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Abstract 

 
The epigenome consists of chemical modifications to DNA and histone proteins that can 

regulate chromatin structure, DNA accessibility, and transcription. Given the variety and 

complexity of epigenetic modifications, and the diverse repertoire of enzymes that regulate 

them, understanding the role of these modifications in transcriptional regulation and 

subsequently using them to control gene activity requires the comprehensive exploration of 

their combinatorial activities. While first generation epigenome engineering tools using single 

catalytic domains have allowed targeted editing of DNA and histone modifications, they 

frequently underperform in efficacy and stability. Hence there is a strong need for expanding 

and advancing the current epigenomic editing tools to improve both their efficacy and their 

ability to perform combinatorial recruitment. To address this, this thesis first details the 

adaptation of the highly specific and modular dCas9-SunTag epigenetic editing tool. This tool 

was used for attaining amplified DNA methyltransferase recruitment for high on-target DNA 

methylation induction and subsequent characterisation of genome-wide binding events and 

effects of DNA methylation on transcription factor binding. Given the efficacy and 

reproducibility of this system, the SunTag system was subsequently expanded upon for the 

development of a high-throughput combinatorial epigenetic editing screen. This screen was 

developed in order to enable in depth assessment of the combinatorial effects of recruiting 

multiple epigenome modifying enzymes simultaneously to target loci in the human genome to 

investigate their causal roles in genome regulation. By delivering a random set of uniquely 

barcoded epimodifiers to each individual cell, combined with single cell RNA-seq to assay tens 

of thousands of individual cells, we were able to demonstrate the simultaneous read-out of 

transduced epimodifier identity with the subsequent impact on transcription. Further 

implementation of this screen platform to undertake a comprehensive analysis of the single cell 

data was ongoing at the time of writing, but the pilot experiment results presented here holds 

exciting prospects for determining the gene regulatory roles of multi-epimodifier recruitment, 

potentially taking us one step closer to deciphering and utilizing the combinatorial complexity 

of the epigenome. In parallel, this thesis also describes the synthesis and characterisation of a 

novel epigenetic editing platform known as the SSSavi system, which enables interchangeable 

combinatorial effector recruitment of up to four different epimodifiers to multiple genes 

simultaneously in a highly specific manner. This new customizable epigenetic editing tool 

allows precise control over the ordering of which effectors bind, far exceeding the control 
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provided by any other targeted recruitment system to date. It is envisioned that the complex 

combinatorial and multilayered nature of the epigenome may now potentially be deciphered 

using the powerful new editing capacity provided by the SSSavi system along with the high-

throughput barcoded epimodifier editing screen. Overall, this thesis has expanded and 

characterised a range of novel epigenome editing tools for synthetic biology applications, 

laying the foundations for future research to probe simultaneous features of the complex 

epigenome and chromatin landscape at an unprecedented scale. 
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Chapter 1 

 

 

Introduction and literature review 
 

The following chapter presents an overview of the epigenome and how it is composed of a 

multitude of chemical modifications and enzymes that regulate gene expression and chromatin 

state. This is followed by a discussion of the various tools currently available for editing and 

functionally characterising the epigenome, with a focus on the SunTag system and the need for a 

new adaptive combinatorial recruitment platform. Finally, the current state of combinatorial 

effector studies is reviewed, with an emphasis on their limitations for large scale adaptation and 

the necessity for the development of a novel high throughput screening tool. The chapter is 

concluded with an outline of the research aims. It is also noted that this chapter incorporates work 

from the following review article, a copy of which is included at the end of Supplementary 

Information S7.7: 

 

Pflueger, C., Swain, T. & Lister, R. (2019). Harnessing targeted DNA methylation and 

demethylation using dCas9, Essays in Biochemistry, 63(6), p. 813-825. 

 

 

1.1 The Epigenome 
Overlaying the genome is a set of dynamic chemical instructions that can regulate gene 

transcription and thereby affect the diversity and plasticity of cellular identity and phenotypes. 

These instructions include chromatin compaction states associated with the placement of histones, 

regulatory proteins and chemical modifications to DNA and histones, which together form 

important component layers of what is termed the epigenome (Figure 1.1, Kungulovski and Jeltsch 

2016; Soshnev et al. 2016; Stricker et al. 2017). Cataloguing these marks and the proteins that 

regulate them, across different cell types, developmental stages, and disease states is an ongoing 

process that has seen considerable progress in recent years with consortiums such as the Roadmap 

Epigenomics Project (Roadmap Epigenomics Consortium et al. 2015) and ENCODE (ENCODE 

Project Consortium 2012) leading the way (Stricker et al. 2017). There has been a movement away 

https://paperpile.com/c/OVVcii/y4ei+sGUg+o3Rw
https://paperpile.com/c/OVVcii/y4ei+sGUg+o3Rw
https://paperpile.com/c/OVVcii/ZNho
https://paperpile.com/c/OVVcii/bXYN
https://paperpile.com/c/OVVcii/bXYN
https://paperpile.com/c/OVVcii/o3Rw
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from descriptive and correlative data that provides associative links but does not establish 

causation, as a growing body of research focuses on the development of new techniques and tools 

for testing the functional and causal roles of epigenetic modifications. For example, the advent of 

whole epigenome characterization methods such as whole genome bisulfite sequencing and 

chromatin immunoprecipitation sequencing (ChIP-seq) has led to an increasingly detailed view of 

the epigenome (Soshnev et al. 2016). Despite this, there are myriad modifications and 

combinatorial chromatin states that have yet to be fully characterised (Fiziev et al. 2017) and have 

their causal roles established, and new epigenetic marks are still being identified (Tan et al. 2011; 

Zhao et al. 2019). Additionally, a broad array of enzymes that read, write, and erase epigenome 

modifications have been identified (Kouzarides 2007). This complexity is unsurprising given the 

heterogeneity of cellular phenotypes, epigenetically associated diseases, and the dynamic state of 

the epigenome (Soshnev et al. 2016; Kungulovski and Jeltsch 2016; Stricker et al. 2017). Thus, 

these molecular systems that can regulate access to the underlying genomic information are key to 

eukaryotic cellular complexity (Jurkowski et al. 2015) and understanding these regulatory 

mechanisms is critical to deciphering the dynamic nature of chromatin access and gene expression, 

and developing more sophisticated means to control it in the future. 

 

 

https://paperpile.com/c/OVVcii/sGUg
https://paperpile.com/c/OVVcii/eByn
https://paperpile.com/c/OVVcii/13o2+c470
https://paperpile.com/c/OVVcii/13o2+c470
https://paperpile.com/c/OVVcii/M61M
https://paperpile.com/c/OVVcii/sGUg+y4ei+o3Rw
https://paperpile.com/c/OVVcii/UpB8
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Figure 1.1 An overview of the epigenome. Illustration of the many layers of the DNA and histone modifications and 
chromatin state, including the higher order organisation of (i) a compact chromosome made up of the (ii) loops and 
folds of closed heterochromatin and open euchromatin, followed by (iii) nucleosome occupancy and (iv) the pairs of 
four core histone proteins (H2A, H2B, H3 and H4) that make up a nucleosome, along with (v) an indication of the 
numerous modifications that pattern the histone tails, and (vi) covalent modifications to DNA including cytosine DNA 
methylation. Image created using BioRender, adapted from Aguilar and Craighead (2013). 
 

 

Current approaches for studying the chemical modifications to chromatin, and the enzymes that 

catalyse them, generally investigate the potential causative effects of these marks by examining 

them on an individual basis. Given the variety and complexity of epigenetic modifications, and the 

diverse repertoire of enzymes that regulate them, understanding the role of these modifications in 

regulating transcription will require exploration of their combinatorial activities and repercussions. 

Recently, a number of studies have begun this task by examining combinations of epimodifiers, 

but the restricted flexibility of their targeted epigenome editing tools and chosen measurement 

techniques limits the ability to adapt the epigenome tools to large scale combinatorial testing 

(discussed in detail in Section 1.4, Ram et al. 2011; Keung et al. 2014; Stampfel et al. 2015; 

Amabile et al. 2016; Yeo et al. 2018; O'Geen et al. 2019). Thus, there is a need for the development 

and expansion of current editing tools to achieve greater flexibility in order to examine the 

combinatorial effects of multiple epigenome modifying enzymes (epimodifiers) across the 

genome. Such tools would enable further insight into the causal roles of these modifications on 

shaping chromatin state and gene expression regulation. 

 

1.2 Composition and organization of the epigenome 
Transcriptional regulation is largely influenced by the structure, compartmentalisation, and overall 

architecture of chromatin that can be controlled by epigenome modifications. The enzymatic 

machinery that orchestrates this regulation acts at many scales, ranging from local and direct 

covalent modifications to DNA and to the histone proteins around which it is wrapped, to higher-

order structures and folding of chromatin within the cell (Aguilar and Craighead 2013). In regards 

to DNA, there are currently five known chemical modifications, four of which occur to cytosine 

bases largely in the CpG context (methylation and its derivatives) and a more recent discovery of 

adenine methylation (Stricker et al. 2017). These modifications and their placement are regulated 

by a host of enzymes including DNA methyltransferases (DNMTs) that add and maintain 

methylation and ten-eleven translocases (TETs) that remove it. There are also a large cohort of 

enzymes that interact with these modifications including methyl-CpG-binding domain (MBD) 

proteins such methyl CpG binding protein 2 (MECP2), which recognize and bind methylated DNA 

https://paperpile.com/c/OVVcii/cuDB
https://paperpile.com/c/OVVcii/tgmA+BRxb+c08Q+0kdr+CIJy+9iHR
https://paperpile.com/c/OVVcii/tgmA+BRxb+c08Q+0kdr+CIJy+9iHR
https://paperpile.com/c/OVVcii/cuDB
https://paperpile.com/c/OVVcii/o3Rw
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and in turn recruit a number of interactive partners including chromatin re-modellers and histone 

modifiers (Bogdanović and Veenstra 2009).  

 

The fundamental building block of chromatin consists of nucleosomes, which is composed of an 

octamer of highly conserved histone proteins that play a key role in regulating and organising the 

structure, compaction and activity of the genome (Bannister and Kouzarides 2011). These histone 

octamers consist of pairs of four core histones (H2A, H2B, H3, H4), of which there are up to 30 

variants (Kornberg and Lorch 1999), and the linker histone H1 and its variants (Vignali and 

Workman 1998; Fyodorov et al. 2018). Importantly, specific residues of the N-terminal tails of the 

core histone proteins and their variants can be covalently modified, of which there are more than 

130 characterized residue sites that can be occupied by more than a dozen different histone post-

translational modifications (PTMs, e.g. phosphorylation, acetylation, methylation, ubiquitination, 

SUMOylation, ADP ribosylation and crotonylation) (Tan et al. 2011; Stricker et al. 2017). These 

modifications can alter the packaging and state of chromatin either directly or indirectly. The 

former entails alterations to the electrostatic interactions between histone proteins and nucleosomal 

DNA, which in turn regulates access to the DNA by transcription factors (TF) and other DNA-

binding proteins (Fenley et al. 2018). This occurs either by neutralising the positive charge (in case 

of histone acetylation) or imparting a stronger negative charge (through histone phosphorylation), 

thereby destabilizing the interaction between DNA and histones, while restoring the positive 

charge reverses this effect (in the case of histone deacetyltransferases, Bannister and Kouzarides 

2011). Alternatively, indirect alterations to chromatin state occurs by either recruiting proteins that 

bind to the specific histone modifications and thus act as docking stations for these proteins (e.g. 

bromodomains), or by inhibiting histone modifying proteins from binding and altering 

neighbouring modifications (Tan et al. 2011; Rossetto et al. 2012). An example of the latter 

involves the histone 3 lysine 4 trimethylation (H3K4me3) mark which prevents the binding of the 

nucleosome remodelling and deacetylase (NuRD) complex to actively transcribed genes 

(Zegerman et al. 2002). 

 

Histone PTMs are written, read, and erased by a range of proteins that rarely function in isolation 

(Kungulovski and Jeltsch 2016; Soshnev et al. 2016). Although many of these histone PTMs have 

been extensively studied and found to associate with particular processes such as transcriptional 

activation (histone 3 lysine 9 acetylation, H3K9ac) or repression (histone 3 lysine 27 

trimethylation, H3K27me3), the majority are still poorly characterised (Soshnev et al. 2016). The 

advent and adaptation of targeted gene editing tools is paving the way for directly investigating the 

https://paperpile.com/c/OVVcii/I9Z7
https://paperpile.com/c/OVVcii/HxYY
https://paperpile.com/c/OVVcii/rppr
https://paperpile.com/c/OVVcii/NmDp+g7Mw
https://paperpile.com/c/OVVcii/NmDp+g7Mw
https://paperpile.com/c/OVVcii/13o2+o3Rw
https://paperpile.com/c/OVVcii/vvH3
https://paperpile.com/c/OVVcii/HxYY
https://paperpile.com/c/OVVcii/HxYY
https://paperpile.com/c/OVVcii/13o2+Oalh
https://paperpile.com/c/OVVcii/gYbp
https://paperpile.com/c/OVVcii/y4ei+sGUg
https://paperpile.com/c/OVVcii/sGUg


5 
 

causality of these marks and their associated regulatory proteins. Such editing tools will be 

discussed further below (Section 1.3). 

 

In addition with these direct modifications to DNA and histones are alterations to nucleosome 

position, occupancy, and composition. This dynamic process involves the sliding of nucleosomes 

along DNA, resulting in alteration of their position and consequently the accessibility of different 

regions of chromatin. Furthermore, the composition of nucleosomes can be altered to incorporate 

different histone variants or establish different assemblies beyond the canonical octamer (Mueller-

Planitz et al. 2013; Lai and Pugh 2017). For example, histone chaperones such as anti-silencing 

function 1A (ASF1) can remove and deposit core histone proteins (Burgess and Zhang 2013), and 

chromatin remodellers such as the SWItch/sucrose non-fermentable (SWI/SNF) and the NuRD 

complexes can influence nucleosome positioning (Längst and Manelyte 2015). Exchanging 

histones and their variants plays a critical role in regulating specific chromatin packaging and 

transcriptional responses by providing alternative and/or additional amino acid residues for 

modification that can alter chromatin and the underlying cellular function (Talbert and Henikoff 

2017). 

 

Larger-scale epigenomic layers incorporate higher order loops and folds to chromatin that further 

influences the organization, interactions, and nuclear topology of gene localisation (Aguilar and 

Craighead 2013; Dekker et al. 2017). There are scaffold proteins such as CCCTC-binding factor 

(CTCF) (Phillips and Corces 2009) and yin yang 1 (YY1), that are involved in chromatin looping 

(Weintraub et al. 2017), as well as various non-coding RNA (ncRNA) molecules that all play a 

role in coordinating these higher order structures and the interactions that are established over short 

and long distances between genomic loci (Han and Chang 2015; Tan et al. 2017; Forrest and Khalil 

2017). These interactions occur across various regulatory elements such as enhancers and 

promoters that facilitate conformational compartmentalisation of chromatin known as topological 

associating domains (TADs) (Johanson et al. 2019, Figure 1.2). These domains regulate gene 

expression through altering their position within the nucleus rather than altering their boundaries, 

with less active genes positioned in TADs toward the nuclear membrane, and actively transcribed 

genes localized in TAD compartments toward the interior of the nucleus (Matharu and Ahituv 

2015). The regulatory proteins that dictate these conformational changes within TADs do not 

function statically, but are highly dynamic, exchanging and fine tuning their components and 

interactions within the genome. This enables extensive crosstalk between regulatory elements that 

impact local and global chromatin states as well as overall transcriptional output (Soshnev et al. 

https://paperpile.com/c/OVVcii/SYGe+iM2s
https://paperpile.com/c/OVVcii/SYGe+iM2s
https://paperpile.com/c/OVVcii/6Zhd
https://paperpile.com/c/OVVcii/dtlE
https://paperpile.com/c/OVVcii/iHPn
https://paperpile.com/c/OVVcii/iHPn
https://paperpile.com/c/OVVcii/cuDB+ybGY
https://paperpile.com/c/OVVcii/cuDB+ybGY
https://paperpile.com/c/OVVcii/Q5xQ
https://paperpile.com/c/OVVcii/Evgg
https://paperpile.com/c/OVVcii/3oO7+LDbq+BESM
https://paperpile.com/c/OVVcii/3oO7+LDbq+BESM
https://paperpile.com/c/OVVcii/763e
https://paperpile.com/c/OVVcii/SJsl
https://paperpile.com/c/OVVcii/SJsl
https://paperpile.com/c/OVVcii/sGUg
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2016). Classifying these different regulatory elements and their defining characteristics is 

discussed next (Section 1.2.1).  

 

 
Figure 1.2 The compartmentalisation of chromatin into topological associated domains (TADs). Chromatin 
occupancy in the nucleus forms highly structured territories known as TADs. Positioning of these domains follows 
that the interior of the nucleus is occupied by TADs containing actively transcribed genes, while the outer periphery 
contains TADs with inactive genes. Within an active TAD there are numerous interaction events occurring between 
regulatory elements of distal genes. Image adapted and reproduced with permission from Dekker et al. (2017) and 
Matharu and Ahituv (2015). Copyright 2017 Springer Nature and 2015 PLOS creative commons. 
 

 

1.2.1 Enhancer and promoter regulatory elements 
Gene transcription is a highly controlled and regulated process allowing precise conditional, 

temporal, and spatial patterns of gene expression. A key component of this control involves various 

classes of regulatory DNA elements, including promoters, enhancers, insulators, and silencers 

(Figure 1.3), and are important genomic regions where the transcriptional machinery interact to 

mediate gene expression (Maston et al. 2006). These regions typically contain recognition sites for 

DNA binding TFs that may repress or enhance gene expression. The focus of the following 

discussion is on promoters and enhancer elements, while a full detailed review of insulators, 

silencers, and locus control regions can be found in Elimelech and Birnbaum (2020). 

 

https://paperpile.com/c/OVVcii/sGUg
https://paperpile.com/c/OVVcii/ybGY+SJsl
https://paperpile.com/c/OVVcii/ybGY+SJsl
https://paperpile.com/c/OVVcii/ybGY+SJsl
https://paperpile.com/c/OVVcii/ybGY+SJsl
https://paperpile.com/c/OVVcii/4BYa
https://paperpile.com/c/OVVcii/dYnS
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Promoters are important regulatory regions located at the transcriptional start site (TSS) of a gene. 

Just upstream to this are proximal promoter elements, which in 60% of cases involves a CpG 

island, a region that exhibits high CG dinucleotide density and that typically lacks DNA 

methylation (Figure 1.3, Maston et al. 2006). These promoter regions act as an assembly point for 

the transcriptional machinery and the initiation of gene transcription, with active promoters 

typically marked by H3K4me3 flanking the TSS and enriched for RNA polymerase II (POL2) 

binding (Heintzman et al. 2007; Kleftogiannis et al. 2017). 

 

In contrast, enhancers are regulatory elements that are commonly located at a significant distance 

to the promoter and TSS of the target gene that they influence the expression of. Enhancers can 

undergo interactions with promoter regions and typically amplify the initiation of gene 

transcription at a promoter, and can be found upstream, downstream, or within their target gene, 

or even within neighbouring genes (Andersson and Sandelin 2020). Often, enhancers are found 

several thousand kilobases and up to a megabase away from the regulatory region to which it is 

interacting, and occasionally in a different orientation relative to the promoter of the target gene 

(Kleftogiannis et al. 2017). Furthermore, they typically exhibit H3K4me1 and H3K27ac histone 

PTMs, rather than the H3K4me3 seen at promoters (Figure 1.3, Maston et al. 2006). They are also 

saturated with E1A histone acetyltransferase (p300) binding sites and exhibit DNase I 

hypersensitivity (DHS), reflecting a more accessible chromatin state (Heintzman et al. 2007; 

Kleftogiannis et al. 2017). The sequencing of DHS sites (e.g. DNase-seq and ATAC-seq) allows 

genome-wide identification of regions of active chromatin and putative enhancers, where TFs may 

bind (Buenrostro et al. 2013, Klann et al. 2017). p300 adds acetyl groups to lysine 27 residues on 

H3 histones (H3K27ac) at active enhancers, and is highly correlated with active transcription 

(Hilton et al. 2015). 

 

https://paperpile.com/c/OVVcii/4BYa
https://paperpile.com/c/OVVcii/axiW+HBEq
https://paperpile.com/c/OVVcii/bpiA
https://paperpile.com/c/OVVcii/HBEq
https://paperpile.com/c/OVVcii/4BYa
https://paperpile.com/c/OVVcii/axiW+HBEq
https://paperpile.com/c/OVVcii/axiW+HBEq
https://paperpile.com/c/OVVcii/gUKY
https://paperpile.com/c/OVVcii/qW4c


8 
 

 
Figure 1.3 A schematic depicting different DNA regulatory elements. A promoter is generally less than 1 kb long 
and is made up of a core promoter containing the transcriptional start site (TSS) and proximal promoter elements. The 
former is usually enriched in H3K4me3 marks and RNA polymerase II (POL2) binding sites while the latter typically 
includes a CpG island that can be unmethylated (white lollipops) or methylated (black lollipops, mCpG). Located up 
to 1 Mb away from a gene are distal regulatory elements including locus control regions (regulate expression for 
clusters of nearby genes), insulators, silencers (repress gene transcription), and enhancers (activate transcription). 
Insulators are enriched in CTCF binding sites and typically block neighbouring genes from being affected by local 
transcriptional regulation. Enhancers are noted for being enriched in H3K4me1, H3K27ac and p300 binding sites and 
can be upstream or downstream to a promoter to which it interacts via DNA looping mechanisms. Image created based 
on work by Maston et al. (2006). 
 

 

The mapping and functional classification of the many tens of thousands of enhancers in different 

cell states is a challenging ongoing process to determine where they are located and which genes 

they interact with (Gasperini et al. 2020). This is further complicated by the fact that genes can 

have multiple, dynamically used enhancers that exhibit heterogeneous histone modifications and 

accessibility. Though enhancers have general identifying markers, they share considerable 

properties with other regulatory elements such as promoters (Andersson and Sandelin 2020), with 

some enhancers initiating transcription without a promoter (De Santa et al. 2010; Kim et al. 2010) 

and a growing subset found to contain CpG islands (Steinhaus et al. 2020). Given this complexity, 

the current project focuses on targeting promoters as an initial class of targets, and the 

https://paperpile.com/c/OVVcii/4BYa
https://paperpile.com/c/OVVcii/bezU
https://paperpile.com/c/OVVcii/bpiA
https://paperpile.com/c/OVVcii/Kv4B+dNoj
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consequences to gene regulation, though the significant role that enhancers play is of course 

recognized. 

 

1.2.2 The role of DNA methylation in gene regulation  
One of the most extensively studied epigenetic modifications is the methylation of DNA. This 

covalent modification occurs via mammalian de novo DNA methyltransferase DNMT3A and 

DNMT3B, which transfer methyl groups to cytosines in the CpG dinucleotide context, though it 

is also known to occur in the non-CpG context in embryonic stem cells (Ramsahoye et al. 2000; 

Lister et al. 2009) and neurons (Xie et al. 2012; Lister et al. 2013). There are also two additional 

DNMTs: DNMT1, which helps to maintain the DNA methylation state during cell division, and 

the catalytically inactive DNMT3L protein, which functions as a DNMT3A/DNMT3B regulatory 

factor (Jurkowska et al. 2011). Conversely, the removal of DNA methylation can occur either 

passively within a cell or be actively removed via TET dioxygenase proteins. TET proteins convert 

5-methylcytosine to 5-hydroxymethylcytosine, which can then be converted through subsequent 

oxidation events to 5-formylcytosine and 5-carboxycytosine, after which thymine DNA 

glycosylase (TDG), base excision repair (BER) or decarboxylase activities can catalyse the 

generation of unmodified cytosine (Huang and Rao 2012). There are several DNA methylation 

reader proteins known as MBDs. These proteins interact with chromatin remodelling and 

modifying complexes, and regulate TF binding, and thereby gene expression (Bogdanović and 

Veenstra 2009). Additionally, about half of all human genes possess regions of high CpG 

dinucleotide density called CpG islands, commonly located in the promoter region, which are 

generally found to be unmethylated, while the majority of CpG dinucleotides in the rest of the 

genome are highly methylated (Jones 2012; Schübeler 2015). These CpG islands are typically 

found at promoters, enhancers and some insulator regions. The other half of genes appear to either 

vary in their level of methylation or display low CpG content (Jiang et al. 2014).  

 

Although it is generally accepted that there is a strong negative correlation between gene 

expression and DNA methylation of CpG islands, it is still unclear how frequently there is a direct 

causative link between DNA methylation and a change in transcription in certain genomic 

contexts. Traditional approaches have focused on in vitro reporter assays, or overexpression, 

genetic knockdown, or pharmacological inhibitors of DNMTs (Jones and Taylor 1980; Li et al. 

1992; Hsieh 1999; Robertson et al. 1999; Stresemann and Lyko 2008; Wang et al. 2012; Maurano 

et al. 2015). In vitro reporter assays lack endogenous chromatin context, while knockdown or 

https://paperpile.com/c/OVVcii/lyHH+ic43
https://paperpile.com/c/OVVcii/lyHH+ic43
https://paperpile.com/c/OVVcii/tK3o+zq0p
https://paperpile.com/c/OVVcii/Lo7C
https://paperpile.com/c/OVVcii/jYGQ
https://paperpile.com/c/OVVcii/I9Z7
https://paperpile.com/c/OVVcii/I9Z7
https://paperpile.com/c/OVVcii/ulwZ+TR29
https://paperpile.com/c/OVVcii/wWRp
https://paperpile.com/c/OVVcii/mEsr+izlH+pwq4+HUpF+tSha+oN1b+1kre
https://paperpile.com/c/OVVcii/mEsr+izlH+pwq4+HUpF+tSha+oN1b+1kre
https://paperpile.com/c/OVVcii/mEsr+izlH+pwq4+HUpF+tSha+oN1b+1kre
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pharmacological inhibitors induce global, non-specific changes in DNA methylation state. 

Consequently, any induced changes from these methods results in pleiotropic effects to gene 

expression, making it difficult to determine specific functional roles for DNA methylation. 

Therefore, recent advancements in targeted DNA methylation deposition and removal has led to 

greater elucidations of the direct causal role of this epigenetic modification. Specifically a number 

of studies in recent years have provided evidence that targeted induction of DNA methylation by 

DNMT3A, can result in reduced gene transcription (see our review for a full list of articles, 

Pflueger et al. 2019). However, there is also evidence suggesting that this may not always be the 

case. 

 

Recent work by Ford et al. (2017) and Galonska et al. (2018) indicate that DNA methylation alone 

is frequently insufficient to induce gene silencing in all contexts. In the study by Ford et al. (2017), 

the authors randomly deposited DNA methylation at thousands of promoters in the human genome, 

and found that a significant proportion of these genes (~30-40%) showed little to no change in 

transcript levels. This may in part be a result of incomplete DNA methylation induction across the 

entire regulatory region (Ford et al. 2017), or instability of the deposited marks in conjunction with 

the active demethylation occurring as a result of endogenous TET proteins (Wu and Zhang 2014; 

Kong et al. 2016), or simply that CpG methylation is not always able to induce transcriptional 

repression. This was reported to be the case by Bogdanović et al. (2016), where methylated versus 

unmethylated reporters in Xenopus tropicalis (western clawed frog) injection assays indicated that 

methylated CpG (mCpG) induced repression only occurred in certain developmental contexts, 

highlighting that this modification is not always sufficient to induce transcriptional change. 

Additionally, Sarda et al. (2017) report that some distal CpG islands (several kilobases upstream) 

can account for transcription of genes with highly methylated (hypermethylated) proximal 

promoters, which in turn may account for why inducing targeted methylation at some promoters 

may be insufficient to repress these genes. Conversely, others argue that in some instances, DNA 

methylation may be a consequence rather than a cause of gene silencing, as reported by Pacis et 

al. (2019) where gene activation in response to bacterial infection preceded the removal of DNA 

methylation. This is also the case for acute myeloid leukaemia (AML), where disease progression 

results in the hypermethylation of specific CpG islands (Spencer et al. 2017). Similarly, Nothjunge 

et al. (2017) reported that the compartmentalisation of chromatin into TADs in cardiac myocytes 

precedes DNA methylation and defines the patterning of this modification within the myocytes 

during differentiation. Furthermore, work by Stadler et al. (2011) illustrate that TF and CTCF 

binding is sufficient and necessary to induce demethylation of regulatory elements, while Domcke 
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et al. (2015) report that the removal of neighbouring TF binding sites for nuclear respiratory factor 

1 (NRF1), a DNA methylation sensitive TF, causes an increase in local hypermethylation and 

removal of NRF1. Given these varied results for DNA methylation and its unresolved relationship 

with gene transcription, further investigation is clearly required to improve our understanding of 

the role of DNA methylation in transcriptional regulation throughout the varied regulatory 

elements in the genome. 

 

1.2.3 Histone modifications and their role in gene transcription 
One aspect that requires consideration is the role histone modifications play to coordinate the 

different layers of the epigenome to regulate chromatin structure and gene expression. As outlined 

earlier in Section 1.2, there is a complex array of histone PTMs that typically occur at the N-

terminal tail of histone proteins that affect processes such as chromatin structure, DNA damage 

repair, and gene expression (Bannister and Kouzarides 2011). These modifications can affect these 

processes in two ways: firstly, by altering the overall charge of the histones and thereby how they 

interact with neighbouring nucleosomes, and secondly, by recruiting proteins that specifically 

recognise and bind the PTMs (Tan et al. 2011). In both cases chromatin structure and accessibility 

to additional binding proteins, transcriptional machinery, and TFs is altered, whether locally or on 

a larger scale. This includes the overall positioning of TADs within the nucleus, through the 

recognition and binding of histone modifications by anchoring proteins (Harr et al. 2016). An 

example of this is the binding of YY1, resulting in deposition of H3K27me3 and subsequent 

interaction with the PRC2 (polycomb repressive complex 2) subunit EZH2 (enhancer of zeste 

homolog 2), leading to the enhanced localisation of the targeted chromatin region to the inner 

nuclear membrane (Harr et al. 2015). Furthermore, the deposition of these modifications is not 

gene specific, but is specific to a certain residue on any number of histones. It is the DNA-binding 

proteins (such as transcription factors) that are specific and they in turn recruit proteins that 

catalyse the addition or removal of specific histone PTMs that can contribute to and are associated 

with chromatin organisation and gene regulation (Ptashne 2007). An example of this is the cAMP 

response element-binding protein (CREB), which recognises and binds a specific DNA sequence, 

in turn recruiting the CREB-binding protein (CBP) that possesses histone acetyltransferase activity 

(Ngo et al. 2019). Of the many distinct PTMs, including phosphorylation (Rossetto et al. 2012), 

ubiquitination (Cao and Yan 2012), sumoylation (Shiio and Eisenman 2003) and crotonylation 

(Tan et al. 2011), there are two modifications that have been most extensively studied in regards 

to transcriptional regulation. These are histone methylation and acetylation. 
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1.2.3.a Histone methylation 

The covalent attachment of a methyl group to a histone tail most frequently occurs to the nitrogen 

atoms of lysine and arginine residues (Jambhekar et al. 2019). Although all histones can be 

methylated, this modification most commonly occurs to H3 histones and can occur in mono, di, or 

tri-methylation states in the case of lysine residues that have a single nitrogen atom. Conversely, 

arginine methylation can occur at one of two nitrogen atoms resulting in symmetrical or 

asymmetrical methylation in a mono or di state (Jambhekar et al. 2019). The gene regulatory role 

of arginine methylation of H4 tails can either be to promote or repress transcription, depending on 

the genomic context (Guccione and Richard 2019). For example H4R3me2a (histone 4 arginine 3 

asymmetrical dimethylation) promotes activation through recruitment of histone acetyltransferases 

(Huang et al. 2005), while symmetrical dimethylation of H4R3 results in transcriptional repression 

by reducing histone acetylation (Scaglione et al. 2018). Similarly, the role of lysine methylation 

also varies depending on which residue is methylated, the state of methylation, and the chromatin 

context in which the residue is modified (Jambhekar et al. 2019). Some well-studied modifications 

include H3K4me3 deposition at promoter regions (Bernstein et al. 2002) and H3K4me at active 

enhancers (Heintzman et al. 2007), both of which are associated with open chromatin and 

transcriptional activity. In contrast, H3K9me3 and H3K27me3 are associated with repression, as 

the former occurs extensively in heterochromatic regions (Peters et al. 2003), while the latter plays 

a role in X-chromosome inactivation (Plath et al. 2003).  

 

There are a large range of enzymatic writers (methyltransferases), erasers (demethylases) and 

readers (e.g. chromo domain containing proteins) that regulate histone lysine methylation (Figure 

1.4). Lysine methyltransferases typically possess a catalytic SET domain, and are either highly 

specific (e.g. SET1B) or generalist (e.g. G9A) in their function (Jambhekar et al. 2019). Some 

induce only a certain state of methylation (mono, di, or tri) at a certain residue based on the 

aromatic residue within the catalytic pocket (Bannister and Kouzarides 2011), while others deposit 

a variety of types of methylation (Jambhekar et al. 2019). Some examples of highly specific 

methyltransferase enzymes are SET domain containing 1B (SET1B), which solely catalyses H3K4 

tri-methylation (Lee et al. 2007), and the SET domain bifurcated protein 1 (SETDB1) which 

specifically deposits H3K9 tri-methylation (Adoue et al. 2019). Conversely, G9A (also known as 

euchromatic histone lysine methyltransferase 2, EHMT2) is an example of a generalist 

methyltransferase as it regulates both H3K9 mono and di-methylation (Rice et al. 2003). 

Additionally, lysine specific demethylase 1A (LSD1) and lysine demethylase 5C (KDM5C) also 

https://paperpile.com/c/OVVcii/hvNk
https://paperpile.com/c/OVVcii/hvNk
https://paperpile.com/c/OVVcii/8lOr
https://paperpile.com/c/OVVcii/8lOr
https://paperpile.com/c/OVVcii/cGat
https://paperpile.com/c/OVVcii/qY1k
https://paperpile.com/c/OVVcii/hvNk
https://paperpile.com/c/OVVcii/7FCv
https://paperpile.com/c/OVVcii/axiW
https://paperpile.com/c/OVVcii/eSBR
https://paperpile.com/c/OVVcii/niEB
https://paperpile.com/c/OVVcii/hvNk
https://paperpile.com/c/OVVcii/HxYY
https://paperpile.com/c/OVVcii/hvNk
https://paperpile.com/c/OVVcii/eRp1
https://paperpile.com/c/OVVcii/r48m
https://paperpile.com/c/OVVcii/hMLd


13 
 

function as generalists. Specifically, LSD1 removes mono and di-methyl groups from both H3K4 

(Shi et al. 2004) and H3K9 (Metzger et al. 2005), while KDM5C demethylates H3K4 di and tri-

methylation, at enhancers and promoters, to stimulate or repress gene activity, respectively 

(Outchkourov et al. 2013). 

 

Lastly, histone lysine methylation readers can either be independent binding proteins, or domains 

within writers and erasers, which often dictate the appropriate binding of large protein complexes 

to specific regions of the genome (Jambhekar et al. 2019). Similar to the writer proteins, there are 

generalists that recognise a range of modifications, but more frequently, readers recognise only a 

single or a few related marks. These reader domains include chromo, PHD fingers, and tudor 

domains, all of which recognise and bind methylated histones in different states on different 

residues (Hyun et al. 2017) and either attain sufficient specificity through a single reader 

(Jambhekar et al. 2019), or involve the recruitment of several readers in complex in order to 

integrate modifications from several neighbouring histones (Qiu et al. 2012). An example of this 

is the inhibitor of growth family member 2 (ING2), which is a chromatin remodelling enzyme that 

contains a PHD finger that recognises H3K4me3 and recruits other repressive histone modifiers 

(histone deacetylases, HDACs) to sites of DNA damage (Shi et al. 2006). Thus, the readers 

guarantee that individual chromatin modifications are translated into the required structural 

changes in order to achieve coordinated gene regulation (Jambhekar et al. 2019). 
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Figure 1.4 Example writers, readers, and erasers of histone methylation and their regulatory effect on gene 
transcription. An example histone methyltransferase writer, SETD1A (complexed with binding partners ASH2L, 
RBBP5, WDR5) deposits tri-methylation at H3K4 to signal gene activation across gene promoters. TAF3 is an 
example PHD finger reader protein that recognises and binds H3K4me3. The removal of this modification is carried 
out by the eraser protein KDM5C, resulting in the release of CO2 and signalling gene silencing. In regard to repressive 
states, SETDB1 is an example of a writer of H3K9me3 (in complex with MCAF and TRIM28). This modification is 
read by the chromo domain containing reader protein HP1, and erased by the histone demethylase proteins, 
KDM3A/KDM3B, which in turn initiates gene activation. Image adapted and reproduced with permission from 
Jambhekar et al. (2019). Copyright 2019 Springer Nature. 
 

 

 1.2.3.b Histone acetylation 

Similarly to histone methylation, the acetylation of histone proteins also occurs on the N-termini 

of lysine residues, typically at H3 or H4 histones, and less frequently to H2A and H2B (Hebbes et 

al. 1988). Unlike histone methylation, the deposition of acetyl groups is largely associated with 

gene activation processes as they counteract the positive charge of the lysine residues and thereby 

reduce the electrostatic interactions between DNA and histones (Hodawadekar and Marmorstein 

2007; Bannister and Kouzarides 2011). Consequently, an open chromatin conformation is 

encouraged, which improves accessibility for additional transcriptional regulators (Struhl 1998) 

and chromatin remodellers (Hassan et al. 2001). In the case of the latter, for example, Hassan et 

al. (2001) showed that histone acetylation within promoter regions aided in the stable binding of 

the chromatin remodelling complex, SWI/SNF, which in turn alters nucleosome positioning along 

DNA and opens up promoter regions. 

 

The deposition and removal of histone acetylation occurs via two opposing families of proteins 

known as histone acetyltransferase (HATs) and deacetylases (HDACs), respectively. The former 

are strongly associated with active transcription while the latter are linked with gene repression 

(Eberharter and Becker 2002). Both groups of enzymes typically modify several lysine residues of 

different histones, with HDACs largely displaying fairly weak substrate specificity (Kouzarides 

2007). p300 is a prominent example of a HAT that shows limited specificity as it has been reported 

to acetylate H3K27 (Hilton et al. 2015), H3K14 (Lau et al. 2000), and a large variety of non-

histone proteins (Maksimoska et al. 2014). By comparison, HDACs show even less substrate 

specificity as a result of the huge number of lysine residues on non-histones that can be acetylated 

(Seto and Yoshida 2014). This is typically the case as HATs and HDACs alone have limited 

specificity but achieve substrate recognition and binding chiefly through large multiprotein 

complexes, with each subunit playing a part in dictating binding specificity and enzymatic activity 

(Bannister and Kouzarides 2011). These complexes also involve proteins that contain histone 
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acetylation reader domains, the most prominent of which is the bromodomain (Marmorstein and 

Zhou 2014), which can be found in subunits of multiprotein complexes including the previously 

mentioned chromatin remodeller SWI/SNF (Hassan et al. 2001) and the nonspecific lethal (NSL) 

complex. The latter includes the scaffold protein, KAT8 regulatory NSL complex subunit 1 

(KANSL1), which coordinates with the HAT protein MOF (males absent on the first) to acetylate 

histone H4 (Dias et al. 2014). Thus, it is evident that there is widespread crosstalk between the 

regulatory enzymes reading and maintaining histone modifications. 

 

1.2.4 Mechanisms of crosstalk between chromatin modifications  
The extensive crosstalk between histone modifications and other chromatin marks, including DNA 

methylation, occurs via five mechanisms according to Bannister and Kouzarides (2011). These 

include: (1) if more than one mark is being recruited to a single site, then competitive antagonism 

may occur, (2) the deposition of one modification may be dependent upon the recruitment and 

deposition of another mark, (3) modifying enzymes and readers may be disrupted from binding 

due to the presence of neighbouring modifications, (4) substrate modifications may alter the 

enzymatic activity of some binding proteins, and (5) the recruitment of additional factors may be 

dependent on the co-occurrence of multiple modifications. These mechanisms also translate to 

histone modifications and interactions with DNA methylation (Bartke et al. 2010). One of the more 

prominent and growing methods for systematically analysing these modifications and how they 

interact with each other and the surrounding chromatin has been through the development and 

continual improvement of targeted epigenomic editing tools. Such tools have allowed for 

progressively better characterisation of the direct causative role of these epimodifiers and their 

modifications, including the plethora of enzymes that read, write and erase them. 

 

1.3 Epigenome editing tools for functionally characterising the epigenome 
In addition to correlative studies that investigate the result of manipulating various epimodifiers 

on a global scale, recent advances in genome editing technologies have allowed the development 

of new targeted approaches to investigate the direct causal function of epigenome modifications. 

These methods can selectively edit modifications at specific sites in the genome to precisely dissect 

their causal roles in regulating gene expression. A number of different targeted epigenetic editing 

tools capable of altering various modifications at specific sites in the genome have been developed. 

These are typically comprised of fusions between regulatory epimodifier proteins and a 

customizable DNA binding domain (DBD), such as CRISPR-Cas9 (clustered regularly 
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interspersed short palindromic repeats-CRISPR associated protein 9), transcription activator-like 

effectors (TALEs), or zinc fingers (ZFs, Park et al. 2016). These targeted fusion proteins allow the 

direct interrogation of a single modification on shaping chromatin state, protein binding and gene 

expression. 

 

1.3.1 Comparison of different DNA binding domains (DBDs) 
While the aforementioned DBDs theoretically can all be used for the same purpose, differences in 

design, specificity, and adaptability greatly influence the applicability of each tool. Of the three 

domains, ZFs are the most challenging to build, are limited in the DNA sequences they can target, 

and demonstrate very poor target sequence binding specificity (Isalan 2012; Grimmer et al. 2014; 

Barazandeh et al. 2018). TALEs on the other hand display significantly stronger binding specificity 

(Jurkowski et al. 2015) and can target any DNA sequence (Gaj et al. 2013), but their construction 

is comparably labour intensive with the building of a new customized TALE domain required for 

each specific target sequence, and their repetitive composition can cause difficulties in assembly 

(Gaj et al. 2013; Joung and Sander 2013). Furthermore, TALE binding is sensitive to DNA 

methylation state (Bultmann et al. 2012; Valton et al. 2012), potentially complicating binding 

activity if the methylation state is variable or unknown, but also potentially enabling a new mode 

of binding specificity control. By comparison, the CRISPR-Cas9 system has seen widespread 

adoption due to its ease of use and adaptability as a DNA targeting system (Jinek et al. 2012; Qi 

et al. 2013). It is directed to target loci by single guide RNA (sgRNA) sequences through 

complementary base pairing between the sgRNA and the target DNA sequence, with the potential 

for relatively high specificity. This in part, depends on the particular sgRNA sequence used and 

the number of potential mismatched off-target sites (Hsu et al. 2014). Unlike alternative systems 

using ZFs and TALEs, the CRISPR-Cas9 system is highly reconfigurable as targeting different 

loci only requires synthesising a new sgRNA specific to the region of interest (Konermann et al. 

2015). However, a caveat of the Cas9 targeting system is that it requires a 3 bp protospacer-

adjacent motif (PAM) directly downstream of the site being targeted (Hsu et al. 2014). This PAM 

sequence, which is 5’NGG in the case of Streptococcus pyogenes Cas9 (SpCas9), allows Cas9 

binding to occur, on average, every 8 bp across the human genome (Hsu et al. 2013). A means of 

overcoming this targeting caveat comes from the discovery and characterisation of Cas9 orthologs 

from distinct bacterial species that possess alternative PAM sequences, such as Staphylococcus 

aureus (Nishimasu et al. 2014), thus allowing the genome to be targeted more broadly in a similar 

fashion to TALEs (Hsu et al. 2014). Furthermore, the CRISPR-Cas9 platform can also achieve 
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targeting of multiple genomic loci simultaneously by delivery of several sgRNAs, offering far 

greater multiplexing simplicity compared with the delivery of multiple different ZFs or TALEs 

(e.g. CRISPR assembly through trimmed ends of spacers, CRATES (Liao et al. 2019)). 

Additionally, strong additive effects have been reported when using multiple sgRNAs that tile a 

promoter region (Maeder et al. 2013; Perez-Pinera et al. 2013), though this is not always the case 

(Yeo et al. 2018). As CRISPR-Cas9 is a bacterial adaptive immune system that has nuclease 

activity to cleave invading bacteriophages (van der Oost et al. 2014), in order to utilize it solely as 

a targetable DNA binding protein, a nuclease-deactivated Cas9 (dCas9) is employed. This dCas9 

contains the D10A/H840A double point mutations in the catalytic residues for the RuvC-like and 

HNH endonuclease domains (Jinek et al. 2012). Thus, various protein domains such as 

epimodifiers can be fused to dCas9 and recruited to target loci without cleavage of the target DNA 

(Hsu et al. 2014; Nishimasu et al. 2014; Konermann et al. 2015). 

 

1.3.2 Second-generation DNA targeting assemblies 
Epigenetic modifications have primarily been assessed individually using direct fusion assemblies, 

though there are some pertinent exceptions (Ram et al. 2011; Keung et al. 2014; Stampfel et al. 

2015; Amabile et al. 2016; Yeo et al. 2018; O'Geen et al. 2019). These direct fusion assemblies 

are targeted to various selected sites across the genome with reported effects on cellular activity 

often being modest at best (e.g. Stolzenburg et al. 2015). These first-generation constructs, such 

as dCas9-VP64 (tetrameric repeat of the herpes simplex VP16 transcriptional activator (Maeder et 

al. 2013) or dCas9-DNMT3A (Vojta et al. 2016; Liu et al. 2016), have limited adaptability for 

testing multiple alternative epimodifier domains due to the direct fusion design. Such constructs 

also risk high off-target effects due to the high expression levels required to achieve appreciable 

on-target activity (Pflueger et al. 2018; Galonska et al. 2018). This has consequently led to the 

development of second-generation platforms that attain amplified epimodifier recruitment to the 

target locus in order to achieve significantly improved specificity, on-target activity and design 

flexibility (Chavez et al. 2015). These recruitment platforms involve several different design 

approaches, including: fusing multiple epimodifier domains to the DBD system (VPR, Chavez et 

al. 2015); by including various RNA-binding domains within the sgRNA of the CRISPR system 

(e.g. MS2/PP7 RNA binding motif, Zalatan et al. 2015, SAM complex, Konermann et al. 2015, 

CRISPRdisplay, Shechner et al. 2015, or Casilio system, Cheng et al. 2016); by using an epitope-

based docking station (SunTag array, Tanenbaum et al. 2014; Morita et al. 2016); by using coiled-
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coil heterodimer peptides (CC dimers, Lebar et al. 2020); or by combining these platforms to create 

multipartite systems (Chiarella et al. 2019; Lebar et al. 2020). 

 

1.3.3 Targeted epimodifier studies 
Targeted dCas9 platforms have been used to recruit a range of epigenetic modifying enzymes (e.g. 

DNMT3A, TET1, LSD1, p300, HDAC3) and transcriptional regulators (e.g. KRAB and VP64) to 

various chromatin contexts, allowing progression beyond profiling the epigenome to examining 

the functional roles of these effector proteins and their associated modifications (Vojta et al. 2016; 

Liu et al. 2016; Kearns et al. 2015; Hilton et al. 2015; Kwon et al. 2017; Gilbert et al. 2013). This 

also provides a means of investigating the temporal kinetics of various chromatin marks and their 

potential role in epigenetic memory and transcriptional regulation (Adli 2018). Seminal studies 

utilising these epigenetic editing platforms are discussed below, starting with preliminary work 

employing transcriptional regulators, followed by studies examining histone modifying enzymes 

and tools that recruit endogenous epimodifiers, and concluding with targeted DNA methylation 

regulation platforms. 

 

1.3.3.a Epigenomic editing through targeted transcriptional regulators 

Early experiments focusing on epigenetic editing and gene regulation began by examining the 

effects of targeted recruitment of transcriptional repressors and activators. Early work utilizing the 

dCas9 fusion strategy began with the Krüpple-associated box (KRAB) domain (Gilbert et al. 2013; 

Gilbert et al. 2014; Thakore et al. 2015). This domain achieves targeted gene silencing through the 

loss of H3 acetylation along with a simultaneous increase in H3K9me3 (Groner et al. 2010). This 

occurs via the recruitment of co-repressor domains including heterochromatin protein 1 (HP1) and 

KRAB associated protein 1 (KAP1, Friedman et al. 1996), leading to increased chromatin 

compaction at gene promoters and enhancers (Thakore et al. 2015). This work has been 

complemented by studies that employed dCas9 fusions with transcriptional activators, starting 

with the transactivator protein, VP64 (Gilbert et al. 2013; Maeder et al. 2013; Mali et al. 2013; 

Perez-Pinera et al. 2013). The potency of this platform to effectively induce targeted transcriptional 

changes has since been improved by the second-generation systems. The improvement achieved 

by these systems, including VPR, SAM, CC dimers, Casilio, and the SunTag, plausibly occurs 

through the recruitment of varied and/or many effectors simultaneously to a target locus.  

 

https://paperpile.com/c/OVVcii/qbwu
https://paperpile.com/c/OVVcii/6ETE+qbwu
https://paperpile.com/c/OVVcii/GNKO+C3fS+0TU7+qW4c+I4qK+KQF6
https://paperpile.com/c/OVVcii/GNKO+C3fS+0TU7+qW4c+I4qK+KQF6
https://paperpile.com/c/OVVcii/yUvm
https://paperpile.com/c/OVVcii/KQF6+RmTP+II3n
https://paperpile.com/c/OVVcii/KQF6+RmTP+II3n
https://paperpile.com/c/OVVcii/a4Qy
https://paperpile.com/c/OVVcii/I9RQ
https://paperpile.com/c/OVVcii/II3n
https://paperpile.com/c/OVVcii/KQF6+27Xb+2200+pUEw
https://paperpile.com/c/OVVcii/KQF6+27Xb+2200+pUEw


19 
 

The VPR system combines the dCas9-VP64 fusion (Figure 1.5.A) with the activation domains 

p65 (a subunit of the TF NF-κB) and the R transactivator (Rta) from the Epstein-Barr virus 

(Hardwick et al. 1992) to achieve enhanced transcriptional activation (Chavez et al. 2015, Figure 

1.5.B). In comparison, the SAM (synergistic activation mediator) platform (Konermann et al. 

2015, Figure 1.5.C) incorporates both the dCas9-VP64 fusion with an extended sgRNA that 

includes two MS2 RNA hairpins to which four MCP binding proteins, fused to the super activator 

p65-HSF1 (p65-heat shock factor 1), can be recruited. As for the recently published CC dimers, 

six peptide pairs (P1 to P12) have been developed that specifically interact with each other (Figure 

1.5.D.i, Lebar et al. 2020). One or more of these peptides can be fused to dCas9, with the 

counterpart peptide fused to an activator domain to induce activation. This was shown for a single 

combined pair (P3-P4 and P4-P5) to induce localised activation in a luciferase reporter assay 

(Figure 1.5.D.ii), and for concatenated repeats of up to ten copies of the same CC dimer (P3-P4) 

to induce high levels of activation when fused to VPR (CCC-tag, Lebar et al. 2020; Figure 

1.5.D.iii). Additionally, the Casilio system was also conceived as a modular epigenetic recruitment 

system, named after the combination of dCas9 targeting with the use of Pumilio proteins (also 

known as PUF domains) that recognise and bind specific RNA sequences. This platform consists 

of an extended sgRNA containing multiple PUF binding sites (PBS) to which multiple PUF 

(Pumilio/FBF) RNA binding domains fused to VP64 or p65HSF1 can bind (Cheng et al. 2016). 

Four PUF/PBS variants (a, b, c and w) have been developed, with the ‘a’ type variant shown in 

Figure 1.5.E, which was reported to be the most potent. The Casilio system has been less well 

explored, but the authors report a comparable performance to the other platforms. 

 

Finally, there is the more widely adopted SunTag system that is made up of an array of ten short 

repeat peptide sequences fused to dCas9. The SunTag array domain acts as an epitope docking 

station that can be bound by its counterpart single chain variable fragment (scFv) antibody, GCN4 

(𝛼GCN4), which in turn can be fused to an epimodifier of choice (Tanenbaum et al. 2014). In this 

way, the SunTag system achieves amplified epimodifier recruitment to a desired target locus that 

may allow greater cloning flexibility than the SAM complex (Konermann et al. 2015). This is 

achieved as no epimodifier is directly fused to dCas9, thus simplifying the cloning process when 

various epimodifiers are investigated. The SunTag system was originally tested using antibody-

transcriptional activator fusions with VP64, achieving up to a 50-fold increase in transcript 

abundance of the target gene compared to a control sgRNA, while minimal activation was 

observed for a single dCas9-VP64 construct (Tanenbaum et al. 2014). Similar results were also 

obtained by Gilbert et al. (2014) in a subsequent study. More recently, Zhou et al. (2018) and Lu 
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et al. (2018) have employed the SunTag system to recruit multiple copies of p65HSF1 to desired 

target loci to achieve potent transcriptional upregulation (Figure 1.5.F). Consequently, these 

results illustrate that the SunTag system offers a unique means of recruiting multiple epimodifiers 

to a genomic locus, with amplified regulatory capacity compared to equivalent direct fusion 

proteins. Comparative work by Chavez et al. (2016) demonstrated that, overall, the potency of any 

one platform in terms of transcriptional upregulation depended on the target loci, genomic context, 

and cell type. In most cases, the SAM platform outperformed the other systems tested, though the 

SunTag displayed comparable, if not better activity, at a subset of the target sites. In comparison, 

the very recent work involving the CC-dimers demonstrates that the CCC-tag platform (10x 

repeats of a single CC dimer) that recruits ten copies of VPR induces greater activation than a 

single VPR construct, the SAM platform, or the SunTag system recruiting VP64 (Lebar et al. 

2020). However, they did not compare the CCC-tag platform to the SunTag system recruiting 

VPR, and only a single endogenous site was examined (TUNAR), thus applicability to different 

target loci is unknown (Lebar et al. 2020). Consequently, given that the SunTag system has been 

extensively characterised (Tanenbaum et al. 2014; Gilbert et al. 2014; Konermann et al. 2015; 

Chavez et al. 2016; Gao et al. 2016; Horlbeck et al. 2016; Lu et al. 2018; Zhou et al. 2018; Morita 

et al. 2016; Huang et al. 2017; Gallego-Bartolomé et al. 2018; Pflueger et al. 2018; Chiarella et al. 

2019; Papikian et al. 2019; Taghbalout et al. 2019), and possesses broad adaptability and amplified 

recruitment capacity, it was the platform of choice for the current project as described further in 

Section 1.3.3.d. 
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Figure 1.5 Examples of epigenetic editing platforms. (A) The “VP64” construct represents an example of a direct 

fusion of an epimodifier domain to a nuclease inactive dCas9 protein, which is directed to a genomic target site via 

complementary base pairing of a sgRNA (Gilbert et al. 2013; Maeder et al. 2013; Mali et al. 2013; Perez-Pinera et al. 

2013). (B) VPR denotes the direct fusion of the activation domains VP64, p65, and Rta to dCas9 (Chavez et al. 2015). 

(C) SAM (Synergistic Activation Mediator) platform entails a dCas9-VP64 direct fusion protein in conjunction with 

an extended sgRNA that includes two MS2 RNA binding loops, to which four MCP binding proteins fused to the 

super activator p65HSF1 can bind (Konermann et al. 2015). (D) The coiled-coil heterodimers (CC dimers) consist of 

six peptide pairs (i), of which one or more of the peptides can be fused to dCas9 in pairwise combination (ii) or 

concatenated as ten repeats with the counterpart peptide fused to VPR (iii, Lebar et al. 2020). (E) The Casilio system 

consists of an extended sgRNA that contains five PBSa sites (PUF binding sites variant a) to which five PUFa 

(Pumilio/FBF) RNA binding domains fused to p65HSF1 can bind (Cheng et al. 2016). (F) The SunTag system consists 

of 10 epitope docking sites, GCN4, fused via linker sequences to dCas9, that is recognised and bound by the 

counterpart binding partner 𝛼GCN4 fused to p65HSF1 allowing for amplified epimodifier recruitment (Tanenbaum 

et al. 2014). Image created using BioRender. 
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 1.3.3.b Epigenome editing through the recruitment of histone modifications 

For targeted manipulation of histone modifications to achieve gene activation, formative work 

involved the recruitment of the histone demethylase, LSD1, which removes mono and di-

methylation at H3K4 within enhancer regions (Mendenhall et al. 2013; Kearns et al. 2015). This 

was followed by work that achieved highly potent induced histone 3 lysine 27 acetylation 

(H3K27ac) with the HAT co-activator complex, CBP, and p300 (Hilton et al. 2015), and later 

experiments using the histone methyltransferase PR domain zinc finger protein 9 (PRDM9), which 

catalyses trimethylation of H3K4 (Cano-Rodriguez et al. 2016). However, the targeting of PRDM9 

was reported to induce unstable gene activation, with sustained expression only resulting from the 

simultaneous recruitment of H3K79me and hypomethylation of the DNA, demonstrating the need 

for combinatorial recruitment in some cases. 

 

Several studies have reported success in transcriptional repression through the recruitment of 

histone modifiers fused to dCas9. These include utilizing HDAC3 to remove acetyl groups from 

H3K27 (Kwon et al. 2017), G9A to methylate H3K9me2 (O'Geen et al. 2017), and EZH2, a histone 

methyltransferase subunit of the PRC2 (Kuzmichev et al. 2002; Hansen et al. 2008), that 

trimethylates H3K27 to silence gene promoters (Wang et al. 2018; O'Geen et al. 2019). This later 

work by O'Geen et al. (2019) focused on examining the stability of induced repression by testing 

the combined effects of dCas9-DNMT3A with either dCas9-EZH2 or dCas9-KRAB, and co-

transfecting untargeted DNA methyltransferase 3 like (DNMT3L overexpressed). This work 

established that sustained repression over 50 days required the combined recruitment of histone 

modifiers and DNA methyltransferases to induce a more heterochromatic state. This state 

consisted of an increase in DNA methylation and H3K27me3, along with a loss of H3K27ac 

(O'Geen et al. 2019). However, this was target gene specific, as only certain combinations were 

effective at certain loci. Specifically, EZH2 with DNMT3A/DNMT3L induced long-term effects 

at HER2 (human epidermal growth factor receptor 2), while the effects of DNMT3A/DNMT3L 

with KRAB were transient, with DNA methylation and H3K9me3 marks being lost after only a 

few days. However, this latter combination was effective at inducing stable gene repression for 

SNURF (SNRPN upstream reading frame). This further exemplifies that, even when combined 

recruitment is utilized, target specific effects are observed. Hence, there is a need for a high-

throughput screening tool for determining which epimodifiers, if any, may be most effective at 

any given genomic locus. 
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In addition to a large scale epigenomic screening tool, there is also the need for a highly specific 

combinatorial recruitment platform that would enable multiple epimodifiers to be co-targeted 

simultaneously. This is based on the argument that the use of untargeted, overexpressed DNMT3L 

introduces the risk of widespread non-specific effects across the genome, which may indirectly 

impact the target genes examined. This is based on the observations reported by us, Pflueger et al. 

(2018), and Galonska et al. (2018), where transfecting high amounts of DNMT3A may have 

resulted in unbound and free-floating protein causing higher off-target DNA methylation 

induction. Thus, without Chromatin Immunoprecipitation sequencing (ChIP-seq) to confirm the 

co-localisation of DNMT3L with the other dCas9 fused epimodifiers, it is difficult to determine 

whether they are directly interacting at the target sites to achieve the reported sustained 

transcriptional repression, as described by O'Geen et al. (2019). Therefore, the development of a 

highly specific combinatorial recruitment platform would provide the means to assess these 

regulatory interactions directly. 

 

1.3.3.c Intermediate interactor domains used to recruit endogenous chromatin 

modifying enzymes 

A more recent area of exploration for epigenetic editing involves the recruitment of endogenous 

chromatin effector proteins through intermediate interactor domains. Several studies achieved this 

by using dCas9 and sgRNA-MS2 loops with MCP fused to the FK506 binding protein (FKBP) to 

bind and recruit FK506 which is in turn fused to a chromatin reader domain or inhibitors of either 

HATs or HDACs (Figure 1.6; Braun et al. 2017; Butler et al. 2018; Chiarella et al. 2019). These 

reader domains then signal the recruitment of endogenous chromatin regulator complexes to a 

desired target loci, including the SWI/SNF complex (Braun et al. 2017), or in the case of the 

inhibitors, the recruitment of endogenous HAT or HDAC complexes (Butler et al. 2018; Chiarella 

et al. 2019). Both Braun et al. (2017) and Chiarella et al. (2019) employ the MS2 loops of the SAM 

complex, which proves to be more potent than the multipartite variations explored by Chiarella et 

al. (2019), including a 24xSunTag platform with and without MS2 loops. The key benefits of such 

methods is that they involve small payloads, and by recruiting endogenous regulators the potential 

risk of off-target effects resulting from the overexpression of free-floating exogenous effectors is 

removed (Galonska et al. 2018; Pflueger et al. 2018). However, there are also several main 

drawbacks to these methods. These include the observation that the recruitment of endogenous 

protein complexes results in reduced binding at endogenous sites that may have as yet unknown 

consequences. Furthermore, there are a restricted number of currently known reader domains and 

inhibitors available and FKBP is an endogenous subunit in the MTOR pathway which in turn may 
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also contribute to off-target effects. Currently, these methods also demonstrate limited efficacy at 

only a select number of target genes, and there is no known equivalent method for recruiting 

endogenous DNA methylation machinery. 

 

 
Figure 1.6 Schematic of the endogenous chromatin regulator recruitment platform. This dCas9 platform uses 
MS2 hairpin loops in an extended sgRNA to then recruit FKBP proteins fused to MCP domains. These in turn recruit 
the FK506 protein linked to either a reader domain or inhibitor molecule. These readers and inhibitors in turn recruit 
endogenous chromatin regulator proteins. Image created using BioRender (adapted from Braun et al. 2017; Chiarella 
et al. 2019). 
 

