads and 60 µL PEG solution (20 % v/v PEG8000, 1.25M NaCl) was added 

to reverse cross-linked DNA and the solution was mixed well by pipetting. DNA was 

incubated with serapure beads at room temperature for 15-minutes and purification 

was carried as detailed in Section 2.1.1. Purified DNA was eluted in 10 µL of TE 

buffer.         

2.4.4.5  Library preparation 

 The ChIP-seq library was prepared using the ThruPLEX DNA-Seq kit (Cat no: 

R400429, Rubicon) following the manufacturer’s instructions. End-repair begins by 

adding 2 µL of template preparation buffer and 1µL template preparation enzyme to 

10 µL of eluted DNA. The reaction was mixed thoroughly by pipetting before placing 

in a thermocycler with the following program: 22oC for 25-minutes, 55oC for 20-
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minutes and 4oC hold. During incubation, library synthesis reagent was prepared by 

mixing 1 µL of library synthesis buffer and enzyme. Once the thermocycler reached 

4oC, the reaction was removed and centrifuged briefly (100 rpm) before adding pre-

mixed library synthesis reagent. The reaction was mixed thoroughly before returning 

to thermocycler with following program: 22oC for 20-minutes and 4oC hold. During 

incubation, library amplification master mix was prepared by adding 25 µL library 

amplification buffer, 1 µL of library amplification enzyme and 4 µL of nuclease-free 

water in a fresh 0.2 mL tube. Library amplification master mix was kept on ice until 

required.    

Once the thermocycler reached 4oC, 30 µL of pre-mixed library amplification 

master mix, 5 µL of indexing reagent was added to the library synthesis reaction 

product. The reaction was thoroughly mixed by pipetting before returning to 

thermocycler with the following program; extend and cleave stem loop adapter: 72oC 

for 3-minutes, 85oC for 2-minutes, 98oC for 2-minutes; sequencing index addition; 4 

cycles of 98oC for 20-seconds, 67oC for 20-seconds 72 oC for 40-seconds and finally 

library amplification; 7 cycles of 98oC for 20-seconds, 72oC for 50-seconds and 4oC 

hold. Amplified library was purified with 1-volume of serapure beads (Section 2.1.1) 

and was eluted in 20 µL of TE/10 buffer (10mM Tris-Cl pH 8.0, 0.1mM EDTA pH 

8.0). Purified ChIP-seq libraries were quantified as detailed in Section 2.4.2 and were 

sequenced on an Illumina HiSeq 1500 platform following the manufacturer’s 

instructions.   

2.4.5  ChIP-Seq data analysis  

 ChIP-Seq data analysis was performed by co-supervisor (Dr. Ford) using 

scripts and pipelines he had developed. Briefly, ChIP-Seq raw sequence fastq files 

were demultiplexed to individual barcodes using using Illumina bcl2fastq software. 

Standard base quality and adapter sequence trimming was performed125. Sequencing 

read passing quality filters were mapped to the human reference genome build 19 

(HG19) using bowtie with default settings and ChIP peaks were called using MACS2 

package with default settings127,128.  

 

 



50 
 

2.4.6  ChIP-BS-Seq library preparation  

2.4.6.1  Crosslinking  

 MCF7 or HeLa cells were seeded and transfected as detailed in Section 2.2.3. 

After antibiotic selection for 48-hours, transfected cells were washed twice with 10mL 

of 1X PBS before crosslinking with formaldehyde for 10-minutes as described in 

Section 2.4.4.1. Cross-linked cells were harvested in 10mL of fresh 1X PBS using a 

rubber policeman before transferring to a 15mL centrifuge tube. The culture dish was 

rinsed with 5mL of fresh 1X PBS to collect remaining cells and was subsequently 

centrifuged at 300xg for 5-minutes at 4oC in a swinging bucket rotor centrifuge. The 

supernatant was discarded carefully and the cell pellet was re-suspended in 10mL of 

ice-cold lysis buffer (50mM HEPES pH 7.9, 140mM NaCI, 1mM EDTA, pH 8.0, 10% 

(v/v) glycerol, 0.5 % (v/v) NP-40, 0.25% (v/v) Triton-X100) containing 1X EDTA-

free protease inhibitor cocktail (Cat no: 05892791001, Roche). Cell lysis was carried 

out on ice for 10-minutes and subsequently, cell nuclei were collected by 

centrifugation at 1000xg for 5-minutes at 4oC. Care was taken to remove the 

supernatant completely and the nuclei pellet was washed twice with 10mL of ice-cold 

wash buffer (10mM Tris-Cl pH8.0, 200mM NaCI, 1mM EDTA pH8.0, 0.5mM EGTA 

pH8.0) following the steps detailed in Section 2.4.4.1. 

2.4.6.2  Nuclei lysis and chromatin shearing  

 Following nuclei wash step centrifugation, the supernatant was removed 

completely and the pellet was re-suspended in 110µL of nuclei lysis buffer (50mM 

Tris-Cl pH 8.0, 0.5M EDTA pH 8.0, 10% (v/v) SDS) completed with 1X EDTA-free 

protease inhibitor cocktail (Cat no: 05892791001, Roche). Nuclei lysis was carried out 

at room temperature for 5-minutes before transferring the contents to a Covaris 

6x16mm AFA microtube (Cat no: 520045, Covaris). Chromatin was sheared to 100-

200bp via sonication using Covaris S2 with the following settings; duty cycle 5%, 

intensity setting of 4, 200 cycles per burst, sweeping power mode frequency with 

continuous degassing for 10-minutes at 4oC.  

After sonication, sheared chromatin was transferred a fresh 1.7mL microfuge 

tube where 650 µL RIPA-150 buffer (50mM Tris-Cl pH 8.0, 0.15M NaCl, 1mM 

EDTA pH8.0, 0.1% (v/v) SDS, 1% (v/v) Triton X-100, 0.1% (v/v) sodium 

deoxycholate) and 1.2mL of ChIP dilution buffer (50mM Tris-Cl pH 8.0, 0.167M 

NaCl, 1.1% (v/v) Triton X-100, 0.11% (v/v) sodium deoxycholate) was added and 
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mixed by pipetting. Next, the tube was centrifuged at 21,000xg for 15-minutes at 4oC 

to pellet the cell debris. The resulting supernatant was passed through a 0.22µm 

syringe filter and was eluted in a fresh 1.7mL microfuge tube. Eluted chromatin is 

ready for immunoprecipitation and 50µL was set aside in a -80 oC freezer for each 

sample as input control. 

After sonication, sheared chromatin was transferred a fresh 1.7mL microfuge 

tube where 650 µL RIPA-150 buffer (50mM Tris-Cl pH 8.0, 0.15M NaCl, 1mM 

EDTA pH8.0, 0.1% (v/v) SDS, 1% (v/v) Triton X-100, 0.1% (v/v) sodium 

deoxycholate) and 1.2 mL of ChIP dilution buffer (50mM Tris-Cl pH 8.0, 0.167M 

NaCl, 1.1% (v/v) Triton X-100, 0.11% (v/v) sodium deoxycholate) was added and 

mixed by pipetting. Next, the tube was centrifuged at 21,000g for 15-minutes at 4oC 

to pellet cell debris. Resulting supernatant was passed through a 0.22µm syringe filter 

and was eluted in a fresh 1.7mL microfuge tube. Eluted chromatin is ready for 

immunoprecipitation and 50µL was set aside in a -80 oC freezer for each sample as 

input control.  

2.4.6.3  Chromatin quality analysis   

 2µL of eluted chromatin was used for quantification using qubit dsDNA HS 

kit following manufacturer’s instructions. Total protein concentration of the eluted 

chromatin was determined using a BCA assay kit (Cat no: PIE23225, Thermo Fisher 

Scientific) following the manufacturer’s instructions. 4µg of total protein was used for 

western blotting to determine if epitope (CTCF) is still intact after sonication. To 

assess the extent of shearing, 50µL of chromatin was boiled at 98 oC for 10-minutes 

to reverse-crosslink DNA fragments and 500ng of total DNA was electrophoresed on 

a 1.2% (w/v) agarose gel.   

2.4.6.4  Preparation of antibody conjugated beads  

 For each IP, 30µL of sheep anti-mouse Dynabeads and 10µL of Protein-G 

Dynabeads was added in a 1.7mL microfuge tube. 1mL of ice-cold 1X PBS was added 

to the Dynabeads and was mixed thoroughly by vortexing. The beads were spun (50 

rpm) briefly on a benchtop mini-centrifuge before placing tube in a DynaMag 2 Rare-

earth magnet-stand . Supernatant was carefully removed after beads were drawn to the 

magnet and this wash step was repeated for a total of 3 washes. 5µg of α-CTCF 
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antibody (Cat no:2899S, Genesearch) was added to 500µL RIPA-150 buffer (50mM 

Tris-Cl pH 8.0, 0.15M NaCl, 1mM EDTA pH8.0, 0.1% (v/v) SDS, 1% (v/v) Triton X-

100, 0.1% (v/v) sodium deoxycholate) and was finally used to resuspend the rinsed 

Dynabeads. Antibody conjugation was allowed to occur at 4oC on a tube rotator (30 

rpm) for 6-hours. After incubation, antibody conjugated beads were returned to a 

DynaMag 2 magnet-stand for 1-minute where the supernatant was carefully removed 

by pipetting. The beads were then ready for immunoprecipitation. 

2.4.6.5  Immunoprecipitation  

For each respective IP, antibody conjugated Dynabeads were re-suspended 

with 20µg of sheared chromatin by pipetting. Immunoprecipitation was carried out at 

4oC overnight with constant rotation (20 rpm) on a tube rotator. Following overnight 

incubation, the tubes were returned to a magnetic stand and the supernatant was 

carefully removed after the beads were drawn to the magnet. Next, the beads were 

washed with a variety of ice-cold wash buffers in sequence as follows; twice with 

RIPA-150 (50mM Tris-Cl pH 8.0, 0.15M NaCl, 1mM EDTA pH8.0, 0.1% (v/v) SDS, 

1% (v/v) Triton X-100, 0.1% (v/v) sodium deoxycholate), twice with RIPA-500 

(50mM Tris-Cl pH 8.0, 0.5M NaCl, 1mM EDTA pH8.0, 0.1% (v/v) SDS, 1% (v/v) 

Triton X-100, 0.1% (v/v) sodium deoxycholate), twice with RIPA-LiCl (50mM Tris-

Cl pH8.0, 1mM EDTA pH8.0, 1% (v/v) Nonidet P-40, 0.7% (v/v) sodium 

deoxycholate, 0.5M LiCl2) and finally twice with TE buffer (10mM Tris-Cl pH8.0, 

0.1mM EDTA pH8.0). For each wash, beads were re-suspended in 800µL of 

respective ice-cold wash buffer by pipetting and were incubated at 4oC with constant 

rotation (20 rpm) on a tube rotator for 5-minutes. Following incubation, the tubes were 

returned to a magnetic stand and the supernatant was carefully removed after the beads 

were drawn to the magnet before proceeding with the next wash buffer.  

To elute the chromatin, Dynabeads were re-suspended in 19 µL of proteinase-

K digestion buffer (20 mM HEPES pH7.9, 1mM EDTA pH8.0, 0.5%(v/v) SDS) before 

adding 1 µL (20µg) of Proteinase-K and 1 µL (20mg/mL) RNase-A . The beads were 

mixed well by pipetting and was incubated at 50oC for 15 minutes with occasional 

vortexing. For input control, 2 µL of 10% (v/v) SDS and 1 µL (20µg) of Proteinase-

K and 1 µL (20mg/mL) RNase-A was added to 50 µL of input and was similarly 

incubated at 50oC for 15-minutes with occasional vortexing. After incubation, both 
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input and IP were heated to 95oC for 15 minutes to reverse crosslink DNA. Finally, 

tubes were returned to the magnetic stand for 1-minute and the DNA containing 

supernatant was transferred to a fresh 1.7mL tube.  

2.4.6.6  Bisulfite conversion of reversed cross-linked DNA  

 20µL of reversed cross-linked DNA containing 0.5% (w/w) sheared 

unmethylated λ DNA (Cat no: D1521, Promega) was used for bisulfite conversion 

using Zymo methylation direct kit (Cat no: D5020, Zymo) following manufacturer’s 

instructions. Briefly, 130µL of CT conversion reagent was mixed with 20µL of sample 

by pipetting before incubating on a thermocycler with following program: 98oC for 8-

minutes, 64 oC for 3.5-hours. Bisulfite treated DNA was transferred to a spin column 

containing 600µL M-binding buffer and was mixed by inverting several times. DNA 

was bound to the column by centrifuging at max speed for 30-seconds. The flow-

through was discarded and 100µL of M-Wash buffer was added to the column. Bound 

DNA was washed by centrifugation at max speed for 30-seconds before adding 200µL 

of M-Desulphonation buffer. On column desulphonation was carried out at room 

temperature for 20-minutes and was subsequently centrifuged at max speed for 30-

seconds. The flow-through was discarded and bound DNA was washed twice with 

200µL M-Wash buffer. Finally, bisulfite converted DNA was eluted with 20µL of M-

Elution buffer in a fresh 1.7mL tube.  

2.4.6.7  ChIP-BS-Seq library preparation  

 ChIP-BS libraries were prepared using the Accel-NGS Methyl-Seq DNA 

library kit (Cat no: 30024, Swift Biosciences) following the manufacturer’s 

instructions. Library preparation pipeline begins with the denaturation of bisulfite 

converted DNA at 95oC for 2-minutes. Following denaturation, the sample was 

immediately placed on ice for 2-minutes before adding Adaptase master mix; 4µL of 

buffer G1, 4µL of reagent G2, 4µL of reagent G3, 11.5µL of low EDTA TE buffer, 

1µL of enzyme G4, 1µL of enzyme G5 and 1µL of enzyme G6. The reaction was 

mixed well by pipetting and was incubated in a thermocycler with the following 

program: 37oC for 15-minutes, 95 oC for 2-minutes and 4 oC hold. Once cycling has 

completed, 2µL of reagent Y1 and 42µL of enzyme Y2 was added to adapter ligated 

libraries. The reaction was mixed thoroughly by pipetting before returning to the 

thermocycler with following extension program: 98oC for 1-minute, 62oC for 2-



54 
 

minutes, 65oC for 5-minutes and 4oC hold. Extended libraries were subsequently 

purified with 1.2 volumes of serapure bead following steps as described in Section 

2.1.1 and purified libraries were eluted in 15µL TE buffer. To ligate sequencing 

adapter, 3µL of buffer B1, 10µL of reagent B2 and 2 µL of enzyme B3 was added to 

the purified libraries and was mixed by pipetting. The reaction mixture was incubated 

at 25oC for 15-minutes before a 1.2 volume serapure purification.   

Purified adapter ligated libraries were eluted in 20µL TE buffer. Finally, to add 

sequencing indexes, 5µL indexing reagent, 10µL buffer R1, 10µL low EDTA TE 

buffer, 4µL reagent R2, 1µL enzyme R3 were added and mixed with adapter ligated 

libraries. Indexing was carried out in a thermocycler with the following program: 98oC 

for 30-seconds, 10 cycles of 98oC for 10-seconds, 60oC for 30-seconds, 68oC for 60-

seconds followed by 4oC hold. Finally, amplified libraries were purified with 0.8 

volume of serapure bead to minimize carry over of adapter dimers and was eluted in 

20µL TE buffer (10mM Tris-Cl pH8.0, 0.1mM EDTA pH8.0). 1µL of purified 

libraries was assessed on D1000 DNA screentape (Cat no:5067-5582, Agilent) using 

the Tape-station electrophoresis system (Cat no: 2200, Agilent) to check for presence 

of adapter dimers. Good quality libraries were subsequently quantified using steps as 

detailed Section 2.4.2. Quantified libraries were ready to be sequenced on the Illumina 

HiSeq 1500 platform following the manufacturer’s instructions.  

2.4.7  ChIP-BS-Seq data analysis 

 Raw sequence fastq files were demultiplexed to individual barcodes using the 

Illumina bcl2fastq software. Standard base quality and adapter sequence trimming was 

performed125. Sequencing read passing quality filters were mapped to the human 

reference genome build 19 (HG19) using BSseeker-2 running on bowtie-1 with default 

settings, and finally ChIP peaks were called using MACS2 package with default 

settings127,128.  
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2.5  Zebrafish work   

 This section details experimental procedures for zebrafish embryo 

microinjection and immunofluorescence detection of Epi-Cas9-SunTag fusion 

constructs. Microinjection of zebrafish embryos for immune-detection of Cas9-

SunTag and scFv-DNMT3A was conducted with help and supervision from Dr Jose 

Luis Gomez Skarmeta and Dr Elisa Calle Mustienes, and was conducted in zebrafish 

facility based in UWA.    

2.5.1  Zebrafish embryo microinjection    

 Zebrafish crossing and husbandry work was managed by UWA facility 

technicians. The injection procedure begins with the preparation of injection needles. 

A 1.0mm x 100mm glass capillary filament (Cat no: GC100F-10, Harvard Apparatus) 

was placed in a horizontal puller (Cat no: P-97, Sutter Instruments) and was pulled 

with following settings; Heat=40, Pull=100, Vel=50, Time=50. Thereafter, the tip of 

pulled needle was pinched off using a pair of sharp forceps (Cat no : Z168777-1EA, 

Sigma-Aldrich) 1.0cm from the point of narrowing under a dissection microscope (Cat 

no: SZ61, Olympus). 0.2µL of phenol red indicator (Cat no: P0290-100ML, Sigma-

Aldrich) was mixed with respective transcribed mRNAs before backloading 1µL into 

a pulled needle. The loaded needle was attached to a micro-manipulator and gently 

tapped to remove any air bubbles before inserting into a micro-injector (Cat no: 

MIPPI-3, Applied Scientific Instrumentation) with default air pressure settings. 

Crossed embryos at the one-cell stage were harvested and transferred to sterile 

Petri dishes (Cat no: 82.1473.001, Sarstedt). On a separate Petri-dish, a glass slide (Cat 

no: G300, ProSciTech) was placed in the centre and a transfer pipette (Cat no: 

31027003US, Hurst Scientific) was used to line up embryos against the side of the 

glass slide to form a single column. Excess water was carefully removed using transfer 

pipette (Cat no: 31027003US, Hurst Scientific) and kimwipes (Cat no: 34120, 

Kimtech Science). To begin injection, the needle was focused on a dissection 

microscope such that it pointed to the first egg of the column and using the micro-

manipulator the needle was pierced through the surface of the chorion into the yolk in 

one smooth stroke and mRNA was injected by stepping on the leg pedal. This process 

w repeated until all embryos has been injected. Injected embryos were then transferred 

to a fresh petri dish containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.4 mM CaCl2, 
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0.16 mM MgSO4) and was incubated overnight at 28oC for phenotypic analysis the 

next day.   

2.5.2  Zebrafish whole mount immunofluorescence     

 Transgenic zebrafish was transferred to a fresh 1.7mL microfuge tube using a 

transfer pipette. E3 medium was removed carefully before adding 1mL of 4% (w/v) 

para-formaldehyde and crosslinking was allowed to proceed overnight at 4oC. The 

next day, para-formaldehyde solution was removed using a transfer pipette and 

crosslinked zebrafish was washed 5-times with 1mL of PBST wash buffer (137 mM 

NaCl, 10 mM Na2HPO4, 2.7 mM KCl, pH 7.4, 0.2% (v/v) Triton-X100). For each 

wash step, the zebrafish were incubated with 1X PBST on a rocking platform (20rpm) 

for 5-minutes at room temperature. After the final wash, 1mL of blocking buffer (137 

mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, pH 7.4, 0.05% (v/v) Tween-20, 10% (v/v) 

goat serum, 2mg/mL bovine serum albumin) was added and the zebrafish were 

blocked for 1-hour at room temperature with constant rocking (20rpm). During 

incubation, primary antibody (α-HA, Cat no: 901502, BioLegend or α-Ty1, Cat no: 

SAB4800032-50UG, Sigma-Aldrich) was diluted 2000-fold in blocking buffer. After 

the blocking step had completed, 1mL of respective diluted primary was added to the 

zebrafish and incubated overnight at 4oC. 

 The next day, primary antibody containing blocking buffer was removed using 

a transfer pipette and the zebrafish were washed 6-times with 1mL of 1X PBST. For 

each wash step, the zebrafish were incubated at room temperature for 30-minutes on 

a rocking platform (20rpm). After the final wash step, PBST wash buffer was 

discarded and the zebrafish were blocked once more with 1mL of blocking buffer (137 

mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, pH 7.4, 0.05% (v/v) Tween-20, 10% (v/v) 

goat serum, 2mg/mL bovine serum albumin) for 1-hour at room temperature. During 

incubation, the secondary antibody (Goat Anti-mouse IgG (H+L) CF488 cat: 20019, 

Biotium) was diluted 200-fold in blocking buffer in a fresh 1.7mL microfuge tube 

covered with aluminium foil. After incubation, the blocking buffer was removed using 

a transfer pipette and 0.2 mL of secondary antibody was added to the zebrafish. The 

tubes were wrapped completely with aluminium foil to reduce fluorescence 

deterioration before incubating overnight at 4oC. The following day, the secondary 

antibody was removed and the zebrafish were washed 6-times with 1mL of 1X PBST 
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following steps as detailed earlier. To visualize fluorescence, the zebrafish was 

transferred onto a petri dish containing 2% (w/v) agarose before capturing 

fluorescence using a fluorescence stereo microscope (Cat no: SMZ18, Nikon). 
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3.  Introduction: Single fusion epigenome editing tool 

 In this aim, my goal was to develop epigenome editing tools comprised of 

dCas9- and TALE- DBDs fused to the catalytic domain of DNMT3A (DNMT3A CD), 

in order to achieve site specific alteration of 5mC at regions of interest (Figure 3.1). 

Recent genome editing studies that performed experiments in cultured cells had shown 

that the high expression of Cas9 nuclease causes significant non-specific cleavage 

events across the genome that could be minimized by reducing the amount of Cas9 

and sgRNA plasmids that were transfected105,106. The authors further confirmed using 

quantitative real-time PCR that Cas9 mRNA and sgRNA decreased proportionally to 

the amount of transfected DNA, and that the reduction of Cas9:sgRNA DNA 

transfected from 400ng to 10ng resulted in 7-fold increased specificity of Cas9 at a 

single tested locus106. Therefore, it is plausible to hypothesize that the overexpression 

of dCas9-DNMT3A using a strong promoter is likely to cause non-specific 5mC 

events across the genome. Accordingly, dCas9-DNMT3A vector was designed to be 

driven by the weak constitutive human phosphoglycerate kinase promoter (pGK) in 

an attempt to minimize the occurrence of any potential non-specific 5mC events across 

the genome129.  

In contrast, epigenome editing of histone PTM at enhancer elements using an 

overexpressed TALE-histone lysine demethylase-1 (LSD1) fusion was found to 

achieve not only high LSD1 activity at the targeted enhancer, but also highly specific 

binding of TALE-LSD1 at the intended target when surveyed using ChIP-seq130. The 

study demonstrated that overexpression of TALE-LSD1 using the strong constitutive 

ef1α promoter resulted in efficient epigenome editing of histone lysine demethylation 

without any detected off-target events, and hence it was decided to use same promoter 

would be used to drive expression of TALE-DNMT3A for this work. Integral to the 

function of both dCas9- and TALE-DNMT3A is the linker peptide between DNMT3A 

CD and the respective DBD. For this thesis research, the linker sequence used for both 

dCas9- and TALE-DNMT3A is a modification of a previously published ZF-

DNMT3A linker with the addition of 4-repeats of Glycine4-Serine (GGGS) linker, 

which was used in the TALE-LSD1 study, prior to DNMT3A CD86,130 (Figure 3.1-C). 

The flexible linker region is comprised of positively charged amino acids to minimize 

the repulsion between the fusion protein and DNA, such that DNMT3A CD may have 

increased chance of acting on DNA. The reason for extending the linker length is to 
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increase flexibility and reach such that DNMT3A CD could act on the genomic DNA 

efficiently. Both dCas9- and TALE-DNMT3A plasmids were designed with help from 

my supervisor Dr. Ford  

As the goal of this project was to deliberately alter 5mC patterns at regions of 

interest in the human genome, it is essential that the fusion protein localizes to the 

nucleus for the editing to occur. Therefore, an immunofluorescence (IF) assay was 

performed against the Ty1 epitope that was introduced on the carboxyl terminus of the 

fusion proteins to determine the localization of both constructs. Strong fluorescence 

signals were detected when compared to negative controls, indicating that the full 

proteins were translated (Figure 3.2), however in contrast to TALE-DNMT3A, 

dCas9-DNMT3A did not localize into the nucleus efficiently (Figure 3.2-D). The poor 

nuclear localization of dCas9-DNMT3A is characterized by the formation of a 

fluorescence “halo” around the nucleus, and the results were consistent with literature 

reports of inefficient nuclear localization of the Cas9 protein that could be overcome 

by increasing the number of nuclear localization signals (NLS) in the protein 131,132. 

Therefore, I redesigned the dCas9-DNMT3A construct to include two additional NLS 

(version 2 [V2], Figure 3.1-C-ii) at the linker peptide and after Ty1 tag, and 

immunofluorescence assays demonstrated that the altered construct could localize into 

the nucleus efficiently (Figure 3.1-E). Although both constructs now localizes 

efficiently into the nucleus, it is not known whether the additional of a NLS at the C-

terminus of DNMT3A would affect the protein structure and consequently, its 

methyltransferase activity. Regardless, both the dCas9- and TALE-DNMT3A 

constructs were ready for a pilot test for their capacity to induce 5mC.  



61 
 

 

Figure 3.1. Schematic representation of dCas9 and TALE-DNMT3A CD fusion. 

Figure 3.1 description continued 

A-B) Cartoon representation of dCas9/TALE-DNMT3A epigenome editing tool. C) 

(i) The expression cassette of dCas9-DNMT3A-V1. A pGK promoter was use to drive 

the expression of dCas9 fusion protein. The flexible linker region consists of positively 

charged amino acids to minimize repulsion between construct and DNA, such that 

DNMT3A CD would have a chance to act on DNA. Construct also contains a C-

terminus 3xTy1 tag for immuno-detection and a puromycin selectable marker. (ii) 

Second iteration of the dCas9-DNMT3A construct, it is largely similar apart from the 

additional NLS at linker region and C-terminus after 3xTy1 tag. (iii) TALE-DNMT3A 

expression vector is driven by pEf1α promoter and contains a single NLS at the N-

terminus. Similar sequence was used for the linker region and the construct also 

contain a C-terminus 3xTy1 tag. (iv) sgRNA vector containing GFP reporter. IVS 

enhances transcription of GFP while SV40 polyadenylation signal terminate 

transcription from pEF1α promoter and prevent transcription read-through. pU6 

promoter drives transcription of sgRNA through RNA polymerase III which does not 

polyadenylate its transcript. This is to preserve the secondary structure of sgRNA 

scaffold such that dCas9 could recognize and bind to it. 
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Abbreviations; pU6: human U6 promoter, pGK: human phosglycerate kinase 

promoter, pEF1α: human elongation factor 1α promoter, dCas9: catalytically inactive 

Cas9 harboring D10A and H840A mutation, NLS: Nuclear localization signal, 

DNMT3A CD: catalytic domain of the human de novo methyltransferase 3A, SV40 

Poly A: Simian virus-40 polyadenylation signal, HSV Poly A: Herpes simplex virus 

polyadenylation signal, P2A: self-cleaving peptide, NLS: nuclear localization signal, 

PuroR : Puromycin antibiotic resistance gene, sgRNA: short guide RNA, IVS: 

intervening sequences (intron), eGFP: enhanced green fluorescence protein, HA Tag: 

3 units of hemagglutinin tag in tandem for immuno-detection, Ty1 Tag: 3  units of 

yeast transposable element (Ty1) tag in tandem for immuno-detection.  
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Figure 3.2 Immuno-fluorescence of Epi-constructs at 200X magnification  

A) IF assays of MCF7 cells transfected with an empty vector lacking the Ty1 epitope, 

B) IF of MCF7 cells transfected with dCas9-DNMT3A without the addition of anti-

Ty1 antibody, C) IF of TALE-DNMT3A D) IF of MCF7 cells transfected with dCas9-

DNMT3A-V1. E) IF of MCF7 cells transfected with dCas9-DNMT3A-V2.  
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3.1   Proof of concept experiment  

To determine whether the fusion proteins could induce 5mC, both dCas9- and 

TALE-DNMT3A constructs were targeted to two loci that were identified to be un-

methylated in MCF7 breast cancer cells by WGBS (personal communication, 

unpublished data, Dr Ethan Ford, and Dr Ryan Lister). The two candidate loci chosen 

were UNC5C (Unc-5 Homolog C) and DACH1 (Dachshund Family Transcription 

Factor 1) respectively. These candidate loci were selected because their promoter 

region contained un-methylated CG islands with different CG densities (DACH1: 5.2 

CGs/100bp, UNC5C: 7.9 CGs/100bp), which provides an opportunity to compare the 

capability of each system to induce 5mC at regions with different CG densities. 

Additionally, 5mC levels were tested at a third un-methylated locus, the BCL3 (B-Cell 

lymphoma 3) promoter region, which was included as a non-target locus for 

assessment of potential high levels of non-specific 5mC induction. 

For the pilot experiment, plasmids encoding each respective system could 

either be transiently transfected or stably integrated in cell lines. As discussed earlier, 

non-specific activity caused by Cas9 was previously reported to be minimized by 

reducing its mRNA levels106. Although the dCas9-DNMT3A system detailed above 

was designed for a low expression level by using a weak promoter, an inducible system 

would allow for greater fine tuning and control of the expression of the construct. To 

test if an inducible system would be beneficial, the dCas9 system was cloned into a 

doxycycline (Dox) inducible lentiviral system for generation of a stable cell line. The 

Dox-inducible system is comprised of two components; a constitutively expressed 

Tet-on-3G sensing protein and a Tet-3G response element minimal promoter 

(pTRE3G) driving the dCas9-DNMT3A cassette (Figure 3.3-A). In the absence of 

Dox, pTRE3G drives minimal expression of dCas9 fusion. In contrast, the introduction 

of Dox is detected and bound by Tet-on-3G, which causes a conformational change of 

the sensing protein, allowing it to bind to pTRE3G and promote transcriptional 

activation of the dCas9 cassette. Importantly, the degree of transcriptional activation 

is directly proportional to the amount of Dox introduced in the culture media, allowing 

for fine tuning of the desired expression level of the fusion protein. 
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 MCF7 cells were sequentially transduced with the respective lentiviruses 

encoding the Tet-3G sensing protein and dCas9 fusion protein. Antibiotic selection 

was performed to enrich for positively transduced cells, and subsequently IF was 

conducted on the stable cell line against the Ty1 epitope following Dox induction for 

24h (1µg/mL) to assess the success rate of stable transformants and level of construct 

expression that could be induced. Unfortunately, lentiviral production for dCas9-

DNMT3A was inefficient and had poor lentiviral titre, as evident from the low 

frequency of positive transduced cells (Figure 3.3-B).  This is probably due to the 

large insert size of the dCas9-DNMT3A (5982 bp) as lentivirus packing efficiency is 

significantly reduced with large insert sizes133. Lastly, the TALE fusion protein was 

not compatible with lentiviral production due to extensive recombination of its 

repetitive domains, and hence I decided to pursue further testing of both systems 

through delivery via transient transfection134.  

 

Figure 3.3.  Doxycycline inducible lentiviral system for Epi-Cas9 construct.A) 

Schematic representation of the dox-inducible dCas9-DNMT3A CD system. B) 

Immunofluorescence (anti-Ty1) assay on MCF7 cells transduced with both Tet-on-3G 

and dCas9-DNMT3A lentivirus after 24h induction with doxycycline (1µg/mL). 
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sgRNA and TALE repeat domains targeting the promoter region of UNC5C 

and DACH1 were constructed as described in Section 2.1.5. When designing both 

sgRNAs and TALE domains, care was taken to avoid having CG sites within the 

binding sequence in order to maximize the number of CGs that could potentially be 

methylated by the construct, and more importantly because TALE binding is sensitive 

to 5mC135. Additionally, both sgRNAs and TALEs were designed to bind at identical 

target sequences whenever possible so that a direct comparison could be made 

between both systems. However, due to sequence recognition requirements of each 

system, it was not possible to have all sgRNAs and TALEs designed at identical 

binding sites (Figure 3.4). Nonetheless, there were still sufficient sgRNAs and TALE 

repeats targeting both loci for an initial assessment of both dCas9-DNMT3A CD and 

TALE-DNMT3A CD systems. For ease of reference, dCas9-DNMT3A and TALE-

DNMT3A will henceforth be referred to as Epi-Cas9 and Epi-TALE respectively. 

The overall methodology and approach is summarized in Figure 3.5. Briefly, 

sterile plasmids encoding either Epi-Cas9 or Epi-TALE were introduced into MCF7 

cell by transient transfection. Antibiotic selection was then conducted for 48-hours to 

select for positively transfected cells before extracting genomic DNA (gDNA). 

Extracted gDNA was bisulfite (BS) converted before targeted PCR amplification of 

regions of interest (BS-PCR) at each candidate locus. Tiling PCR amplicons covering 

each candidate locus are detailed in Figure 3.4. To assess whether there were changes 

in 5mC levels at all candidate loci, targeted BS-PCR sequencing (BS-PCR-Seq) 

libraries were prepared by pooling BS-PCR amplicons and ligating barcoded 

sequencing adapters before sequencing on the Illumina HiSeq or MiSeq platform. 

Bioinformatic pipelines for sequencing data analysis (Section 2.5) used in this thesis 

were developed by my supervisors Dr. Ford and Dr. Lister. MCF7 cells were 

transfected with either Epi-Cas9 or Epi-TALE following procedures detailed in 

Section 2.2.3. It was observed that cells transfected with Epi-Cas9 survived 

puromycin (2µg/mL) selection poorly, resulting in less material for subsequent 

downstream experiments. Nonetheless, sufficient material was still available to 

prepare BS-PCR-Seq libraries and the results for this initial test are presented in the 

following section.  
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Figure 3.4. Genomic position of all sgRNA, TALEs and BS-PCR amplicons 

UCSC genome browser122 displays showing positions of CG dinucleotides, sgRNA, 

TALE and BS-PCR amplicons genomic positions at the A) DACH1, B) UNC5C, and 

C) BCL3 target loci. Individual black bars represent positions of CG sites. Sense and 

antisense strand BS-PCR amplicons are denoted in red and blue, respectively. TALE 

binding sites are denoted with orange arrows while sgRNA binding sites are denoted 

with blue arrows. The direction of the arrows on sgRNA and TALE binding indicates 

their binding orientation. 
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Figure 3.5. Summary of methodology and experimental approach. i) Sterilized 

plasmid encoding Epi-Cas9 or Epi-TALE was transiently transfected into MCF7 cells. 

ii-iii) Bisulfite conversion of extracted genomic DNA. iv) BS-PCR was carried out 

with primers specific to candidate regions using optimized conditions. v) Ligation of 

sequencing adapters to BS-PCR amplicon.   



69 
 

3.1.1  Targeted de novo mC using Epi-Cas9  

 The DACH1 promoter region was targeted with three sgRNAs with each guide 

binding in different orientation and distinct position. Co-transfections of these 

sgRNAs, whether individually or pooled, with Epi-dCas9 resulted in significant 

increases (P< 0.001, Mann–Whitney U test) in on-target CG methylation when 

compared to mock-transfected cells (Figure 3.6). Mock transfected MCF7 cells with 

empty expression vectors does not affect the baseline methylation of the targeted 

region as expected. The transfection of Epi-Cas9 without sgRNAs however, resulted 

in subtle increases in 5mC across the sequenced region when compared to mock 

transfection control (Figure 3.6-B). Amongst all guides transfected, sgRNA-3 had the 

highest single guide activity, increasing methylation of CG sites of up to 36% near its 

binding site while sgRNA-1 had the broadest range of activity, inducing > 10% 

methylation over 22 CG sites (Figure 3.6-E). The co-transfection of all three sgRNAs 

resulted in higher overall methylation across the region, and more CG sites having 

greater than 10% methylation with up to 40% methylation on single CG. There were 

no significant (P > 0.05, Mann–Whitney U test) increases in cytosine methylation 

present in non-CG or CH context (CH, where H=A, T, or C) induced by the constructs 

when compared to mock controls (Figure 3.7).   

 

Figure 3.6. Targeted de novo DNA methylation with Epi-Cas9-V2 at candidate 

DACH1 locus  

Figure description on following page. 
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Figure 3.6 description continued  

Genome browser display showing targeted BS-PCR-Seq results for the DACH1 locus. 

The display shows the gene annotation and position of all CG sites, represented by 

grey bars, present within the window. The percent methylation level of each CG site 

(% mC) refers to the fraction of methylated cytosine mapped at the particular region 

divided by the total number of reads covering the cytosine, and are presented as blue 

bars and the y-axis scale for each track ranges from 0-50% methylation. sgRNA 

binding sites are highlighted, with sgRNA targeting the Crick strand highlighted in red 

and sgRNA targeting the Watson strand are highlighted in blue.   

A) Mock transfection control. B) No sgRNA control: MCF7 cells co-transfected with 

Epi-Cas9-V2 and a GFP reporter to investigate the effects of expressing Epi-Cas9-V2. 

Subtle yet noticeable non-specific increases in DNA methylation are observed when 

compared to mock transfection. C) Co-transfection of Epi-Cas9-V2 and DACH1-8 

sgRNA. D) Co-transfection of Epi-Cas9-V2 and DACH1-2 sgRNA. E) Co-

transfection of Epi-Cas9-V2 and DACH1-3 sgRNA F) Co-transfection of Epi-Cas9-

V2 and all DACH1 sgRNA.  

 

 

Figure 3.7. Non-CG methylation at DACH1 promoter region. UCSC Browser 

display of the methylation levels of all cytosines present in the non-CG dinucleotide 

context (CH, where H =A, T or C).   

 



71 
 

Similar results were obtained for UNC5C; the co-transfections of Epi-Cas9 and 

sgRNAs targeting the UNC5C promoter resulted in significant increases (P< 0.001, 

Mann–Whitney U test) in CG methylation at the intended locus when compared to 

mock-transfected cells (Figure 3.8). sgRNA-2 had the highest single guide activity, 

inducing up to 39% methylation on a single CG, while sgRNA-3 has the broadest 

activity, with 26 CG sites with overall 10% increase in 5mC when compared to mock 

transfected cells. The co-transfection of multiple sgRNA, however, did not result in 

an overall higher level of 5mC across the promoter region, as observed for DACH1. 

Additionally, the total number of CG sites with greater than 10% mC is not 

significantly higher (24 CGs) when a pool of multiple sgRNAs were co-transfected, 

compared to sgRNA-3 alone (26 CGs), and the highest mC level at single CG was also 

lower (25%) when compared to sgRNA-2 (39%). Table 3.1 summarizes all values of 

induced mC by Epi-Cas9 for both loci. From this data, the orientation of the sgRNA 

does not appear to affect the ability of Epi-Cas9 to induce 5mC, and the range of 

activity does not appear to be directional with respect to the sgRNA binding site. 

Additionally, the construct was also able to induce DNA methylation over distances 

greater than 200 bases from the sgRNA binding site (Figure 3.6, 3.8). 

