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ABSTRACT 

Aberrant epigenetic modifications, including DNA methylation and post-translational 

histone modifications are also responsible for cancer development along with genetic 

factors. Various cross-talks between these processes ensure the longevity of the 

epigenetic silencing state. Aberrant epigenetic programming of oncogenes, including 

loss of DNA methylation, loss of histone H3K9 methylation and acetylation of histone 

H3K9, are key factors in the development of many cancers. To stably silence specific 

oncogenes their normal-like epigenetic landscape needs to be restored.  

This study was aimed at rewriting the epigenetic marks to achieve repression of target 

genes by modulating their expression through a combination of epigenetic repressor 

domains delivered via several epigenetic tools: Zinc Fingers (ZFs), Transcription 

Activator Like Effector (TALEs) and the Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR) system. The effectors used were KRAB (Krüppel-

associated box domain), which along with its co-repressor KAP1 leads to loss of 

histone H3 acetylation and increase in H3K9 tri-methylation (H3K9me3); DNMT3A 

(DNA methyltransferase 3A), which catalyses the de novo methylation of DNA at 

CpG dinucleotides within the promotor and gene body; UHRF1 (Ubiquitin-like, 

containing PHD and RING finger domains), which recruits transcriptional repressors 

DNA methyltransferase 1 (DNMT1) and histone deacetylase 1 (HDAC1), linking 

DNA methylation with histone post-translational modifications; and CSD 

(Chromoshadow domain), which interacts with histone H3 residues within the 

nucleosome.  

The transcriptional repression of MASPIN was investigated as a proof-of-concept by 

utilizing the above domains individually and in combination via all three epigenetic 

platforms: ZFs, TALEs and the CRISPR/dCas9 system. The combination of different 

effector domains, delivered via ZFs and the CRISPR/dCas9 system, were found to 

lead to synergistic repression of the Maspin promoter. This combination involved 

DNMT3A, KRAB and UHRF1 domains. Induction of DNA methylation on the 

Maspin promoter and its phenotypic correlation with SUM159 breast cancer cells were 

also investigated. A CRISPR/dCas9 SRM system that had multiple domains fused 

together for higher repression levels was then designed and investigated. Fusion of 
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DNMT3A to dCas9 was tested with a designed longer linker, aimed at increasing its 

effect on transcription and DNA methylation.  

Significant Maspin transcriptional and protein downregulation was demonstrated 

through a stably expressed combination of domains KRAB, DNMT3A and UHRF1s 

via the CRISPR/dCas9 system. This combinatorial approach in the context of 

oncogenes KRAS and c-Myc showed repression in the c-Myc promoter but not the 

KRAS promoter. Significant downregulation of c-Myc was shown via a stably 

expressed CRISPR/dCas9 system fused with the KRAB domain and c-Myc sgRNAs. 

In summary these findings suggest that gene expression was significantly silenced 

with a combination of multiple epigenetic effector domains targeting multiple 

epigenetic marks involved in epigenetic cross-talk. The coupling of DNA methylation 

and histone post-translational modifications, including histone deacetylation and 

histone methylation, thus leads to epigenetic repression and restoration of epigenetic 

landscape of oncogenes. This combinatorial approach has potential for reprogramming 

epigenetic states of aberrantly overexpressed genes leading to their silencing through 

modulation of gene expression. 
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1.1- Cancer and Epigenetics 

1.1.1- Breast Cancer 

It was estimated that there will be 18.1 million new cancer cases (17.0 million 

excluding nonmelanoma skin cancer) and 9.6 million cancer deaths (9.5 million 

excluding nonmelanoma skin cancer) in 2018. Breast cancer is the most frequently 

diagnosed female cancer along with lung cancer, constituting 11.6% of the new cancer 

cases and 6.6% of total cancer deaths (Bray et al., 2018). According to an estimate, 

there will be about 2.1 million newly diagnosed breast cancer cases in females in 2018, 

which accounts for almost 1 in 4 female cancer cases. The incident rates of breast 

cancer are the highest in Australia and New Zealand along with Northern Europe, 

Western Europe, the Netherlands, Southern Europe and Northern America (Bray et 

al., 2018). 

Cancer is a complex and heterogeneous disease. Specifically, breast cancers have been 

divided into five intrinsic sub-types based on gene expression data: (1) Luminal A, 

which is estrogen-receptor (ER) positive and/or progesterone-receptor (PR) positive 

and is human epidermal growth factor receptor 2 (HER2) negative; (2) Luminal B, 

which is ER positive and/or PR positive and HER2 positive; (3) HER2 overexpressing 

is ER negative, PR negative and Her2 positive; (4) Basal-like, which is ER negative, 

PR negative and Her2 negative; and (5) Normal breast-like. Several other studies have 

also confirmed these five intrinsic subtypes with variable numbers of signature genes 

(Perou et al., 2000; Sorlie et al., 2001, Boyle, 2012).  

Clinically, breast cancers are classified into three major subtypes based on the 

expression of cell receptors: luminal tumours (hormone receptor positive), HER2-

enriched and triple negative breast cancers (TNBCs). Triple negative tumours are the 

most heterogeneous and ~80% of these belong to the basal-like subtype. Triple 

negative breast cancers (TNBCs) are characterized by the absence of ER and PR and 

HER2. Approximately 10-20% of invasive breast cancers are TNBCs (Perou et al., 

2000; Vona-Davis et al., 2008; Rakha et al., 2006) and have poor prognosis compared 

to luminal tumours (Perou et al., 2000; Carey et al., 2006; Sorlie et al., 2001; Boyle, 

2012).  
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The molecular mechanisms responsible for the development and progression of triple 

negative breast cancers are still not fully understood. There is established evidence 

that altered function of multiple genes drive several aspects of the breast cancer 

phenotypes. These altered genes in turn affect crucial cell-regulatory processes like 

cell cycle switches, DNA repair, apoptosis and cell migration, among others. The 

somatic mutation theory is based on the concept that alterations or mutations in 

multiple genes that are key regulators of cellular function in a cellular network lead to 

cancer origin and progression. These mutations can occur either by inactivating 

tumour suppressor genes like BRCA1 and TP53, or by activating proto-oncogenes like 

MYC and KRAS (Veeck, 2010). Consequently, these mutations lead to abnormal 

transcriptional regulation, which affects the expression of genes that are associated 

with cell differentiation, proliferation and survival (Widschwendter and Jones, 2002; 

Baylin and Ohm, 2006; Esteller, 2007).   

1.1.2- Role of Epigenetics in breast cancer 

The term epigenetics was defined originally as “the study of mitotically and/or 

meiotically heritable changes in gene function that cannot be explained by changes in 

DNA sequence” (Waddington, 1940). Later it was redefined such that “An epigenetic 

trait is a stably heritable phenotype resulting from changes in a chromosome without 

alterations in the DNA sequence” (Issa, 2000). Thus epigenetics is an additional 

mechanism that provides information beyond the genomic sequences. Critical 

biological processes like inactivation of the X chromosome, genome reprogramming 

during differentiation and growth, genome imprinting or post-transcriptional gene 

silencing through RNA interference, involve epigenetic processes. The main 

epigenetic mechanisms that are considered to be the most critical to transcriptional 

regulation include DNA methylation, histone post-translational modifications and 

regulation by small and large non-coding RNAs (Figure. 1.1). 

Notably, defects in these key biological functions are linked with a number of human 

disorders including breast cancer (Moosavi and Ardekani, 2016)). With the advent of 

epigenetics, there has been a revolution in somatic mutation theory as it became clearly 

evident that epigenetic alterations play an equally critical role in the development and 

progression of cancer including breast cancer. 
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Figure 1.1. Key epigenetic mechanisms that affect transcriptional regulation: DNA 
methylation, histone modifications (methylation, acetylation and phosphorylation) 
and non-coding RNAs. Adapted from (Duk et al., 2013). 

Altered DNA methylation in cancer includes global hypomethylation and focal 

hypermethylation of specific genes, with global hypomethylation being linked to 

oncogene activation (Richardson, 2002; Eden et al., 2003; Feinberg and Tycko, 2004), 

with gene hypermethylation being linked with tumour suppressor silencing 

(Widschwendter and Jones, 2002; Baylin and Ohm, 2006; Jones and Baylin, 2007; Lo 

and Sukumar, 2008). Furthermore, silencing of DNA repair genes like MGMT and 

BRCA1 through DNA methylation might lead to inactivation of tumour suppressors 

(Esteller, 2000). Acetylation and/or methylation of specific amino acid residues of 

histone tails can affect the DNA-histone interaction by relaxing chromatin leading to 

active transcription. Other histone modifications such as deacetylation can compact 

chromatin structure leading to repression of transcription.  

Both DNA methylation and histone modifications act in a collaborative manner 

regulating gene expression. Generally, it is assumed that de novo DNA methylation 

initiates an epigenetic silencing state of transcriptionally inactive chromatin 

(Felsenfeld and Groudine, 2003; Jaenisch and Bird, 2003). It has also been suggested 

that methylated DNA is recognised by methyl-binding domain proteins (MBDs), 

which then recruit histone deacetylases (HDACs) to the nucleosome, leading to gene 
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repression (Jones et al., 1998; Nan et al., 1998; Veeck and Esteller, 2010). The 

nucleosome represents the first level of chromatin organization and is composed of 

histones H2A, H2B, H3 and H4, each having two copies, forming an octameric core 

with 146-147 bp DNA tightly wrapped around the core (Luger et al., 1997).  

A number of studies have demonstrated  that global DNA hypomethylation in cancer 

is a contributing factor to chromosomal structural changes, loss of imprinting (LOI), 

chromosome instability by disrupted DNA recombination, abnormal activation of 

proto-oncogenes and increase in mutations (Jones and Baylin 2002; Eden et al., 2003; 

Chen et al., 1998; Kaneda and Feinberg, 2005). A number of proto-oncogenes 

involved in metastasis and proliferation are upregulated in breast cancer via promoter 

hypomethylation (Gupta et al., 2003; Fan et al., 2006). DNA hypermethylation affects 

initiation, progression and maintenance of breast cancer. Apart from genetic 

mutations, epigenetic silencing is an additional mechanism that plays its role in 

breast cancer progression by abnormal activation of oncogenic pathways and 

silencing of tumour suppressors (Lo and Sukumar 2008).  

1.2- Epigenetic Mechanisms 

1.2.1- Histone Modifications 

Chromatin modifications and DNA methylation are strongly associated in the context 

of gene silencing. The basic unit of chromatin is known as a nucleosome, which is 

made up of proteins and DNA complexes. The nucleosome consists of an octamer of 

4 core histone proteins H2A, H2B, H3 and H4 that are wrapped around by 147bp of 

DNA (Kornberg and Lorch, 1999). These core histone proteins have protruding N-

terminal tails that undergo a variety of covalent modifications involved in the 

regulation of chromatin organization and gene expression. Such modifications include 

methylation, acetylation, phosphorylation, ubiquitination and SUMOylation 

(Zegerman et al., 2002; Shiio and Eisenman, 2003; Schubeler et al., 2004; Shilatifard, 

2006). Histone acetylation and histone methylation will be discussed in detail in the 

following sections. 
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1.2.1.1- Histone-Modifying Enzymes 

The enzymes involved in the methylation of histones are known as histone 

demethylases (HDMs) and histone methyltransferases (HMTs). The enzymes 

involved in histone acetylation include histone deacetylases (HDACs) and histone 

acetyltransferases (HATs) (Esteller, 2007; Martin and Zhang, 2005; Rice et al., 2003; 

Shi et al., 2005; Tsukada et al., 2006) (Figure 1.2). Some of these enzymes have been 

identified as a part of nucleosomal remodelling complexes, regulating chromatin 

structure and gene expression (Ting et al., 2006; Martin and Zhang, 2005; Lachner 

and Jenuwein, 2002).  

 

 
 

Figure 1.2. Histone post-translational modification affecting gene expression. 
Acetylation of the N-terminal tails of core histones increases the accessibility of 
transcription factors and, consequently, leads to transcription activation. Histone 
methylation modulates gene activation or repression in a site-dependent manner. 
There is also a cross-talk between histone post-translational modifications and co-
regulating gene expression. (Adapted from Hong-Wei and Jun, 2015). 
 

1.2.1.2- Histone Methylation 

During histone methylation, a methyl group is transferred from S-adenosyl-L-

methionine to the lysine or arginine residues of the histone tails via HMTs, such as the 

Su(var)3-9, Enhancer of Zeste and protein arginine methyltransferases (PRMTs) 

including the Trithorax (SET) domain containing KMTs. Up to three methyl groups 
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can be transferred to lysine and arginine residues resulting in mono-, di- or tri-

methylated lysine or arginine. The methyl groups are removed by HDMs such as 

amine oxidase lysine-specific demethylase (LSD1, KDM1A) (Morera et al., 2016). 

Arginine and mono-methyl arginine can be converted to citrulline via protein-arginine 

deiminases (PADs or PADIs) (Kouzarides, 2007). Methylation of histones serves as a 

platform for binding of transcription factors that might activate or repress gene 

expression depending on the context and extent of methylation and the lysine residues 

that have been methylated. For example, methylation of H3K4 and H3K36 allows 

gene transcription while methylation of H3K9 and H3K27 leads to gene repression 

(Nguyen and Zhang, 2011). 

1.2.1.3- Histone Acetylation 

Acetylation of histones relaxes chromatin, facilitating recruitment of transcription 

factors and gene transcription. In contrast, histone deacetylation facilitates the 

formation of heterochromatic chromatin, which represses gene transcription. The 

histone acetylation is regulated by two group of enzymes: histone acetyltransferases 

(HATs) and histone deacetylases (HDACs). HAT enzymes catalyze the acetyl group 

transfer to the ε-amino group of the side chains of lysine via its cofactor acetyl CoA. 

As a result of this catalytic reaction, the positive charge of lysine is neutralized, which 

potentially leads to weak interactions between DNA and histones (Xhemalce et al., 

2011; Parthun, 2007). HATs belong to two major classes: type-A and type-B. Type-B 

HATs are primarily cytoplasmic and acetylate free histones which are not deposited 

into chromatin. Type-A HATs represent a more diverse enzyme family compared to 

type-B HATs and include: Gcn5-related N-acetyltransferases (GNATs: GCN5, 

PCAF), MYST (MOZ, Ybf2/Sas3), Sas2 and Tip60, coactivator p300/CREB-binding 

protein (CBP), and nuclear receptor coactivators (e.g. ACTR/SRC-1) and other HATs 

(TAFII250, TFIIIC, Rtt109, CLOCK) (Dokmanovic and Marks, 2005; Hodawadekar 

and Marmorstein, 2007). Each of these enzymes is responsible for N-terminal histone 

tail modifications at multiple sites. However, additional acetylation sites are also 

present within the histone core, such as H3K56, which is acetylated via hGCN5 in 

humans (Tjeertes et al., 2009). 

HDACs are deacetylating enzymes that remove acetyl groups from histones, and are 

responsible for reversing lysine acetylation and restoring the positive charge of lysine 
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residues. Potentially, this leads to stabilization of local heterochromatin structure, 

hence HDACs act as transcriptional repressors. HDACs consists of four classes: class 

I HDACs are ubiquitously expressed in nuclei and regulate cell survival and cell 

proliferation, class II HDACs are localized in the nucleus and cytosol and might have 

tissue-specific roles (Dokmanovic and Marks, 2005), class III HDACs are referred to 

as sirtuins and have roles in transcriptional regulation, and class IV HDACs consist of 

only one member called HDAC11 whose function is largely unknown (Yang and Seto, 

2007; Ramakrishnan and Pili, 2013). HDACs are also found in association with 

chromatin remodelling complexes such as the NuRD complex, Sin3a and co-REST 

(Yang and Seto, 2008). 

1.2.1.4- Histone Modifications in Gene Regulation 

Each histone modification presents a unique mark potentially leading to either active 

or repressive chromatin. Methylation of arginine and/or lysine residues of histone tails 

define the active or repressive state of chromatin and transcription. Acetylation of 

these histone residues is related to an open chromatin and active transcription that 

depends on the site of modification. Out of all histones, H3 is the most frequently 

modified histone (Figure 1.3). H3 modifications can predict chromatin status, i.e. 

heterochromatin (transcriptionally repressive state) or euchromatin (active state). 
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Figure 1.3. Most common histone modifications including histone methylation 
and histone acetylation in Histones H3 and H4. Acetylation or methylation of 
specific residues in histone H3 and H4 represent a specific active or repressive mark 
that activates or represses gene expression, respectively. (Modified from Sarah et al., 
2010). 

1.2.1.5- Active Histone Marks 

Mono- and tri-methylation of histone K4 (H3K4me1 or H3K4me3) represents an 

active mark. H3K4me1 is localized at transcriptional enhancer sites and H3K4me3 is 

localized at promoter regions of genes. Tri-methylation of histone H3 at K36 

(H3K36me3) also represents an active mark, allowing gene transcription and being 

localized in gene bodies (Esteller, 2007; Schubeler et al., 2004; Greer et al., 2012). 

Acetylation of histone H3 at K9 and K27 (H3K9ac and H3K27ac) allows gene 

activation and is localized at enhancer and promoter regions of genes (Roth et al., 

2001). Acetylation of H4K5, H4K8, H4K12 and H4K16 also represents other well 

studied active marks (Esteller, 2007; Schubeler et al., 2004).  

1.2.1.6- Repressive Histone Marks 

Tri-methylation of histone H3K9 and H3K27 (H3K27me3 and H3K9me3) are well 

investigated repressive marks (Baylin and Ohm, 2006; Esteller, 2007; Ting et al., 

2006; Martin and Zhang, 2005; Nguyen et al., 2001). H3K9me3 acts as a stable signal 

of heterochromatin formation in intergenic chromosomal regions that have tandem 

repeat structures, such as satellites, pericentromeres and telomeres, as well as in 

retrotransposons. H3K27me3 is a mark predominantly found at promoter sites in gene-

rich regions and is responsible for controlling regulators of development in embryonic 

stem cells such as Hox and Sox genes. The inactive X-chromosome contains a 

H3K9me3 mark primarily in the coding regions of active genes, while the H3K27me3 

mark is present at silenced coding regions and intergenic sequences. Finally, the 

deacetylation of histones H3K9, H3K27 and H4K20 is associated with repressive 

chromatin and are deposited by HDAC enzymes (Baylin and Ohm, 2006; Esteller, 

2007; Ting et al., 2006; Martin and Zhang, 2005; Nguyen et al., 2001).  

 



CHAPTER 1            

10 
 

1.2.2- DNA Methylation 

In 1975 it was proposed that DNA methylation may be responsible for maintaining 

gene expression through mitotic cell divisions (Riggs, 1975; Holliday and Pugh, 

1975). Since that time, sufficient evidence has been obtained supporting DNA 

methylation as a primary contributor in stable gene expression states. DNA 

methylation, along with many other nucleosome-modifying proteins, helps in 

establishing a silent chromatin state (Jaenisch and Bird, 2003; Baylin, 2005; Deaton 

and Bird, 2011; Guillamot et al., 2016).  

During DNA methylation, a methyl group is added to the 5’ carbon end of a cytosine 

residue in DNA that precedes a guanine (CpG), and sometimes to an adenine 

residue. In vertebrates and mammals, DNA methylation exclusively occurs in 

cytosines of CpG dinucleotides and frequently most CpGs in the genome are 

methylated (Bird, 2002; Goll and Bestor, 2005). A human genome study revealed that 

CpG dinucleotides cluster together forming CpG-rich regions of DNA, known as 

“CpG ilands” (CGIs), which are typically located at upstream promoter regions and in 

exon 1 in more than half of the human genes (Takai and Jones, 2002). In normal cells 

CGIs are un-methylated in actively expressed genes, but in cancer cells 

hypermethylation of CGIss is observed in multiple genes (Baylin and Ohm, 2006; 

Esteller, 2007; Jones and Baylin, 2002; Ting et al., 2006) (Figure 1.4).  

 

 
 

Figure 1.4. CpG methylation of promoter region in normal cells. The CpGs in the 
promoter region of normal cells are normally unmethylated allowing active gene 
transcription. Methylation of these CpGs via DNA methyltransferases (DNMTs) 
leads to gene silencing. (Adapted from Yuan et al, 2014) 
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CGIs are GC rich DNA regions characterized by GC content of at least 50% and are 

more than 500 base pairs in length. About 60% of CGIs at annotated gene promoters 

are unmethylated leading to active gene transcription (Jones, 2012, Suzuki and Bird, 

2008, Takai and Jones, 2002). In contrast, meCpGs in gene bodies do not affect gene 

transcription itself but possibly hinder activation of alternative promoters (Maunakea 

et al., 2010). The remaining 40% of CGIs are confined in intergenic and intragenic 

regions and present promoter-like features, but are not associated with annotated 

promoters and are known as “orphan CGIs” (Illingworth et al., 2010). The CGIs 

located at a distance of up to 2Kb from the promoter are known as “CGI shores” and 

are characterized by low CpG density and have also been shown to be involved in gene 

expression regulation (Doi et al., 2009, Irizarry et al., 2009) (Figure 1.5). 

CpG methylation of the majority of the genome guarantees genomic stability via 

repetitive DNA elements, such as interspersed and tandem repeats that constitute at 

least half of human DNA (Jones and Takai, 2001, Lander et al., 2001). The 

interspersed repeats include long interspersed nuclear elements (LINEs), short 

interspersed nuclear elements (SINEs) and long-terminal repeats (LTRs). These are 

retrotransposable elements that are rendered inactive via DNA methylation, avoiding 

the possibility of insertional mutagenesis (Robertson and Wolffe, 2000, Yoder et al., 

1997). The tandem repeats are localized in the centromeric, peri-centromeric and sub-

telomeric regions of chromosomes and are also constitutively methylated (Jurkowska 

et al., 2011, Suzuki and Bird, 2008). The methylated DNA in centromeric regions 

prevents recombination and abnormal centromere growth (Jaco et al., 2008). 

Similarly, recombination at telomeres and abnormal telomere length is repressed by 

DNA methylation (Blasco, 2007, Gonzalo et al., 2006) (Figure 1.5). Furthermore, 

DNA methylation at CpGs is also responsible for X chromosome inactivation and the 

establishment and maintenance of mono-allelic expression of imprinted genes 

(Chaligne and Heard, 2014, Chang et al., 2006, Miranda and Jones, 2007, Weaver and 

Bartolomei, 2014). 

https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0425
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0455
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0430
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0430
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0705
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0395
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0050
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0265
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0120
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0125
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0530
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0765
https://www.sciencedirect.com/science/article/pii/S004763741500007X#bib0765
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Figure 1.5. Schematic illustration of DNA methylation patterns throughout a 
chromosome, showing the subtelomeric region, pericentromeric region, repetitive 
elements (LINE, SINE and LTR) and a gene with a CGI-promoter. Arrows indicate 
transcription start sites. (Adapted from Zampieri et al., 2015). 
 
1.2.2.1- DNA Methyltransferases 

The patterns of DNA methylation are formulated and/or maintained by DNA (C-5) 

methyltransferases (DNMTs), which recognize palindromic dinucleotides CpGs. 

These DNMTs catalyse the methyl group transfer from S-adenosyl-L-methionine 

(SAM) to the C5 cytosine carbon atom (Figure 1.5) producing 5-methylcytosine (5-

mC). The 5-mC subsequently undergoes induced oxidation to 5-hmC (5-

hydroxymethylcytosine).  Ten-eleven translocation methylcytosine dioxygenase 

(TET1) mammalian protein is the only protein identified so far that catalyses this 

reaction via oxidation of 5-mC in an iron and alpha-ketoglutarate dependent manner 

(Tahiliani et al., 2009) (Figure 1.6). 

 

 

https://en.wikipedia.org/wiki/Oxidation
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Alpha-ketoglutarate
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Figure 1.6. DNA methylation reaction. Cytosine (C) is converted to 5mC by DNMTs 
that catalyze the transfer of a methyl group (CH3) from S-adenosyl-L-methionine 
(SAM) to the 5-carbon position of cytosine. 5mC is oxidized forming 5-
hydroxymethylcytosine (5hmC) via Fe (II) and α-ketoglutarate(α-KG)-dependent 
TET enzymes. (Adapted from Zampieri et al., 2015). 

The DNMTs known so far are DNMT1, DNMT2, DNMT3A, DNMT3B and DNA 

methyltransferase 3-like protein DNMT3L. DNMT1 maintains the original DNA 

methylation pattern in hemi-methylated DNA where 5-mC is only present on one 

parental strand after replication. DNMT1 catalyzes 5-cytosine (5-C) methylation in 

the daughter DNA strand that is diagonally opposite to the 5-mC of the parental 

DNA strand. DNMT1 is an important protein in the multiprotein DNA replication 

complex, and is responsible for semi-conservative DNA replication, and it ensures 

precise DNA methylation propagation with cell division (Vertino et al., 2002).  

The DNMT3A and DNMT3B enzymes are responsible for de novo DNA methylation 

(Pradhan and Esteve, 2003) and hence also for the alteration of DNA methylation 

patterns of the genome, generating new DNA methylation marks. It has been shown 

how histone and DNA methylation interact in gene silencing, suggesting that 

symmetric methylation of arginine 4 of histone H3 (H3A4) is necessary for subsequent 

DNA methylation, serving as a direct binding site for DNMT3A (Zhao et al., 2009). 

Moreover, DNMT3A has been demonstrated to be responsible for cytosine 

methylation in non-CpG sequences, such as CpA and CpT (Ramsahoye et al., 2000). 

De novo DNA methylation occurs mainly during embryonic development in 

mammals, and also plays a significant role in parental genomic imprinting (Wilkins, 

2005). This results in differential gene expression (Wilkins, 2005) and X chromosome 

inactivation (Riggs, 1975; Robertson, 2005) and carcinogenesis (Robertson, 2005; 

Jones, 2002). DNA methyltransferase 3-like protein DNMT3L is also involved 

indirectly in de novo DNA methylation by facilitating/stimulating the activity of 

DNMT3A (Chen et al., 2012; Pang-Kuo and Saraswati, 2008). 

The DNMT2 enzyme retains lower methyltransferase activity; however, its 

biological function is not fully understood (Chen et al., 2012; Pang-

Kuo and Saraswati, 2008). It has been shown that despite its weak in vitro DNMT 

activity, it catalyses efficient tRNA methylation (Goll, 2006). It has also been 

suggested that DNMTs are capable of compensating each other’s functionalities. For 
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example DNMT3A can also play role in maintaining DNA methylation other than de 

novo DNA methylation (Lewandowska and Bartoszek, 2011).  

DNA methylation occurs more effectively during DNA replication, representing a 

heritable modification conserved during cell divisions. A molecular model is shown 

in Figure 1.7 which illustrates the preservation of DNA methylation in eukaryotic cells 

(Lewandowska and Bartoszek, 2011). Proficiently 

 

 

 

 

Figure 1.7. Molecular model of the preservation of DNA methylation in 
eukaryotes. Initially, both DNA strands undergo de novo DNA methylation via 
DNMT3a and DNMT3b. This leads to recruitment of chromatin remodelling factors 
via methyl-CpG binding proteins, forming a silencing complex and inhibiting gene 
expression. Hemi-methylated DNA is formed after replication, which is then fully 
methylated via the action of DNMT1, restoring parental DNA methylation patterns 
in daughter cells. Reprogramming only occurs in a specific cell type or at a specific 
stage of development, and is regulated strictly. Adapted from (Lewandowska and 
Bartoszek, 2011).  

 

1.2.2.2- DNA Methylation in Gene Silencing 

Approximately 60% of human genes are linked with CGIs, including the ones whose 

expression pattern is tissue-specific. In active genes, CGIs are unmethylated and serve 
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as target for transcription-initiating proteins. Methylation of cytosine is a very stable 

chemical modification and inhibits eukaryotic gene transcription, constituting one of 

the main epigenetic mechanisms that silence gene expression. CGI methylation 

silences gene expression via two mechanisms: firstly, by inhibiting binding of 

transcriptional factors (TFs) that  bind to methylated DNA; secondly, methylated 

DNA-binding proteins (MBPs) that recognize the methylated DNA recruit 

corepressors that lead to gene silencing (Zardo et al., 2005; Klose and  Bird , 2005). 

As the methylated CpGs are distributed in a cell-type specific manner, the patterns of 

methylation created, known as differentially methylated regions (DMRs), are 

distinctive to genes and tissues (Espada and  Esteller, 2007). DMRs are not constant 

and fluctuate during differentiation, epigenetic reprogramming, and in cancer (Doi et 

al., 2009). In a genome-wide investigation of nine human induced pluripotent stem 

cell lines, the methylomes of these cell lines were enriched significantly with the 

tissue-specific and cancer-specific DMRs compared to the parent fibroblasts these cell 

lines were derived from. These active methylome changes have also been validated by 

other studies, which have suggested that CpG methylation and demethylation can 

possibly be an inducible transient cyclic phenomenon (Kangaspeska et al., 2008; 

Metivier et al., 2008), and also that some genes can be de-repressed via DNA 

methylation (Nabilsi et al., 2009). 

1.2.2.3- DNA Methylation in Cancer 

The landmark epigenetic features of carcinogenesis include global hypomethylation 

and local hypermethylation in the promoter regions of certain genes. Cancer cells have 

decreased levels of DNA methylation at CpGs compared to normal cells. Specific 

regions where hypomethylation occur in cancer cells include LINE-1 repetitive 

sequences, centromeric regions, and microsatellite DNA, which are highly methylated 

in the case of normal cells (Szyf, 2005). Hypomethylation in these regions leads to 

increased genomic instability, promoting cancer development (Erlich, 2002). Global 

hypomethylation of cancer cells is accompanied by local DNA hypermethylation, 

which typically influences cancer initiation and development (Jones, 2002). It has been 

estimated that on average 600 CGI rich regions have altered patterns of DNA 

methylation compared to normal cells (Szyf, 2003). In cancer cells a high level of CGI 
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methylation is observed in contrast to normal cells, especially in the promoter regions 

of tumour suppressor genes (Teodoridis et al., 2004). Epigenetic silencing of tumour 

suppressor genes leads to uncontrolled cell division, higher proliferation rates, 

metastasis, evasion of apoptosis and maintenance of angiogenesis, promoting tumour 

development. Tumour suppressor genes such as BRCA1, CDKN2A or VHL are inactive 

in cancer cells due to DNA methylation of their promoter regions (Ushijima, 

2005).The hypermethylation in the CGIs has also been shown to impact repression of 

genes involved in cell adhesion and hormonal responses (Erlich, 2002). 

Hypermethylation at CGIs of microRNAs (miRNAs) also contributes to the 

development and progression of cancer.  Silencing of tumour suppressor miRNAs, 

specifically miR-148a, miR-34b/c and miR-9, via DNA methylation is associated with 

lymph node metastasis in colon, melanoma, and head and neck human cancers 

(Lujambio et al., 2008). 

1.3- Epigenetic Therapy for Cancer 

The significance of epigenetic regulation in the development and progression of breast 

cancer has paved the way to explore epigenetic-based therapeutic agents for anti-

cancer drug development. The reversibility of epigenetic silencing offers an 

opportunity for therapeutic intervention by reactivation of endogenous tumour 

suppressor genes. A number of chromatin-modifying drugs have been developed that 

function to modify the repressed state of tumour suppressor genes leading to gene 

reactivation. The main mechanism of action of these drugs is via inhibition of DNMTs 

or HDACs, enhancing the accessibility of promoters and gene transcription (Cameron 

et al., 1999; Oshiro et al., 2003; Hellebrekers et al., 2007; Beltran et al., 2008).  

Considerable amount of research has been carried out to expand novel therapeutic 

strategies to precisely target and alter the abnormal gene expression patterns in cells 

to re-direct cell fate in diseases such as cancer (Rivenbark et al., 2012). As DNMTs 

catalyse DNA methylation, their inhibitors serve as promising anti-cancer agents of 

which the most studied agents are 5-azacytidine (Vidaza™) and 5-aza-2′-

deoxycytidine (Decitabine). Both agents act by incorporating into DNA in place of 

cytosine bases during replication, which traps DNMTs by causing reduction of active 

DNMTs and, consequently, demethylating genomic DNA (Jones and Taylor, 1980). 
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The US Food and Drug Administration (FDA) has approved both drugs as elective 

therapeutic agents for treating myelodysplastic syndrome and pre-leukemic disease, 

but they have the disadvantage of being unstable in neutral aqueous solution. Another 

agent, zebularine, is a more stable demethylating agent. In addition to its enhanced 

stability, this drug is highly selective for tumour cells and has low toxicity (Cheng et 

al., 2004). However, one disadvantage is the requirement of high levels to achieve 

efficacy. In addition to these nucleotide DNMT inhibitors, some small molecule, non-

nucleotide inhibitors have also been developed to avoid toxicity. These therapeutic 

agents include the novel compound RG108, antihypertensive agents like hydralazine 

and antiarrhythmic agents such as procaine (Villar-Garea et al., 2003; Segura-Pacheco 

et al., 2003; Fang et al., 2003; Brueckner et al., 2005). These agents bind to the active 

sites of DNMTs and interfere with their interactions with the target sites. Moreover, 

there are some specific therapeutic agents that bind to DNMTs and which target only 

a specific kind of enzymes, such as MG98, which inhibits specifically the function of 

DNMT1 (Yan et al., 2003). These demethylating agents lead to reactivation of tumour 

suppressor genes silenced in cancer cells.  

Apart from demethylating agents, HDAC inhibitors have also been used in cancer 

therapy as the abnormal recruitment of HDACs to the tumour suppressor gene 

promoter also leads to cancer. HDAC inhibitors (HDACis) have effective anti-cancer 

activity in cancer cells and are very selective to cancer cells. HDACIs reverse the 

transcriptional repression of a number of genes that regulate cell cycle and 

differentiation (Esteller, 2007; Bolden et al., 2006; Kim et al., 2006; Kelly and Marks, 

2005; Dokmanovic and Marks, 2005). HDACis lead to hyperacetylation of histone 

and non-histone transcription factors (TFs), for example E2F1, P53, NF-κB, STAT1 

and STAT3, which subsequently transcriptionally activates or represses the target 

genes (Bolden et al., 2006; Luo et al., 2000; Chen et al., 2001; Costanzo et al., 2002; 

Yuan et al., 2005). At present, there are many structurally diverse HDACis developed 

either synthetically or purified from natural sources. HDACis have been classified 

based on their chemical properties and their mode of action (Bolden et al., 2006; Kim 

et al., 2006; Hellebrekers et al., 2007; Garber, 2007). The HDACi suberoylanilide 

hydroxamic acid (SAHA) has been clinically approved by the FDA for the treatment 

of cutaneous T-cell lymphoma (CTCL) (Garber, 2007). HDACis have also been 

shown to have a non-transcriptional mode of action. For instance, HDACis can induce 
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defective mitosis in cancer cells causing tumour cell death (Bolden et al., 2006; 

Minucci and Pelicci, 2006; Kim et al., 2006) and this can be attributed to 

hyperacetylation of histones that cause aberrant chromatin conformation. This leads 

to abnormal segregation of chromosomes and mitosis impairment (Cimini et al., 

2003). These anti-cancer attributes of HDACis make these molecules potent and 

promising cancer therapeutic agents (Lo and Sukumar, 2008).  

1.4- Epigenetic Editing 

The reversible nature of epigenetic states offers an opportunity for therapeutic 

intervention, e.g. via the reactivation of endogenous tumour suppressor genes. A 

number of chromatin-modifying drugs have been developed that revert the repressed 

state of tumour suppressor genes. The main mechanism of action of these drugs is via 

inhibition of DNMTs or histone HDACs, resulting in increased promoter accessibility 

and gene transcription (Cameron et al., 1999; Oshiro et al., 2003; Hellebrekers et al., 

2007; Beltran et al., 2008).  

1.4.1- Epigenetic Editing Tools 

Recent biotechnological developments have enabled researchers to precisely modify 

DNA sequences. The engineering of biological systems offers a wide variety of 

applications in biotechnology and medicine (Ran et al., 2013). Genome engineering 

technology offers novel opportunities to alter the epigenome by writing or erasing 

epigenetic marks in specific sequences, altering gene expression and leaving DNA 

sequence intact (Goubert et al., 2017). Researchers can now edit the genome precisely 

and accurately using programmable DNA-binding platforms (Cano-Rodriguez and 

Rots, 2016). 

Epigenetic editing tools contain two components: a DNA binding domain (DBD) and 

an epigenetic effector domain that is either writer or eraser. The DNA-binding domain 

is designed to bind a specific sequence of the gene of interest in the genome, while the 

epigenetic effector domains are catalytic domains of epigenetic enzymes that have the 

ability to modify specific epigenetic marks. The DNA-binding proteins target the 

effector domains for regulatory regions for transcriptional modulation, where the 
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epigenetic effector or modifier can either act as an activator or a repressor (Gossen 

and Bujard, 1992). The most commonly used DNA-binding proteins are zinc fingers 

(ZFs), transcription activator like effectors (TALEs) and the clustered regulatory 

interspaced palindromic repeats (CRISPRs) systems. The epigenetic effector domain 

can turn ON or OFF the expression of a targeted gene by rewriting the epigenetic 

marks at specific sites (Goubert et al., 2017) (Figure 1.8). 

 

 

   
 
 
 
 

 
 

A 
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Figure 1.8. Genome editing tools. (A) 3D molecular structures of the representative 
gene editing platforms used in this study: zinc fingers (green) (PDB ID: 1AAY), 
TALEs (blue) (PDB ID: 4OSH), and CRISPR/dCas9 with sgRNA (purple) (PDB ID: 
4UN5). These models were created using Discovery Studio 4.1. (Dassault Systems 
BIOVIA). (B) Schematic representation of interaction of each gene editing platform 
(fused with effector domain) with DNA. The ZF is composed of three fingers and 
recognizes 9 bp of a specific DNA sequence in the genome. TALE recognizes about 
16 bp and CRISPR/dCas9 system with sgRNA recognizes about 20 bp of a specific 
DNA region. Each one of them targets the effector molecule (shown in green) in the 
genome for gene regulation (Modified from P. Donald et al., 2015). 

1.4.1.1- Zinc Fingers 

Zinc fingers (ZFs) are transcription factors (TFs) that occur naturally and typically 

exist as tandem repeats of two or more fingers coordinated by zinc ion, that constitute 

the DNA-binding domain. The most common and classic ZF family coordinates zinc 

ions through two cysteine and two histidine amino acid residues, and are thus called 

Cys2His2 (C2H2) ZF proteins. These domains exhibit a fold with a recognition α-helix 

and two anti-parallel β-strands (Krishna et al., 2003). Each finger is composed of about 

28-30 amino acids and recognizes three base pairs (bp) of the target DNA sequence. 

Six ZF domains can be linked together through short and highly conserved linkers 

(Elrod-Erickson et al., 1996), which can be engineered to recognize a unique set of 18 

bp of target DNA sequence within the genome (Beerli et al., 1998; Segal et al., 1999). 

A TF known as Zif268 is a naturally occurring C2H2 three ZF-containing proteins and 

is one of the most well-characterized model systems for the ZF-DNA binding 

mechanism along with SP1 (Elrod-Erickson et al., 1996, Pavletich and Pabo 1991, Wu 

et al., 1995). Artificially designed ZFs have been developed based on the Zif268 and 

Sp1 model systems. In general, each finger of the ZF domain recognizes a base-triplet 

of specific DNA target through its α-helix, which binds the major groove of DNA in 

a co-planar and anti-parallel orientation. Amino acids at positions -1, +3 and +6 of the 

α-helix bind to the 5’, middle and 3’ base of the base-triplet, respectively (Figure 1.9).  
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Figure 1.9. Molecular structure of a zinc finger interacting with DNA. The 3-
finger ZF protein Zif268 (green) is shown in complex with DNA (grey) (PDB ID: 
1AAY). Finger 2 of Zif268 is shown in the inset along with its interactions with a 
DNA base-triplet   (5’-TGG-3’) where residues at positions -1, +3 and +6 interact with 
the DNA bases, the residue at +2 stabilizes the ZF-DNA interaction, and residues at 
positions -2 and -5 interact with the phosphodiester backbone of DNA and are also 
involved in base-triplet recognition. These models were created using Discovery 
Studio 4.1. (Dassault Systems BIOVIA). (Modified from Waryah et al., 2018). 
 

The interaction of Zif268 with the base-triplet of DNA is shown in Figure 1.9, 

specifically the α-helix of its finger 2. Amino acids at positions +6, +3 and -1 interact 

directly with base-triplet 5’-TGG-3’. Another important interaction involves Asp at 

position +2, which stabilizes the interaction of Arg at -1 with the DNA base and also 

interacts with the cytosine (C) base of the complementary DNA strand. Amino acids 

at positions -2 and -5 are also important for base-triplet recognition and binding by 

interacting with the phosphodiester backbone of DNA. Coordination of the zinc ion is 

maintained by two His amino acid residues of the α-helix and two Cys residues of the 

turns of finger 2 (Elrod-Erickson et al., 1996; Pavletich and Pabo, 1991; Isalan et al., 

1997; Jantz et al., 2004; Elrod-Erickson and Pabo, 1999; Wolfe et al., 2000). Some ZFs 

have also been reported to bind specifically to four bp target DNA sequences (Isalan 

et al., 1997, Segal et al., 2003). Based on the models of natural ZFs, artificial ZFs have 
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been designed to consist of three independently combined fingers, each of which 

recognizes and binds an adjacent base-triplet (Elrod-Erickson et al., 1996; Moore et 

al., 2001.; Blancafort et al., 1999; Pavletich and Pabo, 1991). In case of 5-finger ZF 

the DNA-binding properties of ZFs have shown to be context dependent (Pavletich 

and Pabo, 1993; Kinzler and Vogelstein, 1990). Arrays of 3 to 6 individual fingers 

have been designed and assembled modularly to recognize larger DNA target regions 

of 9 and 18 bp in length, which are long enough for target-specificity within the 

genome (Desjarlais and Berg, 1993; Beerli et al., 1998). Engineered ZFs that have 

been used extensively for epigenetic editing consist of 6-finger ZF arrays recognizing 

an 18 bp target DNA (Wilber et al., 2010; Rebar et al., 2002). Epigenetic effector 

domains are fused with the C-terminus of these engineered ZFs to regulate gene 

expression. ZFs have the advantage of being very small in size, with low 

immunogenicity, and have been used extensively to target epigenetic effector proteins 

to the promoter or enhancer regions of genes to regulate their expression either by 

repression or activation.  