 

1.3.3.d Targeted deposition and removal of DNA methylation 

Increasing interest in targeted DNA methylation modification systems is prompted by the roles 

this modification plays in development and disease. As previously mentioned in Section 1.2.2, 

various studies examining the role of DNA methylation commonly employ DNMT3A for targeted 

deposition of methylation at desired loci (e.g. Liu et al. 2016; Huang et al. 2017), with improved 

methylation induction levels when co-transfected with DNMT3L (Stepper et al. 2016; Amabile et 

al. 2016), and reciprocal demethylation experiments employing TET1 (Morita et al. 2016; Gallego-

Bartolomé et al. 2018; Liu et al. 2018). The above studies demonstrate improved efficacies, ease 

of use, and targeting specificities compared to earlier ZF and TALE implementations (Rivenbark 

et al. 2012; Siddique et al. 2013; Maeder et al. 2013; Chen et al. 2014; Nunna et al. 2014), 

especially in the case of ZFs displaying widespread off-target binding (Grimmer et al. 2014; Ford 

et al. 2017). However, at the conception of this project, there were three main issues identified 

with inducing DNA methylation at desired target loci that still required addressing. These 

included: (1) the use of direct fusion constructs only inducing low levels of DNA methylation and 

exhibiting considerable off-target effects; (2) limited characterisation of these off-target effects; 

and (3) an unclear role for CpG methylation in regulating TF binding due to studies at the time 

suffering from confounding secondary effects (see literature review in Pflueger et al. (2018) for 
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full details). These were issues that this thesis sought to address through further development and 

characterization of the SunTag system, and is the focus of Chapter 3. 

 

1.4 High throughput combinatorial effector studies 
As a means of scaling up methodologies for assessing epimodifier functionality, a select number 

of studies have attempted to test the effect of multiple chromatin regulator proteins in combination 

upon gene regulation. A preliminary study by Ram et al. (2011) undertook the task of examining 

29 chromatin regulators using 145 antibodies and ChIP-seq to determine their combinatorial 

binding patterns in the genome. They found that certain regulators co-localise in specific chromatin 

contexts, but their study only provided associative data with regard to gene expression for different 

epimodifier combinations. Keung et al. (2014) improved upon this work by examining the targeted 

effects on chromatin regulation and gene expression of more than 200 epimodifiers from yeast by 

fusing them to ZF domains. They then tested these regulators in combination with VP64 to 

establish a broad set of transcriptional effector logic outputs in yeast cells. This simple pairwise 

approach revealed the emergence of novel regulatory behaviours distinct from implementing these 

components in isolation but were confounded by the widespread off-target binding effects of the 

ZF DNA targeting method. 

 

A similar high throughput study performed in Drosophila examined the effects and categorised 

more than 800 TFs and cofactors on gene activity (Stampfel et al. 2015). Luciferase assays were 

used as an indicator of transcriptional activity by introducing dual UAS (upstream activation 

sequence) binding sites into an enhancer region upstream of a luciferase reporter transgene and 

fusing the complementary GAL4-DBD to each TF to be tested. The GAL4-DBD demonstrates 

high binding specificity for the UAS sites and thus this study shows markedly improved specificity 

compared to the previous ZF studies discussed above. They then tested different sequence motifs 

surrounding the UAS sites within the same enhancer region and found that the activity of some 

TFs varied depending on the sequence context. Overall, they reported that the majority of the 

factors showed some activity, though the extent of regulation depended on the context, and as a 

result they were able to group the TFs into 15 categories based on this activity. This included some 

that were identified as global activators or repressors that up or down regulated transcription in 

most contexts. They were also able to functionally characterise 266 new TFs and cofactors for the 

first time. However, the authors acknowledge that the categorisation of the regulatory capacity of 

the different TFs tested was separate from their endogenous roles. Thus, despite functionally 
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profiling different factors en masse, their targeting system lacks adaptability to an endogenous 

context and does not consider interaction effects between TFs. This can be an issue when some 

factors have obligate binding partners or require co-localisation of other regulator enzymes, and 

thus when assessed individually may appear non-functional (Stampfel et al. 2015) or display 

limited efficacy. This may also partially account for why some studies have found that certain 

targeted modifications are insufficient to induce significant change to endogenous gene 

transcription (e.g. Ford et al. 2017). 

 

1.4.1 Additional regulators can be necessary for epimodifier activity  
At any given target locus, an individual “master regulatory” epimodifier may be sufficient to 

induce a significant change to transcription levels in vitro (studies performed within cultured cells, 

e.g. KRAB; Gilbert et al. 2013). However, several studies have reported that the capacity of any 

one chromatin regulator is often augmented or dependent upon the activity of additional domains 

in vitro. For example, Wu et al. (2018) found that the BRD4 bromodomain mediates the histone 

acetyltransferase activity of CBP/p300 through its interaction with the chromatin remodeller 

BRG1 (also known as SMARCA4 or SWI/SNF related, matrix associated, regulator of chromatin 

A4). Similarly, Sardina et al. (2018) reported that several DNA binding TFs interact and drive the 

DNA demethylation activity of Tet2 at enhancers during induced pluripotent stem cell (iPSC) 

reprogramming of B cells in mice. Additionally, Baumann et al. (2019) demonstrated that a larger 

proportion of neural progenitor cells (NPCs) were responsive to activation of the master regulator 

SOX1 only when dCas9-VP64 was co-recruited with dCas9-TET1, and not when compared to 

dCas9-VP64 recruitment alone. This co-recruitment enabled the removal of DNA methylation 

marks from a promoter region and subsequently allowed the VP64 domain to induce gene 

upregulation. Conversely, Liang et al. (2017) reported a sequential mode of induced transcriptional 

shutdown. They report that at developmentally specific genes, the process of histone deacetylation 

occurs subsequently to the chromatin remodelling induced by the NuRD corepressor complex, 

with the sequential HDAC activity supporting stable transcriptional silencing. Furthermore, others 

have observed that the regulatory nature of an epimodifier, either activator or repressor, can be 

dependent on the local chromatin environment, as is the case with EZH2 (Kim et al. 2018). Thus, 

the above work highlights the need for testing more complex interactions to acquire a more 

accurate picture of the regulatory potential of the epimodifiers examined and their differential 

activity in different chromatin contexts. 
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1.4.2 Combinatorial recruitment improves regulatory potency and stability 
A number of studies have attempted to explore the complex regulatory interactions between 

epimodifiers by utilising CRISPR-dCas9 targeting to recruit combinations of effectors to specific 

loci (Amabile et al. 2016; Yeo et al. 2018; O'Geen et al. 2019). This work illustrates that although 

some epimodifiers may not require additional regulators to induce change, changing a wide range 

of regulatory elements may require combinatorial epimodifier recruitment to achieve more stable 

and/or more potent gene regulation in varied regulatory and chromatin contexts. Specifically, work 

by Amabile et al. (2016) and O'Geen et al. (2019) examined combinations of DNMT3A and 

DNMT3L with either KRAB or EZH2 and found that combined epimodifiers led to greater 

persistence of epigenetically induced silencing of endogenous genes compared to any effector 

alone, in K-562 and HCT116 cells, respectively. Furthermore, Yeo et al. (2018) screened 49 

pairwise combinations of six different repressor domains (selected from a total of 28 domains 

screened individually) and discovered that dCas9-KRAB-MeCP2 was the most potent dual 

repressor combination, outperforming the prior gold standard, dCas9-KRAB. Additionally, eight 

three-way combinations were generated and tested (using KRAB, MeCP2, NIPP1 [nuclear 

inhibitor of PP1], MBD2b [methyl-CpG-binding domain protein 2b] and HP1A [heterochromatin 

protein 1 alpha]) but showed no significant improvement above that achieved by the dual KRAB-

MeCP2 fusion. This is unsurprising given the small pool of epimodifiers and combinations tested, 

which were sub-selected solely based on their individual performance in a synthetic fluorescent 

reporter assay. Thus, DNMT3A was not one of the epimodifiers assessed in the pairwise or three-

way screen as it did not repress EYFP (enhanced yellow fluorescent protein) expression beyond 

that of the negative control condition (cells expressing dCas9 and sgRNAs but no repressor 

domain). Furthermore, when targeting the different repressor domains to four endogenous genes, 

the observed level of transcriptional downregulation was found to depend on the target gene being 

measured. This highlights the common observation of target-specific effects and the as yet 

unknown role that the underlying chromatin context is playing, whether it be pre-existing 

epigenetic marks interfering with binding or the co-localization of endogenous regulators. 

 

Overall, these three studies successfully identified combinations of epimodifiers that displayed 

greater regulatory capacity and stability than the recruitment of solitary effectors. However, their 

editing systems relied solely on dCas9 direct fusions, which requires simultaneous co-transfection 

of multiple large constructs in a cell. This limits controllability as to which effector binds when 

and where, and using the CRISPR system in this way creates competition for DNA binding as the 
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distinct dCas9-epimodifier fusion proteins share the same pool of sgRNAs. Despite Amabile et al. 

2016 switching to a TALE based DNA binding system that specifies individual target sites in the 

genome for recruitment of each effector to avoid binding competition, the implementation of 

TALEs targeting a large number of genes would be labour intensive and difficult to achieve. 

Furthermore, the use of synthetic reporters to sub select highly efficacious epimodifier domains 

(as was the case with Yeo et al. 2018), provides a high-throughput means of screening potential 

candidates, but runs the risk of limited transferability to an endogenous setting and missing factors 

that only work in combination. Thus, these studies, in conjunction with the foundational high 

throughput epimodifier experiments, forms a strong foundation on which to build and improve, 

but highlights the current limitations for scaling up the current epigenomic editing tools for 

functionally screening epimodifiers en masse at endogenous loci. This in turn underscores the need 

for developing new tools to achieve combinatorial recruitment in a predefined order, with the 

objective of developing universally applicable epigenome editing tools. It is envisioned that such 

tools could be used in any cell type, targeted to any genomic loci, or chromatin context, with the 

capability to induce any required epigenomic modification.  

 

1.4.3 Dynamics and stability of epimodifiers 
Another aspect to consider when developing epigenomic combinatorial editing tools are the 

variable temporal dynamics and stability of both the modifications and the subsequent induced 

change in transcription. Work by Bintu et al. (2016) highlights this variability in the context of 

gene silencing through the recruitment of four different repressive domains: EED (embryonic 

ectoderm development protein, part of the Polycomb family), KRAB, DNMT3B (DNA 

Methyltransferase 3 Beta), and HDAC4. Each domain demonstrated a distinct time to induce an 

effect and varied stability of induced repression when targeted to a reporter gene. How they would 

respond at an endogenous locus across different chromatin contexts, and what response may be 

seen if they were tested combinatorially, is unknown and likely much more varied and complex. 

The main contributing factor appears to be the duration of recruitment and residence on binding to 

the target loci, which Clauß et al. (2017) demonstrated was a critical aspect dictating the repressive 

function. That is, some TFs that bind longer, tend to have a stronger repressive activity. 

Furthermore, different epigenetic modifiers also demonstrate varying protein stability kinetics, 

which in turn influences the stability of any induced epigenetic change, in addition to any 

endogenous processes that may be involved in maintaining or removing the deposited chromatin 

marks. This may in part explain why some previous efforts to stimulate targeted changes have 
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been ineffective (e.g. Kungulovski et al. 2015; Kearns et al. 2015; Vojta et al. 2016) and 

emphasises the need for accounting for these possible epimodifier stability concerns through tools 

such as doxycycline-inducible systems as used by Cao et al. (2016). 

 

1.5 Summary 
The epigenome is made up of complex layers of information that regulate chromatin state and gene 

expression patterns across cellular stages of development, disease states, and tissue types. A large 

contributing component of this information lies in the vast number of modifications that adorn the 

DNA and histones, as well as the array of enzymes that read, write, and erase these marks. 

Examining these modifications and their regulatory enzymes has recently progressed towards the 

use of epigenetic editing tools that target individual epimodifiers to a gene of interest by fusing 

them directly to a DNA binding domain (ZF, TALE or CRISPR-dCas9) and measuring their 

resulting effect on the epigenome and/or gene activity. These have evolved into more potent 

second-generation targeting systems and the more recent movement to examine epimodifiers in 

limited combinations or pairwise analyses. These experiments highlighted the greater stability and 

regulatory capacity achieved through the use of combinatorial epimodifier recruitment, but the 

tools utilized lacked the flexibility to examine a multitude of modifications simultaneously and in 

a highly directed and controlled manner. This emphasises the need for the development of a new 

combinatorial epigenomic editing tool for high-throughput screening. Thus my PhD research 

aimed to address this need to improve epigenome editing tool specificity and efficacy, explore 

multi-effector usage to more accurately recapitulate the natural combinatorial state of epigenomic 

recruitment, and develop a range of novel epigenome editing tools for a variety of synthetic biology 

applications. 

 

1.6 Project aims 
1. Develop and characterise the dCas9-SunTag platform (Chapter 3): 

a. As a means of inducing high levels of targeted DNA methylation while minimising 

off-target effects as compared to the direct fusion construct, dCas9-DNMT3A; 

b. Determine the binding stoichiometry of the SunTag and its counterpart antibody, 

𝛼GCN4 to resolve if full occupancy is occurring using mass spectrometry. 

2. Develop a high-throughput epigenetic editing screen (Chapter 4): 

a. Expand and test the dCas9-SunTag components required for implementing the 

screen; 
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b. Use scRNA-seq to functionally characterise chromatin modifying effectors to 

potentially identify either new potent transcriptional master regulators or novel 

combinations of effectors that perform synergistically/additively together. 

3. Build and test alternative combinatorial recruitment platforms (Chapter 5): 

a. Test the transcriptional regulatory capacity of the Casilio system; 

b. Develop and characterise a new, highly adaptable epigenetic editing tool that is 

capable of combinatorial recruitment in a predefined order. 

 

The experimental methods and results addressing these aims are discussed in the following 

chapters. Specifically, Chapter 2 details the methods used, while Chapter 3 describes the 

development and characterisation of the dCas9-SunTag system for targeted DNA methylation 

deposition. This is followed by Chapter 4 detailing the expansion of the dCas9-SunTag 

components along with its use in developing a high-throughput epigenetic editing screen. The 

experimental results regarding the Casilio system, as well as the design and characterisation of the 

new customisable SSSavi platform are detailed in Chapter 5, followed by a final sixth chapter 

containing a comprehensive summary of the results and a discussion of future directions. 
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Chapter 2 

 

 

Methods 
 

The following describes the methods used to obtain the results detailed in Chapters 3-5. This 

excludes methods already described in the DNA methylation paper by Pflueger et al. (2018) cited 

in Chapter 3.1. 

 

2.1 Cell culture 
HeLa cells were cultured for all mass spectrometry work (Chapter 3.2) and HEK293T cells were 

cultured for all other experiments. Both were grown in a humidified cell culture incubator at 37˚C 

with 5% (v/v) CO₂. HeLa cells were grown in DMEM (Dulbecco's Modified Eagle Medium) 

supplemented with 10% (v/v) FBS, while HEK293T cells were further supplemented with 1X (v/v) 

Glutamax (Life Technologies, #35050061) and 1% MEM Non-essential amino acid solution 

(ThermoFisher, #11140050). 

 

2.2 Plasmid design and construction 

2.2.1 Cloning techniques 
Four cloning techniques were used to synthesise all experimental plasmids. These techniques 

consisted of Gibson assembly, Golden Gate, Gateway, and Restriction Ligation, and are described 

in detail below. This is followed by a description of how each plasmid was designed and 

synthesised for the three different targeting systems used (SunTag, Casilio, and SSSavi), followed 

by a detailed account of how the barcoded epimodifiers were created for the single cell epigenetic 

editing screen. 

 

2.2.1.a Gibson assembly 

PCR amplification was performed using 5 ng of template DNA, 1.25 µL of 10 µM forward and 

reverse primer mix, 5 µL of 5X Q5 Reaction Buffer, 0.5 µL of 10 mM dNTPs, and 0.5 U of Q5 

Hot Start polymerase with 1X GC enhancer following the manufacturer’s instructions (NEB). The 

thermocycling (Bio-Rad, C1000 TouchTM) conditions were as follows: 98°C for 3 minutes; 
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followed by 25 cycles of 98°C for 10 seconds, 2°C above primer annealing temperature for 15 

seconds and 72°C for 30 seconds/kilobase; and a final extension of 3 minutes at 72°C. Fragments 

were then bead purified using in-house SeraPure magnetic beads (Supplementary Methods S7.1) 

according to the protocol reported by (Rohland and Reich 2012). Equimolar quantities (fmol) of 

PCR fragments were combined with 2X in-house Gibson Assembly Master Mix (Supplementary 

Methods S7.2) and incubated for 1 hr at 50°C before being incubated for 15 minutes at 37°C with 

7 U of the restriction enzyme DpnI (NEB). The reactions were subsequently purified with SeraPure 

beads and eluted in 10 µL of 10 mM Tris-HCl pH 8.0 mixed with 0.1 mM EDTA (TE/10). In-

house electro-competent E. coli cells (either NEB10-beta, #C3019H or NEBStable, #C3040I for 

highly repetitive constructs) were transformed with 1 to 5 µL of assembled product. 

 

2.2.1.b Golden gate cloning 

For a one-pot Golden Gate reaction (Engler et al. 2008), fragments were first PCR amplified as 

described above using Q5 Hot Start DNA polymerase and cleaned up using SeraPure beads. The 

fragments were then combined in an equimolar ratio based on size, to which 2 µL of 10X T4 DNA 

ligase buffer (NEB, #B0202S), 1 µL of BsmBI (NEB, #R0580L) and 1 µL of T7 DNA ligase 

(NEB, #M03185) was added and topped up with dH2O to 20 µL. The reaction was incubated in a 

thermal block with the following program: 30 cycles at 42°C for 5 min and 16°C for 5 min, 

followed by a final cycle at 55°C for 10 minutes. As with the Gibson assemblies, the Golden gate 

reactions were treated with DpnI, followed by a bead clean-up and then transformed. 

 

2.2.1.c Gateway cloning 

BP and LR Gateway recombination reactions were performed following the manufacturer’s 

instructions (Invitrogen). Briefly, 75 ng of pDONR221 or pDEST plasmid, along with 30 ng of 

attB PCR product (amplified using Q5 Hot Start polymerase as described above) or pENTRY 

plasmid, and 1 µL of BP/LR Clonase TM II (Thermo Fisher, #11789020/#11791020) were 

combined and incubated for 1 hr at 25°C before 2 µL of the reaction was transformed. 

 

2.2.1.d Restriction ligation 

Where possible, restriction ligation cloning was utilized to minimise the risk of unintended 

mutations and was often the only feasible option for working with lentiviral backbones due to their 

highly repetitive nature. In brief, 2-5 µg of backbone and insert were separately digested with 

compatible restriction enzymes in a 50 µL reaction for 1 hr at 37°C. The subsequent digest was 

run on a 0.7% TAE agarose gel prior to excision and extraction of the desired fragment using 

https://paperpile.com/c/mOxKMa/yZM7
https://paperpile.com/c/mOxKMa/0YzC
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ISOLATE II PCR and Gel Kit (Bioline, #BIO-52060). The resulting purified DNA fragments were 

combined in equimolar amounts along with 5 µL of 2X Quick Ligase Buffer and 1 µL Quick 

Ligase (NEB, #M2200S) and incubated at room temperature for 5 min. Transformations were then 

performed using 2 µL of the resulting ligation mix. 

 

2.2.2 Cloning SunTag plasmids 
The design and construction of the SunTag DNA methylation plasmids in Chapter 3.1: dCas9-

DNMT3a, dCas9-SunTag, 𝛼GCN4-DNMT3a, TALE-DNMT3a and mCherry-EMPTY-sgRNA 

were described in Pflueger et al. (2018) and can be found at 

https://www.addgene.org/Ryan_Lister/. Expansion of the SunTag components for the epigenetic 

editing screen consisted of modifying the 𝛼GCN4-epimodifier plasmids, expanding the sgRNA 

plasmids and integrating the dCas9 and sgRNAs into lentiviral backbones as discussed below. 

 

To start, ten additional epimodifier domains were either PCR amplified from addgene plasmids 

(see Table 2.1 below) or inserted using gBlocks synthesised by IDT. They were further customized 

to have the last 300 bp of each epimodifier sequence codon optimised using gBlocks and then 

Gibson assembled (Gibson et al. 2009) into a modified 𝛼GCN4 backbone that had a 3xTy1 tag at 

the 5’ end and a Unique Priming Sequence (UPS3) at the 3’ end. The reason for these changes are 

described in Chapter 3.3.3.  

 

https://paperpile.com/c/mOxKMa/AsAc
https://www.addgene.org/Ryan_Lister/
https://paperpile.com/c/KCFBNv/5n0v
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Table 2.1. Source of epimodifier plasmid sequences. 

Epimodifier Plasmid Addgene Size (bp) 

p65HSF1 pAC1393-pmax-NLSPUFa-p65HSF1 71897 939 

VP64 pAC1355-pmax-NLSPUFa-VP64 71881 150 

TET1 gBlock NA 2154 

p300 gBlock NA 1851 

ING2 pcDNA3-ING2 13294 840 

KRAB pAC1414-pmax-BFP-KRAB-PUFa 71911 288 

DNMT3A LLP252 pEF1a-NLS-scFvGCN4-DNMT3a 100941 933 

DNMT3L pcDNA-myc-DNMT3L 35523 1158 

HDAC3 pCMV-HDAC3-FLAG 13819 1296 

G9A gBlock NA 1146 

EZH2 gBlock NA 2253 

mCherry LLP469 pEF1a-mCherry-EMPTY-sgRNA 100958 705 

 

The numerous sgRNA target sequences for KL (Klotho), EPCAM (epithelial cellular adhesion 

molecule), TMEM206 (transmembrane protein 206, also more recently known as proton activated 

chloride channel 1, PACC1), B2M (beta-2-microglobulin), RBM3 (RNA binding motif protein 3), 

and HINT1 (histidine triad nucleotide binding protein 1) are detailed in Supplementary Table 

S7.4.1. Each sgRNA was cloned into the mCherry-EMPTY-sgRNA backbone using restriction 

ligation AflII cloning described in Mali et al. (2013) and subsequently tested using the SunTag 

system (details in Chapter 3.3.2). Multiplexing the six optimised sgRNA target sequences (KL-

3, EPCAM-2, TMEM-2, B2M-4, HINT-1, RBM3-1) into a single backbone was performed using 

Golden Gate cloning (Engler et al. 2008) and BsmBI (NEB, #R0580L) to make a 6x sgRNA 

expression cassette. Further details can be found in Chapter 3.3.4. This multiplexed construct was 

then restriction ligated into a third generation lentiviral plasmid by linearizing pLenti-Puro 

(Addgene, #39481) with EcoRI and KpnI, and PCR amplifying the 6x sgRNA insert with 

compatible cut sites to create LVP019_pLenti-CMV-6xHRBKET-sgRNA-mCherry (HRBKET 

indicates order of sgRNA target sequences for HINT1, RBM3, B2M, KL, EPCAM, and TMEM206). 

This lentiviral plasmid was subsequently used to create a clonal 6x sgRNA stable expression cell 

line (described in Chapter 3.3.5.a). A LVP020 pLenti-CMV-6xHRBKET-sgRNA-BSD plasmid 

was also synthesised by replacing the mCherry with a Blasticidin (BSD) cassette from an in-house 

plasmid, pEF1a-𝛼GCN4-DNMT3A-P2A-BSD, and also used to create an alternative antibiotic 

selectable 6x sgRNA stable expression cell line. 

https://paperpile.com/c/mOxKMa/rHrF
https://paperpile.com/c/M5bva7/mzki
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The original pGK-dCas9-SunTag-BFP plasmid was later cloned into a third generation lentiviral 

cassette to create a Puromycin (Puro) selectable Tet-Off inducible system for LVP006_pLenti-

tetO-dCas9-SunTag and LVP005_pLenti-Puro-T2A-tTA, as well as a BFP selectable, constitutive 

design, LVP023_pLenti-pSV40-dCas9-SunTag-P2A-BFP-WPRE. The latter was based on the 

plasmid designed by Tanenbaum et al. (2014) but modified to match the construct used in Pflueger 

et al. (2018). These modifications included replacing the dCas9 cassette with our own 3xHA 

tagged, codon optimised dCas9 by using Gibson assembly as illustrated in Chapter 3.3.5.c. The 

Tet-Off plasmids on the other hand, were originally cloned through a four-stage process, starting 

with a six fragment Gibson assembly. Stage one involved (1) linearizing pLenti-Puro with KpnI 

and ClaI, then PCR amplifying (2) the Tet-O promoter from pLVXTP-hChr2-mCherry (a gift from 

Oliver Brüstle, Germany), (3) the dCas9-SunTag component from LLP339_pGK-dCas9-SunTag 

(Addgene, #100943), (4) an internal ribosomal entry site (IRES) from pLVX-EF1a-tetOn-IRES-

G418 (EtO, Addgene, #84776), (5) the BFP from LLP457 pGK-dCas9-Suntag-BFP (Addgene, 

#100957), and (6) a bGH polyA signal from pXCX-CMV-tTA (Addgene, #38056) to make the 

preliminary plasmid: pLenti-tetO-dCas9-SunTag-IRES-BFP-bGHpolyA. In stage two, this 

preliminary plasmid was linearized with EcoRV and XbaI to insert three additional fragments 

using Gibson assembly: (1) pEF1a-Puro from LLP339 pGK-dCas9-SunTag (Addgene, #100943), 

(2) T2A using annealed oligos and (3) tTA from pXCX-CMV-tTA (Addgene, #38056) to make 

the plasmid pLenti-tetO-dCas9-SunTag-IRES-BFP-bGHpolyA-pEF1a-Puro-T2A-tTA. This 

construct was later found to be too large for effective lentiviral production and thus in stage three 

and four, this plasmid was split into different components. Stage three entailed using PspXI and 

PacI to retain pLenti-pEF1a-Puro-T2A-tTA which was blunt ended and circularised to make the 

final LVP005. Stage four involved making LVP006_pLenti-tetO-dCas9-SunTag via two 

sequential steps of digestion and blunt end ligation. Firstly, MluI and PacI were used to remove 

IRES-BFP-bGH polyA from the stage two plasmid, and secondly, XbaI and EcoRV were used to 

remove pEF1a-Puro-T2A-tTA. These two Tet-Off plasmids (LVP005 and LVP006) are discussed 

further in Chapter 3.3.5.b. 

 

2.2.3 Cloning the Casilio plasmids 
Synthesising the Casilio plasmids described in Chapter 4.1 involved the following: the pGK-HA-

dCas9-BFP plasmid was amplified from pGK-dCas9-SunTag-BFP (Addgene, #100957) using 

PCR primers that removed the SunTag region and left compatible overhangs for recircularization 

https://paperpile.com/c/mOxKMa/Q0Aw
https://paperpile.com/c/mOxKMa/AsAc
https://paperpile.com/c/mOxKMa/AsAc
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of the plasmid using Gibson assembly (Gibson et al. 2009). Six U6-sgRNA-PBSa-mCherry 

backbone variants were initially cloned that had one to five PBSa sites and one that had two PBSa 

sites separated by a 36 bp linker sequence (illustrated in Figure 4.2). These backbones were 

synthesised using Gibson assembly based on PCR fragments from pAC1371-pX-sgRNA-5xPBSa 

(Addgene, #71888) that incorporated one or more PBSa sites, along with the mCherry sequence 

from pEF1a-mCherry-sgRNA (Addgene 100958). Oligos for OCT4-PP3 and SOX2-PP1 target 

sequences (Cheng et al. 2016) were ordered from IDT and inserted into these six backbones using 

the BbsI cloning strategy described by Ran et al. (2013). Following this, only the BbsI digested 

sgRNA-5xPBSa variant was used as the backbone to insert the KL-3, EPCAM-2, and TMEM-2 

target sequences that had been established with the SunTag system.  

 

The Casilio platform was tested using the super activator p65HSF1 as reported in Cheng et al. 

(2016). This activator was cloned into the expression plasmid pCMV-PUFa-p65HSF1-UPS-

pSV40-GFP which was Gibson assembled from four PCR fragments: (1) the PUFa backbone from 

pAC1355-pmax-NLSPUFa-VP64 (Addgene, #71881), (2) the epimodifier and UPS3 from pEF1a-

𝛼GCN4-p65HSF1-CO, (3) the pSV40 promoter from an in-house viral plasmid and (4) the GFP 

from an in-house pEF1a-GFP-Puro plasmid. A schematic of these constructs can be found in 

Figure 4.2. 

 

2.2.4 Cloning the SSSavi plasmids 
For the SSSavi plasmids, PCR primers coding for the Spy, Snoop, and Avi tags were synthesised 

using IDT and replaced the 10xSunTag domain of the pGK-dCas9-SunTag-BFP plasmid 

(Addgene, #100957) using Gibson assembly to create SSP001_dCas9-SpyTag-BFP, 

SSP002_dCas9-SnoopTag-BFP and SSP003_dCas9-AviTag-BFP expression cassettes with a 

3xHA epitope tag. The 5xSunTags to create SSP012_dCas9-SunTagx5-BFP were PCR amplified 

from pCAG-dCas9-5xPlat2AflD (Addgene, #82560) as each SunTag was separated by a 22 amino 

acid linker sequence as described by Morita et al. (2016). The Spy and Snoop catcher domains 

were cloned from the pET28a-SpyCatcher-SnoopCatcher plasmid (Addgene, #72324) while the 

Traptavidin domain came from pET21a-Core-Traptavidin (Addgene, #26054) and Gibson 

assembled into our pEF1a-𝛼GCN4-p65HSF1-CO backbone by replacing the 𝛼GCN4 domain to 

create SSP006_pEF1a-SpyCatcher-GFP-p65HSF1-CO, SSP008_pEF1a-SnoopCatcher-GFP-

p65HSF1-CO and SSP010_pEF1a-Traptavidin-GFP-p65HSF1-CO. The sfGFP and GB1 domains 

https://paperpile.com/c/KCFBNv/5n0v
https://paperpile.com/c/mOxKMa/smRd
https://paperpile.com/c/mOxKMa/4Qkx
https://paperpile.com/c/mOxKMa/smRd
https://paperpile.com/c/mOxKMa/smRd
https://paperpile.com/c/KCFBNv/Ew4n
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were removed to create the same three plasmids but without an internal GFP to test for difference 

in protein expression and stability (SSP007, SSP009, SSP011, described in Chapter 4.2.1). 

 

A dCas9 plasmid that had one of each of four tags, SSP004_pGK-dCas9-Spy-Snoop-Sun-AviTag-

BFP was constructed from the LLP457_pGK-dCas9-SunTag-BFP plasmid (Addgene, #100957) 

with each tag separated by a 22 amino acid linker (Morita et al. 2016) using an IDT gBlock. This 

plasmid was then used as the backbone into which four additional SunTag domains were inserted 

to make SSP005_pGK-dCas9-Spy-Snoop-Sunx5-AviTag-BFP (dCas9-SSSavi, see Figure 

4.7.A). This was done by linearizing the backbone with MluI and then Gibson assembling the four 

additional SunTags that were PCR amplified from pCAG-dCas9-5xPlat2AflD (Addgene, #82560). 

 

pEF1a-Spy/Snoop/TraptavidinCatcher-p65HSF1-CO plasmids with no internal GFP (SSP007, 

SSP009, SSP011) were later cloned to include a pSV40-GFP cassette using Gibson assembly by 

PCR amplifying the GFP domain from an in-house pEF1a-GFP-Puro plasmid and the pSV40 

promoter from an in-house dCas9-SunTag lentiviral plasmid (pLenti-pSV40-dCas9-SunTag-P2A-

BFP-WPRE) to then create SSP013, SSP014 and SSP015 (pEF1a-Spy/Snoop/TraptavidinCatcher-

p65HSF1-CO-pSV40-GFP equivalent). Epitope tags and catchers were introduced using IDT 

gBlocks that contained either 3xFLAG-SpyCatcher, 2xOLLAS-SnoopCatcher, or 3xV5-

Traptavidin, while the 𝛼GCN4 plasmids retained the 3xTy1 tag. These different epitope tags were 

included to enable future ChIP-sequencing or for catcher specific pull-downs. The templates used 

to synthesise the additional, single use plasmids for characterising the SSSavi system including 

the N-terminal fusion construct (Chapter 4.2.3), the 5xSpyTag and 5xSnoopTag constructs 

(Chapter 4.2.5) and the switched dCas9-catcher and tag-epimodifier fusions (Chapter 4.2.6) are 

detailed in Supplementary Table S7.4.2. 

 

To create the construct needed for establishing a SSSavi stable expression line (see Section 2.4.1), 

we used Gateway cloning (Invitrogen) to insert the dCas9-Spy-Snoop-Sunx5-AviTag component 

of SSP005 (dCas9-SSSavi) and the E.coli biotin holoenzyme synthetase, BirA, into a piggyBac 

plasmid. The BirA was needed for adding biotin to the lysine residue on the AviTag (Beckett et 

al. 1999) and was PCR amplified from pEF1a-BirA-V5-Neo (Addgene, #100548) to include attB 

sites and then inserted into pDONR221 (Invitrogen) using BP Clonase II (Thermo Fisher, 

#11789020) to make pENTRY221-BirA. A BP Clonase reaction was also performed on the dCas9-

SSSavi PCR fragment amplified from SSP005 to have attB sites and inserted into pDONR221 to 

make pENTRY221_dCas9-SSSavi. This was then linearized with EcoRV and NotI to insert the 

https://paperpile.com/c/KCFBNv/Ew4n
https://paperpile.com/c/mOxKMa/g3qa
https://paperpile.com/c/mOxKMa/g3qa
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BirA region of pENTRY221-BirA to make pENTRY221_dCas9-SSSavi_BirA. This was 

subsequently inserted into PB_CAH (piggyBac_pCAGG_Amp_gateway_Hygro plasmid gifted 

from Jose Polo) using LR Clonase II (Thermo Fisher, #11791020) to make SSP074 

PB_CAGG_dCas9-SSSavi_pEF1a-BirA_IRES_Hygro.  

 

To test pairwise combinations of epimodifiers with the SSSavi system, the GFP components of 

SSP013_pEF1a-SpyCatcher-3xFLAG-p65HSF1-CO-pSV40-GFP and SSP015 pEF1a-

Traptavidin-3xV5-p65HSF1-CO-pSV40-GFP plasmids were switched for Puro and BSD 

cassettes, respectively, using Gibson assembly. The Puro component was PCR amplified from 

LLP249_pGK-dCas9-DNMT3A V3 (Addgene, #100938) while the BSD was amplified from 

LVP020_pLenti-6xHRBKET-sgRNA-BSD. These two constructs were then used as the 

backbones for restriction ligation reactions using AhdI and NotI to insert the eleven epimodifiers 

described in Table 2.1 above. Fourteen additional epimodifiers (Table 2.2) were synthesised using 

Genewiz into pUC57-Kan backbones and cloned into the Spy and Traptavidin plasmids using SbfI 

and NotI. These epimodifiers cover a range of different classes that were shortlisted by Christian 

Pflüger from ~1000 candidates obtained from the EpiFactors database (Medvedeva et al. 2015) to 

obtain 12 associated with activation and 13 with repression. Five features were considered when 

designing each epimodifier: (1) known regions of protein:protein interaction were selected, (2) 

known DNA binding domains were removed to minimize non-specific targeting, (3) each protein 

coding region was codon optimised to differentiate expression from endogenous epimodifiers, (4) 

specific internal restriction sites (AatII, AhdI, BsaI, BsmBI, ClaI, KpnI, NotI, PflMI and SbfI) 

were removed for future cloning purposes, and (5) each sequence was kept to less than 4 kb to aid 

successful lentiviral packaging. Due to restrictions on experimental work as a result of COVID19, 

the final pairwise experiments could not be completed for this thesis. 

 

https://paperpile.com/c/mOxKMa/CmuX
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Table 2.2 Additional epimodifiers to be included in the SSSavi pairwise tests and epigenetic editing screen 

Epimodifier Class Size Effect 

ACTL6A Actin-like 6A, chromatin remodeller 1521 Activation 

ASF1A Anti-silencing function 1A, histone chaperone 846 Activation 

CBX1 Chromobox 1, nonhistone scaffold protein 789 Repression 

CDK9 Cyclin-dependent kinase 9, cell cycle regulator 1350 Repression 

GADD45A Growth arrest and DNA-damage-inducible, alpha 729 Activation 

KANSL1 KAT8 regulatory NSL complex subunit 1, histone 
acetylation 3549 Activation 

KDM1/LSD1 Lysine demethylase 1A, histone demethylase 2790 Activation 

KDM2B Lysine demethylase 2B, histone demethylase 4242 Repression 

KDM5C(cat) Lysine demethylase 5C, histone demethylase 1713 Repression 

MeCP2 TRD domain Methyl-CpG Binding Protein 2, TRD DNA binding 
domain 1185 Repression 

SET1B SET domain containing 1B, histone lysine 
methyltransferase 957 Activation 

SETDB1 SET domain bifurcated protein 1, histone lysine 
methyltransferase 1932 Repression 

WHSC1/NSD2 
Wolf-Hirschhorn syndrome candidate 1/Nuclear 
receptor binding SET domain 2, histone lysine 
methyltransferase 2352 Repression 

YY1 Yin and Yang protein 1, transcription factor 1476 Activation 

 

 

2.2.5 Cloning the SunTag lentiviral epimodifiers for the epigenetic editing screen 
For the first pilot test of the high-throughput single cell epigenetic editing screen using the 10X 

Chromium platform (10X Genomics), we designed and constructed four 𝛼GCN4 epimodifier 

plasmids, each with their own selectable marker into third generation lentiviral backbones 

(LVP024_DNMT3A_mRuby2, LVP025_DNMT3L_iBlueberry, LVP026_KRAB_mTagBFP2 

and LVP027_p65HSF1_Neo). This was done by first Gibson assembling four PCR fragments: (1) 

𝛼GCN4-KRAB-CO (from pEF1a-𝛼GCN4-KRAB-CO, in-house), (2) WPRE (from 

LLP185_pLVP-dCas9-DNMT3a V2, Addgene, #100936), (3) pPGK (from LLP339_pPGK-

dCas9-SunTag, Addgene, #100943), and (4) mTagBFP2 (from mTagBFP2-N1, Addgene, #41535) 

to make the non-lentiviral construct, pEF1a-𝛼GCN4-KRAB-CO-WPRE-pPGK-BFP2. This 

plasmid was then linearized with KpnI and BsiWI and one end ligated to pLenti-Puro (Addgene, 

#39481) that had been cut with KpnI and EcoRI. This linear fragment was blunt ended and 

circularized to make LVP026 pLenti-pCMV-𝛼GCN4-KRAB-CO-WPRE-pPGK-BFP2 
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(LVP026_KRAB_mTagBFP2). This plasmid was used as the backbone into which the three other 

plasmids were made. To start, LVP024_pCMV-𝛼GCN4-DNMT3A-CO-WPRE-pPGK-mRuby2 

(LVP024 DNMT3A_mRuby2) was made by a four-fragment restriction ligation reaction. These 

fragments involved digesting (1) LVP026 with KpnI and MluI to retain the lentiviral backbone 

and pCMV promoter, (2) pEF1a-𝛼GCN4-DNMT3A-CO with MluI and HpaI, (3) LVP026 with 

HpaI and EcoRV to retain the WPRE and pPGK promoter, and (4) mRuby2-N1 (Addgene, 

#54614) with EcoRV and KpnI. This process was repeated to make 

LVP025_DNMT3L_iBlueberry and LVP027_p65HSF1_Neo. For the LVP025, fragment (2) came 

from pEF1a-𝛼GCN4-DNMT3L-CO and fragment (4) came from pcDNA3.1_LifeAct-iBlueberry 

(Addgene, #73176), while for the LVP027, fragment (2) came from pEF1a-𝛼GCN4-p65SHF1-CO 

and fragment (4), the Neo cassette, came from pAC1393-pmax-NLSPUFa_p65HSF1 (Addgene, 

#71897). Additional details are described in Chapter 5.1.1. 

 

Based on the results from the first 10X Chromium run, five additional adjustments were made to 

the lentiviral 𝛼GCN4 epimodifier plasmids as described in Chapter 5.2.2. These adjustments were 

made to aid identification at a single cell level, to streamline cloning for adding in additional 

epimodifiers, and to switch to an inducible system to provide control over the timing of the 

epimodifier expression. This was achieved by adding in dual epimodifier specific barcodes, 

inserting a Gateway cloning scaffold for switching in different epimodifiers (the chloramphenicol 

acetyltransferase, CmR, gene within the Gateway plasmid was modified to remove EcoRI, BsmBI 

and SspI sites using IDT gBlock) and replacing the CMV promoter with a doxycycline inducible 

Tet-On promoter (see Section 2.2.5.a-c for specific cloning details for Level 1-4 plasmids).  

 

Starting with the epimodifier barcodes, these were incorporated into the plasmid design in order 

to achieve built-in redundancy for clear epimodifier identification at a single cell level. These 

barcodes were inserted into two different locations per construct and were labelled as the polyA 

barcode and U6 barcode regions, each of which consisted of several components (see Figure 5.4.A 

in Chapter 5.2). The polyA barcode was designed to be captured by the poly (dT) primer used 

during scRNA-seq. To achieve this, the polyA barcode was placed 3’ of the epimodifier sequence 

and consisted of a constant UPS3 for targeted PCR amplification and an Epimodifier Barcode 

Region 1 (EBR1). The EBR1 contained NheI and AflII recognition sites for efficient insertion of 

each unique 20 bp epimodifier specific barcode sequence (detailed further in Section 2.2.5.b 

below). The U6 barcode region on the other hand was placed in a divergent orientation to the 
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epimodifier reading frame and consisted of a U6 promoter transcribing a constant UPS1 

(GAGCGTATAACGCTCGACGTAATC), a second EBR (EBR2, containing SpeI and BglII) and 

a 10X Chromium Capture Sequence 1 (CS1, GCTTTAAGGCCGGTCCTAGCAA, 10X 

Genomics). This barcode was transcribed as short non-coding RNA and was to be captured during 

scRNA-seq using the CS1 primer (10X Genomics). These components were first integrated into a 

Level 1 “empty” 𝛼GCN4 backbone using a pBlueScript II SK+ (pBS, Stratagene, #212205) 

plasmid into which unique epimodifier barcodes were inserted to make Level 2 constructs. This 

was followed by Level 3 Gateway cloning to insert one of the twenty-six epimodifiers from Table 

2.1 and 2.2 for each barcode and finally, Level 4 plasmids were made by inserting these constructs 

into lentiviral backbones. The specific details of how these Level 1-4 plasmids were cloned is 

discussed below. 

 

2.2.5.a Level 1 barcoded epimodifier plasmid (BEP) cloning of BEP008 

Starting with the Level 1 “empty” 𝛼GCN4 pBS plasmid, a multiple cloning site (MCS) with type 

II endonuclease recognition sites for BsaI and BsmBI with optimised four base overhangs (Potapov 

et al. 2018; Vladimir et al. 2018) was introduced by annealing two IDT oligos (F1 and R1, 

Supplementary Information S7.3) and ligating the product into the backbone via KpnI and SacI. 

This pBS_MCS backbone was used to clone the first half of the final barcoded epimodifier plasmid 

(BEP) along with a Genewiz synthesised construct as the second half. The first half plasmid, 

BEP001, involved a six fragment assembly consisting of: (1) the pBS_MCS backbone, (2) pCMV, 

(3) polyA barcode region, (4) attR2 site and ccdB gene, (5) modified CmR gene, and (6) lacUV5 

promoter and attR1 site. Fragment (2) was PCR amplified from an in-house CMV-eGFP-T2A-

Puro plasmid while (4) and (6) were amplified from pDONR221 (Invitrogen). IDT was then used 

to synthesize gBlocks for fragments (3) and (5). The second half of the final construct synthesised 

by Genewiz included four components: (7) NLS-3xTy1-𝛼GCN4-sfGFP-GB1-linker region, (8) 

pCMV, (9) U6 barcode region and (10) WPRE. BEP001 and the Genewiz gene fragment were 

then combined to make BEP004 using BsmBI Golden Gate cloning. BEP004 was then cut with 

EcoRI and XbaI to replace the CMV promoter of fragment (2) with a Tet-On promoter. This 

promoter was PCR amplified from PB-TAG-ERP2 (Addgene, #80479) to include BsaI recognition 

sites in order to make BEP005. Following this, BEP006 was made by removing the second CMV 

promoter of fragment (8) using ClaI and SphI and inserting annealed IDT oligos that contained an 

MluI cut site (F2 and R2, Supplementary Information S7.3). Due to a mutation in the attR1 site, 

this site was replaced with the correct sequence using restriction ligation by digesting BEP006 

https://paperpile.com/c/mOxKMa/M6eC+CXu1
https://paperpile.com/c/mOxKMa/M6eC+CXu1
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with NotI and AfeI to remove the mutation and inserting two annealed IDT oligos (F3 and R3, 

Supplementary Information S7.3) to make our final product BEP008 

(pBSc_BCx2_TetOn_𝛼GCN4_attB_rm3primeCMV_fix_attR1) that contained two EBRs, a Tet-

On promoter and Gateway recombination sites for easy epimodifier insertion. 

 

2.2.5.b Level 2 BEP cloning, insertion of dual epimodifier barcodes 

Building Level 2 constructs from BEP008 involved inserting the dual epimodifier specific 

barcodes. These 20 bp barcode sequences were generated by Christian Pflüger using a barcode 

generator (https://github.com/audy/barcode-generator) with the following constraints: length 20 

bp, minimum hamming distance of 4 (number bases at which the corresponding nucleotide is 

different), and max stretch of 3 (maximum number of the same nucleotide). Twenty-six 

epimodifier barcodes were generated and are supplied in Supplementary Table S7.4.3. These 

sequences and their corresponding reverse complements were ordered as oligos from IDT with 4 

bp overhangs for either SpeI (CTAG) and BglII (GATC), or AflII (TTAA) and NheI (CTAG) to 

be compatible for insertion into the two EBRs. Complementary oligos were annealed and 

phosphorylated by combining 1 μL 10 μM of each oligo with 1 μL 10X T4 DNA Ligation buffer 

(NEB, #B0202S) and 1 μL T4 Polynucleotide Kinase (NEB, #M0201S) in a 10 μL reaction and 

then incubated with the following thermocycler program: 37°C for 30 min, 95°C for 5 min, then 

ramp to 25°C at a rate of -0.1°C/sec. Annealed polyA barcodes were then ligated into the AflII 

and NheI digested BEP008 backbone using Quick Ligase (NEB, #M2200S) following 

manufacturers instructions and transformed into DB3.1 cells (kind gift from Mark Waters) to 

account for the ccdB gene in the Gateway scaffold. This process was then repeated for the U6 

barcodes using SpeI and BglII, except sequential digestion was required due to incompatible 

restriction enzyme buffers. 

 

2.2.5.c Level 3-4 BEP cloning, epimodifier and lentiviral insertions  

The next step of cloning Level 3 plasmids was to PCR each of the 26 epimodifiers with attB sites 

and to recombine them with pDONR221 using BP Clonase II to make pENTRY-epimodifier 

constructs. These plasmids were then recombined with 26 barcoded BEP008 plasmids using LR 

Clonase II to create pDEST-barcoded-epimodifier plasmids. The final step to make Level 4 

expression constructs was to use ClaI and KpnI to insert the barcoded epimodifiers into the second-

generation lentiviral backbone, pLVX-Eto (Addgene, #84776). 

 

https://github.com/audy/barcode-generator
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2.2.6 Final cloning steps and plasmid sequencing 
As these barcoded epimodifiers were expressed via a Tet-On promoter, the counterpart rtTA 

(reverse tetracycline-controlled transactivator) component was also required. This construct was a 

kind gift from Jose Polo as a piggyBac transposable element plasmid with a CAGG promoter and 

Puro selection (PB_CAGG-rtTA-IRES-Puro). Details of creating an rtTA stable expression are 

described in Section 2.4.1. 

 

Plasmids were sequence verified using an in-house Tn5 tagmentation library preparation protocol 

based on work by Adey et al. 2010; Picelli et al. 2014; Hennig et al. 2018. Libraries were run on 

an Illumina MiSeq with paired-end reads, 150 bp fragments and the resulting FASTQ files were 

assembled using an in-house plasmid-mapper pipeline written by Christian Pflüger, that 

incorporates SPAdes de novo assembly (Bankevich et al. 2012) and Bowtie2 alignment (Langmead 

and Salzberg 2012) with a reference FASTA file and the resulting contigs were sequence verified 

using IGV (Robinson et al. 2011) and SnapGene software (GSL Biotech). 

 

2.3 Transfecting HeLa and HEK293T cells  
For mass spectrometry samples, two 15 cm plates (In-vitro Technologies, #COR430599) of 8x106 

HeLa cells each were transfected with 15.8 µg of DNA (dCas9-DNMT3a or dCas9-SunTag + 

αGCN4-DNMT3a), 1580 µL OptiMEM (Thermo Fisher, #11058021), and 47.5 µL FuGENE HD 

(Promega, #E231) to obtain a 1:3 ratio of DNA to FuGENE HD. Cells were then harvested 48 

hours post-transfection (ptf).  

 

For Casilio experiments, transfections were carried out using a 1:4 ratio of DNA to ViaFect 

(Promega, #E4982) following manufacturer’s instructions. Briefly, HEK293T cells were seeded 

at 400,000 cells per well in a 6 well plate (In-vitro Technologies, #FAL353046). Cells were 

transfected with an equal ratio of three plasmids 24 hours post-seeding, with a total of 2.5 µg DNA 

per 6 well and up to 250 µL OptiMEM. Cells were screened after 48 hours for expression of a 

reporter gene (BFP/GFP/RFP) by fluorescent microscopy (FLoid Cell Imaging Station, Thermo, 

#4471136). Subsequently, cells were harvested 72 hrs ptf for FACS to enrich for triple positive 

cells, followed by RT-qPCR. 

 

For SunTag and SSSavi experiments, transfections were carried out using a 1:4 ratio of DNA to 

polyethylenimine, linear MW 25,000 Da (PEI, Sigma-Aldrich, 408727). Briefly, cells were seeded 

https://paperpile.com/c/KCFBNv/pi8Q+dC3o+rdpq
https://paperpile.com/c/mOxKMa/1bjl
https://paperpile.com/c/mOxKMa/MzyN
https://paperpile.com/c/mOxKMa/MzyN
https://paperpile.com/c/mOxKMa/IGQG


44 
 

in either 6-well culture plates or 10 cm culture dishes (Life Technologies, #NUN150350) at 

200,000 or 1,000,000 cells, respectively. Cells were transfected with an equal ratio of plasmids 24 

hours post-seeding, with either 2.5 µg total DNA per 6-well, or 12.5 µg per 10 cm plate and 7.5 

µL or 37.5 µL of PEI (1 mg/mL), and 250 µL or 1200 µL OptiMEM. Cell media was replaced 

after 3 hrs to remove PEI and minimise cell toxicity. Cells were screened after 48 hours for 

expression of a reporter gene (BFP/GFP) by fluorescent microscopy (FLoid Cell Imaging Station). 

Subsequently, cells were harvested 72 hrs ptf for either FACS and RT-qPCR, or protein extraction 

for western blotting. 

 

2.4 Stable cell lines 

2.4.1 Establishing stable expression lines 
Experiments were performed in either WT HEK293T cells or one of four stable cell lines. These 

included (1) P3H11 cells stably expressing LVP019 pLenti-CMV-6xHRBKET-sgRNA-mCherry 

(6x sgRNA), which were used to make the subsequent cell lines: (2) P2A4 cells with LVP023 

pLenti-pSV40-dCas9-SunTag-P2A-BFP-WPRE stably integrated and (3) SSP074 cells expressing 

SSP074_PB_CAGG_dCas9-SSSavi_pEF1a-BirA_IRES_Hygro, as well as (4) rtTA P2A4 cells 

with the addition of PB_CAGG-rtTA-IRES-Puro stable expression. The latter two lines utilised 

the piggyBac system, which is an alternative to using lentiviral stable integration and expression. 

This system essentially functions via a ‘cut-and-paste’ mechanism via a hyperactive piggyBac 

transposase plasmid (hyPBase, Chakraborty et al. 2014) that integrates a co-transfected 

transposable element into the cell genome via transient transfection without the need for viral 

packaging and transduction. Specifically, SSP074 cells were established by transient co-

transfection of P3H11 cells with the plasmid SSP074_PB_CAGG_dCas9-SSSavi_pEF1a-

BirA_IRES_Hygro and hyPBase (a kind gift from Jose Polo), followed by hygromycin selection 

(250 µg/mL) for 2 weeks. As for rtTA P2A4 cells, these were established in P2A4 cells with 

PB_CAGG-rtTA-IRES-Puro and 2 weeks of Puro selection (2 µg/mL). The creation of P3H11 and 

P2A4 lines are described in Chapter 3.3.5.a and 3.3.5.c, respectively. Integration and stable 

expression of the different dCas9 components was confirmed using immunostaining followed by 

flow cytometry as described below.  

 

2.4.2 Verifying stable integration of dCas9 using immunostaining 
Cells were collected and fixed in 2X paraformaldehyde (PFA) before being incubated in blocking 

buffer (1x PBS, 5% Goat serum, 0.3% Triton-X100) for 1 hr at room temperature. The blocking 

https://paperpile.com/c/mOxKMa/6sJS
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buffer was subsequently removed, and cells were incubated for an additional hour with 1:100 

diluted primary antibody (HA antibody, Biolegend, #901502) in antibody dilution buffer (1x PBS, 

2.5% Goat serum 0.2%, Triton-X100). Cells were washed three times and then incubated in the 

dark for 30 min with 1:1000 diluted secondary antibody (Goat anti-mouse AF488, Biotium, 

#12C0403). Cells were again washed three times before being resuspended in sort buffer (1x PBS, 

2.5% FBS, 5 mM EDTA) and analysed using flow cytometry to determine the percentage of GFP 

positive cells. 

 

2.5 Lentiviral production 

2.5.1 Producing third generation lentivirus in HEK293T cells 
Two 15 cm plates of adherent HEK293T cells were seeded with 3x106 cells each. Twenty-four 

hours later, the cells were transfected with the following packaging plasmid mixture: 15 µg of 

pRSV-Rev (Addgene, #12253), 25 µg of pMDLg (Addgene, #12251) and 15 µg of pMD2.G 

(Addgene, #12259), along with 30 µg of the transfer construct. The plasmids were prepared in 

1727.5 µL of OptiMEM to which 108.7 µL of PEI in 1691.3 µL of OptiMEM was added. The cell 

media was replaced 3 hrs later and again 24 hrs later with media containing 20% FBS. The viral 

solution was then collected 48 hrs ptf, spun down at 5,000 rpm for 5 min and the supernatant 

filtered through a 0.45 µm filter (Millipore, #SLHP033RS). Twenty mL of the filtered media was 

then transferred to pre-prepared Macrosep Advance Centrifugal Devices with 100K Omega 

Membrane (PALL, #MAP100C38). These centrifugal devices were prepared by adding 7 mL of 

20% FBS and then spun down for 10 min at 3,200 g, before discarding the flow through. The 

lentiviral media was spun down in the centrifugal devices at 3,200 g for 30 min and then up to 10 

mL was transferred into 14 mL Ultra-Clear tubes (Beckman Coulter, #C14294). To the bottom of 

these tubes, 2 x 750 µL of 20% Sucrose in PBS was added to act as a sucrose cushion in order to 

further concentrate the viral solution. The tubes were then ultracentrifuged (rotor SW-Ti-40) for 

90 min at 26,000 g and the subsequent supernatant was removed. To the viral pellets, 150 µL of 

1% BSA in PBS was added and the tubes left to incubate at room temperature for 5 min to gently 

resuspend the viral particles before being aliquoted and stored at -80°C. 

 

2.5.2 Producing second generation lentivirus in LV-MAX cells 
LV-MAX suspension cells (ThermoFisher, #A35347) were used for lentiviral production by 

growing them in LV-MAX serum free media (ThermoFisher, #A3583401) in 250 mL 

Polycarbonate Erlenmeyer Flasks (Sigma-Aldrich, #CLS431144) and cultured in a shaking 
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humidified cell culture incubator at 37˚C with 5% (v/v) CO₂. To start, viral packaging plasmids 

were prepared by combining 4.26 µg of pPax2 (Addgene, #12260), 1.18 µg pMD2.G (Addgene, 

#12259) and 3.62 µg of transfer plasmid in 481.1 µL of OptiMEM. To this, 21.74 µL of LV-MAX 

Transfection reagent (ThermoFisher, #A35348) in 478.3 µL of OptiMEM was added and 

incubated for 10 min at room temperature. Cells between passage 5 and 20 were then prepared by 

seeding 1x106 cells/mL in 8.1 mL in a fresh culture flask to which 0.5 mL of LV-MAX Supplement 

reagent (ThermoFisher, #A35348) was added. The transfection cocktail was then added to the cells 

which were returned to the shaking incubator for 7 hrs. Following this incubation, 0.4 mL of LV-

MAX Enhancer (ThermoFisher, #A35348) was added, making the final production volume 10 mL. 

Cells were then grown for 48 hrs before the media was collected and spun down at 3,200 g for 5 

min. The supernatant was then passed through a 0.45 µm filter to which 10% FBS was added. 

Subsequently, the filtered viral particles were then concentrated using pre-prepared Macrosep 

Advance centrifugal devices as described above by spinning them down at 3,200 g for up to 2 hrs 

at 4℃. The filtered solution was then aliquoted and stored at -80℃. 

 

2.5.3 Transducing lentivirus to calculate viral titre 
Initially, HEK293T WT cells were transduced to determine viral titre of the SunTag lentiviral 

epimodifiers. As the epimodifiers were subsequently recloned to a Tet-On expression system, 

transductions were subsequently established in rtTA P2A4 cells. This entailed seeding cells at 

40,000 cells per 24 well culture plate (Corning, #353047) in media containing 5 µg/mL DEAE 

dextran hydrochloride (Sigma-Aldrich, #D9885). Early attempts at making high viral titers using 

hexadimethrine bromide or polybrene (Sigma-Aldrich, #H9268) were unsuccessful, thus DEAE 

dextran was trialled based on work by Denning et al. (2013). In the case of the inducible system, 

0.5 µg/mL Doxycycline hyclate >=98% (Dox, Sigma-Aldrich, #D9891) was also added to the cell 

media. While the cells were still in suspension, the lentivirus was transduced directly into the wells 

across three dilutions. Cells were then incubated for 48 hrs before being imaged on the FLoid Cell 

Imaging Station and then collected and fixed for flow cytometry. Only dilutions with 40% or less 

GFP positive cells were used to calculate viral titer (Transducing Units per mL, TU/mL) to ensure 

only one integration event per cell. Viral titer was calculated as: 

TU/mL = (%GFP / 100) x (#cells / volume) x dilution factor 

The viral titer was subsequently used to calculate the volume of virus required to achieve a desired 

multiplicity of infection (MOI) of 3: 

Volume = (MOI of 3 x #cells) / TU/mL 

https://paperpile.com/c/mOxKMa/dwyv
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2.6 FACS and flow cytometry 
Flow cytometry was performed using the BD FACSCanto™ (Centre of Microscopy and 

Characterisation and Analysis, CMCA) to determine the percentage of GFP positive cells as an 

indicator of either viral titer or dCas9 stably expressing cells after immunostaining. In both cases, 

cells were trypsinized, collected and fixed for 15-30 min in 2% PFA before being pelleted and 

resuspended in sort buffer, followed by flow analysis. For samples that were FACS sorted, one of 

three instruments were used, depending on availability. The BD FACSAria™ III at Telethon Kids 

Institute (TKI), the BD FACSMelody™ at CMCA, or the BD FACSAria II at the Perkins FACS 

Facility (Harry Perkins Institute of Medical Research). FACS samples were prepared in sort buffer 

and collected in collection buffer (1x PBS, 2.5% FBS) before being spun down at 300 g for 5 min 

and the supernatant removed in preparation for RNA extraction and RT-qPCR. 

 

2.7 RNA extraction 
Transfected cells were harvested with trypsin, washed with PBS and pelleted at 300 g for 5 mins. 

Cells were then either used in bulk, with RNA extracted using the RNeasy Mini kit (Qiagen, 

#74104) following manufacturers instructions, or FACS sorted and RNA extracted using the 

Agencourt RNAdvance Cell V2 Kit (Beckman Coulter, #A47942) or the Monarch® Total RNA 

Miniprep Kit (NEB, #T2010S) on <100,000 cells. The former was a bead based purification 

method that involves lysing cells for 30 min at room temperature in Lysis buffer with Proteinase 

K added and then incubating the mixture with Bind buffer that contains magnetic beads and 

isopropanol, for 5 min at room temperature. At this stage the RNA binds to the beads and by 

placing the samples in a magnetic rack, the contaminants can be removed with an isopropanol-

based wash buffer and then with 70% ethanol. The sample was then incubated for 15 min at room 

temperature with DNase solution and then washed again. The beads were then left to dry for 10 

min at room temperature before eluting the RNA by adding nuclease free water (NFW). 

Alternatively, the Monarch kit uses a dual column-based extraction method and produced cleaner 

RNA samples than the Agencourt kit based on 4200 Tapestation analysis (Agilient, #G2991AA, 

data not shown). To start, FACS sorted samples were pelleted, lysed and transferred to a genomic 

DNA removal column and spun down at 16,000 g for 30 sec. The flow through was retained and 

an equal volume of 95% ethanol was added and pipetted to mix. The samples were then transferred 

to an RNA purification column and spun down as before. The flow through was discarded and 

Wash buffer was added to the column and spun again. This was followed by an on-column DNase 

I treatment for 15 min at room temperature before adding Priming buffer and performing another 
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centrifugation step. This was followed by two wash steps and then the RNA was eluted using 

NFW. RNA samples are then used for cDNA synthesis and qPCR. 