 

Figure 3.8. Targeted de novo DNA methylation with Epi-Cas9 at candidate 

UNC5C locus. UCSC browser display showing targeted de novo methylation at 

UNC5C and all sgRNA positions. Red data points indicate CG sites with BS-PCR-Seq 

coverage below the cut off threshold (<50X). 
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 DACH1-1 DACH1-2 DACH1-3 All sgRNA 

Highest mC on single CG 22% 29% 36% 40% 

No CGs >10% mC 22 19 16 27 

 UNC5C-1 UNC5C-2 UNC5C-3 All sgRNA 

Highest mC on single CG 35% 39% 26% 25% 

No CGs >10% mC 19 22 26 24 

 

Table 3.1. Summary results for Epi-Cas9 de novo mC at DACH and UNC5C 

3.1.2  Non-specific activity of Epi-Cas9 

A major goal of this work is to develop tools that enable investigation of the 

functional roles of 5mC in the genome beyond the global approaches previously used 

to disrupt 5mC patterns. Therefore, a central aim is to achieve highly specific induction 

of 5mC at the target locus, as non-specific activities could confound experimental 

conclusions. The sgRNA were designed with stringent parameters to minimize 

predicted off-target binding to the genome, with the most similar non-target region 

identified by BLAST searches having either sub-optimal length for Cas9 interaction, 

missing PAM sites, or target sequence differences at regions of the sgRNA where 

mismatches are not tolerated by Cas9105,106,136. To detect the incidence of high levels 

of non-specific DNA methyltransferase activity caused by the construct, two non-

target loci were also analyzed by BS-PCR-Seq for every sample. As the selected non-

target loci are unmethylated, any increase in 5mC level at these loci would provide an 

early indication of likely pervasive non-specific activity caused by the construct. 

Although sequencing two non-target loci does not provide a comprehensive depiction 

of the extent of non-specific activity caused by the construct throughout the genome, 

the presence of methylation at these randomly selected loci would provide an initial 

indication that non-specific activity of the construct is so frequent throughout the 

genome that the specificity of the tool is highly limited, and subsequent development 

of the targeted 5mC modification systems would be required to increase the target 

specificity.  

Targeted BS-PCR-Seq results revealed that the Epi-Cas9 system had caused 

significant non-specific methylation at non-target loci when targeted to the DACH1 

and UNC5C loci (P<0.001, Mann–Whitney U test). Epi-Cas9, when transfected 

without sgRNA, also resulted in significant gains in 5mC at all loci sequenced 

(DACH1, UNC5C, BCL3) (P<0.001, Mann–Whitney U test). To better assess the non-

specific 5mC induced by this system, the net change (∆mC) in 5mC levels for each 
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transfection condition was calculated by subtracting the baseline 5mC level of cells 

mock transfected with empty expression vector at each locus. The transfection of Epi-

Cas9 alone resulted in a net increase of 1-3% 5mC at all loci sequenced (Figure 3.9-

B, Table 3.2).  

Interestingly, the non-specific increases in 5mC were higher when the 

construct was targeted to DACH1 and UNC5C. On average, there were between 1-7% 

net increase in 5mC at respective non-target loci when the system was co-transfected 

with sgRNAs targeting DACH1/UNC5C in contrast to 1-3% caused by the Epi-Cas9 

when transfected alone (Figure 3.9, 3.10, Table 3.2).  The higher gains in non-specific 

5mC when the system was targeted with sgRNAs could be partly explained by the 

molecular mechanism by which Cas9 nuclease interrogates DNA when searching for 

the intended target site. In a delicate DNA binding assay, a research group has shown 

that Cas9:sgRNA complex has distinct DNA binding kinetics when interrogating 

bound DNA sequences for complementarity to the complexed sgRNA137. During this 

process, the Cas9:sgRNA complex is bound to sequences that display high 

complementarity to sgRNA for longer periods of time than sequences that are less 

similar or lacking a PAM site. Therefore, it is speculated that Epi-Cas9 co-transfected 

sgRNA interacts with genomic DNA for longer periods of time while searching 

UNC5C/DACH1 promoter region as compared to Epi-Cas9 lacking sgRNA, thereby 

allowing more time for DNMT3A CD to act on DNA and induce higher levels non-

specific 5mC. 
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Figure 3.9. Summary 5mC profile at DACH1. Bar graphs indicate the levels of 5mC 

of all CG sites present at both target and non-target loci assayed. The y-axis of each 

graph represents the fraction 5mC level and is scaled from 0-40%, while the x-axis 

represents each individual CG site for all that are present at the target and non-target 

loci. The red dotted line indicates the average baseline 5mC level for the locus, while 

the black dotted line represents the average 5mC level after transfection. The 

difference between black and red dotted lines reflects the average difference in 5mC 

levels for all CG sites in the locus 
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Figure 3.10. Summary 5mC profile at UNC5C. Bar graph indicate the levels of 5mC 

of all CG sites present at both target and non-target loci. The Y-axis of each graph 

represents the fraction 5mC level and is scaled from 0-40%.  Like Figure 3.09, 

baseline and transfection induced 5mC levels are indicated as red and black line 

respectively.
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 On Target: DACH1 Off-Target: UNC5C Off-Target: BCL3 
 Avg mC ∆ mC Mann- U test Avg mC ∆ mC Mann- U test Avg mC ∆ mC Mann- U test 

Baseline 2% - - 1% - - 1% - - 

Epi-Cas9-V2 4% 2% <0.001 4% 3% <0.001 2% 1% <0.001 

sgRNA-1 10% 8% <0.001 8% 7% <0.001 6% 5% <0.001 

sgRNA-2 10% 8% <0.001 7% 6% <0.001 5% 4% <0.001 

sgRNA-3 10% 8% <0.001 6% 5% <0.001 6% 5% <0.001 

All sgRNA 15% 13% <0.001 8% 7% <0.001 5% 4% <0.001 

 

 On Target: UNC5C Off-Target: DACH1 Off-Target: BCL3 
 Avg mC ∆ mC Mann- U test Avg mC ∆ mC Mann- U test Avg mC ∆ mC Mann- U test 

Baseline 1% - - 2% - - 1% - - 

Epi-Cas9-V2 4% 3% <0.001 4% 2% <0.001 2% 1% 0.004 

sgRNA-1 10% 9% <0.001 4% 2% <0.001 2% 1% 0.01 

sgRNA-2 12% 11% <0.001 4% 2% <0.001 3% 2% <0.001 

sgRNA-3 10% 9% <0.001 5% 3% <0.001 4% 3% <0.001 

All sgRNA 10% 9% <0.001 3% 1% 0.01 3% 2% <0.001 

 

Table 3.2. Average and net increase mC profile at DACH1, UNC5C and their respective non-target loci 

Table summarizes all on- and off-target mC induced by Epi-Cas9 when targeted to DACH1 and UNC5C. Average mC levels were 

calculated by summing all mC across all CG sites and dividing the number by total number of CGs. ∆ mC reflects the net induced mC 

level and is calculated by subtracting the baseline mC level at the locus from the average mC for each transfection condition across all 

CG sites sequenced. A Mann–Whitney U test (α=0.95) is used to assess if there are statistical significant differences in methylation levels 

induced by the constructs.  
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3.1.3  Epi-Cas9 optimization 

As described in Section 3.1, Epi-Cas9-V2 was observed to survive puromycin 

selection poorly. Epi-Cas9 was originally designed to have low expression levels 

because the overexpression of Cas9 has been observed to cause undesired off-target 

effects106. Since the puromycin resistance gene (PuroR) is expressed in the same 

cassette as Epi-Cas9-V2 (Figure 3.11-A), low levels of PuroR expression might have 

caused the poor survival of transfected cells during antibiotic selection. To overcome 

this limitation, the Epi-Cas9 was subsequently redesigned to have the strong EF1α 

promoter driving the expression of PuroR in a separate transcription unit (Epi-Cas9-

V3, Figure 3.11-B)129.  To determine if the redesigned construct could better survive 

antibiotic selection, both Epi-Cas9-V2 and -V3 constructs were co-transfected with 

one representative sgRNA targeting each of DACH1 and UNC5C. Indeed, by driving 

the expression of PuroR under EF1α promoter drastically improved the number of 

surviving cells after antibiotic selection (Figure 3.12). Surviving cells were harvested, 

and targeted BS-PCR-Seq libraries were subsequently prepared. Although Epi-Cas9-

V3 had improved survival during antibiotic selection, the construct was only able to 

induce modest levels of 5mC when compared to Epi-Cas9-V2. When targeted to 

DACH1, Epi-Cas9-V3 induced an average of 3% DNA methylation across the 

promoter, compared to 13% by -V2. Similarly, Epi-Cas9-V3 induced an average of 

3% DNA methylation across the target region, compared to 19% by V2 when targeted 

to UNC5C (Figure 3.13-3.14, Table 3.3).  

 

Figure 3.11. Schematic representation of Epi-Cas9-V3 

A) Epi-Cas9-V2 construct structure. B) The third version of the Epi-Cas9 construct 

(Epi-Cas9-V3); the P2A self-cleaving peptide was replaced with the HSV 

polyadenylation signal to prevent transcriptional read-through from the pGK promoter 

and in a separate transcription unit, puromycin resistance gene is driven by the strong 

constitutive Ef1α promoter.  
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Figure 3.12. Fluorescence images of -V2 and -V3 Epi-Cas9 transfected cells at 

200X 

A) Mock transfection; GFP and puromycin resistance reporter plasmid. B-C) Both 

versions of the Epi-Cas9 construct were co-transfected with the UNC5C-3 sgRNA. 

Note the poor survival of cell transfected with -V2. D) Un-transfected cells, negative 

control for puromycin selection.  
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Figure 3.13. Comparison of Epi-Cas9-V2 and -V3 efficacy at DACH1. 

A) Mock transfection. B-C) Transfection of -V2 and -V3 constructs without a sgRNA. 

D-E) Co-transfection of DACH1-2 sgRNA and Epi-Cas9. Note the difference in mC 

induction by the constructs.  Red (baseline) and black (transfection) lines represents 

average DNA methylation as described in Figure 3.09. 
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Figure 3.14. Comparison of Epi-Cas9-V2 and -V3 efficacy at UNC5C. 

A) Mock transfection. B-C) Transfection of -V2 and -V3 without sgRNA. D-E) Co-

transfection of UNC5C-3 sgRNA and Epi-Cas9. Red (baseline) and black 

(transfection) lines represents average DNA methylation as described in Figure 3.09.
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  DACH1 UNC5C 

Transfection  sgRNA Avg mC ∆ mC Avg mC ∆ mC 

Baseline - 1% - 1% - 

Epi-Cas9-V2 only - 3% 2% 3% 2% 

Epi-Cas9-V3 only - 2% 1% 1% 0% 

Epi-Cas9-V2  DACH1-sgRNA-2 14% 13% 12% 11% 

Epi-Cas9-V3  DACH1-sgRNA-2 4% 3% 2% 1% 

Epi-Cas9-V2  UNC5C-sgRNA-3 9% 8% 20% 19% 

Epi-Cas9-V3  UNC5C-sgRNA-3 2% 1% 4% 3% 

Table 3.3. Comparison of on- and off-target mC induced by Epi-Cas9-V2 and -

V3.  

Table summarizes on- and off-target methylation levels by both Epi-Cas9-V2 and -V3 

constructs.  



71 
 

3.1.4  Estimation of protein abundance difference between Epi-Cas9 

constructs 

The reduction in activity of Epi-Cas9-V3 might have been caused by promoter 

interference within the construct which resulted in lowered expression of Epi-Cas9-

V3. This is particularly common for plasmids containing multiple transcription units. 

Promoter interference is described as a suppressive effect that occurs between two 

transcriptional units that are arranged in cis relative to each other, resulting in lowered 

expression of both gene cassettes138. In the case of Epi-Cas9-V3, the competition for 

transcription factors between pEf1α and pGK might have led to a lower expression of 

dCas9-DNMT3A fusion protein, and because pEf1α is a very strong promoter, 

sufficient levels of PuroR would have still been expressed. Taken together, this might 

explain why MCF7 cells transfected with Epi-Cas9-V3 survive puromycin selection 

and only induce low levels of 5mC at target region.  Consequently, the non-specific 

activity caused by -V3 construct is also significantly lower when compared to -V2, 

when transfected individually or when co-transfected sgRNA targeting DACH1 and 

UNC5C.  

However, it is important to note that the antibiotic selection process places a 

selection pressure for cells that have high expression levels of the antibiotic resistance 

gene. Hence, in the case of the -V2 construct where both dCas9-DNMT3A fusion and 

PuroR are expressed in a single cassette, the selection for transfected cells that express 

high levels of PuroR also enrich for cells that have high levels of the dCas9-DNMT3A 

fusion. Consequently, the high levels of the dCas9-DNMT3A fusion in the surviving 

population of transfected cells might explain the observed high levels of non-specific 

activity exhibited by the -V2 construct. In contrast, PuroR is expressed on a separate 

cistron in the -V3 construct which removes the selection for transfected cells that 

express high levels of dCas9-DNMT3A. Therefore, the overall abundance of dCas9-

DNMT3A in cells transfected with -V3 construct is likely to be lower when compared 

to the -V2 construct, and therefore have lower on- and off-target activity. 

Nonetheless, to test the hypothesis that the reduced on- and off-target activity 

by Epi-Cas9-V3 is due to reduced dCas9-DNMT3A CD fusion protein abundance, an 

IF assay was conducted to estimate the relative expression levels of the both constructs 

by comparing differences in their fluorescence signal intensity. Cultured cells were 

transfected with either the -V2 or -V3 construct and a representative sgRNA in 
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triplicate, and were similarly selected with puromycin for 48-hours prior to 

immunodetection. This was performed to recapitulate the experimental conditions of 

the transfected cells for which the targeted BS-PCR-Seq libraries were prepared. 

Confocal microscopy imaging was subsequently performed on antibiotic selected cells 

with the help from Dr. Marina Oliva, to estimate differences in fluorescence intensities 

between cell transfected with either -V2 or -V3 constructs. 

The IF assay revealed that the relative fluorescence signal intensity was higher 

in cells transfected with the Epi-Cas9-V2 construct compared to cells transfected with 

the Epi-Cas9-V3 construct (Figure 3.15). Although all IF images from all 

experimental conditions were taken with the same confocal microscope settings, slight 

differences in fluorescence intensities, particularly DAPI staining, were observed 

between images taken from the same microscope slide. Therefore, to gain a more 

accurate estimation of construct abundance differences, normalization of fluorescence 

intensities detected from the secondary antibody (Cy5 conjugated α-mouse 

monoclonal antibody) to the DAPI staining was conducted using an image processing 

package139. The normalization and extrapolation of relative fluorescence intensities 

was conducted with help from Dr. Oliva. To estimate the protein levels for every 

experimental condition, raw intensity readings for both DAPI and secondary antibody 

(Cy5) were extrapolated from three different fluorescence images per replicate to 

obtain an average reading. Finally, the averaged intensity reading for Cy5 was 

normalized by dividing the averaged signal intensity of DAPI to account for 

fluctuations between images. By comparing the normalized fluorescence intensity 

between different experimental conditions, it was observed that there was only 

marginally higher abundance of Epi-Cas9-V2 compared to cells transfected with Epi-

Cas9-V3 (Figure 3.16). This suggests that there might be other aspects of the -V2 

construct other than the hypothesized protein abundance difference that are causing 

the high off-target activity. However, due to technical issue of inconsistent DAPI 

signals across samples encountered during confocal microscopy, cross validation with 

western blot to estimate dCas9-DNMT3A abundance in cells transfected with -V2 and 

-V3 construct would help to clarify this hypothesis.
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Figure 3.15. Triplicate Immuno-fluorescence comparing relative Epi-Cas9-V2 and -V3 protein levels 96-hours after transfection. 

Immunofluorescence images of mock transfection, Epi-Cas9-V2 and Epi-Cas9-V3 following antibiotic selection for 48-hours. Due to 

high confluency state of cells during immuno-staining, some fluorescence artifacts were observed. When compared to negative controls, 

strong fluorescence intensity was observed for Epi-Cas9-V2 and Epi-Cas9-V3, suggesting that Epi-Cas9-V2 is expressed at a higher level 

than -V3. This might explain the low induction of mC by Epi-Cas9-V3 and the high off-target activity associated with Epi-Cas9-V2. 

Abbreviations; R1-3: replicates 1 to 3. 
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Transfection Normalized fluorescence 

intensity units 

Standard error Total nuclei 

analyzed 

Mock transfection 0.42 0.0027 2690 

Epi-Cas9-V2 with no 1o ab 0.39 0.0072 905 

Epi-Cas9-V2 0.60 0.0117 544 

Epi-Cas9-V3 0.54 0.0028 4176 

Figure 3.16. Relative fluorescence intensity difference between different 

experimental conditions.  
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3.2  Targeted de novo mC using Epi-TALE  

 Targeted BS-PCR-Seq results revealed that Epi-TALEs targeting DACH1 or 

UNC5C induced highly specific mC within 8-40bp of their respective binding site, 

with negligible non-specific 5mC induced at non-target loci. As detailed in Section 

3.1, a total of four TALEs with two targeting UNC5C and DACH1 respectively was 

successfully assembled. Among all Epi-TALEs tested, DACH1-TALE-1 and 

UNC5C-TALE-4 had the highest activity, respectively (Figure 3.17). DACH1-

TALE-1 induced up to 45% 5mC on single CG and an average of 5% across the 

DACH1 promoter region, while UNC5C-TALE-4 induced up to 46% 5mC on single 

CG site and an average of 2% across the UNC5C promoter (P<0.001, Mann–

Whitney U test). Although the average 5mC levels induced by the Epi-TALE are 

lower when compared to Epi-Cas9, it should be noted that averaging methylation 

induction across an arbitrary region is not the best indicator of performance for 

constructs that are highly specific such as TALEs as the change may only occur very 

few CG sites. Epi-TALEs appeared to induce directional 5mC to some extent: gains 

in 5mC mainly occurred at CG sites presumed to be located at the C-terminus of the 

Epi-TALE where the DNMT3A CD is located, when the construct is bound to double 

stranded DNA. Not surprisingly, Epi-TALE constructs lacking TALE repeat domains, 

which direct sequence specificity, caused non-specific increases in 5mC across all loci 

sequenced (P<0.05, Mann–Whitney U test) (Figure 3.17-B).  

Despite using the same linker as Epi-Cas9, Epi-TALE did not induce 5mC 

beyond 40bp of its binding site. Given the high local specificity of TALE constructs, 

a better estimation of average 5mC was calculated by only including CG sites that are 

within 40bp from the TALE binding site. The average mC induced by DACH1-T4 (19 

CGs) and UNC5C-T4 (12 CGs) are 9% and 8% respectively when calculated using 

CGs in close proximity (demarcated with green dotted line and arrows on Figure 3.17-

C, F). When compared to Epi-Cas9 system, the Epi-TALE constructs induced 

considerably higher levels of 5mC on single CG, and had negligible levels of off-target 

activity at non-target loci (Table 3.4). The binding of DACH1-T1 and UNC5C-T3 at 

target site might have be inefficient and therefore exhibited drastically lowered 

activity. Although the changes in 5mC levels is not statistically significant (P> 0.05, 

Mann–Whitney U test), a small increase in 5mC is still detected at CG sites near their 

binding sites when compared to mock controls, suggesting that the Epi-modifier is still 
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binding to their intended target sites (DACH1-T2 highest mC 10%, UNC5C-T3 

highest mC 9%, Table 3.4) 

 

Figure 3.17. Induced 5mC by Epi-TALE targeting DACH1 and UNC5C. A) Mock 

transfection control. B) Empty TALE vector lacking TALE repeat domains C-F) 

Respective Epi-TALE targeting DACH1 and UNC5C. Epi-TALEs targeting DACH1 

and UNC5C. The green dotted line indicates the selected CG sites used to calculate 

average mC induced by each Epi-TALE. Red (baseline) and black (transfection) lines 

represents average 5mC levels as described in Figure 3.09. 
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 DACH1 UNC5C BCL3 

Transfection  Avg mC ∆ mC Max 

mC 

Mann-U  Avg mC ∆ mC Max 

mC 

Mann-

U  

Avg mC ∆ mC Max 

mC 

Mann-

U  

Baseline 1% - - - 1% - - - 1% - - - 

Empty TALE 3% 2% 9% 0.01 4% 3% 20% <0.001 2% 1% - 0.02 

DACH1-T1 5 (9) % 4% 45% <0.001 1% 0% - N.S 1% 0% - N.S 

DACH1-T2 3% 2% 10% N.S 2% 1% - N.S 2% 1% - N.S 

UNC5C-T3 1% 0% - N.S 1% 0% 9% N.S 1% 0% - N.S 

UNC5C-T4 1% 0% - N.S 2 (8) % 1% 46% <0.001 1% 0% - N.S 

Table 3.4.  Summary of all on- and off-target 5mC by Epi-TALE 

Table summarizes all on- and off-target 5mC induced by Epi-TALE when targeted to DACH1 and UNC5C. Highest 5mC induced by each 

TALE are indicated, and the average 5mC is calculated by only including CG sites as highlighted in Figure 3.15. A Mann–Whitney U test 

is conducted to assess if changes in 5mC level is statistically significant. Abbreviations: N.S; Not significant.  
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3.3  Discussion- Single Fusion Epi-modifier construct 

Both dCas9-DNMT3A and TALE-DNMT3A fusion proteins successfully 

induced targeted de novo 5mC at loci of interest in these pilot experiments. However, 

although Epi-Cas9-V2 was able to induce high levels of 5mC across a broad region at 

the target loci, it had also caused significant non-specific methylation events at non-

target loci, which is undesirable and likely indicative of extensive induction of 

methylation throughout the genome. Consistent with other recent epigenome editing 

studies using dCas9-DNMT3A published while the research presented here was being 

completed, the targeting of Epi-Cas9-V2 to DACH1 using multiple sgRNAs induced 

higher levels of 5mC overall compared to single sgRNA co-transfection108,109. Even 

though each individual sgRNA targeting UNC5C induced high levels of 5mC when 

co-transfected with Epi-Cas9-V2, co-transfections using multiple sgRNAs did not 

increase the overall induction of 5mC at UNC5C when compared to single sgRNA co-

transfection.  

The possible reasons for the lack of synergistic effect might include sub-

optimal sgRNA spacing, competition of dCas9-DNMT3A:sgRNA complexes 

between cognate locus and other genomic loci with high complementarity, and poor 

combination of pooled sgRNA that negatively impacted the efficacy of sgRNA to 

recruit dCas9-DNMT3A to the genome. The result suggests that pooled sgRNA co-

transfections might not necessarily always lead to an increased activity at all target 

loci, and more tests involving different combinations of pooled sgRNA with different 

spacing and design constraints at multiple loci is required to verify this observation. A 

comparison between Epi-Cas9-V2 and -V3 revealed that higher construct expression 

and abundance is associated with higher off-target activities while lowered expression 

of the dCas9-DNMT3A significantly reduced the efficacy of the system. The data 

obtained however, is consistent with literature report of lowered Cas9 abundance and 

reduced non-specific activity106.  
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Critically, this thesis research has provided valuable insights with regards to 

the specificity of single-fusion construct which has been lacking and inadequate till 

date in similar published studies involving dCas9- and TALE-DNMT3A fusions. For 

instance, although both McDonald et al108 and Vojta et al109 have concluded that the 

single dCas9-DNMT3A fusion is highly specific and does not cause significant non-

specific activity, the data obtained and presented herein does not agree with the 

conclusion from either group as non-specific methylation was clearly observed at three 

non-target loci at different chromosome when high levels of dCas9-DNMT3A was 

expressed. Furthermore, off-target methylation was clearly evident in the McDonald 

et al study when the authors surveyed 5mC of CG sites at a single non-target locus, 

while Vojta et al had only measured 5mC of LINE-L1 elements as a proxy to detect 

non-specific 5mC induced by dCas9-DNMT3A. However, these repetitive elements 

are highly methylated endogenously to preserve genomic stability6,29 and unlikely to 

capture subtle changes in 5mC accurately. Therefore, this technique is limited and 

inadequate to make any conclusions regarding the specificity of dCas9-DNMT3A. 

Moreover, both groups have used strong constitutive promoters to drive expression of 

their respective dCas9-DNMT3A expression cassette despite published evidence of 

high Cas9 abundance and increased non-specific activities106.  

In a epigenome editing study by Liu et al, the authors have similarly used a 

weak constitutive promoter to drive expression of dCas9-DNMT3A expression 

cassette and was able to achieve good on-target induction of 5mC110. In addition, Liu 

et al comprehensively surveyed for non-specific binding events by conducting a ChIP-

Seq against dCas9-DNMT3A. Despite using a weaker promoter, multiple binding 

events were detected and the authors only performed bisulfite sequencing at off-target 

sites with the strongest ChIP signal. This partial assessment of off-target ChIP signal 

is not ideal and could potentially confound final experimental conclusions. Clearly, 

more work in fine tuning dCas9-DNMT3A expression is required to resolve the non-

specific activity of the system, which was not performed by all the aforementioned 

studies. 
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In line with the epigenome editing studies of histone PTM using TALE-

LSD1130, the overexpression of TALE-DNMT3A using a strong promoter resulted in 

highly specific induction of 5mC at the target locus. Although the Epi-TALE system 

induced higher levels of 5mC when compared to the Epi-Cas9 system, it was only able 

to methylate CGs sites that were present within a narrow window of between 8-40 bp 

away from its binding site despite using the same linker as Epi-Cas9 system. This 

observation is consistent with an epigenome editing study that utilized TALE-TET1 

fusion93 to achieve targeted DNA demethylation. The authors have found that TALE-

TET1 induces highly specific local DNA demethylation and the demethylation 

efficacy did not change appreciably even when the linker length was extended 

substantially. A possible explanation for the highly local activity of TALE construct 

might be made with the mechanism by which TALE binds to DNA. When bound to 

its cognate target, each of the TALE repeat self-associate, stabilizes, and forms a right-

handed superhelix wrapped around the DNA major groove140. Therefore, this highly 

stable synergistic binding of TALE domain to DNA anchors them tightly to DNA, 

possibly imposing constraint and reducing flexibility to the linker peptide and tethered 

effector domain due to its strong binding interaction with DNA. This could 

subsequently restrict the range of catalytic activity by the effector and account for the 

directionality of effect observed in TALE constructs.  

3.4  Conclusions 

Taken together, the limitations of the Epi-Cas9 and Epi-TALE systems 

discussed above could impede their potential to induce functional biological outcomes. 

Therefore, more work is required to improve the current Epi-modifiers in terms of 

their ability to induce higher levels of 5mC over multiple CG sites in the target region, 

while reducing non-specific methylation events, before they could be applied to 

investigate functional roles of 5mC in genome regulation. 
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4.  Introduction: Amplified effector recruitment using Super Nova 

Tag 

In Chapter 3, it was shown that single fusion Epi-modifiers require significant 

improvement to reduce non-specific activities, increase the range of methyltransferase 

activity, and induce higher levels of on-target 5mC levels. It was also observed that 

recruiting multiple units of dCas9-DNMT3A by co-transfecting pooled sgRNAs 

targeting the DACH1 promoter could increase the overall levels of 5mC induced. 

Although the same trend was not observed for co-transfection of pooled sgRNA 

targeting the UNC5C promoter, the co-transfection of pooled sgRNAs and increased 

activity has been observed in a similar study (IL6ST, BACH2)109. However, to increase 

activity of the system through a pooled sgRNA approach might be challenging and 

time consuming as it requires thorough tests involving multiple combinations of 

pooled sgRNAs, and is limited by PAM site availability at a target locus.  

Consequently, we sought an alternative approach to recruit multiple effector domains 

to a single dCas9 protein by using the SuperNova Tag (SunTag) fusion141. The SunTag 

system is a tandem array of short peptide repeat units of the yeast general transcription 

factor GCN4, where each GCN4 unit in the SunTag can be specifically recognized 

and bound by a single chain variable fragment antibody (scFv) (Figure 4.1). 

Analogous to a molecular docking station, the presence of multiple GCN4 units in the 

SunTag allows for recruitment of multiple effector domains that are fused to α-GCN4-

scFv. As proof of concept, a research group has achieved amplified transcriptional 

activator (VP64) recruitment using a dCas9-SunTag fusion, which resulted in 

markedly increased (10-50 fold) re-activation of the CXCR4 gene when compared to 

a single dCas9-VP64 fusion (1.5-2 fold)141. 

Herein, the SunTag system was adopted to improve and optimize existing 

dCas9/TALE Epi-Modifier constructs. It was hypothesized that the amplified 

recruitment of DNMT3A units could potentially increase the level of 5mC induced by 

the constructs, while allowing reduction of the level of dCas9 introduced into the cell 

which could potentially result in lower off-target induction of 5mC. Furthermore, the 

tandem repeats (10 units) of the GCN4 peptide forming the SunTag array provides 

increased linker length, which may potentially increase the ‘range’ of 

methyltransferase activity in the genome. Accordingly, the VP64 transcriptional 

activator on scFv-VP64 was replaced with the catalytic domain of DNMT3A (scFv-
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DNMT3A) (Figure 4.2-A), while the SunTag array of 10 GCN4 repeat units replaced 

the DNMT3A catalytic domain in both the dCas9 and TALE single fusion constructs 

(Figure 4.2-B) (Appendix, Table A2). The Epi-Modifier SunTag system plasmids 

was designed with help from my supervisor (Dr. Ford) (Figure 4.2-C) and was 

constructed by an Honours student (Tessa swain) under my supervision. Assembled 

plasmids were sequence verified using commercial service prior to transfections. Cell 

culture transfections and targeted BS-PCR-Seq libraries preparations was undertaken 

by myself with help from Tessa Swain, and raw sequencing data was mapped and 

processed with assistance from my supervisor Dr. Ford. 

 

 

 

Figure 4.1. Schematic representation of SunTag system. A) αGCN4-Effector 

recognizes and binds to the tandem array of GCN4, resulting in recruitment of multiple 

units of the effector protein to hypothetical protein X. B) The SunTag variant enabled 

recruitment of multiple units of VP64 transcriptional activator to target locus bound 

by dCas9-SunTag (adapted from Tanenbaum et al 141). 
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Figure 4.2. Schematic representation of Epi-modifier SunTag system. A) scFv-

DNMT3A: DNMT3A CD is fused to scFv via a flexible linker. The construct includes 

super folding GFP and protein G B1 domain to aid folding and solubilization of the 

fusion protein and a NLS signal for nuclear import. B) Cartoon representation of both 

dCas9- and TALE-SunTag systems. C) Schematic representation of dCas9 and TALE 

Epi-modifier SunTag plasmid construct designs. 
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4.1  Targeted de novo mC using Epi-SunTag  

 Prior to comparing the SunTag system with single fusion counterparts, an 

immunofluorescence assay was conducted to determine the cellular localization of 

each component of the SunTag system. Strong fluorescence signals were detected in 

the nucleus when compared to respective negative controls for both Cas9- and TALE-

based systems, indicating that the fusion protein is efficiently localized in nucleus 

(Figure 4.3). The fluorescence signal for the TALE-SunTag system appears to be 

slightly diffused due to high confluency of transfected cells during immunostaining. 

However, careful inspection of single isolated cells within the same image shows clear 

nuclear localization.  

To allow for meaningful comparison between different systems, both TALE 

and dCas9-SunTag systems (Epi-SunTag) were transfected alongside their single 

fusion counterparts (Epi-Cas9-V3, Epi-TALE). Note, Epi-Cas9-V2 was excluded 

from further experiments as it was found to result in significant non-specific activity. 

Furthermore, to investigate the broader applicability of the Epi-constructs generated, 

the comparison of SunTag and single fusion systems was also extended to HeLa cells 

in parallel. In both cell lines, targeted BS-PCR sequencing revealed that the SunTag 

system consistently outperforms the single fusions in terms of specificity and efficacy, 

with dCas9-SunTag system displaying the most improvement (see below, Section 

4.1.2-4.1.3). Surprisingly, despite transfecting the same plasmids, the level of DNA 

methylation induced by all Epi-constructs were consistently higher in HeLa cells when 

compared to MCF7, even with Epi-Cas9-V3. This suggests that underlying biological 

differences between different cell types could impact on the performance of the Epi-

modifiers. 
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Figure 4.3. Immuno-fluorescence results for Cas9- and TALE-SunTag system. A) 

Cells mock transfected with empty expression plasmids and stained with both α-HA 

and α-Ty1 primary antibody. B-C) Cells transfected with Epi-Cas9-System without 

the addition of either the primary or secondary antibody. D-F) Immunodetection of 

Cas9- , TALE-SunTag and scFv-DNMT3A with respective primary antibody. 
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4.1.2  Comparison of single fusion and SunTag Modifiers in MCF7 cells 

 In MCF7 cells, dCas9-SunTag system (henceforth referred to as Epi-Cas9-

SunTag) induced an average of 8% and 10% 5mC at DACH1 (49 CGs) and UNC5C 

(103 CGs) respectively as compared to ~1% induced by Epi-Cas9-V3 at both loci 

(Figure 4.3, Table 4.1-A). The highest level of 5mC achieved at a single CG site with 

Epi-Cas9-SunTag at DACH1 and UNC5C was 37% and 40%, respectively (Table 4.2). 

As expected, transfecting Epi-Cas9-SunTag alone without svFv-DNMT3A did not 

result in any increase in non-specific 5mC across all loci sequenced (Figure 4.3-D). 

However, transfecting scFv-DNMT3A alone resulted in 4-7% increase in non-specific 

5mC (Figure 4.3-B), suggesting that the increased on-target 5mC observed in the Epi-

Cas9-SunTag system might be non-specific activity caused by scFv-DNMT3A. The 

Epi-Cas9-SunTag system, when targeted to DACH1 and UNC5C, resulted in 3-7% 

off-target mC at non-target loci.  

A similar trend was observed with the TALE-SunTag system. When targeted 

to DACH1 and UNC5C, the TALE single-fusion induced a maximum of 47% mC and 

43% mC respectively on single CG site, compared to 53% and 72% induced by the 

SunTag variant at the same loci (Table 4.2). The mC levels reported in the result 

sections of this thesis is an average of both Watson and Crick strand mC level as 

described in Section 2.4.3. Note that the averaged 5mC across both target regions were 

calculated using CG sites that are near TALE binding site (indicated by green lines). 

Single fusion TALE constructs averaged 9% and 10% at DACH1 (19 CGs) and 

UNC5C (12 CGs), respectively, while the SunTag system managed 15% and 23% 

(Figure 4.4, Table 4.1-B). The non-specific activity of the TALE-SunTag system is 

similar with the Cas9 counterpart and ranges from 2-6% at non-target loci (Figure 

4.4). Although the TALE-SunTag system induces higher average mC at target sites 

when compared to single fusions, the increase in 5mC levels occurred mostly on the 

same CG sites that were previously methylated by the single fusion. Despite the 

significant increase in linker length through the SunTag array, the “range” of 

methyltransferase activity of TALE-SunTag system did not appear to increase. 
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Figure 4.3. On and off-target mC induced by Epi-Cas9 and dCas9-SunTag in 

MCF7.   

A-D) Baseline controls including mock transfection. E-H) comparison of Epi-Cas9-

V3 and SunTag counterpart at DACH1 and UNC5C. Red dotted line indicates the 

baseline mC levels while black dotted line represents the average mC level after 

transfection. The Y-axis represents percent 5mC levels and is scaled from 0-50%, 

while the X-axis represent the number of CG sites at the locus. Respective sgRNA 

binding sites are indicated with arrow. 
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Figure 4.4. On and off-target mC induced by Epi-TALE and Epi-TALE-SunTag 

in MCF7 cells.  A-D) Baseline controls including mock transfection. E-H) 

comparison of Epi-TALE and SunTag counterpart at DACH1 and UNC5C. Respective 

TALE binding sites are indicated by grey arrows (Watson: right pointing, Crick: left). 

Figure description is identical to Figure 4.3. 
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   DACH1 UNC5C BCL3 

Cas9 Systems Transfection sgRNA Avg 

5mC 

∆ mC Avg 

5mC 

∆ mC Avg 

5mC 

∆ mC 

 Mock Transfection - 1% - 1% - 2% - 

 scFv-DNMT3A only - 4% 4% 6% 5% 8% 6% 

 Epi-Cas9-V3 only - 1% 1% 1% 0% 2% 0% 

 Epi-dCas9-SunTag only - 0% 0% 1% 0% 2% 0% 

 Epi-Cas9-V3  DACH1-2 sgRNA 1% 1% 2% 1% 3% 1% 

 Epi-dCas9-SunTag DACH1-2 sgRNA 8% 7% 6% 5% 9% 7% 

 Epi-Cas9-V3  UNC5C-3 sgRNA 1% 1% 2% 1% 2% 0% 

 Epi-dCas9-SunTag UNC5C-3 sgRNA 3% 2% 11% 10% 6% 4% 

         

   DACH1 UNC5C BCL3 

TALE systems  Transfection TALE target Avg 

5mC 

∆ mC Avg 

5mC 

∆ mC Avg 

5mC 

∆ mC 

 Mock Transfection   1% - 1% - 2% - 

 scFv-DNMT3A  5% 4% 6% 5% 8% 6% 

 Epi-TALE-DNMT3A DACH1-TALE-1 6% 5% 1% 0% 3% 1% 

 Epi-TALE-SunTag only DACH1-TALE-1 1% 0% 1% 0% 2% 0% 

 Epi-TALE-SunTag and 

scFv-DNMT3A 

DACH1-TALE-1 9% 8% 3% 2% 4% 2% 

 Epi-TALE-DNMT3A UNC5C-TALE-4 1% 0% 3% 2% 2% 0% 

 Epi-TALE-SunTag only UNC5C-TALE-4 1% 0% 1% 0% 2% 0% 

 Epi-TALE-SunTag and 

scFv-DNMT3A 

UNC5C-TALE-4 2% 1% 7% 6% 4% 2% 

Table 4.1. Table summarizing average and net induced mC levels at both target and non-target loci for both Cas9/TALE SunTag 

and single fusion in MCF7 cells.  