In 1997, an engineered ZF was used fused with DNMT M.SssI as an epigenetic 

modifier (Xu and Bestor, 1997). In 2002, ZF proteins were constructed to target the 

VEGF-A gene with a SET effector domain of the HMTs G9a and SUV39H1. These 

effectors establish the repressive epigenetic mark H3K9 methylation. Delivery of 

these proteins leads to successful repression of the VEGF-A gene (Snowden et al., 

2002). This study was followed by targeting of the HER2/neu gene in cancer using 

ZFs (Falahi et al., 2013; Segal et al., 1999) and the murine Fosb gene in vivo (Heller 

et al., 2014). The catalytic domain of DNMT3A has also been employed as an 

epigenetic modifier, fused to ZFs for de novo DNA methylation (Rivenbark et al., 

2012). Researchers successfully achieved effective gene repression utilizing 

DNMT3A as an epigenetic modifier by inducing targeted DNA methylation at the 

promoter regions of genes like VEGF-A (Siddique et al., 2013), Maspin (Stolzenburg 

et al., 2015), SOX2 (Rivenbark et al., 2012) and EpCAM (Nunna et al., 2014). A 

transcriptional repressor domain, Kruppel associated box (KRAB), was fused to 

engineered ZFs to repress genes like SOX2 (Stolzenburg et al., 2012), ErbB-2 (Beerli 

et al., 2000), EpCAM (Van et al., 2013) and HER2/neu (Falahi et al., 2013). DNMT3A 

was used fused with DNMT3L for more effective epigenetic editing with ZFs, where 

DNMT3L reinforced DNMT3A functionality (Amabile et al., 2016).  
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1.4.1.2- Transcription Activator like Effectors 

 

Transcription Activator Like Effectors (TALEs), derived from pathogenic bacteria of 

the plant Xanthomonas, are naturally occurring transcription factors (TFs) that 

recognize and activate host plant genes to support bacterial growth or release from the 

plant (Boch and Bonas 2010; Kay and Bonas, 2009; Kay et al., 2007; Römer et al., 

2007). The DNA-binding domain of natural TALEs is composed of a random array of 

about 34 amino acid repeat units. Each repeat unit recognizes one bp of DNA and its 

specificity is conferred by a highly variable region called Repeat Variable Di-Residues 

(RVDs), composed of amino acids at positions 12 and 13 (Mussolino et al., 2011). The 

amino acid at position 13 directly interacts and recognizes the DNA base, while the 

amino acid at position 12 stabilizes the interaction through a lariat loop conformation 

(Deng et al., 2012; Mak et al., 2012). 

By linking unique combinations of RVDs, different specific DNA sequences can be 

targeted. For example, histidine and aspartic acid residues at positions 12 and 13 of 

RVDs specifically binds to cytosine. Unique combinations of amino acids at positions 

12 and 13 bind to specific corresponding nucleotides, allowing gene targeting (for 

example, NI to A, HD to C, NG to T, and NN to G or A) (Goubert et al., 2017; Cano-

Rodriguez and Rots, 2016) (Figure 1.10). Each of the TALE repeat units can act 

independently through their RVD, but their binding specificity is dependent on the 

total number of repeat units, their positions within TALEs and the identity of 

neighbouring repeats. The binding affinity of TALEs with DNA can be optimized 

when thymine (T) is the first nucleotide of a targeted sequence (Boch et al., 2009; 

Moscou and Bogdanove, 2009). TALEs offer advantages over ZFs, such as design 

flexibility, but are also associated with disadvantages, such as challenging cloning, 

bigger size, immunogenicity and their sensitivity to DNA methylation, which restricts 

their access to heterochromatin (Kubik et al., 2014; Cano-Rodriguez and Rots, 2016).  

TALEs have also been artificially engineered to exploit their specific DNA-binding 

characteristics to target gene promoters. Each TALE consists of a combination of 

repeat units with RVDs that are specific to each base pair of the target DNA sequence 

(Moscou and Bogdanove 2009, Reyon et al., 2012). Many engineered TALEs have 

been developed as sequence-specific, customizable genome editing tools, including 

TALE dHax3, whose interaction with DNA is shown in Figure 1.10. Each repeat unit 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3978159/#CR23
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forms a helical hairpin with two anti-parallel α-helices, one long and one short (Deng 

et al., 2014). It consists of about 15 repeat units, each recognizing one specific DNA 

base on the basis of their RVD. 

TALEs are technically challenging to clone due to their bigger size, while their DNA 

methylation sensitivity restricts their access to heterochromatin (Kubik et al., 2014; 

Deng et al., 2012; Maeder et al., 2013; Chen et al., 2012; Valton et al., 2012), but they 

are advantageous over ZFs due to their design and engineering flexibility. TALEs have 

been exploited with fused epigenetic effector domains for the modification of the 

epigenome. Although single TALEs-effector domains are capable of transcriptional 

regulation of genes, it has been observed that use of multiple TALEs-effector domains 

for a single target gene enhances efficiency (Garcia-Bloj et al., 2016; Maeder et al., 

2013; Perez-Pinera et al., 2013).  

 

 
 

Figure 1.10. Molecular structure of a TALE interacting with DNA. The TALE 
dHax3 (blue) is shown in complex with DNA (grey) (PDB ID: 4OSH). The inset 
shows the TALE RVDs (NG, HD, NG, HD) interacting with their corresponding DNA 
bases (T, C, T, C). These models were created using Discovery Studio 4.1. (Dassault 
Systems BIOVIA). (Modified from Waryah et al., 2018). 
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Studies with ZFs fused with epigenetic modifiers has paved the way for utilizing 

platforms like TALEs fused with G9a HMT (Cho et al., 2015). DNMT3A has been 

fused to TALEs to target and repress CDKN2A gene expression (Bernstein et al., 

2015). Gene repression was also observed when TALEs were fused with the epigenetic 

modifier KRAB and the mSin interaction domain (SID), acting as a HDAC, targeted 

against SOX2 (Cong et al., 2012). In another study, four concatenated SIDs, achieved 

high repressive levels (Konermann et al., 2013). Similarly, TALEs were fused with 

lysine-specific demethylase 1 (LSD1) that de-methylates H3K4 and H3K9, and also 

interacts with chromatin modifiers such as HDACs (Mendenhall et al., 2013; Shi et 

al., 2004; Metzger et al., 2005). TALE-LSD1 fusion proteins were able to inactivate 

enhancers leading to silencing of proximal genes (Mendenhall et al., 2013). In 

addition, a combinatorial strategy was designed to target the 

Neurog2 and Grm2 genes, where a set of 32 and 24 histone modifiers were fused with 

TALEs, respectively, for evaluation of histone marks and determination of how they 

affect gene expression regulation (Konermann et al., 2013; Cano-Rodriguez and Rots, 

2016). 

 

1.4.1.3- Clustered Regulatory Interspaced Palindromic Repeats/ Cas9 System 

The clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system 

is a targeted genome editing tool compatible with high-throughput screening and is 

time and cost effective (Heintze et al., 2013). The CRISPR/Cas9 system is derived 

from the RNA-guided natural defence system of prokaryotes (Gasiunas et al., 2012; 

Jinek  et al., 2012; Jinek  et al., 2013; Cong  et al., 2013; Mali  et al., 2013; Harrison 

et al., 2014). This defence system uses short CRISPR RNAs (crRNAs) and Cas 

(CRISPR-associated) proteins to detect and defend against invading DNA elements 

(Bhaya et al., 2011; 68 Marraffini  et al., 2008; Marraffini  et al., 2010; Wiedenheft  et 

al., 2012; Gilbert et al., 2013). The type II CRISPR/Cas system, formed by a single 

protein (Cas9), a crRNA and a trans-acting crRNA (tracrRNA), carries out efficient 

crRNA-directed recognition and site-specific cleavage of foreign DNA sequences 

(Jinek  et al., 2012; Gilbert  et al., 2013; Deltcheva  et al., 2011).  

This type II CRISPR/Cas9 system from prokaryotes was adapted to develop 

eukaryotic genome editing tools (Wang et al., 2013; Hwang et al., 2013; Cong et al., 
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2013; Mali et al., 2013; Cho et al., 2013; Jinek et al., 2013). The CRISPR/Cas9 system 

has been utilized for gene disruption by non-homologous end joining (NHEJ) and for 

targeted mutagenesis through homology-directed repair (HDR) (Mali et al., 2013; 

Cong et al., 2013). NHEJ and HR are two different DNA double-strand breaks (DSBs) 

repair pathways where NHEJ causes random insertions or deletions (indels) 

(Weterings and Chen, 2008); while HR repairs DNA damage when a template with 

regions of homology to the sequence surrounding DSB is available (Puchta, 2005). 

To further expand the potential of CRISPR/Cas9 system in genome engineering, it was 

repurposed as a genome-docking platform (La Russa et al., 2015; Wang et al., 2016; 

Dominguez et al., 2016). The nuclease activity of the S.pyogenes Cas9 protein was 

abolished through point mutations in the active sites of the nuclease domains RuvC 

(D10A) and HNH (H840A), giving rise to what is known as dCas9. Importantly, these 

mutations did not alter the ability of CRISPR/dCas9 to recognize the PAM sequence 

and to bind the target DNA sequence (Qi et al., 2013) (Figure 1.11).  

 

  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 1.11. Overview of the CRISPR/Cas9 system. (A) The CRISPR/cas9 system 
consists of chimeric gRNA (purple) that binds to specific 20 bp of target DNA after 
PAM recognition (white) and it guides Cas9 there. The cleavage then occurs 3 bp 
upstream of PAM. (B) Components required for genome editing through 

https://www.sciencedirect.com/science/article/pii/S0734975014001931#bb0370
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CRISPR/Cas9 system and their mode of delivery. (C) Outcomes of genome editing 
through Cas9 nuclease, where DSBs induced by Cas9 can be repaired by either NHEJ 
or HDR. (D) Catalytically dead Cas9 (dCas9) can be fused to different functional 
effector domains for regulating gene expression as it lacks nuclease activity but retains 
sequence specificity (Adapted from Harrison et al., 2014). 

The CRISPR/dCas9 system has been engineered further into a programmable DNA-

binding platform fused with epigenetic modifier domains (transcriptional repressors 

or activators) to modulate the expression of specific target genes. The sgRNA is 

specifically designed against the target region and then delivered along with the 

dCas9-effector domain fusion protein to achieve the desired gene regulatory effects. 

The CRISPR/dCas9 system allows promoter regions to be targeted to knock-down the 

expression of transcripts efficiently, and it can also be used to repress multiple target 

genes simultaneously (Heintze et al., 2013; Gilbert et al., 2013; Qi et al., 2013).  

This CRISPR/Cas9 system has been simplified by developing a chimeric single-guide 

RNA (sgRNA) and the Cas9 protein from Streptococcus pyogenes, which is sufficient 

for targeted DNA binding and cleavage, as shown in Figure 1.12 (Jinek  et al., 2012, 

Gilbert  et al., 2013). The target DNA site is located upstream of the protospacer 

adjacent motif (PAM), the recognition motif, which consists of a NGG trinucleotide 

in the case of S.pyogenes, and is essential for target recognition. Consequently, unlike 

ZFs and TALEs, which are DNA binding proteins, the CRISPR system recognizes and 

binds its target sequence through complementary base-pairing between sgRNA and its 

18-20bp target DNA (Jinek et al., 2012). The interaction of S. pyogenes dCas9 with 

DNA through its sgRNA is shown in Figure 1.12. 

S. pyogenes Cas9 is multi-domain protein that adopts a bi-lobed structure comprising 

of a recognition lobe and nuclease lobe, as shown in Figure 1.13. The recognition lobe 

(RECI, II, III) is α-helical in structure and mediates binding of sgRNA to the target 

DNA sequence. The catalytic nuclease lobe consists of 3 domains: (1) the HNH 

nuclease domain in the middle, which cleaves the DNA strand complementary to 

sgRNA; (2) the RuvC nuclease domain near the N-terminus, which cleaves the DNA 

strand that is non-complementary to the sgRNA; and (3) the PAM interacting (PI) 

domain near the C-terminus, which facilitates and triggers DNA recognition and 

binding through the interaction with the PAM sequence (NGG), facing the protruding 

3’end of the DNA relative to the sgRNA sequence.  
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Figure 1.12: Molecular structure of dCas9 and its interaction with DNA. 
S.pyogenes dCas9 (purple) along with sgRNA (orange) is shown in complex with the 
PAM (blue) containing the target DNA (grey) (PDB ID: 4UN5). The interaction 
between sgRNA and DNA is shown in the inset, where a 20 bp sgRNA (dark orange) 
is bound to the target DNA, which has PAM 5’-NGG-3’, and the sgRNA scaffold 
(light orange) is also shown, which is a dCas9-binding hairpin. These models were 
created using Discovery Studio 4.1. (Dassault Systems BIOVIA). (Modified from 
Waryah et al., 2018). 
 

The nuclease domains of Cas9, HNH and RUVC are bridged together through an Arg-

rich helix, establishing an anchor for sgRNA binding. The sgRNA binds in a cleft 

between the REC lobe (RECI, II, III) and the nuclease lobe, which includes the HNH, 

RuvC and PI domains. Once the sgRNA binds and cleavage takes place through the 

nuclease domains of Cas9, a double stranded break is created, which is approximately 

3 bp upstream of the PAM (Vojta et al., 2016; Palermo et al., 2016).  
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Figure 1.13: Schematic representation of the CRISPR/dCas9 system with sgRNA 
fused to the catalytic domain of DNMT3A and interacting with target DNA with 
PAM. The sgRNA binds in a cleft between the recognition and nuclease lobes. The PI 
domain constitutes the C-terminus of cas9 and is located towards the 3’ end of DNA 
relative to bound sgRNA. The catalytic domain of DNMT3A is fused to the C-
terminus of the dCas9 protein (PI domain) through a Gly4Ser peptide linker, which 
also havs a nuclear localization signal (NLS). DNMT3A recruits DNMT3L for 
dimerization. (Adapted from Vojta et al., 2016). 
  

CRISPR/dCas9 has also been exploited as a platform for transporting the epigenetic 

modifier G9a to genes like VEGF-A, which resulted in gene repression. Furthermore, 

CRISPR/dCas9 fused to DNMT3A proved to be an effective repressor of genes such 

as ARF, CDKN2A, BACH2, IL6ST, Cdkn1a and CTCF, utilizing target-specific 

guides (sgRNAs) (Mcdonald et al., 2016; Vojta et al., 2016; Cano-Rodriguez and Rots, 

2016; Liu et al., 2016). The KRAB and CRISPR/dCas9 fused protein was also 

developed for gene repression (Gilbert et al., 2013; Thakore et al., 2015), where 

KRAB acts through recruitment of its endogenous co-repressor KRAB-associated 

protein 1 (KAP1) (Schultz et al., 2002; Feschotte and Gilbert, 2012) and endogenous 

chromatin modifier like the nucleosome remodelling and deacetylase (NuRD) 

complex (Schultz et al., 2001). This gives KRAB the ability to induce tri-methylation 

of histone H3 on lysine 9 (H3K9me3) and to deacetylate histone proteins. In another 

study, a HNMT called enhancer of zeste homologue 2 (EZH2) that tri-methylates 

H3K27 was fused to CRISPR/dCas9 (Hong et al., 2005). A fusion protein was 

generated by combining CRISPR/dCas9 and the 45-residue N-terminus of Friend of 

GATA-1 (FOG1), responsible for H3K27 tri-methylation and histone deacetylation 
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(Ross et al., 2012). This approach has achieved stable gene repression through 

combinations of epigenetic effectors (O’Geen et al., 2017).  

1.4.2- Epigenetic Modified Domains 

Epigenetic domains have been used for reprogramming of genes and restoration of the 

normal epigenetic landscape in cancer. The epigenetic mechanism of these domains is 

discussed to understand how these domains interact with DNA and histones to 

maintain the epigenetic state of the cell. 

1.4.2.1- Kruppel-Associated Box Domain  

The KRAB domain is categorized as a DNA-binding transcriptional repressor found 

at the N-terminus of about one-third of all ZF-based TFs called KRAB-ZF proteins 

(KRAB ZFPs) (Bellefroid et al. 1991). KRAB ZFPs form the largest subgroup of the 

C2H2-type ZF protein family, which is the largest TF family in the human and mouse 

genomes. The KRAB ZFPs are composed of two domains, a KRAB domain at the N-

terminus and a C-terminal tandem array of 2-40 C2H2 ZFs that provides sequence-

specific binding to DNA (Yang et al., 2017).  

 

Structure of KRAB 

KRAB is a 75 amino acid long domain consisting of two modules: the A-box and the 

B-box. The KRAB A-box is the primary module involved in repression through its 

interaction with KAP1, whereas the KRAB B-box increases the effectiveness of 

KRAB A-box by enhancing the binding affinity of KRAB A-box for KAP1 (Vissing 

et al., 1995). Although many of the KRAB-containing ZF proteins lack the KRAB-B 

module, they still retain effective transcriptional repressive activity, for example 

HZF12 (Looman et al., 2004), ZFP120 (Mark et al., 1999) and ZK1 (Katoh et al., 

1998).The tandem C2H2 ZFs of KRAB-ZFPs are encoded by a single exon situated at 

the end of the KRAB gene structure, while the KRAB modules are encoded by 

separate exons (Huntley et al., 2006; Urrutia, 2003). Furthermore, different KRAB-

ZFPs have different numbers of ZFs, for example human KRAB-ZFPs have 12 ZFs 

on average (Urrutia, 2003). ZF binding is stabilized by the presence of a zinc ion at 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC312636/#B3
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the active site where it interacts with two cysteine and two histidine residues (C2H2) 

(Yang et al., 2017) (Figure 1.14). 

Mechanism of action of KRAB 

The KRAB domain recruits the co-repressor KRAB-associated protein 1 (KAP1), also 

known as TRIM28, Tif1β or KRIP-1) [1], which has intrinsic potential for 

transcriptional repression when tethered directly to target DNA (David et al., 2001; 

Friedman et al. 1996; Moosmann et al. 1996; Agata et al. 1999; Nielsen et al. 1999; 

Ryan et al. 1999). The KRAB/KAP1 complex serves as a scaffold protein for the 

recruitment of repression machinery, including the HNMT called SET domain 

bifurcated 1 (SETDB1), that catalyzes histone tri-methylation, H3K9me3; a 

nucleosome-remodelling and histone deacetylation (NuRD) complex, that is involved 

in histone deacetylation; heterochromatin protein 1 (HP1), that has role in the 

formation of heterochromatin and transcriptional repression; the nuclear receptor co-

repressor complex 1 (N-CoR1) that recruits HDACs to DNA promoter regions and de 

novo  DNMTs that catalyse DNA methylation (Lechner et al., 2000; Nielsen et al., 

1999; Ryan et al., 1999; Schultz et al., 2001; Schultz et al., 2002; Sripathy et al., 2006; 

Underhill et al., 2000; Wiznerowicz et al., 2007; Groner et al., 2010) (Figure 1.14).    
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Figure 1.14. Schematic structure and mode of action of KRAB-ZFP. (A) Structure 
of KRAB ZFP containing a KRAB domain that has box A and =box B, which are 
involved in the recruitment of repressor complexes containing KAP1, SETDB1, 
NuRD complex, HP1 and DNMTs (during early embryonic development); and ZFs 
that are involved in DNA recognition. (B) The KRAB-ZFP (green) binds to DNA 
through its ZFs and recruits KAP1 (red) via the KRAB domain. KAP1 then promotes 
the assembly of other repressor complexes, generating a heterochromatin state through 
DNA methylation, H3K9 tri-methylation and histone H3 deacetylation, which results 
in transcriptional silencing. (KRAB-ZFP: KRAB-zinc finger protein; KAP1: Krüppel-
associated box (KRAB)-associated protein 1; SETDB1: SET domain bifurcated 1; 
HP1: heterochromatin protein 1; DNMT: DNA methyltransferase; NuRD: nucleosome 
remodelling deacetylase complex; H3K9me3: histone H3 tri-methylation at Lysine 9). 

Gene silencing by KRAB 

It has been proposed that KRAB-ZFPs selectively bind to the promoter region that 

recruits KAP1, forming a complex which then recruits SETDB1 and the NuRD 

complex. This leads to methylation of histones (H3K9me3) and histone deacetylation 

that favours HP1 protein recruitment, which binds to methylated H3K9, establishing 

a heterochromatin state and thus resulting in a silenced gene promoter (Schultz et al., 

2001). KRAB/KAP1-induced gene repression promotes heritable epigenetic silencing 

through DNA methylation that is maintained long-term even after release from KAP1 

(Wiznerowicz et al., 2007; Rowe et al., 2013; Yang et al., 2017). It has been shown 

that KAP1 is responsible for linking KRAB with the NuRD complex, through two 

B 
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domains: bromodomain and plant homeodomain (PHD). A highly-specific 

cooperative interaction is formed by the bromodomain and PHD domains of KAP1, 

which is essential for the repression of transcription. These two domains showed 

significant transcriptional repression when tethered to target DNA independently, 

which is suggestive of their function as independent repressors (Schultz et al., 2001). 

Endogenous KAP1 is linked with the Mi-2α subunit of the NuRD complex and this 

association is also required for KAP1-mediated silencing, suggesting that KRAB-

ZFPs encompass targeting of the NuRD complex to specific gene promoters, 

exploiting its histone deacetylase and chromatin remodelling properties.  

Additionally, KRAB/KAP1-induced heterochromatic silencing is facilitated by the 

HP1 protein, which tri-methylates H3K9 and propagates this methylation through the 

independently recruited SETDB1 (Groner et al., 2010; Fischer et al., 2009; Yang et 

al., 2017). The promoters silenced via KRAB/KAP1 demonstrate increased H3K9 tri-

methylation, loss in acetylation of H3 (H3Ac) and decreased recruitment of 

polymerase II (polII), which is consistent with the blockage of transcription initiation 

once silencing marks are established. The KRAB/KAP1 complex can silence 

promoters that are located far away from their DNA binding sites, about several tens 

of kilobases (kbs) away. This silencing efficiency is mostly much higher for the 

promoters that lie within 15 kbs or less of their DNA binding sites (Groner et al., 

2010).  

Epigenetic editing by KRAB 

Due to the potent repressive activity of the KRAB domain, it has been widely used in 

engineered epigenetic platforms like ZFs, TALEs and CRISPR/dCas9 for 

transcriptional repression of genes involved in cancer. KRAB has been fused to 

engineered ZFs for the repression of genes like SOX2 (Stolzenburg et al., 2012), ErbB-

2 (Beerli et al., 2000), EpCAM (Van Der Gun et al., 2013) and HER2/neu (Falahi et 

al., 2013). It was also used fused with TALEs targeted against SOX2 (Cong et al., 

2012) and with CRISPR/dCas9 system for gene repression (Gilbert et al., 2013; 

Thakore et al., 2015). 

 

 



CHAPTER 1            

34 
 

1.4.2.2- DNA Methyltransferase 3A 

 

DNMT3A belongs to the mammalian methylation machinery that comprises other 

methyltransferases such as DNMT1, DNMT2, DNMT3B and DNMT3L. It has 

binding affinity to both hemi-methylated and un-methylated DNA and is responsible 

for de novo DNA methylation, generating new DNA methylation marks, and as well 

as for early embryonic development. The function of DNMT3A is stimulated by a 

catalytically inactive regulatory cofactor called DNA methyltransferase 3 like protein 

(Dnmt3L) (Bourchis et al., 2001; Hata et al., 2002; Bourchis and Bestor, 2004). 

Structure and function of DNMT3A 

DNMT3A is a multi-domain protein consisting of a variable N-terminal domain that 

has two sub-domains and a catalytically active C-terminal domain that has 10 sub-

domains. The N-terminal domain of DNMT3A is variable and consists of (1) the 

PWWP domain that targets DNMT3A to the heterochromatin near the centromere 

and also reads tri-methylated H3K36 mark (Dhayalan et al., 2010; Chen et al., 2004; 

Ge et al., 2004); and (2) the cysteine-rich ADD domain, similar to ZFs, which binds 

un-methylated H3K4 and stimulates DNMT3A activity (Otani et al., 2009; Zhang 

et al., 2010; Li et al., 2011) (Figure 1.15). The catalytic domain in the C-terminal 

domain of DNMT3A consists of 10 conserved amino acid motifs that are characteristic 

of cytosine-C5 methyltransferases. Motifs 1 and 10 are involved in cofactor 

(DNMT3L) binding; motifs 4 (also called PCQ motif) and 6 (also called ENV motif) 

are involved in enzyme catalysis; and the conserved region between motifs 8 and 9 is 

characterized by having a DNA recognition domain called target recognition domain 

(TDR) (Rajavelu et al., 2012) (Figure 1.15).  
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Figure 1.15: Schematic structure of DNMT3A and process of DNA methylation. 
(A) Schematic representation of DNMT3A containing several domains: PWWP, 
responsible for heterochromatin targeting; ADD, a cysteine-rich domain that 
stimulates DNMT3A activity; and a catalytic domain consisting of conserved amino 
acid motifs (I-X) that are involved in cytosine C5 methyltransferase activity, binding 
of DNMT3L and recognition of DNA. (B) DNMT3A methylates CpGs on DNA and 
contributes towards the silencing of transcription along with histone deacetylation and 
histone methylation, leading to a closed chromatin conformation. DNMTA: DNA 
methyltransferase 3A; HDAC: histone deacetylase; HMT: histone methyltransferase. 
 

Mechanism of action of DNMT3A 

The catalytic domain of DNMT3A (DNMT3Acat) retains its catalytic activity even 

when isolated (Li et al., 2011), independent of its N-terminal part, and shows 

interaction with DNMT3L (Gowher et al., 2005), forming a tetrameric complex. This 

complex consists of two monomers of DNMT3Acat and two monomers of DNMT3L, 

forming a linear hetero-tetramer on the DNA strand in such a way that they can 

methylate the central CpG site in each of the DNA helices (Jia et al., 2007). The 

DNMT3A-DNMT3A interaction is facilitated by a RD (arginine-aspartate) interface 

that consists of arginine at position 881 (R881) and aspartate at position 872 (D872) 

(Jia et al., 2007). The DNMT3A-DNMT3L interaction is facilitated by a FF 

B 
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(phenylalanine-phenylalanine) interface of mouse DNMT3A, which consists of 

phenylalanine at position 728 (F728) and at position 768 (F768) and an interacting FF 

interface of mouse DNMT3L consisting of phenylalanine at position 297 (F297) and 

at position 337 (F337).  

Their active sites lie in the major groove of DNA at a distance of about 40 Åin such a 

manner that they can methylate two CpG sites, which are 8-10 bp apart, in one binding 

event through the RD interface (Jia et al., 2007; Jurkowska et al., 2008). Molecular 

modelling studies have suggested that DNMT3Acat subunits from adjacent complexes 

can also approach each other to interact simultaneously with both the upper and lower 

DNA strands of a specific CpG site to methylate it. By contrast, the preferential 

methylation of CpGs located 8-10 bp apart in the same DNA strand is done successive 

binding of two DNMT3A complexes on the DNA strand. When DNMT3L is not 

present, DNMT3A interacts with itself through a FF interface, leading to reversible 

oligomerization and binding to more than one parallel oriented DNA (Jurkowska et 

al., 2011). When DNMT3A multimerizes through RD and FF interfaces and binds to 

parallel DNA, it leads to heterochromatin localization of DNMT3A, and this binding 

is also stabilized by the interaction of the PWWP domain with H3K36me3 (Dhayalan 

et al., 2010).  

A study by Rajavelu et al., 2012 revealed the occurrence ofcooperative DNA binding 

of DNMT3Acat and DNMT3Acat/DNMT3L complexes (Jia et al., 2007; Jurkowska 

et al., 2008). Generally, protein multimerization on DNA has two characteristic 

features: non-specific binding of DNA and a favourable interaction between adjacent 

proteins or complexes. DNMT3Acat binds non-specifically to DNA and adjacent 

DNMT3Acat complexes interact with each other through a RD interface, leading to 

oligomerization and methylation of CpGs located 8-10 bp apart in the same DNA 

strand (Rajavelu et al., 2012). 

 

Epigenetic editing by DNMT3A  

Previously, catalytic domain of DNMT3A has been used in fusion with ZF’s for gene 

repression (Amabile et al., 2016) and with TALEs for CDKN2A gene repression 

(Bernstein et al., 2015). With CRISPR/dCas9 system, catalytic domain of DNMT3A 

has been used to repress and induce DNA methylation in ARF, CDKN2A, BACH2, 
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IL6ST, Cdkn1a, CTCF, TFRC and CXCR4 genes (Mcdonald et al., 2016; Vojta et al., 

2016; Cano-Rodriguez and Rots, 2016; Liu et al., 2016; Stepper at al., 2017). 

1.4.2.3- Ubiquitin-Like Containing PHD and RING Finger Domains (UHRF1) 

UHRF1 is also known as NP95 in mouse and ICBP90 in humans, and is required to 

maintain DNA methylation and histone methylation (Bostick et al., 2007; Sharif et al., 

2007).  UHRF1 has been discussed here as a potential repressor domain that is capable 

of repressing transcription of target genes via DNA methylation and histones 

modifications, and has been utilized in the research described in this thesis with the 

CRISPR/dCas9 system.  

Structure of UHRF1 

UHRF1 is a multi-domain protein with unique structural domains that can 

simultaneously recognize methylated DNA and modified histones and, hence, is 

involved in epigenetic cross-talks between DNA methylation and histone 

modifications (Bronner et al., 2010). These domains consist of the SET and RING-

associated (SRA) domain, which preferentially binds to hemi-methylated CpG 

(Bostick et al., 2007; Sharif et al., 2007); a tandem Tudor domain (TTD) that binds to 

H3K9me2/ H3K9me3 (Walker et al., 2008); a plant homeodomain (PHD) (Karagianni 

et al., 2008; Papait et al., 2008; Rajakumara et al., 2011) that binds to unmodified 

H3R2 and targets UHRF1 to euchromatin; a ubiquitin-like domain (UBQ), whose 

function is still not clearly explained but which is likely to be involved in the 

proteasome degradation pathway; and a RING (Really Interesting New Gene) finger 

domain that has E3 ubiquitin ligase activity (Bronner et al., 2013) and which has also 

been reported to catalyse ubiquitylation of H3K18 and H3K2, promoting association 

of DNMT1 with H3 (Nishiyama et al., 2013; Qin et al., 2015; Harrison et al., 2016) 

(Figure 1.16). 
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Figure 1.16. Schematic structure of UHRF1 and interaction of UHRF1 with DNA 
and histones (A) UHRF1 is comprised of 5 domains: RING, with E3 ubiquitin ligase 
activity; SRA, that binds to hemi-methylated DNA and recruits G9a and HDAC; PHD, 
that targets UHRF1 to heterochromatin; TTD, that binds to di-or tri-methylated H3K9 
and also maintains UHRF1on to chromatin; UBQ, which may be involved in the 
proteasome degradation pathway. (B) UHRF1 is localized at the DNA and histone 
junction. It recognizes hemi-methylated DNA through its SRA domain and 
H3K9me2/3 through its TTD domain, signalling the associated enzymes like DNMT1, 
HDAC1, G9a and Suv39H1 to act enzymatically on newly synthesized DNA 
molecules by methylation and on newly added/assembled histone proteins by 
methylation and deacetylation. UHRF1 links the DNA methylation and histone code 
for ensuring inheritance of faithful epigenetic memory. 

A 

B 
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Localization of UHRF1 

UHRF1 is primarily localized in pericentromeric heterochromatin (PCH) (Papait et 

al., 2007) but its localization to specific euchromatic regions has also been suggested, 

where it plays a role in transcriptional repression (Daskalos et al., 2011; Kim et al., 

2009). It is understood that UHRF1 regulates pericentromeric heterochromatin along 

with transcription of a number of tumour suppressor genes (Daskalos et al., 2011). 

UHRF1 retains its PCH localization but loses its transcriptional repression ability 

when its PHD domain is point mutated to disrupt the binding of the PHD domain to 

unmodified H3R2. Recognition and binding of H3R2 by the PHD domain of UHRF1 

represents a vital mechanism for UHRF1 targeting to euchromatin. When H3R2 is 

methylated it is not recognized by the PHD domain of UHRF1, hence affecting access 

of UHRF1 to chromatin and its function (Rajakumara et al., 2011).  

Mechanism of action of UHRF1 

A noteworthy model was proposed for the mechanism of action of UHRF1 by Bronner 

et al. 2009 in which UHRF1 is localized at the DNA and histone junction (Bronner et 

al. 2009). UHRF1 recognizes hemi-methylated DNA through its SRA domain and 

H3K9me2/3 through its TTD. It also signals associated enzymes, for example 

DNMT1, HDAC1 and G9a, to act on newly synthesized DNA molecules and on newly 

added/assembled histone proteins. If these enzymatic activities are carried out in the 

same nucleosome that is being recognized and read, then this is consistent with the 

semi-conservative model of epigenetic code inheritance (Bronner et al., 2007). The 

TTD and SRA domains of UHRF1 bind to histones and DNA simultaneously, and 

UHRF1 helps G9a and DNMT1 to localize at their targets at the same time. This was 

consistent with a report that showed that DNMT1 and G9a lie in the same complex 

(Esteve et al., 2006). 

Maintainenec of DNA methylation by UHRF1 

UHRF1 recognizes hemi-methylated sites of DNA through its SET domain and then 

it directs DNMT1 towards these sites (Bostick et al., 2007; Sharif et al., 2007; Ooi and 

Bestor, 2008). According to the crystal structure of the SRA domain, it folds to form 

a globular structure with a basic concave surface. In the SRA-DNA complex, the 

methylated cytosine base (metC), at the hemi-methylated site, flips out of the DNA 
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helix and fits tightly into the conserved protein pocket located on the inner concave 

surface of SRA. In addition, the amino-terminal tail of the SRA domain hooks into the 

minor groove of DNA and adapts a partial helical conformation. These complex and 

specific interactions of the SRA domain with the metCG and CG bases of the DNA 

helix indicates that the SRA domain of UHRF1 is highly selective and specific to 

hemi-methylated DNA and its binding is also independent of bases surrounding 

metCG and CG bases. It has also been proposed that this flip-out mechanism for an 

existing methylated C base and the cytosine base to be methylated is linked with the 

coordinated transfer of a CpG site (hemi-methylated) from UHRF1 to DNMT1 (Arita 

et al., 2008).  

To maintain CG DNA methylation, UHRF1 exhibits interactions with DNA 

methyltransferase 1 (DNMT1) and co-localizes with it. It is believed that UHRF1 is 

also required by DNMT1 for its proper localization and its stable association with 

chromatin. Once UHRF1 is bound to hemi-methylated DNA via its SRA domain, it 

recruits DNMT1 to maintain CG methylation. There are two important factors that 

contribute to maintaining CG methylation by UHRF1: firstly, the preference of 

DNMT1 for its catalytic activity (Bestor, 1992; Pradhan et al., 1999) and, secondly, 

recruitment of DNMT1 to replication foci by binding to proliferating cell nuclear 

antigen (PCNA) (Chuang, 1997). Taken together, these two factors have contributory 

roles towards maintaining CG methylation leading to epigenetic inheritance (Bostick 

et al., 2007).  

A model has been suggested whereby UHRF1 slides along DNA to detect hemi-

methylated CG sites on DNA and, once it finds them, DNMT1 is recruited by a yet 

unknown mechanism (Hashimoto et al., 2008). It has also been suggested that the base 

flip-out by the SRA domain of UHRF1 hinders the sliding of UHRF1 along DNA, so 

UHRF1 dissociates from its CG site when DNMT1 is recruited. Some studies have 

also indicated that the PHD domain of UHRF1, other than the SRA domain, also 

interacts with different domains of DNMT1 (Bostick et al., 2007; Achour et al., 2008; 

Meilinger et al., 2009). It still remains to be determined which domains of UHRF1 and 

DNMT1 exhibit interactions with each other in the presence and absence of fully or 

partially methylated DNA. It was also proposed that it is possible that UHRF1 and 

DNMT1 are localized in a single macromolecular complex by constitutive means. This 
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is further supported by the fact that UHRF1 and DNMT1 readily co-

immunoprecipitate and hence do not dissociate from each other during catalysis 

(Bostick et al., 2007; Achour et al., 2008). It has been further suggested that the 

UHRF1 and DNMT1 macromolecular complex moves along DNA during replication 

at a replication fork (Bronner et al., 2010).  

Histone modifications by UHRF1 

Further studies suggested that the stability of DNMT1 and the maintenance of DNA 

methylation rely on indirect association with chromatin and that this occurs through 

association of DNMT1 with the replication machinery during the S phase through 

binding with PCNA (Rothbart et al., 2012). The TTD of UHRF1 binds specifically to 

H3K9me2/ H3K9me3 (Bronner et al., 2010). It has been shown that UHRF1 binds to 

the sites where H3K9 histones are modified with di- or tri- methylation marks and that 

this association is required for maintaining DNA methylation and for the stability of 

DNMT1. It was also established that UHRF1 is primarily maintained on chromatin 

only by means of its TTD binding to methylated H3K9. This in turn indicated that in 

the absence of a functional TTD domain, the SRA and PHD domains of UHRF1 

cannot maintain their association with chromatin (Rothbart et al., 2012). 

G9a, which is a HNMT that methylates H3K9 (di- or tri- methylation), has been found 

to be in the same macromolecular complex as UHRF1 (Kim et al., 2009). UHRF1 is 

thus characterized as a reader as well as a writer of an epigenetic mark. UHRF1 

possibly reads the H3k9me2/H3K9me3 mark in a parental histone and writes a 

H3k9me2/H3K9me3 mark in a newly added histone through recruitment of G9a. 

UHRF1 recruits HDAC1 through its SRA domain for deacetylation of histone 3 (H3), 

which also serves as an epigenetic mark for transcriptional gene repression/silencing.  

Ubiquitylation by UHRF1 

In another recent model it was proposed that UHRF1 modifies histone H3 through 

attachment of a ubiquitin protein molecule to it, which in turn helps the recruitment of 

DNMT for the methylation of DNA during replication (Qin et al., 2015). The RING 

finger domain of UHRF1 is responsible for this E3 ubiquitin ligase activity, followed 

by recognition of hemi-methylated DNA. It has been reported that the pattern of 

methylation on the newly copied DNA activates UHRF1 for the attachment of 
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ubiquitin to histone H3. It has also been proposed that binding to hemi-methylated 

DNA acts like switch for enhancing ubiquitin binding (ubiquitylation) of histones 

(Nishiyama et al., 2013; Qin et al., 2015). This revealed a new mechanism through 

which inheritance of DNA methylation by daughter cells is controlled by the actively 

dividing cells. Based on these recent studies a new model has been proposed in which 

when UHRF1 recognizes hemi-methylated DNA, H3 ubiquitylation facilitates 

DNMT1 recruitment to the actively replicating genome regions to copy patterns of 

parental DNA methylation (Nishiyama et al., 2013; Qin et al., 2015). The structural 

representation of the SRA domain of UHRF1 bound to hemi-methylated DNA (Arita 

et al., 2008; Avvakumov et al., 2008; Hashimoto et al., 2008) and localization of 

UHRF1 with DNMT1 and PCNA at replication foci (Bostick et al., 2007; Sharif et al., 

2007) contributed to this model, where ubiquitylation by UHRF1 during the S-phase 

is mediated through recognition of hemi-methylated DNA. However, further studies 

are required to determine how ubiquitin attachment to H3 leads to activation of DNA 

methylation (Harrison et al., 2016). 

Gene silencing via UHRF1 

DNA methylation and histone modifications act synergistically on gene expression 

and chromatin structure and this synergy can be observed markedly in gene silencing, 

which is characterized by H3 hypo-acetylation, H3K9 methylation and then DNA 

methylation.  UHRF1 is involved in all of these events (Bronner et al., 2007; Bronner 

et al., 2007; Bostick et al., 2007; Arima et al., 2004; Macaluso et al., 2007; Hopfner et 

al., 2000; Jeanblanc et al., 2005; Unoki et al., 2004; Hashimoto et al., 2009; Delaval 

et al., 2007; Epsztejn-Litman et al., 2008; Ikegami et al., 2007; Stancheva, 2005; 

Vaissiere et al., 2008) and it possibly brings together the macro-molecular complex 

that is able to carry out these functions, for example HDAC1 for histone deacetylation, 

G9a for histone methylation and DNMT1 for DNA methylation (Esteve et al., 2006; 

Bronner et al., 2010). Therefore, UHRF1 serves as an intermediate link between 

methylation of histones, specifically H3K9, and epigenetic inheritance of DNA 

methylation in human cells. 

UHRF1 also leads to epigenetic silencing of numerous tumour suppressor genes like 

p16INK4A, p14ARF and retinoic acid receptor α (Unoki et al., 2004; Achour et al., 

2008; Berkyurek et al., 2014; Alhosin et al., 2016). UHRF1 is found overexpressed in 
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sporadic breast cancer, where transcription of the BRCA1 promoter is inhibited 

through DNA methylation, histone H3K9 methylation, histone H3K4 demethylation, 

histone H3K4 and H3K9 deacetylation and recruitment of transcriptional inhibitory 

machinery (Jin et al., 2010).  