 

2.8 RT-qPCR 
Up to 900 ng of RNA was used per sample to synthesise cDNA using the SensiFAST cDNA 

Synthesis kit (Bioline, #BIO-65054) following the manufacturer’s protocol. In brief, 4 µL of 5X 

TransAmp buffer and 0.8 µL of Reverse Transcriptase was added to each RNA sample in a total 

reaction volume of 20 µL. Samples were then run on a thermal cycler with the following program: 

25°C for 10 min, 42°C for 15 min, and 85°C for 5 min. The cDNA was then diluted to 5 ng/µL to 

be used for qPCR. qPCR primers (Supplementary Table S7.4.4) were designed using Primer 3 

(http://primer3.ut.ee/) for housekeeping (HK) controls GAPDH, RPS18 and HSPC3 (details in 

Chapter 3.3.3) and for target genes OCT4 and SOX2 (for Casilio testing only) as well as the 

remaining six target genes, KLOTHO, EPCAM, TMEM206, B2M, RBM3, and HINT1, which were 

used for all other experiments, as well as for measuring dCas9, p65HSF1, and KRAB expression. 

qPCR was performed using 5 µL of 2X Luna Universal qPCR Master Mix (NEB, #M3003E), 2 

µL of 10 µM primer pair mix and 2 µL of 5 ng/µL cDNA per reaction in a 384 well plate (BioRad, 

#HSP3801). Samples were then run on the Applied Biosystems ViiATM 7 instrument with 

QuantStudioTM 6 software (ThermoFisher, #4453545) using the following program: 95°C for 3 

min, followed by 40 cycles at 95°C for 10 sec, 63°C for 20 sec and then 72°C for 5 sec. Gene 

expression levels were normalized to the geometric mean of the three HK control genes with ΔΔCt 

calculated by comparing to the untransfected samples (unless otherwise stated). Additionally, 

KLOTHO expression was set to an arbitrary baseline CT value of 35, as an indication of no 

transcripts present. Holm-Sidak multiple comparison t-tests was used to calculate statistical 

significance where stated, with error bars indicating standard deviation (SD). 

 

2.9 Single cell RNA sequencing (scRNA-seq) 

2.9.1 Transducing P2A4 cells for pilot epigenetic editing screen 
P2A4 cells were used for initial pilot testing of the epigenetic editing screen. Twenty-four hours 

after seeding 800,000 P2A4 cells per 6 well plate, 10 µg/mL Polybrene (Sigma-Aldrich, #H9268) 

was added and incubated for 30 min at 37℃. These cells were then transduced with four 

lentiviruses (LVP024_DNMT3A_mRuby2, LVP025_DNMT3L_iBlueberry, 

LVP026_KRAB_mTagBFP2 and LVP027_p65HSF1_Neo) pooled together to achieve a 

http://primer3.ut.ee/
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theoretical MOI of 2.5 to ensure that each cell on average would obtain 2-3 viral particles. The 

volume of each virus required was calculated based on: 

(1) TU needed = total # of cells per well x MOI 

(2) Total volume of virus to add (µL) = (TU needed / viral titer (TU/mL)) / # of viruses 

 

Viral volumes were combined with 1 mL of conditioned media before being added dropwise to 

the cells. Samples were imaged for GFP expression 48 hrs post-transduction (ptd) and FACS sorted 

72 hrs ptd on the BD FACSAriaTM III (TKI) including untransduced cells as a control. One hundred 

thousand cells were collected for each sample and spun down at 200 g for 5 min. The resulting cell 

pellet was resuspended in 50 µL of collection buffer to achieve the required 700-1200 cells/µL 

density (Chromium Single Cell 3’ Reagent Kit v2 user guide, 10X Genomics). The cells were 

counted (800 cells/µL transduced and 1100 cells/µL untransduced) and 5% of the untransduced 

cells were seeded into the transduced sample to be used as a sequencing control before running the 

samples on a 10X Chromium instrument to obtain a single cell library. 

 

2.9.2 10X Chromium v2 GEM preparation, barcoding and cDNA  
For the pilot test, partitioning the cells and indexing their transcriptomes was achieved by 

following the Chromium Single Cell 3’ Reagent Kit v2 user guide (Manual CG00052, Rev F, 10X 

Genomics). To begin, Gel bead-in-EMulsions (GEMs) were prepared by combining 66.2 µL of 

the single cell master mix per sample in a PCR strip (Eppendorf, #30124359) on ice along with 50 

µL of RT reagent mix, 3.8 µL of RT primer, 2.4 µL of Additive A and 10 µL of RT enzyme mix. 

To this mix, the prepared cell suspension was added based on the volumes in the ‘Cell Suspension 

Volume Calculator Table’ with the aim of recovering 10,000 cells. The sample was then pipetted 

into row 1 of a pre-prepared 10X Chip A whereby 50% glycerol was added to unused wells as 

stated in the user guide. Subsequently, 40 µL of Single Cell 3’ Gel Beads were dispensed into row 

2 of the 10X Chip A and 2 x 135 µL of Partitioning Oil was pipetted into row 3. The 10x Gasket 

was then attached and the Chip A was loaded into the Chromium Controller in order to generate 

GEMs and add cell barcodes (consisting of a 16 nt 10X Cell Barcode and 10 nt Unique Molecular 

Identifier (UMI)). 

 

Once the run was complete the RT reaction was performed. This was achieved by recovering 100 

µL of GEMs and transferring them to a fresh PCR strip on ice. The samples were then placed in a 

thermal cycler to initiate the RT reaction using the following conditions: 53℃ for 45 min followed 
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by 85℃ for 5 min. Samples were then cleaned up using silane beads. This involved adding 125 

µL of Recovery Agent to the sample without mixing and incubating at room temperature for 1 min 

before removing this biphasic mixture along with the partitioning oil, leaving the clear aqueous 

sample. Dynabead Cleanup Mix (182 µL Buffer sample clean-up 1, 4 µL Dynabeads MyOne 

SILANE, 5 µL Additive A and 9 µL NFW) was then incubated with the samples for 10 min at 

room temperature before using a magnetic rack for bead clean-up and then adding 35.5 µL of 

Elution Solution I (98 µL Buffer EB, 1 µL 10% Tween 20 and 1 µL Additive A). Thirty-five µL 

of the final purified GEM-RT sample was transferred to a new PCR strip. 

 

The final step in preparing the samples prior to library preparation involved synthesising the 

cDNA. This was done by combining the purified GEM-RT sample with 65 µL of cDNA 

Amplification Reaction Mix (8 µL NFW, 50 µL Amplification Master Mix, 5 µL cDNA Additive 

and 2 µL cDNA Primer mix) and running this mixture on a thermal cycler using the following 

program: 98℃ for 3 min, followed by 12 cycles at 98℃ for 15 sec, 67℃ for 20 sec and 72℃ for 

1 min, with a final incubation at 72℃ for 1 min. The amplified cDNA was then cleaned up using 

SPRIselect beads (Beckman Coulter, #B23318) and the purified sample eluted in 40 µL of Buffer 

EB with 1 µL of sample run on the 4200 Tapestation to confirm sample quality and concentration. 

 

2.9.3 Transducing rtTA P2A4 cells for barcoded epimodifier screen 
Repeating the epigenetic editing screen using the new barcoded epimodifiers (Section 2.2.5.b) 

required the use of rtTA P2A4 stable cells. These were seeded at 200,000 cells per 6 well plate, 

along with 5 µg/mL DEAE dextran and 0.5 µg/mL Doxycycline and transduced 24 hrs later with 

six pooled viruses at an estimated MOI of 3.5. These viruses were BEP016_DNMT3A, 

BEP017_DNMT3L, BEP018_KRAB, BEP019_p65HSF1, BEP021_G9A and BEP022_EZH2, 

with control cells transduced with BEP020_mCherry. All cells were grown for 72 hrs before being 

imaged on the Olympus IX71 microscope and FACS sorted for GFP expression on the BD 

FACSMelody™, collecting 100,000 cells for control and treatment conditions. Cells were spun 

down, counted (Control: 1,090 cells/µL, Treatment: 1,685 cells/µL) and mixed in a 1:9 ratio in 

preparation for making the single cell library. 

 

2.9.4 10X Chromium v3 GEM preparation, barcoding and cDNA  
For the barcoded epimodifier screen the cells were partitioned and indexed using the Chromium 

Single Cell 3’ Reagent Kits v3 with Feature Barcoding technology for CRISPR Screening protocol 
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(Manual CG000184, Rev A, 10X Genomics). This protocol differs from the v2 method in several 

ways including halving the volume for the RT reactions. This involved combining 20 µL of RT 

Reagent, 3.1 µL of Template Switch Oligo, 2 µL of Reducing Agent and 8.3 µL of RT Enzyme C 

per sample (total 33.4 µL). The volume of cell suspension to add based on the ‘Cell Suspension 

Volume Calculator Table’ v3 was also reduced in order to recover 10,000 cells. The sample was 

then pipetted into a pre-prepared 10X Chip B and loaded into the Chromium Controller to generate 

GEMs. These GEMs contained gel beads with both poly (dT) primers to capture the 

polyadenylated cDNA (along with the polyA barcodes) and CS1 primers to capture the U6 

barcodes. GEM preparation was followed by the RT reaction and silane bead clean-up. The final 

purified GEM-RT sample was subsequently used for cDNA synthesis using 15 µL of cDNA 

Primer mix (PN-2000089) and the following thermal cycler conditions: 98℃ for 3 min, followed 

by 11 cycles at 98℃ for 15 sec, 63℃ for 20 sec and 72℃ for 1 min, with a final incubation at 

72℃ for 1 min. The amplified cDNA was then cleaned up and quality checked on a 4200 

Tapestation. Custom primers were then used for two additional independent amplifications using 

10% of the cDNA each. These were to amplify the polyA barcode via UPS3 priming (0.5 µL of 

100 µM OC-662 and OC-666) and the U6 barcode via UPS1 priming (OC-661 and OC-665) using 

2X NEB HiFi polymerase (#E2621S). Table 2.3 details the primer sequences used. The polyA 

barcode sample was amplified as above but using 13 cycles and an annealing temperature of 65℃, 

while the U6 barcode sample used 18 cycles and 68℃ annealing. Both barcode mixtures were then 

cleaned up and again quality checked on the 4200 Tapestation. 

 
Table 2.3 Custom cDNA amplification primer pairs 

Primer Name Sequence bp 

polyA barcode   

OC-662_P5_partial_Read_1TruSeq_F CTACACGACGCTCTTCCGATCT 22 

OC-666_Read_2_P7_UPS3_pA_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GTCACCACAAACAGAGACTCAACG 

58 

OC-659_P5_Read_1T_F (PN-2000095) AATGATACGGCGACCACCGAGATCTACACTCTT
TCCCTACACGACGCTC 

49 

U6 barcode   

OC-661_P5_partial_Read_1Nextera_F GCAGCGTCAGATGTGTATAAGAGACAG 27 

OC-665_Read_2_P7_UPS1_U6_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GAGCGTATAACGCTCGACGTAATC 

58 

OC-660_P5_Read_1N_F (PN-2000099) AATGATACGGCGACCACCGAGATCTACACTCGT
CGGCAGCGTCAGATGTGTATAAGAGACAG 

62 
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2.9.5 scRNA-seq library preparation  
The single cell libraries were prepared by initially fragmenting, end repairing and A-tailing 35 µL 

of cDNA using 5 µL of Fragmentation buffer and 10 µL of Fragmentation Enzyme Blend and 

placing it in a thermal cycler with the following conditions: 32℃ for 5 min followed by 65℃ for 

30 min. This mixture was then double-sided size selected using 0.6X of SPRIselect beads followed 

by 0.2X of beads for a final of 0.8X SPRIselect. The final sample was eluted in 50 µL of Buffer 

EB. This was followed by the ligation of the P7 adapter to the sample with the addition of 50 µL 

of Adapter Ligation Mix (17.5 µL NFW, 20 µL Ligation Buffer, 10 µL DNA Ligase and 2.5 µL 

Adapter Mix) and incubating at 20℃ for 15 min. The sample was again cleaned up using 0.8X 

SPRIselect beads, eluted in 30 µL of Buffer EB and then PCR amplified to index the samples. This 

was performed by adding 60 µL of Sample Index PCR Mix (8 µL NFW, 50 µL Amplification 

Master Mix and 2 µL SI-PCR Primer) to the sample, along with 10 µL of a unique Chromium i7 

Sample Index (PN-220103) and amplified using the following program: 98℃ for 45 sec, followed 

by 9 cycles of 98℃ for 20 sec, 54℃ for 30 sec, and 72℃ for 20 sec, with a final incubation at 

72℃ for 1 min. The polyA barcode and U6 barcode samples were PCR amplified using the same 

Chromium i7 Sample Index, as well as custom primers, primer OC-659 for the former and primer 

OC-660 for the latter (sequences reported in Table 2.3) and amplified for 7 cycles with an 

annealing temperature of 55℃. Subsequently, a double-sided size selection was repeated with the 

sample eluted in 35 µL of Buffer EB and 1 µL run on a 4200 Tapestation to confirm library quality. 

The pilot screen library was sequenced at 350M reads, on the Illumina NextSeq, with 24 bp for 

Read 1 to capture the 10X Cell Barcode and UMI, and 75 bp for Read 2 to capture the cDNA. The 

barcoded epimodifier screen libraries were sequenced at 520 million reads for the cDNA, 37 

million for the polyA barcode and 75 million for the U6 barcode on the Illumina NovaSeq, with 

26 bp for Read 1 (10X Cell Barcode and UMI) and 75 bp for Read 2 to capture either the cDNA 

or epimodifier barcodes. A schematic of the final Chromium single cell library fragments is shown 

in Figure 2.1. 
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Figure 2.1 Schematic of the final 10X Chromium single cell library fragments. These molecules consist of 
Illumina adapters (P5 and P7), sample indexes (i7, 8 bp), reverse transcription prime sites (TruSeq Read 1 and TruSeq 
Read 2 for gene expression library, OC-662 and OC-666 for the polyA Barcode library and OC-661 and OC-665 for 
the U6 Barcode library), and P5 end (OC-659 for the polyA Barcode and OC-660 for the U6 Barcode). The polyA 
Barcode amplifies from the unique prime sequence 3 (UPS3) and includes the epimodifier barcode region 1 (EBR1), 
while the U6 Barcode amplifies from UPS1 and captures the EBR2, Capture Sequence 1 (CS1), unique molecular 
identifier (UMI) and 10x cell barcode. The gene expression library image was adapted from the Chromium Single 
Cell 3ʹ Reagent Kits v3 User Guide with Feature Barcoding technology for CRISPR Screening | Rev A (10X 
Genomics). 
 

 

2.9.6 scRNA-seq data analysis 
The scRNA-seq data from both the pilot screen sample and the barcoded epimodifier screen sample 

were processed by Christian Pflüger using the Cell Ranger analysis pipeline (10X Genomics). 

Briefly, the pipeline separates raw sequencing reads (BCL files) by their sample index in a process 

termed de-multiplexing using cellranger mkfastq. This was achieved by executing a proprietary 

script written by Illumina (bcl2fastq), while providing the sample index sequences used in 

preparation of the libraries. Raw sequence files (FASTQ files) were generated after de-

multiplexing, that contain the Read1, Read2, and Index information from which low-quality reads 

and/or sequence adapters were trimmed. Read2 containing the cDNA information was then aligned 

to the human reference genome sequence (GRCh38) using the STAR aligner (Dobin et al. 2013) 

as part of the cellranger pipeline. Following this, cellranger count was used to filter and correct 

cell barcodes and UMIs to remove background/ambient RNA from droplets that did not contain a 

https://paperpile.com/c/mOxKMa/iaQN
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cell. This was based on a log scale ranking of the total number of UMI counts per cell, from which 

a UMI filtering threshold was determined. Following this, uniquely mapped reads were identified, 

and PCR duplicates were removed based on the UMI that was attached to each mRNA 3’ end, 

with valid barcodes used to generate a gene-barcode matrix. This matrix was then used to filter out 

both low quality cells and genes that were not expressed in any cell (Lyu et al. 2019). This included 

cells that were identified as having >10% mitochondrial reads, while cells with low ribosomal 

reads (<10%) were retained but may need to be removed in the future (Sun 2018). See Chapter 

5.1.2 (pilot screen) and 5.2.4 (barcoded epimodifier screen) for specific library statistics. 

 

2.10 SunTag stoichiometry and mass spectrometry methods 

2.10.1 Immunoprecipitation 
HeLa cell pellets were lysed in lysis buffer (20 mM Tris HCl, 150mM NaCl, 1% v/v NP40, 

protease inhibitor tablet (Sigma-Aldrich, #11836170001), 2 mM EDTA and 10% glycerol) and 

sheared using a 21G needle followed by sonication on a Covaris S220. Samples were initially 

incubated with 2 µg and this was later increased to 10 µg of HA antibody (Biolegend, #901502) 

overnight at 4°C. Following this, a M280 sheep α-mouse (Thermo Fisher, #11201D) and Protein 

G (Thermo Fisher, #10003D) Dynabead mix was prepared in a 3:2 ratio as per manufacturer’s 

instructions. Samples were then incubated at 4 ˚C for 3 hrs on a hula mixer before placing them 

on a magnetic rack to remove the supernatant. Sample and bead mixtures were then equilibrated 

in lysis buffer twice, before transferring samples to a fresh tube. The supernatant was subsequently 

removed and wash buffer (lysis buffer with increased salt content at 250 mM NaCl) was added. 

The samples were washed twice before being eluted as purified protein in Soft Elution Buffer 

(0.2% SDS, 0.1% Tween-20, 50 mM Tris HCl, Antrobus and Borner 2011) which was later 

replaced with 0.1 M Glycine solution with a low pH of 2.5. This was to release the antibody from 

the beads, followed by returning the proteins to neutral conditions by adding 1/8th volume of 

alkaline buffer, 1M Tris-HCl, pH 8. Protein samples were then loaded onto a Criterion TGX 

precast gel (Bio-Rad, #5671124), before the gel was stained with Fairbanks Coomassie staining 

solution (Fairbanks et al. 1971). 

 

2.10.2 Western blot 
HEK293T/HeLa cells were collected 48 hrs ptf using Trypsin. Cells were spun down at 300 x g 

for 5 minutes, then lysed in 1x RIPA buffer (150 mM NaCl, 1% NP40, 0.5% Sodium 

Deoxycholate, and 50 mM Tris HCl, pH 8.0) with 4% SDS, 1 μL Benzonase (Sigma, #E1014) and 

https://paperpile.com/c/mOxKMa/1PH4
https://paperpile.com/c/mOxKMa/Rqpe
https://paperpile.com/c/mOxKMa/OS8N
https://paperpile.com/c/mOxKMa/e7Vu
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1 tablet of protease inhibitor (Sigma, #11836170001). Samples were further lysed by sonication 

(Covaris, S220) to reduce viscosity. Protein concentration was calculated using a BCA assay 

(Thermo Scientific, #PIE23225) with 6 µg of whole cell lysate used for the SunTag stoichiometry 

experiments, or 10 µg of each Catcher protein sample and 50 µg of each dCas9 protein sample 

used for the SSSavi system experiments. Proteins were loaded onto a 4-15% TGX Criterion precast 

gel (Bio-Rad, #4561083) and run for 40-80 min at 30mA. The gel was then blotted onto a 0.2 µm 

PVDF membrane (Bio-Rad, #1704156) using a Trans-Blot Turbo Transfer System (Bio-Rad) for 

30min at 1.0A and 25V. The membrane was blocked in 3% skim milk powder in 1x Tris Buffered 

Saline - Tween 20 (TBS-T blocking buffer) for 1 hr and incubated with either mouse anti-Ty1 

antibody (1:1,000, Sigma, #AB4800032) or mouse anti-HA antibody (1:1,000, Biolegend, 

#901502) in blocking buffer overnight at 4°C. Mouse anti-α-Tubulin antibody (1:1,000, GenScript, 

#A01410-40) was used as a loading control. Following this, the membrane was washed four times 

in 1xTBS-T for 5 min each, then incubated with rabbit anti-mouse HRP (1:10,000, Invitrogen, 

#816720) in blocking buffer for 1hr. This was followed by another four washes using 1xTBS-T 

for 5 min each before imaging the blot using SuperSignal™ West Femto Maximum Sensitivity 

Substrate ECL (Thermo Fisher, #34094) with up to a 5 min exposure for anti-HA blots and with 

Pierce™ ECL Western Blotting Substrate (Thermo Fisher, #PIE32209) for anti-Ty1 blots with 5-

15 sec exposures on the ChemiDoc XRS+ (Bio-Rad).  

 

2.10.3 In gel digestion of protein samples for mass spectrometry 
From the Coomassie stained gel, protein bands were picked based on sizes of interest (~190 kDa 

for dCas9-SunTag and ~104 kDa for 𝛼GCN4-DNMT3A) and placed into a 96 well plate (Fisher 

Biotec, #TR5003) to which 50 µL of de-stain solution (50% acetonitrile (ACN), 10mM 

NH4HCO3) was added. This was mixed on an orbital shaker for 45 min at 800 rpm before 

replacing the de-stain solution with fresh solution for an overnight incubation. The solution was 

then discarded, and the gel pieces were dried on a block heater at 50°C for 20 min. To this, 15 µL 

of digestion solution (10 mM NH4HCO3 with 12.5 µg/mL Trypsin) was added and the samples 

were incubated at 37°C overnight. The overnight digested samples were then incubated with 15 

µL of 100% ACN for 15 min on an orbital shaker. The supernatant from each gel spot was then 

transferred to fresh wells and the samples were incubated with a 15 µL mixture of 50% ACN and 

5% formic acid and mixed for a further 15 min. Again, the supernatant was removed and combined 

with the previous supernatant and the ACN and formic acid wash was repeated on the gel spot. 

The thrice combined supernatants were then dried down in a SpeedVac (Eppendorf, #5305000380) 
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for 1 hr before being run on a 6550 iFunnel Q-TOF LC/MS (Agilent). The mass spectra data was 

then compiled by Nic Taylor and run through MASCOT software (Matrix Science) as described 

in Chapter 3.2.1. 
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Chapter 3 

 

 

Developing and characterising the dCas9-SunTag system for 

targeted epigenome editing 
 

As stated in Chapter 1, the overarching aim of this thesis was to develop a large scale epigenetic 

editing screen in order to deeply probe the combinatorial effects of recruiting multiple epigenome 

modifying enzymes simultaneously to target loci in the human genome, to investigate their causal 

roles in genome regulation. To achieve this, a highly customizable DNA targeting tool was 

required to enable the targeting of multiple genomic sites in a highly specific manner with 

interchangeable combinations of chromatin regulator effector proteins (epimodifiers). The dCas9-

SunTag system (Tanenbaum et al. 2014) was chosen for this role, and this chapter describes the 

further development and use of this modular system as an effective and highly specific tool for 

depositing DNA methylation. 

 

Previous studies exploring the possible roles of DNA methylation, suffered from three main issues. 

These included: (1) the low levels of DNA methylation induction and widespread off-target effects 

observed when direct fusion constructs were used, (2) limited profiling of these off-target effects, 

and (3) difficulty to clearly interpret the role of mCpG on TF binding due to the confounding 

secondary effects often associated with previous studies. We sought to address these issues with 

the use of the dCas9-SunTag system. We hypothesised that by independently modulating the 

amount of dCas9 to DNMT3A, we could maintain high on-target recruitment while reducing the 

potential for off-target nonspecific effects resulting from excess effector, as is the problem with 

direct fusion constructs (Galonska et al. 2018; Pflueger et al. 2018). Furthermore, the highly 

specific nature of this platform would allow us to determine if previously identified TFs were 

sensitive to CpG methylation within their binding sites, as indicated by reduced occupancy. 

Additionally, we sought to perform the most comprehensive profiling of on- and off-target DNA 

methylation deposition by a dCas9 platform to date. The results of this are described in Section 

3.1 and is followed by the experimental details undertaken to characterise the binding 

stoichiometry of the SunTag to its counterpart binding partner, the single chain variable fragment 

https://paperpile.com/c/M5bva7/j5iL
https://paperpile.com/c/OVVcii/sWIW+uV0k
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antibody scFvGCN4 (𝛼GCN4, Section 3.2). This was undertaken to investigate the extent to which 

the potency of the SunTag system could be attributed to amplified effector recruitment, and to 

clarify whether all ten epitopes were being occupied, or only a few, which could help in future 

design modifications. 

 

3.1 DNA methylation induction by the modular dCas9-SunTag DNMT3A 

editing system 
The second of two papers presented in this thesis describes the use of the modular dCas9-SunTag 

system in HeLa cells for precise DNA methylation induction at specific genomic loci with minimal 

off-target deposition genome wide (Pflueger et al. 2018). My contributions to this study are 

summarized in the “statement of candidate contribution” on page xv. The paper is included below, 

and here I will also briefly summarize the study and its major findings. Our paper illustrates the 

importance of measuring, characterising, and minimising potential off-target DNA methylation 

and its downstream effects on gene transcription. The direct fusion of the catalytic domain of 

DNMT3A to dCas9 (dCas9-DNMT3A) was found to induce widespread and high off-target DNA 

methylation. By comparison, the tuneable dCas9-SunTag system (dCas9-SunTag-DNMT3A) 

allowed us to achieve high on-target DNA methylation while simultaneously reducing any non-

specific methylation to less than 1% (as measured at the off-target BCL3 promoter, B-cell 

lymphoma 3-encoded protein), with an overall 8-fold reduction in off-target activity. This was 

achieved by reducing the amount of DNMT3A plasmid DNA transfected into the cells while 

leveraging the ten binding domains on dCas9-SunTag to increase the targeted recruitment of 

DNMT3A. Interestingly, titrating the amount of dCas9 was found to have little to no effect. In 

addition to inducing DNA methylation deposition, the reverse was also tested to see if the SunTag 

system could be used to induce sufficiently high DNA demethylation. Using the TET1 enzyme, 

up to 60% reduction in DNA methylation could be achieved.  

 

Following successful targeted DNA methylation induction and removal, a global assessment of 

dCas9 binding and the specificity of methylation induction was performed. This was done by 

targeting the SunTag system to our desired target loci (an intron in the SHB gene) and then 

performing ChIP-seq against the 3xHA epitope tags in the dCas9-SunTag construct. Of note, 

thirteen sites were identified as having significant peaks, with two sites, our target region within 

the SHB intron and one off-target site (denoted as Off-Target site #10 in paper), having significant 

peaks that indicated dCas9 binding. Following this, DNA methylation was measured at these off-

https://paperpile.com/c/M5bva7/aWog
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target sites, with only three sites showing greater than 10% methylation deposition, but none of 

these sites corresponded to Off-Target site #10. Thus, despite an indication that dCas9 exhibited 

some limited off-target binding, this did not translate into significant DNA methylation deposition. 

 

Having established the methylation status at these off-target dCas9 binding sites, the next step was 

to measure DNA methylation globally, as free-floating DNMT3A has the potential for inducing 

methylation without dCas9 binding to the DNA. The global DNA methylation measurements 

obtained from the Illumina TruSeq methyl capture EPIC kit (TSC-bs-seq) correlated highly with 

our previously quantified methylation levels using targeted bisulfite sequencing (bsPCR-seq). 

Furthermore, it was established that the difference in the average fraction of methylated to 

unmethylated DNA was less than 0.3% between DNMT3A transfected cells and a blank (mCherry) 

transfection control, further highlighting the specificity of the system. Furthermore, as stated in 

the paper, our work provides “one of the most extensive surveys of on- and off-target methylation 

induced by dCas9-based DNA methylation modifying systems to date” (Pflueger et al. 2018, 

p.1202). 

 

Having established the specificity and potency of the modular SunTag system, we next set out to 

investigate the role of DNA methylation at individual loci and its effect on TF binding. It has been 

previously established that some TFs are sensitive to methylation in their binding sites (Hu et al. 

2013; Maurano et al. 2015; Domcke et al. 2015; Yin et al. 2017; Hashimoto et al. 2017; Zuo et al. 

2017). By targeting DNA methylation to three CCCTC-binding factor (CTCF) and one nuclear 

respiratory factor 1 (NRF1) binding sites, we established that they are indeed methylation 

sensitive, showing reduced occupancy upon DNA methylation deposition. Furthermore, the loss 

of NRF1 binding to the promoter of TMEM206 in two different cell lines (HeLa and HEK293T) 

also resulted in a significant reduction in transcript expression as measured by RT-qPCR. Overall, 

these findings emphasize the precision and efficacy of the SunTag system to deposit DNA 

methylation, while addressing the issue of off-target induction and enabling the accurate 

measurement of the effect of DNA methylation on transcription and TF binding. To determine if 

the success of this dCas9 system to induce high levels of DNA methylation deposition was a result 

of amplified recruitment, the binding stoichiometry of the SunTag and its counterpart binding 

partner, 𝛼GCN4, was investigated and discussed in Section 3.2 below. 

 

 

https://paperpile.com/c/M5bva7/aWog
https://paperpile.com/c/M5bva7/aWog
https://paperpile.com/c/M5bva7/pcQh+gQFp+Vdxl+5XRJ+aEGU+LifP
https://paperpile.com/c/M5bva7/pcQh+gQFp+Vdxl+5XRJ+aEGU+LifP
https://paperpile.com/c/M5bva7/pcQh+gQFp+Vdxl+5XRJ+aEGU+LifP
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Results published in: Pflueger, C., Tan, D., Swain, T., Nguyen, T.V., Pflueger, J., Nefzger, C., 

Polo, J., Ford, E., & Lister, R. (2018). A modular dCas9-SunTag DNMT3A epigenome editing 

system overcomes pervasive off-target activity of direct fusion dCas9-DNMT3A constructs, 

Genome Research, 28(8), p. 1193-1206. 
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Detection of DNA methylation in the genome has been possible for decades; however, the ability to deliberately and spe-
cifically manipulate local DNAmethylation states in the genome has been extremely limited. Consequently, this has imped-
ed our understanding of the direct effect of DNA methylation on transcriptional regulation and transcription factor
binding in the native chromatin context. Thus, highly specific targeted epigenome editing tools are needed to address
this. Recent adaptations of genome editing technologies, including fusion of the DNMT3A DNA methyltransferase cata-
lytic domain to catalytically inactive Cas9 (dC9-D3A), have aimed to alter DNA methylation at desired loci. Here, we
show that these tools exhibit consistent off-target DNA methylation deposition in the genome, limiting their capabilities
to unambiguously assess the functional consequences of DNA methylation. To address this, we developed a modular
dCas9-SunTag (dC9Sun-D3A) system that can recruit multiple DNMT3A catalytic domains to a target site for editing
DNAmethylation. dC9Sun-D3A is tunable, specific, and exhibits much higher induction of DNAmethylation at target sites
than the dC9-D3A direct fusion protein. Importantly, genome-wide characterization of dC9Sun-D3A binding sites and
DNAmethylation revealed minimal off-target protein binding and induction of DNAmethylation with dC9Sun-D3A, com-
pared to pervasive off-target methylation by dC9-D3A. Furthermore, we used dC9Sun-D3A to demonstrate the binding
sensitivity to DNA methylation for CTCF and NRF1 in situ. Overall, this modular dC9Sun-D3A system enables precise
DNA methylation deposition with the lowest off-target DNA methylation levels reported to date, allowing accurate func-
tional determination of the role of DNA methylation at single loci.

[Supplemental material is available for this article.]

DNAmethylation has been shown to play a critical role in develop-
ment and pathogenesis of various disease states and is frequently
associated with transcriptional repression (Li et al. 1992; Okano
et al. 1999; Jackson-Grusby et al. 2001; Egger et al. 2004; Bernstein
et al. 2007; Smith and Meissner 2013; Perino and Veenstra 2016;
Gao andTeschendorff 2017). In recent years, single base resolution
methylome maps have been generated for different cell types and
organisms, providing insights into the many possible functions of
DNA methylation in the genome (Cokus et al. 2008; Irizarry et al.
2009; Lister et al. 2009, 2013; Maunakea et al. 2010; Stadler et al.
2011). Although comparative analyses of DNA methylation pat-
terns with other genomic data such as transcription factor (TF)
binding, gene expression, and chromatin state have been used to
infer the functions of this DNA modification, these techniques
only provide correlative information. Therefore, a growing body
of research is aimed at disentangling the cause or consequence of

gene repression by DNA methylation, including its potential role
in the shaping of the TF binding landscape.

Traditional approaches to directly assess the relationship be-
tween CG methylation (mCG) within TF binding motifs and the
occupancy of potentially mCG-sensitive TFs have relied on either
the artificial insertion of DNA sequences that contain a TF binding
motif with differingmCG states, biochemical experiments leverag-
ing gel shift properties, pharmacological inhibition, or genetic per-
turbation of DNAmethyltransferases (DNMTs) (Renda et al. 2007;
Stadler et al. 2011; Maurano et al. 2015). DNMT inhibitors, such as
5-azacytidine, were previously used to alter DNA methylation
states and infer the influence upon TF binding (Wang et al.
2012; Maurano et al. 2015). However, these pharmacological in-
hibitors of DNMTs alter the DNAmethylation landscape globally,
induce broad transcriptional changes, and result in highly pleio-
tropic off-target effects. Therefore, these are not suitable to
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understand the nuanced impact of DNA methylation on TFs at
specific binding sites. More recently, a systematic evolution of li-
gands (methylated and unmethylated short double stranded
DNA) by exponential enrichment (SELEX)–based investigation
of the effect upon TF binding capacity in vitro of mCG in the
core DNA-binding site for hundreds of TFs and TF binding do-
mains revealed that the majority of TFs are sensitive to mCG, re-
sulting in either increased or reduced DNA-binding affinity (Yin
et al. 2017). However, in vitro binding assays lacking the native
chromatin context and the artificial insertion of DNA sequences
cannot accurately recapitulate an actual biological process, while
pharmacological and genetic perturbations of DNMTs cause unde-
sired global depletion of mCG. Thus, these techniques suffer from
confounding secondary effects due to a lack of target selectivity
and are therefore unable to accurately address the role of mCG
in regulating mCG-sensitive TF binding. Therefore, there is a
need to develop epigenome editing tools that can achieve targeted
and highly specificmodulation ofmCG states at TF bindingmotifs
in order to clarify the roles of mCG in shaping the mCG-sensitive
TF occupancy landscape.

A major challenge has been the development of precise,
adaptable tools that are capable of directing targeted DNAmethyl-
ation to individual loci in different genomic contexts. Advances
have been made by directly fusing DNMT enzymes (e.g., the de
novo mammalian DNMT 3a [DNMT3A] or the prokaryotic CG
methyltransferase, M.SssI/MQ1) to programmable DNA-binding
domains, including zinc fingers, transcription activator-like effec-
tors (TALEs), and deactivated Cas9 domains (dCas9) to induce
targeted deposition of DNA methylation (Rivenbark et al. 2012;
Siddique et al. 2013; Nunna et al. 2014; Bernstein et al. 2015; Stol-
zenburg et al. 2015; Amabile et al. 2016; Liu et al. 2016; McDonald
et al. 2016; Ford et al. 2017; Lei et al. 2017;O’Geen et al. 2017; Step-
per et al. 2017; Xiong et al. 2017). Thus, in theory, it is now possi-
ble to examine context-dependent transcriptional changes in
response to localized epigenomic changes, but this varies greatly
between target sites and DNA-binding domains (Jurkowski et al.
2015; Köferle et al. 2015). Furthermore, we currently understand
very little about the off-target effects of these systems upon meth-
ylation throughout the genome. Given the importance of target
specificity to these systems, gaining a comprehensive understand-
ing of specificity, and developing approaches to improve it, is
critical for the implementation and progression of accurate epige-
nome engineering.

Recently, attempts at investigating TF occupancy and mCG
binding sensitivity have focused on the CCCTC-binding factor
(CTCF), a TF involved in DNA looping and chromatin architec-
ture (Phillips and Corces 2009; Hashimoto et al. 2017). These stud-
ies have utilized direct fusion constructs between dCas9 and
DNMT3A (Liu et al. 2016) or M.SssI (Lei et al. 2017). The latter
achieved highly specific, but only low level, induction of methyl-
ation at a limited number of CG sites across their target region (Lei
et al. 2017), while the former attained higher levels ofmethylation
induction but also reported off-targetmethylation (Liu et al. 2016).
This suggests limited versatility and specificity of these single fu-
sion constructs, despite both studies reporting reducedCTCFoccu-
pancy upon changes inmCG state. Furthermore, only recently has
attention begun to be paid to potential off-target DNA methyla-
tion or demethylation delivered by these epigenome editing tools,
with widespread off-target effects being observed (Galonska et al.
2018; Liu et al. 2018), but no satisfactory solution to this problem
has been reported so far. Hence, it is paramount to study the sen-
sitivity of TF binding to methylated DNAwithin their native chro-

matin context at endogenous loci, with the highly precise targeted
DNAmethylation editing. Here, we describe the development and
comparative analysis of dCas9-based epigenome editing systems
that recruit the catalytic domain of DNMT3A, with a particular fo-
cus on comprehensive assessment and minimization of off-target
binding and DNA methylation induction, and utilization of opti-
mized systems for modulating TF binding.

Results

Direct fusion of dCas9 to the DNMT3A catalytic domain results
in high off-target DNA methylation
The direct fusion of dCas9 to the catalytic domain of DNMT3Awas
previously reported and used to induce cytosine methylation at
targeted loci (Qi et al. 2013; Amabile et al. 2016; Liu et al. 2016;
Vojta et al. 2016; Stepper et al. 2017). However, the potential off-
target binding and methylation induced by these constructs has
not been comprehensively assessed. In order to better understand
the on-target and off-target effects of this system,we generated two
dCas9-DNMT3A constructs, dC9-D3A and dC9-D3A-high (Fig.
1A), where the sole difference was in their puromycin selection
marker. While identical in their structural design, dC9-D3A-high
had the puromycin N-acetyltransferase fused to a self-cleavable
peptide (P2A) (Kim et al. 2011), whereas the dC9-D3A construct
had the puromycin-selectable gene expressed via its own constitu-
tive promoter. MCF-7 cells or HeLa cells were transiently transfect-
ed with these two constructs and a gRNA targeting the UNC5C
promoter and incubated for 48 h to allow for adequate protein ex-
pression followed by 48 h puromycin selection. Cells were then
harvested, and DNA or chromatin was extracted for targeted bisul-
fite sequencing (targeted bsPCR-seq), chromatin immunoprecipi-
tation (ChIP), or ChIP bisulfite sequencing (ChIP-bs-seq) (Fig.
1B; Brinkman et al. 2012). Initially wemeasured induced on-target
DNA methylation at the UNC5C promoter and a proxy for poten-
tial off-target DNA methylation at the promoters of the BCL3 and
DACH1 genes (Fig. 1C) in HeLa cells with dC9-D3A or dC9-D3A-
high. Surprisingly, dC9-D3A exhibited poor on-target DNA meth-
ylation induction at the UNC5C promoter, with the highest ob-
served increase in methylation at any single CG site within the
region of 21%, and an average ΔmCG increase of 5% over all 62
CGs in the region. In contrast, dC9-D3A-high induced DNAmeth-
ylation up to 52% at single CG sites in the UNC5C promoter and
an average ΔmCG increase of 16% over the promoter region.
However, dC9-D3A-high displayed strong off-target DNA methyl-
ation activity compared to dC9-D3A at the BCL3 promoter (aver-
age increase of 3% and 0.8%, respectively, over 46 CGs) but less
so at the DACH1 promoter (average increase of 1.6% and 1.4%, re-
spectively, over 48 CGs) (Fig. 1C).We speculated that the different
on- and off-target DNA methylation rate was the result of sgRNA
design as well as differing protein levels of dC9-D3A and dC9-
D3A-high. Indeed, western blot on protein extracts from cells be-
fore and after puromycin selection demonstrated that protein lev-
els were substantially higher in cells transfected with dC9-D3A-
high compared to dC9-D3A, regardless of selection (Fig. 1D). We
consequently reasoned that modulating the on- and off-target ef-
ficiency for targeted DNAmethylation could not be accomplished
by merely changing expression levels of the direct fusion con-
structs and that there was an inherent tradeoff in the on-target
methylation efficacy versus off-target methylation with the direct
fusion system. A redesigned, modular system for independent
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recruitment of theDNMT3A effectormay be effective for overcom-
ing this shortcoming (Fig. 1A).

Adapting a modular dCas9 system for achieving high and specific
DNA methylation
Amodular dCas9 systemhas previously been reported utilizing the
SunTag array (Tanenbaum et al. 2014). This repeating array of
short repeat peptide sequences is fused to dCas9, thus acting as

an epitope docking station that allows multiple proteins (fused
to the counterpart single-chain antibody, scFv-GCN4, subse-
quently referred to as αGCN4) to be recruited to a desired target
site. We hypothesized that this system would allow us to indepen-
dently modulate the expression of the DNMT3A catalytic domain
and the dCas9-SunTag, with the aim of limiting dCas9-SunTag
abundance to favor its binding to its highest affinity sites in the ge-
nomewhile restricting the presence of excess DNMT3A in order to
avoid its nonspecific activity. Such a system should reduce

A B

C

D

Figure 1. Characterizing on-target and off-target mCG deposition efficiency by dC9-D3A direct fusion system. (A) Schematics of the dCas9 (dC9) and
TALE (T) constructs used, indicating positioning of nuclear localization sequences (NLS), protein tags (human influenza hemagglutinin [3xHA, 3xTy1]),
promoter choice (glycerol kinase promoter [hPGK], human elongation factor-1 alpha promoter [hPEF1a]), solubility tag (protein G B1 domain [GB1]),
selectable marker (puromycin resistance [puro]), single-chain Fv antibody against GCN4 domain (αGCN4), and human DNTM3A catalytic domain
(D3A). (B) Timeline and outline for experimental design for measuring DNA methylation and TF occupancy (CTCF and NRF1). (C) Targeted DNA meth-
ylation deposition to the UNC5C promoter in HeLa cells, measured by bsPCR-seq. sgRNA placement is shown with yellow arrows; dotted lines indicate
interval for CGs included in quantitation. (D) Western blot of relative dC9-D3A protein abundance (anti-Ty1) per 50 µg of total cell lysate: (lane 1) untrans-
fected HeLa cells, (lanes 2,4) 48 h post transfection (hpt), (lanes 3,5) 48 hpt and 48 h puromycin (puro) selection, loading control anti-Tubulin. Arrow
indicates dC9-D3A.
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spurious off-target DNA methylation while maintaining high on-
target mCG induction, thus improving on the design of the dCas9
molecule directly fused to a single DNMT3A. We adapted the pre-
viously reported SunTag system by fusing 10 GCN4 peptides with
a flexible linker to dCas9 (dC9Sun) and the counterpart antibody
to DNMT3A (αGCN4-D3A; dC9Sun-D3A) (Fig. 1A). The resulting
dual constructs were tested in a titration series (Fig. 2A) that aimed
tomaximize on-target DNAmethylation deposition at the UNC5C
promoter, while minimizing off-target DNA methylation induc-
tion. The BCL3 promoter was used as an initial reporter locus for
detecting the induction of excessive off-target DNA methylation.
The entire set of transfections was carried out in HeLa cells that
were transfected with a fixed amount of pGK-dCas9-SunTag plas-
mid and varying amounts of effector (αGCN4-D3A). The latter
was titrated from 0% to 33% of the total amount of DNA transfect-
ed. The optimum amount of pEF1a-αGCN4-D3A effector that
yielded the highest amount of on-target DNA methylation and
the least amount of off-target DNA methylation was determined
to be 4% of the total amount of DNA transfected. The change in
DNAmethylation (ΔmCG) was calculated by subtracting the aver-
age of all mCG/CG ratios in a defined region (e.g., 62 CGs at the
UNC5C promoter) from the same CG sites in control-treated cells
(baseline). Our adapted system was able to achieve high on-target
mCGdeposition of up to 49%at individual CpGdinucleotides and
an average ΔmCG of 12.6% over all 62 CG dinucleotides, while
maintaining off-target DNA methylation at only 0.7% (Fig. 2A,
green highlight). A complementary experiment that titrated the
amount of pGK-dCas9-SunTag plasmid while maintaining a fixed
αGCN4-D3A effector quantity did not substantially improve on-
target DNA methylation in HeLa cells, but altering the dC9Sun
to effector ratio might be beneficial for other cell types (Supple-
mental Fig. S1). Hereafter, the optimized ratios of pGK-dCas9-
SunTag plasmid to pEF1a-αGCN4-D3A effector plasmid from
Figure 2A were used for the remainder of the study and will be col-
lectively referred to as dC9Sun-D3A. The use of the SunTag system
to recruit DNMT3A via TALEs to the DACH1 and UNC5C promot-
ers also substantially improved on-target mCG deposition com-
pared to a TALE-DNMT3A single fusion (Supplemental Figs. S2,
S3). However, while TALEs are known for their high specificity,
they are time consuming to adapt formultiple target sites and chal-
lenging to multiplex; hence, we focused on the more rapidly con-
figurable dCas9 system for the remainder of the study.

To control for changes in methylation due to the presence of
dCas9 binding in the vicinity of our targeted region, we initially
used a catalytic mutant of the DNMT3A catalytic domain
(D3AMut), which harbored four alanine substitutions in its cata-
lytic center (F39A, E63A, E155A, R284A). However, when mCG
deposition was tested at three target sites (CCDC85C intron, SHB
intron, andMIR152) (Supplemental Fig. S4A–C), we detected resid-
ual mCG deposition of up to 22%, 16%, and 8%, respectively. We
speculate that the DNMT3A catalytic domain might be able to re-
cruit endogenous functional WT DNMT3A by forming oligomeric
complexes as previously described (Holz-Schietinger et al. 2011).
Accordingly, to eliminate any potential functional impacts based
on residual induction of cytosine methylation, we determined
that an αGCN4-mCherry effector would be a more appropriate
control for the effect of dCas9 binding alone, compared to the
αGCN4-D3AMut construct.

Targeting of theUNC5C promoterwas repeatedwith dC9Sun-
D3A, dC9-D3A, and dC9-D3A-high to compare the performance of
each system, measuring the methylation level at CpG dinucleo-
tides surrounding the UNC5C target region as well as at the BCL3

promoter, which served as a proxy for widespread off-target DNA
methylation (Fig. 2B). dC9Sun-D3A induced mCG at the UNC5C
promoter to comparable levels as dC9-D3A-high (ΔmCG over 62
CG sites at UNC5C was 4%, 15%, and 13% for dC9-D3A, dC9-
D3A-high, and dC9Sun-D3A, respectively), without the shortcom-
ings of promiscuous off-target methylation (ΔmCG over 46 CG
sites at the off-target BCL3 region was 1.2%, 4.4%, and 0.6%
for dC9-D3A, dC9-D3A-high, and dC9Sun-D3A, respectively).
Notably, the off-target mCG induction by dC9Sun-D3A was re-
duced by >80% compared to dC9-D3A-high (Fig. 2B, BCL3 pro-
moter off-target methylation).

To determine whether this improved DNA methylation in-
duction and reduced off-target effects are achievable at multiple
different loci, the set of target sites was expanded both indepen-
dently and via multiplexed targeting. This was achieved by select-
ing a series of CTCF sites that were previously shown to be mCG
sensitive (Maurano et al. 2015), hypomethylated, and occupied
by CTCF in HeLa cells. Notably, high mCG induction was consis-
tently achieved across both CTCF core binding sites (CCDC85C in-
tron [47%] and SHB intron [44%]) and theUNC5C promoter (17%)
(Fig. 2C, row 2–4). Multiplexing all three single guide RNAs
(sgRNAs) resulted in a loss of on-target mCG deposition of <5% at
all three targets (Fig. 2C, highlighted regions, cf. rows 2–4 and
row 5), strongly suggesting that the dC9Sun-D3A system is a viable
multiplexing option for mCG deposition. The maximum ΔmCG
observed was at the UNC5C promoter, with a 57% increase.
dC9Sun-D3A was able to induce DNA methylation at distances
≥300bp;however, the SunTag systemdidnot appear to addanyad-
ditional distance compared to the dCas9 direct fusion (Supple-
mental Fig. S5). The same was observed when the T-D3A direct
fusion is compared to TSun-D3A; however, adding the SunTag sys-
tem to aTALEdomain targeting theUNC5Cpromoter improves on-
target mCG deposition from 30% to 64% (Supplemental Fig. S5).

Furthermore, we investigated whether a similar dC9Sun sys-
temwas able to facilitate DNAdemethylationwhen coupled to hu-
man TET1 (tet methylcytosine dioxygenase 1) catalytic domain
(Morita et al. 2016) at the GAD1 intron 3. We found that the effi-
cacy of the systemwas highly dependent on the sgRNAplacement,
with dC9Sun-TET1 achieving up to 60.0% mCG reduction at the
GAD1 intron 3 (Supplemental Fig. S6). Taken together, the system
of dC9Sun in combination with epigenetic effectors coupled to
αGCN4 is highly effective in targeted deposition or removal of
DNA methylation, without the limitations of high off-target
effects.

Global assessment of binding and methylation specificity
In order to more comprehensively assess the specificity of the
dC9Sun-D3A system, we performed ChIP-seq upon dC9Sun using
the 3xHA epitopes present at the N terminus of the protein, after
targeting the construct to intron 1 of SHB (Fig. 3A). ChIP-seq
peak calling identified 13 significant peaks throughout the entire
genome (q-value < 0.01), with the top 10 most significant peaks
shown in Figure 3A. All but one off-target peak were found to
have <10% of the ChIP-seq normalized read density compared to
the on-target binding site peak in the SHB intron (Supplemental
Table S1). The reciprocal αGCN4-D3A ChIP-seq experiment using
the C-terminal 3xTy1 epitope yielded only one significant peak at
the on-target SHB site (Supplemental Table S1).

To further explore the extent of off-target mCG deposition
and dC9Sun-D3A occupancy, we designed all three components
of the system (dC9Sun, αGCN4-D3A, and SHB sgRNA) to express
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different fluorescent proteins (BFP, GFP, and mCherry, respective-
ly), so that cells transfected with all three constructs could be en-
riched using flow cytometry (Supplemental Fig. S7A). The cell
sorting approach, enriching for cells that have an intermediate lev-
el of expression of dC9Sun (BFP coexpression) and αGCN4-D3A

(GFP fusion), was chosen to first guarantee expression of all three
components (dC9-Sun, αGCN4-D3A, and sgRNA) in a single cell,
and second, to achieve the highest possible on-targetedmCG dep-
osition at SHB promoter while keeping off-target mCG change to a
minimum (Supplemental Fig. S7B). Next, targeted bsPCR-seq in

A

C

B

Figure 2. Modular dC9Sun-D3A system outperforms dC9-D3A direct fusion. (A) Titration of αGCN4-D3A effector (D3A [human DNMT3A catalytic
domain]). Fraction of mCG is shown in black bars; dotted lines and black arrows indicate region used to calculate mCG change. (B) Comparison of
dC9-D3A high, dC9-D3A, dC9Sun-D3A, and dC9Sun-mCherry (CRISPRi control) at theUNC5C promoter (on-target) versus the BCL3 promoter (off-target)
by targeted bsPCR-seq (averagemCG/CG, n = 3 replicates; error bars, SD). (C ) mCGdeposition efficiency by dC9Sun-D3A at three different loci (CCDC85C,
SHB, and UNC5C promoters) measured by targeted bsPCR-seq (average mCG/CG, n = 3 replicates; error bars, SD).
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these sorted cells was performed for off-target sites and the on-tar-
get site SHB intron. Of all the off-target ChIP peaks, only three ex-
hibited an increase in DNA methylation of ΔmCG >10% at one or
more underlying CG dinucleotides (off-target peak regions 1, 3,
and 9) (Fig. 3A), possibly driven by the hypomethylated state of
these loci. A plausible explanation for the off-target binding of
dC9Sun-D3A to these sites is that they contain partial matches
to the SHB sgRNA, with the matching bases ranging from 11–15
nt out of the 17 nt of the SHB sgRNA target sequence (Supplemen-
tal Fig. S8). Therefore, the specificity of this system is likely only re-
stricted by the uniqueness of the genomic sequence to which
dCas9 is targeted and could be improved by alternative sgRNA de-
sign. Overall, these results demonstrate that the dC9Sun-D3A sys-
tem can exhibit very high specificity of binding in the genome.

While binding of dC9Sun-D3A appeared to be highly specific,
there is the potential that expression of the components of the sys-
tem could still induce off-target methylation without detectable
binding of dC9Sun-D3A. Therefore, to identify any mCG changes
more broadly throughout the genome, the Illumina TruSeq meth-
yl capture EPIC kit was used for targeted capture and detection of
the DNA methylation state at single-base resolution (target solu-
tion capture bisulfite sequencing [TSC-bs-seq]) for 2.6 million
CpG sites located in genomic regulatory regions in the DNA isolat-
ed from the previously fluorescently sorted cells (Supplemental
Fig. S7). This approach allows quantitation of the DNA methyla-
tion state of∼12%of all CGs present in the human genome, which
are specifically targeted to cover the majority of known constitu-
tively or conditionally unmethylated and lowly methylated re-
gions in the genome (97% of CpG islands, 95% GENCODE
promoters, 66% open chromatin regions, 98% FANTOM5 enhanc-

ers, 78% TF binding sites). Therefore, this provides an effective ap-
proach for high coverage (≥5 reads per CG and replicate) base
resolution detection and quantitation of potential off-targetmeth-
ylation in the regions of the genome that could potentially be-
come methylated. These probes captured regions including the
on-target SHB intron and off-target site 9, where up to 80.5%
and 82.1% methylation was observed, respectively, as observed
in the targeted bsPCR-seq analysis (Supplemental Fig. S9). Notably,
on-target mCG deposition was measured independently to be
80.5% and 78.0% for the CGs in the CTCF binding site (SHB in-
tron) by either TSC-bs-seq or targeted bsPCR-seq, respectively.
The methylation levels quantitated at CG sites by both targeted
bsPCR-seq and TSC-bs-seq methods were very similar to each oth-
er, with Spearman correlation coefficient for controls and dC9Sun-
D3A treatment of r = 0.976 and r = 0.967, respectively (total num-
ber of CGs = 94, n = 3 replicates). Furthermore, both sets of mea-
surements suggest that sorting cells for optimal expression of all
three components (dC9Sun, αGCN4-D3A, and sgRNA) reduces
off-target mCG deposition by 2.1-fold (UNC5C promoter) and im-
proves on-target mCG deposition in the cell population by 17.3%
compared to puromycin selection (Supplemental Fig. S10). The
high specificity of targeted DNA methylation induction by the
dC9Sun-D3A systemwas further demonstrated by the very similar
mCG levels (Pearson correlation coefficient r = 0.9867) at the
2,629,232 CGs covered (depth ≥5 reads; median CG coverage
≥16) throughout the targeted regions of the genome between cells
expressing the control construct (dC9Sun-mCherry) and those ex-
pressing dC9Sun-D3A and the SHB intron 1 sgRNA (Fig. 3B). This
was also observed for all pairwise correlations of each replicate
(Supplemental Fig. S11). Moreover, the difference in average

A B
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Figure 3. Genome-wide off-target DNAmethylation assessment. (A) Compilation of dC9Sun-D3AChIP-seq (blue peaks) and targeted bsPCR-seq for CGs
covered by ChIP-seq (bsPCR amplicon location in red), bsPCR-seq mCherry-only expressing cells (black line), and SHB sgRNA + dC9Sun-D3A (orange line)
(sorted cells, n = 3 biological replicates; error bars, SD). (B) Correlation of mCG values for each CG site (>2.6 × 106, ≥5× coverage) of combined replicates
(n = 3) from Illumina TruSeqmethyl capture EPIC pulldown experiment. mCherry (baseline) HeLa cells shown on y-axis; SHB target dC9Sun-D3A HeLa cells
shown on x-axis. Pearson correlation coefficient shown in upper left corner. (C) Boxplot of mCG/CG from all covered CGs from mCherry only HeLa cells
(gray) and SHB sgRNA + dC9Sun-D3A (orange) (n = 3 biological replicates; thick black line indicates median; error bars, SD).

Pflueger et al.

6 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 28, 2018 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233049.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233049.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233049.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233049.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233049.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233049.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233049.117/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


fraction mCG/CG for all CGs covered (≥5 reads coverage,
2,629,232 CGs, n = 3 replicates) between cells expressing the con-
trol construct (dC9Sun-mCherry) and those expressing dC9Sun-
D3A and the SHB intron sgRNA was <0.3% (Fig. 3C). Overall,
this demonstrates that the dC9Sun-D3A system exhibits very
high specificity in both binding sites and induction of DNAmeth-
ylation, in stark contrast to the high off-target activity of dC9-D3A
(Figs. 1C, 2B), the system that has been most commonly used to
date (Amabile et al. 2016; Liu et al. 2016; Vojta et al. 2016).

Direct assessment of the effect of DNA methylation
on DNA–protein interactions
Having established the specificity and efficiency of the dC9Sun-
D3A system, we sought to examine the consequences of targeted
mCG deposition upon binding of methylation sensitive TFs.
Previously, Maurano et al. (2015) reported that a subset of CTCF
binding sites are sensitive to mCG reduction, induced by either
DNMT triple knockout in HCT116 cells or 5-azacytidine treatment
in K562 cells. Based on these findings, we speculated that CTCF
binding sites sensitive tomCG loss would exhibit a reciprocal phe-
notypewhenmCGwas specificallydeposited inCTCFcorebinding
sites inHeLa cells. To that end,we selected target regions for testing
by intersecting the CTCF binding sites that were mCG sensitive in
bothK562andHCT116 sites (FDR < 0.01)withCTCF sites occupied
in HeLa cells. These sites were further required to each contain
at least one hypomethylated CG in their core binding site. Three
resulting CTCF binding sites were selected, in (1) a SHB intron,
(2) a region upstream ofMIR152, and (3) a CCDC85C intron. CTCF
binding sites for MIR152, SHB intron, and CCDC85C intron are
completely unmethylated in HeLa cells, as determined by whole-
genome bisulfite sequencing (WGBS) (Fig. 4A,B; Supplemental
Fig. S12,HeLaWGBS track). This observationwas confirmedby tar-
geted bsPCR-seq,where the amplicon covered the entire CTCFcore
binding site (Fig. 2C, baseline panel,CCDC85D and SHB). Next, we
targeted mCG to the CTCF core binding sites by recruiting either
dC9Sun-D3A or dC9Sun-D3AMut with sgRNAs binding within
100 bp of the CTCF core binding site. dC9Sun-D3AMut was
used to control for possible steric hindrance effects on CTCF bind-
ing; however, we subsequently utilized dC9Sun-mCherry since
dC9Sun-D3AMut exhibited residual DNA methylation activity
(Supplemental Fig. S4). After 48 h of puromycin selection, the
on-target mCG deposited at the CTCF core binding sites was 62%
for the single CG in the CTCF binding site in SHB (Fig. 4C), 31%
and 46% for the two CGs in the CTCF binding site upstream of
MIR152 (Fig. 4D), and 52% and 35% for the two CGs in the CTCF
binding site inCCDC85C (Supplemental Fig. S12B).We then inves-
tigated whether CTCF binding was impacted by the targeted DNA
methylation deposited in its core binding site by performingCTCF
ChIP-seq in duplicates for each condition. Importantly, all three
CTCF binding sites, which were independently targeted by
dC9Sun-D3A, showed a significant decrease in CTCF occupancy
compared to dC9Sun-D3AMut (0.39-fold, 0.35-fold, and 0.67-
fold reduction in normalized ChIP-seq read density for SHB,
MIR152, and CCDC85C, respectively (edgeR, FDR = 2.6 × 10−3,
1.9 × 10−5, 5.2 × 10−12, respectively). Notably, the reduction in
CTCF binding at the targeted loci (MIR152, SHB, and CCDC85C)
were ranked either the most or secondmost decreased CTCF peaks
compared to control, as determined by edgeR analysis of normal-
ized peak counts (for SHB, see Fig. 4E; for MIR152, see Fig. 4F; for
CCDC85C, see Supplemental Fig. S12C). Further, we performed
CTCF ChIP-bisulfite sequencing (ChIP-bs-seq) (Brinkman et al.

2012;Hon et al. 2012; Stathamet al. 2012) to assess theDNAmeth-
ylation status of theDNA thatwas directly boundbyCTCF (Fig. 4A,
B; Supplemental Fig. S12A). This confirmed that theDNAboundby
the remaining CTCFwasmethylated and comparable to the initial
on-target DNA methylation measured by targeted bsPCR-seq (Fig.
4C,D, top panel comparing gray to colored circles), suggesting
that CTCF occupancy is reduced by >30% for all three CTCF target
sites (SHB,MIR152, andCCDC85C) due tomCGdeposition. The re-
maining chromatin-bound CTCF was found to have mCG in its
core binding, indicating a possible transition state where CTCF
is either poised to leave or mCG is targeted for active DNA
demethylation.