∆ mC for each transfection was calculated by subtracting average baseline 5mC levels the raw averaged 5mC value of each individual 

transfection. 
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Transfection  sgRNA/TALE Highest 5mC Avg 5mC* 

Epi-Cas9-V3  DACH1-2 sgRNA 8% 1% 

Epi-Cas9-SunTag and  

scFv-DNMT3A 

DACH1-2 sgRNA 37% 8% 

Epi-Cas9-V3  UNC5C-3 sgRNA 8% 1% 

Epi-Cas9-SunTag and  

scFv-DNMT3A 

UNC5C-3 sgRNA 40% 11% 

Epi-TALE-DNMT3A  DACH1-TALE-1 47% 9% 

Epi-TALE-SunTag and  

scFv-DNMT3A 

DACH1-TALE-1 53% 15% 

Epi-TALE-DNMT3A UNC5C-TALE-4 43% 10% 

Epi-TALE-SunTag and  

scFv-DNMT3A 

UNC5C-TALE-4 72% 23% 

 

Table 4.2. Table summarizing average and highest induced 5mC levels at target 

locus by different systems. * Average 5mC for TALE based system is calculated 

using only CG site highlighted in Figure 3.15. Highest 5mC refers to the highest 5mC 

value present on single CG site.  
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4.1.3  Comparison of Single fusion and SunTag Epi-modifiers in HeLa 

 BS-PCR Sequencing revealed that both DACH1 and UNC5C promoter regions 

were partially methylated in HeLa cells. The DACH1 locus harbours high levels of 

endogenous methylation in HeLa cells and was therefore excluded from further 

experiments (Figure 4.5). Comparison of dCas9- and TALE- single fusions to their 

respective SunTag counterparts in HeLa cells yielded similar trends to experiments 

conducted in MCF7 cells. The transfection controls (Epi-Modifiers without sgRNA or 

without scFv-DNMT3A) did not result in any non-specific 5mC as expected (Figure 

4.6-C, D, F, I). After subtracting baseline levels, Epi-Cas9-V3 and Epi-Cas9-SunTag 

induced an average of 5% and 20% mC across all 103 CG sites at UNC5C in HeLa as 

compared to 1% and 10% respectively in MCF7 cells (Table 4.3). The highest 5mC 

induced on a single CG site by Epi-Cas9-V3 and Epi-Cas9-SunTag was 27% and 66% 

respectively in HeLa cells as compared to 8% and 40% in MCF7 (Table 4.2, 4.3). The 

single TALE fusion and TALE-SunTag fusion induced up to 67% and 78% 5mC on 

single CG site in HeLa cells as compared to 43% and 72% in MCF7. Using the same 

proximity CG sites for calculating average 5mC for TALE base systems as detailed in 

Chapter 3, TALE single fusion and SunTag construct induced 13% and 24% 

respectively (Table 4.3-B). A clearer representation of net induced mC by 

dCas9/TALE single and SunTag constructs after subtracting the partial endogenous 

mC levels in HeLa cell is shown in Figure 4.7. It is worth noting that the 5mC gained 

by CG sites beyond TALE-SunTag binding site was similar to the non-specific activity 

of scFv-DNMT3A and should not be mistaken as increased range of activity by the 

TALE-SunTag fusion (Figure 4.6-B, G).  
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Figure 4.5. Baseline methylation of DACH1 and UNC5C in both cell lines. Genome 

browser display detailing endogenous methylation states at DACH1 and UNC5C locus 

in both cell lines. CG sites at the locus are presented as black bars while the y-axis 

represents percent 5mC scaled from 0-50. 
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Figure 4.6. dCas9/TALE single fusion and SunTag comparison at UNC5C and 

non-target locus. A) Mock transfection control. B-D) Transfection controls. E-G) 

Comparison of dCas9 single and SunTag fusion in HeLa cells. H-J) Comparison of 

TALE single and SunTag fusion in HeLa cell. The relative TALE and sgRNA 

positions are indicated by grey arrows. Figure description is identical to Figure 4.3.
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   UNC5C BCL3 

Cas9 Comparison Transfection sgRNA Avg mC ∆ mC Max mC Avg mC ∆ mC 

 Mock Transfection - 6% - - 1% - 

 scFv-DNMT3A only - 19% 13% - 13% 12% 

 Epi-Cas9-V3 only - 7% 1% - 1% 0% 

 Epi-dCas9-SunTag only - 6% 0% - 1% 0% 

 Epi-Cas9-V3  UNC5C-3 sgRNA 11% 5% 27% 2% 1% 

 Epi-dCas9-SunTag UNC5C-3 sgRNA 26% 20% 66% 12% 11% 

        

   UNC5C BCL3 

TALE Comparison  Transfection TALE target Avg mC ∆ mC Max mC Avg mC ∆ mC 

 Mock Transfection  - 6% - - 1% - 

 scFv-DNMT3A - 19% 13% - 13% 12% 

 Epi-TALE-DNMT3A UNC5C-T4 9 (13) % 3% 67% 1% 0% 

 Epi-TALE-SunTag only UNC5C-T4 6% 0% - 1% 0% 

 Epi-TALE-SunTag and 

scFv-DNMT3A 

UNC5C-T4 17(24) % 11% 78% 4% 3% 

Table 4.3. Table summarizing average and net induced 5mC levels at both target and non-target loci for both Cas9/TALE SunTag 

and single fusion in HeLa cells. 

Average 5mC is calculate using all CG sites present while ∆ mC is calculated by subtracting baseline 5mC from mock transfection 5mC. 

Average 5mC for TALE fusion calculated using only CG sites as highlighted in Figure 3.24, 3.25 is presented in parenthesis.  
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Figure 4.7. Net induction of 5mC by various constructs at UNC5C. A-D) Net 

induced 5mC levels by each corresponding construct at UNC5C. The net induced mC 

values were obtained by subtracting the endogenous 5mC values present at UNC5C 

(Figure 4.5) from the 5mC values measured for each transfection condition. Similarly, 

the green dotted lines demarcate CG sites used to calculate average 5mC levels for the 

TALE based systems. Relative sgRNA and TALE binding sites are indicated by grey 

arrows.  
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4.2  Epi-SunTag system non-specific activity  

 While the overall results of the SunTag constructs were encouraging, the 

system results in significant (P<0.05, Mann-Whitney U test) non-specific activities In 

MCF7, dCas9-SunTag system resulted in between 3-7% off-target mC at non-target 

loci, while the TALE-SunTag system resulted in 1-3% off-target mC at non-target 

locus (Table 4.1). In HeLa cells, dCas9-SunTag system resulted ~12% off target mC 

while the TALE-SunTag system results in ~3% off target mC at non-target locus 

(Table 4.3). The transfection of scFv-DNMT3A alone had also consistently resulted 

in between 4-12% off-target activity at all 3 loci sequenced in both cell lines. CG sites 

that gained methylation at non-target locus when either dCas9/TALE-SunTag system 

was transfected were identical to those that gain mC when scFv-DNMT3A was 

transfected alone. This suggests that the non-specific methylation might have been 

caused by excess scFv-DNMT3A present within the nucleus that were unbound to 

either dCas9- or TALE-SunTag array after transfection.  

4.2.1  Epi-SunTag optimization: scFv-DNMT3A titration  

 A strength of the modular nature of Epi-SunTag system is that it allows for the 

quantity of the individual components (dCas9-/TALE-SunTag, scFv-DNMT3A) 

delivered to be independently altered. In an attempt to reduce the consistent non-

specific activity by caused by the system, an eight-point titration series of the amount 

of scFv-DNMT3A plasmid transfected was performed. To allow for comparison 

between this experiment and the previously generated data, the svFv-DNMT3A 

plasmid was serially two-fold reduced from the initial starting amount (330 ng) 

transfected (Table 4.4). The widespread non-specific activity of the original 

transfection conditions was recapitulated, and by decreasing the amount of scFv-

DNMT3A transfected effectively reduced the level of non-specific DNA methylation 

caused by both SunTag systems (Figure 4.8, 4.9). Encouragingly, in addition to 

reducing non-specific activities of the system, the level of on-target mC induction was 

comparable to the original conditions (330 ng). The titration experiment also provided 

a mean of identifying the optimal amounts of plasmid to transfect to achieve good on 

target mC while maintaining negligible levels (<1%) of non-specific mC. The optimal 

range of scFv-DNMT3A plasmid to transfect for the Epi-Cas9-SunTag system was 
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between 20-41 ng, and for the TALE-SunTag system between 41-82 ng (Table 4.5). 

The best condition however, appeared to be 41 ng for both system (Figure 4.8, 4.9-

highlighted). 

 

 scFv-DNMT3A dCas9/TALE-SunTag sgRNA/ 

GFP-Puro 

Empty vector 

 

Total 

1 330 ng 330 ng 330 ng - 1 µg 

2 165 ng 330 ng 330 ng 165 ng 1 µg 

3 82 ng 330 ng 330 ng 248 ng 1 µg 

4 41 ng 330 ng 330 ng 289 ng 1 µg 

5 20 ng 330 ng 330 ng 310 ng 1 µg 

6 10 ng 330 ng 330 ng 320 ng 1 µg 

7 5 ng 330 ng 330 ng 325 ng 1 µg 

8 2 ng 330 ng 330 ng 328 ng 1 µg 

Table 4.4. svFv-DNMT3A titration table. Summary of the amount of plasmid 

transfected for each individual component, and the titration series of scFv-DNTM3A. 

The original condition that resulted in widespread non-specific activity is highlighted 

in blue. In place of sgRNAs, the TALE-SunTag system is co-transfected with a GFP-

puroR plasmid to allow for visual inspection of transfection efficiency, and a 

puromycin selectable marker.  

  Epi-Cas9-SunTag Epi-TALE-SunTag 

  UNC5C BCL3 UNC5C BCL3 

 scFv-DNMT3A ∆ mC ∆ mC ∆ mC# ∆ mC 

1 330 ng 15% 9% 48% 1% 

2 165 ng 12% 5% 43% 1% 

3 82 ng 10% 1% 35% 1% 

4 41 ng 11% 0% 26% 0% 

5 20 ng 9% 0% 16% 0% 

6 10 ng 7% 0% 9% 0% 

7 5 ng 5% 0% 4% 0% 

8 2 ng 4% 0% 3% 0% 

Table 4.5. Net induction (∆ mC) at target and non-target locus by Cas9/TALE 

SunTag system with scFv-DNMT3A titration. Net induction (∆ mC) of mC for each 

transfection was calculated by subtracting the average baseline mC levels from mock 

transfection from the raw averaged mC value of each individual transfection. # ∆ mC 

for the TALE-SunTag is calculated using CG sites as demarcated in Figure 4.9. 

Optimal conditions for each system are highlighted.   
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Figure 4.8. scFv-DNMT3A titration with Epi-Cas9-SunTag at UNC5C. Targeted 

BS-PCR-Seq for the titration experiment using Cas9-SunTag system. The optimal 

condition that yielded the best on-target mC with negligible off-target is highlighted. 

∆ mC for each transfection was calculated by subtracting average baseline 5mC levels 

from mock transfection from the raw averaged 5mC value of each individual 

transfection. The sgRNA position is indicated with grey arrowhead.   
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Figure 4.9. scFv-DNMT3A titration with Epi-TALE-SunTag at UNC5C. Target 

BS-PCR-Seq results for the titration experiment using TALE-SunTag system, the 

optimal condition that yielded the best on-target mC with negligible off-target is 

highlighted. Figure description is identical to Figure 4.9. 
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4.3  Residual catalytic activity is present in the DNMT3A catalytic 

mutant 

 The catalytically inactive DNMT3A domain was cloned into scFv-DNMT3A 

vector to serve as a control for future epigenome editing experiments. In this thesis, 

the catalytically inactive DNMT3A domain (E752A) was adapted from Rivenbark et 

al86 with three additional mutations on key residues involved in the methyltransferase 

activity of DNMT3A (R295A, F636A, E660A)142. Despite the multiple mutations 

introduced in the catalytic domain, residual methylation was still detected at a 

candidate CTCF binding site when targeted with both single fusion TALE and Epi-

Cas9-SunTag systems (Figure 4.10). Experimental details regarding the epigenome 

editing of CTCF binding sites are detailed in Chapter 6. This residual activity was 

consistently observed in similar epigenome editing studies involving single fusion 

dCas9-DNMT3A108,109. Through crystallography work, the C-terminus of DNMT3L 

has been shown to interact with the catalytic domain of DNMT3A to form a 

DNMT3A-3L complex, which further dimerizes with another unit of DNMT3A-3L to 

form a tetrameric complex17. Critically, the DNMT3A-3L interaction occurs at the 

DNMT3A CD and is independent of the key catalytic residues that are involved in 

depositing 5mC, and therefore the residual activity is likely to have occurred through 

the interactions between the endogenous DNMT3A, DNMT3L, and the scFv-

DNMT3A-Mutant CD. Nonetheless, I sought to replace to catalytically inactive 

DNMT3A domain with the mCherry fluorescent protein to repurpose it as the 

catalytically inactive control for scFv-DNMT3A (Figure 4.11). The mCherry 

fluorescent protein was selected because it lacks DNA methyltransferase activity and 

has similar, though not identical, protein size as the DNMT3A catalytic domain 

(DNMT3A: 311 amino acids, mCherry: 235 amino acids). 

mCherry counterpart constructs of both Cas9- and TALE based systems, 

including single fusion and SunTag variants, did not result in any increases of 5mC 

when targeted UNC5C as expected (Figure 4.12, 4.13, Table 4.6). This triplicate 

experiment had also recapitulated the widespread non-specific activity of Epi-Cas9-

V2 (Figure 4.12-C), and the optimized condition of scFv-DNMT3A plasmid titration 

for both Cas9 and TALE-SunTag systems (41ng transfected) (Figure 4.12-F, 4.13-F). 

The small error bar illustrates the consistency of transient transfection and high 

reproducibility of Epi-modifier performance.  
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One clear advantage of the Cas9-based system is the ability to target multiple 

loci simultaneously with relatively straight forward sgRNA design as demonstrated in 

multiplex genome editing experiments104. Whereas for TALE-based systems, a new 

TALE repeat domain must be constructed for every new locus, representing a huge 

disadvantage associated with the TALE-based systems. Here, I sought to investigate 

if Epi-Cas9-SunTag system could induce 5mC at multiple loci using optimized 

transfection conditions. The experiment was conducted in triplicate to compare levels 

of 5mC induced at 3 different loci (UNC5C, CTCF Site 1 and 2) by Epi-Cas9-SunTag 

that were co-transfected with either single or pooled sgRNA. Targeted BS-Seq 

revealed that the Epi-Cas9-SunTag system could simultaneously induce highly 

specific 5mC at multiple loci and the level of induction is comparable to transfections 

where only one sgRNA was co-transfected (Figure 4.13, Table 4.7). At the UNC5C 

locus, the Epi-Cas9-SunTag system has induced an average of 17.7% 5mC across the 

target region when co-transfected with a single sgRNA, and an average of 14.8% when 

co-transfected with the pooled sgRNA. Similarly, at both CTCF sites, co-transfections 

with single sgRNA resulted in an induction of 36.5% (Site 1) and 31.6% (Site 2), while 

the co-transfection with pooled sgRNA resulted in average induction of 32.1% (Site 

1) and 28.3% (Site 2) respectively. The co-transfections of both single and pooled 

sgRNA resulted in minimal changes (1-2%) in 5mC at all non-target loci (Table 4.7). 

As expected, there were no changes in 5mC levels at both target and non-target locus 

in transfections with the scFv-mCherry catalytic control when compared to mock 

transfected cells with empty expression plasmids. In conclusion, this thesis chapter 

has identified the optimal transfection conditions to achieve highly specific induction 

of 5mC at region(s) of interest, and further demonstrate that the optimized condition 

can be applied to achieve simultaneous induction of 5mC at multiple regions of interest 

by co-transfecting pooled sgRNAs. 
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Figure 4.10. DNMT3A catalytic mutant shows residual activity.  

A) Mock transfection; HeLa cells transfected with GFP reporter. B-C) Catalytically 

active and inactive Epi-TALE system targeting CTCF occupancy site on Chr14, note 

the substantial residual activity by DNMT3A mutant (~40-45%). D-E) Epi-Cas9-

SunTag system targeting CTCF occupancy site on Chr14 with catalytically active and 

inactive scFv-DNMT3A, similarly, DNMT3A catalytic mutant displayed residual 

activity, albeit at lower levels (10-15%). 

 

 

Figure 4.11. Schematic representation of control vectors  

 

Respective controls vectors of each Epi-modifier system with DNMT3A CD replaced 

with mCherry. The promoter, linker regions, NLSs, epitope tags and vector backbone 

used were identical to their respective catalytically active counterparts.  
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Figure 4.12. Triplicate transfection of Cas9 single fusion and SunTag constructs. 

A) Mock transfection; GFP reporter plasmid and empty vector backbone. B-D) dCas9-

DNMT3A and -mCherry single fusion constructs. mCherry does not induce any mC, 

and the widespread non-specific activity is reproduced. E-F) dCas9-SunTag system 

co-transfected with scFv-DNMT3A or scFv-mCherry using optimized conditions. The 

sgRNA binding position and orientation is indicated by the grey arrow head. The Y-

axis represents percent methylation levels and is scale from 0-100%, while X-axis 

represent CG sites present at the locus.  
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Figure 4.12. Triplicate transfection of TALE single fusion and SunTag constructs. 

A) Mock transfection; GFP reporter plasmid and empty vector backbone. B-D) TALE-

DNMT3A and -mCherry single fusion constructs. E-F) TALE-SunTag system co-

transfected with scFv-DNMT3A or scFv-mCherry using optimized conditions. The 

grey arrow head indicates the TALE binding site. Figure description is identical to 

Figure 4.13. 
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   UNC5C BCL3 
Cas9 Systems Transfection sgRNA Avg mC ∆ mC Test Avg mC ∆ mC Test 

 Mock Transfection - 6.9% -  1.8% -  

 Epi-Cas9-mCherry UNC5C-3 sgRNA 7.2% 0.3%  2.1% 0.3%  

 Epi-Cas9-V2 UNC5C-3 sgRNA 19.4% 12.5%  6.2% 4.4%  

 Epi-Cas9-V3 UNC5C-3 sgRNA 10.8% 3.9%  3% 1.2%  

 Epi-dCas9-SunTag and 

scFv-mCherry 

UNC5C-3 sgRNA 7.2% 0.3%  1.4% 0%  

 Epi-dCas9-SunTag and 

scFv-DNMT3A 

UNC5C-3 sgRNA 16.9% 10.0%  2.4% 0.4%  

         

   UNC5C BCL3 

TALE systems  Transfection TALE target Avg mC ∆ mC Test Avg mC ∆ mC Test 

 Mock Transfection  - 6.8% -  1.5% -  

 scFv-mCherry - 7.1% 0.3%  1.6% 0.1%  

 scFv-DNMT3A - 7.4% 0.6%  1.9% 0.4%  

 Epi-TALE-mCherry UNC5C-T4 7.1% 0.3%  1.4% 0%  

 Epi-TALE-DNMT3A UNC5C-T4 10.0% 3.2%  1.7% 0.2%  

 Epi-TALE-SunTag and 

scFv-mCherry 

UNC5C-T4 6.7% 0%  1.5% 0%  

 Epi-TALE-SunTag and 

scFv-DNMT3A 

UNC5C-T4 11.2% 4.4%  2.3% 0.8%  

Table 4.6. Triplicate transfection of various Epi-modifier constructs targeting UNC5C with BCL3 as non-target locus.   

Average methylation for each transfection reported was calculated from all replicates. mCherry-based constructs do not induce any DNA 

methylation as expected. A Mann-Whitney U test is conducted to assess if changes in 5mC level is statistically significant. Abbreviations: 

N.S; Not significant.  
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Figure 4.13. Multiplex Epigenome editing using Epi-Cas9-SunTag. A) Mock 

transfection. B-G) Epi-Cas9-SunTag targeting CTCF-1, CTCF-2 or UNC5C promoter 

with a single sgRNA each. H-I) Epi-Cas9-SunTag targeting all 3 loci with sgRNAs 

pooled at equimolar ratio. All sgRNA binding orientations and positions are indicated 

by grey arrowheads while the y-axis represents the percent fraction of DNA 

methylation, scaled from 0-80%.
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  UNC5C CTCF site 1 

(chr14) 
CTCF site 2 

(SHB) 
BCL3 

Transfection sgRNA Avg mC Test Avg mC Test Avg mC Test Avg mC Test 

Mock Transfection  6.0% - 3.0% - 8.4% - 1.8% - 

scFv-mCherry UNC5C-3-sgRNA 6.2% N.S 3.0% N.S 7.8% N.S 1.4% N.S 

scFv-DNMT3A UNC5C-3-sgRNA 17.7% <0.001 3.0% N.S 9.5% N.S 2.2% N.S 

scFv-mCherry CTCF-1-sgRNA 6.3% N.S 3.0% N.S 7.7% N.S 1.4% N.S 

scFv-DNMT3A CTCF-1-sgRNA 7.8% N.S 36.5% <0.001 11.0% N.S 2.7% N.S 

scFv-mCherry CTCF-2-sgRNA 6.6% N.S 3.0% N.S 8.0% N.S 1.4% N.S 

scFv-DNMT3A CTCF-2-sgRNA 7.5% N.S 4.6% N.S 31.6% <0.001 2.0% N.S 

scFv-mCherry Pooled sgRNA 6.5% N.S 3.0% N.S 8.3% N.S 1.3% N.S 

scFv-DNMT3A Pooled sgRNA 14.8% <0.001 32.1% <0.001 28.3% <0.001 2.2% N.S 

Table 4.7. Multiplex targeting with Epi-Cas9-SunTag system.  

Table summarizes the on-target methylation levels of Epi-Cas9-SunTag when targeted to single locus and multiplexed. The construct 

could induce comparable on-target 5mC levels to single sgRNA transfections when multiplexed, demonstrating the advantage of the Cas9-

based systems. A Mann-Whitney U test is conducted to assess if changes in 5mC level is statistically significant. Abbreviations: N.S; 

Not significant.  
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4.4  Discussion: The Epi-SunTag system 

Here, single fusion Cas9 and TALE constructs were redesigned with the 

SunTag system with the aim of inducing higher levels of 5mC through amplified 

DNMT3A recruitment. Indeed, the SunTag system results in higher induction of 5mC 

when compared to each respective single fusion counterpart, with the Epi-Cas9-

SunTag system achieving the most improvements. Despite the substantial increase in 

linker length through the SunTag array, the “range” of activity of TALE-SunTag did 

not increase when compared to the single fusion. However, the results obtained for the 

TALE-SunTag fusion is consistent with the epigenome editing study using the TALE-

TET1 fusion, where increasing the linker peptide length between TALE and TET1 

fusion (1 unit of Gly4Ser to 5 repeat units of Gly4Ser) did not lead to any appreciable 

increase in the range of DNA demethylation induced by the construct93. It might be 

possible that the Gly4Ser linker peptide causes steric hindrances that is suboptimal for 

TALE based fusion, and is affecting the range of catalytic activity of the fused effector 

domain. However, it is also possible that the increase of Gly4Ser linker peptide to five 

units did not lead to any appreciable increase of physical distance between the TALE 

DBD and the fused effector domain, and therefore no increase in the range of catalytic 

activity was observed. Regardless, the result above suggests that Gly4Ser based linker 

is suboptimal for TALE based fusion. 

 Critically, the linker peptide between the SunTag array and the TALE/dCas9 

DBD is a fusion of three Gly4Ser units and the ZF-DNMT3A linker sequence reported 

by Rivenbark et al86. Therefore, the use of suboptimal linker peptide might have 

affected the efficiency of the recruited scFv-DNMT3A molecules from inducing 5mC 

at target region. Although the same linker peptide is used for both TALE- and dCas9-

SunTag systems, the suboptimal molecular properties associated with the Gly4Ser 

linker is unique to TALE-based system, and has not affected Cas9-systems due to 3-

dimensional structure differences between the two DBDs. Note, both glycine and 

serine are uncharged residues and linker peptides are typically comprised of positively 

charged amino acids to minimize repulsion between the linker and the negatively 

charged DNA. Future experiments in testing alternative linker peptides with varying 

length and amino acid composition is required to identify the optimal linker peptide 

for the Epi-TALE-SunTag system. Additionally, the empirical elucidation of the 

number of scFv-DNMT3A molecules that has been recruited to SunTag array through 



110 
 

co-immunoprecipitation or mass spectrometry approaches is instrumental for future 

optimizations of the SunTag system. For example, the lack of catalytic activity range 

increase observed in the Epi-TALE-SunTag system could also be caused suboptimal 

spacing between the individual GCN4 units within the SunTag array that is affecting 

the recruitment of scFv-DNMT3A molecules.  

In the initial experiment, the SunTag system resulted in widespread gains of 

non-specific 5mC at both target and non-target loci. This non-specific activity was 

potentially caused by excess scFv-DNMT3A molecules that were unbound to the 

SunTag after transfection, and this was subsequently eliminated by transfecting 

optimal amounts of scFv-DNMT3A plasmid. Catalytically inactive DNMT3A CD was 

found to display residual activity when transfected, and hence the mCherry fluorescent 

protein was proposed as the catalytic control as it lacks DNA methyltransferase 

activity and is similar in size. In a triplicate experiment, targeted BS-Seq results 

confirmed that mCherry does not result in any gain in 5mC, and additionally verified 

the consistency of transient transfection as the level of 5mC induced by the different 

Epi-modifiers was highly reproducible between replicates. To summarize, this thesis 

work has demonstrated a successful proof of concept of targeted epigenome editing 

using both the TALE- and dCas9-SunTag system, and further identified the optimal 

conditions to achieve highly specific induction of 5mC at region(s) of interest.  
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4.5  Conclusions  

Comparing Epi-modifier efficacy between Cas9- and TALE-SunTag systems, 

the Cas9 system exhibited a broader “range” of activity (more CG sites display 

induction of 5mC) as compared to TALE system, though the levels of 5mC induced 

at single CG site is higher in the latter system. Although the level of 5mC induction at 

single CG site is higher in the TALE system, the Epi-Cas9-SunTag system offers an 

avenue for efficient multiplex epigenome editing by simply co-transfecting multiple 

sgRNA targeting the multiple loci of interest. Additionally, the sgRNA construction 

process is relatively straight forward, whereas to target different loci with TALEs, 

multiple iterative capped assembly (ICA) procedures are required to assemble repeat 

domains for each loci of interest. ICA is challenging, laborious and has relatively high 

failure rates, and would require co-transfection of multiple large constructs for 

multiplexed editing. Thus, I conclude that the Epi-Cas9-SunTag system is superior for 

investigation of the functional role of 5mC in various biological settings.  
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CHAPTER 5  
TARGETED DE NOVO DNA METHYLATION 

IN ZEBRAFISH   
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5.1  Introduction-DNA methylation and development  

 

 The expression profiles of early embryonic genes are highly dynamic and 

tightly regulated to ensure correct expression profile(s) during various developmental 

stages. Epigenetic mechanisms such as 5mC and histone PTMs are thought to play 

key roles in regulating their expression6,143-145. For example, transcriptome profiling 

reveals that the expression of ntla is largely restricted to early gastrulation stages 

during zebrafish development (Figure 5.1)114,115. Ntla (no tail) is a homologue of the 

mouse T (Brachyury) gene and is involved in transcriptional regulation of genes 

involved in the formation of notochord and tail structures in zebrafish114. The silencing 

of ntla correlated with the onset of 5mC at its promoter at the same corresponding 

developmental age (Figure 5.2)60,115. Furthermore, the long-term repression of ntla 

past 24-28hpf (hours post fertilization) to adulthood is consistent with presence 5mC 

at the promoter region from 24hpf to adult stages. Although the data suggests that 5mC 

at ntla promoter might have mediated its repression, this observation remains 

associative. Here, I aimed to investigate the role of 5mC and its impact on 

transcriptional activity by directly altering the 5mC state at ntla promoter using the 

Epi-Cas9-SunTag system. Perturbations to ntla produces a prominent phenotype of 

fish lacking their tail structure, making it a suitable candidate for observing potential 

effects of altered 5mC (Figure 5.3) 116,146.  

 

 

 

 

 

 

 

 

Figure 5.1. Ntla expression during various developmental stages115. Duplicate 

RNA-Seq data for ntla at various zebrafish developmental stages. Abbreviations: 

R1/2: Replicate 1/2. 
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Figure 5.2. DNA methylation status of ntla at various zebrafish developmental 

stages. WGBS data of zebrafish at various developmental stages60. Presence of 5mC 

was observed at ntla promoter and, first exon region at 24hpf stage and correlated with 

gene silencing from 24hpf to adult stages.  

 

 

Figure 5.3. Comparison of wild type and ntla mutant zebrafish 116. A) Wild type 

zebrafish. B) Phenotype of zebrafish lacking tail structures when is ntla deleted.  
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5.2  Experimental approach   

Unlike cultured cells, zebrafish embryos are transcriptionally silent during 

early stages of development with embryonic transcription peaking around 4hpf147. In 

order to determine if 5mC causes transcriptional repression of ntla, it is important to 

establish 5mC at the ntla promoter region prior to embryonic transcriptional activation. 

Therefore, plasmid delivery of Epi-Cas9-SunTag system is not ideal because ntla is 

likely to be expressed before the Epi-Cas9 system can be translated. To overcome this 

transcriptionally quiescent phase, the Epi-Cas9-SunTag system (dCas9-SunTag, scFv-

DNMT3A and sgRNA) would instead be transcribed in vitro and delivered as mRNA 

directly via microinjection (Figure 5.4-A). The vectors were redesigned to have the 

cassette driven by bacteriophage SP6 RNA polymerase promoter (pSP6) while 

preserving the original elements. The template for sgRNA transcription was 

constructed by annealing and extension of gene specific- and sgRNA scaffold- 

oligonucleotides121. A schematic representation of the Epi-Cas9-SunTag system in 

vitro transcription vectors (pCS2+) are presented in Figure 5.5.  

The Epi-Cas9-SunTag system was delivered to the zebrafish embryos at the 

single cell stage to ensure even distribution of injected mRNA to all daughter cells as 

the cells divide, and the embryos were allowed to develop for 24 hours before 

phenotypic analysis (Figure 5.4-B). The promoter region of ntla is methylated by 24 

hpf during normal development, and therefore representative subsets of injected 

embryos would be harvested at the epiboly stage (~5hpf) from each respective 

experimental condition for preparation of targeted BS-PCR-Seq libraries to determine 

if the system has induced 5mC at the ntla locus (Figure 5.4-C). BS-PCR amplicons 

and sgRNA targeting ntla are detailed in Figure 5.6. Work in this chapter was a 

collaborative effort with the Gómez-Skarmeta lab. The microinjection of mRNAs, 

phenotypic analysis of zebrafish at 24 hpf, and genomic DNA extraction from epiboly 

stage embryos was undertaken by our collaborators, Prof Jose Luis Gomez Skarmeta 

and Elisa de la Calle Mustienes. The cloning of the Epi-Cas9-SunTag system into 

transcription vectors, in vitro transcription of the Epi-Cas9-SunTag system 

components, BS-PCR-Seq library preparation, and injection experiments for 

immunofluorescence staining is undertaken by myself. Finally, the design of the BS-

PCR amplicons and sequencing data processing was conducted with assistance from 

supervisor Dr. Ethan Ford. 
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Figure 5.4. Schematic representation of experimental approach. A) Epi-Cas9-

SunTag, scFv-DNMT3A/mCherry and sgRNA are in vitro transcribed. B-C) 

Transcribed mRNA and sgRNA are pooled and microinjected into fertilized zebrafish 

embryos at the single cell stage, and allowed to develop for phenotypic and molecular 

analysis. For each experimental condition, a representative subset of embryos was 

harvested at 5 hpf (Epiboly) for preparation of targeted BS-PCR-Seq libraries. 
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Figure 5.5. Schematic representation of in vitro transcription vectors. A-D) 

Schematic representation of Epi-Cas9-SunTag, sgRNA and scFv-DNMT3A/mCherry 

in vitro transcription vector. sgRNA template is generated by annealing and extending 

a gene specific- and sgRNA scaffold- oligo.  

 

Figure 5.5. Genome browser screenshot showing relative position of sgRNA and 

BS-PCR amplicons, and 5mC over development. sgRNAs targeting ntla are 

represented as orange arrows with binding orientation indicated by the arrow head. 

Tiling BS-PCR amplicons covering the ntla promoter region are indicated in blue 

(Watson strand) and red (Crick stand) respectively. CG sites present at the locus are 

indicated as black vertical bars. 
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5.3  Zebrafish embryo microinjection  

 The optimized ratio for plasmid delivery identified in Chapter 4 is not 

necessarily applicable for zebrafish embryo injections since the Epi-Cas9-SunTag 

system is delivered as mRNA. Therefore, an initial test to determine optimal amounts 

of mRNA to deliver was conducted, referred to as Experiment 1. As a starting point, 

stock injection solution containing Epi-Cas9-SunTag mRNA, both ntla-sgRNAs, and 

varying amounts of effector domain mRNA (DNMT3A/mCherry) was prepared 

(Table 5.1). 0.2 µL of phenol-red indicator was mixed with the mRNA cocktail, and 

5 nL (175-250 pg total mRNA) of mRNA/sgRNA cocktail was microinjected into each 

fertilized embryo at the single-cell stage. A total of ~200 zebrafish embryos were 

injected for each experimental condition, and a small subset of ~15-20 injected 

embryos from condition was collected during mid-gastrulation (Epiboly, ~5hpf) for 

genomic DNA extraction. The remaining injected embryos were then allowed to 

develop in E3 medium overnight at 30oC for phenotypic analysis the next day (24 hpf). 

Phenotypic analysis of 24hpf embryos for Experiment 1 revealed that the 

majority of injected embryos displayed significant malformities with few surviving 

embryos (~10-20 embryos) for each condition tested. As the observations are 

categorical (WT or tail-less), a Pearson’s goodness of fit was performed to assess for 

statistical significance in comparing distribution of mutant frequencies between 

embryos injected with scFv-mCherry or -DNMT3A (Table 5.2). Although the tail-

less phenotype (ntla) was observed in surviving embryos injected with scFv-

DNMT3A (33-75%), this was similarly observed with the scFv-mCherry control at 

comparable frequencies (38-72%) (Table 5.2, Figure 5.6). This suggests that the 

binding of the Epi-Cas9-SunTag system at the promoter region of ntla might 

potentially be blocking transcription of ntla. I hypothesized that this transcriptional 

interference might be caused by multiple units of dCas9-SunTag binding at the 

promoter region, since both sgRNAs were co-injected. Therefore, the experiment was 

re-attempted (Experiment 2) by co-injecting the Epi-Cas9-SunTag system with 

individual sgRNA and reduced amounts of effector mRNAs (40ng) to minimize 

potential off-target activities.    
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Experiment 1 

No dCas9-SunTag scFv-DNMT3A scFv-mCherry Both sgRNA Total mRNA / 

Embryo 

1 100 pg  25 pg - 25 pg each 175 pg  

2 100 pg  - 25 pg 25 pg each 175 pg  

3 100 pg  50 pg - 25 pg each 200 pg  

4 100 pg  - 50 pg 25 pg each 200 pg  

5 100 pg  100 pg - 25 pg each 250 pg  

6 100 pg  - 100 pg 25 pg each 250 pg  

Table 5.1. Microinjection details for Experiment 1. 

Experiment 1 

No Effector injected ntla WT Total % phenotype Pearson χ2, df=1 

1 scFv-DNMT3A 11 22 33 33% p=0.742 

2 scFv-mCherry 5 8 13 38% 

3 scFv-DNMT3A 16 16 32 50% p=0.05 

4 scFv-mCherry 27 10 37 72% 

5 scFv-DNMT3A 30 10 40 75% p=0.003 

6 scFv-mCherry 10 16 26 38% 

Table 5.2. Phenotypic analysis results of 24hpf embryos for Experiment 1. 

Abbreviation: df; degrees of freedom.  

 

Figure 5.6. Phenotypic analysis of 24hpf zebrafish for Experiment 1. The 

distribution of tail-less and WT phenotype for each condition in Experiment 1 are 
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indicated. Injection conditions (1-6) are summarized in Table 5.1. Frequency of tail-

less phenotype are indicated with blue bars while the WT phenotype is indicated in 

grey bars.  

 For Experiment 2, when Epi-Cas9-SunTag system was targeted with ntla-1 

sgRNA (25pg), the co-injection of scFv-DNMT3A (50pg) resulted in 70% of embryos 

displaying the tail-less phenotype as compared to a low of 8% with scFv-mCherry 

control (50pg) (p < 0.0001, χ2, df=1) (Table 5.3, 5.4, Figure 5.8). Additionally, the 

proportion of surviving embryos were also significantly higher (~50 embryos). 

Representative 24hpf embryos for this condition are shown at Figure 5.7. The co-

injection of the ntla-2 sgRNA or both sgRNAs with scFv-DNMT3A/mCherry had 

fewer (10-20) surviving embryos and higher frequencies of mutant phenotype, even 

with the mCherry control (Table 5.4, Figure 5.8). However, the frequencies for 

conditions #3-6 might not accurately reflect the effects of the constructs due to low 

survival of the embryos in these experiments. Although the reasons for this poor 

survival were not immediately clear, poor quality or batch variation between embryos 

used for the experiment, or suboptimal levels of mRNA injected might have been 

contributing factors. Nonetheless, I sought to replicate the findings of conditions #1 

and 2 that had resulted in high ratios of mutant phenotype when compared to controls 

(Table 5.4). Noteworthily, conditions #3-6 had used more mRNA (250 pg) than 

conditions #1-2 (175 pg) during the injection which might have contributed to the poor 

survival of the embryos, and hence this condition is not used for further embryo 

injections. 
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Figure 5.7. Representative pictures of 24hpf zebrafish for conditions 1 and 2 for 

Experiment 2. Phenotypic analysis of 24 hpf zebrafish embryos that were either 

injected with A) scFv-mCherry (left) or with B) scFv-DNMT3A (right) during the 

single cell stage.  

 

Experiment 2 

No dCas9-SunTag scFv-DNMT3A scFv-mCherry sgRNA Total mRNA/ 

embryo 

1 100 pg  50 pg - Ntla-1 (25 pg) 175 pg 

2 100 pg  - 50 pg Ntla-1 (25 pg) 175 pg 

3 100 pg  50 pg - Ntla-2 (25 pg) 175 pg 

4 100 pg  - 50 pg Ntla-2 (25 pg) 175 pg 

5 100 pg  50 pg - Both (25 pg each) 200 pg 

6 100 pg  - 50 pg Both (25 pg each) 200 pg 

Table 5.3. Microinjection details for Experiment 2. 

Experiment 2 

No Effector injected ntla WT Total % phenotype Pearson χ2, df=1 

1 scFv-DNMT3A 47 20 67 70% p<0.0001 

2 scFv-mCherry 10 110 120 8% 

3 scFv-DNMT3A 18 5 23 78% p=0.104 

4 scFv-mCherry 5 5 10 50% 

5 scFv-DNMT3A 18 6 24 75% p=0.392 

6 scFv-mCherry 8 5 13 61% 

Table 5.4. Phenotypic analysis of 24 hpf embryos for Experiment 2.  
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Figure 5.8. Phenotypic analysis of 24hpf zebrafish for Experiment 2. Figure 

description is identical to Figure 5.6.  

 The optimal conditions identified in Experiment 2 were repeated in duplicates 

in the third attempt (Experiment 3) (Table 5.6). Despite using the same conditions, 

there were significantly fewer surviving embryos in all sets of injections, and the 

frequencies of phenotype observed were inconsistent between replicates. The 

frequencies of mutant phenotype in embryos injected with scFv-DNMT3A were also 

lower in both replicates (25-50%) when compared to Experiment 2 (70%) (Table 5.5, 

Table 5.6). In addition, doubling the amount of scFv-DNMT3A mRNA co-injected 

did not increase the proportion of mutant phenotype obtained (34%) (Figure 5.9). The 

reasons for this inconsistency between different experiments and replicates is unclear 

and puzzling since the same aliquot of mRNA was used throughout all experiments. 

Nonetheless, targeted BS-PCR-Seq was performed to survey for changes in 5mC at 

the ntla promoter before proceeding with any further experiments. For every 

experimental condition, genomic DNA from an un-injected embryo belonging to the 

same batch was included as an additional baseline control. 