Epigenetic editing by UHRF1  

The utilization of UHRF1 with epigenetic editing tools like ZFs, TALEs and 

CRISPR/dCas9 to manipulate gene expression has not been reported yet. However, 

several studies have been conducted where a number of cancer types have been related 

to increased expression of endogenous UHRF1.  

 1.4.2.4- Heterochromatin Protein 1(HP1)  
 

HP1 belongs to a phylogenetically conserved family of non-histone chromosomal 

proteins that have been shown to be involved in transcriptional repression and 

chromosomal structure maintenance (Park et al., 1998), and is primarily localized in 

pericentromeric heterochromatin (PCH).  

Structure of HP1 

HP1 consists of two major domains: a N-terminal ‘chromatin organisation modifier’ 

(chromodomain or CD) that binds to methylated histone H3K9 (di- and tri- 

methylated), and a C-terminal chromo shadow domain (CSD), which is involved in 

homo-dimerization of HP1 and recruitment of other associated proteins (Platero et al., 

1998; Platero et al., 1995; Plautz et al., 1996). There is a hinge region between the two 

domains, linking them to each other and also enabling them to freely move 

independently of each other (Brasher et al, 2000), which is vital for nuclear targeting 

(Smothers and Henikoff, 2001) (Figure 1.17). The chromo domain of HP1 is 

monomeric (Ball et al., 1997) while the CSD forms a symmetrical dimer (Brasher et 

al., 2000; Cowieson et al., 2000) and it has been reported that both of the domains are 

essential for precise localization of chromatin (Platero et al., 1995). 

 

 

http://emboj.embopress.org/content/23/3/489#ref-49
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Figure 1.17. Schematic structure of HP1and HP1-nucleaosome complex. (A) 
Schematic diagram of domain structure of HP1: chromodomain (CD) binds to di- or 
tri-methylatedH3K9; chromo shadow domain (CSD) is involved in HP1 homo-
dimerization and recruitment of heterochromatin-maintaining proteins; the hinge 
region (HR) is involved in nuclear targeting of HP1 and in linking CSD and CD with 
independent flexible movements. (B) HP1-nucleosome complex, where CSD forms a 
dimer creating an interaction pit, where CD interacts with the methylated H3K9. CSD 
dimerization also serves to recruit chromatin-associated proteins, with a pentapeptide 
motif “PXVXL”, that are involved in maintaining heterochromatin, for example 
KRAB-associated Protein 1 (KAP1), HDACs and SUV39 histone methyltransferase. 
 

Function of HP1 

HP1 has three isoforms in mammalian cells, namely HP1α, HP1β and HP1γ 

(Eissenberg and Elgin, 2000; Li et al., 2002). The HP1α isoform is mainly found in 

centromeres, HP1β is found on chromosomes and HP1γ is primarily localized in 

A 

B 
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euchromatin (Minc et al., 1999; Minc et al., 2000; Minc et al., 2001; Thiru et al., 

2004). HP1 acts as a bridge between histones and other chromatin proteins and this in 

turn promotes heterochromatin distribution (Kwon and Workman, 2008). It has been 

suggested that methylation of histone H3K9 creates binding sites for HP1 proteins and 

once bound, HP1 proteins recruit more histone methyltransferases for an additional 

round of methylation of H3K9 and HP1 binding (Aagaard et al., 1999; Bannister et 

al., 2001; Lachner et al., 2001; Nakayama et al., 2001). More studies are needed to 

reveal the mode and range of action, the efficiency and the ability of self-propagation 

of this process (Groner et al., 2010). Methylation of histone H3K9 is selectively 

carried out by a histone-lysine N-methyltransferase called SUV39, which generates a 

binding site for HP1. 

Mechanism of action of HP1 

The CSD of HP1 interacts with many other chromatin- associated proteins that assist 

in forming heterochromatin and gene silencing. Many of the interacting protein 

partners of CSD have a pentapeptide motif PXVXL and their functions depend on 

their interaction with CSD through this motif by linking them to H3K9 methylation 

and gene silencing (Thiru et al., 2004). As the CSD of HP1 forms dimers, this 

dimerization creates a protein-protein interaction pit which assists in targeting CSD-

containing proteins to specific chromatin regions (Figure 1.17). Histone H3 also has a 

similar motif, PXXVXL, and the CSD of all human HP1 proteins have affinity for this 

H3 motif. It has also been suggested that histone H3 recognition by the CSD of human 

HP1γ shares some resemblance with the interaction between the CSD and PXVXL 

motif of interacting proteins (Liu et al., 2017).  

Human and mouse HP1 proteins interact with transcriptional intermediary factors 

(TIFs) like TIFα and TIFβ (Le Douarin et al., 1996; Nielsen et al., 1999; Ryan et al., 

1999). TIFβ, also known as KAP1, binds to proteins that have a KRAB domain, which 

is a mammalian transcriptional repressor. It has been proposed previously that this 

complex of HP1, TIFβ and KRAB might be responsible for recruiting 

heterochromatin-like complexes at a specific genomic location that is specified by the 

DNA binding site of KRAB (Ryan et al., 1999). Hence HP1 proteins link different 

proteins in multi-protein complexes and interact with them in heterochromatin through 

the CD and CSD of HP1 (Brasher et al., 2000).  

http://emboj.embopress.org/content/19/7/1587#ref-24
http://emboj.embopress.org/content/19/7/1587#ref-32
http://emboj.embopress.org/content/19/7/1587#ref-40
http://emboj.embopress.org/content/19/7/1587#ref-40
http://emboj.embopress.org/content/19/7/1587#ref-40
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Epigenetic editing by HP1  

HP1 protein has been utilized with Zinc fingers for gene repression (Amabile et al., 

2016) and its intact CSD domain has been used with CRISPR/dCas9 and showed 

significant repression of GFP repression (Gilbert et al., 2013). Utilization of HP1 with 

CRISPR/dCas9 or its individual doamins along with other epigenetic repressors might 

lead to pronounced repression of target gene expression through modification of 

epigenetic marks and heterochromatin maintenance.  

1.5 - Concluding Remarks 

Epigenetic repressor domains induce their regulatory effects based on their distinct 

epigenetic interaction with the genome. The epigenetic machinery involved in this 

process targets the epigenetic marks that lead to transcriptional silencing of genes. The 

two major epigenetic mechanisms in the context of cancer are DNA methylation and 

histone methylation and acetylation. For silencing of genes, their promoter needs to 

be hypermethylated and histones, especially H3K9, need to be methylated and 

deacetylated. Through utilization of each of these domains individually or in 

combination, gene repression can be achieved by targeting epigenetic marks. 

Depending upon the type of mark to be targeted, repressor domains can be delivered 

through gene editing platforms like ZFs, TALEs or CRISPR to the targeted gene 

promoter to achieve gene silencing. For the epigenetic landscape of the gene to be 

restored to normal, epigenetic modifications of both DNA and histones need to be 

targeted to achieve effective gene silencing, as these two mechanisms define the 

epigenome and their cross-talk maintains the stable state of the epigenome. These 

epigenetic modifiers have been used individually and also in combination with other 

effector domains for achieving maximal gene silencing. Understanding the epigenetic 

mode of action of these domains will assist in the utilisation of these domains towards 

targeted gene silencing through epigenetic regulation. 

1.6- Aims of the Research and Structure of the Thesis 

The aim of this research has been to rewrite epigenetic marks to achieve the repression 

of target genes Maspin, KRAS and c-Myc in breast cancer by modulating their 

expression through a combination of epigenetic repressor domains delivered via the 
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epigenetic tools ZFs, TALEs and the CRISPR system. The epigenetic effector domains 

used for gene repression in this research included KRAB, that leads to increase in 

H3K9 tri-methylation (H3K9me3); DNMT3A, that catalyses the de novo methylation 

of DNA at CpG dinucleotides within the promotor and gene body; UHRF1,  that links 

DNA methylation with histone post-translational modifications; and CSD, that results 

in H3K9 methylation.  

This study was aimed at mimicking the natural cross-talk between epigenetic 

mechanisms like DNA methylation and histone post-translational modifications, i.e. 

histone methylation and deacetylation, for gene silencing utilizing the CRISPR/dCas9 

system and multiple epigenetic repressor domains targeting multiple epigenetic marks. 

It was hypothesized that if multiple epigenetic repressor domains targeting specific 

epigenetic marks are efficiently delivered to the gene promoter region, then heritable 

silencing of gene would be established epigenetically.  

In Chapter 1 the fundamental concepts of epigenetic mechanisms are discussed and 

their role towards cancer development and progression are detailed. The epigenetic 

tools ZFs, TALEs and the CRISPR/dCas9 system, utilized for regulating gene 

expression, are reviewed along with the epigenetic repressor domains KRAB, 

DNMT3A, UHRF1 and HP1 and their epigenetic mode of action. This chapter is 

aimed to be published as a review article in the future. 

In Chapter 2 the methods and approach adapted for conducting this research is 

described in detail. 

In Chapter 3 the transcriptional repression and DNA methylation of the Maspin 

promoter through KRAB and DNMT3A domains delivered via ZFs and TALEs is 

discussed. ZFs in combination with KRAB and DNMT3A domains were able to 

significantly repress and methylate the Maspin promoter, while TALEs were unable 

to significantly do so and deposit methylation marks on the promoter. The 

transcriptional repression and protein downregulation of the Maspin promoter through 

KRAB, DNMT3A, UHRF1 and CSD domains delivered via the CRISPR/dCas9 

system is also discussed. The CRISPR/dCas9 system was an efficient delivery 

platform through which significant repression of Maspin transcription and protein 

downregulation was observed. DNA methylation was also achieved with the 
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CRISPR/dCas9 system when used in combination with ZFs with multiple effector 

domains, specifically KRAB, DNMT3A and UHRF1s. The phenotypic analysis also 

showed promising results. 

In Chapter 4 a combinatorial approach was exploited and tested with CRISPR/dCas9 

system to an advanced CRISPR/dCas9 SRM system with multiple domains delivereed 

via a single platfrom. Fusion of DNMT3A to dCas9 with a designed longer linker was 

also tested, aimed at increasing its effect on transcription and DNA methylation. 

Finally significant Maspin transcriptional and protein downregulation was 

demonstrated through a stably expressed combination of domains KRAB, DNMT3A 

and UHRF1s. 

In Chapter 5 this combinatorial approach was analyzed via a stable CRISPR/dCas9 

system in combination with domains for repressing the oncogenes KRAS and c-MYC. 

A stable CRISPR/dCas9 system was also constructed with dCas9 with the KRAB 

domain and the sgRNA within the same vector, and this single platform casette was 

used to repress expression of the c-MYC oncogene. The findings in this chapter for c-

Myc gene repression are aimed to be published as a research article in future. 

In Chapter 6 a general discussion of the results achieved is presented. In addition, a 

number of key epigenetic changes for gene repression are also briefly discussed along 

with future perspectives of this technology. 
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2.1-Cloning of Plasmids 
 
2.1.1- Polymerase Chain Reaction (PCR) 

The effector domains were PCR-amplified using Phusion enzyme. The amount of 

sample used was 1µg/µl with a 10 µM concentration of forward and reverse primers 

(Sigma-Aldrich, Australia). Experimental conditions are described in Table 2.1 and 

the list of cloning primers used to amplify effector domains is mentioned in Table 2.2. 

The thermocycling conditions for 40 cycles with an initial incubation at 98°C for 30 s 

are listed below: 

o Denaturation:  98°C for 30 s 
o Annealing:  56°C for 30 s  (varies with primer) 
o Extension:  72°C  for 1 min 
o Final extension: 72°C for 10 min 
o Hold/pause:  4°C 

 

Table 2.1. Experimental conditions for PCR 

 Quantities of reagent for each 50µl 
reaction (µl) 

DNA sample (1µg/ µl) 1 

20X Buffer HF 10 

dNTPs 1 

10µM forward primer 2.5 

10µM reverse primer 2.5 

Phusion enzyme 0.5 

Water 32.5 

*HF= High Fidelity; dNTPs= deoxyribonucleotide triphosphate. 
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Table 2.2. Cloning primers 
 

Domain Primer sequence Description 
   

Forward primers 5'-3' 
DNMT3L GGCGGCCATCCCAGCCCTGGACCCAGAG Recognizes DNMT3L 

at 5' end and adds 
ASCI restriction site 

KRAB GGGCGCGCCTCACTGACTGCCTGGTC Recognizes KRAB at 
5' end and ASCI 
restriction site 

DNMT3A GGGCGCGCCCCCTCCCGGCTCCAGATG Recognizes DNMT3A 
at 5' end ASCI 
restriction site 

CSD GGGCGCGCCAAGAGAGAGCAGAGCAATG Recognizes CSD (1X 
or 2X) at 5' end before 
ASCI  restriction site 

UHRF1 GGGCGCGCCATGTGGATTCAGGTTCGG Recognizes UHRF1 
(long or short) at 5' 
before ASCI site 

Linker 1B8TA GGATCCCGCCGGCGTTATGGCCCGAAAGGC Recognizes linker at 5' 
end and adds BamH1 
restriction site    

Revers primers 5'-3' 
REV + NheI AGCGTAGTCCGGAACGTCGTACGGGTA Recognizes HA at 3' 

end and adds NheI 
restriction site 

REV + BsrGI AGCGTAGTCCGGAACGTCGTACGGGTA Recognizes  HA at 3' 
end and adds BsrGI 
restriction site 

REV + Acc65I AGCGTAGTCCGGAACGTCGTACGGGTA Recognizes  HA at 3' 
end and adds Acc651 
restriction site 

REV1 + PACI AGGGGGAGAAAGCAGTTCTTCACCAG Recognizes HA at 3' 
end and adds PACI 
restriction site 

 

2.1.2- Purification of PCR Products 

PCR products were purified using Promega Wizard® SV Gel and the PCR Clean-Up 

System with the modified manufacturer’s protocol. An equal volume of membrane 

binding solution was added to the PCR amplification. The PCR product was 

transferred to the mini-column assembly and incubated at room temperature for 1 min, 

after which it was centrifuged at 12000 rpm for 1 min. Washing was then performed 

twice using a membrane wash solution and centrifugation at 12000 rpm for 1 min. 

DNA was then eluted out in 40-50μl of nuclease-free water, incubated for 5 min at 

room temperature, followed by centrifugation at 12000 rpm for 1 min. This kit was 
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also utilized to purify DNA from excised agarose gel slices containing the DNA band 

of interest. The gel slice was placed in a 1.5 ml microcentrifuge tube and 10 µl of 

membrane binding solution was added per 10 mg of gel slice, after which it was 

vortexed and incubated at 50–65°C until the gel slice was completely dissolved. The 

same steps were then followed as described above for the purification of the DNA. 

2.1.3- DNA Extraction from Agarose Gel  

For extracting DNA band from agarose gel, 1% agarose gel was first run with the 

sample of interest that was digested with suitable restriction enzymes. The correct 

band was identified with the help of a ladder ran on the gel. The gel was then viewed 

under UV light and using a cutter the slice of agarose gel with the band of interest was 

removed from the gel. This slice of agarose gel was then wrapped in parafilm and 

properly sealed and labelled, after which it was placed at -80°C for at least 15 to 20 

min or overnight. After this time it was retrieved and a puncture was made at the 

middle of the parafilm with a needle or tip. The liquid was collected and its volume 

was measured. Sodium acetate was then added to the tube to about 1/10 of the sample 

volume. Ice cold absolute ethanol in two times the sample volume was added and the 

sample was vortexed and then stored at -80°C. Centrifugation was then done at 15000 

rpm at 4°C for 15 to 30 min and the supernatant was discarded. The DNA pellet was 

then washed with 1 ml of absolute ethanol by centrifugation for 10 min at 10000 rpm. 

The supernatant was then discarded and the pellet was air dried, after which it was 

resuspended in 20-30 µl of nuclease-free water. 

2.1.4- Quantification  

DNA samples were quantified using a NanoDrop 1000 spectrophotometer (Thermo 

Fisher Scientific, Australia) by measuring the absorbance at 260 nm. After 

measurements of the absorbance at 230 and 280 nm, DNA samples with values greater 

than 1.8 for the A260/A280 ratio and values between 2.0 and 2.2 for the A260/A230 

ratio were considered to be without significant contamination of proteins, phenol and 

other compounds.  

2.1.5- Restriction Digestion  

Restriction digestions were performed for cloning purposes. The restriction enzymes 

utilized are listed in Table 2.3. For restriction digestion about 5-10 µg of the vector 
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and 2-3 µg of domains were used. The buffer and the incubation and inactivation 

temperatures used varied according to enzymes and manufacturer’s details. All of the 

restriction enzymes were purchased from New England BioLabs (USA). The digested 

products were then analysed and verified for correct size using 1% agarose gel 

electrophoresis. 

Table 2.3. List of restriction enzymes utilized for cloning  

Enzyme Recognition sequence Incubation 

temperature 

Inactivation 

temperature 

ASCI 

 

37ºC 80ºC 

PACI 
 

37ºC 65ºC 

SfiI 
 

50ºC NO 

BamHI 
 

37ºC NO 

BsmBI 
 

55ºC  80ºC 

BsrGI 
 

37ºC 80ºC 

NotI 
 

37ºC 65ºC 

NheI 
 

37ºC 65ºC 

EcoRI 
 

37ºC 65ºC 

SacII 
 

37ºC 65ºC 

Acc651 
 

37ºC 65ºC 

BbsI 
 

37ºC 65ºC 

 

2.1.6- Vector Dephosphorylation  

The digested vector plasmid was dephosphorylated using Antarctic phosphatase from 

New England BioLabs (USA) using AnP (M2089) according to the modified 

manufacturer’s protocol. About 1/10 volume of 10X Antarctic Phosphatase Reaction 

Buffer was added to 5 μg of DNA cut with a restriction endonuclease. Then 1 μl of 
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Antarctic Phosphatase (5 units) was added, mixed and incubated for 60 min at 37°C 

for 5´ extensions or blunt-ends and for 3´ extensions. Heat inactivation was done at 

70°C for 5 min.  

2.1.7- DNA Ligation 

The digested vector plasmid was ligated to the digested domain of interest using T4 

Ligase from New England BioLabs (USA) (Catalogue No. M0202) following the 

manufacturer’s protocol. 50 ng of vector and 50 ng of domain were ligated in a 1:3 

molar ratio of vector to insert. Experimental conditions are listed in Table 2.4. The 

reaction was then incubated overnight at 4°C.  

 

Table 2.4.  Experimental conditions for ligation 
 Quantities for each 10 µl  reaction 

(µl) 
Vector DNA (50ng) 1  

Domain DNA (50ng) 3  

10X T4 DNA Ligase Buffer 1  

T4 DNA Ligase 1  

Water 4  

 

2.1.8- Transformation of Ligated Samples 

Ligated samples with the domain of interest were transformed using electro-competent 

DH5α cells that were produced in-house. About 3 µl of ligated sample was 

transformed with 40 µl of competent cells using electroporation. Its starter culture was 

prepared in 1 ml of liquid broth (LB) at 37°C in a shaker incubator for about 1 h, after 

which the starter culture was plated in respective antibiotic resistant agar plates and 

grown overnight to obtain isolated colonies. The colonies were then extracted and 

grown in LB with appropriate antibiotic and used for miniprep or maxiprep, as 

required. 

2.1.9- Minipreps 

The grown bacterial culture extracted from the colony and containing the plasmid of 

interest was then subjected to miniprep to extract DNA. The QIAprep Spin Miniprep 
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Kit (Cat No./ID: 27104) from QIAGEN was used for this purpose and the 

manufacturer’s protocol was utilized.  

2.1.10- Maxipreps 

Before performing maxiprep for each sample, about 200-300 ml of bacteria were 

grown overnight in antibiotic and added LB in a 1L flask in a shaker incubator at 37°C. 

The QIAprep Plasmid Maxiprep Kit (Cat No./ID: 12163) from QIAGEN was used for 

this purpose and the manufacturer’s protocol was utilized.  

2.1.11- Glycerol Stocks 

For the long-term storage of plasmids, bacterial glycerol was made of plasmids. About 

50% stock glycerol was prepared by diluting 100% glycerol in autoclaved nuclease-

free water. The bacterial culture grown overnight at 37°C was added in an amount of 

600 µl in 300 µl of 50% stock glycerol in a 1.5ml Eppendorf tube. It was then stored 

at -80°C. To allow bacteria to recover from glycerol stock, a sterile loop was used to 

scrape some of the frozen bacteria off the top and an antibiotic resistant agar plate was 

streaked and grown overnight in the bacterial shaker incubator at 37°C. 

2.1.12- Agarose Gel Electrophoresis 

Agarose gel electrophoresis was done for the constructed plasmids and DNA extracted 

through miniprep and maxipreps. For bands larger than 1Kb, 1% agarose gel was used, 

while for smaller bands 2% agarose gel was used. For 1% agarose gel, 1 g of agarose 

powder was added to 100ml of 10XTE buffer, while for 2% agarose gel, 2 g of agarose 

powder was added to 100 ml 10X TE buffer. Each gel was then boiled n a microwave 

and was allowed to cool down until it could be held on the palm of a hand. About 10 

µl of SYBR Safe staining dye was added to the gel. The SYBR safe DNA gel stain 

(Catalogue No. S33102) from ThermoFisher Scientific was used for this purpose. The 

gel was allowed to set in a casting tray with fixed combs for 15 to 20 min, after which 

the combs were removed and the samples were loaded on to the gel. About 8 µl of 

diluted DNA sample were loaded with 2 µl of loading dye. Orange DNA Loading Dye 

(6X) (Catalogue No. R0631) from ThermoFisher Scientific was used for this purpose. 

The 1 Kb ladder was also loaded on to the gel and gel was run at 100 V. The 1 Kb Plus 

DNA Ladder from ThermoFisher Scientific (Catalog No. 10787018) was used for the 
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DNA ladder. After completion of the run, the gel was visualized and analysed using 

the Chemidoc MP Imaging system from BioRad (Catalogue No. 1708280).  

2.1.13- Sanger Sequencing 

Sequencing of samples was done by the AGRF-Perth facility located at the Harry 

Perkins Institute of Medical Research. The sequencing primers utilized are listed in 

Table 2.5. 

 

Table 2.5. Sequencing primers 
 
 
Primer name 

 
 
Primer sequence 5’-3’ 

 
 

Description    

To verify the cloned dCas9 protein with the effector domain  
dCas9 Primer5 GAAGGGTAGTCCAGAAGATAACG Recognizes site within dCas9 

near to 5' end of SV40NLS; for 
domain cloned in dcas9 

BGH Reverse TAGAAGGCACAGTCGAGG Recognizes site 3' end of bGH 
(poly A) signal and covers HA 
and the domain 

To verify the cloned zinc fingers with the effector domains  
T7 Forward TAATACGACTCACTATAGGG Recognizes T7  promoter at 5' 

end of zinc finger 
BGH Reverse TAGAAGGCACAGTCGAGG Recognizes site  3' end of bGH 

(poly A) signal and covers HA 
and the domain 

To verify cloned lenti MS2-Gblock hygro-constructs with effector domains 
EF1-a primer F TCAAGCCTCAGACAGTGGTTC Recognizes 3' end of EF1-a 

promoter 
Hygro_REV TATCCACGCCCTCCCACATC Recognizes site within hygR 

near to 3' end of T2A;covers 
T2A, HA and the domain 

To verify lenti MS2-2XCSD-1B8TA-constructs with effector domains 
G-block insert 
sequencing F 

ATCTTGTATTGGCTAAAGAAGCGA Recognizes site within 2XCSD 
near 5' end of linker of MS2 
2XCSD  linker 1B8TA 
construct 

G-block insert 
sequencing R 

AGATTTCGCGGTTTCCTTTT Recognizes 3' end of 2XCSD of 
MS2 2XCSD linker 1B8TA 
construct 

EF1-a primer F TCAAGCCTCAGACAGTGGTTC Recognizes 3' end of EF1-a 
promoter 

Seq 1B8TA Fw ATATGAAGAAGGCCAGAGCCATCG Recognizes site within 1B8TA 
linker near to 5' end of KRAB 
and covers domain 

Hygro_REV TATCCACGCCCTCCCACATC Recognizes site within hygR 
near 3' end of T2A;covers T2A, 
HA and the domain 

To verify MS2-2XCSD-1B8TA-GFP constructs with effector domains 
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G-block insert 
sequencing F 

ATCTTGTATTGGCTAAAGAAGCGA Recognizes site within 2XCSD 
near 5' end of linker of MS2 
2XCSD  linker 1B8TA 
construct 

G-block insert 
sequencing R 

AGATTTCGCGGTTTCCTTTT Recognizes 3' end of 2XCSD of 
MS2 2XCSD linker 1B8TA 
construct 

EF1-a primer F TCAAGCCTCAGACAGTGGTTC Recognizes 3' end of EF1-a 
promoter 

Seq 1B8TA Fw ATATGAAGAAGGCCAGAGCCATCG Recognizes site within 1B8TA 
linker near to 5' end of KRAB 
and covers domain 

EGFP_N rev CGTCGCCGTCCAGCTCGACCAG Recognizes site within EGFP  
near 3' end of T2A and covers 
T2A, HA and the domain 

To verify lenti MS2-linker-hygro constructs with effector domains 
EF1-a primer F TCAAGCCTCAGACAGTGGTTC Recognizes 3' end of EF1-a 

promoter 
Seq 1B8TA Fw ATATGAAGAAGGCCAGAGCCATCG Covers linker 1B8TA and 

domain 
Hygro_REV TATCCACGCCCTCCCACATC Recognizes site within hygR 

near to 3' end of T2A;covers 
T2A, HA and the domain 

To verify lenti dcas9 BLAST constructs with effector domains 
EF1-a primer F TCAAGCCTCAGACAGTGGTTC Recognizes 3' end of EF1-a 

promoter 
dCas9-F2 CCAAAGAGGTGCTGGACG Recognizes site within dCas9 

near to 5' end of SV40NLS; for 
domain cloned in dcas9 

blast-R GCTCTTTCAATGAGGGTGGA Recognizes site within BSD 
near to 3' end of T2A;covers 
T2A, HA and the domain 

To verify lenti dcas9 domain EGFP constructs with effector domains 
EF1-a primer F TCAAGCCTCAGACAGTGGTTC Recognizes 3' end of EF1-a 

promoter 
dCas9-F2 CCAAAGAGGTGCTGGACG Recognizes site within dCas9 

near to 5' end of SV40NLS; for 
domain cloned in dcas9 

EGFP_N rev CGTCGCCGTCCAGCTCGACCAG Recognizes site within EGFP  
near 3' end of T2A and covers 
T2A, HA and the domain 

To verify  sgRNAs/guides cloned into sgRNA(pSP) cloning backbone (for transient 
CRISPR/dCas9 system) 

hU6-F GAGGGCCTATTTCCCATGATT Recognizes 5' end of U6 
promoter 

T7 Forward TAATACGACTCACTATAGGG Recognizes 5' end of T7 
promoter 

M13-rev CAGGAAACAGCTATGACC Recognizes site before 3' end of 
T7 promoter and reads gRNA 
scaffold 

To verify sgRNAs/guides cloned into sgRNA(MS2) cloning backbone (for transient MS2 
CRISPR/dCas9 system) 

hU6-F GAGGGCCTATTTCCCATGATT Recognizes 5' end of U6 
promoter 

pK03-R TTAATGCGCCGCTACAGGGCG Recognizes site within f1 Ori 
towards 3' end of MS2 stem 
loop and reads both MS2 stem 
loops 
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To verify sgRNAs/guides cloned into lentiviral sgRNA(MS2)_puro backbone (for lentiviral 
MS2 CRISPR/dCas9 system) 

hU6-F GAGGGCCTATTTCCCATGATT Recognizes 5' end of U6 
promoter 

pK03-R TTAATGCGCCGCTACAGGGCG Recognizes site within f1 Ori 
towards 3' end of MS2 stem 
loop and reads both MS2 stem 
loops 

EF1-a primer F TCAAGCCTCAGACAGTGGTTC Recognizes 3' end of EF1-a 
promoter 

2.2- CRISPR/dCas9 sgRNA Design, Synthesis and Cloning 

2.2.1- In Silico Design of sgRNAs: 

The guides for c-Myc and KRAS oncogenes were first designed and analysed in silico 

and were then constructed in vitro. The sequences of c-Myc and KRAS promoters were 

taken from GenBank (https://www.ncbi.nlm.nih.gov/genbank/). The guides were 

designed using the resource CRISPR DESIGN (http://crispr.mit.edu/) by submitting 

the sequence of the desired region of the promoter. The guides with the highest scores 

and with the least number of mismatches were selected and ran through a BLAST 

search (http://blast.ncbi.nlm.nih.gov/) to verify their specificity. The guides that were 

specific to the promoter region were selected for further analysis and were tested for 

the absence of SNPs, absence of nucleosomal signal and presence of high H3K9T 

regions with high Pol1 activity using the UCSC Genome Browser 

(http://genome.ucsc.edu/). The guides that were found to be within or nearest a CpG 

island, with no nucleosomal signal, the least number of SNPs and high Pol1 activity, 

were selected for experimental analysis. The reverse complement of the guide was 

computed online (http://reverse-complement.com/). The selected guides were then 

ordered through Integrated DNA Technologies IDT (https://sg.idtdnCACCa.com/site) 

but before ordering the CACC site was added to the 5’ end of the sense/forward 

oligonucleotide, the AAAC site was added to the 5’ end of the anti-sense/reverse 

oligonucleotide and a 5’ phosphorylation group was also added to each guide 

oligonucleotide. 

2.2.2- In vitro development of sgRNAs 

For the in vitro development of sgRNAs/guides, an empty guide vector was ordered 

from Addgene, including pSPgRNA (plasmid # 47108) for transient transfections, 

pUC19 sgRNA(MS2) cloning backbone (plasmid # 61424) for transient transfections 

https://www.ncbi.nlm.nih.gov/genbank/
http://crispr.mit.edu/
http://blast.ncbi.nlm.nih.gov/
http://genome.ucsc.edu/
http://reverse-complement.com/
https://sg.idtdna.com/site
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with the SRM CRISPR/dCas9 system, lenti sgRNA(MS2)_puro backbone (plasmid # 

73795) for lentiviral transfections with the SRM CRISPR/dCas9 system and pLV 

hU6-sgRNA hUbC-dcas9-KRAB-T2A-puro (plasmid # 7126) for lentiviral 

transfections with this plasmid with c-Myc guides cloned in it. For the pSPgRNA, 

pUC19 sgRNA(MS2) and lenti sgRNA(MS2)_puro cloning vector backbones, 10 µg 

of each of the vector was digested  in 150 µl of total reaction volume with the BbSI 

restriction enzyme in buffer NEB2.1 at 37°C overnight, in order to insert guide 

oligonucleotides of the gene promoters Maspin, KRAS and c-Myc in each vector. For 

pLV hU6-sgRNA hUbC-dcas9-KRAB-T2A-puro, the vector was digested with BbSI 

restriction enzyme in buffer NEB2.1 at 37°C overnight, in order to insert guide 

oligonucleotides of the gene promoter c-Myc. 

The digested vector was then dephosphorylated using Antarctic phosphatase from 

New England BioLabs using AnP (M2089), following the manufacturers protocol. It 

was then analysed on 1% agarose gel for successful digestion. The digested vector was 

then purified using Promega Wizard® SV Gel and PCR Clean-Up System according 

to the manufacturer’s protocol. 

The guide oligonucleotides were resuspended with duplex buffer (IDT) to 100 µM and 

about 50 µl of each forward and reverse oligonucleotide were mixed and then 

incubated at 94°C for annealing. The duplex buffer provides salt and a buffering 

environment that is necessary for hybridization of nucleotides. Each was then cooled 

down at room temperature and then quantified for ligation, for which the ratio of vector 

to insert (annealed oligonucleotide) was kept at 10:250 in femtomoles. The annealed 

oligonucleotide was then diluted with a three time serial dilution of 10 and used for 

ligation with the digested and dephosphorylated vector, and incubated overnight at 

4°C. The transformation was done with DH5α electro-competent cells which were 

grown overnight on an agar plate at 37°C. The colonies were then extracted the next 

day and were grown overnight in 4 ml of LB with ampicillin as antibiotic at 37°C. 

Minipreps were then performed on grown bacterial cultures, tested through restriction 

digestion and then sent for sequencing to AGRF (Perth) to make sure that the sequence 

was correct and that the guide oligonucleotide was inserted into the vector. 

The plasmids constructed are listed in Table 2.6, the cloned repressor domains in Table 

2.7, the target binding sequences of Maspin ZFs and TALEs in Table 2.8, the target 
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binding sequences of CRISPR/dCas9 system for gene promoters Maspin, KRAS and 

c-Myc in Table 2.9, and the commercial plasmids utilized for cloning in Table 2.10. 

Table 2.6 List of constructed plasmids 

Construct Backbone Protein Effector Bacterial 
Resistance 

Selectable 
Marker 

CRISPR/dCas9 system plasmids  

pcDNA.3.1-
dCas9-KRAB 

pcDNA3.1+ dCas9 KRAB Ampicillin NA 

pcDNA.3.1-
dCas9-
DNMT3A wt 

pcDNA3.1+ dCas9 DNMT3A 
wt 

Ampicillin NA 

pcDNA.3.1-
dCas9-
DNMT3A MUT 

pcDNA3.1+ dCas9 DNMT3A 
mut 

Ampicillin NA 

pcDNA3.1 
dCas9 UHRF1s 

pcDNA3.1+ dCas9 UHRF1s Ampicillin NA 

pcDNA3.1 
dCas9 UHRF1L 

pcDNA3.1+ dCas9 UHRF1L Ampicillin NA 

pcDNA3.1 
dCas9-KRAB 

pcDNA3.1+ dCas9 KRAB Ampicillin NA 

pcDNA.3.1 
dCas9-
DNMT3A 

pcDNA3.1+ dCas9 DNMT3A Ampicillin NA 

pcDNA3.1 
dCas9-CSD 

pcDNA3.1+ dCas9 CSD Ampicillin NA 

pcDNA3.1 
dCas9 2XCSD 

pcDNA3.1+ dCas9 2XCSD Ampicillin NA 

pcDNA3.1 
dCas9 
DNMT3L 

pcDNA3.1+ dCas9 DNMT3L Ampicillin NA 

pcDNA3.1 
dCas9 EGFPN1 

pcDNA3.1+ dCas9 EGFPN1 Ampicillin NA 

pcDNA3.1 
dCas9-1B8Ta 
linker-
DNMT3A wt 

pcDNA3.1+ dCas9 DNMT3A 
wt 

Ampicillin NA 

pcDNA3.1 
dCas9-1B8Ta 
linker-KRAB 

pcDNA3.1+ dCas9 KRAB Ampicillin NA 

SRM CRISPR/dCas9 system lentiviral plasmids  

Construct Backbone Protein Effector Bacterial 
Resistance 

Selectable 
marker 

MS2 2xCSD-
1B8TA linker-
DNMT3A wt 
GFP 

plenti dCas9 DNMT3A 
wt 

Ampicillin GFP 

Plenty MS2 
2xCSD-1B8TA 

plenti dCas9 KRAB Ampicillin Hygromycin 
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linker-KRAB 
HYGRO 
Plenty MS2 
2xCSD-1B8TA 
linker-
DNMT3A 
HYGRO 

plenti dCas9 DNMT3A 
wt 

Ampicillin Hygromycin 

CRISPR/dCas9 system lentiviral plasmids  

Plenti dCas9 
KRAB BLAST 

plenti dCas9 KRAB Ampicillin Blasticidin 

Plenti dCas9 
DNMTA wt 
BLAST 

plenti dCas9 DNMT3A 
wt 

Ampicillin Blasticidin 

Plenti dCas9 
UHRF1s 
BLAST 

plenti dCas9 UHRF1s Ampicillin Blasticidin 

Plenti dCas9 
CSD BLAST 

plenti dCas9 CSD Ampicillin Blasticidin 

Plenti dCas9 
2XCSD BLAST 

plenti dCas9 2XCSD Ampicillin Blasticidin 

Plenti dCas9 
DNMT3L 
BLAST 

plenti dCas9 DNMT3L Ampicillin Blasticidin 

pLV hU6-
sgRNA hUbC-
dCas9-KRAB-
T2a-Puro 

FUGW dCas9 KRAB Ampicillin Puromycin 

Zinc finger plasmids  

pcDNA.3.1-ZF-
KRAB 

pcDNA3.1+ ZF-97 
ZF-126 

KRAB Ampicillin NA 

pcDNA.3.1-ZF-
DNMT3A wt 

pcDNA3.1+ ZF-97 
ZF-126 

DNMT3A 
wt 

Ampicillin NA 

pcDNA.3.1-
dCas9-
DNMT3A MUT 

pcDNA3.1+ ZF-97 
ZF-126 

DNMT3A 
mut 

Ampicillin NA 

pcDNA3.1 
dCas9 UHRF1s 

pcDNA3.1+ ZF-97 
ZF-126 

UHRF1s Ampicillin NA 

pcDNA3.1 
dCas9 UHRF1L 

pcDNA3.1+ ZF-97 
ZF-126 

UHRF1L Ampicillin NA 

pcDNA3.1 
dCas9-KRAB 

pcDNA3.1+ ZF-97 
ZF-126 

KRAB Ampicillin NA 

pcDNA.3.1 
dCas9-
DNMT3A 

pcDNA3.1+ ZF-97 
ZF-126 

DNMT3A Ampicillin NA 

pcDNA3.1 
dCas9-CSD 

pcDNA3.1+ ZF-97 
ZF-126 

CSD Ampicillin NA 

pcDNA3.1 
dCas9 2XCSD 

pcDNA3.1+ ZF-97 
ZF-126 

2XCSD Ampicillin NA 

pcDNA3.1 
dCas9 EGFPN1 

pcDNA3.1+ ZF-97 
ZF-126 

EGFPN1 Ampicillin NA 

TALEs plasmids  

pcDNA.3.1-
TALE-KRAB 

pcDNA3.1+ TALE-99 
TALE-128 

KRAB Ampicillin NA 

pcDNA.3.1-ZF-
DNMT3A wt 

pcDNA3.1+ TALE-99 
TALE-128 

DNMT3A 
wt 

Ampicillin NA 
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pcDNA.3.1-
dCas9-
DNMT3A MUT 

pcDNA3.1+ TALE-99 
TALE-128 

DNMT3A 
mut 

Ampicillin NA 

pcDNA3.1 
dCas9 UHRF1s 

pcDNA3.1+ TALE-99 
TALE-128 

UHRF1s Ampicillin NA 

pcDNA3.1 
dCas9 UHRF1L 

pcDNA3.1+ TALE-99 
TALE-128 

UHRF1L Ampicillin NA 

pcDNA3.1 
dCas9-KRAB 

pcDNA3.1+ TALE-99 
TALE-128 

KRAB Ampicillin NA 

pcDNA.3.1 
dCas9-
DNMT3A 

pcDNA3.1+ TALE-99 
TALE-128 

DNMT3A Ampicillin NA 

pcDNA3.1 
dCas9-CSD 

pcDNA3.1+ TALE-99 
TALE-128 

CSD Ampicillin NA 

pcDNA3.1 
dCas9 2XCSD 

pcDNA3.1+ TALE-99 
TALE-128 

2XCSD Ampicillin NA 

pcDNA3.1 
dCas9 EGFPN1 

pcDNA3.1+ TALE-99 
TALE-128 

EGFPN1 Ampicillin NA 

 

TABLE 2.7. Epigenetic repressor domains cloned and exploited in 
this study 

Effector 
domain 

Approximate 
DNA size (bp) 

Approximate 
protein size 

(kDa) 

Epigenetic function 

KRAB 195 9.6 ↓H3Ac, ↑H3K9me 

DNMT3Awt 942 35.9 ↑CpG me 

DNMT3Amut E752A 942 35.9 XCpGme 

UHRF1L 1450 53.9 ↓H3Ac, ↑H3K9me ↑CpG me 

UHRF1s 700 26.6 ↓H3Ac, ↑H3K9me 

CSD 267 10.2 ↑H3K9me 

2X CSD 546 20.7 ↑H3K9me 

EGFPN1 720 26.7 Non-regulatory 

*Ac = acetylation; me = methylation; ↑ = increase; ↓ = decrease; X = no activity. 
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Table 2.8.  Target binding sequences of ZFs and TALEs platform 
for MASPIN 
 

 
Gene editing 

platform 

 
Binding sequence (5’ – 3’) 

 
Strand (-/+) 

Zinc Fingers (ZFs)  

ZF -97 GCAGAAGCAGCGGTGGCT - 
ZF -126 GCAGTGGGCGTGGCGGTG + 

Transcription Activator-Like Effectors (TALEs) 
TALE -99 TGAGCCACCGCTGCTTCTGC + 

TALE -128 TGGCAGTGGGCGTGGCGGTG + 
 
 
 
 

Table 2.9.Target binding sequences of CRISPR/dCas9 platform 
for gene promoters 

 
 

Gene editing 
platform 

 
Binding sequence (5’ – 3’) 

 
Strand (-/+) 

Single guide RNA (sgRNA) of CRISPR/dCas9 system for Maspin 
sgRNA -76 GATGTGGAGGCGACCGTGTC TGG - 
sgRNA -180 GTAGGAGAGGAGTGCCGCCG AGG + 
sgRNA -279 GGCCTCCAACATGTTCGGGC AGG - 
sgRNA -344 GCAATCCTCTCGGCCCACGC AGG - 

 
Single guide RNA (sgRNA) of CRISPR/dCas9 system for KRAS 

sgRNA +2  GGCTCCCAGGTGCGGGAGAGAGG + 
sgRNA +71  GGCGGCGAGTGAATGAATTAGGG + 
sgRNA -63 CGCTCGCTCCCAGTCCGAAATGG - 
sgRNA -263 TCTTCAGACGGGCGTACGAGAGG - 
 
Single guide RNA (sgRNA) of CRISPR/dCas9 system for c-Myc 
 
sgRNA -96  GAACCCGGGAGGGGCGCTTATGG - 
sgRNA +2 GCCGCGAGCAGCACAGCTCGGGG - 
sgRNA +53 GCTCCCCTCCTGCCTCGAGAAGG + 
sgRNA +129 GAGTATAAAAGCCGGTTTTCGGG + 
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Table 2.10. List of commercial plasmids (Addgene) used  for 

cloning 
 

 
Commercial plasmid Catalogue No. 
    
pcDNA3/Myc-DNMT3L  35523 
lenti dCAS-VP64_Blast  61425 
lenti MS2-P65-HSF1_Hygro  61426 
pSPgRNA 47108 
pUC19 sgRNA(MS2) 61424 
lenti sgRNA(MS2)_puro  73795 
pLV hU6-sgRNA hUbC-dcas9-KRAB-T2A-puro  7126 

 

2.3- Cell and Tissue Culture Techniques 

2.3.1- Cell Culture 

The HEK293T human embryonic kidney cell line and the MDA-MB231 cell line were 

obtained from the American Type Culture Collection (ATCC, Manassas). The NCI-

H157 human lung cancer cell line was kindly provided by Dr. Robert Winn 

(University of Colorado Health Science Centre). Human breast cancer cell lines 

MCF7, SUM149 and SUM159 were obtained from the Tissue Culture Facility of the 

UNC Lineberger Comprehensive Cancer Center (University of North Carolina, 

Chapel Hill). SUM149 and SUM159 cells were cultured in F12 media supplemented 

with 5% FBS, 0.05% insulin (0.01mg/ml), 0.04% hydrocortisone (500ng/ml), 1% 

HEPES. MDA-MB231, MCF7 and HEK293T cells were cultured in DMEM media 

supplemented with 10% FBS. NCI-H157 cells were cultured in RPMI 1640 

supplemented with 5% FBS. MCF12A cells were cultured in F12 media supplemented 

with 10% FBS, 0.05% insulin, 0.04% hydrocortisone and 1% HEPES. All cells were 

cultured in 1% penicillin/streptomycin unless stated otherwise.  