To extend the findings of targeted mCG deposition on CTCF
binding to an additional TF, we next investigated the impact of
mCG deposition on the binding of NRF1. This TF was selected as
previous studies have found that NRF1 binding appears to be
DNAmethylation sensitive in vitro, as determined by a differential
array binding assay (Hu et al. 2013), as well as in cell culture, where
NRF1 occupies binding sites that lose mCG in DNMT triple knock-
out embryonic stem cells (Domcke et al. 2015). Similarly to our
CTCF analyses, we set out to target four NRF1 occupied binding
sites in HeLa cells, with each having at least one hypomethylated
CG in the core binding site (TMEM206 promoter, downstream
from TRAPPC3 , upstream of MSANTD3 , and downstream from
TEF) with six different sgRNAs each. These targets were chosen
based on both strong NRF1 occupancy as well as having narrow
hypomethylated binding sites, where methylation was found
within a 1-kb window both upstream of and downstream from
the NRF1 binding site. As noted before (Hinz et al. 2015; Moreno-
Mateos et al. 2015; Horlbeck et al. 2016) and seen in the resulting
on-target DNAmethylation patterns, sgRNA placement greatly af-
fected the extent of mCG induced by dC9Sun-D3A (Supplemental
Fig. S13A–D). Consequently, we focused solely on the TMEM206
promoter as it showed the greatest susceptibility to targeted mCG
induction based on the presence of three CGs in its 15-bp core
NRF1 binding site and appeared to be strongly occupied by NRF1
(Fig. 5A). To maximize on-target DNA methylation deposition for
all threeCGs,wechose sgRNA2 for all furtherexperiments (Supple-
mental Fig. S13A). Next we performed targeted bsPCR-seq to mea-
sure the average DNA methylation induction for all puromycin
selected cells and found a 30%, 32%, and 32% increase in methyl-
ation level for each of the three CGs in the TMEM206 core binding
site, respectively (Fig. 5B). As with our CTCF analyses, we then test-
ed whether NRF1 could also bind to methylated DNA at the
TMEM206 promoter by performing NRF1 ChIP-bs-seq. Due to the
very low quantity of NRF1-immunoprecipitated DNA as the result
of fewer NRF1 binding sites in the genome compared to other
DNA-bindingproteins suchasCTCF,wemergeddata frommultiple
replicates (n = 3) to gain sufficient coverage to accurately quantitate
mCG levels in the NRF1 core binding site. The NRF1 core binding
site and CGs upstream of and downstream from it are completely
hypomethylated as judged by bsPCR-seq and NRF1 ChIP-bs-seq
when dC9Sun-mCherry is recruited to the TMEM206 promoter
(Fig. 5B, lower panel). When TMEM206 promoter was targeted by
dC9Sun-D3A, no mCG was detectable in the ChIP-bs-seq data of
the NRF1 core binding site (Fig. 5B); however, upstream of this
binding site, mCGwas still detectable to the same level as seen pre-
viously in the targeted bsPCR-seq (Fig. 5B). This observation sug-
gested that mCG was only tolerated upstream of the NRF1
binding site. Consequently, NRF1 either blocked mCG deposition
in its core binding site or lost its binding capacity once mCG was
deposited by dC9Sun-D3A. To understand the impact on NRF1
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binding, we performed NRF1 ChIP-seq and found that NRF1 bind-
ing is reduced by 30% (edgeR, FDR = 0.0085, ranked 63 out of 607)
when targeted by dC9Sun-D3A compared to cells targeted by
dC9Sun-mCherry (Fig. 5C). Furthermore, while dC9Sun-D3A

may have the potential to recruit other factors that cause the ob-
served reduction in NRF1 binding, this would not be consistent
with the observed DNAmethylation pattern of NRF1-bound DNA
as measured by ChIP-bs-seq (Fig. 5B). Notably, when DNA

A B

C D E F

Figure 4. Impact of targeted DNAmethylation induction on CTCF binding. (A) Genome Browser display of targeted CTCF binding site in an SHB intron.
Sets of experiments include (from top to bottom): targeted bsPCR-seq (fraction mCG/CG), CTCF-ChIP-bs-seq (fraction mCG/CG), CTCF-ChIP-bs-seq cov-
erage, and CTCF ChIP-seq coverage. CTCF core binding site is highlighted in shaded green. CTCF ChIP-seq coverage (TMM normalized counts) is shown
with adjacent peaks for reference (broken x-axis). Red dotted line is set to maximum targeted CTCF peak in the control samples. (B) Genome Browser snap-
shot of targeted CTCF binding site upstream ofMIR152. (C,D) Quantitation of mCG/CG in CTCF core binding site (green shaded region) and adjacent to
core binding site comparing targeted bsPCR-seq (gray circles) to ChIP-bs-seq (purple or green circles for αGCN4-D3A and yellow circles for αGCN4-
D3AMut) for SHB and MIR152, respectively (replicates n = 2; error bars, SD; Fisher’s exact test). (E,F) Quantitation of CTCF CPM normalized ChIP-seq
peak at SHB and MIR152, respectively (replicates n = 2; error bars, SD; statistic edgeR, Benjamini-Hochberg multiple test corrected P-values).
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methylation was targeted to the NRF1 core binding site in the
TMEM206 promoter, in both HeLa and HEK293T cells, TMEM206
transcript abundance was decreased, suggesting that the DNA
methylation–dependent loss of NRF1 binding to the TMEM206
promoter appears to be causative for a change in transcription
(Fig. 5D).

To compare the different levels of CTCF andNRF1DNAmeth-
ylation tolerance, core binding sites in the genome were interro-
gated by extracting the position of CGs in each core binding site
(CTCF and NRF1 positional weight matrix) followed by averaging
mCG/CG levels at all CG sites within each core binding site of
CTCF and NRF1 ChIP-bs-seq data. Further, we parsed the average
level of mCG/CG per core binding site for CTCF and NRF1 into
bins based on the average mCG level (TF bindingmotif mCG level
<5%, 5%–10%, 10%–50%, and >50%) (Fig. 5E), where 94.8% (799
out of 843) of NRF1 binding sites genome-wide have DNAmethyl-
ation levels <5%. In contrast, only 69.6% (10,501 out of 15,077) of
CTCF binding sites have DNAmethylation levels <5%, whichmay

explain why we detected that CTCF could bind to its core binding
site even after targeted DNA methylation induction by dC9Sun-
D3A (Fig. 4C,D). Taken together, we show that targeted DNA
methylation, but not dCas9 interference (Figs. 4C,D, 5B), dis-
placed both CTCF and NRF1, with the latter showing the higher
DNA methylation sensitivity. Future work could leverage precise
mCG deposition of the dC9Sun-D3A system to test direct mCG
sensitivity for a variety of TFs in vivo.

Discussion
Previouswork has highlighted the ability of dCas9 to be used to in-
duce DNAmethylation at desired regions in the genome (Amabile
et al. 2016; Liu et al. 2016; Vojta et al. 2016; Lei et al. 2017; Stepper
et al. 2017). However, a key issue that to date has not been suffi-
ciently addressed is the potential for off-target DNA methylation
induction, which could lead to nonspecific genomic responses
and limits the utility of the systems for unambiguous assessment

A B

C

D E

Figure 5. Impact of targeted DNA methylation induction on NRF1 binding. (A) Genome Browser display of the targeted NRF1 binding site in the
TMEM206 promoter. Sets of experiments include (from top to bottom): bsPCR-seq (mCG/CG), NRF1-ChIP-bs-seq (mCG/CG), NRF1-ChIP-bs-seq coverage,
and NRF1 ChIP-seq-coverage. The NRF1 core binding site is highlighted in shaded green. (B) Quantitation of mCG/CG in the NRF1 core binding site (green
shaded region) and adjacent to core binding site, comparing targeted bsPCR-seq (gray circles) to ChIP-bs-seq (cyan circles for αGCN4-DNMT3A and yel-
low circles for αGCN4-mCherry) at the TMEM206 promoter (NRF1 ChIP-bs samples combined n = 3 for coverage; bsPCR-seq, n = 3; error bars, SD; statistic:
Fisher’s exact test). (C) Quantitation of the TMEM206 promoter NRF1 ChIP-seq peak counts (TMM normalized) in samples treated with αGCN4-D3A (or-
ange) compared to αGCN4-mCherry (gray) (mCherry n = 2; D3A n = 3; statistic edgeR, Benjamini-Hochbergmultiple test corrected P-values). (D) qRT-PCR
analysis of TMEM206 expression (normalized to geometric mean of the housekeeping genes RPS18, GAPDH, and HSPC3) comparing dC9Sun-D3A and
dC9Sun-mCherry targeted to the NRF1 binding site in the TMEM206 promoter. Cells tested are HEK293T and HeLa cells, respectively (biological replicates
n = 6; reference GFP-Puro transfected, puromycin-treated HeLa or HEK293T cells n = 4; statistic: Wilcoxon/Mann-Whitney U test, one-tailed).
(E) Comparison of average mCG/CG in the CTCF and NRF1 core binding sites, respectively, by binning them into intervals of no (≥0 and ≤0.05), low
(>0.05 and ≤0.1), intermediate (>0.1 and ≤0.5), or high (>0.5) levels of DNA methylation.
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of the effect of DNA methylation at a locus. Single fusion con-
structs, such as dC9-D3A, lack the ability to fine-tune on- versus
off-target DNA methylation deposition, and exhibit extensive
off-target activity. When dC9-D3A expression is increased to
attain high on-target methylation, the off-target methylation
rate reached unacceptably high levels. Conversely, limiting the
expression of the single fusion to reduce off-target methylation
levels resulted in poor induction of on-target DNA methylation.
Therefore, the single fusion constructs presentmultiple significant
deficiencies. Here, we present a highly specific and tunable system
to perform targeted alteration of DNA methylation, based on the
modular SunTag system (Tanenbaum et al. 2014), allowing inde-
pendent variation of the expression of the DNA targeting module
(dC9Sun) and the effector module (αGCN4-D3A). While no sig-
nificant difference in the distance at whichDNAmethylation dep-
osition was observed between the dC9Sun-D3A system and the
direct fusion systems, dC9Sun-D3A exhibited greatly improved
specificity for depositing targeted methylation compared to dC9-
D3A and achieved effective targeting of multiple loci simultane-
ously with on-target DNA methylation induction levels compara-
ble to single-guide experiments. Recently, a similar dC9Sun system
employing full-length DNMT3A1 was described by Huang et al.
(2017), where lentiviral delivery was used. Huang et al. (2017) in-
vestigated off-target mCG deposition by reduced representation
bisulfite sequencing (RRBS) at a limited subset of CpG islands
(about 6100, 21.3% of all possible CpG islands), with a single sam-
ple per condition and reported off-target mCG deposition to be
lower than dC9-D3A direct fusion systems. In contrast, we em-
ployed the more comprehensive approach of using TSC-bs-seq,
covering 2.1million CGs at≥5 reads per sample (∼11× the number
of CGs surveyed inHuang et al. [2017] at equivalent coverage). The
Illumina EPIC TCS-bs-seq system is designed to cover a large
number of putative regulatory regions in the genome that are fre-
quently in an unmethylated state, here covering 12.7% of all
hypomethylated CGs (at ≥5 reads per condition) in the HeLa ge-
nome (∼5.5 × 106 hypomethylated CGs in HeLa genome, mCG/
CG ≤0.2). In contrast, the method used by Huang et al. (2017)
would only cover 1.8% of the hypomethylated CG sites in the
HeLa genome. We found that our system was about 40-fold less
susceptible to gain or loss of mCG at CG islands compared to the
system described by Huang et al. (2017) (Supplemental Fig. S14).
Thus, through well-replicated use of this TCS-bs-seq system, we
have performed one of the most extensive surveys of on- and
off-target methylation induced by dCas9-based DNA methylation
modifying systems to date, demonstrating that our dC9Sun-D3A
system is highly specific.

Having established the specificity and fidelity of our dC9Sun-
D3A system, we subsequently directly determined the impact of
targeted DNA methylation on the binding of two DNA-binding
proteins, CTCF and NRF1. Although CTCF sensitivity to DNA
methylation had previously been reported (Liu et al. 2016; Lei
et al. 2017), our work is the first to directly test the impact of target-
ed DNA methylation deposition upon NRF1 binding. Our results
indicate that both CTCF and NRF1 are impacted by DNA methyl-
ation deposition. CTCF was still able to tolerate and bind methyl-
ated DNA in its core binding site for three independent sites. A
possible explanation for this is that the binding of CTCF is in a
transitional state, where its core binding site has been methylated
but CTCF has yet to be evicted. Alternatively, CTCF may be
binding 5-hydroxymethylcytosine (5hmC), the byproduct of
Tet-mediated oxidation of 5-methylcytosine [5mC]), as previously
described (Feldmann et al. 2013; Teif et al. 2014; Marina et al.

2016) since CTCF ChIP-bs-seq cannot distinguish between 5mC
and 5hmC. In contrast to CTCF, we did not observe NRF1 binding
to any intermediate 5mC or possible 5hmC states, as there was a
loss in NRF1 occupancy upon DNA methylation deposition.
Taken together, the dC9Sun-D3A technology opens up avenues
to perform highly precise DNA methylation deposition and could
be adapted to effectively implement alternative epigenetic editing
such as altering histonemodifications orDNAdemethylationwith
the same advantages as described above. It is also conceivable to le-
verage the array of αGCN4 binding sites on the SunTag for multi-
plexed epigenetic editing, employing more than one epigenetic
effector simultaneously.

Conclusion
The influence of DNA methylation changes on gene regulation is
still a highly debated topic, with broad implications for interpreta-
tion of the potential effect of differential methylation states evi-
dent in a variety of contexts, such as development and cancer.
However, it is paramount to study the effects of targeted DNA
methylation changes at key regions with a high degree of confi-
dence, such that off-target effects by spurious DNA methylation
deposition are minimized. To that end, the dC9Sun-D3A system
described here is highly adaptable and tunable and capable of
high on-target mCG deposition while not suffering from wide-
spread spurious off-target DNAmethylation induction as observed
with some other previously described dCas9 systems. Therefore,
the dC9Sun-D3A system could be employed in a variety of differ-
ent cell types and systems to test the direct effect of mCG deposi-
tion on TF binding, splicing, or transcription in general.

Methods

Cell lines
MCF-7 and HeLa cells were cultured in a humidified cell
culture incubator at 37°C with 5% (v/v) CO2. MCF-7 cells were
maintained using MEM (minimum essential medium) alpha
(Life Technologies, catalog no. 12571071) supplemented with
10% (v/v) fetal bovine serum (FBS) (Integrated Sciences, catalog
no. HYCSV3017603), 1× (v/v) 5.5% sodium bicarbonate (Life
Technologies, catalog no. 25080094), and 1× (v/v) Glutamax
(Life Technologies, catalog no. 35050061) while HeLa cells were
cultured with DMEM (Dulbecco’s modified Eagle’s medium) sup-
plemented with 10% (v/v) FBS and 1× (v/v) Glutamax.

Cell transfections
Transfections were carried out using a 1:3 ratio of DNA to FuGENE
HD (Promega, catalog no. E2311) following manufacturer’s in-
structions. Briefly, MCF-7 or HeLa cells were seeded at 80% conflu-
ency in either six-well culture plate (In-vitro Technologies, catalog
no. FAL353046) or 15-cm culture dishes (In-vitro Technologies,
catalog no. COR430599). Twenty-four hours post seeding, 500
ng of TALE-DNMT3A or dCas9-DNMT3A constructs and 500 ng
of individual sgRNA plasmids were transfected into cells. For the
TALE and dCas9-SunTag constructs, 330 ng was used, along with
330 ng of individual or pooled sgRNAs, 40 ng of αGCN4-
DNMT3A, and 300–320 ng of pEF1a-GFP-Puro (transfection con-
trol plasmid) to make the final amount to 1 µg. This was scaled
up for 15-cm plate transfections. Cells were screened after 48 h
for expression of reporter gene (GFP or mCherry) by fluorescent
microscopy followed by either FACS sorting or 48 h of puromycin
selection (2 µg/mL, Life Technologies, catalog no. A1113803) to
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enrich for positively transfected cells. After puromycin selection,
surviving cells were subsequently either used for ChIPs, ChIP fol-
lowed by bisulfite sequencing, or targeted bisulfite sequencing
where DNA was extracted by the ISOLATE II DNA extraction kit
(Bioline, catalog no. BIO-52067). Triple positive cells containing
the tagBFP2 (dCas9-Suntag vector), mCherry (sgRNA vector),
and sfGFP (αGCN4-DNMT3A vector) were FACS sorted and sub-
jected to DNA extraction using the ISOLATE II DNA extraction
kit (Bioline, catalog no. BIO-52067), which was further used in
determining genome-wide off-target DNA methylation deposi-
tion using the TruSeq methyl capture EPIC library prep kit
(Illumina, catalog no. FC-151-1002) as well as for targeted bisulfite
sequencing.

Plasmid construction
The human codon optimized Cas9 was amplified using PCR from
the hCas9 D10A plasmid (Addgene, 41816). Subsequently, PCR
mutagenesis was conducted to introduce the H840A mutation to
generate the catalytically dead Cas9 (dCas9). The DNMT3A se-
quence was PCR amplified from the ZF-598-DNMT3A plasmid
(gift from Pilar Blancafort) and the N-terminal 3xHA tag, linker
peptide between dCas9 and DNMT3A, and C-terminal 3xTy1 tag
were ordered as separate gBlocks (IDT). Finally, the dCas9 cassette
was inserted into a plasmid backbone containing a puromycin
selectable marker. The single fusion TALE expression vector
backbonewas based on Sanjana et al. (2012), andGibson assembly
(Gibson et al. 2009) was used to replace the nuclease with
DNMT3A. The linker peptide for the TALE-DNMT3A expression
vector was identical to the dCas9 counterpart.

Gibson assembly was used to clone the empty TALE-Sun
Tag backbone using plasmids pHRdSV40-dCas9-10XGCN4_
v4_P2A-BFP (Addgene, 60903) and pEF1a-TALE-DNMT3A-WT
(Addgene, 100937). Similarly, the dCas9-SunTag construct was as-
sembled from pGK-dCas9-DNMT3A-WT (V3; Addgene, 100938),
pHRdSV40-dCas9-10XGCN4_v4_P2A-BFP (Addgene, 60903), and
a poly(A) gBlock sequence (IDT). Following this, pHRdSV40-scFv-
GCN4-sfGFP-VP64-GB1-NLS (Addgene, 60904), pEF1a-TALE-
DNMT3A-WT (Addgene, 100937), and a gBlock linker sequence
(IDT) was used to assemble αGCN4-DNMT3A, which was also
used to create the DNMT3A FEER > AAAA mutation. This same
backbone was used to Gibson assemble the αGCN4-mCherry con-
trol plasmid, where the DNMT3A domain was replaced with a
mCherry fluorophore. Furthermore, restriction ligation was used
to insert TALE targeting sequences within the empty TALE-SunTag
backbone using MluI and AfeI (NEB). TALE DNA-binding domain
inserts were synthesized in-house using iterative capped assembly
as previously described (Briggs et al. 2012). Finally, gRNA plasmids
were synthesized according to the protocol by Mali et al. (2013),
and target sequences for TALEs and gRNA are listed in Supple-
mental Table S2. All plasmids constructed for this study can be
found at https://www.addgene.org/browse/article/28191639/.

Targeted BS-PCR primer design and sequencing
For each bisulfite PCR amplicon, primers were designed with
MethPrimer tool (Li and Dahiya 2002) (http://www.urogene.org/
cgi-bin/methprimer/methprimer.cgi) with all parameters set to de-
fault except the following: product size 200–400 bp; primer Tm
min: 55°C, opt: 60°C and max: 64°C; primer size min: 20 nt, opt:
25 nt and max: 30 nt. Each primer pair was tested in a 15 µL
PCR reaction with either NEB EpiMark (NEB, M0490L) or 2×
MyTaq (Bioline, BIO-25041) for a range of annealing temperatures
ranging from 50°C–64°C for 40 cycles. Primers that amplified spe-
cific products of the expected size were used, and these amplicons

were confirmed as our regions of interest via Sanger sequencing.
Five-hundred nanograms of extracted genomic DNA from trans-
fected HeLa or MCF-7 cells and 0.5% spiked in lambda DNA (non-
conversion control) was bisulfite converted using the EZ DNA-
methylation-gold kit (Zymo Research, catalog no. D5006) follow-
ing the manufacturer’s instructions. We used 20 ng of bisulfite
converted DNA for generating PCR products, which were subse-
quently pooled in an equimolar ratio and purified by Agencourt
AMPure XP beads (Beckman Coulter, catalog no. A63880).
Libraries were prepared by A-tailing and ligating Illumina-compat-
ible Y-shaped adapters to amplicons that were amplified by three
PCR cycles and subsequently purified by Agencourt AMPure XP
beads (Beckman Coulter, catalog no. A63880). Single-end 300-bp
sequencing was performed on an Illumina MiSeq platform.

qRT-PCR
Transfected HeLa and HEK293T cells were harvested with trypsin,
washed with Dulbecco’s phosphate-buffered saline (dPBS), and
centrifuged at 300g for 3 min, and then RNA was extracted using
RNeasyMini Kit (Qiagen, #74104). A cDNA library wasmade using
SuperScript IV Reverse Transcriptase (ThermoFisher, #18090050)
supplemented with poly d(T) and random hexamer reverse tran-
scription primer mix with 500 ng of RNA. qPCR primers (listed
in Supplemental Table S2) were designed using Primer 3 for
GAPDH, RPS18, and HSPC3 as housekeeping controls and
TMEM206 as the target. Luna qPCR universal master mix (Gene-
search, #M3003E) was used for qPCR, along with 2 µL of 1:5 dilut-
ed cDNA for each reaction. Activation was analyzed with the
Applied Biosystems ViiA7 instrument with the following program:
95°C for 3 min, followed by 40 cycles at 95°C for 10 sec, 63°C for
20 sec, and then 72°C for 5 sec. Gene expression levels were nor-
malized to the geometric mean of the three control genes with
ΔΔCt calculated by comparing to the untransfected samples.

ChIP-sequencing
Transfected HeLa cells were used for performing ChIPs for CTCF
and NRF1 as described previously (Wang et al. 2012; Domcke
et al. 2015) with somemodifications. Briefly, cells were crosslinked
for 10min in 1% formaldehyde and quenched in 125mMglycine.
Chromatin was sheared (Covaris, S220) for 5 min, 5% duty cycle,
200 cycles per burst, and 140 watts peak output and incubated
with either a CTCF (Cell Signaling, 2899B), NRF1 (Abcam,
ab55744), HA (Biolegend, 901502), or Ty1 (Sigma, SAB4800032)
antibody and subsequently conjugated to a 50:50 mix of protein
A/G Dynabeads (Invitrogen, M-280). After wash steps, DNA was
eluted, crosslinks were reversed, and immunoprecipitated DNA
was purified by Agencourt AMPure XP beads (Beckman Coulter,
catalog no. A63880). Libraries were prepared from the entire
ChIP eluate volume containing either 1 ng or 0.1 ng inputmaterial
per replicate for CTCF or NRF1, respectively, using the ThruPLEX
DNA-seq 12S kit (Rubicon Genomics, R400429). After limited
PCR amplification, libraries were purified using Agencourt
AMPure XP beads (Beckman Coulter, catalog no. A63880), and
eluted in a final volume of 20 µL. Single-end 100 bp sequencing
was performed on an Illumina HiSeq 1500.

ChIP-bs-seq
ChIP was performed using CTCF and NRF1 antibodies as stated
above. Either 1 ng or 10 ng per replicate of CTCF and NRF1 ChIP
eluate was used and subjected to bisulfite conversion using
Zymo methylation direct kit (Zymo Research, D5020). Bisulfite
converted DNA was immediately handled for library preparation
using the Accel-NGS Methyl-Seq DNA library kit (Swift
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Biosciences, catalog no. 30024) following the manufacturer’s in-
structions. Libraries were amplified for either nine or 13 cycles
for CTCF and NRF1, respectively. Single-end 100-bp sequencing
was performed on an Illumina HiSeq 1500.

Targeted enrichment for determining off-target DNA
methylation deposition
HeLa cells were transfected with pEF1a-GFP-Puro and pEF1a-
mCherry for control baseline or pGK-dCas9-Suntag-tagBFP2,
pEF1a-mCherry-SHB1 sgRNA, and pEF1a-αGCN4-DNMT3A for
targeted methylation at SHB locus in triplicate. Transfected cells
were sorted for GFP and mCherry positive (control baseline) or
GFP, mCherry and BFP positive (targeted methylation at SHB lo-
cus) and subjected to DNA extraction using the ISOLATE II DNA
extraction kit (Bioline, catalog no. BIO-52067). We used 250 ng
of genomic DNA from each replicate for library preparation and
subsequently pooled for target enrichment using the TruSeqmeth-
yl capture EPIC library prep kit (Illumina, catalog no. FC-151-
1002) following manufacturer’s instructions. Libraries were bisul-
fite converted using EZ DNA methylation Lightning kit (Zymo
Research, D5030) and amplified for 10 cycles. Single-end 100 bp
sequencing was performed on an Illumina HiSeq 1500.

Western blot
HeLa cells were seeded at 80% confluency and transfected with
equal amounts of sterilized plasmids dC9-D3A high (or dC9-
D3A) and SHB-1-sgRNA to 15.8 µg, along with three times the
amount of FuGENE HD transfection reagent (Promega, catalog
no. E2311) following the manufacturer’s instructions. Samples
were either collected 48 h post-transfection or following an addi-
tional 48 h after puromycin selection (2 µg/mL, Life Technologies,
catalog no. A1113803) to replicate the conditions employed while
generating cells used forDNAmethylation analysis. Cells were har-
vested and spun down at 300g for 5 min and then lysed in RIPA
buffer with 4% SDS and 1 µL Benzonase (Sigma, catalog no.
E1014). Samples were further lysed by sonication (Covaris, S220)
and gently pipetted with a 21G needle (Livingston, catalog no.
DN21Gx1.0LV) to reduce viscosity. Standard immunoblotting
was performed on 50 µg of cell lysate for each sample. Mouse
anti-Ty1 (1:1000, Sigma, catalog no. AB4800032) antibody was
used, alongwithmouse anti-α-Tubulin (1:1000, GenScript, catalog
no. A01410-40) as the loading control.

Data processing
ChIP-seq and ChIP-bs-seq data were quality checked and hard
trimmed (Accel-NGS Methyl-Seq DNA library kit requirements)
using Trimmomatic (Bolger et al. 2014) with the following
parameters: ILLUMINACLIP:2:30:10, LEADING:3, TRAILING:3,
SLIDINGWINDOW:4:20, MINLEN:25. Trimmed ChIP-seq data
were mapped to the human genome (GRCh37/hg19) using
Bowtie1.1.1 (Langmead et al. 2009) with the options “- -wrapper
basic-0 -m 1 -S -p 4 -n 1” allowing up to onemismatch. Readsmap-
ping to multiple locations were then excluded, and reads with
identical 5′ ends and strand were presumed to be PCR duplicates
and were excluded using Picard MarkDuplicates. Bigwig coverage
tracks and differential peak calling were produced by THOR
(Allhoff et al. 2016) using TMM normalization. Normalized peak
counts were analyzed by edgeR (Robinson et al. 2010) for fold-
change and filtered by multiple-test-corrected false-discovery rate
(FDR < 0.05). Targeted bs-PCR-seq data and ChIP-bs-seq data
were mapped to the GRCh37/hg19 genome and processed using
BS-Seeker2 (Guo et al. 2013) with default parameters, Bowtie 1,
and allowing for one mismatch. Data processing pipelines lever-

aged sambamba (Tarasov et al. 2015) and Gnu parallel (Tange
2011) to speed up sample analysis. Thiswork used regions and sites
that are well established in hg19 and did not improve in human
genome assembly hg38. Further, previous work that described spe-
cific CTCF binding sites (Maurano et al. 2015), as well as NRF1
binding sites (Domcke et al. 2015), that were reported to be DNA
methylation sensitive were also aligned to hg19. Consequently,
conclusions drawn from our manuscript would not change based
on aligning to hg38.

Data access
All HeLa-S3 raw and processed data generated in this study (WGBS-
seq, ChIP-seq, ChIP-bs-seq, bsPCR-seq, and TSC-bs-seq) have been
submitted to the NCBI Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE107607.
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Supplemental Figure S1: Characterizing on-target and off-target deposition after dC9Sun titration
Titration of dC9Sun (0-1200 ng) with a constant amount of αGCN4-D3A effector (D3A - human DNMT3A 
catalytic domain, 40 ng) Fraction mCG is shown in black bars, sd - error bars, biological replicates n=3. 
On-target (UNC5C promoter) is highlighted in blue, off-target (BCL3 promoter and TMEM206 promoter) is 
highlighted in orange. Average gain in mCG is indicated as Δ percent mCG/CG (baseline subtracted). CGs 
used for calculation are indicated by dotted lines. Cells were harvested at 48h post-transfection. No puromy-
cin selection was performed since the resistance was linked to dC9Sun plasmid. 
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Supplemental Figure S2: Additional schematics of the dCas9 (dC9) and TALE (T) constructs used, indicating position-
ing of the nuclear localization sequences (NLS), protein tags (human influenza hemagglutinin - 3xHA, 3xTy1), promoter 
choice (glycerol kinase promoter - hPGK, human elongation factor-1 alpha promoter - hPEF1a), solubility tag (protein G 
B1 domain - GB1), selectable marker (puromycin resistance - puro), single-chain Fv antibody against GCN4 domain (α
GCN4), human DNTM3A catalytic domain (D3A), human DNTM3A catalytic mutant domain (D3AMut), red fluorescent 
protein (mCherry) and human Tet Methylcytosine Dioxygenase 1 (TET1). dC9Sun-TET1 was constructed by Morita et al.
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Supplemental Figure S3: Characterizing on-target and off-target deposition of mCG by T-D3A
Targeted mCG deposition to the DACH1 or UNC5C promoters in MCF-7 cells by T-D3A and 
TSun-D3A, measured by bsPCR-seq (with BCL3 enhancer used as off-target mCG assessment). 
Average gain in mCG is indicated as delta (baseline subtracted) %mCG. CGs used for calculation 
are indicated by dotted lines, TALE placement is indicated by grey arrow.
 



Supplemental Figure S4: αGCN4-D3AMut exhibits residual DNA methylation activity
The DNMT3A mutant (FEER>AAAA) exhibits residual DNA methylation activity as measured by bsPCR-Seq 
(n=2 replicates, sd - error bars), αGCN4-D3A (cyan line), αGCN4-D3AMut (orange line) and αGCN4-mCherry 
(gray line). The difference in mCG was calculated for each CG position, where the mCG level for puromycin-on-
ly treatment was subtracted from the mCG level for dC9Sun-D3AMut.

 



Supplemental Figure S5: mCG deposition distance relative to dC9Sun-D3A binding at UNC5C promoter
Distance of mCG deposition relative to binding of TALE or dCas9 at the UNC5C promoter, measured by 
bsPCR-Seq, background subtracted mCG/CG is shown for 10 bp bins upstream and downstream of the 
respective target site. Dots indicate the mean mCG/CG and the connecting lines indicate the absence of 
CGs in the corresponding bins.



Supplemental Figure S6: Targeted DNA demethylation by dC9Sun-TET1 at GAD1 intron
Targeted DNA demethylation by dC9Sun-TET1 at a GAD1 intron, measured by targeted bsPCR-seq, off-target regions 
(GRHL2 promoter and DLG5 enhancer). y-axis: Δ mCG puromycin treatment only - dC9Sun-Tet1 (GAD1 sgRNA), n=2 repli-
cates, sd - error bars).
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Supplemental Figure S7: Flow cytometry selection criteria for enrichment of dC9Sun-D3A positive HeLa cells
(A) HeLa cells were cell sorted and gated on mCherry positive (sgRNA) and BFP positive (dC9Sun), followed by double gating 
on GFP (αGCN4-D3A) and BFP. Finally, transfected HeLa cells were gated on GFP and BFP intensity (high intensity - blue gate, 
medium intensity - green gate). The intermediate GFP and BFP positive cells (GFPint and BFPint) were used for targeted bsPCR 
and TSC-BS-seq. (B) Targeted bsPCR-seq for the on-target SHB CTCF binding site and two off-target sites (UNC5C promoter and 
BCL3 promoter). GFPint and BFPint (green line) show high on-target and low off-target mCG efficiency. GFPhigh and BFPhigh 
(blue line) exhibit high off-target mCG at the UNC5C promoter and the BCL3 promoter (n=3 replicates, error bars show standard 
deviation).



SHB on-target

Supplemental Figure S8: dC9Sun-D3A off-target peak analysis of predicted SHB sgRNA homology to the genomic DNA
dCas9 off-target ChIP-seq peak analysis for the SHB sgRNA sequence homology, with the SHB sgRNA sequence reference 
highlighted in orange. Matching bases in blue, mismatches in white, matched PAM site (NGG) in light green for 'N' and in gray 
for 'GG' leaway 



Supplemental Figure S9: Comparison of mCG values obtained by bsPCR-seq to TSC-bs-seq
Comparison of bsPCR-seq to Illumina TruSeq Methyl Capture EPIC for CGs covered in both assays (combined 
triplicates, mCG/CG values, ≥50x coverage for bsPCR-seq, ≥5x coverage for Illumina TruSeq Methyl Capture 
EPIC, TSC-bs-seq).
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Supplemental Figure S10: Improved off-target performance of dC9Sun-D3A in sorted cells compared 
to puromycin treated cells
(A) Mean mCG values over 33 CGs in the UNC5C promoter for HeLa cells sorted by flow cytometry (mCherry 
control - green, dC9Sun-D3A + SHB sgRNA - orange) compared to puromycin selected HeLa cells (puromycin 
control - purple, dC9Sun-D3A + SHB sgRNA - pink). mCG measured by bsPCR-seq with amplicon spanning 33 
CGs in the UNC5C promoter (n=3, replicates for cell sorting and puromycin treatment, respectively). (B) Mean 
mCG value at 1 CG in CTCF core binding site located in an SHB intron for HeLa cells sorted by flow cytometry 
(mCherry control - green, dC9Sun-D3A + SHB sgRNA - orange) compared to puromycin selected HeLa cells 
(puromycin control - purple, dC9Sun-D3A + SHB sgRNA - pink). mCG measured by bsPCR-seq with amplicon 
spanning the SHB CTCF core binding site (n=3, replicates for cell sorting, n=2 for puromycin treatment).



Supplemental Figure S11: Flow cytometry sorted HeLa cell mCG value correlation between treatment 
and control, as well as replicates
Pairwise correlation of all replicates per CG sites (> 2.6x106, >= 5x coverage) from Illumina TruSeq Methyl 
Capture EPIC pulldown pulldown experiment (TSC-bs-seq). The Pearson correlation coefficient is shown in 
top left corner of each plot.
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Supplemental Figure S12: Reduced CTCF binding upon targeted methylation to core binding site
(A) Genome browser display of the targeted CTCF binding site in a CCDC85C intron. Sets of experiments 
include (from top to bottom): bsPCR-seq (mCG/CG), CTCF-ChIP-bs-seq (mCG/CG), CTCF-ChIP-bs-seq 
coverage and CTCF ChIP-seq coverage. The CTCF core binding site is highlighted in green. (B) Quantitation 
of mCG/CG in the CTCF core binding site (green shaded region) and adjacent to core binding site comparing 
targeted bsPCR-seq (gray circles) to ChIP-bs-seq (orange circles for αGCN4-D3A and yellow circles for α
GCN4-D3AMut). (C) Quantitation of CTCF CPM normalized ChIP-seq peak at CCDC85C (replicates n=2, sd 
- error bars, statistic edgeR, Benjamini-Hochberg multiple test corrected p-values).
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Supplemental Figure S13: sgRNA placement effects on-target mCG deposition for NRF1 targets
Genome Browser display for sgRNA selection for optimal targeted DNA methylation deposition at NRF1 core 
binding sites adjacent to (A) TMEM206, (B) TRAPPC3, (C) MSANTD3 and (D) TEF. bsPCR-seq results shown 
as mCG/CG, gray highlight indicates optimal sgRNA.



Supplemental Figure S14: Comparison of CG island mCG changes with dC9Sun-D3A between the 
Huang et al. study and this study
Huang et al. used a lentiviral dC9Sun with DNMT3A1 full length protein compared to the modular plasmid 
based system with dC9Sun-D3A (catalytic domain of DNMT3A). 35 CG islands gained mCG and 30 CG 
islands lost mCG out of 5,982 CG islands covered (ΔmCG change >= 0.2) in the Huang et al. study. 3 CG 
islands gained mCG and 3 CG islands lost mCG out of 25,459 CG islands covered (ΔmCG change >= 0.2) 
in this study.
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3.2 The binding stoichiometry of the SunTag and its counterpart antibody, 

𝛼GCN4  
The SunTag system can be used as an epigenome editing tool capable of recruiting multiple 

epimodifiers to a desired genomic target site via the SunTag’s 10x epitope docking station, 

with the objective of increased protein recruitment and localized effect (Figure 3.1). The full 

occupancy of this epitope array by small 27 kDa GFP proteins fused to the 𝛼GCN4 domain 

was originally demonstrated using a mitochondrial localization assay and quantitative 

fluorescence microscopy (Tanenbaum et al. 2014). These measurements illustrated that steric 

hindrance was not occurring upon binding of small neighbouring peptides, but this may not be 

the case for larger constructs. As there are only five amino acids in the linkers between epitope 

tags in the SunTag, it is possible that larger proteins linked to the 𝛼GCN4 domain may inhibit 

binding to neighbouring docking sites and limit multimerised protein recruitment, and thus 

reduce the number of proteins that bind to the SunTag array. I used quantitative mass 

spectrometry to investigate if this is the case, and to determine how many 𝛼GCN4 domains 

occupy the SunTag platform, as discussed in detail below.  

 

 
Figure 3.1. The dCas9-SunTagx10 system. An illustration of the dCas9 docking platform designed by 
(Tanenbaum et al. 2014) that allows for the amplified recruitment of up to ten effectors via a GCN4 epitope 
docking station and its counterpart single chain antibody binding partner, 𝛼GCN4, to a target gene of interest. 
Image created using BioRender. 
 

 

As described above, we (Pflueger et al. 2018) and others (Huang et al. 2017) have utilised the 

SunTag system to recruit the 36 kDa catalytic domain of the mammalian de novo DNMT3A to 

induce consistently high levels of DNA methylation at desired target sites. This induction was 

above that seen for a single DNMT3A domain fused directly to dCas9 (Pflueger et al. 2018), 

https://paperpile.com/c/M5bva7/j5iL
https://paperpile.com/c/M5bva7/aWog
https://paperpile.com/c/M5bva7/d6uu
https://paperpile.com/c/M5bva7/aWog
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suggesting that the recruitment of multiple copies of this epimodifier protein, along with the 

flexibility of the SunTag tail, are likely contributors to this amplified signal. Hence, I used this 

DNA methylation induction method to test steric hindrance of the SunTag system while also 

establishing if full occupancy of the SunTag was occurring. 

 

SunTag occupancy was established by following the experimental outline detailed in Figure 

3.2.A. Briefly, proteins were purified using immunoprecipitation (IP) with an HA antibody that 

is specific to the dCas9 component of the SunTag (as it contains a 3xHA tag, Figure 3.2.B), 

which in turn should pull down any 𝛼GCN4-fused epimodifiers bound to the docking station. 

Successful protein purification was determined using Coomassie staining and western blotting. 

Purified samples were then run through a liquid chromatography-mass spectrometer (LC-MS), 

along with proteins with known binding ratios (dCas9-DNMT3A direct fusion has a 1:1 ratio 

of dCas9 to DNMT3A, while DNMT3A-dCas9-DNMT3A has a 1:2 ratio, with the plasmid 

design shown in Figure 3.2.B). Selective reaction monitoring (SRM) was then used to 

quantitate 𝛼GCN4-DNMT3A binding to the SunTag. SRM involves selecting a precursor ion 

and an associated fragment using the MS/MS filters of the triple quadrupole instrument, which 

is then tracked over time to obtain a set of chromatographic traces showing signal intensity and 

retention time which is used for quantitation (Lange et al. 2008). Verifying the SunTag 

stoichiometry in this way would clarify whether all ten epitopes were being occupied, or only 

a subset. This, in turn, would provide some indication of the mechanism of how this editing 

system was able to induce such high levels of DNA methylation. 

 

3.2.1 Mass spectrometry and western blot results 
SunTag proteins were initially isolated from HeLa cells to determine if the desired mass 

spectrometric technique could be used to detect these synthetic constructs. HeLa cells were 

transfected with either dCas9-DNMT3A, or dCas9-SunTag and 𝛼GCN4-DNMT3A. The direct 

fusion, dCas9-DNMT3A, was used to determine the binding ratio between dCas9 and 

DNMT3A, which was then used to establish the SunTag binding occupancy. Following this, 

proteins were purified from the cell lysate by IP with an HA antibody (Figure 3.2.C), as this 

is specific to the dCas9 component. The cell lysate, supernatant, first flowthrough, first wash, 

and purified protein were all run on a SDS-PAGE and Coomassie stained gel to visualise the 

protein bands (Figure 3.2.D). From this gel, four bands from each eluate were selected based 

on sizes of interest (209 kDa for dCas9-DNMT3A, 195 kDa for dCas9-SunTag and 103 kDa 

https://paperpile.com/c/M5bva7/JkNt
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for 𝛼GCN4-DNMT3A) and collected for running on the mass spectrometer, following protein 

digestion. The mass spectral data was then run through the MASCOT software (Matrix 

Science) to identify protein matches. Based on SwissProt and the human UniProt protein 

databases, some significant but non-specific matches were identified including Vimentin (ion 

score 53), a fibroblast intermediate filament found in mesenchymal cells (Satelli and Li 2011). 

The ion score indicates how well the observed mass spectral data matches the desired peptide. 

Here, a confidence threshold was set to a score >34. By comparison, based on an in-house 

sequence database containing all transfected plasmid amino acid sequences (Supplementary 

Data S7.5.1) some matches for DNMT3A (Band 3a, ion score 15) and dCas9 (Band 2b and 3b, 

ion score 18 and 14, respectively) were identified, but these matches did not pass the threshold 

and thus were deemed non-significant. These results indicated that the constructs were 

identifiable but that the protein purity needed to be improved before attempting any further 

mass spectrometric experimentation. 

 

Figure 3.2 Experimental setup for assessing 𝛼GCN4 binding stoichiometry to 10xSunTag array. (A) 
Experimental timeline for assessing 𝛼GCN4 occupancy of the SunTag docking platform. (B) Schematic of the 
four dCas9 constructs used indicating the positions of the promoters (hPGK, human glycerol kinase and pEF1a, 
human elongation factor-1 alpha), relative to protein tags (3xHA and 3xTy1), the human DNMT3A catalytic 
domain (D3A), the antibody against the GCN4 domain (⍺GCN4), and nuclear localisation signal (NLS). (C) 
Immunoprecipitation (IP) experimental procedure. The blue numbers indicate points of protocol optimisation. 
Image created using BioRender. (D) Coomassie stained gel highlighting the protein bands excised for mass 
spectrometric analysis following trypsin digestion (1a-4a and 1b-4b). 
 

 

https://paperpile.com/c/M5bva7/OhjD
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Before addressing the issue of protein purity, we sought to establish whether we could detect 

protein expression using western blotting. Preliminary results indicated that not only were the 

dCas9 constructs very lowly expressed and difficult to detect, but that the 𝛼GCN4-DNMT3A 

construct contained an unannotated HA epitope tag (labelled as 𝛼GCN4-1xHA-DNMT3A in 

Figure 3.3.A). As a result, this plasmid was subsequently re-cloned in order to remove the 

single HA tag from 𝛼GCN4-DNMT3A so that it would no longer be inadvertently pulled-down 

during the IP.  

 

Having rectified the plasmid design for 𝛼GCN4-DNMT3A, I next optimised the IP process to 

improve protein purification. This involved testing and altering three components as shown in 

Figure 3.2.C: (1) The amount of HA antibody used, (2) the amount of Dynabeads used, and 

(3) the composition of the elution buffer. Firstly, I increased the amount of HA antibody from 

2 µg to 10 µg to increase the amount of protein that can be bound. Since this antibody has an 

approximate 20% retention capacity (Biolegend), I estimated that only a maximum of 240 ng 

of our dCas9 protein could be isolated when using 2 µg of antibody, which is below the 

detection limit of our protein quantification assay. Therefore, by increasing to 10 µg, I could, 

in theory, retain approximately 1.2 µg of protein, thus enabling a more accurate protein 

quantitation assay. 

 

Continuing from this, I tested the Dynabead binding capacity. If I wanted to incubate samples 

with 10 µg of α-HA, I needed to determine if 40 µL of Dynabead Protein G would be sufficient. 

Protein G can bind 8 µg of human IgG per mg of beads (Invitrogen, #10003D). The dynabeads 

used were 30 mg/mL, therefore 100 µl of Protein G could bind 24 µg of human IgG, but the 

equivalent for mouse IgG is not known. Based on this I tested two samples, a negative control 

without Protein G (2 µg of α-HA only) and one with Protein G (2 µg of α-HA plus 8 µL of 

Protein G), and quantified both. In theory, the sample with no Protein G should have a higher 

protein concentration as there were no beads to bind to. I found that only 40% of α-HA was 

being retained by the dynabeads. I then re-incubated the supernatant from the test sample with 

another 8 µL of Protein G and repeated the quantification. The reading was too low to detect 

any protein, suggesting that at least twice as many dynabeads were needed to bind all 2 µg of 

α-HA. Therefore, if 10 µg of α-HA was used, I determined that 80 µL of Protein G would be 

needed.  
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Lastly, the elution buffer for recovering the proteins in a native state from the dynabeads was 

optimised. This was done by following recommendations by Thermo Scientific 

(http://tools.thermofisher.com/content/sfs/brochures/TR0027-Elution-conditions.pdf) to 

replace the soft elution buffer used initially, with an acidic buffer of 0.1 M glycine-HCl 

solution, pH 2.5, to release the antibody from the beads. This was then followed by returning 

the proteins to neutral conditions by adding 1/8th volume of the alkaline buffer, 1 M Tris-HCl, 

pH 8. This, however, resulted in the cleavage of the antibody from the beads and thus the 

antibody was retained in the eluate and appeared as a dark band on the western blots (annotated 

as α-HA heavy chain in Figure 3.3.B), making it considerably difficult to visualize any faint 

bands for the dCas9 fusion proteins. 

 

Western blot analysis revealed that the 𝛼GCN4-DNMT3A protein remained insoluble and 

largely in the input as indicated by the greater intensity of the bands in lane 1 compared to lane 

4 (eluate) in Figure 3.3.B (top-left image), while the dCas9-SunTag was still undetectable 

using an α-HA western blot. This was also found to be the case for the single and double 

DNMT3A fusion constructs, which have both 3xHA and 3xTy1 epitope tags (very faint bands 

were detected for these large proteins but only with the Ty1 antibody, Figure 3.3.C). This 

suggests that a combination of the large size and low expression levels of the dCas9 protein 

poses a substantial hurdle for detecting these proteins following IP and places them below the 

detection limit of the western blot analysis. Surprisingly, when an IP was performed on cells 

transfected with the new 𝛼GCN4-DNMT3A only construct (HA tag removed), I observed that 

this protein was binding to the HA antibody during the pull-down, even when it had no HA 

epitope tag. This suggested that the single chain variable fragment of the 𝛼GCN4 construct was 

cross-reacting with the HA antibody, as Figure 3.3.D shows clear protein bands in the Ty1 

western blot. Consequently, the chosen method of protein purification using IP was deemed an 

inappropriate strategy for determining the dCas9-SunTag binding stoichiometry. 

 

http://tools.thermofisher.com/content/sfs/brochures/TR0027-Elution-conditions.pdf
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Figure 3.3. Western blots assessing 𝛼GCN4 binding stoichiometry to 10xSunTag array. (A) Western blots 
showing an unannotated HA tag in the original 𝛼GCN4-DNMT3A construct (lane 2 in 𝛼-HA blot, annotated as 
𝛼GCN4-1xHA-D3A) and faint bands for dCas9-SunTag (dC9-SunTag) and DNMT3A-dCas9-DNMT3A (D3A-
dC9-D3A) indicated by red arrows, after loading 2 µg of total cell lysate. (B) Indicates the insolubility of 𝛼GCN4-
DNMT3A (𝛼GCN4-D3A) after optimising the IP protocol. (C) Blot indicates the difficulty to detect the large 
dCas9 constructs, even with the more sensitive Ty1 antibody. (D) Blot illustrates that the 𝛼GCN4-D3A construct 
cross-reacts with the HA antibody during the pull-down as protein is visible in the 𝛼-Ty1 blot. Unannotated 
western blots are shown in Supplementary Figure S7.1. 

 

 

3.2.2 Concluding remarks regarding the suitability of IP for measuring SunTag 

occupancy 
Despite initial mass spectrometry results appearing promising, with the identification of some 

peptides hits associated with DNMT3A and dCas9, these findings were very preliminary and 

clearly indicated that the protein purity needed to be improved. Consequently, western blot 

analysis was employed to determine if these proteins were expressed sufficiently at high 

enough levels in our cell line to warrant further testing. Once the initial issue of having an 

unannotated HA tag in the 𝛼GCN4 domain was rectified, three aspects of the IP were 

optimised, increasing the amount of both the HA antibody and Dynabeads used, as well as 

changing the composition of the elution buffer to an acidic solution (shown in Figure 3.2.C 

above). Despite these optimizations, further testing revealed two major issues. Firstly, I may 
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not have been loading an adequate amount of protein for the chosen HA antibody (from 

Biolegend) to detect via western blot. Biolegend recommends 1:2,000 to 1:20,000 dilution, 

with 50 µg of total protein, while a 1:1,000 dilution and 2 µg of purified protein was used here. 

Thus, loading more protein is advised, but this would require more than the two 15 cm culture 

plates used here, highlighting the bigger issue that the cells themselves do not appear to be 

producing large quantities of the dCas9 protein. Secondly, and more importantly, the scFv 

region of the 𝛼GCN4 protein appeared to cross-react with the HA antibody during the IP pull-

down. Together, these results indicated that IP as a means of purifying the dCas9-SunTag and 

𝛼GCN4 proteins was not appropriate, and prevented subsequent quantitative mass 

spectrophotometric analysis. Despite this, the efficacy and customizability of the dCas9-

SunTag targeting system was not diminished. Consequently, this editing platform was 

expanded further in preparation for developing a large-scale combinatorial epigenome editor 

screen, the details of which are discussed further in the next chapter. 
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Chapter 4 

 

 

Development of a single cell-based combinatorial 

epigenome editing screen 
 

The second aim of this thesis was to develop a high-throughput epigenome editing screen using 

scRNA-seq to functionally characterise chromatin modifying effectors to identify either new 

potent transcriptional regulators or novel combinations of epigenetic effectors that elicit strong 

and stable changes in gene expression when targeted to regulatory elements. From this, we may 

explore if certain effectors enhance, moderate, or override the binding and transcriptional 

regulatory effects of additional epimodifiers. Such information would build upon our 

understanding of how certain pre-existing chromatin and epigenetic modification contexts 

influence the effectiveness of recruiting subsequent modifications to that site. This would 

provide a more accurate reflection of the natural state of chromatin and how it is dynamically 

regulated, as well as clues to deciphering the functionality behind different combinations of 

these marks (Park et al. 2016). This aim was devised based on previous literature that was 

largely limited to exploration of manipulating the epigenome with only one modification or 

chromatin regulator at a time, resulting in highly variable efficacy depending on target gene 

and cell type, with transient epigenomic and transcriptional changes reported (see Chapter 

1.1). The limited performance of these tools was likely hindered by the natural complexity of 

the epigenome and the vast combination of modifications that regulate gene expression, which 

is currently a major challenge to replicate experimentally. Although there are a growing number 

of second-generation epigenome editing tools available, investigating the functionality of 

epimodifiers has largely been dependent on the first-generation direct fusion design between a 

DNA binding domain and an epimodifier. Though these studies provide a good foundation on 

which to build, they are limited in the scale at which multiple different epimodifier 

combinations can be explored in different chromatin contexts (Ram et al. 2011; Keung et al. 

2014; Stampfel et al. 2015; Amabile et al. 2016; Yeo et al. 2018; O'Geen et al. 2019). Thus, 

there was the need for developing a novel high-throughput epigenome editing screen to 

https://paperpile.com/c/OVVcii/rA9d
https://paperpile.com/c/OVVcii/tgmA+BRxb+c08Q+0kdr+CIJy+9iHR
https://paperpile.com/c/OVVcii/tgmA+BRxb+c08Q+0kdr+CIJy+9iHR
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investigate epimodifiers in combination to more effectively rewrite the endogenous gene 

regulatory network at target genes. 

 

4.1 High-throughput screening through massively parallel single cell 

analysis 
The effects of targeted epimodifier tools upon genome state and activity are generally assessed 

through delivery of editing assemblies to a population of cells in a culture plate or well. While 

this can yield large amounts of cellular material to analyse, it suffers from several major 

drawbacks. These include the diversity of different cell states present in each well and often 

high variability in the delivery of constructs to the cells and their expression within each cell. 

Heterogeneity of transfection or transduction is particularly problematic when the epigenome 

editing tools are composed of multiple components. If these are encoded on different plasmids, 

then homogenous delivery of all components to all cells in a population is extremely 

challenging to achieve. If all components are encoded on one plasmid, then this requires 

significant upstream investment in cloning, which is exacerbated enormously when the 

objective is to test the effect of many different combinations of epigenetic effectors. However, 

the development of highly parallelized single cell transcriptome analysis technologies (scRNA-

seq) in recent years offers an attractive alternative. If a random set of effectors can be 

transduced into each cell, and then their identity and effect on their target genes subsequently 

determined in each individual cell, then it provides a platform where essentially each individual 

cell functions as an independent experiment. Thus, we aimed to develop a single cell 

combinatorial epigenome effector screening platform that would allow us to assess the effect 

of a very large number of different combinations of epimodifiers upon target gene expression.  

 

4.1.1 Overview of the single cell combinatorial epigenome editing screen design 
An overview of our single cell combinatorial epigenome editing screen design is illustrated in 

Figure 4.1. The principle of the screen would involve a HEK293T engineered cell line 

(expressing dCas9-SunTag and a set of sgRNAs targeting it to the promoters of a panel of target 

genes) being transduced with a pool of epimodifier lentiviruses, with each lentivirus encoding 

a distinct epimodifier linked to 𝛼GCN4 that would be recruited to the dCas9-SunTag (Figure 

4.1.A, B). The current epimodifier library consists of DNA methylation and histone readers, 

writers and erasers, chromatin remodellers, chaperone and scaffold proteins, cell cycle 

regulators, and transcription activators and repressors (see full list of 25 epimodifiers in Table 
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2.1 and 2.2). Transduction would be performed at a multiplicity of infection (MOI) sufficient 

to achieve an average distribution of 2-3 epimodifiers per cell, with some obtaining zero and 

others with four or more. In this way, we would deliver a random epimodifier combination to 

each cell, in order to generate all possible permutations across the large population of 

transduced cells. Next, scRNA-seq using the 10X Chromium single cell platform (10X 

Genomics) would then be performed on the transduced cells after 72 hours (Figure 4.1.C). The 

aim of this was to detect the set of epimodifiers expressed in each individual cell, and quantitate 

their potential effect upon expression of the panel of target genes in the same cell, for many 

thousands of single cells simultaneously. The development and use of a redundant molecular 

barcoding system for each effector would allow analysis of the scRNA-seq data to reliably 

identify which epimodifiers were expressed in each cell. In this barcoding system, each 

epimodifier construct had built in barcoding redundancy. This was composed of a short 

expressed epimodifier-specific barcode sequence present in two different transcripts in the 

lentiviral construct, one located immediately upstream of the epimodifier’s polyadenylation 

site and the other expressed under the U6 promoter within the same lentiviral construct 

(annotated as polyA and U6 in Figure 4.1.A and C). In addition, we codon optimized the 3’ 

end of each epimodifier to distinguish them at the RNA level from their endogenous 

counterparts encoded in the human genome. In this way, many separate individual cells that 

expressed the same combination of epimodifiers could be analysed, each effectively acting as 

a technical replicate of the particular epimodifier combination, in order to more reliably detect 

potential effects upon transcription at the different target genes at the single cell level (Figure 

4.1.D).  



100 

 
Figure 4.1. Components of the high throughput epigenetic epimodifier screen. (A) An overview of cell 
transduction components involving dual barcoded epimodifiers (e.g. DNMT3A, G9A and p6HSF1) encapsulated 
in lentiviral particles that were transduced into cells stably expressing dCas9-SunTag and multiplexed 6x sgRNA. 
Barcodes are annotated as polyA (white) and U6 (pink). (B) A schematic of an individual cell containing several 
epimodifiers that were translated by the cell to then be recruited and bound to the dCas9-SunTag platform at a 
desired target loci to edit the epigenome and thereby induce changes in target gene expression. Genes displaying 
a range of endogenous expression levels were selected to provide a spectrum of targets over which to measure 
epimodifier regulatory potential. (C) Transduced cells were analysed by scRNA-seq using the Chromium single 
cell platform and Illumina sequencing. These data were analysed to identify which epimodifiers were expressed 
in each cell, their expression levels, and the transcript abundance of their target genes. (D) Subsequently, the data 
was analysed to identify cell clusters from which changes to target gene expression levels and presence of 
epimodifiers was determined. Image created by Christian Pflüger and Ryan Lister using BioRender. 
 

 

4.1.2 The 10X Chromium scRNA-seq platform 
Many different techniques are now available for isolating single cells and conducting scRNA-

seq (Hwang et al. 2018). These include limiting dilution and fluorescence activated cell sorting 

(FACS), but one of the most common and scalable options now available is to use microfluidics 

to encapsulate cells in individual droplets. This is because such a technique provides fast, high 

throughput cell processing with consistently high quality data (Datlinger et al. 2019). There is 

a growing number of microfluidic methods available including inDrop (Klein et al. 2015), 

Drop-seq (Macosko et al. 2015), and the 10X Chromium platform (10X Genomics, Zheng et 

al. 2017), with the latter reported as the top performer for reproducibility, sensitivity, and 

https://paperpile.com/c/OVVcii/2H7y
https://paperpile.com/c/OVVcii/cGct
https://paperpile.com/c/OVVcii/o2JK
https://paperpile.com/c/OVVcii/QCG4
https://paperpile.com/c/OVVcii/ZjCh
https://paperpile.com/c/OVVcii/ZjCh
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precision (Zhang et al. 2019; Ding et al. 2019), hence it was the method of choice for 

development of the screening platform in this PhD project.  

 

The 10X Chromium platform as shown in Figure 4.2 can encapsulate up to ~10,000 cells per 

individual sample, with each cell captured within an oil droplet using a limiting dilution to 

minimise cell multiplets. Each droplet contains lysis buffer and a RNA-capture gel bead that is 

uniquely barcoded. These barcodes consist of a PCR handle (i7), cell barcode, unique 

molecular identifier (UMI) and a poly (dT) primer for capturing polyadenylated RNA. The 

resulting cell-containing droplets are referred to as GEMs (Gel bead-in-EMulsion). Within 

these GEMs, the gel beads are dissolved, and the cells lysed, followed by within droplet reverse 

transcription (RT) of the captured RNA. As a result, each cDNA molecule consists of a UMI 

and cell specific barcode per GEM, as well as a template switching oligo (TSO) sequence. The 

droplets are demulsified, and the resulting cDNA are amplified using the TSO and i7 handle. 

Lastly, libraries are prepared from the sheared cDNA using Illumina adapters, followed by 

high-throughput next-generation sequencing and data analysis (Zheng et al. 2017). 

Consequently, this microfluidic scRNA-seq method provides a means of detecting 

transcriptional changes to target genes in response to recruitment of different epimodifier 

combinations in individual cells. 

 

 
Figure 4.2 Illustration of an emulsion-based scRNA-seq method and its use in a combinatorial epigenome 
editor screen. Thousands of cells are encapsulated in droplets containing lysis buffer and RNA-capture beads 
that are uniquely barcoded. These barcodes consist of a cell barcode, unique molecular identifier (UMI) and a 
poly (dT) primer. The resulting cell-containing droplets are referred to Gel bead-in-EMulsion (GEMs) within 
which reverse transcription (RT) occurs to capture the RNA. The droplets are demulsified, and the resulting cDNA 
are amplified followed by library preparation using Illumina adapters, high-throughput next-generation 
sequencing and data analysis. Image adapted from Dolomite 2016 and Zheng et al. 2017. 
 

 

https://paperpile.com/c/OVVcii/ZIcT+Dd6w
https://paperpile.com/c/OVVcii/ZjCh
https://paperpile.com/c/OVVcii/7hCg+ZjCh
https://paperpile.com/c/OVVcii/7hCg+ZjCh
https://paperpile.com/c/OVVcii/7hCg+ZjCh
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In this chapter, I will describe the design, construction, testing, optimization, and analysis of 

the key molecular, cellular, genomics, and computational components, as well as two pilot-

scale tests of the screen. This begins with Section 4.2, detailing the expansion and testing of 

the various elements of the dCas9-SunTag system as the epigenome editing tool of choice. This 

work leads into Section 4.3, describing the first pilot test of the highly parallelized 

combinatorial epigenome editor screen. The results from this initial test guided the design of 

the improved barcoded epimodifier strategy as detailed in Section 4.4, along with the highly 

promising results and analysis of a second pilot-scale test and a discussion of future 

optimisation strategies. With this proof of principle design, the future aim is to test a much 

larger library of epimodifiers (e.g. ~100) to identify either new potent transcriptional master 

regulators or novel combinations of effectors that perform synergistically or additively, in order 

to generate new molecular tools for the control of gene expression, and gain new insights into 

the combinatorial complexity of the human epigenome. The long term vision for the 

implementation of such a tool is to provide the means to investigate different cell types, across 

a range of developmental stages, disease states, and target loci, with the ultimate objective of 

discovering regulators that exhibit more uniform and generalizable behaviours as well as 

context specific epimodifiers that can alter any desired existing chromatin state. 

 
 
4.2 Expansion of dCas9-SunTag components for the development of a 

combinatorial epigenetic editor screen 
The efficacy and reproducibility of the SunTag system as a tool for targeted regulation of gene 

transcription and epigenetic editing has been well established (Tanenbaum et al. 2014; Gilbert 

et al. 2014; Konermann et al. 2015; Chavez et al. 2016; Gao et al. 2016; Horlbeck et al. 2016; 

Lu et al. 2018; Zhou et al. 2018; Morita et al. 2016; Huang et al. 2017; Gallego-Bartolomé et 

al. 2018; Pflueger et al. 2018; Chiarella et al. 2019; Papikian et al. 2019; Taghbalout et al. 

2019). Given its ability to recruit multiple copies of the same epimodifier to a target site with 

high specificity, it is also conceivable to leverage the array of 𝛼GCN4 binding sites on the 

SunTag for multiplexed epigenetic editing, employing more than one epigenetic effector 

simultaneously (Pflueger et al. 2018). Thus, to determine if this was possible required building 

and testing various SunTag components. These components were eventually to become a part 

of our large combinatorial epigenetic editing screen. 