Targeted bisulfite sequencing revealed that there was no detectable induction 

of 5mC across all conditions tested (Figure 5.10-5.12). As zebrafish embryos undergo 

rapid cell division during development, we may speculate that this lack of 5mC might 
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have been caused by uneven distribution and rapid dilution of the injected mRNAs 

upon cell division, leading to passive DNA demethylation at ntla. To address this 

question, an immunofluorescence assay was conducted to determine the distribution 

of constructs after injection. A total of 100 embryos were injected with 100pg of Epi-

Cas9-SunTag or scFv-DNMT3A respectively and were allowed to develop for 24-

hours before immunodetection. Notably, there were significantly more surviving 

embryos (>60%) when compared to previous attempts, suggesting that the high 

lethality might have been caused by injecting large quantities of total mRNA. 

Nonetheless, immunodetection was conducted against the Ty1 epitope for scFv-

DNMT3A and the HA-tag for Epi-Cas9-SunTag. When compared to the negative 

controls, strong fluorescence signals were detected across the entire zebrafish embryo 

for both constructs (Figure 5.13). The immunofluorescence signal confirmed that the 

mRNAs were stable after injection, and the constructs were translated and were evenly 

distributed despite extensive cell division. Lower intensity of the fluorescence signals 

was observed with the Epi-Cas9-SunTag compared to svFv-DNMT3A, potentially 

indicating that the Epi-Cas9-SunTag is translated at lower levels. 

 

However, both scFv-DNMT3A and Epi-Cas9-SunTag were tagged with two 

different epitopes which does not allow for a direct comparison between the two-

fusion construct as the relative fluorescence intensity can be affected by the primary 

antibody efficiency, and furthermore it is also possible that both fusion constructs have 

different turnover rates and stability. Note, even though both scFv-DNMT3A and Epi-

Cas9-SunTag were injected at identical amounts (100pg), scFv-DNMT3A present at 

higher molar concentrations when compared to dCas9-SunTag due to different lengths 

of the fusion constructs (scFv-DNMT3A: 2913 bp, 5.2 attomol, Epi-Cas9-SunTag: 

5145 bp, 2.95 attomol). Therefore, there might have been increased translation events 

due to higher levels of scFV-DNMT3A mRNA present, and consequently higher 

protein abundance when compared to Epi-Cas9-SunTag. A western blot of whole 

zebrafish lysate with both svFv-DNMT3A and Epi-Cas9-SunTag tagged with the 

same epitope, and injected at the same molar concentration is required to conclude if 

the fusion proteins are translated at different levels. 
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Experiment 3 

No Rep dCas9-SunTag scFv-DNMT3A scFv-mCherry Ntla-1 sgRNA Total 

1 1 

 

100 pg 50 pg - 25 pg 175 pg 

2 100 pg - 50 pg 25 pg 175 pg 

3 2 100 pg 50 pg - 25 pg 175 pg 

4 100 pg - 50 pg 25 pg 175 pg 

5 - 100 pg 100 pg - 25 pg 225 pg 

6 100 pg - 100 pg 25 pg 225 pg 

Table 5.5. Microinjection details for Experiment 3. 

Experiment 3 

No Effector  Rep ntla WT Total % phenotype Pearson χ2, df=1 

1 scFv-DNMT3A 1 12 12 24 50% p=0.539 

2 scFv-mCherry 5 3 8 62% 

3 scFv-DNMT3A 2 5 16 21 24% p=0.153 

4 scFv-mCherry 2 22 24 8% 

5 scFv-DNMT3A - 9 17 26 34% p=0.319 

6 scFv-mCherry 5 18 23 21% 

Table 5.6. Phenotypic analysis of 24hpf zebrafish from Experiment 3. 

 

Figure 5.9. Phenotypic analysis of 24hpf zebrafish for Experiment 3. Figure 

description is identical to Figure 5.6.  
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Figure 5.10. BS-PCR Sequencing results for experiment 1. The microinjection 

parameters for Experiment 1 are detailed in Table 5.1. Respective ntla sgRNA binding 

sites are highlighted in orange and CG sites present at ntla promoter region are 

represented as grey bars. The Y-axis for BS-PCR-Seq represents the percent 5mC level 

for each CG site at the locus and is scaled from 0-100%.  

 

Figure 5.11. BS-PCR Sequencing results for experiment 2. The microinjection 

parameters for Experiment 2 are detailed in Table 5.3. The figure description is 

identical to Figure 5.10.  
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Figure 5.12. BS-PCR Sequencing results for experiment 3. The microinjection 

parameters for Experiment 3 are detailed in Table 5.5. The figure description is 

identical to Figure 5.10.  
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Figure 5.13. Immuno-fluorescence of Epi-Cas9-SunTag and scFv-DNMT3A in 

24hpf zebrafish embryo. Immunofluorescence against epitope tags on Epi-Cas9-

SunTag (Ty-1) and scFv-DNMT3A (HA). For both constructs, half of the embryos 

after injection were used as negative controls where only the secondary antibody was 

added. Strong fluorescence signals were observed throughout the entire zebrafish 

embryo for both constructs. 
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5.4  Discussion: Targeted de novo methylation in Zebrafish   

 It has been noted that the expression of ntla is significantly reduced in the bud 

stage when there is little evidence for DNA methylation (Figure 5.2). Although this 

observation argues against the hypothesis set in this thesis chapter, the expression 

levels is only silenced at onset of DNA methylation. A possible explanation for the 

reduction of ntla expression in the bud stage could be the depletion of upstream 

transcription factors that activate transcription of ntla, which is a common mechanism 

that occurs during development for tuning specific gene expression programs. The 

concomitant depletion of upstream activating factors and the onset of DNA 

methylation might then act synergistically to silence ntla expression. However, a 

successful proof of concept of targeted methylation of ntla promoter with the Epi-

Cas9-SunTag system is required to clarify and support this theory. The results from 

the targeted BS-PCR-Seq and immunofluorescence experiments suggest that the 

mutant tail-less phenotype observed was most likely caused by transcriptional 

interference of the Epi-Cas9-SunTag system binding at the ntla promoter region. 

Consistent with this, there were higher frequencies of mutant phenotype when both 

sgRNAs were co-injected in Experiment 1. Although it is unclear as to why no 5mC 

was induced by dCas9-SunTag system when scFv-DNMT3A was co-injected, it is 

hypothesized that the lack of 5mC might be caused by endogenous active or passive 

demethylation mechanisms during development, or the lack of catalytic activity of the 

mammalian DNMT3A when introduced into zebrafish.   

During early embryogenesis, the zebrafish maternal methylome is de-

methylated to match the paternal pattern via passive demethylation during cell 

replication148. This passive demethylation however, is unlikely to have erased 

potential 5mC induced by the construct because the immunofluorescence results 

clearly show that the construct is translated and evenly distributed in 24hpf zebrafish 

(Figure 5.13). A second possibility is the removal of induced 5mC by active DNA 

demethylation processes such as those involving the TET proteins. However, active 

demethylation only occurs during the zebrafish phylotypic period (24hpf) where the 

TET proteins are highly expressed60. There is no detectable TET activity during early 

stages of development, and it was from these embryos (5hpf, Epiboly) where targeted 

BS-PCR-Seq libraries were prepared, making active DNA demethylation an unlikely 

cause149.  
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Although the DNMT3A catalytic domain used was not of zebrafish origin, the 

DNA methyltransferase functional domains are highly conserved between mammals 

and zebrafish (Figure 5.14) 150-152. Furthermore, the mammalian DNMT3A was 

demonstrated to be active when expressed in Drosophila melanogaster, an 

invertebrate which lacks cytosine methylation153. The catalytic domain (CD) alone 

was also found to be active in vitro and when transfected in Hela and MCF7 cells 

(Chapter 3 and 4)154. These observations suggest that DNMT3A CD is likely to be 

active when injected in zebrafish. However, it is worth noting that the catalytic activity 

of mammalian DNMT3A is regulated and enhanced by DNMT3L17,73. In vitro studies 

have shown that DNMT3L can enhance the catalytic activity of both the full length 

and DNMT3A CD by several orders of magnitude155. This observation is also 

consistent in transgenic Drosophila expressing both DNMT3A and -3L which had 

higher levels of 5mC than counterpart expressing DNMT3A alone153.  

Although zebrafish similarly rely on DNMTs and TETs to regulate 5mC 

during development, zebrafish lacks a DNMT3L orthologue148. Therefore, the absence 

of DNMT3L activity might have led to an inefficient and lowered methyltransferase 

activity of the mammalian DNMT3A CD, causing little or no deposition of 5mC. 

However, this does not exclude other unknown mechanisms that may inhibit DNA 

methyltransferase activity during early zebrafish development. It was also noted that 

there was greater proportion of surviving embryos for the immunofluorescence 

experiment that used less total mRNA (100 pg) compared to previous conditions (175-

225 pg), suggesting that the high lethality was in part caused sub-optimal quantities of 

total mRNA injected. Additionally, the ratios of Epi-Cas9-SunTag, ntla-sgRNAs and 

scFv-DNMT3A tested in all experiments might also have been sub-optimal. Future 

work in identifying optimal ratios and total amounts of mRNA injected and the use of 

alternative DNA methyltransferases is necessary to overcome the absence of induced 

5mC in vivo.  

To overcome the lack of DNMT3L activity in zebrafish, single chain fusion 

protein of mammalian DNMT-3A and -3L (3A-3L) could be applied. A recent study 

showed that the 3A-3L fusion, when compared to single DNMT3A, had resulted in 

higher catalytic activity in vitro and was able to achieve higher levels of 5mC at the 
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target gene when transfected in SKOV3 ovarian cancer cells156. This 3A-3L fusion 

proof of concept however, is demonstrated in culture cells and might not necessarily 

be relevant in zebrafish. A second alternative would be to use DNMTs from zebrafish. 

For example, a group of researchers found that knocking-down DNMT-1 and DNMT-

7 in single cell stage embryo led to a decrease in 5mC at ntla promoter region in 48hpf 

zebrafish151. The authors note that DNMT-1 knockdown caused loss of 5mC globally 

while knockdown of DNMT-7 only lowered 5mC levels at ntla, suggesting that the 

DNMT-7 might display gene-specific activity. However, it is important to note that 

DNMT-1 and -7 might be the only active methyltransferases expressed during early 

development and the authors have only surveyed limited number of genes and regions 

of the genome for loss of 5mC. Thus, more work is required before the gene-specific 

activity of DNMT-7 could be confirmed. Nonetheless, the zebrafish DNMT-7 

catalytic activity is not regulated by DNMT3L unlike the mammalian orthologue, and 

therefore is more likely to be compatible and active when applied with the SunTag 

system. Alternatively, the Epi-Cas9-SunTag system could also be tested in other 

model organisms, such as mouse, where the mammalian DNMT3A is more likely to 

be more active.  
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5.5  Conclusions   

Studies of 5mC and transcriptional activity using traditional knockouts and 

chemical inhibition approaches are unable to address the causal relationships between 

5mC and transcriptional activity because these techniques affect 5mC globally, in a 

non-specific manner. Recent proof of concept epigenome editing studies using dCas9-

DNMT3A fusion to investigate the role of 5mC and transcriptional activity have been 

successfully demonstrated in cultured cells (reviewed in Chapter 1)108-110,112. 

However, these studies were conducted in immortalized cancer cells which are 

subjected to aberrant gene regulatory mechanisms. This work therefore aimed to build 

on current research work on investigating the causal role of 5mC in regulating 

transcriptional activity by conducting epigenome editing experiments in vivo. Using 

zebrafish as a model, the Epi-Cas9-SunTag system was applied in attempt to alter 

methylation patterns of ntla which controls tail structure development. 

Despite a successful proof of concept detailed in Chapter 4 and the presence 

of tail-less mutant phenotype in injected embryos, there was no 5mC induced by the 

Epi-Cas9-SunTag system, suggesting that the phenotype was most likely a 

consequence of the system interfering with transcription. This lack of 5mC is 

speculated to be caused by the absence of a DNMT3L orthologue in zebrafish and sub-

optimal amounts and proportions of mRNA delivered. Furthermore, embryo quality 

and batch variation might have been contributing factors as well. Several suggestions 

to improve and optimize this project were discussed in section 5.4, however due to 

PhD candidature time constraints, the on-going and future experiments discussed are 

not included at the point of writing this chapter.  
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Figure 5.14. Multiple alignment of human, mouse, and zebrafish DNMT3A 

catalytic domain152. Multiple sequence alignment showed strong conservation of 

methyltransferase functional motifs among various species. Highly conserved and 

identical amino residues are highlighted in darker shades of green, while conserved 

amino acids are indicated with green background. Abbreviations; hDNMT3A, -3B, -

3L: human DNMT3A, -3B and -3L, mDNMT3A: mouse DNMT3A, zDNMT3A: 

zebrafish DNMT3A. HhaI: DNA methyltransferase from Haemophilus 

parahaemolyticus.
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CHAPTER 6  
ROLE OF DNA METHYLATION IN 

REGULATING OCCUPANCY OF THE 

INSULATOR PROTEIN CTCF. 
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6.1  Introduction-Methylation sensitive transcription factors 

 

 Transcription factors (TF) are important regulators of gene activity, and 

advances in structural biology have been instrumental in describing the mechanisms 

of sequence specific recognition of TFs and the elucidation of their binding motifs117. 

Although the canonical binding motif of a given TF might be present at multiple sites 

across the genome, genome-wide studies using methods such as ChIP-seq have 

revealed that only selected sites are occupied at a given time, suggesting that other 

factors might regulate their selective binding. One such factor is the methylation of 

CG sites present within the TF binding motif that may directly evict methylation 

sensitive TFs by disrupting the interactions between the TF-DNA interface29,157 

(Section 1.2). The best studied example of methylation sensitive TF is the CCCTC-

binding factor (CTCF) which binds to insulator elements within the genome and act 

as a barrier to gene activation by blocking enhancer-promoter interactions 33,36,38,158. 

The methylation sensitive binding and enhancer blocking activity of CTCF is 

exemplified in the genome imprinting of H19-Igf2 locus33,158. Gel shift assays using 

DNA fragments that contain an artificially methylated CTCF binding site revealed that 

the methylated version is not bound by the insulator in contrast to an unmethylated 

control of identical sequence, further supporting anti-correlation between 5mC and 

CTCF occupancy159,160.  

However, a recent report has found that despite the significant reduction of 

5mC (~90%) through pharmacological inhibition and genetic manipulation of DNMTs, 

the vast majority (>98%) of the previously unoccupied methylated CTCF recognition 

sequence remain unbound65. However, the authors do note that a small number of 

CTCF sites (~1%) were re-occupied in the absence of 5mC. Consistent with CTCF in 

vitro methylation experiments, these re-occupied sites are characterized by presence 

of CG sites within the core CTCF binding motif, suggesting that methylation of critical 

CG sites within CTCF-DNA binding interface and not recognition motif modulates 

CTCF methylation sensitivity65,159. The authors note that the global depletion of 5mC 

through genetic mutations and chemical inhibition of DNA methyltransferases can 

cause substantial secondary effects which potentially confound experimental 

conclusions.  
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Therefore, this chapter aimed to apply the Epi-Cas9-SunTag system to directly 

alter 5mC profiles at CTCF binding sites in order to test whether 5mC status changes 

at the critical CG sites of CTCF-DNA interface could affect CTCF occupancy, starting 

with a prioritized set of potentially methylation labile CTCF sites identified by 

Maurano et al 65. Furthermore, work in this chapter would be important in determining 

the broader applicability of the Epi-Cas9-SunTag system to modulate selective 

binding of methylation sensitive TFs, such that the system may be applied to explore 

these potential sensitivities, and fine tune the transcriptional activity of genes of 

interest in future experiments  

6.2  Identifying candidate methylation labile CTCF sites in HeLa cells 

 

When comparing between two different cell types lacking 5mC achieved 

through chemical inhibition in K562 cells and genetic mutation in HCT116 cells, the 

authors have identified over 900 CTCF sites that consistently newly occupied in both 

cell types upon global depletion of 5mC65. These newly occupied sites were identified 

from two distinct cell types, suggesting that these sites might be consistently sensitive 

to 5mC in other cell types, including HeLa cells. As the Epi-Cas9-SunTag system has 

been optimized in HeLa cells, I sought to investigate the effects of 5mC on CTCF 

binding in HeLa cells so that the optimized conditions could be applied. To identify 

candidate methylation labile sites in HeLa cells, the list of 911 consistently re-

activated sites was filtered against publicly available CTCF ChIP-Seq data from the 

ENCODE consortium, biasing for sites with detected ChIP-Seq peaks in HeLa-S3161. 

This has identified a list of 31 potential candidate sites which was further filtered for 

sites that contain minimally one CG site within the core CTCF binding motif162. 

However, most of the shortlisted candidates did not contain CpGs within their binding 

motif and only three candidate sites fulfilled the requirements for the study. Therefore, 

to increase the total number of possible targets, the remaining non-overlapping CTCF 

sites that contained CGs within the core binding motif from the ENCODE HeLa-S3 

ChIP-Seq dataset was additionally included, bringing the total number of potential 

target sites to 489. Next, the methylation status of all shortlisted candidates was 

verified using HeLa methylome generated in the lab, and a total of 404 candidates 



136 
 

were found to have methylated CG sites in their core binding motif and was 

subsequently excluded, leaving a total of 85 candidate methylation labile sites 

available for the study.  

 

Considering that there might be potential biological differences between the 

ENCODE HeLa-S3 and the lab working stock, a CTCF ChIP-Seq was subsequently 

conducted to verify that CTCF is present at all 85 shortlisted candidate sites in HeLa 

cells. After ChIP-Seq verification, a total of three candidate CTCF sites were identified 

in HeLa cells. At each candidate site, strong CTCF ChIP-Seq signal was detected when 

compared to input control, and the CG sites within the core binding motif was un-

methylated (highlighted in green shade) (Figure 6.1-6.3)161. The candidate sites are 

located within the introns of CCDC85C, COPZ2 (mir152 non-coding RNA) and SHB 

respectively. Note, the SHB and mir152 candidate CTCF sites was previously 

identified to be consistently methylation labile in both K562 and HCT116 cells by 

Maurano et al65. sgRNAs were subsequently designed to target the core CG site(s) at 

each candidate site, and the binding positions of all designed sgRNAs and bisulfite-

PCR-Seq amplicons are detailed in Figure 6.1-6.3. To summarize, the shortlisted 

CTCF sites used in this study was selected based on putative mC sensitivity as reported 

by Maurano et al65, and additionally, CTCF sites that contain CpGs within the census 

recognition motif (CCGCGNGGNGGCAG, N= any nucleotide) filtered from the 

publicly available ENCODE HeLa-S3 database161. Lastly, the methylation states of all 

shortlisted CTCF sites are verified with the in-house HeLa cell methylome, and only 

those that unmethylated are brought forward for epigenome editing experiments 
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6.2.1  Project contributions 

A manuscript using data generated in Chapter 3, 4 and 6 is in preparation at 

the point of writing this thesis. Research presented in Chapter 6 is a collaborative effort 

between several lab members whom will all be co-authors on the publication. Cell 

culture transfections, molecular cloning work, and targeted BS-PCR-Sequencing 

library preparation were undertaken by myself, with help from Tessa Swain and Trung 

Viet Nguyen. CTCF ChIP-Seq library preparation was undertaken by Trung Viet 

Nguyen, while ChIP-BS-Seq library preparation was undertaken by Dr. Christian 

Pflüger. Data processing support was provided Dr. Pflüger and Dr. Ford. All authors 

have given permission and agreed for their respective data to be presented in this thesis.   
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Figure 6.1. Candidate methylation sensitive CTCF binding site at the intron of 

CCDC85C. A) Input control for CTCF ChIP-Seq. B) CTCF ChIP-Seq peak at 

candidate locus. C) BS-PCR-Seq amplicons at the candidate locus. D) Encode CTCF 

ChIP-Seq track showing CTCF occupancy in HeLa-S3 cells, with core CTCF motif 

highlight in green. E) CG sites at candidate locus. F) HeLa WGBS data for the lab cell 

line. Candidate sgRNA binding sites are indicated by red highlight when binding to 

the Watson strand with blue highlight when binding to the Crick strand. The Y-axis 

for ChIP-Seq data represents mapped read depth, while the Y-axis for WGBS 

represents the 5mC levels, scaled from 0-100%. CG sites at the locus are represented 

as grey bars with CTCF core CG sites of interest are highlighted in green. 
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Figure 6.2. Candidate methylation sensitive CTCF binding site at the intron of 

SHB. A) Input control for CTCF ChIP-Seq. B) CTCF ChIP-Seq peak at candidate 

locus. C) BS-PCR-Seq amplicons at the candidate locus. D) Encode CTCF ChIP-Seq 

track depicting CTCF occupancy in HeLa-S3 cells with core CTCF motif highlight in 

green. E) CG sites at candidate locus. F) HeLa WGBS data. Figure description is 

identical to Figure 6.1. 

 

Figure 6.3. Candidate methylation sensitive CTCF binding site at the intron of 

COPZ2 near non-coding RNA mir152. A) Input control for CTCF ChIP-Seq. B) 

CTCF ChIP-Seq peak at candidate locus. C) BS-PCR-Seq amplicons at the candidate 

locus. D) Encode CTCF ChIP-Seq track depicting CTCF occupancy in HeLa-S3 cells 

with core CTCF motif highlight in green. E) CG sites at candidate locus. F) HeLa 

WGBS data. Figure description is identical to Figure 6.1. 
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6.2.2  Experimental approach  

 The Epi-Cas9-SunTag system would be applied to induce 5mC at the CG sites 

present within core binding motif of all identified candidate CTCF sites using the 

optimized conditions identified in Chapter 4. Subsequently, a CTCF ChIP-Seq 

bisulfite sequencing (ChIP-BS-Seq) experiment would be conducted to assess whether 

CTCF occupancy was changed, and if CTCF bound DNA was methylated when 5mC 

was induced by the Epi-Cas9-SunTag system. In ChIP-BS-Seq, the 

immunoprecipitation of CTCF and associated crosslinked genomic DNA is followed 

by bisulfite conversion and sequencing of the immunoprecipitated DNA to directly 

assess the 5mC state of the captured fragments (Figure 6.4-A)163,164. The ChIP-BS-

Seq technique is an ideal approach to determine methylation dependant TF-DNA 

interactions as it provides both CTCF occupancy and 5mC information simultaneously. 

Transfected cells were split into two culture dishes during antibiotic selection, so that 

both BS-PCR-Seq and ChIP-BS-Seq libraries could be prepared from the same 

population of transfected cells. The results from BS-PCR-Seq function as an internal 

control to confirm that 5mC has been successfully induced by Epi-Cas9-SunTag 

system at the target site in the population of transfected cells, while the comparison of 

5mC levels measured by both ChIP-BS and BS-PCR-Seq allows analysis of whether 

CTCF occupancy has been affected with respect to changes in 5mC. If 5mC is 

incompatible with CTCF binding, no methylation would be detected in the captured 

fragments in ChIP-BS-Seq (Figure 6.4-B, left figure). In contrast, if the captured 

DNA fragment is methylated as assessed by ChIP-BS-Seq, and the methylation levels 

matches the BS-PCR-Seq based measurement of induced 5mC in the population of 

transfected cells, this would indicate that CTCF binding is unaffected by 5mC (Figure 

6.4-B, right figure). 
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Figure 6.4. Overview of overall methodology and ChIP-BS-Seq approach. A) 

Overview of experimental approach. B) Hypothetical results demonstrating possible 

outcomes.  
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6.3  Identifying the best performing sgRNA at each candidate site 

 An initial test was conducted to identify the best performing sgRNA for each 

candidate site. Note, the best performing sgRNA was defined by its ability to induce 

the highest average 5mC at CG sites present within the core CTCF binding motif, and 

not across all CG sites covered by the BS-PCR amplicons. For simplicity, the sgRNAs 

targeting the CTCF binding sites of interest at CCDC85C, SHB and near the mir152 

non-coding RNA are referred to as Chr14, SHB and mir152, respectively. Among all 

sgRNAs tested, chr14-sgRNA-3, SHB-sgRNA-1 and mir152-sgRNA-3 were the best 

performing sgRNAs for each respective candidate site. When compared to mock 

transfection, the co-transfection of Epi-Cas9-SunTag and best performing sgRNA 

induced an average of 47%, 50% and 28% 5mC at the core binding motif at Chr14, 

SHB and mir152, respectively (Table 6.1, Figure 6.5-6.7). 

 

 Induced methylation levels at core CTCF binding motif 

Locus Transfection CG #1 CG #2 CG #3 Average 

Chr14 Mock 2.58% 2.57% 1.77% 2.31% 

 Chr14 sgRNA-1 13.2% 10.2% 5.81% 9.74% 

 Chr14 sgRNA-2 28% 18.1% 12.6% 19.56% 

 Chr14 sgRNA-3 55.1% 55.1% 32.1% 47.43% 

 Chr14 sgRNA-4 16.2% 12.9% 7.3% 12.13% 

      

SHB Mock 1.05% - - 1.05% 

 SHB sgRNA-1 50.0% - - 50.0% 

 SHB sgRNA-2 2.19% - - 2.19% 

 SHB sgRNA-3 41.0% - - 41.0% 

 SHB sgRNA-4 11.0% - - 11.0% 

      

Mir152 Mock 1.73% 4.85% - 3.29% 

 Mir152 sgRNA-1 2.48% 7.59% - 5.04% 

 Mir152 sgRNA-2 11.34% 24.5% - 17.92% 

 Mir152 sgRNA-3 21.6% 34.7% - 28.15% 

Table 6.1. Summary of all sgRNA performance at all candidate CTCF sites. 

Empirical test to determine best performing sgRNA designed for each locus. The 

average induced 5mC levels for each sgRNA was calculated using CG sites present 

within the core binding motif at each candidate site.   
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Figure 6.5. Targeted BS-PCR-Seq for all sgRNA targeting candidate CTCF site 

at chr14. sgRNA targeting Watson and Crick strand are denoted in red and blue 

respectively. Critical CG sites within core CTCF binding motif is highlighted in green. 

Y-axis for each track represent percent fraction of methylated cytosine mapped for 

each CG site at the locus and is scaled from 0-100.  

 

Figure 6.6. Targeted BS-PCR-Seq for all sgRNA targeting candidate CTCF site 

at SHB. Figure description is identical to Figure 6.6. 
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Figure 6.7. Targeted BS-PCR-Seq for all sgRNA targeting candidate CTCF site 

at mir152. Figure description is identical to Figure 6.6. 
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6.3.1  Targeted de novo methylation of candidate CTCF binding sites 

 HeLa cells were transfected with respective best performing sgRNAs and the 

experiment was conducted in duplicates, including a DNMT3A mutant control (scFv-

DNMT3A-Mutant). BS-PCR sequencing results revealed that the transfection was 

highly reproducible between replicates for each condition, and despite multiple 

mutations on key residues involved in the catalytic activity of DNMT3A (F636A, 

E660A, E725A and R295A), residual 5mC was detected in cells transfected with the 

DNMT3A catalytic mutant (Figure 6.8-6.10)86,142. Through crystallography work, the 

C-terminus of DNMT3L has been shown to interact with the catalytic domain of 

DNMT3A to form a DNMT3A-3L complex, which further dimerizes with another unit 

of DNMT3A-3L to form a tetrameric complex17. Critically, the DNMT3A-3L 

interaction only occurs at the DNMT3A CD and is independent of the key catalytic 

residues that are involved in depositing 5mC, and therefore the residual activity 

exhibited by scFv-DNMT3A-Mutant is likely to have occurred via interactions 

between endogenous DNMT3L and catalytically active DNMT3A17. This observation 

is also consistent with recent epigenome editing studies using dCas9-DNMT3A108,109. 

Although 5mC was induced by the catalytic mutant, the average methylation levels 

were considerably lower (7-18%) when compared to wild type DNMT3A (40-60%) 

(Table 6.2). Nonetheless, the low levels of 5mC caused by DNMT3A-Mutant 

provides an interesting data point for comparison, and might help to identify minimal 

5mC levels required to elicit an effect.  
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 Induced methylation levels at core CTCF binding motif 

Locus Transfection CG #1 CG #2 CG #3 Average 

Chr14 Mock-R1 1.39% 0.96% 1.19% 1.18% 

 Mock-R2 1.69% 1.30% 1.28% 1.42% 

 DNMT3A-Mut R1 9.59% 11.36% 1.76% 7.57% 

 DNMT3A-Mut R2 12.11% 11.89% 2.81% 8.93% 

 DNMT3A-WT R1 59.65% 50.80% 34.24% 48.23% 

 DNMT3A-WT R2 60.80% 53.79% 36.23% 50.27% 

      

SHB Mock-R1 1.99% - - 1.99% 

 Mock-R2 2.36% - - 2.36% 

 DNMT3A-Mut R1 18.22% - - 18.22% 

 DNMT3A-Mut R2 17.81% - - 17.81% 

 DNMT3A-WT R1 62.93% - - 62.93% 

 DNMT3A-WT R2 60.53% - - 60.53% 

      

Mir152 Mock-R1 2.66% 8.05% - 5.35% 

 Mock-R2 2.57% 6.90% - 4.74% 

 DNMT3A-Mut R1 3.17% 11.15% - 7.16% 

 DNMT3A-Mut R2 2.77% 11.13% - 6.95% 

 DNMT3A-WT R1 29.19% 43.36% - 36.28% 

 DNMT3A-WT R2 32.51% 47.77% - 40.14% 

Table 6.2. BS-PCR-Seq results at candidate sites using best performing sgRNA. 

The average 5mC levels for each transfection condition was calculated by using the 

core CG sites present in the CTCF binding motif.  
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Figure 6.8. Targeted BS-PCR-Seq data for chr14 candidate CTCF site. Duplicate 

BS-PCR-Seq results for the sgRNA targeting the chr14 CTCF site. CG sites at the 

locus is represented as grey bars and the core CTCF binding motif is highlighted in 

green. sgRNA binding site is indicated in blue. Y-axis for ChIP-Seq track represents 

mapped read depth, scaled from 0-60, while the Y-axis for BS-PCR-Seq represents 

the methylation level for each CG site at the locus and is scaled from 0-100. 
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Figure 6.9. Targeted BS-PCR-Seq data for SHB candidate CTCF site. Figure 

description is identical to Figure 6.7. 

 

Figure 6.10. Targeted BS-PCR-Seq data for mir152 candidate CTCF site. Figure 

description is identical to Figure 6.7. 



149 
 

6.3.1.1  ChIP-BS- Seq at candidate CTCF sites 

For each candidate CTCF binding site, replicate ChIP-BS libraries were also 

prepared from a mock transfection control of empty expression plasmids, such that 

changes in CTCF occupancy could then be inferred by comparing ChIP-BS peak 

height differences between the mock transfection control, negative control (svFv-

DNM3A-Mutant), and actual test (svFv-DNM3A-WT). Duplicate ChIP-BS-Seq 

libraries were prepared and analyzed as described in Section 2.4.6. At the Chr14 

CTCF site, ChIP-BS-Seq has yielded inconsistent and poor CTCF ChIP signals for the 

mock transfected cells, and cells transfected with the DNMT3A catalytic mutant 

respectively (Figure 6.11 D-G). Due to suboptimal ChIP signals obtained for both the 

mock and negative controls, it is difficult to deduce whether CTCF occupancy has 

changed by comparing ChIP signal intensity between the control and treatment 

transfection. This variability in ChIP-BS-Seq peak height is due to the overall poor 

sequencing coverage of ChIP-BS-Seq, and is likely caused by extensive damage and 

fragmentation of enriched DNA during the bisulfite conversion, which reduces the 

total number mappable reads165. An in-depth discussion on the variability of ChIP-BS-

Seq is presented in Section 6.5.3.1. Nonetheless, the direct assessment of the 5mC 

levels by ChIP-BS-Seq at Chr14 CTCF site revealed that the core CG sites within the 

CTCF-DNA interface is methylated (Replicate 1 (R1): CG#1: 41%, CG#2: 50%, 

CG#3: 31%, R2: CG#1: 41%, CG#2: 50%, CG#3: 30%, Table 6.3), and further 

comparison of the 5mC levels of the core CG sites measured by both BS-PCR-Seq 

and ChIP-BS-Seq revealed that the 5mC levels were at similar levels (Table 6.3, 

Figure 6.13). However, the overall poorer sequencing coverage of ChIP-BS-Seq has 

led to less accurate measurement of 5mC levels when compared to BS-PCR-Seq (BS-

PCR-Seq: CG#1: 60% (R1), 61% (R2), ChIP-BS-Seq: CG#1: 41% (R1), 44% (R2), 

Table 6.3). Regardless, the results collectively indicate that CTCF is bound to 

methylated DNA at the Chr14 CTCF site. 
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The ChIP-BS-Seq coverage was evidently higher at the SHB CTCF site as 

strong enrichment of CTCF was observed for all transfection conditions when 

compared to the input control (Figure 6.12). Despite the increase in ChIP-BS 

sequencing coverage at SHB CTCF site, the ChIP signals remain variable between 

replicates for all transfection conditions. It is observed that the ChIP peak height was 

lower for cells transfected with scFv-DNMT3A-WT when compared to the negative 

control (scFv-DNMT-Mutant), suggesting that induced 5mC might have affected 

CTCF occupancy in these cells (Figure 6.12 F-I). However, the inconsistent ChIP 

signals between each replicate of the same transfection makes it challenging to 

conclude if CTCF occupancy has changed at SHB CTCF site. For example, the ChIP 

signal for the negative control was observed to be stronger than the mock transfected 

cells when CTCF occupancy is expected to be at similar levels for both conditions. 

Therefore, the reduction in ChIP signal in cells transfected with scFv-DNMT3A might 

have been a consequence of poor sequencing coverage as opposed to actual reduction 

in CTCF occupancy. Further validation using alternative approaches are required to 

verify if CTCF occupancy has been affected at the SHB CTCF site. An in-depth 

discussion of alternative approaches to ChIP-BS-Seq is presented in Section 6.5.3.1. 

Finally, the assessment of 5mC levels with ChIP-BS-Seq revealed that CTCF is bound 

to methylated DNA at the SHB CTCF site (BS-PCR-Seq: CG#1: 63% (R1), 61% (R2), 

ChIP-BS-Seq: CG#1: 15% (R1), 75% (R2), Table 6.3, Figure 6.13). Note, the poor 

sequencing coverage of ChIP-BS-Seq has led to an inaccurate measurement of 5mC 

level of the core CG site for one of the technical replicate.  

ChIP-BS-Seq has yielded poor and inconsistent CTCF ChIP signals for all 

transfection conditions at the mir152 CTCF site (Figure 6.13). Although it was not 

possible to infer CTCF occupancy changes by comparing ChIP peak heights between 

the control and treatment transfections, the direct assessment of 5mC levels by ChIP-

BS-Seq revealed that CTCF is bound to methylated DNA at this locus. Due to poor 

sequencing coverage, it was not possible to calculate 5mC levels for some of the CG 

sites (BS-PCR-Seq: CG#1: 29% (R1), 33% (R2), CG#2: 42% (R1), 48%(R2), ChIP-

BS-Seq CG#1: no coverage (R1), 33% (R2), CG#2: 20% (R1), 33% (R2), Table 6.3, 

Figure 6.14). Collectively, the results indicate that the induction of 5mC at the core 

CG sites of the CTCF-DNA interface did not prevent CTCF from binding to all the 

candidate sites tested in this thesis chapter. An in-depth discussion and interpretation 

of the ChIP-BS-Seq results obtained is presented in Section 6.5.1. 
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Figure 6.11. ChIP-BS-Seq results for the chr14 CTCF binding site. Figure 

description on following page.  
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Figure 6.11 description continued 

A-B) Input control and regular CTCF ChIP-Seq data at the Chr14 CTCF site. C) ChIP-

BS-Seq input control. D-E) Duplicate ChIP-BS-Seq for mock transfected cells. F-G) 

ChIP-BS-Seq data for cells transfected with Epi-Cas9-SunTag and scFv-DNMT3A-

mutant. H-I) ChIP-BS-Seq data for cells transfected with Epi-Cas9-SunTag and scFv-

DNMT3A WT. 5mC levels as assessed by ChIP-BS-Seq for J) ChIP-BS input. K-L) 

Mock transfected cells. M-N) Cells transfected with Epi-Cas9-SunTag and scFv-

DNMT3A mutant targeting the chr14 CTCF site. O-P) Cells transfected with Epi-

Cas9-SunTag and scFv-DNMT3A targeting chr14 CTCF candidate site. sgRNA 

binding site is indicated with blue highlight. The Y-axis for tracks A-I) represent 

mapped read depth, scaled from 0-60 for CTCF ChIP-Seq and 0-25 for ChIP-BS-Seq, 

while the Y-axis tracks for J-P) represents the percent methylation levels of each CG 

site at the locus, and is scaled from 0-100%.  

Abbreviation: R1/R2; replicate 1, replicate 2. 
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Figure 6.12. ChIP-BS-Seq results for the SHB candidate CTCF site. Figure 

description on following page.  
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Figure 6.12 description continued 

A-B) Input control and regular CTCF ChIP-Seq data at SHB CTCF site. C) ChIP-BS-

Seq input control. D-E) Duplicate ChIP-BS-Seq for mock transfected cells. F-G) 

ChIP-BS-Seq data for cells transfected with Epi-Cas9-SunTag and scFv-DNMT3A-

mutant. H-I) ChIP-BS-Seq data for cells transfected with Epi-Cas9-SunTag and scFv-

DNMT3A WT.  5mC levels as assessed by ChIP-BS-Seq for J) ChIP-BS input. K-L) 

Mock transfected cells. M-N) Cells transfected with Epi-Cas9-SunTag and scFv-

DNMT3A mutant targeting SHB CTCF candidate site. O-P) Cells transfected with 

Epi-Cas9-SunTag and scFv-DNMT3A targeting SHB CTCF candidate site. Figure 

description is identical to Figure 6.10. 

 

Abbreviation: R1/R2; replicate 1, replicate 2. 
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Figure 6.13. ChIP-BS-Seq results for the mir152 candidate CTCF site. Figure 

description on following page. 
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Figure 6.13 description continued 

A-B) Input control and regular CTCF ChIP-Seq data at mir152 CTCF site. C) ChIP-

BS-Seq input control. D-E) Duplicate ChIP-BS-Seq for mock transfected cells. F-G) 

ChIP-BS-Seq data for cells transfected with Epi-Cas9-SunTag and scFv-DNMT3A-

mutant. H-I) ChIP-BS-Seq data for cells transfected with Epi-Cas9-SunTag and scFv-

DNMT3A WT. 5mC levels as assessed by ChIP-BS-Seq for J) ChIP-BS input. K-L) 

Mock transfected cells. M-N) Cells transfected with Epi-Cas9-SunTag and scFv-

DNMT3A mutant targeting SHB CTCF candidate site. O-P) Cells transfected with 

Epi-Cas9-SunTag and scFv-DNMT3A targeting mir152 CTCF candidate site. Figure 

description is identical to Figure 6.09. 