2.3.2- Transient Transfection 

Transfections were performed in 6-well plates using Lipofectamine 2000 reagent from 

Invitrogen (Catalogue No. 11668019) and Lipofectamine 3000 reagent from 

Invitrogen (Catalogue No. L3000015) according to the manufacturer’s protocol. Five 
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x105 cells were seeded 24 h prior to transfection in their corresponding media and 

cells were 70-90% confluent at the time of transfection. About 5 µl of Lipofectamine 

2000 was diluted in 125 µl Opti-MEM to make a final volume of 130 µl per well. 

DNA was diluted in Opti-MEM to obtain DNA at a concentration of 100 ng/µl in a 

total volume of 130 µl per well. The diluted DNA was then added to the diluted 

Lipofectamine 2000 reagent in 1:1 ratio and incubated for 15-20 min at room 

temperature. For transfection with Lipofectamine 3000 reagent, about 7.5 µl of 

Lipofectamine was diluted in 122.5 µl Opti-MEM to obtain a final volume of 130 µl 

per well. DNA was diluted in Opti-MEM to obtain DNA at a concentration of 100 

ng/µl and 5 µl of P3000 reagent was added in total volume of 130 µl per well. The 

diluted DNA (with P3000 reagent) was then added to the diluted Lipofectamine 3000 

reagent in a 1:1 ratio and incubated for 15-20 min at room temperature. The cells were 

washed with PBS and cultured in Opti-MEM (750 µl). The DNA-lipid complex was 

added to the cells. Each well was transfected with 250 μl of the DNA-lipid complex 

containing 2.4 µg of total plasmid DNA, according to the manufacturer’s protocol. 

Genomic DNA, total RNA or protein were collected 48 h and 72 h post-transfection.  

2.3.3- Lentiviral Transfection 

The producer cell line HEK293T was seeded with 2.8 X 105 cells per 10 cm diameter 

of tissue culture dish and incubated for 24 h at 37ºC in a 5% CO2 atmosphere. After 

24 h, these HEK293Ts cells, at 80% confluency, were transfected with 4.5 µg of 

cloned lentiviral plasmids along with the packaging plasmids: 1.54 µg VSV-G 

Envelop (vesicular stomatitis virus G) and 2.88 µg Gag-pol for each of the tested 

condition. VSV-G Envelop expressing plasmid (pMD2.G #12259) and Gag-pol 

packaging plasmid (pMDLg/pRRE #12251) were purchased form Addgene. 

Lipofectamine 2000 (Invitrogen) was used for this transfection according to the 

manufacturer’s protocol. After 24 h, the host cell lines (SUM149, MDA-MB231 and 

SUM159) were seeded with 1.5x105 cells per 10 cm diameter of tissue culture dish 

and incubated for 24 h at 37ºC in a 5% CO2 atmosphere. The host cell lines were then 

infected with the 7 ml viral supernatant from the producer HEK293Ts cells. The viral 

supernatant was first filtered via 0.45 µm filter units (Thermo Fisher Scientific, USA) 

and 8 µg/ml polybrene (Sigma-Aldrich, St Louis, MO, USA) was added to the filtrate. 

This infection process was repeated 4 times every 8 hours with culture media 
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containing virus particles collected 48, 56, 64 and 72 h post-transfection. The 

transduced cells were then replenished with respective complete media and allowed to 

grow. Once confluent, the stable cells were then selected with the respective 

antibiotics (Invitrogen, Waverley) in several concentrations:  0.75µg Puromycin, 15µg 

Blasticidin for SUM159 cells; 1.5µg Puromycin and 5µg Blasticidin for SUM149 

cells; and 5µg Puromycin and 1.5µg Blasticidin for MDA-MB231 cells separately. 

The antibiotic treatments were carried out for 5-6 days, with 3 doses each over these 

days, before the functional assays were performed. The antibiotic concentrations used 

were based on a kill curve analysis that was performed with 0 µg to 20 µg 

concentration range for each antibiotic on each of the untreated cell lines (SUM149, 

MDA-MB231 and SUM159). The least antibiotic concentration that gave 100% cell 

death after 3 doses over 5-6 days was selected to be used for cell line selection later. 

2.3.4- Flow Cytometry 

The transfected cells were tested for their transfection efficiency after 48 or 72 h using 

flow cytometry, where wild type cells were compared to the EGFP N1 transfected 

cells. The cells were washed with 1 ml 1X PBS. The cells were then trypsinized with 

600 µl of trypsin EDTA and incubated at 37°C for 3 min. Trypsin was then deactivated 

by adding 2 ml of complete media and was centrifuged at 1000 rpm for 3 minutes. The 

supernatant was aspirated out and 1 ml of 1X PBS with 2% FBS was added and 

centrifuged again at 1000 rpm for 3 mins. This step was repeated and the pellet was 

resuspended in 1ml of 1X PBS, after which it was passed through the filter tube and 

the filtrate was collected for analysis. 

For the cells to be analysed later, they were washed using 1 ml of 1X PBS and 

trypsinized with 600 µl of trypsin and incubated at 37°C for 3 min. Trypsin was 

deactivated by adding 2 ml of complete media and then centrifuged at 1000 rpm for 3 

min. The supernatant was then aspirated out and the pellet was resuspended in 1 ml of 

1X PBS with 2% FBS. Centrifugation was done at 1000 rpm for 3 min and this step 

was repeated. The supernatant was aspirated out and 1 ml of 4% formaldehyde (in 

1XPBS) was added and incubated at room temperature for 10 min. Centrifugation was 

then done at 1000 rpm for 3 min. The supernatant was aspirated out and the pellet was 

washed with 1 ml of 1X PBS and centrifuged again. The pellet was then resuspended 

in 1 ml of 70% ethanol. 
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2.4- Gene Expression Studies 

2.4.1- RNA Extraction 

Total RNA was extracted from cultured cells using 600ul TRIzol® Reagent (Life 

Technologies, Australia) according to the manufacturer’s instructions. Media was 

removed from the plates and cells were collected in 600 µl of TRIzol and incubated at 

room temperature for 5 min. About 100 µl of chloroform was added and incubated for 

2-3 min and then centrifuged at 14800 rpm for 20 min at 4°C. The top clear layer was 

carefully removed and collected in a new 1.5 ml Eppendorf tube. Then 200 µl of ice-

cold isopropanol was added, vortexed and incubated for 10 min on ice or overnight at 

-20°C. Samples were then centrifuged at 14000 rpm for 20-40 min at 4°C. The 

supernatant was discarded and washing was then performed with 600 µl of ice-cold 

75% ethanol and centrifuged at 10,000 rpm for 10 min at 4°C. Two washes were 

performed and the pellet was then air dried. RNA samples were dissolved in 

UltraPureTM DNase/RNase-free water (Life Technologies, Australia) and stored at -

80°C. Prior to long-term storage, an aliquot was diluted in UltraPureTM 

DNase/RNase-free water (Life Technologies, Australia) and quantitated using a 

NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Australia) by 

measuring the absorbance at 260 nm. By measuring the absorbance at 230 and 280 

nm, RNA purity was evaluated according to the A260/A230 and A260/A280 ratios, 

respectively. RNA samples with values greater than 1.8 for the A260/A280 ratio and 

values between 2.0 and 2.2 for the A260/A230 ratios were considered to be without 

significant contamination of proteins, phenol and other compounds.  

2.4.2- cDNA Synthesis 

An RNA dilution was prepared in nuclease free water containing 2 µg/µl of RNA in a 

total volume of 10 µl. The experimental conditions are listed in Table 2.11. The 

reagents used were from Applied Biosystems, High-Capacity cDNA Reverse 

Transcription Kit (Catalogue No. 4368814). The diluted RNA, containing 2 µg per 

10µl of water, and the cDNA reagent mixture were mixed in 1:1 ratio and then reverse 

transcribed with PCR. The thermocycling conditions for 40 cycles used were 

o Step 1: 10 min at 75°C  
o Step 2:  2 h at 37°C 
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o Step 3: 5 min at 85°C 
o Step 4: Pause at 4°C 
 
 
 
 

TABLE 2.11. Experimental conditions for reverse transcriptase 

PCR (cDNA synthesis) 

 Quantities for each 20µl  reaction (µl) 

RNA sample (2µg) 10 

10X RT Buffer 2 

25X DNTP mix 0.8 

10X RT random primers 2 

RT enzyme 1 

Water  4.2 

 

2.4.3- Quantitative Real Time Polymerase Chain Reaction (qRT-

PCR) 

Gene expression levels (MASPIN, c-Myc, KRAS and GAPDH) were analysed by 

quantitative real-time PCR (qRT-PCR) using commercially available fluorescent 

TaqMan probes (Applied Biosystems) in a Viia7 Real-Time PCR instrument (Applied 

Biosystems), and were then analyzed using QuantStudio Real Time PCR Software 

(v1.1, Applied Biosystems). PCR reactions were performed in a total volume of 10 μl, 

with 4.5 μl of template cDNA diluted 1:3 in UltraPureTM DNase/RNase-free water 

(Life Technologies, Australia), and 5.5 μl of TaqMan master mix and probe mixture. 

The cycling parameters for the amplification involved a two-step, fast qPCR program 

with cycling parameters of initial activation for 2 min at 95°C, followed by 40 cycles 

of denaturation for 3 s at 95°C and annealing/extension for 30 s at primer-specific 

temperatures. Data were analysed according to MIQE guidelines and the results were 

expressed as fold change compared to empty vector transfected cells after 

normalization against the housekeeping gene glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) and Peptidylprolyl Isomerase A (PPIA) mRNA levels. The 

list of probes used are listed in Table 2.12. 

 

TABLE 2.12. qRT-PCR probes (ThermoFisher) 

Name Product ID 

PPIA Hs04194521_s1 

GAPDH Hs02786624_g1 

MASPIN Hs00985285_m1 

C-Myc Hs00153408_m1 

KRAS Hs00364284_g1 

2.4.4- Statistical Analyses 

Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software 

Inc.). Statistical significance was determined using an unpaired one-way ANOVA 

with the Tukey HSD post hoc test correcting for qRT-PCR data, or unpaired two 

sample Student’s t-tests (two-sided) for Western blot analysis. For all the tests, 

differences were considered significant at p<0.05 (*), p<0.001 (**), p<0.0001 (***) 

and p<0.0001 (****). 

2.5- Protein Expression Studies 

2.5.1- Western Blotting 

Cell lysates were collected using 1X Cell Lysis Buffer (Cell Signaling) supplemented 

with 10% of 1 mM PMSF and sonicated for 5 s at 10 mA. The samples were then 

centrifuged for 10 min at 14000 × g at 4°C and the supernatants were collected. The 

samples were then quantified using BSA standards based on Lowry protein assay or 

colorimetric assay on 96-well transparent plates. For quantification Reagent A and 

Reagent S were mixed in a 50:1 ratio, with 25 µl of this mixture used for each well. 

Reagent B was used to 200 µl and 5 µl of protein sample and BSA standards were 

used for each well. The plate was then covered in foil and read using a bioluminator 

instrument after 15 min of adding reagent B, which was added last. Calculations were 

https://www.thermofisher.com/taqman-gene-expression/product/Hs04194521_s1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs02786624_g1?CID=&ICID=&subtype=
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made based on BSA standard deviations to calculate the amount of protein present in 

the samples and amount to be used for blotting.  

The sample was then prepared for blotting based on calculations for 35 μg of protein 

by adding the amount of 1X lysis buffer required to dilute the sample up to a volume 

of 35 µl. Then 10 µl of 4X Laemmli Buffer with 5% of 1M DTT was added to the 

diluted samples. The samples were then incubated at 95°C for 5 min and were resolved 

by 10% Mini-Protean TGX Stain-free precast gels (BioRad) and subsequently 

transferred to a PVDF membrane, Trans-Blot Turbo mini PVDF Transfer Packs 

(BioRad). The membrane was then treated with 5% blocking solution and incubated 

at room temperature for 1 h on agitation. 

Immunoreactivity was determined with primary antibodies in a 1:1000 dilution, and 

TUBULIN or GAPDH antibodies were used as a loading control. The antibodies used 

for Western blot are listed in Table 2.13. Visualization was performed by enhanced 

chemiluminescence, Novex ECL Chemiluminescent Substrate Reagent Kit 

(Invitrogen) with the ChemiDoc MP system (BioRad). All images of membranes were 

digitally obtained in the ChemiDoc MP system and processed using ImageLab 

Software (v5.2, BioRad). 

 

Table 2.13. Western blot Antibodies 

Name Product ID Specificity/Sensitivity Supplier 

MASPIN (T50) 9117 Detects endogenous levels of total 
MASPIN protein 

Cell Signalling 

 K-Ras (F234):   sc30 Detects endogenous levels of total 
c-K-Ras and v-K-Ras 
 

 Santa Cruz 
Biotechnology 

 c-Myc 9402 Detects endogenous levels of total c-
Myc protein 

 Cell Signalling 

GAPDH (D4C6R) 97166 Detects endogenous levels of total 
GAPDH protein 

 Cell Signalling 

α-Tubulin (DM1A) 3873 Detects endogenous levels of total α-
tubulin protein 

Cell Signalling 

Anti-CRISPR-Cas9 
antibody [7A9-3A3] 

ab191468 Detects Streptococcus pyogenes 
CRISPR-Cas9 (N terminal) 

Abcam 

DYKDDDDK Tag 
(9A3) 

8146 Detects exogenously expressed 
DYKDDDDK proteins in cells and 

Cell Signalling 
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recognizes DYKDDDDK (FLAG) 
epitope TAG 

HA-Tag (C29F4) 3724 detects exogenously expressed 
proteins containing the HA 

epitope tag 

Cell Signalling 

2.6- DNA Methylation Assays 

2.6.1- DNA Extraction 

Genomic DNA was extracted using A QIAamp DNA blood mini kit (QIAGEN, Cat 

No./ID: 51104) as per the manufacturer’s instructions. The cells were trypsinized and 

then centrifuged at 1000 rpm for 3 min. The cell pellet was resuspended in 1X PBS to 

a final volume of 200 μl and 20 μl proteinase K was added. About 200 μl of Buffer 

AL was added to the sample and mixed by pulse-vortexing for 15 s and then incubated 

at 56°C for 10 min. About 20 0μl of ethanol (96–100%) was added to the sample, and 

mixed again by pulse-vortexing for 15 s. The mixture was carefully applied to the 

QIAamp Mini spin column (in a 2 ml collection tube) and centrifuged at 8000 rpm for 

1 min. Then 500μl Buffer AW1 was added and centrifuged at 8000 rpm for 1 min. A 

QIAamp Mini spin column was placed in a clean 2 ml collection tube. Then 500 μl of 

Buffer AW2 was added to the column and centrifuged at 14000 rpm for 3 min and the 

column was placed in a new 2 ml collection tube and centrifuged at full speed for 1 

min. The column was then placed in a clean 1.5 ml microcentrifuge and 200 μl of 

Buffer AE or distilled water was added. It was incubated at room temperature (15–

25°C) for 1-5 min and then centrifuged at 8000 rpm for 1 min and DNA was collected. 

The DNA was then assayed for methylation. 
 

2.6.2- DNA Methylation via Pyrosequencing and AGENA Platform 

The methylation assays included two separate assays: pyrosequencing done by AGRF 

(Perth) and the AGENA platform assay performed by AGRF (Brisbane). DNA 

extracted from the treated samples was provided to the AGRF facility in a 

concentration of 20 ng/µl in 50 µl for the assays. 
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2.7- Phenotypic Studies 

2.7.1- Soft Agar Assay (colony formation assay) 

This assay required a series of different steps for setting up different soft agar layers. 

A sterile stock agarose solution was prepared in PBS (2.4%). About 2.4 g of agarose 

was added in 100 ml of 1X PBS, autoclaved and then cooled down to 38.5°C. The 

base agarose layer (0.8%) (1:3) was prepared by combining 13 ml of stock agar 

solution with 26 ml of complete growth media and kept at 38.5°C. The base agarose 

layer was then added to 6-well plates with 2 ml per well. The plates were then cooled 

down at 4°C for 5 min to solidify the agarose base layer. The cells were trypsinized 

and counted. Cells were resuspended at 2x105 cells/ml of complete growth media. The 

upper agarose layer with cells (0.48%) (1:5) was prepared by adding 1600 µl of stock 

agar solution to each 6.2 ml media and 200 µl of cells. It was mixed gently with 

pipetting and immediately 2 ml of cell/agar mixture was overlayed into three separate 

wells containing the solidified agarose base layer. Plates were then cooled for 5 

minutes at 4ºC to solidify the agarose and then 500 µl of complete growth media was 

added to each well. The plates were then incubated at 37ºC and in a 5% CO2 

atmosphere for 10 to 20 days, monitoring for colony formation. Incubation time 

depended on the growth rate of the cells. Media was replaced every 4-7 days. 

2.8- List of Consumables 

Table 2.14 lists service suppliers. Table 2.15 lists kits and reagents suppliers. Table 

2.16 lists instruments utilized and their suppliers. Table 2.17 lists buffers and reagents 

with recipes. 

 

TABLE 2.14. Lists of Service Suppliers 
 

SUPPLIER SERVICES 
    
Australian Genome Research facility (AGRF) Perth, 
Australia 

Sanger sequencing and pyrosequencing 

Australian Genome Research facility (AGRF) 
Brisbane, Australia 

Agena Bioscience MassARRAY 

Integrated DNA Technologies(IDT) Australia Oligonucleotide Synthesis, duplex buffer 
GenScript Biotech Corp., USA G-block plasmid syntehsis 
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TABLE 2.16. List of Instruments utilized and their suppliers 
 
 
Supplier 

 
Instrument 

    
Applied Biosystems, USA Viia7 Real-Time PCR machine, QuantStudio Real 

Time PCR Software (v1.1) 
Beckman Coulter, USA Beckman J2-21 Centrifuge, Beckman Avanti J-20XP, 

Beckman Allegra 6R 
BioRad, USA Chemidoc MP Imaging system  
BMG Labtech, Germany FLUOstar Optima Microplate reader 
Eppendorf, Germany Centrifuge 5424 R, Mastercycler Nexus Gradient, 

Vortex Mixer 

TABLE 2.15. List of kits and reagents suppliers 
 
Supplier 

 
Kits and reagents 

    
Applied Biosystems, USA High-Capacity cDNA Reverse Transcription Kit, fluorescent 

TaqMan probes, TaqMan™ Fast Advanced Master Mix 

BioRad, USA Protein Assay Reagent A, Protein Assay Reagent B, Protein 
Assay Reagent S, 4X Laemmli Buffer, Dithiothreitol (DTT), 
Mini-Protean TGX Stain-free precast gels, Trans-Blot Turbo 
mini PVDF Transfer Packs, Precision Plus Protein™ 
Kaleidoscope™ Prestained Protein Standards, LB Brothn 
Powder , LB Agar, Tween 

Cell Signalling 10X Cell Lysis Buffer, Western blot antibodies  
Invitrogen, USA Lipofectamine® 2000, Lipofectamine® 3000  
Life Technologies, USA UltraPureTM DNase/RNase-free water, DMEM–Dulbecco's 

Modified Eagle Medium, Ham's F12 Nutrient Mixture , Opti-
MEM I Reduced Serum Media, RPMI Media 1640, Fetal 
Bovine Serum (FBS),  HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid ), Dulbecco's phosphate-
buffered saline (DPBS), Trypsin-EDTA (0.05%), Insulin, 
Hydrocortisone, Carbenicillin, Kanamycin, Penicillin-
Streptomycin, Agarose 

New England BioLabs, USA Antarctic phosphatase AnP, T4 DNA Ligase, Restriction 
Enzymes, dNTPs 

Promega, USA Promega Wizard® SV Gel and PCR Clean-Up System, 
Glycerol, 

QIAGEN, Germany QIAprep Spin Miniprep Kit , QIAprep Plasmid Maxiprep Kit, 
QIAquick PCR Purification Kit , QIAamp DNA Mini Kit 

Sigma-Aldrich, USA polybrene, Bovine Serum Albumins (BSA), Seaplaque 
agarose, Tris-Glycine-SDS Buffer 10× 

ThermoFisher Scientific, USA SYBR safe DNA gel stain, Orange DNA Loading Dye (6X), 1 
Kb Plus DNA Ladder , Phusion High-Fidelity PCR Kit, 
0.45µm filter unit, PMSF Protease Inhibitor, SuperSignal™ 
Chemiliuminescent HRP Substrates, Restore™ Stripping 
Buffer, Blasticidin, Hygromycin, Puromycin 
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Nikon, Japan Eclipse TS100 Inverted Routine Microscope, Eclipse 
Ti-E Inverted Microscope System 

Misonix, USA Sonicator 4000 
Olympus, Japan 1X71 Inverted Microscope 
Qiagen, Netherlands Rotor-Gene Q Real-time PCR Cycler 
ThermoFisher Scientific, USA NanoDrop 1000 Spectrophotometer 

 
 
 
 

Table 2.17. Recipes for Buffers and Reagents 
 

 
Name 

 
Recipe 

Blocking Solution (1x) 5% skim milk powder dissolved in 1X TBST 
BSA Standards 64 mg of BSA dissolved in 10 ml of 1X lysis buffer; Standard 

concentrations of 0.2 mg/ml, 0.4 mg/ml, 0.8 mg/ml, 1.6 
mg/ml, 3.2 mg/ml and 6.4 mg/ml were made using this 
solution by diluting further in 1X lysis buffer 

Cell Freezing Media  5% dimethyl sulfoxide (2.5 ml) dissolved in 50ml FBS 
DMEM Culture Media DMEM, 10% FBS and 1% penicillin/streptomycin  
F12 Culture Media F12, 5% FBS, 0.05% insulin (0.01 mg/ml), 0.04% 

hydrocortisone (500 ng/ml ), 1% HEPES and 1% 
penicillin/streptomycin  

FACS Buffer 30 ml DPBS, 2% FBS (0.6 ml) 
LB Agar Solid Culture Media 3 g LB Agar powder, 2 g NaCl, 2g Tryptone and 1 g Yeast 

dissolved in 200 ml of Milli-Q Ultrapure water and autoclaved 
LB Broth Liquid Culture 
Media 

25 g LB Broth Powder and 100 mg/ml antibiotic dissolved in 
1000 ml of Milli-Q Ultrapure water and autoclaved 

Lysis Buffer (1X) 200 µl of 10X Lysis Buffer mixed with 1800 µl of Milli-Q 
Ultrapure water 

Primary Antibody  Solution 25 ml 1X TBST, 2% BSA (0.5 g), 0.02% Sodium Azide (250 
µl) and primary antibody (1:1000) 

RPMI Culture Media RPMI , 5% FBS and 1% penicillin/streptomycin  
Running Buffer 100 ml 10X Tris/Glycine/SDS buffer mixed with 900 ml 

Milli-Q Ultrapure water 
Secondary Antibody  Solution 25 ml 1X TBST, 2% BSA (0.5 g) and secondary antibody 

(1:10000) 
TAE Buffer 40 mM Tris, 20 mM Acetic Acid and 1 mM EDTA dissolved 

in Milli-Q Ultrapure water 
TBST(1X) 50 ml of 20X Tris-Glycine buffer, 1ml Tween mixed with 950 

ml Milli-Q Ultrapure water 
TE Buffer 10 mM Tris and 1mM EDTA dissolved in Milli-Q Ultrapure 

water and set to pH 8.0 
Tris-Glycine Buffer (25x) 18.2 g Tris base, 90 g Glycine dissolved in 500 ml Milli-Q 

Ultrapure water and autoclaved 
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3.1- Introduction 

 

Through the use of these epigenetic tools, epigenetic mechanisms can be specifically 

targeted to repress or activate genes depending on the type of epigenetic modifier 

domain used. The key epigenetic mechanisms disrupted in cancer include loss of DNA 

methylation, loss of histone H3K9 methylation and acetylation of histone H3K9, 

which need to be restored for the silencing of oncogenes. This can be achieved via 

epigenetic tools that deliver epigenetic repressor domains which target specific 

epigenetic marks of the targeted gene promoters, leading to gene silencing. 

The objective of the research described in this chapter was to induce DNA methylation 

and histone H3K9 modifications leading to transcriptional repression of the tumour 

suppressor mammary serine protease inhibitor (Maspin) in SUM159 breast cancer 

cells, and to use it as a model for proof of concept studies. It was hypothesized that if 

multiple epigenetic repressor domains targeting specific epigenetic marks could be 

delivered efficiently to the gene promoter region, heritable silencing of the gene would 

be established epigenetically. Three different gene-editing platforms, ZFs, TALEs and 

CRISPR/dCas9, were tested and analysed. Each one was linked C-terminally with 

each one of the repressor domains. These repressor domains were KRAB (Krüppel-

associated box domain), DNMT3A (DNA methyltransferase 3A), UHRF1 (ubiquitin-

like, containing PHD and RING finger domains), and CSD (chromo shadow domain). 

The functions of these effector domains are described in detail in Chapter 1.  

The manipulation of the epigenetic platforms and that of novel effector domains 

developed to target different epigenetic silencing marks is described in the following 

sections. The data obtained suggest that use of a combinatorial strategy involving 

multiple epigenetic editing platforms and effector domains that couple DNA 

methylation and histone post-translational modifications results in more pronounced 

epigenetic repression than the delivery of single platforms and epigenetic domains. 

These finding will serve as a platform for future studies targeting other genes. 

3.1.1- Mammary Serine Protease Inhibitor (Maspin) 

Mammary serine protease inhibitor (Maspin), also known as SERPINB5, is a 

multifunctional protein with tumour and metastasis suppressor functions (Sager et al., 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3172243/#pone.0024595-Sager1
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1997; Cher et al., 2003). Maspin belongs to class II of tumour suppressors because the 

gene is not rearranged, deleted or mutated in tumour cells but its expression is 

regulated through TFs (Zhang et al., 1997) and epigenetic mechanisms (Domann et 

al., 2000; Futscher et al., 2002). While Maspin is highly expressed in epithelial cells 

and in breast cancer cell lines, its silencing correlates with invasive and metastatic 

behaviour. The epigenetic mechanisms that regulate Maspin silencing include DNA 

methylation (Futscher et al., 2002) and histone H3K9 methylation (Wozniak et al., 

2007). This epigenetic silencing can be reprogrammed using epigenetic modifiers, 

offering a therapeutic route to stop the progression of metastasis (Beltran et al., 2006).  

The epigenetically silenced Maspin has been reactivated using ZF (ZF-126) fused to 

VP64 epigenetic transactivator domain and the constructed ZFs were found to 

synergize with methyltransferase inhibitors as well as histone deacetylase inhibitors 

to re-activate silenced Maspin (Beltran et al., 2006; Beltran and Blancafort, 2011; 

Beltran  et al., 2008; Beltran and Blancafort, 2010). Maspin-dependent targets, with 

tumour suppressor and metastasis suppressor functions, were also up-regulated upon 

reactivation of Maspin by ZF proteins (Beltran et al., 2011).  

The catalytic domain of DNMT3A was fused with ZFs designed against Maspin and 

SOX2 gene promoters, resulting in the stable and heritable down-regulation of these 

genes in breast cancer cells through DNA methylation. In particular, ZF-97 and ZF-

126 were engineered with DNMT3A and KRAB domain (positive control) to target 

Maspin. When delivered using lentiviral vectors, these proteins were able to repress 

their targets through the induction of DNA methylation (Rivenbark et al., 2012). 

In this work, two ZF proteins, named ZF-97 and ZF-126, which had already been 

developed to target the Maspin promoter were used (Rivenbark et al., 2012). The 

tumour suppressor Maspin was selected as a proof of concept gene as it had already 

been studied for transcriptional repression. The transcriptional repression of Maspin 

was determined through the characterisation of the epigenetic mechanisms taking 

place near ZF binding sites, and methylation patterns were studied in multiple cell 

generations using novel platforms and epigenetic domains.  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3172243/#pone.0024595-Sager1
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3.2- Results 

3.2.1- Cell Line Selection for Maspin 

MaspinThe SUM159 cell line was selected to study repression of Maspin. It is a basal-

like tumorigenic breast cancer cell line that expresses very high levels of Maspin, as 

evidenced by qRT-PCR determinations and Western blotting (Figure 3.1), making it 

an excellent model system to study gene silencing. Both SUM159 and MCF12A cell 

lines (normal-like cell lines) showed higher Maspin transcript and protein levels than 

luminal cell lines known to silence Maspin, such as MCF7 cells (Figure 3.1). Cell line 

MCF12A showed comparatively higher levels of Maspin than SUM159 cells in qRT-

PCR and Western blot. The SUM159 cell line was selected for the studies as the 

Maspin promoter in this cell line is non-methylated at 11 of the regulatory CpGs 

(Figure 3.1). The methylation pattern of SUM159 cell line was studied through the 

AGENA MassARRAY system (by AGRF facility, Brisbane) in comparison to 

SUM149 and the lung H157 cell lines (known to have a methylated Maspin promoter 

(Yatabe et al., 2004)). 

 

 

 
 

 

A 
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Figure 3.1: Expression levels of Maspin across different breast cancer cell lines. 
(A) qRT-PCR showing Maspin expression across different breast cancer cell lines, 
normalized aginst GAPDH expression. Error bars represent ±SEM, n=2. (B) Western 
blot showing Maspin protein (42 kDa) levels across different breast cancer cell lines, 
with α-tubulin (50 kDa) used as loading control. (C) DNA methylation pattern of 11 
CPGs of Maspin in SUM149, SUM159 and H157 cell lines measured using the 
AGENA platform (AGRF, Brisbane). Statistical significance was calculated using 
one-way Anova p<0.001 (***). 

3.2.2-Genome Editing Platforms and Epigenetic Modifiers for Maspin 

The ZFs used in this study already had been used on Maspin, showing that it can be 

partially reactivated in cell lines with high levels of DNA methylation. Two six-finger 

ZFs proteins targeting the Maspin proximal promoter were developed: ZF-97 and ZF-

126 (Huisman  et al., 2015; Beltran  et al., 2007; Beltran  et al., 2008; Lara et al., 2012; 

Beltran et al., 2011; Beltran and Blancafort, 2011; Rivenbark  et al., 2012). Maspin 

was upregulated by linking these ZFs with the activator domain VP64 (Garcia-Bloj et 

al., 2016). In the research described here, these ZFs were used to construct new 

repressor fusion proteins, each with the repressor domain linked to their C-termini. In 

addition to ZFs, TALE-128 and TALE-99 also had been developed previously, 

whereby they were fused with activator VP64 for the upregulation of Maspin, and their 

position on the promoter overlapped with the location of ZF-97 and ZF-126 (Garcia-

Bloj et al., 2016). These TALEs were used in the research describe here to construct 

B 

C 
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repressor fusion proteins, each with the repressor domain linked to their C-termini. 

The four sgRNAs for the CRISPR/dCas9 system used in this study also had been 

developed previously for the activation of Maspin (Garcia-Bloj et al., 2016). The 

relative position of ZFs, TALEs and CRISPR/dCas9 sgRNAs on the Maspin proximal 

promoter is shown in Figure 3.2, and their target binding sequences are shown in Table 

3.1. The CpG map is also shown in Figure 3.2, indicating the regulatory CpGs of 

Maspin (in red circles) that are un-methylated in SUM159 cells. They also overlap 

with the binding sites of ZFs, TALEs and two of the sgRNAs of the CRISPR/dCas9 

system. The methylation pattern of the Maspin promoter in SUM159 cells was 

confirmed through the AGENA MassARRAY system (AGRF, Brisbane) and is shown 

in Figure 3.1. This methylation pattern was analysed characterized to determine if 

these un-methylated regulatory CpGs were methylated with the chosen epigenetic 

modifier domains as a result of gene silencing. 

 

 

 
 

 
Figure 3.2: Schematic representation of the Maspin promoter. The relative 
positions of ZFs (green), TALEs (blue) and sgRNAs of CRISPR/dCas9 (purple) are 
shown with the transcription start site (TSS) labelled +1. A CpG map is also shown, 
demonstrating that all the CpGs covered by the region have binding sites for the 
platforms. The 13 CpGs shaded in red are the regulatory CpGs of Maspin that are non-
methylated in SUM159 breast cancer cells, which are of interest in this study. 
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Table 3.1.  Target binding sequences of each platform for Maspin 
 

 
Gene editing 

platform 

 
Binding sequence (5’ – 3’) 

 
Strand (-/+) 

Zinc Fingers 

ZF -97 GCAGAAGCAGCGGTGGCT - 

ZF -126 GCAGTGGGCGTGGCGGTG  + 

Transcription Activator-Like Effectors 

TALE -99 TGAGCCACCGCTGCTTCTGC + 

TALE -128 TGGCAGTGGGCGTGGCGGTG + 

Single guide RNA in the CRISPR/dCas9 system 

sgRNA -76 GATGTGGAGGCGACCGTGTC TGG - 

sgRNA -180 GTAGGAGAGGAGTGCCGCCG 

AGG 

+ 

sgRNA -279 GGCCTCCAACATGTTCGGGC AGG - 

sgRNA -344 GCAATCCTCTCGGCCCACGC AGG - 
   

*The PAM of sgRNAs of CRISPR/dCas9 are underlined. 

The epigenetic domains that were used in this study for transcriptional repression 

(Table 3.2) are  KRAB (Kruppel-associated box domain), which leads to the loss of 

histone H3 acetylation and increases in H3K9 tri-methylation (H3K9me3), UHRF1 

(Ubiquitin-like, containing PHD and RING finger domains), that recruits the 

transcriptional repressors DNA methyltransferase 1 (DNMT1) and histone deacetylase 

1 (HDAC1), including the two truncation mutants UHRF1 Long (UHRF1L), which 

has the UBL, TUDOR, PHD and SRA domains of the human UHRF1 full length 

protein; and UHRF1 Short (UHRF1s), which has only the UBL, TUDOR and PHD 

domains of human UHRF1 full length protein; CSD (Chromoshadow domain), which 

interacts with histone H3 residues within the nucleosome  and recruits other 

heterochromatin maintaining proteins, and its variant 2XCSD, which was developed 

to have two CSD domains fused together; and DNMT3A (DNA methyltransferase 

3A), which methylates DNA at CpG within the promotor and gene body, and its 
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catalytic mutant E752A, which makes DNMT3A inactive (Riverbark et al., 2012). The 

DNMT3A utilized in this study corresponds to the catalytic domain (CD) of 

DNMT3A, comprising amino acids 598-908 of full length DNMT3A. The catalytic 

center consists of two highly conserved motifs called motif 4 (PCQ motif) and motif 

6 (ENV motif), which are crucial for the enzyme catalytic activity of DNMT3A. The 

E752A mutation corresponds to a mutation in motif 6 of the catalytic domain of 

DNMT3A, where Glu752 is mutated to Ala, rendering DNMT3A catalytically inactive 

and also demonstrating the central function of Glu in catalysis (Li et al., 2007). The 

detailed catalytic mechanism of DNMT3A was discussed in Chapter 1. Table 3.2 lists 

the sizes and epigenetic functions of the epigenetic effector domains utilized in this 

study. 

 

*Ac=acetylation; me = methylation; ↑ = increase; ↓ = decrease; X = no activity.  

 

 

TABLE 3.2. Epigenetic repressor domains used in this study 

Effector 
domain 

Approx. DNA 
size (bp) 

Approx protein 
size (kDa) 

Epigenetic function 

KRAB 195 9.6 ↓H3Ac ↑H3K9me 

DNMT3Awt 942 35.9 ↑CpG me 

DNMT3Am
ut E752A 

942 35.9 XCpGme 

UHRF1L 1450 53.9 
↓H3Ac 
↑H3K9me  
↑CpG me 

UHRF1s 700 26.6 ↓H3Ac, ↑H3K9me 

CSD 267 10.2 ↑H3K9me 

2X CSD 546 20.7 ↑H3K9me 

EGFPN1 720 26.7 Non-regulatory 
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3.2.3- Repression of Maspin with KRAB and DNMT3A Domains 

3.2.3.1- Repression of Maspin Using Zinc Fingers (ZFs)  

The ZFs for Maspin ZF-97 and ZF-126 were engineered with the afore-mentioned 

epigenetic modifier domains, which are capable of transcriptional repression. These 

studies were carried out firstly by analyzing repressional capacity of KRAB and 

DNMT3A delivered through individual ZFs as well as ZFs combined together 

containing both domains. The constructed plasmids for this experiment were 

sequenced and verified using the primers T7 FORWARD and BGH REVERSE. ZF-

97 and ZF-126 with KRAB and DNMT3A were transiently delivered through 

Lipofectamine2000 into SUM159 breast cancer cells. The experiment used the control 

sample PCDNA3.1 backbone empty vector (which had no ZF and a negative control) 

and ZFs fused with EGFP domain (which is a non-regulatory domain). The 

transfection efficiency of these ZFs was ≥ 60% in SUM159 cells as measured through 

the EGFPN1 reporter. The transfected SUM159 cells were collected after 72 h of 

transfection. For testing purposes, transfection was also carried out for 24, 72, 48 and 

96 h, with 72 h post-transfection cell collection being preferred as this period of time 

gave optimal transcriptional repression. 

Both ZF-97 and ZF-126 were found to not show significant Maspin repression with 

KRAB and DNMT3A individually delivered compared to the control and ZF-EGFP 

(Figure 3.3). ZF-97 KRAB repressed only 2% while ZF-126 KRAB significantly 

repressed 15% of Maspin compared to the control. ZF-97 DNMT3A wt showed 5% 

repression, ZF-97 DNMT3A mut 7% repression, ZF-126 DNMT3A 5% repression 

and ZF-126 DNMT3A mut 7% repression of Maspin, all compared to the control 

(Figure 3.3).  

A combinatorial approach was then utilized whereby KRAB and DNMT3A were 

delivered together transiently into SUM159 cells with the objective of targeting 

histone deacetylation and histone methylation along with DNA methylation to achieve 

more pronounced and effective silencing of Maspin. This strategy demonstrated 

significant repression of Maspin when KRAB and DNMT3A were delivered through 

both of the ZFs, as shown in Figure 3.3. The combination of ZF-97 KRAB and ZF-

126 KRAB attained 54% repression of Maspin, ZF-97 DNMT3A wt and ZF-126 
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DNMT3A wt reached 37%, ZF-97 KRAB and ZF-126 DNMT3A wt reached 52%, 

ZF-97 DNMT3A wt and ZF-126 KRAB reached 53%, while the ZF-97 DNMT3A 

mutant and ZF-126 KRAB did not show any repression of Maspin, all compared to 

the control. 

The ZFs with KRAB were used as control samples since they were not expected to 

methylate the CpGs, which was also evident from prior methylation analysis 

(Rivenbark, 2012). ZF-97 DNMT3A wt showed higher methylation levels of 16% at 

CpG1 and 5% at CpG2 compared to the control. ZF-126 DNMT3A wt methylated18% 

higher at CpG1 and 15% higher at CpG2 compared to the control. Thus, ZF-126-

DNMT3A wt was able to methylate the target CpG  more efficiently compared to ZF-

97 DNMT3A wt.  

 
 

 

A 

B 
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Figure 3.3: Transcriptional repression and promoter methylation of Maspin 
through zinc fingers fused with repressors KRAB and DNMT3A delivered 
individually and in combination. The fold change in the transcript levels of MASPIN 
was determined by RT-qPCR when SUM159 cells were transiently transfected with 
(A) ZF-97 and ZF-126 individually, and (B) in combination, with effectors KRAB and 
DNMT3A wt. These measurements are reported relative to the control sample 
(PCDNA3.1 backbone empty vector) and normalized against GAPDH expression. 
Additional controls were used in (A), ZF-97 EGFP and ZF-126 EGFP, to compare the 
regulatory activity of the domains with respect to the non-regulatory domain EGFP. 
(C) Percentage of methylation level of the Maspin promoter at CpG1 and CpG2 
measured through pyrosequencing. Error bars represent ± SEM with n=3. Statistical 
significance was calculated using a one-way Anova p<0.05 (*) and p<0.0001 (****). 