 

https://paperpile.com/c/M5bva7/j5iL+rr18+lRXP+eIhl+yK8g+StJO+5ke7+z3ye
https://paperpile.com/c/M5bva7/j5iL+rr18+lRXP+eIhl+yK8g+StJO+5ke7+z3ye
https://paperpile.com/c/M5bva7/j5iL+rr18+lRXP+eIhl+yK8g+StJO+5ke7+z3ye
https://paperpile.com/c/M5bva7/rwQz+d6uu+EUmo+aWog+uu4d+OkIu+4ATq
https://paperpile.com/c/M5bva7/rwQz+d6uu+EUmo+aWog+uu4d+OkIu+4ATq
https://paperpile.com/c/M5bva7/rwQz+d6uu+EUmo+aWog+uu4d+OkIu+4ATq
https://paperpile.com/c/c3cUV1/8WR4
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The testing and expansion of the various components of the SunTag system is detailed below, 

starting with optimizing the transfection efficiency of HEK293T cells, then selecting and 

cloning an initial set of transcriptional effectors. Following this, the selection of six target genes 

and their respective sgRNAs is explained, along with the development and testing of RT-qPCR 

primers and a unique priming sequence (UPS) used as a universal PCR priming site. 

Subsequently, the cloning and assessment of a multiplexed sgRNA array, as well as the 

establishment of this array in a stable expressing cell line, along with two variations of a dCas9-

SunTag transgenic line, is described. Together these components form the foundational work 

on which the high-throughput epigenetic editing screen was based in order to explore the causal 

roles of these modifications in transcriptional regulation. 

 

4.2.1 Optimising transfection conditions and selecting transcriptional effectors 

for pilot testing the epigenome editing screen 
To begin, I initially established a transfection protocol for introducing up to three plasmids into 

mammalian HEK293T cells. HEK293T cells were selected as they are non-cancerous and are 

a commonly used cell line, allowing the results to be more easily comparable to other 

representative studies. Perhaps more importantly, HEK293T cells are highly amenable to 

growth, modification, and manipulation, and so were selected as the initial cell line in which 

to develop this screen. While non-transformed cells such as embryonic stem cells and their 

derivatives may ultimately be more relevant to normal human cell function and regulation, they 

can be very challenging to utilize in a screen like the one being developed here, for example 

due to their spontaneous differentiation and requirement to grow in colonies. Such factors 

would greatly complicate initial development and optimization of a pooled library screen 

platform, but they remain an interesting target for future screening platforms. After testing 

different seeding densities and ratios of DNA to transfection reagent, initial results indicated 

that 200,000 cells per 6 well using a 1:3 ratio of DNA to FuGENE (Promega, #E231) was 

optimal for high transfection efficiencies and minimal cell toxicity (Figure 4.3.A). However, 

these results were not reproducible over time so FuGENE was replaced with ViaFect (Promega, 

#E4982) which showed optimal performance at a 1:4 ratio when transfecting 150,000 cells per 

24 well plate (Figure 4.3.B). These conditions were used for the remainder of testing. 
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Figure 4.3. Transfection efficiencies comparing FuGENE ratios and three plasmid transfections using 
ViaFect. (A) Transfecting GFP-Puro plasmid with 1 or 2 µg as labelled with 2, 3 or 6 µL of FuGENE 24hrs post-
seeding 200,000 HEK293T cells per 6 well, imaged at 48 hrs post transfection on a FLoid microscope 
(ThermoFisher). (B) Transfecting 500 ng total DNA with three plasmids using 2 µL ViaFect into 150,000 
HEK293T cells per 24 well. Imaged using the CellaVista (SynenTec). 
 

 

Having optimised the transfection conditions, the next step was to choose a range of 

transcriptional effectors to fuse to the SunTag antibody (𝛼GCN4). Ten effectors were selected 

for pilot testing the SunTag system (five associated with gene activation and five with 

repression) along with the non-catalytic control (mCherry) established by our previous work, 

and EZH2, which was included as a result of work published in 2019 by O'Geen et al. A full 

list of effectors is provided in Table 4.1 below. These effectors were each fused to the C-

terminus of the 𝛼GCN4 construct, a schematic of which is shown in Figure 4.4.A, along with 

the design for the dCas9-SunTag and sgRNA transient transfection plasmids. 

 
  

https://paperpile.com/c/M5bva7/zbst
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Table 4.1. Transcriptional effectors used in the SunTag epigenome editing pilot screen. 

Gene 
Name 

Name Function Size Reference 

p65HSF1 NF-kB trans-activating subunit (p65) 
fused to human heat-shock factor 1 
(HSF1) 

Super transcriptional 
activator 

939 (Konermann et al. 
2015; Zhou et al. 
2018) 

VP64 tetrameric repeat of VP16’s minimal 
activation domain 

Transcriptional 
activator 

150 (Beerli et al. 1998; 
Maeder et al. 2013) 

TET1 Ten-eleven translocation 
methylcytosine dioxygenase 1 

DNA demethylase 2154 (Maeder et al. 2013; 
Morita et al. 2016) 

p300 Adenovirus E1A binding protein Histone 
acetyltransferase 

1851 (Hilton et al. 2015) 

ING2 Inhibitor of growth family member 2 Chromatin remodeller 840 (Shi et al. 2006) 

KRAB Krüppel-associated box Transcriptional 
repressor 

288 (Gilbert et al. 2013; 
Thakore et al. 2015) 

DNMT3A DNA methyltransferase 3 alpha DNA methyltransferase 933 (Huang et al. 2017; 
Pflueger et al. 2018) 

DNMT3L DNA methyltransferase 3 like DNA methyltransferase 
support 

1158 (Stepper et al. 2016; 
Amabile et al. 2016) 

HDAC3 Histone deacetylase 3 Histone deacetylase 1296 (Kwon et al. 2017) 

G9A euchromatic histone lysine 
methyltransferase 2 (EHMT2) 

Histone 
methyltransferase 
(H3K9me2) 

1146 (O'Geen et al. 2017) 

EZH2 enhancer of zeste 2 polycomb 
repressive complex 2 subunit 

Histone 
methyltransferase 
(H3K27me3) 

2253 (O'Geen et al. 2019) 

mCherry fluorophore Catalytic null 705 (Pflueger et al. 2018) 
 

 

4.2.2 Selecting target genes and screening sgRNAs 
In parallel to cloning a small library of epimodifiers, we also selected appropriate target genes 

that exhibited a spectrum of transcript levels. This provided a means for testing the epimodifier 

library for a broader range of transcriptional regulatory effects, while ensuring that changes in 

transcription did not cause issues with cell viability. As with any dCas9 targeting system, we 

performed an elimination screen on several sgRNAs for each target, to identify the most 

suitable sgRNA for each. Initially, four target genes were selected based on the efficacy of 

editing by previously reported dCas9 fusion constructs: KL (Klotho, Azuma et al. 2012), 

EPCAM (epithelial cellular adhesion molecule, Stepper et al. 2016; Cano-Rodriguez et al. 

2016), TMEM206 (transmembrane protein 206, Pflueger et al. 2018), and B2M (beta-2-

microglobulin, Amabile et al. 2016). All sgRNA sequences are reported in Supplementary 

Table S7.4.1 and details of the four target genes are reported in Supplementary Table S7.4.5. 

https://paperpile.com/c/M5bva7/lRXP+z3ye
https://paperpile.com/c/M5bva7/lRXP+z3ye
https://paperpile.com/c/M5bva7/lRXP+z3ye
https://paperpile.com/c/M5bva7/7GJP+2DhH
https://paperpile.com/c/M5bva7/7GJP+2DhH
https://paperpile.com/c/M5bva7/2DhH+rwQz
https://paperpile.com/c/M5bva7/2DhH+rwQz
https://paperpile.com/c/M5bva7/5nnY
https://paperpile.com/c/M5bva7/64BN
https://paperpile.com/c/M5bva7/fa8Q+gJGH
https://paperpile.com/c/M5bva7/fa8Q+gJGH
https://paperpile.com/c/M5bva7/d6uu+aWog
https://paperpile.com/c/M5bva7/d6uu+aWog
https://paperpile.com/c/M5bva7/cfDt+iS4y
https://paperpile.com/c/M5bva7/cfDt+iS4y
https://paperpile.com/c/M5bva7/5si1
https://paperpile.com/c/M5bva7/LHsW
https://paperpile.com/c/M5bva7/zbst
https://paperpile.com/c/M5bva7/aWog
https://paperpile.com/c/M5bva7/gjnZ
https://paperpile.com/c/M5bva7/cfDt+X5J0
https://paperpile.com/c/M5bva7/cfDt+X5J0
https://paperpile.com/c/M5bva7/aWog
https://paperpile.com/c/M5bva7/iS4y
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Up to six sgRNAs were designed and cloned for each target gene to screen for optimal 

performers, as indicated by changes in gene expression. I followed the experimental procedure 

outlined in Figure 4.4.B to test these different sgRNAs, where cells were transfected 24 hrs 

post-seeding and harvested for RNA extraction 72 hrs post transfection (ptf), followed by RT-

qPCR. The performance of each sgRNA is shown in Figures 4.4.C-F where the SunTag system 

was used to recruit the super activator, p65HSF1, targeted to either KLOTHO, EPCAM, 

TMEM206, or B2M, from which a single sgRNA was chosen for each gene for subsequent 

testing (KLOTHO-3, EPCAM-2, TMEM-2, B2M-4). Changes in expression level for each 

gene in Figure 4.4.C-F were calculated based on the fold change compared to untransduced 

cells, as indicated in brackets on the y-axis. The comparison sample to which fold change or 

log2 fold change was calculated for all remaining figures in this thesis is denoted by the sample 

name in brackets. 

 

The above experiments were performed with two control samples, 𝛼GCN4-p65HSF1 only, and 

a CRISPR interference (CRISPRi) control using 𝛼GNC4-mCherry. The former accounts for 

the effects of any untargeted, free-floating transcriptional activator upon target gene 

transcription. The latter represents a universal catalytically inactive protein, which binds to the 

dCas9-SunTag docking platform and provides an equivalent steric hindrance control at the 

target gene. This accounts for both the known potential inhibitory effect of having dCas9 bound 

to the DNA at a promoter, which can block access to transcription elongation factors and RNA 

polymerase and cause gene downregulation (Qi et al. 2013), and for any non-specific effects 

caused by having an epimodifier bind within the gene promoter. 

 

To ensure detection of changes in transcript abundance at the single cell level, additional target 

genes for demonstrating down regulation were sought. This was done by initially filtering 

HEK293T 10x Chromium single cell data for cells that had ≥500 Unique Molecular Identifiers 

(UMIs) per cell barcode. This defined what constituted a cell, providing a dataset of 7,881 cells 

with approximately 18,000 detected transcripts in for all cells (pseudo-bulk). This data was 

further filtered to only include genes that had ≥10 UMIs per transcript in at least 50% of the 

cells. We obtained a list of 207 transcripts that passed these thresholds. Subsequently, we 

removed all genes that were known to be essential in metabolic pathways, ribosomal associated 

and Knock Out lethal, leaving a short list of five possible targets. Of these, RBM3 (RNA 

binding motif protein 3) and HINT1 (histidine triad nucleotide binding protein 1) were selected 

as they were not flagged as lethal or known factors required for proliferation as detailed in the 

https://paperpile.com/c/M5bva7/Clob
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phenotypes of RNAi screens. Furthermore, partial promoter hypermethylation of HINT1 has 

been found to be associated with lower expression in some cancers, which has subsequently 

been alleviated with the treatment of 5-aza-2-deoxycytidine (Wang et al. 2006; Zhang et al. 

2009). HINT1 is also a metabolic enzyme that hydrolyses purine nucleotide phosphoramidates 

substrates, including AMP-morpholidate, while RBM3 is conditionally upregulated upon cold 

shock or low oxygen levels (UniProt Consortium 2019) and thus appears to be regulated in a 

metabolically independent pathway. Therefore, including both HINT1 and RBM3 balances the 

risk of causing cell toxicity or death when downregulating either of these genes. 

 

Having selected RBM3 and HINT1 as two strongly expressed target genes, we then used the E-

CRISP tool (http://www.e-crisp.org/E-CRISP/index.html) to design sgRNA sequences up to 

250 bp upstream from the transcriptional start sites (TSS). Six guides for each gene were 

selected based on their efficiency score (E-Score) and redundancy of placement relative to each 

other, and later tested in an elimination screen. This screen utilised the transcriptional repressor 

domain KRAB, fused to 𝛼GCN4, in order to select the most efficacious sgRNAs for 

downregulating the highly expressed RBM3 and HINT1 genes. Due to both the difficulty of 

detecting gene repression and the variation in transfection efficiency across experiments, cells 

were no longer collected from whole cell populations, but instead FACS was employed 72 hrs 

ptf to enrich for cells expressing all three SunTag components (BFP: dCas9-SunTag, mCherry: 

6x sgRNA, and GFP: 𝛼GCN4-epimodifier). Figures 4.4.G-H illustrate the efficacy of the 

different sgRNAs, from which sgRNAs HINT1-1 and RBM3-1 were selected for future 

experiments.  

 

https://paperpile.com/c/M5bva7/wjjN+CeAo
https://paperpile.com/c/M5bva7/wjjN+CeAo
https://paperpile.com/c/M5bva7/T70B
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Figure 4.4. SunTag plasmid design and sgRNA elimination screen. (A) Schematic of the three SunTag 
plasmids used for transient transfection indicating choice of promoters (hPGK, human glycerol kinase, pU6, RNA 
polymerase III promoter and pEF1a, human elongation factor-1 alpha), position of protein tags (3xHA and 3xTy1) 
and nuclear localisation signals (NLS). The schematic also shows the 𝛼GCN4 domain with a super folder-GFP 
(sfGFP) and solubilizing tag (GB1), fused via a linker sequence to an epimodifier of choice with the 3’ end codon 
optimised and the addition of a Unique Priming Sequence (UPS3). (B) Experimental timeline for performing 
sgRNA elimination screen. (C-H) Screening sgRNAs for six target genes based on efficacy to induce 
transcriptional change, with endogenous expression levels reported below each gene name in brackets. HEK293T 
cells transfected with dCas9-SunTag and 𝛼GCN4 fused to either (C-F) p65HSF1 or (F-H) KRAB, along with a 
sgRNA as labelled. CRISPRi Ctrl: 𝛼GCN4-mCherry with 1-sgRNA for each target gene. (C-F) Fold change 
calculated based on untransfected cells. (G-H) Log2 fold change calculated based on transfection of blank-
sgRNA, n = 2, biological replicates. (C-F) unsorted and (G-H) triple-positive BFP, GFP and mCherry sorted cells. 
**p < 0.005, *p < 0.05, #p = 0.09. 
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4.2.3 RT-qPCR primer design and optimisation of the unique priming sequence 

(UPS) 
In order to perform the sgRNA elimination screen, appropriate RT-qPCR primers had to be 

designed and optimised, including those for three housekeeper genes that are not affected by 

the experimental conditions and show minimal variability (Kozera and Rapacz 2013). 

Ribosomal protein S18 (RPS18), heat shock protein C3 (HSPC3) and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) were selected based on the merits of exhibiting consistent 

expression in bulk RNA samples, as discussed in previously published research in the field 

(Kozera and Rapacz 2013; Krainova et al. 2013). Furthermore, primers were designed and 

tested for each target gene, dCas9-SunTag, and for each of the effectors that were fused to the 

𝛼GCN4 domain. This enabled us to determine if changes in transient or stable expression of 

the transfected/transduced components were potentially contributing to variation across 

experimental conditions. A full list of qPCR primers is provided in Supplementary Table 

S7.4.4.  

 

To enrich for and detect the different effectors introduced into each cell at a single cell level, 

two additional features were added to the 𝛼GCN4-epimodifier constructs. Firstly, the last 300 

bp of each epimodifier sequence was codon optimised at the 3’ end (shown in Figure 4.4.A), 

such that it encoded the same protein but different in mRNA sequence through alternative 

codon usage. qPCR primers were designed to hybridize to these codon optimized sequences in 

order to be able to distinguish between endogenous expression levels and our exogenously 

introduced constructs. Secondly, a short UPS was introduced at the 3’ end of each epimodifier, 

after the stop codon but upstream of the polyadenylation site (see Section 4.3.1 for further 

description and rationale for this feature of the screen). To achieve this, three UPSs were 

designed and tested (Table 4.2), two of which were based on human nullomer sequences, short 

oligomeric sequences not found in the human genome (Hampikian and Andersen 2007), and 

one based on the 5’ end of the Arabidopsis plant gene ribulose bisphosphate carboxylase large 

chain (rbcL). For initial testing, a single UPS (UPS3) was selected based on qPCR 

amplification efficiency and was subsequently cloned into the 3’ end of every epimodifier 

plasmid. 

 
  

https://paperpile.com/c/M5bva7/bJZ6
https://paperpile.com/c/M5bva7/bJZ6+7Rm8
https://paperpile.com/c/M5bva7/62gs
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Table 4.2. Unique priming sequences (UPS) and their composition. 

Name Sequence bp 

UPS1 (Nullomer 1+2)  GAGCGTATAACGCTCGACGTAATC 24 

UPS2 (Nullomer 3+4) GACGAACGGTAACCGATACGTTAC 24 

UPS3 (rbcL 5’) GTCACCACAAACAGAGACTCAACG 24 

 

 

4.2.4 Cloning a multiplexed sgRNA array  
Following successful cloning of UPS3 into the 3’ UTR of each epimodifier construct, plasmids 

containing either three (KLOTHO-3, EPCAM-2, and TMEM-2) or all six sgRNA target 

sequences (including B2M-4, HINT-1, and RBM3-1) in a multiplexed format were designed 

and synthesised. A schematic of the 6x sgRNAs is shown in Figure 4.5.A, where each sgRNA 

was driven by an independent RNA polymerase III-specific U6 promoter followed by a sgRNA 

scaffold and a dedicated transcriptional terminator. The efficacy of these multiplexed guides 

(3x sgRNA, 6x sgRNA) were tested and directly compared to their individual reference sgRNA 

plasmids (1x sgRNA). This was performed by co-transfecting them with 𝛼GCN4 fused to either 

KRAB or p65HSF1, and measuring any transcriptional changes using RT-qPCR compared to 

𝛼GCN4-mCherry. The results in Figure 4.5.B indicate that the multiplexed sgRNAs are 

comparable to the individual guides in terms of up or downregulation of the target genes, 

though the latter shows greater variability. Consequently, successful targeting and 

transcriptional regulation of up to six target genes simultaneously was achieved. 
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Figure 4.5. Comparing the simultaneous regulation of six target genes by single (1x) or multiplexed (3x or 
6x) sgRNAs. (A) Schematic of multiplexed 6x sgRNA plasmid with individual U6 promoters (pU6) and gRNA 
scaffold sequences, designed and cloned using NEB Golden Gate tool (https://goldengate.neb.com/editor) with 
BsmBI. (B) HEK293T cells were transiently transfected with dCas9-SunTag and 𝛼GCN4 fused to either KRAB 
or p65HSF1, along with a single or multiplexed sgRNA plasmid. Log2 fold change in transcript abundance was 
calculated compared to an mCherry control sample (𝛼GCN4-mCherry + 6x sgRNA), n = 2, biological replicates, 
BFP and GFP double-positive sorted cells, mean ± SD. 
 

 

4.2.5 Establishing stable transgenic cell lines 
Having established the efficacy of the multiplexed sgRNA construct, the next step was to create 

a transgenic cell line that stably expresses both the dCas9-SunTag and 6x sgRNA components. 

The main benefit of this is that two of the three components that were previously transiently 

transfected would then be stably expressed within the cells, thus greatly improving the 

transfection efficiencies while simplifying the cell sorting process. Stable expression of these 

two components is also needed for the single cell screen, so that only the 𝛼GCN4-epimodifiers 

needed to be introduced into the cells. By cloning and harvesting these epimodifiers as 

lentiviruses, cells could then be transduced to achieve randomized epimodifier combinations 

in each cell. Further details of this procedure and the single cell screen is described in Section 

4.3 below. 

 

4.2.5.a Creation and verification of a multiplexed sgRNA cell line 
To produce stable expression lines of both dCas9-SunTag and the 6x sgRNA, I designed and 

cloned both components into separate lentiviral backbones due to viral integration size limits 
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(Kumar et al. 2001). Due to cloning difficulties with the dCas9-SunTag construct, the 6x 

sgRNA construct was stably introduced first. HEK293T wild type (WT) cells were transduced 

with the pLenti-6xHRBKET-sgRNA-mCherry virus (schematic shown in Figure 4.6.A, with 

each letter representing a target gene), grown for 72 hrs, and then single cells were FAC sorted 

into 96 well plates based on mCherry expression. Individual clones were grown for 10 days, 

with 15 positive colonies shown in Figure 4.6.B. The healthiest six clones were selected and 

further propagated for an additional 10 days as shown in Figure 4.6.C. In parallel, a pLenti-

6xHRBKET-sgRNA-BSD virus (replacing mCherry with blasticidin cassette) was generated, 

transduced into WT cells, and blasticidin selected for up to 6 days. These cells (BSD) as well 

as the two clonal cell populations expressing mCherry the most consistently (P2E2 and P3H11, 

abbreviation indicates the plate number and plate position) were transfected with dCas9-

SunTag and 𝛼GCN4-p65HSF1 constructs to assess the efficacy of the stable integration to 

induce transcriptional activation in comparison to WT cells transiently transfected with the 6x 

sgRNA plasmid. Figure 4.6.D illustrates that across three target genes, the 6x sgRNA stable 

expression line P3H11 induces activation similarly to, if not better than, the transiently 

transfected WT cells. Thus, the P3H11 6x sgRNA stable expression line was selected for 

further experimentation. 

https://paperpile.com/c/M5bva7/WJvo
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Figure 4.6. Characterisation of 6x sgRNA stable cell lines. (A) Schematic illustrating pLenti-6xHRBKET-
sgRNA-mCherry construct design. pCMV: cytomegalovirus promoter, BSD: blasticidin cassette, 5’ LTR and 3’ 
LTR: Long Terminal Repeats of lentiviral plasmid. (B) Single clones transduced with pLenti-6xHRBKET-
sgRNA-mCherry, single cell sorted for mCherry expression into 96 well plate format, imaged using CellaVista 
(SynenTec) 10 days post-sort. (C) Six clones expressing 6x sgRNA-mCherry propagated to 10cm plates and 
grown for a further 21 days, imaged on the FLoid cell imager (Thermo). (D) RT-qPCR data showing the level of 
activation achieved by three HEK293T stable cell populations expressing the multiplexed 6x sgRNA construct 
(P2E2, P3H11, and BSD) transfected with dCas9-SunTag and 𝛼GCN4-p65HSF1, compared to WT cells 
transiently transfected with the 6x sgRNA plasmid. Data is shown for three target genes, KLOTHO, EPCAM, and 
TMEM206. Log2 fold change was calculated based on cells transfected with 𝛼GCN4-mCherry, n = 1, BFP and 
GFP double-positive sorted cells. 
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4.2.5.b Generating and characterising a Tet-Off dCas9-SunTag line 
In parallel to producing a stable sgRNA expressing line, we also made many attempts at stably 

integrating the dCas9-SunTag construct. The initial plan was to create a doxycycline-inducible, 

constitutively expressed Tet-Off dCas9-SunTag line in order to control the timing of expression 

and to minimise off-target binding (Cao et al. 2016). To achieve this we switched the pPGK 

promoter with a Tet Response Element (TRE) promoter made up of seven repeats of the 

tetracycline operator (tetO) and cloned this into a lentiviral backbone to make pLenti-tetO-

dCas9-SunTag (Figure 4.7.A). We then cloned a second construct that was Puro selectable for 

the tetracycline-controlled transactivator (tTA) that contains a VP16 activation domain, pLenti-

Puro-T2A-tTA. The tTA binds to the tetO sequences, promoting expression, but is prohibited 

from binding on the addition of doxycycline (Gossen and Bujard 1992). Hence the expression 

of the dCas9 element is reduced. Additionally, using the Tet-Off rather than Tet-On system, 

means that we minimise exposing the cells to doxycycline which has been shown to cause 

transcriptional changes (Ahler et al. 2013). 

 

To begin, we produced viruses of both the pLenti-tetO-dCas9-SunTag and pLenti-Puro-T2A-

tTA constructs, transduced these into WT cells, grew them for 72 hrs, Puro selected for 48 hrs, 

and then serially diluted to obtain single clones over 7-10 days. Twenty-seven clones survived 

propagation for a further 3-7 days, before they were collected for genomic DNA (gDNA, 

Bioline) and RNA extraction (Qiagen) to determine dCas9 and Puro expression levels. Agarose 

gel electrophoresis of the gDNA PCR fragments revealed that all clones contained the smaller 

Puro cassette, while 23/27 clones appeared to contain the dCas9 insert (Figure 4.7.B-C). To 

determine if these inserts were being expressed, and not located in an unfavourable chromatin 

context, we performed RT-qPCR on 21/27 samples that had sufficient RNA. Agarose gel 

electrophoresis of the qPCR samples confirmed that Puro was expressed in all clones, while 

dCas9 appeared to only be expressed in four clones (Figure 4.7.D). Consequently, these four 

clones were selected for further testing.  

 

In order to determine if the expression levels of dCas9 in the four clones were sufficient to 

achieve activation of our target genes, the clones were transiently transfected in triplicate with 

𝛼GCN4-p65HSF1 and 6x sgRNA, along with WT cells as a control, and non-clonal cells 

(mixed) transduced with tetO-dCas9-SunTag and Puro-T2A-tTA. Cells were collected 72 hrs 

ptf for RNA extraction and RT-qPCR measuring dCas9 and KLOTHO expression. dCas9 was 

not expressed consistently except for in mixed cells (pooled, non-clonal cells FAC sorted for 

https://paperpile.com/c/M5bva7/SCad
https://paperpile.com/c/M5bva7/5Nkr
https://paperpile.com/c/M5bva7/hJV3
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BFP expression, Figure 4.7.E), and there was no upregulation of KLOTHO across any of the 

replicates except for non-specific amplification after 35 cycles (Figure 4.7.F). This data 

suggested that the dCas9 expression driven by a TRE promoter using the Tet-off system was 

not high enough to achieve activation of KLOTHO. This may have been a result of three factors. 

Firstly, Puro selection of the smaller Puro-T2A-tTA construct as an indication of stable 

expression does not guarantee that the surviving cells also contain the much larger dCas9 

cassette. Secondly, as reported by others, the lentiviral tetO-dCas9-SunTag transgene may have 

been silenced by surrounding heterochromatin upon integration into the HEK293T genome 

(Oyer et al. 2009; Yu et al. 2016), which may be more susceptible to silencing than other cell 

lines. However, the third and most likely possibility is that there were trace amounts of 

tetracycline in the FBS used to culture the cells. This trace tetracycline may be prohibiting the 

tTA domain from binding to the TRE promoter and thus dCas9 expression was down regulated. 

A future option would be to test a tetracycline-free FBS with these established cell clones. 

Since the desired outcome of target gene activation was not achieved, alternative design 

strategies for the dCas9-SunTag construct were sought. 

 

https://paperpile.com/c/M5bva7/0dly+XjRj
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Figure 4.7. Tet-Off dCas9-Suntag stable cell lines. (A) Schematic of lentiviral plasmids, pLenti-tetO-dCas9-
SunTag and pLenti-Puro-T2A-tTA and the mechanics of the Tet-Off doxycycline (dox) inducible system (adapted 
from https://www.addgene.org/collections/tetracycline). 5’LTR and 3’LTR: long terminal repeats, TRE promoter: 
Tet response element promoter containing seven tetracycline operator (tetO) repeats, T2A: a self-cleaving protein 
tag, tTA: tetracycline-controlled transactivator with VP16 activation domain, WPRE: woodchuck 
posttranscriptional regulatory element. (B-C) Agarose gels showing PCR fragments amplified from the gDNA of 
27 tetO-dCas9-SunTag clones, amplifying (B) Puro (150 bp) or (C) dCas9 (141 bp) with negative (neg-) and 
positive controls (pos+). (D) RT-qPCR fragments from the cDNA of 21 tetO-dCas9-SunTag clones, amplifying 
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dCas9 (141 bp). 1 to 4 indicate four clones that expressed measurable levels of dCas9. (E-F) RT-qPCR fragments 
from three control cell lines (WT: wild type HEK293T cells, tTA: cells transiently transfected with pLenti-Puro-
T2A-tTA only, mixed: non-clonal cells) and four dCas9 clonal lines transfected with 𝛼GCN4-p65HSF1. Bands 
indicate (E) dCas9 and (F) KLOTHO expression. cDNA was amplified with primers targeting three housekeeper 
genes (RPS18, HSPC3, GAPDH), dCas9 and KLOTHO. (D) 2.5 ng and (E-F) 50 ng cDNA were used per reaction. 
 

 

4.2.5.c Successful creation of an alternative dCas9-SunTag-BFP stable line 
As a result of the low expression levels of dCas9 driven by the Tet-Off promoter, different 

cloning strategies were pursued to test different promoters and selectable markers. Out of 19 

different dCas9-SunTag design variations (not including the nine Tet-Off plasmids already 

made) the construct that demonstrated the most promise was based on the construct designed 

by Tanenbaum et al. (2014), pLenti-pSV40-dCas9-SunTag-P2A-BFP-WPRE. To ensure that 

this construct matched the SunTag design we had previously established in our work (Pflueger 

et al. 2018), the Tanenbaum dCas9 cassette was replaced with our own, which included the 

3xHA tag, different dCas9 codon usage, and a linker sequence to the SunTag component 

(Figure 4.8.A). To determine that both constructs worked similarly to induce both activation 

and repression, we transiently transfected the 6x sgRNA stable cell line, P3H11, with either the 

Pflueger or Tanenbaum dCas9 construct, and 𝛼GCN4 fused to either p65HSF1 or KRAB. 

Figure 4.8.B illustrates that both constructs worked comparably well to induce either activation 

or repression of the six different target genes, though again, there was considerable variation 

in terms of down regulation. This is possibly due to HEK293T cells being less susceptible to 

KRAB-induced repression. This issue is discussed further in Chapter 6.3. Despite this, both 

constructs worked comparably well, and therefore we proceeded to make a stable cell line with 

the “Pflueger dCas9” construct so that our results would be directly comparable to those we 

have previously reported for the SunTag system.  

 

https://paperpile.com/c/M5bva7/j5iL
https://paperpile.com/c/M5bva7/aWog
https://paperpile.com/c/M5bva7/aWog


118 

 
Figure 4.8. Characterising the pSV40-dCas9-SunTag-BFP stable cell line. (A) Schematic of Pflueger and 
Tanenbaum versions of the pLenti-pSV40-dCas9-SunTag-P2A-BFP-WPRE plasmids. (B) Comparing Pflueger to 
Tanenbaum SunTag constructs to induce activation and repression. P3H11 cells transiently transfected with either 
Tanenbaum or Pflueger dCas9-SunTag plasmid and 𝛼GCN4 fused to either p65HSF1 or KRAB. Log2 fold change 
calculated based on 𝛼GCN4-mCherry transfected cells, , n = 2, biological replicates, BFP and GFP double-positive 
sorted cells, mean ± SD. 
 

 

To establish a line that stably expressed dCas9-SunTag, we produced lentivirus from the 

pLenti-pSV40-dCas9-SunTag-P2A-BFP-WPRE construct, transduced P3H11 6x sgRNA cells 

with this virus, and then sorted single cells into 96 well plates based on BFP expression. Of 

note, the BFP used in the Tanenbaum and Pflueger constructs is mTagBFP and not mTagBFP2. 

The former is dimmer and less photostable than the latter due to a stabilising I174A amino acid 

substitution in mTagBFP2 (Subach et al. 2011). This resulted in the BFP expression of our 

construct being very difficult to detect due to rapid photobleaching. This is unlike the pPGK-

dCas9-SunTag plasmid used for transient transfections, which has the more stable mTagBFP2 

fluorophore. mTagBFP2 will be used for any future use of this lentiviral construct.  

 

Despite this challenging issue, we were able to establish 36 clonal cell populations that were 

visually confirmed to express BFP and mCherry (Supplementary Figure S7.2). Of these, we 

extracted sufficient RNA from 21 clones and measured dCas9 expression compared to control 

https://paperpile.com/c/M5bva7/4CQc
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samples (WT and P3H11 6x sgRNA cells) using RT-qPCR. Four clones expressed dCas9 with 

a fold change greater than 100 compared to WT cells transiently transfected with dCas9-

SunTag (Figure 4.9.A). These four clones were transfected with 𝛼GCN4-p65HSF1 to test for 

targeted gene activation potential. Samples were compared to untransfected cells for each cell 

line. The results, shown in Figure 4.9.B, indicate that the P2A4 stable expressing dCas9-

SunTag cells achieved the greatest level of up regulation of KLOTHO, EPCAM, and TMEM206 

out of all the four clones. We then transfected the P2A4 cells with 𝛼GCN4-KRAB, and found 

that the dCas9-SunTag stable cell line performed comparably well to transient transfection of 

P3H11 cells when measuring B2M expression (Figure 4.9.C). To further confirm stable dCas9 

expression in P2A4 cells, immunostaining (with a secondary antibody conjugated to GFP, see 

Chapter 2.4.2 for details) followed by flow cytometry analysis was performed. Results 

indicated that 88% of cells were GFP positive (Supplementary Figure S7.3.A). Consequently, 

cells were enriched for BFP expression and the immunostaining was repeated. Enrichment 

resulted in 90% GFP positive cells expressing dCas9 (Supplementary Figure S7.3.B) 

 

To determine at what point the highest amount of repression could be achieved in the P2A4 

cells, a time course experiment was performed, measuring changes in gene expression for B2M, 

RBM3, and HINT1 (Figure 4.9.D). P2A4 cells were again transfected with 𝛼GCN4-KRAB, 

followed by FACS for GFP expression every 24 hrs over a period of five days. RNA extraction 

followed by RT-qPCR revealed different patterns of expression, depending on which gene was 

examined. Both B2M and HINT1 exhibited a trend for being more susceptible to down 

regulation by KRAB between 24 and 72 hrs, while RBM3 appeared more strongly affected after 

120 hrs, but this level of repression was not found to significantly differ from control cells 

transfected with 𝛼GCN4-mCherry (as measured by Holm-Sidak method for multiple t-tests). 

However, this experiment requires future replication, as the amount of RNA extracted could 

not be quantified prior to qPCR, which could skew the results compared to higher amounts of 

input RNA into the first-strand cDNA synthesis reaction. This was due to low yields from the 

bead-based RNA extraction kit (Agencourt RNAdvance Cell V2 kit, Beckman Coulter), 

possibly as a result of insufficient carrier RNA and DNA that impacted the binding efficiency 

of the beads. Subsequently, a dual column purification method was used, the Monarch Total 

RNA Miniprep Kit (NEB), with a noticeable improvement to yields and quality. Regardless, 

the average percentage of cells expressing GFP dropped from 40%, down to less than 2% over 

the five days (Supplementary Figure S7.3.C) due to the transient foreign DNA being 
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degraded and lost over several cell divisions (Kroll and Rathert 2018). Consequently, we next 

transduced the cells with a pLenti-pCMV-𝛼GCN4-KRAB-WPRE virus to achieve stable 

expression. 

 

Transduced cells were again measured over a time course of five days. Figure 4.9.E shows 

that no repression was observed for any of the three target genes. This was likely a result of 

two main factors: (1) the transduction procedure may be globally repressing gene expression 

beyond the capabilities of KRAB, and (2) as previously suggested, HEK293T cells may not be 

very susceptible to KRAB gene regulation. Further evidence for the limited susceptibility of 

these cells to KRAB is based on cells transiently transfected or transduced with KRAB and 

measured at 72 hrs ptf, compared to the equivalent experiment using p65HSF1. Figure 4.9.F 

shows that simultaneous activation of six target genes is comparable for transient (𝛼GCN4-

p65HSF1) and transduced cells (pLenti-𝛼GCN4-p65HSF1). By comparison, the corresponding 

experiment using KRAB showed minimal repression for only a subset of the target genes (B2M, 

RBM3, and HINT1) after transient transfection, while transduced cells showed no repression 

except for EPCAM (Figure 4.9.G), which is already lowly expressed. Due to the level of 

variability across replicates, any measurable repression was again not statistically significant 

(as measured by Holm-Sidak method for multiple t-tests). This may in part be due to the 

combined effect of the transiently transfected cells expressing more KRAB (ten fold more) and 

dCas9 (four fold more) than transduced cells (as measured using qPCR primers for the codon 

optimised KRAB and dCas9). Additional possibilities for why limited KRAB induced 

repression was observed are discussed at the end of Chapter 6.3. Despite these issues, I 

concluded that the SunTag system is a strong and viable option for developing the epigenetic 

epimodifier screen, for which this work was instrumental for building all the necessary 

elements for establishing a pilot-scale test, as detailed below. 

 

https://paperpile.com/c/M5bva7/nStG
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Figure 4.9. Characterising pSV40-dCas9-SunTag-P2A-BFP stable cell lines. (A) RT-qPCR data showing 
dCas9 expression in 21 different dCas9-SunTag clonal populations. 6x sgRNA denotes P3H11 cells. Fold change 
calculated compared to WT cells, n = 1, whole cell populations. (B) RT-qPCR data illustrating activation of 
KLOTHO, EPCAM, and TMEM206 for four different clonal populations transfected with 𝛼GCN4-p65HSF1. Fold 
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change calculated based on untransfected (UTF) cells for each clonal line, n = 1, GFP positive sorted cells. (C) 
RT-qPCR data showing B2M expression for P2A4 cells and transfected with 𝛼GCN4-KRAB, compared to P3H11 
cells transfected with dCas9-SunTag and 𝛼GCN4-KRAB. Log2 fold change calculated based on 𝛼GCN4-
mCherry transfected cells, n = 2, biological replicates, GFP positive sorted cells, mean ± SD. (D-E) Repression 
time course experiments from RT-qPCR data showing (D) transient and (E) stable downregulation of three target 
genes in P2A4 cells. Cells were either (D) transfected with 𝛼GCN4-KRAB or (E) transduced with pLenti-𝛼GCN4-
KRAB, and collected every 24 hrs for 5 days. Log2 fold change was calculated based on cells either (D) 
transfected with 𝛼GCN4-mCherry, or (E) transduced with pLenti-GFP-Puro virus, n = 3, biological replicates, 
GFP positive sorted cells, mean ± SD. (F-G) Comparing transient transfection versus stable transduction of either 
(F) p65HSF1 or (G) KRAB in P2A4 cells. RT-qPCR performed 72 ptf from cells (F) transfected with 𝛼GCN4-
p65HSF1 or pLenti equivalent, or (G) transduced with 𝛼GCN4-KRAB or pLenti equivalent. Log2 fold change 
calculated based on cells transfected with 𝛼GCN4-mCherry or transduced with pLenti-GFP-Puro virus as 
indicated in brackets on x-axis, n = 2, biological replicates, GFP positive sorted cells, mean ± SD. 
 

 

4.3 Development of the key components of the first combinatorial epigenome 

editor screen pilot test 
This section details the development, optimization, and testing of different components of the 

first pilot test of the high-throughput epigenome editing screen, encompassing the design and 

construction of the epimodifier constructs in a lentiviral library format, their pooled delivery 

and detection using a scRNA-seq approach, and testing of the viability and efficacy of this 

novel screening system. The features of these constructs were based on the SunTag system, 

where a dCas9-SunTag construct and 6x sgRNAs targeting the promoters of a panel of 6 genes 

were stably expressed in the HEK293T cell line (P2A4). The epigenome editing screen 

dovetails on the well-established stable P2A4 cell line to test and benchmark new epimodifier 

combinations at the six target genes.  

 

4.3.1 Design and construction of the epimodifier plasmids 
Several features of the epimodifier constructs needed to be considered before they could be 

used in our first single cell experiment. As shown in the top of Figure 4.10.A, the original 

design that was synthesised and tested in Section 4.2 included a unique priming sequence 

(UPS3). This sequence can be used as a universal targeted RT prime site or PCR handle to 

enrich for and detect all epimodifier sequences with a single primer, greatly improving the 

sensitivity for epimodifier detection after sequencing. Further, as described in Section 4.2.3, 

each epimodifier was codon optimised throughout the 300 bp length of its coding sequence 

upstream of the stop codon, in order to be able to differentiate between expression of our 

exogenously introduced epigenome editing constructs and their endogenous counterparts 

encoded in the human genome. Codon optimization of only the last 300 bp upstream of the 
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stop codon was based on the observation of where the majority of cDNA sequence fragments 

are located in the 10X Genomics scRNA-seq technology. The enzymatic DNA fragmentation 

step within the scRNA-seq methodology results in cDNA reads that are highly enriched in this 

300 bp region upstream of the polyadenylation site, and was used to identify which epimodifier 

was in which cell. The original 𝛼GCN4 design from Pflueger et al. (2018) had the Ty1 tags at 

the 3’ end of each epimodifier, which when used in this screen would result in identical 3’ 

sequences in each epimodifier that would complicate their discrimination from one another. 

Thus, for the purpose of this screen, the 3xTy1 tag was repositioned to the 5’ end of the 

epimodifier constructs to maximise the diversity and uniqueness of each epimodifier’s 3’ base 

composition.  

 

Based on this design, four epimodifiers were selected from the eleven we had available at the 

time (Table 2.1) to perform an initial pilot test of the single cell epigenome editing screen. 

Based on work by Amabile et al. (2016), KRAB, DNMT3A, and DNMT3L were selected as 

they had previously been shown to work synergistically to induce potent gene silencing, 

increasing the chances of detecting transcriptional repression at a single cell level. In addition 

to these three epimodifiers, the transcriptional super activator p65HSF1 was also chosen as it 

was likely to induce a sufficient level of gene activation to be detectable. Subsequently, four 

different selectable markers were cloned downstream of each of the four epimodifiers, 

following an independent pPGK promoter (Figure 4.10.A). These markers were employed so 

that each epimodifier could potentially be individually enriched for in the mixed transduced 

cell population. Fluorescent proteins were the first option considered, but there were few 

available that did not overlap with the excitation and emission spectra of the pre-existing BFP 

(dCas9-SunTag), GFP (𝛼GCN4), and mCherry (6x sgRNAs) fluorophores already present in 

the SunTag stable cell line used in the screen. This left three options based on the laser 

configuration of our flow instrumentation: mRuby2, iBlueberry, and mTagBFP2, with a fourth 

selectable marker being neomycin (Neo, Figure 4.10.A). It should be noted that these markers 

were not used for individual selection at this time, but were nevertheless beneficial as discussed 

in Section 4.3.2 below. Subsequently, these four epimodifiers were cloned into third generation 

lentiviral backbones (LVP024_DNMT3A_mRuby2, LVP025_DNMT3L_iBlueberry, 

LVP026_KRAB_mTagBFP2, and LVP027_p65HSF1_Neo). Third, rather than second, 

generation lentiviral expression plasmids were selected based on the additional safety features 

incorporated into the former (Gándara et al. 2018). These backbones included a 

cytomegalovirus (CMV) promoter and the addition of a woodchuck posttranscriptional 

https://paperpile.com/c/c3cUV1/8WR4
https://paperpile.com/c/c3cUV1/n0Dh
https://paperpile.com/c/c3cUV1/anYO
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regulatory element (WPRE) 3’ of the UPS3 sequence. The WPRE was included as it supports 

mRNA maturation and thereby increases transgene expression, as well as improving viral 

packaging and titre (Klein et al. 2006; Ngai et al. 2012).  

 

The lentiviral transduction system was needed for two reasons. Firstly, it provided a means of 

introducing multiple epimodifiers into a population of cells with an estimated probability that 

all cells would acquire anywhere from one to four distinct effectors. This was based on the 

multiplicity of infection (MOI) or infectiousness of the lentivirus (Zhang et al. 2004). In 

contrast, transient transfection delivers thousands of plasmid copies per cell and there is no 

control over the amount and composition of the transfected DNA. Secondly, it enables 

constitutive expression of epimodifiers within the cells due to stable genomic integration, 

which ensures that DNA encoding the epimodifier will not be lost over successive cell 

divisions. Thus, the lentiviral expression system simplified both the construct delivery and 

ensured stable epimodifier expression by means of the integrated GFP that served as a 

selectable marker during FAC sorting of the epimodifier transduced cells. 

 

Following successful cloning of these four constructs, viruses were produced and quantified 

using flow analysis. The resulting calculated viral titres indicated that the p65HSF1 virus had 

very low infectivity (<1x105 TU/mL compared to >1x107 TU/mL for the other three 

constructs). Consequently, it was recloned into a second generation lentivirus which only 

required two, rather than three, additional packaging plasmids during viral production (Gándara 

et al. 2018), which resulted in a considerably higher titre (1.63x107 TU/mL). Based on the titre 

of these four viruses, they were pooled together to achieve a theoretical MOI of 2.5, with the 

goal that each cell would be transduced with 2-3 viral particles on average, and the lentiviral 

pool was transduced into P2A4 dCas9-SunTag and 6x sgRNA stable cells. Infected cells were 

imaged (Figure 4.10.B) and collected 72 hrs ptd followed by FACS, along with untransduced 

cells that were later used as control cells. Subsequently, untransduced (5%) and transduced 

cells (95%) were pooled before preparing the samples for scRNA-seq library preparation with 

the 10X Chromium platform, and sequencing on the Illumina NextSeq. 

 

https://paperpile.com/c/c3cUV1/UXvI+ijiP
https://paperpile.com/c/c3cUV1/bUP0
https://paperpile.com/c/c3cUV1/anYO
https://paperpile.com/c/c3cUV1/anYO
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Figure 4.10 Lentiviral 𝛼GCN4-epimodifier construct structure and successfully transduced cells. (A) 
Schematic of the four 𝛼GCN4-epimodifier constructs that were re-cloned into third generation lentiviral 
backbones. pEF1a: human elongation factor 1 alpha promoter, NLS: nuclear localisation signal, 3xTy1: repeating 
Ty1 epitope tags, 𝛼GCN4: anti-GCN4 domain, sfGFP, super folding GFP, GB1: solubilising domain, UPS3: 
unique priming sequence 3. Additional features denoted in the lentiviral plasmid include 5’LTR and 3’LTR: long 
terminal repeats, pCMV: cytomegalovirus promoter, WPRE: woodchuck posttranscriptional regulatory element 
and pPGK: human phosphoglycerate kinase promoter driving the expression of a selectable marker. (B) P2A4 
dCas9-SunTag and 6x sgRNA (mCherry) stable cells were transduced with all four viruses and imaged for GFP 
expression. 
 

 

4.3.2 Results from the first scRNA-seq pilot experiment 
Raw data from the first scRNA-seq pilot test was analysed by Dr Christian Pflüger in a similar 

fashion as described by Zheng et al. (2017). Following processing of the sequencing data 

(detailed in Chapter 2.9.6), the preliminary statistics from the 10X Chromium platform were 

examined. Overall, 13,067 cells were recovered, with an average of 27,924 reads per cell, a 

median of 3,035 genes detected per cell (22,034 total genes detected), a median of 3,746 UMI 

counts per cell, and 90.9% of reads mapping to the genome. This single cell library was 

subsequently normalised using SCTransform in Seurat (Hafemeister and Satija 2019) to correct 

for library size and the difference in scale of lowly and highly expressed genes. The variability 

seen in regard to the number of reads mapping to each gene have been recognised and addressed 

before (Evans et al. 2018; Abrams et al. 2019). SCTransform was selected over log-

https://paperpile.com/c/c3cUV1/DC26
https://paperpile.com/c/mOxKMa/7zGx
https://paperpile.com/c/c3cUV1/YLf1+ZSAk
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transformation methods as the negative bimodal linear regression model of the former has been 

shown to be more suited for data with sparse UMI counts (scRNA-seq data) to better stabilise 

the variance of gene expression values, while the latter method was more suited for bulk RNA-

seq data (Lyu et al. 2019). Accordingly, cells with <2500 and >4600 UMI counts/cell were 

excluded, leaving 12,389 cells (distribution of cells by gene counts/cell is shown in Figure 

4.11.A).  

 

From the 12,389 cells that passed filtering, the next step was to identify which epimodifier was 

present in which cell based on detection of their distinct 3’ codon-optimized sequences. 

Unfortunately, we discovered that the RT poly (dT) priming occurred directly downstream of 

the WPRE rather than shortly after the UPS3 (Supplementary Figure S7.4). This was 

unexpected as previous literature had only indicated that the WPRE contributes to possible 

lengthening of the poly(A) tail (Zufferey et al. 1999; Vigna and Naldini 2000) as opposed to 

being transcribed and polyadenylated itself. As a result, most of the cDNA sequences derived 

from the epimodifiers were located in the WPRE sequence, and the epimodifiers were unable 

to be reliably identified using their 3’ codon optimised sequence, as this region was now 645 

bp upstream of the poly(A) tail. Consequently, an attempt to establish epimodifier identity was 

undertaken based on the four unique selectable markers, mRuby2 (LVP024_DNMT3A), 

iBlueberry (LVP025_DNMT3L), mTagBFP2 (LVP026_KRAB) and neomycin 

(LVP027_p65HSF1), in order to assign cells to groups based on the corresponding epimodifier 

combinations. However, only the mRuby2 and iBlueberry sequences were unique enough for 

this purpose, as the epimodifier-associated neomycin could not be differentiated from the stable 

neomycin integrated in HEK293T cells used to immortalise the large T antigen, and the 

mTagBFP2 reads aligned to the BFP cassette linked to the stably integrated LVP023_dCas9-

SunTag-P2A-BFP. Thus, this lack of unique identity, largely due to the majority of epimodifier 

reads mapping to the WPRE, meant that 8,174 cells (66%) had no identifiable epimodifier. 

Consequently, only 4,215 cells were used in the analysis, from which eight cell groups were 

generated based on detectable epimodifier combinations (Figure 4.11.B). 

 

Following epimodifier identification and cell categorization, the next step was to perform 

differential gene expression (DGE) analysis. Unfortunately, as the untransduced control cells 

could not be distinguished from cells with no detectable epimodifier, DGE analysis could not 

be performed. This lack of identifiable control cells was rectified in the subsequent epimodifier 

screen by adding in a population of control cells transduced with 𝛼GCN4-mCherry 

https://paperpile.com/c/c3cUV1/cqkt
https://paperpile.com/c/c3cUV1/Apw2+XXXR
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immediately before the single cell library preparation step. The issue of epimodifier 

identification was also overcome by building in multiple unique DNA barcode features to 

vastly improve the epimodifier detection rate. Another problem to be addressed was that the 

calculated MOI of 2.5 did not reflect the observed MOI of 0.5, as the FACS results indicated 

that only 34.7% of cells expressed GFP (Figure 4.11.C). Strategies for addressing these issues 

before repeating the single cell experiment are discussed further in the next section below. 

 

 
Figure 4.11 Overview of scRNA-seq data for the pilot test of the epigenome editing screen. (A) SCTransform 
normalised data indicating the distribution of cells by the number of genes per cell. (B) Distribution of cells across 
the eight epimodifier groups. ‘+’ indicates the number of unique reads identifying which epimodifier was present 
in which cell. D3A: DNMT3A, D3L: DNMT3L. (C) FACS data indicating the percentage of GFP positive cells 
of P2A4 mCherry stable cells transduced with an MOI of 2.5 consisting of four epimodifier viruses that were used 
in the pilot test of the single cell epigenome editing screen. 
 

 

4.4 Improving the single cell epigenome editor screen 
In addition to including a more appropriate transduced control sample using 𝛼GCN4-mCherry, 

there were two other issues that required addressing before repeating the scRNA-seq 

experiment. These included: (1) improving lentiviral production and quantification given that 

the number of epimodifiers per cell did not reflect the theoretically calculated MOI, and (2) 

redesigning the epimodifier constructs so that they could be detected and identified much more 

reliably. This latter issue also entailed altering the placement of the WPRE domain, switching 

to a doxycycline-inducible system to provide additional control over the timing of epimodifier 

expression, and adding cloning features for more efficient exchange of epimodifier domains 

for future library expansion. The remainder of the chapter details how each of these issues were 

addressed, along with the successful implementation of the improved single cell epigenome 

editing screen and the subsequent results, and concluding with a discussion of future areas for 

improvement. 
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4.4.1 Improved lentiviral production and titre 
Viral titres were improved by altering three features. Firstly, epimodifiers were switched from 

third to second generation lentiviral backbones, as three rather than four packaging plasmids 

were required in the co-transfection, which resulted in substantially more infectious lentivirus 

particles. This is shown in the example microscopy images in Figure 4.12.A, where the third-

generation virus yielded 1.28x10^3 TU/mL, compared to 1.28x10^5 TU/mL of the second-

generation virus. Secondly, the amount of VSV-G packaging plasmid was optimised via 

titration with the ideal amount, determined to be 13% of the total DNA mass transfected. This 

further improved lentiviral titres when produced in LV-MAX suspension cells (ThermoFisher, 

#A35347), yielding up to 10^7 TU/mL on average (Figure 4.12.B). Additionally, titres were 

originally established in HEK293T WT cells, which were found to have different susceptibility 

to infection compared to the P2A4 dCas9-SunTag stable cell line that was transduced in the 

single cell screen experiments. Thus, titres were subsequently established in P2A4 cells to more 

accurately reflect infectivity and address the MOI discrepancy issue (fewer cells obtaining 

virus than anticipated). Following this, the third feature altered was the method of transducing 

the cells, which was optimised by comparing three different modes of viral infection. This 

included the spinfection method established at the Broad Institute, which involves transducing 

cells while they are still in suspension and then spinning the cell culture plates down 

(https://portals.broadinstitute.org/gpp/public/resources/protocols). Spinfection was performed 

in comparison to transducing cells in suspension with no spin, and transducing cells after they 

had adhered to the cell culture plate. The highest titres were achieved while cells remained in 

suspension either with or without spinfection. As spinfection caused high cell death, 

transducing cells while in suspension with no spin down was adopted as the optimal viral 

infection strategy (details in methods Chapter 2.5.3). Comparing viral titres for seven viruses 

transduced in either adherent HEK293T WT or P2A4 cells in suspension demonstrated clear 

improvement of infectivity for the latter (Figure 4.12.C).  

 

https://portals.broadinstitute.org/gpp/public/resources/protocols
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Figure 4.12 Optimising lentiviral titres. (A) Comparing lentiviral titres of third generation (3rd Gen) vs second 
generation (2nd Gen) backbones based on percentage of GFP positive cells. Viral titres are in TU/mL. (B) VSV-
G viral packaging plasmid titration results. HEK293T cells transduced with second generation pLVX-𝛼GCN4-
DNMT3A virus produced in LV-MAX suspension cells, using different ratios of the VSV-G packaging plasmid. 
HEK293T cells were seeded at 80,000 cells per 48 well plate and transduced with 1:10 or 1:100 diluted virus and 
brightfield and GFP images acquired 48 hrs ptd. Cells were then collected for flow analysis to determine the 
percentage of GFP expressing cells from which viral titre was calculated. (C) Comparing viral titres for seven 
epimodifier viruses transduced in either adherent HEK293T WT or P2A4 cells in suspension. 
 

 

4.4.2 Barcoded epimodifier library construction 
The final issue that required addressing was the design of the epimodifier constructs. A total of 

five features were modified starting with (1) inverting the 𝛼GCN4-epimodifier directionality 

(strand) as an internal poly A signal would be incompatible with lentiviral production, and (2) 

switching to a second generation lentiviral backbone to remove the issue of transcriptional 

read-through. This was followed by (3) adding in Gateway recombination sites (attR1-attR2) 

downstream of the 𝛼GCN4 linker for simplified epimodifier cloning (Figure 4.13.A.i), (4) 

switching from a constitutive to an inducible system (Figure 4.13.A.ii), and (5) adding in the 

dual epimodifier specific barcodes (Figure 4.13.A.iii-iv). These last three features are 

discussed in more detail below starting with the decision to incorporate Gateway cloning sites. 

 

Gateway cloning was selected as the method of choice for establishing a large library of 

epimodifier plasmids based on the following design features: entry-destination clones and 

donor-expression clones use different antibiotic selection methods and the inclusion of a ccdB 

gene that is toxic in all but DB3.1 cells (Figure 4.13.B). This is because ccdB codes for a DNA 
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gyrase toxin that leads to cell death, while DB3.1 cells express a mutated DNA gyrase that is 

resistant to the ccdB toxin (Bernard 1996). These Gateway features provide high efficiency 

cloning by preventing the growth of any colonies except for those that contain the gene of 

interest. Integrating individual epimodifiers into Gateway compatible entry vectors and 

combining this with a destination vector that contains the 𝛼GCN4 backbone creates an 

assembly setup whereby components can easily be interchanged, both for the current 

experiments and for future applications including epimodifier library expansion. Unlike other 

systems, the efficiency of the Gateway method reduces the amount of incorrect/incomplete 

background expression and minimises the necessity for large clonal screening, thus allowing 

for multiple modifications to be performed simultaneously to more readily create a large library 

of epimodifier constructs. 

 

The fourth feature modified in the epimodifier constructs was the incorporation of an inducible 

promoter. This was performed by exchanging the original CMV promoter with a Tet-On 

inducible promoter (TRE promoter, Figure 4.13.A.ii). By having a Tet-On system, only the 

addition of doxycycline would induce the expression of the epimodifiers, allowing greater 

control over epimodifier expression, including the option to perform only transient epimodifier 

expression and examine the stability of the transcriptional changes they induce over time, an 

aspect that has yet to be tested. In changing the promoters, the stable integration of the rtTA 

domain into the P2A4 cells using a piggyBac plasmid was also required (see Chapter 2.2.5 for 

details). Additionally, a doxycycline titration was performed to minimise cell toxicity and other 

secondary effects including altered cell proliferation and metabolism (Ahler et al. 2013) while 

maintaining comparable gene expression to that observed with the non-inducible epimodifier 

constructs in the pilot screen. As shown in Figure 4.13.C the optimal amount of doxycycline 

was determined to be 0.5 µg/mL. Future titration experiments are recommended to explore and 

minimise potential off-target effects, an additional benefit of utilising an inducible system. 

 

The fifth and most critical redesigning aspect of the epimodifier constructs was introducing 

dual epimodifier-specific barcodes to aid in their robust identification at a single cell level, with 

built-in redundancy to ensure accurate detection. Each epimodifier received its own unique 

sequence barcode (20 bp) which was inserted into two different locations in the lentiviral 

construct (cloning details described in Chapter 2.2.5). The first of these barcodes was located 

downstream of the 𝛼GCN4-epimodifier coding sequence and upstream of the epimodifier 

polyadenylation site (thus also transcribed in the same mRNA as the epimodifier and from the 

https://paperpile.com/c/c3cUV1/esaW
https://paperpile.com/c/c3cUV1/2Llq
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same Tet-On promoter and referred to as the polyA barcode, with insertion occurring in the 

Epimodifier Barcode Region1 (EBR1) using AflII and NheI, Figure 4.13.A.iii). The second 

barcode was inserted into the lentiviral construct in the divergent orientation relative to the 

epimodifier and driven by an independent U6 promoter leading to its transcription as a non-

coding RNA by RNA polymerase III (denoted as the U6 barcode, insertion at EBR2, using 

BglII and SpeI, Figure 4.13.A.iv). The polyA barcode incorporates the UPS3 site upstream of 

the epimodifier-associated unique barcode sequence, while the U6 barcode was inserted 

downstream of an alternative UPS (UPS1, sequences provided in Table 4.2). Both of these 

UPSs allow targeted PCR amplification of all barcode sequences in the resulting single cell 

cDNA library. Additionally, downstream of the U6 barcode was incorporated a 10X Chromium 

Capture Sequence 1 (CS1), and a termination block (13 repeating Ts) followed by the WPRE 

domain (thus repositioning this important lentiviral element away from the 𝛼GCN4-

epimodifier reading frame). The CS1 was complementary to the additional “feature barcoding” 

primer found on the gel beads of the 10X Chromium v3 kits, and enables the independent 

capturing and priming of the U6 barcode, in addition to the poly (dT) primer used to capture 

the polyadenylated mRNA (10X Genomics). It is this CS1 feature that enables the future option 

to examine the stability of the epimodifiers post doxycycline removal. As expression of the U6 

barcode is independent of the inducible promoter, it can thus be used to identify the 

epimodifiers, even when the codon optimised epimodifier cDNA and polyA barcodes are no 

longer expressed. Furthermore, arranging the barcodes with divergent rather than 

unidirectional promoters also removed the possible risk of transcriptional interference, 

whereby the transcriptional machinery from one transgene suppresses the transcription of the 

neighbouring transgene (Shearwin et al. 2005). Thus, following the successful implementation 

of these five modifications into the epimodifier construct design, the next step was to repeat 

the single cell experiment as detailed below. 