Abbreviation: R1/R2; replicate 1, replicate 2. 
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Figure 6.14. Comparison of methylation levels measured by targeted BS-PCR-Seq and ChIP-BS-Seq at CTCF core binding 

motif. DNA methylation levels of all critical CG sites measured by BS-PCR-Seq and ChIP-BS-Seq. Y-axis represents percent fraction 

of methylated cytosine mapped for each CG site at the locus and is scaled from 0-100. Abbreviations; NC: no coverage, R1: replicate 

1, R2: replicate 
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locus CG site scFv-fusion BS-PCR-

Seq R1 

BS-PCR-

Seq R2 

ChIP-BS-

Seq R1 

ChIP-BS-

Seq R2 

SHB #1 Mut 0.18 0.18 0.25 0.30 

  WT 0.63 0.61 0.15 0.75 

       

Chr14 #1 Mut 0.10 0.12 0.17 0.20 

  WT 0.60 0.61 0.41 0.44 

 #2 Mut 0.11 0.12 0.14 n.c 

  WT 0.51 0.54 0.50 0.50 

 #3 Mut 0.02 0.03 n.c n.c 

  WT 0.34 0.36 0.31 0.30 

       

mir152 #1 Mut 0.03 0.03 n.c n.c 

  WT 0.29 0.33 n.c 0.33 

 #2 Mut 0.11 0.11 n.c 0.36 

  WT 0.43 0.48 0.20 0.33 

 

Table 6.3. Comparison of 5mC levels measured by BS-PCR-Seq and ChIP-BS-

Seq at CTCF core binding motif CG sites.  

 

Abbreviations: R1/R2; Replicate, n.c; no sequencing coverage. Mut: scFv-DNM3A-

Mut, WT: scFv-DNMT3A-WT.  
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6.4  Discussion 

 

6.4.1  DNA methylation sensitivity of candidate CTCF sites 

The Epi-Cas9-SunTag system was applied to induce 5mC at the core binding 

motif of three candidate CTCF binding sites which showed experimental evidence of 

5mC sensitivity65. ChIP-BS-Seq revealed that the underlying DNA fragment was 

methylated for all candidates tested and the 5mC levels measured by ChIP-BS-Seq, 

though not identical, closely mirrors the levels induced by the Epi-Cas9-SunTag 

system (Figure 6.13). As both ChIP-BS-Seq and targeted BS-PCR-Seq libraries were 

prepared from the same population of transfected cells (Figure 6.4), the results 

collectively indicate that CTCF is bound to methylated DNA and that CTCF 

occupancy at all candidate sites is likely to be unaffected by the change in 5mC state 

at the binding motif. Although CTCF occupancy at all tested candidate sites is 

unaffected in HeLa cells, these methylation labile sites were first identified in K562 

myelogenous leukemia and HCT116 colon cancer cell65. Since methylation labile 

CTCF sites can be cell type specific, this might explain why CTCF occupancy is 

unaffected when the same sites are tested in HeLa cells166. Furthermore, 5mC was 

globally depleted using chemical inhibition and genetic mutations of DNMTs in both 

K562 and HCT116 cells, and it is therefore possible that some observed re-occupancy 

events might be artifacts caused by these non-specific methods. This limitation 

highlights the strength of the Epi-Cas9-SunTag system in validating correlations of 

5mC and CTCF occupancy in the genome without confounding effects. Future 

targeted DNA demethylation experiments using TET1-based fusion proteins in K562 

and HCT116 cells are required to verify if the observed CTCF re-occupancy events 

are real and not artifacts caused by non-specific DNA methylation depletion methods.   

Although the results obtained in this thesis chapter is in contrast with the 

widely accepted anti-correlation between 5mC and CTCF occupancy, it is consistent 

with published reports of limited methylation sensitivity of CTCF at few selected 

sites65,66, which further suggest that 5mC is likely to be a specialized mechanism that 

fine tune selective CTCF occupancy rather than a master regulatory mechanism. 

Furthermore, CTCF has also been shown to bind directly to methylated DNA and 

subsequent induce DNA demethylation of the bound fragement64. It might also 

possible that the change in methylation state of CG site within the binding motif does 
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not affect DNA topology, and therefore the CTCF-DNA binding interface is 

unaffected even when 5mC is artificially induced. Future epigenome editing studies 

involving different cell types are required to the relationship between 5mC and CTCF 

binding.  

6.4.2  Future experiments and follow ups 

 

6.4.2.1  Optimizations of ChIP-BS-Seq to achieve higher sequencing coverage 

The ChIP-BS-Seq technique was instrumental in determining if CTCF 

occupancy at the locus of interest has changed when 5mC was induced at the core 

binding site. In ChIP-BS-Seq, the chromatin is first crosslinked (X-link) before 

fragmentation and immunoprecipitation to enrich for CTCF bound regions. The 

inherent disadvantages of X-linked ChIP are epitope disruption that occurs during 

chromatin fragmentation and poor solubility of ChIP-ed chromatin which can result in 

low yield of enriched DNA fragments167. The suboptimal levels of enriched DNA, 

epitope disruption and extensive fragmentation of DNA during bisulfite conversion 

collectively resulted in poorer overall sequencing coverage in ChIP-BS-Seq, which 

led to a less accurate estimation of 5mC levels and variable ChIP peak signals at loci 

of interest (Figure 6.13). Although further optimizations in chromatin shearing 

conditions to ensure efficient immunoprecipitation might help to improve the overall 

sequencing coverage of ChIP-BS-Seq, exploring alternative ChIP preparation 

procedure that uses less disruptive chromatin fragmentation method might be 

beneficial. 

Micrococcal nuclease (MNase) is a bacterial endo-exonuclease with no 

sequence specificity that cleaves both single and double stranded DNA168. X-linked 

chromatin can be digested with MNase to obtain ideal chromatin fragment size before 

immunoprecipitation, and chromatin prepared using MNase digestion will 

subsequently result in an efficient immunoprecipitation as there is no epitope 

disruption. However, poor solubilization of ChIP-ed chromatin may still occur during 

reverse crosslinking and can result in low yield of enriched DNA fragments. In 

contrast, these limitations are not present in the native ChIP approach where 

immunoprecipitation is conducted on MNase digested non-crosslinked chromatin169. 

Although it might be useful to adapt the native ChIP method for ChIP-BS-Seq, MNase 

digestion is biased towards A-T rich sequences and can lead to an uneven enrichment 
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of CTCF bound fragments during subsequent immunoprecipitation167,170. Furthermore, 

the native ChIP approach is only efficient for investigating histone modifications and 

is less useful for mapping TF occupancy profile because MNase can displace loosely 

bound TFs during digestion167.  

An improved native ChIP method termed CUT&RUN (Cleavage Under 

Targets and Release Using Nuclease) might help resolve the limitations faced in native 

ChIP. In CUT&RUN, the isolated nuclei are first permeabilized before incubating 

with the primary antibody against the epitope of interest, and a Protein-A-MNase 

fusion protein. Protein-A is bacterial super-antigen that binds to the constant region of 

immunoglobulins171. In this approach, MNase is directed to the epitope of interest that 

has been bound primary antibody through the Protein-A fusion, and the resulting 

ChIP-ed DNA fragments is released into solution by initiating MNase digestion with 

the addition of calcium to the reaction172. The incubation of the ChIP reaction with 

calcium is controlled which results in a highly specific and controlled cleavage of 

antibody bound DNA fragment.  Indeed, the preparation of ChIP-Seq libraries using 

CUT&RUN yielded highly precise binding profile of protein of interest, including 

CTCF, with low background signals172. The authors further demonstrate that 

CUT&RUN can be down scaled for lower cell input (0.6 million cells), and by 

adapting CUT&RUN for ChIP-BS-Seq, it might be possible to prepare high quality 

ChIP-BS-Seq libraries from FACS sorted cells with good sequencing coverage.  

Alternatively, the nucleosome occupancy and methylome sequencing (NoME-

Seq) technique could potentially be adapted to overcome limitations of ChIP-BS-Seq 

encountered in this thesis. NoME-Seq is a technique that simultaneously profile both 

nucleosome occupancy and 5mC state of the same DNA molecule173. This technique 

relies on the bacterial GpC DNA methyltransferase (M.CviPI) which methylates all 

cytosine in GpC context to generate nucleosome footprints. The underlying principle 

is that DNA molecule that are packaged into nucleosome are protected from M.CviPI 

methylation and the periodicity of missing GpC methylation therefore represent a 

nucleosome footprint. The same principle could be applied for CTCF where the 

insulator bound DNA molecules are similarly protected from GpC methylation. 

Therefore, by preparing targeted BS-PCR-Seq libraries from M.CviPI methylated 

DNA, it is possible to determine both CTCF occupancy and 5mC state of the CG sites 
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present in the CTCF-DNA interface simultaneously (Figure 6.17). More importantly, 

targeted NoME-Seq can overcome poor sequencing coverage faced in ChIP-BS-Seq 

due to less material loss and genomic DNA fragmentation as no chromatin shearing 

and immunoprecipitation steps are involved. Furthermore, targeted NoME-Seq 

libraries could be prepared from FACS sorted cells and by comparing GpC 

methylation levels at the candidate CTCF sites, it might be possible to infer 

quantitative changes in CTCF occupancy between treatment and control groups. 

 

 

Figure 6.17. Adapting the NoME-Seq technique to profile both CTCF occupancy 

and 5mC state simultaneously. Schematic overview of the NoME-Seq technique 

which simultaneously profiles CTCF occupancy and 5mC state at locus of interested.   

 

 



163 
 

6.4.2.2  Extended assessment on the specificity of Epi-Cas9-SunTag system  

At the point of writing this thesis, more experiments were planned and 

conducted to further assess the specificity of the Epi-Cas9-SunTag system. Although 

it was demonstrated in Chapter 4 that the specificity of the Epi-Cas9-SunTag system 

could be fine-tuned by titrating the amount of scFv-DNMT3A plasmid transfected, the 

initial analysis had relied on surveying 5mC changes at two non-target loci and is 

therefore inadequate to represent potential non-specific activity caused by the Epi-

Cas9-SunTag system globally across the genome. Therefore, multiple approaches in 

combining ChIP-Seq, targeted BS-PCR-Seq and solution enrichment bisulfite 

sequencing were conducted to thoroughly assess the specificity of the system. 

However, due to candidature time limit and limited contributions from myself in these 

experiments, the results for the extended assessment of potential non-specific activity 

caused by the Epi-Cas9-SunTag system would not be presented in this thesis, but in 

the upcoming manuscript that is in preparation. 

6.4.2.3   CTCF and beyond   

The results obtained in this thesis chapter has demonstrated that the Epi-Cas9-

SunTag system is a powerful molecular tool that can be used to investigate the role of 

5mC in modulating TF occupancy. However, the candidate CTCF sites tested in this 

thesis were identified through bioinformatic filtering65, and were not selected based 

any biological relevance in HeLa cells. Future experiments could build on current 

findings and expand on to investigate other methylation labile CTCF sites that are 

involved in a wide variety of processes such as the transcriptional regulation of H19-

Igf2 locus33, alternative splicing55, and chromatin topology174. Finally, the Epi-Cas9-

SunTag system could also be applied to test 5mC sensitivity of other methylation labile 

TF such as NRF137 
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6.5  Conclusions 

In conclusions, this thesis has demonstrated that epigenome editing using the 

Epi-Cas9-SunTag system is a powerful approach to investigate the role of 5mC in 

modulating 5mC sensitive TF occupancy without confounding secondary effects that 

arises in genetic manipulation, chemical treatments, and artificial insertion of DNA 

sequences in the genome. As a continual effort to improve the Epi-Cas9-SunTag 

system, future optimizations such as the use of high fidelity Cas9 variants, truncated 

sgRNAs, and an inducible system to allow for greater fine-tuning of scFv-DNMT3A 

expression might be beneficial to further improve on the overall specificity of the 

system136,175. Further discussion on other potential applications of the Epi-Cas9-

SunTag system is presented in Chapter 7. 
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CHAPTER 7 
GENERAL DISCUSSION    
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7.1  Epigenome editing using Epi-Cas9-SunTag: limitations and 

challenges 

  In my PhD research, the Epi-Cas9-SunTag system has been successfully 

repurposed as a molecular tool to induce highly specific 5mC at region(s) of interest. 

Although a successful proof of concept has been demonstrated, there are several 

technical limitations that hamper the system from reaching its full potential. This 

section highlights some of the limitations and challenges when conducting epigenome 

editing experiments using the Epi-Cas9-SunTag system, and further discussed some 

strategies that could be used to overcome them. 

7.1.1  Incomplete plasmid delivery during transient transfection 

  In this research, the Epi-Cas9-SunTag system was delivered using transient 

transfection because the generation of stable expression cell lines using lentivirus has 

been inefficient (Chapter 3), and the iterative generation and rapid testing of new and 

modified constructs was better suited to transient transformation rather than inefficient 

lentiviral transduction of large constructs and single clone selection each time. Due to 

the size of Cas9, the epimodifier systems developed here featured large vector insert 

sizes, which significantly reduce the successful packaging of the transgene into a 

functional viral particle133. The co-transfection of multiple plasmids however, can be 

uneven and result in a heterogenous population of cells that randomly receive a partial 

fraction of all transfected plasmids176. Critically, Epi-Cas9-SunTag system is not 

functional in the population of cells that do not receive the entire set of plasmids. 

Therefore, the uneven distribution of plasmids in transient transfections will reduce 

the overall efficiency of the Epi-Cas9-SunTag system in inducing 5mC at any region(s) 

of interest. Furthermore, certain transfected cells that do not receive all plasmids could 

still survive antibiotic selection, and since BS-PCR-Seq libraries were prepared from 

bulk population of antibiotic selected cells, this likely causes an underestimation of 

5mC levels induced by the system. Although this limitation could be overcome by 

having all components of the Epi-Cas9-SunTag system on a single plasmid, it would 

not allow for the fine tuning of scFv-DNMT3A levels, which I found to be critical in 

maintaining the specificity of the system. Furthermore, the potential promoter 

interference that arises from having multiple transcriptional units within the same 

plasmid could also negatively impact on the expression levels of all cistrons138. To 

overcome this technical limitation, each individual component of the Epi-Cas9-
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SunTag system can be tagged with a unique fluorescence protein where fluorescence 

activated cell sorting (FACS) can be subsequently applied to enrich for positively 

transfected cells that have received the complete set of plasmids in order to improve 

on the overall efficiency of the system, and to accurately measure the level of 5mC 

induced by the system.  

7.1.2  Investigating the role of 5mC and transcriptional activity at gene 

promoters 

In order to conclusively determine whether promoter methylation could 

mediate transcriptional silencing, it is important to have the capacity to methylate all 

CG sites that are present within the promoter region of interest. Even though the Epi-

Cas9-SunTag system could induce high levels of 5mC at regions of interest with great 

specificity, the system only induced 5mC at CG sites that are present within a range 

of 200-400bp from the sgRNA binding site (Chapter 4). Therefore, to methylate all 

CG sites present at the promoter of interest, the simultaneous targeting of multiple 

units of Epi-Cas9-SunTag tiled across the promoter of interest is required. However, 

it was observed in Chapter 3 that the co-transfection of multiple sgRNAs targeting 

the same gene can potentially cause a reduction in overall induction of 5mC when 

compared to transfections of each individual sgRNA targeting the same locus. Hence, 

careful sgRNA design and empirical testing of pooled sgRNAs is required to identify 

the optimal combination of sgRNAs to achieve synergistic recruitment of multiple 

Epi-Cas9-SunTag to the target locus of interest. Potentially, the presence of each 

individual sgRNA on a different plasmid could have also contributed to the lower 

overall level of methylation when sgRNAs were multiplexed over a region, due to not 

all cells receiving all plasmids. 

However, the binding of multiple units of Epi-Cas9-SunTag at the promoter 

region of interest could potentially interfere with transcriptional activity. Indeed, Epi-

Cas9-SunTag has been observed to interfere with transcription of the gene of interest 

(ntla) when the system was targeted to the promoter region (Chapter 5). Furthermore, 

transcriptional interference was observed even when the scFv-mCherry catalytic 

control was co-delivered with the Epi-Cas9-SunTag system. Therefore, it can be 

challenging to interpret gene expression changes that arise from epigenome editing 

experiments using the Epi-Cas9-SunTag system because the reduction in 
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transcriptional activity could be due to either a change in the 5mC state, or 

transcriptional interference by Epi-Cas9-SunTag. The results from Chapter 5 

highlight the importance of including a DNMT3A catalytic mutant control during the 

experiment. Note, a recent epigenome editing study by Liu et al has omitted the use 

of catalytic control when investigating the role of 5mC and transcriptional activity at 

their reporter construct110. Although the authors have concluded that the induction of 

5mC at the promoter region mediated transcriptional repression, the conclusion is 

misleading as authors are unable to rule out that the repression might be caused by 

transcriptional interference of dCas9-DNMT3A fusion. This highlights the importance 

of appropriate controls to account for potential effects of dCas9 based constructs that 

are independent of the epigenome editing catalytic activity. For future epigenome 

editing studies, careful empirical tests to identify optimal sgRNA spacing and binding 

sites that does not interfere with transcription is required when investigating promoter 

5mC and transcriptional activity. 

Alternatively, the use of inducible systems, such as Dox, might be helpful to 

overcome the confounding transcriptional interference caused by the Epi-Cas9-

SunTag system. By placing the Epi-Cas9-SunTag system under a Dox inducible 

promoter, the temporal expression of Epi-Cas9-SunTag could be transiently induced 

with the controlled addition and withdrawal of Dox, allowing for the effects of residual 

promoter 5mC on transcriptional activity to be assessed without the confounding 

transcriptional interference caused by Epi-Cas9-SunTag system. However, the 

induced 5mC at the target region might be transient due to the lack of sustained active 

5mC deposition from loss of Epi-Cas9-SunTag expression. Furthermore, the induced 

5mC might also be subject to active removal by endogenous processes such as TET 

protein mediated demethylation. The potentially transient nature of the induced 5mC 

represents a limitation of the system when applied for the purpose of inducing stable 

gene silencing. Note, Amabile et al has successfully demonstrated that 5mC could be 

stably induced at region of interest with the use of multiple effectors112, suggesting 

that the simultaneous recruitment of multiple epigenetic effectors might be required to 

achieve stable induction of 5mC at region of interest. A potential approach using the 

Epi-Cas9-SunTag system is described in the following section (Section 7.2.2).   
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7.2  Future experiments 

 

7.2.1  Epigenome editing of 5mC at other genomic features  

Due to candidature time constraints, this thesis research work has only 

investigated the role of 5mC in modulating transcription of an early developmental 

gene, and the occupancy of methylation sensitive CTCF sites. Additionally, 

experiments on investigating the effect of induced promoter 5mC and transcriptional 

activity were not conducted in this thesis research because the Epi-Cas9-SunTag 

system was found to cause transcriptional interference at the targeted gene, which 

confounds experimental conclusion (Chapter 5). As discussed in Section 7.1.2, the 

use of a Dox inducible system might potentially allow for the effects of induced 5mC 

to be assessed without the confounding effects caused by the system. While I 

generated Dox-inducible Epi-Cas9-SunTag lentiviral constructs and performed initial 

transduction experiments (not shown), time limitations of my candidature precluded 

further analysis of the resulting lines. The inducible Epi-Cas9-SunTag system could 

therefore be applied in future experiments to test whether an induced change in 5mC 

state could alter transcriptional activity of gene of interest. More broadly, the inducible 

Epi-Cas9-SunTag system could also be applied to fine tune transcriptional activity of 

cell fate controlling genes by altering 5mC states at regulatory elements to achieve 

cellular reprogramming.  

The Epi-Cas9-SunTag system could also be applied to investigate the potential 

role of 5mC in shaping genome topology. As a proof of concept, Liu et al has 

successfully perturbed CTCF mediated gene-loops by inducing 5mC at CTCF anchor 

points, evicting CTCF in the process and allowing the otherwise blocked enhancer to 

interact with neighbour gene promoter to drive gene expression110. However, data 

from Chapter 6 and Maurano et al 65 clearly show that not all CTCF binding sites are 

sensitive to 5mC. Therefore, the Epi-Cas9-SunTag system would be instrumental in 

future experiments to identify key 5mC sensitive CTCF anchor sites, for the purpose 

of altering chromatin architecture to fine tuning transcriptional activity. Lastly, there 

are many other potential functional roles of 5mC that remains to be investigated 

(reviewed in Chapter 1). For example, future experiments could investigate the role 

of 5mC at gene bodies, particularly at intron-exon boundary, which has been 

implicated in the regulation of alternative splicing53,55-57, and the role of 5mC at non-
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CGI promoters where literature reports on its repressive function has been 

contradictory47,48.  

7.2.2  Simultaneous recruitment of DNMT3L and DNMT3A to Epi-

Cas9-SunTag 

In the epigenome editing research reported by Ambile et al, the authors have 

shown that stable transcriptional silencing by 5mC could be induced by 

simultaneously targeting the gene of interest with a combination of DNMT3A CD, 

DNMT3L-FL (full-length), and the KRAB domain that were independently fused to 

dCas9112. When comparing the different combinations of dCas9 fusions targeting the 

gene of interest, the authors note that in experiments where the dCas9-DNMT3L 

fusion was omitted, the induced transcriptional repression of the same target gene was 

several orders of magnitude lower when compared to experiments where the dCas9-

DNMT3L fusion was co-delivered. Therefore, the authors conclude that DNMT3L 

was integral in mediating stable transcriptional repression of the gene of interest. 

Mechanistically, DNMT3L has been shown to enhance DNMT3A activity, which 

might help to increase the rate 5mC deposition and spreading17,177. Indeed, the 

synergistic effects of DNMT3A-3L fusion in inducing high levels of 5mC has also 

been reported in an epigenome editing studying using ZF, where the levels of 5mC 

induced by ZF-DNMT3A-3L fusion was two-fold higher when compared to the ZF-

DNMT3A fusion at the same target gene156. However, the potential non-specific 

activity of this enhanced fusion protein needs to be examined carefully, as the 

interrogation of potential off-target effects of ZF-DNMT3A-3L was lacking in the 

study. Regardless, in on-going efforts to improve the Epi-Cas9-SunTag system, co-

transfection of scFv-DNMT3L-FL and scFv-DNMT3A-CD fusion could be adapted 

to further increase the levels of 5mC induced by the system. 

However, the co-delivery of scFv-DNMT3L-FL and scFv-DNMT3A-CD to 

Epi-Cas9-SunTag may introduce competition between the different scFv-fusions and 

the SunTag array, which could negatively impact on the efficiency of the system to 

induce 5mC at region(s) of interest. Fortunately, the competition between different 

scFv-fusion could be overcome with the use of a modified sgRNA that contains 

aptameric accessory RNA domains, or alterations to the SunTag array to contain 

multiple epitope tags (Figure 7.1). The SunTag system relies on the recognition of the 
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tandemly repeated GCN4 units by scFv to achieve multiplexed recruitment of 

DNMT3A to the array. Using the same principle, the split GFP tag has been recently 

repurposed as a scaffold to assemble multiple units of protein that has been fused to a 

complementary split GFP tag178. As a proof of concept, the authors have achieved 

amplified recruitment of the GFP-VP64 transcriptional activator fusion to dCas9 that 

contains complementary tandem split GFP tags (7 units), and achieved 45-fold greater 

increases in gene activation when compared to single dCas9-VP64 fusion178. Hence, 

by modifying the SunTag array with alternating split GFP tags and fusing DNMT3L-

FL to a complementary split GFP tag, it would be possible to simultaneously recruit 

both DNMT3L and DNMT3A to Epi-Cas9-SunTag system (Figure 7.1-A).  

Alternatively, modified sgRNAs that contain RNA aptamers could also be 

used to recruit DNMT3L to the Epi-Cas9-SunTag system179. In this approach, the 

sgRNA is modified to include RNA stem loop structures that are recognized and bound 

by RNA binding proteins such as MS2179,180. Therefore, by fusing DNMT3L to RNA 

binding proteins such as MS2, it would be possible to achieve simultaneous 

recruitment of DNMT3L and DNMT3A to Epi-Cas9-SunTag when the system is co-

transfected with the modified sgRNA (Figure 7.1-B). Although using RNA aptamers 

such as MS2 allows for recruitment of multiple functional domains to Epi-Cas9-

SunTag, fusing multiple structured RNA aptamers to sgRNA could potentially affect 

sgRNA expression, binding efficiency to the target region, and complexing with Epi-

Cas9-SunTag. This potential limitation could be overcome with an alternative method 

using modified sgRNA containing Pumilio RNA binding protein (PRBP) binding 

sites181. Similar to TALEs and ZFs, the PRBP can be programmed to bind to a specific 

RNA sequence182. Therefore, by appending multiple copies of defined PRBP binding 

sites to the 3’ end of sgRNA, it would also be possible to achieve concurrent 

recruitment of DNMT3L, that has been fused to PRBP, to the Epi-Cas9-SunTag 

system by using PRBP binding sites containing sgRNAs (Figure 7.1-C).  Critically, 

the PRBP binding sites are unstructured and is therefore less likely to impact on 

sgRNA expression or interfere with the complexing with dCas9. Indeed, Cheng et al 

has shown that this modified system, term Casillio, could tolerate up to 47 copies of 

PRBP binding sites insertion at the sgRNA181. 

Furthermore, all approaches would be useful in setting up epigenetic screen 

libraries for identifying potent combination of epigenetic modifiers to induce robust 
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gene activation or repression by simultaneously recruiting a combination of different 

effector domains to desired loci. For example, the approach could potentially be 

applied to achieve simultaneous epigenome editing of both 5mC and histone PTMs at 

loci of interest, and test whether concurrent changes in 5mC states and histone PTMs 

could induce robust changes in transcriptional activity. Lastly, this multiplex system 

would also be instrumental to identify synergistic combinations of epigenetic effectors 

that are able to achieve stable induction of 5mC at regions of interest, to overcome the 

potentially transient nature of the induced 5mC by the current Epi-Cas9-SunTag 

system. 
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Figure 7.1. Simultaneous recruitment of DNMT3L and DNMT3A to the Epi-

Cas9-SunTag system. Illustration depicting the simultaneous recruitment of both 

DNMT3L and DNMT3A to Epi-Cas9-SunTag system using: A) GFP split tag, B) 

Modified sgRNA containing RNA aptamer stem loops.    
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The artificial alterations of 5mC states at incorrect time points however, may 

not be developmentally relevant because the required downstream readers might not 

be expressed. Consequently, the role of 5mC might not faithfully recapitulated in the 

right context as the required reader protein(s) is absent to confer the effects of 5mC 

state changes. To circumvent this issue, future epigenome editing experiments using 

the Epi-Cas9-SunTag system can be conducted in other in vivo models, such as mouse 

embryos, or in ES cells where the specific developmental stages can be controlled. In 

addition, the simultaneous recruitment of both reader proteins and Epi-Cas9-SunTag 

to gene targets of interest using CRISPR display or Casilio methodologies (Figure 7.1) 

may also help to overcome this limitation.  
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7.3  Conclusions  

The ability to alter 5mC states at specific CG sites is instrumental for 

understanding the functional role of 5mC in the genome. This thesis research has 

demonstrated that the Epi-Cas9-SunTag is an excellent molecular tool that can induce 

highly specific and controllable editing of 5mC states at region(s) of interest. 

Potentially, the Epi-Cas9-SunTag system could also be applied to alter 5mC states at 

therapeutically important loci as an avenue of targeted disease therapy. One such 

application would be epigenetic therapy in the treatment of cancers183. Current 

epigenetic therapy in cancer treatment rely on the pharmacological inhibition of 

DNMTs using nucleoside analogues which causes widespread undesired regulatory 

changes, including the transcriptional de-repression of normally silenced genes and 

imprinted alleles80,183. Although a successful proof of concept has been demonstrated 

with the ZF-DNMT3A fusion by Rivenbark et al86, the ZF fusion cause widespread 

non-specific induction of 5mC across the genome which can be deleterious if the 

system is applied for epigenetic therapy treatment89 (personal communication with Dr 

Lister and Dr Ford, unpublished data). The Epi-Cas9-SunTag system therefore 

represents a potential alternative for future targeted epigenetic therapy in cancer 

treatment. However, additional refinement such as the use of high fidelity Cas9 

variants175 and modified sgRNAs136 to further improve the specificity of the system, 

and thorough empirical tests in animal model is required before the Epi-Cas9-SunTag 

system can be considered for clinical trials. In addition, the efficient and targeted 

delivery of the Epi-Cas9-SunTag system to relevant tissues is potentially challenging, 

and would likely be a significant obstacle for targeted epigenetic therapy. For instance, 

the commonly used gene delivery approach of using replication deficient viral vectors 

can cause deleterious insertional mutagenesis, and the non-viral delivery approaches 

using cationic lipids and polymer complexes have limited efficiencies184. To conclude, 

the Epi-Cas9-SunTag system is a versatile and powerful molecular tool for 

investigating and dissecting the functional roles of 5mC in the genome with the 

potential of being a highly specific approach for future targeted epigenetic therapy in 

cancer treatment. 
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Appendix 

Table A1: List of all plasmid ordered from Addgene plasmid repository.  

No Cat no Name Description  

1 41824 sgRNA empty vector sgRNA expression vector backbone  

2 41816 hCas9 D10 Human codon optimized Cas9 

expression plasmid containing D10A 

mutation. Nicks DNA instead of 

double stranded cleavage. 

3 60903 pHRdSV40-dCas9-

10xGCN4 

Catalytic inactive Cas9 tagged with 

10 copies of GCN4 peptide 

4 60904 pHRdSV40-scFv-VP64 Expression vector that encodes an 

antibody that binds to GCN4 and, is 

fused to transcriptional activator 

VP64 

5 32183 pHD_V2 Expression plasmid containing HD 

repeat 

6 32182 pNN_V2 Expression plasmid containing NN 

repeat 

7 32181 pNG_V2 Expression plasmid containing NG 

repeat 

8 32180 pNI_V2 Expression plasmid containing NI 

repeat 
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Table A2: Gibson assembly/Cloning Oligos  

Oligo name Sequence (5’-3’) Comments 

dCas9_H840A_F 

(OL-1) 

CTCTCCGACTACGACGTGGATGCAAT

CGTGCCCCAGTCTTTT 

dCas9 H840A mutation 

dCas9_H840A_R 

(OL-2) 

AAAAGACTGGGGCACGATTGCATCCA

CGTCGTAGTCGGAGAG 

dCas9 H840A mutation 

SunTag_F 

(OL-3) 

GACGCGCTGGCGGCGGAAGCGAAGAA

CTTTTGAGCAAGAATTATCATCTTGA

GAACGAAG 

Amplify SunTag for Gibson 

assembly 

SunTag_R 

(OL-4) 

TCCTCCGGAACCACCGCCCTTTTTGA

GCCTAGCAACTTCGTTCTCAAG 
Amplify SunTag for Gibson 

assembly 

SunTag_PolyA_F 

(OL-5) 

CTTGAGAACGAAGTTGCTAGGCTCAA

AAAGGGCGGTGGTTCCGGAGGA 

 

Junction oligo to joint SunTag to 

polyadenylation signal during 

Gibson assembly 

Poly_A_R 

(OL-6) 

ACCCCATTGGGGCCAATACGCCCGCG

TTTCTTC 
Junction oligo to join SunTag to 

polyadenylation signal during 

Gibson assembly 

Poly_A_Puro_F 

(OL-7) 

ACCCCATTGGGGCCAATACGCCCGCG

TTTCTTC 
Junction oligo to join SunTag to 

Puromycin  

Linker_Cas9_R 

(OL-8) 

AAGATGATAATTCTTGCTCAAAAGTT

CTTCGCTTCCGCCGCCAGCGCGTC 

 

Junction oligo to join SunTag to 

dCas9 

dCas9_SunTag_F 

(OL-9) 

GTTCTTTTTGCAGGATCCCATCGATT

CGAATTATGCCAAAGAAGAAGCGGAA

GGTCTACC 

To shuttle dCas9-SunTag cassette 

into pCS2+ vector. Destination 

vector pCS2+ is pre-digested with 

EcoRI and XbaI for Gibson 

Assembly 

dCas9_SunTag_R 

(OL-10) 

TACGTAATACGACTCACTATAGTTCT

AGCATCCGACCTTACGTTTCTTCTTC

GGACTACC 

To shuttle dCas9-SunTag cassette 

into pCS2+ vector 

dCas9_mCherry F 

(OL-11) 

GACGCGCTGGCGGCGGAAGCGTGAGC

AAGGGCGAGGAGGATAACATG 

To shuttle mCherry to dCas9 

construct 

dCas9_mCherry R 

(OL-12) 

GCGGATCTTGGTTGGTGTGCACCTCC

TTGTACAGCTCGTCCATGCCGCC 

To shuttle mCherry to dCas9 

construct 

scFv-mCherry_F 

(OL-13) 

GAGGGAGTGGAGCGGCCGCTGTGAGC

AAGGGCGAGGAGGATAACATG 

To shuttle mCherry to scFv 

expression vector for SunTag 

system 

scFv-mCherry_R 

(OL-14) 

GCGGATCTTGGTTGGTGTGCACCTCC

TTGTACAGCTCGTCCATGCCGCC 

To shuttle mCherry to scFv 

expression vector for SunTag 

system 
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Table A3: Iterative capped assembly oligos 

Monomer preparation  Sequence 5' - 3', IDT ordering format  

Monomer-A-Fwd  GAGTTGCCCGTCTCGCCTGACCCCAGAGCAGGTCGTG  

Monomer-B-Fwd  GAGTTGCCCGTCTCGGCTAACCCCAGAGCAGGTCGTG  

Monomer-C-Fwd  GAGTTGCCCGTCTCGACTTACCCCAGAGCAGGTCGTG  

Monomer-Cseq-Fwd  GAGTTGCCCGTCTCGACTTACACCCGAACAAGTCGTGGCAATTGCGAGC  

Monomer-A-Rvs  GTCGTTAGCGTCTCTTAGCCCGTGCGCTTGGCAC  

Monomer-B-Rvs  GTCGTTAGCGTCTCTAAGTCCGTGCGCTTGGCAC  

Monomer-B-Rvs  GTCGTTAGCGTCTCTCAGGCCGTGCGCTTGGCAC  

TALE ligation   

Initiator-Fwd  /52-Bio/GTCGCAGCCCACGTTAACTCTACTCCATACACGGTCT  

Initiator-Rvs  /5Phos/CAGGAGACCGTGTATGGAGTAGAGTTAACGTGGGCTGCGAC  

Blocker-A  /5Phos/ACTTGACCCGTCACGCTCGAGTATCGTAACTCGAGCGTGACGGGTC  

Blocker-B  /5Phos/CCTGGACCCGTCACGCTCGAGTATCGTAACTCGAGCGTGACGGGTC  

Blocker-C  /5Phos/GCTAGACCCGTCACGCTCGAGTATCGTAACTCGAGCGTGACGGGTC  

Terminator-A-HD-Fwd  /5Phos/CCTGACGCCTGAGCAGGTAGTGGCTATTGCATCCCACGACGGAGGC

GAGACCTAATGCGACT  

Terminator-A-NG-Fwd  /5Phos/CCTGACGCCTGAGCAGGTAGTGGCTATTGCATCCAACGGAGGAGGC

GAGACCTAATGCGACT  

Terminator-A-NI-Fwd  /5Phos/CCTGACGCCTGAGCAGGTAGTGGCTATTGCATCCAACATTGGAGGC

GAGACCTAATGCGACT  

Terminator-A-NN-Fwd  /5Phos/CCTGACGCCTGAGCAGGTAGTGGCTATTGCATCCAACAACGGAGGC

GAGACCTAATGCGACT  

Terminator-B-HD-Fwd  /5Phos/GCTAACGCCTGAGCAGGTAGTGGCTATTGCATCCCACGACGGAGGC

GAGACCTAATGCGACT  

Terminator-B-NG-Fwd  /5Phos/GCTAACGCCTGAGCAGGTAGTGGCTATTGCATCCAACGGAGGAGGC

GAGACCTAATGCGACT  

Terminator-B-NI-Fwd  /5Phos/GCTAACGCCTGAGCAGGTAGTGGCTATTGCATCCAACATTGGAGGC

GAGACCTAATGCGACT  

Terminator-B-NN-Fwd  /5Phos/GCTAACGCCTGAGCAGGTAGTGGCTATTGCATCCAACAACGGAGGC

GAGACCTAATGCGACT  

Terminator-C-HD-Fwd  /5Phos/ACTTACGCCTGAGCAGGTAGTGGCTATTGCATCCCACGACGGAGGC

GAGACCTAATGCGACT  

Terminator-C-NG-Fwd  /5Phos/ACTTACGCCTGAGCAGGTAGTGGCTATTGCATCCAACGGAGGAGGC

GAGACCTAATGCGACT  

Terminator-C-NI-Fwd  /5Phos/ACTTACGCCTGAGCAGGTAGTGGCTATTGCATCCAACATTGGAGGC

GAGACCTAATGCGACT  

Terminator-C-NN-Fwd  /5Phos/ACTTACGCCTGAGCAGGTAGTGGCTATTGCATCCAACAACGGAGGC

GAGACCTAATGCGACT  

Terminator-HD-Rvs  AGTCGCATTAGGTCTCGCCTCCGTCGTGGGATGCAATAGCCACTACCTGCTCA

GGCGT  

Terminator-NG-Rvs  AGTCGCATTAGGTCTCGCCTCCTCCGTTGGATGCAATAGCCACTACCTGCTCA

GGCGT  

Terminator-NI-Rvs  AGTCGCATTAGGTCTCGCCTCCAATGTTGGATGCAATAGCCACTACCTGCTCA

GGCGT  

Terminator-NN-Rvs  AGTCGCATTAGGTCTCGCCTCCGTTGTTGGATGCAATAGCCACTACCTGCTCA

GGCGT  
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Table A4: Zebrafish sgRNA anneal and extend oligo for in vitro transcription.  