In the case of methylation levels of combined effector domains, the combination ZF-

97-DNMT3A wt and ZF-126-DNMT3A wt together showed methylation levels of 

17% at CpG1 and 11% at CpG2 compared to the control but less than ZF-126 

DNMT3A wt acting alone. The combination of ZF-97 KRAB and ZF-126 DNMT3A 

wt together also showed showed methylation levels of 15% at CpG1 and 12% at CpG2 

relative to the control but that was also less than ZF-126 DNMT3A wt acting alone.  

3.2.3.2- Repression of Maspin through Transcription Activator Like Effectors 

(TALEs)  
Maspin TALEs were also utilized to deliver epigenetic modifiers. TALE-99 and 

TALE-128 overlapped with the positions of ZFs on the Maspin promoter; therefore, a 

comparison of the repression capability of  fused effector domains with ZFs and 

C 
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TALEs was undertaken to determine which platform resulted in more effective 

repression by delivering effector domains. There were two primary factors considered 

in this study: firstly, the delivery mechanism of epigenetic effector modifiers and, 

secondly, the repression potential of these domains.  

TALE-99 and TALE-128 were engineered with the epigenetic modifiers shown in 

Table 3.2. The constructed plasmids were sequenced and verified using the primers 

T7 FORWARD and BGH REVERSE. Firstly, Maspin repression by KRAB and 

DNMT3A was studied when these repressors were delivered separately through 

individual TALEs. Secondly, the repressive potential of combinations of effectors was 

assessed when they were delivered through multiple TALEs. The constructs were 

delivered transiently through Lipofectamine2000 into SUM159 breast cancer cells. 

The transfection efficiency of TALEs was ≥ 40% in SUM159 cells as measured 

through the EGFPN1 reporter. Transfected SUM159 cells were collected after 72 h of 

transfection. A control sample PCDNA3.1 (backbone empty vector that had no TALE) 

and a negative control (TALEs with fused non-regulatory EGFP domain) were also 

used. 
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Figure 3.4: Transcriptional repression and promoter methylation of Maspin 
through TALEs fused with repressors KRAB and DNMT3A delivered 
individually and in combination. The fold change in the levels of transcription of 
Maspin was determined by RT-qPCR when SUM159 cells were transiently transfected 
with (A) TALE-99 and TALE-128 individually, and (B) in combination, with effectors 
KRAB and DNMT3A wt. These measurements are reported relative to the control 
sample (PCDNA3.1 backbone empty vector) and normalized against GAPDH 
expression. (C) Percentage of methylation level of the Maspin promoter at CpG1 and 
CpG2 as measured through pyrosequencing. Additional controls were used in (A), 
TALE-99 EGFP and TALE-128 EGFP, to compare the regulatory activity of the 
domains with respect to the non-regulatory domain EGFP. Error bars represent ±SEM 

C 

B 
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with n=3. Statistical significance was calculated using a one-way Anova p<0.05 (*) 
and P<0.0001(****). 

Individual TALEs linked to the KRAB domain showed some levels of Maspin 

repression; however, a significant 47% repression was only achieved by TALE-99 

KRAB compared to the control (Figure 3.4). In the case of individual TALEs with 

DNMT3A, the wild type and the mutants both showed similar levels of repression, 

although the mutants were catalytically dead but nonetheless still repressed Maspin. 

Unlike the ZFs, TALEs tested combinatorially with KRAB and DNMT3A wt did not 

show significant repression of Maspin. The combination of the two TALEs linked with 

KRAB showed a similar level of repression as TALE-99 KRAB by achieving 44% 

repression of the Maspin gene (Figure 3.4). Thus, the combinatorial strategy with 

TALEs did not prove to be beneficial in repressing Maspin, in contrast to the ZFs. 

DNA methylation levels were also studied via pyrosequencing of CpG1 and CpG2, 

where SUM159 cells were treated with individual TALEs with KRAB and DNMT3A 

wt as well as DNMT3A mut. Samples with KRAB were used as control as they do not 

methylate DNA. There was no methylation recorded with any of the TALEs with 

DNMT3A (Figure 3.4). 

The levels of repression attained with both of the platforms, ZFs and TALEs, were 

different to each other, pointing towards the importance of the choice of delivery 

platform utilized for the effector domains. Therefore, the epigenetic effectors used 

with ZFs and TALEs were then cloned and tested for delivery via the advanced and 

more specific gene-editing platform called Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR) system with the dCas9 protein. 

 

3.2.3.3- Repression of Maspin through the Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/dCas9 System 

 

The CRISPR/dCas9 system is composed of a catalytically dead Cas9 nuclease (dCas9) 

that lacks the endonuclease activity but retains the sequence specificity. This 

charactersitic was utilized for targetted gene silencing  by linking effector domains. 

The CRISPR/dCas9 system for Maspin consisted of four sgRNAs designed within the 

Maspin promoter, as shown in Figure 3.2.  
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The CRISPR/dCas9 platform was utilized to deliver epigenetic modifiers through 

dCas9. The effector domains initially utilized were KRAB and DNMT3A so that a 

comparative analysis with other platforms using these effector domains could be 

performed to identify those affording significant repression. The epigenetic domains 

listed in Table 3.2. were engineering with the C-terminal region of the dCas9 protein, 

and were then sequenced and verified using the primers dCas9 Primer5 and BGH 

REVERSE. The CRISPR/dCas9 system consisted of two separate constructs for each 

sample: one plasmid contained the dCas9 protein with the effector domain and the 

second plasmid contained the sgRNA or guide for Maspin. In all the experimets, a 

mixture of all of the four sgRNAs for Maspin were used. The vectors containing the 

Maspin guides were individually sequenced and verified using the hU6-F, T7 

FORWARD and M13-rev primers. The constructs were delivered transiently through 

Lipofectamine2000 into SUM159 breast cancer cells. Transfection efficiency was ≥ 

70% in SUM159 cells as measured through the EGFPN1 reporter. Cells were collected 

after 72 h. The experiments included a control sample of PCDNA3.1 backbone empty 

vector, which had no CRISPR/dCas9, a positive control of PCDNA3.1 CRISPR/dCas9 

no effector, which has known repressive potential (Gilbert et al., 2013; Jusiak et al., 

2016), and a negative control of CRISPR/dCas9 EGFP, which has no regulatory 

activity. 

As shown in Figure 3.5, the transcript levels of Maspin in the CRISPR/dCas9-treated 

cells did not show significant repression when KRAB and DNMT3A were delivered 

in the presence or absence of Maspin sgRNAs. As expected, the positive control with 

CRISPR/dCas9 no effector exhibited significant Maspin repression of 22% compared 

to the control. In the western blot, there was no higher protein downregulation of 

Maspin with the tested conditions but only with the positive control,CRISPR/dCas9 

no effector,  there was 6% of significant Maspin protein downregulation. Expression 

of dCas9 was also analyzed for each of the constructs to confirm their protein 

expression in the transfected cells via a dCas9 tag. The DNA methylation assay, 

performed through pyrosequencing (Figure 3.5), included CpG 1 and CpG 2 of the 

Maspin promoter but did not show any methylation by CRISPR/dCas9 DNMT3A wt 

with the Maspin guides.  
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Figure 3.5: Transcriptional repression and promoter methylation of Maspin 
through the CRISPR/dCas9 system fused with repressors KRAB and DNMT3A 
delivered individually and in combination with ZFs. The fold change in the 
transcription levels of Maspin was determined by RT-qPCR when SUM159 cells were 
transiently transfected with (A) dCas9 fused domains and with/without a mixture of 
four Maspin guides, where “+” means with a mixture of guides and “-” means without 
a mixture of guides relative to the control sample (PCDNA3.1 backbone empty vector) 
(B) Western blot showing Maspin protein (42kDa) levels across different conditions 
mentioned in the figure, with α-GAPDH (37kDa) used as loading control. The 
expression of each dCas9 construct was confirmed via a dCas9 tag and the molecular 
weights of each expressed protein is mentioned under the blot of dCas9 tag. The fold 
change in the relative protein levels of Maspin is also represented as a bar chart for 
quantitative analysis. (C) Percentage of methylation levels of the Maspin promoter at 
CpG 1 and CpG 2 as measured through pyrosequencing. The RT-qPCR carried out 
were normalized against GAPDH expression. Error bars represent ±SEM with n=3. 
Statistical significance was calculated using a one-way Anova p<0.05 (*), p<0.01 (**) 
and p<0.001 (***) 

The CRISPR system was then tested in double combination with ZF-97 and ZF-126 

to determine if this would increase transcriptional silencing. The CRISPR/dCas9 

system combinations did not work at all to repress the Maspin promoter with either of 

the ZFs with either DNMT3A or KRAB (data not shown).  

 
3.2.4- Repression of Maspin through the Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) System via Novel 

Epigenetic Effector Domains 
 

After investigating the repression by the KRAB and DNMT3A domains delivered 

through CRISPR/dCas9 system, further novel domains targeting different epigentic 

marks were engineered. These domains included (1) UHRF1, with two truncation 

C 
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mutants developed in-house: UHRF1 Long (UHRF1L) that had the UBL, TUDOR, 

PHD and SRA domains of full-length human UHRF1, and UHRF1 Short (UHRF1s) 

that had only the UBL, TUDOR and PHD domains of full-length human UHRF1; (2) 

CSD (Chromoshadow domain and its variant 2XCSD, which was developed in-house 

with two CSD domains fused together. A detailed overview of these domains can be 

found in Chapter 1.  

All the constructs were sequenced and verified via DNA sequencing. 

Lipofectamine2000 was used for the transient  transfections into SUM159 breast 

cancer cells,. Transfection efficiency was ≥ 70% in SUM159 cells as measured 

through the EGFPN1 reporter. Cells were collected after 72 h. 

The experiment used PCDNA3.1 backbone empty vector as a control, PCDNA3.1 

CRISPR/dCas9 no effector as a positive control and CRISPR/dCas9 EGFP as negative 

control. CRISPR/dCas9 KRAB was also used as a known control from previous 

experiments. The novel domains showed a significantly higher repression of Maspin 

with CRISPR/dCas9 compared to KRAB and DNMT3A (Figure 3.6). CRISPR/dCas9 

UHRF1L showed a significant 55% repression of Maspin, CRISPR/dCas9 UHRF1s 

showed 61% repression, CRISPR/dCas9 2XCSD showed 48% repression and 

CRISPR/dCas9 CSD showed a significant 68% Maspin repression, all compared to 

the control. Since the positive control, CRISPR no effector, also exhibited 22% 

repression, the significant repression observed with these novel domains was in part 

due to the repression capability of dCas9 itself.  

In western blot, significant downregulation of Maspin protein was also observed with 

the novel effector domains (Figure 3.6). CRISPR/dCas9 UHRF1L showed a 

significant 21% downregulation, CRISPR/dCas9 UHRF1s showed 35% 

downregulation, CRISPR/dCas9 2XCSD showed 25% downregulation and 

CRISPR/dCas9 CSD showed 37% downregulation, of Maspin protein as compared to 

the control. The CRISPR/dCas9 no effector system showed 5% Maspin protein 

downregulation compared to the control. The dCas9 plasmid expression for each 

condition was also analyzed to confirm protein expression in the transfected cells via 

a dCa9 tag (Figure 3.6). 
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DNA methylation studies were carried out on the Maspin promoter only for CpG 1 

and CpG 2, using pyrosequencing in the cells treated with CRISPR/dCas9-UHRF1L, 

CRISPR/dCas9-UHRF1s, CRPR/dCas9 CSD and CRISPR/dCas9 2XCSD. No 

significant DNA methylation was observed in any of the conditions since 

CRISPR/dCas9 UHRF1L exhibited methylation of the Maspin promoter at CpG 1 by 

1% and CpG 2 by 2%, and CRISPR/dCas9 UHRF1s at CpG 1 by 1% and CpG 2 by 

1% only. 

 
 

 

A 

B 
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Figure 3.6: CRISPR/dCas9 system with novel repressors for downregulating 
Maspin expression in SUM159 cells.  The fold change in the transcript levels of 
Maspin was determined by RT-qPCR after SUM159 cells were transiently transfected 
with novel repressors with a mixture of all four Maspin guides relative to the control 
sample (PCDNA3.1 backbone empty vector) and normalized against GAPDH 
expression. Additional controls were used: negative control CRISPR EGFP and 
positive control CRISPR no effector, both with a mixture of four guides. CRISPR 
KRAB was also used as an additional negative control. (B) Western blot showing 
Maspin protein (42kDa) levels across different conditions, with α-GAPDH (37kDa) 
used as loading control. The expression of each transfected dCas9 construct was 
confirmed via a dCas9 tag and the molecular weights of each of the expressed proteins 
is mentioned under each blot of the dCas9 tag. The fold change in the relative protein 
levels of Maspin is also represented as a bar chart for quantitative analysis. (C) 
Percentage of methylation levels of the Maspin promoter at CpG 1 and CpG 2 as 
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measured through pyrosequencing. Error bars represent ±SEM with n=4. Statistical 
significance was calculated using a one-way Anova p<0.05 (*), p<0.01 (**) and 
p<0.001 (***).  
 
Consequently, the novel domains UHRF1L, UHRF1s, CSD and 2XCSD delivered via 

the CRISPR/dCas9 sytem showed significant repression of Maspin compared to the 

KRAB and DNMT3A domains. 

 

3.2.5.   Combinatorial Strategy for Repressing Maspin via ZFs and 

the CRISPR/dCas9 System  

DNA methylation and histone modifications act combinatorially to regulate gene 

expression and chromatin structure. This association in gene silencing is reflected by 

H3 hypo-acetylation, H3K9 methylation and DNA methylation. Therefore to achieve 

this potent repression of Maspin, combinations of different single domains using the 

CRISPR/dCas9 system were tested. Maspin ZFs carrying KRAB and DNMT3A and 

CRISPR/dCas9 carrying the novel domains systems were combined together to assess 

their combinatorial effect in repressing gene expression. As shown in Figure 3.3, the 

double combination of two ZF-97 KRAB and ZF-126 DNMT3A worked effectively 

to induce transcriptional repression of Maspin and also successfully methylated the 

CpGs. Consequently this double combination of ZFs was tested along with the 

CRISPR/dCas9 system with Maspin guides with novel domains in a number of 

different combinations of effector domains.  

The experiment used PCDNA3.1 backbone empty vector as control and 

CRISPR/dCas9 no effector as a positive control. The triple combinations of the 

CRISPR/dCas9 system with ZFs showed positive results possibly because the domains 

targeting DNA methylation and histones were combined together to bring about 

transcriptional repression. Out of all the tested triple combinations (data not shown) 

the highest significant transcriptional repression of Maspin was attained by the triple 

combination of ZF-97 KRAB + ZF-126 DNMT3A with CRISPR/dCas9 UHRF1s, 

which exhibited 66% repression compared to the control, while the control condition 

for triple combinations ZF-97 KRAB + ZF-126 DNMT3A + CRISPR/dCas9 no 

effector exhibited 51% repression of Maspin. 
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From the the tested triple combinations, the combination of ZF-97 KRAB, ZF-126 

DNMTA wt and CRISPR/dCas9-UHRF1s was the most interesting because ZF-97 

KRAB and ZF-126 DNMT3a showed high Maspin transcript repression levels and 

methylation of Maspin CpGs compared to the control, while dCas9-UHRF1s showed 

significantly higher transcriptional downregulation of Maspin. Thus, merging these 

two tested combinations to make a triple combination, resulted in effective repression 

that was higher than the CRISPR/dCas9 no effector. The CRISPR/dCas9 UHRF1s 

showed 61% repression, ZF-126 DNMT3A 15% repression, ZF-97 KRAB only 2% 

repression, ZF-97 KRAB + ZF-126 DNMT3A 60% repression, ZF-97 KRAB + ZF-

126 DNMT3A + CRISPR/dCas9 UHRF1s 66% repression, and ZF-97 KRAB + ZF-

126 DNMT3A + CRISPR/dCas9 no effector showed 51% transcriptional repression 

of Maspin. 

The western blot (Figure 3.7) indicated a significant 29% downregulation of Maspin 

protein by CRISPR/dCas9 UHRF1s, 17% by ZF-126 DNMT3A, 29% by ZF-97 

KRAB, significant 57% by ZF-97 KRAB + ZF-126 DNMT3A combination and 

significant 67% Maspin protein downregulation by the triple combination of ZF-97 

KRAB, ZF-126 DNMT3A and CRISPR/dCas9 UHRF1s compared to the control. The 

CRISPR/dCas9 no effector showed only 6% downregulation, and ZF-97 KRAB + ZF-

126 DNMT3A + CRISPR/dCas9 no effector showed 29% Maspin protein 

downregulation. The HA tag and dCas9 expression was also checked for the 

transfected constructs to confirm their protein expression levels in the cells (Figure 

3.7). 

DNA methylation studies were also conducted under these conditions and the triple 

combination of ZF-97 KRAB + ZF-126 DNMT3A + CRISPR/dCas9 UHRF1s showed 

the highest level of methylation of the Maspin promoter at CpG 1 and CpG 2. At CpG 

1 it showed 9% higher methylation levels and at CpG 2 it showed 7% higher 

methylation levels compared to the control for the Maspin promoter. This 

corresponded, however, to lower DNA methylation levels than the individual ZF-126 

DNMT3A and the double combination ZF-97 KRAB + ZF-126 DNMT3A. It may be 

possible that  other CpGs were methylated beyond the ones detected in this study, but 

due to the technical limitations of the pyrosequencing conducted at AGRF, all other 

CpGs could not be scanned to assess their DNA methylation levels. It is possible to 
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determine the histone modifications brought about by this combination of effectors 

with ChIP or ChIP-seq, but this could not be performed due to time constraints. 
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Figure 3.7: CRISPR/dCas9 system with novel repressors in combination with 
ZFs having KRAB and DNMT3A for downregulating Maspin expression in 
SUM159 cells.   (A) The fold change in the transcription levels of Maspin was 
determined by RT-qPCR after SUM159 cells were transiently transfected with triple 
combinations of CRISPR/dCas9 with the domains UHRF1L, UHRF1s, 2XCSD and 
CSD (with mixture of all four Maspin guides) with ZF-97 and ZF-126 with KRAB 
and DNMT3Awt, all relative to the control sample (PCDNA3.1 backbone empty 
vector) and normalized against GAPDH expression. Additional controls were used: a 
negative control CRISPR EGFP and a positive control CRISPR no effector both with 
a mixture of four guides. CRISPR/dCas9 KRAB was also used as a negative control. 
(B) Western blot analysis of Maspin protein (42kDa) levels in the cells after 
transfection with α-GAPDH (37kDa) used as loading control. The HA tag represents 
protein expression levels of ZF-97 KRAB (40kDa) and ZF-126 DNMT3A (60kDa). 
The dCas9 tag represents protein expression levels of CRISPR/dCas9 constructs and 
their molecular weights are mentioned under the dCas9 tag blot. The fold change in 
the relative protein levels of Maspin is also represented as a bar chart for quantitative 
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analysis. (C) Percentage of methylation level of the Maspin promoter at CpG 1 and 
CpG 2 as measured through pyrosequencing. Error bars represent ±SEM with n=2. 
Statistical significance was calculated using a one-way Anova p<0.05 (*), p<0.01 (**) 
and p<0.001 (***). 
 

3.2.6- Phenotypic Correlation Studies  with the Combinatorial 

Approach 

The phenotypic correlation of the repression of Maspin with the tumorigenic capacity 

of SUM159 breast cancer cells was investigated. Maspin is a tumor suppressor and 

hence its silencing was expecteed to result in more aggressive growth and proliferation 

of cancer cells. Soft agar assays were performed for this study. SUM159 cells were 

transiently transfected using Lipofectamine2000 under the selected conditions shown 

in Figure 3.8 and about 25 other conditions not presented here. The conditions that 

showed significant phenotypic changes as compared to control and wild type SUM159 

cells are presented in Figure 3.8. 

The controls used included wild type SUM159 cells that were not transfected with any 

plasmid, PCDNA3.1 backbone empty vector that had no CRISPR/dCas9, as well as a 

positive control with CRISPR/dCas9 no effector. After 72 h of transfection, single 

cells were taken from each of the conditions’s well, following the soft agar assay 

protocol to soft agar base medium to monitor their growth. The growth of cells was 

continuosly monitored for 28 days. On day 28 images were taken and analysis of 

individual clone was conducted for each of the conditions to determine the size of the 

colony and the extent of proliferation. For each of the conditions 12 clones were 

analyzed, which were picked and grown seperately. These clonal colonies were then 

propagated and cultured for 3 weeks to obtain enough cells for RT-qPCR analysis, 

Western blotting and DNA methylation assays. However, due to the sensitivity and 

maintainence of these vast number of clones as well as technical issues, a sufficient 

amount of good quality RNA, DNA and protein could not be extracted for further 

analysis.  
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Figure 3.8: Phenotypic analysis of SUM159 cells through a soft agar assay when 

transiently transfected with a combination of Maspin ZFs and the 

CRISPR/dCas9 system carrying effector domains. (A) and (B) Images of 

representative clones from soft agar for each of the labelled conditions. The size of the 

clones is directly proportional to the extent of proliferation of cells, with higher 

proliferation arising from higher methylation levels of Maspin. (C) Quantification of 

average clone size. The controls include un-treated wild type SUM159 cells as well as 

control corresponding to pCDNA.1 Empty vector and CRISPR no effector. The 

number of clones analysed for each condition is 12. Error bars represent ±SEM with 

n=2. Statistical significance was calculated using a one-way Anova p<0.05 (*), p<0.01 

(**) and p<0.001 (***) and p<0.0001 (****). 

As shown in Figure 3.8, CRISPR/dCas9 UHRF1s had about a 2-fold bigger colony 

size compared to the control. The combination of ZF-97 KRAB and ZF-126 DNMT3A 

had a colony size about 1.5-fold larger compared to the control. The triple combination 

of ZF-97 DNMT3A, ZF-126 DNMT3A and CRISPR/dCas9 UHRF1s had a colony 

size about 4-fold larger than the control. The triple combination of ZF-97 KRAB, ZF-

126 DNMT3A and CRISPR/dCas9 UHRF1s had a colony size about 4.1 fold larger 

than the control and was highly proliferative compared to any of the other conditions 

(Figure 3.8). It was evident that  the representative colony of each of the conditions 

showed increased colony size compared to the controls, which directly correlates with 

the silencing of Maspin. It is thus likely that the Maspin promoter in  these clones  was 

also highly methylated. 
 

3.3- Discussion 

The objective of the research described in this chapter was a proof-of-concept study 

aimed at repressing the Maspin gene in SUM159 breast cancer cells utilizing a range 

of epigenetic editing tools, namely ZFs, TALEs and the CRISPR/dCas9 system, both 

individually and in combination upon delivery with the epigenetic-modifying domains 

KRAB, DNMT3A, UHRF1 and CSD to the targeted gene promoter region.  

 

These epigenetic modifying domains act by targeting key epigenetic mechanisms, 

such as DNA methylation, histone methylation and histone acetylation. To achieve 

gene silencing, the altered epigenetic state of the cell needs to be restored via targeting 
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hypo-methylation of DNA, histone hypo-methylation and histone hyper-acetylation, 

which are main epigenetic factors leading to cancer development. This can be achieved 

using epigenetic modifying domains, each one targeting a specific epigenetic mark 

leading to repression of a gene. In this case, the KRAB domain is responsible for 

histone H3K9 tri-methylation and H3 deacetylation, the DNMT3A domain methylates 

DNA at CpG sites within the promoter and gene body, the UHRF1 domain is 

responsible for DNA methylation and histone deacetylation through the recruitment 

of other transcriptional repressors, and the CSD domain is responsible for interacting 

with histone H3 within the nucleosome and recruiting heterochromatin-maintaining 

proteins. 

The above-mentioned epigenetic domains were each linked C-terminally to ZFs, 

TALEs and the CRISPR/dCas9 system to repress the Maspin gene. For this purpose, 

two ZFs were designed, ZF-97 and ZF-126; two TALEs were designed, TALE-99 and 

TALE-128; and 4 sgRNAs were designed for the CRISPR/dCas9 system, at positions 

-76, -180, -279 and -344 relative to the transcriptional start site (TSS) of Maspin . 

These epigenetic editing tools were designed to target the Maspin promoter region, 

specifically the 13 regulatory CpGs that are un-methylated in SUM159 breast cancer 

cells and have overlapping positions, such that the efficiency of each epigenetic tool 

could also be comparatively analysed.  

 

The domains KRAB and DNMT3A were utilized to repress Maspin via ZFs. There 

was no significant Maspin repression observed with ZF-97 and ZF-126 delivering the 

KRAB and DNMT3A effector domains individually. In the previously reported 

studies, these ZFs with KRAB and DNMT3A resulted in significant repression of 

Maspin, but this was achieved through retroviral transfection, where there is stable 

expression of these constructs and hence continuous enforcement of expression of 

their proteins (Rivenbark et al., 2012). In the experiments reported here the ZFs with 

effector domains were delivered transiently, such that the constructs would be 

expressed for only a limited amount of time before being lost through cell division; 

however, the regulatory effect induced by the construct proteins could be transmitted 

through cell generations even after the proteins become diluted after a few days.  
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The KRAB domain does not possess intrinsic enzymatic activity but is capable of 

recruiting repression machinery including histone modifying enzymes like histone 

deacetylases, chromatin remodellers and other repressor proteins, thereby indirectly 

repressing gene expression. By contrasting, DNMT3A is an enzyme that catalyzes 

CpG methylation and, therefore, directly represses gene promoters. The aberrant 

epigenetic states of oncogenes include both DNA methylation and histone post-

translational modifications as key factors that contribute towards oncogenecity. The 

cross-talk between these two processes ensure the longevity of epigenetic silencing, 

as it is unlikely that a single domain targeting a single epigenetic modification would 

bring about the complex epigenetic silencing similar to the one observed in natural 

metastatic cells, where multiple epigenetic components interact together to silence 

genes effectively. 

 

In view of the hypothesis of simultaneous targeting of epigenetic cross-talk 

mechanisms, a combinatorial approach was adopted whereby two domains, KRAB 

and DNMT3A, were co-delivered transiently in SUM159 cells via two ZFs (ZF-97 

and ZF-126). The aim was to achieve the concurrent methylation of DNA at CpGs, 

methylation of histone H3K9 and deacetylation of histone H3K9 at the Maspin 

promoter. This strategy resulted in significant repression of Maspin, with the highest 

repression arising from combinations of two ZFs: the delivery of same domains with 

ZF-97 KRAB and ZF-126 KRAB leading to 54% repressing of Maspin; and delivery 

of different domains with ZF-97 KRAB and ZF-126 DNMT3A wt leading to 52% 

repression of Maspin, in both cases compared to the controls. These findings validated 

the hypothesis of using multiple effectors to target multiple epigenetic marks for gene 

silencing. 

The KRAB domains delivered through the combination of both of the ZFs showed 

higher repression compared to both of the ZFs carrying DNMT3A.This could be due 

the fact that the KRAB domain further recruits multiple repressor proteins targeting 

multiple epigenetic marks like histone deacetylation, histone methylation and, to some 

extent, also effects DNA methyltransferases, while DNMT3A only affects CpG 

methylation. Interestingly the co-delivery of KRAB and DNMT3A with ZFs showed 

similar levels of repression as with the delivery of KRAB only with both ZFs. The 

overall combination of effectors delivered through two ZFs proved to be result in more 
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significant repression. This finding requires further investigation to determine what 

epigenetic marks are being targeted through the delivery of this repression domain 

individually and in combination, and if they are maintained through cell division. This 

could be done through studies aimed at examining the extent of DNA methylation 

levels and through CHIP or CHIP-seq analysis to scan the histones that were modified.  

Pyrosequencing was performed to analyze DNA methylation, in particular the un-

methylated regulatory CpGs of the Maspin promoter in SUM159 cells after treatment 

with the KRAB and DNMT3A domains delivered individually and in combination 

with ZFs. Due to technical difficulties, only the first two out of 13 CpGs could be 

analyzed, as shown in Figure 3.3. ZF-126 DNMT3A wt methylated CpG 1 and CpG 

2 at higher levels than  ZF-97 DNMT3A wt. This could be explained by the positioning 

of ZF-97 and ZF-126 relative to CpG 1 and CpG 2. As shown in Figure 3.2, ZF-126 

is closer to CpG 1 and CpG 2 than ZF-97, and the orientation of ZF-126 is such that it 

targets the C-terminally linked DNMT3A towards CpG 1 and CpG 2.  

Use of the combination of two DNMT3A domains delivered together showed similar 

methylation levels as exhibited by the combination of KRAB and DNMT3A together 

at CpG 1 and CpG 2. The individual ZF-126 DNMT3A wt showed slightly higher 

methylation levels at CpG 1 and CpG 2 compared to the combination of two DNMT3A 

wt domains together as well as KRAB and DNMT3A together. The combinatorial 

strategy exhibited methylation of DNA CpGs but use of the single ZF-126 proved to 

methylate at similar levels as the double combinations. The double combination of 

ZF-97 KRAB and ZF-126 DNMT3A showed similar levels of methylation as ZF-126 

DNMT3A wt  and the double combination of ZF-97 DNMT3A wt and ZF-126 

DNMT3A wt, but it use led to significantly higher repression of Maspin , making it a 

combination of interest for further studies.  

The combination of ZF-97 KRAB and ZF-126 DNMT3A wt proved to be a promising 

candidate for future studies for three reasons: firstly, it showed significant 

transcriptional repression of Maspin; secondly, it showed comparable levels of 

methylation as the constructs with twice the amount of DNMT3A wt; and, thirdly, 

having two domains where DNMT3A targets DNA methylation while KRAB targets 

histones, which can be tested by CHIP, these two epigenetic mechanisms would be 
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capable of restoring the normal epigenetic landscape of the cells by targeting multiple 

epigenetic marks. 

The KRAB and DNMT3A domains were then tested with TALEs to determine if their 

delivery with a different epigenetic tool would improve their targeting to the promoter 

region of Maspin and, consequently, their repression abilities. TALE-99 and TALE-

128 were used to target Maspin, considering that they have overlapping positions with 

ZF-97 and ZF-126, respectively. These TALEs were first tested individually with 

DNMT3A and KRAB, with TALE-99 KRAB being the only one to show significant 

repression of Maspin. The double combination strategy was also tested where same 

and different domains (KRAB and DNMT3A) were delivered via these two TALEs 

together; however, this strategy failed to show significant synergistic repression of 

Maspin. DNA methylation studies were also done via pyrosequencing where only 

CpG1 and CpG2 could be analyzed for individual TALEs and in double combination 

with KRAB and DNMT3A. No methylation pattern was observed at CpG1 and CpG2 

with TALE-99 and TALE-128, either individually or in combination with DNMT3A 

wt, which showed that DNMT3A wt does not methylate these CpGs when it is 

delivered with TALEs. 

Studies with TALEs delivering KRAB and DNMT3A did not show significant 

repression with the combinatorial strategy, in contrast with the studies with ZFs, which 

showed synergistic repression with the combination of domains. This finding made it 

evident that the choice of gene editing platform used to carry epigenetic domains also 

play a critical role in the effective functioning of the effector domains, as the targeted 

positioning of the domain is important for modifying epigenetic marks.  

Another highly specific gene editing tool was subsequently tested for the delivery of 

epigenetic domains, the CRISPR/dCas9 system. For Maspin, the CRISPR/dCas9 

system consisted of four sgRNAs or guides targeting the Maspin promoter, 

specifically the regulatory CpGs of Maspin in SUM159 cells. The CRISPR/dCas9 

system was used to deliver KRAB and DNMT3A through a mixture of all four 

sgRNAs, but did not show repression of Maspin. The positive control, CRISPR no 

effector, which had dCas9 only, showed repression and it has been already reported 

that dCas9 alone has the ability to inhibit gene transcription through its binding to the 
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target site, which sterically hinders the binding and function of the transcriptional 

machinery (Gilbert et al., 2013; Jusiak et al., 2016).  

The effector domains KRAB and DNMT3A delivered with the CRISPR/dCas9 system 

did not show a shift in protein downregulation and transcriptional repression in the 

presence of guides compared to the controls without guides, which suggested two 

possibile scenarios. Firstly, it may be that the effector domains were not being 

delivered specifically to their target sites through the guides, which did not seem to be 

the case in the positive control,  CRISPR no effector, which showed the expected 

repression of Maspin. Secondly, it may be that that dCas9, being a heavy protein, 

impedes the interaction of the effector domains with DNA, hence restricting their 

function. An interesting point, however, is that with the effectors, dCas9 may not even 

physically block transcription to the same levels as dCas9 without the effector domain 

does, which might be due to conformational changes in the dCas9 protein when it 

carries the domain, with a change of volume that this complex occupies. The 

CRISPR/dCas9 system used here uses four guides to target the dCas9-domain 

complex to the Maspin promoter. This means that each of the Maspin sgRNA or guide 

carries the complex, and hence also increases the availability of the effector domain 

in the promoter region. However this still appears to be insufficient to allow the 

effector domains to induce their repression effects. 

Another important factor to consider was the transfection efficiency of the 

CRISPR/dCas9 system in SUM159 cells. When measured via the EGFPN1 reporter, 

the transfection efficiency was ≥ 70%. The CRISPR/dCas9 EGFP construct was used 

as a negative control for the experiments. With this construct the transfection 

efficiency was measured to be ≥ 6% in SUM159 cells, which if taken as a true 

reflection of the transfection efficiency of the CRISPR/dCas9 system, other than 

relative expression of CRISPR/dCas9 system, may explain why significant repression 

was not achieved with both CRISPR/dCas9 KRAB and CRISPR/dCas9 DNMT3A. At 

the same time, however, the positive control, CRISPR no effector (dCas9 only), 

exhibited the expected significant repression of Maspin, which negates the possibility 

of low transfection efficiency. 

DNA methylation studies were also done via pyrosequencing to determine if 

CRISPR/dCas9 DNMT3A methylated the promoter even though it did not exhibit 
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repression, as the regulation of gene silencing can be a different process to the 

regulation of epigenetic marks.  Only CpG 1 and CpG 2 of Maspin were studied due 

to technical limitations. CRISPR/dCas9 DNMT3A with Maspin guides failed to show 

methylation of any of the two CpGs of Maspin. It is possible, however, that the 

DNMT3A domain methylated CpGs other than CpG 1 and CpG 2, and probably those 

CpGs lying further away from the binding site of DNMT3A on the Maspin promoter. 

This is supported by a recent study it was demonstrated that the targeted highest DNA 

methylation using CRISPR/dCas9 DNMT3A was observed around 25 bp upstream 

and 40 bp downstream of the PAM site of the CRISPR system. It was also established 

that 20-30 bp of the CRISPR/dCas9 binding site are unavailable for methylation by 

DNMT3A due to occupancy by the dCas9 protein (Stepper et al., 2017). 

The individual CRISPR/dCas9 KRAB and CRISPR/dCas9 DNMT3A failed to silence 

the Maspin gene, which suggested testing them in combination with ZF-97 and ZF-

126 with KRAB and DNMT3A, which might repress Maspin. This combination did 

not repress Maspin with any of the ZFs in combination with CRISPR/dCas9 with 

KRAB and DNMT3A. This suggested that rather than competion between dCas9 and 

ZFs for binding to the target sites of DNA, dCas9 as a larger protein, probably occupies 

the 23 bp binding region (as discussed above), leaving no room for the ZFs to bind or 

interact with the DNA. However, the binding regions of Maspin ZFs and all of the 

four Maspin guides of dCas9 were different, so that cannot be the case in this instance.  

Another possibility could be that the ZFs bound to their respective binding sites but 

their effector domains were unable to exhibit their regulatory effects due to the steric 

hindrance caused by the binding of the dCas9-domain complex, which occupied the 

active space necessary for the functioning of these effector domains (KRAB and 

DNMT3A), as the sgRNA-76 has a binding site in very close proximity to the ZF-97 

binding site, and the sgRNA-180 and ZF-126 binding sites are closer to each other. It 

can be seen that in the double combinations, ZF-126 with the dCas9 effector shows 

slightly better repression than ZF-97, although it was still not significant. This could 

be due to the above mentioned reason, with sgRNA-76 directing the dCas9-domain 

complex to its binding site, which is very near to ZF-97, leaving little or no room for 

ZF-97 binding and, hence, no repression could be observed in this combination. The 

same may be said for the combination of dCas9 with ZF-126.  
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The KRAB and DNMT3A domains, which have been reported to repress genes 

(Gilbert et al., 2013; Thakore et al., 2015; Vojta et al., 2016; McDonald et al., 2016), 

failed to show repression of the Maspin gene when delivered via the CRISPR/dCas9 

system individually and in double combination. Four novel domains were then utilized 

that were fused C-terminally to dCas9 in the CRISPR/dCas9 system. These domains 

included two variants of full length human UHRF1 protein: UHRF1L with the UBL, 

TUDOR, PHD and SRA domains of full length UHRF1, and UHRF1s with the UBL, 

TUDOR and PHD domains of full length UHRF1. The other domains were CSD and 

its variant 2XCSD, which has two CSD domains fused together. Significant repression 

of the Maspin gene was observed with these novel domains, with the CRISPR/dCas9 

system with UHRF1L, UHRF1s and CSD showing more than 50% repression of 

Maspin, and 2XCSD showing 48% repression of Maspin. This repression was in part 

due to the repression ability of the dCas9 protein itself, as shown by the CRISPR no 

effector control. 

Each of these domains are responsible for targeting different epigenetic marks that 

lead to gene silencing. The domain UHRF1 targets DNA methylation via DNMT1 and 

histones through the recruitment of histone methyltransferases (HMTs) and histone 

deacetylases (HDACs). The UHRF1L domain has the ability to (1) bind hemi-

methylated DNA through its SRA domain and helps to recruit DNMT1 to maintain 

CpG methylation during replication, (2) methylate and deacetylate histone H3K9 via 

recruitment of G9a and HDACs, respectively, and (3) localize euchromatic chromatin 

via its PHD domain. Hence UHRF1 is the reader and writer of epigenetic marks on 

DNA and H3K9 histones.  

While the other UHRF1 variant, UHRF1s, which lacks the SRA domain, was expected 

to show no maintenance of CpG methylation during replication as it cannot bind to 

hemi-methylated DNA due to the lack of the SRA domain, it still possessed the other 

domains that interact with histones. Domains UHRF1L and UHRF1s coupled with the 

CRISPR/dCas9 system showed significant transcriptional repression and protein 

downregulation of Maspin, with CRISPR/dCas9 UHRF1s showing more repression 

than CRISPR/dCas9 UHRF1L. It was expected that UHRF1s would no longer be able 

to exhibit repression compared to UHRF1L, as it lacks the SRA domain that is critical 

for hemi-methylated DNA binding leading to recruitment of DNMT1, G9a and 
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HDACs. However, it showed significant repression and it has been reported previously 

that the PHD domain also interacts with DNMT1 apart from the SRA domain (Bostick 

et al., 2007; Achour et al., 2008; Meilinger et al., 2009). It has also been reported that 

the Tudor domain also plays a role in stabilizing DNMT1 and maintaining DNA 

methylation (Rothbart et al., 2012). Consequently, the PHD and TUDOR domains also 

stabilize the interaction of DNMT1, G9a and HDACs apart from the SRA domain, 

which could be the reason why UHRF1s was able to repress Maspin. Validation of 

this hypothesis could be done through studies of DNA methylation and CHIP or CHIP-

seq studies to determine the DNA methylation marks and histone marks in the Maspin 

promoter. The construct CRISPR/dCas9 UHRF1L, which was used in this study, was 

later found to have a mutation causing the premature termination of the UHRF1L 

protein, such that it only consists of the UBL and TUDOR domains and lacks the PHD 

and SRA domains. Consequently the repression of Maspin observed with 

CRISPR/dCas9 UHRF1L only had the UBL and TUDOR domains involved. 

The CRISPR/dCas9 CSD and CRISPR/dCas9 2XCSD constructs also showed greater 

repression of the Maspin promoter and protein downregulation compared to KRAB 

and DNMT3A. CRISPR/dCas9 CSD showed the highest significant repression 

compared to other domains, but similar to the levels shown by CRISPR/dCas9 

UHRF1s. The CSD domain belongs to the HP1 protein, which leads to methylation of 

histone H3K9 and forms a symmetrical dimer assisting H3K9 recognition and 

methylation by HP1 (Thiru et al., 2004). The CSD domain interacts with many other 

chromatin-associated proteins that assist in heterochromatin formation and gene 

silencing. These proteins interact with CSD through a penta-peptide motif “PXVXL” 

and are then linked to HK9 methylation and hence gene silencing (Thiru et al., 2004). 

The interaction takes place when CSD forms a dimer, resulting in an interaction pit 

for these CSD motif-containing, chromatin-associated proteins, hence assisting in 

targeting these proteins to specific chromatic regions like histone H3K9 (Thiru et al., 

2004). It has also been reported that histone H3 also contains a similar hexapeptide 

motif (PXXVXL) that is recognized by human CSD (Thiru et al., 2004; Liu et al., 

2017). Consequently it was expected that use of CSD will result in increased 

methylation of H3K9 by binding to it and that use of 2XCSD will lead to enhanced 

histone methylation as it contains two CSD domains fused together. However, 

CRISPR/dCas9 CSD showed significantly higher repression of Maspin compared to 
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CRISPR/dCas9 2XCSD. Transcriptional silencing, however, would not directly 

correspond to the level of H3K9 methylation that these two domains can bring about, 

but this needs to be verified through CHIP or CHIP-seq analysis.  