 

https://paperpile.com/c/c3cUV1/nsag
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Figure 4.13 Barcoded epimodifier constructs utilising Gateway technology and doxycycline inducible 
promoters. (A) A schematic of the new BEP008_pBSc_Barcode2x_tetON_𝛼GCN4_attR1 plasmid design. This 
design consists of (i) an inverted 𝛼GCN4 reading frame with Gateway recombination sites (attR1-attR2, with 
internal ccdB toxin gene) for efficient insertion of multiple different epimodifiers, (ii) a Tet-On doxycycline 
inducible promoter (TRE promoter), followed by a nuclear localisation signal (NLS), a 3xTy1 epitope tag, the 
𝛼GCN4 domain including a super folder GFP (sfGFP), and the solubilising factor GB1. There are also two 
additional features consisting of the (iii) polyA barcode and (iv) U6 barcode regions. The polyA barcode region 
includes a stop codon (TAA), followed by a Unique Priming Sequence 3 (UPS3), and an Effector Barcode Region 
1 (EBR1) into which a unique (epimodifier-associated) 20 bp barcode was inserted using AflII and NheI. (iv) The 
U6 barcode region was inverted and consists of UPS1, EBR2 (with BglII and SpeI for barcode insertion), a 10X 
Chromium Capture Sequence 1 (CS1) and a transcriptional block of 13xT’s. This was followed by a Woodchuck 
Posttranscriptional Regulatory Element (WPRE) to bolster transcription of the U6 barcode region. (B) A 
schematic of the four Gateway cloning plasmids with their different recombination sites (attL/R/B/P), antibiotic 
resistance (Kan: kanamycin or Amp: ampicillin) and an indication whether they contain the gene of interest 
(green) or toxic ccdB gene (purple). Images adapted from Invitrogen using BioRender. (C) RT-qPCR results for 
doxycycline titration. P2A4 rtTA cells were transduced with BEP019 (p65HSF1) lentivirus with epimodifier 
expression induced with the addition of doxycycline ranging from 0-500 ng/mL. RNA was extracted and quanted 
for three target genes with fold change calculated based on untransduced cells (neg), n = 1, GFP positive sorted 
cells. 
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4.4.3 Experimental setup for testing the barcoded epimodifiers 
A trial run using the barcoded epimodifier plasmids (BEPs) was performed by utilizing the first 

six epimodifier constructs that were successfully inserted into the second-generation lentiviral 

backbones with correct barcodes and sufficient viral titres. These epimodifiers consisted of 

BEP016_DNMT3A, BEP017_DNMT3L, BEP018_KRAB, BEP019_p65HSF1, 

BEP021_G9A and BEP022_EZH2, with control cells transduced with BEP020_mCherry. 

P2A4 rtTA cells were transduced with either the six viruses pooled together to attain a MOI of 

3, or with only the mCherry virus. The cells were incubated for 72 hrs with doxycycline before 

performing FACS for GFP positive cells (to enrich for the 𝛼GCN4-epimodifiers). The six-

epimodifier-transduced cell population and the mCherry control cell population were combined 

in a 9:1 ratio before being subjected to library preparation using the 10X Chromium single cell 

platform, using the v3 kit that incorporates the use of the CS1. Libraries were made for the 

three different samples to capture the cDNA, as well as the polyA and U6 barcodes, followed 

by sequencing. 

 

4.4.4 A highly robust and accurate means of identifying transduced epimodifiers 

using a duel barcoding strategy 
As stated in Chapter 2.9.5, the barcoded epimodifier screen libraries were sequenced at 520 

million reads for the cDNA, 37 million for the polyA barcode, and 75 million for the U6 

barcode on an Illumina NovaSeq. After processing the sequencing data as described in Chapter 

2.9.6, the statistics for the barcoded epimodifier library displayed improved numbers compared 

to the first pilot study. An estimated 10,253 cells were recovered, with a mean of 51,092 reads 

per cell, a median of 4,902 genes per cell (24,547 total genes detected), a median of 20,397 

UMI counts per cell, and 93.4% of reads mapped. At the time of writing this thesis, the data 

analysis for the barcoded epimodifier libraries was still a work in progress by my co-supervisor 

and project collaborator, Dr Christian Pflüger. With this in mind, the following findings can be 

reported: The libraries were again normalised using SCTransform, followed by the filtering out 

of empty cells, cells that had <2,000 or >8,000 genes, and cells that had <45,000 UMIs, 

resulting in a total of 8,196 cells recovered and considered for further analysis (Figure 4.14.A). 

After parsing the polyA barcodes with the bioinformatic tool CITE-seq-count (Roelli et al. 

2019), the polyA barcode information, U6 barcode information, and scRNA-seq were 

bioinformatically integrated using Seurat (Stuart et al. 2019). Surprisingly, the polyA 

epimodifier barcode data suggested that each cell contained every epimodifier, a very unlikely 

https://paperpile.com/c/c3cUV1/UUHw
https://paperpile.com/c/c3cUV1/UUHw
https://paperpile.com/c/c3cUV1/3iHY
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scenario given the calculated lentiviral MOI used. An in-depth analysis indicated that the 

majority of epimodifiers detected in the same cell shared the same UMI and cell barcode 

combination. This impossibility was later determined to be the result of a PCR artefact that 

caused the UMI and cell barcode to swap with other epimodifier barcodes. This was most likely 

caused by the shared SV40 polyA signal and downstream polyA tail that was present in every 

epimodifier construct. To rectify this issue, CITE-seq-count (Roelli et al. 2019) was used in 

collaboration with Dr Patrick Roelli, to create a list of UMI/cell barcodes, which was then 

matched to a ranked epimodifier counts list presented in descending order. Consequently, the 

highest ranked epimodifier was selected to be the true epimodifier, as PCR based template 

swaps are known to be late PCR cycle artefacts and therefore, all other epimodifier counts with 

the exact same UMI and cell barcode combination were discarded. In 99% of cases, the 

UMI/cell barcodes were assigned to the first epimodifier that had a higher number of reads than 

any other epimodifier. This data parsing resulted in 1% of cases (6,000 of ~550,000 listed 

items) being excluded as they displayed equal epimodifier counts. Alternatively, if equal counts 

were observed but the second epimodifier in the list was unmapped, then the first epimodifier 

was assigned the UMI/cell barcode. In total, this refined analysis enabled the identification and 

subsequent correction of 7,500 of the 8,196 cells with incorrect UMI/cell barcode assignment. 

This was possible as there should only be one UMI and one cell barcode for each epimodifier, 

and not across multiple epimodifiers or any other RNA molecule. 

 

The resulting corrected polyA barcodes were found to correspond well with the U6 barcodes, 

and the codon optimised cDNA reads (an example of this is presented in Figure 4.14.B for the 

epimodifiers p65HSF1 and G9A). The successful identification of polyA and U6 barcodes were 

consequently used to call epimodifier combinations in each cell. A total of 20 cell groups with 

different epimodifier combinations were identified based on a threshold of having ≥20 cells 

per epimodifier combination and ≥5 polyA barcode reads to disclude possible reads from 

ambient RNA (Figure 4.14.C). Overall, based on the polyA barcodes, epimodifiers could be 

detected in a total of 6,324 cells of the 8,196 cells that passed filtering, including 454 control 

cells expressing 𝛼GCN4-mCherry only. This left 1,872 cells being denoted as having no 

epimodifier detected as they had <4 polyA barcode reads. Subsequently, Seurat (Stuart et al. 

2019) was used to integrate the multimodal data consisting of cDNA counts with the CITE-

seq-count (Roelli et al. 2019) data generated from the polyA and U6 barcodes. Successful 

integration is represented in the ridge plots in Figure 4.14.D, where normalised expression 

levels of the codon optimised epimodifiers is shown for each of the 20 different epimodifier 

https://paperpile.com/c/c3cUV1/UUHw
https://paperpile.com/c/c3cUV1/3iHY
https://paperpile.com/c/c3cUV1/3iHY
https://paperpile.com/c/c3cUV1/UUHw
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combination cell groups as defined by the polyA barcodes. This integrated data was then used 

to perform a preliminary DGE analysis by comparing transcript abundance for each of the 

target genes between cell groups defined by epimodifier presence (specifically, p65HSF1 and 

G9A based on barcode readout and cDNA detection as presented in Figure 4.14.B) and those 

cells that contained the 𝛼GCN4-mCherry control. 

 

 
Figure 4.14 Preliminary barcoded epimodifier screen results. (A) SCTransform normalised read counts. (B) 
Integrated read counts for polyA and U6 barcodes along with codon optimised cDNA indicating the successful 
detection of p65HSF1 and G9A. Each row on the y-axis indicates an individual single cell, n = 8,196. (C) Data 
indicating cell numbers for 20 different epimodifier combinations based on detection of at least five polyA 
barcodes, with a minimum of 20 cells per group. The figure also includes control cells with mCherry only and 
cells with no epimodifier detected (no_epimod_det) as they had four or fewer polyA barcode reads. (D) Ridge 
plots showing normalised expression levels of the codon optimised epimodifiers in the 20 different epimodifier 
combination cell groups defined by the polyA barcodes. 
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Preliminary DGE analysis revealed clear transcriptional upregulation for BEP019_p65HSF1 

alone, compared to BEP020_mCherry control cells for the following target genes: EPCAM, 

TMEM206, B2M, and HINT1 (Figure 4.15). However, transcriptional activation of KLOTHO 

was not detectable (data not shown) and is discussed further in Section 4.4.5.e. For the four 

target genes that demonstrated significant activation, this change in transcript abundance was 

dampened when cells co-expressed both BEP019_p65HSF1 and BEP021_G9A. This reduction 

in activation suggests possible antagonistic effects between these epimodifiers. Further analysis 

is required to tease this apart, including the possibility that G9A is contributing to activation at 

HINT1. This is surprising given that G9A is typically reported as having a repressive function 

through its histone lysine methyltransferase activity (Rice et al. 2003). However, Shankar et al. 

(2013) report that the gene regulatory function of G9A is dependent upon the partner domains 

to which it interacts, including p300. Thus, it is conceivable that G9A may be contributing to 

both activation and repression, depending on the genomic context and regulatory interactor 

proteins, and is a primary example illustrating the need for pursuing and further optimising the 

screen to understand epimodifier combinatorial complexity and context-specific activities. 

 

 
Figure 4.15 dCas9-SunTag recruitment of p65HSF1 and G9A induces significant targeted gene activation 
at the single cell level. SCTransform normalised expression levels of four target genes illustrating gene expression 
changes resulting from the presence of G9A and/or p65HSF1 compared to mCherry control cells. Statistical 
significance was determined using negative binomial statistical tests with Benjamini-Hochberg multiple test 
correction as a part of the Seurat FindMarkers function (*** p ≤ 2x10-7). 
 

 

https://paperpile.com/c/c3cUV1/z0Nf
https://paperpile.com/c/c3cUV1/s0py
https://paperpile.com/c/c3cUV1/s0py
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These pilot experiments demonstrate the feasibility of the high-throughput epigenome editing 

screen design for assaying combinatorial epimodifiers. At this stage, further data analysis and 

parameter selection is required to assess possible gene repression. Unlike bulk RNA-seq, 

scRNA-seq generates considerably noisier and more variable data resulting from both natural 

stochastic gene expression and technical variance (Chen et al. 2019). Both of these cause some 

challenges to overcome in the computational analysis of single cell data (Chen et al. 2019), but 

is an aspect we are currently addressing. Furthermore, repression is innately harder to detect 

than transcriptional upregulation. There is the possibility that the already present mRNA has 

yet to be degraded, that the deposited repressive modification is unstable and removed by 

endogenous factors, or that simultaneous recruitment of multiple epimodifiers is required to 

induce measurable transcriptional changes. There is also the possibility that the 𝛼GCN4-

mCherry transduced control cells also display some level of transcriptional repression, which 

may further compound the issue of trying to detect significant downregulation (this is based on 

the observation noted in Chapter 5.2.9 and 5.2.10, comparing 𝛼GCN4-mCherry control cells 

to untransfected cells, as shown in Figures 5.15 and 5.16). This and other issues discussed in 

the next section will need to be addressed prior to repeating the single cell epigenome editing 

screen using the barcoded epimodifiers. 

 

4.4.5 Insights and future work with the barcoded epimodifiers 
Overall, the modified barcoded epimodifier strategy provided a highly effective means of 

identifying epimodifier presence. In the above experiment, epimodifiers were detectable in 

77% of the 8,196 cells that passed filtering. This far surpasses that of the 34% detection rate of 

the first non-barcoded epimodifier pilot study. Consequently, we are confident in repeating the 

barcoded epimodifier screen in the future with an expanded epimodifier library that includes 

an additional 14 synthesised epimodifiers, bringing the total to 26 different constructs. 

However, prior to this, there are some features that still require addressing. These issues 

include: (1) an unequal distribution of epimodifier read counts across cells, (2) a continued 

disparity between calculated and observed MOI, (3) possible repression caused by the 𝛼GCN4-

mCherry control construct, (4) the stringency of cell filtering that reduces the number of cells 

available for analysis, and (5) KLOTHO expression below single cell detection limits. 

 

https://paperpile.com/c/TX7OIK/ajCD
https://paperpile.com/c/TX7OIK/ajCD
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4.4.5.a Epimodifier read counts were unequally distributed across cells 

Based on Figure 4.16.A, a clear bias towards transduction by the DNMT3A epimodifier 

lentivirus was observed, with 36% of total reads being assigned to this epimodifier. This was 

measured after parsing the U6 barcodes with CITE-seq-count (Roelli et al. 2019) to determine 

the fraction of total barcode reads assigned to each epimodifier. To approach this issue of an 

uneven allocation of epimodifiers across cells, several factors were considered. As the cells 

were healthy at the time of sorting, cell lethality due repressive epimodifier combinations was 

ruled out. Alternatively, it was possible that upon adding the pooled lentiviral particles, a 

homogenous dispersion of the viruses amongst the cells was not achieved. This issue may have 

been compounded by the possible inaccurate measurement of the infectivity of each of the 

viruses, which is an aspect that will be tested further. However, another scenario that may also 

require further examination was the possible greater propensity for some epimodifier viral 

particles to enter more cells more frequently. However, this is unlikely as based on the 

distribution of epimodifier polyA barcode read counts per cell, expression levels show 

comparable distributions of each of the epimodifiers (with the exception of EZH2, Figure 

4.16.B). 

 

https://paperpile.com/c/c3cUV1/UUHw
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Figure 4.16 Epimodifier distribution across cells. (A) Distribution of epimodifier reads based on U6 barcode 
identity indicating that the majority of reads were assigned to DNMT3A. An estimated 10% of mCherry 
transduced cells (pink wedge) were added to cells transduced with barcoded epimodifiers, hence the fraction total 
is >1. (B) Count distribution of epimodifier expression levels across cells, which are comparable with the 
exception of EZH2. Density of black dots indicate the number of cells per epimodifier group, highlighting the 
bias towards DNMT3A and G9A transduction. Cell identities were defined by polyA barcode read counts (x-axis) 
as an indication of expression level across cells. (C) Distribution of cells that had between one to six U6 barcodes 
per cell (% provided above bars), indicating the majority of cells only received a single epimodifier (Log10 scale 
used on y-axis).  
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4.4.5.b Calculated and observed MOI do not correspond 

The second issue that requires addressing was the lower than expected MOI (Figure 4.16.C). 

Based on the number of U6 barcodes identified per cell, it appears that a MOI of 1, rather than 

3, was achieved. Similar low rates of infection have been reported by Zhang et al. (2004), 

attaining only 33.1% GFP positive cells when using a max MOI of 32 in HEK293T. 

Furthermore, Wang et al. (2000) reportedly tested an MOI of up to 1000 and still did not 

achieve 100% transduction efficiency. Thus, calculated MOI does not always translate to 

equivalent rates of infection when lentiviruses are combined, which must be overcome since 

the goal of this experiment is to transduce cells with multiple lentiviruses simultaneously. A 

possible means of addressing this problem may be to perform sequential transductions. A 

suggested method for testing this would be to transduce cells with a GFP epimodifier plasmid, 

perform FACS for GFP positive cells, reseed the positive cells, and then repeat the transduction 

with a virus that expresses an alternative compatible fluorophore (e.g. iBlueberry), followed 

by flow analysis to determine how many cells express both fluorescent proteins. If both viruses 

are expressed in the majority of cells, then in theory, a higher MOI would be attainable through 

sequential transductions. 

 

4.4.5.c Possible innate repressive capacity of 𝛼GCN4-mCherry 

The third possible issue that will need to be assessed prior to further testing with the screen was 

based on observations noted in Chapter 5.2.9 and 5.2.10, where the control construct, 𝛼GCN4-

mCherry, may be demonstrating some innate repressive capacity. It may be that the mCherry 

construct was sterically hindering the binding and interaction of other regulatory enzymes to 

the promoter, thereby making it an innate transcriptional repressor. This potential confounding 

factor may be contributing to the difficulty to detect transcriptional downregulation, despite the 

barcoded epimodifier experiment being heavily biased towards induced repression with five of 

the six epimodifiers tested being associated with gene silencing. This issue could be explored 

by comparing transcriptional changes induced by 𝛼GCN4-mCherry to a construct with no 

mCherry (𝛼GCN4-empty) to determine if they exhibit similar levels of repression. If the 

alternative 𝛼GCN4-empty control induces less gene silencing than the original 𝛼GCN4-

mCherry domain, then it should be carried forward for any future testing of the screen. 

Alternatively, if no difference is found between the constructs, then the control cells are not the 

issue. It may instead be a problem of the detection threshold and limited cell numbers per 

repressive epimodifier group, which is the fourth issue to be discussed. 

https://paperpile.com/c/mOxKMa/6ugx
https://paperpile.com/c/c3cUV1/62T7


141 

4.4.5.d Alternative methods for attaining higher cell numbers  

After parsing out the data, it was evident that 20% of the 10,253 cells recovered did not pass 

filtering. Thus, to attain sufficient cell numbers for different epimodifier combinations, 

especially if the number of epimodifiers screened will be increased in the future, then the 

processing of more cells will be required. Due to the cost-prohibitive nature of scaling up 

microfluidic systems, alternative single cell methods that incorporate split-pool barcoding 

methodologies may help to overcome this issue. These include recently developed methods 

such as sci-RNA-seq (single-cell combinatorial indexing RNA-seq, Cao et al. 2017), SPLiT-

seq (split-pool ligation-based transcriptome sequencing, Rosenberg et al. 2018), scifi-RNA-seq 

(single-cell combinatorial fluidic indexing RNA-seq, Datlinger et al. 2019), or quantum 

barcoding (QBC, O'Huallachain et al. 2020), which all allow for the processing of much larger 

numbers of cells at lower cost. Additionally, low cell numbers and read counts may also be 

remedied by employing multiplexed target amplification of genes of interest and reference 

genes. Increasing the target gene read counts by minimising oversampling of abundant 

transcripts would also help to reduce costs by decreasing the sequencing depth required. 

 

There are several possible options for target mRNA sequence enrichment that all depend upon 

custom probe/primer design. These include Nanostring technology (Geiss et al. 2008), Capture-

seq (Mercer et al. 2012; Mercer et al. 2014), SureSelect (Agilent), HyPR-seq (hybridization of 

probes to RNA for sequencing, Marshall et al. 2020), or TAP-seq (targeted Perturb-seq, 

Schraivogel et al. 2020). Nanostring technology is aimed at very low input samples and requires 

the use of gene specific probe pairs (fluorescent reporter probes and target specific capture 

probes), in combination with the use of a proprietary nCounter Analysis System to achieve 

target enrichment (EPICENTRE Biotechnologies, Geiss et al. 2008). Alternatively, Capture-

seq and SureSelect (Agilent) do not involve additional instrumentation with the use of their 

custom capture probes, but both require large amounts of total RNA to sufficiently hybridize 

to the cDNA (Mercer et al. 2012; Mercer et al. 2014). HyPR-seq, on the other hand, requires 

less total RNA but utilizes multiple probes per gene of interest, with up to 20 probes required 

for lowly expressed transcripts (Marshall et al. 2020). Finally there is TAP-seq, which is based 

on a high throughput single cell CRISPR screen aimed at inducing transcriptional repression 

through dCas9-KRAB targeting, also known as Perturb-seq (Schraivogel et al. 2020). The 

authors of TAP-seq developed an algorithm for designing primers that are compatible with the 

10X 3’end version 3 Chromium protocol. They use two target specific primers, along with the 

Nextera (Illumina) compatible PCR handle, to perform two semi-nested PCR amplifications to 

https://paperpile.com/c/TX7OIK/Nws7
https://paperpile.com/c/OVVcii/pTMF
https://paperpile.com/c/TX7OIK/wvol
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https://paperpile.com/c/c3cUV1/EuTx
https://paperpile.com/c/c3cUV1/uAh4
https://paperpile.com/c/c3cUV1/Ux5m
https://paperpile.com/c/c3cUV1/xQ5v+4yJb
https://paperpile.com/c/c3cUV1/EuTx
https://paperpile.com/c/c3cUV1/uAh4
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enrich for genes of interest post cDNA clean-up, but prior to sample indexing. In doing so, they 

report the sensitivity to effectively detect transcriptional changes equating to 0.03 UMIs per 

cell. As such, TAP-seq would be the method of choice for trialling target enrichment with the 

barcoded epimodifier epigenome editing screen. 

 

4.4.5.e KLOTHO was below single cell detection limits 

Amplifying genes of interest, including low abundance mRNA, may also provide a solution to 

the issue of KLOTHO detection. At this point, it was unclear whether this target gene was either 

below single cell detection limits or there was an issue with isoform capture. The latter was a 

possible issue as KLOTHO has two known isoforms, the more predominant, truncated splice 

variant known as the secreted form, and the less common larger membrane form (Matsumura 

et al. 1998; Azuma et al. 2012). However, KLOTHO expression post activation was easily 

detectable using RT-qPCR, and the sequencing of this PCR-amplified cDNA product 

successfully identified the presence of the exon4-exon5 spliced product. This confirmed that 

the amplified product was the result of transcription and splicing, and not genomic 

amplification. Thus, low transcript abundance was most likely the issue. Consequently, target 

enrichment may overcome this detection issue by using custom gene specific primers such as 

those developed with the TAP-seq protocol (Schraivogel et al. 2020). Sourcing positive control 

cells that have high KLOTHO expression levels (either human kidney 2 cells, HK2, or renal 

proximal tubular epithelial cells, RPTEC, Azuma et al. 2012; Chen et al. 2018) may also aid in 

establishing the efficiency of any new target enrichment primers. 

 

4.5 Summary 
In this work, a large collection of novel components have been developed, tested, optimised 

and modified to produce a first-of-its-kind high-throughput epigenome editing screen. The 

initial components that were established for the dCas9-SunTag platform as the epigenetic 

editing tool of choice include: (1) selecting and cloning epimodifiers for combinatorial testing, 

(2) selecting target genes that display a range of endogenous expression levels on which to test 

these potential transcriptional regulators (including screening for the most efficacious 

sgRNAs), (3) testing and optimising RT-qPCR primers along with establishing an epimodifier-

specific UPS for targeted amplification and identification, (4) synthesising a multiplexed 

sgRNA array, and (5) establishing and characterising stable transgenic cell lines expressing the 

dCas9-SunTag and the 6x sgRNAs. This work was followed by the redesign and construction 

https://paperpile.com/c/c3cUV1/0RtJ+MSx9
https://paperpile.com/c/c3cUV1/0RtJ+MSx9
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of the lentiviral epimodifier plasmids that incorporates a unique and robust dual barcoding 

strategy. This strategy involved an improved plasmid design that incorporated unique 

epimodifier specific barcodes at dual locations for highly accurate epimodifier identification. 

To date, this is the most robust and advanced system for the detection of transduced constructs 

at the single cell level, and will be a valuable tool for both the current project as well as for 

adapted screens for the delivery and examination of any desired cellular components. 

 

Though our initial results identified areas that still require improvement, and are currently being 

overcome with further optimisation, overall, the newly developed dual barcoding strategy for 

epimodifier detection proved to be highly accurate. As such, this strategy provided the means 

to successfully and clearly determine, at the single cell level, induced transcriptional 

upregulation of multiple target genes simultaneously through the highly specific SunTag 

recruitment platform. Although the development of the large-scale epimodifier screening tool 

is still a work in progress, the current components established here demonstrate great potential 

for future development and could also serve as a platform to screen additional regulatory 

elements in the genome as well as other regulatory proteins such as combinatorial transcription 

factor screens for effects on cell identity. These areas for development as well as future 

applications of the screen are explored further in the final discussion chapter (Chapter 6). 

 

However, there is still the issue that despite the versatility of the SunTag system to recruit 

multiple different epimodifiers, it does not provide the option to control which epimodifier 

binds and in which order. As there is only a single epitope-antibody combination, attempting 

to recruit different unique epimodifiers fused to the same 𝛼GCN4 domain does risk that some 

epimodifiers may be unsuccessful in binding to the epitope docking platform due to steric 

hindrance, competition, and compatibility issues. Thus, the new Casilio system (Cheng et al. 

2016) was tested, in addition to the creation of a new improved epigenetic editing tool, coined 

the SSSavi system, to substantiate any epimodifier combination findings from the screen. This 

is possible because the SSSavi system enables easy customization for multi-epimodifier 

recruitment in a stable, predefined order. The development and examination of this new tool is 

discussed further in the next chapter.  

  

https://paperpile.com/c/M5bva7/CqzY
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Chapter 5 

 

 

Testing and developing new targeted docking platform 

systems for advanced combinatorial epimodifier control 
 

Editing the epigenome and interrogating the role it plays in gene regulation is dependent upon 

the efficacy and adaptability of the system utilized. Early conceptions involved direct fusions 

between the versatile DNA binding domain, dCas9, and an epimodifier of interest. This has 

since evolved into second generation systems that induce a stronger level of transcriptional 

change and are inherently more adaptable including RNA aptamer assemblies (such the SAM 

platform, Konermann et al. 2015), the SunTag system (Tanenbaum et al. 2014), Casilio (Cheng 

et al. 2016), or the recently published coiled-coil heterodimer pairs (CC dimers, Lebar et al. 

2020). In terms of achieving combinatorial and defined recruitment of epimodifiers in this 

work, RNA aptamers, which come from viral sequences such as MS2 and PP7, were excluded 

as an option as they are restricted by both the number of aptamers available and by the number 

of aptamers that can be included in a sgRNA (Konermann et al. 2015; Zalatan et al. 2015; 

Shechner et al. 2015). As demonstrated by the above studies, the expression of a sgRNA was 

significantly reduced when more than three aptamer sequences were included in a sgRNA, 

thereby constraining how many effectors could be recruited at any one time. Alternatively, the 

SunTag system does not exhibit this issue as it can consist of up to 24 peptide repeats and thus 

can provide an epitope dock for an equivalent number of effectors (Tanenbaum et al. 2014). 

However, it is limited at this stage to the same single epitope-antibody interaction for each 

docking site on the array. Consequently, attempting to recruit different unique epimodifiers 

fused to the same 𝛼GCN4 domain does risk that some epimodifiers may be unsuccessful in 

binding to the epitope docking platform due to steric hindrance, competition, and/or 

compatibility issues. Thus, at the conception of this project, the only other alternative system 

for defined recruitment of multiple distinct epimodifiers to dCas9 was the Casilio system, 

which displayed an as-yet-untested potential for achieving flexible, combinatorial epimodifier 

recruitment in a pre-defined order. Given this untested potential, I aimed to both test the 

recently reported Casilio system (Cheng et al. 2016), as well as creating a new and highly 

https://paperpile.com/c/KCFBNv/NrTt
https://paperpile.com/c/KCFBNv/8tqr
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specific recruitment platform that I termed SSSavi. Both systems were designed to recruit 

interchangeable combinations of up to four different epimodifiers to each dCas9 molecule, 

while allowing precise control over the ordering in which they bind to the dCas9 platform. The 

construction and assessment of these systems for transcriptional regulatory efficacy is 

discussed below. 

 

 

5.1 Building and testing the transcriptional regulatory capacity of the Casilio 

system 
The epigenetic code is multifarious, with hundreds of epigenetic modifiers coming together to 

form a complex language with a range of functional outcomes and combinatorial gene 

regulatory effects (Berger 2007). Thus, a paramount feature that requires further exploration is 

whether certain epimodifiers enhance, moderate, or override the binding and transcriptional 

regulatory effects of a second and/or third epimodifier. Such combinatorial information would 

build upon our understanding of how certain pre-existing chromatin and epigenetic 

modification contexts may influence the effectiveness of recruiting subsequent modifications 

to that site, as discussed in Chapter 1.4.1. Understanding this combinatorial complexity will 

hopefully provide a more accurate representation of the natural state of chromatin and how it 

is dynamically regulated, providing a better understanding of how different epigenetic 

combinations work in conjunction to help regulate transcription (Park et al. 2016), and allowing 

development of more effective targeted epigenome and transcriptional regulatory tools. To 

approach this task, an editing tool was required that had both the flexibility and the control to 

combine multiple different epimodifiers, while also retaining high targeting specificity. Such a 

system reportedly existed in Casilio (as described in Chapter 1.3.3.a), a platform that brings 

together the simplicity of the CRISPR-dCas9 DNA targeting system with the RNA-binding 

activity of Pumilio proteins (Cheng et al. 2016). Thus, the final aim of my PhD research was 

to design and test the Casilio system by building upon techniques already established with the 

SunTag system (Chapter 3 and 4). Details of this platform and its various components are 

discussed below.  

 

5.1.1 The Casilio docking platform 
The Casilio system was first described by Cheng et al. (2016) as a means of overcoming limited 

epimodifier multimerization by previously established RNA aptamer tools utilising PP7 and 

https://paperpile.com/c/KCFBNv/vZqA
https://paperpile.com/c/KCFBNv/utRX
https://paperpile.com/c/KCFBNv/KFTZ
https://paperpile.com/c/KCFBNv/KFTZ
https://paperpile.com/c/KCFBNv/KFTZ
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MS2 binding moieties (Konermann et al. 2015; Shechner et al. 2015). Due to the limited 

number of RNA aptamers available and the deleterious effect of extending the sgRNA beyond 

three aptamers (RNA loop structures) that leads to reduced expression, they instead sought to 

utilise Pumilio proteins. These proteins contain PUF (Pumilio/FBF) domains made up of eight 

helical repeats with programmable side chains that recognise and bind short 8 nt RNA 

sequences (Figure 5.1.A) known as PUF binding sites (PBS). Currently there are four PUF 

protein variants (a, b, c and w) that recognise their four counterpart PBS sequences (Figure 

5.1.B, Wang et al. 2009; Cheng et al. 2016).  

 

 

 
Figure 5.1 The Casilio system is capable of multimerised epimodifier recruitment via RNA:protein 
interactions. (A) A ribbon diagram of the human Pumilio PUF domain indicating the residues of the eight helical 
repeats (red) interaction with RNA (blue). Image adapted and reproduced with permission from Cooke et al. 
(2011). (B) Four PUF binding site (PBS) variants (a, b, c and w) and their corresponding 8 bp RNA sequences 
that are recognised and bound by a PUF domain. Table adapted from Cheng et al. (2016) (C) An illustration of 
dCas9 bound to an extended sgRNA that contains four different PBSs that can be recognised and bound by their 
counterpart Pumilio proteins (a,b,c,w variants). Image created using BioRender.  
 

 

In theory, each PUF variant can be fused to a different epimodifier, and by including all four 

compatible PBSs in an extended sgRNA, one could attain combinatorial epimodifier 

recruitment with defined ordering (Figure 5.1.C). Consequently, the Casilio system would not 

only overcome the limitations of the RNA aptamer recruitment platforms that cannot extend 

beyond three aptamer sites, but also potentially overcome one drawback of the SunTag system, 

namely, control over which epimodifier binds and in what order. Furthermore, this platform 

enables flexible multi-epimodifier recruitment, unlike direct fusion platforms such as the 

VP64-p65-Rta (VPR) system that combine epimodifiers by directly fusing them to dCas9 

(Chavez et al. 2015). Thus, to establish the efficacy of the Casilio system, I initially set out to 

replicate the results reported by Cheng et al. (2016). 

https://paperpile.com/c/KCFBNv/NrTt+TeEa
https://paperpile.com/c/KCFBNv/Ewv6+KFTZ
https://paperpile.com/c/KCFBNv/BajX
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Pilot testing the Casilio system was performed in two parts. Firstly, I performed an initial 

examination of how many PBS binding sites fused to a sgRNA were necessary to induce 

optimal epimodifier recruitment as measured by the change in target gene expression level. 

This was then followed by a direct comparison of target gene activation between the Casilio 

system and the well-established SunTag platform. The experimental results from testing the 

Casilio epigenetic editing tool are discussed below. 

 

5.1.2 Replicating the previously reported efficacy of the Casilio system 

The Casilio system was first reported to utilize a series of PBS sequences to recruit multiple 

p65HSF1 epimodifiers to target sites in the promoters of either OCT4 (octamer-binding 

transcription factor 4) or SOX2 (SRY-box transcription factor 2). The number of PBSa sites 

required to achieve optimal transcriptional regulation was reported to be five copies, while >15 

showed reduced activity (Cheng et al. 2016). Since I was interested in using the system to 

recruit up to four different epimodifiers, it was necessary to establish if fewer than five PBSa 

sites would be sufficient to induce an equivalent level of activity. To test this, I designed six 

PBSa-sgRNA variants, each with either a SOX2 or OCT4 targeting sequence. These sgRNA 

target sequences correspond to Sox2-PP1 and Oct4-PP3 (proximal promoter sgRNAs 1 and 3, 

respectively) established by Cheng et al. (2016) and are detailed in Supplementary Table 

S7.4.1. The first five variants had one to five PBSa sites each separated by the trinucleotide 

“GCC” (1xPBSa, 2xPBSa, 3xPBSa, 4xPBSa, and 5xPBSa), while the sixth variant had two 

PBSa sites separated by a 36 bp spacer sequence (1-5xPBSa) to determine if spacing may play 

a role in the efficacy of multiple PUF-epimodifiers binding to the PBS sites (Figure 5.2.A). 

These six variants were directly compared for their ability to induce gene activation by 

recruiting one or more copies of the transcriptional super activator, p65HSF1, fused to a PUFa 

domain.  

 

To test for gene regulation, cells were transiently transfected 24 hrs post seeding with the 

plasmids shown in Figure 5.2.A-B, across 12 experimental conditions. Cells were 

subsequently FAC sorted 72 hrs ptf, followed by RNA extraction and RT-qPCR (Figure 

5.2.C). Replicate qPCR data showed minimal activation for either target gene, despite 

recruitment with the 5xPBSa construct reported to be most potent (Figure 5.2.D-E). These 

findings were inconsistent with results previously reported by Cheng et al. (2016), despite also 

https://paperpile.com/c/KCFBNv/KFTZ
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testing this platform in HEK293T cells. Furthermore, a dCas9-BFP-Puro transfection only 

control (CRISPRi) and the co-transfected dCas9-BFP-Puro, sgRNA-5xPBSa-mCherry, and 

PUFa-p65HSF1 samples exhibited similar target gene expression levels. A non-specific 

activation control that accounted for the effects of free-floating p65HSF1 (PUFa-p65HSF1 

transfected with no dCas9 or sgRNA, denoted as PUFa-p65HSF1 only), had no effects on target 

gene activation. Reasoning for this limited activation is discussed below. 
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Figure 5.2 Altering the number of PBSa binding sites does not change the efficacy of the Casilio system 
when inducing transcriptional activation by recruiting p65HSF1 fused to PUFa. (A) Illustration of six PBSa-
gRNA variants. Image created using BioRender. (B) Schematic of the three main Casilio constructs used in 
transient cell transfections. (C) Experimental timeline for testing the Casilio systems regulatory capacity. (D-E) 
RT-qPCR data showing fold change in mRNA for (D) SOX2 and (E) OCT4 with increasing numbers of PBSa 
binding sites fused to a sgRNA. CRISPRi control: dCas9-BFP-Puro only, PUFa-p65HSF1 only: free-floating 
activation control with no dCas9 or sgRNA plasmid transfected. Experiments were performed in BFP, GFP, and 
mCherry triple positive sorted HEK293T WT cells, n = 2, fold change calculated based on untransfected cells. 
 

 

Both genes, SOX2 and OCT4, are not expressed in HEK29T cells. They are pioneering TFs 

involved in embryogenesis and regulate the expression of genes that maintain the pluripotency 

of embryonic stem cells (ESC, Rizzino 2013; King and Klose 2017). Thus they demonstrate 

cell-type specific expression, are tightly regulated, and typically silenced in differentiated 

tissues due to promoter hypermethylation (Hattori et al. 2004; Fouse et al. 2008). Consequently, 

altering their expression levels can be very difficult due to a multitude of endogenous factors 

preventing the removal of strong repressive heterochromatic marks. Others have reported 

successful activation of these genes using dCas9-SunTag and p300 (Liu et al. 2018), or with 

the SAM complex (Xiong et al. 2017), but both used multiple sgRNAs to tile the promoters 

and enhancers within mouse embryonic fibroblasts (MEFs) and  HEK293T cells, respectively, 

to achieve activation. Liu et al. (2018) also used a small-molecule cocktail within their 

reprogramming medium to boost SunTag reprogramming, potentially enabling Sox2 and Oct4 

to be more susceptible to upregulation. Thus, it is possible that the Casilio system may be 

insufficient to achieve activation under the current testing conditions. This was contrary to the 

results reported by the Cheng group, despite closely replicating their experimental conditions 

using the same cell line, sgRNA target sequences, and Casilio constructs. However, 

experimental features that could not be replicated include the use of TaqMan probes, which 

show higher sensitivity, compared to our own SYBR Green amplification method, as well as 

their use of only a single housekeeper gene as a control, rather than the geometric mean of three 

housekeepers as we employed. Due to these discrepancies, as well as the likely difficulty of 

targeting SOX2 and OCT4, we instead chose to examine the utility of the Casilio system against 

target genes we had already established with the SunTag system (Chapter 4.2). 

 
5.1.3 Comparing the Casilio and SunTag systems 

We had previously established the versatility of the SunTag system to activate three target 

genes simultaneously (KLOTHO, EPCAM, and TMEM206, Chapter 4.2.2). Consequently, as 
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an alternative approach to verifying the utility of the Casilio system beyond targeting OCT4 

and SOX2, I cloned the same three SunTag sgRNA target sequences into equivalent 5xPBSa-

sgRNA plasmids. This allowed us to directly compare the efficacy of these two systems. From 

triplicate transient transfected FAC sorted HEK293T cells, I demonstrated the moderate 

activation (>100 fold) of a non-expressed gene (KLOTHO) by the Casilio system for the first 

time (Figure 5.3). However, this transcriptional upregulation was not observed for the lowly 

and moderately high expressed genes (EPCAM and TMEM206). The SunTag system, by 

comparison, achieved substantial upregulation of all three target genes (329-, 22- and 2-fold 

increase for KLOTHO, EPCAM, and TMEM206, respectively), as has previously been observed 

and reported in Chapter 4.2.2. Furthermore, similar activation was attained when using either 

the multiplexed 3x sgRNA or when pooling the three individual sgRNAs. Overall, these 

findings demonstrate that the SunTag system was a significantly more potent transcriptional 

regulator than the Casilio system when recruiting p65HSF1. 

 

 
Figure 5.3 The SunTag system outperforms the Casilio system in terms of transcriptional activation. 
Expression level of three target genes, KLOTHO, EPCAM and TMEM206, measured by qPCR after transient 
transfection of either dCas9-SunTagx10, 𝛼GCN4-p65HSF1 and sgRNA, or Casilio equivalent plasmids (dCas9-
BFP, PUFa-p65HSF1 and sgRNA). Transfection performed in BFP, GFP and mCherry triple positive sorted 
HEK293T WT cells. CRISPRi control: dCas9-BFP-Puro only, n = 3, biological replicates, fold change calculated 
compared to untransfected cells, mean ± SD. T-tests were performed comparing the Casilio system to the SunTag 
system when three individual sgRNAs were transfected to account for differences in efficiency of co-transfecting 
five plasmids. #p = 0.87, *p = 0.09, **p < 0.05. Inset images created using BioRender. 
 

 
5.1.4 Limited efficacy of the Casilio system 

The Casilio system was conceptualized as a transcriptional editing tool that has been reported 

as a promising method for combinatorial epimodifier recruitment (Cheng et al. 2016). In this 

thesis, experimental focus was paid to PUFa/5xPBSa Casilio components in conjunction with 

p65HSF1 as they were reportedly the most potent target gene activator combinations in the 

https://paperpile.com/c/KCFBNv/KFTZ
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original study, compared to the other three PUF variants (b, c and w). However, I was unable 

to reproduce these findings. This may in part be a result of using only an individual sgRNA per 

target while the original paper reported substantially better results when tiling a target promoter 

with up to four sgRNAs. This is an aspect that will need to be explored further in the future. 

However, given that we have successfully established the potency of the SunTag system when 

employing a single sgRNA targeted to the promoter region of KLOTHO, EPCAM, and 

TMEM206, I argue that this should also be feasible for the Casilio system if it was similarly 

effective at targeted activation in this embodiment. Notably, it might be possible that one of 

the other three variants may have been more effective, while using more than 5xPBS may have 

also been beneficial. Some preliminary data from co-workers in the lab who work on targeted 

gene activation in plants have tested the 15xPBS variants of a, b, and c using VP64 to activate 

an exogenous luciferase gene. The resulting luciferase assay showed moderate success with 

15xPBSa and b (data not shown), suggesting that the Casilio system might have applications 

outside of endogenous mammalian gene activation. Nevertheless, this did not account for the 

limited efficacy of the system that I observed under current testing conditions or for the 

additional concerns with the Casilio system outlined below. 

 

There were three major concerns with the functionality of the Casilio system. Firstly, the PBS 

were only separated by 3 nucleotides, thus there was a high risk of steric hindrance. By 

extending the spacer sequence between the PBS (1-5xPBSa), there was the possibility of 

minimising inhibitory PUF-epimodifier interactions and improving binding interactions, but 

this was unable to be determined here as testing was only performed in regards to regulating 

OCT4 and SOX2 expression, of which no activation was observable. Secondly, there are 

currently two known Pumilio homologues in humans, PUM1 and PUM2 (Spassov and Jurecic 

2003), that recognise and bind an endogenous RNA sequence. This sequence is equivalent to 

PBSw, thus there were concerns that the endogenous Pumilio proteins may sequester PBS sites 

and/or PUFs bind the endogenous RNA molecules. Wang et al. (2009) also shared this concern, 

as well as illustrated the third major issue which involved the questionable binding specificity 

across a, b and w variants. Despite Cheng et al. (2016) reporting limited cross reactivity, Wang 

et al. (2009) demonstrated that PUFw recognized and bound PBSa with high affinity, and vice 

versa, as shown in the Table 5.1 below. Thus, in light of these concerns, and the fact that under 

the current testing conditions I was unable to replicate the previously reported efficacy of the 

Casilio system, I discontinued testing with this platform, despite its purported potential. 

Consequently, there was still an unfulfilled need for designing and characterising an alternative 
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editing tool that would be capable of targeted combinatorial epimodifier recruitment and 

effective gene regulation. Thus, I devised, built, and tested a new, highly adaptable Spy-Snoop-

Sun-Avi (“SSSavi”) system for this purpose, which is detailed in the remainder of this chapter. 

 
Table 5.1. Binding affinities for PUFa, b, and w, to three PBS variants with a lower dissociation constant 

(Kd) indicating a higher affinity. Adapted from Wang et al. (2009). 

Target RNAs PBSa PBSb PBSw 

PUF domains          Kd (nM) 

PUFa 0.051 >4000 2.8 

PUFb ~3300 18 610 

PUFw 0.72 1600 0.48 

 
 

5.2 Development of the Spy-Snoop-Sun-Avi (SSSavi) epigenome editing 

system 
As already described, first generation epigenetic engineering tools entailed the direct fusion of 

epimodifiers with a DNA binding domain which later evolved into more potent second-

generation systems that amplified the epigenetic editing by additive recruitment. One example 

is the SAM complex, which combines RNA aptamer recruitment and direct fusion of 

epimodifiers to dCas9 (Konermann et al. 2015). Further, VPR (Chavez et al. 2015), CRISPR-

display (Shechner et al. 2015), the SunTag platform (Tanenbaum et al. 2014), and the Casilio 

system (Cheng et al. 2016) are all flavours of this epigenetic editing strategy. Despite 

demonstrating high regulatory potency, they all differ in their adaptability in terms of recruiting 

different or multiple epimodifiers, as well as controllability over which epimodifier binds and 

in which order. To overcome these limitations, I have created a new system known as Spy-

Snoop-Sun-Avi (“SSSavi”) that enables combinatorial epimodifier recruitment of up to four 

different epimodifiers to genes of interest in a highly specific manner, with defined ordering 

far exceeding the capabilities of any other system to date. 

 
This new epigenome editing system incorporates interaction components from four different 

sources: Spy, Snoop, Sun and Avi tags (Figure 5.4, Zakeri et al. 2012; Veggiani et al. 2016; 

Tanenbaum et al. 2014; Chivers et al. 2010). The SpyTag and corresponding catcher peptides 

were first described by Zakeri et al. (2012) as an alternative and more stable means of detecting, 

purifying, or immobilising proteins. They achieved this by splitting a small C-terminal 

fragment from a larger N-terminal fragment of the CnaB2 protein from Streptococcus 
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pyogenes, finding that these two components would spontaneously recombine to form a 

covalent bond within minutes. This interaction was stable at a range of temperatures, pH, and 

buffer conditions and was irreversible upon boiling. They and others (Zhang et al. 2013) also 

showed that the SpyTag could be fused at either terminal or internally to create unconventional 

non-linear configurations.  

 

 
Figure 5.4 A schematic of the SSSavi system interacting with chromatin. The SSSavi system consists of four 
tags (Spy, Snoop, Sun and Avi) and their counterpart binding partners, Spy and Snoop catcher, aGCN4 and 
Traptavidin, interacting with DNA via the dCas9 docking platform. Image created using BioRender.  
 

 

Following this work, Veggiani et al. (2016) established the analogous SnoopTag and 

corresponding catcher protein peptide pair from RrgA from Streptococcus pneumoniae, which 

demonstrated no cross-reaction with SpyTag/catcher. They went on to demonstrate that these 

components could be used together to build iterative assemblies of alternating Spy and 

SnoopTag reactions to attain modular extensions in linear or branched configurations. Such 

characteristics highlight the suitably of these tags as components to use within an epigenetic 

recruitment platform. To date, a selection of other reactive pairs have been characterised, but 

show less suitability for epigenetic epimodifier recruitment. They display slower, incomplete 

product formation (hours rather than minutes), reduced binding specificity, incomplete product 

formation (Tan et al. 2016; Pröschel et al. 2017), and/or the need for a ligase catalyst (Buldun 

et al. 2018; Fierer et al. 2014). There are currently two reported variants of the SpyTag/catcher 

pair, a “supercharged” variant that allows for inducible binding dynamics based on different 

buffering conditions and temperatures (Cao et al. 2017), and a SpyTag002 variant that shows 

accelerated binding but has only been tested in bacterial cultures (Keeble et al. 2017). As these 

alternative variants have been less well established and have not been tested in mammalian 

https://paperpile.com/c/KCFBNv/n8t4
https://paperpile.com/c/KCFBNv/7sLh
https://paperpile.com/c/KCFBNv/0Rtx+Yn3a
https://paperpile.com/c/KCFBNv/eLLD+zysv
https://paperpile.com/c/KCFBNv/eLLD+zysv
https://paperpile.com/c/KCFBNv/YGLF
https://paperpile.com/c/KCFBNv/Kyok
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cells as opposed to the gold standard SpyTag/catcher system (Zakeri et al. 2012), they were not 

tested here. 

 

The SunTag (Tanenbaum et al. 2014), the third component of the SSSavi system, has been 

widely adopted as a modular recruitment platform (Morita et al. 2016; Huang et al. 2017; Lu 

et al. 2018; Pflueger et al. 2018; Tong et al. 2018; Shao et al. 2017). This original SunTag array 

was made up of ten short peptides that act as an epitope docking station to its counterpart mono-

chain antibody, scFvGCN4 (𝛼GCN4). By fusing this array to the DNA binding protein, dCas9, 

while linking the counterpart antibody 𝛼GCN4 to an epimodifier, one can attain amplified 

recruitment of this epimodifier to a range of desired DNA target sites. Through work by Morita 

et al. (2016), a new five peptide tag array was established that contained longer 22 amino acid 

linker sequences (compared the original 5 amino acids) that allowed for more flexibility for the 

binding of larger epimodifier domains. It is this 5xSunTag array that was utilized for the SSSavi 

system due to its smaller size and established efficacy in our lab as a potent epigenetic editing 

tool (unpublished data). The newly described MoonTag displays similar properties to the 

SunTag, but was not utilized here as it has been shown to only have half the binding occupancy 

(up to 12 sites were bound for the 24xMoonTag array, Boersma et al. 2019) compared to the 

SunTag (all 24 sites were occupied for the 24xSunTag, Tanenbaum et al. 2014). 

 
The final component employed for the SSSavi system was a streptavidin variant known as 

Traptavidin (Chivers et al. 2010). Given that the interaction of streptavidin and biotin is the 

strongest naturally occurring non-covalent bond (Chaiet and Wolf 1964; Weber et al. 1989; 

Laitinen et al. 2006), Traptavidin was shortlisted to be an appropriate choice. The Traptavidin 

variant involves two mutations, S52G and R53D, and was selected as it has a superior biotin 

binding stability compared to streptavidin, a significantly slower dissociation from biotin, and 

enhanced thermostability (Chivers et al. 2010). Furthermore, the use of the E. coli biotin ligase, 

BirA, allows for targeted, covalent biotinylation of the short AviTag (Fairhead and Howarth 

2015), but requires that an additional plasmid encoding for BirA is delivered or expressed in 

the cells when using the AviTag. The AviTag is a 15 amino acid sequence and was 

conveniently added to our dCas9 docking platform, providing a fourth, highly stable, yet 

adaptable binding pair. 

 

To date, seminal work assessing the effects of chromatin modifiers in combination have used 

direct-fusion DNA targeting methods. This includes research by Keung et al. (2014) and Yeo 

https://paperpile.com/c/KCFBNv/GBeZ
https://paperpile.com/c/KCFBNv/8tqr
https://paperpile.com/c/KCFBNv/Ew4n+1hK3+bMua+Wq0g+L5EW+qX6n
https://paperpile.com/c/KCFBNv/Ew4n+1hK3+bMua+Wq0g+L5EW+qX6n
https://paperpile.com/c/KCFBNv/Ew4n
https://paperpile.com/c/KCFBNv/Ew4n
https://paperpile.com/c/KCFBNv/kcUJ
https://paperpile.com/c/KCFBNv/8tqr
https://paperpile.com/c/KCFBNv/LISy
https://paperpile.com/c/KCFBNv/6UDz+hRGj+WwUj
https://paperpile.com/c/KCFBNv/6UDz+hRGj+WwUj
https://paperpile.com/c/KCFBNv/LISy
https://paperpile.com/c/KCFBNv/iQE1
https://paperpile.com/c/KCFBNv/iQE1
https://paperpile.com/c/KCFBNv/Mroe
https://paperpile.com/c/KCFBNv/DMd0
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et al. (2018), both of whom examined pairwise combinations of chromatin regulators targeted 

to synthetic reporters in yeast and HEK293T cells, respectively. They and others (Amabile et 

al. 2016; O'Geen et al. 2017; Wang et al. 2018; O'Geen et al. 2019) describe enhanced, stable 

transcriptional regulation requiring the co-targeting of combinatorial epimodifier recruitment. 

These direct-fusion approaches have revealed novel regulatory behaviours distinct from 

implementing components in isolation as previously discussed in Chapter 1.4. Thus, the above 

work highlights the need to expand testing of more complex interactions to determine their 

combinatorial regulatory properties. However, due to the chosen mode of editing using direct 

fusions in the aforementioned studies, they have limited flexibility to include new epimodifiers 

and test more than simple interactions. The modular SSSavi system addresses this by providing 

a highly specific, adaptable platform for the simultaneous recruitment of three or more 

epimodifiers in a predefined order. Furthermore, this system offers the opportunity to explore 

four-way epimodifier combinations and their potential interactions providing an unprecedented 

prospect to mimic a more natural chromatin complex assembly. 

 

5.2.1 Initial SSSavi design achieves successful protein expression and 

transcriptional upregulation 
The concept and design of the SSSavi system with multiple modular tags fused to dCas9 and 

their counterpart binding partners (herein referred to as catchers) linked to epimodifiers was 

completely novel. As such, there were many components and design features to consider and 

test. Firstly, the linker length between the tags fused to the dCas9 required consideration to 

minimise potential steric clashing upon multiple catcher-epimodifier binding events. 

Therefore, I started out by leveraging the strategy implemented by Morita et al. (2016), where 

22 amino acid linker sequences were incorporated between the SunTag peptide arrays that were 

fused to the dCas9 in order to effectively recruit multiple copies of the large TET1 catalytic 

domains (718 amino acids each). Secondly, the epimodifiers needed to be fused to their 

respective catchers, thus linker length and sequence needed to be considered to enable 

sufficient flexibility for the epimodifier’s to access the chromatin but also to support correct 

protein folding and activity of these synthetic constructs. Consequently, two versions of the 

catcher-epimodifier fusions were trialled based on the original Tanenbaum et al. (2014) 

αGCN4 plasmid. One version was created that included the sfGFP and GB1 domains, which 

were thought to help protein solubility (Tanenbaum et al. 2014), while the other version only 

included a 4xGGGS repeat linker but lacked sfGFP and GB1. This was to determine if these 

https://paperpile.com/c/KCFBNv/DMd0
https://paperpile.com/c/KCFBNv/1uKo+Q14I+QEmQ+sFlW
https://paperpile.com/c/KCFBNv/1uKo+Q14I+QEmQ+sFlW
https://paperpile.com/c/KCFBNv/Ew4n
https://paperpile.com/c/KCFBNv/8tqr
https://paperpile.com/c/KCFBNv/8tqr
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internal domains may promote protein folding and activity. To test this, I extracted total protein 

from WT HEK293T cells transiently transfected with one of five dCas9-tag constructs (see 

Figure 5.5 legend for description of Spy, Snoop, Avi, SSSavi, or Sunx5 plasmids) or one of 

six catcher-epimodifier fusions (SpyCatcher, SnoopCatcher, or Traptavidin fused to p65HSF1, 

either with or without an internal GFP) and performed a western blot analysis using α-HA 

against 50 µg of the former, or α-Ty1 against 10 µg of the latter (Figure 5.5). Surprisingly, the 

blot on the right suggests that the smaller, non-GFP constructs (every second lane) were slightly 

more stable than their internal GFP expressing counterparts, as fewer degradation products 

were visible. Bands for the dCas9-tag fusion plasmids also suggest that stable dCas9 protein 

was being expressed, though detection via western blot was difficult due to low expression 

levels.  

 
Figure 5.5 Protein expression and stability of different SSSavi constructs. Western blot of dCas9-tag (anti-
HA) and catcher-epimodifier proteins (anti-Ty1) per 10-50 µg of total protein from cell lysate. The blot on the 
left indicates WT HEK293T cells transiently transfected with either SSP001 dCas9_1xSpyTag (Spy), SSP002 
dCas9_1xSnoopTag (Snoop), SSP003 dCas9_1xAviTag (Avi), SSP004 dCas9_Spy-Snoop-Sun-AviTag (SSSavi) 
or SSP005 dCas9_Spy-Snoop-Sunx5-AviTag (Sunx5). The blot on the right indicates cells transiently transfected 
with catchers fused to p65HSF1, either with or without internal GFP domains. Plasmids transfected are SSP006 
to SSP011. -ve indicates untransfected HEK293T WT cells. Loading control was alpha-Tubulin. A 5 min exposure 
was required for the top-left blot, while 5-15sec exposures were used for the others. Unannotated full western 
blots are shown in Supplementary Figure S7.5. 
 

 

Having established that the newly designed SSSavi constructs produced stable protein 

expression, the next step was to test if these proteins were functional. Specifically, I wanted to 

determine if the internal sfGFP and GB1 domains within the catcher-p65HSF1 fusions would 

translate to greater regulatory capacity. Consequently, these plasmids were transiently 

transfected into P3H11 6x sgRNA stable cells and changes in gene activity were measured. As 

half of the constructs lacked a fluorophore, these samples were not FAC sorted. Therefore, the 

results below likely underestimate the full gene regulatory capacity of the SSSavi system, but 

provided a first-pass indication for the performance of the new constructs. Additionally, a non-
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catalytic control plasmid harbouring catcher-mCherry (indicates potential non-catalytic 

epimodifier inhibitory effects) and a CRISPRi control consisting of the dCas9-SunTagx5 had 

yet to be cloned, and thus the original dCas9-SunTagx10 construct was used. As testing with 

the SSSavi system progressed, a dCas9-SunTagx5 plasmid (SSP012_dCas9-SunTagx5-BFP) 

was later cloned so that the number of SunTags would be equal to that used in the SSSavi 

platform for a more accurate comparison. 

 

The initial RT-qPCR results examining the different catcher-p65HSF1 fusions with and 

without internal sfGFP and GB1 domains are shown in Figure 5.6. These results indicate that, 

surprisingly, the non-GFP constructs typically outperformed their GFP counterparts in terms 

of transcriptional upregulation of three different target genes, though this difference was not 

found to be statistically significant due to sample variability. Given this trend, continued testing 

of the SSSavi system was performed using the catcher-epimodifier fusions without the internal 

GFP that was situated between the dCas9 and the tags. This slightly improved performance of 

the non-GFP constructs may have been due to either protein stability or the smaller size of the 

non-GFP design resulting in improved transfection efficiency. Alternatively, the distance 

between where the epimodifier-catcher protein binds relative to the dCas9 docking platform is 

now reduced, and in turn, the epimodifier is now in closer proximity to interact with the target 

gene. Additionally, the results in Figure 5.6 show that under these conditions, the 

AviTag/Traptavidin pair tended to perform comparably well to the 10xSunTag system, while 

the Spy and SnoopTag/catcher pairs showed little activation. To confirm these findings and to 

enable more consistent results across experiments, the non-GFP constructs were modified to 

allow for FACS, as discussed in the next section. 

 

 
Figure 5.6 Impact of targeted transcriptional activation of p65HSF1 by individual SSSavi constructs. RT-
qPCR analysis of KLOTHO, EPCAM, and TMEM206 expression comparing individual SSSavi constructs 
recruiting p65HSF1 to target promoters in P3H11 HEK293T 6x sgRNA stable cells. dCas9-SunTagx10: CRISPRi 
control (n = 3, biological replicates, fold change calculated based on untransfected cells, mean ± SD, unsorted). 
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5.2.2 Redesigning catcher constructs and testing different dCas9 docking 

platforms 
Non-GFP catcher plasmids were redesigned to include a pSV40-GFP expression cassette to 

allow for FAC sorting (SSP013_SpyCatcher, SSP014_SnoopCatcher, SSP015_Traptavidin 

each fused to p65HSF1). With these new epimodifier plasmids, I tested two versions of the 

dCas9 docking platform in comparison to a direct dCas9-p65HSF1 fusion. The first version 

had one of each tag (SSP004_pPGK-dCas9-Spy-Snoop-Sun-AviTag-BFP) while the second 

version had 5xSunTags (SSP005_pPGK-dCas9-Spy-Snoop-Sunx5-AviTag-BFP). The design 

for the latter (henceforth referred to as dCas9-SSSavi), as well as the catcher-epimodifier 

plasmids, are shown in Figure 5.7.A. I found that the 1xSunTag of SSP004 showed little to no 

activation when recruiting 𝛼GCN4-p65HSF1, and consequently did not pursue further testing 

(Figure 5.7.B). This was also found to be the case for the direct fusion plasmid (dCas9-

p65HSF1). In comparison, the dCas9 constructs fused to 5xSunTags or 1xAviTag appeared to 

show the greatest level of activation (compared to equivalent SpyTag and SnoopTag, though 

difference is non-significant). The strength of this activation tended to decrease for the SunTag 

and AviTag as the physical position of these tags was moved further away from the dCas9 as 

additional tags were added. This is illustrated in Figure 5.7.B, where the SunTags and Avi Tag 

are positioned further away in: i. dCas9-Tagx1, ii. dCas9-Spy-Snoop-Sun-Avi-Tag, and iii. 

dCas9-Spy-Snoop-Sunx5-AviTag (note: this trend is non-significant, thus replicate data is 

required to determine if they are indeed different). In an attempt to improve the potency of the 

system by reducing this distance, the 5xSunTag element was moved from the C- to the N-

terminus of dCas9 which simultaneously brought the AviTag 204 amino acids closer to the 

dCas9. The results from these experiments are reported in the next section (Section 5.2.3). 
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Figure 5.7 Schematic of SSSavi plasmids and comparative data for three different dCas9 docking 
platforms. (A) Schematic of SSP005_dCas9-Spy-Snoop-Sunx5-AviTag-BFP plasmid and the four catcher-
epimodifier constructs. (B) RT-qPCR data comparing the dCas9-p65HSF1 direct fusion to SSSavi constructs 
where three different dCas9 docking platforms are used. These consist of (i) dCas9 fused to one of four types of 
tags (SunTagx5 or Spy/Snoop/AviTagx1), (ii) to all four tags (dCas9-Spy-Snoop-Sun-Avi-Tag, SSSavi) or (iii) 
to a version with all four tags and 5xSunTags (dCas9-Spy-Snoop-Sunx5-Avi-Tag, SSSx5avi) as illustrated at the 
top of the graphs. Images created using BioRender. Experiments performed in BFP and GFP double-positive 
sorted P3H11 HEK293T 6x sgRNA stable cells. dCas9-SSSx5avi: CRISPRi control (n = 2, biological replicates, 
fold change calculated compared to dCas9-SSSx5aviTag only transfected cells, mean ± SD). 
 

 

5.2.3 N- and C-terminal fusions of the 5xSunTag module within dCas9-SSSavi 

exhibits comparable efficacy for target gene activation  
To determine if placing the Sun and Avi tags closer to the dCas9 component might further 

improve the potency of the platform, the original C-terminal dCas9 fusion (SSP005) was 

compared to a new N-terminal fusion construct (Figure 5.8.A). This latter design involved 
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moving the 5xSunTag to the N-terminus of dCas9, while the Spy, Snoop, and Avi Tags 

remained on the C-terminus, and this construct was referred to as SSP029 5xSunTag-dCas9-

Spy-Snoop-Avi. Comparing this construct to the C-terminal fusion revealed that the N-terminal 

fusion performed slightly better in terms of target gene activation when recruiting all four 

catchers fused to p65HSF1, but this difference was not significant due to the amount of 

variation across replicates (KLOTHO: p = 0.37, EPCAM: p = 0.89 and TMEM206: p = 0.20, 

Figure 5.8.B). This large variation was in part due to variation in expression levels of dCas9 

and p65HSF1 components across experiments, potentially due to differences in transfection 

efficiency and batch to batch variation in RNA extraction. Despite these variations, the overall 

trend remained the same. Reducing the distance between the SunTag and the DNA did not 

significantly improve performance, possibly due to the conformation of the N-terminal fusion 

and where the dCas9 bound to DNA relative to the gene promoter. Consequently, the 

differences in gene activation were not substantial enough to warrant the creation of a new 

stable cell line, and we continued our experiments using the original C-terminal SSP005 

construct. 
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Figure 5.8 Comparing N- and C-terminal SunTag fusion variants of the SSSavi system. (A) A schematic of 
the two different N- and C-terminal dCas9 fusion constructs. Image created using BioRender. (B) RT-qPCR data 
comparing N- and C-terminal fusion constructs recruiting p65HSF1. Constructs tested in P3H11 HEK293T 
6xgRNA stable cells. C- and N-terminal only conditions: CRISPRi controls (n = 3, biological replicates, fold 
change calculated based on untransfected cells, BFP and GFP double positive sorted cells). 
 