Oligo name Sequence (5’-3’) Comments  

Ntla-1_F TTAATACGACTCACTATAGGTTCGGGTTTCCCACCGTTTTAGAGCT

AGAAATAGCAAG 
Ntla-1 sgRNA  

Ntla-2_F TTAATACGACTCACTATAGTCTTTTTTAACTTGTCGTTTTAGAGCT

AGAAATAGCAAG 
Ntla-2 sgRNA  

Universal 

reverse oligo 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAG

CCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 
 

T7 polymerase promoter sequence is highlighted in red, sgRNA targeting sequence is 

underlined. Equimolar amounts of forward oligo is mixed with universal reverse oligo 

and extended to form double stranded template for in vitro transcription.  
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Table A5: Bisulfite-PCR Sequencing Oligos 

Pair Forward Oligo  Reverse oligo Name Amplicon size Strand 

1 TTTTAGTATAAAGTTAAGGATGAAGGTGAA AAAAATAAATCCTAAATCCTAAAAAAAA DACH1_1 571 + 

2 AAATGAGTTGAAAAGTGTAGGTTGT AAAATAAATAATCTCCCTCTCCTTTTCC DACH1_2 309 + 

3 GAAAAGGAGAGGGAGATTATTTATTTT CACTTAAAAACTATCCTAAAATTTTCACTA DACH1_3 366 + 

4 TGTTTATATGTGAATTTTTTTTAAAATAAT TCATCTACTTCTCTTCTACTACTACC DACH1_4 256 - 

5 GGTAGTAGTAGAAGAGAAGTAGATGATTTT CCCTAACAAATACATTAATCAAAAATTAAA DACH1_5 372 - 

6 AATTTTATTTTGAATTTTTGTTTTTG TTCTCTCCAAAATATATTTTCTTTCTATCT DACH1_6 363 + 

7 GGGGAGAAAAGGAGGTGAAGGTAATA CCAAAAAAAACCCAAATCCTTCAAA DACH1_7 254 + 

8 CACTACCATAATCACATATAAAAAAAA TAATGTATTTGTTAGGGAGAGTTTAAGTTT DACH1_8 423 - 

9 AGAATTTTAATTATTTGAGTAAATGA AAAAAACTTCTTCTCTATTAATACCC DACH1_9 327 + 

10 AGTATAAAATTGGTTTGGTTGGGGAT AACTAAACTAAAAAAATTAAAAAAAA DACH1_10 280 + 

11 GTTGAGTATTTTAGTGTAAAGTGTGTATTT AAAACAACCAACAAATTTTCTTC DACH1_11 245 + 

12 GGAAGTGTAGTAAGGAGATTAGAAGGATAT AAATTTTAAACAAATATTTTACATTCTACA DACH1_12 421 - 

13 TTTAGAATAATGAGTGTAAAATGGTGGATT AAATCCTTCCTAAAAATAAATTTACAAC DACH1_13 268 - 

14 TGTTATGGTTATATATAAGGGGAAATAGA CAAAAAAAACCCAAATCCTTCAAAC DACH1_14 408 + 

15 GTTGTAAATTTATTTTTAGGAAGGATTT CAAAAAACTATAACTCCAACAAAAAC DACH1_15 400 - 

16 AAAAAAAATTACCACACACCCCC TAATGTATTTGTTAGGGAGAGTTTAAGTTT DACH1_16 376 - 

17 GTTTTTTTGGTTTTTTTGTTATATTTTTTTTTTATTTAAG ATCCCCAACCAAACCAATTTTATACTAATA DACH1_17 379 + 

18 GTAGGGGGTTGTGGTTTTAGTAAAGG ACAAACTCATCTCCAAAAAAAACTTC DACH1_18 398 + 

19 GAAGAAAATTTGTTGGTTGTTTT CTCCCCAAAACCTAAATTCCAC DACH1_19 421 + 

20 TGATATTTTGTGTTTTGGTTTTTTTAGTTT CAACCCAATATCCTTCTAATCTCCTTACTA DACH1_20 453 - 

21 ATTTAATGGAAGTTGAATTGGAGAGATTAG AAACCAAAACACAAAATATCAAAACC DACH1_21 220 - 

22 GTTTTTTAGGATTTGGGTTTTA AATCTCTCCAATTCAACTTCCATTAAATCT DACH1_22 478 - 
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Pair Forward Oligo   Reverse oligo Name Amplicon size Strand 

23 TGATAGAATTGGGATTGGAATTTAAATAAT AACAAAATCAACCCATCTAAAACCTAAAC BCL3_1 385 + 

24 TTTTTTTAGATTTATAGTTGATGAGGTA TATCCCCACCCCTACTACCAAAAAC BCL3_2 479 + 

25 TGAGAGGTAGAGAGATGGTGATAGATATAA CCCCAAAAATTTCCTAAACCC BCL3_3 411 + 

26 TTTTTTTTAGTGGGAGTGAAGAGA TCCCATCTCCAACCTAAATCATACC BCL3_4 476 - 

27 TTGAATAAGGGATTTTGTAAATTTTTGTAT AACTAAACTTCCATCTCCTCACAAAC BCL3_5 276 + 

28 TGATTTTATGTTTTGTGTGGATTTTATT ACAAAAATCCCTTCAATTCAACC BCL3_6 423 - 

29 GGTTGGGGGTATGATTTAGGTTGGAG CAACCACTTCTCACATCCTAAATTAAC BCL3_7 487 - 

30 GGGGGAAGTTAAATTGTTTTT TTAAAAACCCTACCCCCAAC BCL3_8 202 + 

31 GGGTTTAGGAAATTTTTGGG CCTATACTCTATATAAATCCCACCC BCL3_9 502 + 

32 GGTTGGGTTTTTATTTTTTTATAGG AATCCCCAAACTACCAAACTACTC BCL3_10 213 + 

33 TGGTAGAGTAAGATTTTGTTTTAAATAAAA CAAAAACTCCCAAAACTACCAAAACTC BCL3_11 344 - 

34 AGGGAGAGGAAAGGAGGGGTGGGGG TCTCTTCACTCCCACTAAAAAAAA BCL3_12 423 - 

35 TTTGGTAGTTTTGGGAGTTTTTGGTATT CCAAACAATTAAACAAAACCCCATTC BCL3_13 393 - 

36 AAGGTTTTAGGGTGGGGAGGAATTA AAACAAAACCCTATCTCAAACAAAAA BCL3_14 319 + 

37 GAAGGGAAGGGGTGAGGTTTTTT ACCTCCCTCTAATTATCTCCTACCCC BCL3_15 200 + 

38 TTGGGGGTTTAAATGTTTTAAGGTT ACAAAATACTTACCAAAAACCACCC BCL3_16 443 - 

39 TAATTAGAGGGAGGTTAGGTAAGTTT AACATAACTCAAACTAAAAATAAAAAAAA BCL3_17 322 + 

40 TTTTTAGTGGTGAGTTGTTTATGTTGTTGA AACCCAACCTCCCAACCTTTTAACT BCL3_18 427 + 

41 GGTTGAATTGAAGGGATTTTTGT ACCCCTCCTTTCCTCTCCCTC BCL3_19 238 - 

42 GTTTTTTGTGTTTTTAAAGTTTTTTTT TCTCCTCCCCTCCTCTCCCTCTC BCL3_20 155 + 

43 AGGAAGAGGATGGTGTAGTAATTAATAAGA AACAAAACTACATCCACACTTTCACTC λ DNA  425  
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Pair Forward Oligo   Reverse oligo Name Amplicon size Strand 

44 TTTTTGTTTTATTGTAAAGGGGTTATA CCAAAAAACCAACTATAAATTTACCC UNC5C_1 422 - 

45 CTCAATAAAAATCCTACTACCCCAAT TTTAATTTATTTTTTGAGATGGGTA UNC5C_2 272 - 

46 GGTTTAGTGTGTTTAGAGATTTAGTGAAGA TTTCCCAACTAATCAAAAAACTTTAATTAT UNC5C_3 349 + 

47 GTTATTTTTTAGAGGAGTTGTGTTG TCCACTTTCTCCAAAAACAAAAACC UNC5C_4 510 - 

48 TAAAGTTTTTTGATTAGTTGGGAAAGT CCTTTTAACCCCTACCTTTAAAAAA UNC5C_5 448 + 

49 TTGAGTAGGGTTAGGGTAGGTAGTA AAAAAAAACCTTCAAACTCCTCCT UNC5C_6 303 + 

50 TTTAAAAATCCCTCTTTCCCAATAC TTTTAGGATGTGAATTTTTTTGGTTAT UNC5C_7 378 - 

51 GTTTTATGTAAGTAAGGATTGTAGGGAGAT CCCCAACCAAAAAAAACTTCAATTC UNC5C_8 343 + 

52 TGGGATTGGGATATTTGTTGTAAATGT TCCTACTACCCCAATCTTAACACAAC UNC5C_9 537 - 

53 TAAAGGTAGGGGTTAAAAGGGGGAG TAAACCTCCTTAACCACCCAACAAC UNC5C_10 415 + 
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Table A6: Sequencing adapter oligo 

Name  Sequence  

Universal sequencing adapter  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

Barcoded adapter 5Phos/GATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTT*G 

Universal Sequencing primer (Forward)  AATGATACGGCGACCACCGA*G 

Universal Sequencing primer (Reverse) CAAGCAGAAGACGGCATACGA*G 

 

Barcode Sequence Barcode Sequence Barcode Sequence Barcode Sequence 

1 ATCACG 13 AGTCAA 25 ACTGAT 37 CGGAAT 

2 CGATGT 14 AGTTCC 26 ATGAGC 38 CTAGCT 

3 TTAGGC 15 ATGTCA 27 ATTCCT 39 CTATAC 

4 TGACCA 16 CCGTCC 28 CAAAAG 40 CTCAGA 

5 ACAGTG 17 GTAGAG 29 CAACTA 41 GACGAC 

6 GCCAAT 18 GTCCGC 30 CACCGG 42 TAATCG 

7 CAGATC 19 GTGAAA 31 CACGAT 43 TACAGC 

8 ACTTGA 20 GTGGCC 32 CACTCA 44 TATAAT 

9 GATCAG 21 GTTTCG 33 CAGGCG 45 TCATTC 

10 TAGCTT 22 CGTACG 34 CATGGC 46 TCCCGA 

11 GGCTAC 23 GAGTGG 35 CATTTT 47 TCGAAG 

12 CTTGTA 24 GGTAGC 36 CCAACA 48 TCGGCA 

To complete barcoded sequencing adapter, equimolar amounts of universal sequencing adapter is annealed to barcoded adapter oligo, the 

barcode sequences are highlighted in yellow and are listed in the following table. * signifies a phosphorothioate bond.  
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Section A1: Serapure solid phase reversible immobilization beads 

Materials  

• Sera-mag Speed Beads (Cat no: 65152105050250, GE healthcare Life 

Sciences) 

• PEG-8000 (Cat no: 0159-500G, Amresco) 

• 0.5 M EDTA, pH 8.0 (Cat no: E177-100mL, Amresco) 

• 1.0 M Tris, pH 8.0 (Cat no: E199-500mL, Amresco) 

• Tween 20 (Cat no: 0777-1L, Amresco) 

• 5M NaCl (Cat no: S6546-1L, Sigma-Aldrich)  

• DynaMag 2 Rare-earth magnet-stand (Cat no: 12321D, Thermo-Fisher 

Scientific) 

• Nuclease free water (Cast no: AM9937, Thermo-Fisher Scientific) 

  

Steps 

1. In a 50 mL conical using sterile stock solutions, prepare TE buffer (10 mM 

Tris-HCl, 1 mM EDTA, pH 8.0). 

2. Mix Sera-mag Speed Beads and transfer 1 mL to a 1.5 mL microtube. 

3. Place SpeedBeads on magnet stand until beads are drawn to magnet. 

4. Remove supernatant with P200 or P1000 pipetter. 

5. Add 1 mL TE to beads, remove from magnet, mix, return to magnet. 

6. Remove supernatant with P200 or P1000 pipetter. 

7. Repeat steps 5 and 6 for a second wash. 

8. Add 1 mL TE to beads and remove from magnet.  Fully resuspend and set 

microtube in rack (i.e. not on magnet stand). 

9. Add 9 g PEG-8000 to a new 50 mL clean conical flask. 

10. Add 10 mL 5 M NaCL to conical flask. 

11. Add 500 µL 1 M Tris-HCL to conical flask. 

12. Add 100 µL 0.5 M EDTA to conical flask. 

13. Add 40 mL of nuclease free water to conical flask and mix well using magnetic 

stirring until PEG 8000 goes into solution. 

14. Transfer solution to a clean 50 mL centrifuge tube. 

15. Add 27.5 uL Tween 20 to 50 mL centrifuge tube and mix gently by inverting. 

16. Finally, mix 1 mL SpeedBead from step 8 and transfer to 50 mL centrifuge 

tube. 

17. Fill centrifuge tube to 50 mL mark with nuclease free water and gently mix 

until solution is homogenous.  

18. Stock in 4-degree fridge. 
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Section A2: 2X Isothemal assembly mix (Gibson assembly) 

Materials  

• PEG-8000 (Cat no: 0159-500G, Amresco) 

• 1.0 M Tris, pH 8.0 (Cat no: E199-500mL, Amresco) 

• Magnesium Chloride hexahydrate (Cat no: M2393-500G, Sigma-Aldrich)   

• DTT (Cat no: R0861, Thermo-Fisher Scientific) 

• 50mM NAD+ (Cat no: B9007S, NEB) 

• 100mM dNTPs (Cat no: N0446S, NEB) 

• T5 exonuclease (Cat: M0363S, NEB) 

• Phusion High Fidelity DNA polymerase (Cat no: M0530S, NEB) 

• Taq Ligase (Cat no: M0208L, NEB) 

• Nuclease free water (Cat no: AM9937, Thermo-Fisher Scientific) 

 

Steps 

1. Prepare Isothermal start mix by transferring 3 mL of 1M Tris-HCl pH8.0 into 

15 mL centrifuge tube. 

2. Add 1.5g of PEG 8000 to 15 mL centrifuge tube.  

3. Add 150 µL of 2M MgCl2 to 15 mL centrifuge tube. 

4. Place 15 mL centrifuge tube on a tube rotator until PEG 8000 is in solution. 

5. Place dissolved isothermal start mix on ice.  

6. Prepare 1M DTT solution. 

7. Prepare 25mM dNTP solution by mixing 100 µL of each respective 100mM 

nucleotide solution in a 1.5 mL tube and place them on ice.  

8. Transfer 405 µL isothermal start mix from step 5 into a fresh 1.5 mL tube on 

ice. 

9. Add 25 µL 1M DTT solution to isothermal start mix. 

10. Add 20 µL 25mM dNTP solution to isothermal start mix. 

11. Add 50 µL 50mM NAD+ solution to isothermal start mix. 

12. Add 1 µL of T5 exonuclease to isothermal start mix. 

13. Add 31.25 µL of Phusion High Fidelity DNA polymerase to isothermal start 

mix. 

14. Add 250 µL of Taq ligase to isothermal start mix. 

15. Add 467.75 µL of nuclease free water to isothermal start mix. 

16. Mix contents thoroughly and carefully by pipetting with a P1000. 

17. 2X isothermal assembly mix is ready. 

18. Return DTT, dNTPs, isothermal start mix solution and all enzymes to -20 

freezer.  

19. Make 100 µL aliquots 2X isothermal assembly mix and store them -20 freezer.  
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Section A3: Competent cells and electroporation 

Materials  

• DH10B competent cells 

• BactoTryptone (Cat no: 211705, BD Biosciences)  

• Yeast Extract (Cat no: BIOG0961-500G, Astral Scitentific) 

• NaCl (Cat no: S3014-1KG, Sigma-Aldrich) 

• Magnesium Chloride hexahydrate (Cat no: M2393-500G, Sigma-Aldrich) 

• Potassium Chloride (Cat no: P9541-500G, Sigma-Aldrich) 

• Magnesium Sulfate (Cat no: M2643-500G, Sigma-Aldrich)   

• D (+) Glucose (Cat no: G7201-1KG, Sigma-Aldrich) 

• Bacteriological Agar (Cat no: AMJ637-500G, Astral Scientific)  

• Glycerol solution (Cat no: BIOGB0232, Astral Scientific) 

• Distilled water (dH2O) 

 

Preparation of Lysogeny broth and agar 

1. Mix following in 1L beaker: 

a. 5g BactoTryptone 

b. 2.5g yeast extract 

c. 5g NaCl 

d. 7.5g Bacteriological Agar (omit if preparing broth) 

e. 400 mL of dH2O 

2. Mix well with magnetic stirrer. 

3. pH solution to 7.4 with NaOH solution. 

4. Adjust volume to 500 mL with measuring cylinder. 

5. Transfer broth/agar to 1L glass bottle.  

6. Sterilize solution by autoclaving. 

7. Store sterile LB broth at room temperature. 

8. For LB agar, cool agar solution to 55oC after autoclaving. 

9. Add desired antibiotics if required (Table below). 

10. Sterilize benchtop and pour agar into sterile Petri dishes.  

11. Allow agar to dry with lid on overnight at room temperature. 

12. Store dried agar in 4-degree fridge. 

 

Antibiotic  Working concentration 

Amplicin (Cat no: BIOAB0028-25GM, Biochemicals) 100 µg/ mL 

Kanamycin (Cat no: K1337-5G, Sigma-Aldrich) 50 µg/ mL 
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Preparation of super optimal growth broth (SOC) 

1. Prepare sterile 1M NaCI solution by dissolving 58.44g of NaCI in 1 L of dH2O 

and autoclaving. 

2. Prepare sterile 0.5M KCI solution by dissolving 74g of KCI in 1 L of dH2O 

and autoclaving. 

3. Prepare sterile 1M MgCl2 solution by dissolving 203.3g of MgCl2.6H2O in 1 

L of dH2O and autoclaving. 

4. Prepare sterile MgSO4 solution by dissolving 120g of MgSO4 in 1 L of dH2O 

and autoclaving. 

5. Prepare sterile 1M glucose solution by dissolving 9g of D-glucose in 50 mL of 

dH2O and subsequently passing it through a 0.22µM filter. 

6. Mix following in 1L beaker with magnetic stirrer: 

a. 10g BactoTryptone 

b. 2.5g yeast extract 

c. 2.5 mL of 0.5M KCI 

d. 5mL of 1M NaCI 

e. 5mL of 1M MgCl2 

f. 5mL of 1M MgSO4 

7. pH solution to 7.4 with NaOH.  

8. Adjust volume to 500 mL with a measuring cylinder. 

9. Sterilize solution by autoclaving. 

10. Allow sterile SOC to cool to room temperature. 

11. Add 10mL of sterile D-glucose solution to complete media. 

12. Make aliquots of 50mL and store at room temperature.  

 

 

 

 

 

Preparation of electro-competent cells  

Day 1 

1. Streak out DH10B competent E.Coli cells on agar without antibiotics. 

2. Allow culture to grow overnight in 37oC incubator. 

3. Prepare sterile 1L LB broth without antibiotics in a 2L conical flask. 
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Day 2 

4. Inoculate 1 colony of DH10B competent cells in 5 mL of LB broth as starter 

culture. 

5. Allow culture to grow overnight with shaking at 200 rpm. 

6. Place sterile 1L LB broth from step 3 in a 37oC shaker to pre-warm the media 

overnight. 

7. Prepare 1L sterile 10% glycerol by adding 100mL of glycerol solution to 900 

mL of dH2O and passing the solution through a 0.22µM filter unit.  

Day 3 

8. Pour starter culture from step 4 to the pre-warmed 1 LB from step 6. 

9. Allow culture to grow with shaking at 200 rpm at 37oC. 

10. Pre-cool centrifuges to 4oC and place 10% glycerol solution in an ice-slurry. 

11. After shaking for 1-hour, check optical density of culture at 600nm (OD600) 

every 30-minutes. 

12. Sterilize 500mL centrifuge bottles with 10% bleach and 70% ethanol.  

13. Pre-cool the centrifuge bottles by placing them in -20 freezer. 

14. Once OD 600 reading of the culture reaches 0.7, place culture in an ice-water 

bath for 20-minutes with occasional swirling.  

15. Transfer 500 mL of the culture to each centrifuge bottle.  

16. Centrifuge culture at 5000 rpm for 20-minutes at 4oC. 

17. Discard supernatant completely, remove all residual supernatant with a 

P1000 pipetter if required. 

18. Resuspend bacterial pellet in 40 mL of ice-cold 10% glycerol solution. 

19. Centrifuge culture at 5000 rpm for 20-minutes at 4oC  

20. Discard supernatant completely, remove all residual supernatant with a 

P1000 pipetter if required. 

21. Repeat steps 18-20 for a total of 4 washes. 

22. Resuspend washed pellet with 4 mL of ice-cold 10% glycerol. 

23. Make 40 µL aliquots. 

24. Snap freeze competent cell aliquots in liquid nitrogen and store at -80 freezer. 

 

 

Section A4: List of constructed plasmids 

1. pGK-dCas9-DNMT3A-V1 
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Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope 

Dark yellow highlight : dCas9 

Cyan highlight  : DNMT3A catalytic domain 

Bold red font  : 3x Ty1 epitope 

Purple highlight : P2A self-cleaving peptide  

Teal highlight  : Nuclear localization signal 

Grey Highlight : Puromycin resistance gene 

 

 

tacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacgatgtgcccgactacgccgcaatggccc

caaagaagaagcggaaggtcggtatccacggagtcccagcagccatggacaagaagtactccattgggctcgctatcggcacaaacagcgtcggctg

ggccgtcattacggacgagtacaaggtgccgagcaaaaaattcaaagttctgggcaataccgatcgccacagcataaagaagaacctcattggcgcc

ctcctgttcgactccggggagacggccgaagccacgcggctcaaaagaacagcacggcgcagatatacccgcagaaagaatcggatctgctacctgc

aggagatctttagtaatgagatggctaaggtggatgactctttcttccataggctggaggagtcctttttggtggaggaggataaaaagcacgagcg
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ccacccaatctttggcaatatcgtggacgaggtggcgtaccatgaaaagtacccaaccatatatcatctgaggaagaagcttgtagacagtactgat

aaggctgacttgcggttgatctatctcgcgctggcgcatatgatcaaatttcggggacacttcctcatcgagggggacctgaacccagacaacagcg

atgtcgacaaactctttatccaactggttcagacttacaatcagcttttcgaagagaacccgatcaacgcatccggagttgacgccaaagcaatcct

gagcgctaggctgtccaaatcccggcggctcgaaaacctcatcgcacagctccctggggagaagaagaacggcctgtttggtaatcttatcgccctg

tcactcgggctgacccccaactttaaatctaacttcgacctggccgaagatgccaagcttcaactgagcaaagacacctacgatgatgatctcgaca

atctgctggcccagatcggcgaccagtacgcagacctttttttggcggcaaagaacctgtcagacgccattctgctgagtgatattctgcgagtgaa

cacggagatcaccaaagctccgctgagcgctagtatgatcaagcgctatgatgagcaccaccaagacttgactttgctgaaggcccttgtcagacag

caactgcctgagaagtacaaggaaattttcttcgatcagtctaaaaatggctacgccggatacattgacggcggagcaagccaggaggaattttaca

aatttattaagcccatcttggaaaaaatggacggcaccgaggagctgctggtaaagcttaacagagaagatctgttgcgcaaacagcgcactttcga

caatggaagcatcccccaccagattcacctgggcgaactgcacgctatcctcaggcggcaagaggatttctacccctttttgaaagataacagggaa

aagattgagaaaatcctcacatttcggataccctactatgtaggccccctcgcccggggaaattccagattcgcgtggatgactcgcaaatcagaag

agaccatcactccctggaacttcgaggaagtcgtggataagggggcctctgcccagtccttcatcgaaaggatgactaactttgataaaaatctgcc

taacgaaaaggtgcttcctaaacactctctgctgtacgagtacttcacagtttataacgagctcaccaaggtcaaatacgtcacagaagggatgaga

aagccagcattcctgtctggagagcagaagaaagctatcgtggacctcctcttcaagacgaaccggaaagttaccgtgaaacagctcaaagaagact

atttcaaaaagattgaatgtttcgactctgttgaaatcagcggagtggaggatcgcttcaacgcatccctgggaacgtatcacgatctcctgaaaat

cattaaagacaaggacttcctggacaatgaggagaacgaggacattcttgaggacattgtcctcacccttacgttgtttgaagatagggagatgatt

gaagaacgcttgaaaacttacgctcatctcttcgacgacaaagtcatgaaacagctcaagaggcgccgatatacaggatgggggcggctgtcaagaa

aactgatcaatgggatccgagacaagcagagtggaaagacaatcctggattttcttaagtccgatggatttgccaaccggaacttcatgcagttgat

ccatgatgactctctcacctttaaggaggacatccagaaagcacaagtttctggccagggggacagtcttcacgagcacatcgctaatcttgcaggt

agcccagctatcaaaaagggaatactgcagaccgttaaggtcgtggatgaactcgtcaaagtaatgggaaggcataagcccgagaatatcgttatcg

agatggcccgagagaaccaaactacccagaagggacagaagaacagtagggaaaggatgaagaggattgaagagggtataaaagaactggggtccca

aatccttaaggaacacccagttgaaaacacccagcttcagaatgagaagctctacctgtactacctgcagaacggcagggacatgtacgtggatcag

gaactggacatcaatcggctctccgactacgacgtggatgcaatcgtgccccagtcttttctcaaagatgattctattgataataaagtgttgacaa

gatccgataaaaatagagggaagagtgataacgtcccctcagaagaagttgtcaagaaaatgaaaaattattggcggcagctgctgaacgccaaact

gatcacacaacggaagttcgataatctgactaaggctgaacgaggtggcctgtctgagttggataaagccggcttcatcaaaaggcagcttgttgag

acacgccagatcaccaagcacgtggcccaaattctcgattcacgcatgaacaccaagtacgatgaaaatgacaaactgattcgagaggtgaaagtta

ttactctgaagtctaagctggtctcagatttcagaaaggactttcagttttataaggtgagagagatcaacaattaccaccatgcgcatgatgccta

cctgaatgcagtggtaggcactgcacttatcaaaaaatatcccaagcttgaatctgaatttgtttacggagactataaagtgtacgatgttaggaaa

atgatcgcaaagtctgagcaggaaataggcaaggccaccgctaagtacttcttttacagcaatattatgaattttttcaagaccgagattacactgg

ccaatggagagattcggaagcgaccacttatcgaaacaaacggagaaacaggagaaatcgtgtgggacaagggtagggatttcgcgacagtccggaa

ggtcctgtccatgccgcaggtgaacatcgttaaaaagaccgaagtacagaccggaggcttctccaaggaaagtatcctcccgaaaaggaacagcgac

aagctgatcgcacgcaaaaaagattgggaccccaagaaatacggcggattcgattctcctacagtcgcttacagtgtactggttgtggccaaagtgg

agaaagggaagtctaaaaaactcaaaagcgtcaaggaactgctgggcatcacaatcatggagcgatcaagcttcgaaaaaaaccccatcgactttct

cgaggcgaaaggatataaagaggtcaaaaaagacctcatcattaagcttcccaagtactctctctttgagcttgaaaacggccggaaacgaatgctc

gctagtgcgggcgagctgcagaaaggtaacgagctggcactgccctctaaatacgttaatttcttgtatctggccagccactatgaaaagctcaaag

ggtctcccgaagataatgagcagaagcagctgttcgtggaacaacacaaacactaccttgatgagatcatcgagcaaataagcgaattctccaaaag

agtgatcctcgccgacgctaacctcgataaggtgctttctgcttacaataagcacagggataagcccatcagggagcaggcagaaaacattatccac

ttgtttactctgaccaacttgggcgcgcctgcagccttcaagtacttcgacaccaccatagacagaaagcggtacacctctacaaaggaggtcctgg

acgccacactgattcatcagtcaattacggggctctatgaaacaagaatcgacctctctcagctcggtggagacagcagggctgacaccggcaagaa

gaccagcggccaggccggccaggccagcccgaagaagaaacggaaagtgggacgggcgccctcccggctccagatgttcttcgctaataaccacgac

caggaatttgaccctccaaaggtttacccacctgtcccagctgagaagaggaagcccatccgggtgctgtctctctttgatggaatcgctacagggc

tcctggtgctgaaggacttgggcattcaggtggaccgctacattgcctcggaggtgtgtgaggactccatcacggtgggcatggtgcggcaccaggg

gaagatcatgtacgtcggggacgtccgcagcgtcacacagaagcatatccaggagtggggcccattcgatctggtgattgggggcagtccctgcaat

gacctctccatcgtcaaccctgctcgcaagggcctctacgagggcactggccggctcttctttgagttctaccgcctcctgcatgatgcgcggccca

aggagggagatgatcgccccttcttctggctctttgagaatgtggtggccatgggcgttagtgacaagagggacatctcgcgatttctcgagtccaa

ccctgtgatgattgatgccaaagaagtgtcagctgcacacagggcccgctacttctggggtaaccttcccggtatgaacaggccgttggcatccact

gtgaatgataagctggagctgcaggagtgtctggagcatggcaggatagccaagttcagcaaagtgaggaccattactacgaggtcaaactccataa

agcagggcaaagaccagcattttcctgtcttcatgaatgagaaagaggacatcttatggtgcactgaaatggaaagggtatttggtttcccagtcca

ctatactgacgtgtccaacatgagccgcttggcgaggcagagactgctgggccggtcatggagcgtgccagtcatccgccacctcttcgctccgctg

aaggagtattttgcgtgtgtggaggtgcacaccaaccaggaccccctggacgccgaagtccatacaaatcaggatcctctggatgccgaagtgcaca

ccaatcaggatcccctggacgctggcagcggcgccaccaacttcagcctgctgaagcaggccggcgacgtggaggagaaccctggacccatgaccga

gtacaagcccacggtgcgcctcgccacccgcgacgacgtccccagggccgtacgcaccctcgccgccgcgttcgccgactaccccgccacgcgccac

accgtcgatccggaccgccacatcgagcgggtcaccgagctgcaagaactcttcctcacgcgcgtcgggctcgacatcggcaaggtgtgggtcgcgg

acgacggcgccgcggtggcggtctggaccacgccggagagcgtcgaagcgggggcggtgttcgccgagatcggcccgcgcatggccgagttgagcgg

ttcccggctggccgcgcagcaacagatggaaggcctcctggcgccgcaccggcccaaggagcccgcgtggttcctggccaccgtcggcgtctcgccc

gaccaccagggcaagggtctgggcagcgccgtcgtgctccccggagtggaggcggccgagcgcgccggggtgcccgccttcctggagacctccgcgc

cccgcaacctccccttctacgagcggctcggcttcaccgtcaccgccgacgtcgaggtgcccgaaggaccgcgcacctggtgcatgacccgcaagcc

cggtgcctga 

 

 

 

 

2. pGK-dCas9-DNMT3A-V2 
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Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope 

Dark yellow highlight : dCas9 

Cyan highlight  : DNMT3A catalytic domain 

Bold red font  : 3x Ty1 epitope 

Purple highlight : P2A self-cleaving peptide  

Teal highlight  : Nuclear localization signal 

Grey Highlight : Puromycin resistance gene 

 

ccaaagaagaagcggaaggtctacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacgatgtgc

ccgactacgccgcaatggccggtatccacggagtcccagcagccatggacaagaagtactccattgggctcgctatcggcacaaacagcgtcggctg

ggccgtcattacggacgagtacaaggtgccgagcaaaaaattcaaagttctgggcaataccgatcgccacagcataaagaagaacctcattggcgcc
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ctcctgttcgactccggggagacggccgaagccacgcggctcaaaagaacagcacggcgcagatatacccgcagaaagaatcggatctgctacctgc

aggagatctttagtaatgagatggctaaggtggatgactctttcttccataggctggaggagtcctttttggtggaggaggataaaaagcacgagcg

ccacccaatctttggcaatatcgtggacgaggtggcgtaccatgaaaagtacccaaccatatatcatctgaggaagaagcttgtagacagtactgat

aaggctgacttgcggttgatctatctcgcgctggcgcatatgatcaaatttcggggacacttcctcatcgagggggacctgaacccagacaacagcg

atgtcgacaaactctttatccaactggttcagacttacaatcagcttttcgaagagaacccgatcaacgcatccggagttgacgccaaagcaatcct

gagcgctaggctgtccaaatcccggcggctcgaaaacctcatcgcacagctccctggggagaagaagaacggcctgtttggtaatcttatcgccctg

tcactcgggctgacccccaactttaaatctaacttcgacctggccgaagatgccaagcttcaactgagcaaagacacctacgatgatgatctcgaca

atctgctggcccagatcggcgaccagtacgcagacctttttttggcggcaaagaacctgtcagacgccattctgctgagtgatattctgcgagtgaa

cacggagatcaccaaagctccgctgagcgctagtatgatcaagcgctatgatgagcaccaccaagacttgactttgctgaaggcccttgtcagacag

caactgcctgagaagtacaaggaaattttcttcgatcagtctaaaaatggctacgccggatacattgacggcggagcaagccaggaggaattttaca

aatttattaagcccatcttggaaaaaatggacggcaccgaggagctgctggtaaagcttaacagagaagatctgttgcgcaaacagcgcactttcga

caatggaagcatcccccaccagattcacctgggcgaactgcacgctatcctcaggcggcaagaggatttctacccctttttgaaagataacagggaa

aagattgagaaaatcctcacatttcggataccctactatgtaggccccctcgcccggggaaattccagattcgcgtggatgactcgcaaatcagaag

agaccatcactccctggaacttcgaggaagtcgtggataagggggcctctgcccagtccttcatcgaaaggatgactaactttgataaaaatctgcc

taacgaaaaggtgcttcctaaacactctctgctgtacgagtacttcacagtttataacgagctcaccaaggtcaaatacgtcacagaagggatgaga

aagccagcattcctgtctggagagcagaagaaagctatcgtggacctcctcttcaagacgaaccggaaagttaccgtgaaacagctcaaagaagact

atttcaaaaagattgaatgtttcgactctgttgaaatcagcggagtggaggatcgcttcaacgcatccctgggaacgtatcacgatctcctgaaaat

cattaaagacaaggacttcctggacaatgaggagaacgaggacattcttgaggacattgtcctcacccttacgttgtttgaagatagggagatgatt

gaagaacgcttgaaaacttacgctcatctcttcgacgacaaagtcatgaaacagctcaagaggcgccgatatacaggatgggggcggctgtcaagaa

aactgatcaatgggatccgagacaagcagagtggaaagacaatcctggattttcttaagtccgatggatttgccaaccggaacttcatgcagttgat

ccatgatgactctctcacctttaaggaggacatccagaaagcacaagtttctggccagggggacagtcttcacgagcacatcgctaatcttgcaggt

agcccagctatcaaaaagggaatactgcagaccgttaaggtcgtggatgaactcgtcaaagtaatgggaaggcataagcccgagaatatcgttatcg

agatggcccgagagaaccaaactacccagaagggacagaagaacagtagggaaaggatgaagaggattgaagagggtataaaagaactggggtccca

aatccttaaggaacacccagttgaaaacacccagcttcagaatgagaagctctacctgtactacctgcagaacggcagggacatgtacgtggatcag

gaactggacatcaatcggctctccgactacgacgtggatgcaatcgtgccccagtcttttctcaaagatgattctattgataataaagtgttgacaa

gatccgataaaaatagagggaagagtgataacgtcccctcagaagaagttgtcaagaaaatgaaaaattattggcggcagctgctgaacgccaaact

gatcacacaacggaagttcgataatctgactaaggctgaacgaggtggcctgtctgagttggataaagccggcttcatcaaaaggcagcttgttgag

acacgccagatcaccaagcacgtggcccaaattctcgattcacgcatgaacaccaagtacgatgaaaatgacaaactgattcgagaggtgaaagtta

ttactctgaagtctaagctggtctcagatttcagaaaggactttcagttttataaggtgagagagatcaacaattaccaccatgcgcatgatgccta

cctgaatgcagtggtaggcactgcacttatcaaaaaatatcccaagcttgaatctgaatttgtttacggagactataaagtgtacgatgttaggaaa

atgatcgcaaagtctgagcaggaaataggcaaggccaccgctaagtacttcttttacagcaatattatgaattttttcaagaccgagattacactgg

ccaatggagagattcggaagcgaccacttatcgaaacaaacggagaaacaggagaaatcgtgtgggacaagggtagggatttcgcgacagtccggaa

ggtcctgtccatgccgcaggtgaacatcgttaaaaagaccgaagtacagaccggaggcttctccaaggaaagtatcctcccgaaaaggaacagcgac

aagctgatcgcacgcaaaaaagattgggaccccaagaaatacggcggattcgattctcctacagtcgcttacagtgtactggttgtggccaaagtgg

agaaagggaagtctaaaaaactcaaaagcgtcaaggaactgctgggcatcacaatcatggagcgatcaagcttcgaaaaaaaccccatcgactttct

cgaggcgaaaggatataaagaggtcaaaaaagacctcatcattaagcttcccaagtactctctctttgagcttgaaaacggccggaaacgaatgctc

gctagtgcgggcgagctgcagaaaggtaacgagctggcactgccctctaaatacgttaatttcttgtatctggccagccactatgaaaagctcaaag

ggtctcccgaagataatgagcagaagcagctgttcgtggaacaacacaaacactaccttgatgagatcatcgagcaaataagcgaattctccaaaag

agtgatcctcgccgacgctaacctcgataaggtgctttctgcttacaataagcacagggataagcccatcagggagcaggcagaaaacattatccac

ttgtttactctgaccaacttgggcgcgcctgcagccttcaagtacttcgacaccaccatagacagaaagcggtacacctctacaaaggaggtcctgg

acgccacactgattcatcagtcaattacggggctctatgaaacaagaatcgacctctctcagctcggtggagacagcagggctgacgggggaggatc

agggggagggtcccccaaaaagaaacgcaaagtgaccggcaagaaaaccagcggccaggccggacaggcctctcctaagaaaaaaagaaaagtggga

cgcgctggcggcggaagcccctcccggctccagatgttcttcgctaataaccacgaccaggaatttgaccctccaaaggtttacccacctgtcccag

ctgagaagaggaagcccatccgggtgctgtctctctttgatggaatcgctacagggctcctggtgctgaaggacttgggcattcaggtggaccgcta

cattgcctcggaggtgtgtgaggactccatcacggtgggcatggtgcggcaccaggggaagatcatgtacgtcggggacgtccgcagcgtcacacag

aagcatatccaggagtggggcccattcgatctggtgattgggggcagtccctgcaatgacctctccatcgtcaaccctgctcgcaagggcctctacg

agggcactggccggctcttctttgagttctaccgcctcctgcatgatgcgcggcccaaggagggagatgatcgccccttcttctggctctttgagaa

tgtggtggccatgggcgttagtgacaagagggacatctcgcgatttctcgagtccaaccctgtgatgattgatgccaaagaagtgtcagctgcacac

agggcccgctacttctggggtaaccttcccggtatgaacaggccgttggcatccactgtgaatgataagctggagctgcaggagtgtctggagcatg

gcaggatagccaagttcagcaaagtgaggaccattactacgaggtcaaactccataaagcagggcaaagaccagcattttcctgtcttcatgaatga

gaaagaggacatcttatggtgcactgaaatggaaagggtatttggtttcccagtccactatactgacgtgtccaacatgagccgcttggcgaggcag

agactgctgggccggtcatggagcgtgccagtcatccgccacctcttcgctccgctgaaggagtattttgcgtgtgtggaggtgcacaccaaccaag

atccgcttgatgctgaagttcatacaaaccaggatcccctcgatgccgaagtccatactaatcaggacccactggacgcacccaagaaaaagcgcaa

agtcggcagcggcgccaccaacttcagcctgctgaagcaggccggcgacgtggaggagaaccctggacccatgaccgagtacaagcccacggtgcgc

ctcgccacccgcgacgacgtccccagggccgtacgcaccctcgccgccgcgttcgccgactaccccgccacgcgccacaccgtcgatccggaccgcc

acatcgagcgggtcaccgagctgcaagaactcttcctcacgcgcgtcgggctcgacatcggcaaggtgtgggtcgcggacgacggcgccgcggtggc

ggtctggaccacgccggagagcgtcgaagcgggggcggtgttcgccgagatcggcccgcgcatggccgagttgagcggttcccggctggccgcgcag

caacagatggaaggcctcctggcgccgcaccggcccaaggagcccgcgtggttcctggccaccgtcggcgtctcgcccgaccaccagggcaagggtc

tgggcagcgccgtcgtgctccccggagtggaggcggccgagcgcgccggggtgcccgccttcctggagacctccgcgccccgcaacctccccttcta

cgagcggctcggcttcaccgtcaccgccgacgtcgaggtgcccgaaggaccgcgcacctggtgcatgacccgcaagcccggtgcctga 