DNA methylation studies were carried out using pyrosequencing on the Maspin 

promoter CpG 1 and CpG 2 only, due to technical problems. This was done for cells 

treated with the CRISPR/dCas9 system with the above mentioned four novel domains. 

There was no measurable DNA methylation with any of the constructs. 

CRISPR/dCas9 UHRF1L and CRISPR/dCas9 UHRF1s do not have the SRA domain 

of full length UHRF1,which is responsible for DNA methylation, and consequently it 

would only maintain pre-existing DNA methylation by recruiting DNMT1. 

CRISPR/dCas9 CSD and CRISPR/dCas9 2XCSD do not have roles in DNA 

methylation but in histone methylation, which could be verified by CHIP or CHIP-

seq.  

The promising results obtained for the CRISPR/dCas9 system with the above novel 

domains led to the use of a combinatorial strategy to determine if it could further 

improve the levels of Maspin repression, as each of the domains targets a different 

epigenetic mark(s). It was thus hypothesized that combining these domains would 

target multiple epigenetic marks simultaneously, leading to stronger gene repression. 

Combinations of different novel domains carried by CRISPR/dCas9 were tested but 

none of them showed repression (data not presented). MaspinZF-97 and ZF-126 were 

then utilized in combination with the CRISPR/dCas9 system with the novel domains, 

resulting in a triple combination. The combination of ZF-97 KRAB and ZF-126 

DNMT3A was chosen with different combinations of the CRISPR/dCas9 system with 

novel domains, as this double combination of ZFs had been determined to 

synergistically repress Maspin, as discussed above, and also methylated DNA at CpG 

1 and CpG 2. These triple combinations showed significant Maspin repression, 

whereby multiple epigenetic marks were targeted, including DNA methylation and 

histone modifications via the novel domains and the KRAB and DNMT3A domains. 

The highest repression of Maspin was exhibited by the triple combination of ZF-97 

KRAB + ZF-126 DNMT3A with CRISPR/dCas9, which was combination of 

particular interest as it would target multiple epigenetic marks of DNA methylation 
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and histone modifications with the three domains KRAB, DNMT3A and UHRF1s 

delivered together. 

The ZF-97 KRAB and ZF-126 combination repressed Maspin significantly to similar 

levels as this triple combination, while the CRISPR/dCas9 UHRF1s exhibited slightly 

lower repression than this triple combination, so either of these systems could be used 

in future studies instead of the triple combinations. However, the similar level of 

repression in the triple combinations is advantageous because it targets more 

epigenetic marks to bring about gene silencing, rather than target one or two epigenetic 

marks, which is an efficient way to control a cancer gene promoter impacted by 

multiple epigenetic mechanisms. The triple combination ZF-97 KRAB + ZF-126 

DNMT3A and CRISPR/dCas9 UHRF1s also showed significant Maspin protein 

downregulation, while CRISPR/dCas9 UHRF1s also significantly downregulated 

Maspin on its own. This triple combination also methylated Maspin DNA at CpG 1 

and CpG 2, and it might well methylate other CpGs that could not be characterized in 

this study. The histones modified by this triple combination could be studied via CHIP 

or CHIP-seq to determine histone methylation and histone deacetylation by the 

effector domains in this combination, but this was beyond the scope of this work. 

The findings of these combination studies were very promising as it was established 

that the combination of multiple effectors, targeting different epigenetic marks, can 

work synergistically to maintain epigenetic OFF marks and silence the promoter 

through DNA methylation and histone methylation and deacetylation. As in normal 

cells, the cross-talk between these epigenetic mechanisms to mainatin the silencing 

state of a promoter, the epigenetic domains when utilized in combination in these 

studies and targeted to the DNA and chromatin of the Maspin promoter, were able to 

mimic those epigenetic silencing effects. 

 

Phenotypic correlation studies of Maspin repression in SUM159 cells were carried out 

to analyze the triple combination of ZF-97 KRAB, ZF-126 DNMT3A and 

CRISPR/dCas9 UHRF1s. As Maspin is a tumour suppressor, aggressive growth and 

high proliferation of SUM159 cells was expected as a result of itsMaspin silencing. 

Representative colonies of the tested conditions showed higher diameter compared to 

colonies of control samples. The highest diameter colony and likely the highest 
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proliferation was observed for the combination of ZF-97 KRAB, ZF-126 DNMT3A 

and CRISPR/dCas9 UHRF1s, which dierectly correlates with Maspin silencing. 

Maspin is primarily silenced via DNA methylation and it might be the case that the 

clones were highly methylated, leading to aggressive,large and proliferative colonies, 

and their growth rate was also high compared to the controls and other tested 

conditions. However the DNA methylation pattern of the clones could not be analyzed 

due to technical difficulties with the experiments on these clones, which were highly 

sensitive. 

In conclusion, these findings suggest that the combinatorial strategy that targets 

multiple different epigenetic repressor domains towards the Maspin gene promoter 

lead to significant gene silencing as a result of DNA methylation, histone methylation 

and histone deacetylation. This will require further validation in future. The cross-talk 

between different epigenetic mechanisms to regulate gene silencing can be specifically 

targetted via the CRISPR/dCas9 system with epgenetic effector domains targeting 

multiple epigenetic OFF marks on DNA and histones. The promising combination of 

two ZFs with the CRISPR/dCas9 system will also require further optimization in 

future studies in order to use a single platform, the CRISPR/dCas9 system, to carry all 

the epigenetic effector domains to targeting a gene promoter. Since this approach did 

not work with multiple CRISPR/dCas9 systems each carrying a single effector domain 

(data not presented), the CRISPR/dCas9 system might be modified and optimized in 

future so that a single CRISPR/dCas9 protein can carry all the different epigenetic 

effector domains, including the novel domains. The stable expression of 

CRISPR/dCas9 plasmids could also be tested to analyze the repression levels of 

Maspin and other oncogenes, such as KRAS and c-Myc. 
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4.1-CRISPR/sgRNA-Directed Synergistic Repression 

Mediator (SRM) System 

The CRISPR/sgRNA-directed synergistic repression mediator (SRM) was designed 

and developed in collaboration with Dr. Benjamin Garcia Bloj. My role was the in 

silico design, modelling, cloning and in vitro testing and implementation of this 

SRM system.  

This approach was based on the concept of the CRISPR/sgRNA-directed synergistic 

activation mediator (SAM) developed by Zhang et al. in 2015 (Zhang et al., 2015). 

This technology was primarily developed on the basis of a combinatorial strategy, 

whereby multiple effectors are brought together into one platform to maximize the 

delivery and effectiveness of the effector domains. Mammalian genome editing has 

been carried out successfully with the CRISPR/dCas9 technology since 2013 (Cong 

et al., 2013; Mali et al., 2013). This technology has since been used in of the areas 

of genetic diseases, cancer, animal models and infectious diseases (Saayman et al., 

2015; Cong et al., 2013; Mali et al., 2013; Sander et al., 2014; Vasileva et al., 2015; 

Sanchez-Rivera et al., 2015; Riordan et al., 2015). 

Importantly, use of the dCas9 protein fused with a transcriptional modifier domain 

has been adapted to regulate (either activate or repress) gene expression (Agne et 

al., 2014; Maeder et al., 2013; Gilbert et al., 2013; Cheng et al., 2013). However, 

this system has had limited modulatory effectiveness, possibly due to the delivery 

of only single effectors. Consequently there has been extensive research in the 

development of CRISPR for the recruitment of multiple transcriptional domains via 

modification of short guide RNA (sgRNA) or through their fusion with dCas9 

(Heckl et al., 2015; Zalatan et al., 2015; Tanenbaum et al., 2014). Recently, a more 

advanced dCas9-based system has been developed, named synergistic activation 

mediator (SAM) (Zhang et al., 2015). In this approach a single sgRNA is engineered 

through the attachment of a small hairpin aptamer to the tetraloop and stem loop 2 

of sgRNA. This aptamer binds to the dimerized MS2 bacteriophage coat proteins. 

The MS2 protein is fused to the transcriptional activators p65 and HSF1, forming a 

MS2-p65-HSF1 complex that is guided by a MS2-interacting sgRNA. This 

aptameric system was observed to enhance the potency of dCas9 by up to 3000-fold 
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through the delivery of multiple effectors (Zhang et al., 2015). This study suggested 

that dCas9-SAM is a highly specific and effective system for the regulation of gene 

expression. Figure 4.1 shows a schematic representation of the dCas9-SAM system 

developed by Zhang et al. (2015). 

 

Figure 4.1: Schematic representation of the dCas9-SAM system. The dCas9-
SAM system has a MS2-mediated sgRNA that directs multiple activators (p65, 
HSF1) to the target region. The domain VP64 is already fused with the dCas9 
(adapted from Zhang et al., 2015). 

Taking advantage of the dCas9-SAM system, a new system was designed in this 

study: dcas9-SRM (synergistic repression mediator), consisting of selected 

repressor domains targeting different epigenetic marks. This dCas9-SRM system is 

shown in Figure 4.2 and consists of a dCAs9 UHRF1 fusion protein, a sgRNA 

incorporating two MS2 aptamers at the tetraloop and stem loop, and the MS2-

2XCSD-DNMT3A repression helper protein. 
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Figure 4.2: Schematic representation of the dCas9-SRM system. The dCas9-
SRM system consists of a MS2-mediated sgRNA that directs repressors 2XCSD 
and DNMT3A to the target region along with UHRF1 fused with dCas9 (modified 
from Zhang et al., 2015). 

The choice of domains in this system was made based on the previous preliminary 

results (Chapter 3). The domain 2XCSD showed transcriptional repression of 

Maspin along with significant protein downregulation and mediated the recruitment 

of HDACs (Figure 3.11). UHRF1s is a truncated form of the UHRF1 protein, which 

showed both significant Maspin repression at transcriptional and protein level. 

UHRF1 helps to maintain DNA methylation and histone modifications during DNA 

replication. The catalytic domain DNMT3A did not show significant Maspin 

transcriptional or protein downregulation, but was effective in combination with 

UHRF1s. A CRISPR/dCas9-SRM that had an array of transcriptional repressors MS2-

2XCSD-KRAB domains was also constructed. This combination of domains targeted 

DNA methylation, histone methylation and histone acetylation in a single platform. 

It was hypothesized that depositing these epigenetic marks simultaneously would 

result in more pronounced and effective transcriptional silencing and protein 

downregulation.  
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4.2- Fusion Proteins with Peptide Linkers 

To further optimize this CRISPR/dCas9 system one more modification was made 

by designing an improved peptide linker separating the repressor domains to the 

dCas9 protein. It was hypothesized that this linker would be important by separating 

the catalytic domain from the large dCas9 protein, making it possible for the effector 

domain to edit the genome. This linker was specifically designed for the DNMT3A 

domain. To this aim, five long linkers were designed to allow DNMT3A to have 

conformational freedom when accessing DNA through a flexible linker. It is thus 

critical to use appropriate linkers that will not disturb the regulatory activity of the 

functional proteins or domains. 

Construction of a fusion protein involves linking two proteins or protein domains 

through a peptide linker, and in this case DNMT3A is linked with dCas9. The 

sequence and nature of the peptide linker is critical when constructing functional 

fusion proteins. Numerous studies have been done on the selection of linkers 

(Argos, 1990; Alfthan et al., 1995; Robinson and Sauer, 1998; Crasto and Feng, 

2000). These studies have concluded that linker flexibility and hydrophobicity are 

the most important characteristics, and these linkers should not disturb the function 

of the linked domains (Arai et al., 2001). If a linker is not carefully designed then 

the two proteins or protein domains being linked will interact with each other rather 

than with the target region, or will interfere with the binding of other linked partner 

domains. 

Table 4.1. Peptide Linkers for Fusion Proteins 

LINKER PEPTIDE LINKER SEQUENCE 
FLEXIBLE 
OR RIGID 

SIZE 
(aa) 

SIZE 
(bp) 

1 GGGGSGGGGSGGGGS Flexible 15 45 
2 GGGGSGGGGSGGGGSGGGGS Flexible 20 60 
3 NSGAGGSGGSSGSDGASGSRD Flexible 21 63 

dCas9 GSG Flexible 3 9 
SAM SGQGGGGS Flexible 8 24 

1B8Ta 
YGPKGKGKGMGAGTLSTDKGESLGIK 
YEEGQSHRPTNPNASRMAQKVGGSD Rigid 51 153 

RH_8 
AEAAAKEAAAKEAAAKEAAAALEAE 
AAAKEAAAKEAAAKEAAAKA Rigid 46 138 

http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8675,1,1
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Table 4.1 shows the peptide linkers used in this study. Linkers 1-3 are the most 

commonly used peptide linkers in fusion proteins and were thus chosen for this 

study. The linker ’dCas9’ is present in all dCas9 constructs and mediates the fusion 

of the effector domains with dCas9. The linker SAM was used in the dCas9-Sam 

system. Linkers 1B8Ta and RH_8 were designed using the linker database 

SynLinker (Liu et al., 2015). The linker 1B8Ta was selected to begin these studies. 

1B8Ta is a rigid linker of 51 amino acids (aa) in length, where the rigidity depends 

on the nature of amino acids constituting the linker peptide. This linker was then 

docked with the dCas9 protein and DNMT3A domain to create a 3D model 

representing dCas9 fused to DNMT3A via 1B8Ta linker using software Discovery 

Studio 4.1. Thus based on the model created, it was expected that this linker would 

provide sufficient distance between DNMT3A and dCas9 to reach the DNA. 

Figure 4.3 shows that the protein conformation and relative spatial orientation of the 

fused protein changes with the specific sequence of the linker. The complex with 

linker 1B8Ta positions DNMT3A away from dCas9 in a rigid conformation. In 

contrast, the fusion proteins with linkers 3 and SAM position DNMT3A close to 

dCas9. Since these linkers are flexible, the domain is free to move in space. The SAM 

linker places the DNMT3A domain in close proximity to dCas9, while the dCas9 

linker positions DNMT3A in close proximity to dCas9, potentially limiting its activity. 

The length and nature of the linker affects the placement and orientation of the fused 

domain, as can be seen in Figure 5.3, which in turn can also affect biological activity. 

Linker 1B8Ta was also used in the SRM constructs, linking KRAB and DNMT3A to 

2XCSD.  
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Figure 4.3: Molecular model of DNMT3A fused to dCas9 through a peptide 
linker. (A) DNMT3A fused to dCas9 through the rigid 51 aa linker 1B8Ta. (B) 
DNMT3A fused to dCas9 through a flexible 21 aa GlySer linker. (C) DNMT3A 
fused to dCas9 through a flexible 8 aa GlySer linker. Structures with linkers were 
modelled using the SynLinker database and Discovery Studio 4.1 (Dassault Systems 
Biovia). 

4.3- Results 

4.3.1- Repression of Maspin through dCas9-1B8TA Linker-dNMT3A 
and dCas9-DNMT3L 
 

The repressive capability of DNMT3A was tested when linked to dCas9 with a 51 aa 

rigid peptide linker. To assess repression activity DNMT3L was also used, which acts 

as a cofactor of DNMT3A, enabling its enzymatic activity. As the CRISPR/dCas9-

DNMT3A in these studies did not show significant repression in transient assays in 

SUM159 cells, the effect of the long linker was assessed for improving repression 

activity. It was hypothesized that with a long linker, DNMT3A would be placed further 

away from dCas9 and would thus be able to reach the DNA. On the other hand, 

DNMT3L could be advantageous by enhancing the function of DNMT3A. The 

plasmids constructed for these experiments were sequenced and verified using the 

A 

C B 
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primers Seq_1B8TA_Fw, dCas9 Primer5 and BGH REVERS. The CRISPR/dCas9 

system was transiently delivered with Lipofectamine 2000 into SUM159 breast cancer 

cells. The control used was PCDNA3.1 backbone empty vector, which had no 

CRISPR/dCas9, while the positive control was PCDNA3.1 CRISPR/dCas9 no 

effector, which is known to have repressive potential and thus our system should 

repress more than that since it has no effector domain. The resulting transfection 

efficiency was ≥ 70% in SUM159 cells, as measured through the EGFPN1 reporter. 

Transfected SUM159 cells were collected after 72 h of transfection. 

There was no significant repression of Maspin with the dCas9-linker-DNMT3A 

compared to the control and CRISPR/dCas9 no effector, while the presence of 

DNMT3L did not significantly assist in the silencing of Maspin relative to DNMT3A 

delivered on its own (Figure 4.4). CRISPR/dCas9 no effector had a significant 

repression of 26%, of Maspin compared to the control. CRISPR/dCas9 DNMT3L 

showed 12% of activation and CRISPR/dCas9 DNMT3A showed 58% activation of 

Maspin compared to the control; however, when delivered together this combination 

showed 9% repression of Maspin compared to the control. This repression was not 

significant compared to the control, but it was significant compared to 

CRISPR/DNMT3L delivered individually, with repression of 21% of Maspin 

observed, indicating that DNMT3L assisted the repression activity of DNMT3A. The 

CRISPR/dCas9 linker DNMT3A showed 72% activation of Maspin but when 

combined with CRISPR/dCas9 DNMT3L activation dropped to 32% compared to the 

control. 
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Figure 4.4: Transcriptional repression of Maspin through the dCas9-1B8Ta 
linker-DNMT3A and DNMT3L. The fold change in the levels of transcription of 
Maspin was determined by RT-qPCR when SUM159 cells were transiently transfected 
along with Maspin guides relative to the control sample (PCDNA3.1 backbone empty 
vector) and normalized against GAPDH expression. CRISPR no effector was used as 
positive control. Error bars represent ±SEM for n=2. Statistical significance was 
calculated using a one-way Anova p<0.05 (*) and p<0.01 (**). 

 

4.3.2- Transcriptional Repression of Maspin through the dCas9-SRM 
System  

A single platform was then used to deliver multiple effector domains of interest to the 

target promoter. For this purpose, the CRISPR/dCas9 SRM system was designed to 

have multiple repressor domains targeting different epigenetic marks. The rationale 

for using this system was that if multiple effector domains could be delivered via a 

single CRISPR/dCas9 platform, then the repression capability of the CRISPR/dCas9 

system could be improved. For the CRISPR/dCas9-SRM system, three constructs 

were required for transfection: (1) dCas9 directly fused with the domain (2) msgRNA 

(sgRNA vector of MS2 system) to carry the guides of the Maspin promoter (3) MS2 

with two domains, i.e MS2-2XCSD-KRAB. This designed dCas9-SRM system was 

tested via co-transfecting the following vectors: [MS2-2XCSD-KRAB], dCas9 

directly fused with either DNMT3A wt or UHRF1s, and msgRNAs for Maspin. The 

constructed plasmids were sequenced and verified using the primers 

Seq_1B8TA_Fw, G-block insert sequencing F, G-block insert sequencing R, EF1-

a primer F and EGFP_N rev. The constructs were transiently delivered through 

Lipofectamine 2000 into SUM159 breast cancer cells. The experiment used control 

sample PCDNA3.1 backbone empty vector, positive control CRISPR/dCas9 no 

effector, and negative control CRISPR/dCas9 EGFP. Transfection efficiency was ≥ 

70% in SUM159 cells as measured through the EGFPN1 reporter. Transfected 

SUM159 cells were collected after 72 h of transfection. 
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Figure 4.5: Transcriptional repression of Maspin through the CRISPR/dCas9 
SRM system with MS2-2XCSD-KRAB. The fold change in the level of transcription 
of Maspin was determined by RT-qPCR when SUM159 cells were transiently 
transfected with the CRISPR/dCas9-SRM system relative to the control sample 
(PCDNA3.1 backbone empty vector) and normalized against GAPDH expression. The 
CRISPR/dCas9-SRM system consisted of MS2-2XCSD-KRAB along with 
CRISPR/dCas9 UHRF1s and CRISPR/dCas9 DNMT3A and Maspin msgRNAs 
compatible with MS2 system. CRISPR/dCas9 SRM system was used with CRISPR 
no effector and EGFP as control samples. Error bars represent ±SEM for n=2.  
Statistical significance was calculated using a one-way Anova p<0.05 (*). 

CRISPR/dCas9 no effector with SRM showed only 1% repression of Maspin 

compared to the control, while the same system without SRM showed 47% activation 

of Maspin. CRISPR/dCas9 DNMT3A with SRM did not repress Maspin compared to 

the control, but it showed 17% repression of Maspin in comparison to CRISPR/dCas9 

DNMT3A without SRM, which showed 20% activation of Maspin compared to the 

control. CRISPR/dCas9 UHRF1s with SRM exhibited only 2% repression of Maspin, 

while it showed 1% activation of Maspin without SRM compared to the control. 

 4.3.3- Silencing of Maspin Using the stable expression of   
CRISPR/dCas9 System  

Multiple attempts were made to improve the existing CRISPR/dCas9 system to 

achieve maximum transcriptional repression and protein downregulation in a transient 

manner. In the case of the transient assays, the major limiting factor was the 

transfection efficiency because the transfected DNA dilutes away with every cell 



CHAPTER 4       

123 
 

division and the expression of proteins, e.g. CRISPR/dCas9, occurs for a very short 

amount of time. As a consequence, a lentiviral system was adapted to test the 

efficiency of the CRISPR/dCas9 system for repressing Maspin where there is 

constitutive expression of proteins. Effectors KRAB, DNMT3A and UHRF1s were 

first cloned into lentiviral CRISPR/dCas9 backbone plasmids. The constructed 

plasmids were sequenced and verified using the primers EF1-a, dCas9-F2 and blast-

R. For stable expression of CRISPR/dCas9 constructs, SUM149 and MDA-MB231 

cell lines were infected with the supernatant of HEK293T cells, which were 

transfected with lentiviral CRISPR/dCas9 constructs along with viral packaging 

plasmids. These stable cell lines were selected for five days with the antibiotic 

blasticidin encoded in the lentiviral vector. Concentrations of 1.5 µg blasticidin were 

used to select stable expressors for both cell lines. For each of the stable cell lines 

(SUM149 and MDA-MB231) the effect of a control construct expressing 

CRISPR/dCas9 without the effector domain was assessed. A combinatorial approach 

was adapted when creating these triple cell lines, whereby SUM149 and MDA-MB231 

cells expressed stably each one of the CRISPR/dCas9 domains (KRAB, DNMT3A, 

and UHRF1s) in a 1:1:1 ratio. 

Next, these cell lines were transiently transfected with a plasmid expressing the 

Maspin sgRNAs, and the repression capacity of Maspin was assessed. In a second 

condition, the gRNAs were transfected with CRISPR/dCas9 DNMT3L transiently, 

since DNMT3L has been shown to enhance the catalytic activity of DNMT3A (Chen 

et al., 2012; Pang-Kuo  and Saraswati, 2008). All the constructs were sequenced and 

verified via DNA sequencing. The purpose of using these different domains was to 

target different epigenetic cross-talk mechanisms for maximal gene repression: 

DNMT3A deposits DNA methylation, KRAB induces HDAC activity and UHRF1s 

enhances DNA methylation maintenance and links DNA methylation with repressive 

histone modifications.  

The triple SUM149 cell line CRISPR/dCas9 (DNMT3A + KRAB + UHRF1s) showed 

significant 38% repression of Maspin compared to the control cell line (Figure 4.6). 

The triple SUM149 cell line with CRISPR/dCas9 DNMT3L showed significant 56% 

repression of Maspin compared to the no guide control, and much higher compared to 

no guide control. The triple MDA-MB231 cell line showed only significant 9% 

https://www.futuremedicine.com/doi/full/10.2217/14622416.9.12.1879
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repression of Maspin compared to the control cell line, while CRISPR/dCas9 

DNMT3L showed 67% repression compared to the no guide control and only 7% 

repression compared to control cell line (Figure 4.6). 

 

 

 

 

 

 

B 
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Figure 4.6: Repression of Maspin through stable SUM149 and MDA-MB231 cell 
lines. The fold change in the level of transcription of Maspin was determined by RT-
qPCR when cells were infected. (A) SUM149 triple cell line. (B) MDA-MB21 triple 
cell line with CRISPR/dCas9 (DNMT3A + KRAB + UHRF1s) and transiently 
delivered Maspin guides relative to the control cell line with CRISPR/dCas9 without 
effector and control sample with no Maspin guides. Data was normalized against PPIA 
expression. (C) DNA methylation pattern of 11 CpGs in Maspin through the AGENA 
platform. Error bars represent ±SEM for n=2.  Statistical significance was calculated 
using a one-way Anova p<0.05 (*) and p<0.01 (**). 

DNA methylation studies were then performed in the stable SUM149 triple cell line 

to assess changes in methylation in the Maspin promoter using the AGENA platform 

(AGRF, Brisbane). Eleven out of 13 CpGs in Maspin were scanned with the AGENA 

platform due to sequencing issues, and one of the samples (SUM149 triple CRISPR-

DNMT3L) could not be studied due to insufficient DNA quality of the sample. Figure 

4.6 shows that the SUM149 cell line had a highly methylated Maspin promoter while 

the experimental conditions tested in the triple SUM149 cell line that showed higher 

transcriptional repression of Maspin had no impact on methylation levels of the 

Maspin promoter. Only CpG 3-6 showed about 4% methylation. SUM159 and H157 

cell lines were used as control, where SUM159 is un-methylated while H157 is a 

highly methylated cell line. Hence this system was able to repress the transcription of 

Maspin but no DNA methylation mark was deposited on the Maspin promoter, which 

is not conclusive as one of the conditions could not be read for DNA methylation. The 

repression properties of this plasmid could be explained by the activity of KRAB 

domain. 

The same strategy was followed again in a different cell line: SUM159 carrying an un-

methylated Maspin promoter (Figure 4.8). A new stable SUM159 cell line was created 

C 
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by transducing the constructed lentiviral CRISPR/dCas9 constructs described above 

along with viral packaging plasmids.  All the constructs were sequenced and verified 

via DNA sequencing before transfections. Stable cell lines were created with a 

concentration of 15 µg Blasticidin in the cell media.  

 

 
 
 
 

 
 
 

Figure 4.7: Generation of stable SUM159 cell lines. (A) Genomic DNA PCR of the 
constructed lentiviral cell lines and the expected size of amplified domains. (B) 
Western blot of the constructed lentiviarl cell lines to show the expression of integrated 
lentiviral plasmids in the genome. The molecular weights in kDa are menioned below 
the HA tag blot, with α-GAPDH (37kDa) used as loading control. 

A 
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Two stable triple SUM159 cell lines were created expressing three different effector 

domains simultaneously in a 1:1:1 ratio, one with the combination of effector domains 

DNMT3A, KRAB and UHRF1s, and the other with the combination DNMT3A, 

KRAB and DNMT3L, along with cell lines expressing lentiviral plasmids with the 

following individual effector domains: CRISPR/dCas9 KRAB, CRISPR/dCas9 

DNMT3A, CRISPR/dCas9 UHRF1s and CRISPR dCas9 DNMT3L. A control cell 

line was also maintained which had CRISPR/dCas9 with no effector. Figure 4.7 

shows the genomic DNA PCR of the constructed cell lines, which confirms the 

integration of lentiviral plasmids into the genome and a HA tag Western blot in 

Figure 4.7 confirms the expression of the integrated lentiviral plasmids. This same 

cell line was also utilized for the studies reported in Chapter 5. 
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Figure 4.8: Downregulation of Maspin through stable SUM159 cell lines. (A) Fold 
change in the level of transcription of MASPIN determined by RT-qPCR when 
SUM159 cells were infected. The stable cell lines were CRISPR/dCas9 constructs 
with (DNMT3A + KRAB + UHRF1s) and CRISPR/dCas9 constructs with (DNMT3A 
+ KRAB + DNMT3L). Maspin guides were transiently delivered to these stable cell 
lines and transcript levels were determined relative to the control cell line with 
CRISPR/dCas9 without effector and control samples with no Maspin guides. Data was 
normalized against PPIA expression. (B) Western blot analysis of Maspin protein 
(42kDa) levels in the SUM159 stable cell lines with GAPDH (37kDa) used as loading 
control and panel at right represents conditions with no guide controls. The fold 
change in the relative protein levels of Maspin is also represented as a bar chart for 
quantitative analysis. Error bars represent ±SEM with n=2. Statistical significance was 
calculated using a one-way Anova p<0.05 (*), p<0.01 (**) and p<0.001 (***). 

There was significant 50% transcriptional repression of Maspin in the stable triple 

SUM159 cell line with CRISPR/dCas9 (DNMT3A + KRAB + UHRF1s) and 

significant 63% repression with the CRISPR/dCas9 (DNMT3A + KRAB + DNMT3L) 

triple cell line compared to the control cell line (Figure 4.8). SUM159 wt cells were 

B 
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also used as control as they exhibit high expression of Maspin. In the case of individual 

effectors, CRISPR/dCas9 KRAB showed 6%, CRISPR/dCas9 DNMT3A showed 

33%, and CRISPR/dCas9 UHRF1s showed 50%  of significant repression of Maspin 

compared to the control cell line, while CRISPR/dCas9 DNMT3L showed 18% 

activation of Maspin. A significance in repression was also observed between 

CRISPR/dCas9 DNMT3L and CRISPR/dCas9 DNMT3A, and between 

CRISPR/dCas9 DNMT3A and both the triple combinations CRISPR/dCas9 

(DNMT3A + KRAB + UHRF1s) and CRISPR/dCas9 (DNMT3A + KRAB + 

DNMT3L). 

Protein downregulation of Maspin was also significant in the case of the triple 

SUM159 cell line CRISPR/dCas9 (DNMT3A + KRAB + UHRF1s), where it was 

downregulated by 27%, while the triple cell line CRISPR/dCas9 (DNMT3A + KRAB 

+ DNMT3L) did not show significant downregulation compared to the control (Figure 

4.8). In the case of individual effectors, CRISPR/dCas9 KRAB showed 31% 

downregulation, CRISPR/dCas9 DNMT3A showed significant 24% downregulation, 

CRISPR/dCas9 UHRF1s showed 20% downregulation and CRISPR/dCas9 DNMT3L 

showed 2% downregulation of the Maspin protein. 

4.4- Discussion 

In this study a combinatorial approach was adapted to repress Maspin which involved 

a modification of the CRISPR/dCas9 system described in Chapter 3. These 

modifications involved firstly the development of a CRISPR/dCas9 system fused to 

the DNMT3A domain via the rigid peptide linker 1B8Ta (51 amino acid (aa) in 

length). Previously, the CRISPR system that was used had a 3 aa linker to link 

domains like DNMT3A to CRISPR/dCas9. The main objective behind using the 

linker 1B8Ta with the CRISPR/dCas9 system was to specifically assist in the 

regulatory action of DNMT3A (i.e. methylating of DNA) based on the hypothesis 

that it would provide freedom of movement when fused to DNMT3A. A 28 aa linker 

had been utilized for the fusion between CRISPR/dCas9 and DNMT3A and also 

between CRISPR/dCas9 and single chain DNMT3A-DNMT3L, leading to 

significant repression of the expression of TFRC and CXCR4 gene promoter 

(Stepper et al., 2017). CRISPR/dCas9 fused via 51 aa linker1B8Ta to DNMT3A did 
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not show improvement in the repression of Maspin compared to the CRISPR/dCas9 

DNMT3A fusion protein used earlier.  

DNMT3L was also employed with this new system due to its proven catalytic 

activity for DNMT3A (Siddique et al., 2013), and it was hypothesized that it would 

improve gene repression via DNMT3A and, ultimately, DNA methylation. 

DNMT3A has been previously used in fusion with DNMT3L for more effective 

epigenetic editing with ZFs, where DNMT3L reinforced DNMT3A function (Amabile 

et al., 2016). The single-chain fusion proteins of DNMT3A and DNMT3L had been 

utilized with linkers with lengths between 16 and 30 aa fused to ZFs. Effective gene 

repression was achieved via targeted DNA methylation at the promoter of the VEGF-

A gene, while methylation via DNMT3A-DNMT3L single chain protein was about 

two-fold higher compared to DNMT3A alone (Siddique et al., 2013) 

This system did not show improvement in repression via CRISPR/dCas9 DNMT3A 

compared to the control and CRISPR no effector. But the combination of 

CRISPR/dCas9 DNMT3A and CRISPR/dCas9 DNMT3L relative to CRISPR/dCas9 

DNMT3A improved repression by 67% and relative to CRISPR/dCas9 linker 

DNMT3A by 40%. Consequently DNMT3L improved the repression capability of 

DNMT3A, as expected. It may be possible that if DNMT3L had been fused to 

DNMT3A that it would have been more efficient, as previously reported whereby 

single chain DNMT3A and DNMT3L were fused to CRISPR/dCas9 for gene 

repression and DNA methylation (Stepper et al., 2017).  

A system was needed where only the CRISPR/dCas9 platform was used to deliver all 

of the multiple effector domains to target multiple epigenetic marks simultaneously. 

A modified CRISPR/sgRNA-directed synergistic repression mediator 

(SRM) system was designed and which had previously been developed for the 

activation of genes called synergistic activation mediator (SAM) (Zhang et al., 

2015). This system had two activator domains: p65 and HSF1 fused to the MS2 

sgRNA protein, while the VP64 transactivator domain was already fused to the 

dCas9 protein (Zhang et al., 2015). This CRISPR/dCas9 SAM system was modified 

by removing the two activator domains from the MS2 sgRNA protein and replacing 

them with the repressor domains 2XCSD and KRAB/DNMT3A, while 

UHRF1/DNMT3A was fused to the dCas9 protein. These domains in the SRM 
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system would target DNA methylation, histone methylation and histone acetylation 

at the same time to produce pronounced silencing effect via a single platform. 

The dCas9-SRM system with MS2-2XCSD-KRAB was tested with dCas9 

DNMT3A and dCas9 UHRF1s in SUM159 cells to repress Maspin. No significant 

repression could be achieved with this system despite having multiple effector 

domains delivered via single platform. Although the original dCas9-SAM system 

showed significant activation when used with activators MS2-P65-HSF1 along with 

dCas9 VP64 (Garcia-Bloj et al., 2016), it did not work with the repressors in the 

dCas9-SRM system. This could be due to multiple factors: the size of the domains, 

since 2XCSD has a larger size compared to the domain used in the dCas9-SAM 

system; the linker used in the dCas9-SAM system was just 8 aa long and is flexible, 

while the linker used here is 51 aa in length and is rigid in nature. These factors might 

have interfered with the efficiency of the MS2 system and the function of the domains 

due to rigidity of the linker. The presence of this long and rigid linker might actually 

restrain the domain from interacting with its target region, and might lead to a non-

functional fusion of domains. Other major issues might be the period of transfection, 

as it was done for only 72 hours and establishment of DNA methylation and gene 

repression by DNMT3A may take longer than that. 

An attempt was made to improve the existing CRISPR/dCas9 system in transient 

assays for downregulating the transcriptional activity and protein levels of Maspin in 

breast cancer cells. The transient nature of the assays might have been also a limiting 

factor for the CRISPR/dCas9 system as proteins are expressed for a very short amount 

of time, with the half-life of dCas9 being ~6 h (Sternberg et al., 2014; Richardson et 

al., 2016; Jones et al., 2017), and where plasmids become diluted with every cell 

division. Another major issue encountered in transient assays was the transfection 

efficiency of the CRISPR/dCas9 system. Transfection efficiency was higher ≥70-80% 

with SUM159 cells as measured by the EGFPN1 reporter. Apart from that, when 

expression of CRISPR/dCas9 was measured by CRISPR/dCas9 EGFPN1, it showed 

a lower percentage, with only 5-6% cells expressing EGFP out of the total cell 

population. This low expression of CRISPR/dCas9 could be due to the size of the 

protein affecting translation rates (Sternberg et al., 2014).  
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Therefore, to overcome the issue with transient assays, stable expression of 

CRISPR/dCas9 plasmids was performed such that CRISPR/dCas9 proteins were 

constitutively expressed in every cell, which could overcome the limitations of 

transfection efficiencies in transient assays. This would also enable analysis of the 

effects of effector domains on the downregulation of Maspin via epigenetic 

modulation with more accuracy. Stable SUM149 and MDA-MB231 cell lines were 

generated. These cells were transduced with lentiviral CRISPR/dCas9 plasmids 

expressing the individual domains KRAB, DNMT3A and UHRF1s. A combinatorial 

strategy was adapted for these stable cell lines, where each of the cell lines was 

transduced with all the lentiviruses expressing CRISPR/dCas9 KRAB, DNMT3A and 

UHRF1s. The guides for Maspin were, however, transiently transfected in these stable 

cell lines. CRISPR/dCas9 DNMT3L was also transiently transfected into these stable 

cell lines to study its impact on the levels of repression as it acts as a cofactor for the 

catalytic activity of DNMT3A. The results obtained for the stable CRISPR/dCas9 

expression were promising and showed higher levels of repression compared to the 

control cell line than that observed in the transient assays. The combinatorial strategy 

of exploiting multiple effector domains was effective at transcriptional level to repress 

the Maspin promoter in the SUM149 cell line, where 38% repression of Maspin was 

achieved, and with the addition of CRISPR/dCas9 DNMT3L it increased to 56% 

compared to the control. In the MDA-MB231 cell line the control gave similar levels 

of repression (67%) as the triple combinations, and so did not achieve significant 

repression of Mapsin.  

To assess changes in DNA methylation, DNA methylation studies of the stable 

SUM149 triple cell line were performed for Maspin using the AGENA platform 

(AGRF, Brisbane). The conditions analysed were CRISPR/dCas9 triple KRAB, 

DNMT3A, UHRF1s with transient CRISPR/dCas9 DNMT3L with and without 

Maspin guides). Modest changes in DNA methylation levels were found in the Maspin 

promoter in SUM149 cells, with only CpGs 3-6 showing about 4% methylation. Due 

to time constraints, histone marks deposited by the CRISPR/dCas9 system, 

specifically by UHRF1 and KRAB domains, could not be studied. 

The same system was investigated in the SUM159 cell line carrying an unmethylated 

Maspin promoter. This time CRISPR/dCas9 DNMT3L was also expressed stably in 

SUM159 cells. A significant 50% transcriptional repression and 27% protein 
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repression was found with CRISPR/dCas9 (DNMT3A + KRAB + UHRF1s). With the 

lentiviral system, the CRISPR/dCas9 DNMT3A repression capability improved, with 

significant 33% transcriptional repression and 24% protein downregulation of Maspin. 

The stably expressed CRISPR/dCas9 KRAB showed only 6% transcriptional 

repression and 31% protein downregulation of Maspin, which also improved in 

comparison to the transient system, specifically protein downregulation. The 

CRISPR/dCas9 UHRF1s, when expressed stably, showed similar downregulation. As 

expected, the CRISPR/dCas9 DNMT3L showed no repressive capability as it does not 

have any enzymatic activity but assists DNMT3A in its activity by acting as its co-

factor. There was also significant protein downregulation with stable CRISPR/dCas9 

KRAB, CRISPR/dCas9 DNMT3A and the triple cell line CRISPR/dCas9 (DNMT3A 

+ KRAB + UHRF1s). 

These findings were promising as the three repressor domains were delivered using 

only the CRISPR/dCas9 system, in comparison to using a ZF and CRISPR/dCas9 

combination to deliver multiple domains. This is advantageous as ZFs are known to 

bind to different genomic regions, while the CRISPR system is more target-specific.  

DNA methylation and CHIP studies are further required to analyse the epigenetic 

marks that this combination deposits on DNA and histones, which due to time 

constraints were not performed. 

Further studies are required to validate this system and to study the epigenetic marks 

that this system deposits. The system of interest is primarily the stable SUM159 with 

CRISPR/dCas9 with the constructs DNMT3A, KRAB and UHRF1s. This 

combination of effectors would target multiple epigenetic marks involved in gene 

expression and cross talk for effective and maximal levels of gene repression. This 

system would target de novo DNA methylation of CpGs, methylation and 

deacetylation of histones specifically H3K9 and maintenance of DNA methylation. 

These epigenetic modifications together should result in reversible silencing of the 

gene of interest. 
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5.1- c-Myc 

The role of c-Myc in cancer has been widely studied for years and it is a critical 

oncogene for cancer development. Abnormal expression of c-Myc is common in a 

large number of cancers including breast, lung, cervix, colon, stomach, and myelooid 

leukemia (Slamon et al., 1984; Nesbit et al., 1999; Nilsson and Cleveland, 2003). 

According to an estimate one-seventh of all cancer demises is associated with 

abnormal expression of c-Myc (Dang and Lee, 1999). c-Myc encodes a transcription 

factor that plays critical role in a variety of critical cell processes such as  cell 

differentiation, cell cycle progression, cell growth, transformation, metabolic control, 

apoptosis and angiogenesis (Oster et al., 2002; Eisenman  2001).  

 

c-Myc induces proliferation and differentiation of cells dependent on its levels of 

expression. Higher c-Myc expression can make the cells evade the apoptosis process 

and reduction in expression of c-Myc can induce apoptosis and make the cells sensitive 

to various apoptotic agents (Dang, 1999; Lemaitre et al., 1996; Russo et al., 2003). In 

other systems abnormal expression or change in c-Myc expression rates lead to 

programmed cell death (Arango et al., 2003; Kimura et al., 1995). 

A number of mechanisms are involved in aberrant c-Myc regulation including gene 

amplification (Alitalo et al., 1983), chromosomal translocations (Fahrlander et al., 

1985), increased rate of transcription (Pei, 2001; Chiariello et al., 2001; Ramana et al., 

2000; Cheng et al., 1999) and translation and greater protein stability (Alarcon-Vargas 

and Ronai, 2004; Kim et al., 2003; Sears et al., 2000). In addition, c-Myc is 

dysregulated indirectly through altered upstream signalling pathways leading to its 

higher transcription (Nasi et al., 2001). 