 

5.2.4 Combinatorial recruitment of p65HSF1 to dCas9-SSSavi results in 

amplified transcriptional activation 
Having confirmed the performance of the C-terminal dCas9 docking platform, we next tested 

the potential additive effect of co-transfecting Spy, Snoop, αGCN4, and Traptavidin activator 

components in all two-, three- and four-way combinations. Figure 5.9 highlights that of the 

pairwise combinations, SpyCatcher and Traptavidin appeared to be the most potent together 

while the SnoopCatcher appeared to add little to the amplification effect. Overall, the data 

indicated that the successive addition of SSSavi components resulted in strengthened 

transcriptional activation when recruiting multiple copies of p65HSF1 to the same target 

promoter.  

 

 
Figure 5.9 Successive addition of epimodifiers using the SSSavi recruitment platform (SSP005) results in 
amplified transcriptional activation. RT-qPCR data comparing successive addition of one-, two-, three-, and 
four-way combinations of SSSavi epimodifier constructs recruiting p65HSF1 to target promoters. P3H11 
HEK293T 6x sgRNA stable cells tested. SSSavi: CRISPRi control using SSP005 only (n = 2, biological replicates, 
fold change calculated based on SSP005_dCas9-SSSx5AviTag only transfected cells, BFP and GFP double 
positive sorted cells). 
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5.2.5 SSSavi components show strong specificity 
Having established the additive effect of recruiting multiple p65HSF1 domains using the 

SSSavi system, we next set out to determine if each of the components showed specificity to 

their counterpart binding partner. Initial results (Figure 5.10.A) indicated that this was the case 

for the SunTag/𝛼GCN4 and AviTag/Traptavidin pairs. For the Spy and Snoop components, 

minimal activation was achieved and therefore the SpyTag (SSP001) and SnoopTag (SSP002) 

were redesigned to include five of each tag (SSP068 and SSP069, respectively), to more closely 

reflect the activity of the 5xSunTag. These additional docking sites increased the level of 

activation induced by the Spy and Snoop components and thus made it easier to detect any 

possible cross-reactivity. Furthermore, rather than FAC sorting for all GFP positive cells, I split 

the population into low and high expressing GFP populations and only proceeded with the low 

GFP expressing cells to further minimise any potential off-target effects of free-floating 

p65HSF1. Figure 5.10.B shows that with these modifications to the experimental setup, the 

SpyTag-catcher pair demonstrated appreciable binding specificity (significant upregulation of 

all three target genes compared to dCas9-SpyTagx5 only) while cross-reactivity of the 

SnoopTag could not be determined due to sample variability. Significant transcriptional 

activation was only observed for KLOTHO when the 5xSnoopTag was paired with the 

SnoopCatcher (Figure 5.10.B). Consequently, we sought to reassess the SnoopTag-catcher 

plasmid design to determine if the level of induced activation could be further optimised. This 

was done by fusing the dCas9 to the catcher and in turn, linking the tag to p65HSF1. This 

switch was carried out on the SnoopTag-catcher, as well as the SpyTag-catcher for comparison 

and is discussed in the next section below. 
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Figure 5.10 Binding cross-reactivity of SSSavi tags with each SSSavi catcher. (A) RT-qPCR data comparing 
the specificity of tag-catcher binding partners. Each dCas9-tag (SpyTag: SSP001, SnoopTag: SSP002, SunTag: 
dCas9-SunTagx10-BFP, AviTag: SSP003) construct was co-transfected with either SSP013_SpyCatcher, 
SSP014_SnoopCatcher, 𝛼GCN4 or SSP015_Traptavidin fused to p65HSF1. (n = 1 for SSP001 and SSP002 
analysis, n = 3, biological replicates, for all other data, fold change calculated compared to dCas9-SpyTag 
(SSP001), mean ± SD). (B) Examining the cross-reactivity of SpyTagx5 (SSP068) and SnoopTagx5 (SSP069) to 
each catcher (n = 3, biological replicates, fold change calculated based on untransfected cells, mean ± SD). All 
experiments performed in P3H11 HEK293T 6x sgRNA stable cells, sorted for BFP and GFP double-positive cells. 
*p < 0.01. 
 

 

5.2.6 No improvement gained for Spy and Snoop by switching tag and catcher 

domains fused to dCas9 and epimodifier 
Given the lower efficacy of the Spy and Snoop components, we subsequently switched the 

tag/catcher domains between dCas9 and the epimodifier to test if this would alter their efficacy. 

Specifically, the larger catchers were fused to dCas9 (SSP030 and SSP031), while the smaller 

tags were linked to the p65HSF1 domain (SSP032 and SSP033) as shown in Figure 5.11.A. 

The results indicated that there was very little difference between a construct's ability to induce 

activation of a target gene when it has either the tag or the catcher fused to the epimodifier 

(Figure 5.11.B). There were some small gene-specific effects with the original dCas9-SpyTag 
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and dCas9-SnoopTag fusions marginally outperforming dCas9-SSSavi-catcher fusions when 

targeted to EPCAM (p = 0.01 and p = 0.03, respectively). However, that improvement did not 

pertain to the other two target genes and consequently, the study was continued with the 

original dCas9-SSSavi-catcher constructs. 

 

 
Figure 5.11 Switching tag and catcher domains fused to either dCas9 or epimodifier. (A) A schematic of the 
original dCas9-tag (SSP001 and SSP002) and catcher-epimodifier fusions (SSP013 and SSP014) compared to the 
newly swapped dCas9-catcher (SSP030 and SSP031) and tag-epimodifier fusions (SSP068 and SSP069). Image 
created using BioRender. (B) RT-qPCR data comparing the level of activation induced by the different tag-catcher 
fusions. P3H11 HEK293T 6x sgRNA stable cells were used (n = 3, biological replicates, fold change calculated 
based on SSP001_dCas9_SpyTag only transfected cells, BFP and GFP double-positive sorted cells, mean ± SD). 
 

 

5.2.7 Comparing the SSSavi system to other activation systems 
I sought to determine the potency of the SSSavi system, with the original Spy and Snoop 

constructs, in comparison to already established activation systems including direct fusions, 

5xSunTag, and VPR. Testing these different systems highlighted that the direct fusion 

constructs (dCas9-VP64, dCas9-p65HSF1) induced minimal upregulation while the dCas9-

VPR system appeared to work well as has previously been reported (Chavez et al. 2015; Chavez 

et al. 2016; Lu et al. 2018; Zhou et al. 2018; Baumann et al. 2019, Figure 5.12). By comparison, 

the 5xSunTag recruiting p65HSF1 outperformed all other platforms tested, while the potency 

of the SSSavi system varied depending on the target gene and tag:catcher combination. 

Specifically, it performed comparably, if not better than the VPR system in terms of gene 

upregulation for KLOTHO and EPCAM, but not for TMEM206. This indicated that there were 

locus-specific and context-dependent effects that influenced how susceptible any given target 

gene was to a given artificial regulatory system which was also demonstrated by Chavez et al. 

(2016). Another finding that also contributed to this issue was that Traptavidin did not perform 

https://paperpile.com/c/KCFBNv/TASX+O6Ec+bMua+yxXZ+FpkX
https://paperpile.com/c/KCFBNv/TASX+O6Ec+bMua+yxXZ+FpkX
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as strongly as observed in previous experiments. This was likely because samples required the 

additional co-transfection with a BirA plasmid which could not be enriched using FACS, thus 

the efficiency of transfecting multiple plasmids varied across experiments. So, I engineered a 

dCas9-SSSavi and BirA stable cell line in an attempt to improve the performance of this 

system. 

 

 
Figure 5.12 Directly comparing alternative transcriptional activation systems. RT-qPCR data indicating the 
level of transcriptional upregulation induced by different activation systems. These systems consist of dCas9 
directly fused to VP64 and p65HSF1, dCas9-VPR, dCas9-SunTagx5, and dCas9-SSSavi platforms with 
complementary epimodifier fusions (αGCN4-VP64, αGCN4-p65HSF1, or Spy/Snoop/Traptavidin fused to 
p65HSF1). Note, catcher-VP64 fusions were not tested with the SSSavi system. P3H11 HEK293T 6x sgRNA 
stable cells were used (n = 2, biological replicates, fold change calculated based on dCas9-SunTagx5 only 
transfected cells, BFP and GFP double-positive sorted cells). 
 

 

5.2.8 Comparing transient transfection of all SSSavi components to the dCas9-

SSSavi and BirA stable expression cell line 
To generate the SSSavi stable line, hereinafter referred to as SSP074, I first designed and 

cloned the piggybac vector containing a pCAGG promoter expressing the dCas9-SSSavi 

component, along with a pEF1a promoter for BirA expression followed by a hygromycin 

cassette (SSP074_PB_CAGG_dCas9-SSSx5avi_pEF1a-BirA_IRES_Hygro). This piggybac 

plasmid allowed the time consuming and labour-intensive process of producing lentiviral 
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particles to be bypassed, and instead enabled insertion of all SSSavi components with a single 

transfection. We performed the co-transfection of P3H11 6x sgRNA stable cells with SSP074 

and the hyPBase transposase as described in Chapter 2.4.1. The transposase facilitated random 

genomic integration of the SSP074 SSSavi construct, which was followed by two weeks of 

hygromycin selection. Integration and stable expression of the SSSavi docking platform was 

confirmed using immunostaining followed by flow cytometry with results indicating 95% of 

the SSP074 cells were GFP positive for dCas9 expression (Figure 5.13.A). Following this, 

P3H11 cells (Figure 5.13.B) were transiently transfected with either 5xSunTag (to be directly 

comparable to the number of SunTags in the SSSavi platform), 𝛼GCN4-p65HSF1, or the 

SSSavi system with all four catchers and BirA (a six plasmid transfection). This was compared 

to the transient transfection of SSP074 cells (Figure 5.13.B) with the four catchers only (a 

four-plasmid transfection) to determine if there was any difference in transcriptional regulation. 

Figure 5.13.C indicates that the co-transfection of dCas9-SunTagx5 with 𝛼GCN4-p65HSF1 

in P3H11 cells was, on average, more potent than either the transient or stable expression of 

the dCas9-SSSavi platform with all four catchers. However, due to the variability across 

triplicate samples, this observation was a trend only and requires further testing. Furthermore, 

the SSSavi system displayed no significant improvement for upregulation when dCas9 and 

BirA were stably expressed (KLOTHO: p = 0.09, EPCAM: p = 0.40, and TMEM206: p = 0.73). 

The lack of improvement between transient and stable transfections might stem from the fact 

that the stable line was a mixed population rather than a clonal cell line and thus the varied 

integration sites of the piggybac SSP074 payload insert could vary in chromatin context, 

possibly resulting in varying expression levels of dCas9 and thus diluting out the potency of 

the platform. This was certainly found to be the case for the P2A4 SunTag stable cell line, 

where only the P2A4 clone showed sufficient dCas9 expression to achieve targeted activation 

(see Figure 4.9.B). Thus, if a mixed SunTag stable line was examined rather than individual 

clonal lines, the regulatory capacity of the platform may not have been as potent in inducing 

transcriptional regulation. Consequently, future work with the SSSavi system should consider 

screening and establishing a clonal line to potentially improve the regulatory capacity of the 

platform. An additional factor that may have affected the limited improvement of the stable 

line over transient transfection was that the latter may have resulted in significantly more copies 

of the construct within the nucleus, hence the dCas9 docking platform may be a further limiting 

factor, despite the use of the stronger pCAGG promoter (chicken 𝛽-actin promoter coupled 
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with CMV early enhancer, Niwa et al. 1991), compared to the pPGK (phosphoglycerate kinase 

1) promoter used for transient transfection (Qin et al. 2010). 

 

 
Figure 5.13 Comparing activation across different stable cell lines. (A) Flow cytometry results from 
immunostaining of SSP074 dCas9-SSSavi stable cells using an HA primary antibody (Biolegend, #901502) 
followed by a goat anti-mouse AF488 secondary antibody (Biotium, #12C0403). (B) Schematic of the P3H11 
6xgRNA stable cells and SSP074 dCas9-SSSavi stable expression line. Image created using BioRender. (C) RT-
qPCR data showing level of activation induced by transient transfection of SunTag and SSSavi plasmids in two 
different stable cell lines. #Indicates four and six plasmid transfections in SSP074 and P3H11 cells, respectively. 
Experiments performed in BFP and GFP double positive sorted P3H11 cells, and GFP positive sorted SSP074 
cells (n = 3, biological replicates, fold change calculated compared to untransfected cells for each stable cell line). 
 

 

Using the same two stable cell lines (P3H11 and SSP074), an experiment was performed to 

test transcriptional repression using the KRAB repressor domain. As has been observed 

previously in Chapter 4 (Figures 4.5.B, 4.8.B, and 4.9C-G), KRAB-induced repression again 

appeared to be highly variable across replicates and target genes which made it difficult to 

interpret the data (Figure 5.14). However, for all target genes except EPCAM, the 5xSunTag 

co-transfected with KRAB exhibited a trend towards repression in P3H11 cells that was greater 

than the CRISPRi effect of dCas9-SunTagx5 alone. Although, the gene downregulation was 

only statistically significant for TMEM206 (p = 0.007). For the SSSavi system, this trend was 

only the case for EPCAM in SSP074 cells and RBM3 in P3H11 cells, though these differences 

were not statistically significant due to the variability between replicates. Overall, induced 

downregulation of gene expression through the recruitment of KRAB alone was weak for both 

the SunTag and SSSavi systems, even when the SSSavi docking platform was stably expressed. 

https://paperpile.com/c/KCFBNv/bklN
https://paperpile.com/c/KCFBNv/tRiM
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Consequently, alternative transcriptional regulators were examined for both of these systems 

to determine if these may show an improved capacity for transcriptional repression, as 

discussed below.  

 

 
Figure 5.14 Comparing repression across different stable cell lines. RT-qPCR data showing level of repression 
induced by transient transfection of SunTag and SSSavi plasmids in two different stable cell lines using KRAB. 
#Indicates four and six plasmid transfections in SSP074 and P3H11 cells, respectively. Experiments performed in 
BFP and GFP double positive sorted P3H11 cells, and GFP positive sorted SSP074 cells (n = 2, biological 
replicates, Log 2 fold change calculated compared to untransfected cells for each stable cell line). *p < 0.05. 
 

 

5.2.9 Improved transcriptional repression for SunTag and SSSavi systems with 

targeted recruitment of DNMT3A/3L 
Due to limited repression induction as a result of recruiting KRAB, alternative transcriptional 

repressors were sought. Based on our own work demonstrating that targeted DNA methylation 

can result in transcriptional downregulation (Pflueger et al. 2018), I hypothesised that 

combining DNMT3A (D3A) and DNMT3L (D3L) could lead to improved target gene 

repression, as this combination was previously shown to outperform D3A alone in terms of 

DNA methylation deposition (Stepper et al. 2016; Amabile et al. 2016; O'Geen et al. 2019). To 

date, no direct comparison has been made between D3A and a combination of D3A/D3L to 

evaluate the effectiveness for target gene repression.  

 

https://paperpile.com/c/KCFBNv/Wq0g
https://paperpile.com/c/KCFBNv/CKSg+1uKo+sFlW
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To this end, I transfected SunTag (P2A4) and SSSavi stable cells (SSP074) with either D3A, 

D3L, or a combination of both, followed by FACS for low and high GFP expression 

populations (example gating shown in Supplementary Figure S7.6.A). A distinction was 

made between these populations in order to determine if there was a dose dependent effect in 

terms of the expression levels of the epimodifiers and the potency of repression for on-target 

and off-target genes. It is also noted that two different SSSavi combinations with varied 

ordering of D3A and D3L binding were tested to determine if there were any positional effects 

at play. This was because, unlike with the SunTag system, we can control the order in which 

epimodifiers bind to the SSSavi platform. These two combinations are labelled in terms of the 

ordering of D3A and D3L fused to SpyCatcher, SnoopCatcher, 𝛼GCN4, and Traptavidin. 

Hence, L-L-A-A refers to D3L fused to Spy and SnoopCatcher, and D3A fused to 𝛼GCN4 and 

Traptavidin (Figure 5.15.i), while A-L-A-L indicates SpyCatcher and 𝛼GCN4 fused to D3A, 

and SnoopCatcher and Traptavidin fused to D3L (Figure 5.15.ii). Furthermore, an mCherry 

transfection control (fused to either 𝛼GCN4 or SpyCatcher) was used to account for possible 

inhibitory effects upon non-catalytic epimodifier binding. Unlike previous experiments, 

CRISPRi could not be directly examined as dCas9 was stably expressed in the cells measured, 

and thus measuring CRISPRi would be equivalent to measuring untransfected cells but without 

accounting for possible confounding effects of PEI on the transcriptome. Consequently, we 

deemed targeted epimodifier specific repression was only achieved if expression levels 

exceeded the baseline repression levels induced by mCherry alone (as indicated by the pink 

dotted lines in Figure 5.15). Thus, any downregulation seen was not solely due to catcher 

binding to the SSSavi platform but a result of DNA methylation induced repression.  

 

When examining the RT-qPCR results, as expected, the high GFP population generally 

outperformed the low GFP population (Figure 5.15). This strongly suggested a dose dependent 

effect, with more epimodifier generally resulting in greater repression. Consequently, the 

remainder of the results for Figure 5.15 were reported in reference to the high GFP population 

only. Additionally, targeted repression was measured in reference to the four highest expressed 

target genes based on transcripts per million (TPM) values from bulk RNA-seq data of our 

HEK293T cells (TMEM206: 3.07, RBM3: 42.24, B2M: 219.21 and HINT1: 721.83). As 

KLOTHO and EPCAM have TPM values of 0 and 2.40, respectively, they were not included 

in the analysis. Unlike the low to moderate effects described previously using KRAB, the 

recruitment of D3A alone induced up to 8-fold repression. Furthermore, gene silencing induced 
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by D3A alone outperformed all D3A/D3L combinations regardless of the target gene or 

catcher:tag combination used. To the best of my knowledge, this is the first time this has been 

demonstrated. Future work to characterise and further validate this finding is needed given 

previous reports of combining D3A/D3L improving DNA methylation induction capacity 

(Stepper et al. 2016; Amabile et al. 2016; O'Geen et al. 2019), but counterintuitively this 

synergy does not seem to translate to their combined ability to reduce gene expression. This 

may be an experimental/cell type/target gene specific effect, or it may further highlight the 

potential complexity of combinatorial epimodifier recruitment based on varying chromatin 

contexts. 

 

In terms of the two SSSavi combinations tested, there were no significant differences between 

L-L-A-A and A-L-A-L, except for B2M where the former outperformed the latter (p = 0.003, 

Figure 5.15). Either positional effects were not contributing factors when recruiting these 

epimodifiers, or the recruitment of five copies of D3A fused to 𝛼GCN4, which was used for 

both L-L-A-A and A-L-A-L, may have overpowered any positional effect of recruiting only 

two copies of D3L. Examination of other permutations where D3A was not fused to 𝛼GCN4 

could help to tease this apart, as was investigated below using additional epimodifiers (Section 

5.2.10). Furthermore, though there was no significant difference between SpyCatcher-D3A 

alone and the recruitment of all four catchers fused to D3A, there was a strong trend suggesting 

that the latter was more potent. By including more replicates and reducing experimental 

variation, it is likely that this difference would become more pronounced. Lastly, the data 

suggested that the SSSavi system was either equivalent to or surpassed the SunTag system in 

terms of induced repression. This was encouraging given that the SunTag system set a high 

benchmark as an effective, reliable, highly specific epigenetic editing tool. Thus, in light of 

these promising results, we next determined if the other epimodifier combinations previously 

tested with D3A, notably KRAB and EZH2 (Amabile et al. 2016; O'Geen et al. 2019), may 

further improve the targeted repressive capacity of the SSSavi platform. These epimodifier 

combinations are discussed below. 

https://paperpile.com/c/KCFBNv/CKSg+1uKo+sFlW
https://paperpile.com/c/KCFBNv/1uKo+sFlW
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Figure 5.15 Transcriptional repression of target genes through the recruitment of DNMT3A and/or 
DNMT3L via either the SunTag or SSSavi systems. RT-qPCR data showing level of repression (Log2 Fold 
Change) induced by transient transfection of SunTag and SSSavi plasmids in two different stable cell lines (P2A4 
and SSP074) using DNMT3A (D3A) and/or DNMT3L (D3L). Epimodifier plasmids transfected into P2A4 
SunTag cells are all fused to αGCN4. Spy-mCherry and Spy-D3A: epimodifiers fused to SpyCatcher, all D3A: 
all four catchers are fused to D3A, L-L-A-A: SpyCatcher-D3L, SnoopCatcher-D3L, αGCN4-D3A, Traptavidin-
D3A, A-L-A-L: SpyCatcher-D3A, SnoopCatcher-D3L, αGCN4-D3A, Traptavidin-D3L. Pink dotted lines 
indicate the baseline level of repression induced by mCherry alone in the different cell lines. Boxes indicate min 
and max values, with the central line indicating sample mean (n = 2, biological replicates, Log2 fold change 
calculated compared to untransfected cells for each stable cell line, low and high GFP positive sorted cells).           
*p < 0.05. 
 

 

5.2.10. Targeted repression through combinatorial recruitment of D3A, KRAB, 

EZH2, and D3L 
Previous work by Amabile et al. (2016) and O'Geen et al. (2019) established that certain 

epimodifier combinations with D3A were required to achieve stable, long-term gene silencing. 

They transiently transfected distinct cell lines with various DNA targeting methods to induce 

transcriptional repression of several target genes over different time periods. Overall, their 

results indicated that a combination of D3A, with either D3L, KRAB and/or EZH2 (histone 

methyltransferase that deposits H3K27me3) led to persistent epigenetically induced silencing. 

 

Here, I investigated whether combinations of these four epimodifiers contributed to improved 

transcriptional downregulation. To test this, I transiently transfected different combinations of 

these epimodifiers into SunTag and SSSavi stable lines, FAC sorted 72 hrs ptf, and measured 

expression levels to determine if certain combinations showed greater potency compared to 

D3A alone. Although I previously reported that high GFP expressing cells contributed to 

greater repressive potency over cells with low GFP, this distinction was no longer pursued in 

order to obtain sufficient cell numbers for analysis. Consequently, the results reported below 

were not directly comparable to the previously reported D3A/D3L results as the data was 

obtained from all GFP positive FAC sorted cells which introduces a wider range of epimodifier 

expression levels (example gating shown in Supplementary Figure S7.6.B). Furthermore, as 

with the previous experiment, KLOTHO and EPCAM were excluded from the analysis due to 

their low expression levels in the control, and mCherry alone was set as the baseline measure 

of targeted repression to account for potential non-catalytic epimodifier inhibitory effects. 

Additionally, to reduce the number of experimental conditions, three-way combinations 

lacking SnoopCatcher fusions were not tested as previous results showed this recruitment 

module had the weakest capacity for gene regulation of the four SSSavi elements (Figure 5.9 

https://paperpile.com/c/KCFBNv/1uKo+sFlW
https://paperpile.com/c/KCFBNv/1uKo+sFlW
https://paperpile.com/c/KCFBNv/1uKo+sFlW
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and 5.10). It is also noted that the results presented in Figure 5.16 show high variability 

between replicates which made interpretation difficult and future work will thus need to be 

performed to acquire further replicate data to more comprehensively capture any trends 

discussed here.  

 

Starting with the results for the SunTag stable line (transfections illustrated in [1] of Figure 

5.16), though no combination of epimodifiers induced a significant level of repression beyond 

that of the mCherry control, there was an observable trend indicating that the repressive 

capacity of D3A was improved when combined with KRAB and EZH2, when targeted to 

TMEM206 and B2M. The SSSavi system on the other hand (transfections illustrated in [2] of 

Figure 5.16), clearly demonstrated significant gene silencing of three of the four target genes 

when all four epimodifiers were recruited compared to mCherry alone (TMEM206: p = 0.013, 

B2M: p = 0.031, RBM3: p = 0.67, and HINT1: p = 0.033). Overall, the performance of the 

SSSavi platform depended on the target loci examined, but generally speaking, it performed 

comparably if not slightly better than the SunTag system for targeted gene repression. 

However, definitive conclusions could not be made due to the variability observed in the RT-

qPCR assay, requiring further replication that will be undertaken. 

 

Unlike the SunTag system, the key advantage of the SSSavi platform is the functionality to 

control the number and the order of epimodifier that bind. By testing different arrangements of 

catcher-epimodifier fusions (as evident in Figure 5.16 [2]), we were able to examine if the 

degree of gene silencing induced by the SSSavi system was dependent on this ordering. Though 

not significant, the general trend suggested that the arrangement of epimodifiers bound to the 

SSSavi platform did play a role as the SpyCatcher-D3A, 𝛼GCN4-KRAB and Traptavidin-

EZH2 combination (denoted as D3A+K+E) generally outperformed the other permutations 

tested. This may partly be due to multiple KRAB binding events to the 5xSunTag module of 

the dCas9-SSSavi. To remove this possibility, we tested each epimodifier alone and in pairwise 

combinations, by excluding the use of 𝛼GCN4 fusions. In order to streamline the experiment, 

the single and pairwise combinations were only tested against a SpyCatcher-D3A fusion as the 

potency of this construct had already been demonstrated in Figure 5.15 (comparable activation 

between SpyCatcher-D3A and all four catchers fused to D3A). 

 

Testing the single and pairwise combinations recruiting D3A, KRAB, and EZH2 indicated no 

significant differences due to the variability across replicates (transfections illustrated in [3] of 
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Figure 5.16). Despite this, there was a trend indicating that SpyCatcher-D3A combined with 

Traptavidin-KRAB resulted most often in target gene repression. Planned additional testing 

will help to illuminate if this trend holds true. Pairing SpyCatcher and Traptavidin recruitment 

was also previously noted to be the most potent pair when recruiting p65HSF1, as seen in 

Figure 5.9. Consequently, future experiments will test the combinatorial capabilities of the 

SSSavi system with a larger set of pairwise epimodifier combinations by utilising SpyCatcher 

and Traptavidin fusions. This pairwise experiment is beyond the scope of this thesis due to time 

limitations and restrictions on experimental work as a result of the COVID19 pandemic. 

Despite this, the expanded epimodifier library has been cloned (Chapter 2.2.4, Table 2.2.) 

with the idea of using dual antibiotic selection as a means of bypassing the FACS bottleneck. 

Successful pairwise epimodifier combinations will serve as a blueprint to dovetail into 

experiments to test three- and four-way SSSavi epimodifier combinations. However, screening 

all possible combinations with this setup would be time and labour prohibitive. Hence, this 

emphasizes the value of developing a new high-throughput epigenome editing screen that 

enables multiple different epimodifiers to be recruited to a range of regulatory elements on a 

large scale with considerably reduced labour and time investment using scRNA-seq. Such a 

screen provides the possibility to functionally characterise the combinatorial effects of 

chromatin regulators on gene transcription and potentially identify epimodifiers that elicit 

strong and stable changes. Combining the novel directed combinatorial control of the SSSavi 

platform, with that of the barcoded epimodifier single cell screening platform, provides the 

unique opportunity to explore the epigenome at an unprecedented scale. The variety of contexts 

and future applications of these novel tools is discussed further in the next chapter. 
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Figure 5.16 Combinatorial recruitment of D3A, KRAB, EZH2 and D3L to induce targeted transcriptional 
repression via either the SunTag or SSSavi systems. RT-qPCR data showing level of repression induced by 
transient transfection of SunTag ([1]) and SSSavi plasmids ([2] and [3]) in two different stable cell lines (P2A4 
and SSP074) using DNMT3A (D3A), EZH2 (E), KRAB (K) and/or DNMT3L (D3L). Epimodifier plasmids 
transfected into P2A4 SunTag cells are all fused to αGCN4. Three-way combinations indicate the ordering in 
which epimodifiers are fused to SpyCatcher, αGCN4 and Traptavidin. D3A+K+E+D3L indicates these 
epimodifiers are fused to SpyCatcher, αGCN4, Traptavidin and SnoopCatcher in that order. Pink dotted lines 
indicate the baseline level of repression induced by mCherry alone in the different cell lines. Boxes indicate min 
and max values, with the central line indicating sample mean (n = 2, biological replicates, Log 2 fold change 
calculated compared to untransfected cells for each stable cell line, GFP positive sorted cells). *p < 0.05. 
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Chapter 6 

 

 

Discussion and future work 

 

 
The overarching goal of my PhD thesis was to expand and characterise a range of novel 

epigenome editing tools for synthetic biology applications, laying the foundations for future 

research to probe simultaneous features of the complex epigenome and chromatin landscape at 

an unprecedented scale. This began with the development of the modular dCas9-SunTag 

system (Tanenbaum et al. 2014) as a tuneable epigenome editing tool for highly specific 

modification of DNA methylation with minimal off-target deposition, in order to perform an 

unambiguous assessment of the effect of DNA methylation at specific loci (Pflueger et al. 

2018). This covalent modification of DNA does not occur in isolation, but plays a role in a 

much larger coordinated framework to modulate the organisation, accessibility, and 

transcriptional activity of DNA. This framework consists of a complex array of chemical 

modifications and regulatory enzymes that collectively comprise the epigenome. Current 

methods aimed at investigating the potential causative effects of these epimodifiers typically 

examine them on an individual basis in isolation, thus their findings are generally context 

specific and provide a limited reflection of the natural chromatin state. As such, my project 

also aimed to explore the combinatorial activities and causality of epigenome modifications 

and the diverse repertoire of enzymes that regulate them, in order to more comprehensively 

capture their role in transcriptional regulation. 

 

A select few studies have started approaching this task by examining pairwise combinations of 

epimodifiers (Amabile et al. 2016; Yeo et al. 2018; O'Geen et al. 2019), but the restricted 

adaptability of their targeted editing tools, the small number of epimodifiers examined (4-28), 

and their chosen measurement techniques limits their ability to adapt to large scale 

combinatorial testing. Specifically, all three studies utilized direct fusion constructs that 

provide limited upscaling, with Amabile et al. (2016) and O'Geen et al. (2019) only examining 

four epimodifiers. Though Yeo et al. (2018) did expand on this by examining up to 28 different 

https://paperpile.com/c/TX7OIK/BlzO
https://paperpile.com/c/TX7OIK/mioL
https://paperpile.com/c/TX7OIK/mioL
https://paperpile.com/c/OVVcii/0kdr+CIJy+9iHR
https://paperpile.com/c/TX7OIK/oZo8+8lKQ
https://paperpile.com/c/TX7OIK/oZo8+8lKQ
https://paperpile.com/c/TX7OIK/oZo8+8lKQ
https://paperpile.com/c/TX7OIK/0aoS
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repressor domains, they focused on utilizing the rapid readout available from targeting a 

synthetic reporter. The disadvantage of this is that the complexity of endogenous regulatory 

and chromatin states and the range of co-regulators is missed. Furthermore, studies such as 

O'Geen et al. (2019) examined only a limited subset of target genes (in this case HER2 and 

SNURF) and thus lack broad applicability to the diverse range of chromatin contexts that exist. 

Given these limitations, my thesis aimed to build multiple new experimental platforms that 

would enable extension far beyond these initial studies, by first expanding and adapting the 

SunTag system for utilization in the development of a high-throughput epigenome editing 

screen. Such a screen allows for large scale testing, of multiple different epimodifiers 

combinations at a range of endogenous loci and chromatin contexts. This single cell screening 

tool could be used in different cell types, across a range of developmental stages, disease states 

and target loci to characterize universally potent regulators as well as context specific 

epimodifiers. Such information will aid in our understanding of the causal roles of these 

epimodifiers in processes such as cellular memory and differentiation, as well as disease 

aetiology. This tool could also potentially be used to validate candidate enhancer sites and distal 

regulatory elements in healthy tissue as well as disease states. 

 

The ground-breaking developmental work on the screen was followed by the extensive design, 

optimisation, and characterisation of new combinatorial recruitment tools, the Casilio (Cheng 

et al. 2016) and SSSavi platforms, the latter of which provides, for the first time, direct control 

of the ordering in which multiple epimodifiers are recruited. In this final chapter, an overall 

summary of each of these major areas of development is discussed, along with various factors 

that should be considered for future areas of expansion and implementation. Overall, this work 

serves as a cornerstone for the advancement of targeted, combinatorial epigenome editing 

platforms that are still in their infancies. Tools such as these have never been built before, thus 

there are no manuals to consult and numerous experimental challenges to overcome as 

discussed below. Despite this, preliminary results show great promise for the design and 

functionality of both the screen and targeted epigenome editing tools. Such platforms provide 

the opportunity to determine and build hierarchical rules regarding combinatorial epimodifier 

regulation of gene transcription. Such a resource would give fundamental insight into the basic 

biological question of how the epigenome regulates gene expression which may in turn enable 

future studies to better design genome regulatory strategies for tackling issues such as the 

efficiency of programmed cell differentiation, cellular engineering, and targeted therapies. 

 

https://paperpile.com/c/TX7OIK/8lKQ
https://paperpile.com/c/TX7OIK/ck8I
https://paperpile.com/c/TX7OIK/ck8I
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6.1 DNA methylation induction by the modular dCas9-SunTag DNMT3A 

editing system 
Early studies into targeted DNA methylation relied upon direct fusion constructs between a 

DNA binding domain such as dCas9, and the catalytic domain of a DNA methyltransferase, 

DNMT3A (Amabile et al. 2016; Liu et al. 2016; Vojta et al. 2016; Stepper et al. 2016). Such 

work demonstrated the utility of targeted deposition to delineate the cause or consequence role 

of DNA methylation on gene transcription, but they did not sufficiently address the issue of 

potential off-target effects. We examined this issue in detail, as described in Pflueger et al. 

(2018), through the adaptation of the modular dCas9-SunTag system to achieve highly specific 

DNA methylation induction at multiple target sites simultaneously with minimal off-target 

deposition. This was attained through the independent titration of the dCas9-SunTag DNA 

targeting module and the DNMT3A catalytic domain fused to the counterpart binding partner 

(𝛼GCN4) to maximise on-target and minimise off-target DNA methylation deposition. The 

latter was illustrated by comprehensively characterising potential off-target deposition using 

TSC-bs-seq. This method was a vast improvement to the reduced representation bisulfite 

sequencing (RRBS) used in a similar study by Huang et al. (2017), as TSC-bs-seq covered 

12.7% of all hypomethylated CpGs in HeLa cells compared to only 1.8% by the RRBS method. 

Thus, our work demonstrated the most extensive survey of off-target DNA methylation 

induction by a dCas9 platform to date. 

 

This comprehensive profiling of DNA methylation deposition was complemented with ChIP-

seq followed by DNA methylation assessment to capture and profile global dCas9 binding and 

corresponding methylation induction. This analysis revealed two sites with significant dCas9 

binding, our target site and one off-target site, and three sites with a >10% increase in DNA 

methylation, none of which corresponded to the off-target dCas9 binding site. Overall, this 

non-specific binding and methylation induction was likely a result of partial complementarity 

between the off-target sites and the 3’end of the sgRNAs. It is this region which binds closest 

to the 3 bp protospacer adjacent motif (PAM) in the target sequence that is recognised by the 

dCas9 protein (van der Oost et al. 2014). This issue of complementarity could be minimised 

by selecting and testing sgRNAs with increased sequence uniqueness.  

 

Given the specificity of the SunTag system, we next employed it to examine the sensitivity of 

two TFs, CTCF and NRF1, to the presence of DNA methylation within their DNA binding 

https://paperpile.com/c/TX7OIK/oZo8+Ju7y+rj0V+I0fS
https://paperpile.com/c/TX7OIK/mioL
https://paperpile.com/c/TX7OIK/mioL
https://paperpile.com/c/TX7OIK/1aGp
https://paperpile.com/c/M5bva7/kPuX
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sites. Both were observed to be impacted, as has previously been reported to be the case for 

CTCF (Liu et al. 2016; Lei et al. 2017). This TF was found to tolerate DNA methylation in its 

binding site, which we reported in the paper to either be a result of CTCF occupying a 

transitional state and was in the process of being evicted at the time of testing, or binding to 

derivative of DNA methylation, 5-hydroxymethylated-cytosine (5hmC), which cannot be 

differentiated from 5-methylated-cytosine (5mC) using ChIP-bs-seq (Pflueger et al. 2018). By 

comparison, NRF1 displayed a loss of occupancy upon DNA methylation deposition within its 

binding site at the promoter of TMEM206, with no intermediate 5mC or possible 5hmC binding 

states observed. Furthermore, this loss of binding resulted in a significant reduction in 

TMEM206 transcript abundance. As such, the direct causal consequences of targeted DNA 

methylation in different genomic contexts were observable through the employment of the 

dCas9-SunTag platform. Accordingly, the efficacy, specificity and adaptability of this tool 

provides the opportunity to investigate the direct causal role of DNA methylation in a variety 

of contexts, including disease and cellular development without the concern of off-target 

effects. This is an important advance, as it demonstrates the capacity of these new targeted 

epigenome editing tools to improve our mechanistic understanding of the roles of epigenome 

modifications, and begin to tackle the largely unexplored and fundamental issue of causality 

with regards to epigenome modifications and genomic regulation. This will be critical in order 

to move beyond the purely associative studies, and will improve our understanding of the 

causal roles of these genome regulatory processes so that we may more effectively interpret 

changes observed in large-scale epigenome profiling studies. 

 

Despite these significant advances, there are still several areas that require addressing regarding 

targeted DNA methylation deposition. These issues include the recurring finding that the 

successful induction of DNA methylation does not often confer gene repression, nor does it 

translate to an all or nothing switch in methylation from 0 to 100% or vice versa. Thus, there 

is still room for further improvement of the current methylation editing tools. Additionally, 

current methods typically cannot deposit this modification over large chromatin regions with 

previous studies rarely reporting mCpG induction more than a few hundred base pairs from the 

binding site of the editing tool (Lei et al. 2018). An exception being work by Huang et al. 

(2017), as they report the deposition of DNA methylation over a 4.5 kb region using dCas9-

SunTag in HEK293T cells using a single gRNA. Thus, broader induction over a wider 

chromatin region may be possible, but more extensive testing, characterisation and 

investigation is required. Furthermore, targeted editing of different contexts of methylation e.g. 

https://paperpile.com/c/TX7OIK/Ju7y+Tqpb
https://paperpile.com/c/TX7OIK/mioL
https://paperpile.com/c/TX7OIK/LzaL
https://paperpile.com/c/TX7OIK/1aGp
https://paperpile.com/c/TX7OIK/1aGp
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mCpH, which is prevalent in embryonic stem cells and the brain, have also yet to be reported 

(Lei et al. 2018). As the expression of full length DNMT3A (rather than just the catalytic 

domain) has been observed to induce non-CpG methylation (Galonska et al. 2018), including 

in neuronal tissue (Ramsahoye et al. 2000), this may be an avenue for future targeted editing 

endeavours. These and other challenges have yet to be overcome, though some may potentially 

be improved through augmenting DNMT3A recruitment with additional partner modifiers. 

This possibility is an exciting application to which the tools developed here may one day help 

to address, including the SunTag platform as a means for combinatorial recruitment. 

 

6.2 The binding stoichiometry of the SunTag and its counterpart antibody, 

𝛼GCN4 
The potency and reproducibility of the SunTag system was attributed in part to the ten repeat 

docking sites providing the means for amplified epimodifier recruitment. Consequently, the 

binding stoichiometry of 𝛼GCN4 to the SunTag was investigated in an attempt to further 

characterise this feature, with the hope of providing new insights into the array design that 

could inform future changes to it. This was performed by using IP against the 3xHA epitope 

tag on the dCas9 component of the SunTag, which would in turn pulldown any bound 𝛼GCN4-

DNMT3A domains, followed by quantitative mass spectrometry to determine binding ratios. 

After several methodological optimisation steps involving the amount of antibody and 

Dynabeads used in the IP, the composition of the elution buffer, and the recloning of the 

𝛼GCN4 plasmid to remove an unannotated 1xHA epitope tag, the experimental setup revealed 

two major observations. Firstly, the transfected HeLa cells were not producing sufficiently high 

protein levels of the dCas9-SunTag to enable detection using standard western blotting 

techniques without the need for substantial cell culture upscaling. Secondly, and more 

critically, the scFv region of the 𝛼GCN4 protein appeared to cross-react with the HA antibody 

used during the IP. Consequently, employing IP as a means of purifying the dCas9-SunTag 

and associated 𝛼GCN4 proteins was deemed an inappropriate strategy for determining the 

binding stoichiometry of the SunTag platform.  

 

A suggested alternative method for testing 𝛼GCN4-DNMT3A occupancy of the SunTag is 

analytical ultracentrifugation (AUC). AUC uses a fluorescence detection system to accurately 

quantify the molecular weight of a substance based on its sedimentation rate without the need 

for protein purification (Cole et al. 2008). This would be ideal for determining the molecular 

https://paperpile.com/c/TX7OIK/LzaL
https://paperpile.com/c/TX7OIK/jm5b
https://paperpile.com/c/TX7OIK/XemM
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weight of the 𝛼GCN4 domains bound in complex with the dCas9-SunTag and in turn, an 

estimation of the binding stoichiometries without the need for IP as the 𝛼GCN4 domain 

contains an internal super folding GFP (sfGFP). Unlike many other methods, the fluorescence 

optics of AUC can process samples ranging from 100 to 1x107 Daltons while in their native 

conformation within cell lysate at protein concentrations of 10-80 μg/mL (Cole et al. 2008). 

However, a basic protein purification method would be recommended, such as a size exclusion 

column, to minimize the acquisition of difficult to interpret AUC data due to an impure sample 

resulting in high autofluorescence from background cellular components. Further optimisation 

would also be necessary to determine the appropriate solvent solution to suspend the proteins 

in, as well as the ideal protein concentration to use to achieve an effective signal to noise 

sedimentation rate while not saturating the fluorescence detector and maintaining a biologically 

relevant concentration. Furthermore, using AUC assumes that the fluorescence intensity of the 

sfGFP will be proportional to the protein concentration and that the 𝛼GCN4-SunTag interaction 

is strong enough to withstand the gravitational forces imposed on the samples. Regardless, 

AUC with fluorescence optics presents a worthwhile alternative method for testing 𝛼GCN4-

DNMT3A occupancy of the SunTag, a pertinent aspect of this editing tool, with the use of 

larger epimodifiers, that has yet to be answered. Despite unsuccessfully determining the 

binding stoichiometry of the SunTag, this highly customizable targeting system was expanded 

further for developing a large-scale epigenome editing screen. 

 

6.3 Expansion of dCas9-SunTag components for the development of a 

combinatorial epigenome editing screen 
Exploring the combinatorial complexity of the epigenome and the functional role these various 

modifications play in regulating genome activity has largely been unexplored. The following 

describes the experimental steps taken to expand the SunTag system for use in a high-

throughput epigenome editing screen, a tool that has the potential to address this complexity 

issue. The efficacy of the SunTag platform as an amplified epimodifier recruiter has been well 

documented for epigenetic editing and transcriptional regulation. Accordingly, we realized that 

this platform could be utilised to recruit multiple different epimodifiers simultaneously to 

achieve multiplexed epigenetic editing. This includes the recognised caveat that we do not have 

defined epimodifier binding as a result of only having a single epitope-antibody combination. 

This does risk that some epimodifiers may be unsuccessful in binding to the epitope docking 

platform due to steric hindrance, competition, and compatibility issues. However, the SunTag 

https://paperpile.com/c/M5bva7/waBV
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was the only logistically feasible approach at the time in order to perform a combinatorial 

screen at the scale we ultimately envisaged (hundreds of epimodifiers across hundreds of 

thousands of cells). So while I realize this caveat, I believe that our design allows the most 

practical system for far greater adaptability to explore the vast combinatorial complexity of 

hundreds of epigenome associated factors compared to any other editing tool available at the 

time. Thus, combining the highly specific targeting of the SunTag with randomized lentiviral 

delivery of a large library of epimodifiers so each individual cell had a different combinatorial 

set, and then assaying thousands of cells using scRNA-seq was the foundation upon which a 

massively parallelized screen was built and optimized. This screen was then implemented to 

assay the combinatorial effect of chromatin regulators on gene transcription en masse. To 

achieve this task, five initial aspects of the dCas9-SunTag required expanding and optimisation. 

These consisted of (1) optimising HEK293T transfection conditions and selecting a shortlist of 

epimodifiers to clone and test with a pilot screen, (2) selecting appropriate target genes and 

screening sgRNAs, (3) designing RT-qPCR primers and optimising a UPS prime site, (4) 

multiplexing six sgRNAs into a single array and characterising its performance, and (5) 

establishing stable transgenic cell lines for dCas9-SunTag and the 6x sgRNA construct. The 

results from attaining each of these features is discussed below. 

 

Expanding the dCas9-SunTag and the various components described above resulted in the 

successful selection of six target genes, KLOTHO, EPCAM, TMEM206/PACC1, B2M, RBM3, 

and HINT1. These were selected in order to provide a range of expression levels on which the 

full transcript regulatory potential of each epimodifier could be demonstrated. It is noted that 

in this pilot implementation, the effects reported were restricted to the targeting of sgRNAs to 

proximal promoter regions and as such, the regulatory capacity described here may not be 

applicable or show variable susceptibility compared to distal regulatory regions. Thus, future 

work examining alternative regulatory regions such as enhancers, heterochromatin regions, or 

regions of X-chromosome inactivation (XCI), should keep this in mind, in terms of the 

positioning and efficacy of the different epimodifier combinations. 

 

Selecting six target genes required the identification of a single potent sgRNA for each that 

allowed potential effects on gene expression to be measured while avoiding possible CRISPRi 

effects. The current process of designing multiple sgRNAs and performing elimination 

screening for each target was time and labour intensive. New tools and datasets are continually 

reported that assert streamlined sgRNA design for more efficient Cas9 targeting while 
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minimising off-target binding including work by (Doench et al. 2016; Labuhn et al. 2017). 

These may help to minimise the need for elimination screening in the future, but at present, 

there is no in silico tool for predicting the efficacy of sgRNA target site selection for dCas9 

binding and avoidance of CRISPRi. Furthermore, predictive tools for estimating off-target 

binding do not consider the position of the nucleotide mismatches within the sgRNA target 

sequence, making it difficult to determine whether dCas9 binding would actually occur. 

Additionally, off-target binding of dCas9 does not necessarily translate to off-target effects, as 

was the case reported by us in Pflueger et al. (2018), in which off-target DNA methylation 

deposition did not coincide with off-target dCas9 binding. Thus, no tool as yet can predict as 

well as actual experimentation. 

 

Having successfully established six efficient sgRNA targeting sequences, the next step was to 

multiplex them into a single expression array. This entailed each target sequence being driven 

by an independent, U6 promoter followed by a sgRNA scaffold and a dedicated transcriptional 

terminator. This multiplexed setup performed comparably well to that of individual guides in 

terms of transcriptional up or downregulation, achieving successful simultaneous regulation of 

six target genes via recruitment of the SunTag system. Given the repetitive nature of the 

promoters and scaffolds in this multiplexed setup, future expansion of the repertoire of target 

sites beyond six may require an alternative assembly choice. One strategy would be to use 

tRNA processing sites between the sgRNA target sequences (Xie et al. 2015). These tRNA 

sequences have been reported to perform comparably to an optimised Csy4-based sgRNA 

processing system (Knapp et al. 2019) but without the need for co-transfection a Cys4 RNA 

cleavage plasmid for successful processing (Nissim et al. 2014). At the time, this strategy had 

yet to be established in mammalian cells, hence why it was not included in the current study. 

Furthermore, the tRNA processing strategy has also been reported to outperform alternative 

strategies such as self-cleaving ribozymes (hepatitis delta virus and hammerhead), which show 

reduced cleaving efficiency (Xu et al. 2017) and also possess repetitive sequences, reducing 

the number of sgRNAs that can be cloned sequentially. By comparison, the risk of repetitive 

sequences can be overcome with the tRNA strategy by obtaining sequences from different 

species (Port and Bullock 2016; Knapp et al. 2019). Unfortunately, such self-cleaving systems 

have only been reported for successful insertion of up to eight sgRNA sequences (Xie et al. 

2015). Alternative methods such as sequential Golden Gate reactions (Shao et al. 2018) and 

CRATES (CRISPR assembly through trimmed ends of spacers, Liao et al. 2019) have reported 

https://paperpile.com/c/TX7OIK/bETZ+uwfB
https://paperpile.com/c/TX7OIK/mioL
https://paperpile.com/c/TX7OIK/HLoG
https://paperpile.com/c/TX7OIK/4oEr
https://paperpile.com/c/TX7OIK/X5CB
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https://paperpile.com/c/TX7OIK/obzr+4oEr
https://paperpile.com/c/TX7OIK/HLoG
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20 and 25 sgRNA assemblies, respectively. These methods may provide alternative options in 

the future for larger multiplexed sgRNA arrays. 

 

The final component to be established for the dCas9-SunTag system in preparation for use in 

pilot testing components of a large scale epigenome editing screen was the stable integration 

of the 6x sgRNA array and dCas9-SunTag components within a transgenic cell line. Successful 

incorporation enabled higher epimodifier transfection efficiencies and streamlined cell sorting. 

Screening 36 individual clones revealed that the P2A4 line was the most potent according to 

RT-qPCR data measuring transcriptional upregulation by 𝛼GCN4-p65HSF1 recruitment. A 

five-day time course analysis measuring both transient and lentiviral delivery of 𝛼GCN4-

KRAB in P2A4 cells revealed minimal to no transcriptional downregulation, respectively. The 

former was likely due to plasmid degradation over time, thus stable lentiviral integration was 

aimed at resolving this, but instead it revealed that HEK293T cells may have limited 

susceptibility to KRAB gene regulation.  

 

Several researchers have reported the use of dCas9-KRAB as the gold standard for inducing 

targeted gene repression. Some studies have shown great success in using dCas9-KRAB in 

HeLa cells (Gilbert et al. 2013), K562 cells (Gilbert et al. 2014; Thakore et al. 2015; Amabile 

et al. 2016), and HCT116 or Neuro2A cells (O'Geen et al. 2019). In terms of its use in 

HEK293T cells, both Gilbert et al. (2013) and Gao et al. (2016) achieved successful repression, 

but they targeted an exogenous pSV40-GFP plasmid. Amabile et al. (2016) also tested 

HEK293T cells and B2M expression but reported that dCas9-KRAB alone was insufficient to 

induce stable mRNA repression, unless the promoter was tiled with seven sgRNAs or if they 

combined recruitment with DNMT3A and DNMT3L. Alternatively, Yeo et al. (2018) showed 

downregulation via dCas9-KRAB in HEK293T cells, but for different target genes, and used 

puromycin selection rather than cell sorting. Consequently, the antibiotic selection may have 

contributed to the transcriptional changes reported, but this is unknown as they did not use an 

untransfected cell control, but a sgRNA-only transfection control instead. Zalatan et al. (2015) 

also reported repression by targeting KRAB to the B4GALNT1 gene but cells were infected 

with lentiviral dCas9-KRAB and collected 5 days post-transduction (ptd), suggesting that in 

the case of using KRAB, it may be necessary to measure changes to gene transcription at 120 

hrs or later. This is despite the finding by Bintu et al. (2016) that KRAB acted as a rapid silencer 

(in <3 days) in CHO-K1 cells that had a doxycycline inducible dCas9-KRAB construct stably 

integrated. However, these experiments were performed using a synthetic reporter transgene 
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and thus may not be directly applicable to chromatin regulatory processes that function at 

endogenous regulatory regions. Furthermore, as discussed at the end of Chapter 4.4.4, 

detecting transcriptional repression has always been a more challenging task compared to 

detecting transcriptional activation. Despite these issues, the SunTag system does appear to 

demonstrate targeted down regulation for genes susceptible to promoter DNA methylation, 

though results vary depending on transient or stable repression, regulatory region, and target 

gene examined. Thus, due to the considerable variability across samples, any comments 

regarding gene repression was speculatory at this stage. Clarification should be sought by 

attaining additional replicates, possibly examining gene regulation beyond 120 hrs, and 

determining if alternative epimodifiers may demonstrate greater gene downregulation potential 

in HEK293T cells. This latter possibility was explored further during the design and 

characterisation of the new combinatorial recruitment platform known as SSSavi, discussed 

further in Section 6.5. Overall, the various components of the SunTag system established here 

were viable for incorporation into the development of our high-throughput epigenome editing 

screen. The assorted design elements and optimisation of this screen are discussed next. 

 

6.4 Promising foundation for continued development of the high-throughput 

epigenome editing screen 
The current project set out to develop a high-throughput epigenome editing screen using 

scRNA-seq to functionally characterise chromatin epimodifiers to potentially identify either 

new potent transcriptional regulators or novel combinations of epimodifiers that induce 

persistent transcriptional changes. This was carried out for three reasons: firstly, these 

epimodifiers rarely work in isolation (Ram et al. 2011), and thus screening epimodifiers in this 

way would provide a more accurate representation of their natural combinatorial recruitment. 

Secondly, the identification of novel potent regulators would provide additional arsenal to the 

epigenome editing tool kit. Thirdly, knowing more about what combination of chromatin 

modifiers are necessary to change particular regulatory regions or chromatin states could be 

highly informative for advancing our fundamental understanding of these genome regulatory 

processes. 

 

Thus far, the early stages of creating and testing various components of this novel editing screen 

has highlighted areas for further development as well as key features for success. The former 

includes aspects such as improving epimodifier distribution across cells, reducing the disparity 

https://paperpile.com/c/TX7OIK/voeX
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between observed and calculated MOI and further characterising the mCherry control. 

Additionally, there is the need for obtaining higher cell numbers in order to test larger 

epimodifier combinations, either through alternative single cell methodology or through target 

enrichment approaches such as TAP-seq, which may in turn aid in the detection of lowly 

expressed genes such KLOTHO. Suggested methods for addressing each of these issues are 

detailed in Chapter 5.2.5. As for the successful design strategies, these include the 

implementation of Gateway recombination sites for streamlined epimodifier cloning as well as 

the highly accurate dual barcoding strategy with an effective epimodifier detection rate of 77%. 

These barcodes provided the means to successfully and clearly determine at a single cell level, 

induced transcriptional upregulation of multiple target genes simultaneously through the highly 

specific SunTag recruitment platform. These very promising initial results demonstrate that the 

fundamentals of this novel single cell massively parallelized screening platform are working 

and strongly support our continued efforts to further develop and optimise this unique tool. 

With this tool, there is the future possibility of expanding the pre-existing epimodifier 

anthologies and constructing a broader, universal transcription regulatory library for this 

rapidly expanding area of research. 

 

It is envisioned that this screening tool, alongside the SSSavi targeting platform, will help to 

address the inadequacies in the current editing toolkit by enabling for the first time, the 

opportunity to truly explore the vast natural complexity and detail of the multifarious 

epigenome modifications and their effects on transcription. This unprecedented ability would 

provide researchers the means to disentangle currently unclear or contradictory gene regulatory 

roles of a range of epimodifiers found in different genomic contexts and cell types. An example 

previously stated in Chapter 4.4.4 is that of histone lysine methyltransferase G9A. This 

epimodifier has largely been associated with transcriptional repression but work by Shankar et 

al. (2013) suggests that it may serve both activation and repressive roles, depending on 

interactor proteins and chromatin placement. Another example is XCI, the process of dosage 

compensation in females whereby one X chromosome is randomly selected for silencing. XCI 

is a broadly understood developmental process, but there is still a lot that remains unclear 

regarding the specific epigenomic mechanisms (Patrat et al. 2020). This is principally because 

XCI involves the interaction of multiple epigenomic layers to achieve transcriptional repression 

via regulation and maintenance of DNA methylation patterning and chromatin architecture 

(Boland et al. 2014). Consequently, XCI is another prime example demonstrating the necessity 

for attaining combinatorial recruitment to recapitulate and examine a common yet unclear 

https://docs.google.com/document/d/1o2UoeeEr59P1uMzAV3k6ohHlCgzHPyhRJYyE6dasuFQ/edit#heading=h.mcavbwffqlys
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mechanism. Thus, the combined deployment of the adaptable SSSavi recruitment platform with 

the high-throughput screening tool, may provide the tools required to overcome the previously 

observed difficulty to reconstitute the combinatorial and interconnected nature of the 

epigenome using artificial epimodifiers in vitro (Rubio et al. 2017; Ford et al. 2017). 

Furthermore, the massive potential scalability of these tools will allow us to search the vast 

combinatorial parameter space of ~100’s of different epimodifiers. This will be undertaken 

with further optimisation of cheaper single cell profiling methods as detailed in Chapter 

4.4.5.d that will enable larger cell numbers to be obtained and analysed. Overall, this work will 

help to identify the most effective epigenome editing complexes, with distinct regulatory, 

kinetics, and stability characteristics, providing powerful new gene regulatory tools that will 

transform our ability to understand and control the large and interconnected gene regulatory 

layer that is the epigenome. 

 

6.5 Potent transcriptional regulation via novel combinatorial epigenome 

editing SSSavi platform  
As the SunTag system does not provide the option to control which epimodifiers binds and in 

which order, alternative epigenome editing tools were explored in parallel. This work began 

with testing the purported combinatorial transcriptional editing platform known as Casilio, but 

as previously stated in Chapter 5.1.4, we observed limited efficacy of this system under the 

current testing conditions. Consequently, a new and highly adaptable platform known as 

SSSavi was designed and characterised as an alternative multi-epimodifier recruitment tool. 

This tool was capable of targeted recruitment of interchangeable combinations of up to four 

different epimodifiers while allowing precise control over the ordering in which they bound to 

the dCas9 platform to achieve effective gene regulation. This platform was composed of four 

tag-catcher pairs. Initial testing revealing the surprising observation that the exclusion of 

internal sfGFP and GB1 solubilisation domains within the catcher-epimodifier constructs 

resulted in both improved stability and gene regulatory potency, while the optimal dCas9 fusion 

consisted of five SunTags and a single Spy, Snoop, and Avi tag. Combinatorial recruitment of 

all four catcher components of the SSSavi system resulting in up to eight copies of p65HSF1 

resulted in amplified targeted transcriptional activation. This recruitment was shown to be 

specific for Spy, Sun, and Avi tags, while the SnoopTag-catcher pair displayed variable 

activation levels. Switching to dCas9-SnoopCatcher and SnoopTag-p65HSF1 fusions did not 

improve the efficacy above that of the original dCas9-SnoopTag and SnoopCatcher-p65HSF1 

https://paperpile.com/c/TX7OIK/uE5G+6KeP
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constructs. Thus, further research is required to examine and potentially reinforce the efficacy 

of the SnoopTag-catcher, possibly by switching to alternative means of recruitment such as a 

CC-dimer. 

 

Given the overall potency of the SSSavi system, the next step was to compare its performance 

to previously reported activation systems. Unsurprisingly, the well characterised 5xSunTag 

recruiting p65HSF1 outperformed all other platforms tested (dCas9-VP64 and -p65HSF1 direct 

fusions, VPR, and SSSavi) while the SSSavi system performed comparably, if not better than 

the VPR system in terms of gene upregulation for KLOTHO and EPCAM but not for 

TMEM206. These locus-specific and context-dependent effects that influenced how susceptible 

any given target gene was to a given artificial regulatory system has previously been 

demonstrated by Chavez et al. (2016). This varied efficacy observed across the three target 

genes may in part be a result of the inconsistent amount of BirA available across experiments, 

resulting in reduced Traptavidin potency. Subsequently, a dCas9-SSSavi and BirA stable cell 

line (SSP074) was successfully established as a means of improving experimental consistency 

and transfection efficiency. The regulatory capacity of transient versus stable dCas9-SSSavi 

expression was found to be comparable when targeted to EPCAM and TMEM206. As such, it 

is recommended that clonal selection be sought as a possible means to further improve the 

potency of the SSSavi stable line as described in Chapter 4.2.8. 

 

The final aspect of the SSSavi system to be characterised was its ability to induce 

transcriptional downregulation. KRAB induced repression was found to be variable and weak 

for the SSSavi system, similar to results reported for the SunTag, hence alternative repressive 

epimodifiers were examined. This entailed the targeted recruitment of DNMT3A which 

achieved up to 8-fold reduction in gene expression by the SSSavi system. Surprisingly, the co-

recruitment of DNMT3L was not found to bolster this effect, unlike the synergy reported when 

examining induced DNA methylation deposition (Stepper et al. 2016; Amabile et al. 2016; 

O'Geen et al. 2019). Thus, for the first time, under the current testing conditions, we were able 

to report that the recruitment of DNMT3A alone outperforms the combined recruitment of 

DNMT3A and DNMT3L in terms of target gene repression, regardless of the target gene or 

tag-catcher combination used. 

 

To determine if this targeted repressive capacity could be further improved, additional 

epimodifier combinations that had previously been reported to perform synergistically with 

https://paperpile.com/c/KCFBNv/O6Ec
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DNM3A, notably KRAB and EZH2 (Amabile et al. 2016; O'Geen et al. 2019), were examined. 

The results indicated that the combined recruitment of DNMT3A, DNMT3L, KRAB and EZH2 

by the SSSavi platform induced significant gene silencing of three of the four target genes 

measured, as compared to mCherry alone. Due to the differences in FACS gating, a direct 

comparison to the DNMT3A only results to determine if the combined epimodifiers bolstered 

repressive capacity could not be made and is an aspect that needs to be explored further. 