 

 

 

 

 

 

3. pGK-dCas9-DNMT3A-V3 
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Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope 

Dark yellow highlight : dCas9 

Cyan highlight  : DNMT3A catalytic domain 

Bold red font  : 3x Ty1 epitope 

Underlined  : HSV polyadenylation signal 

Green highlight : Ef1α promoter 

Purple highlight : P2A self-cleaving peptide  

Teal highlight  : Nuclear localization signal 

Grey Highlight : Puromycin resistance gene 

 

 

ccaaagaagaagcggaaggtctacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacgatgtgcccgactac

gccgcaatggccggtatccacggagtcccagcagccatggacaagaagtactccattgggctcgctatcggcacaaacagcgtcggctgggccgtcattacggac

gagtacaaggtgccgagcaaaaaattcaaagttctgggcaataccgatcgccacagcataaagaagaacctcattggcgccctcctgttcgactccggggagacg

gccgaagccacgcggctcaaaagaacagcacggcgcagatatacccgcagaaagaatcggatctgctacctgcaggagatctttagtaatgagatggctaaggtg
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gatgactctttcttccataggctggaggagtcctttttggtggaggaggataaaaagcacgagcgccacccaatctttggcaatatcgtggacgaggtggcgtac

catgaaaagtacccaaccatatatcatctgaggaagaagcttgtagacagtactgataaggctgacttgcggttgatctatctcgcgctggcgcatatgatcaaa

tttcggggacacttcctcatcgagggggacctgaacccagacaacagcgatgtcgacaaactctttatccaactggttcagacttacaatcagcttttcgaagag

aacccgatcaacgcatccggagttgacgccaaagcaatcctgagcgctaggctgtccaaatcccggcggctcgaaaacctcatcgcacagctccctggggagaag

aagaacggcctgtttggtaatcttatcgccctgtcactcgggctgacccccaactttaaatctaacttcgacctggccgaagatgccaagcttcaactgagcaaa

gacacctacgatgatgatctcgacaatctgctggcccagatcggcgaccagtacgcagacctttttttggcggcaaagaacctgtcagacgccattctgctgagt

gatattctgcgagtgaacacggagatcaccaaagctccgctgagcgctagtatgatcaagcgctatgatgagcaccaccaagacttgactttgctgaaggccctt

gtcagacagcaactgcctgagaagtacaaggaaattttcttcgatcagtctaaaaatggctacgccggatacattgacggcggagcaagccaggaggaattttac

aaatttattaagcccatcttggaaaaaatggacggcaccgaggagctgctggtaaagcttaacagagaagatctgttgcgcaaacagcgcactttcgacaatgga

agcatcccccaccagattcacctgggcgaactgcacgctatcctcaggcggcaagaggatttctacccctttttgaaagataacagggaaaagattgagaaaatc

ctcacatttcggataccctactatgtaggccccctcgcccggggaaattccagattcgcgtggatgactcgcaaatcagaagagaccatcactccctggaacttc

gaggaagtcgtggataagggggcctctgcccagtccttcatcgaaaggatgactaactttgataaaaatctgcctaacgaaaaggtgcttcctaaacactctctg

ctgtacgagtacttcacagtttataacgagctcaccaaggtcaaatacgtcacagaagggatgagaaagccagcattcctgtctggagagcagaagaaagctatc

gtggacctcctcttcaagacgaaccggaaagttaccgtgaaacagctcaaagaagactatttcaaaaagattgaatgtttcgactctgttgaaatcagcggagtg

gaggatcgcttcaacgcatccctgggaacgtatcacgatctcctgaaaatcattaaagacaaggacttcctggacaatgaggagaacgaggacattcttgaggac

attgtcctcacccttacgttgtttgaagatagggagatgattgaagaacgcttgaaaacttacgctcatctcttcgacgacaaagtcatgaaacagctcaagagg

cgccgatatacaggatgggggcggctgtcaagaaaactgatcaatgggatccgagacaagcagagtggaaagacaatcctggattttcttaagtccgatggattt

gccaaccggaacttcatgcagttgatccatgatgactctctcacctttaaggaggacatccagaaagcacaagtttctggccagggggacagtcttcacgagcac

atcgctaatcttgcaggtagcccagctatcaaaaagggaatactgcagaccgttaaggtcgtggatgaactcgtcaaagtaatgggaaggcataagcccgagaat

atcgttatcgagatggcccgagagaaccaaactacccagaagggacagaagaacagtagggaaaggatgaagaggattgaagagggtataaaagaactggggtcc

caaatccttaaggaacacccagttgaaaacacccagcttcagaatgagaagctctacctgtactacctgcagaacggcagggacatgtacgtggatcaggaactg

gacatcaatcggctctccgactacgacgtggatgcaatcgtgccccagtcttttctcaaagatgattctattgataataaagtgttgacaagatccgataaaaat

agagggaagagtgataacgtcccctcagaagaagttgtcaagaaaatgaaaaattattggcggcagctgctgaacgccaaactgatcacacaacggaagttcgat

aatctgactaaggctgaacgaggtggcctgtctgagttggataaagccggcttcatcaaaaggcagcttgttgagacacgccagatcaccaagcacgtggcccaa

attctcgattcacgcatgaacaccaagtacgatgaaaatgacaaactgattcgagaggtgaaagttattactctgaagtctaagctggtctcagatttcagaaag

gactttcagttttataaggtgagagagatcaacaattaccaccatgcgcatgatgcctacctgaatgcagtggtaggcactgcacttatcaaaaaatatcccaag

cttgaatctgaatttgtttacggagactataaagtgtacgatgttaggaaaatgatcgcaaagtctgagcaggaaataggcaaggccaccgctaagtacttcttt

tacagcaatattatgaattttttcaagaccgagattacactggccaatggagagattcggaagcgaccacttatcgaaacaaacggagaaacaggagaaatcgtg

tgggacaagggtagggatttcgcgacagtccggaaggtcctgtccatgccgcaggtgaacatcgttaaaaagaccgaagtacagaccggaggcttctccaaggaa

agtatcctcccgaaaaggaacagcgacaagctgatcgcacgcaaaaaagattgggaccccaagaaatacggcggattcgattctcctacagtcgcttacagtgta

ctggttgtggccaaagtggagaaagggaagtctaaaaaactcaaaagcgtcaaggaactgctgggcatcacaatcatggagcgatcaagcttcgaaaaaaacccc

atcgactttctcgaggcgaaaggatataaagaggtcaaaaaagacctcatcattaagcttcccaagtactctctctttgagcttgaaaacggccggaaacgaatg

ctcgctagtgcgggcgagctgcagaaaggtaacgagctggcactgccctctaaatacgttaatttcttgtatctggccagccactatgaaaagctcaaagggtct

cccgaagataatgagcagaagcagctgttcgtggaacaacacaaacactaccttgatgagatcatcgagcaaataagcgaattctccaaaagagtgatcctcgcc

gacgctaacctcgataaggtgctttctgcttacaataagcacagggataagcccatcagggagcaggcagaaaacattatccacttgtttactctgaccaacttg

ggcgcgcctgcagccttcaagtacttcgacaccaccatagacagaaagcggtacacctctacaaaggaggtcctggacgccacactgattcatcagtcaattacg

gggctctatgaaacaagaatcgacctctctcagctcggtggagacagcagggctgacgggggaggatcagggggagggtcccccaaaaagaaacgcaaagtgacc

ggcaagaaaaccagcggccaggccggacaggcctctcctaagaaaaaaagaaaagtgggacgcgctggcggcggaagcccctcccggctccagatgttcttcgct

aataaccacgaccaggaatttgaccctccaaaggtttacccacctgtcccagctgagaagaggaagcccatccgggtgctgtctctctttgatggaatcgctaca

gggctcctggtgctgaaggacttgggcattcaggtggaccgctacattgcctcggaggtgtgtgaggactccatcacggtgggcatggtgcggcaccaggggaag

atcatgtacgtcggggacgtccgcagcgtcacacagaagcatatccaggagtggggcccattcgatctggtgattgggggcagtccctgcaatgacctctccatc

gtcaaccctgctcgcaagggcctctacgagggcactggccggctcttctttgagttctaccgcctcctgcatgatgcgcggcccaaggagggagatgatcgcccc

ttcttctggctctttgagaatgtggtggccatgggcgttagtgacaagagggacatctcgcgatttctcgagtccaaccctgtgatgattgatgccaaagaagtg

tcagctgcacacagggcccgctacttctggggtaaccttcccggtatgaacaggccgttggcatccactgtgaatgataagctggagctgcaggagtgtctggag

catggcaggatagccaagttcagcaaagtgaggaccattactacgaggtcaaactccataaagcagggcaaagaccagcattttcctgtcttcatgaatgagaaa

gaggacatcttatggtgcactgaaatggaaagggtatttggtttcccagtccactatactgacgtgtccaacatgagccgcttggcgaggcagagactgctgggc

cggtcatggagcgtgccagtcatccgccacctcttcgctccgctgaaggagtattttgcgtgtgtggaggtgcacaccaaccaagatccgcttgatgctgaagtt

catacaaaccaggatcccctcgatgccgaagtccatactaatcaggacccactggacgcacccaagaaaaagcgcaaagtcggcagcggcgcctgagggggaggc

taactgaaacacggaaggagacaataccggaaggaacccgcgctatgacggcaataaaaagacagaataaaacgcacggtgttgggtcgtttgttcataaacgcg

gggttcggtcccagggctggcactctgtcgataccccaccgagaccccattggggccaatacgcccgcgtttcttccttttccccaccccaccccccaagttcgg

gtgaaggcccagggctcgcagccaacgtcggggcggcaggccctgccatagtgcaaagatggataaagttttaaacagagaggaatctttgcagctaatggacct

tctaggtcttgaaaggagtgggaattggctccggtgcccgtcagtgggcagagcgcacatcgcccacagtccccgagaagttggggggaggggtcggcaattgaa

ccggtgcctagagaaggtggcgcggggtaaactgggaaagtgatgtcgtgtactggctccgcctttttcccgagggtgggggagaaccgtatataagtgcagtag

tcgccgtgaacgttctttttcgcaacgggtttgccgccagaacacaggtaagtgccgtgtgtggttcccgcgggcctggcctctttacgggttatggcccttgcg

tgccttgaattacttccactggctgcagtacgtgattcttgatcccgagcttcgggttggaagtgggtgggagagttcgaggccttgcgcttaaggagccccttc

gcctcgtgcttgagttgaggcctggcctgggcgctggggccgccgcgtgcgaatctggtggcaccttcgcgcctgtctcgctgctttcgataagtctctagccat

ttaaaatttttgatgacctgctgcgacgctttttttctggcaagatagtcttgtaaatgcgggccaagatctgcacactggtatttcggtttttggggccgcggg

cggcgacggggcccgtgcgtcccagcgcacatgttcggcgaggcggggcctgcgagcgcggccaccgagaatcggacgggggtagtctcaagctggccggcctgc

tctggtgcctggcctcgcgccgccgtgtatcgccccgccctgggcggcaaggctggcccggtcggcaccagttgcgtgagcggaaagatggccgcttcccggccc

tgctgcagggagctcaaaatggaggacgcggcgctcgggagagcgggcgggtgagtcacccacacaaaggaaaagggcctttccgtcctcagccgtcgcttcatg

tgactccacggagtaccgggcgccgtccaggcacctcgattagttctcgagcttttggagtacgtcgtctttaggttggggggaggggttttatgcgatggagtt

tccccacactgagtgggtggagactgaagttaggccagcttggcacttgatgtaattctccttggaatttgccctttttgagtttggatcttggttcattctcaa

gcctcagacagtggttcaaagtttttttcttccatttcaggtgtcgtgacgtacggccaccatgaccgagtacaagcccacggtgcgcctcgccacccgcgacga

cgtcccccgggccgtacgcaccctcgccgccgcgttcgccgactaccccgccacgcgccacaccgtcgacccggaccgccacatcgagcgggtcaccgagctgca

agaactcttcctcacgcgcgtcgggctcgacatcggcaaggtgtgggtcgcggacgacggcgccgcggtggcggtctggaccacgccggagagcgtcgaagcggg

ggcggtgttcgccgagatcggcccgcgcatggccgagttgagcggttcccggctggccgcgcagcaacagatggaaggcctcctggcgccgcaccggcccaagga

gcccgcgtggttcctggccaccgtcggcgtgtcgcccgaccaccagggcaagggtctgggcagcgccgtcgtgctccccggagtggaggcggccgagcgcgccgg

ggtgcccgccttcctggagacctccgcgccccgcaacctccccttctacgagcggctcggcttcaccgtcaccgccgacgtcgaggtgcccgaaggaccgcgcac

ctggtgcatgacccgcaagcccggtgcctga 

 

 

 

 

 

 

 

 

 

 

 

4. pGK-dCas9-SunTag 
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Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope 

Dark yellow highlight : dCas9 

Bold red font  : 3x Ty1 epitope 

Underlined  : HSV polyadenylation signal 

Green highlight : Ef1α promoter 

Cyan highlight  : 10 units of GCN4 (SunTag)  

Teal highlight  : Nuclear localization signal 

Grey Highlight : Puromycin resistance gene 

 

 

 

 

 

 

 

ccaaagaagaagcggaaggtctacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacg

atgtgcccgactacgccgcaatggccggtatccacggagtcccagcagccatggacaagaagtactccattgggctcgctatcggcacaaa

cagcgtcggctgggccgtcattacggacgagtacaaggtgccgagcaaaaaattcaaagttctgggcaataccgatcgccacagcataaag

aagaacctcattggcgccctcctgttcgactccggggagacggccgaagccacgcggctcaaaagaacagcacggcgcagatatacccgca
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gaaagaatcggatctgctacctgcaggagatctttagtaatgagatggctaaggtggatgactctttcttccataggctggaggagtcctt

tttggtggaggaggataaaaagcacgagcgccacccaatctttggcaatatcgtggacgaggtggcgtaccatgaaaagtacccaaccata

tatcatctgaggaagaagcttgtagacagtactgataaggctgacttgcggttgatctatctcgcgctggcgcatatgatcaaatttcggg

gacacttcctcatcgagggggacctgaacccagacaacagcgatgtcgacaaactctttatccaactggttcagacttacaatcagctttt

cgaagagaacccgatcaacgcatccggagttgacgccaaagcaatcctgagcgctaggctgtccaaatcccggcggctcgaaaacctcatc

gcacagctccctggggagaagaagaacggcctgtttggtaatcttatcgccctgtcactcgggctgacccccaactttaaatctaacttcg

acctggccgaagatgccaagcttcaactgagcaaagacacctacgatgatgatctcgacaatctgctggcccagatcggcgaccagtacgc

agacctttttttggcggcaaagaacctgtcagacgccattctgctgagtgatattctgcgagtgaacacggagatcaccaaagctccgctg

agcgctagtatgatcaagcgctatgatgagcaccaccaagacttgactttgctgaaggcccttgtcagacagcaactgcctgagaagtaca

aggaaattttcttcgatcagtctaaaaatggctacgccggatacattgacggcggagcaagccaggaggaattttacaaatttattaagcc

catcttggaaaaaatggacggcaccgaggagctgctggtaaagcttaacagagaagatctgttgcgcaaacagcgcactttcgacaatgga

agcatcccccaccagattcacctgggcgaactgcacgctatcctcaggcggcaagaggatttctacccctttttgaaagataacagggaaa

agattgagaaaatcctcacatttcggataccctactatgtaggccccctcgcccggggaaattccagattcgcgtggatgactcgcaaatc

agaagagaccatcactccctggaacttcgaggaagtcgtggataagggggcctctgcccagtccttcatcgaaaggatgactaactttgat

aaaaatctgcctaacgaaaaggtgcttcctaaacactctctgctgtacgagtacttcacagtttataacgagctcaccaaggtcaaatacg

tcacagaagggatgagaaagccagcattcctgtctggagagcagaagaaagctatcgtggacctcctcttcaagacgaaccggaaagttac

cgtgaaacagctcaaagaagactatttcaaaaagattgaatgtttcgactctgttgaaatcagcggagtggaggatcgcttcaacgcatcc

ctgggaacgtatcacgatctcctgaaaatcattaaagacaaggacttcctggacaatgaggagaacgaggacattcttgaggacattgtcc

tcacccttacgttgtttgaagatagggagatgattgaagaacgcttgaaaacttacgctcatctcttcgacgacaaagtcatgaaacagct

caagaggcgccgatatacaggatgggggcggctgtcaagaaaactgatcaatgggatccgagacaagcagagtggaaagacaatcctggat

tttcttaagtccgatggatttgccaaccggaacttcatgcagttgatccatgatgactctctcacctttaaggaggacatccagaaagcac

aagtttctggccagggggacagtcttcacgagcacatcgctaatcttgcaggtagcccagctatcaaaaagggaatactgcagaccgttaa

ggtcgtggatgaactcgtcaaagtaatgggaaggcataagcccgagaatatcgttatcgagatggcccgagagaaccaaactacccagaag

ggacagaagaacagtagggaaaggatgaagaggattgaagagggtataaaagaactggggtcccaaatccttaaggaacacccagttgaaa

acacccagcttcagaatgagaagctctacctgtactacctgcagaacggcagggacatgtacgtggatcaggaactggacatcaatcggct

ctccgactacgacgtggatgcaatcgtgccccagtcttttctcaaagatgattctattgataataaagtgttgacaagatccgataaaaat

agagggaagagtgataacgtcccctcagaagaagttgtcaagaaaatgaaaaattattggcggcagctgctgaacgccaaactgatcacac

aacggaagttcgataatctgactaaggctgaacgaggtggcctgtctgagttggataaagccggcttcatcaaaaggcagcttgttgagac

acgccagatcaccaagcacgtggcccaaattctcgattcacgcatgaacaccaagtacgatgaaaatgacaaactgattcgagaggtgaaa

gttattactctgaagtctaagctggtctcagatttcagaaaggactttcagttttataaggtgagagagatcaacaattaccaccatgcgc

atgatgcctacctgaatgcagtggtaggcactgcacttatcaaaaaatatcccaagcttgaatctgaatttgtttacggagactataaagt

gtacgatgttaggaaaatgatcgcaaagtctgagcaggaaataggcaaggccaccgctaagtacttcttttacagcaatattatgaatttt

ttcaagaccgagattacactggccaatggagagattcggaagcgaccacttatcgaaacaaacggagaaacaggagaaatcgtgtgggaca

agggtagggatttcgcgacagtccggaaggtcctgtccatgccgcaggtgaacatcgttaaaaagaccgaagtacagaccggaggcttctc

caaggaaagtatcctcccgaaaaggaacagcgacaagctgatcgcacgcaaaaaagattgggaccccaagaaatacggcggattcgattct

cctacagtcgcttacagtgtactggttgtggccaaagtggagaaagggaagtctaaaaaactcaaaagcgtcaaggaactgctgggcatca

caatcatggagcgatcaagcttcgaaaaaaaccccatcgactttctcgaggcgaaaggatataaagaggtcaaaaaagacctcatcattaa

gcttcccaagtactctctctttgagcttgaaaacggccggaaacgaatgctcgctagtgcgggcgagctgcagaaaggtaacgagctggca

ctgccctctaaatacgttaatttcttgtatctggccagccactatgaaaagctcaaagggtctcccgaagataatgagcagaagcagctgt

tcgtggaacaacacaaacactaccttgatgagatcatcgagcaaataagcgaattctccaaaagagtgatcctcgccgacgctaacctcga

taaggtgctttctgcttacaataagcacagggataagcccatcagggagcaggcagaaaacattatccacttgtttactctgaccaacttg

ggcgcgcctgcagccttcaagtacttcgacaccaccatagacagaaagcggtacacctctacaaaggaggtcctggacgccacactgattc

atcagtcaattacggggctctatgaaacaagaatcgacctctctcagctcggtggagacagcagggctgacgggggaggatcagggggagg

gtcccccaaaaagaaacgcaaagtgaccggcaagaaaaccagcggccaggccggacaggcctctcctaagaaaaaaagaaaagtgggacgc

gctggcggcggaagcgaagaacttttgagcaagaattatcatcttgagaacgaagtggctcgtcttaagaaaggttctggcagtggagaag

aactgctttcaaagaattaccacctggaaaatgaggtagctagactgaaaaaggggagcggaagtggggaggagttgctgagcaaaaatta

tcatttggagaacgaagtagcacgactaaagaaagggtccggatcgggtgaggagttactctcgaaaaattatcatctcgaaaacgaagtg

gctcggctaaaaaagggcagtggttctggagaagagctattatctaaaaactaccacctcgaaaatgaggtggcacgcttaaaaaagggaa

gtggcagtggtgaagagctactatccaagaattatcatcttgagaacgaggtagcgcgtttgaagaagggttccggctcaggagaggaact

gctctcgaagaactatcatcttgaaaatgaggtcgctcgattaaaaaagggatcgggcagtggtgaggaactactttcaaagaattaccac

ctcgaaaacgaagtagctcgattaaagaaaggttcagggtcgggtgaagaattactgagtaaaaattatcatctggaaaatgaggtagcga

gactaaaaaaggggagtggttctggcgaggaattgctatcgaaaaattatcatcttgagaacgaagttgctaggctcaaaaagggcggtgg

ttccggaggaggtagtccgaagaagaaacgtaaggtcggatgagggggaggctaactgaaacacggaaggagacaataccggaaggaaccc

gcgctatgacggcaataaaaagacagaataaaacgcacggtgttgggtcgtttgttcataaacgcggggttcggtcccagggctggcactc

tgtcgataccccaccgagaccccattggggccaatacgcccgcgtttcttccttttccccaccccaccccccaagttcgggtgaaggccca

gggctcgcagccaacgtcggggcggcaggccctgccatagtgcaaagatggataaagttttaaacagagaggaatctttgcagctaatgga

ccttctaggtcttgaaaggagtgggaattggctccggtgcccgtcagtgggcagagcgcacatcgcccacagtccccgagaagttgggggg

aggggtcggcaattgaaccggtgcctagagaaggtggcgcggggtaaactgggaaagtgatgtcgtgtactggctccgcctttttcccgag

ggtgggggagaaccgtatataagtgcagtagtcgccgtgaacgttctttttcgcaacgggtttgccgccagaacacaggtaagtgccgtgt

gtggttcccgcgggcctggcctctttacgggttatggcccttgcgtgccttgaattacttccactggctgcagtacgtgattcttgatccc

gagcttcgggttggaagtgggtgggagagttcgaggccttgcgcttaaggagccccttcgcctcgtgcttgagttgaggcctggcctgggc

gctggggccgccgcgtgcgaatctggtggcaccttcgcgcctgtctcgctgctttcgataagtctctagccatttaaaatttttgatgacc

tgctgcgacgctttttttctggcaagatagtcttgtaaatgcgggccaagatctgcacactggtatttcggtttttggggccgcgggcggc

gacggggcccgtgcgtcccagcgcacatgttcggcgaggcggggcctgcgagcgcggccaccgagaatcggacgggggtagtctcaagctg

gccggcctgctctggtgcctggcctcgcgccgccgtgtatcgccccgccctgggcggcaaggctggcccggtcggcaccagttgcgtgagc

ggaaagatggccgcttcccggccctgctgcagggagctcaaaatggaggacgcggcgctcgggagagcgggcgggtgagtcacccacacaa

aggaaaagggcctttccgtcctcagccgtcgcttcatgtgactccacggagtaccgggcgccgtccaggcacctcgattagttctcgagct

tttggagtacgtcgtctttaggttggggggaggggttttatgcgatggagtttccccacactgagtgggtggagactgaagttaggccagc

ttggcacttgatgtaattctccttggaatttgccctttttgagtttggatcttggttcattctcaagcctcagacagtggttcaaagtttt

tttcttccatttcaggtgtcgtgacgtacggccaccatgaccgagtacaagcccacggtgcgcctcgccacccgcgacgacgtcccccggg

ccgtacgcaccctcgccgccgcgttcgccgactaccccgccacgcgccacaccgtcgacccggaccgccacatcgagcgggtcaccgagct

gcaagaactcttcctcacgcgcgtcgggctcgacatcggcaaggtgtgggtcgcggacgacggcgccgcggtggcggtctggaccacgccg

gagagcgtcgaagcgggggcggtgttcgccgagatcggcccgcgcatggccgagttgagcggttcccggctggccgcgcagcaacagatgg

aaggcctcctggcgccgcaccggcccaaggagcccgcgtggttcctggccaccgtcggcgtgtcgcccgaccaccagggcaagggtctggg

cagcgccgtcgtgctccccggagtggaggcggccgagcgcgccggggtgcccgccttcctggagacctccgcgccccgcaacctccccttc

tacgagcggctcggcttcaccgtcaccgccgacgtcgaggtgcccgaaggaccgcgcacctggtgcatgacccgcaagcccggtgcctga 

 

 

5. pGK-dCas9-mCherry 
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Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope 

Dark yellow highlight : dCas9 

Bold red font  : 3x Ty1 epitope 

Underlined  : HSV polyadenylation signal 

Green highlight : Ef1α promoter 

Red highlight  : mCherry fluorescence protein  

Teal highlight  : Nuclear localization signal 

Grey Highlight : Puromycin resistance gene 

 

 

 

 

 

 

 

 

 

ccaaagaagaagcggaaggtctacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacg

atgtgcccgactacgccgcaatggccggtatccacggagtcccagcagccatggacaagaagtactccattgggctcgctatcggcacaaa

cagcgtcggctgggccgtcattacggacgagtacaaggtgccgagcaaaaaattcaaagttctgggcaataccgatcgccacagcataaag
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aagaacctcattggcgccctcctgttcgactccggggagacggccgaagccacgcggctcaaaagaacagcacggcgcagatatacccgca

gaaagaatcggatctgctacctgcaggagatctttagtaatgagatggctaaggtggatgactctttcttccataggctggaggagtcctt

tttggtggaggaggataaaaagcacgagcgccacccaatctttggcaatatcgtggacgaggtggcgtaccatgaaaagtacccaaccata

tatcatctgaggaagaagcttgtagacagtactgataaggctgacttgcggttgatctatctcgcgctggcgcatatgatcaaatttcggg

gacacttcctcatcgagggggacctgaacccagacaacagcgatgtcgacaaactctttatccaactggttcagacttacaatcagctttt

cgaagagaacccgatcaacgcatccggagttgacgccaaagcaatcctgagcgctaggctgtccaaatcccggcggctcgaaaacctcatc

gcacagctccctggggagaagaagaacggcctgtttggtaatcttatcgccctgtcactcgggctgacccccaactttaaatctaacttcg

acctggccgaagatgccaagcttcaactgagcaaagacacctacgatgatgatctcgacaatctgctggcccagatcggcgaccagtacgc

agacctttttttggcggcaaagaacctgtcagacgccattctgctgagtgatattctgcgagtgaacacggagatcaccaaagctccgctg

agcgctagtatgatcaagcgctatgatgagcaccaccaagacttgactttgctgaaggcccttgtcagacagcaactgcctgagaagtaca

aggaaattttcttcgatcagtctaaaaatggctacgccggatacattgacggcggagcaagccaggaggaattttacaaatttattaagcc

catcttggaaaaaatggacggcaccgaggagctgctggtaaagcttaacagagaagatctgttgcgcaaacagcgcactttcgacaatgga

agcatcccccaccagattcacctgggcgaactgcacgctatcctcaggcggcaagaggatttctacccctttttgaaagataacagggaaa

agattgagaaaatcctcacatttcggataccctactatgtaggccccctcgcccggggaaattccagattcgcgtggatgactcgcaaatc

agaagagaccatcactccctggaacttcgaggaagtcgtggataagggggcctctgcccagtccttcatcgaaaggatgactaactttgat

aaaaatctgcctaacgaaaaggtgcttcctaaacactctctgctgtacgagtacttcacagtttataacgagctcaccaaggtcaaatacg

tcacagaagggatgagaaagccagcattcctgtctggagagcagaagaaagctatcgtggacctcctcttcaagacgaaccggaaagttac

cgtgaaacagctcaaagaagactatttcaaaaagattgaatgtttcgactctgttgaaatcagcggagtggaggatcgcttcaacgcatcc

ctgggaacgtatcacgatctcctgaaaatcattaaagacaaggacttcctggacaatgaggagaacgaggacattcttgaggacattgtcc

tcacccttacgttgtttgaagatagggagatgattgaagaacgcttgaaaacttacgctcatctcttcgacgacaaagtcatgaaacagct

caagaggcgccgatatacaggatgggggcggctgtcaagaaaactgatcaatgggatccgagacaagcagagtggaaagacaatcctggat

tttcttaagtccgatggatttgccaaccggaacttcatgcagttgatccatgatgactctctcacctttaaggaggacatccagaaagcac

aagtttctggccagggggacagtcttcacgagcacatcgctaatcttgcaggtagcccagctatcaaaaagggaatactgcagaccgttaa

ggtcgtggatgaactcgtcaaagtaatgggaaggcataagcccgagaatatcgttatcgagatggcccgagagaaccaaactacccagaag

ggacagaagaacagtagggaaaggatgaagaggattgaagagggtataaaagaactggggtcccaaatccttaaggaacacccagttgaaa

acacccagcttcagaatgagaagctctacctgtactacctgcagaacggcagggacatgtacgtggatcaggaactggacatcaatcggct

ctccgactacgacgtggatgcaatcgtgccccagtcttttctcaaagatgattctattgataataaagtgttgacaagatccgataaaaat

agagggaagagtgataacgtcccctcagaagaagttgtcaagaaaatgaaaaattattggcggcagctgctgaacgccaaactgatcacac

aacggaagttcgataatctgactaaggctgaacgaggtggcctgtctgagttggataaagccggcttcatcaaaaggcagcttgttgagac

acgccagatcaccaagcacgtggcccaaattctcgattcacgcatgaacaccaagtacgatgaaaatgacaaactgattcgagaggtgaaa

gttattactctgaagtctaagctggtctcagatttcagaaaggactttcagttttataaggtgagagagatcaacaattaccaccatgcgc

atgatgcctacctgaatgcagtggtaggcactgcacttatcaaaaaatatcccaagcttgaatctgaatttgtttacggagactataaagt

gtacgatgttaggaaaatgatcgcaaagtctgagcaggaaataggcaaggccaccgctaagtacttcttttacagcaatattatgaatttt

ttcaagaccgagattacactggccaatggagagattcggaagcgaccacttatcgaaacaaacggagaaacaggagaaatcgtgtgggaca

agggtagggatttcgcgacagtccggaaggtcctgtccatgccgcaggtgaacatcgttaaaaagaccgaagtacagaccggaggcttctc

caaggaaagtatcctcccgaaaaggaacagcgacaagctgatcgcacgcaaaaaagattgggaccccaagaaatacggcggattcgattct

cctacagtcgcttacagtgtactggttgtggccaaagtggagaaagggaagtctaaaaaactcaaaagcgtcaaggaactgctgggcatca

caatcatggagcgatcaagcttcgaaaaaaaccccatcgactttctcgaggcgaaaggatataaagaggtcaaaaaagacctcatcattaa

gcttcccaagtactctctctttgagcttgaaaacggccggaaacgaatgctcgctagtgcgggcgagctgcagaaaggtaacgagctggca

ctgccctctaaatacgttaatttcttgtatctggccagccactatgaaaagctcaaagggtctcccgaagataatgagcagaagcagctgt

tcgtggaacaacacaaacactaccttgatgagatcatcgagcaaataagcgaattctccaaaagagtgatcctcgccgacgctaacctcga

taaggtgctttctgcttacaataagcacagggataagcccatcagggagcaggcagaaaacattatccacttgtttactctgaccaacttg

ggcgcgcctgcagccttcaagtacttcgacaccaccatagacagaaagcggtacacctctacaaaggaggtcctggacgccacactgattc

atcagtcaattacggggctctatgaaacaagaatcgacctctctcagctcggtggagacagcagggctgacgggggaggatcagggggagg

gtcccccaaaaagaaacgcaaagtgaccggcaagaaaaccagcggccaggccggacaggcctctcctaagaaaaaaagaaaagtgggacgc

gctggcggcggaagcgtgagcaagggcgaggaggataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccg

tgaacggccacgagttcgagatcgagggcgagggcgagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtgg

ccccctgcccttcgcctgggacatcctgtcccctcagttcatgtacggctccaaggcctacgtgaagcaccccgccgacatccccgactac

ttgaagctgtccttccccgagggcttcaagtgggagcgcgtgatgaacttcgaggacggcggcgtggtgaccgtgacccaggactcctccc

tgcaggacggcgagttcatctacaaggtgaagctgcgcggcaccaacttcccctccgacggccccgtaatgcagaagaagaccatgggctg

ggaggcctcctccgagcggatgtaccccgaggacggcgccctgaagggcgagatcaagcagaggctgaagctgaaggacggcggccactac

gacgctgaggtcaagaccacctacaaggccaagaagcccgtgcagctgcccggcgcctacaacgtcaacatcaagttggacatcacctccc

acaacgaggactacaccatcgtggaacagtacgaacgcgccgagggccgccactccaccggcggcatggacgagctgtacaagggcggtgg

ttccggaggaggtagtccgaagaagaaacgtaaggtcggatgagggggaggctaactgaaacacggaaggagacaataccggaaggaaccc

gcgctatgacggcaataaaaagacagaataaaacgcacggtgttgggtcgtttgttcataaacgcggggttcggtcccagggctggcactc

tgtcgataccccaccgagaccccattggggccaatacgcccgcgtttcttccttttccccaccccaccccccaagttcgggtgaaggccca

gggctcgcagccaacgtcggggcggcaggccctgccatagtgcaaagatggataaagttttaaacagagaggaatctttgcagctaatgga

ccttctaggtcttgaaaggagtgggaattggctccggtgcccgtcagtgggcagagcgcacatcgcccacagtccccgagaagttgggggg

aggggtcggcaattgaaccggtgcctagagaaggtggcgcggggtaaactgggaaagtgatgtcgtgtactggctccgcctttttcccgag

ggtgggggagaaccgtatataagtgcagtagtcgccgtgaacgttctttttcgcaacgggtttgccgccagaacacaggtaagtgccgtgt

gtggttcccgcgggcctggcctctttacgggttatggcccttgcgtgccttgaattacttccactggctgcagtacgtgattcttgatccc

gagcttcgggttggaagtgggtgggagagttcgaggccttgcgcttaaggagccccttcgcctcgtgcttgagttgaggcctggcctgggc

gctggggccgccgcgtgcgaatctggtggcaccttcgcgcctgtctcgctgctttcgataagtctctagccatttaaaatttttgatgacc

tgctgcgacgctttttttctggcaagatagtcttgtaaatgcgggccaagatctgcacactggtatttcggtttttggggccgcgggcggc

gacggggcccgtgcgtcccagcgcacatgttcggcgaggcggggcctgcgagcgcggccaccgagaatcggacgggggtagtctcaagctg

gccggcctgctctggtgcctggcctcgcgccgccgtgtatcgccccgccctgggcggcaaggctggcccggtcggcaccagttgcgtgagc

ggaaagatggccgcttcccggccctgctgcagggagctcaaaatggaggacgcggcgctcgggagagcgggcgggtgagtcacccacacaa

aggaaaagggcctttccgtcctcagccgtcgcttcatgtgactccacggagtaccgggcgccgtccaggcacctcgattagttctcgagct

tttggagtacgtcgtctttaggttggggggaggggttttatgcgatggagtttccccacactgagtgggtggagactgaagttaggccagc

ttggcacttgatgtaattctccttggaatttgccctttttgagtttggatcttggttcattctcaagcctcagacagtggttcaaagtttt

tttcttccatttcaggtgtcgtgacgtacggccaccatgaccgagtacaagcccacggtgcgcctcgccacccgcgacgacgtcccccggg

ccgtacgcaccctcgccgccgcgttcgccgactaccccgccacgcgccacaccgtcgacccggaccgccacatcgagcgggtcaccgagct

gcaagaactcttcctcacgcgcgtcgggctcgacatcggcaaggtgtgggtcgcggacgacggcgccgcggtggcggtctggaccacgccg

gagagcgtcgaagcgggggcggtgttcgccgagatcggcccgcgcatggccgagttgagcggttcccggctggccgcgcagcaacagatgg

aaggcctcctggcgccgcaccggcccaaggagcccgcgtggttcctggccaccgtcggcgtgtcgcccgaccaccagggcaagggtctggg

cagcgccgtcgtgctccccggagtggaggcggccgagcgcgccggggtgcccgccttcctggagacctccgcgccccgcaacctccccttc

tacgagcggctcggcttcaccgtcaccgccgacgtcgaggtgcccgaaggaccgcgcacctggtgcatgacccgcaagcccggtgcctga 

 

 

 

 

 



211 
 

 

 

 

6. pEf1α-scFv-DNMT3A 

 

 

 

 

 

 

 

 

 

 

 

 

gccaccatgggtcctaagaaaaagaggaaggtgggccccgacatcgtgatgacccagagccccagcagcctgagcgccagcgtgg

gcgaccgcgtgaccatcacctgccgcagcagcaccggcgccgtgaccaccagcaactacgccagctgggtgcaggagaagcccgg

caagctgttcaagggcctgatcggcggcaccaacaaccgcgcccccggcgtgcccagccgcttcagcggcagcctgatcggcgac

aaggccaccctgaccatcagcagcctgcagcccgaggacttcgccacctacttctgcgccctgtggtacagcaaccactgggtgt
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tcggccagggcaccaaggtggagctgaagcgcggcggcggcggcagcggcggcggcggcagcggcggcggcggcagcagcggcgg

cggcagcgaggtgaagctgctggagagcggcggcggcctggtgcagcccggcggcagcctgaagctgagctgcgccgtgagcggc

ttcagcctgaccgactacggcgtgaactgggtgcgccaggcccccggccgcggcctggagtggatcggcgtgatctggggcgacg

gcatcaccgactacaacagcgccctgaaggaccgcttcatcatcagcaaggacaacggcaagaacaccgtgtacctgcagatgag

caaggtgcgcagcgacgacaccgccctgtactactgcgtgaccggcctgttcgactactggggccagggcaccctggtgaccgtg

agcagctacccatacgatgttccagattacgctggtggaggcggaggttctgggggaggaggtagtggcggtggtggttcaggag

gcggcggaagcttggatccaggtggaggtggaagcggtagcaaaggagaagaacttttcactggagttgtcccaattcttgttga

attagatggtgatgttaatgggcacaaattttctgtccgtggagagggtgaaggtgatgctacaaacggaaaactcacccttaaa

tttatttgcactactggaaaactacctgttccgtggccaacacttgtcactactctgacctatggtgttcaatgcttttcccgtt

atccggatcacatgaaacggcatgactttttcaagagtgccatgcccgaaggttatgtacaggaacgcactatatctttcaaaga

tgacgggacctacaagacgcgtgctgaagtcaagtttgaaggtgatacccttgttaatcgtatcgagttaaagggtattgatttt

aaagaagatggaaacattcttggacacaaactcgagtacaactttaactcacacaatgtatacatcacggcagacaaacaaaaga

atggaatcaaagctaacttcaaaattcgccacaacgttgaagatggttccgttcaactagcagaccattatcaacaaaatactcc

aattggcgatggccctgtccttttaccagacaaccattacctgtcgacacaatctgtcctttcgaaagatcccaacgaaaagcgt

gaccacatggtccttcttgagtttgtaactgctgctgggattacacatggcatggatgagctctacaaaggtggaggtcggaccg

gtggcggtgagtacaagcttatcctgaacggtaaaaccctgaaaggtgaaaccaccaccgaagctgttgacgctgctaccgcgga

aaaagttttcaaacagtacgctaacgacaacggtgttgacggtgaatggacctacgacgacgctaccaaaaccttcacggtaacc

gaaagcgctggagggggtggctccggcggaggaggctctggtggcggagggagtggagcggccgctccctcccggctccagatgt

tcttcgctaataaccacgaccaggaatttgaccctccaaaggtttacccacctgtcccagctgagaagaggaagcccatccgggt

gctgtctctctttgatggaatcgctacagggctcctggtgctgaaggacttgggcattcaggtggaccgctacattgcctcggag

gtgtgtgaggactccatcacggtgggcatggtgcggcaccaggggaagatcatgtacgtcggggacgtccgcagcgtcacacaga

agcatatccaggagtggggcccattcgatctggtgattgggggcagtccctgcaatgacctctccatcgtcaaccctgctcgcaa

gggcctctacgagggcactggccggctcttctttgagttctaccgcctcctgcatgatgcgcggcccaaggagggagatgatcgc

cccttcttctggctctttgagaatgtggtggccatgggcgttagtgacaagagggacatctcgcgatttctcgagtccaaccctg

tgatgattgatgccaaagaagtgtcagctgcacacagggcccgctacttctggggtaaccttcccggtatgaacaggccgttggc

atccactgtgaatgataagctggagctgcaggagtgtctggagcatggcaggatagccaagttcagcaaagtgaggaccattact

acgaggtcaaactccataaagcagggcaaagaccagcattttcctgtcttcatgaatgagaaagaggacatcttatggtgcactg

aaatggaaagggtatttggtttcccagtccactatactgacgtgtccaacatgagccgcttggcgaggcagagactgctgggccg

gtcatggagcgtgccagtcatccgccacctcttcgctccgctgaaggagtattttgcgtgtgtggaggtgcacaccaaccaagat

ccgcttgatgctgaagttcatacaaaccaggatcccctcgatgccgaagtccatactaatcaggacccactggacgcatga 