As a transcription factor, c-Myc also activates a number of other genes through 

heterodimer complex formation with co-factors such as MAX or MAD. The MAX and 

MAD transcription factors interact with specific DNA sequences called E-box 

sequences (Grandori et al., 2000). Studies on embryonic stem cells indicated that c-

Myc binds the core promoter region of a large number of actively transcribing genes 

and enhances transcription elongation (Rahl et al., 2010). In case of cancer cells c-Myc 

can also help stimulate transcription elongation of specific genes (Bouchard et al., 

2004;  Bres et al., 2009; Eberhardy and Farnham, 2001, 2002; Gargano et al., 2007; 
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Kanazawa et al., 2003; Rahl et al., 2010). Thus, in cancer cells that express high levels 

of c-Myc, it binds to actively transcribing genes resulting in high expression of these 

genes as well and that makes it a critical target for cancer therapeutics.  

5.1.1- Transcriptional regulation of c-Myc promoter 

Amplification of c-Myc has been found in 15% of cancers, while c-Myc transcript 

overexpression has been found in 22-35% of tumors (Bieche et al., 1999; le at al., 

1999; Scorilas et al., 1999) and overexpression of c-Myc protein has been found in 

about 40% of breast tumors (Chrzan et al., 2001; Naidu et al., 2002). So other than 

gene amplification, c-Myc overexpression is contributed by other mechanisms as well 

for instance transcriptional regulation and mRNA and protein stabilization.  

The transcriptional regulation of the c-Myc gene is very complex and involves multiple 

promoters named as P0-P3 and consequently, multiple start sites are mapped in the 5’ 

of the gene  (Chun and Levens, 2005; Marcu, 1987); Figure 5.1). In addition, the c-

Myc promoter has seven nuclease hypersensitive elements (NHEs) out of which the 

NHEIII1 region is important as it forms non-B-DNA structures. This region 

encompasses positions -142 to -115 bp upstream of promoter P1, and it has been 

reported to control ~90% of total c-Myc transcription (Davis et al., 1989; Berberich et 

al., 1995). The NHEIII1 region has a Cytosine-rich (C-rich) coding strand and Guanine 

rich (G-rich) non-coding strand. The NHEIII1  regions are engaged in slow equilibrium 

between B-duplex DNA, single stranded DNA and tetra-stranded DNA. The G-rich 

region is involved in the formation of G-quadruplex structure that functions as a 

silencer element (Veronica and Laurence, 2010). 

The c-Myc gene transcription takes place from dual promoter (P1 and P2) located 160-

bp apart from each other. In normal cells, c-Myc transcription is predominantly carried 

out from P2 promoter. The P2 promoter has the following regulatory elements: a 

TATA box; an ME1α1 binding site that lies between promoters P1 and P2 and is 

required for maintaining open chromatin configuration; The E2F binding site, that lies 

adjacent to ME1α1 binding site, is required for repression of P2 promoter only and 

E2F-1, E2F-2 and E2F-4 bind to the E2F site of c-Myc promoter. The mutation of 

TATA box of P2 promoter abolishes polymerase II binding but has no effect on 

chromatin structure of P1 and P2 core promoter region. The mutations of ME1α1 and 
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E2F binding site also prevents polymerase II to bind at P2 promoter, hence strongly 

reducing P2 promoter activity (Albert et al., 2001).  

 

 

 
 
 
Figure 5.1: c-Myc promoter structure with location of NHEIII1 region. c-Myc is 
regulated by multiple promoters P0, P1, P2 and P3 and has multiple transcription start 
sites as shown by arrows in respective promoters. It has seven NHEs and the inset is 
showing the sequence of the NHE III1. G-rich and C-rich tracts are shown in blue 
boxes. Arrows indicate the location of the different nuclease hypersensitive elements 
within the c-Myc promoter (Adapted from Veronica and Laurence, 2010). 
 

The ME1α1 regulatory element has two binding sites for transcription factors: one is 

MAZ (MYC-associated zinc finger protein) (Bossone et al., 1992); another is the 

human homolog of the Drosophila CUT (hu-CUT) homeodomain protein (Dufort and 

Nepveu, 1994). These transcription factors could contribute to activation of c-Myc; in 

fact, polymerase II cannot bind the P2 promoter if the chromatin is not made accessible 

by ME1α1-dependent activity. Thus, ME1α1 controls global chromatin structure in 

the c-Myc promoter region and therefore also controls the accessibility of transcription 

machinery to each promoter. The E2F site between P1 and P2 promoter negatively 

controls the P2 promoter activity through recruitment of HDAC while for promoter 

P1, it is controlled independently of E2F (Albert et al., 2001). 

5.1.2- c-Myc and breast cancer 

c-Myc is overexpressed mainly in the basal-like subtype of breast cancer. Loss of 

BRCA1 with overexpression of c-Myc leads to basal-like breast cancer development. 

c-Myc, by being a downstream effector of pathways of estrogen receptor and 
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epidermal growth factor receptor family, may pose resistance to adjuvant therapy. 

Thus, targeting c-Myc may provide promising therapeutic strategy for breast cancer, 

particularly for basal-like subtype of breast cancer, which is difficult to treat and often 

develop resistance to chemotherapy. The multiple roles c-Myc plays in the 

development and progression of breast cancer are outlined in Figure 5.2 (Jinhua et al., 

2010). 

 

 
 
Figure 5.2: Regulatory network of c-Myc in breast cancer. c-Myc is regulated at 
multiple levels in breast cancer. The TGF-B and BRACA1 can repress expression of 
c-Myc gene through repression of its transcriptional activity but they are frequently 
inactivated in breast cancer. The oncogenic pathways Ras, Wnt, Notch, ER-α, and 
EGFR/Her2 have positive influence on c-Myc expression and stability. C-Myc 
deregulation is caused by activation of oncogenic pathways and loss of tumor 
suppressors. 
 

Deregulated c-Myc expression promotes tumor growth, metastasis, and therapy 

resistance. c-Myc is deregulated in breast cancer via multiple mechanisms and has 

critical role in breast cancer development and progression and promotes proliferation 

and apoptosis of cells depending on circumstances. This makes c-Myc a complex 

therapeutic target but extensive studies have been done for therapeutically intervening 

c-Myc for example destabilization of c-Myc protein, inhibition of c-Myc transcription 

and interference of c-Myc-MAX protein-protein interaction (Vita and Henriksson, 

2006). This study focusses on silencing c-Myc via epigenetic editing tools like 

CRISPR/dCas9 system, exploiting epigenetic effectors KRAB, DNMT3A, DNMT3L 

and UHRF1. 
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5.2- KRAS 

KRAS (Kirsten rat sarcoma viral oncogene homolog) is classified as a small GTPase, 

transducing extracellular signals to the nucleus. The KRAS protein encoded by KRAS 

gene, lies at the inner side of plasma membrane and acts as a molecular switch in 

signalling networks, connecting different upstream signals to extensive downstream 

signalling pathways that are associated with growth, differentiation, proliferation and 

survival of cells and cell-cycle progression (Zuber et al., 2000; Crespo et al., 2000; 

Wu et al., 2009). The KRAS protein exists in to two states: GDP-bound inactive state; 

and GTP-bound active state. KRAS belongs to RAS protein family and RAS activation 

leads to initiation of downstream signalling in various cellular pathways like RAF-

MEK-ERK and PI3K-AKT (Schubbert et al., 2007). In case of mutation, the protein 

gets locked in its active state and hence transmits mitogenic signals to the nucleus 

constitutively (Smit et al., 1988).When mutated, KRAS gets activated permanently 

and normal KRAS protein is not produced, then that in turn interrupts the downstream 

signalling pathways of KRAS and cell proliferation leading to cancer (He et al., 2010).  

The KRAS gene promoter contains a nuclease hypersensitive polypurine-

polypyrimidine element (NHPPE) that lies upstream from major transcription 

initiation site (Jordane and Perucho, 1986; Hoffman et al., 1990). It is located between 

positions -318 and -290 bp in mouse and between -327 and -296 bp in humans relative 

to the exon0/intron 1 boundary (Figure 5.3). It has been shown previously that NHPPE 

plays a critical role in KRAS transcription and is also bound by nuclear proteins and 

its excision leads to significant amount of KRAS transcriptional downregulation 

(Hoffman et al., 1990).  It was reported previously that the purine strand of NHPPE 

forms a G-quadruplex, which suggests that it may be involved in transcription 

regulation. Thus KRAS NHPPE exists in equilibrium between transcription favourable 

double-stranded form and transcription inhibitory folded G-quadruplex form (Cogoi 

and Xodo, 2006). 
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Figure 5.3: (A) Sequences of the NHPPEs of human and mouse KRAS genes. 
Positions relative to exon 0/intron 1 boundary are shown. (B) Human and mouse 
NHPPEs show a high sequence homology (Adapted from Cogoi and Xodo, 2006). 
 
In cancer, KRAS is either upregulated or activated through mutations. About 30% of 

all human cancers have abnormal KRAS signalling, with the  highest number of 

activating mutations being found in about 70-90%, of pancreatic cancer, 30-50% in 

colon cancer and 20-30% in lung cancer (Malumbres and  Barbacid, 2003; 

Kranenburg, 2005; Yen et al., 2010). KRAS mutation is mainly present in codon 12 

and 13 accounting for 95% of all KRAS mutations. The most frequently occurring 

mutation in codon 12 is G12D and G12V and in codon 13 it is G13D (Knijn et al., 

2011). Although in breast cancer, KRAS has not been a focus of attention primarily 

due to its low mutation frequency of about less than 5% and these mutations are G12D 

and G12V. It was reported in a study that KRAS is a critical regulatory element for 

metastatic behaviour linked with mesenchymal features and aggressiveness or 

invasiveness in case of basal-type breast cancer cells, making KRAS a therapeutic 

target for basal-type breast cancer (Kim et al., 2015). 

In breast cancer, the KRAS/MAPK signalling pathway is important in transferring 

growth signals from extracellular environment. The activation of this signalling 

pathway results in several cellular responses in breast cancer cells leading to regulation 

of differentiation, proliferation, migration and invasion of cells (Haagenson and Wu, 

2010; Dunn et al., 2005). The activation of the KRAS/MAPK signalling pathway 

induces numerous responses in breast cancer cells, resulting in the regulation of cell 
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proliferation, differentiation, migration and invasion (Atanaskova et al., 2002). A 

number of factors can activate or induce upregulation of KRAS/MAPK signalling 

pathway in breast cancer tumorigenesis and its progression. These include increased 

levels of expression of EGFR, insulin-like growth factor receptor and human 

epidermal growth factor receptor 2/erythroblastic leukemia viral oncogene homolog 2 

(Salh et al., 1999; Eckert et al., 2004; lo et al., 2006). Earlier studies have also reported 

KRAS regulation by several miRNAs, in case of breast cancer, where lethal-7 miRNA 

family was shown to regulate KRAS (Johnson et al., 2005). 

 

5.3- Results 

5.3.1- Epigenetic Repression of Oncogene c-Myc Utilizing 

CRISPR/dCas9 System 

5.3.1.1- CRISPR/dCas9 System for c-Myc 

For utilizing CRISPR/dCas9 system for c-Myc repression, sgRNAs for targeting c-

Myc promoter were designed. As mentioned earlier, c-Myc is primarily regulated by 

dual promoter P1 and P2 with predominant transcription being controlled by promoter 

P1 (Chun and Levens, 2005; Marcu, 1987).  The c-Myc sgRNAs were designed 

between and around promoter P1 and P2, with primary focus on TATA box of P2 and 

Me1α1 and E2F binding sites that promotes transcription by polymerase II. Four 

potential sgRNAs were utilized for this study (purple colour), as shown in Figure 5.4, 

including sgRNAs at positions -96, +2, +129 and +195 and their binding sequences 

along with PAM are given in Table 5.1. 
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Figure 5.4: Schematic representation of c-Myc promoter. The relative positions of 
sgRNAs of CRISPR/dCas9 (purple) are shown relative to the transcription start site 
(TSS) of c-Myc promoter P1. The sgRNAs not utilized in this study are in red. The 
Map is also showing key transcriptional regulatory elements of c-Myc promoter NHE, 
Me1α1 and E2F binding sites and TATA boxes of P1 and P2 promoters. 
 
 
 
Table 5.1.  Target binding sequences of single guide RNA (sgRNA) of 
CRISPR/dCas9 system for c-Myc 
 
 
sgRNA 

 
Binding sequence (5’ – 3’) 

 
Strand 
(+/-) 

sgRNA -96  GAACCCGGGAGGGGCGCTTATGG - 

sgRNA +2 GCCGCGAGCAGCACAGCTCGGGG - 

sgRNA +53 GCTCCCCTCCTGCCTCGAGAAGG + 

sgRNA +129 GAGTATAAAAGCCGGTTTTCGGG + 

*The PAM of sgRNAs of CRISPR/dCas9 are underlined. 

 
5.3.1.2- Cell Line Selection for Studies on c-Myc 

 
For studying transcriptional repression and protein downregulation of c-Myc, cell lines 

MCF7, SUM159, SUM149 and MDA-MB231 were analyzed for expression levels of 

c-Myc (Figure 5.5). SUM159 cell line was selected as it exhibited higher c-Myc levels 

at transcript and protein levels. The c-Myc protein expression analysis via western blot 

showed 3 different bands corresponding to three different isoforms of c-Myc protein: 

at 60kDa (c-Myc1), 50kDa (c-Myc2) and a truncated shorter isoform at 40kDa (c-

MycS) (Benassayag et al., 2005). The c-Myc protein at 50kDa corresponds to full 

length c-Myc protein that is pre-dominant in growing cells (Benassayag et al., 2005) 

and is the one that is analysed for c-Myc protein levels in the experiments conducted 

for c-Myc repression. 
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Figure 5.5: Expression levels of c-Myc across different breast cancer cell lines. 
(A) The qRT-PCR showing c-Myc expression across different  breast cancer cell lines. 
(B) Western blot showing c-Myc protein (50kDa) expression levels across different 
breast cancer cell lines and α-GAPDH (37kDa) is used as a loading control. Error bars 
represent ±SEM, n=2. Statistical significance calculated using one-way Anova p<0.05 
(*), p<0.01 (**) and p<0.001 (***).  
 
5.3.1.3- Stable Silencing of c-Myc USING CRISPR/dCas9 System 

As observed from the studies on Maspin, the transient transfections were limited due 

to the fact that the constructs are expressed for a short amount of time in transient 

system, making stable expression of CRISPR/dCas9 system advantageous over 

transient assays. For a complex target like c-Myc, stable expression of CRISPR/dCas9 

system with multiple epigenetic effector domains appeared to be a promising targeting 

strategy. 
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For targeting c-Myc with CRISPR/dCas9 system, stable cell lines SUM149 and MDA-

MB231 expressing lentiviral CRISPR/dCas9 system were utilized to study the 

repression via combination of effector domains that were already established (Chapter 

4). Each of the cell line was constructed to have triple combination of CRISPR/dCas9 

effectors KRAB, DNMT3A, and UHRF1s in a ratio of 1:1:1 along with control that 

was CRISPR/dCas9 without effector. Cells were transiently transfected with four 

selected c-Myc guides and CRISPR/dCas9 DNMT3L.  The plasmids were validated 

by DNA sequencing and transfected using Lipofectamine 2000 into these stable cell 

lines, and then collected after 72 hours for RNA extraction. It was expected that the 

combination of effectors targeting c-Myc promoter would collaborate to repress c-Myc 

effectively via targeting epigenetic cross-talk of different epigenetic mechanisms. 

The study was controlled via a “positive” control cell line without any effector domain 

expression and a “negative” control with no sgRNA expression and a mix of c-Myc 

sgRNAs was used with the conditions where c-Myc sgRNAs are specified. With stable 

SUM149 triple cell line, c-Myc was repressed only 11% with c-Myc sgRNAs and 15% 

with the addition of CRISPR/dCas9 DNMT3L compared to no guide control (Figure 

5.6). Although compared to the control cell lines having no effector domains, the 

repression was higher in triple SUM149 cell line with c-Myc sgRNAs where it 

significantly repressed 41% of c-Myc and with addition of CRISPR/dCas9 DNMT3L 

it repressed 73% of c-Myc (Figure 5.6).  

In stable MDA-MB231 triple cell line 30% of c-Myc repression was observed with c-

Myc sgRNAs and 11% along with CRISPR/dCas9 DNMT3L compared to no guide 

control. In the latter case the error bars of the control cell line (i.e. cell line having 

CRISPR/dCas9 with no effector domain) were high enough to render the result with 

CRISPR/dCas9 DNMT3L not trustworthy while in the former case there was a minor 

activation seen. The MDA-MB231 cell line with c-Myc sgRNAs showed significant 

44% c-Myc repression relative to control cell line. 
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Figure 5.6: Transcriptional repression of c-Myc through stable SUM149 and 
MDA-MB231 triple cell lines. The fold change in c-Myc transcript level was 
determined by qRT-PCR when cells were transduced with the samples mentioned in 
figure in (A) SUM149 Triple cell line (B) MDA-MB21 Triple cell line having 
CRISPR/dCas9 (DNMT3A + KRAB + UHRF1s) and transiently delivered c-Myc 
sgRNAs relative to the Control cell line having CRISPR/dCas9 without effector 
domain and control sample having no c-Myc guides. It was normalized against PPIA 
expression. Error bars represent ±SEM, n=2. Statistical significance calculated using 
one-way Anova p<0.05 (*). 
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The same combinatorial strategy for c-Myc was employed on already established 

stable SUM159 triple cell line (Chapter 4). Two stable SUM159 triple cell lines were 

created expressing three different effector domains simultaneously in1:1:1, one having 

combination of effector domains DNMT3A, KRAB and UHRF1s and the other one 

having DNMT3A, KRAB and DNMT3L. The individual cell lines expressing 

lentiviral plasmids having individual effector domains were also constructed 

representing CRISPR/dCas9 KRAB, CRISPR/dCas9 DNMT3A, CRISPR/dCas9 

UHRF1s and CRISPR/dCas9 DNMT3L along with control cell line having 

CRISPR/dCas9 no effector.  

 

In stable SUM159 triple cell line having effectors KRAB, DNMT3A and DNMT3L 

in combination, 54% of significant c-Myc repression was observed and 21%  of c-Myc 

repression was observed with triple cell line expressing KRAB, DNMT3A and 

UHRF1s domains  in combination compared to control (Figure 5.7). The control cell 

line with c-Myc sgRNAs also repressed 14% of c-Myc expression compared to the 

control. The stable SUM159 cell lines with individual effector domains showed some 

repression: CRISPR/dCas9 KRAB showed 12%, CRISPR/dCas9 DNMT3A showed 

2% and CRIPSR/dCas9 UHRF1s showed 10% of c-Myc transcriptional repression 

compared to control while CRISPR/dCas9 DNMT3L showed 16% c-Myc activation 

compared to control (Figure 5.7). This repression was not significant relative to the 

control cell line having no effector domain. 

The western blot analysis showed significant 31% of c-Myc protein downregulation 

with condition CRISPR/dCas9 (DNMT3A + KRAB +DNMT3L) and 20% with 

CRISPR/dCas9 (DNMT3A + KRAB +DNMT3L).  The individual domain stable cell 

line CRISPR/dCas9 KRAB showed significant 35% c-Myc protein downregulation 

and CRISPR/dCas9 DNMT3A showed significant 40% c-Myc protein downregulation 

compared to control. While CRISPR/dCas9 UHRF1s and CRISPR/dCas9 DNMT3L 

showed no downregulation of c-Myc protein compared to control. 
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Figure 5.7: Transcriptional repression of c-Myc through stable SUM159 cell lines. 
(A) The fold change in c-Myc transcript level was determined by qRT-PCR when cells 
were transduced with the samples mentioned in figure generating SUM159 triple cell 
lines: one having CRISPR/dCas9 (DNMT3A + KRAB + UHRF1s) and other one 
having CRISPR/dCas9 (DNMT3A + KRAB + DNMT3L)  combination along with 
cell lines having these effector domains individually relative to the control cell line 
having CRISPR/dCas9 without effector and control sample having no c-Myc guides. 
The mix of c-Myc sgRNAs were delivered transiently. It was normalized against PPIA 
expression.  (B) Western blot analysis of c-Myc protein (50kDa) levels in the SUM159 
stable cell lines with the conditions and their controls mentioned in figure and GAPDH 
(37kDa) was used as a loading control and panel on right is representing western blot 
of no guide controls for all the conditions. The fold change in the relative protein levels 
of c-Myc is also represented as a bar chart for quantitative analysis.  Error bars 
represent ±SEM, n=2. Statistical significance calculated using one-way Anova p<0.05 
(*), p<0.01 (**) and p<0.001 (***).  
 

This result did confirm that the c-Myc sgRNAs that were selected and used were 

working but the system could be optimized further to achieve more repression of c-

Myc. The combinatorial strategy of using multiple effector domains expressed stably, 

also seemed to be working. The factor that was considered for optimization was the 

transient delivery of c-Myc sgRNAs. It would work better if the sgRNAs were also 

stably expressed rather than transient expression for the CRISPR/dCas9 system to 

work better. This would allow the targeting component of the CRISPR/dCas9 system 

to be expressed constitutively along with the epigenetic modifying domains and 

sgRNAs. Therefore, a system was utilized that expressed the sgRNAs stably along 

with the effector domains in the CRISPR/dCas9 system. 

For utilizing the strategy of sgRNAs and effector domains being expressed in a single 

CRISPR/dCas9 construct through lentiviral vector, the plasmid PLV-hU6-sgRNA 

hUbC-dCas9-KRAB from Addgene (Catalogue No. 7126) was utilized. This construct 

had the effector domain KRAB fused with the CRISPR/dCas9 system and had sgRNA 

scaffold for guides to be expressed, all in one vector. The testing was started with this 

system having single domain KRAB at first to test if this system works as this 

construct was readily available and had been tested before for significant gene 

repression (Thakore et al., 2015).  
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Figure 5.8: Downregulation of c-Myc transcript and protein with PLV-hU6-c-
Myc sgRNA-dCas9-KRAB system in SUM159 cells. (A) The fold change in c-Myc 
transcript level was determined by qRT-PCR when cells were transduced with PLV-
hU6-c-Myc sgRNA-dCas9-KRAB creating cell lines with individual c-Myc sgRNAs 
and with mix of all four c-Myc sgRNAs and normalized against PPIA expression. The 
cell line without c-Myc sgRNAs was used as a control cell line. (B) Western blot 
analysis of c-Myc protein (50kDa) levels in the SUM159 stable cell lines with the 
conditions mentioned in figure and GAPDH (37kDa) was used as a loading control. 
The fold change in the relative protein levels of c-Myc is also represented as a bar 
chart for quantitative analysis. Error bars represent ±SEM, n=3. Statistical significance 
calculated using one-way Anova p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 
(****).  
 
This new strategy with single vector cassette having KRAB, showed 49% significant 

c-Myc transcriptional repression with the mix of all c-Myc sgRNAs via PLV-hU6-c-

Myc sgRNA-dCas9-KRAB system (Figure 5.8). While sgRNA+2 showed 26%, 

sgRNA +53 showed 40% and sgRNA+129 showed 21% significant c-Myc 

transcriptional repression compared to control. A significant c-Myc protein 

downregulation was seen by the individual sgRNA conditions and the mix of sgRNAs 

where sgRNA +2 showed 60%, sgRNA+53 showed 72%, sgRNA+129 showed 58% 

and  sgRNA mix  showed 80% of significant protein downregulation with the 

exception of sgRNA-96 that showed only 19% c-Myc protein downregulation  

compared to control.  

5.3.2- Epigenetic Repression of Oncogene KRAS Utilizing 

CRISPR/dCas9 System 

5.3.2.1- CRISPR/dCas9 System for KRAS 

 

In this study, the CRISPR/dCas9 system was customized for KRAS by designing four 

sgRNAs targeting KRAS promoter. The sgRNAs were designed in the proximity of 

the transcription start site of the KRAS promoter and in the NHPPE region of the KRAS 

promoter containing the MAZ-binding sites. The relative position of CRISPR/dCas9 

sgRNAs in the KRAS promoter is shown in Figure 5.9 and their target binding 

sequences in Table 5.2. The sgRNAs were designed in the CpG island of KRAS 

promoter and DNAase I hypersensitive regions, so that the epigenetic modifications, 
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including DNA methylation and histone modifications, induced by the designed 

CRISPR/dCas9 system could be studied. 

 

 
 
 
Figure 5.9: Schematic representation of KRAS promoter. The relative positions of 
sgRNAs of CRISPR/dCas9 (purple) are shown relative to the transcription start site 
(TSS) of the KRAS promoter. The sgRNAs not utilized in this study are in red. The 
Map is salso showing key transcriptional regulatory elements of KRAS promoter 
NHPPE (red) that also has two MAZ binding sites (dotted within NHPPE). 
 
 
 
 
Table 5.2.  Target binding sequences of Single guide RNA (sgRNA) of 
CRISPR/dCas9 system for KRAS 
 
 
sgRNA 

 
Binding sequence (5’ – 3’) 

 
Strand (+/-) 

sgRNA +2  GGCTCCCAGGTGCGGGAGAGAGG + 

sgRNA +71  GGCGGCGAGTGAATGAATTAGGG + 

sgRNA -63 CGCTCGCTCCCAGTCCGAAATGG - 

sgRNA -263 TCTTCAGACGGGCGTACGAGAGG - 

*The PAM of sgRNAs of CRISPR/dCas9 are underlined. 

 
5.3.2.2- Cell Line for Studies on KRAS 

For studying KRAS repression, the expression levels of KRAS, analysed through qRT-

PCR and western blot in different cell lines, are outlined in Figure 5.10. T47D had 

very high levels of wild type KRAS at transcriptional and protein level, however this 

cell line was not easily transfectable. The H157 cell line had similar levels of KRAS as 

HEK293T, but it is specifically a mutant lung cancer line that harbors a co-mutation 

of KRAS and PTEN.  
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Figure 5.10: Expression levels of KRAS across different cell lines of cancer. (A) 
The qRT-PCR showing KRAS expression across different  breast cancer cell lines and 
lung cancer cell line (H157). It was normalized against GAPDH expression. (B) 
Western blot analysis of KRAS protein (25kDa) levels in the SUM159 stable cell lines 
with the conditions mentioned in figure and GAPDH (37kDa) was used as a loading 
control.  Error bars represent ±SEM, n=2. Statistical significance calculated using one-
way Anova p<0.05 (*), p<0.01 (**). 

5.3.2.3- Transcriptional Repression of KRAS Using CRISPR/dCas9 in Transient 

Expression System 

The CRISPR/dCas9 system utilized in this study had C-terminally fused domains 

including DNMT3A, UHRF1L, UHRF1s, CSD and 2XCSD. The KRAS 

sgRNAs/guides were cloned into the sgRNA pSP vector backbone for studying 

transcriptional repression and were validated by sequencing. Mix of selected four 

sgRNAs was used with the CRISPR/dCas9 system in all the experiments as it has been 

shown to improve repressive capacity. The constructs were delivered transiently 
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through Lipofectamine 2000 into HEK293T, T47D breast cancer cells and H157 lung 

cancer cells. A positive control construct was CRISPR/dCas9 without the effector 

domain and negative control construct was CRISPR/dCas9 EGFP. 

In HEK293T cell line, the positive control CRISPR/dCas9 no effector did not show 

any repression of KRAS. In T47D cell line, none of the domains showed any repression 

of KRAS and neither did the CRISPR/dCas9 no effector control. In case of lung cancer 

cell line H157, CRISPR/dCas9 2XCSD showed 26% KRAS repression but that was to 

the levels of positive control the CRISPR/dCas9 no effector control that repressed 27% 

KRAS making this repression non-significant (Figure 5.11).  
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Figure 5.11: CRISPR/dCas9 system with novel repressors for downregulating 
KRAS expression in HEK293T, T47D and H157 cells.  The fold change in KRAS 
transcript level was determined by qRT-PCR when (A) HEK293T (B) T47D (C) H157 
cells were transiently transfected with CRISPR/dCas9 domains mentioned in the 
Figure with all four KRAS sgRNAs mix relative to the Control sample (PCDNA3.1 
backbone empty vector) and normalized against GAPDH expression. Additional 
controls were used: negative control CRISPR EGFP and positive control CRISPR no 
effector both with four KRAS sgRNAs mix. Error bars represent ±SEM, n=2. 
Statistical significance calculated using one-way Anova p<0.05 (*). 
 
 
5.3.2.4- Silencing of KRAS using CRISPR/dCas9 System Expressed Stably with 

Multiple Domains 

As shown previously, KRAS promoter was not repressed utilizing the novel epigenetic 

effector domains delivered through CRISPR/dCas9 platform in a transient expression 

system. Next the capacity of CRISPR/dCas9 with fused effector domains was assessed 

to repress KRAS when it is expressed constitutively using lentiviral vectors. From the 

studies on Maspin, combinatorial strategy appeared to be promising for repressing 

KRAS gene promoter where it targets multiple epigenetic marks, resulting in higher 

gene repression. Therefore for repressing KRAS, same combination of three effector 

domains DNMT3A, KRAB and UHRF1s was exploited with CRISPR/dCas9 system. 

C 



CHAPTER 5 

155 
 

For stable expression of CRISPR/dCas9 constructs, already established stable 

SUM149 and MDA-MB231 cell lines were utilized that were transduced with the 

combination of lentiviral CRISPR/dCas9 expressing the  KRAB, DNMT3A and 

UHRF1s domains in ratio of 1:1:1 (Chapter 4). The constructed stable cell lines then 

were transiently transfected with mix of four KRAS sgRNAs and with CRISPR/dCas9 

DNMT3L. The constructs were validated by DNA sequencing and transfected using 

Lipofectamine 2000. These cells were collected after 72 hours for RNA extraction. It 

was expected that there will be pronounced repression of KRAS promoter with the 

combinatorial strategy involving multiple effector domains with stably expressed 

CRISPR/dCas9 system. A positive control was CRISPR/dCas9 without the effector 

domain and a negative control was the no guide control for the experiments.. 
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Figure 5.12: Transcriptional repression of KRAS through stable SUM149 and 
MDA-MB231 cell lines. The fold change in KRAS transcript level was determined by 
qRT-PCR when cells were transduced with the samples mentioned in figure in (A) 
SUM149 Triple cell line (B) MDA-MB231 Triple cell line having CRISPR/dCas9 
(DNMT3A + KRAB + UHRF1s) and transiently delivered CRISPR/dCas9 DNMT3L 
and KRAS sgRNAs relative to the Control cell line having CRISPR/dCas9 without 
effector and no guide control. It was normalized against PPIA expression. Error bars 
represent ±SEM, n=2. Statistical significance calculated using one-way Anova p<0.05 
(*). 
 
 

In the stable SUM149 cell line (Figure 5.12), the triple combination of effectors 

showed 23% repression of KRAS with KRAS sgRNAs mix compared to the no guide 

control while the triple combination with KRAS guides and CRISPR/dCas9 DNMT3L 

showed 13% repression as compared to the no guide control. The control cell line 

showed unexpected activation compared to controlling conditions with KRAS guides 

with and without CRISPR/dCas9 DNMT3L and when compared to these the 

repression is much higher where CRISPR/dCas9 with effector domains is used. In the 

stable MDA-MB231 cell line, (Figure 5.12) the triple combination of effectors showed 

significant 30% KRAS repression compared to the control cell line. While the triple 

combination with KRAS guides and CRISPR/dCas9 DNMT3L showed 39% 

repression compared to the Control and significant 33% repression compared to the 

control cell line which itself repressed 6% of KRAS expression as compared to the 

control.  

The combinatorial strategy was next tested for KRAS in the stable SUM159 cells, 

including stable delivery of the DNMT3L effector domain, (rather than transient 

delivery as shown above) but KRAS sgRNAs were delivered through transient 

transfection. The stable SUM159 cell lines constructed in Chapter 4 were utilized for 

studies on KRAS gene. Two stable triple SUM159 cell lines were created expressing 

three different effector domains simultaneously in 1:1:1, one having combination of 

effector domains DNMT3A, KRAB and UHRF1s and the other one having DNMT3A, 

KRAB and DNMT3L. A control cell line was also maintained that had CRISPR/dCas9 

with no effector.  The constructs were validated by DNA sequencing and were 

transiently transfected with mix of KRAS sgRNAs using Lipofectamine 2000 in these 

stable cell lines and cells were collected after 72 hours for RNA extraction. The 
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CRISPR (DNMT3A + KRAB + DNMT3L) with KRAS guides showed only 5% 

repression of KRAS as compared to control cell line, while CRISPR (DNMT3A + 

KRAB + DNMT3L) did not show repression (Figure 5.13). 

 
 

 
 
Figure 5.13: Transcriptional repression of KRAS through stable SUM159 cell 
line. The fold change in KRAS transcript level was determined by qRT-PCR when 
SUM159 cells were transduced with the samples mentioned in Figure, generating 
SUM159 Triple cell lines one having CRISPR/dCas9 (DNMT3A + KRAB + 
UHRF1s) and other one having CRISPR/dCas9 (DNMT3A + KRAB + DNMT3L) in 
combination with transiently delivered KRAS sgRNAs relative to the control cell line 
having CRISPR/dCas9 without effector and control sample having no KRAS sgRNAs. 
It was normalized against PPIA expression. Error bars represent ±SEM, n=2. 
Statistical significance calculated using one-way Anova p<0.05 (*).  
 
5.4- Discussion 

This chapter includes studies carried out on oncogenes KRAS and c-Myc involving 

repression of these target genes at transcriptional and protein level in breast cancer 

cells. In Chapter 3 and 4, proof of concept studies were carried out on Maspin, a tumor 

suppressor gene, where it was observed that repression works better when multiple 

effector domains are used in combination being delivered via single platform 

CRISPR/dCas9 system. The combination of effector domains KRAB, DNMT3A and 

UHRF1s with CRISPR/dCas9 system was found effective.  
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The oncogene c-Myc was tested in the stable system for repression via CRISPR/dCas9 

system utilizing four designed sgRNAs.  The testings began with stable triple SUM149 

and triple MDA-MB231 cell lines for c-Myc repression that were expressing 

CRISPR/dCas9 system with combination of KRAB, DNMT3A and UHRF1s domains 

and were transiently transfected with c-Myc sgRNAs (or guides) and CRISPR/dCas9 

DNMT3L. The repression in triple SUM149 cell line was not significant compared to 

the control i.e. no guide control but compared to the control cell line i.e. having 

CRISP/dCas9 without effector domain, the repression was higher. This control cell 

line when had c-Myc guides showed activation compared to the cell line having triple 

combination of domains with c-Myc guides. This might be a good indicator of the 

activity of repressor domains if taken as main control, as repression comparatively is 

higher. In transient expression system CRISPR/dCas9 no effector showed repressive 

activity of its own due to physical blockage of transcription initiation but in these 

experiments it seemed to be activating gene expression in triple SUM149 cell line with 

c-Myc guides and combination of c-Myc guides and CRISPR/dCas9 DNMT3L.  

In case of stable triple MDA-MB231 cell line, the repression was not significant 

compared to the control in triple cell line when transfected with c-Myc guides only 

and with c-Myc guides along with CRISPR/dCas9 DNMT3L. The control cell line i.e. 

with CRISPR/dCas9 no effector, showed activation while in case of triple MDA-

MB231 having c-Myc guides along with CRISPR/dCas9 DNMT3L the standard 

deviation was higher and showed 30% repression. The studies were then continued on 

c-Myc in the stable triple SUM159 cell line, where CRISPR/dCas9 DNMT3L was also 

stably expressed.  A significant transcriptional repression of c-Myc was observed with 

triple cell line having CRISPR/dCas9 (KRAB + DNMT3A + DNMT3L) that was 

repressing 54% c-Myc expression. A significant protein downregulation was also 

observed with this triple cell line where 31% of c-Myc protein was downregulated. 

The c-Myc protein downregulation was significantly higher with CRISPR/dCas9 

KRAB downregulating 30% and CRISPR/dCas9 DNMT3A 35% although they did 

not show significant transcriptional repression of c-Myc. So the combinatorial strategy 

downregulated c-Myc mRNA significantly and protein expression with three different 

epigenetic repressor domains targeting different epigenetic marks. The stable system 

seemed to be work for c-Myc in SUM159 stable cells with the selected sgRNAs but 

this system needed optimization to achieve significantly higher repression.  
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When c-Myc protein levels were measured via western blot, three bands were 

observed corresponding to c-Myc protein at 60kDa, 50kDa and a truncated shorter c-

Myc protein at 40 kDa. It has been shown in the past that human c-Myc protein has 

three distinct isoforms called as c-Myc1, c-Myc2 and c-MycS (Benassayag et al., 

1995). Each of the isoform is translated from a distinct initiation site where c-Myc1 

has non-canonical CUG codon, c-Myc2 has AUG codon located 15 codons 

downstream of c-Myc1 and  c-MycS also has AUG codon which is located 100 codons 

downstream of c-Myc2 (Benassayag et al., 2005; Hann et al., 1988; Hann, 1995; Spotts 

et al., 1997). Each of the protein isoform has same carboxy-terminal domain that 

includes bHLH-LZ motif but has different N-terminal regions. The c-Myc1 isoform 

has short N-terminal as compared to isoform c-Myc2 and c-MycS isoform has shorter 

transactivation domain where it lacks first 100 amino acids including the Myc box 1 

motif (Spotts et al., 1997). Therefore c-Myc2 at 50kDa that, corresponds to full-length 

isoform of c-Myc protein, was analyzed for protein expression changes in this study 

as it has full carboxy-terminal domain and N-terminal regions compared to other two 

isoforms. 

 In stable triple SUM159 cell line, only c-Myc guides were transiently transfected into 

the system, so this aspect was optimized for stably delivering the four c-Myc guides 

as well along with stable expression of CRISPR/dCas9 system. A plasmid from 

AddGene was used for this purpose, PLV-hU6-sgRNA hUbC-dCas9-KRAB, where 

c-Myc guides were cloned into this plasmid. It had single effector domain KRAB fused 

to CRISPR/dCas9 and a sgRNA scaffold. It was used for initial testing for two reasons: 

one it was previously being reported to significantly silence Globin genes targeted to 

HS2 distal enhancer region (Thakore et al., 2015); and second was to utilize it for 

cloning an array of different repressors like DNMT3A, DNMT3L and UHRF1s, once 

significant repression was observed with this system. 

This stable system, having guides and effectors being expressed in a single stable 

CRISPR/dCas9 system, significantly repressed c-Myc that was 49% with the mix of 

all four c-Myc sgRNAs and downregulating 80% c-Myc protein. The sgRNA+53 

showed 40% significant transcriptional repression of c-Myc and 72% c-Myc protein 

downregulation. This single sgRNA+53 showed higher c-Myc downregulation 

individually with this system compared to other three tested sgRNAs  and it might be 
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tested in future to observe if repression of c-Myc is significant with single sgRNA in 

this system although targeting through multiple guides is advantageous over single 

guide targeting, as it saturates the promoter with the targeted effector domain. This 

result was very promising as it significantly repressed c-Myc at transcriptional and 

protein level and paved the way for more testing with an array of domains in future.  

 

For studies on KRAS promoter exploiting CRISPR/dCas9 system, four sgRNAs were 

selected and utilized for studies on KRAS expression. Changes in KRAS expression 

levels were studied in transient expression system in cell lines HEK293T, T47D and 

H157. There was no significant repression observed with T47D and HEK293T cell 

lines, while in H157 CRISPR/dCas9 with 2XCSD showed repression similar to the 

levels of positive control CRISPR/dCas9 no effector.  

The transient assays did not show success in repressing KRAS through CRISPR/dCas9 

system in braest cancer cell lines which could be accounted to multiple factors. Firstly, 

targeting oncogenes is a complex mechanism as in cancer the oncogenes are regulated 

via multiple factors that collectively contribute to oncogenic overexpression and this 

makes it harder to silence an oncogene. Secondly, one of the major contributing factor 

is the design of sgRNAs, as poorly designed sgRNAs that do not target the hot spot 

region of promoter, results in poor repression. In case of sgRNA design of KRAS, all 

the factors were taken into account for designing the sgRNAs that targeted the 

regulatory regions of the KRAS promoter but the repression was still not achieved.   

Thirdly, the number and combination of sgRNAs is also a contributing factor in 

repressing genes. Researchers have also used more than 4 sgRNAs in combinations 

for gene regulation via CRISPR/dCas9 system. It is convincing to use four or more 

than four sgRNAs especially for the promoter of oncogenes for maximizing the extent 

of action of targeted domains where they are delivered to multiple target regions within 

the gene promoter. Another major factor could be the expression of CRISPR/dCas9 

system. The transient system was used for expressing CRISPR/dCas9 delivering 

epigenetic repressor domains, where it is expressed for shorter time period and that 

could be a limiting factor and CRISPR/dCas9 might need to be expressed 

continuously. Hence, stable expression of CRISPR/dCas9 system with effector 

domains was selected for further studies on repressing KRAS gene. 
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The studies were then conducted on stable triple SUM149 and MDA-MB231cell lines, 

having triple combinations of effector domains KRAB, DNMT3A and UHRF1s. The 

In stable triple SUM149 cell line, KRAS repression was observed but that was not 

significant as compared to the control and similar result was obtained for stable triple 

MDA-MB231 cell line. In SUM149 cells, the control cell line, i.e. cell line expressing 

CRISPR/dCas9 no effector, was showing activation with KRAS sgRNAs alone and 

with CRISPR/dCas9 DNMT3L which was unexpected and was not observed in case 

of stable triple MDA-MB231 cell line. The repression of KRAS was observed to be 

much higher if compared to the control cell line without effector domain.  

The stable SUM159 cell lines were then studied for repression of KRAS by 

CRISPR/dCas9 system. These cell lines had triple combination of domains where one 

cell line had KRAB, DNMT3A and UHRF1s while the other one had KRAB, 

DNMT3A and DNMT3L with stably expressed CRISPR/dCas9 system. No significant 

repression of KRAS was observed in the triple stable SUM159 cell line and showed 

activation in the triple cell line having CRISPR/dCas9 (KRAB, DNMT3A and 

UHRF1s).  It could be the issue with selected sgRNAs targeting KRAS promoter. 