Additionally, due to variability in the RT-qPCR assays, performance comparison to the SunTag 

system and the possibility of positional effects based on the order of epimodifier binding could 

not be determined at this stage without additional replicates. Thus, further testing to tease apart 

these more subtle differences is recommended. Especially as this is a key advantage of the 

SSSavi system to control the number and the order of epimodifier binding and provides a 

unique opportunity to explore positional effects on transcriptional regulation. 

 

Similarly to the SSSavi system, the recently reported CC dimers (Lebar et al. 2020) also possess 

the potential for combinatorial recruitment in a predefined order. Exploring this potential 

further would be of great interest as only two of the six pairs have currently been tested in 

regards to combinatorial targeting of an exogenous luciferase reporter (Lebar et al. 2020). 

Examining the performance of the six CC dimers in an endogenous setting alongside the 

SSSavi platform would potentially provide a means of expanding this platform to more than 

four distinct binding interactions. This may in turn further increase the adaptability and potency 

of this unique highly specific epigenome editing tool. 

 

Overall, our findings indicate that the SSSavi system was a potent transcriptional regulator with 

the capacity for flexible, directed, combinatorial epimodifier recruitment. An ability that has 

yet to be demonstrated by any other epigenome editing tool to date. Thus, this unique flexibility 

provides the means to more easily explore possible synergistic epimodifiers via co-recruitment 

to specific loci to magnify their regulatory capacity and potentially alter chromatin contexts 

that have previously shown limited susceptibility to targeted epigenomic editing. 

 

6.6 Summary 
The focus of my PhD research was to improve and develop new molecular tools to advance 

our understanding of, and control over, the complexity of the epigenome and vast array of 

chemical modifications and their regulatory enzymes that coordinate chromatin states and gene 

https://paperpile.com/c/KCFBNv/1uKo+sFlW
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expression patterns. Given this complexity, the main aim of this thesis was to explore and 

characterise the combinatorial effects of recruiting multiple epimodifiers to various target loci, 

in order to investigate their potential gene regulatory roles. To this end, we have built and 

established both the SunTag and SSSavi systems as highly potent epigenome editing tools to 

examine the direct causal effects on transcription upon amplified epimodifier recruitment. This 

was initially demonstrated for the highly specific, modular SunTag platform by investigating 

the functional consequence of DNA methylation on TF binding. The potency of this system for 

inducing high on-target and minimal off-target DNA methylation deposition lead to its 

adaptation as a platform for combinatorial epimodifier screening. As it utilises only a single 

epitope-antibody combination there was a recognised potential risk of competitive binding 

upon recruiting different unique epimodifiers, and thus an alternative modular docking 

platform was sought. This resulted in the conception and assembly of the SSSavi system with 

preliminary data indicating successful directed combinatorial epimodifier recruitment to 

multiple target loci to achieve induced transcriptional up or downregulation. At present, 

assessing all possible combinatorial permutations of this system individually in a well based 

assay is time and labour prohibitive, hence the need for a high-throughput screening tool. The 

early conceptual stages of building this screen by employing scRNA-seq alongside a dual 

epimodifier barcoding strategy were effectively implemented here. Based on these promising 

initial results, further development of the screen holds exciting prospects for determining the 

gene regulatory roles of multi-epimodifier recruitment and potentially taking one step closer to 

deciphering the complexity of the epigenome. As such, this thesis provides the foundational 

work for attaining these goals through the provision of novel adaptable epigenetic editing tools 

in conjunction with preliminary data for developing a high throughput epimodifier screen. 

These tools provide enticing new developments for the growing epigenomic field including 

those aimed at deciphering multi-layered mechanisms underlying developmental processes 

such as XCI. 

 

There is a wide array of additional future areas to which these unique tools could be applied. 

These include exploring chromatin reorganisation by employing different CRISPR-Cas 

proteins (e.g. dCas9, dCpf1/dCas12a, C2c1 or C2c3, Zetsche et al. 2015; Shmakov et al. 2015; 

Pickar-Oliver et al. 2019) to recruit different regulatory epimodifier combinations to attain 

simultaneous gene activation and repression at specific loci. It is envisioned that the selection 

of epimodifier combinations would be based on the transcriptional master regulators identified 

using the single cell screen. Additionally, there is the option to target and activate different 

https://paperpile.com/c/TX7OIK/AN0N+MJUx+fO4G
https://paperpile.com/c/TX7OIK/AN0N+MJUx+fO4G
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splice isoforms by potentially creating alternative promoters by recruiting identified critical 

factors using the screen, to specific genomic regions. These tools also provide the opportunity 

to discover specific regulators of particular genes of interest in certain cellular contexts such as 

tumour suppressor genes that are silenced in certain cancers. Armed with the knowledge of the 

specific modifications and regulators at these genes, would in turn inform searches for drug 

combinations that may be effective at reversing these aberrant chromatin states. 

 

6.7 Concluding statement 
A process of fundamental importance in biology is the nuanced control of how information 

encoded in one genome is differentially used to form the multifarious forms and functions of 

cells in complex multicellular organisms. The epigenome regulatory systems are of 

fundamental importance to this process. While our targeting editing tools for characterizing 

epigenome patterns have advanced substantially in the last 15 years, we still have a limited 

understanding of the functional roles of these various epigenome regulatory modifications in 

combination and the enzymes that read, write, and erase them. Furthermore, our current 

capabilities to control these epigenome modifications precisely are rudimentary, and yet these 

are capabilities that our cells possess, the ability to dramatically change the chromatin state in 

a precisely targeted manner in the genome. Yet the convergence of powerful new technologies 

in genome sequencing, DNA synthesis, genome editing, and massively parallelized analyses 

(e.g. single cell) are providing new opportunities to develop innovative new cellular and 

molecular systems to explore the vast epigenome system complexity and discover new tools to 

manipulate and understand these systems. The continued growth and development of these new 

tools and technologies will ultimately contribute to our ability to control genome activity with 

the precision and efficacy that cells have. This will open up unprecedented capabilities to 

control the identity, form, and function of cells and remedy their dysfunctions. My PhD thesis 

has made important contributions in the ongoing community efforts to improve these 

capabilities, specifically in the form of a massively parallelised single cell screen and the 

unique combinatorial SSSavi recruitment platform.  
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Chapter 7 

 

 

Supplementary Information 
 

S7.1 In-house SeraPure magnetic bead mix 
1 mL Sera-Mag Speed-beads (Fisher Scientific, #09981123), 9 g PEG-8000 (Amresco, #0159), 

27.5 mL Tween20 (Amresco, #0777) and 10 mL 5 M NaCl. 

 

S7.2 In-house 2X Gibson Assembly master mix 
405 µL Isothermal Start Mix (1.5 g PEG-8000 (Amresco, #0159), 3 mL Tris-HCl pH 8.0 

(Amresco, #E199), 150 µL 1 M MgCl2), 1 M Dithiothreitol (DTT), 20 µL dNTPs (25 mM of 

each), 50 µL NAD+ (NEB, #B9007), 1 µL T5 exonuclease (NEB, #M0363), 31.25 µL Phusion 

HF DNA polymerase (NEB, #M0530) and 250 µL Taq ligase (NEB, #M0208) topped up 1.25 

mL with dH2O. 

 

S7.3 IDT oligo sequences for Chapter 2.2.5 
F1:AGGTCTCCTCCAGGAGACGTGAATTCGTCGATCGTCTCCGTTCAGAGACCAGCT 

R1:AGGTCTCCTCCAGGAGACGTGAATTCGTCGATCGTCTCCGTTCAGAGACC 

F2:CGATATGTAACGACGCGTAACTGCATG 

R2:CAGTTACGCGTCGTTACATAT 

F3:GGCCGCCATAGTGACTGGATATGTTGTGTTTTACAGTATTATGTAGTCTGTTTTTTATGCAAAAT

CTAATTTAATATATTGATATTTATATCATTTTACGTTTCTCGTTCAGCTTTTTTGTACAAACTTGTTC

CACTCCCTCCGCCACCAGAGCCTCCTCCGCCGGAGCCACCCCCTCCTGC 

R3:GCAGGAGGGGGTGGCTCCGGCGGAGGAGGCTCTGGTGGCGGAGGGAGTGGAACAAGTTTGTA

CAAAAAAGCTGAACGAGAAACGTAAAATGATATAAATATCAATATATTAAATTAGATTTTGCATA

AAAAACAGACTACATAATACTGTAAAACACAACATATCCAGTCACTATGGC 
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S7.4 Supplementary Tables 
 
Table S7.4.1 sgRNA sequences and associated information 

Gene sgRNA Chr Start End Sequence NGG 

KLOTHO KL-1 chr13 33016380 33016399 GGCGGGGCGCGGGCATAAA GGG 

 KL-2 chr13 33016306 33016325 GGCAATAATTACCTGCGAGC CGG 

 KL-3 chr13 33016292 33016311 GGAGGCAGTCCCGGCTCGC AGG 

 KL-4 chr13 33016181 33016200 GTGCCTTTCTCCGACGTCCG CGG 

 KL-5 chr13 33016058 33016083 GCGGCTTCGTCGGGGAGAAA AGG 

 KL-6 chr13 33016031 33016056 GACCAACTTTCCCCGACTTG GGG 

EPCAM EpCAM-1 chr2 47369228 47369247 GGCCAGAGGTGAGCAGTCCC GGG 

 EpCAM-2 chr2 47369180 47369199 GGGAGTTGGGGGAGTGAGT AGG 

 EpCAM-3 chr2 47369155 47369172 GCGCCGGGGCTGGGGGAG GGG 

TMEM206 TMEM206-1 chr1 212588141 212588162 GTGCTGCGTCCGTGCGCCG CGG 

 TMEM206-2 chr1 212588179 212588199 GGACCTACCGGCTCCGCG AGG 

 TMEM206-3 chr1 212588277 212588298 GAGGCGAAACCGGTCCGGA GGG 

 TMEM206-4 chr1 212588196 212588217 GAGTCGCGAAAGTGTTGAT GGG 

 TMEM206-5 chr1 212588298 212588319 GAAATGTAGTTCTGGGCGG GGG 

 TMEM206-6 chr1 212588388 212588410 GACGCAGAGGCACGCGTCTA AGG 

B2M B2M-4 chr15 44711608 44711634 GGGTAGGAGAGACTCACGC TGG 

RBM3 RBM3-1 chrx 48432524 48432543 GAAGACATCCGATCCAGCGG GGG 

 RBM3-2 chrx 48432542 48432561 GGGGGAAATGATGGCAAGGA CGG 

 RBM3-3 chrx 48432642 48432661 GTCAGCATCCCCCCCACAAC CGG 

 RBM3-4 chrx 48432677 48432696 GGCAGCTCAGCCGGTTGTGG GGG 

 RBM3-5 chrx 48432585 48432604 GGGGTCGACTTTTGAACAGC TGG 

 RBM3-6 chrx 48432623 48432639 GTAGTATGAGATTGAGA AGG 
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HINT1 HINT1-1 chr5 130501096 130501115 GACCAGGAACTTCCCCAAGC CGG 

 HINT1-2 chr5 130501050 130501069 GCTGGCCGCACTCGCAGCCC AGG 

 HINT1-3 chr5 130501080 130501099 GCCTCAGGGACCTCCGGCTT GGG 

 HINT1-4 chr5 130501197 130501215 GCATCCATAGGCAGACGAA GGG 

 HINT1-5 chr5 130501155 130501174 GTCCCCAGGAGACAAGAA AGG 

 HINT1-6 chr5 130501253 130501269 GATAATTTAAGTGGTGC TGG 

OCT4 Oct4-PP3 chr6 31165200 31165221 GGTGGTGGCAATGGTGTCTG TGG 

SOX2 Sox2-PP1 chr3 181711906 181711926 GCATGTGACGGGGGCTGTCA GGG 

 

 
Table S7.4.2 Additional SSSavi plasmid designs and associated template DNA 

SSP029 pGK-SunTagx5-dCas9-Spy-Snoop-Avi-22AA-BFP 
 SSP028_pGK-dCas9-Spy-Snoop-Avi-Tag-22AA-BFP 
 SSP012_pGK-dCas9-SunTagx5-pEF1a-BFP 
SSP030 pGK-dCas9-SpyCatcherx1-BFP 
 SSP001_pGK-dCas9-SpyTagx1-BFP 
 SSP004_pGK-dCas9-Spy-Snoop-Sun-Avi-Tag-22AA-BFP 

 PLP103 pET28a SpyCatcher-SnoopCatcher (Addgene, #72324) 

SSP031 pGK-dCas9-SnoopCatcherx1-BFP 
 SSP001_pGK-dCas9-SpyTagx1-BFP 
 PLP103 pET28a SpyCatcher-SnoopCatcher (Addgene, #72324) 
SSP068 pGK-dCas9-SpyTagx5-22AA-BFP 
 SSP001_pGK-dCas9-SpyTagx1-22AA-BFP 
 5xSpyTag_GeneWiz_gBlock 
SSP069 pGK-dCas9-SnoopTagx5-22AA-BFP 
 SSP001_pGK-dCas9-SpyTagx1-22AA-BFP 
 5xSnoopTag_GeneWiz_gBlock 
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Table S7.4.3 Epimodifier barcode sequences 

BEP # Epimodifier BC sequence 

BEP016 DNMT3A GCAGCCCAAGAACTCGACAG 

BEP017 DNMT3L CCAGCTAGTCTTTCCATGAG 

BEP018 KRAB ATCCCGCTGGAAATCTTAGG 

BEP019 p65HSF1 GCATCCAAAGTAGGGACTAC 

BEP020 mCherry TCAAGAGCTCCCAAGAGTTT 

BEP021 G9A ATTCTATATCCTGATAGCTA 

BEP022 EZH2 CATCGCCAACTAGAAAGTTG 

BEP023 ACTL6A TGAGCCGCCCATATCTGAGG 

BEP024 CBXI AGAAAGTAAGGAGACATCAT 

BEP025 ASF1A TCCACCGTGCGACTTTGTTA 

BEP026 CDK9 ACGTCGAGGACTCGAGCTTC 

BEP027 GADD45a GTCCACCAATAAGCTGTGAC 

BEP028 KANSLI ACTGTGCGATTCAGCACTAC 

BEP029 KDMI_LSDI CATGCCATAGTAGGCCCAAG 

BEP030 KDM5c CCAGTAGAAGAGAATAAGCA 

BEP031 MeCP2_TRD AACAAGTTTAAGGCCGGCAG 

BEP032 SET1B_wSET AGGATGTCATGTAGAGTCTG 

BEP033 SETDB1 AGCGCCTCATGTAAGGGTCT 

BEP034 WHSIC_NSD2 GCAACGGGAACTCAACGATT 

BEP035 KDM2B GGCGCAACGAGGTTACTGCC 

BEP036 YYI TGCAAAGCGTCGATTCTAAC 

BEP037 VP64 TTCATTGGCGCACGGATCAG 

BEP038 HDAC3 CCCTACAGGATAACGCCGGT 

BEP039 ING2 TGGGACGATGGAGTGGTCAG 

BEP040 TET1 CTTTAGCTTGTCACAGGTTA 

BEP041 p300 CAAAGGGTGCCTGGCTACCT 
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Table S7.4.4 qPCR primer sequences 

Template Primer 1 Sequence Primer 2 Sequence bp 

RPS18 TOL160_RPS18_qPCR_F 
CCAACATCGATGGG
CGGCGGA 

TOL161_RPS18_qPCR_R 
CTCCCGCCCTCTT
GGTGAGGT 

120 

HSPC3 TOL277_HSPC3_qPCR3_F 
GGCACCCAGATAAC
TTCCAGA 

TOL278_HSPC3_qPCR3_R 
GGCTCTCTGCATC
CAAAGGATC 

147 

GAPDH TOL832_GAPDH_qPCR5_F  
AGCTCATTTCCTGGT
ATGACAACG 

TOL833_GAPDH_qPCR5_R 
TCTCTCTTCCTCTT
GTGCTCTTG 

129 

OCT4 OL190_OCT4 CDS v1 F 
TGGGTGGAGGAAGC
TGACAACAATG 

OL191_OCT4 CDS v1 R 
GCTGATCTGCTGC
AGTGTGGGTTTC 

165 

SOX2 OL196_SOX2 CDS v2 F 
GTTTGCTGCCTCTTT
AAGACTAGG 

OL197_SOX2 CDS v2 R 
GAGAGAGGCAAA
CTGGAATCAGG 

184 

KLOTHO TOL300_KL_qPCR2_F 
GTTCAAGTACGGAG
ACCTCC 

TOL301_KL_qPCR2_R 
GATACCATCCAGT
ATGTGGG 

142 

B2M TOL308_B2M_qPCR2_F 
CATGTAAGCAGCAT
CATGGAG 

TOL309_B2M_qPCR2_R 
CCCTACATTTTGT
GCATAAAGTG 

125 

TMEM206 TOL314_TMEM206_qPCR2_F 
GTGGTCTTTGAATG
GAAAGATCC 

TOL315_TMEM206_qPCR2_R 
CAGTTTGGCAAAC
TCTGCTG 

132 

EPCAM TOL433_EPCAM_qPCR1_F 
TGGCAAAGTATGAG
AAGGCTG 

TOL434_EPCAM_qPCR1_R 
TCCCACGCACACA
CATTTG 

137 

RBM3 TOL673_RBM3_qPCR_F 
TGACCGCTACTCAG
GAGGAA 

TOL674_RBM3_qPCR_R 
CTTCGGTGCAGCT
CCAAAA 

149 

HINT1 TOL675_HINT1_qPCR_F 
TTTCCCCTCAAGCAC
CAACA 

TOL676_HINT1_qPCR_R 
ATTCAGGCCCAGA
TCAGCAG 

143 

dCas9 TOL449_dCas9_qPCR1_F 
GGGAGCAGGCAGAA
AACATT 

TOL450_dCas9_qPCR1_R 
GATGAATCAGTGT
GGCGTCC 

141 

p65HSF1  TOL463_p65HSF1_qPCR1_F  
AAAGCAGCTGGTCC
ACTACA  

TOL464_p65HSF1_qPCR1_R 
GTCTTCTGCGAAA
CCGTCTC 

142 

KRAB TOL508_KRAB_qPCR1_F 
ACACCGCTCAGCAG
ATTCT 

TOL509_KRAB_qPCR1_R2 
CCTGATGAATCTC
CCGTTCC 

150 
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Table S7.4.5 Target genes selected based their efficacy of editing by previously reported dCas9 fusion 
constructs 

Gene Construct tested Cells tested RNAseq 
exp. level 

Action Name Paper 

KLOTHO 5'azacytidine HEK293 0 activate type-I membrane protein 
related to β-
glucuronidases 

(Azuma et al. 
2012) 

EPCAM dCas9-DNMT3A- 
DNMT3L 

HEK293 12 both epithelial cell adhesion 
molecule (cell surface 
marker) 

(Stepper et al. 
2016) 

EPCAM dCas9-VP64 HEK293T 12 both epithelial cell adhesion 
molecule (cell surface 
marker) 

(Cano-
Rodriguez et al. 
2016) 

TMEM206 
(PACC1) 

dCas9-SunTag 
+𝛼GCN4-DNMT3A 

HeLa 66 both transmembrane protein 
206 variant 1 (proton 
activated chloride 
channel 1) 

(Pflueger et al. 
2018) 

B2M dCas9-DNMT3A- 
DNMT3L-KRAB 

HEK293 427 repress beta-2-microglobulin (Amabile et al. 
2016) 

  

https://paperpile.com/c/uG1oBR/IZIs
https://paperpile.com/c/uG1oBR/IZIs
https://paperpile.com/c/uG1oBR/XI0t
https://paperpile.com/c/uG1oBR/XI0t
https://paperpile.com/c/uG1oBR/ZZMy
https://paperpile.com/c/uG1oBR/ZZMy
https://paperpile.com/c/uG1oBR/ZZMy
https://paperpile.com/c/uG1oBR/r6S5
https://paperpile.com/c/uG1oBR/r6S5
https://paperpile.com/c/uG1oBR/ZjNG
https://paperpile.com/c/uG1oBR/ZjNG
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S7.5 Supplementary Data 
 

S7.5.1 Compiled sequence database used to identity dCas9-SunTag components 

via mass spectrometry 
>sp | Q99ZW2 | CAS9_STRP1 CRISPR-associated endonuclease Cas9/Csn1 OS = Streptococcus 
pyogenes serotype M1 GN=cas9 PE=1 SV=1 
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTAR
RRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHL
RKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA
KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNL
LAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYK
EIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLG
ELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGA
SAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKT
NRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLF
EDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNF
MQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIE
MARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQEL
DINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK
FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF
RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATA
KYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTG
GFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERS
SFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASH
YEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH
LFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD 
 
>sp | Q9Y6K1 | DNM3A_HUMAN DNA (cytosine-5)-methyltransferase 3A OS=Homo sapiens 
GN=DNMT3A PE=1 SV=4 
MPAMPSSGPGDTSSSAAEREEDRKDGEEQEEPRGKEERQEPSTTARKVGRPGRKRKHPPVESGD
TPKDPAVISKSPSMAQDSGASELLPNGDLEKRSEPQPEEGSPAGGQKGGAPAEGEGAAETLPEASR
AVENGCCTPKEGRGAPAEAGKEQKETNIESMKMEGSRGRLRGGLGWESSLRQRPMPRLTFQAGD
PYYISKRKRDEWLARWKREAEKKAKVIAGMNAVEENQGPGESQKVEEASPPAVQQPTDPASPTVAT
TPEPVGSDAGDKNATKAGDDEPEYEDGRGFGIGELVWGKLRGFSWWPGRIVSWWMTGRSRAAEG
TRWVMWFGDGKFSVVCVEKLMPLSSFCSAFHQATYNKQPMYRKAIYEVLQVASSRAGKLFPVCHDS
DESDTAKAVEVQNKPMIEWALGGFQPSGPKGLEPPEEEKNPYKEVYTDMWVEPEAAAYAPPPPAKK
PRKSTAEKPKVKEIIDERTRERLVYEVRQKCRNIEDICISCGSLNVTLEHPLFVGGMCQNCKNCFLECA
YQYDDDGYQSYCTICCGGREVLMCGNNNCCRCFCVECVDLLVGPGAAQAAIKEDPWNCYMCGHK
GTYGLLRRREDWPSRLQMFFANNHDQEFDPPKVYPPVPAEKRKPIRVLSLFDGIATGLLVLKDLGIQV
DRYIASEVCEDSITVGMVRHQGKIMYVGDVRSVTQKHIQEWGPFDLVIGGSPCNDLSIVNPARKGLYE
GTGRLFFEFYRLLHDARPKEGDDRPFFWLFENVVAMGVSDKRDISRFLESNPVMIDAKEVSAAHRAR
YFWGNLPGMNRPLASTVNDKLELQECLEHGRIAKFSKVRTITTRSNSIKQGKDQHFPVFMNEKEDIL
WCTEMERVFGFPVHYTDVSNMSRLARQRLLGRSWSVPVIRHLFAPLKEYFACV 
 
>sp | Q9Y6K1-2 | DNM3A_HUMAN Isoform 2 of DNA (cytosine-5)-methyltransferase 3A OS=Homo 
sapiens GN=DNMT3A 
MGILERVVRRNGRVDRSLKDECDTAEKKAKVIAGMNAVEENQGPGESQKVEEASPPAVQQPTDPAS
PTVATTPEPVGSDAGDKNATKAGDDEPEYEDGRGFGIGELVWGKLRGFSWWPGRIVSWWMTGRS
RAAEGTRWVMWFGDGKFSVVCVEKLMPLSSFCSAFHQATYNKQPMYRKAIYEVLQVASSRAGKLFP
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VCHDSDESDTAKAVEVQNKPMIEWALGGFQPSGPKGLEPPEEEKNPYKEVYTDMWVEPEAAAYAP
PPPAKKPRKSTAEKPKVKEIIDERTRERLVYEVRQKCRNIEDICISCGSLNVTLEHPLFVGGMCQNCKN
CFLECAYQYDDDGYQSYCTICCGGREVLMCGNNNCCRCFCVECVDLLVGPGAAQAAIKEDPWNCY
MCGHKGTYGLLRRREDWPSRLQMFFANNHDQEFDPPKVYPPVPAEKRKPIRVLSLFDGIATGLLVLK
DLGIQVDRYIASEVCEDSITVGMVRHQGKIMYVGDVRSVTQKHIQEWGPFDLVIGGSPCNDLSIVNPA
RKGLYEGTGRLFFEFYRLLHDARPKEGDDRPFFWLFENVVAMGVSDKRDISRFLESNPVMIDAKEVS
AAHRARYFWGNLPGMNRPLASTVNDKLELQECLEHGRIAKFSKVRTITTRSNSIKQGKDQHFPVFMN
EKEDILWCTEMERVFGFPVHYTDVSNMSRLARQRLLGRSWSVPVIRHLFAPLKEYFACV 
 
>sp | Q9Y6K1-3 | DNM3A_HUMAN Isoform 3 of DNA (cytosine-5)-methyltransferase 3A OS=Homo 
sapiens GN=DNMT3A 
MPAMPSSGPGDTSSSAAEREEDRKDGEEQEEPRGKEERQEPSTTARKVGRPGRKRKHPPVESGD
TPKDPAVISKSPSMAQDSGASELLPNGDLEKRSEPQPEEGSPAGGQKGGAPAEGEGAAETLPEASR
AVENGCCTPKEGRGAPAEAGESSAPGAASSGPTSIP 
 
>sp | XXXXX | dCAS9 
MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTAR
RRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHL
RKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA
KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNL
LAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYK
EIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLG
ELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGA
SAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKT
NRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLF
EDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNF
MQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIE
MARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQEL
DINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK
FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF
RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATA
KYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTG
GFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERS
SFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASH
YEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH
LFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD 
 
>sp | XXXXX | SunTag 
EELLSKNYHLENEVARLKKGSGSGEELLSKNYHLENEVARLKKGSGSGEELLSKNYHLENEVARLKK
GSGSGEELLSKNYHLENEVARLKKGSGSGEELLSKNYHLENEVARLKKGSGSGEELLSKNYHLENEV
ARLKKGSGSGEELLSKNYHLENEVARLKKGSGSGEELLSKNYHLENEVARLKKGSGSGEELLSKNYH
LENEVARLKKGSGSGEELLSKNYHLENEVARLKK 
 
>sp | XXXXX | GCN4 (includes scFvGCN4, sfGFP and GB1) 
GPDIVMTQSPSSLSASVGDRVTITCRSSTGAVTTSNYASWVQEKPGKLFKGLIGGTNNRAPGVPSRF
SGSLIGDKATLTISSLQPEDFATYFCALWYSNHWVFGQGTKVELKRGGGGSGGGGSGGGGSSGGG
SEVKLLESGGGLVQPGGSLKLSCAVSGFSLTDYGVNWVRQAPGRGLEWIGVIWGDGITDYNSALKD
RFIISKDNGKNTVYLQMSKVRSDDTALYYCVTGLFDYWGQGTLVTVSSYPYDVPDYAGGGGGSGGG
GSGGGGSGGGGSLDPGGGGSGSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLK
FICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEV
KFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADH
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YQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGGGRTGGGE
YKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTF 
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S7.6 Supplementary Figures 
 

 
Supplementary Figure S7.1 Full unannotated western blots corresponding to Figure 3.3. (A) Western blots 
showing unannotated HA tag in the original 𝛼GCN4 construct and faint bands for dCas9-SunTag and DNMT3A-
dCas9-DNMT3A, after loading 2 µg of total cell lysate. (B) Indicates the insolubility of 𝛼GCN4-DNMT3A after 
optimising the IP protocol. (C) Blot indicates the difficulty to detect the large dCas9 constructs, even with the 
more sensitive Ty1 antibody. (D) Blot illustrates that the 𝛼GCN4-DNMT3A construct cross-reacts with the HA 
antibody during the pull-down as protein is visible in the 𝛼-Ty1 blot. 
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Supplementary Figure S7.2 Fluorescent images of 36 pSV40-dCas9-SunTag-BFP stable cell lines. Single 
clones of P3H11 6xsgRNA cells transduced with pLenti-pSV40-dCas9-SunTag-P2A-BFP-WPRE. Cells sorted 
based on mCherry and BFP expression. Images acquired using the FLoid (ThermoFisher) 10 days post-sort. 
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Supplementary Figure S7.3 Flow cytometry gating for P2A4 immunostaining and KRAB time course 
(associated with Figure 4.9). Flow cytometry results from immunostaining of P2A4 pLenti-pSV40-dCas9-
SunTag-P2A-BFP-WPRE stable cells using a HA primary antibody, (Biolegend, #901502) followed by a goat 
anti-mouse AF488 secondary antibody (Biotium, #12C0403) (A) before BFP enrichment and (B) after 
enrichment. (C) Decreasing GFP positive population of P2A4 cells transiently transfected with αGCN4-KRAB. 
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Supplementary Figure S7.4 IGV screenshot indicating WPRE polyadenylation. The scRNA-seq pilot 
experiment using four different epimodifiers with unique selectable markers (LVP024_DNMT3A_mRuby2, 
LVP025_DNMT3L_iBlueberry, LVP026_KRAB_mTagBFP2 and LVP027_p65HSF1_Neo) revealed that the 
WPRE domain at the 3’ end of the codon optimised region was polyadenylated, as shown in the above example 
IGV screenshot for DNMT3A. 
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Supplementary Figure S7.5 Full unannotated western blots corresponding to Figure 5.5. Western blots of 
dCas9-tag (α-HA) or catcher-effector proteins (α-Ty1) per 10-50 µg of total protein from cell lysate. (A) α-HA 
blot of WT HEK293T cells transiently transfected with either SSP001 dCas9_1xSpyTag (Spy), SSP002 
dCas9_1xSnoopTag (Snoop), SSP003_dCas9_1xAviTag (Avi), SSP004 dCas9_Spy-Snoop-Sun-AviTag 
(SSSavi) or SSP005 dCas9_Spy-Snoop-Sunx5-AviTag (Sunx5) corresponding to lanes 1-5, respectively. (B) α-
Ty1 blot of WT HEK293T cells transiently transfected with catchers fused to p65HSF1, either with (lanes 1,3,5) 
or without (lanes 2,4,6) internal GFP domains. Lane 7 are untransfected WT HEK293T cells. (C-D) Loading 
control blots of (A) and (B) respectively, using α-Tubulin. A 5 min exposure was required for blot (A) while 5-
15sec exposures were used for blots (B-D). 
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Supplementary Figure S7.6 Example FACS gates for collecting different GFP positive cell populations. (A) 
Example gating for FACS analysis of low and high GFP cell populations assessing transcriptional repression of 
target genes through the recruitment of DNMT3A and/or DNMT3L via either the SunTag (P2A4 cells) or SSSavi 
(SSP074) systems. (B) Example gating for FACS analysis of all GFP positive cells assessing transcriptional 
repression of target genes through the combinatorial recruitment of DNMT3A, KRAB, EZH2 and DNMT3L via 
either the SunTag (P2A4 cells) or SSSavi (SSP074) systems. Cells are stably expressing mCherry due to lentiviral 
integration of 6xHRBKET-sgRNA-mCherry (6x sgRNA) construct. 
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DNA methylation is an essential DNA modification that plays a crucial role in genome regu-
lation during differentiation and development, and is disrupted in a range of disease states.
The recent development of CRISPR/catalytically dead CRISPR/Cas9 (dCas9)-based tar-
geted DNA methylation editing tools has enabled new insights into the roles and functional
relevance of this modification, including its importance at regulatory regions and the role
of aberrant methylation in various diseases. However, while these tools are advancing our
ability to understand and manipulate this regulatory layer of the genome, they still possess a
variety of limitations in efficacy, implementation, and targeting specificity. Effective targeted
DNA methylation editing will continue to advance our fundamental understanding of the role
of this modification in different genomic and cellular contexts, and further improvements
may enable more accurate disease modeling and possible future treatments. In this review,
we discuss strategies, considerations, and future directions for targeted DNA methylation
editing.

Introduction
The complex repertoire of covalent modifications of DNA and histones that adorn the genome have fasci-
nated researchers for decades. Significant advances in profiling the epigenome by genomics technologies
have delivered insights into the broad inventory and patterning of these modifications across a wide array
of cell types and tissues, and their dynamics during the cell cycle and development. However, while signif-
icant progress has been made in elucidating their roles in cell-type and condition-specific transcriptional
regulation, major questions remain regarding the complex patterning, interactions, and regulatory poten-
tial of the myriad modifications. Cytosine DNA methylation is an extensively studied DNA modification
that is essential for normal vertebrate development [1], and plays important roles in diverse processes
including transposon silencing, imprinting, X-chromosome inactivation, gene regulation, and cell dif-
ferentiation [2–5]. Furthermore, DNA methylation is frequently found to be aberrant in disease states,
including various cancers [6] and neurodegenerative diseases [7,8]. However, our tools to modify DNA
methylation states in order to interrogate the causal roles of DNA methylation, and move beyond the fre-
quent associative inferences, have suffered from significant limitations. Previous experiments that modi-
fied DNA methylation genome-wide by knockdown [1,9], overexpression [10,11], or chemical inhibition
(e.g. 5-azacytidine; [12–15]) of the DNA methyltransferase enzymes responsible for methylation deposi-
tion and maintenance have demonstrated that DNA methylation is critical for maintaining various cellular
functions. However, such approaches suffer from non-specific, genome-wide DNA methylation changes
that result in widespread and pleiotropic alteration of gene expression, and consequential challenges in
accurately identifying the functional roles of DNA methylation. Therefore, an important advancement
to elucidate the direct role of DNA methylation is the development of tools to effectively and precisely
modify DNA methylation at desired individual loci and in different genomic contexts in a highly targeted
manner. A key approach to achieve this is the specific recruitment of DNA methylation and demethylation
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enzymes, such as DNA methyltransferase 3 α (DNMT3A) and ten-eleven translocation methylcytosine dioxyge-
nase 1 (TET1), to desired loci by their fusion to customizable DNA binding domains. Importantly, the discovery
of CRISPR/Cas9 [16], and its nuclease-inactive form, catalytically dead CRISPR/Cas9 (dCas9), has led to a simpli-
fied method for targeting epigenome modifiers to desired genomic loci in order to induce localized changes in DNA
methylation and assess its effects in different genomic contexts [17–22]. However, while these tools are enabling new
capabilities in the functional modulation and interrogation of epigenome modifications, ongoing efforts are required
to overcome limitations in their efficacy, implementation, and targeting specificity.

Current state of targeted DNA methylation and demethylation
Epigenome editing tools for altering DNA methylation state
The concept of targeted epigenome editing generally refers to the recruitment of epigenome modifying proteins
(epigenome modifying effectors, or epimodifiers) to desired genomic loci by tethering them to a locus-specific
DNA binding protein. In the case of DNA methylation, the epimodifiers are generally DNA methyltransferases or
demethylases. The affinity and specificity of the customizable DNA binding protein employed is a critical factor, and
a range of different systems have been employed to date. Early developments in the field of targeted DNA methyla-
tion editing used direct fusion of the bacterial methyltransferase M.SssI, the catalytic domain of DNMT3A, or the
catalytic domain of TET1, to customized DNA binding protein domains including zinc finger (ZF) binding pro-
teins and Transcription Activator-Like Effectors (TALE) [23–32]. However, ZF fusion proteins have a tendency to
be highly non-specific, commonly exhibiting thousands of binding sites in the genome [33,34], and consequently in-
ducing widespread non-specific methylation [35]. TALE DNA binding domains appear to exhibit substantially higher
binding specificity, however, their targeting is complicated by their CpG methylation binding sensitivity [36]. Further-
more, the construction of ZF and TALE DNA binding domains is relatively labor-intensive, with each new genomic
target site requiring the construction and delivery of a specific customized DNA binding domain. Thus, the develop-
ment of the dCas9 system provided a highly reconfigurable customizable DNA binding protein, which when fused to
epigenome modifying domains such as DNMT3A or TET1, has greatly improved the ease of recruiting epimodifiers
to different genomic target regions [6,17,18,22,37,38]. dCas9-based systems can also achieve targeting of multiple
genomic loci simultaneously by delivery of several guide RNAs (gRNAs), offering far greater multiplexing simplicity
compared with the delivery of multiple different ZF or TALE DNA binding proteins. Direct fusion of some alterna-
tive DNA methyltransferase domains has also been explored, including the bacterial CpG methyltransferase M.SssI
[21,39], and future exploration of alternative DNA methylation and demethylation catalytic domains may identify
more effective editing configurations. The generally high level of DNA methylation or demethylation induced at ge-
nomic target regions, and relative ease of delivery of dCas9 directly fused to an epimodifier to cells, has seen their
recent widespread adoption.

General considerations for targeted DNA methylation editing
A central consideration is the specificity of DNA methylation changes and the level of change. A variety of factors
have the potential to influence this. For example, when dCas9-DNMT3A is recruited to a target site in an actively
transcribed gene, it may be challenged by transcriptional activity, DNA binding proteins, chromatin remodeling, or
endogenous DNA demethylase enzymes, potentially limiting the impact of DNA methylation deposition. Thus, the
chromatin context and the antagonizing enzyme activity will dictate the magnitude of the targeted DNA methylation
changes. Further, for unique loci there are only two targets, one for each allele. Consequently, dCas9-DNMT3A pro-
teins that are unbound or transiently interacting with the genome may deposit DNA methylation at off-target loci, re-
ducing the specificity of targeted DNA methylation deposition. If not appropriately controlled, the dCas9-DNMT3A
direct fusion may act similarly to DNMT3A overexpression, resulting in pervasive off-target effects [19,40]. Similarly,
DNA demethylation can be achieved using dCas9-TET1, with demethylation efficiency being dependent on several
factors, including accessibility to the DNA as well as cofactor availability, such as vitamin C and α-ketoglutarate
(αKG) [41]. Furthermore, editing efficiency can be improved by screening and selecting the best performing gRNA.
Targeting regulatory regions for changes in DNA methylation frequently exhibit variable editing efficacy and may
fail to impact transcription. The exact reason why this occurs is currently not understood. Factors impacting repres-
sion upon targeted DNA methylation deposition include the recruitment of methyl-cytosine binding domain (MBD)
containing proteins and their interaction with chromatin remodeling and modifying complexes, and direct modula-
tion of transcription factor (TF) binding. A better fundamental understanding of the regulatory processes operating
at differentially affected loci and the role of DNA methylation in interrupting these processes will help in guiding
future DNA methylation targeting that is more likely to influence transcription. Nonetheless, at this stage, it is clear
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Figure 1. Overview of targeted DNA methylation editing technologies
Comparison of targeted DNA methylation editing by dCas9-based direct fusion and modular systems. Solid black circles and open
circles represent 5-methylcytosine and unmethylated cytosine, respectively, in the CpG context. Figure created with BioRender.com

that DNA methylation has the potential to directly alter TF binding [77], and some specific guidelines to target and
potentially influence TF binding are the following. Considerations for gRNA placement in the promoter or enhancer
regions include the distance of the gRNA to a CpG-containing TF binding site, which should be less than 200 bp up-
stream or downstream (Figure 1). Ideally, the gRNA binding sequence should be devoid of CpGs and not overlap the
TF binding site, as these may be masked for DNA methylation editing. Finally, gRNA placement should be checked
against TF binding motifs by searching a TF database (i.e. JASPAR [42]) to minimize non-specific effects such as
CRISPR interference (CRISPRi) [43].

Off-target non-specific DNA methylation editing
Despite their ease of construction, delivery, and targeting, the systems comprising dCas9 directly fused to DNA
methylation modifying enzymes have been observed to induce widespread off-target binding and methyla-
tion/demethylation, when efforts to assess their specificity and effects have been undertaken. For example, in FX52
cells, dCas9-TET1 expression led to the detection of 28 off-target binding sites for dCas9-TET1 by bisulfite sequenc-
ing after chromatin immunoprecipitation, resulting in significant changes in expression of multiple genes [44]. An-
other study looked at DNA methylation off-target effects by whole genome bisulfite sequencing and found that
dCas9-DNMT3A expression in HEK293T and MCF7 cells exhibited ∼30 000 regions (200 bp tiles) that increased
in average methylation level >10% [40], although no significant gene expression changes were observed. Moreover,
comparison between the dCas9-DNMT3A direct fusion and a more modular system (dCas9-SunTag-DNMT3A, see
below) demonstrated eight-fold higher off-target DNA methylation activity with dCas9-DNMT3A [19]. Thus, given
that a primary objective of targeted epigenome editing is to specifically modify only the intended genomic region
in order to achieve desired regulatory changes limited to the target locus or directly test regulatory causality at a
region, widespread off-target epigenome editing is extremely problematic. However, without careful experimental

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3

http://BioRender.com


Essays in Biochemistry (2019) EBC20190029
https://doi.org/10.1042/EBC20190029

assessment of whether off-target methylation editing occurs, there is the possibility that unnoticed and widespread
off-target DNA methylation changes are causative for observed transcriptional and regulatory changes.

Increased editing specificity through modular design
A potential construction feature underlying the tendency for widespread off-target epigenome editing is the inability
to independently modulate the processes of DNA binding and epigenome-modifying catalytic activity. The abun-
dance of dCas9 in the nucleus is likely linked to the frequency at which the target locus is bound, and the frequency at
which off-target sites interact with dCas9, for example at sequences that partially match the gRNA sequence. More-
over, the abundance of the epimodifier catalytic domain likely affects both the local concentration of enzymatic ac-
tivity at the target locus and the resulting level of modification, and the frequency of non-specific modification of
DNA methylation states throughout the genome. Thus, a more customizable system that allows independent con-
trol over the concentration of the DNA binding and epimodifier components has the potential to address the major
drawback of widespread non-specific editing. The modular SunTag system that has been explored to achieve such in-
dependent control. It consists of a GCN4 peptide array fused to dCas9 that serves as a docking platform that is bound
by the mono-chain antibody scFv-GCN4 (aGCN4), with each repeat having the potential to be bound by aGCN4
[45]. The fusion of dCas9 to an array of 5x–10x SunTag repeats, and co-delivery of DNMT3A linked to anti-GCN4
(dCas9Sun-DNMT3A), has been used to achieve high levels of targeted DNA methylation deposition while simulta-
neously minimizing off-target DNA methylation [19,20]. The rationale behind the adoption of the dCas9-SunTag sys-
tem for targeted DNA methylation editing is its modular nature. With this system, the effector and dCas9-SunTag are
independently controllable, enabling limitation of the amount of potentially free-floating DNMT3A catalytic domain
produced in the cells while increasing the local concentration at the target site by virtue of multiple aGCN4-DNMT3A
molecules binding to the 5x–10x SunTag GCN4 repeats (Figure 1). Similarly, an aGCN4-TET1-based system tethered
to the dCas9-SunTag has been developed that enables robust DNA demethylation [22,46].

Considerations for using different CRISPR/Cas proteins
A recent comparative analysis of dCas9 from different bacterial species indicated that dCas9 from Streptococcus
pyogenes (Sp-dCas9) remains the best current option to deposit DNA methylation [47]. This might be attributed
to the fact that Sp-dCas9 exhibits remarkably stable binding to DNA (dissociation rates > 45 min) [48] and is able
to find its target in a variety of chromatin contexts. However, analysis of off-target methylation induction was not
explored in the comparison of dCas9 from different species [47], and is an important factor that should be explored
in future work, as it may vary by species of origin.

Delivery of epigenome editing components
An important consideration for editing DNA methylation is the stability of the delivered components. Transient trans-
fection with plasmids carrying gRNAs and the dCas9-based DNA methylation editing machinery has been termed
as ‘hit & run’ epigenome editing, which routinely exhibits the strongest effects 24–72 h post-transfection. The ad-
vantage of this strategy is that there are no genetic modifications to the target cell, and the different components of
modular dCas9-SunTag based systems can easily be fine-tuned. The disadvantage is that transient expression of this
system is limited to only several days post-transfection, beyond which cell division and plasmid degradation impacts
the abundance and activity of the editing components. If the experimental design requires the editing components
to be present for longer or expressed under conditional control, lentiviral delivery of either direct dCas9 fusions or
dCas9-SunTag system components in combination with gRNAs followed by antibiotic or reporter selection and in-
duction is a viable alternative strategy (Figure 2). It is advisable to use a doxycycline-inducible system as this will allow
for the minimization of off-target effects, and it will enable testing of the stability of altered DNA methylation states
once editing component abundance is reduced following doxycycline removal.

Challenges of inducing stable epigenome changes
DNA methylation is an important epigenetic modification, however, there are >100 covalent modifications of DNA
and histones documented [49–51]. Routinely, methylation-edited regions revert back to their pre-editing state, par-
ticularly after removal of the editing components [30,37,52–55]. However, it is well established that changes in DNA
methylation are associated with diverse co-localized changes in other chromatin modifications, nucleosome occu-
pancy and accessibility [49]. A recent study reported induction of an altered DNA methylation state at the HER2 pro-
moter and transcriptional down-regulation that persisted for ≥50 days after transient transfection and co-targeting
of dCas9-EZH2 (H3K27me3 transferase, catalytic subunit) and dCas9-DNMT3A/DNMT3L (Figure 3), indicating
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Figure 2. Overview of workflow and DNA methylation dynamics in comparison with transient transfection and stable lentivi-
ral transduction of DNA methylation editing tools
Figure created with BioRender.com

that combinatorial editing may achieve greater stability [56]. The use of the dCas9-DNMT3A/DNMT3L combined
fusion protein has been reported to lead to higher on-target DNA methylation compared with dCas9-DNMT3A,
and should, therefore, be considered for projects that rely on a high level of induced DNA methylation deposition
[25,38]. On rare occasions, the native chromatin context is permissive to retain changes in DNA methylation, as seen
in modification of methylation on the X-chromosome at expanded repeats in the FMR1 gene, exhibiting stable hy-
pomethylation for several cell divisions [44]. Other groups have also reported stable DNA methylation induction at
transgene reporter loci over several days [17,18]. However, frequently, the induced DNA methylation changes are not
highly stable through mitosis [30], often reverting to their pre-editing state. Overall, the stability and maintenance of
any deposited DNA methylation may depend on several factors, including the editing enzymes used and endogenous
processes of DNA methylation maintenance or removal, and attempts to induce targeted changes in DNA methylation
are sometimes unsuccessful, highlighting the need for further investigations and technology development.
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Figure 3. Summary of targeted DNA methylation editing technologies available
Figure created with BioRender.com

Rationale and applications for targeted changes to DNA
methylation
Establishing causality in transcriptional regulatory processes
Studies of DNA methylation over the last few decades have highlighted some of the important roles that it plays in
different cellular contexts, from transposon and transcriptional control to embryo development and misregulation
during cancer progression [57–59]. However, important questions remain about the functional roles of DNA methy-
lation changes and its causal role in transcriptional regulation and chromatin organization. For example, what is the
effect of the deposition of DNA methylation at transcriptional regulatory elements such as promoters and enhancers?
A strong anti-correlation between enhancer accessibility and DNA methylation level is frequently observed [60,61],
but it is unclear whether enhancer activity and TF binding regulate DNA methylation state, or vice versa, with both
scenarios having been observed [62–66]. It is known that disruption of DNA demethylation machinery can affect the
accessibility of some enhancers [67–69], and the binding of some DNA binding factors has been reported to cause
enhancer demethylation [70–72]. On the other hand, a significant fraction of DNA binding proteins exhibit altered
DNA binding affinity dependent on methylation state [63,65,73–77], suggesting that DNA methylation state can alter
TF binding and enhancer activity. Clearly, tools that allow the targeted modulation of methylation states will be im-
portant for characterizing the causality and complexity of such regulatory events. Such processes have recently begun
to be explored through targeted DNA methylation editing in the context of TF binding. Two examples of TFs that
have been implicated to be DNA methylation-sensitive are Nuclear Respiratory Factor 1 (NRF1) [19,65,78,79] and
CCCTC-Binding Factor (CTCF) [13,18,76,80,81]. Targeted deposition of DNA methylation at specific core binding
sites of NRF1 and CTCF resulted in their reduced binding and transcriptional down-regulation of their associated
genes, demonstrating a causal role for DNA methylation in modulating protein binding and transcription [18,19,82].
Thus, the application of targeted epigenome editing tools will advance our understanding of the causal roles of DNA
methylation in genome regulatory processes, in turn informing the inferences that may be made from large-scale
whole genome comparative epigenomic analyses.
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Cellular therapies and correcting aberrant methylation in disease
Targeted epigenome editing also offers a unique strategy for modifying genome regulatory processes and transcrip-
tional states without requiring modification of the genome sequence for the purpose of repairing aberrant methyla-
tion states in disease, cell identity manipulation, and cellular therapies [83–85]. For example, heterozygous mutations
on the X chromosome, combined with the random nature of X-chromosome inactivation in females, can cause se-
vere diseases through the mutant allele affecting just half of the cells. Rett syndrome [86,87] and Fragile X syndrome
[18,88] are two examples that may strongly benefit from targeted DNA methylation editing. Rett syndrome is caused
by mutations that disrupt the normal function of MECP2, a methyl-CpG binding protein encoded on the X chro-
mosome that is important for normal cellular function, particularly in neurons [89]. Activating the normal MeCP2
allele encoded on the inactivated X-chromosome could potentially compensate for the dysfunctional MeCP2 copy
encoded on the active X. Fragile X syndrome is caused by hypermethylation of a CGG repeat expansion that occurs in
the 5′-UTR of FMR1 , which results in DNA methylation spreading into the FMR1 promoter and gene silencing. As
proof of principle, the fusion of the catalytic domain of the mouse TET1 to dCas9 (dCas9-TET1) was used to induce
targeted DNA demethylation at the FMR1 promoter in a neuronal cell culture model, causing reactivation of gene
expression and rescue of the Fragile X syndrome cellular phenotypes [44]. Furthermore, targeted DNA demethyla-
tion of the Rasal1 promoter in mouse kidney fibroblasts by lentiviral delivery of dCas9-TET3 led to transcriptional
up-regulation and an anti-fibrotic phenotype [90]. These examples highlight some applications and potential for tar-
geted DNA methylation editing in future therapies.

Epigenetic memory in induced pluripotent stem cells
De-differentiation of somatic cells into induced pluripotent stem cells (iPSCs) and subsequent differentiation into a
wide range of specialized human cell types is a central technology in disease modeling and regenerative medicine.
However, a range of studies have identified that iPSCs can retain a molecular memory of their original somatic cell
type, exhibiting chromatin and DNA methylation states observed in the original differentiated cell lineage [91,92]. iP-
SCs also harbor iPSC-specific methylation patterns that are not observed in either the original differentiated cell type
or embryonic stem cells. Both of these forms of aberrant DNA methylation state can be retained through subsequent
iPSC differentiation, with potential effects on derived cell functions and causing a biased differentiation potential
of the iPSCs [93–100]. Thus, targeted modification of DNA methylation may be a powerful approach to specifically
correct the loci harboring aberrant DNA methylation patterns in iPSCs and derived cells [92,101,102]. Furthermore,
if the memory of the original somatic cell DNA methylation state is causal in biasing the differentiation potential of
iPSCs towards the initial lineage, it may be possible to engineer specific DNA methylation states at regulatory regions
that imbue an iPSC line with a useful bias toward differentiation into a desired specialized cell type.

Cancer biology
DNA methylation exhibits extensive dysregulation in cancer cells, exhibiting both global hypomethylation, usually
extending over broad domains, focal promoter hypermethylation associated with gene silencing [58,103,104], and
increased gene body methylation associated with up-regulation of some oncogenes [105–107]. An important appli-
cation of targeted DNA methylation manipulation is the reactivation of tumor-suppressor genes and the deactiva-
tion of proto-oncogenes, both for understanding the causal relationship between promoter DNA methylation and
silencing of these genes, and potential future therapeutic applications. For example, transcriptional reactivation of
the tumor-suppressor gene BRCA1 and inhibition of cell growth was achieved by targeted demethylation of its pro-
moter using dCas9-TET1 [6]. These results were achieved despite only modest demethylation (<35%) of the target
region CpGs, indicating that absolute measurements of aggregate DNA methylation may not be sufficient to pre-
dict effects upon gene activation [6]. A similar result was reported for HER2-associated breast cancers, in which
aberrant HER2 enhancer methylation is linked to its overexpression and exacerbation of tumorigenesis. Transient
dCas9-DNMT3A mediated targeted methylation of the HER2 enhancer resulted in the loss of HER2 protein despite
only moderate changes (∼20% gain) in DNA methylation at the enhancer [108]. Such counterintuitive results involv-
ing partial DNA methylation changes but potent up- or down-regulation of a target gene highlights potential gaps
in our understanding of the regulatory roles of DNA methylation, potential complexities of delivery and uniformity
of effect in a cell population, challenges in associating DNA methylation and transcriptional changes in population
measurements, and the potential co-recruitment of other epigenome modifiers. For example, DNMT3A can interact
with some TFs [109–112] as well as other epigenome modifying proteins [113,114], suggesting that targeted DNA
methylation or demethylation by dCas9-DNMT3A or -TET1 might also recruit other factors that would influence
transcription, an important potential process that future studies will need to address.
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Immune cell therapies
The concept of reactivation or silencing of genes by targeted DNA methylation editing predictably extends to other
cell types and applications. For example, modulating the reactivity of immune cells by targeted methylation editing is
an exciting possibility that could lead to customized cell states and therapies that do not require genetic modification,
if transiently induced. Importantly, the highly stable nature of DNA methylation, at least in various normal contexts
such as imprinting [2,115] and development [67,116,117], could be leveraged to create a stable chromatin context. A
step in this direction was undertaken by Yoshimura et al. when they reactivated the master regulator of regulatory T
cells (Treg), Forkhead box P3 (Foxp3), in T cells using dCas9-TET1 [118] or dCas9Sun-TET1 [119]. Up-regulation
of Foxp3 stabilized the Treg cells and improved their capability to suppress other immune cells from activating and
expanding. This work demonstrates the importance and utility of controlled DNA methylation changes and their
potential future applications to customize or prime immune cells for Treg-mediated adoptive immunotherapy.

Future directions
dCas9-based targeted changes to DNA methylation have enabled insights into the ex vivo relevance of DNA methyla-
tion for TF binding [18,19], gene regulation [17,19–21,37,44,118], distal chromatin interactions, and disease modeling
[44]. However, improving the persistence and the level of DNA methylation change are essential to broaden our un-
derstanding of DNA methylation as well as developing new strategies for cell therapies. In order for the field to tackle
these challenges, the combinatorial editing of multiple epigenome modifications may be an important area for further
investigation. Expanding the number of targeted regions will need to be accomplished by using arrays of gRNAs that
are easier to assemble and to deliver into the target cells. Recent work from multiple groups have greatly simplified the
construction of gRNA arrays, achieving delivery of tens of different gRNAs [120,121]. However, there are still major
challenges for the burgeoning field of epigenome editing in order to be able to precisely control the myriad chromatin
states, potentially at hundreds of specific loci simultaneously. This will require substantial improvements to protocols
of gRNA assembly and in silico efficacy screening tools, and an expanded repertoire of editing capabilities. Overall,
these studies highlight the important role that targeted DNA methylation editing tools are playing in both advancing
our fundamental understanding of the biological mechanisms and roles of DNA methylation in normal and disease
states, as well as harnessing its modulation for useful purposes in therapeutics and cell design [17,38,56].

Summary
• The level of DNA methylation change and the targeting specificity required are important considera-

tions when choosing epigenome editing systems.

• DNA methylation is a stable genome modification that can influence transcription depending on the
regulatory element and chromatin state.

• Current editing systems can exhibit limitations in their efficacy, implementation, and targeting speci-
ficity.

• This review discusses the technology and the use-case scenarios for different dCas9-based
epigenome modifications technologies.
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47 Josipović, G., Zoldoš, V. and Vojta, A. (2019) Active fusions of Cas9 orthologs. J. Biotechnol. 301, 18–23,
https://doi.org/10.1016/j.jbiotec.2019.05.306

48 Sternberg, S.H., Redding, S., Jinek, M., Greene, E.C. et al. (2014) DNA interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507,
62–67, https://doi.org/10.1038/nature13011

49 Kundaje, A., Meuleman, W., Ernst, J., Roadmap Epigenomics Consortium et al. (2015) Integrative analysis of 111 reference human epigenomes.
Nature 518, 317–330, https://doi.org/10.1038/nature14248

50 Du, J., Johnson, L.M., Jacobsen, S.E. and Patel, D.J. (2015) DNA methylation pathways and their crosstalk with histone methylation. Nat. Rev. Mol.
Cell Biol. 16, 519–532, https://doi.org/10.1038/nrm4043

51 Zhao, Y. and Garcia, B.A. (2015) Comprehensive catalog of currently documented histone modifications. Cold Spring Harb. Perspect. Biol. 7, a025064,
https://doi.org/10.1101/cshperspect.a025064

52 O’Geen, H., Ren, C., Nicolet, C.M., Perez, A.A. et al. (2017) dCas9-based epigenome editing suggests acquisition of histone methylation is not
sufficient for target gene repression. Nucleic Acids Res. 45, 9901–9916, https://doi.org/10.1093/nar/gkx578

53 Chakraborty, S., Ji, H., Kabadi, A.M., Gersbach, C.A. et al. (2014) A CRISPR/Cas9-based system for reprogramming cell lineage specification. Stem
Cell Rep. 3, 940–947, https://doi.org/10.1016/j.stemcr.2014.09.013

54 Kearns, N.A., Genga, R.M.J., Enuameh, M.S., Garber, M. et al. (2014) Cas9 effector-mediated regulation of transcription and differentiation in human
pluripotent stem cells. Development 141, 219–223, https://doi.org/10.1242/dev.103341

55 Mandegar, M.A., Huebsch, N., Frolov, E.B., Shin, E. et al. (2016) CRISPR interference efficiently induces specific and reversible gene silencing in
human iPSCs. Cell Stem Cell 18, 541–553, https://doi.org/10.1016/j.stem.2016.01.022

10 © 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

https://doi.org/10.1038/nbt.2726
https://doi.org/10.1371/journal.pone.0087703
https://doi.org/10.1093/nar/gkt1019
https://doi.org/10.1186/s13072-015-0002-z
https://doi.org/10.1172/JCI77321
https://doi.org/10.1093/nar/gku708
https://doi.org/10.1534/g3.117.300296
https://doi.org/10.1101/170506
https://doi.org/10.1074/jbc.C112.408864
https://doi.org/10.1093/nar/gkw159
https://doi.org/10.1093/nar/gkw1112
https://doi.org/10.1038/s41598-017-06757-0
https://doi.org/10.1038/s41467-017-02708-5
https://doi.org/10.1126/science.1170116
https://doi.org/10.1093/nar/gkx1126
https://doi.org/10.1038/nprot.2013.132
https://doi.org/10.1016/j.cell.2018.01.012
https://doi.org/10.1016/j.cell.2014.09.039
https://doi.org/10.1186/s13059-018-1442-0
https://doi.org/10.1016/j.jbiotec.2019.05.306
https://doi.org/10.1038/nature13011
https://doi.org/10.1038/nature14248
https://doi.org/10.1038/nrm4043
https://doi.org/10.1101/cshperspect.a025064
https://doi.org/10.1093/nar/gkx578
https://doi.org/10.1016/j.stemcr.2014.09.013
https://doi.org/10.1242/dev.103341
https://doi.org/10.1016/j.stem.2016.01.022


Essays in Biochemistry (2019) EBC20190029
https://doi.org/10.1042/EBC20190029

56 O’Geen, H., Bates, S.L., Carter, S.S., Nisson, K.A. et al. (2019) Ezh2-dCas9 and KRAB-dCas9 enable engineering of epigenetic memory in a
context-dependent manner. Epigenetics Chromatin 12, 26, https://doi.org/10.1186/s13072-019-0275-8

57 Moses, C., Garcia-Bloj, B., Harvey, A.R. and Blancafort, P. (2018) Hallmarks of cancer: The CRISPR generation. Eur. J. Cancer 93, 10–18,
https://doi.org/10.1016/j.ejca.2018.01.002

58 Pfeifer, G.P. (2018) Defining driver DNA methylation changes in human cancer. Int. J. Mol. Sci. 19, https://doi.org/10.3390/ijms19041166
59 Klutstein, M., Nejman, D., Greenfield, R. and Cedar, H. (2016) DNA methylation in cancer and aging. Cancer Res. 76, 3446–3450,

https://doi.org/10.1158/0008-5472.CAN-15-3278
60 Kelly, T.K., Liu, Y., Lay, F.D., Liang, G. et al. (2012) Genome-wide mapping of nucleosome positioning and DNA methylation within individual DNA

molecules. Genome Res. 22, 2497–2506, https://doi.org/10.1101/gr.143008.112
61 Sharifi-Zarchi, A., Gerovska, D., Adachi, K., Totonchi, M. et al. (2017) DNA methylation regulates discrimination of enhancers from promoters through

a H3K4me1-H3K4me3 seesaw mechanism. BMC Genomics 18, 964, https://doi.org/10.1186/s12864-017-4353-7
62 Charlet, J., Duymich, C.E., Lay, F.D., Mundbjerg, K. et al. (2016) Bivalent regions of cytosine methylation and H3K27 acetylation suggest an active role

for DNA Methylation at Enhancers. Mol. Cell 62, 422–431, https://doi.org/10.1016/j.molcel.2016.03.033
63 Hu, S., Wan, J., Su, Y., Song, Q. et al. (2013) DNA methylation presents distinct binding sites for human transcription factors. eLife 2, e00726,

https://doi.org/10.7554/eLife.00726
64 Aran, D. and Hellman, A. (2013) DNA methylation of transcriptional enhancers and cancer predisposition. Cell 154, 11–13,

https://doi.org/10.1016/j.cell.2013.06.018
65 Domcke, S., Bardet, A.F., Adrian Ginno, P., Hartl, D. et al. (2015) Competition between DNA methylation and transcription factors determines binding of

NRF1. Nature 528, 575–579, https://doi.org/10.1038/nature16462
66 Stadler, M.B., Murr, R., Burger, L., Ivanek, R. et al. (2011) DNA-binding factors shape the mouse methylome at distal regulatory regions. Nature 480,

490–495, https://doi.org/10.1038/nature10716
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