 

Plasmid sequence annotation: 

Teal highlight  : Nuclear localization signal 

Cyan highlight  : scFv (anti-GCN4 single variable chain fragment) 

Green highlight : Super-folding GFP (sfGFP) 

Bold Underlined : Protein G B1 domain 

Yellow highlight : Linker  

Grey Highlight : DNMT3A catalytic domain  

Dark yellow highlight : 3x Ty1 epitope  

 

 

 

 

 

 

 

 

 

7. pEf1α-scFv-DNMT3A-Mutant 
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gccaccatgggtcctaagaaaaagaggaaggtgggccccgacatcgtgatgacccagagccccagcagcctgagcgccagcgtgg

gcgaccgcgtgaccatcacctgccgcagcagcaccggcgccgtgaccaccagcaactacgccagctgggtgcaggagaagcccgg

caagctgttcaagggcctgatcggcggcaccaacaaccgcgcccccggcgtgcccagccgcttcagcggcagcctgatcggcgac
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aaggccaccctgaccatcagcagcctgcagcccgaggacttcgccacctacttctgcgccctgtggtacagcaaccactgggtgt

tcggccagggcaccaaggtggagctgaagcgcggcggcggcggcagcggcggcggcggcagcggcggcggcggcagcagcggcgg

cggcagcgaggtgaagctgctggagagcggcggcggcctggtgcagcccggcggcagcctgaagctgagctgcgccgtgagcggc

ttcagcctgaccgactacggcgtgaactgggtgcgccaggcccccggccgcggcctggagtggatcggcgtgatctggggcgacg

gcatcaccgactacaacagcgccctgaaggaccgcttcatcatcagcaaggacaacggcaagaacaccgtgtacctgcagatgag

caaggtgcgcagcgacgacaccgccctgtactactgcgtgaccggcctgttcgactactggggccagggcaccctggtgaccgtg

agcagctacccatacgatgttccagattacgctggtggaggcggaggttctgggggaggaggtagtggcggtggtggttcaggag

gcggcggaagcttggatccaggtggaggtggaagcggtagcaaaggagaagaacttttcactggagttgtcccaattcttgttga

attagatggtgatgttaatgggcacaaattttctgtccgtggagagggtgaaggtgatgctacaaacggaaaactcacccttaaa

tttatttgcactactggaaaactacctgttccgtggccaacacttgtcactactctgacctatggtgttcaatgcttttcccgtt

atccggatcacatgaaacggcatgactttttcaagagtgccatgcccgaaggttatgtacaggaacgcactatatctttcaaaga

tgacgggacctacaagacgcgtgctgaagtcaagtttgaaggtgatacccttgttaatcgtatcgagttaaagggtattgatttt

aaagaagatggaaacattcttggacacaaactcgagtacaactttaactcacacaatgtatacatcacggcagacaaacaaaaga

atggaatcaaagctaacttcaaaattcgccacaacgttgaagatggttccgttcaactagcagaccattatcaacaaaatactcc

aattggcgatggccctgtccttttaccagacaaccattacctgtcgacacaatctgtcctttcgaaagatcccaacgaaaagcgt

gaccacatggtccttcttgagtttgtaactgctgctgggattacacatggcatggatgagctctacaaaggtggaggtcggaccg

gtggcggtgagtacaagcttatcctgaacggtaaaaccctgaaaggtgaaaccaccaccgaagctgttgacgctgctaccgcgga

aaaagttttcaaacagtacgctaacgacaacggtgttgacggtgaatggacctacgacgacgctaccaaaaccttcacggtaacc

gaaagcgctggagggggtggctccggcggaggaggctctggtggcggagggagtggagcggccgctccctcccggctccagatgt

tcttcgctaataaccacgaccaggaatttgaccctccaaaggtttacccacctgtcccagctgagaagaggaagcccatccgggt

gctgtctctcGCCgatggaatcgctacagggctcctggtgctgaaggacttgggcattcaggtggaccgctacattgcctcgGCC

gtgtgtgaggactccatcacggtgggcatggtgcggcaccaggggaagatcatgtacgtcggggacgtccgcagcgtcacacaga

agcatatccaggagtggggcccattcgatctggtgattgggggcagtccctgcaatgacctctccatcgtcaaccctgctcgcaa

gggcctctacgagggcactggccggctcttctttgagttctaccgcctcctgcatgatgcgcggcccaaggagggagatgatcgc

cccttcttctggctctttGCAaatgtggttgccatgggcgttagtgacaagagggacatctcgcgatttctcgagtccaaccctg

tgatgattgatgccaaagaagtgtcagctgcacacagggcccgctacttctggggtaaccttcccggtatgaacaggccgttggc

atccactgtgaatgataagctggagctgcaggagtgtctggagcatggcaggatagccaagttcagcaaagtgaggaccattact

acgaggtcaaactccataaagcagggcaaagaccagcattttcctgtcttcatgaatgagaaagaggacatcttatggtgcactg

aaatggaaagggtatttggtttcccagtccactatactgacgtgtccaacatgagccgcttggcgGCCcagagactgctgggccg

gtcatggagcgtgccagtcatccgccacctcttcgctccgctgaaggagtattttgcgtgtgtggaggtgcacaccaaccaagat

ccgcttgatgctgaagttcatacaaaccaggatcccctcgatgccgaagtccatactaatcaggacccactggacgcatga 

 

Plasmid sequence annotation: 

Teal highlight  : Nuclear localization signal 

Cyan highlight  : scFv (anti-GCN4 single variable chain fragment) 

Green highlight : Super-folding GFP (sfGFP) 

Bold Underlined : Protein G B1 domain 

Yellow highlight : Linker  

Grey Highlight : DNMT3A mutant catalytic domain  

Dark yellow highlight : 3x Ty1 epitope  

 

Site directed mutagenesis to generate DNMT3A catalytic mutant are denoted in RED. 

 

 

 

 

 

 

 

8. pEf1α-GFP-sgRNA 
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cgtacggccaccatggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacg

gccacaagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccggcaa

gctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatgaagcag

cacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaaggacgacggcaactacaagaccc

gcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcct

ggggcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttc

aagatccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgc

tgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaagcgcgatcacatggtcctgctgga

gttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtgatggaattaattcgctgtctgcgagggccagctg

ttggggtgagtactccctctcaaaagcgggcatgacttctgcgctaagattgtcagtttccaaaaacgaggaggatttgatattc

acctggcccgcggtgatgcctttgagggtggccgcgtccatctggtcagaaaagacaatctttttgttgtcaagcttgaggtgtg

gcaggcttgagatctggccatacacttgagtgacaatgacatccactttgcctttctctccacaggtgtccactcccaggtccaa

ctgcaggtcgatttaaatgggaattccacagcggccgcatgtctagataactgatcataatcagccataccacatttgtagaggt

tttacttgctttaaaaaacctcccacacctccccctgaacctgaaacataaaatgaatgcaattgttgttgttaacttgtttatt

gcagcttataatggttacaaataaagcaatagcatcacaaatttcacaaataaagcatttttttcactgcattctagttgtggtt

tgtccaaactcatcaatgtatcttaatgcgtcgagtgcattctagttgtggtttgtccaaactcatcaatgtatcttatcatgtc

tgtattgtacaaaaaagcaggctttaaaggaaccaattcagtcgactggatccggtaccaaggtcgggcaggaagagggcctatt

tcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagata

ttagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcata

tgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttaagttaaaataaggctagtccgttatcaacttgaaa

aagtggcaccgagtcggtgcttttttt 

 

 

Plasmid sequence annotation: 

Green highlight : eGFP CDS  

Cyan highlight  : Intron 

Grey Highlight : SV40 polyadenylation signal 

Purple highlight  : U6 promoter 

Bold underlined  : sgRNA scaffold  

Red highlight  : Poly-T terminator 
 

 

 

9. pEf1α-TALE-DNMT3A  
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Destination vector for assembled TALE repeat domains.  
 

 
cgtacggccaccatgtacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacgatgtgcccgactacgccgcaatggcccc

aaagaagaagcggaaggtcggtatccacggagtcccagcagccgtagatttgagaactttgggatattcacagcagcagcaggaaaagatcaagcccaaagtgaggtcgacag

tcgcgcagcatcacgaagccctggtgggtcatgggtttacacatgcccacatcgtagccttgtcgcagcaccctgcagcccttggcacggtcgccgtcaagtaccaggacatg

attgcggcgttgccggaagccacacatgaggcgatcgtcggtgtggggaaacagtggagcggagcccgcgcccttgaggccctgttgacggtcgcgggagagctgagagggcc

tccccttcagctggacacgggccagttgctgaagatcgcgaagcggggaggagtcacggcggtcgaggcggtgcacgcgtggcgcaatgcgctcacgggagcacccctcaacc

tgacagagacgctggctgatgggcgtctcggaggcagacccgcactggagtcaattgtggcccagctttcgaggccggaccccgcgctggccgcactcactaatgatcatctt

gtagcgctggcctgcctcggcggacgacccgccttggatgcggtgaagaaggggctcccgcacgcgcctgcattgattaagcggaccaacagaaggattcccgagaggacatc

acatcgagtggcaggtggcggagggtctgggggaggcggtagtcaggccagcccgaaaaagaaaagaaaagtgggacgggcgaaaggaggcggtggctcaggcggtgggggaa

gcccctcccggctccagatgttcttcgctaataaccacgaccaggaatttgaccctccaaaggtttacccacctgtcccagctgagaagaggaagcccatccgggtgctgtct

ctctttgatggaatcgctacagggctcctggtgctgaaggacttgggcattcaggtggaccgctacattgcctcggaggtgtgtgaggactccatcacggtgggcatggtgcg

gcaccaggggaagatcatgtacgtcggggacgtccgcagcgtcacacagaagcatatccaggagtggggcccattcgatctggtgattgggggcagtccctgcaatgacctct

ccatcgtcaaccctgctcgcaagggcctctacgagggcactggccggctcttctttgagttctaccgcctcctgcatgatgcgcggcccaaggagggagatgatcgccccttc

ttctggctctttgagaatgtggtggccatgggcgttagtgacaagagggacatctcgcgatttctcgagtccaaccctgtgatgattgatgccaaagaagtgtcagctgcaca

cagggcccgctacttctggggtaaccttcccggtatgaacaggccgttggcatccactgtgaatgataagctggagctgcaggagtgtctggagcatggcaggatagccaagt

tcagcaaagtgaggaccattactacgaggtcaaactccataaagcagggcaaagaccagcattttcctgtcttcatgaatgagaaagaggacatcttatggtgcactgaaatg

gaaagggtatttggtttcccagtccactatactgacgtgtccaacatgagccgcttggcgaggcagagactgctgggccggtcatggagcgtgccagtcatccgccacctctt

cgctccgctgaaggagtattttgcgtgtgtggaggtgcacaccaaccaagatccgcttgatgctgaagttcatacaaaccaggatcccctcgatgccgaagtccatactaatc

aggacccactggacgcatga 

Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope   

Teal highlight  : Nuclear localization signal 

Cyan Highlight : TALE N-terminus 

Green Highlight  : TALE C-terminus 

Bold underlined  : linker sequence 

Dark yellow highlight : DNMT3A catalytic domain 

Grey highlight  : 3x Ty1 epitope  
 

 

 

 

10. pEf1α-TALE-DNMT3A-mutant 
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Cgtacggccaccatgtacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacgatgtgcccgact

acgccgcaatggccccaaagaagaagcggaaggtcggtatccacggagtcccagcagccgtagatttgagaactttgggatattcacagcagcagca

ggaaaagatcaagcccaaagtgaggtcgacagtcgcgcagcatcacgaagccctggtgggtcatgggtttacacatgcccacatcgtagccttgtcg

cagcaccctgcagcccttggcacggtcgccgtcaagtaccaggacatgattgcggcgttgccggaagccacacatgaggcgatcgtcggtgtgggga

aacagtggagcggagcccgcgcccttgaggccctgttgacggtcgcgggagagctgagagggcctccccttcagctggacacgggccagttgctgaa

gatcgcgaagcggggaggagtcacggcggtcgaggcggtgcacgcgtggcgcaatgcgctcacgggagcacccctcaacctgacagagacgctggct

gatgggcgtctcggaggcagacccgcactggagtcaattgtggcccagctttcgaggccggaccccgcgctggccgcactcactaatgatcatcttg

tagcgctggcctgcctcggcggacgacccgccttggatgcggtgaagaaggggctcccgcacgcgcctgcattgattaagcggaccaacagaaggat

tcccgagaggacatcacatcgagtggcaggtggcggagggtctgggggaggcggtagtcaggccagcccgaaaaagaaaagaaaagtgggacgggcg

aaaggaggcggtggctcaggcggtgggggaagcccctcccggctccagatgttcttcgctaataaccacgaccaggaatttgaccctccaaaggttt

acccacctgtcccagctgagaagaggaagcccatccgggtgctgtctctcGCCgatggaatcgctacagggctcctggtgctgaaggacttgggcat

tcaggtggaccgctacattgcctcgGCCgtgtgtgaggactccatcacggtgggcatggtgcggcaccaggggaagatcatgtacgtcggggacgtc

cgcagcgtcacacagaagcatatccaggagtggggcccattcgatctggtgattgggggcagtccctgcaatgacctctccatcgtcaaccctgctc

gcaagggcctctacgagggcactggccggctcttctttgagttctaccgcctcctgcatgatgcgcggcccaaggagggagatgatcgccccttctt

ctggctctttGCAaatgtggttgccatgggcgttagtgacaagagggacatctcgcgatttctcgagtccaaccctgtgatgattgatgccaaagaa

gtgtcagctgcacacagggcccgctacttctggggtaaccttcccggtatgaacaggccgttggcatccactgtgaatgataagctggagctgcagg

agtgtctggagcatggcaggatagccaagttcagcaaagtgaggaccattactacgaggtcaaactccataaagcagggcaaagaccagcattttcc

tgtcttcatgaatgagaaagaggacatcttatggtgcactgaaatggaaagggtatttggtttcccagtccactatactgacgtgtccaacatgagc

cgcttggcgGCCcagagactgctgggccggtcatggagcgtgccagtcatccgccacctcttcgctccgctgaaggagtattttgcgtgtgtggagg

tgcacaccaaccaagatccgcttgatgctgaagttcatacaaaccaggatcccctcgatgccgaagtccatactaatcaggacccactggacgcatg

a 

Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope   

Teal highlight  : Nuclear localization signal 

Cyan Highlight : TALE N-terminus 

Green Highlight  : TALE C-terminus 

Bold underlined  : linker sequence 

Dark yellow highlight : DNMT3A mutant catalytic domain  

Grey highlight  : 3x Ty1 epitope   

 

Site directed mutagenesis to generate DNMT3A catalytic mutant are denoted in RE 
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11. pEf1α-TALE-SunTag 

 

 

cgtacggccaccatgtacccctatgacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacgatgtgcccgact

acgccgcaatggccccaaagaagaagcggaaggtcggtatccacggagtcccagcagccgtagatttgagaactttgggatattcacagcagcagca

ggaaaagatcaagcccaaagtgaggtcgacagtcgcgcagcatcacgaagccctggtgggtcatgggtttacacatgcccacatcgtagccttgtcg

cagcaccctgcagcccttggcacggtcgccgtcaagtaccaggacatgattgcggcgttgccggaagccacacatgaggcgatcgtcggtgtgggga

aacagtggagcggagcccgcgcccttgaggccctgttgacggtcgcgggagagctgagagggcctccccttcagctggacacgggccagttgctgaa

gatcgcgaagcggggaggagtcacggcggtcgaggcggtgcacgcgtggcgcaatgcgctcacgggagcacccctcaacctgacagagacgctggct

gatgggcgtctcggaggcagacccgcactggagtcaattgtggcccagctttcgaggccggaccccgcgctggccgcactcactaatgatcatcttg

tagcgctggcctgcctcggcggacgacccgccttggatgcggtgaagaaggggctcccgcacgcgcctgcattgattaagcggaccaacagaaggat

tcccgagaggacatcacatcgagtggcaggtggcggagggtctgggggaggcggtagtcaggccagcccgaaaaagaaaagaaaagtgggacgggcg

aaaggaggcggtggctcaggcggtgggggaagcgaagaacttttgagcaagaattatcatcttgagaacgaagtggctcgtcttaagaaaggttctg

gcagtggagaagaactgctttcaaagaattaccacctggaaaatgaggtagctagactgaaaaaggggagcggaagtggggaggagttgctgagcaa

aaattatcatttggagaacgaagtagcacgactaaagaaagggtccggatcgggtgaggagttactctcgaaaaattatcatctcgaaaacgaagtg

gctcggctaaaaaagggcagtggttctggagaagagctattatctaaaaactaccacctcgaaaatgaggtggcacgcttaaaaaagggaagtggca

gtggtgaagagctactatccaagaattatcatcttgagaacgaggtagcgcgtttgaagaagggttccggctcaggagaggaactgctctcgaagaa

ctatcatcttgaaaatgaggtcgctcgattaaaaaagggatcgggcagtggtgaggaactactttcaaagaattaccacctcgaaaacgaagtagct

cgattaaagaaaggttcagggtcgggtgaagaattactgagtaaaaattatcatctggaaaatgaggtagcgagactaaaaaaggggagtggttctg

gcgaggaattgctatcgaaaaattatcatcttgagaacgaagttgctaggctcaaaaagtgagggggaggctaactggaattaattcgctgtctgcg

agggccagctgttggggtgagtactccctctcaaaagcgggcatgacttctgcgctaagattgtcagtttccaaaaacgaggaggatttgatattca

cctggcccgcggtgatgcctttgagggtggccgcgtccatctggtcagaaaagacaatctttttgttgtcaagcttgaggtgtggcaggcttgagat

ctggccatacacttgagtgacaatgacatccactttgcctttctctccacaggtgtccactcccaggtccaactgcaggtcgatttaaatgggaatt

ccacagcggccgcatgtctagataactgatcataatcagccataccacatttgtagaggttttacttgctttaaaaaacctcccacacctccccctg

aacctgaaacataaaatgaatgcaattgttgttgttaacttgtttattgcagcttataatggttacaaataaagcaatagcatcacaaatttcacaa

ataaagcatttttttcactgcattctagttgtggtttgtccaaactcatcaatgtatcttaatgcgtcgag 

 

Plasmid sequence annotation: 

Yellow highlight : 3x HA epitope   

Teal highlight  : Nuclear localization signal 

Cyan Highlight : TALE N-terminus 

Dark yellow highlight : TALE C-terminus 

Bold underlined  : linker sequence 

Green highlight : 10 units of GCN4 (SunTag) 

Grey highlight  : Intron  

Purple highlight : SV40 polyadenylation signal 
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12. pCS2+ dCas9-SunTag 
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atttaggtgacactatagaatacaagctacttgttctttttgcaggatcccatcgattcgaattATGccaaagaagaagcggaaggtctacccctat

gacgtgcctgattacgccgcttatccttacgatgtgcccgactatgcagcctacccatacgatgtgcccgactacgccgcaatggccggtatccacg

gagtcccagcagccatggacaagaagtactccattgggctcgctatcggcacaaacagcgtcggctgggccgtcattacggacgagtacaaggtgcc

gagcaaaaaattcaaagttctgggcaataccgatcgccacagcataaagaagaacctcattggcgccctcctgttcgactccggggagacggccgaa

gccacgcggctcaaaagaacagcacggcgcagatatacccgcagaaagaatcggatctgctacctgcaggagatctttagtaatgagatggctaagg

tggatgactctttcttccataggctggaggagtcctttttggtggaggaggataaaaagcacgagcgccacccaatctttggcaatatcgtggacga

ggtggcgtaccatgaaaagtacccaaccatatatcatctgaggaagaagcttgtagacagtactgataaggctgacttgcggttgatctatctcgcg

ctggcgcatatgatcaaatttcggggacacttcctcatcgagggggacctgaacccagacaacagcgatgtcgacaaactctttatccaactggttc

agacttacaatcagcttttcgaagagaacccgatcaacgcatccggagttgacgccaaagcaatcctgagcgctaggctgtccaaatcccggcggct

cgaaaacctcatcgcacagctccctggggagaagaagaacggcctgtttggtaatcttatcgccctgtcactcgggctgacccccaactttaaatct

aacttcgacctggccgaagatgccaagcttcaactgagcaaagacacctacgatgatgatctcgacaatctgctggcccagatcggcgaccagtacg

cagacctttttttggcggcaaagaacctgtcagacgccattctgctgagtgatattctgcgagtgaacacggagatcaccaaagctccgctgagcgc

tagtatgatcaagcgctatgatgagcaccaccaagacttgactttgctgaaggcccttgtcagacagcaactgcctgagaagtacaaggaaattttc

ttcgatcagtctaaaaatggctacgccggatacattgacggcggagcaagccaggaggaattttacaaatttattaagcccatcttggaaaaaatgg

acggcaccgaggagctgctggtaaagcttaacagagaagatctgttgcgcaaacagcgcactttcgacaatggaagcatcccccaccagattcacct

gggcgaactgcacgctatcctcaggcggcaagaggatttctacccctttttgaaagataacagggaaaagattgagaaaatcctcacatttcggata

ccctactatgtgggccccctcgcccggggaaattccagattcgcgtggatgactcgcaaatcagaagagaccatcactccctggaacttcgaggaag

tcgtggataagggggcctctgcccagtccttcatcgaaaggatgactaactttgataaaaatctgcctaacgaaaaggtgcttcctaaacactctct

gctgtacgagtacttcacagtttataacgagctcaccaaggtcaaatacgtcacagaagggatgagaaagccagcattcctgtctggagagcagaag

aaagctatcgtggacctcctcttcaagacgaaccggaaagttaccgtgaaacagctcaaagaagactatttcaaaaagattgaatgtttcgactctg

ttgaaatcagcggagtggaggatcgcttcaacgcatccctgggaacgtatcacgatctcctgaaaatcattaaagacaaggacttcctggacaatga

ggagaacgaggacattcttgaggacattgtcctcacccttacgttgtttgaagatagggagatgattgaagaacgcttgaaaacttacgctcatctc

ttcgacgacaaagtcatgaaacagctcaagaggcgccgatatacaggatgggggcggctgtcaagaaaactgatcaatgggatccgagacaagcaga

gtggaaagacaatcctggattttcttaagtccgatggatttgccaacaggaacttcatgcagttgatccatgatgactctctcacctttaaggagga

catccagaaagcacaagtttctggccagggggacagtcttcacgagcacatcgctaatcttgcaggtagcccagctatcaaaaagggaatactgcag

accgttaaggtcgtggatgaactcgtcaaagtaatgggaaggcataagcccgagaatatcgttatcgagatggcccgagagaaccaaactacccaga

agggacagaagaacagtagggaaaggatgaagaggattgaagagggtataaaagaactggggtcccaaatccttaaggaacacccagttgaaaacac

ccagcttcagaatgagaagctctacctgtactacctgcagaacggcagggacatgtacgtggatcaggaactggacatcaatcggctctccgactac

gacgtggatgcaatcgtgccccagtcttttctcaaagatgattctattgataataaagtgttgacaagatccgataaaaatagagggaagagtgata

acgtcccctcagaagaagttgtcaagaaaatgaaaaattattggcggcagctgctgaacgccaaactgatcacacaacggaagttcgataatctgac

taaggctgaacgaggtggcctgtctgagttggataaagccggcttcatcaaaaggcagcttgttgagacacgccagatcaccaagcacgtggcccaa

attctcgattcacgcatgaacaccaagtacgatgaaaatgacaaactgattcgagaggtgaaagttattactctgaagtctaagctggtctcagatt

tcagaaaggactttcagttttataaggtgagagagatcaacaattaccaccatgcgcatgatgcctacctgaatgcagtggtaggcactgcacttat

caaaaaatatcccaagcttgaatctgaatttgtttacggagactataaagtgtacgatgttaggaaaatgatcgcaaagtctgagcaggaaataggc

aaggccaccgctaagtacttcttttacagcaatattatgaattttttcaagaccgagattacactggccaatggagagattcggaagcgaccactta

tcgaaacaaacggagaaacaggagaaatcgtgtgggacaagggtagggatttcgcgacagtccggaaggtcctgtccatgccgcaggtgaacatcgt

taaaaagaccgaagtacagaccggaggcttctccaaggaaagtatcctcccgaaaaggaacagcgacaagctgatcgcacgcaaaaaagattgggac

cccaagaaatacggcggattcgattctcctacagtcgcttacagtgtactggttgtggccaaagtggagaaagggaagtctaaaaaactcaaaagcg

tcaaggaactgctgggcatcacaatcatggagcgatcaagcttcgaaaaaaaccccatcgactttctcgaggcgaaaggatataaagaggtcaaaaa

agacctcatcattaagcttcccaagtactctctctttgagcttgaaaacggccggaaacgaatgctcgctagtgcgggcgagctgcagaaaggtaac

gagctggcactgccctctaaatacgttaatttcttgtatctggccagccactatgaaaagctcaaagggtctcccgaagataatgagcagaagcagc

tgttcgtggaacaacacaaacactaccttgatgagatcatcgagcaaataagcgaattctccaaaagagtgatcctcgccgacgctaacctcgataa

ggtgctttctgcttacaataagcacagggataagcccatcagggagcaggcagaaaacattatccacttgtttactctgaccaacttgggcgcgcct

gcagccttcaagtacttcgacaccaccatagacagaaagcggtacacctctacaaaggaggtcctggacgccacactgattcatcagtcaattacgg

ggctctatgaaacaagaatcgacctctctcagctcggtggagacagcagggctgacgggggaggatcagggggagggtcccccaaaaagaaacgcaa

agtgaccggcaagaaaaccagcggccaggccggacaggcctctcctaagaaaaaaagaaaagtgggacgcgctggcggcggaagcgaagaacttttg

agcaagaattatcatcttgagaacgaagtggctcgtcttaagaaaggttctggcagtggagaagaactgctttcaaagaattaccacctggaaaatg

aggtagctagactgaaaaaggggagcggaagtggggaggagttgctgagcaaaaattatcatttggagaacgaagtagcacgactaaagaaagggtc

cggatcgggtgaggagttactctcgaaaaattatcatctcgaaaacgaagtggctcggctaaaaaagggcagtggttctggagaagagctattatct

aaaaactaccacctcgaaaatgaggtggcacgcttaaaaaagggaagtggcagtggtgaagagctactatccaagaattatcatcttgagaacgagg

tagcgcgtttgaagaagggttccggctcaggagaggaactgctctcgaagaactatcatcttgaaaatgaggtcgctcgattaaaaaagggatcggg

cagtggtgaggaactactttcaaagaattaccacctcgaaaacgaagtagctcgattaaagaaaggttcagggtcgggtgaagaattactgagtaaa

aattatcatctggaaaatgaggtagcgagactaaaaaaggggagtggttctggcgaggaattgctatcgaaaaattatcatcttgagaacgaagttg

ctaggctcaaaaagggcggtggttccggaggaggtagtccgaagaagaaacgtaaggtcggatgcTAG 

 

 

 

Plasmid sequence annotation: 

Grey Highlight : SP6 RNA polymerase promoter sequence 

Teal highlight  : Nuclear localization signal 

Yellow highlight : 3x HA epitope   

Dark yellow highlight : dCas9 

Cyan Highlight : 10 units of GCN4 (SunTag) 

ATG   : Start codon 

TAG   : Stop codon 
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13. pCS2+ scFv-DNMT3A 

 

 

 

atttaggtgacactatagaatacaagctacttgttctttttgcaggatcccatcgattcgaattcggccaccATGggtcctaagaaaaagaggaagg

tgggccccgacatcgtgatgacccagagccccagcagcctgagcgccagcgtgggcgaccgcgtgaccatcacctgccgcagcagcaccggcgccgt

gaccaccagcaactacgccagctgggtgcaggagaagcccggcaagctgttcaagggcctgatcggcggcaccaacaaccgcgcccccggcgtgccc

agccgcttcagcggcagcctgatcggcgacaaggccaccctgaccatcagcagcctgcagcccgaggacttcgccacctacttctgcgccctgtggt

acagcaaccactgggtgttcggccagggcaccaaggtggagctgaagcgcggcggcggcggcagcggcggcggcggcagcggcggcggcggcagcag

cggcggcggcagcgaggtgaagctgctggagagcggcggcggcctggtgcagcccggcggcagcctgaagctgagctgcgccgtgagcggcttcagc

ctgaccgactacggcgtgaactgggtgcgccaggcccccggccgcggcctggagtggatcggcgtgatctggggcgacggcatcaccgactacaaca

gcgccctgaaggaccgcttcatcatcagcaaggacaacggcaagaacaccgtgtacctgcagatgagcaaggtgcgcagcgacgacaccgccctgta

ctactgcgtgaccggcctgttcgactactggggccagggcaccctggtgaccgtgagcagctacccatacgatgttccagattacgctggtggaggc

ggaggttctgggggaggaggtagtggcggtggtggttcaggaggcggcggaagcttggatccaggtggaggtggaagcggtagcaaaggagaagaac

ttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaattttctgtccgtggagagggtgaaggtgatgctacaaa

cggaaaactcacccttaaatttatttgcactactggaaaactacctgttccgtggccaacacttgtcactactctgacctatggtgttcaatgcttt

tcccgttatccggatcacatgaaacggcatgactttttcaagagtgccatgcccgaaggttatgtacaggaacgcactatatctttcaaagatgacg

ggacctacaagacgcgtgctgaagtcaagtttgaaggtgatacccttgttaatcgtatcgagttaaagggtattgattttaaagaagatggaaacat

tcttggacacaaactcgagtacaactttaactcacacaatgtatacatcacggcagacaaacaaaagaatggaatcaaagctaacttcaaaattcgc

cacaacgttgaagatggttccgttcaactagcagaccattatcaacaaaatactccaattggcgatggccctgtccttttaccagacaaccattacc

tgtcgacacaatctgtcctttcgaaagatcccaacgaaaagcgtgaccacatggtccttcttgagtttgtaactgctgctgggattacacatggcat

ggatgagctctacaaaggtggaggtcggaccggtggcggtgagtacaagcttatcctgaacggtaaaaccctgaaaggtgaaaccaccaccgaagct

gttgacgctgctaccgcggaaaaagttttcaaacagtacgctaacgacaacggtgttgacggtgaatggacctacgacgacgctaccaaaaccttca

cggtaaccgaaagcgctggagggggtggctccggcggaggaggctctggtggcggagggagtggagcggccgctccctcccggctccagatgttctt

cgctaataaccacgaccaggaatttgaccctccaaaggtttacccacctgtcccagctgagaagaggaagcccatccgggtgctgtctctctttgat

ggaatcgctacagggctcctggtgctgaaggacttgggcattcaggtggaccgctacattgcctcggaggtgtgtgaggactccatcacggtgggca

tggtgcggcaccaggggaagatcatgtacgtcggggacgtccgcagcgtcacacagaagcatatccaggagtggggcccattcgatctggtgattgg

gggcagtccctgcaatgacctctccatcgtcaaccctgctcgcaagggcctctacgagggcactggccggctgttctttgagttctaccgcctcctg

catgatgcgcggcccaaggagggagatgatcgccccttcttctggctctttgagaatgtggtggccatgggcgttagtgacaagagggacatctcgc

gatttctcgagtccaaccctgtgatgattgatgccaaagaagtgtcagctgcacacagggcccgctacttctggggtaaccttcccggtatgaacag

gccgttggcatccactgtgaatgataagctggagctgcaggagtgtctggagcatggcaggatagccaagttcagcaaagtgaggaccattactacg

aggtcaaactccataaagcagggcaaagaccagcattttcctgtcttcatgaatgagaaagaggacatcttatggtgcactgaaatggaaagggtat

ttggtttcccagtccactatactgacgtgtccaacatgagccgcttggcgaggcagagactgctgggccggtcatggagcgtgccagtcatccgcca

cctcttcgctccgctgaaggagtattttgcgtgtgtggaggtgcacaccaaccaagatccgcttgatgctgaagttcatacaaaccaggatcccctc

gatgccgaagtccatactaatcaggacccactggacgcaTGA 

 

Plasmid sequence annotation: 

Grey Highlight : SP6 RNA polymerase promoter sequence 

Teal highlight  : Nuclear localization signal 

Cyan Highlight : scFv (anti-GCN4 single variable chain fragment) 

Green highlight : Super folding GFP (sfGFP) 

Dark yellow highlight : Protein G B1 domain  

Yellow highlight : DNMT3A Catalytic domain   
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Purple highlight : 3x Ty1 epitope  

ATG   : Start codon 

TAG   : Stop codon 

 

 

14. pCS2+ scFv-mCherry 

 

 

 

atttaggtgacactatagaatacaagctacttgttctttttgcaggatcccatcgattcgaattcggccaccATGggtcctaagaaaaagaggaagg

tgggccccgacatcgtgatgacccagagccccagcagcctgagcgccagcgtgggcgaccgcgtgaccatcacctgccgcagcagcaccggcgccgt

gaccaccagcaactacgccagctgggtgcaggagaagcccggcaagctgttcaagggcctgatcggcggcaccaacaaccgcgcccccggcgtgccc

agccgcttcagcggcagcctgatcggcgacaaggccaccctgaccatcagcagcctgcagcccgaggacttcgccacctacttctgcgccctgtggt

acagcaaccactgggtgttcggccagggcaccaaggtggagctgaagcgcggcggcggcggcagcggcggcggcggcagcggcggcggcggcagcag

cggcggcggcagcgaggtgaagctgctggagagcggcggcggcctggtgcagcccggcggcagcctgaagctgagctgcgccgtgagcggcttcagc

ctgaccgactacggcgtgaactgggtgcgccaggcccccggccgcggcctggagtggatcggcgtgatctggggcgacggcatcaccgactacaaca

gcgccctgaaggaccgcttcatcatcagcaaggacaacggcaagaacaccgtgtacctgcagatgagcaaggtgcgcagcgacgacaccgccctgta

ctactgcgtgaccggcctgttcgactactggggccagggcaccctggtgaccgtgagcagctacccatacgatgttccagattacgctggtggaggc

ggaggttctgggggaggaggtagtggcggtggtggttcaggaggcggcggaagcttggatccaggtggaggtggaagcggtagcaaaggagaagaac

ttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaattttctgtccgtggagagggtgaaggtgatgctacaaa

cggaaaactcacccttaaatttatttgcactactggaaaactacctgttccgtggccaacacttgtcactactctgacctatggtgttcaatgcttt

tcccgttatccggatcacatgaaacggcatgactttttcaagagtgccatgcccgaaggttatgtacaggaacgcactatatctttcaaagatgacg

ggacctacaagacgcgtgctgaagtcaagtttgaaggtgatacccttgttaatcgtatcgagttaaagggtattgattttaaagaagatggaaacat

tcttggacacaaactcgagtacaactttaactcacacaatgtatacatcacggcagacaaacaaaagaatggaatcaaagctaacttcaaaattcgc

cacaacgttgaagatggttccgttcaactagcagaccattatcaacaaaatactccaattggcgatggccctgtccttttaccagacaaccattacc

tgtcgacacaatctgtcctttcgaaagatcccaacgaaaagcgtgaccacatggtccttcttgagtttgtaactgctgctgggattacacatggcat

ggatgagctctacaaaggtggaggtcggaccggtggcggtgagtacaagcttatcctgaacggtaaaaccctgaaaggtgaaaccaccaccgaagct

gttgacgctgctaccgcggaaaaagttttcaaacagtacgctaacgacaacggtgttgacggtgaatggacctacgacgacgctaccaaaaccttca

cggtaaccgaagtgagcaagggcgaggaggataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccgtgaacggcca

cgagttcgagatcgagggcgagggcgagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtggccccctgcccttcgcc

tgggacatcctgtcccctcagttcatgtacggctccaaggcctacgtgaagcaccccgccgacatccccgactacttgaagctgtccttccccgagg

gcttcaagtgggagcgcgtgatgaacttcgaggacggcggcgtggtgaccgtgacccaggactcctccctgcaggacggcgagttcatctacaaggt

gaagctgcgcggcaccaacttcccctccgacggccccgtaatgcagaagaagaccatgggctgggaggcctcctccgagcggatgtaccccgaggac

ggcgccctgaagggcgagatcaagcagaggctgaagctgaaggacggcggccactacgacgctgaggtcaagaccacctacaaggccaagaagcccg

tgcagctgcccggcgcctacaacgtcaacatcaagttggacatcacctcccacaacgaggactacaccatcgtggaacagtacgaacgcgccgaggg

ccgccactccaccggcggcatggacgagctgtacaaggaggtgcacaccaaccaagatccgcttgatgctgaagttcatacaaaccaggatcccctc

gatgccgaagtccatactaatcaggacccactggacgcaTGA 

 

Plasmid sequence annotation: 

Grey Highlight : SP6 RNA polymerase promoter sequence 

Teal highlight  : Nuclear localization signal 

Cyan Highlight : scFv (anti-GCN4 single variable chain fragment) 

Green highlight : Super folding GFP (sfGFP) 

Dark yellow highlight : Protein G B1 domain  

Red highlight  : mCherry fluorescence protein    

Purple highlight : 3x Ty1 epitope  
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ATG   : Start codon 

TAG   : Stop codon 
 

 