Potentialy all the other designed KRAS sgRNAs need to be tested that were not utilized 

in the study, individually and in combinations with stable CRISPR/dCas9 system.  

It is possible that the combination of sgRNA used in the study was not ideal for 

repressing KRAS expression. There was no significant repression of KRAS in any of 

the cell lines even with the stable expression of CRISPR/dCas9 system. One of the 

KRAS sgRNAs, sgRNA-263, targets the NHPPE site of the KRAS. This region exists 

in equilibrium between active B-DNA form and inactive (or repressing) G-quadruplex 

form (Cogoi and Xodo, 2006). It is possible that the sgRNA-263 was interfering with 

the inactive G-quadruplex form of NHPPE region, which resulted in higher KRAS 

expression. And even if it is a single sgRNA targeting it, it might be enough to counter 

act the effect of other sgRNAs by helping the inactive KRAS form via NHPPE region. 

Therefore, re-examination and testing of KRAS sgRNAs will have to be done in future. 

Repression of KRAS can also be tested, in future, in a stably expressed single cassette 

CRISPR/dCas9 KRAB system that was utilized for c-Myc silencing. This system 

might prove to be more efficient for silencing KRAS at transcriptional and protein 

levels.   
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6.1- Discussion 

The main goal of this thesis was to identify epigenetic repressor domains that could 

significantly repress a selected group of oncogenes when delivered via epigenetic tools 

ZFs, TALEs and CRISPR/dCas9 system. The effector domains that were utilized in 

this study for transcriptional repression included: (1) KRAB (Kruppel-associated box 

domain); catalytic domain of DNMT3A (DNA methyltransferase 3A); DNMT3L 

(DNA methyltransferase 3L); UHRF1 (Ubiquitin-like, containing PHD and RING 

finger domains); and CSD (Chromoshadow domain). The objective of the studies 

conducted was to mimic the epigenetic cross-talk between DNA methylation and 

histone post-translational modifications for gene silencing utilizing CRISPR/dCas9 

system. 

6.1.1- Repression of Maspin via KRAB and DNMT3A in Transient 

Expression System 

The studies initially started with the proof of concept studies on Maspin promoter in 

SUM159 cell line, for testing KRAB and DNMT3A for gene repression when 

delivered transiently via Zinc fingers (ZFs), TALEs and CRISPR/dCas9 system 

(Chapter 3 and 4).  Our laboratory previously reported two zinc fingers designed for 

Maspin promoter named as ZF-97 and ZF-126; two TALEs named as TALE-99 and 

TALE-128; and 4 sgRNAs of CRISPR/dCas9 system designed against Maspin 

promoter (Garcia-Bloj et al., 2016). In SUM159 cells, the Maspin promoter is un-

methylated, hence ideal for this study to assess the epigenetic modifications including 

DNA methylation, induced by DNMT3A. This was also a comparative study where 

objective was to test the repressive potential of KRAB and DNMT3A domains via 

these three gene editing platforms, ZFs, TALEs and CRISPR/dCas9 system, where 

these domains were fused C-terminaly with these platforms.  

In earlier reports, KRAB has been used in fusion with: ZFs to repress SOX2 

(Stolzenburg et al., 2012), ErbB-2 (Beerli et al., 2000), EpCAM (Van et al., 2013) and 

HER2/neu (Falahi et al., 2013); TALEs to repress SOX2 (Cong et al., 2012); and with 

CRISPR/dCas9 system for gene repression (Gilbert et al., 2013; Thakore et al., 2015). 

While DNMT3A has been previously used in fusion with ZF’s for gene repression 

(Amabile et al., 2016), with TALEs for repressing CDKN2A gene expression 
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(Bernstein et al., 2015) and with CRISPR/dCas9 system for repressing genes like ARF, 

CDKN2A, BACH2, IL6ST, Cdkn1a and CTCF (Mcdonald et al., 2016; Vojta et al., 

2016; Cano-Rodriguez and Rots, 2016; Liu et al., 2016). 

With the ZF’s, TALEs and CRISPR/dCas9 system for Maspin, KRAB failed to 

produce any significant repression of Maspin with an exception of ZF-126 KRAB that 

repressed 15% of Maspin expression. DNMT3A also failed to significantly repress 

Maspin with ZFs, TALEs and CRISPR/dCas9 system in the transient assays. It could 

be attributed to the expression of these domains in the transient environment where 

they are expressed for short amount of time and with time plasmid dilution also occurs. 

However, with DNMT3A, ZF-97 and ZF-126 successfully methylated the Maspin 

promoter, while TALEs and CRISPR/dCas9 system with DNMT3A failed to deposit 

the DNA methylation mark in Maspin promoter in SUM159 cell line. The DNMT3A 

mutant E752A incorporated another mutation at the later stages, which caused the 

mutant DNMT3A to show some transcriptional repressive activity but no DNA 

methylation activity was observed.  

6.1.2- Repression of Maspin via Modified CRISPR/dCas9 DNMT3A 

System 

The domain DNMT3A, being a DNA-methylating domain was important for the 

studies as DNA methylation leads to gene silencing. With the CRISPR/dCas9 system 

fused to DNMT3A, it appeared to have an issue with the accessibility of DNA target 

region by the fused effector domain. It was attributed to the size of dCas9 protein 

which is of higher molecular weight than other platforms like ZFs and TALEs. With 

the CRISPR/dCas9 system, DNMT3A did not show transcriptional silencing and 

protein downregulation of Maspin. In earlier reports, CRISPR/dCas9 system with 

fused catalytic domain of DNMT3A significantly repressed IL6ST and BACH2 

(Vojta et al., 2016) and CDKN2A expression (McDonald et al., 2016). It was 

assumed that DNMT3A being a high molecular weight domain as well (~36 kDa), 

perhaps needed assistance for its interaction with the target DNA region. It was of 

major interest to specifically work enhance the DNMT3A functionality when 

delivered via CRISPR/dCas9 system as it de novo methylates the DNA which is a 

major epigenetic change in cancer. For this reason, CRISPR/dCas9 system was 

optimized by utilizing peptide linker of larger length compared to conventional smaller 
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linker. It was hypothesized that if DNMT3A is tightly fused with the dCas9 protein, 

then its approach to DNA CpG site is minimal.  

The CRISPR/dCas9 construct used had 3 amino acid peptide linker, which might be 

small enough to restrict the flexibility of DNMT3A from properly interacting with the 

DNA. Therefore different peptide linkers were designed and linker 1B8Ta was 

selected that was 51 amino acids in length and rigid in nature. In a previous study a 28 

amino acid linker has been utilized for fusion between CRISPR/dCas9 and 

DNMT3A and significant repression of TFRC and CXCR4 gene promoter was 

observed (Stepper at al., 2017). A rigid linker was preferred over selecting a flexible 

linker so that DNMT3A could lie at a specified distance from the CRISPR/dCas9 

binding site on DNA. It was then tested for transcriptional repression and DNA 

methylation of Maspin promoter. The DNMT3A fused with CRISPR/dCas9 through 

1B8Ta linker, failed to show repression and DNA methylation of Maspin promoter. 

This could be explained by the fact that the nature and characteristic of linker are 

important features of fusion proteins and may hinder the activity of the effector domain 

by interfering with the effector domain or the fusion complex. The placement and 

orientation of effector domain is also critical when fused to linkers of varying lengths 

and nature. Due to time limitation of this thesis and nature of this study, it was not 

possible to test all the different designed linkers with DNMT3A. 

The CRISPR/dCas9 DNMT3A was also tested for stable expression in SUM159 cells. 

With the stable expression system, CRISPR/dCas9 DNMT3A showed significantly 

higher repression of Maspin compared to the transient expression system. It 

significantly repressed 33% of Maspin transcription and significantly downregulated 

24% of Maspin protein with the stable CRISPR/dCas9 system. Thus, constitutive 

expression of CRISPR/dCas9 DNMT3A played a significant role in achieving Maspin 

repression via DNMT3A domain at transcriptional and protein level. It could be 

reasoned that DNMT3A failed to show downregulation and methylation of Maspin 

promoter with CRISPR/dCas9 system in transient assays due to restricted protein 

expression and limited time. While with the stable expression system DNMT3A 

protein was constitutively expressed which lead to repression of Maspin. 
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6.1.3- DNA methylation via DNMT3A in the Maspin Promoter 

An important factor to take into consideration for the DNA methylation studies 

performed via pyrosequencing was its limitation for Maspin promoter. Maspin had 13 

un-methylated regulatory CpGs, but with pyrosequencing only first two CpGs were 

studied due to technical difficulties. It is possible that the methylation mark was being 

deposited at the other far-off CpGs that could not be studied due to technical issues 

with pyrosequencing.  

Another important factor considered for enhancing DNMT3A activity via 

CRISPR/dCas9 system was the addition of its co-factor, DNMT3L which stimulates 

activity of DNMT3A. In a very recent study it was shown that a single chain DNMT3A 

and DNMT3L fused to dcas9, results in widespread efficient methylation of CpG 

islands located within the target promoter up to 1200 bp (Stepper et al., 2017). They 

reported that DNA methylation levels via DNMT3A-DNMT3L were about 4-5 times 

higher than DNA methylation levels via DNMT3A alone (Stepper et al., 2017). 

DNMT3A was also tested with and without linker 1B8Ta linker and with DNMT3L 

that was transient delivered via CRISPR/dCas9 system. But it did not result in 

transcriptional repression of Maspin, which might be due to the separate 

CRISPR/dCas9 constructs of DNMT3A and DNMT3L rather than having both 

DNMT3A and DNMT3L fused together with CRISPR/dCas9 system. This factor 

might improve the catalytic activity DNMT3A as DNMT3L being its co-factor might 

work better when it is in a single chain with DNMT3A in CRISPR/dCas9 system 

rather than being delivered by a separate CRISPR/dCas9 constructs. 

It has been shown previously that optimal DNA methylation levels were detected 

around 25bp upstream and 40bp downstream of PAM site of dCas9 (Stepper et al., 

2017). Whereas the dCas9 binding site, about 20-30bp, was resilient to methylation 

(Stepper et al., 2017). Keeping in view these observations, the CpG sites that were 

studied through pyrosequencing for DNA methylation were not indicative of full 

scenario. In the light of these findings, out of the four Maspin guides used, only two 

guides, sgRNA-76 and sgRNA-180, targeted the unmethylated CpGs of Maspin. CpG 

1 and CpG 2 overlap with the 23 bp sgRNA-180 binding sites, and CpG 10 and CpG 

11 overlap with the 23 bp sgRNA-6, so these CpGs were unavailable for methylation 

by DNMT3A due to the presence of the dCas9 protein. Consequently CRISPR/dCas9 
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DNMT3A with sgRNA-76 would methylate CpGs 3 to 8 and 12 and 13, while sgRNA-

180 would methylate CpGs 7 to 9 and 12 and 13 of the Maspin promoter. Stepper 

demonstrated that some methylation was also observed about 200 bp upstream and 

downstream of the PAM site of CRISPR/dCas9 system (Stepper et al., 2017), in which 

case CRISPR/dCas9 DNMT4A with sgRNA-279 would show some methylation of 

CpG 12 and 13. Since all of the CpGs were not scanned via pyrosequencing, the 

methylation pattern imposed by different sgRNAs with CRISPR/dCas9 DNMT3A 

could not be determined. This might be contributing factor towards no DNA 

methylation activity by DNMT3A that was observed, as DNMT3A was unable to 

access these CpGs that were masked by the dCas9 protein binding. 

As mentioned above, the positioning and accessibility of DNMT3A to the DNA is also 

important. The PAM site recognition through sgRNA, in CRISPR/dCas9 system, is 

triggered and facilitated by PI (Pam Intercating) domain of dCas9 that faces the 

protruding 3’end of the DNA relative to sgRNA sequence (Vojta et al., 2016). The 

effector domain DNMT3A is fused to the C-terminal of dCas9 protein (PI domain) 

through peptide linker also having Nuclear Localization Signal (NLS) (Vojta et al., 

2016). The direction of the arrows of sgRNAs (Figure 3.2) represent location of  PAM 

on the DNA strand (5’-3’) and hence DNMT3A fused to dCas9 also lies in the same 

direction. So in case of CpG 1 and CpG 2 of Maspin promoter, were within the binding 

site of sgRNA-180 and hence did not get methylated. While DNMT3A targeted via 

sgRNA-180 might have been methylating CpG 7and CpG 8 that lie about 38 bp and 

43 bp downstream of binding site of sgRNA-180 respectively. A single sgRNA could 

have been tested initially to analyze the CpGs that were getting methylated. 

Incase of Zinc fingers, ZF-97 and ZF-126 were able to methylate CpG 1 and CpG 2 

(data from pyrosequencing) of Maspin promoter in SUM159 cells. If their positions 

are observed then CpG 1 and CpG 2 lie 38 bp and 35 bp upstream of ZF-126 

respectively while they lie 67 bp and 64 bp upstream of ZF-97. The orientation of ZF-

126 is such that it targets the C-terminally linked DNMT3A towards CpG 1 and CpG 

2. It might be the case that other CpGs were also methylated by ZF-126 DNMT3A wt 

and possibly ZF-97 DNMT3A wt also methylated CpGs 10, 11, 12 and 13, but this 

could not be established due to technical limitations with the pyrosequencing. It might 

be the reason that methylation was observed with ZFs having DNMT3A as they were 
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at a particular distance from CpG 1 and CpG 2 unlike the sgRNAs of CRISPR/dCas9 

system. 

As shown in Figure 3.2, ZF-126 is closer to CpG 1 and CpG 2 than ZF-97, and the 

orientation of ZF-126 is such that it targets the C-terminally linked DNMT3A towards 

CpG 1 and CpG 2. It might be the case that other CpGs were also methylated by ZF-

126 DNMT3A wt and possibly ZF-97 DNMT3A wt methylated CpGs 10, 11, 12 and 

13, but this could not be established due to technical limitations with the 

pyrosequencing. A more extensive DNA methylation analysis covering all of the 

CpGs will provide with a full picture of DNA methylationof Maspin promoter via 

CRISPR/dCas9 DNMT3A. The deisgn of more sgRNAs of CRISPR/dCas9 system 

targeting other regulatory CpGs of Maspin is needed to achieve maximal DNA 

metylation and transcriptional repression of Maspin promoter. It can be easily deduced 

from these observations that the design and selection of sgRNAs is critical when 

aiming for epigenetic modifications like DNA methylation. This also suggests that the 

53 amino acid rigid peptide linker that was used for fusion of DNMT3A with 

CRISPR/dCas9 might actually be placing DNMT3A very far away from the target 

regulatory CpGs of Maspin hence showing no regulatory activity of DNMT3A. It is 

important to take into account the target CpG location, its distance from the 

CRISPR/dCas9 sgRNA binding site and its orientation relative to PAM of dCas9 as 

that will represent the location and orientation of fused domain.  

However with the stable expression system CRISPR/dCas9 DNMT3A exhibited 

significant repression of Maspin at transcriptional and protein level in SUM159 cells. 

So it might well be that stably expressed CRISPR/dCas9 DNMT3A was also 

methylating CpGs of Maspin promoter but the DNA methylation assays could not be 

performed due to time restriction.  

6.1.4- Repression of Maspin via novel effector domains fused with 

CRISPR/dCas9 system in transient assays 

After analysing the potential of KRAB and DNMT3A domains in repressing Maspin 

promoter in transient, new potential domains, UHRF1L, UHRF1s, CSD and 2XCSD, 

were tested and delivered transiently via CRISPR/dCas9 system to Maspin promoter. 

These domains showed significant transcriptional repression and protein 
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downregulation of Maspin compared to domains KRAB and DNMT3A.  This could 

be attributed to the targeting of different and multiple epigenetic marks by these 

domains. The domains UHRF1L and UHRF1s with CRISPR/dCas9 system showed 

significant transcriptional repression and protein downregulation of Maspin with 

UHRF1s showing more repression than UHRF1L.The domain UHRF1 targets DNA 

methylation via DNMT1 and histones via recruiting histone methyltransferases 

(HMTs) and histone deacetylases (HDACs) and is the reader and the writer of 

epigenetic marks on DNA and H3K9 histones. These domains are potentially novel 

repressor domains and have not been previously reported for gene repression via 

CRISPR/dCas9 system. So this is a promising novel study to examine the potential of 

these domains in repressing targeted gene promoters via CRISPR/dCas9 system. 

Further testing required DNA methylation studies to read the DNA methylation marks 

deposited by CRISPR/dCas9 UHRF1L and CRISPR/dCas9 UHRF1s in Maspin 

promoter respectively. The DNA methylation studies were carried out on Maspin 

promoter, CpG 1 and CpG 2 only, using pyrosequencing in the cells treated with 

CRISPR/dCas9 UHRF1L and CRISPR/dCas9 UHRF1s. The result showed no 

methylation with any of these two constructs, which could be attributed to the fact that 

only two of the 13 CpGs were scanned and studied via DNA methylation and it might 

be the case that other 11 CpGs were getting methylated but could not be scanned via 

pyrosequencing The CRISPR/dCas9 UHRF1L and CRISPR/dCas9 UHRF1s might 

also be interacting with histones and depositing histone OFF marks to transcriptionally 

repress Maspin which could further be tested by CHIP analysis in future. 

The CRISPR/dCas9 CSD and CRISPR/dCas9 2XCSD domains also showed greater 

Maspin promoter repression at transcriptional and protein level, where CRISPR/dCas9 

CSD showed significantly higher repression compared to other domains but similar to 

the levels as shown by CRISPR/dCas9 UHRF1s. The CRISPR/dCas9 CSD has been 

previously reported to show repression of GFP repression (Gilbert et al., 2013) while 

2XCSD is a potential repressor domain that has not been yet reported previously with 

CRISPR/dCas9 system. The level of H3K9 methylation that these two domains can 

induce needs to be tested through CHIP or CHIP-Seq in future. Convincingly, 

CRISPR/dCas9 system was the best platform utilizing these novel domains for 

silencing and epigenetic editing of Maspin promoter.  
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These domains were also tested for repression of oncogene KRAS. In case of KRAS no 

transcriptional repression was observed with the utilization of these new domains 

when delivered trnasiently with CRISPR/dCas9 system in HEK293T, T47D and H157 

cell lines. This could be primarily attributed to the design of KRAS sgRNAs that were 

selected for studies as it is critical to target KRAS promoter via sgRNAs that 

specifically the key regulatory regions of the promoter. Out of four sgRNAs utilized 

for KRAS, sgRNA-263 targted the NHPPE site of the KRAS promoter which exists in 

equilibrium between active B-DNA and inactive G-quadruplex form (Cogoi and 

Xodo, 2006). The sgRNA-263 might have disturbed this equilibrium leading to 

inactive G-quadruplex form of NHPPE regulatory region of KRAS and affecting the 

overall repression levels by CRISPR/dCas9. Therefore, KRAS sgRNAs utilized in the 

studies need to be re-examined and probably re-designed in future for achieving 

significant repression of KRAS oncogene. AA study could also be performed where 

each individual sgRNA is tested with different conditions to observe the 

CRISPR/dCas9 system activity levels at individual sgRNA binding sites. Also, 

oncogenes are regulated by multiple different factors in cancer, even in the different 

cell lines the expression levels and regulation of genes will be different. One of the 

most important factor however incase of delivery via CRISPR/dCas9 system is the 

design of specific sgRNAS, the number of sgRNAs and the combination of sgRNAs. 

Incase of oncogene like KRAS, it might need more than four sgRNAs to target the 

KRAS promoter specifically the critical regulatory sites in the promoter region. And it 

is also important to test the combination of sgRNAs to utilize that will give the 

synergistic repression of KRAS. 

6.1.5- Combinatorial approach utilizing multiple effectors for Maspin 

repression in transient expression system 

With the results obtained after testing individual domains delivered via different tools, 

i.e. ZFs, TALEs and CRISPR/dCas9 system, it was then attempted to test the 

combinatorial strategy by co-delivering the effector domains KRAB and DNMT3A 

together in a combination through same and different platforms in SUM159 cell line. 

In combination, a stronger repression was expected by DNMT3A and KRAB domains 

as DNMT3A deposits DNA methylation mark at the CpG and KRAB leads to 

recruitment of HDAC and other repressor molecules in the targeted region. It was 
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aimed to target the cross-talk between DNA methylation and histone modifications 

that collectively effect the chromatin and gene regulation.  In case of ZFs, both the 

ZF-97 and ZF-126 in combination with KRAB and DNMT3A showed significant 

repression of Maspin promoter and DNA methylation was also observed at Maspin 

promoter at CpG 1 and CpG 2. While combinations with novel domains also worked 

but were not significantly high compared to the combination of DNMT3A and KRAB 

with ZF-97 and ZF-126. Hence the combinatorial strategy worked when two different 

domains were co-delivered with the same type of gene editing platform. The 

combinatorial strategy however did not work with the TALEs and CRISPR/dCas9 

system when epigenetic modifier domains were delivered combinatorialy through 

these platform.  

Previously, significant repression of GFP expression has been observed where the 

repression was more pronounced with triple combination of DNMT3A, KRAB and 

DNMT3L (Amabile et al., 2016). Therefore different domains were delivered together 

via two different gene editing platforms simultaneously. DNMT3A and KRAB were 

utilized in a double combination and also in a triple combination utilizing DNMT3L. 

The triple combination strategy worked significantly with the combination ZF-97 

DNMT3A, ZF-126 KRAB and CRISPR/dCas9 UHRF1s for transcriptional repression 

and protein downregulation of Maspin promoter along with DNA methylation at CpG 

1 and CpG 2 of the promoter. The histone marks however could not be tested by CHIP 

due to time limitation but this combination of domains was tested for phenotypic 

analysis of SUM159 cells via soft agar assay (colony formation assay). The results 

were convincing and triple combination of effector domains showed an aggressive 

growth and proliferation in SUM159 cells, which is expected due to repressed Maspin 

tumor suppressor. This outcome was very promising as this combination ZF-97 

DNMT3A, ZF-126 KRAB and CRISPR/dCas9 UHRF1s, was expected to target the 

DNA methylation mark (via DNMT3A), Histone deacetylation (by KRAB) and 

histone methylation as well as histone deacetylation and DNA methylation 

maintenance (by UHRF1s), and only DNA methylation could be examined within the 

timeline. This combination of effector domains was selected specifically to continue 

further with the studies as combinatorial strategy seemed to significantly repress 

transcription of Maspin as well as downregulate Mapsin protein For removing the 

variability of the platforms from this combination, the combination of domains was 
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tested and delivered via single platform, CRISPR/dCas9 only. This combination was 

tested in transient assays delivering all of the three domains (KRAB, DNMT3A and 

UHRF1s) via CRISPR/dCas9 system but it did not show the comparable to repression 

levels observed with the triple combination involving zinc fingers. This suggests that 

with zinc fingers and CRISPR/dCas9 delivering different domains, the efficient target 

binding of zinc fingers due to their smaller size facilitated in delivering the domains 

rather than the higher molecular weight dCas9 protein alone. Zinc fingers are known 

to show high frequency of off-target binding, so the system needed to be optimized 

that delivers the three domains (KRAB, DNMT3A and UHRF1s) via CRISPR/dCas9 

system only. 

For this purpose CRISPR/dCas9 SRM (Synergistic Repression Modulators) system 

was designed and developed that was adapted from CRISPR/dCas9 SAM (Synergistic 

Activation Modulators) system ((Zhang et al., 2015) to target Maspin in SUM159 

cells. The linker 1B8Ta (51 amino acids) was used for fusing 2XCSD and KRAB 

together rather than the usual 3 amino acid linker within this CRISPR/dCas9 SRM 

system. This long linker has not been utilized before in any studies with 

CRISPR/dCas9 system. The CRISPR/dCas9 SRM system did not show any levels 

of repression in the transient assays. It could be due to multiple factors: the size of 

the domains as 2XCSD has a large size compared to the domain that has been used in 

the CRISPR/dCas9 SAM system; the linker used in the CRISPR/dCas9 SAM system 

was just 8 amino acids long and was flexible, while the linker utilized in this study 

was 51 amino acids in length and was rigid in nature. These factors might have 

interfered with the MS2 system efficiency in this case and the repression levels via 

domains due to rigid linker. The presence of this long and rigid linker might actually 

restrain the domain from interacting with its target region and might lead to a non-

functional fusion of domains. These issues need to be addressed in future and more 

linkers of variable lengths and characteristics need to be tested for optimized 

repression via fusion proteins. 

6.1.6- Combinatorial approach utilizing multiple effectors for Maspin 

repression in stable expression system  

The observations recorded with the transient delivery of domains via CRISPR/dCas9 

system  and CRISPR/dCas9 SRM system were the consequential effect on little 
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percentage of total population of cells expressing CRISPR/dCas9 plasmid, as total 

population of cells was used for analysis rather than sorted population. With the 

transient system, the proteins are also expressed for short amount of time and plasmid 

DNA dilutes away with every cell division. The low expression of CRISPR/dCas9 due 

to the size of the protein could also be the contributing factor that affects translation 

rates, while another factor is the half-life of dCas9. The CRISPR/dCas9 sgRNA 

complex binds to its target DNA very tightly and has a half-life of ~6 h or more in 

vitro (Sternberg et al., 2014). In previously reported studies the treated cells have been 

sorted after transient transfections before further analysis, successfully achieving 

DNA methylation of the targeted promoters and significant gene silencing (Stepper et 

al., 2017). In another study a lentiviral plasmid system has been utilized for delivery 

of CRISPR/dCas9 DNMT3A, resulting in successful DNA methylation of the targeted 

promoters and gene silencing (Liu et al., 2016). 

So as an improvement, the triple combination of effector domains (DNMT3A, KRAB 

and UHRF1s) with CRISPR/dCas9 system was tested in stable expression system. In 

case of stable expression system the CRISPR/dCas9 system having effector domains, 

was expressed constitutively rather than for short time period as in transient assays. 

Initially triple combination of domains was tested with lentiviral CRISPR/dCas9 

system in stable SUM149 and MDA-MB231 cell lines. The purpose of using these 

different domains was to target different epigenetic cross talk mechanism for maximal 

repression of gene. The stable triple SUM149 cell line showed higher Maspin 

transcriptional repression compared to the control cell line and while the stable triple 

MDA-MB231 cell line did not show a significant repression compared to control triple 

cell line. 

To further analyse the system, DNA methylation studies were carried out for stable 

SUM149 triple cell line for Maspin using AGENA platform (AGRF, Brisbane). Only 

11 CpGs out of 13 CpGs of Maspin were scanned with AGENA platform due to 

technical difficulties with the sequence and one of the samples (SUM149 Triple 

CRISPR-DNMT3L) could also not be studied. According to the results obtained, 

SUM149 cell line had highly methylated Maspin promoter and the experimental 

conditions in the triple SUM149 cell line that showed higher Maspin repression had 

no impact on the methylation of Maspin promoter in SUM149 cell line. Hence this 



CHAPTER 6 

174 
 

system was able to repress Maspin transcriptionally but no DNA methylation mark 

was deposited on Maspin promoter.  

So next, two stable SUM159 cell lines were constructed, one having domains 

DNMT3A, KRAB and UHRF1s with the CRISPR/dCas9 system and other one having 

DNMT3A, KRAB and DNMT3L with the CRISPR/dCas9 system. In SUM159 the 

regulatory CpGs of Maspin were un-methylated making it a good target for studying 

Maspin repression through DNA methylation. The Maspin promoter was significantly 

repressed to 50% transcriptionaly with 27% Mapsin protein downregulation, in the 

stable SUM159 cell line having CRISPR/dCas9 (DNMT3A, KRAB and UHRF1s). 

This result showed similar repression levels compared to the result that was obtained 

with the triple combination studied transiently delivering domains through two Zinc 

Fingers (ZF-97 and ZF-126) with CRISPR/dCas9 system.  This study was promising 

as all the effector doamins were delivered via single epigenetic platform 

CRISPR/dCas9 and significant repression was achieved in a stable expression system. 

This paved the way for studies on oncogenes c-Myc and KRAS in stable expression 

system. 

6.1.7- Combinatorial approach utilizing multiple effectors for c-Myc 

and KRAS oncogenes repression in stable expression system  

The repression of c-Myc promoter was tested in stable SUM149, MDA-MB231and 

SUM159 cell lines with triple combination strategy. For stable SUM149 and MDA-

MB231 cell lines, significant c-Myc repression of more than 40% was observed with 

triple combination of CRISPR/dCas9 (KRAB, DNMT3A and UHRF1s) relative to 

control cell line. In stable SUM159 cell line the triple combination of CRISPR/dCas9 

(KRAB, DNMT3A and DNMT3L) showed the highest significant 54% repression of 

c-Myc transcription and significant 31% of c-Myc protein downregulation. The 

combinatorial strategy of domains worked for significantly repressing c-Myc when 

expressed stably with mix of c-Myc sgRNAs. This result was encouraging as c-Myc is 

one of the complex oncogenes to be downregulated at transcriptional and protein level, 

and with this system much higher repression could be achieved. 

The next step was to have an improved stable system where CRISPR/dCas9 sgRNAs 

or guides were also stably expressed rather than delivering them transiently to the 
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stable SUM159 cell lines expressing CRISPR/dCas9 system. So it was first tested with 

c-Myc by utilizing PLV-hU6-sgRNA hUbC-dCas9-KRAB construct having the four 

selected c-Myc sgRNAs. The testing was started with this system having single domain 

KRAB at first to test if this system works as this construct was readily available and 

later to use this system with domains specifically DNMT3A, DNMT3L and UHRF1s 

and their combination with KRAB.  

This new strategy showed significant c-Myc transcriptional repression with the mix of 

all c-Myc sgRNAs where sgRNA+53 also showed significant c-Myc repression 

although less than the mix sgRNAs condition. As the sgRNA+53 guide targets the E2F 

transcription factor binding site, so it could be said that by interferin with this 

regulatory site, it was able to achieve high c-Myc repression individually as compared 

to other individual sgRNAs. The utilization of more than one sgRNAs is still 

advantageous as the targeted region gets saturated with the effectpr domain that may 

lead to more pronounced repression. 

There was also significant c-Myc protein downregulation where mix of c-Myc 

sgRNAs and also sgRNA+53 significantly downregulated c-Myc protein. To achieve 

this significantly higher repression with just KRAB domain was encouraging. The c-

Myc promoter region is highly acetylated and targeted deacetylation of histones in the 

c-Myc promoter region would possibly significantly downregulate the gene. As KRAB 

domain recruits histone deacetylases (HDACs), it could be justified that this 

significant c-Myc repression was achieved as the promoter was deacetylated by 

specifically targeted KRAB domain. This study might include some additional 

controls is future where single vector cassette system has no CRISPR/dCas9 and/or no 

sgRNA scaffold within vector. This will further elaborate the potential of this system 

in achieving gene repression. 

When the KRAB domain was delivered individually via stably expressed 

CRISPR/dCas9 system where sgRNAs were transiently delivered in SUM159 cells, 

the c-Myc transcriptional repression was similar to the repression shown by control 

cell line with mix of c-Myc sgRNAs. There was also 35% of c-Myc protein 

downregulation. Therefore delivering KRAB domain via CRISPR/dCas9 system 

where the sgRNAs are also stably expressed in a single vector cassette was clearly 

advantageous over transient expression of sgRNAs. 
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Another notable observation in this system was the correlation of c-Myc protein 

downregulation with downregulation of c-Myc transcript, where protein 

downregulation was of higher fold in all conditions compared to the change in 

transcript levels. For example for c-Myc significant transcriptional repression via mix 

of guides was 49% while c-Myc protein downregulation was significantly 80% 

compared to the control. It could be due to multiple factors governing c-Myc protein 

synthesis and post-translational modifications. The correlation of protein levels with 

the associated mRNA levels have been studied and discussed previously (Greenbaum 

et al., 2003; Vogel and Marcotte, 2012). It had been shown that ~40% of the variation 

in concentration of protein can be explained by knowing the mRNA abundances but 

the remaining 60% of the variation is attributed by multiple factors including post-

transcriptional regulation, post-translational mechanisms involved in turning mRNA 

into protein, half-lives of proteins, regulation of protein degradation, and amount of 

noise and error in both protein and mRNA experiments (Greenbaum et al., 2003; 

Vogel and Marcotte, 2012). The significance of higher c-Myc protein downregulation 

in SUM159 breast cancer cells, achieved in this study, can be estimated by the statistic 

of c-Myc protein overexpression in 40% of breast tumors (Chrzan et al., 2001; Naidu 

et al., 2002). 

The c-Myc protein downregulation via western blot also showed the three isoforms of 

c-Myc: c-Myc1 at 60kDa, c-Myc2 at 50kDa and a shorter c-MycS at 40kDa which 

have been previously reported (Benassayag et al., 1995). Each of this isoform is 

translated from a distinct initiation site (Benassayag et al., 2005; Hann et al., 1988; 

Hann, 1995; Spotts et al., 1997) and has same carboxy-terminal domain but different 

N-terminal regions wher c-Myc2 isoform has complete N-termianl region (Spotts et 

al., 1997). Numerous reports have previously suggested that these alternative c-Myc 

protein isoforms have distinct functions where major variants c-Myc1 and c-Myc2 

consist of different trans-activation specificities towards non-canonical 

CCAAT/enhancer-binding protein binding site and c-Myc1 overexpression inhibits 

growth of COS cells unlike c-Myc2 (Hann, 1995; Hann et al., 1994; Kretzner et al., 

1992).These protein isoforms are also differentially regulated during cell growth 

where growing cells predominantly have c-Myc2 isoform while the cells approaching 

high-density growth arrest prefer c-Myc1 isoform (Hann et al., 1992). It has also been 

suggested that the truncated protein isoform c-MycS acts as a dominant-negative 
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inhibitor of trans-activation via c-Myc1 and c-Myc2 protein isoforms, along with that 

it still retains the ability for stimulating proliferation, inducing apoptosis in low-serum 

conditions and restoring normal growth in c-Myc null fibroblasts (Spotts et al., 1997; 

Xiao et al., 1998). The full-length c-Myc and truncated c-Myc show differential 

activities when examined in primary vs. immortalized cells, pointing towards 

importance of cellular background (Hirst and Grandori, 2000). These studies indicate 

the complexity of c-Myc promoter and the significance of protein downregulation of 

these three distinct isoforms of c-Myc. The isoform c-Myc2 was studied and anlayzed 

but in future the isoforms c-Myc1 and c-MycS can also be studied. In the western blots 

the downregulation of these two isoforms c-Myc1 (60kDa) and c-MycS (40kDa) can 

also be seen other than c-Myc2 isoform (50kDa). And because each of the isoform has 

distinct regulatory functions, the strategy presented here for c-Myc protein 

downregulation could offer a wide potential for targeted c-Myc downregulation in 

breast cancer therapy. 

The result achieved with this system was very promising as it paved the way for more 

testing with novel domains and an array of different domains. This repression was 

achieved with just single domain, KRAB, so using combination of domains with this 

single cassette vector seems very promising for significantly repressing oncogene c-

Myc that will target multiple epigenetic marks. Similarly novel domains like UHRF1L, 

UHRF1s, CSD and 2XCSD can also be tested individually utilizing this system for c-

Myc transcriptional repression and protein downregulation. 

The stable SUM149, MDA-MB231and SUM159 cell lines were also tested for 

transcriptional repression of KRAS. There was no significant KRAS repression 

observed with triple combinations in stable SUM149 cell line but with stable MDA-

MB231 significant repression was observed where the triple cell line with transiently 

delivered CRISPR/dCas9 DNMT3L showed 33% of repression. With the stable 

SUM159 cell line there was no notable repression of KRAS with the triple combination 

As discussed earlier there is a need to analyse again and re-design sgRNAs of KRAS, 

as they might be having binding sites in the KRAS promoter that are either non-

regulatory or they might be interfering with the repression mechanism of KRAS itself 

through destabilizing G-quadruplex formation. The sites that have been considered to 

be more effective with sgRNAs for gene repression are -50 to +300 bp region around 
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the TSS, with higher repression levels achieved around 50-100 bp region downstream 

of TSS (Gilbert et al., 2014). A positive correlation between sgRNA expression levels 

and Cas9 regulatory function has been observed in mammalian cells, suggesting that 

possibly expression level of sgRNA is a limiting factor for regulatory activity of Cas9 

(Jinek et al., 2013). For future studies, KRAS repression can be studied in stable MDA-

MB231 cell line with triple combinations of CRISPR/dCas9 (KRAB, DNMT3A and 

DNMT3L) and CRISPR/dCas9 (KRAB, DNMT3A and UHRF1s). And ultimately the 

stably expressed PLV-hU6-sgRNA-dCas9-KRAB construct can also be utilized for 

studying KRAS repression with individual sgRNAs and mix of sgRNAs in MDA-

MB231 cell line. 

6.2- Conclusions and Furture Directions 

Epigenetic editing is a significant tool for regulating gene expression via epigenetic 

modifications including DNA methylation and histone post-translational 

modifications. With the present study CRISPR/dCas9 genome editing platform was 

utilized for repressing gene promoters in cancer. In conclusion this study presents the 

combinatorial strategy of utilizing multiple domains at the same time and delivered 

via single platform, CRISPR/dCas9 system, for efficient and effective transcriptional 

repression and protein downregulation of genes in case of oncogenes. These domains 

include DNMT3A that de novo methylates DNA, KRAB that recruits HDACs for 

deacetylation of histones and other repression complexes and UHRF1 that maintains 

DNA methylation, and methylates and deacetylates histones. The epigenetic cross-talk 

that exists in the normal cells can be mimicked using the system utilized in this study 

for restoring the epigenetic landscape to normal in case of cancer cells. This epigenetic 

cross-talk involves DNA methylation along with methylation and deacetylation of 

Histone marks for repressing gene expression.  

This study also presented a strategy to repress oncogene c-Myc via CRISPR/dCas9 

with single effector domain KRAB and the sgRNA expressed in a single vector 

cassette that improves the construct delivery and expression mechanism. c-Myc being 

a critical and complex target of cancer and epigenetic therapy, adds to the significance 

of this study and forthcoming future studies. There are so many downstream gene 

targets of c-Myc that can also be potentially targeted by repressing c-Myc and one of 

those targets is KRAS gene. Perhaps KRAS can also be repressed indirectly via 
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repression of c-Myc gene but that will need to be examined.  This system in future will 

incorporate the individual novel domains UHRF1L, UHRF1s, CSD and 2XCSD and 

the combination of domains particularly DNMT3A, KRAB and DNMT3L, for 

repressing oncogenes c-Myc and KRAS.  

For the stable expression assays, an adaptation to the constructed CRISPR/dCas9 

stable cell lines can possibly be the cell sorting via FACS for strongly fluorescent cells 

before performing downstream assays. A CRISPR/dCas9 system having GFP reporter 

in its plasmid can be used for this FACS sorting. This way only the cells having strong 

green fluorescent signal display, corresponding to the expression levels of the 

constructs, via FACS can be sorted and expanded further for the downstream assays. 

The experiments conducted in this thesis involved the analysis of treatments on the 

total cell population rather than the sorted cell population which could be considered 

as an option for the future studies to avoid the noise from the total cell population and 

this might give much higher repression levels compared to present study. 

Another direction to optimize the gene repression system via CRISPR/dCas9 could be 

multiple recruitment of a specific epigenetic effector domain at a target site that targets 

a specific single epigenetic mark. A modular dCas9-SunTag-DNMT3A system 

recruits multiple DNMT3A domains and induces much higher DNA methylation at a 

target site in comparison to dCas9-DNMT3A direct fusion proteins (Pflueger et al., 

2018). It was also demonstrated that dCas9-SunTag-DNMT3A system lead to 

dramatically higher DNA methylation of HOXA5 gene and with even single guide this 

system was able to methylate 4-5kb of genomic region and repressed HOXA5 

expression (Huang et al., 2017). The single vector cassette system for CRISPR/dCas9 

KRAB, that was tested, could be modified so that it recruits multiple KRAB domains 

at each of the CRISPR/dCas9 binding site rather than one KRAB domain at each site, 

targeting histone acetylation mark.  

Once established with downstream assays that the combination of domains is 

successfully depositing epigenetic marks as well along with the transcriptional 

repression, the CRISPR/dCas9 system can then be optimized. The targeting by 

S.pyogenes Cas9 is limited due to need of larger or multiple expression vectors, so the 

optimization might include the utilization of a shorter of S.pyogenes Cas9 ortholog 

like S.Aureus or utilization of another class of RNA-guided endonuclease called cpf1. 



CHAPTER 6 

180 
 

The CRISPR/dCas9 system has been optimized with different strategies involving 

optimization of sgRNAs and utilization of shorter orthologs of Cas9 as the larger size 

of S.pyogenes CRISPR/Cas9 is another factor that influences its effectivity. Cas9 

mRNA has also been used for genome editing in animals where cas9 encoding mRNA 

and an sgRNA was co-injected into animal embryos (Wang et al., 2013; Wu et al., 

2013; Crispo et al., 2015; Bassett et al., 2013). Another method devised recently is the 

use of Cas9-sgRNA ribonucleoproteins (RNPs) for cellular delivery that may increase 

the efficiency of the system by decreasing the off-target effects (Cho et al., 2013; Sung 

et al., 2014). This might further enhance the effectivity of the studied CRISPR/dCas9 

system.  

The CRISPR/Cas9 system has revolutionized the biomedical research including 

genetic editing and genetic regulation. CRISPR/dCas9 technology presents a 

promising future of new therapeutic interventions, as optimization of this system is 

continuously moving forward towards making this system more effective for 

multiplex genome editing. The ability of stable CRISPR/dCas9 KRAB, in a single 

vector cassette, to significantly repress c-Myc transcript and protein in breast cancer 

cells that was demonstrated in this study will definitely give new insights into future 

cancer epigenetic therapy. 
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